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ABSTRACT
In order to better predict the erosion rates of carbon-cloth phenolic (CCP) nozzle
material along the surface of solid rocket motor (SRM) nozzles, it is necessary to improve
the understanding of the thermochemical and mechanical erosion processes of CCP nozzle
material under realistic motor operating conditions. To this end a subscale SRM with an
aluminized composite solid propellant has been used to examine nozzles constructed of CCP
material. A main feature of the subscale SRM is an X-ray translucent test section. This
allowed a real-time X-ray radiography (X-ray RTR) system to capture a sequence of images
of the nozzle during the operation of the SRM. Overall, four CCP nozzle test sample
configurations were investigated: 45° ply-angle MX-4926N, 45° ply-angle LR1406, 70° plyangle MX-4926N, and 70° ply-angle MX-4926. Upon enhancement and analysis of image
sequences captured with the X-ray RTR system, the recession behavior of the entire nozzle
surface, near throat erosion rate, and char/virgin interface location of these nozzles samples
was examined. From the time variation of instantaneous nozzle surface location, it was
observed that the converging portion of the CCP nozzle regressed at much higher erosion
rates than the throat region. In addition, examination of the deduced throat height
variation with time showed a period of contraction of the nozzle throat. This period was
followed by a nearly constant recession of the nozzle throat. However, in many cases the
erosion rate did vary over the course of the test firing and, in a few, dramatically. The
largest difference in CCP material performance was between the LR1406 and the other
materials (MX-4926N and MX-4926) independent of ply-angle. While, the effects of plyangle variation were difficult to establish by examination of MX-4926N nozzle samples at
the two ply-angles studied (45° and 70°).
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Chapter 1: Introduction
1.1 Rockets
Rockets are a type of reaction engine.

That is to say that they generate a

propulsive force (i.e. thrust) by the ejection of mass, where the amount and direction of
the force is directly related to the momentum of the ejected mass. In chemical rocket
propulsion, the mass is a high velocity gas resulting from high-pressure combustion of
stored propellant and subsequent expansion of the high temperature gaseous products
through a converging-diverging nozzle. The stored propellant consists of both a fuel and
oxidizer. Depending on the physical state of the fuel and oxidizer as well as whether or
not the two are isolated from one another, chemical rockets can be broken into three
major types. The first of these are liquid propellant rocket engines, where the fuel and
oxidizer are in liquid form and either separate (e.g. bi-propellant) or mixed (monopropellant). The second type are solid propellant rocket motors (commonly referred to as
solid rocket motors or SRMs), where the fuel and oxidizer are in solid form and are
intimately mixed to form a solid propellant grain. The final major type is a combination
of these two types, namely a hybrid. Typically a hybrid propellant rocket system consists
of an oxidizer stored as a liquid, while the fuel is stored as a solid fuel grain. Primary
interest for this research topic is solid propellant rocket motors.
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1.2.1 Solid propellant composition and products of AP/Al/HTPB composite
propellant combustion
Solid propellants can be broken into two forms; homogeneous propellants where
the fuel and oxidizer are chemically linked and heterogeneous propellants where the two
are intimately mixed and held together with a binder (which often serves as the fuel).
Beyond the basic forms, additives can be used in the propellant formulation to increase
performance (metal fuel, nitramines, etc.). The burning surface area, burning rate of the
solid propellant (a function of composition, initial solid propellant temperature, and
combustion chamber pressure), and the solid propellant density govern the combustion
product mass flow rate. Note that the combustion of fuel and adequate oxidizer in the
solid propellant is self-sustaining in the absence of an additional oxidizer beyond a
certain chamber pressure threshold.
One type of high performance heterogeneous propellant of particular interest to
this research study is a class of composite propellants which contains ground crystals of
ammonium perchlorate (AP) as the oxidizer, aluminum powder as a metal fuel additive,
and iron oxide as a burning rate modifier in hydroxyl-terminated polybutadiene (HTPB)
solid fuel binder. The combustion of these ingredients produces a stream of hot product
gas (Tf ~ 3323 K) which contains large concentrations of H2, CO, H2O, HCl, and Al2O3(l)
as well as smaller concentrations of H, CO2, Cl, and OH. While the majority of the
species are gaseous, the combustion of aluminum powders in the propellant produces
liquid Al2O3 or alumina droplets. The products of solid propellant combustion then
proceed downstream into a nozzle.
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1.3 SRM Nozzles
The converging-diverging (C-D) nozzle is responsible for the acceleration of the
solid propellant combustion to a high exhaust velocity for the generation of thrust.
Acceleration of the hot combustion products in the subsonic (converging) portion of the
nozzle results from the gradual decreased in cross-sectional area until a minimum area is
reached. This area is referred to as the throat area. Note that this portion and portions of
the diverging section of the nozzle may be submerged into the SRM to reduce overall
length. However, this often leads to the collection of liquid alumina in the aft-end of the
SRM. Following the throat the combustion products continue to accelerate to the high
exhaust velocity in the supersonic (diverging) portion of the nozzle due to the gradual
increase in cross-sectional area. The diverging portion of the nozzle is designed to
expand the product gas to ambient conditions (at a particular design altitude) and direct
the flow axially, maximizing the thrust. The shape of this section may be conical with a
small divergence angle (~15° half-angle) or bell-shaped to minimize length and weight
for the same area ratio (ε = Aexit/Athroat). The nozzle must be constructed of materials
which can withstand the interaction with the solid propellant combustion products.

1.4 Carbon-Cloth Phenolic Nozzle Material
Energy transfer to and erosion of the nozzle material will result from the
interaction with the solid propellant combustion products. The increase in the nozzle
throat area resulting from erosion will yield a decrease in the chamber pressure and
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subsequently the decrease in the thrust over the operation of the SRM. Also deviation
from the ideal nozzle contour will result in flow losses and a decrease in the SRM
performance. The SRM nozzle designer must select a suitable material for the particular
application, considering the composition of the solid propellant combustion products and
flame temperature, desired chamber pressure, and SRM burning duration.

For the

majority of applications, an SRM nozzle is a complex assembly often consisting of
several internal components bonded to a structural housing, which form and attempt to
maintain the ideal nozzle contour (resistant liners or inserts are used particularly near the
nozzle throat). In addition to this, a category of internal components referred to as
insulators are responsible for coping with the energy transferred to the nozzle walls from
the hot solid propellant combustion products and preventing excessive temperatures at
the bonding surface between them and the housing (i.e. maintain a backside temperature
below the degradation temperature of the bonding material). While there are a number of
nozzle throat liner materials (e.g. refractory metals, various forms of graphite, carboncarbon composites), carbon-cloth phenolic or CCP, an ablative material, has been used as
both a liner and insulator material with great success for large SRMs. An example is the
nozzle for the Space Shuttle Solid Rocket Boosters (SRBs).

1.5 Research Objective and Approach
The major objective of this research study is to determine the detailed
instantaneous material recession behavior of CCP nozzle materials subjected to the
environment typically experience in a SRM. In order to study material recession due to
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thermochemical erosion by carbon oxidizing solid propellant combustion products and
the enhanced erosion due to the impingement of alumina droplets, it is necessary to
construct an experiment which properly simulates the phenomena under realistic SRM
operating conditions. For this reason a subscale SRM has been designed and tested. The
test section of the subscale SRM was designed to allow the observation of the
instantaneous recession of CCP nozzle test samples by real-time X-ray radiography (Xray RTR). The nozzle samples were specifically designed to simulate the flow-field of a
larger SRM and allow for enhanced X-ray images to be captured. Utilizing the X-ray
RTR technique the entire nozzle sample surface can be resolved in time. In addition, the
location at which the CCP virgin material decomposes (referred to as the char/virgin
interface) due to the intense heating of the nozzle can also be deduced.
The review of relevant literature and background information is given in
Chapter 2. This includes the environment within a SRM, nozzle material composition,
CCP material testing methods, and theory relevant to X-ray imaging. The experimental
setup is divided into two chapters: Chapter 3 concerns the design and setup of the
subscale SRM, and Chapter 4 details the X-ray RTR system setup and image analysis.
Results and discussion are given in Chapter 5. Conclusions of this research study are
given in Chapter 6, while Chapter 7 suggests future work that could be useful in further
understanding and characterizing the behavior of CCP nozzle material as well as relevant
phenomena occurring in SRMs that effects CCP nozzle erosion.
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Chapter 2: Review Literature and Background
In order to understand the erosion behavior of carbon-cloth phenolic (CCP)
nozzle materials in a solid rocket motor (SRM) several items must be well understood.
First, the fabrication and structure of CCP nozzle materials and components must be
detailed. Next, the typical flow-field environment in a SRM, which these CCP materials
are subjected to, needs to be clearly defined.

Description of the response of CCP

materials to this type of environment can then be given; including heat transfer to the
nozzle surface, thermochemical attack by oxidizing species to the char layer, and bulknozzle erosion behavior. Experimental methods of CCP recession characterization and
erosion rate determination are then given. Finally, relevant theory in regards to the
experimental data collection technique used in this work, X-ray RTR, is presented.

2.1 SRM Nozzle Materials –Fabrication and Structure
An SRM nozzle design is complicated by the tremendous heat transfer associated
with high-speed flow of hot propellant combustion products. While rocket nozzles may
be made of high melting point metals, the best candidate materials are carbon-based. The
advantage is that the properties of carbon-based materials do not degrade when subjected
to elevated temperatures.

Examples of carbon-based nozzle materials include high-

density bulk graphite (in some cases even pyrolytic graphite throat rings), carbon-carbon
composites, and carbon-fiber/polymer composites (typically a phenolic matrix with
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carbon fiber/fabric reinforcement). All of these materials make use of the graphite crystal
structure. This unique structure is an assembly of tightly bonded carbon atoms arranged
hexagonally, which are stacked in layers. The stacked layers are held together by weak
Van der Waals forces.
Bulk graphite is made up of many graphitic-crystals pressed together with a
binder material.

Carbon-carbon composites have carbon fibers in a carbon matrix.

Alternatively, different types of thermoplastic or thermosetting resins, such as phenolic
resin, may be used as the matrix material. The strength of carbon fibers is a result of
arranging the graphitic crystal a-direction in line with the fiber axis. By doing this the
tightly bonded carbon layers are oriented along the fiber axis and give the fiber its high
strength and conductivity, both thermal and electrical. Figure 2.1 from (Edie, 1990)
shows the graphite structure and desired orientation in carbon fibers.

Figure 2.1. Graphite structure and desired orientation in carbon fibers
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2.1.1 Carbon fibers and fabrics in nozzle materials
Carbon fibers are formed from a number of precursor materials. The three most
common precursor materials are rayon (a cellulose-based fiber), Polyacrylonitrile (PAN),
and petroleum pitch. PAN and pitch materials are often used instead of rayon as carbon
fiber yields after processing are substantially higher than rayon (only ~20 to 30%).
Carbon fibers generated from pitch are of lesser interest to this research study as they are
not used in composite SRM nozzle liner material.
Rayon was the first material used to generate aerospace grade carbon fibers but its
use in composites has been limited in the last several decades. This is due to that fact that
the rayon textile industry has vanished in a majority of countries, including the U.S., and
making rayon fibers solely for SRM nozzle carbon composites is not economical. Rayon
precursor fibers have been used historically for fabrication of the RSRM nozzle material.
Up until production was discontinued in September 1997, the North American Rayon
Corporation (NARC) produced aerospace grade rayon precursor. To support RSRM
fabrication, NASA stockpiled NARC rayon fiber/fabric.

Screening activities for a

replacement began in February of 1999 (Cook, Fairbourn, & Wendel, 2000). As of 2005,
Acordis’s ENKA continuous textile rayon was in the final phase of qualification to
replace several nozzle components of the RSRM (Haddock, Wendel, & Cook, 2005).
However, the textile companies which can produce suitable rayon fibers will likely suffer
the same misfortune as U.S. rayon producers. In other SRM systems there has been an
effort to shift to materials which are manufactured in the U.S. Testing has been done on
replacing the nozzle material on the MK-104 motor with a similar carbon phenolic
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material which uses PAN precursor fibers rather than rayon-based fibers (Williams &
Murray, 2008). When the NARC rayon source was no longer sustainable, there was an
effort by Snecma Propulsion Solide to develop and qualify a new rayon precursor for the
nozzle material of the SRM for the Ariane 5 (Berdoyes, Broquere, Loison, & Dauchier,
2005; Broquere, Decaux, Loison, & Dauchier, 2001). The developed nozzle material
used carbon phenolic with a high-tenacity rayon tire cord as the carbon fiber precursor.
Production of this kind of rayon is more economical as there is an additional industry
which utilizes the material. This rayon precursor has since been marked by FiberCote
Industries, Inc. (now Nelcote, Inc.) as Raycarb C2 (Peake, Ellis, & Broquere, 2006, 2007;
Tauriello, Doyle, & Ellis, 2005). C2 material has also been used in several systems
including an ATK Orion motor and in static tests of the Atlas V SRM (Peake, Ellis, &
Broquere, 2008).
To produce carbon fibers, rayon precursor fibers typically undergo three steps:
heat treatment, carbonization, and graphitization (Bacon, 1973; Ko, 1993). The thermal
and mechanical properties of the resulting carbon fibers are extremely dependent on
processing conditions. Heat treatment to between 300 to 400°C results in the breakdown
of the cellulose-polymer structure to form a primary char (~50% weight reduction). The
heat-treatment time is often reduced to allow for continuous processing by the use of
chemicals and/or reactive atmospheres. The next step is carbonization, where the rayon
precursor fibers are continually heated to a final temperature between 1000 to 1500°C.
Carbonization begins the ordering of the carbon structure and removes most of the
remaining residual volatiles, which increases the strength of the fibers. In some cases a
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final stage is performed, graphitization. During this stage, heating of the fibers continues
reaching temperatures between 2000 to 3000°C. Following graphitization the fibers
approach 100% carbon and attain the ordered graphite crystal structure to a larger extent
(see Figure 2.1). Heating times for carbonization are on the order of minutes, while
graphitization requires only seconds. During the carbonization and graphitization steps
the fibers are typically tensioned to promote the preferred orientation of graphitic
structure in the axial direction, enhancing the strength of the fibers.
In some cases, either prior to or after carbonization, it is often beneficial to
interlace these fibers to produce 2D or 3D fiber configurations. The categories of the
many different types of fiber orientations can be seen in Figure 2.2 (Buckley, 1993). Of
interest to this research study are the carbon composites are made from laminates of
woven cloth. The weave of the fibers is a significant factor affecting the mechanical
properties of the laminate (McEnaney & Mays, 1993). Crimping or displacement of a
fiber from the laminate direction as the fiber passes over a crossing fiber reduces the
strength of the material. Manocha and Bahl (Manocha & Bahl, 1988) showed decreased
strength of the plain weave pattern as compared to 8-harness satin (8-hs) weave pattern
although the same fibers were used (see Figure 2.3). The reduced strength of the plain
weave is a result of significant crimping of the fibers distributing a larger amount of
stress to the weaker off-axis carbon fiber direction when stress is applied along the
laminate direction. Also the weave pattern affects the pliability of the cloth, which needs
to be considered in composite manufacturing.
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Figurre 2.2. Diffeerent types of fiber orieentations

Figuree 2.3. Schem
matic of diffferent weavve patterns
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2.1.2 Phenolic matrix material
Phenolic resins are commonly used in several applications (Pilato, 2010). Of
particular interest to this research study [SC-1008 detailed given in (“Technical Data
Sheet DURITE SC-1008 Phenolic Resin,” 2012)] are thermosetting resole type
(formaldehyde-to-phenolic, F/P, ratio greater than one) phenolic resins. A phenolic (a.k.a
phenol-formaldehyde) resin of resole type is obtained through condensation reactions
resulting from the combination of phenol (C6H5OH) and formaldehyde (CH2O) in
solution with a base catalyst. The overall process of resole phenolic resin synthesis and
crosslinking is given in Figure 2.4 [adapted from pp. 140 of (Pilato, 2010)]. This process
begins with the addition reaction of phenol and formaldehyde at low temperature (<60°C)
along with a base to form products with methylol groups [see Figure 2.5 adapted from
pp. 46 of (Pilato, 2010)]. These compounds can react with one another or phenol at
elevated temperatures (60-100°C) to produce solid monomers joined by methylene
bridges through condensation reactions with either methylol or phenol functional groups.
Also, under heating methylol groups may join to form methyl ether bridges. These
methyl ether bridges may break into methylene bridges and yield excess formaldehyde in
solution. These two processes are controlled by heating rates and times. The amount of
water is also controlled through distillation. In the case of SC-1008, the resole resin is a
solution of 60-66 wt% solids, 25 wt% isopropanol, 1 wt% free formaldehyde, and 1016 wt% free phenol (Hartman, 1989). The solution has a pH of 7.9-8.5, a viscosity
between 180-300 cps, and a specific gravity of 1.07-1.10 (“Technical Data Sheet
DURITE SC-1008 Phenolic Resin,” 2012).

The solvent is typically for ease of
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Figure 2.7. Various methods of composite material fabrication

2.1.5 Space shuttle RSRM nozzle design and CCP materials used
Figure 2.8 [from (Hall, 1988)] shows a cross-sectional sketch of the RSRM nozzle
and detail the many liner materials of the nozzle assembly. The nozzle is constructed of
several CCP rings which are bonded at their joints and supported by an aluminum/steel
support structure. A thin layer of glass or silica cloth phenolic is used between the CCP
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and the support structure as another layer of insulation. The CCP and inner glass/silica
phenolic components are adhesively bonded to one another (Jordan, Clinton, & Jeelani,
1991). Multiple rings of CCP are required to vary the material’s ply-angle, to minimize
the erosion rate of the material [see Figure 2.9 adapted from (Flight Motor Set 360H005
(STS-28R) Final Report Volume V (Nozzle Component), 1990)]. The CCP material is
MX-4926, which was produced by Fiberite now a part of Cytec Industries. For some
time U.S. Polymeric also produced CCP material to the same specification, designated
FM-5055, which was used interchangeably with MX-4926 on the RSRM. Presumably
this was done to create redundancy in the supply chain of CCP and its constituents. MX4926 is made from NARC aerospace grade rayon fiber woven into a cloth (eight-harness
satin weave – see Figure 2.3) which is then carbonized and impregnated with phenolic
resin (31 to 37%) and carbon black filler (11 to 18%). However as NARC is no longer in
business, there is a replacement material for a majority of the nozzle components
designated MX-4926N which is manufactured by Cytec Engineering Materials and uses
Acordis’s ENKA textile rayon precursor with a five-harness weave cloth in place of the
NARC precursor (“MX-4926N Data Sheet,” 2002). The phenolic resin used is Borden
Chemicals (now Hexion Specialty Chemicals) SC-1008.
Table 2.1 shows MX-4926 and FM-5055 along with other CCP materials, their
constituents, and use [adapted from (Thompson & Shigley, 2004)]. The legacy CCP
material, MX-4926, and the replacement material, MX-4926N, are examined in this
research study.
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Table 2.1. Designation, composition, and application of various CCP materials
Material
Designation
MX-4926
(Fiberite)
FM-5055 (BP)
MX-4946
(Fiberite)
MX-4920
(Fiberite)
Unfilled MX4920
MX-134 LDR
(Fiberite)

Filler

Billet
Density
[g/cc]

Status/Use

Carbon black

1.45

RSRM boosters, D-5, PK, MM, C4, Castor 120 GT, Castor 4a, Star

Carbon black

1.45

Same as MX-4926

SC-1008

Carbon black

1.55

Castor 120 GT

SC-1008

Carbon black

1.55

Low-cost material

SC-1008

-

1.4

Low-cost material

NBR modified
SC-1008

Carbon black,
Micro-balloon

1.1

Low-cost low-density material

Reinforcement

Resin System

Rayon-based
Carbon Fiber, 8 HS
Rayon-based
Carbon Fiber, 8 HS
PAN-based Carbon
fiber (T-300), 6 K,
5 HS
T-300 Commercial,
12 K,4 HS
T-300 Commercial,
12 K,4 HS
T-300 Plain weave,
6K

SC-1008 Phenolic
Resole (Borden)
91-LD Phenolic
Resole (Ironsides)

Notes: LD = low density, LDR = rubber modified low density, HS = harness satin weave, NBR = nitrile butyldiene rubber,
T-300 = AMOCO T-300 PAN-based carbon fibers
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Each stage of the nozzle fabrication is monitored closely to ensure components
remain within specifications.

Fabrication of the RSRM nozzle begins with the

manufacture of the carbon cloth prepreg which requires six different vendors which: 1)
produce rayon thread, 2) weave cloth, 3) carbonize cloth, 4) produce resin, 5) produce
carbon filler, and 6) impregnate the carbon cloth.

The general procedure used for

fabrication of each nozzle ring begins with tape wrapping the phenolic material (CCP,
glass cloth phenolic, or silica cloth phenolic which have been bias-cut) onto a mandrel at
the desired ply-angle (“Application of Ablative Composites to Nozzle for Reusable Solid
Rocket Motors,” 1999; Hall, 1988). As the material is applied to the mandrel it is
debulked, meaning the tape is applied to the mandrel or previously applied material under
heat and pressure at the point of contact to nest and compact the fibers into the resin
matrix. As the tape is applied it is immediately cooled by a carbon dioxide jet to prevent
deterioration of the resin. The debulking step is very important in controlling the final
density of the material which can affect the material’s erosion rate. The ring is then
vacuum bagged and cured in either a hydroclave or autoclave at P = 6.89 MPa (1000 psi)
and T = 428 K (310°F) for a minimum of five hours. The cured part is then machined to
specifications. Depending on the location of the ring, a second wrap is performed.
Beginning with a coating of phenolic resin applied to the machine surface, the second
wrap is carried out in a similar fashion to the first wrap with the exception of curing in an
autoclave at lower pressure, P = 1.72 MPa (250 psi) and T = 428 K (310°F) for a
minimum of four hours). The completed rings are then assembled and bonded to the
nozzle support structure as well as sealed to one another.
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2.1.6 Alternative CCP nozzle material with a PAN-based carbon fiber precursor
Three CCP prepreg materials are examined in this research study, the two made
from carbon fibers derived from rayon fibers, MX-4926N and MX-4926, were discussed
previously along with the RSRM nozzle design (see Section 2.1.5) and the third is
LR1406 made from PAN-based carbon fibers. Investigations of rayon alternatives dates
back from the 1970s through the present (Canfield & Koenig, 1989; Mills, 2008).
LR1406 is produced by Barrday Composite Solutions (formerly Lewcott Corporation)
(“LR1406 Data Sheet,” 2008). Low-fired stretch-broken Polyacrylonitrile (PAN) fiber is
used as the carbon fiber precursor in LR1406. This type of PAN fiber was used to
produce a carbon fiber with a reduced thermal conductivity compared to those made from
standard PAN fibers.

This was done in an attempt to approach the lower thermal

conductivity of rayon-based carbon fibers. To achieve the reduced thermal conductivity,
PAN-based carbon fibers are stretch-broken in order to disrupt the carbon hexagonal
chains which if left intact would result in higher thermal conductivity (and strength). In
addition, heat-treatment of PAN at lower temperatures has shown decreased fiber thermal
conductivities (Katzman, Adams, Le, & Hemminger, 1994). The phenolic resin used in
LR1406, which contains carbon filler, is Lewcott PSR133G rather than the one used in
MX-4926N (or MX-4926).

However, the resin conforms to the same military

specification (MIL-R-9299) as the MX-4926N phenolic resin.
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2.1.7 Typical thermal and mechanical properties CCP (and nozzle material)
Carbon-based nozzle materials can be broken down into two categories, charring
and non-charring. Non-charring materials include graphite and carbon-carbon. These
materials erode primarily due to the oxidation of carbon by products of solid propellant
combustion at high temperature. Also, to a lesser extent, erosion is caused by the
ablation of the binder system. The disadvantage of these materials is their high thermal
conductivity making the use of substantial backup insulation necessary for longer
duration operation if a metal support structure is needed. Table 2.2 [adapted from p.559
of (Sutton & Biblarz, 2001)] gives several materials commonly used in the region of
SRM nozzle throats and their material properties.

Carbon-cloth phenolic is a

comparatively low-density material, has limited thermal expansion, and exhibits a
moderate erosion rate. Table 2.3 [adapted from (Ellis & Keller Jr., 1975)] gives the
typical properties of phenolic resin with various reinforcement materials. Carbon-cloth
phenolics exhibit the lowest density of the materials along with minimal thermal
expansion.

Considering the remainder of the material properties of carbon cloth

composites are mid-range.

Table 2.2. Typical SRM nozzle materials and a comparison of their density and thermal/mechanical properties*

Density [g/cc]
Thermal expansion
[10-6 in/in-°F]
Thermal conductivity
[Btu/in-sec-°F]
Modulus of
elasticity [psi]

ATJ
Modern Graphite
1.54
500 to 700
1.2 x 10-3 (warp)
1.5 x 10-3 (fill)
1.5 x 106 (warp)
1.2 x 106 (fill)

Shear modulus [psi]

-

Erosion rate (typical)
[in/sec]

0.004 to 0.006

1.72 to 1.99

Carbon-cloth
Phenolic
1.47

1 to 9

8.02

7.6

2 to 21 x 10-5 (warp)
8 to 50 x 10-5 (fill)

2.2 x 10-3 (warp)

1.11 x 10-3 (warp)

2.86 x 10-6 (warp)
2.91 x 10-6 (fill)

3.17 x 10-6 (warp)
2.86 x 10-6 (fill)

-

0.81 x 106

0.80 x 106

0.0005 to 0.001

0.005 to 0.010

0.010 to 0.020

Pyrolytic Graphite 3D Carbon-Carbon
2.19
1440 (warp)
43200 (fill)
4.9 x 10-5 (warp)
4.2 x 10-5 (fill)
4.5 x 106 (warp)
1.5 x 106 (fill)
0.2 x 106 (warp)
2.7 x 106 (fill)
0.001 to 0.002

35 to 80 x 10

6

Silica-cloth Phenolic
1.72

* Properties at room temperature, where warp is in direction of the principal fibers and fill is at right angles to warp.

24

Table 2.3. Typical thermal and mechanical properties of CCP and other composites with different reinforcement material
Carbon
cloth

Graphite
cloth

Silica
cloth

Asbestos
felt

Glass
cloth

Density [g/cc]

1.43

1.45

1.75

1.73

1.94

Specific heat [Btu/lbm-°F]

0.20 (0.36)

0.24 (0.39)

0.24 (0.30)

0.19

0.22

Thermal diffusivity [ft2/hr]

0.0108 (0.0125)

0.0126 (0.0128)

0.0080

0.0042

0.0069

Thermal conductivity
[Btu-ft/hr-ft2-°F]

0.83 (0.93)
0.48 (0.58)

2.29 (2.90)
0.69 (0.92)

0.35 (0.38)
0.30 (0.32)

0.20
NA

0.16
NA

Thermal expansion
[10-6 in/in-°F]

3.8
5.3 (31.0)

5.3
17.6

3.9
16.5

7.0
25.0

4.6
21.0

Ultimate tensile
strength [ksi]

18.0 (10.5)
0.9 (0.30)

10.5 (7.6)
0.74 (0.33)

12.0 (7.6)
0.72 (0.39)

36
NA

60
NA

Tensile modulus
[103 ksi]

2.64 (1.60)
1.80 (0.05)

1.57 (1.23)
0.44 (0.08)

2.62 (1.99)
0.48 (0.06)

3.0
NA

4.6
NA

Compressive strength
[ksi]

36.1 (13.5)
62.9 (42.5)

13.0 (3.98)
33.0 (2.16)

16.2 (8.13)
49.1 (21.3)

20
NA

50.6
NA

Compressive modulus
[103 ksi]

2.34 (1.73)
1.85 (0.75)

1.50 (0.89)
1.05 (0.37)

3.50 (1.95)
2.07 (0.78)

2.3
NA

3.7
NA

Note: All values shown for room-temperature properties except those in parenthesis which are at 750 °F, NA = not available,
rows with double value indicate the property values for the with grain or ply (warp) on top and across grain or ply on bottom
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2.2 Combustion Products of AP/Al/HTPB Solid Propellant
Exhaustive discussion of the combustion of the solid propellant used in the
experimental portion of this research is beyond the scope of this work and is well
documented elsewhere (Kuo, 1984; Yang, Brill, & Ren, 2000). However, understanding
of the environment which the rocket nozzle material is subjected to is important. This of
course necessitates at least a short description of solid propellant composition, solid
propellant combustion, and aluminum combustion. The discussion of these aspects is
tailored to the solid propellant of interest.

2.2.1 AP/Al composite solid propellant composition
Of specific interest for this research study is the solid propellant which was
utilized in the space shuttle RSRMs. The propellant used is termed RSRM propellant (or
Thiokol propellant, TP-H1148) and has the following main constituents [as given by
(May,

Miles,

Taylor,

&

Rackbam,

1997)].

The

fuel

binder

is

PBAN

(Polybutadiene/Acrylic Acid/Acrylonitrile) with ECA (epoxy curing agent), which
constitutes 14 wt% of the solid propellant formulation. The oxidizer powder in the
propellant is ammonium perchlorate or AP (NH4ClO4). AP accounts for 70 wt% and two
forms of AP are used, unground (49 wt% at ~200 μm) and ground AP (21 wt% at
~20 μm). The last major component is aluminum powder (16 wt% with a mean size
varying between 22 and 36 μm). In addition to these major components, a small amount
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of iron oxide (Fe2O3) is added to the formulation which functions as a burning rate
modifier.
RSRM propellant was unavailable for this research study and an analog propellant
was developed which used HTPB (Hydroxyl-terminated polybutadiene) as the binder
rather than PBAN. HTPB is considered a higher performance binder than PBAN with
the following desirable characteristics; HTPB allows for a higher solids content loading
(88 to 90% versus 84 to 86%), has a higher flame temperature (3560 K versus 3370 K),
and a larger operating temperature range (228 to 339 K versus 278 to 305 K) when
compared to PBAN (Moore, 1997). The analog was designed to mimic the burning rate
and condensed phase combustion products of RSRM. Further details of the development
and specific formulation of the RSRM analog propellant are given in Chapter 3. For the
purposes of further discussion, the solid propellant combustion mechanism as well as the
evolution of gaseous and condensed phase combustion products will be limited to
AP/Al/HTPB composite propellant.

2.2.2 Solid propellant combustion
The major equilibrium products of combustion of RSRM solid propellant at
650 psia (4.48 MPa) are approximately 24% CO, 17% HCl, 9% H2O, and 27% Al2O3(l)
(by mass, computed using NASA-CEA) at an adiabatic flame temperature of ~3500 K.
Figure 2.10 gives a sketch of the near surface combustion events including the AP/fuel
diffusion flame as well as the accumulation, agglomeration, and subsequently burning Al
droplet (Price & Sigman, 2000).

Figure 2.11 shows a good overall picture of the
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Figure 2.11. Sketch of Al agglomeration and combustion for an AP composite
propellant

2.2.3 Aluminum droplet combustion
The general nature of the combustion of an individual aluminum droplet can be
seen in Figure 2.12, from (Price, 1984) . As the droplets, either an isolated aluminum
particle or agglomerate, move away from the surface they react with the oxidizer/fuel
binder combustion products. Aluminum vapor reacts with H2O and CO2, forming CO, H2
and Al2O3 as well as other suboxides (Al2O) in the aluminum droplet flame zone
(T~3800 K). Under most conditions the burning of the aluminum particle is controlled
by the diffusion of H2O and CO2 species to the flame zone. While a large fraction of the
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adapted from (Beckstead, 2005)] for the burning time (tb in ms) of an aluminum droplet
as a function of the droplet diameter (D in μm).

t b = 0.003 D 1.99

(2.1)

The examined experimental data showed that O2 oxidized aluminum twice as fast
as H2O and five times as fast as CO. Of which the latter two species are predominant in
AP composite propellant flames while only small amounts of O2 are present. Within a
SRM nozzle the sonic velocity is typically ~1000 m/s while in the combustion chamber
the Mach number is ideally below ~0.1, giving a chamber velocity of ~100 m/s. This
experimental correlation suggests that a droplet 100 μm in diameter will burn completely
in less than 30 ms and at a velocity of 100 m/s would travel a distance of 3 m before
burning completely. Typically, subscale SRMs are shorter than this and it should be
expected that the droplets in the rear portion of subscale SRMs consist of droplets which
still contain large fractions of unburned aluminum.
In addition, the oxide cap can grow when smoke-oxide particles (SOPs) from the
combustion product flow field strike the aluminum droplet. Figure 2.13 and Figure 2.14
from (Babuk & Vasilyev, 2002) show the two extreme orientations of a burning
aluminum droplet in an SRM flow-field. The orientation of the aluminum droplet in the
gas flow will influence the growth of the oxide cap.

The larger molten

aluminum/alumina droplets as well as the small smoke-oxide particles then continue to
move toward the nozzle surfaces in the rear of the SRM.
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Figure 2.13. Droplet orientation with oxide cap forward

Figure 2.14. Droplet orientation with oxide cap trailing

2.2.3.1 Size of Alumina Droplets
To date, a majority of droplet size distributions have been determined from
invasive techniques which rapidly halt the combustion of the aluminum droplets at a
determined distance from the propellant surface. This is often performed in quench
bombs with an inert liquid (Braithwaite, Christensen, & Daugherty, 1988; M. Brennan,
1996; Habu, Shimada, & Hasegawa, 2006; Salita, 1988). However, a constant volume
bomb or CVB using inert gas to quench the droplet may also be used (Babuk, Malakhov,
& Vasilyev, 1999; Blomshield, Kraeutle, & Stalnaker, 1994). Salita completed a survey
of alumina droplet size data in solid rocket chambers, nozzles, and plumes by a number
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of techniques, including combustion bombs (CVB or quench bombs), subscale motors
with or without helium quenching, analytical models, aircraft plume collection, as well as
several others (Salita, 1994a). Brennan performed a series of quench bomb tests of
RSRM propellant to compare the effects of different AP and aluminum particle suppliers
(M. Brennan, 1996). The four mixes of interest have nominal AP and aluminum particle
size distributions. Figure 2.15 and Figure 2.16 [adapted from (M. Brennan, 1996)] show,
respectively, the size distributions and the cumulative distribution functions of the
averaged recovered particles. While there is variation even with suppliers, two things are
clear. The first is that there is a bimodal size distribution in the recovered particles and
the second is that ~60 to 65 % of the recovered particles are smaller than 2 μm.

Figure 2.15. Average measured size distributions for RSRM propellant
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Figure 2.16. Cumulative size distribution for RSRM propellant
Droplet sizes (quantified by the Sauter mean diameter or D32) near the propellant
surface and in the nozzle entrance and exhaust regions have been measured by light
diffraction technique (Malvern 2600HSD) with some degree of success at the Naval
Postgraduate School (W. D. Brennan, Hovland, & Netzer, 1992; Laredo, Mccrorie,
Netzer, & Vaughn, 1994; Youngborg, Pruitt, Smith, & Netzer, 1990).

Laredo and

coworkers measured the particle size distribution 2 cm above the regressing surface of
RSRM propellant (Laredo et al., 1994). At a pressure of 3.6 MPa particles were normally
distributed with a mean diameter of D32 = 132 μm and a standard deviation of 18 μm.
However, their data sampled at the entrance of the nozzle shows only particles less than
15 μm. This suggests that the smoke-oxide percentage does not increase until further
downstream of the propellant surface and that particle breakup is dominate between the
surface of the propellant and the nozzle entrance. This is somewhat counter to results
obtained elsewhere, for example results from (M. Brennan, 1996), shown above, yielded
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significantly different percentages of smoke-oxide and larger agglomerates. The testing
conducted with light diffraction was performed at 3.6 MPa (522 psia) with measurement
taken at 2 cm from the propellant surface and at the entrance of the nozzle (exact distance
from the propellant surface to the entrance of the nozzle is unclear but was less than
25.4 cm) while the quench bomb testing was performed at 3.44 MPa (500 psia) with the
quenching liquid closer to the propellant surface (less than 7.62 cm or 3"). While the
pressure difference is minimal the sampling distance will be a factor, but the
inconsistency between the two results is rather large to be explained by the relatively
small difference in measurement location.

2.2.3.2 Velocity of Alumina Droplet Leaving the Propellant Surface
Droplet velocity measurements of propellant combustion products have been
limited to near the surface of the propellant.

One method utilized real-time X-ray

radiography of the propellant surface of a small-scale SRM (Xiao & Amano, 2002; Xiao,
Amano, Cai, He, & Li, 2003; Xiao, Amano, Cai, & Li, 2005). However, in order to have
sufficient X-ray attenuation of the droplets using this method, a tungsten strip had to be
embedded into the propellant and velocities of the resulting tungsten droplets were
measured. This method inherently alters the underlying physics, both the combustion
process of the propellant in the region near the strip and the ejection of metal droplets
from the surface.

High-speed photography was used by researchers at Princeton

University in the late 1970s studying the combustion and agglomeration processes of
aluminum droplets near the propellant surface (Gany, Caveny, & Summerfield, 1978) and
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a nozzle inlet (Caveny & Gany, 1979) by Summerfield’s group.

More recently a

windowed lab-scale SRM (essentially an optical strand burner) coupled with a high-speed
CCD camera was used to study the burning of both single droplets and agglomerates
(Melcher, Krier, & Burton, 2001). Droplet velocity leaving the propellant surface was
measured to be 5 to 7 m/s.
Inamoto and coworkers studied the mechanisms of the formation of Al2O3
droplets at elevated pressure in the combustion zone near the burning propellant surface
using a wide-dynamic range CMOS camera (Inamoto, Miyazaki, Matsuura, & Fukuchi,
2009). This technique was very successful in recording the size of Al droplets near the
highly luminous flame zone. They found that the size of the Al droplets in the flame near
the propellant surface decreased with increasing pressure and the sizes of the
agglomerated Al droplets on the burning propellant surface were also affected by
pressure. They reported that the Al particle sizes in the unburned propellant (measured
from a very thinly sliced section cut by a microtome) were much smaller than those
observed during the propellant combustion. They estimated that at 1 MPa (~145 psia)
operating pressure, the average diameter of Al droplets in the solid propellant flame was
96 times larger than those in the unburned propellants. When the pressure is increase to
8 MPa (~1160 psia) the average diameter of the Al droplets is 50 times larger than the
original particles. These results illustrate the general effect of pressure on the size of Al
droplets leaving the propellant surface.
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2.3 Modeling of SRM flow-field and alumina impingement onto interior surfaces
Once the aluminum/alumina content leaving the propellant surface has been
characterized, the smaller smoke particles and larger droplet motion to the aft portions of
SRMs and the combustion product flow must be modeled.

This includes slag

accumulation in recirculation regions of the flow field and impact onto forward nozzle
surfaces and other portions of the aft-end. Much effort has gone into model development
and numerical simulation of the two-phase flow field in SRMs both in U.S. industry
(Ahmad, Morstadt, & Eaton, 2003; Boraas, 1984; Sabnis, 2003; Salita, 1995a) and at the
university level (Dick, Fiedler, & Heath, 2006; Dick, Heath, Fiedler, & Brandyberry,
2005) as well as a number of foreign research centers (Bondarchuk, Feshchenko, Kozlov,
& Vorozhtsov, 1995; Ciucci, Laccarino, & Amato, 1998; Wirzberger, Macales, & Yaniv,
2005). In 1994, Salita detailed the deficiencies and requirements for modeling two-phase
flow in SRMs as it pertains to slag generation (Salita, 1994b, 1995b). Ahmad provides
an expansive literature survey of the internal flow simulation of SRMs up to 2001
(Ahmad, 2001a). In the survey he points out that, while a good deal of effort has gone
into simulation of the internal flow in SRMs, few studies have dealt with heat transfer to
the surfaces in the aft-end of SRMs.

2.4 Erosion of nozzle materials due to the flow of hot gaseous solid propellant
combustion products
The hot solid propellant combustion products constantly erode the surface of the
nozzle material. Material erosion is a combination of several mechanisms. The erosion
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process begins as a result of heat transfer (convection, radiation) to the nozzle surface by
the products of solid propellant combustion and subsequent in-depth conduction in the
material.

The resulting increase in the temperature of the material causes the

decomposition of the phenolic matrix of the CCP material and development of a char
layer. This char layer is then thermo-chemically eroded by the oxidizing species in the
solid propellant product stream. Alternatively, at high heating rates irregular bulk erosion
of the nozzle material may result. In addition to this mechanism, aluminum/alumina
droplets tend to mechanically erode the char layer. Also, increased heat transfer to the
layer by aluminum/alumina deposition and the formation of a liquid layer may cause
additional degradation of the nozzle material.
Figure 2.17 [adapted from p. 555 of (Sutton & Biblarz, 2001)] shows total
material erosion and char depth measurements along the nozzle contour of the RSRM.
Comparing average erosion rates at throat (9 mil/s) to the average rate at the nose cone
(14 mil/s), shows a 62% greater rate at the nose cone (is the forward region of the
converging portion of the submerged nozzle). Near the throat, alumina droplets travel
parallel to and therefore do not intercept the nozzle surface. However, a substantially
increased amount of alumina droplet impingement on the nose cone region likely results
in the enhanced erosion rate of material there. Surface temperatures along the nozzle of
2620 to 3360K are also shown in Figure 2.17. The highest surface temperatures are
shown along the nose cone and outer portions of the submerged nozzle. During a CFD
investigation of the aft-dome insulation, results indicated the formation of a liquid layer
on the outer portion of the nozzle which driven by shear force deposited on the aft-dome
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insulation causing irregular erosion (Whitesides, Dill, & Purinton, 1997). It was noted
that this layer would tend to increase heat transfer and the surface temperature along the
outer portion of the nozzle.

Figure 2.17. Total erosion and char depth (as well as calculated early burn surface
temperature) of the RSRM nozzle

2.4.1 Heat transfer to the nozzle surface
The heat transfer rates to the nozzle surface are on the order of 10 MW/m2 for
metalized propellants. The heat transfer rate is commonly computed using the Bartz
correlation [(Bartz, 1957) see Equations (2.2) and (2.3)] or some sort of modified a Bartz
correlation (Glick & Vachon, 1965). The Bartz correlation itself is simply an extension
of the Dittus-Boelter correlation for turbulent pipe flow which accounts for mass flux and

40
variations in velocity and temperature. The semi-empirical correlation provides a method
of solving for the convective heat transfer coefficient in a convenient form for rocket
nozzles and includes a correction for radius of curvature effects.

However, Bartz

correlation is not suited for the nose cone region of a submerged nozzle. The use of Bartz
and other heat transfer correlations has been examined in detail (Ahmad, 2001b).
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In addition to the limitation of the area where the correlation applies, it is known
that Bartz correlation greatly under predicts the heat transfer rates to the nozzle surface
by metalized solid propellant combustion products. Common practice is to multiply the
resulting heat transfer rates by up to ~5x to yield a better approximation for the heat
transfer to the nozzle surface in the converging portion of the nozzle. More recent CFD
convective heat transfer calculations (Ahmad, 2005), attempted to yield more accurate
heat transfer rates. Several methods were used to deduce convective heat transfer rates.
The work showed higher heat transfer rates just upstream of the nozzle throat. However,
when these rates were compared to data back calculated from nozzle recession data
utilizing CMA, the calculated rates only showed qualitative agreement upstream of the
throat. The enhanced heat transfer rates are likely caused by the augmentation of heat
transfer due to liquid aluminum/alumina droplet impingement. In his work Ahmad states
(and it appears true at least in available open literature) that the combination of heat
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transfer (convective, radiative, and conductive), chemical (transpiration), and mechanical
(shear and particle impingement forces) effects have not been studied simultaneously.

2.4.2 CCP nozzle material decomposition
CCP is referred to as a charring or ablative insulation material. In general,
heating of an ablative material results in the formation of at least three distinct zones: the
char layer, the pyrolysis (reaction) zone, and the virgin material [see Figure 2.18 from
(Curry & Tillian, 2006)]. The overall surfaces recession (erosion) rate is given by s1 and
the progression of the char/virgin interface is given by s2. Material decomposes as a
consequence of energy transferred to the surface. Initially the heating causes pyrolysis of
the resin matrix, leaving behind a char layer retained by the carbon fiber/fabric. The
carbon fibers in the composite are oriented in such a way as to best retain the char layer,
typically 90° to the surface. However, the ply-angle is often shifted to minimize heat
transfer by conduction through the fibers to the virgin material. The char layer then
recedes due to thermochemical attack by oxidizing species, additional heat transferred to
the virgin material causes continued pyrolysis of the resin matrix. Subsequently, the
pyrolysis gases exit through the porous char layer, acting to cool the char material and
provide a barrier for thermochemical erosion.
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Figure 2.18. Schematic diagram of NASA-JSC charring ablation material model
A much more detailed sketch of the material response of CCP to hot combustion
products and resulting heat flux is given in Figure 2.19 [adapted from (Wertheimer &
Laturelle, 2003), their work also provides a concise overview of material decomposition].
As is often the actual case in CCP material decomposition, the virgin zone must be
further broken into three zones; wet virgin material, water evaporation, and dry virgin
material. The moisture contained in the original virgin material is a byproduct of the
curing reaction of the phenolic and can be present in significant amounts if a post-cure
heating step is not performed. The volatilization of the moisture in the virgin material
may cause high pore pressures which result in irregular material response (see
Section 2.4.4). Reaction in the pyrolysis zone can be broken into three regions; Region 1
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– 300 to 550°C, Region 2 – 400 to 800°C, Region 3 – 560 to 900°C (Trick & Saliba,
1995).
From Trick and Saliba’s FTIR data the evolution of the pyrolysis zone can be
described as follows. In the leading portion of the thermal wave, low temperature
reactions evolve water, low molecular weight substances (phenol and cresol), and carbon
dioxide (XH2O = 0.498, XLMS = 0.501, XCO2 = 0.001). Additional heating of the pyrolysis
zone further raises the temperature and between 400 to 800°C (cracking) reactions evolve
H2, CH4, CO, H2O, CO2, and C2H6 (XH2 = 0.594, XCH4 = 0.149, XCO = 0.127,
XH2O = 0.127, XCO2 = 0.002, XC2H6 = 0.001). In addition reactions at this temperature
produce solid phase carbon (or char). Concurrently and upon further heating, from
560 to 900°C additional hydrogen trapped in the bonds of a portion of the char is
released. In this region gaseous H2, CO, H2O, and CO2 are prominent (XH2 = 0.857,
XCO = 0.095, XH2O = 0.047, XCO2 = 0.001).
These gaseous species proceed from the pyrolysis zone to the material surface
generating/depositing solid phase carbon along the way (coking). This coking results in
the increasing of the density and decreasing of the porosity of the char layer. The
increased density of the char layer also results in reduced recession of the char layer due
to thermochemical erosion in the oxidation zone. While, the decreased porosity coupled
to the evolution of gaseous species in the pyrolysis zone results in high pore pressure
below the char layer.

n of CCP and flow of gaseouss species througgh the materiall
Figure 2..19. Detailed scchematic of thee decomposition
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2.4.3 Thermochemical erosion of the char layer
Following heating of CCP material and the formation of a char layer, regular
erosion proceeds (similar to other carbon-based nozzle materials) through the oxidation
of the carbon in the char near the material surface by OH, O, H2O, CO2, and O2.
Equations (2.4) through (2.8) give the commonly considered reactions. It is worth noting
that the reactions with molecular oxygen and O2 [Equations (2.5) and (2.8)] are unlikely
to play major factors in CCP nozzle erosion, due to their extremely low concentration in
the combustion products of aluminized solid propellant. Modeling of the thermochemical
erosion of carbon materials, applied to graphite and carbon-carbon, is a topic of current
research both in open literature (Bianchi, Nasuti, Onofri, & Martelli, 2011; Thakre &
Yang, 2008) and closed literature. The erosion rate of the char layer as a result of
convective heating by oxidizing species alone are typically quite predictable, however,
the effects of mechanical erosion and irregular CCP material response are difficult to
model.
C (s ) + OH → CO + H

(2.4)

C ( s ) + O → CO

(2.5)

C (s ) + H 2 O → CO + H 2

(2.6)

C (s ) + CO 2 → 2CO

(2.7)

C(s ) + 1 O2 → CO
2

(2.8)
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2.4.4 Irregular CCP material response phenomena
In addition to the more predictable thermochemical breakdown of the material,
there are three additional macro-scale failure mechanisms that have been observed.
These include ply lifting, “wedge-out”, and pocketing (Slattery, 1993). These behaviors
are difficult to model and termed irregular. To avoid these irregular material responses
and to aid in predictive capability by nozzle design codes considering only
thermochemical erosion, the orientation of the ply-angle of nozzle components is selected
to avoid the irregular erosion patterns discussed below. In fact the affinity for these
irregular responses under various heating loads is another metric examined when
screening a new CCP material.
Ply lifting is a type of failure in which the layers (laminates) of CCP material
separate. This occurs when the layers are oriented nearly parallel to the flow surface. Ply
lifting is attributed to buildup of high pore pressures resulting from blockage of both
vapor from the moisture in the composite and the gases from the pyrolysis of the phenolic
matrix. For this reason the moisture content in the nozzle components is important, and
performance can be directly affected by humidity during storage. Figure 2.20 [from
(Doering, 2004)] shows a cross section of post-fired carbon phenolic composite with plylifting from material testing in the Solid Fuel Torch (SFT – see Section 2.5.1). “Wedgeout” occurs at the intersection of two CCP pieces which have ply angles around 45°.
This causes the corners of the pieces to break off. Finally, pocketing erosion occurs
when plies are oriented normal to the surface. This is a result of thermal expansion being
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restrained in two directions, which causes large tensile stresses and eventually material
failure.

Figure 2.20. Cross section of post-fired carbon phenolic composite
One of the best examples of pocketing erosion was on one of the nose inlet rings
of the nozzle for the STS-8A booster (the Space Transportation System “A” booster).
Figure 2.21 [from (Prince, Bunker, & Lawrence, 1989)] shows the erosion profile of the
STS-8A. The dotted line represents the expected smooth eroded surface. The lower
sketch more clearly details the discontinuous bulk material erosion around the
circumference of the nozzle inlet ring, later termed “pockets”. A study by Prince and
coworkers, used a plasma torch to compare heating effects on restrained 90° and 60° plyangle CCP specimens (Prince et al., 1989). While the 60° specimens experienced typical
erosion rates, the 90° specimens consistently produced a violent spallation of material
with erosion pits ~220% deeper than 60° specimens. It was concluded that thermal
expansion of the resin matrix coupled to cross-ply restraint of the material forced with-
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ply expansion. As increasingly high-tensile loads were placed on the carbon fibers,
material failure resulted as evidenced by spallation. The process would repeat as the
relatively small (~0.1" depth) active heating zone moved through the material. Erratic
rises in load cell readings for the 90° specimens supported the theory that pocketing of
the material provides strain relief. In order to prevent pocketing erosion from occurring
in subsequent RSRM nozzles, the ply-angles of both the forward and aft inlet rings were
modified.

Figure 2.21. Erosion profile of STS-8A

2.5 Characterization and SRM Testing of Nozzle Materials
Material characterization testing of nozzle materials for SRMs has been
performed utilizing a number of methods. Methods include simulated heating tests such
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as arc-jet, laser, supersonic jet, or oven heating, testing in a variety of different subscale
SRMs, and full-scale SRM testing. For example, Haddock et al. (Haddock et al., 2005)
reported in 2005 that in qualifying replacements for the NARC rayon used in MX-4926
that materials had been tested in the Laser Hardened Materials Evaluation Laboratory
(LHMEL) at Wright-Patterson Air Force Base, the NASA-MSFC 24-inch motor, the
NASA-MSFC Solid Fuel Torch - Super Sonic Blast Tube, the NASA–MSFC Plasma
Torch Test Bed, the ATK Thiokol Forty Pound Charge motor and the NASA-MSFC
MNASA motor. Only after simulated and subscale SRM testing was material testing
performed in a full-scale RSRM static test. In addition to the testing environment,
erosion rate may either be deduced by comparison of pre- and post-test measurements of
the eroded surface location to obtain average erosion rate data or data may be obtained
from instantaneous measurements of the eroding surface during testing. In some cases
real-time erosion rates may be deduced from pressure and thrust data from SRM
experiments.

Ho et al. (Ho, Koo, Bruns, & Ezekoye, 2007) provides a review of

experimental characterization of thermal protection materials.

2.5.1 Material characterization by intense heating
Arcjet or plasma torch testing has been the mainstay in erosion rate determination
for materials used to insulate/protect spacecraft during re-entry (S. M. Johnson et al.,
2008). Plasma torch testing of RSRM nozzle material samples under load were the first
to be used to examine the material pocketing phenomena (Prince et al., 1989). In
addition some newer vapor grown carbon fibers in a phenolic matrix were processed by
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Patton and coworkers (Patton, Pittman, Wang, Hill, & Day, 2000) and tested using a
plasma torch. (Chiba, 1981) extended simulated heating experiments to include graphite
erosion by particles. (Koo, Kneer, Lin, & Schneider, 1992) also developed a supersonic
torch to evaluate high-temperature ablative materials. Members of the Southern Research
Institute (SoRI) have tested a number of SRM nozzle materials under either direct or
indirect heating including graphite, carbon-carbon composites, and carbon phenolic
(“Engineering Publications,” n.d.). Of particular interest is SoRI’s work on the carbon
phenolic material used for the RSRM. Unfortunately, as can be said for almost all
erosion rate (and proprietary) data, theirs is unavailable in open literature. Another major
testing facility is the Laser Hardening Materials Evaluation Laboratory (LHMEL) at
Wright-Patterson AFB (T. N. Johnson, 2000). The LHMEL facility has a high-energy
continuous-wave carbon dioxide laser to simulate the total heating flux at an SRM nozzle
throat. Material testing by SoRI and at the LHMEL facility have aided in measurement
of ply-lifting and pocketing phenomena. The solid fuel torch and supersonic blast tube
(SFT/SSBT) facility at NASA-MSFC also provides another subscale test system for
ablative materials (Lansing & Lawrence, 2001). Figure 2.22 from (Lansing & Lawrence,
2001) shows the SFT/SSBT assembly, which consists of a hybrid fuel grain upstream of a
subsonic test section. For material testing a tapered test article is placed in the test
section.
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Figure 2.22. SFT/SSBT at NASA-MSFC

2.5.2 Material testing in subscale SRMs
In place of expensive full-scale static testing (and in some cases recovered SRMs
after flight use), testing of nozzle materials can be performed in subscale SRMs.
Subscale SRMs vary substantially in size and are often classified in one of two ways,
either by propellant diameter or by their maximum propellant mass. One of the largest is
the MNASA (modified NASA) motor, which is an 18.3% scaled version of the RSRM
(Sambamurthi, 1995, 1996). This motor has a diameter of ~122 cm (48"), compared to
the ~366 cm (144") diameter of the RSRM, with a propellant mass of ~4536 kg
(~10,000 lbm). The burn time of this SRM was approximately 30 s as compared to the
more than 120 s operation of the full-scale system. In addition to the MNASA SRM,
NASA-MSFC has a 24-inch subscale SRM. The next tier down is the AFRL Ballistic
Test and Evaluation System (BATES) motors (Geisler & Beckman, 1998). There are
three iterations of note, the seventy-pound and fifteen-pound BATES as well as the super
BATES (800 to 2200 lbm or ~363 to 1000 kg, although the nominal 800-pound BATES
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was mostly used). The next set of subscale SRMs of note are ATK Thiokol’s Forty
Pound Charge (FPC) and Seventy Pound Charge (SPC) motors which allows for material
to be tested at various flow velocities. While not specifically designed for material
erosion characterization ATK also developed the five-inch spin motor to investigate slag
accumulation.
One of the more complete subscale SRM studies, available in open literature,
compares the material response of several nozzle materials (CCP with carbon fiber
produced from different precursors and graphite fiber materials) by testing them in the
48″ Jet Propulsion Laboratory char motor (Powers & Balley, 1982). This SRM used
3200 lb of solid propellant (nearly identical to RSRM propellant) in a center-perforated
configuration design to simulate the early portion (~50 s) of the RSRM pressure response
(yielding a mass flow rate ~ 64 lbm/s at an average pressure of 607 psia). Various CCP
materials were used to construct rings which formed a submerged nozzle assembly [see
Figure 2.23 from (Powers & Balley, 1982)]. A typical nozzle surface and char layer from
the testing in the 48″-JPL char motor is given in Figure 2.24 [also from (Powers &
Balley, 1982)].
Finally, at the university level subscale SRMs are relatively small, less than about
9 kg (20 lbm) of propellant.
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Figure 2.2
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the nozzle surface during the motor firing is limited to real-time X-ray Radiography (Xray RTR). X-ray RTR has been used to examine various portions of the Air Force’s
SICBM during static firings by NSWC-China Lake and the technique was extended to
examining the aft-end of the RSRM (Rogerson, 1995). The collected data helped to
prove that the slag expulsion mechanism was responsible for the pressure perturbation
phenomena seen 65 to 75 s into the RSRM flight.

In another application, Doering

enhanced images captured with an X-ray RTR system to study the ply-lifting phenomena
of RSRM nozzle material in the SFT/SSBT (Doering, 2004). Figure 2.25 shows the
captured raw RTR image used by Doering. Doering then used image enhancement to
more clearly show ply-lifting and material charring, see Figure 2.26. (Evans, Kuo, Boyd,
& Cortopassi, 2009) used the X-ray RTR technique to study the nozzle throat erosion
rates of graphite and carbon-carbon nozzles.

Utilizing an X-ray source and image

intensifier with CCD camera, video of the nozzle throat erosion was captured. Images
were later used to deduce the instantaneous nozzle throat erosion rates.

Figure 2.25. RTR image showing the SFT/SSBT test article
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Figure 2.26. Enhanced RTR images showing ply-lifting and charring

2.6 Real-time X-ray Radiography Principles

2.6.1 X-ray RTR system component theory

2.6.1.1 Generation of X-rays
The X-ray tube generates X-ray photons through the following mechanism. As
electrical current is applied through a filament (cathode), the filament heats-up and gives
off electrons. These electrons are then accelerated by a high-voltage potential from a
cathode to an anode. A target is typically placed in front of the anode. The target in the
case of the X-ray source used is flat and made of tungsten. Variation of the filament
length, a focusing cup near the filament, and the angle of the target surface allow the spot
size to be altered. The majority, 99%, of the energy from the electron beam is converted
into heat, while the remainder results in X-ray production (efficiency given in
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Equation (2.9)). The generated heat requires that the target be actively cooled to avoid
damage, which would affect the X-ray beam emanating from the source.

η ≈ 10 −6 Z V0 [ kV ] → ηW ≈ 0.0237 at 320kV

(2.9)

where,

Z = atomic number (W → 74)
V0 = accelerating voltage
X-rays are produced as a result of the interaction between the stream of electrons
and the atoms in the target by two methods. The first is Bremsstrahlung or “braking”
radiation, which is a result of the deflection and deceleration of an incident electron by
interaction with the tungsten atoms in the target material. As an electron is decelerated it
gives off a photon to conserve energy.

The extent of the interaction between the

incoming electrons and the tungsten atoms will vary, resulting in decelerations of varying
amounts which are proportional to the energy of the produced photon. As a result, this
mechanism produces a continuous spectrum of photons. A majority of photons are
produced with low energy, as little deflection of the electrons is more likely. The X-ray
energy spectrum has a maximum approaching the energy of the incident electrons, which
is governed by the high-voltage used to accelerate the electrons from the cathode to the
anode.

The lowest wavelength of the X-rays is given by the Duane–Hunt law

(Equation (2.10)), where the maximum emitted photon energy, E0, has been taken as the
maximum kinetic energy of the electrons incident on the tungsten target.
E=

hc

λ

→ λmin =

hc hc
=
E0 eV0

→ λmin [ pm ] ≈

1240
V0 [ kV ]

(2.10)
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where,

λmin ≡ lowest (X-ray) wavelength emitted
V0 ≡ accelerating voltage
and
h = 6.626 ×10−34 J ⋅ s
c = 2.998 ×108 m / s
e = 1.602 ×10−19 C

The electrons emanating from the filament on the cathode may also collide with
the innermost electrons of the tungsten atoms in the target material. The inner shell (Kshell) electron is expelled resulting in a vacancy. This vacancy is then quickly filled by
an electron from an outer shell, resulting in the emission of photon. The photon energy is
equal to the difference in binding energy levels between the inner and outer shells. For
tungsten, photon energies resulting from L-, M-, and N-shell transitions to the K-shell
have discrete values ranging from 57.98 to 69.30 keV (Deslattes et al., 2005). The most
probable lines are Kα1 = 59.32 keV, Kα2 = 57.98 keV, and Kβ2 = 67.24 keV (Kortright &
Thompson, 2001).
X-ray photons emanating from the tungsten target then pass through a fixed 3 mm
thick beryllium filter and a removable 3 mm thick aluminum filter. The filters eliminate
the large number of low energy photons (up to approximately 15 keV). These low energy
photons are not useful for imaging and would certainly be attenuated by the test object.
A sketch of the unfiltered and filtered X-ray spectrum emitted from the X-ray source used
in this research study at 320 kV is shown in Figure 2.27. The higher energy photons are
most important for imaging through thicker targets.

In addition to filtering, X-ray
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⎡ ⎛μ⎞ ⎤
⎢− ⎜ ⎟ ρ t ⎥
ρ
I
=e ⎣ ⎝ ⎠ ⎦
I
0

(2.11)

where,

I = Intensity
I 0 = Incoming intensity

μ
= Mass attenuation coefficient
ρ
μ = Linear attenuation coefficient
ρ = Density
t = Thickness
Attenuation within the material is a result of several forms of absorption and
scattering. Over the photon energies emitted from the X-ray source (10 to 320 keV),
three types of attenuation are prevalent: photoelectric absorption, incoherent (Compton)
scattering, and coherent (Rayleigh) scattering. Values for the X-ray mass attenuation
coefficients of elements and several compounds are readily available from NIST’s
Physical Measurement Laboratory (Hubbel & Seltzer, 2004). Figure 2.28 gives the
estimated mass attenuation coefficient and the individual contributions from absorption
and scattering mechanisms for virgin CCP material from 10 to 320 keV. Data for this
plot was generated from the online version of XCOM (Berger et al., 2010). It is clear
from the figure that coherent scattering is the dominate type of attenuation above
100 keV in virgin CCP material. The percent difference of the estimated char linear
attenuation coefficient from the estimated virgin CCP coefficient over the 10 to 320 keV
is estimated to be only -13.5%.
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image. The light output from the second phosphor screen is then captured by a CMOS
camera. Images from the camera can then be captured with a digital frame grabber
coupled with imagining software installed on an acquisition computer.

2.6.2 Radiographic image quality: contrast and definition
Ultimately, an X-ray RTR operator has three knobs to adjust when examining an
object with X-ray RTR: two on the source (filament current and the potential difference
between the cathode and anode) and one on the detector (the exposure time). Increasing
the current passing through the filament of the cathode increases the number of electrons
emanating from the filament. As a result the number of X-rays photons produced is
increased, yielding an increase in the overall intensity of the X-rays emanating from the
source. Increasing the tube voltage has two effects; both the peak X-ray photon energy
and the number of X-rays photons are increased. The former is a result of increased
energy imparted to the electrons during acceleration from the cathode to the anode. The
upper bound on Bremsstrahlung radiation is increased and higher energy photons are
emitted; which in general can be transmitted through thicker, denser, and higher
attenuating objects. In addition, increasing the potential attracts more electrons to the
anode, having a similar effect as current increase. The second effect is more pronounced
at higher voltages. The final knob is the exposure time. In continuous RTR, this is set by
the exposure time of the CCD image sensor of the camera attached to the X-ray image
intensifier. Ultimately the exposure time is related to the framing rate and if high framing
rates are desired, a limit on the minimum incident X-ray intensity is imposed.
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2.6.2.1 Image contrast
Image contrast is a function of the X-ray attenuation differences in the object
under examination. When designing a sample to be examined by the X-ray RTR system,
proper design will allow these differences to be highlighted. While the density (and mass
attenuation coefficients) of the char and virgin portions of the materials under
consideration is not an adjustable quantity, the thickness of the material which the X-rays
pass through can be adjusted in the design phase. To enhance contrast differences, twodimensional planar samples are desired.

Modification of the sample width allows

attenuation differences between the flow channel-char surface and the char-virgin
interface to be highlighted. For example, for CCP increasing the flow channel width (w)
results in an exponential increase in the intensity ratio between the char and virgin
material as given by Equation (2.12).

I
I

char

0.054 w
≈e

(2.12)

virgin

The maximum voltage setting is selected to highlight the interfaces as well. In
general, the use of lower X-ray source voltage will result in higher contrast images.
However, a sufficiently high voltage (and filament current) level must be used to generate
enough high-energy photons to pass through the chamber walls and the sample to be
captured by the X-ray image intensifier to generate an image. For example, Figure 2.29
shows the variation of total transmitted intensity and intensity ratio with maximum
voltage settings for CCP material in a subscale SRM which has a 2″ wide flow channel.
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intensity in surrounding pixels captured by the imaging device. For example, a void in
the object material would tend to grow or bloom with increasing excess X-ray intensity.
In regards to edge detection, the perceived boundary between a light and dark region can
shift due to this effect.

2.6.2.2 Image definition
Image definition is a function of several factors, the majority of which are
geometric in nature. The two of greatest importance for discussion are the geometric
unsharpness and the alignment of the X-ray source, material sample within the SRM, and
the detector (X-ray image intensifier).
To produce accurate imagery of the object of interest, the alignment of the X-ray
source to the X-ray image intensifier is crucial. On small cabinet or fixed X-ray source to
detector systems this is relatively simple to achieve and then lock the alignment.
However, when setting up an independent semi-mobile source and detector around an
SRM, this can be a lengthy process. Figure 2.30 and demonstrate the need for alignment
of an X-ray RTR system. Figure 2.30 shows an X-ray image of an X-ray target when the
system is aligned, while Figure 2.31 shows an X-ray image when the X-ray source is
misaligned (0.25″ to the right in reference to Figure 2.30). While this alignment shift is
exaggerated, misalignment can clearly affect the sharpness of an edge captured in an Xray image, hampering edge detection and introducing uncertainty in the edge location.
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Figure 2.30. X-ray RTR image of the alignment tool taken during the alignment
procedure

Asymmetric

Figure 2.31. X-ray RTR image of the alignment tool taken during the alignment
procedure when the X-ray source is misaligned (~6 mm left of the target)
Even with perfect alignment of the X-ray source, the material sample within the
SRM, and the detector, geometric unsharpness can make edge detection difficult because
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of the finite dimensions of the source (focal spot size).

Geometric unsharpness

(penumbra) for a void of given thickness and deviation from the centerline is given by
Equation (2.13).
U1 = f

(b + t )

a
b
U2 = f
(a + t )
U T = ( 2c + f )

(2.13)

(b + t ) −
2a

( 2c − f )

b
2(a + t )

where,

a = Distance from the source to leading edge
b = Distance from the trailing edge to detector
t = Edge thickness
c = Distance from centerline to edge
f = X-ray source focal spot size
Figure 2.32 gives a sketch indicating the three penumbra and the contributing
factors (exaggerated for clarity). The smaller focal spot size is preferred to minimize
geometric unsharpness. However, the power of the smaller focal spot size is often
intentionally limited to avoid local overheating of the tungsten target and as a result the
number of X-rays passing through the target may be insufficient to produce a quality
image. When magnification, see Equation (2.14), of the object is not needed the object is
placed as close to the detector as possible to further minimize the penumbra.
Examination of a material within an SRM limits this distance to a small non-zero value.

(

) (

)

⎡ a+ t + b+ t ⎤
2
2 ⎦
M=⎣
a+ t
2

(

)

(2.14)
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Chapter 3: Subscale Solid Rocket Motor (SRM)
Experimental Setup
A subscale solid rocket motor (SRM) was designed to simulate the typical
conditions experienced by a nozzle made of carbon-cloth phenolic (CCP) material. In
addition, the SRM has a test section which allows an X-ray RTR system to capture
images of the instantaneous position of the nozzle surface.
The subscale SRM consists of the following sections: a cartridge loaded
cylindrical driver propellant grain contained in a steel motor case, a transition section to
convert the flow from axisymmetric to two-dimensional-planar geometry, and a twodimensional test section which houses a pair of two-dimensional nozzle samples. The
test section is made to be X-ray translucent to allow an X-ray RTR system to record the
instantaneous position of the nozzle surface. Outer components of the motor are made of
304-stainless steel where possible to avoid corrosion while outdoor testing is conducted.
The interior metal surfaces of the motor are protected by graphite elements where
possible and carbon/silica phenolic where thin insulation pieces are necessary.
Two configurations were tested; one for early system checkout tests and a primary
system used for the bulk of the test firings. Component-by-component development and
details are given for the primary subscale SRM configuration in Section 3.1, with a
special section devoted to the configuration used for system checkout tests (see
Section 3.2). In addition, some changes were made to the X-ray RTR setup through the
course of testing; including modification of the test stand as well as image intensifier and
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X-ray source stands. Chapter 4 is devoted to the X-ray RTR method and the evolution of
the X-ray RTR setup resulting from the desire to improve image quality and isolate the
equipment from sources of vibration during the operation of the subscale SRM.

3.1 Primary Configuration
The drawings of the subscale SRM in the primary testing configuration are shown
in Figure 3.1 and Figure 3.2. The majority of the test firings were performed in this
configuration. A photograph of the subscale SRM with the X-ray RTR configuration
taken prior to Test#09 is shown in Figure 3.3. This configuration was then used for the
remainder of test firings (Test#09 through #29). While not observable in Figure 3.3, the
X-ray image intensifier can be seen in Figure 3.4, where the protection box has been
removed. Detailed drawings of the primary configuration of the subscale SRM are given
in the Appendix A. Table 3.1 gives the test matrix for the entire subscale SRM test
program. Test firings were conducted with the procedures given in Appendix B.
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Figuree 3.1. Assem
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Figure 3.2.
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Figurre 3.3. Phottograph of the
t subscalee SRM with
h X-ray RTR
R system
(Th
his configurration was used
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for the bulk of the tests - #09 tto #28)

Figure 3.4
4. Photogra
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nd
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t subscalee SRM and detector facce of the Im
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Table 3.1. Test Matrix for the Subscale SRM Test Program Examining CCP Nozzle Material Response
Test#
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Date Performed
8/20/2010
9/21/2010
10/29/2010
10/29/2010
7/22/2011
9/19/2011
10/13/2011
11/10/2011
2/7/2012
2/8/2012
2/21/2012
2/22/2012
2/22/2012
3/5/2012
3/5/2012
3/5/2012
3/15/2012
3/15/2012
3/15/2012
3/21/2012
3/21/2012
6/26/2012
6/26/2012
6/27/2012
7/2/2012
7/2/2012
7/2/2012
7/6/2012
7/6/2012

Propellant Grain
ASRM - Short CP Grain
ASRM - Short CP Grain
ASRM - Short CP Grain
ASRM - Short CP Grain
RSRM HTPB-Analog M#1
RSRM HTPB-Analog M#2
RSRM HTPB-Analog M#3
RSRM HTPB-Analog M#4
RSRM HTPB-Analog M#5
RSRM HTPB-Analog M#6
RSRM HTPB-Analog M#7
RSRM HTPB-Analog M#8
RSRM HTPB-Analog M#9
RSRM HTPB-Analog M#10
RSRM HTPB-Analog M#11
RSRM HTPB-Analog M#12
RSRM HTPB-Analog M#13
RSRM HTPB-Analog M#14
RSRM HTPB-Analog M#15
RSRM HTPB-Analog M#16
RSRM HTPB-Analog M#17
RSRM HTPB-Analog M#18
RSRM HTPB-Analog M#19
RSRM HTPB-Analog M#20
RSRM HTPB-Analog M#21
RSRM HTPB-Analog M#22
RSRM HTPB-Analog M#23
RSRM HTPB-Analog M#24
RSRM HTPB-Analog M#25

Nozzle Material / Configuration
LR1504 MC
LR1504 MC
LR1406 MC
LR1406 MC w/Reduced Throat Height
LR1406 at 45°
LR1406 at 45°
LR1406 at 45°
MX-4926N at 45°
MX-4926N at 45°
MX-4926N at 45°
MX-4926N at 45°
MX-4926N at 45°
MX-4926N at 45°
LR1406 at 45°
LR1406 at 45°
MX-4926N at 70°
LR1406 at 45°
MX-4926N at 70°
MX-4926N at 70°
MX-4926N at 70°
LR1406 at 45°
MX-4926 at 70°
LR1406 at 45°
MX-4926N at 45°
MX-4926 at 70°
MX-4926 at 70°
MX-4926N at 70°
MX-4926 at 70°
MX-4926 at 70°

X-Ray
N
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

HF Gauge
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
Y
Y
Y
Y
Y
Y
Y
Y
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3.1.1 Head-end piece and igniter
The head-end piece of the subscale SRM serves several purposes; the component
utilizes a piston seal design to interface with a stainless steel (304 SS) motor case, houses
the solid propellant igniter, and two pressure transducer ports. A sketch detailing the
internal components of the head-end piece when assembled is given in Figure 3.5
alongside a photograph of the head-end piece with igniter cap. The head-end piece and
igniter cap have been fabricated from 304-stainless steel. For testing, the head-end piece
is secured to the motor and attached to the supports by nuts and threaded rods.

Figure 3.5. Cross-sectional view and picture of the head-end assembly
A pyrogen igniter was selected for the ignition of the main propellant grain and
was designed to be housed within the head-end of the subscale SRM. The small “rocket
motor within a rocket motor” was selected to produce combustion products which would

84
qu
uickly flow through the center borre of the m
main propellaant grain annd heat the solid
prropellant surface uniforrmly until it ignited. Thhe pyrogen igniter in thhe subscale SRM
co
onsists of several compo
onents, which are detaileed in Figure 3.6.

Figuree 3.6. Detailled cutaway
y view of thee modified ssubscale SR
RM igniter
An ellectric match (EM) dip
pped in maggnesium-bassed pyrogenn ignites a small
AP/HTPB/Al
A
l solid propeellant grain. The EMs are made byy MJG technnologies, Innc. (JTek3)
T
and th
he magnesium
m-based pyrrogen compoound is MaggneLite, sold by Rocketflite,
LLC.
L
The EM
E was beent back on itself to inncrease the amount of pyrogen cooating
(2
241 mg on average
a
with
h a standard
d deviation oof 65 mg). The EM raapidly ignitees the
ad
dditional py
yrogen coatin
ng which prroduces hott condensed--phase combbustion prodducts.
In
n turn, these condensed products
p
imp
pinge on thee surface of a small solidd propellant grain
an
nd cause rapid ignition
n. The ignitter propellannt selected had a fasterr burning raate at
prressure com
mpared to th
he main pro
opellant graain.

The iggniter solid propellant grain

co
onfiguration
n consists off a small rearr facing endd-burning proopellant grain, roughly 1.67"
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in diameter (inhibited on the outer surface) and 0.125" thick, with a 0.14" hole in the
center for product gas. This propellant grain is bonded with epoxy to a fiberglass washer
so that it can be held in place by a paper phenolic ring. The phenolic ring is sandwiched
between two pieces of insulation, which protect the metal housing.

The insulation

components are compression molded pieces of silica phenolic (LR1504 MC). Note that
in the first test firing with a full-sized propellant grain (Test#05) a slightly larger centerperforated ASRM propellant grain was used, which was ignited solely by an unmodified
EM. This configuration produced undesirable main chamber pressure rise-behavior and
ignition characteristics.
The solid propellant combustion products produced by the small igniter grain
proceed through an aluminum nozzle which direct the products down the center bore of
the main propellant grain, resulting in main grain ignition. In earlier tests the igniter
nozzle was made of silica phenolic (compression-molded LR1504) nozzle. The switch to
an aluminum igniter nozzle offered the advantage of ease of fabrication, while
maintaining performance during the short ignition period. The igniter chamber and SRM
chamber pressure are monitored by a pair of pressure transducers (Setra Model 206)
attached to the head-end piece.

A typical recorded igniter pressure-time for this

configuration while not installed in the subscale SRM is given in Figure 3.7. The igniter
pressurizes relatively quickly, remains at a steady level, and has a short burn time.
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Figure 3.7. Recorded P-t trace for the primary igniter without the main grain
installed in the subscale SRM

3.1.2 Main solid propellant grain: design and fabrication
The solid propellant used is an aluminized HTPB (Hydroxyl-terminated
polybutadiene) and AP (ammonium perchlorate) composite propellant. The propellant
was formulated to simulate the burning behavior and solids content of the Space Shuttle
RSRM propellant; however, an HTPB binder system was used in lieu of PBAN
(terpolymer of butadiene, acrylonitrile, and acrylic acid). This switch was made to
reduce delivery time and cost based on the propellant grain fabricators capability and
experience (Industrial Solid Propulsion, Inc. or ISP, Inc.). HTPB does not take as long to
cure as PBAN and is therefore preferred in the fabrication of smaller solid propellant
grains. To maintain similarity in the combustion products of the solid propellant the
RSRM-analog propellant formulation matches the percentages of AP, aluminum, and
solid fuel binder. In addition, both the crystal size of the AP and size of the aluminum
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particles were matched. It is understood that both the AP and aluminum particle sizes in
the formulation influence the size of the resulting alumina, and only information about
RSRM propellant is known.

3.1.2.1 Propellant combustion products - species concentration and flame temperature
The pressure dependent variation of the flame temperature and the solid
propellant combustion products of the final mixture which participate in the erosion of
CCP nozzle materials were calculated in CEA and given in Figure 3.8. Over the pressure
range of interest, 500 to 800 psia, the mole fraction of gaseous oxidizing species
(XH2O = 0.144, XCO2 = 0.015, and XOH = 0.007) and mass fraction of condensed alumina
(YAl2O3 = 0.283) at equilibrium is approximately pressure independent.

Flame

temperature variation is also small, less than 50 K (note the temperature scale of figure).
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(paper phenolic cartridge stock manufactured by Franklin Fibre). These requirements
stipulate that the burning surface area (Ab) be ~871 cm2 (135 in2) during the duration of
motor operation and that the propellant web thickness is greater than or equal to ~4.72 cm
(1.86″). Due to current facility limitations the total mass of Hazard Class/Division 1.3
propellant was also limited to 19 lb of composite propellant.
While several configurations were evaluated using an internal ballistics (or
volume filling) code, the ideal shape was determined to be a tapered-center-perforated
solid propellant grain. Figure 3.9 gives the final grain design, which best met the design
criteria. Note that the aft face of the grain was inhibited using HTPB (the same type as
the analog propellant) with the addition of carbon black to make the layer opaque.

Figure 3.9. Tapered-CP propellant grain for primary configuration
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Volume filling code
The volume filling code assumes constant thermal properties (evaluated at the
current chamber pressure), approximates the propellant combustion products as an ideal
gas, adiabatic chamber wall conditions, and expresses the propellant surface recession
rate according to Saint-Roberts law (or Vieille’s law), which does not consider erosive
burning. The code solves mass and energy conservation equations. The mass flow rate
out of the volume is given by assuming choked flow through a supersonic nozzle (the
code is written to handle the subsonic condition as well). The final dimensions of the
solid propellant grain were determined considering erosion of the CCP nozzle throat at a
nominal rate of 10 mil/s per side. The mass flow rate into the volume is given by the
density of the propellant, burning surface area, and propellant burning.

(

m in = ρ p Ab rb = ρ p Ab aP n

)

(3.1)

For the purposes of propellant grain design, the density of the analog propellant
was used (which was insensitive to the analog propellant ingredient variations under
consideration) along with the burning rate coefficient and exponent for RSRM propellant.
The burning rate for RSRM was used and the RSRM-analog propellant was developed
with similar burning behavior. An expression for the burning surface area is derived as a
function of burned web thickness for the tapered-CP grain configuration being evaluated.
In addition, an expression for the increase in free volume as a function of burned web
thickness must be defined.

Both of these equations were determined from simple

geometric considerations; specifically, by the sum of surface area and volume formulas
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for a truncated cone and cylinder. In the derivation it is necessary to assume that the
propellant burns normal to the burning surface. Finally, properties of the propellant
combustion products (specific heat, specific heat ratio, molecular weight, flame
temperature) at various pressures are found using CEA and values are curve-fit to
pressure for use in the code. In addition, the value of the mass fraction of liquid alumina
or a given chamber pressure was needed so that this fraction could be removed from
consideration in the gas phase only calculation (i.e. the representation for the mass flow
rate at the throat considers only gas dynamics).

3.1.3 Transition piece and test section inlet
In order to smoothly transition the combustion products of the axisymmetric solid
propellant grain to a uniform two-dimensional-planar flow in the test section a transition
piece was required. The transition section made of bulk graphite (~6″ in diameter) and
located in the immediate downstream of the propellant grain, converts the flow from a
nearly axisymmetric flow with a diameter of 4.6″ (~11.70 cm) to a rectangular flow with
a height of 1.6″ (~4.06 cm) and a width of 2″ (~5.08 cm) prior to the nozzle test section.
To determine the effectiveness of the transition section, three-dimensional CFD
calculations were performed using FLUENT®. Calculations were performed at two burn
times, namely one- and four-seconds from the start of the motor firing. For these two
geometries, only the propellant burning surface location changes, while the transition and
test section geometries were identical. In this calculation, full Reynolds stress turbulence
model was used with quarter symmetry. Additionally, 2nd-order upwind discretization
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was used along with PRESTO! pressure discretization. Equilibrium combustion products
were injected at the propellant surfaces with a mass flux given by the propellant burning
rate at 650 psia (4.48 MPa). The result for the one-second burn time is shown in Figure
3.10; the contours shown in this figure have been mirrored about the center planes. The
one-second burn back represents the “worst case” when the internal bore of the propellant
grain is small relative to the entrance of the test section. It can be seen that the transition
section effectively shifts the flow-field from the axisymmetric to two-dimensional planar
geometry.

Figure 3.10. Mach number Contours at Various Locations from the Transition
Section through the Nozzle Inlet for the 1-second Burn Time
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3.1.4 Subscale SRM test section and nozzle assembly
The subscale SRM test section is designed with X-ray transparent windows which
allows for nozzle samples within the test section to be imaged. Within the SRM test
section is a rectangular graphite test section inlet which channels the solid propellant
combustion products from the outlet of the transition section into the nozzle assembly.
The nozzle assembly consists of components made with reinforced phenolic material, a
nozzle inlet, a pair of two-dimensional planar nozzle samples, and an exhaust plume
shroud; all contained in an aluminum housing. Figure 3.11 shows a cut-away view
detailing the nozzle assembly installed in the subscale SRM. The nozzle assembly is
attached to a retainer end-plate which is then slid into the test section of the subscale
SRM and bolted to the test section housing using aluminum breakaway bolts (to provide
a planned overpressure failure mode) for test firings. Both the polycarbonate windows
and aluminum assembly were selected to minimize the attenuation of X-rays passing
through the nozzle assembly.
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Figure 3.12. Exploded view oof the nozzlee assembly

Fig
gure 3.13. Transparent
T
t sketch of tthe complette nozzle asssembly
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Figure 3.14. Photographs of a complete nozzle assembly

3.1.4.1 CCP Nozzle samples
The designed CCP nozzle samples were fabricated with industry standard
practices by AAE Aerospace from a few different types of CCP material, including
LR1406, MX-4926N, and MX-4926. Figure 3.15 is a photograph of a 45° ply-angle
MX-4926N nozzle sample, while Figure 3.16 is a photograph of a 45° ply-angle LR1406
sample. In comparison to the LR1406 nozzle surface, the surfaces of the MX-4926N
nozzle samples are much smoother and appear more uniform. The three nozzle sample
configurations with MX-4926N and MX-4926 CCP materials all show similar surface
appearance and photos of the other configurations are not given.
In addition to the variation of material, the ply-angle of the material to the
centerline was varied (see Figure 3.17). When bonded together (see Figure 3.18) the
nozzle sample halves constitute a two-dimensional planar nozzle throat with a nominal
initial throat area equal to a round nozzle with a throat diameter of 1″ (2.54 cm). The
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area throat was selected to keep the mass flow rate at sufficiently high levels. The ratio
of width to height of approximately five was selected to limit sidewall effects in the flow
channel while maintaining a sufficient nozzle height.

Figure 3.15. Photograph of a 45° ply-angle MX-4926N nozzle sample
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Figure 3.16
6. Photogra
aph of a 45°° ply-angle L
LR1406 nozzzle

Figure 3.17. Sketcch of the nozzzle test sam
mple halves showing the ply-angle
orien
ntation [45°° shown]
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Figure 3.18. Photograph of a nozzle component consisting of a pair of bonded
70° ply-angle MX-4926N nozzle samples

3.2 Initial Configuration for Checkout Tests
In order to ramp-up to full test conditions, an alternative propellant grain
configuration was used for system checkout tests (shown in Figure 3.19).

In this

configuration a CP driver motor grain of ASRM propellant (Advanced Solid Rocket
Motor – an aluminized HTPB/AP composite propellant, manufactured by Aerojet) was
used for each test.

The propellant grains had approximate dimensions of

5"OD x 3"ID x 9"L and a propellant mass of 7.28 lbm (3.3 kg). The propellant grain was
ignited by an electric match fed through the head-end of the SRM. The tip of the electric
match was surrounded by a small black powder charge (~5 g of black powder with some
solid propellant shavings).

Downstream of the motor case the subscale SRM was
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Table 3.2. System checkout test firing summary
Test#01

Test#02

Test#03

Test#04

Nozzle Inlet
Material

Molded Silica
Phenolic (LR1504)

Molded Silica
Phenolic (LR1504)

Molded CCP
(LR1406)

Molded CCP
(LR1406)

Nozzle Material

Molded Silica
Phenolic (LR1504)

Molded Silica
Phenolic (LR1504)

Molded CCP
(LR1406)

Molded CCP
(LR1406)

Nozzle Sealing
Method

Graphite Cement

Copper RTV

Copper RTV

Copper RTV/Tool
Steel Insert

Throat Height

0.3927″ (9.97 mm)

0.3927″ (9.97 mm)

0.3927″ (9.97 mm)

0.2727″ (6.93 mm)

X-ray RTR

No

Yes

Yes

Yes

Figure 3.20. Photographs of the subscale SRM on the test stand: without X-ray
RTR system (Left) and with X-ray RTR system (Right) in the system checkout
configuration.
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Chapter 4: Real-time X-ray Radiography System
4.1 Experimental Setup
The real-time X-ray radiography (X-ray RTR) system consists of an X-ray source,
X-ray image intensifier, and CCD camera connected to a capture computer. The X-ray
RTR system was acquired as part of a Navy funded MURI examining high-pressure
graphite nozzle erosion behavior by X-ray RTR (Evans, Kuo, Boyd, & Cortopassi, 2009).
The configuration used for the MURI work was essentially the one used for system
checkout test firings (Test#02 through #04 – see Chapter 3). This includes the X-ray
source and stand as well as the X-ray image intensifier, stand, protection box, and image
acquisition computer. The X-ray RTR system was modified when switching to the
primary configuration. The X-ray RTR configurations used from Test#06 through #08
represents a sequence of modifications to the original system configuration to improve
image quality and isolate the components from vibration. Continued improvements were
made from lessons learned during the early test firings, until satisfactory X-ray images
were captured. The final configuration is shown schematically in Figure 4.1 and a
photograph of the system installed around the subscale SRM as it was used from Test#09
through #29 was given in Chapter 3. In this configuration the X-ray RTR system yielded
high quality X-ray images of the nozzle surface recession, which could be used for data
reduction.
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is part of the Y.MG325 Universal bipolar constant potential X-ray system
(“Y.MG325/452 Universal bipolar constant potential X-ray systems,” 2012). The system
was acquired through and serviced by Comet Technologies USA, Inc. The smaller of the
two X-ray source focal spots was used (3.0 mm versus 5.0 mm for the large focal spot).
Use of the small focal spot allowed for sharper images but required the system to be run
at a lower power level (1500 W) as compared to the large focal spot (4200 W). As a
result of using a lower power level the X-ray source had to be placed closer to the SRM
(~34″ from the SRM X-ray window retainer). The gain in sharpness of the resulting Xray image by using the small focal spot more than compensates for the loss in sharpness
due to positioning the X-ray source closer to the subscale SRM. For the test firings in the
primary configuration (see Chapter 3), a tube voltage of 300 kV was used along with a
tube current of 5 mA (max current at voltage setting). During system checkout tests
(Test#02 through #04 – see Chapter 3), 190 kV and 6.5 mA settings were used. In most
cases the X-ray source is aimed just off-center (horizontal center but shifted 0.25″ from
the vertical center toward the head end of the SRM) of the X-ray window of the subscale
SRM. The ideal center of the X-ray beam corresponds to the center of the area of interest
in the object being examined, in this case the center of the nozzle inlet.
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Figure
F
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4.1.2 X-ray image intensifier
The X-rays which transmit through the object intersect the front face of the
detector. The HPCL’s detector system consists of an image intensifier with a 90° angle
adapter paired to a CCD camera and capture computer which was packaged by Precise
Optics, Inc. (Precise Optics PS62VHR, manufactured by Thales as TH 9464 VHR). The
image intensifier is dual-field, having a maximum input diameter of 6" and can zoom to a
4" diameter. The zoom setting was used for all of the subscale test firings. At the zoom
setting, the limiting resolution is very high, 95 line-pairs/cm. Incident X-ray photons are
absorbed by a phosphor screen (cesium iodide) resulting in emission of photoelectrons.
Photoelectrons are then accelerated and focused onto a small output phosphor screen by
an electric field. Accelerating and focusing the electrons greatly intensifies the output
light on the order of 106 to 108 times. This process does distort the edges of the image
(pincushion effect). For this reason it was important to line up the center of the detector
to the center of the region-of-interest or ROI (i.e. the center of the nozzle inlet). To
increase sharpness at the cost of geometric magnification, the front face of the image
intensifier was placed as close to the far side of the subscale SRM as possible. In most
cases this was less than one inch from the outside of the window retainer (Test#06 on);
however, when using the original image intensifier protection box for system checkout
tests the distance was greater, ~9.875″ (Test#02 to #04).
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4.1.2.1 Image intensifier stand
For early system check out tests (Test#02 to #04), the image intensifier was
mounted in a protection box on rubber isolators. The box was then mounted on a mobile
hydraulic stand. The front lip of the protection box sat on the test deck to keep the
system level. In this configuration the protection box consisted of a thick polycarbonate
front panel and two side panels, while the rear and top of the box were open. For Test#06
the image intensifier was mounted to rubber isolators attached to the test deck. This
allowed the image intensifier to be positioned much closer to the subscale SRM.
However, in this configuration the produced images of the nozzle shifted with a lowamplitude motion during the SRM test firing. For the next two tests the image intensifier
was then mounted to a stand which was detached from the SRM test deck. While an
effort was made to make the test stand more robust for the second of these test firings,
similar vibration behavior was experience to Test#06. For this reason a new test stand
was designed and fabricated.
The stand was constructed to isolate the X-ray image intensifier from
transmission of any vibration through the test cell reinforced concrete floor. The image
intensifier is mounted on an adjustable platform facilitating alignment to the subscale
SRM (roughly 0.25" in front of the nozzle throat) and X-ray source. In addition, the
platform allows the front face of the image intensifier to be placed very close to one side
of the subscale SRM. The stand utilizes a stiff frame (extruded T-slotted 1″ aluminum
framing members), mass dampening (~900 lb added to the base and various platforms of
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the stand including 600 lb of lead bricks and five ~60 lb sand bags), and vibrationisolating feet (which are not attached to the test cell floor).
Additional steps were taken to prevent acoustic energy, generated in the rocket
exhaust plume, from causing vibration of the image intensifier. A steel protection box
shrouded in sound attenuating foam was placed around the image intensifier. In addition,
a water spray system was utilized to diminish the noise produced in the shear layer of the
supersonic turbulent exhaust plume jet.

4.1.3 Image capture system
The light output from the phosphor screen is captured by a CMOS camera
(Silicon Video® 1281). Images from the camera are acquired with a PIXCI® D2X1
digital frame grabber by an imagining program called XCAP (which replaced software
used in system checkout tests that did not allow for significant customization). The
system is capable of capturing 1,280 x 1,024 8-bit images at a framing rate of ~30 fps.
However, to increase framing rate the region-of-interest (ROI) was decreased to
800 x 600, which resulted in a capability of ~75.5 fps.

4.2 Post-test Image Enhancement and Data Reduction
A significant amount of noise is inherent in X-ray RTR. For stationary NDT
inspections by X-ray methods, the object is not moving and multiple captured images can
be averaged to increase the signal-to-noise ratio. By averaging, the signal-to-noise ratio
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can be increased by a factor of the square root of the number of images averaged. When
recording high-speed events the number of frames to be averaged is often limited so that
temporal resolution is maintained.

Along with modification of the brightness and

contrast of the images in the sequence, some image frame averaging allows artifacts in
the char layer to be examined by visual inspection. However, for quantitative assessment
of contour recession it is desirable to automate the process of resolving edge locations.
This requires image enhancement to make edges easier to detect.
Two methods were developed for this research study. The first allows for the
determination of the entire nozzle surface and char/virgin interface to be recorded in time.
This is done at the sacrifice of temporal resolution utilizing frame averaging and employs
threshold-based edge finding. The second method allows for the nozzle surface to be
determined at discrete locations with higher temporal resolution (13 ms compared to
66 ms). This method does not use frame averaging and utilizes a gradient-based method
of edge detection. With the second approach, the minimum height (often the same as the
minimum area location or nozzle throat) variation throughout the test firings can be
examined with high temporal resolution. The throat location provides a good reference
location for material performance and from this minimum height versus time information
an erosion rate at this location can be determined.

4.2.1 Entire nozzle surface and char/virgin contour location
Utilizing ImageJ open source software (Rasband, 2012), groups of five images are
averaged together (bin averaging) to increase the signal-to-noise ratio of individual pixels
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(signal-to-noise ratio increase is proportional to the square root of the number of frames
averaged). The resulting image sequence represents images spaced at 0.066 s increments.
The images are then further filtered by a Kalman stack filter (Mauer, 2003). Kalmantype filters are often used in many types of signal processing to reduce noise.

In

reference to image processing this filter is described as a predictor/corrector method
which operates on a 2D image stack (image sequence in time or z-direction is referred to
as an image stack). The intensity at a pixel location in the output image at the current
image in the stack (stepping through time) is governed by the Equation (4.1):

I k = GI k− + (1 − G ) M k + Kk ( M k − I k− )

(4.1)

where,
I k = Current estimate of intensity at step k
G = Filter gain
I k− = Prediction of intensity given knowledge at step k-1
M k = Measured intensity at step k
K k = Kalman gain

where the Kalman gain is given by,

Kk =

Ek−
Ek− + V

(4.2)

where,
Ek− = Estimate of the error variance given knowledge at step k-1
V = Measurement Variance

If the gain of the filter (G) is set to one, the Kalman filter [governed by
Equation (4.1)] can be simplified to Figure 4.3. In the limit of increasing variance, the
Kalman gain approaches zero. The current intensity is then given by a combination of
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D image space and
tiime. Brightn
ness and con
ntrast are ad
djusted to m
make examinnation of the image easieer for
th
he human ey
ye. At this stage the in
ntensity proffile of the im
mages is flatttened to rem
move
in
ntensity variaations in thee images (thee edges tend to have a loower intensitty as comparred to
th
he region loccated in the center
c
of thee captured im
mages).
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The locations of the nozzle surface and the char/virgin interface are found
independently, but both rely on thresholding methods to segment the image into regions.
Comparing pixel intensity values against a threshold value and splitting them into two
regions results in the generation of binary images (8-bit images with values of either 0 or
255). The boundary of the regions is taken as the edge location. For example, the
boundary of the flow/char regions defines the nozzle surface. A series of steps are
required to separate the flow/char regions and the char/virgin regions.
Considering the location of the nozzle surface contour, images in the sequence are
further smoothed with a Gaussian blur filter. In order to produce consistent results across
several tests and to remove X-ray source fluctuation a background subtraction is
performed. Background subtraction in this case is defined as subtraction of the mean
value of a sample area in an image from the entire image. A mid-grey local threshold
routine is then used. This threshold method marches through the image and analyzes
small regions with a radius of 15 pixels, splitting pixels into two regions determined by
either having intensity values above or below the local mid-grey value. The local midgrey of the small region being analyzed is defined as half of the difference between the
maximum and minimum intensity. Holes in the resulting binary images are filled and
smoothed and the outline between the boundaries is given as the location of the nozzle
surface.
In order to locate the char/virgin interface location a difference image is used.
Using a difference image rather than the direct image allows for the difficult to resolve
boundary to be highlighted.

The difference image is generated by image-by-image
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subtraction of the initial (highly averaged) frame from each frame of the entire averaged
image sequence.

A Gaussian blur filter is then applied but with a larger standard

deviation then previously used which further smooths the image. Background subtraction
is then performed. A 3D adaptive thresholding routine (Henden, 2005) is then used but
in this case a base threshold value must be specified.

Unfortunately, this adds

subjectivity into the results. After the thresholding of the image, holes in the resulting
binary image are filled and the boundary between the regions smoothed. The outline of
the char/virgin regions then corresponds to the approximate location of the char/virgin
interface contour.

4.2.2 Nozzle sample minimum throat height and distance to centerline
In order to deduce data from the nozzle surface at the time interval established by
the framing rate of the acquisition system (75.5 fps Æ ~13.2 ms), a different
methodology for data reduction is used. There are two major differences, raw images in
the sequence are not bin averaged and gradient-based edge finding is used rather than the
threshold method discussed previously.

Figure 4.4 outlines the steps performed to

deduce the minimum throat height from the raw images acquired during the subscale
SRM firing.
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Figure 4.4. Diagram
m of the postt-test imagee analysis steeps to dedu
uce the nozzlle
surface minimum
m
th
hroat height
Imagees are first pre-processed, which iincludes inittial backgroound subtracction,
ro
otation, centtering and cropping, co
onversion oof digital im
mage type ((which resullts in
ad
djustment off the brightn
ness and con
ntrast). An eexample of a pre-processsed X-ray im
mage
of a nozzle sample
s
is sh
hown at thee top of Figgure 4.5. T
The accompanying grayyscale
in
ntensity variation along the red axis shown in F
Figure 4.5 is plotted verssus distance from
th
he top edge of the imag
ge in Figure 4.6. Filterring is then applied to tthe pre-processed
im
mages; first a Kalman sttack filter an
nd then a 3D
D (2D spacee and time) m
median filterr (see
Section 4.2.1 for details)). Increasin
ng the filteriing of the iimage does tend to bluur the
im
mages and caare must be taken so thaat filtering dooes not distoort the imagee analysis reesults.
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Effects
E
of both filter step
ps can be seeen in the seccond and third images oof Figure 4.55 and
th
he accompan
nying graysccale intensity
y variations iin Figure 4.66. Backgrouund correctioon (or
su
ubtraction) based
b
on a region
r
of thee CCP near the nozzle surface is thhen perform
med as
well
w as gamm
ma modificattion (I = I1/γ).
) The effecct of these laast two enhaancements caan be
seeen in the im
mages at the bottom
b
of Fiigure 4.5.

CCP Nozzzle

Figure 4.5
5. Raw imag
ges after vaarious enhan
ncement steeps
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Edge Loocation

Figuree 4.6. Gray
yscale intenssity value vaariation witth enhancem
ment steps
Edgess in the enhaanced imagess are then foound at discrrete axial loccations utilizzing a
ding routinee in Nationaal Instrumennts Vision A
Assistant (V
Vision
grradient-baseed edge find
Development
D
t Module – Ver. 2011). Several evvenly spacedd sample linnes are placced at
ax
xial location
ns intersectin
ng the surfacce of the nozzzle sample. Based on thhe gradient oof the
in
ntensity proffile along th
hose lines, a point is attaached to thee edge. Poinnts along thhe top
an
nd the bottom
m samples determined
d
in
ndependentlly. This proccess is detailled in Figuree 4.7.
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Figure
F
4.7. NI Vision gradient-bas
g
sed edge dettection exam
mple
The detected
d
poin
nts are then output to ann analysis coode that synncs the data for a
given image frame
f
to the pressure-tim
me trace dataa. The analyysis code dettermines botth the
minimum
m
heiight for each
h time step during a givven test and the minimuum distance from
th
he centerlinee per nozzlee sample. The secondd step allow
ws the nozzlle samples tto be
ex
xamined ind
dependently and any diffference betw
ween the topp and bottom
m nozzle saample
errosion behav
vior to be ev
valuated. The
T code alsoo applies a scale to the data (conveerting
distances from
m pixels to inches)
i
baseed on the rattio of the meeasured pre--test throat hheight
to
o the averag
ge of the min
nimum heigh
ht of the firsst several frrames prior tto subscale SRM
op
peration.
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Chap
pter 5: Results
R
aand Discussion
As paart of the overall test series fourr different nozzle connfigurations were
ex
xamined in 25 test firin
ngs (Test#05
5 through #229) of the suubscale SRM
M in the priimary
co
onfiguration
n. Of the 25
5, 24 test firiings were coonducted wiith the X-rayy RTR systeem in
place (Test#0
05 was perfo
ormed for sysstem checkoout purposes only withouut the X-ray RTR
ystem). In this
t chapter both the ero
osion of thosse CCP nozzzle samples and the recoorded
sy
prressure response of the subscale SR
RM will be ddiscussed. F
Figure 5.1 shhows a pictuure of
th
he subscale SRM in operation du
uring first teest firing w
with the X-rray RTR syystem
in
nstalled.

Figure 5.1. Video frame captture of Subsscale SRM iin operation
n [Test#06]
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5.1 Post- Test Firing Examination of CCP Nozzle Test Samples
Post-test examination of the nozzle test samples included visual inspection, mass
loss, and measurement of the nozzle throat height. Remarks on typical characteristics of
post-test examined nozzle samples are given in Section 5.1.1. The span-wise uniformity
of the nozzle throat is examined in Section 5.1.3. Irregular macro-scale material failure
mechanisms observed in a few of the post-fired nozzle samples is discussed in
Section 5.1.5.

5.1.1 Typical post-test nozzle samples
Rather than detailing all of the post-fired nozzles, Figure 5.2 through Figure 5.13
show representative photographs of the post-fired nozzle components for each of the four
types of nozzle sample configurations examined in this study. Figure 5.2 through Figure
5.5 show post-test photographs of the two-dimensional nozzle throat and center portions
of the nozzle inlets. Figure 5.6 through Figure 5.9 are photographs of the same nozzles
examining the left and right sides of the nozzle and inlet. Figure 5.10 through Figure
5.13 are photographs of the same nozzles examining the right and left sides of the nozzle
as seen from the diverging portion of the nozzle.
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Figure 5.2. Post-test photograph of the two-dimensional nozzle throat of a
45° ply-angle MX-4926N nozzle [Test#08]

Figure 5.3. Post-test photograph of the two-dimensional nozzle throat of a
45° ply-angle LR1406 nozzle [Test#06]
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Figure 5.4. Post-test photograph of the two-dimensional nozzle throat of a
70° ply-angle MX-4926N nozzle [Test#18]

Figure 5.5. Post-test photograph of the two-dimensional nozzle throat of a
70° ply-angle MX-4926 nozzle [Test#22]
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Figure 5.6. Post-test photograph of the left and right sides of the nozzle inlet of a
45° ply-angle MX-4926N nozzle [Test#08]

Figure 5.7. Post-test photograph of the left and right sides of the nozzle inlet of a
45° ply-angle LR1406 nozzle [Test#06]
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Figure 5.8. Post-test photograph of the left and right sides of the nozzle inlet of a
70° ply-angle MX-4926N nozzle [Test#18]

Figure 5.9. Post-test photograph of the left and right sides of the nozzle inlet of a
70° ply-angle MX-4926 nozzle [Test#22]
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Figure 5.10 Post-test photograph of the right and left sides of the diverging portion
of a 45° ply-angle MX-4926N nozzle [Test#08]

Figure 5.11 Post-test photograph of the right and left sides of the diverging portion
of a 45° ply-angle LR1406 nozzle [Test#06]
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Figure 5.12 Post-test photograph of the right and left sides of the diverging portion
of a 70° ply-angle MX-4926N nozzle [Test#18]

Figure 5.13 Post-test photograph of the right and left sides of the diverging portion
of a 70° ply-angle MX-4926 nozzle [Test#22]
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5.1.2 Mass loss of nozzle component
The pre- and post-test masses of the nozzle component (two bonded samples)
were recorded. The difference for all the test firings (segregated by nozzle configuration)
is given as a percentage of the pre-test mass in Table 5.1. LR1406 nozzle components
exhibited the greatest mass loss (10.3%). While, the nozzle components of the two MX4926N nozzle sample configurations recorded the lowest mass loss (8.7%). The mass
loss of the MX-4926 nozzle components (9.1%) was very similar to the two MX-4926N
samples. The high pressure tests with the MX-4926N nozzle components at 70° plyangles (last percentage given in column) gives a smaller mass loss than the nominal
pressure tests. This is a combination of insignificantly enhanced CCP material removal
rate and ~0.7 s shorter test duration as compared to nominal pressure test firings. This
behavior is not apparent when comparing similar cases with MX-4926 nozzle
components at 70° ply-angles (last two percentages given in column) to the nominal
pressure test firings. In this case, the lower mass loss expected from the shorter test
duration is balanced by enhanced CCP material removal rates.
The RTV sealing material that was used to bond the nozzle component into the
nozzle assembly housing was not removed for the post-test measurement. This was
accounted for when computing mass loss. For this reason, the estimate for the mass of
RTV (~0.7 g) was subtracted from the recorded final component mass prior to
determining the percentage mass loss. Also, it is worth noting that detailed individual
nozzle test sample mass loss may be more telling; however, two factors prevent a
comparison. First, while the mass of individual samples was recorded prior to the
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assembly of the nozzle components, the nozzle components are sized to fit into the nozzle
assembly housings and this alters the individual sample weights by an unspecified
amount. This amount could be estimated but assumptions about the amount of CCP
material removed from individual surfaces, amount of RTV used at the bond-line, and
mass of the alignment strips must be made. Second, acquiring this measurement would
require splitting of the nozzle halves post-test, which was not performed.
Table 5.1. Mass loss of nozzle components as a percentage of pre-test mass
MX-4926N
LR1406
MX-4926N
MX-4926
45°ply-angle 45°ply-angle 70°ply-angle 70°ply-angle
9.0%
10.1%
9.4%
9.1%
8.7%
10.5%
8.9%
9.0%
8.9%
10.4%
8.7%
9.3%
8.5%
9.9%
8.6%
9.4%
8.4%
10.1%
8.1%
9.0%
8.6%
10.2%
8.7%
10.4%
10.4%
Minimum
Maximum
Median
Average
Standard Deviation

8.4%
9.0%
8.7%
8.7%
0.2%

9.9%
10.5%
10.3%
10.3%
0.2%

8.1%
9.4%
8.7%
8.7%
0.5%

9.0%
9.4%
9.1%
9.2%
0.2%

5.1.3 Two-dimensionality of nozzle erosion over the span of the nozzle throat
The nozzle samples were designed to be two-dimensional planar to facilitate
capturing the in-depth char behavior of the nozzle material by the X-ray RTR system.
Non-uniform behavior across the width of the nozzle cannot be easily observed with the
X-ray RTR system. During SRM operation, the sides of the nozzle receded at a slower
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rate than the majority of the nozzle width. This is most evident along the sides of the
nozzle inlet. The additional material near the side surfaces of the nozzle acts to blur the
edge location due to the more gradual changing of the optical thickness the X-rays must
pass through to intersect the detector. While this effect is minimal at the throat, it is still
present and contributes to the error in quantifying the nozzle throat height by a single
averaged measurement. This near-wall effect may be coupled with non-uniform erosion
across the span of the entire nozzle surface. Non-uniform erosion would result from any
deviation of the two-dimensional flow pattern near the nozzle surface that the transition
section of the subscale SRM is responsible for creating. CFD results (discussed in detail
in Appendix H) show that while the accretion rate of alumina onto the nozzle inlet over
the majority of the nozzle inlet is uniform, it calculated values near the sidewalls which
are significantly less.
The post-test throat height at the centerline as well as near the left and right
sidewalls has been recorded. The results of these measurements are given in Table 5.2
through Table 5.5. Post-test measurements of the throat height very close to the sides of
the nozzle samples deviate from the measured center plane value by 0.002″ to 0.058″.
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Table 5.2. Measured post-test throat height deviation from centerline for
MX-4926N 45° ply-angle nozzle samples
Test#
08
09
10
11
12
13
24
Minimum
Maximum
Average
Standard Deviation

Left [in]
0.012
0.012
0.013
0.013
0.010
0.016
0.011

Right [in]
0.012
0.004
0.006
0.002
0.002
0.006
0.014

0.010
0.016
0.012
0.002

0.002
0.014
0.006
0.005

Table 5.3. Measured post-test throat height deviation from centerline for
LR1406 45° ply-angle nozzle samples
Test#
05
06
07
14
15
17
21
23
Minimum
Maximum
Average
Standard Deviation

Left [in]
0.045
0.053
0.042
0.053
0.027
0.036
0.024
0.058

Right [in]
0.052
0.055
0.044
0.051
0.028
0.040
0.036
0.050

0.024
0.058
0.042
0.013

0.028
0.055
0.044
0.009
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Table 5.4. Measured post-test throat height deviation from centerline for
MX-4926N 70° ply-angle nozzle samples
Test#
16
18
19
20
27
Minimum
Maximum
Average
Standard Deviation

Left [in]
0.007
0.020
0.025
0.014
0.005

Right [in]
-0.016
0.023
0.026
0.015
0.009

0.005
0.025
0.014
0.008

-0.016
0.026
0.011
0.016

Table 5.5. Measured post-test throat height deviation from centerline for
MX-4926 70° ply-angle nozzle samples
Test#
22
25
26
28
29
Minimum
Maximum
Average
Standard Deviation

Left [in]
0.023
0.029
0.006
0.034
0.003

Right [in]
0.027
0.032
0.008
0.033
0.027

0.003
0.034
0.019
0.014

0.008
0.033
0.025
0.010

The sidewall erosion effect is most evident in the 45° ply-angle LR1406 nozzle
samples and in particular the Test#14 sample, shown in Figure 5.14. Beyond the edges
there is minimal variation of the throat height from the nozzle center plane to near the
sidewall-affected region of the nozzle. Again, this effect appears to be more pronounced
for the 45° ply-angle LR1406 nozzle test samples.

While omitted here, post-test

photographs recording the span-wise nozzle throat height variation of all nozzle used in
this study are given in the Appendix E.
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Throat Width

Throat Height

Figure 5.14. Photograph of the two-dimensional nozzle throat of the 45° ply-angle
LR1406 nozzle sample which exhibited the largest span-wise throat height variation
[Test#14]

5.1.4 Sidewall erosion
Post-test examination of the sidewalls of the nozzle throat also shows variation.
Along the sidewall of the MX-4926N and MX-4926 samples, the material at the bond
line of the nozzle test sample halves appears to have eroded the least. However for
samples made of these materials, the sidewalls away from the bond-line eroded an
additional ~0.020″ per side. Figure 5.15 shows a photograph of the sidewall of a nozzle
throat of a 45° ply-angle MX-4926N nozzle sample depicting the typical post-test
sidewall erosion pattern. The adhesive that bonded the nozzle sample halves was mostly
removed from the inner portion of the bond line. The pyrolysis of the adhesive may have
had a cooling effect in that region. The LR1406 nozzle samples do not show variation
along the sidewalls. This demonstrates the variation from material to material at CCP
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component interfaces. The variation may be due to differences in thermal expansion,
with-ply tensile modulus, and compression strength of the two CCP materials.

CCP nozzle material
ply-angle can be
observed

Flow
Direction

Throat Height

Bond line between
upper and lower
nozzle test samples

Figure 5.15. Photograph of the side wall of a nozzle throat of a 45° ply-angle MX4926N nozzle sample showing the typical post-test side wall erosion pattern
[Test#12]

5.1.5 Anomalous CCP material removal during test firings
Post-test examination of the nozzle samples showed macro-scale CCP material
removal phenomena. Ply-lifting and material pocketing is detailed in the following
sections.
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5.1.5.1 Ply-lifting
Ply-lifting is defined as the separation of material laminates from one another.
Ply-lifting is caused by the imbalance of the in-depth pressure below the nozzle surface
(pore pressure discussed in more detailed in Section 5.1.5.2) and the chamber pressure
generating stress on the CCP material which is greater than the across-ply strength of the
CCP material. The strength of the composite material in this direction is only a function
of the virgin material and at the time when ply-lifting occurs the majority of this material
has been removed in the area where the laminate separation occurs.
This phenomenon appeared toward the end of subscale SRM operation in several
(Tests#09, #11, #13, #16, #17, #18, #19, #20, and #24) but not all of the tests utilizing
MX-4926N nozzle material. Figure 5.16 is a photograph of the lower half of a nozzle
component showing lifted plies near the bottom of the nozzle inlet. This behavior, when
present, was observed from captured X-ray RTR images after approximately three and a
half seconds of operation of the subscale SRM. An example X-ray image is given in
Figure 5.17 of the lower portion of the nozzle used in Test#18 at t = 4.55 s. In this image
a large void can be observed between the char layer and above the virgin surface and
feathering of individual plies can also be seen.

136

Figure
F
5.16 Photograph
h of the low
wer half of a nozzle com
mponent shoowing lifted plies
nea
ar the bottom
m of the nozzzle inlet [T
Test#18]

Figure
F
5.17. X-ray ima
age showing a ply-lifting event captured durin
ng the operaation
of the su
ubscale SRM
M [Test#18]]
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5.1.5.2 Pocketing
The carbonized fiber weave or fabric that is responsible for the retention of the
char may fail locally due to imposed stresses which are greater than the material strength.
High heating rates of the material often lead to large thermal stresses. Intense heating
also causes the rapid volatilization of water and the pyrolysis of the virgin matrix
material. This fluid may become trapped below the surface of the char layer, resulting in
high pore pressure and a pressure imbalance on the char. The local failure of the carbon
fiber reinforcement results in spallation of char and leaves behind small gouges or
pockets in the nozzle surface. This phenomenon was observed on the surface of three
post-fired nozzles.
Figure 5.18 shows a photograph of the diverging portion of the nozzle used in
Test#16. Pocketing can be observed in several spots in the diverging portion and on the
left (as shown) side of the nozzle throat. While crude, roughness of the pocket does give
some gauge for when the pocketing event occurred. For example, the smoothness of the
gouge at the nozzle throat would seem to indicate that the pocketing event happened
earlier in the test firing than those in the diverging section.
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Figure 5.1
18. Photogrraph of the diverging p
portion of th
he nozzle used in Test#116
Severe pocketing
g was observ
ved in the ddiverging poortion of thhe two MX--4926
70° ply-anglee used in Teests#28 and
d #29 whichh used driveer propellantt grains thatt had
higher burnin
ng rate solid propellant. This is detaailed in Figurre 5.19 and F
Figure 5.20. The
depth of the larger pock
ket on the side
s
of the ddiverging poortion of the nozzle used in
Test#29
T
is ap
pproximately
y 0.025″ to 0.030″
0
deep. Figure 5.221 shows a pplot of the chhange
in
n grayscale intensity
i
valu
ue from the start of the test for bothh a region exxhibiting nom
minal
siidewall erosion and a reegion where the larger ppocket sidew
wall on the toop nozzle saample
of Test#29 was
w observeed. Values in these reegions were determinedd from the m
mean
in
ntensity valu
ue of a 25 x 25-pixel bo
ox. The inteensity througghout the teest is greaterr than
th
he nominal value
v
and a particularly
y sharp increease in the inntensity is oobserved at 2.5 s,
which
w
can be attributed to
o a pocketin
ng event. Poost-test exam
mination of thhe nozzle ussed in
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Test#29
T
also shows a larg
ge pocket on
n the oppositte side near the nozzle tthroat (see F
Figure
5.22).

Figure 5.1
19. Photogrraph of the diverging p
portion of th
he nozzle used in Test#228

Figure 5.2
20. Photogrraph of the diverging p
portion of th
he nozzle used in Test#229
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Figure
F
5.21. Grayscale intensity fo
or both the n
nominal sid
dewall and the region w
where
the
t larger pocket
p
on th
he top nozzlee sample waas observed on the sideewall of Testt#29

Figure 5.22. Photograp
ph of the sid
dewall nearr the throat as observed
d from the iinlet
of the nozzle
n
used in Test#29
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5.2
5 Subscale SRM Presssure Respoonse
The ch
hamber presssure of the subscale
s
SRM
M was recorrded by a pressure transdducer
lo
ocated in thee head-end of the SRM
M (see Chaptter 3 for dettails) duringg operation. The
reecorded presssure-time (P-t) traces for
f all tests are given inn Figure 5.223. The ignnition
delay for eacch test was slightly
s
diffeerent and tim
me zero wass adjusted too correspondd to a
main
m
chambeer pressure rise of 50 psiig. This relaative timingg is consistennt with the X
X-ray
RTR
R
acquired images an
nd nozzle errosion analyysis to be diiscussed lateer. The recoorded
prressure-timee traces of additional
a
prressure transsducers insttalled in thee igniter chaamber
an
nd test sectio
on of the sub
bscale SRM for each testt are given inn Appendix F.

Figure
F
5.23. Recorded chamber prressure variiation with time for all tests condu
ucted
in the primary
p
con
nfiguration
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The P-t traces are characterized by a rapid rise to ~500 psig, have a hump around
700 to 750 psig, and then decay to 500 psig or less prior to burnout. Near the end of the
SRM operations some sliver effects of the solid propellant grain burn-back are seen. The
P-t traces for these tests are closely grouped; however, the LR1406 nozzle samples
exhibit a noticeable lower average pressure. Also, the pressure response for four tests
with off-nominal SRM configurations can be observed.
Overall the average pressures are a bit lower than the 650 psia target and the
shape of the traces, deviates somewhat from the shape that the solid propellant grains
were designed to produce. These are a result deviation from the expected CCP nozzle
material erosion rate, which could only be estimated in the design phase for use in an
interior ballistics calculation. The erosion rate in the design phase was estimated to be
uniform throughout the course of the SRM operation. Knowing this and the desired
shape, it appears that little or no erosion of the nozzle occurred early in the test and that
later the erosion rate of the CCP material was underestimated. Both of these points will
be discussed along with the X-ray RTR results.
Figure 5.24 through Figure 5.27 gives recorded pressure-time traces for tests
conducted with the four different nozzle sample configurations. In general, the recorded
pressure-time traces show good test-to-test repeatability. Table 5.6 through Table 5.9
give the values for the average and maximum pressure, and the test duration for each of
the four types of nozzle sample configurations. While the test duration can be defined in
several ways, here it is defined as the time between the main chamber pressure rise to
50 psig and fall to 50 psig following grain burnout.
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Figure 5.24 gives recorded pressures for test firings conducted with MX-4926N
nozzle samples with a ply-angle of 45°. The majority of the recorded pressure responses
are tightly grouped. However, Tests#09 and #11 exhibit higher than average maximum
pressure humps, peaking at 743 psig and 748 psig, respectively. Test#09 also shows a
larger sliver effect (irregular propellant grain recession near the end of SRM operation)
than the other tests with the same nozzle configuration. Test#24 also exhibited a slightly
different pressure hump behavior, peaking at 686 psig, which was lower than average.
Figure 5.25 gives recorded pressures for test firings conducted LR1406 nozzle
samples with a ply-angle of 45°. The P-t trace recorded during Test#17 exhibits a
noticeably different trend than the other tests with the same nozzle configuration.
Test#05 is considered an off-nominal configuration and will be discussed in a separate
section. The average chamber pressure, maximum chamber pressure, and test duration
for the off-nominal case are not included in the summary of observed minimum,
maximum, average, and standard deviations for this configuration given at the bottom of
Table 5.7.
Figure 5.26 gives recorded pressures for test firings conducted with MX-4926N
nozzle samples with a ply-angle of 70°. The P-t trace recorded during Test#16 shows a
higher maximum pressure (748 psig or 26 psig higher than average), which occurs later
in the test firing than the other tests with the same nozzle configuration. In fact, this
SRM test firing’s P-t trace is closest to the P-t trace calculated during the design of the
solid propellant grain. Test#27 represents an off-nominal configuration and which are
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discussed in a separate section. This off-nominal case is not included in the summary for
this nozzle configuration given at the bottom of Table 5.8.
Figure 5.27 gives recorded pressures for test firings conducted with MX-4926
nozzle samples with a ply-angle of 70°. The three tests conducted in the nominal
configuration (Test#22, #25, and #26) exhibit nearly the same pressure behavior, while
the remaining tests are off-nominal configurations and are discussed in a separate section.
As was done previously these off-nominal cases are omitted from the summary for this
nozzle configuration given at the bottom of Table 5.9.
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Figure 5.24.
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Figure 5.25.
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Figure 5.26.
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Figure 5.27.
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Durin
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Figure
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well in advance (4 months) of the other propellant grains. One possibility was that this
particular propellant grain had solid propellant which had different burning rate
properties than the others. However, burning rate characterization of propellant strands
cut from samples which were cast at the same time as the full-sized grain showed this
difference was negligible. In addition, the solid propellant grain used in this test had a
slightly larger inner bore near the head-end face, which was oval shaped rather than
round. This presented an issue when inhibiting the face and less resistive material was
used to inhibit the portion of the forward face near the inner bore. The strong igniter jet
likely removed this material quickly. The larger area of the center bore and the additional
solid propellant surface on this face resulted in a larger than nominal burning surface area
near the start of the test and coupled to the stronger igniter, resulted in higher-pressure
operation toward the beginning of the test firing.
The solid propellant grains for the last three tests (Test#27, #28, and #29) used
solid propellant which have a higher burning rate than those of the majority of the
propellant grains. This was discovered during burning rate characterization testing of the
final mixture which used propellant strands cut from samples which were cast along with
each full-sized solid propellant grain. While the higher burning rate propellant was not
an intentional change requested of the propellant grain manufacture, it did offer an
additional condition for examining a couple of nozzle test sample configurations.
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5.3 Instantaneous CCP Nozzle Test Sample Recession
Utilizing the X-ray RTR system images of the nozzle recession were captured
during 24 subscale SRM test firings (Test#05, a system checkout test, did not use the Xray RTR system).

Visual examination of the recorded X-ray images shows the

instantaneous behavior of the CCP materials along the entire receding surface. For
quantitative assessment, raw images were processed and enhanced so that nozzle surface
and char/virgin recession data could be deduced. This is done in two different ways
which are detailed in Chapter 4.

The resulting images are distorted and data is

normalized by either final distance/height or by maximum erosion rate observed to
remove controlled CCP nozzle erosion data. However, general behavior of the nozzle
materials can be examined along with comparisons of the material response of the four
different types of nozzle materials tested.
Test-to-test material response variation for a given nozzle sample configuration is
examined in Section 5.3.2. As four different nozzle sample configurations were tested in
the subscale SRM, examination of the effects on material response of nozzle material
parameters such as CCP material type and ply-angle is possible. These effects are
examined in Section 5.3.3 and Section 5.3.4.

In addition, the higher burning rate

propellant grains used in Tests#27 to #29 allow for the effect of increased mass flux (and
chamber pressure) to be examined. This is discussed in Section 5.3.5 by comparison of
the response of 70° ply-angle MX-4926 nozzle samples.
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5.3.1 CCP nozzle test sample results from the complete test series
The results and discussion presented in this subsection detail the images captured
with the X-ray RTR system. These images were subsequently enhanced so that nozzle
surface location and char/virgin interface location along the entire contour examined (see
Section 5.3.1.1). Gradient-based edge-detection of images at high framing rates allowed
for time variation of the nozzle throat height for each test and the distance to the nozzle
center plane for each nozzle sample to be deduced. Results for these two analyses are
given Section 5.3.1.2 and Section 5.3.1.3.

5.3.1.1 Enhanced images with overlaid nozzle surface and char/virgin interface
contours
The results of the image enhancement and contour extraction (detailed in
Chapter 4) for the 24 SRM test firing performed with 48 nozzle samples are shown in
Figure 5.29 to Figure 5.34. For brevity, the figures here are limited to images of the
nozzle location at four different times from the start of the subscale SRM test firing
(t = 1.5, 3.0, 4.5, and 6.0s). Individual figures for each test with analyzed image frames
at 0.75s intervals are given in Appendix G. The relative timing is the same as was used
for the pressure-time traces in Section 5.2.

These figures are constructed of image

montages grouped by type of nozzle material. The 14 MX-4926N samples with a plyangle of 45° examined in 7 test firings are broken into two figures, Figure 5.29 and
Figure 5.30. The 14 LR1406 samples with a ply-angle of 45° examined in 7 test firings
are also broken into two figures, Figure 5.31 and Figure 5.32. The 10 MX-4926N
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samples with a ply-angle of 70° examined in 5 test firings are shown in Figure 5.33.
Finally, the 10 MX-4926 samples with a ply-angle of 70° examined in 5 test firings are
shown in Figure 5.34.
The conversion scale from image units (pixels or px) to distance (in) was set by
comparison of pre-test measurements of the nozzle throat height to the average pixel
throat height of the first few frames of the captured X-ray image sequence. The average
value for this test series was 0.0031 in/px. As both the X-ray source and X-ray image
intensifier were positioned at nearly the same distance from the SRM for each test, this
scale varied only slightly from test to test, 0.00308 to 0.00313 in/px. Within the accuracy
of the measurements from which this scale is derived (i.e. accuracy of the measurement
of the initial nozzle throat height, ±0.001″) the scale can be said to be the same for the
entire test series. Given the nature of analysis from the digital images, the error in the
deduced nozzle surface location from these images is at minimum ±0.0016″.
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Figure 5.29. Sequence of X-ray images of MX-4926N nozzle samples with a 45° plyangle with initial contour location (black), nozzle surface (red), and char/virgin
location (green) highlighted [Set A]
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Figure 5.30. Sequence of X-ray images of MX-4926N nozzle samples with a 45° plyangle with initial contour location (black), nozzle surface (red), and char/virgin
location (green) highlighted [Set B]

Figure 5.31. Sequence of X-ray images of LR1406 nozzle samples with a 45° plyangle with initial contour location (black), nozzle surface (red), and char/virgin
location (green) highlighted [Set A]
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Figure 5.32. Sequence of X-ray images of LR1406 nozzle samples with a 45° plyangle with initial contour location (black), nozzle surface (red), and char/virgin
location (green) highlighted [Set B]
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Figure 5.33. Sequence of X-ray images of MX-4926N nozzle samples with a 70° plyangle with initial contour location (black), nozzle surface (red), and char/virgin
location (green) highlighted
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Figure 5.34. Sequence of X-ray images of MX-4926 nozzle samples with a 70° plyangle with initial contour location (black), nozzle surface (red), and char/virgin
location (green) highlighted
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5.3.1.2 Nozzle throat height variation with time
The throat height versus time history was evaluated for each of the 24 test firings
of the subscale SRM conducted with the X-ray RTR system in place. This was done
using the image analysis method described in the last section of Chapter 4. The results,
over the entire test series are plotted in Figure 5.35.

The throat height has been

normalized by maximum final height of all throats in the test series (see Equation (5.1)).

ht ( t ) =

ht ( t )

[ ht ]maximum observed

(5.1)

The relative timing is the same as was used for the pressure-time traces in Section 5.2.
Figure 5.35 through Figure 5.39 give the results of each test broken down by type of
nozzle sample configuration.
In each of the test firings it can be observed that the throat height initially
contracts. The percentage of reduction in the throat height (as compared to the original
nozzle throat height) and the time at which the minimum throat height is reached for each
test firing is given in Table 5.10. This contraction is a result of the thermal expansion of
the nozzle material as it is heated. A short time after the contraction, the nozzle throat
begins to grow as a result of the erosion of the nozzle material. The erosion rate and its
variation with time for each of the nozzle samples will be evaluated in Section 5.3.1.3.
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Figure 5.37. Deduced nozzle
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Figure 5.38
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oat height vaariation witth time for ttests with M
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26N nozzle samples witth a 70° plyy-angle
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Figure 5.39
9. Deduced nozzle thro
oat height vaariation witth time for ttests with M
MX49
926 nozzle samples
s
with
h a 70° ply--angle
Final throat heigh
hts deduced from
f
the X-rray RTR capptured imagees, deviated from
post-test centter plane throat measureements by +00.004″ on avverage. Thee average peercent
difference between the measured
m
and
d final heighhts deduced from the X--ray RTR im
mages
was
w 0.82%. Over the test series thee largest devviations weree -0.014″ to +0.019″. T
These
deviations correspond to average perccent differennces of -2.344% and +3.34%, respectiively.
The
T largest under-measu
u
ured nozzle sample waas from Test#14 and tthe largest overmeasurement
m
t was Test#15. Both of
o these testts were perfformed withh LR1406 nnozzle
saamples at a 45°
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Table 5.10. Maximum percentage contraction of the nozzle throat height and time
observed from nozzle throat height variation with time deduced data for each
subscale SRM test firing
Test#
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
Minimum
Maximum
Average
Standard Deviation

Percent
Contraction
2.34%
3.04%
2.56%
2.75%
2.62%
3.40%
3.03%
4.37%
2.82%
2.70%
2.01%
2.85%
3.41%
3.73%
3.20%
2.00%
3.17%
4.12%
1.59%
2.37%
3.19%
2.50%
1.75%
1.28%
1.28%
4.37%
2.80%
2.82%

Time [s]
0.556
0.707
0.462
0.470
0.629
0.639
0.547
0.594
0.592
0.846
0.447
0.488
0.675
0.909
0.689
0.533
0.705
0.796
0.541
0.523
0.815
0.628
0.488
0.591
0.447
0.909
0.626
0.594

5.3.1.3 Evaluation of material erosion rate at the minimum distance from center plane
In order to examine the nozzle sample response in greater detail, analysis was
performed to determine the erosion rate for individual nozzle test samples. Rather than
determining erosion rate information from the nozzle throat height variation with time,
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minimum distance from the nozzle center plane as a function of time was utilized. This
was performed with an additional analysis step that first located the center plane in the
same set of enhanced images and then evaluated the minimum distance to the nozzle
surface at each time. The minimum distance to the center plane is normalized for
presentation in the following figures according to Equation (5.2).

d min ( t ) =

d min ( t )
⎡⎣d f ,min ⎤⎦
maximum observed

(5.2)

From minimum distance-time variation data the erosion rate behavior of a
particular nozzle sample at the minimum height location could then be evaluated.
Erosion rate variation with time was determined first by curve fitting a second-order
polynomial to the minimum distance to center plane data over a portion of the test
following the maximum contraction of the nozzle and prior to the end of the test, and
then differentiating. The time period over which the fit was applied was 0.5 s after the
contraction of the nozzle to 0.5 s before the end of the test. Figure 5.40 gives an example
of the distance to center plane data variation and details the time period over which the
second-order polynomial fit is applied. The results of differentiating the polynomial fits
were then normalized by the maximum erosion rate observed over the test series. The
normalized erosion rate (see Equation (5.3)) for all of the tests conducted is given in
Figure 5.41.

rmin ( t ) =

rmin ( t )

[ rmin ]maximum observed

(5.3)
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Figure 5.41 shows that the minimum distance erosion rate of the majority of test
samples is varying over the course of a test (in some cases dramatically). This is not
altogether unexpected as the mass flux of combustion products and subsequently the heat
transfer rate to the nozzle surface is varying throughout the test. However, it is difficult
to compare test samples to one another with the results in this form. For this reason two
average erosion rates are examined. The first is an average over the entire test by
considering the initial and final center plane distances over the period from time zero to
end of test.

rmin, avg =

rmin, avg =

d f ,min − di ,min
t f − ti
and
rmin, avg

(5.4)

⎡⎣ rmin, avg ⎤⎦
maximum observed

The second only considers the eroding portion of the test, as detailed in the previous
analysis (i.e. the time frame given in Figure 5.40).

rmin, avg

eroding

=

derodefinal,min − derodeinitial,min
terodefinal − terodeinitial
and

rmin, avg

eroding

=

rmin, avg
⎡r
⎢⎣ min, avg

eroding

(5.5)
eroding

⎤
⎥⎦ maximum observed

For both methods of determining average erosion rate data, values were then normalized
as the fraction of the largest observed erosion rate over the full test series.

The

normalized data is given in Table 5.11 through Table 5.14 for each nozzle test sample
configuration.
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Table 5.11. Normalized material erosion rates at the minimum distance to center
plane location for tests with MX-4926N nozzle samples with a 45° ply-angle
Test# - Sample Location
08 - Top
08 - Bottom
09 - Top
09 - Bottom
10 - Top
10 - Bottom
11 - Top
11 - Bottom
12 - Top
12 - Bottom
13 - Top
13 - Bottom
24 - Top
24 - Bottom
Minimum
Maximum
Average
Standard Deviation

Average Erosion Rate
Over Full Test
0.56
0.47
0.54
0.50
0.50
0.56
0.56
0.44
0.48
0.47
0.44
0.61
0.52
0.51

Average Erosion Rate
Eroding Portion of Test
0.73
0.56
0.74
0.61
0.60
0.73
0.72
0.60
0.66
0.61
0.62
0.84
0.68
0.72

0.44
0.61
0.51
0.05

0.56
0.84
0.67
0.08
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Table 5.12. Normalized material erosion rates at the minimum distance to center
plane location for tests with LR1406 nozzle samples with a 45° ply-angle
Test# - Sample Location
06 - Top
06 - Bottom
07 - Top
07 - Bottom
14 - Top
14 - Bottom
15 - Top
15 - Bottom
17 - Top
17 - Bottom
21 - Top
21 - Bottom
23 - Top
23 - Bottom
Minimum
Maximum
Average
Standard Deviation

Average Erosion Rate
Over Full Test
0.66
0.70
0.73
0.78
0.71
0.70
0.70
0.78
0.71
0.68
0.71
0.71
0.72
0.80

Average Erosion Rate
Eroding Portion of Test
0.90
0.91
0.90
0.96
0.95
0.86
0.91
0.96
0.95
0.92
0.87
0.94
0.85
1.00

0.66
0.80
0.72
0.04

0.85
1.00
0.92
0.04
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Table 5.13. Normalized material erosion rates at the minimum distance to center
plane location for tests with MX-4926N nozzle samples with a 70° ply-angle
Test# - Sample Location
16 - Top
16 - Bottom
18 - Top
18 - Bottom
19 - Top
19 - Bottom
20 - Top
20 - Bottom
27 - Top
27 - Bottom
Minimum
Maximum
Average
Standard Deviation

Average Erosion Rate
Over Full Test
0.48
0.39
0.43
0.48
0.52
0.52
0.57
0.40
0.53
0.54
0.39
0.57
0.49
0.06

Average Erosion Rate
Eroding Portion of Test
0.58
0.50
0.63
0.69
0.70
0.70
0.80
0.57
0.72
0.79
0.50
0.80
0.67
0.10

Table 5.14. Normalized material erosion rates at the minimum distance to center
plane location for tests with MX-4926 nozzle samples with a 70° ply-angle
Test# - Sample Location
22 - Top
22 - Bottom
25 - Top
25 - Bottom
26 - Top
26 - Bottom
28 - Top
28 - Bottom
29 - Top
29 - Bottom
Minimum
Maximum
Average
Standard Deviation

Average Erosion Rate
Over Full Test
0.63
0.40
0.72
0.42
0.48
0.36
0.76
0.41
0.44
0.72
0.36
0.76
0.53
0.16

Average Erosion Rate
Eroding Portion of Test
0.84
0.60
0.92
0.59
0.68
0.54
0.94
0.60
0.58
0.96
0.54
0.96
0.73
0.17
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5.3.2 Examination of test-to-test and top-to-bottom nozzle sample material response
variation
The following two sections examine any test-to-test and top-to-bottom nozzle
sample material response variation. This was performed to examine the consistency of
the material response for a given nozzle test sample configuration and to ensure the
subscale SRM environment did not preferentially influence the erosion of the top or
bottom nozzle test samples. The first examines any variations in the recession of the
entire nozzle surface contour and char/virgin interface location contour at mid-test and at
the end of the test firing. The second examines minimum distance to the center plane
variation with time as well as average erosion rate. Unless noted results of the final three
test firings which used propellant grains with higher burning rates than the majority of the
test firings are omitted from this section as they do not represent nominal operating
condition.

5.3.2.1 Recession phenomena of entire nozzle surface and char/virgin interface
location
It is worthwhile to overlay extracted nozzle surface and char/virgin interface
locations of each nozzle test sample (both top and bottom) on top of one another to
examine if any test-to-test or top-to-bottom variation in the material response can be
observed. Figure 5.42 through Figure 5.51 give the deduced nozzle surface contour and
char/virgin interface location for all of the tests at mid-test and at the end of the test.
Figure 5.42 and Figure 5.43 give the material response of all 45° ply-angle MX-4926N
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nozzle test samples. The majority of the deduced surface and char/virgin locations are
tightly grouped, with the exception of Test#11. The deviation of contour locations from
the majority of the tests is highlighted in Figure 5.44 and Figure 5.45. The top nozzle
sample in this test has a blunter nozzle surface in the inlet region and shows increased
erosion at the throat location. This behavior is seen in the top sample from Test#20
(discussed later in Section 5.3.4) and is common with 70° ply-angle MX-4926 nozzle
samples. Figure 5.46 and Figure 5.47 give the whole contour material response for
45° ply-angle LR1406 nozzle test samples. Just as with the majority of the 45° ply-angle
MX-4926 nozzle samples, it is apparent from the figures that test-to-test or top-to-bottom
variation is extremely small.
Both of the cases with 70° ply-angle nozzle samples (Figure 5.48 and Figure 5.49
for MX-4926N and Figure 5.50 and Figure 5.51 for MX-4926) exhibit larger test-to-test
and top-to-bottom variation than the 45° ply-angle nozzle samples. Examining the nozzle
inlet of the 70° ply-angle MX-4926N nozzle samples, the bottom samples are tightly
grouped while the top samples exhibit a larger spread and in a couple of cases decreased
erosion rates in the nozzle inlet. The top-to-bottom variation of MX-4926 nozzle samples
is apparent and grouped tightly with the exception of the nozzle inlet location of one of
the top samples. In general for the 70° ply-angle nozzle samples, it appears that a
decreased nozzle inlet recession corresponds to an increase in the distance to the center
plane at the throat. This may be a result of increased ability of the 70° ply-angle CCP to
retain the char layer and subsequently decreased nozzle surface recession in the nozzle
inlets. Alteration of the boundary layer near the minimum distance to the center plane,

172
due to blunter nozzle entrance, and the fact that the 70° ply-angle is non-ideal at the
throat of CCP nozzles may both be contributing factors for the increased material erosion
rates here. This material response pattern will be examined in greater detail in the
following section when quantifying minimum distance to the center plane time variation.
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Figure 5.42. Nozzle surface (red/blue) and char/virgin interface (green/orange) for
the MX-4926N nozzle samples with a 45° ply-angle at mid-test

Figure 5.43. Nozzle surface (red/blue) and char/virgin interface (green/orange) for
the MX-4926N nozzle samples with a 45° ply-angle at the end of the test
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Figure 5.44. Irregular nozzle surface (red/blue) and char/virgin interface
(green/orange) behavior for Test#11 at mid-test

Figure 5.45. Irregular nozzle surface (red/blue) and char/virgin interface
(green/orange) for Test#11 at the end of the test
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Figure 5.46. Nozzle surface (red/blue) and char/virgin interface (green/orange) for
the LR1406 nozzle samples with a 45° ply-angle at mid-test

Figure 5.47. Nozzle surface (red/blue) and char/virgin interface (green/orange) for
the LR1406 nozzle samples with a 45° ply-angle at the end of the test
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Figure 5.48. Nozzle surface (red/blue) and char/virgin interface (green/orange) for
the MX-4926N nozzle samples with a 70° ply-angle at mid-test

Figure 5.49. Nozzle surface (red/blue) and char/virgin interface (green/orange) for
the MX-4926N nozzle samples with a 70° ply-angle at the end of the test
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Figure 5.50. Nozzle surface (red/blue) and char/virgin interface (green/orange) for
the MX-4926 nozzle samples with a 70° ply-angle at mid-test

Figure 5.51. Nozzle surface (red/blue) and char/virgin interface (green/orange) for
the MX-4926 nozzle samples with a 70° ply-angle at the end of the test
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5.3.2.2 Minimum distance to center plane variation with time and average erosion rate
Figure 5.52 through Figure 5.55 give the minimum distance to center plane
variation with time for each type of nozzle sample configuration. The data is normalized
by the maximum observed final distance over the test series (see Equation (5.2)). From
these figures the test-to-test and top-to-bottom variation can be examined for each nozzle
sample configuration. In addition, Table 5.15 through Table 5.18 give the normalized
average erosion rates over the eroding portion of the test firing for top and bottom
samples examined in under nominal operating configuration (i.e. excluding
Test#27 to #29).

This data allows for variations in the average erosion rate to be

examined.
Figure 5.52 and Table 5.15 give the results of analysis for the 45° ply-angle MX4926N nozzle samples.

There does not appear to be any significant top-to-bottom

variation in the material response at this location (normalized average erosion rates for
the top and bottom are 0.68 and 0.67, respectively). With regards to test-to-test variation,
upon close examination of Figure 5.52 it appears that final values for the minimum
distance to the center plane can be broken into two groups (sample grouping indicated in
Table 5.15). The first group (Group A) has a larger final distance to the center plane and
has a higher normalized average erosion rate of 0.74 (on average) with a standard
deviation of 0.05. The second (Group B) has a smaller final distance and subsequently a
lower normalized average erosion rate of 0.61 (on average) with a standard deviation of
0.03.
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Figure 5.53 and Table 5.16 give the results of analysis for the 45° ply-angle
LR1406 nozzle samples. The examination of the minimum distance to center plane
variation with time shows little to no variation. The normalized average erosion rates for
the top and bottom are equal to 0.90 and 0.94, respectively. These results indicate that
the test-to-test and top-to-bottom variations are both insignificant, when considering the
standard deviations of the results.
Figure 5.54 and Table 5.17 give the results of analysis for the 70° ply-angle MX4926N nozzle samples. Similar to the 45° ply-angle MX-4926N nozzle samples, the
results given in Figure 5.54 some test-to-test variation is observed. Rather than two
distinguished groups, however, in this nozzle sample configuration three nozzle sample
responses effectively increase the spread of the sample final distances to center plane.
The results are centered on a nozzle sample response that appears the majority of time
(five nozzle samples) with one higher and two lower distances to center planes. This
breakup is indicated in Table 5.17 as high (H), middle (M), and low (L). The normalized
average erosion rates for the grouping appearing the most (Group M) is 0.65 (on
average). The rates for the three remaining sample responses fall outside a standard
deviation (0.06) of this rate.
Figure 5.55 and Table 5.18 give the results of analysis for the 70° ply-angle MX4926 nozzle samples. Top-to-bottom variation is apparent in both the minimum distance
to center plane variation with time and the normalized average erosion rates. In regards
to test-to-test material response, the bottom samples in all three tests considered exhibited
very similar final distance to center plane results and had a normalized erosion rate of
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0.58 (on average) with a small standard deviation of 0.04. The three top samples had a
rate of 0.82 (on average) with a larger standard deviation of 0.12. These top nozzle
samples correspond to samples which exhibited a lower erosion of material in the nozzle
inlets.

181

Figure
F
5.52. Minimum distance to center plan
ne variation with time ffor top (red)) and
bottom (blacck) MX-4926
6N nozzle saamples with
h a 45° ply-aangle
Table
T
5.15. Normalized
d average erosion rate over erodin
ng portion aat the minim
mum
distance
d
to center
c
planee location fo
or MX-49266N nozzle saamples with
h a 45° ply-aangle
Test#
T
08
09
10
11
12
13
24
Min
nimum
Max
ximum
Median
M
Av
verage
Standard
d Deviation

Top Samplee
0.73 (A)
0.74 (A)
0.60 (B)
0.72 (A)
0.66 (B)
0.62 (B)
0.68 (A)

Bottom
m Sample
0.566 (B)
0.611 (B)
0.733 (A)
0.600 (B)
0.611 (B)
0.844 (A)
0.722 (A)

0.60
0.74
0.68
0.68
0.05

0..56
0..84
0..61
0..67
0..10

182

Figure
F
5.53. Minimum distance to center plan
ne variation with time ffor top (red)) and
bottom (bla
ack) LR1406 nozzle sam
mples with a 45° ply-an
ngle
Table
T
5.16. Normalized
d average erosion rate over erodin
ng portion aat the minim
mum
distance to
o center plan
ne location for LR14066 nozzle sam
mples with a 45° ply-angle
Test#
T
06
07
14
15
17
21
23
Min
nimum
Max
ximum
Median
M
Av
verage
Standard
d Deviation

Top Samplee
0.90
0.90
0.95
0.91
0.95
0.87
0.85

Bottom
m Sample
0..91
0..96
0..86
0..96
0..92
0..94
1..00

0.85
0.95
0.90
0.90
0.04

0..86
1..00
0..94
0..94
0..05

183

Figure 5.54.
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Figure 5.55.
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5.3.3 Effect of nozzle sample material
CCP material response can be isolated in two groups of nozzle test samples with
the same ply-angle. Section 5.3.3.1 compares MX-4926N to LR1406 (samples both at a
45° ply-angle). These two CCP materials are the most different in composition as both
the carbon fiber/fabric used has a different precursor material (ENKA rayon versus PAN)
and the matrix phenolic is different (but produced to the same specification).
Section 5.3.3.2 compares the NASA legacy material, MX-4926 with a NARC rayon
carbon fiber/fabric precursor, to the replacement material, MX-4926N with an ENKA
rayon carbon fiber/fabric precursor.

5.3.3.1 MX-4926N versus LR1406 nozzle samples with a 45° ply-angle
Figure 5.56 gives the comparison between the nozzle surface recession at the midtest and end of test for all the nozzle samples in this grouping with the exception of the
top nozzle sample used in Test#11 (which is considered an irregular material response –
see Section 5.3.2.1). Figure 5.57 gives the comparison between the char/virgin interface
locations at the mid-test and end of test firing. At mid-test the nozzle inlets of LR1406
samples have eroded less and have a smoother contour than the MX-4926N samples.
However, by the end of the test firing this difference is not present. Similar behavior is
observed for the char/virgin interface location in the nozzle inlet. At the nozzle throat,
the LR1406 nozzle samples have eroded more. While, the char/virgin interface at the
throat is at roughly the same location, with the LR1406 interface location slightly deeper.
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Figure 5.56. Nozzle Surface of MX-4926N and LR1406 nozzle samples with a 45°
ply-angle at mid-test and at the end of the test [Test#11 top sample removed]

Figure 5.57. Char/virgin interface of MX-4926N and LR1406 nozzle samples with a
45° ply-angle at mid-test and at the end of the test [Test#11 top sample removed]
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5.3.3.2 MX-4926N versus MX-4926 nozzle samples with a 70° ply-angle
Figure 5.59 gives the comparison between the nozzle surface recession at the midtest and the end of the test firing for all the nozzle samples in this grouping. Also, Figure
5.60 gives the comparison between the char/virgin interface locations at the mid-test and
end of test. Unlike the larger difference in the LR1406 versus MX-4926N behavior, there
are not large differences in the material response of these two CCP materials.
Observation of any differences if present is further masked by the test-to-test and top-tobottom variations of similar configurations. It is worth noting that MX-4926N was
designed to replace MX-4926 and the two materials are very similar in composition with
the exception of the type of rayon carbon fiber/fabric precursor.
Figure 5.61 gives the minimum distance to center plane variation with time for
two materials.

Three nozzle test samples appear to be outliers, top samples from

Test#20, #22, and #25. Omitting these tests normalized erosion rate is 0.6 (on average)
for both materials with MX-4926N having a larger standard deviation of 0.08 compared
to 0.06 four MX-4926.

Although, it should be noted that the top samples from

Test#22 and #25, which were omitted when calculating this average for comparison, had
the highest (and most abnormal) erosion rates measured of these two CCP materials.
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Figure 5.59. Nozzle Surface of MX-4926N and MX-4926 nozzle samples with a 70°
ply-angle at mid-test and at the end of the test

Figure 5.60. Char/virgin interface of MX-4926N and MX-4926 nozzle samples with
a 70° ply-angle at mid-test and at the end of the test
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Figure 5.63. Nozzle Surface of MX-4926N nozzle samples at 45° and 70° ply-angles
at mid-test and at the end of the test

Figure 5.64. Char/virgin interface of MX-4926N nozzle samples at 45° and 70° plyangles at mid-test and at the end of the test
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5.3.5 Effect of elevated chamber pressure
The effect of elevated chamber pressure was examined by the comparison of five
test firings with 70° ply-angle MX-4926 nozzle samples, which in two cases utilized
solid propellant grains which exhibited a higher burning rate. Figure 5.65 and Figure
5.66 give the nozzle surface and the char/virgin interface locations.

The material

response for both the nominal and high-pressure cases are scattered but can be said to be
similar at the nozzle surface. The char/virgin locations in the region of the nozzle throat
of the samples tested at the nominal pressure appear to be deeper. While there is likely
increased heat transfer to the nozzle surface in the higher pressure test firings for a
substantial portion of a test firing, these test firings are also shorter (~0.77 s on average).
Figure 5.67 gives the minimum distance to the center plane variation with time for both
the nominal and high-pressure test firings. Independent of the operating pressure the
erosion rate approaches two limiting behaviors. In this way the material responses can be
said to be independent of the two testing conditions. Also, the normalized erosion rates
are 0.70 for the nominal and 0.77 for the high-pressure tests, with large standard
deviations of 0.15 and 0.21, respectively.
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Figure 5.65. Nozzle Surface of MX-4926 nozzle samples with a 70° ply-angle at midtest and at the end of the test for high and nominal pressure tests

Figure 5.66. Char/virgin interface of MX-4926 nozzle samples with a 70° ply-angle
at mid-test and at the end of the test for high and nominal pressure tests

195

Figure 5.67 Minimum
m distance to
t center plaane variatioon with timee for MX-49926
nozzle
n
samplles with a 70
0° ply-anglee for nominaal (black) and high (red
d) pressure tests

5.4 Calcullation of Insstantaneous Subscale S
SRM Behaviior
One of
o the majo
or advantagees of capturring both thhe chamberr pressure oof the
su
ubscale SRM
M and the no
ozzle throat area behaviior is the ability to deduuce instantanneous
values for thee mass flow rate, thrust, and specificc impulse (Issp). Of particular intereest for
n
erosio
on is the calcculation of tthe instantanneous variatiion of
discussion in regards to nozzle
mass
m
flow raate. Equatio
on (5.6) giv
ves the expreession for m
mass flow rate derived from
asssuming onee-dimensionaal isentropicc flow througgh a choked nozzle throaat (M=1):
(γ +1) / ( γ −1)

m = ρ t At vt = At Pc γ

⎡⎣ 2 / ( γ + 1) ⎤⎦
γ RTc

(55.6)
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Using NASA-CEA, the values of the propellant combustion product specific heat
ratio, gas constant, and flame temperature can be solved at various pressures and pressure
dependent expressions for these values can be generated from curve-fit to the calculated
results. In this way Equation (5.6) can be reduced to Equation (5.7)
m = At ( t ) Pc ( t ) Γ ⎡⎣ Pc ( t ) ⎤⎦

(5.7)

The last term in the equation can be referred to as the discharge coefficient and is
weakly dependent on the chamber pressure, PC. PC is a function of time and is known
directly from the recorded pressure-time response of the subscale SRM.

The time

variation of the throat area, At, is the product of the deduced throat height (see
Section 5.3.1.2) and an estimate for nozzle width considering sidewall erosion. The
recession of the sidewall is approximated by scaling the final measured change in nozzle
width by a normalized function deduced from the recorded throat height variation. The
product of the instantaneous nozzle throat height and width yields an approximate throat
area variation in time.
Normalized instantaneous mass flow rate results of this analysis for the entire test
series are given in Figure 5.68 as the percentage of the highest calculated mass flow rate.
Figure 5.69 through Figure 5.72 give the results for each type of nozzle sample studied.
Trends are consistent with observations made when examining the recorded pressuretime response in Section 5.2. However, the lower pressures and larger throat areas
toward the end of the subscale SRM balance and result in a more level mass flow rate
through the nozzle. The results from this analysis show that the mass flow rate through
the nozzle for the majority of tests is grouped very closely, with the exception of the test
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Chapter 6: Summary and Conclusion
Using a real-time X-ray radiography (X-ray RTR) system the recession behavior
of the surface of several carbon-cloth phenolic (CCP) nozzles in a subscale SRM has
been recorded.

In acquiring this data, further development of X-ray RTR imaging

techniques in a SRM was performed. The sequences of images captured during the
operation of the subscale SRM were then enhanced and analyzed to deduce the
instantaneous location of the entire nozzle surface and approximate location of the
char/virgin interface in the region-of-interest for two-dimensional planar nozzle test
samples. In order to resolve this information with high fidelity, a methodology for semiautomated image enhancement and data reduction was development. Further analysis of
the captured images allowed for the examination of the normalized values for the nozzle
throat height (per test firing) and minimum distance to the center plane (for each nozzle
sample) variation with time was deduced at a temporal resolution of 13 ms. From the
latter, normalized values for the instantaneous erosion rate and average erosion rate over
the eroding period were determined for each nozzle sample. Together with the pressure
response of the subscale SRM, the deduced throat height variation throughout the course
of the test allowed for the approximation of the instantaneous mass flow rate. If desired,
instantaneous thrust and specific impulse could also have been calculated using the
pressure and throat height time variation.
From the time variation of instantaneous nozzle surface location, it was observed
that the converging portion of the CCP nozzle regressed at much higher erosion rates than
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the throat region. It can be inferred from CFD results, that this is most likely due to the
impingement of alumina/aluminum droplets. These droplets mechanically erode the char
layer and enhance heat transfer to the nozzle surface causing additional virgin material
decomposition. In addition to this general behavior, comparisons of deduced contours
from different nozzle sample configurations allowed the effect of CCP material type and
ply-angle to be examined.
The largest difference in CCP material performance was between the LR1406 and
the other materials (MX-4926N and MX-4926) independent of ply-angle. Isolating this
material difference at the 45° ply-angle, it was seen that the performance of the LR1406
nozzle test samples was superior in the nozzle inlet region earlier in the test firings as
compared to MX-4926N. This is likely due to the higher strength of the PAN-based
carbon fibers which more effectively (as compared to the Rayon-based fibers) retain the
char layer in the region of the nozzle where the effects of alumina/aluminum droplets
dominate. The opposite behavior is observed at the nozzle throat, where the MX-4926N
sample showed lower erosion rates. The lower erosion rate of the MX-4926N material is
likely a result of the lower thermal conductivity of the Rayon-based carbon fibers, as
compared to the PAN-based, limiting conduction into the virgin material in the throat
region of the nozzle where erosion of the surface is dominated heat transfer driven
material decomposition and thermochemical erosion. It is also worth pointing out that
the increased throat erosion rates of LR1406 samples would cause the instantaneous mass
flow rates to decrease, augmenting heat transfer to the nozzle inlet. This may explain the
slightly decreased material recession, as compared to MX-4926N, earlier in the subscale
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SRM operation. While by the end of the test firing this effect is not observed and posttest measurement would not be able to resolve this behavior.
The effects of ply-angle variation on the other hand were difficult to quantify by
examination of MX-4926N nozzle samples at the two ply-angles studied (45° and 70°).
In the case of the 70° ply-angle samples, the nozzle surface recession patterns were more
varied test-to-test and top-to-bottom for a given nozzle sample configuration (this was
common for all the 70° ply-angle samples independent of CCP material). This made it
difficult to resolve a consistent pattern for comparison with the 45° ply-angle samples.
Although, it was observed that the majority of the instantaneous material responses
showed that the nozzle inlet of the 70° ply-angle MX-4926N samples eroded more than
the 45° ply-angle samples.

Differences in the erosion near the nozzle throat were

difficult to discern from the deduced normalized material erosion rates as well as the
post-test measured throat heights.
Examination of the deduced throat height variation with time showed a period of
contraction of the nozzle throat height (1.28 to 4.37% decreased from initial throat
height). This contraction is caused by the initial heating and thermal expansion of the
nozzle material at the throat. This period was followed by a nearly constant recession of
the nozzle throat. However, in many cases the erosion rate did vary over the course of
the test firing and, in a few, dramatically.
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Chapter 7: Suggested Future Work
For continued research in the area of nozzle material performance, it is
worthwhile to note some suggested future work. Research items are considered from the
perspective of continuing directly from the conclusion of this study. In addition, other
worthwhile topics/methods for better understanding the effects of aluminized solid
propellant combustion products on the erosion of nozzle materials are given.
Near future items could include further analysis of data collected. For example,
additional analysis of the X-ray RTR results may yield erosion rate correlations with
pressure and accretion rate at various locations along the nozzle contour. In addition,
detailed examination of the post-fired nozzles would yield additional useful information
about the nozzle surface and cross-section. Sectioning of the nozzle sample halves would
allow for the in-depth post-fired total surface recession and the char/virgin interface to be
determined. These locations could then be compared to those deduced from X-ray RTR
images. In addition, one research interest is the reactions of aluminum and alumina with
carbon.

While this reaction occurs in other situations, it has not been thoroughly

evaluated in a SRM environment. This reaction may be an additional mechanism that
may explain enhanced nozzle erosion at certain locations along the nozzle contour. The
presence or lack-of aluminum carbide, a product of the carbon/aluminum reaction, could
be evaluated with additional examination of the surfaces of the post-fired nozzle samples.
Utilizing the subscale SRM paired to the X-ray RTR system, it would be
worthwhile to examine additional nozzle test samples. This includes, but is not limited
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to, other types of CCP or relevant nozzle materials and additional variation of ply-angles.
In addition, the environment in which the nozzles are placed could be altered in an
attempt to isolate the effects of aluminum/alumina droplet impingement and variation of
heat flux to the nozzle surface on nozzle material erosion. This could be performed by
modification of the geometry of the solid propellant driver grain and the propellant
formulation used.
In addition to testing in the developed subscale SRM, it would be worthwhile to
further isolate the factors contributing to nozzle material recession from one another. An
experiment could be designed which allows systematic variation of both the environment
which the nozzle sample material is exposed and the orientation of the nozzle sample to
the flow-field. The results from this simple experiment could yield correlations for the
erosion rate with pressure, aluminum/alumina droplet accretion rate, flow velocity, plyangle, and material properties.
While beyond the scope of these research study, development of an accurate
model for CCP material erosion would be very useful for the design of SRMs nozzles
which utilize these materials.

The time dependent nozzle surface and char/virgin

interface location acquired from this research study could be used for the purposes of
validation of SRM flow-field modeling coupled heat transfer and material erosion codes.
The current state-of-the-art CCP material erosion codes rely solely on post-test nozzle
surface data which is then compared to pre-test information to deduce average material
erosion rates.
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Appendix B: Checklist and Test Data Sheet for
Operation of the Subscale SRM
B.1 Checklist for NASA-xUIP SRM Firing

B.1.1 Pre-Test – Day before preparations
 Complete preparation of test section components – Take Pre-test pictures.
 Place Nikon battery on charger.
 Check HD Handycam memory card for storage space then place battery on charger.
 Ensure that the Image intensifier is powered.
 Measure nozzle and take Pre-test pictures.
 Place the propellant grain to be used for the test in a test cell which is at or near room
temperature.

B.1.2 Pre-Test – Test Cell and Test Deck Prep
 Turn on test cell lights by switching on the power squid in the shed. This also
provides power to the CCTV cameras located around the test cell.
 BELOW or NEAR FREEZING ONLY – Install the Kerosene heater pointing into
the bottle cage at the water supply tanks.
 SRM test section and transition section assembly:
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1. Install the transition section housing. This includes the forward angle support
piece. At this time leave the bolts connecting the support piece to the test deck
loose.
a. Make sure to attach the grounding washer to the top bolt. Check the
electrical resistance from the grounding plate to the several locations on
the motor, negligible resistance on the order of ~0.1Ω.
2. Install the graphite transition section into the housing and ensure that the part is
aligned.
3. Install the graphite test section inlet.
4. Install the 4 threaded rods.
5. For propellant grain installation leave on the test deck the following, washers and
nuts which attach to the threaded rods, head-end support, 6 sets of
bolts/washers/nuts used to attach the head-end support to the test deck, motor case
O-rings.
 Check the electrical resistance from the grounding plate to the grounding rod,
negligible resistance on the order of ~0.1Ω.
 Install the grounding wrist strap box at the test deck. Check the electrical resistance
from the grounding plate to the wrist straps, 0.75 MΩ to 1.5 MΩ.
 If using heat flux gauge, record resistances of all TCs and note on data sheet. Take
pictures of the gauge installed.
 Run the X-ray source control cable from the control room to the shed. Then ensure
that the power is off and connect cable.
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 Setup X-ray source and Image intensifier
1. Install Image intensifier. Note that the Image intensifier has to be powered
24 hrs in advance of use. After mounting the image intensifier run the cable for
the image intensifier camera from the shed to the image intensifier; prior to
connecting the cable, ensure that the X-ray computer is off.
2. Install X-ray source. Position the source roughly into place using the X-ray
alignment tools (~34″ from motor and ~80″ from wall).
3. If heater is in operation, power off breaker, unplug heater and then plug in power
cable for X-ray system.
4. Verify operation of X-ray source. Note that the X-ray may require tube
conditioning if it has been inactive for some time. If this is the case follow the
steps below.
a. Mask the Image Intensifier from X-rays with a lead plate/brick, clear the test
cell, turn on breaker inside the shed, and lock gate. Also, X-ray radiation
warning signs on all gates.
b. Turn on the X-ray controller, select tube conditioning, and enter the number of
days since the last use as well as the target voltage. The X-ray controller will
automatically select the appropriate warm-up program. Turn key-switch to
“energize” position and if green safety circuit light is lit, turn on the X-rays.
c. Monitor the X-ray controller during warm-up. Following warm-up put the Xray in stand-by mode for a few minutes, and then turn off.
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 Power on the X-ray image capture computer and ensure that the signal lead from the
trigger relay to the X-ray computer is connected.
 Align X-ray source and Image intensifier on the nozzle test section.
a. Install the X-ray alignment target.
b. Capture image sequence (16 images) of the alignment target (200 kV 2 mA).
c. Install the nozzle test section (including the O-ring for the sealing between the test
section retainer and the test section case) and tighten the aluminum break-away
bolts to the appropriate torque (16 ft-lb or 192 in-lb).
d. Capture pre-test image sequence (16 images) of the nozzle and X-ray power
settings. The pre-test image should include the scale rod (300 kV 5 mA) at the
nozzle centerline.
When finished, turn off the X-ray breaker in the shed. (If heater in use plug in
power cable to heater and turn on the breaker)
 Connect the 12-socket connector on the shed side of the cable bundle to the NASAxUIP line located below the desk in the shed.
 Put duct tape over the nozzle exit and then install the water-spray injection manifold.
 Run the cable bundle (including the Ethernet wire) from the shed to the indoor control
room. In the control room, connect video/audio lines to TV/VCR, CCTV wire to
splitter attached to the lower TV/VCR, speaker wire to HPCL speaker connection,
Ethernet wire to Ethernet switch connected to the monitoring computer, and the 12socket connector to the back of the control panel. Inspect the wires for damage.
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 Run the hose from outside the lab to the outdoor test site. Turn on valve to water
hose, located in room 128. BELOW or NEAR FREEZING ONLY, leave the
garden hose running slightly.
 Fill the supply tanks for the water-spray system with water.
 Ensure that the black wire to the solenoid valve is connected to the NASA input line.
 Ensure the orange extension cord is plugged into the electrical socket near the side of
the bottle cage closest to the rear of the test cell. Then, turn on the power strip under
the test deck and verify power with the indicator light.
 Place fans in the test cell and test operation. Wait to mount them.
 Run the video (blue)/audio (white) lines from the end of the cable bundle located in
the shed to the test cell. Use extensions as necessary to run lines to the desired
location for the handy cam.
 Setup the handy cam on a tripod at the desired location. Turn on the handy cam and
verify the video image of the SRM, set to manual focus and shutter speed = 1/4000.
 Setup the high definition video camera. Set to manual focus and exposure value [EV]
of -2. Turn on only to verify location and then turn off the camera by closing the
side video screen.
 If used, setup the Nikon on a tripod, install lens and filters as needed (record on test
data sheet), and focus. Run USB extension line from the shed to the Nikon camera
and connect. Turn on the Nikon in manual mode, verify battery life. Power on the
Capture computer and take a setup image with long exposure. Then turn off the
Nikon.

265
 Run the PT DAQ wires from the shed to below the test deck. Connect the two DB9
connectors to the black PT box as labeled. Connect grounding wire of the black PT
box below the test deck. Connect extension lines from the PT box to the PTs for the
test section (Ch 1), head-end (Ch 2), water Spray (Ch 3), water tank (Ch 4), and
igniter chamber (Ch 5). Verify serial numbers.
 Plug in the transformer for the excitation voltage. Verify power to the power strip.
 Run the igniter lead from the shed to the rear of the test deck.
 Connect the trigger signal from the ignition relay to the SP-DAQ.
 Ensure igniter power supply is plugged in. Remove the igniter power safety plug and
place on the desk in front of the relay.
 Power on SP-DAQ computer and load the NASA-xUIP program. Check pressure
transducer channels as well as settings for trigger and strobe. Then run the
acquisition program. (If accelerometers used, power on the Nicolet Vision and
load/run appropriate setup)
 Ensure that the X-ray image acquisition program open. Verify and record settings
then press record. The frame zero should be displayed.
 Turn on the signal generator (converts the strobe signal from the X-ray image
intensifier capture computer into one which can be detected by the SP-DAQ
software).
 Perform a trigger check of the data acquisition systems including the X-ray computer.
This can be done by pressing the orange button on the mechanical relay. Check to
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see that the light on the relay is lit, which signifies the relay is able to send power to
the igniter. Following DAQ trigger check, stop the programs on the SP-DAQ.
 In the control room; setup the TVs, verify video/audio from the handy cam, video
from the CCTV cameras, and connection to the PT-DAQ, X-ray image capture, and
Nikon capture computers. Leave VNC running on monitoring computer.
 Title the VHS display.
 Verify tape recording location.
 Record the ambient temperature.

B.1.3 Loading Solid Propellant
 Prepare the igniter. Ensure that the control panel key switch is in the safe position,
then attach the shorting wire (with control panel key) to the igniter.
 Retrieve propellant grain and bring to outdoor test site. Record grain serial number
on test data sheet.
 If installed, remove the tarp from the opening in the test cell.
 Setup the low CCTV camera on a tripod outside of the reinforced concrete wall facing
the blast deflector.
 Wipe both the sealing surfaces inside of the transition section case and the head-end
piece as well as the ends of the motor case clear. Grease and then place O-rings on
either end of the motor case.
 Load the propellant grain cartridge into the motor case.
 Install one end of the motor case into the transition section case.
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 Install the head-end piece and then slide on the head-end support. Tighten the 4 nuts
onto the threaded rod.
 Install the bolts attaching the head-end support to the test deck. At this time also
tighten down the bolts in the forward angle support piece.
 Install the igniter, ensure that the igniter shorting wire is attached (check that the
control panel key is attached).
 Install the head end pressure transducer.
 Clear and secure test cell until firing. Verify warning flags and X-ray radiation signs
are on the gates.

B.1.4 Perform Test (After Solid Propellant has been loaded)
 Verify control panel is in initial safe state and place blue safety plug in the pocket of
the operator.
 Ensure valve to water hose is on, located in room 128.
 Retrieve igniter safety plug from shed desk and place in the pocket of the operator.
 Spray water on end of rope blast mat and blast deflector.
 Set the water tank supply regulator pressure to 1650 psi.
 Verify the black wire with the NASA label is attached to the solenoid valve on the
water supply tanks, set the pilot pressure regulator to 100 psi, and turn the ball valve
in the direction of the pneumatic valve.
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 Verify installation of pressure transducers in test section, head-end, igniter, waterspray, and water tank as well as connections to PT box below the test deck. Verify
connection of two lines under the test deck going to the shed.
 From the handy cam verify the video image of the SRM as well as settings(1/4000
shutter speed and manual focus).
 If used, turn on Nikon Camera and wait to verify settings in control room.
 Turn on the high definition video camera and verify the video image of the SRM,
verify manual focus and exposure value [EV] is -2. Flip then close the side video
screen.
 Press the record button on the high definition video camera.
 Verify installation of igniter with shorting wire attached to control panel key.
 Remove igniter with shorting wire, placing in operators pocket, and test igniter
continuity (~1.0 to 1.4 Ω).
 Connect igniter wire to igniter lead. Turn on exhaust fans and clear test cell.
 In the control shed, open NASA-xUIP DAQ program on SP-DAQ.
 Press “Record” on SP-DAQ software.
 Open X-ray image acquisition program on X-ray computer.
 In the “video to frame buffer” settings window press record. Ensure that the X-ray
capture computer is displaying frame zero.
 Ensure the signal generator for the X-ray I.I. strobe signal is on.
 Turn on the breaker in the shed for the X-ray system.
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 Ensure that the igniter power light on the relay is not lit and then plug in the igniter
safety plug.
 Ensure that the fenced area is locked and evacuated, and that warning flags are
installed in all of the gates. Inspect area around outdoor test facility for any
unauthorized personnel.
 Announce the commencement of the test firing.
 In the control room, verify settings for the Nikon. Continuous shooting mode with
max number of images.
 Power-up control panel.
 Start X-ray and verify image from the X-ray capture computer.
 Press “Record” on the VCR for both the handy cam and CCTV feeds. Following
MARK start timer on titler.
 Press start on TC-DAQ.
 Turn key switch from “SAFE” to “ARMED”.
 Plug blue safety plug into BNC receptacle on control panel.
 Turn on the water-spray noise suppression system and verify operation.
 Open igniter switch cover and toggle igniter switch to initiate the test.

B.1.5 Post-Test
 Once test is complete, toggle igniter switch “off”, turn water spray off, unplug safety
plug, and turn key switch to “SAFE”.
 Stop recording on VCR.
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 Put X-ray in standby mode, allow X-ray coolant system to run for a minute, and then
turn off.
 Proceed to outdoor test site facility when clear.
 Turn off the breaker in the shed for the X-ray system.
 Save the X-ray images on the X-ray computer. Write down average frame rate.
 Stop recording on the HD video camera and turn off Nikon camera.
 Spray down the blast deflector and blast wall surfaces with water as necessary.
 Vent water/gas from water supply tanks.
 Reinstall tarp and plug in cell heater.
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B.2 Example Test Data Sheet
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Appendix C: Compression Molding of Internal SRM
Components
Three components were fabricated from either silica phenolic or carbon phenolic
molding compound (MX-4926N MC, LR1406 MC, and LR1504 MC). The molding
compound (MC) consists of 1/2″-by-1/2″ squares of chopped pre-preg fiber/fabric
reinforced phenolic (see figure below of LR1406 MC).

The material was placed in heated aluminum molds and cured under pressure. To
generate the appropriate pressure a force was applied to a fill piston using a Tinius Olsen
press capable of delivering 60,000 lbf at a controlled rate. Meanwhile a particular heating
cycle applied to the curing temperature by resistance heaters attached to the mold. The
power to the heaters is controlled by a temperature controller coupled to a thermocouple
installed in the base of the molds. The molding process is described in detail for the
exhaust plume shroud component and the molding procedure for the other components is
given.
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C.1 Exhaust Plume Shroud Mold w/Fill Adapter
V = 27.76 in3 = 454.9049 cc
Top Face Area = 5.41 in2
Press applied force = (1,200 psi) (5.41 in2) = 6,492lbf
Min: 7,500 lbf and Max: 10,000 lbf
Silica Phenolic (LR1504 MC) density = 1.71 g/cc
Mass of MC to use = (454.9049 cc) (1.71 g/cc) + 5%= 777.887 g + 5% = 816.8 g

C.1.1 Assembly/Heating Steps
1. Clean all mold surfaces – not only those that will be in contact with MC but also the
interface surfaces with different components of the mold assembly. Use a razor blade
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and lightly apply force to remove larger pieces of phenolic from previous run. Then
lightly use a scour pad. Finally wipe down all surface with simple green (or
equivalent) and paper towels.
2. Then apply a thin coating of Teflon to those surfaces.
3. Place the lower than upper sidewall piece onto the mold bottom. Tighten ¼”-20
screws to 120 in-lbs.
4. Assemble the mold fill adapter and fill cylinder (note this step will only have to be
done the first time). Spray mold and interface surfaces with Teflon.
5. Install the mold fill adapter assembly by first turning the assembly upside-down and
insert a #045 O-ring. Then place the mold bottom/side wall/mandrel assembly on top
of the mold fill adapter assembly. Insert a few screws (corners) and tighten by hand.
Note that the front of each part is indicated and must all face the same way when
assembled.
6. Insert the fill piston into the fill cylinder and align the mold fill adapter. Remove the
piston.
7. Tighten down all the screws; tighten ¼”-20 screws to 120 in-lbs.
8. Attach heaters and TC to this lower portion of the mold. (Steps 1-8 require
30 to 40 min)
9. Set heaters to 70°C and continue to the next step.
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10. Measure out 816.8 g and using the food processor in batches of ~175-200 g chop the
chips up (60 s on chop setting, 4 batches with the last one having the least amount of
chips).
11. Once the mold reaches a temperature of at least 65°C, begin to fill the mold. Press
down the material on the sides by hand. Once this is no longer possible by hand,
move to the next step.
12. Begin to fill the mold with the MC for a total of 816.8 g.
a. Do so in steps of fill and then the use of the fill piston to push down on MC.
Once this can no longer be done by hand, apply force with the press using the
rapid lower. (~300g before force is needed). Repeat filling and pushing down on
the fill piston by hand and then using the rapid lower. ~4 to 5 times is necessary.
After adding about 540-570g move to next step. (Step 9-12a ~30min)
b. Set heaters to 75°C and continue to the next step.
c. Insert piston and slowly add force with press to 10,000 lbf at a rate of 5-10.
When max depth line on piston is reached removed piston with removal tools.
Then clean off piston (~15min)
d. Continue to fill the remainder as detailed in Step 12a. Then continue to next step.
(~10min)
13. Once all material is in the mold . . .
a. Set the heaters to 85°C.
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b. Slowly apply ~4000-5000 lbf and maintain level while piston is slowly lowered.
When the temperature reaches 78 to 82°C, increase the applied force to 10,000
lbf. Note that at these temperatures the rate of lower of the piston is increased.
Continue to near max depth line, near line apply 10,000 lbf of force. Once steady
remove the force, raise the press head, and then remove the piston with removal
tools. (~10min -- Steps 9-13 require total of 45 to 60 min)
14. Clean off piston. Install O-rings (#120x2 and #146x2) on the piston, spray mold
release into the fill cylinder and onto the piston, then push the piston into the cylinder.
Do so first by hand and then ensuring proper alignment use the rapid lower to push
the piston the remaining distance.
15. Reapply a force near 10,000 lbf and hold for the duration of the cure. Force will
decrease over the course of the cure, when the level approaches 7,000 lbf increase the
level to ensure that 6,500 lbf minimum is never reached. Typically maintain near
10,000 lbf.
16. Set heaters to 155°C, following temperature increase to 155°C hold for 1.5hr.
(~25 to 30 min heat-up to 155°C)

C.1.2 Disassembly Steps
1. Reduce the temperature on the controllers to 5°C and unplug the heaters.
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2. Quickly remove force from the mold by closing the load handle and opening the
unload handle. Once the force is removed use the rapid raise to move up the press
head.
3. Note the assembly is hot and gloves must be used during disassembly. Remove the
wood block from under the mold.
4. Loosen the heater holder nuts to remove it and the heaters.
5. Loosen and remove all screws from the base of the mold and the mold fill adapter
6. Place room temperature blocks on top of the mold and allow the mold to reduce in
temperature to ~35°C or until it can be handled.
7. When cool continue to next step.
8. Setup as shown below and push down on piston. Note that the press may be required
to apply force beyond the rapid lower. Always add force slowly. Continue until near
the top of the fill cylinder.
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9. Remove force add a small block and continue per step 8. As the fill cylinder becomes
free the required force will drop. At that time remove force and lower using the rapid
lower. Hold on to the fill cylinder so that it does not fall when the piston is full
pushed out.
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10. Insert 1/4″ stainless steel dowel pins (x4) into the holes on either sides of the mold
base. See below add force slowly with press.
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11. Remove force and set mold up on additional blocks (see below). Force from the press
may be required but as the mandrel is pressed out the force will decrease. At that
point remove force and use the rapid lower; be sure to hold on to piston and mold.
Once the mandrel slides out remove it and the fill piston.
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12. Place the mold on the blocks as shown below. Using a block that is approximately
the size of the exit of the plume shroud to apply force (see second figure). Using the
rapid lower until the exhaust plume shroud and the side wall piece are released.
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13. Place the exhaust plume shroud and the side wall piece on blocks as shown below.
Ensure that there is soft material between the blocks and the side wall piece. Using
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the rapid lower push the molded part out of the side wall piece (see second figure
below). When the molded piece is just about to be release, hold onto the side wall
piece to ensure that it does not fall.
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C.2 Nozzle Inlet Mold w/Fill Adapter
V = 16.59 in3 = 271.8614 cc
Top Face Area = 5.498 in2
Press applied force = (1200 psi) (5.41 in2) = 6,492 lbf
Min: 6,500 lbf and Max: 10,000 lbf typically maintain near 10,000 lbf
O-rings (Viton 75): Dash #120x2, Dash #146x2, Dash #045x2
a. Carbon Phenolic (LR1406 MC) density = 1.44 g/cc
Mass of MC to use = (271.8614 cc) (1.44 g/cc) * +15%= 391.480416 g * +15% =
450.2 g
b. Carbon Phenolic (MX-4926N MC) density = 1.46 g/cc
Mass of MC to use = (271.8614 cc) (1.46 g/cc) * +15%= 396.917644 g * +15% =
456.5 g
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C.2.1 Assembly/Heating Steps
1. Clean all mold surfaces – not only those that will be in contact with MC but also the
interface surfaces with different components of the mold assembly. Use a razor blade
and lightly apply force to remove larger pieces of phenolic from previous run. Then
lightly use a scour pad. Finally wipe down all surface with simple green (or
equivalent) and paper towels.
2. Then apply a thin coating of Teflon to those surfaces.
3. Place a #045 O-ring in the groove cut in the mold bottom. Then place the sidewall
piece onto the mold bottom. Tighten ¼”-20 screws to 120 in-lbs.
4. Assemble the mold fill adapter and fill cylinder (note this step will only have to be
done the first time). Spray mold and interface surfaces with Teflon.
5. Install the mold fill adapter assembly by first turning the assembly upside-down and
insert a #045 O-ring. Then place the mold bottom/side wall/mandrel assembly on top
of the mold fill adapter assembly. Insert a few screws and tighten by hand. Note that
the front of each part is indicated and must all face the same way when assembled.
6. Insert the fill piston into the fill cylinder and align the mold fill adapter. With the
piston inserted tighten down the screws; tighten ¼”-20 screws to 120 in-lbs. Then
remove the piston.
7. Attach heaters and TC to this lower portion of the mold. (Steps 1-7 require
30 to 40 min)
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8. Set heaters to 65°C and continue to the next step.
9. Measure out 456.5 g and using the food processor in batches of ~100-150g chop the
chips up (60 s on chop setting, 3 batches with the last one having the least amount of
chips).
10. Once the mold reaches a temperature of at least 60°C, begin to fill the mold. Press
down the material on the sides by hand. Once this is no longer possible by hand,
move to the next step.
11. Continue to fill the mold with the remaining MC for a total of 456.5 g.
a. Do so in steps of fill and then the use of the fill piston to push down on MC.
Once this can no longer be done by hand, apply force with the press using the
rapid lower. Repeat filling and pushing down on the fill piston by hand and then
using the rapid lower. ~4 to 5 times is necessary.
12. Once all material is in the mold . . .
a. Set the heaters to 85°C.
b. Slowly apply ~4000-5000 lbf and maintain level while piston is slowly lowered.
When the temperature reaches 72 to 75°C, increase the applied force to 10,000
lbf. Note that at these temperatures the rate of lower of the piston is increased.
Continue to near max depth line, near line apply 10,000 lbf of force. Once steady
remove the force, raise the press head, and then remove the piston. (Steps 8-12
require 30 to 40 min)
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13. Clean off piston. Install O-rings (#120x2 and #146x2) on the piston, spray mold
release into the fill cylinder and onto the piston, then push the piston into the cylinder.
Do so first by hand and then ensuring proper alignment use the rapid lower to push
the piston the remaining distance.
14. Reapply a force near 10,000 lbf and hold for the duration of the cure. Force will
decrease over the course of the cure, when the level approaches 7,000 lbf increase the
level to ensure that 6,500 lbf minimum is never reached. Typically maintain near
10,000 lbf.
15. Following application of force, set heaters to 150°C and then hold at 150°C for 1.5hr.
(~30 to 40 min heat-up to 150°C)

C.2.2 Disassembly Steps
1. Reduce the temperature on the controller to 5°C, disconnect the heater and TC wires,
and unplug the controller.
2. Quickly remove force from the mold by closing the load handle and opening the
unload handle slowly. Once the force is removed use the rapid raise to move up the
press head.
3. Note the assembly is hot and gloves must be used during initial disassembly.
Remove the wood block from under the mold.
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4. Loosen the heater holder nuts to remove it and the heaters. Also, remove
thermocouple.
5. Remove the screws (x12) around the edge of the base of the mold.
6. Remove the screws (x12) connecting the mold fill adapter to the mold side wall piece.
7. Stand upright near the rear of the press base and allow the mold to reduce to room
temperature or until it can be handled.
8. Place lips of the mold fill adapter on blocks which are stacked sufficiently high to
allow the removal of the base/mandrel assembly. Insert a rod onto the top of the
round center mandrel. Note the rod must be smaller than the center hole in the fill
piston (~1/2″). Press down on the rod first with the rapid lower and then with the
hydraulic press if necessary. Proceed until the base/mandrel assembly can be
removed.
9. Replace the mold fill adapter on the blocks. Place something soft between the bottom
of the press and the mold. Place a small block onto the fill piston. The block should
be about the size of the top of the fill piston but smaller than the fill cylinder. Press
down on the block with the rapid lower and then slowly apply force with the
hydraulic press. Forces in excess of 15,000 lbf may be required. Proceed until the
molded part and the side wall piece drop. Note that right before these are about to
drop, force can be removed and the rapid lower can be used.
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10. Remove the molded part and the side wall piece. With the mold fill adapter firmly in
hand, continue to push on the piston with the rapid lower until it falls.
11. Place the molded part and the side wall piece upside-down on two blocks which have
soft material between them and the side wall piece. Using a block that is about the
size of the bottom of the molded part press down with the rapid lower slowly until the
part comes free.

C.3 Nozzle Mold
Flat Ram, V = 7.44826990 in3 = 122.0553 cc
Top Face Area = 8.173 in2
Press applied force = (2,000 psi) (8.173 in2) = 16,346 lbf
Min 15,000 lbf/Max 17,000 lbf
Carbon Phenolic density = 1.47 g/cc
Mass of MC to use = (122.0553 cc) (1.47 g/cc) * +10%= 179.42 g * +15% = 206.33 g
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C.3.1 Heating Steps
1. Set heaters to 75°C and fill.
2. Apply force Min 15,000 lbf/Max 17,000 lbf
3. Set heaters to 160°C, when at temperature hold for 1.75hr.

C.3.2 Mold Assembly
1. Coat top surface of bottom plate with mold release.
2. Coat bottom, sides, and top of nozzle negative with mold release and insert into place.
Fasten on the nozzle negative with four screws; hand tight.
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3. Coat the bottom and inner surfaces of the side wall piece with mold release. Place on
top of the bottom plate, such that the side labeled front corresponds to the front of the
bottom plate and that all sides are flush. Ensure that the two pieces are seated together
properly.
4. Fasten the side wall piece to the bottom plate; tighten to 120 in-lbs.

C.3.3 Mold Disassembly
1. Release the ram from the press by removing the screw in the top.
2. Remove heater fixture and heaters and allow to cool, placing blocks on mold.
3. Remove all screws from the bottom, with the exception of the four corner screws.
4. Loosen the corner screws equally to a distance of ~1/8” from the surface
5. Lower press near flush to the ram and then use hand crank to slowly apply force to
the ram, do so only until a small gap between the bottom piece and the side walls is
present.
6. Remove four remaining screws and bottom piece
7. Place sides of mold on two blocks (avoid the small raised portion of the side wall
piece) and place small piece of soft material below mold.
8. Place long blocks on top of the ram and lower press near flush to the ram and then use
hand crank to slowly apply force to the ram. The nozzle mandrel, molded nozzle, and
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ram will begin to slide out of the side wall, continue until pieces release from side
walls.
9. Separate the molded nozzle from ram, light tap on the side will work.
10. Separate the molded nozzle from the nozzle mandrel. Note this may be done by hand
or the nozzle removal tool (2 inch bar stock with 4 holes) may be needed. Typically
placing the sides of the nozzle on blocks, with soft material between the nozzle and
the block, then lightly tap the nozzle removal tool with a hammer.

* Two molded parts shown bonded

C.4 Igniter Insulation Piece
V = 1.5796 in3 = 25.88501 cc
Top Face Area = 4.067 in2
Press applied force = (2000 psi) (4.067 in2) = 8,134 lbf ~8,150 lbf
Mass of MC to use = 48 g
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C.4.1 Mold Assembly/Part Pressing and Heating
1. Clean all mold and interface surfaces – Scour pad (razor blade also if necessary, but
avoid cutting aluminum) then simple green. Once simple green has been used make
sure to wipe surfaces dry.
2. Install the thermocouple in the mold base. Use small amount of thermal grease on the
tip.
3. Apply Teflon mold release spray to the top inside surface of the mold base.
4. Attach the mandrel with a screw and apply Teflon.
5. Apply Teflon spray to the bottom and lower inner wall of the mold cylinder, and then
attach to the mold base with screws.
6. Apply Teflon spray to the upper inner wall of the mold cylinder.
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7. Wrap heaters around both the mold base and the mold cylinder, and secure with wire.
8. Place the mold on a wood panel, which is approximately the same dimension as the
base.
9. Connect heaters and thermocouple lead to controllers and set controllers to 65°C
10. Weigh out 48 g of silica phenolic MC and begin to fill the mold after the mold
reaches at least 60°C. Note that as the mold is heated the MC chips will become soft
and pliable.
11. Apply Teflon to the bottom and lower sides of the mold ram, and then insert it into
the cylinder pressing down by hand as necessary to aid in filling.
12. After filling is complete, remove the mold-ram, wipe off any phenolic that is stuck to
the bottom, and reapply a Teflon coating to the bottom and sides of the mold ram.
13. Reinsert the mold ram into the mold cylinder and lower the press head using the rapid
lower until the press head just contacts the top of the ram. Increase the temperature to
85°C.
14. Begin to apply force slowly.
15. Set heaters to 160°C (~30 min heat up).
16. Hold at 160°C for 2 hours. During this time maintain a force of at minimum
8,150 lbf.
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C.4.2 Mold Disassembly/Cooling
1. After the curing time is compete, set the heater controllers to 5°C and remove force
from the ram then raise the press head.
2. Using gloves remove the wood block from beneath the mold and leave the mold on
the press. Also, place aluminum blocks on top of the mold to aid in cooling.
Alternate locations on the press and aluminum blocks on top of the mold to further
aid in cooling. Allow the mold to reach a temperature of ~35°C or until it is safe to
touch before continuing.
3. Remove the screws in the bolt circle from the base of the mold. Pull and twist to
release the base with mandrel attached.
4. Place the sides of the mold cylinder on blocks so that the molded part is on the
bottom. Also, place something soft below the molded part and between the blocks.
5. Using an aluminum block between the mold ram and press head, us the rapid lower to
press the molded part and ram through the cylinder.
6. Gently tap on the molded part to separate it from the mold ram.
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Appendix D: Preparation of the Nozzle Assembly

Prior to the assembly of the nozzle test section, nozzle test sample halves are
acquired (either oriented from an outside manufacturer or by compression molding as
discussed in Appendix C), the nozzle inlet is compression molded using MX-4926N MC,
and exhaust plume shroud is compression molded using LR1504 MC (see Appendix C).
Parts are then assembled (with pictures and measurements taken were indicated) in the
following steps.

297

1. Fabricate nozzles (or have fabricated)
2. Take picture of a pair of samples and individual test samples. Take pictures of all
internal faces of the nozzle samples and any particular defects.
3. Weigh each nozzle sample.

4. Rough up the surfaces to be bonded and then wipe surfaces with a paper towel wetted
by a small amount of simple green.
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5. Cut metal inserts. Insert length ~2.5″ but measure and fit to each nozzle. Cut with
Dremel and round the ends on the grinder.
6. Apply a small amount of copper RTV to both sides of each nozzle half, place inserts
into the lower nozzle sample (if inserts were cut short push them forward toward the
nozzle inlet side – leaving any gap in the exhaust/diverging section), and push
together. Ensuring that the front and rear faces of each nozzle half are flush with one
another clamp the two halves together. Note the time and let RTV set ~24 hrs.

7. Trim excess RTV (~45 min).
8. Measure starting outside dimensions.
9. Sand top and bottom of each nozzle as needed (sand paper on flat surface – shop
table)
•

Forward and backward then circular sanding.
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•

Switch orientation then forward and backward then circular.

•

Take approximately half the amount oversized off of each face.

•

May need to sand the rear only, bring sand paper to edge of table and side to
side work on rear. Finish w/ circular motion.

•

Target Æ 2.494″ front and 2.35″ rear. Dry fit, all surfaces of the nozzle
should remain flush to the inside surfaces of the test section housing. Clean
sides of the nozzle before dry fitting.
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10. Insert the nozzle into the test section and measure the distance from the forward face
of the nozzle to the front of the test section housing.
11. Cut the nozzle inlet to this dimension (use the median dimension of each corner or
average if no mid) plus a 0.28 clearance for the test section front plate. Use an
additional 0.2″ clearance to account for a rough cut with the fiberglass chop saw.
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12. Face the nozzle inlet to the correct height with large insert face cutter at 1750 rpm
20 mil per pass.
13. Cut the recess around the perimeter with ¾” coated end mill at 1750 rpm 30 mil per.
(steps 11 and 12 ~45 min per nozzle inlet)
14. Rough up the outsides of the nozzle inlet, clean off (simple green), and then dry fit
nozzle inlet.
15. Weigh and take pictures of nozzle and nozzle inlet. Also, measure nozzle throat
height.
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3. Place RTV
on sides
2. Place RTV
on sides

1. Place RTV
on interface

16. Coat sides of nozzle inlet (apply the majority toward the upper portion as shown in
the figure) and nozzle/nozzle inlet interface of the nozzle inlet piece with RTV and
place upside-down on table
17. Coat the outer sides of the nozzle (apply the majority toward the upper portion as
shown in the figure) with RTV and place on top of the nozzle inlet. Finish by filling
side areas not covered (not shown).
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18. Clean inside of nozzle test section housing
19. Place the test section housing over both the nozzle and nozzle inlet. Then push the
housing down over the two pieces, gently and evenly. (Lower number nozzle
sample on bottom)
20. Flip over
21. Remove excess RTV that has extruded.
22. Apply a small force to the nozzle inlet face with the press. (i.e. rapid lower only)
The bottom of the recess in the nozzle inlet should be flush with the front face of the
test section housing.
23. Remove excess RTV that has extruded.
24. Install the test section front plate.
25. Attach the test section front plate to the test section housing using the 10 screws. (188 Stainless Steel Flat Head Socket Cap Screw 8-32 Thread, 5/8" Length)
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26. Remove from press and set aside ~24 hrs. Note the time.
27. Clear excess cured RTV with razor blade/pen knife or long flat screw driver. (takes
about 60 min for 3 test sections)
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M
28. Measure the distance from the nozzle exit face to the rear face of the test section
housing.

RTV
29. Machine exhaust plume shroud to smallest measured dimension. Rough cut with
fiberglass chop saw (leave ~0.2″ extra).
30. Rough any smooth surfaces with a light sanding and then clean outer surfaces with
simple green.
31. Weigh, test fit, label (if not already done), and take pictures.
32. Apply RTV to the surface facing the nozzle exit and the outer sides of the exhaust
plume shroud.
33. Insert the exhaust plume shroud into the test section housing slowly while smearing
excess RTV on the upper portion. Remove the excess.
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34. Install the nozzle test section retainer and secure with bolts allow RTV to set (~1 hr).
Note the time. Repeat above steps for each exhaust plume shroud, time to complete
should give about the required time for RTV to set.

35. After the one hour set time remove nozzle test section retainer, place a weight on top,
and allow to cure fully (~24 hrs).
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Appendix E: Post-Test Photographs of Nozzle
Components showing Nozzle Throat
Span-wise Variation
Post-test photographs of the nozzle component for all tests, including the system
checkout tests (Test#01 through Test#04) and the nominal configuration SRM test firings
(Test#05 through Test#29) are given in the following figures. In general, the observed
span-wise variation is minimal.
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Test#19

316

Test#20

Test#21

317

Test#22

Test#23

318

Test#24

Test#25

319

Test#26

Test#27

320

Test#28

Test#29

321

Appendix F: Recorded Pressure Response for the
Subscale SRM
Test #

Nozzle Configuration

01
02
03

LR1504 MC
LR1504 MC
LR1406 MC
LR1406 MC
w/Reduced Throat
LR1406 at 45°
LR1406 at 45°
LR1406 at 45°
MX4926N at 45°
MX4926N at 45°
MX4926N at 45°
MX4926N at 45°
MX4926N at 45°
MX4926N at 45°
LR1406 at 45°
LR1406 at 45°
MX4926N at 70°
LR1406 at 45°
MX4926N at 70°
MX4926N at 70°
MX4926N at 70°
LR1406 at 45°
MX4926 at 70°
LR1406 at 45°
MX4926N at 45°
MX4926 at 70°
MX4926 at 70°
MX4926N at 70°
MX4926 at 70°
MX4926 at 70°

04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Average
PC [psig]
249
252
306

Maximum
PC [psig]
341
338
355

Test
Duration [s]
3.83
3.85
3.63

P-t trace
Page #
322
323
324

462

600

3.22

325

601
548
561
598
602
592
600
603
596
543
551
619
579
602
606
591
568
584
548
576
583
587
692
657
688

773
676
678
729
743
711
748
724
719
672
680
748
719
716
717
707
698
701
671
686
698
712
886
790
910

5.23
5.76
5.6
5.65
5.5
5.59
5.55
5.54
5.54
5.64
5.73
5.45
5.43
5.5
5.45
5.59
5.59
5.59
5.61
5.57
5.54
5.58
4.77
4.91
4.7

326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

322

Teest#01

323

Teest#02

324

Teest#03

325

Teest#04

326

Teest#05

327

Teest#06

328

Teest#07

329

Teest#08

330

Teest#09

331

Teest#10

332

Teest#11

333

Teest#12

334

Teest#13

335

Teest#14

336

Teest#15

337

Teest#16

338

Teest#17

339

Teest#18

340

Teest#19

341

Teest#20

342

Teest#21

343

Teest#22

344

Teest#23

345

Teest#24

346

Teest#25

347

Teest#26

348

Teest#27

349

Teest#28

350

Teest#29

351

Appendix G: Enhanced X-ray RTR Image Sequences
with Nozzle Surface and
Char/Virgin Interface Contour
Representative sequences of X-ray images of the CCP in all of the subscale SRM
tests firings in the nominal configurations are given in this section. These images have
been enhanced by frame averaging, filtering, and brightness and contrast modification
(see Chapter 4 for details). The time indicated in the figures is the relative time from the
first pressure rise of the SRM. A full sequence of enhanced images results from the raw
images in 0.066s intervals. The full sequence has been clipped to roughly 0.75 s for the
figures given. Three contours which were determined from image analysis are also given
in the images; the initial contour shown in black, the nozzle surface as it recesses is
highlighted with a red contour, and the approximate location of the char/virgin interface
is highlighted with a green line.

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

Appendix H: Subscale SRM Flow-field and
Alumina Accretion Modeling
Three-dimensional calculations were performed using ANSYS-FLUENT® in
order to simulate the motion of alumina droplets in the combustion chamber and calculate
the wall accretion rate (rate of accumulation of discrete particles on surface). This was
performed at several instances during the operation of the subscale SRM, by solving for a
steady state solution for time dependant flow-field geometries at 0.5, 1.5, 2.5, 3.5, and
4.5 s. At each time a flow-field geometry was generated to account for the change from
the initial geometry due to the recession of the solid propellant grain [governed by
Equation (H.1) at 650 psia for the mix#5 of HTPB-analog propellant] and linear recession
of the nozzle surface (erosion rate estimated to be 10 mils/s).
x  rb t   AP n  t

(H.1)

From this geometry a mesh for CFD calculations was generated considering ¼symetry. In an iterative fashion a flow-field solution was produced (continuous phase
only as detailed below) and the wall y+ values determined. The near wall grid was then
refined until 30 < y+ < 300 (log-law layer). This resulted in a mesh with approximately
1.3M polyhedral cells which was used in the calculations detailed below.
The equilibrium products of the solid propellant combustion (HTPB-analog
mix#5) at 650 psia were calculated using the NASA-CEA code and input into the control
volume at the propellant surface boundary at an equilibrium flame temperature. The
following ingredient weight percentages and properties were used as the input to CEA.
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Propellant Ingredient
HTPB
MDI
IDP
CAO-5
Al
AP
Iron Oxide

wt%
7.97
1.05
4.90
0.08
16
69.88
0.12

h [cal/mol]
-12400
-12620
-212500
26200
0
-70690
-197000

Chemical Formula
C10 H15.4 O0.07
C 15 H 10 N 2 O 2
C19 H38 O2
C 23 H 32 O 2
Al
N H4 Cl O4
Fe2 O3

The following gas properties along with the effective molecular weight were used
to describe the combustion products entering the control volume.
Property
Pc
Tf
MWeff
dynamic viscosity(μ)
thermal conductivity (k)
specific heat (Cp)
Specific heat ratio (γ)

value
650
3323.52
25.269
9.8x10-5
0.3944
2053.2
1.191

units
psia
K
kg/m-s
W/m-K
J/kg-K

The combustion products were broken into two components, a continuous phase
and a discrete phase. The amount of alumina in the combustion products was determined
by CEA to be approximately 27% (by mass). From quench bomb testing it is known that
liquid alumina can be further broken into two size components; small (smoke) particles
below 10 μm (~71% by massfs) which are entrained by the flow and larger discrete
particles (~29% by mass1-fs). The molecular weight (MWeff) of the continuous phase
was modified to include the small Al2O3 particles in the smoke.
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NG

MWeff 

X
j 1

j

MW j  f s X Al2O3 MWAl2O3



1  X Al2O3



 MWeff  25.269

(H.2)

DP

where,
Mass fraction of Al2 O3 that is smoke, f s  0.7167
X Al2O3  0.07077
X Al2O3 MWAl2O3  7.215927
NG

X
j 1

j

MW j  18.30895

The total mass flux of combustion products was determined from Equation (H.3)
at 650 psia (4.48 MPa); with ρp = 1749.0929 kg/m3 and for HTPB-analog mix#5 burning
rate in in/s is given with A = 0.0177 and n = 0.4593 for P in psia.

m T 

 p rb Ab
kg
m

  p rb   p  AP n   m T  15.4025
s m2
Ab
Ab

(H.3)

This mass flux was then broken into two components, one for the discrete phase
(larger alumina droplets) given by Equation (H.4) and a continuous phase (heavy gas
considering all gaseous species and small alumina smoke) given by Equation (H.5).
  1  f s  YAl2O3 m T  m DP  1.23353
m DP
  m T  m DP  m CP
  14.169
m CP

where,
f s  0.7167
YAl2O3  0.28269

kg
s m2

kg
s m2

(H.4)
(H.5)
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The total amount of DP injected into the control volume is dependent on Ab/4 and
for the 0.5s burn time is given by Equation (H.6).
kg   0.02234373 m 2 
A  
  b   1.23353
  0.027
m DP  m DP

  m DP
4
s m2  
 4  


(H.6)

However, prior to injecting the discrete phase into the control volume with flow-field
solution with only the continuous phase was solved. The Reynolds stress turbulence
model employing default coefficients was used with non-equilibrium wall functions.
Pressure and velocity were coupled and 2nd-order upwind discretization schemes were
used (converging to a 1st-order solution and then proceeding to 2nd-order). A turbulence
intensity of 5% with a characteristic turbulent length scale of equal to the radius of the
propellant bore was specified at the propellant surface. No-slip boundary condition with
a temperature of 2000 K (2500 K for the nozzle) was specified at all walls and a pressure
outlet condition with a backflow temperature of 1500 K was specified at the outlet of the
control volume.

The solution was considered converged when continuity, velocity,

energy, and turbulence quantities (stress, turbulent kinetic energy, and dissipation) were
below 10-5. In addition, overall satisfaction of continuity was verified by comparison of
the mass flow into and out of the control volume, below 10-4.
Following the continuous phase only solution convergence, the inert discrete
phase was injected at 3.45 m/s normal to the propellant surface with a temperature equal
to the flame temperature of the solid propellant combustion products.

These large

alumina particles were modeled using a Rosin-Rammler particle size distribution [see
Equation (H.7), where mass fraction of particles with a diameter greater than d is given as
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an exponential function of the mean diameter and a spread parameter]. The RosinRammler distribution used in these computations (and in general the CFD approach) was
based on a full-scale RSRM and ETM (Engineering Test Motor) computational study
(Ahmad, Morstadt, & Eaton, 2003) based on results from quench bomb testing of
aluminized propellant (Brennan, 1996).

Yd  e

 d / d 

n

(H.7)

where,
Property
Minimum Diameter [μm]
Maximum Diameter [μm]
Mean Diameter [μm]
Spread (n)
Number of Parcels

10
600
87.8
1.1426
8

and when plotted

The properties of the injected alumina are given in the following table.
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Property
Density (ρAl2O3)
specific heat (Cp)
thermal conductivity (k)

value
2700
1888
7.4

unit
kg/m3
J/kg-K
W/m-K

The discrete phase calculations were then coupled to the continuous phase using
thermophoretic forces and the use of a spherical particle drag law.

The effect of

turbulence dispersion of the discrete phase particles was accounted for by using
stochastic particle tracking technique. The discrete random walk model was used with
sufficient number of samples (15 tries) to provide a statistically meaningful result. The
time scale constant of 0.3 was used in the random walk computation.
A reflective particle wall boundary condition was applied at the propellant
surface, a trapped particle wall boundary condition was applied to all other walls (so that
any particles coming in contact with the walls of the test section would not be reflected),
and an particle outlet condition was specified at the control volume outlet. In this
simplified calculation, the effects of droplet coalescence and breakup were not
considered. While droplet breakup is not likely to occur prior to the nozzle, coalescence
of droplets would tend to increase droplets size near the region where the nozzle is
converging.

Shifting the size distribution near the nozzle would result in greater

accretion rates. Similarly, the mass loss of the particles due to shear forces on the liquid
film was not considered.

Accretion rate onto interior surfaces is then given by

Equation (H.8).
N
m
A   P
p 1 AFace
P

(H.8)
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The results of CFD calculations using the geometry developed for the 0.5s burn
time is given in the following figures. The first set of figures gives the centerline
pressure, temperature, and Mach number distributions near the nozzle surface. A plot of
the velocity magnitude distribution with streamlines is then given. In addition, the
calculated accretion rate distribution onto the surface of the nozzle is given in the last
figure.
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