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ABSTRACT
Research has shown that nano-sized particles of explosives have a reduced
sensitivity to impact and shock. Nano-sized energetic particles have also shown promise
in improving the performance of propellants and explosives. Therefore, a method to
produce nano-sized explosive particles could be ideal for sensitivity and performance
reasons.

Supercritical fluid precipitation has been shown to produce nano-sized

explosive particles effectively.

This research explores the feasibility of processing

energetic materials using three different supercritical fluid precipitation techniques. The
first technique is called the Rapid Expansion of a Supercritical Solution (RESS). The
RESS process dissolves a solute in a supercritical fluid and then rapidly expands the
resulting solution through a nozzle to produce small (nano-sized) and uniform particles
from a high degree of supersaturation. The second technique is the Rapid Expansion of a
Supercritical Solution into a Liquid Solvent (RESOLV) Process. This process is similar
to the RESS process except the supercritical solution is expanded into a liquid and
dispersant solution to reduce particle agglomeration and to reduce the size of the particles
further.

The final technique investigated is the Rapid Expansion of a Supercritical

Solution with a Nonsolute (RESS-N) process in which the precipitating solute is used to
encapsulate or coat a nonsoluble substance by heterogeneous nucleation.
This works takes both a theoretical an empirical approach. On the theoretical
side, a numerical code that accounts for nucleation and condensation in the RESS process
was written in FORTRAN to predict how altering pre-expansion pressures and preexpansion temperatures in the RESS process could affect the final particle size of the
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produced RDX. It was determined that pre-expansion temperature had a marginal impact
on final particle size but higher pre-expansion pressures were beneficial in forming
smaller particles. Also, a software program called STABIL© was used to model nanosized RDX particle interactions in a water and CO2 suspension that would be created in
the RESOLV process. STABIL© showed that polymer coatings are absolutely necessary
as particles will agglomerate within minutes if the coatings are not present. In addition,
the software program CEA was used to predict how polymer-coated RDX particles
produced through the RESOLV process would perform in rocket and combustion
applications.
For the empirical part of this work, the RESS process was used to produce nanosized particles of cyclotrimethylenetrinitramine (RDX) and Bis(2,2,2-trinitroethyl)-3,6diaminotetrazine (BTAT). Nano-sized particles of RDX were produced in the size range
from 65±15 nm to 105±35 nm. Slightly smaller particles were observed for higher preexpansion pressures.

The RESS-produced RDX particles were also tested for their

impact, friction, and electrostatic discharge (ESD) sensitivity. The RESS-produced RDX
showed a dramatic decrease in impact sensitivity showing an increase in the 50% impact
height from 17 cm to 44 cm. The friction and ESD sensitivity of the RESS-produced
RDX was approximately the same as military grade RDX particles. BTAT particles were
also produced using the RESS system. BTAT particles showed a dramatic decrease in
particle size with a more optimal round morphology at higher pressures. The RESOLV
process was used to produce well dispersed colloidal suspensions of PVP and PEI-coated
RDX particles.

The RESOLV-produced particles were as small as 30 nm and fairly

stable against agglomeration for extended periods of time.

Altered decomposition
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behavior was observed for RESOLV-produced RDX particles through analysis by
differential scanning calorimetry and thermal gravimetric analysis. Enough PVP-coated
particles were produced with the RESOLV process to send them to the Naval Air
Warfare Center-Weapons Division (NAWC-WD) in China Lake, California. The PVPcoated particles showed no large differences in impact (19 cm 50% drop height instead of
the standard 17 cm by ERL impact test) or ESD sensitivity (4 no-gos for NAWC ESD
test) but showed a significant reduction towards initiation by friction (521 lbs threshold
initiation level force instead of the standard 468 lbs by ABL friction test). The RESS-N
process was used to coat nano-sized ALEX® aluminum particles with RDX. Coatings
were observed on the ALEX® particles by field emission scanning electron microscopy
(FE-SEM) and by energy dispersive X-ray spectroscopy (EDS). A method of injecting
ALEX® particles into the RDX/CO2 supercritical solution was developed that was
effective in coating small batches with RDX.
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Chapter 1
Introduction
1

1.1

Overview of the need for new ways of processing energetic materials

Energetic materials are commonly used for a wide variety of applications. They
are used anywhere from mining to military applications. Energetic materials have many
useful attributes such as large amounts of exothermic energy release along with mass
ejection faster than the speed of sound. Energetic materials are primarily used in three
applications which are explosives, gun propellants, and solid-rocket propellants.1 For an
energetic material to be useful it must meet certain qualifications.

Some of these

qualifications include:
1) The energetic material must age well during storage
2) The energetic material must have a high density
3) The energetic material must be insensitive to accidental ignition by impact,
shock, friction, and electrostatic discharge (ESD) stimulus
4) The energetic material must have good performance characteristics in regards
to detonation pressure and velocity if used as an explosive
5) The energetic material is compatible with other materials used in propellants
and explosives
6) The energetic material has a suitable chemical and thermal stability
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7) The energetic material exhibits a favorable burn rate with a high flame
temperature if used as a solid propellant.

When one is evaluating a complete energetic system, having insensitive munitions
(IM) characteristics is crucially important. An energetic material with IM qualities does
not initiate easily under a litany of stimuli including impact, shock, friction, and ESD
among others. One drawback of many crystalline explosive materials is that generally as
the performance increases, the sensitivity does as well. Producing crystalline explosive
materials as nano-sized particles could be a potential way of side stepping this problem.
In addition to a decrease in sensitivity, performance increases such as increased reactivity
and an increase in energy density might be possible with nano-sized crystalline explosive
materials.
Often energetic materials with IM characteristics and satisfactory performance are
accomplished by synthesizing new energetic material compounds. This is sometimes
done but new satisfactory formulations do not come along often. An alternative method
to decreasing the sensitivity of an energetic material while keeping its performance is to
modify the energetic material’s size and shape. Traditional size reduction methods such
as grinding and milling can be dangerous as they can cause accidental initiation of the
material. Size control and distribution are also hard to achieve with these methods.
Alternative size modifying methods are desired.
In addition to energetic materials, metallic additives have been used to increase
the performance of propellants and explosives for a long time. Traditionally aluminum
was used to increase propulsive performance. It has been found by various researchers
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that aluminum in the form of nano-sized particles can further increase propellant
performance in the form of burning rates.2
While nano-sized aluminum particles possess many potential advantages, there
are also drawbacks. One drawback to nano-sized aluminum particles is that there are
production difficulties with nano-sized aluminum that include agglomeration and poor
mixing when used in a propellant. Encapsulation of aluminum nano-sized particles in the
RESS-N process could provide much more intimate mixing between explosive/oxidizer
and fuel than in conventional propellant processing methods.

More consistent

combustion and improved reactivity might be possible with these encapsulated particles.

1.2

Research Motivation and Objectives

Recent research has shown that smaller crystal sizes in crystalline explosives can
reduce their sensitivity to impact. It is also known that defects and voids in a crystalline
energetic particle can cause the material to become more sensitive. Increased sensitivity
with energetic materials can be hazardous and can prevent the material from being used
in a practical manner. A method to produce small (nano-sized) and high purity crystals
would be highly desirable. It is also known that nano-sized particles can have different
properties than larger bulk-sized material. Some of these potential properties include
higher reactivity and increased energy density. Therefore, it may be possible to have
both higher performing and lower sensitivity energetic crystalline particles if one is able
to produce them on the nanoscale.

4

The objective of this work is to investigate how supercritical fluids, in this case
carbon dioxide (CO2), can be used to successfully process energetic ingredients. The
processing would include both producing nano-sized particles of secondary explosives
(primarily nitramines) and coating metallic energetic nano-sized particles with a
secondary explosive material such as RDX. One of the supercritical fluid processes
includes the Rapid Expansion of a Supercritical Solution (RESS) process. The RESS
process involves dissolving a solute in a supercritical fluid to create a supercritical
solution. The resulting solution is then rapidly expanded to precipitate fine and uniform
particles. The RESS process can change the size and shape of energetic particles which
can help reduce the particles sensitivity to accidental initiation.
The RESS process can be altered by expanding the supercritical solution into a
liquid. The liquid can have selected molecules dissolved in it such as surfactants and
polymers. These molecules or dispersing agents can adsorb to the surface of the newly
nucleated particles to adequately disperse them and impede their growth from
coagulation. This is called the Rapid Expansion of a Supercritical Solution into a Liquid
Solvent (RESOLV) process. If water is used as the liquid then the process is called the
Rapid Expansion of a Supercritical Solution into an Aqueous Solution (RESS-AS)
Process. The RESOLV process is advantageous in that it can form nano-sized particles
that are well dispersed which are advantageous for processing applications. Also, the
particles can be coated with a dispersant which can help with processing into viscous
polymers when the energetic ingredients are placed into a propellant or explosive. The
RESOLV process can also form nano-sized particles that are significantly smaller than
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the RESS process. These nano-sized particles could have altered reactivity and energy
density compared to larger bulk-sized materials.
Another processing technique is the coating of nano-sized metallic particles with
supercritical fluid soluble energetic materials using the Rapid Expansion of a
Supercritical Solution with a Nonsolute (RESS-N).

The RESS-N process involves

expanding a supercritical solution with insoluble particles seeded in the flowing fluid.
The RESS-N process should allow for the encapsulation of nano-sized metallic particles
in an energetic material by heterogeneous nucleation. These techniques allow for the
tailoring of energetic materials that are not possible in conventional ways.
In summary, the main objective of this research is to achieve an in-depth
understanding of how supercritical fluid processing of energetic materials can be used to
create potentially new novel ingredients on the nano scale. Characterization of these
novel materials is critically important to understanding how supercritical fluid
precipitation processes can potentially change the behavior of the material. The specific
objectives of this research are:
1) To evaluate the particle size and morphology of produced energetic materials
using the RESS system under different temperature, pressure, and nozzle
geometry conditions,
2) To characterize potential benefits and attributes of the RESS-produced
particles such as sensitivity, decomposition temperature, chemical purity, and
crystal structure,
3) To investigate using the RESOLV process to form nano-sized colloids of
dispersed energetic particles,

6

4) To characterize potential benefits and attributes of the RESOLV-produced
particles such as sensitivity and decomposition behavior, and
5) To successfully encapsulate nano-sized metallic particles with an energetic
material such as RDX and characterize the coating properties.

1.3

Method of Approach

The approach to this research is primarily experimental, although some theoretical
work in the form of modeling and empirical calculations is performed to attempt to
illustrate a more lucid picture of the physics behind some of the phenomena in the
supercritical fluid processes.
Chapter 2 provides background information on the benefits of nano-sized
energetic materials.

This chapter also provides information on supercritical fluid

precipitation techniques and the physics behind them. In addition, information on some
of the important areas regarding this research such as nucleation theory and particle
interactive forces are explained.
The experimental approach to this research is described in Chapter 3.
Descriptions of any experimental equipment utilized for this investigation is provided in
detail. Descriptions of the RESS, RESOLV, and RESS-N systems are all provided.
Descriptions on how particle information was gathered and sensitivity testing was
conducted are also supplied.
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Theoretical modeling and calculations are provided in Chapter 4.

Results from

using the software program STABIL© to account for particle interactive forces in liquid
environments is provided. Thermochemical equilibrium calculations are also provided
for RDX particles coated with polymers that were also used as dispersants in the
RESOLV process. In addition, a particle growth model was developed that explains how
altering experimental parameters such as the pre-expansion temperature and preexpansion pressure of the RESS process can alter the final produced particle size.
Finally, experimental calculations are performed such as how long of a duration should a
RESS system test be run for and what the molecular weight should be of the polymeric
dispersants used in the RESOLV process.
Experimental results are presented in Chapter 5. These included size results and
microscope images of energetic particles produced through the RESS process.
Sensitivity information is given on these particles as well.

In addition, the same

information is given for particles produced through the RESOLV process.

Finally,

results are provided from the RESS-N testing to show how effective the process can be in
coating metallic nano-sized partices.
Conclusions and suggested future work are provided in Chapter 6.
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Chapter 2
Background and Literature Survey
2
This chapter supplies background information that is needed to understand why
supercritical fluid processing has several key advantages over conventional methods of
processing energetic materials.

In addition to the benefits of supercritical fluid

processing, the chapter also provides information on energetic materials in regards to
how they are produced, characterized, and how they can initiate. The chapter also
provides important information to understand how the size, quality, and morphology of
energetic particles (particularly explosives) can affect their sensitivity and their
performance. Since supercritical fluids will be used to process the energetic materials, it
is also important to understand fundamental concepts such as how supercritical fluids
dissolve certain compounds and the precipitation thermodynamics needed to be
understand how a solute can nucleate from a solution. Due to the small size of the
produced particles in this project, it is important to understand the physics that affect the
motion of small particles in quiescent and moving environments. Extensive knowledge
in surface chemistry is important in understanding how to coat nano-sized particles and
how to adequately disperse nano-sized particles. Finally, appropriate characterization
methods need to be reviewed to understand how certain qualities in an energetic material
can be measured and quantified before they are tested.
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2.1

Energetic Materials used in this Investigation

Monomolecular energetic materials are the main ingredient in many explosives,
gun propellants, and rocket propellants.

Some early examples of monomolecular

energetic materials include 2,4,6-trinitrotoluene (TNT), the energetic materials
cyclotrimethylenetrinitramine (RDX), and cyclotetramethylenetetramine (HMX). RDX
and HMX are primarily used today for high explosive (HE) applications and for rocket
propellants.1 Since these early energetic materials were developed, many new energetic
materials have been developed such as pentaerythrol tetranitrate (PETN), ammonium
dinitramide (ADN), and 2,4,6,8,10,12-(Hexanitrohexaaza)tetracyclododecane (CL-20).
There are many more energetic materials in use and new energetic materials are still in
development.
For an energetic material to be suitable for use it must possess a variety of
qualities. The material must be economically practical, have superior performance, good
processing abilities, good ageing characteristics, and have a low sensitivity to accidental
initiation.3

The research for this project focuses on four energetic materials which

include RDX, bis(2,2,2-trinitroethyl)-3,6-diaminotetrazine (BTAT), the energetic binder
poly(3-nitrato-oxetane) or PNO, and nano-sized aluminum. Each of these four energetic
materials can be improved by supercritical fluid processing.

2.1.1

RDX

RDX (CAS # 121-82-4) is used extensively in many propellant and explosive
formulations. It is classified as a nitramine (an energetic material having N-NO2 bonding
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in its molecular structure) and consists of a carbon, nitrogen, and hydrogen center ring
with nitrous (NO2) groups that branch from the center as shown in Figure 2-1. RDX is
one of the most commonly used energetic materials available.

RDX is the main

ingredient in C-4 and other plastic bonded explosives (PBX). RDX is also used in
various solid-rocket propellants (XM39, M43) as well. RDX releases a considerable
amount of energy per volume when detonated and has a high detonation pressure. It is
these qualities along with its abundance and affordability that make it an attractive
energetic material for many applications.

Figure 2-1: RDX molecule. Molecule has a ring-like structure with N-NO2 groups.

RDX is available commercially in a variety of classes and types. Type I RDX is
made by the nitric acid process (Woolwhich process) and type II RDX is made by the
acetic anhydride process (Bachmann process).

These processes involve chemical

reactions and as a result of the reactions the primary product is not just RDX, but rather
another similar energetic material HMX as well. Type II RDX is considerably more pure
than type I in terms of HMX content.4
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RDX tends to crystallize in the orthorhombic Pbca space group in its alpha
polymorph, which is its most common polymorph. The dimensions of the unit cell are
a=1.318 nm, b=1.157 nm, and c=1.070 nm.5 The RDX molecule usually tends to orient
itself in a crystal in a “chair” or “boat” structure. In the chair configuration, the nitrous
groups are not located in the same plane as the main ring, but rather tend to be
perpendicular to the ring.
RDX crystals of every class have large crystals on the micrometer size scale when
processed conventionally. A scanning electron microscope (SEM) image of a Type II,
Class 1 RDX particle can be seen in Figure 2-2. The size range specifications for Type
II, Class 1 RDX particles are that 98% are smaller than 840 µm and 75% are larger than
74 µm.4 From the image one can see that the particles have imperfect surfaces with
rugged edges. A significant amount of surface defects are readily observed with cracks,
voids, and inclusions visible.
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Figure 2-2: FE-SEM image of the surface of a Type II, Class 1 RDX particle. An
imperfect surface and sharp edges are clearly visible

The properties for standard RDX have been well known for a long time. The
material has a melting temperature of 470 K and the material decomposes shortly after
melting.1 RDX is known to be moderately sensitive to initiation, but not overly so. The
material has an Explosives Research Laboratory (ERL) H50 impact sensitivity of 17 cm
for a 2.5 kg drop weight, an electrostatic discharge sensitivity of 0.165 J, and an
Allegheny Ballistic Laboratory (ABL) friction sensitivity of 135 psig.

2.1.2

BTAT

Bis(2,2,2-trinitroethyl)-3,6-diaminotetrazine (BTAT (C6H6N12O12)) is a new and
novel energetic material synthesized recently.6 BTAT is novel in that it has higher
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nitrogen and oxygen content than a conventional energetic material such as RDX. This
leads to a positive oxygen balance, which is favorable considering that most energetic
materials are oxygen deficient. The molecular structure of BTAT is shown in Figure 2-3.

Figure 2-3: BTAT molecule6

BTAT crystallizes in the orthorhombic Pna21 space group with dimensions of
a=2.328 nm, b=0.592 nm, and c=1.113 nm. Therefore, BTAT crystallizes with a much
higher aspect ratio than RDX does. Each unit cell contains four BTAT molecules that are
held together by hydrogen bonding between the two hydrogen atoms on each molecule
and dipolar interactions between the nitrous groups at the end of the molecule. The
crystal density of BTAT is fairly high at 1.889 g/cc. This is good for performance as
detonation velocity depends on density from the Kamlet-Jacobs relationship.1 A FESEM image of BTAT particles can be seen in Figure 2-4. From the image it is clear that
the particles tend to be plate-like and stack easily. This plate-like morphology is not
uncommon with some crystals and the sensitivity of the material to initiation could be
reduced if the size and shape of the particles are altered into smaller, more spherical
particles.

Also, larger packing densities can be achieved if the particles are more

spherical in shape.
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The decomposition temperature and sensitivity of BTAT are comparable to RDX.
BTAT decomposes at a temperature of 457 K. BTAT has an ERL H50 impact sensitivity
of 0.113 m for a 2.5 kg drop weight and an ABL friction sensitivity of 160 psig.6
Therefore, BTAT could benefit from reduced impact sensitivity like RDX can.

Figure 2-4: FE-SEM images of BTAT particles. The plate and needle-like structure of
the crystals is very apparent. This particle morphology is not ideal for sensitivity reasons.

2.1.3

PNO

Poly(3-nitrato-oxetane) or PNO is an energetic binder produced by the Naval Air
Warfare Center Weapons Division (NAWC-WD) in China Lake, California. It is used
with energetic ingredients such as RDX. It is advantageous over conventional binders
such as hydroxyl-terminated polybutadiene (HTPB) as it is energetic and HTPB is not.
PNO is a structural isomer to polyglycidyl nitrate (PGN), a more commonly used
energetic binder.

PNO improves the mechanical qualities of a propellant and/or

explosive better than PGN does. However, one needs to be more cautious when handling

15

it as it can be unstable since it is a nitrate ester. Nitrate esters decompose and form nitric
acid with if exposed to humidity.

2.1.4

Nano-sized Aluminum Particles

Aluminum particles and flakes have been used extensively in solid-rocket motors
and thermobaric explosives. Aluminum particles and flakes are used in solid rocket
propellants because of the high energy they produce during combustion with oxidizers.7
Recent advances have made it possible to produce aluminum particles on the nano size
scale. Nano-sized aluminum shows increased burning rates over standard aluminum
when added to a propellant. It has been shown that the propellant burning rate can
increase by two to five times with shortened ignition delays.8 Nano-sized aluminum has
many favorable qualities because of the high concentration of atoms that are on the
particle surface. Surface atoms or molecules have lower coordination numbers than bulk
atoms, meaning that they have fewer atoms directly surrounding them.

The large

percentage of surface atoms is responsible for the unique physical properties of nanosized aluminum particles. These properties included higher reactivity and lower melting
and ignition temperatures than micron-sized aluminum.9 Mench et al.10 showed that
when ALEX® powder is heated it could react with air at temperatures well below the
melting point of aluminum (660° C). This ignition temperature is significantly lower
than that of micron-sized aluminum which ignites in air at the melting point of its
alumina shell (2,300 K) for 100-µm particles and larger.

In addition, nano-sized

aluminum particles can reduce the amount of slag in rocket motors after combustion from
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more efficient combustion. However, it should be stated that performance increases from
using nano-sized aluminum particles can be reduced if the aluminum particles are too
small (10-20 nm) since a large percentage of the particles mass will be the nonreactive
alumina oxide layer. This is shown in Figure 2-5. It can be seen that 26-nm aluminum
particles have an active aluminum content of only 43.9%.

Figure 2-5: Table of manufactured nano-sized aluminum particles with statistics on their
size, active aluminum content, and effective density among other characteristics.11

Nano-sized aluminum is produced by a few methods. One method of producing
these particles is from exploding an aluminum wire in an argon environment. The
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method is called the electroexplosion of metal wire (EEW). FE-SEM images taken of
these nano-sized aluminum particles can be seen in Figure 2-6. The particles are nearly
spherical and have an average size of approximately 100-nm in diameter. These nanosized aluminum particles are called ALEX® which stands for Aluminum Exploded and
possess a wide size distribution.12
A potential problem with introducing nano-sized aluminum particles into
propellants is that their small size can provide complications in processing them. Mainly
the particles can agglomerate easily and the small diameters of the particles can increase
the propellant mix viscosity before it is cured. All of these processing issues can lead to
nonuniform propellants that lead to unstable combustion.13 In addition, the increased
surface area of the particles can promote catalytic reactions and accelerate the propellant
curing process. A method of making coating the aluminum nano-sized particles with
explosive material could form nanocomposites of nano-sized aluminum particles could
potentially mitigate some of these problems.
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Figure 2-6: FE-SEM images of ALEX® powder. The large size distribution in the
particles is obvious.

2.2

Relationship between Energetic Material and Sensitivity

One of the most important properties of energetic materials is their sensitivity to
initiation by outside stimulus. Under no circumstances should an energetic material
initiate accidently. Unintended initiation could have disastrous consequences such as loss
of equipment or injury and death. Therefore, a large amount of research has been
devoted to understanding what physical parameters make an energetic material sensitive
to accidental initiation.

Because of the importance of sensitivity, development of
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insensitive munitions (IM) has become an important topic in the energetic material
community. In the case of crystalline secondary explosives, the sensitivity is determined
by many physical attributes of the crystalline energetic material. In order to reduce the
sensitivity of an energetic material, one needs to understand what causes their initiation.
A crystalline explosive’s particle size, particle shape, surface smoothness,
porosity, crystal quality, and other factors can all have an effect on the energetic
material’s sensitivity. Recently a round-robin study was performed by the United States
military and other international groups to understand what factors can affect an energetic
materials sensitivity.14

The energetic material considered was RDX.

The RDX

crystallization processes and HMX content were investigated. It was concluded that
RDX made by the Woolwich process (nitric acid process) is less sensitive than the
Bachmann process (acetic anhydride process) because the Woolwich process contains
less HMX as an impurity. To further validate this statement, Borne and Ritter15 showed
that as the HMX concentration in RDX was increased from 0 to 0.14% the shock pressure
threshold for ignition decreased from 6.0±0.2 GPa to 5.4±0.15 GPa. From the results,
obtaining high purity particles is important to decrease sensitivity. Unfortunately, no
reason has been provided on why HMX impurities would increase the sensitivity of the
RDX.
In addition to purity, the morphology and crystalline structure of an energetic
material also affect its sensitivity. One reason for this is that these characteristics affect
heat conduction in the energetic material. When an energetic material is subject to
impact, shock, friction, or electrostatic discharge an increased temperature region or hot
spot is observed in the temperature distribution within the material. Hot spots can
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nucleate and coalesce eventually leading to a detonation. Detonation can occur because
temperatures from hot spots eventually can rise to levels that cause the material to
decompose. Hot spots are common to crystalline materials, but energetic materials are
sensitive to them due to their low autoignition temperatures. The detonation reaction and
thus the area of the highest temperature hotspots is often thought to start around inelastic
deformations near non homogeneous parts of a particle such as cracks, pores, or
inclusions. Hot spots can be produced by a few methods and the way they are produced
can be a subject of debate.16
Voids or defects in energetic material crystals can affect the material’s sensitivity
because they tend to produce hot spots.

If heat is conducted though the energetic

material, voids will be regions where hot spots can be found as they represent
discontinuities in the material and reduce the ability of the material to conduct heat.
These hot spots promote initiation as explained before because of a crystalline energetic
material’s low decomposition temperature. It has been experimentally shown that RDX
tends to initiate easier when impacted by a large weight if there are noticeable voids in
the material.17 Maienschein et al.18 purposely inserted micron sized voids into PETN
grains and observed a noticeable increase in the shock sensitivity. PETN grains with
voids were approximately 10% more sensitive. In addition, RDX particles with less
voids and surface defects were observed to be less sensitive to initiation by a fragment
impact test and shaped charge impact test by van der Heijden et al.19
The shape of the particles of an energetic material also directly affects their
sensitivity.

Van der Heidjen and Bouma20,21 showed that spherical RDX particles

decreased the shock sensitivity of a plastic bonded explosive (PBX) in a 50 mm
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poly(methylmethacrylate) gap test from an initiation pressure of 3.3 GPa to an initiation
pressure of 3.9 GPa. The more spherical the energetic materials particles are, the less
sensitive they are. A more detailed investigation on how the morphology of energetic
materials affects their shock sensitivity was performed by Czerski and Proud.22 Shock
sensitivity of the RDX crystals was determined with a small-scale gap test. Two different
sizes of RDX (100-300 µm and 10-30 µm) were used with varying porosity and surface
morphology. For the smaller RDX particles, smoother surfaces were less sensitive to
shock than rougher surfaces. Higher porosities also lead to higher sensitivities but this
was determined to be less important than particle morphology. Projecting features on
energetic particles were considered negative because they can increase interparticle
friction which can make it harder for particles to rearrange and pack together when
subjected to an outside stress. Increased interparticle friction would tend to favor hot
spot formation. Particle porosity was also determined to contribute to the sensitivity of
an energetic material. Internal pores tend to be favorable locations for hot spots to
develop when subjected to a shock.

Generally porous energetic materials develop

nonuniform temperature distributions and irregular stresses as it was stated before.
It should also be stated that there is a commercially available grade of RDX that
has been labeled as Reduced Sensitivity RDX (RS-RDX) which is manufactured by
SNPE of France. RS-RDX has been shown to be less sensitive than regular RDX in
shock sensitivity tests, but has been shown to be of similar sensitivity in impact
sensitivity tests.23 The main difference in RS-RDX was that it had been recrystallized
after it was initially produced. How the material was recrystallized remains a trade
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secret.

However, some differences had been observed such as RS-RDX has more

rounded edges than regular RDX and that RS-RDX has less HMX in it as an impurity.
A theory for explaining how energetic materials initiate under impact is from
dislocation pile ups induced from the shear stress from the impact. This theory was
initially supported by research performed by Miller et al.24 when crystals of sodium
chlorides (NaCl), ammonium perchlorate (AP), RDX, and PETN were tested with an
impact machine and the resulting infrared emission was monitored.

Deduced

temperatures from the infrared emission were higher than expected in some regions. All
crystalline materials tested showed the same results. It was concluded that hot spots are
common to all crystalline materials but affect energetic materials because of their
relatively low autoignition temperatures. The formed hot spots were explained through
the dislocation pile up theory.
The dislocation pile up theory (sometimes called dislocation avalanching)
hypothesizes that dislocations in a crystal can pile up and leads to hot spots when
subjected to a shear stress.25 A graphical representation of the process can be seen in
Figure 2-7. First, a shear stress is applied to the surface of a crystalline material with
defects. Then the shear stress causes the defects in the crystalline material to pile up.
Eventually a critical number of pile-up dislocations accumulate until the lead dislocation
breaks free from its original position at a speed c. The lead dislocation movement causes
a high temperature region or hot spot to form from frictional heating.
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Figure 2-7: Representation of dislocations piling up from shear stress25. The small dark
spots represent crystal dislocations. When a shear stress is applied to the crystal, the
dislocations pile up on a crystal boundary until a critical stress is reached that cleaves the
boundary and causes heating by friction.

Armstrong26 related the temperature rise from a dislocation pile-up breakthrough
on a single slip plane for an energetic material to its crystal size by the following
relationship:

4ks4α 3  2lc 
∆T ≤ 4 3 2  * 
π F b  Kc 

1/ 2

(2-1)

where ∆T is the change in temperature, l is the crystal diameter or particle size, α=2(1-

ν)/(2-ν) where ν is the Poisson ratio of the material, b is the Burger’s vector for the
crystal, F is the shear modulus, c is the lead dislocation velocity, c* is the specific heat at
constant volume, K is the thermal conductivity, and ks is the micro-structural shear stress
intensity which can be further expressed as:
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ks =

π Fb

4α ( ∆x1 )

1/ 2

(2-2)

where ∆x1 is the dislocation separation distance. Finally, it was determined that the drop
height of an impact test is proportional to a shear stress imposed on a crystal. Using this
information, the following relationship was determined:

 8π 2∆TK 1/ 2 c*1/ 2b1/ 2
 G0  1/ 2 
 −
l 
log H 50 = log H + n / m log
exp
k s c10/ 2

 2k BT  
*
50

(

*

)

(2-3)

where H50 is the height where initiation occurs half of the time, H50* is a reference drop
height, m* =W0/kT where W0 is a reference energy value and kB is the Boltzmann
constant, G0 is the Gibbs free energy of activation at a temperature of 0 K, c0 is the upper
limiting dislocation velocity, and n is the strain rate sensitivity coefficient.

From

Equation 2-3, useful information can be obtained for relating the impact sensitivity of an
energetic material to its crystal diameter. From this, one can see that the crystal size of
an energetic material has a direct influence on its impact sensitivity. Armstrong’s27
predictions for the impact sensitivity of RDX and other energetic materials can be seen in
Figure 2-8 with the size range extended to crystal diameters in the nanometer regime.
The dashed box represents particles with a crystal size of 400 nm. The impact sensitivity
to crystal size relationship was confirmed by experiments for micrometer-sized particles
which are plotted as data points on the chart. It is important to understand that particles
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that were truly of the nano regime (D < 100 nm) were never tested because they are
difficult to produce. One should take the extrapolation into the nano-size regime in the
figure with some caution. The extrapolation made assumes that nano-sized crystalline
energetic materials will behave the same way as micron-sized particles. While in reality,
it is very possible that some of the physical properties of the particles can change when
the particles are that small. These altered physical properties could alter the sensitivity of
the material in unknown ways.
In addition to impact, smaller energetic particles have also showed reduced
sensitivity

to

shock

waves.

A

detailed

study

of

5-170

µm

cyclotetramethylenetetranitramine (HMX) particles in a planewave lense wedge tests was
conducted by Simpson et al.28 Smaller particle sizes were determined to be less sensitive
to shock.
.
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Figure 2-8: Projected H50 drop height vs. inverse crystal size (from Armstrong27).
Smaller crystals are projected to be less sensitive to initiation by impact.

From the current information compiled on energetic material sensitivity, it would
be advantageous to find a way to produce energetic material particles with high purity, a
spherical shape, and having small crystals with few crystalline defects.

However,

traditional synthesis methods do not provide all or even some of these qualities.
Therefore, alternative synthesis methods will need to be employed to create the desired
size, shape, purity, and crystalline structure needed in order to produce insensitive
crystalline energetic materials.
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2.3

Relationship between Energetic Particle Size and Shape with Combustion
Performance
While many smaller energetic particles increase the burn rates of certain

propellants, some energetic materials exhibit less noticeable trends.

Kubota29

investigated the burning rate of RDX and HMX as a function of concentration and
particle size. Particles were mixed with a polyurethane binder by different weight ratios.
The resulting propellant strands were tested in windowed strand burner. For the range of
particles investigated, it was found that burning rates were independent of particle size.
Higher nitramine concentrations did yield higher burning rates. The reason for the
particle independence is that the nitramine and binder melt and diffuse together before
product gases are diffused from the surface. This is because RDX tends to melt before it
burns as it has a low melting temperature of 470 K. This melt or foam layer has been
long observed30 and is responsible for limiting the effects that smaller particles could
have on its burning rate as particles melt before they decompose.

The melt layer

thickness goes down as the chamber pressure increases.
Forming nano-sized energetic crystalline particles could also be advantageous for
performance reasons. Nano-sized particles were never used in Kubota’s study and they
are known to often have altered thermodynamic qualities.

If nano-sized energetic

crystalline particles were intimately mixed with nano-sized metallic fuels, the diffusion
distance between fuel and oxidizer could be greatly reduced which would enhance
reaction rates.

Also, nano-sized particles have been known to have different

thermodynamic properties in comparison to larger particles. For example, by decreasing
particle size, the surface area-to-volume ratio of a particle increases, and the particle
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melting temperature and heat capacity can decrease.31 In addition, nano-sized particles
are made up of a large percentage of surface molecules which can carry extra energy on
their surface. This could raise the energy density and energy release rate of a nano-sized
energetic particle. Some research has already shown performance differences for nanosized energetic oxidizers; for instance, a study by Pivkina et al.32 has shown that nanosized RDX and ammonium nitrate powders pressed into pellets burned significantly
faster at elevated pressures than samples made of micron-sized powders. These results
are shown in Figure 2-9. These observed results were believed to be caused by the
enhanced surface area of the nano-sized particles, and the authors argued that this
allowed for enhanced heat feedback from hot product gases at elevated pressures. To
support these results, Comet et al.33 and Spitzter et al.34 were able to produce RDX nanosized particles in a CrO3 matrix to stabilize the small RDX particles. They found that
nano-sized RDX particles experienced an exothermic reaction at lower temperatures than
larger RDX particles and that the endothermic melting behavior was reduced. These
results agreed with what Pivkina and coworkers found. The nano-sized RDX particles
also experienced reduced ignition delays and faster combustion rates than larger RDX
particles.

These results show promise that creating nano-sized crystalline energetic

particles may not only reduce their sensitivity but also enhance their performance.
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Figure 2-9: Enhanced burning rates for 50-nm RDX particles compared to 5 and 50-µm
RDX particles at elevated pressures.32 Melt layer may be essentially non-existent at the
higher chamber pressures.

With explosives it is known that energetic particle size affects the critical
diameter and the run to detonation length. Gifford et al.35 studied the detonation behavior
of conventional and sub-micron energetic particles of PETN and RDX.

Ultrafine

particles of PETN were readily initiated with laser driven flyer plates while conventional
PETN was not. In gap testing it was concluded that a pressure of 4.1 GPa was needed to
initiate the ultrafine powder, while a pressure of 2.1 GPa was needed to initiate the
conventional powder of PETN.

The ultrafine powders were concluded to be more

sensitive than the conventional powders to short and high pressure shocks while the
opposite was true for the long shocks of a gap test. Some of the increased sensitivity
could be from the higher reactivity of the ultrafine particles. The run to detonation
distances were higher for ultrafine particles because of the compression of gas spaces.
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Finally, Rajagopalan et al.36 observed promising results when using nano-sized explosive
particles in thermite applications.

2.4

Conventional Processing Methods for Energetic Materials

While energetic materials are synthesized through a chemical reaction, they can
be further processed chemically or mechanically to improve their performance and to
reduce their sensitivity. The chemical techniques are usually through dissolution and
then precipitation from an organic solvent and the mechanical techniques are physical
size reduction through milling or grinding.
One method of producing particles of an energetic material involves
crystallization from an organic solvent or from a melt. A negative consequence of
crystallization from organic solutions is that the organic solvent can often be trapped
inside the crystallized material.

This creates crystalline voids and can reduce the

sensitivity of the energetic material by creating regions in the energetic material where
hot spots can develop. Another negative factor with conventional crystallization is that it
is difficult to achieve uniform temperatures in the solution and thus it is difficult to
achieve uniform supersaturation.37

Therefore, the size distribution in crystallized

energetic materials can be fairly large.
Mechanical processes can be used to change an energetic material’s size and
shape.

Grinding and milling can break larger particles into smaller sized particles.

Common milling processes used included pinned disk mills, jet mills, colloid mills, and
ball mills. Grinding is often performed by ultrasonic agitation.38 However, as particles
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grow smaller they tend to deform more than break leading to smaller particles with less
than ideal morphologies. Unexpected deformations also make it hard to control size
distributions and the final particle size. Mechanical processes can also be very dangerous
for energetic materials. Energetic materials such as RDX, HMX or CL-20 are known to
detonate during these processes. Often they are processed in water to remove heat but are
still a detonation hazard. Mainly the friction and impact sensitivity of these materials
dictate whether or not they can be processed in this manner. Milling has been somewhat
successful in producing smaller crystals of RDX. Redner et al.39 were able to mill and
reduce the size of RDX through mechanical means. The RDX was placed in a solution of
water, isobutanol, and surfactant. The resulting slurry was 10% RDX by weight. Particle
sizes of a little less than half a micrometer were able to be produced depending of the
weight percent of the slurry. Particle size distributions were not reported. The smaller
sized particles showed an increased resistance to initiation by impact.

2.5

Processing Energetic Materials with Supercritical Fluids

An alternative method for processing energetic materials involves using
supercritical fluids. In the late 1800s it was shown by Hanney and Hogarth40 that solids
could be dissolved in supercritical fluids. With this knowledge, supercritical fluids were
later used industrially in the 1980’s for many extraction applications. These applications
involve decaffeinating coffee as well as drug processing.

In addition to improved

dissolution capabilities and liquid like densities, supercritical fluids also possess gas-like
diffusivities that give them good transport properties.
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For this study, the supercritical fluid that is of particular interest is carbon dioxide
(CO2). A pressure-temperature phase diagram of CO2 with the supercritical region can be
seen in Figure 2-10.

As it can be seen, CO2 has an experimentally accessible

supercritical region with a critical temperature of Tc=304.2 K and a critical pressure of
Pc=7.38 MPa.

In addition, CO2 is inexpensive and abundant which is critical for

controlling the cost of its use. It also does not have the health issues that more toxic
solvents have.

Supercritical
Fluid
Liquid
Solid

Gas

Figure 2-10: Pressure-temperature phase diagram for carbon dioxide. The supercritical
region is easily attainable compared to many other substances. At ambient temperatures
and pressures the substance is also a gas which is convenient for solute and solvent
separation.
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2.5.1

Solubility of Materials in Supercritical Fluids

Supercritical fluids have properties that make them highly desirable as a solvent.
These properties include good solvent power at supercritical conditions and a low solvent
power at ambient conditions. This combination allows for a large change in dissolution
power from a small temperature or pressure change. Small increases in temperature and
pressure can increase the density of a supercritical fluid on a large scale. Figure 2-11
shows how sensitive the density of supercritical CO2 is near its critical point. These large
changes in density near the critical point allow for large changes in the dissolution power
of the solvent.

Figure 2-11: Density-pressure diagram of carbon dioxide with plotted isotherms.
Mechanical expansion of a supercritical fluid can provide a large drop in density leading
to a large change in dissolution in a matter of microseconds. A typical test starts at
position A and ends at position B.
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The density of a supercritical fluid solvent is important because increasing the
density of the solvent increases the probability that solvent and solute molecules will
interact.41 Therefore, elevating the pressure of supercritical solvents can have a positive
effect on dissolution power since supercritical fluids are highly compressible. However,
a high compressibility does not explain why supercritical fluids are good solvents. To
understand what solvent-solute pairing would be ideal, one must understand the
molecular interactions that occur in the dissolution process. The molecular interactions
can consist of physical electrostatic forces between molecules and chemical forces such
as hydrogen bonding. Electrons in a molecule are oriented so that they can oscillate to
form a momentary dipole moment. If the time averaged dipole moment is nonzero, then
the molecule is stated to have a net dipole moment. A solvent and solute that both either
have a net dipole moment (polar) or that do not have a net dipole moment (nonpolar) will
tend to form a solution easier.42 The magnitude of the intermolecular forces depends on
their relative position to each other. For example, the average potential energy between
two dipoles can be expressed as:

Γij = −

2 2
2 µi µ j
3 x 6 kBT

(2-4)

where µ is the net dipole moment of molecule i or j, x is the distance between the dipoles,
kB is the Boltzmann constant, and T is the temperature of the medium. Since the potential
energy is a function of distance to the sixth power assuming a simple Leonard-Jones
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potential, the distance between molecules is very important. Nonpolar molecules have
dispersion forces resulting from their dipole moments as well. The difference is that the
forces do not come from the net dipole but from the electronic oscillations that the
molecule exhibits. These intermolecular forces between chemically similar molecules
lead to a smaller endothermic enthalpy of solution which can decrease the Gibbs free
energy of the solution and promote dissolution.
As a solvent, CO2 has a linear molecular construct as shown in Figure 2-12.
Because of this construct, CO2 has a net dipole moment of zero. Therefore, CO2 tends to
prefer to dissolve nonpolar molecules such as oils and fats and it will not dissolve polar
molecules such as salts and other compounds.

O=C=O
Figure 2-12: Structure of carbon dioxide molecule. From its linear layout it is easy to
understand that carbon dioxide does not have a net dipole moment.

The dissolution power of a nonpolar supercritical fluid such as CO2 can be
increased by introducing a polar molecule called a co-solvent. These molecules tend to
be short-chain alcohols and ketones such as ethanol and acetone. Co-solvents increase
solubility by establishing hydrogen bonding with the solute and dipole-dipole coupling to
increase the polarity of the solute.43 Co-solvents have also been shown to increase the
density of supercritical solutions as well. Generally significant increases in solubility can
be seen with as little as 1-2 mol % co-solvent. For example, Ting et al.44 showed that
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1.75 mol % ethanol could increase naproxen’s solubility in supercritical CO2 by almost a
factor of five.
In terms of empirically predicting solubility in supercritical fluids, the relationship
between solubility, density and pressure for low solubility materials can be expressed
as:45

y=

Pv
exp(C1 + C 2 ρ )
P

(2-5)

where y is the mole fraction of the solute, Pv is the vapor pressure of the solute, P is the
pressure of the solvent, ρ is the density of the solvent, and C1 and C2 are empirically
determined constants. From Equation 2-5 it is apparent that increasing the density of the
solvent will exponentially increase solubility. It is interesting to note that increasing the
pressure of the system will lower the solubility, but it is important to remember that for a
supercritical fluid increasing the pressure will also have a large effect on increasing the
density of the fluid which exponentially increases the solubility in Equation 2-5.
Therefore, increasing the pressure of the supercritical solvent will increase its dissolution
power as explained before.
While Equation 2-5 is a good equation to understand the general trends of
solubility in supercritical fluids, it is empirical in nature and does not capture
fundamentally how dissolution occurs.

The coefficients C1 and C2 are empirically

determined and quite a bit of science are not explained. A more fundamental explanation
of solubility is achieved when the fugacity of the solute in the solid phase is equal to the
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fugacity of the solute in the supercritical fluid phase. This represents the saturation or
equilibrium condition for solubility. This relationship can be expressed as:

f i SCF (T , P, y i ) = f i solid (T , P )

(2-6)

where fiSCF is the chemical potential of the supercritical fluid at a temperature T, a
pressure P, and the solute mole fraction yi. The fugacity potential of the solute at the
same conditions is represented as fisolid. The fugacity of the solute in the supercritical
fluid phase can be expressed as:

f i SCF (T , P, yi ) = yiφiSCF P

(2-7)

where yi is the mole fraction of the solute, and φiSCF is the fugacity coefficient of
component i in the supercritical fluid. The fugacity coefficient is the difference between
ideal fluid behavior and real behavior and accounts for intermolecular forces.

The

fugacity coefficient is equal to one at ideal conditions and decreases as the supercritical
fluid pressure is increased and its density rises making the fluid highly nonideal.
However, the fugacity coefficient can increase if the molecules are in close enough
proximity that repulsive forces dominate. Therefore at extremely high pressures, solvents
may show decreased dissolution power.
expressed as:42

The fugacity for the solid solute can be
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 1
f i Solid (T , Pi ) = Pv ,i (T )φisat (T ) exp
 RT



solid
V
dP
∫P mol ,i 
v ,i

P

(2-8)

where Pv,i is the solute vapor pressure, φisat is the fugacity coefficient for the solute at
saturation conditions, R is the gas constant, and Vmolsolid is the molar volume of the solute.
If Equation 2-7 and Equation 2-8 are equated then the solute mole fraction can be
deduced. This can be represented as:

solid
 ( P − Pv ,i )Vmol

,i
Pv ,i exp 

RT


yi =
φiSCF P

(2-9)

where the solubility is a direct function of the vapor pressure, and the fugacity
coefficient.
It has been shown that energetic materials can be dissolved successfully in
supercritical CO2. This was discovered as energetic materials have similar chemical
constructs to common organic compounds that have been dissolved in supercritical CO2.
Morris45 showed that RDX could be successfully dissolved in supercritical CO2 in a
temperature range from 303 K to 353 K and a pressure range of 0 to 50 MPa. His results
can be seen in Figure 2-13. Clearly RDX is soluble in supercritical CO2, but its solubility
is small. This low solubility comes from the fact that RDX has a low vapor pressure and
from fact that RDX is a fairly polar molecule with a dipole moment of 5.79 Debye46 in
comparison to CO2’s negligible dipole moment.
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Figure 2-13: RDX solubility information in supercritical CO2 (from Morris45). It is clear
that RDX solubility in CO2 is a function of pressure.

Interest in processing energetic materials with supercritical fluids has also spurred
research interest in looking for suitable co-solvents. Agrawal et al.47 has conducted
theoretical research into investigating which co-solvents would be most suitable for
RDX. It is important to note that the research was conducted with a goal of extracting
RDX rather than being concerned with its final equilibrium state. Therefore, no interest
was paid into how soluble the RDX was in the pure co-solvent. The effect of co-solvents
on solubility as a function of their net dipole moment and concentration was determined.
It was determined that stronger net dipole moments and greater concentrations in a cosolvent would increase the solubility. The co-solvent dimethyl sulfoxide (DMSO) was
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considered to be excellent, acetonitrile was considered to be good, and methanol was
considered to be ineffective.

2.5.2

Benefits of Recrystallization from Supercritical Solutions

Conventional crystallization methods involve inducing supersaturation thermally
by reducing the temperature of a liquid solution. Supercritical solutions can achieve a
larger degree of supersaturation than conventional precipitation methods by smaller
pressure and temperature adjustments. Also, conventional crystallization tends to have
temperature gradients which produce recrystallized particles of a large size distribution.
In contrast, supercritical fluids also have gas like diffusivities,41 therefore solvent
inclusion is less likely to happen than from crystallization from a liquid. An investigation
into how supersaturation from a supercritical solution affects crystal quality and
morphology was investigated by Mohamed et al.48 for supercritical solutions of
naphthalene and CO2. It was found that crystal sizes were greatly reduced yet the crystal
structure was identical as confirmed by X-ray diffraction (XRD). Many of the produced
crystals exhibit qualities that would be beneficial for processing energetic materials.

2.5.3

Rapid Expansion of a Supercritical Solution (RESS) Process

As it was stated before, supercritical fluids have the unique capabilities as a
solvent to display a large change in dissolution power from a small change in temperature
and pressure.

Therefore, supercritical fluids allow for some novel processing
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applications. One of these applications is called the Rapid Expansion of a Supercritical
Solution (RESS) process. The RESS process takes advantage of the large change in
dissolution power between the solvent’s supercritical phase and the solvent’s ambient
phase to create a high degree of supersaturation. The RESS process involves dissolving a
solute with a supercritical fluid to create a supercritical solution. Once the supercritical
solution is formed, it is then expanded through a throttling device such as a capillary or
micro-orifice nozzle. The expansion occurs at the speed of sound and sometimes faster,
so a significantly more uniform supersaturation occurs during precipitation than in
conventional liquid precipitation.49 The resulting expansion lowers the temperature and
pressure of the solution rapidly causing degrees of supersaturation not obtainable in other
precipitation processes. The RESS process is also advantageous in that it is a way of
precipitation a particle without thermally, chemically, or mechanically degrading the
material. Such a high degree of supersaturation creates extremely high nucleation rates
forming very small particles. The supersaturation is so high that final particle sizes are
often formed that are smaller than a micrometer. Since a large amount of the particles are
formed by homogeneous nucleation rather than precipitation onto already formed
particles, the final sizes of the produced particles tend to have a narrow size distribution.
The narrow size distribution is also caused by uniform conditions that are also easily
achievable in a supercritical fluid since the solution pressure can decrease very quickly.
The RESS process is also very rapid as particle formation is expected to occur on the
order of microseconds.53 Large supersaturation ratios and uniform conditions within the
fluid are two features that make RESS ideal for precipitation. The RESS process also
possesses a big advantage in that there are very little to no solvent inclusions in the final
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product.

This is because the solvent changes phase to a highly diffuse gas once

recrystallization of the material occurs.
Generally the physical parameters that control the particle size are the preexpansion pressure and temperature which control the initial solubility of the solute in the
supercritical fluid, the nozzle geometry which controls the expansion and hence
supersaturation, and finally the expansion pressure and temperature which control the
final equilibrium solubility. Most research groups that have used the RESS process have
used two different types of nozzles. One type of nozzle consists of using a capillary
nozzle with a considerable aspect ratio, often as high as 6,000. The other type of nozzle
consists of a simple micro-orifice. The difference between the two processes is that they
both have different expansions leading to the nozzle exit which lead to different
thermodynamic states and subsequently different degrees of supersaturation due to the
time differences in the expansion process. If the nozzle is short enough, the expansion
process can generally be approximated as an adiabatic process through the nozzle.
Extensive modeling of the nozzle flow in the RESS process has performed by
Weber and Thies.50 In both the capillary and micro-orifice nozzles, a Mach number of
one is reached at the exit of the nozzle from the mechanical expansion process. From this
point the solution is expanded into a temperature and pressure condition that is
significantly lower than the pre-expansion condition. This creates an under-expanded
supersonic free jet that has been well documented by Bier and Schmidt.61 The underexpanded jet is explained by a supersonic section with shock waves on the sides and
normal to the flow. The supersonic section is called the zone of silence, the normal shock
the Mach disk, and the oblique shocks are called the barrel shocks. A representational
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diagram is shown in Figure 2-14. Significant experimental research has been conducted
on supersonic free jets so their behavior is well understood. The length from the nozzle
exit to the Mach disk is expressed as:

x M = 0.67 Dexit

P0
Pexp

(2-10)

Where xM is the distance to the Mach disk, P0 is the pre-expansion pressure, Pexp is the
pressure insides the expansion chamber, and Dexit is the diameter of the nozzle exit. The
Mach disk diameter can be defined as:

D M = 0.5625 x M

(2-11)

where all variable were previously defined. Therefore, the higher the pre-expansion
pressure is the further away from the nozzle exit the Mach disk location will be and the
larger diameter the Mach disk will have. The greater the difference between the preexpansion pressure and downstream expansion pressure are, the larger the underexpanded region will be.
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Figure 2-14: Supersonic section of under-expanded free jet flow in the RESS process.
Supersonic conditions exist inside the “zone of silence”.

While Bier and Schmidt performed preliminary research on an under expanded
jet’s structure, quantitative temperature and density profiles were not determined at the
time. Understanding these profiles is essential in the RESS process because temperature
and density gradients will strongly affect supersaturation ratios and nucleation rates in the
flow.

Advances in spectroscopic techniques and other diagnostics have allowed

researchers to probe temperature, pressure, and density profiles inside of the jet.
Katanoda et al.51 used pitot pressure tubes and Schlieren imagery to map the pressure
profiles of an under-expanded supersonic jet. It was determined that the pressure along
the centerline was higher than expected after the Mach disk. It was concluded that
significant momentum from outside of the slip line is transferred to the core of the jet.
This high amount of momentum transfer is important to consider for the RESS process as
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it can increase particle interactions with the RESS nozzle expansion after particles
nucleate from solution. Mate et al.52 used Raman spectroscopy on an under-expanded
free jet of CO2 to develop temperature and density profiles. The profiles can be seen in
Figure 2-15 in which it is clear that the density and temperature are lowest in the zone of
silence right before the Mach disk. Temperatures are highest right after the Mach disk
due to the heat from the shock wave.

a)

b)

Figure 2-15: Experimental a) density and b) temperature profiles in underexpanded free jet of CO252.
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The RESS process has been used fairly extensively in laboratories and for
pharmaceutical production. Some pioneering work on the RESS process was performed
using SiO2 as a solute and water as a supercritical solvent by Matson et al.53 It was found
that the size of the produced SiO2 particles depended on the concentration of dissolved
SiO2 in supercritical water before the expansion. The particle morphology for collected
SiO2 particles was found to be a function of the nozzle aspect ratio. Longer capillary
nozzles produced SiO2 particles that were more spherical and orifice nozzles produced
particles that had higher aspect ratios. It was concluded that the aspect ratio in the
particles was a product of the high amount of shear force that developing particles might
experience in an orifice nozzle since the density drop is more rapid.
The RESS process is used in the pharmaceuticals industry for producing smaller
drug particles for quicker delivery to the human body. The reason for this is that many
new drugs are poorly soluble in aqueous solutions and reducing their size helps with the
speed of their solubility and delivery in the human body. Huang et al.54 used the RESS
process to form particles of aspirin. The average particle size ranged from 110 nm to 8
µm. Turk et al.55 used the RESS process to form fine particles of griseofulvin and
ibuprofen. A capillary nozzle was used for the experiments. Final particle sizes ranged
from 193-323 nm for the griseofulvin and 183-326 nm for the ibuprofen. Dissolution
rates for the synthesized griseofulvin particles in water were about twice the rate of the
particles before the RESS process. Final particle sizes were larger than expected and this
was concluded to be a result from growth and coagulation in the supersonic free jet part
of the expansion.
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While the RESS process has been used for a while, it has only recently been used
to produce small particles of energetic materials. Teipel et al.56 first used the RESS
process to produce fine particles of trinitrotoluene (TNT) and 3-nitro-1,2,4-triazole-5-one
(NTO). Pre-expansion pressures up to 30 MPa and pre-expansion temperatures up to 353
K were used. The final size of the precipitated particles was on the order of 10 µm for
both energetic materials. Produced particles were characterized with SEM images, gas
adsorption techniques, and by laser light diffraction. Precipitated TNT particles were
agglomerated with primarily needle-like particles. Acetone was used as a co-solvent for
NTO experiments.

The expansion vessel where particle precipitation occurred was

heated to prevent the precipitated particles from being dissolved by the acetone. Acetone
was kept at a flow rate of 1/2000 mol% of the CO2 solvent. NTO particles also tended to
precipitate in a needle like morphology in a similar manner as the TNT particles. While
successful precipitation did occur, little work was performed on studying how varying the
process conditions affects the particle size and morphology.
Stepanov et al.57 used the RESS process to produce RDX. The results were
favorable with an average particle size being reported between 110 to 220 nm. While the
results were favorable, not enough tests were run to decisively conclude the effect that
the pre-expansion pressure, temperature, and nozzle size had on the final particle size.
Pre-expansion pressures ranged from 15.0 to 29.5 MPa and pre-expansion temperatures
ranged from 343 to 368 K. It was shown that higher pre-expansion pressures tended to
reduce the average particle size and size distribution. X-ray diffraction (XRD), thermal
gravitational analysis (TGA), and high performance liquid chromatography (HPLC) were
used to characterize the produced particles for crystal structure, melting temperature, and
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purity, respectively.

It was found that the produced particles had a similar crystal

structure and melting point (477 K for micron RDX and 476 K for RESS-produced RDX)
to the micron-sized RDX. Finally the RESS produced RDX was noticeably purer due to
the contaminants not being as soluble as RDX in supercritical CO2.
Besides CO2, some other solvents have been used with considerable success in the
RESS process. Lee et al.58 showed that submicron RDX particles could be produced with
the RESS process using the solvent dimethyl ether. Particle yields increased by over a
factor of 100 compared to using CO2. The explanation for the increased yields was that
dimethyl ether has a net dipole moment of 1.3 Debye compared to CO2 which has no net
dipole moment. The only drawback with dimethyl ether is that it is much more expensive
than CO2 and the solvent should be recaptured and reused to make it competitive with
CO2 as a solvent.

2.5.4

Theoretical Studies of the RESS Process and Particle Growth

The RESS process has been modeled numerically in a few different ways. Many
theoretical models on particle growth of small particles and supersaturated solutions have
been developed before the RESS process was developed. Many of these models were
developed for fine aerosols in the atmosphere. These models helped to lay the theoretical
foundation for the RESS process. Particle growth by nucleation has often followed the
classical nucleation theory and particles are believed to move with Brownian and fluid
shear induced motion.
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Pioneering work performed on modeling the RESS process was performed by
Kwauk and Debendetti.59 The original assumptions were that the flow in the nozzle was
steady, one-dimensional, and inviscid. Mass, momentum, and continuity equations were
solved to yield the thermal conditions within the expansion.

The Peng-Robinson

equation of state was used as well. Only the flow within the nozzle was considered and
only nucleation and condensation were considered as possible growth mechanisms.
Predicted mean particle sizes were never greater than 100 nm and this is probably a direct
result in not considering coagulation as a growth process and only determining particle
size at the nozzle exit.

It was determined that modeling of the under-expanded

supersonic free jet in the RESS process is necessary to accurately predict final particle
sizes.
Helfgen et al.60 modeled the RESS process and performed experimental work to
validate their model. A griseofulvin and supercritical CO2 solution was considered. The
particle growth processes in the process were considered to be nucleation, condensation,
and coagulation. The modeled flow field consisted of an under expanded capillary
nozzle. The flow field of the expansion was modeled as a cone with the mach disk at a
location position derived from Bier and Schmidt61 from the nozzle exit. The classical
nucleation rate equation was used along with the general dynamic equation to describe
condensation and coagulation of particulates in the CO2.

Results from the model

indicated that nucleated particles should only be a few nanometers by the time they reach
the Mach disk and then no further modeling was conducted. In contrast, collected
particles were approximately 200 nm in diameter on average. It was concluded that
coagulation probably is the key factor for increasing the particle size after the Mach disk.
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While early RESS models primarily focused on modeling the early stages of the
nozzle expansion, later models started to incorporate a more rigorous treatment of growth
effects downstream of the nozzle. Weber et al.62 accounted for this by using the aerosol
dynamic equation for a CO2 and phenathrene solution once pressure, temperature, and
density profiles were calculated at certain sections along the nozzle. Interfacial tension
values were approximated using the Macleod-Sugden correlation.

Coagulation was

calculated by particle collisional frequencies according to Brownian motion and laminar
and turbulent shear forces. From the results it was determined that particles greater than
100 nm could not be produced by nucleation and condensation alone for a phenathrene
and CO2 system. It was also determined that the smallest particles that could be produced
by nucleation and condensation would occur at higher pre-expansion temperatures and
moderate pre-expansion pressures (P0=21.5 MPa, T0=420 K). Finally, it was concluded
that 85% and more of particle growth can be attributed to coagulation during tests with
pre-expansion pressures greater than 26.0 MPa. The reason for this is that higher preexpansion pressures might increase supersaturation but higher pre-expansion pressures
will also increase particle interaction by coagulation from shear forces in the free jet.
Recently, a simpler and more accurate RESS model has been developed by Weber
and Thies.63

The model consists of three separate growth steps; one consisting of

primary nucleation, another considering condensation, and a final growth step of
coagulation. A representative graph of how each growth process controls the final
particle size and what percentage of dissolved solute is used by each growth process is
shown in Figure 2-16. From the figure it can be observed that nucleation does not
increase the particle size but merely makes more particles or causes more solute to
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precipitate out of the supercritical solution. Condensation causes precipitation of the
solute onto the existing particles and increases the particle size, while coagulation
increases the final particle size and decreases the number of particles. Therefore, to
produce the smallest particles possible, you want particles to precipitate mainly by
nucleation and to not coagulate afterwards. From their model results, it was determined
that slip flow differences between the particle and fluid should have the greatest effect on
determining the final particle size.

Figure 2-16: Growth Processes in RESS (from Weber and Thies63). Nucleation and
condensation account for all solute precipitation. Coagulation can make originally small
particles into larger ones.

As an alternative to modeling nucleation and coagulation in the RESS process,
molecular dynamic simulations64 have been performed on the RESS process to simulate
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solute clustering during the depressurization from the jet expansion and how a
supercritical solution deviates thermodynamically from a pure supercritical fluid. All
molecules in the simulation were expressed as Lennard-Jones particles. Naphthalene and
CO2 solutions were modeled and it was determined that the solution experienced a drop
in density at 6.0 MPa when expanded rather than 8.0 MPa which is the case with pure
supercritical CO2. At the drop in density, naphthalene molecules started to form small
clusters. The small clusters formed larger clusters. CO2 molecules eventually escape the
clusters and are almost completely gone by when the mixture is at ambient pressure. This
helps to explain why little residual solvent is observed in RESS-produced powders.

2.5.5

RESOLV Process

While the RESS process has been successful at producing fine and uniform
particles, particles have been larger than what calculations have predicted from
nucleation and growth by precipitation.65 It was determined that these particles continued
to grow after the onset of nucleation by coagulation downstream of the Mach disk from
the under-expanded supersonic jet. The particles also tend to be aggregated together
from van der Waals forces, which makes them less than desirable for later particle
processing methods. It is presumed that the extra growth from the RESS process comes
from particle coagulation in the free jet after the nozzle exit since the mechanical
expansions (from supercritical to ambient pressures) are often highly under-expanded.63
To reduce or eliminate coagulation, a slightly altered version of the RESS has been used
in which a supercritical solution is expanded into a stabilizing liquid solution often made
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of water and a dispersant.66 The dispersant adsorbs or bonds to the particle surface in the
aqueous solution to limit the growth of the particles by precipitation. The adsorbed
dispersant also stabilizes the particles in solution, preventing them from permanently
agglomerating. If the molecules are long enough (e.g. polymers) then the coated particles
can be prevented from coming close enough to permanently agglomerate through the
physical interference (steric effect) of these adsorbed molecules. The process is called
the Rapid Expansion of a Supercritical Solution into a Liquid Solvent (RESOLV). A
graphical representation of the RESOLV process is shown in Figure 2-17. It has been
used by many researchers outside the energetic materials field to produce submicron
particles from materials that could only be produced at micron size from the RESS
process.69, 67, 68 Young et al.69 performed a study comparing the RESS process and the
RESOLV process.

The polymer poly(1,1,2,2-tetrahydroperfluorodecylacrylate) was

dissolved in supercritical CO2. The resulting solution was then expanded directly into a
water and surfactant solution. The surfactant used was Tween-80 or polyoxyethylene
sorbitan monooleate, (C64H124O26). The average particle size in the aqueous solution was
approximately 400 nm which is an order of magnitude smaller than RESS experiments
with the same solute and solvent combination. The RESOLV process has yet to be used
in the energetic material community and should be useful in making nano-sized
monomolecular energetic particles significantly smaller and better dispersed than those
produced by the RESS process. The RESOLV process is also useful in that the surfaces
of the precipitated particles can be chemically altered in solution by colloidal
processing70 for desirable effects such as making the particles more compatible with other
materials and changing the surface reactivity of the material itself. These benefits are
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important, because nanoparticles need to be handled in the correct environment to avoid
undesirable problems such as coagulation and aggregation which mitigate the benefits of
their small size. Separation and collection of the nano-sized particles from the surfactant
and water solution generally comes from filtering or centrifuging the surfactant solution
for produced particles.

Figure 2-17: Representation of the RESOLV process. A supercritical solution is
mechanically expanded through a nozzle to cause energetic solution precipitation at high
nucleation rates. The nano-sized nucleated particles are then protected from
agglomeration and growing larger by adsorption of a dispersant (usually a polymer,
surfactant, or electrolyte).
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2.6

Basic Theories Describing Formation, Growth, and Interaction of Small
Particles
The formation of solid particles from a solution is often controlled by nucleation

phenomena.

Understanding the energetics of nucleation phenomena is critical for

understanding how particles are precipitated. Phase change or solute precipitation is not
instantaneous and requires energy to occur.

The driving force for precipitation is

supersaturation.

2.6.1

Homogeneous Nucleation

To produce a new phase of a certain material or to precipitate a solute from a
solution, an amount of energy is needed to overcome the work needed to create the new
phase. The kinetic process that describes this is called nucleation. If the nucleating
phase or precipitate has no foreign surface to nucleate onto then the process is called
homogeneous nucleation.71

The Gibbs free energy to form a nucleus from a

supersaturated solution can be expressed as:72

4 3
 3 πr 
2
G = −
 RT ln S + 4πr σ
 Vmol 



(2-12)

where G is the Gibb’s free energy to form a spherical nucleus, r is the radius of the
nuclei, σ is the surface tension between the nucleus and the bulk phase, Vmol is the molar
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volume of the solution, R is the gas constant, and S is the supersaturation ratio. The
supersaturation ratio S is the main driving force to lower the work needed to produce a
nucleus or cluster. The supersaturation ratio can be defined as:

S=

y j (t )
y j ,equil

(2-13)

where yj(t) is the instantaneous mole fraction of the jth solute and yj is the equilibrium
mole fraction of the jth solute.

From Equation 2-13 it is clear that there are two

competing factors in the energetics of nuclei formation. The first term relies on the
supersaturation ratio that lowers the energy for nuclei formation and the second term
increases the energy for nuclei formation that is related to the surface work that would be
needed to form a new nucleus. Now that the thermodynamics of nuclei formation have
been described, the rate of nuclei formation and the size of the nuclei must be determined
to understand how to control the precipitating particle size. To determine the critical
Gibbs free energy in which a stable nucleus can be formed from a supersaturated
solution, the partial derivative of Equation 2-12 is taken with respect to the nucleus
radius, r and the partial derivative is set to equal zero to form the expression:

∂G
4πr 2
= − crit RT ln S + 8πrcritσ = 0
∂r
v

(2-14)

57

this yields the size for a critical nucleus to stably grow. By rearranging terms in Equation
2-14 the critical nucleus size can then be expressed as:

rcrit =

2σv
RT ln S

(2-15)

where all the terms have been previously defined. From Equation 2-15 it is apparent that
a larger supersaturation ratio will yield smaller critical nuclei during nucleation. This is
important for precipitating small particles from solution. The dependence of the critical
particle size on the supersaturation ratio is plotted in Figure 2-18. One can see that the
critical particle diameter drops quickly for supersaturation ratios above 2.
40
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Figure 2-18: Dependence of critical particle diameter from homogeneous nucleation on
the supersaturation ratio.
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While the thermodynamics of homogeneous nucleation are highly important, the
nucleation rate is also important as nucleation is a kinetic process that competes with
solute precipitation onto particles (condensation). If a large amount of particles are
nucleated quickly, more solute precipitation will be from nucleation rather than
condensation. Therefore, fast nucleation rates are desired to prevent precipitation from
condensation which makes existing particles larger, in contrast to nucleation which just
produces more particles. The classical homogeneous nucleation rate equation can be
expressed as:50

J&nucl = 2 N tot , j

Py j
2πmk BT

2
 16πσ 3 
vj
 

 
exp −
k BT
 3k BT  − k BT ln S  

σv 2j

(2-16)

where J&nucl is the nucleation rate in particles per second per unit volume, σ is the
interfacial tension between the solute and solvent, P is pressure, yj is the mole fraction of
the jth solute in solution, kB is the Boltzmann constant, T is the temperature of the
solution, ρ is the density of the solution, vj is the molecular volume of the solute, µ is the
mass of a solute molecule, and S is the supersaturation ratio. The supersaturation ratio
(Equation 2-13) is the most important variable in the expression and serves as the driving
force for higher nucleation rates. If the supersaturation ratio is one, then the nucleation
rate is the exponential of negative infinity which results in a value of zero. A graph of
the dependence of the homogeneous nucleation rate on the supersaturation ratio can be
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seen in Figure 2-19. Small increases in the supersaturation ratio can increase nucleation
rates dramatically.
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Figure 2-19: Effect of supersaturation ratio on homogeneous nucleation rate. The plot
shows the nonlinear relationship between the particle nucleation rate and the
supersaturation ratio. Small increases in the supersaturation ratio can lead to large
changes in the particle nucleation rate.

2.6.2

Heterogeneous Nucleation

Another form of nucleation is heterogeneous nucleation.

Heterogeneous

nucleation is defined by nucleation enduced by a solid substrate. The presence of a solid
substrate during nucleation can reduce the free energy of formation for nuclei in different
degrees depending on the molecular interaction between the nuclei and substrate. The
Gibbs free energy for heterogeneous nucleation can be described as:73
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∆Ghet = ∆Ghom E ( z , X )

(2-17)

where the term E(z,X) represents the change in Gibbs free energy that that substrate
causes. The variable E ranges in value from 0 to 1. The variable z was defined by
Fletcher74 and represents the surface attraction between the substrate and nucleus. The
variable is defined as:

z ≡ Cosθ =

σ 13 − σ 23
σ 12

(2-18)

where the variable θ represents the contact angle between the nucleus and substrate.
However, for a solid nucleus this term does not have a physical meaning since solid
nuclei cannot change their shape the way a fluid can. Rather it is better to establish the
relationship in terms of the substrate and nucleus surface energy. Then the variable σ in
equation (2-18) represents the surface free energy of the interface between different
phases. Phase 1 represents the solution from which nuclei precipitate from, phase 2 the
nucleus, and phase 3 is the substrate. A representational illustration of the heterogeneous
nucleation process with an Al substrate and RDX nuclei can be seen in Figure 2-20.
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Figure 2-20: Embryo 2(RDX) on the substrate Al particle 3 with parent phase 1
(supercritical CO2 and RDX solution) based upon Fletcher74

Therefore, the higher the value of z is, the more attracted the substrate and nucleus
are to each other. In addition to z, equation (2-17) also relies on the variable X which can
be defined as:

X ≡

rsub
rcrit

(2-19)

where rsub is the radius of the substrate and rcrit is the critical radius to form a stable nuclei
from homogeneous nucleation as expressed in Equation 2-15. Finally, the term E(z,X) in
Equation 2-17 is expressed as:

3
3

 1 − zX 
 X −z  X −z 

3
2 X −z
E ( z, X ) = 1 + 
− 1 (2-20)
 + X 2 − 3 
+
  + 3 zX 

 g 
 g   g  
 g
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where the term g can be expressed as:

g ≡ 1 + X 2 − 2 zX

(2-21)

where all the variable have been previously explained. As X and z are increased the value
of E(z,X) reduces in value. Therefore, a substrate with a larger size and favorable surface
attraction will lower the energy for nucleation more dramatically than a substrate which
does not possess these qualities.

From Equation 2-17 it has been shown that

heterogeneous nucleation is more energetically favorable than homogeneous nucleation.
Therefore, using the RESS process for coating applications by heterogeneous nucleation
would be possible.

2.6.3

Particle Interactions after Nucleation

Particles can still grow after nucleation by interacting with each other. Particles
can strike each other and form new particles. This phenomenon is known as coagulation
and can have a significant contribution to the creation of larger particles, impacts leading
to coagulation can come from a variety of particle motions such as thermal or Brownian
motion and/or shear forces from laminar and turbulent flow in a jet.
Before considering coagulation it is useful to understand how very small particles
behave. In small particle interactions the size of the particle often dictates its behavior.
Therefore, the Knudsen number is beneficial for defining what size regime the particle is
in. The Knudsen number is defined as:
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Kn ≡

λ
rpart

(2-22)

where λ is the molecular mean free path of a particle and rpart is the radius of the particle.
Small particles tend to have larger Knudsen numbers while large particles have smaller
Knudsen numbers. If the Knudsen number is much less than one, then particles can be
considered to be in the continuum regime. If the Knudsen number is much greater than
one, then the particles can be considered to be in the free molecule regime. If particles
are sufficiently small, their random thermal velocity can be quite large. For example, the
thermal velocity would be 5 m/s for a particle with a diameter of 10 nm.75
The random thermal motion of small particles can cause them to coagulate.
Following modeling work performed by Seinfeld and Pandis76, particle interaction in
terms of coagulation can be defined as:

C12 = β coll , Br N1 N 2

(2-23)

where C12 is defined as the number of collisions that particles of species 1 undergo with
species 2, βcoll,Br is the particle collision frequency, N1 is the number density of particles
of species 1, and N2 is the number density of particles of species 2. Coagulation rates are
then determined by knowing the frequency that collisions between particles successfully
form new particles. This is called the sticking factor. The collision frequency function
can be defined differently depending on whether the interacting particles are in the
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continuum or free molecular regime. If the particles are in the free molecular regime
(Kn>>1) the collisional frequency function for Brownian motion developed by Pratsinis77
is defined as:

1/ 6

β coll , Br

 3 
= 
 4π 

1/ 2

 6k BTVpart 


m



1/ 2

2
 1
1
1   13

+
Vpart + Vpart3 

V


 part Vpart  

(2-24)

where kB is the Boltzmann constant, T is temperature, Vpart is particle volume, m is the
mass of a monomer or one molecule of substance that makes up the particle, and Vpart is
the average particle volume. From the relationship it is clear that particle collisions will
increase with temperature and decrease with increasing particle mass. Collisions will
also increase with larger volume particles as well.
If the particles are sufficiently large that they can be considered in the continuum
regime (Kn<<1), then the collision frequency function for Brownian motion takes the
following form:

1
 2k BT  C (V part ) C (V part )  13
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 3m  V part

β coll , Br = 

(2-25)

where the new term is C(Vpart) is the Cunningham correction factor and can be expressed
as:
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C (V part ) ≡

1.257λ
≡ 1.257 Kn
r

(2-26)

where λ is the mean free path for a particle and r is the particle radius. Larger volume
particles will collide with each other more in the continuum regime despite the
Cunningham factor decreasing. Higher temperatures will also increase particle collisions
just like it would for the free molecular regime.
Brownian motion is not the only motion that causes particles to coagulate. If the
particles are in a moving medium such as a jet then shear flow forces can cause the
particles to interact as well. As the particles become larger the shear flow becomes more
important. Weber and Thies63 described a particle growth law for particles in laminar
and turbulent shear flow. The growth law can be described by the following relationship:

DP (t ) = exp ( β coll ,SF ξ t ) DP ,orig

(2-27)

where DP is the particle size, βcoll,SF is the collision frequency from shear flow, ξ is the
coefficient of effectiveness, t is time, and DP,orig is the original particle size before
coagulation begins. The collision frequency from shear flow is expressed as:

β coll ,SF =

16

π

ln(2) k SF γ

(2-28)
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where γ is the volume fraction of the material that has precipitated from solution and kSF
is the local shear rate in rotational flow. The local shear rate has different meanings
depending on whether the flow inside of the jet is laminar or turbulent. If the flow is
laminar the expression takes the following form:

k SF = CLS Λ

(2-29)

where Λ is the laminar shear rate and CLS is a scalar term that is equal to 1/6. If the flow
is turbulent the shear rate takes the form:

k SF = CTS

ε
υ

(2-30)

where ε is the dissipation rate in turbulent flow and ν is the kinematic viscosity. For
turbulent flow CTS is equal to 0.1618. The relationship was developed by Saffman and
Turner78 for collisions between water droplets in clouds. All of these particle interactions
are important to understand how particles can grow in the mechanically expanding fluid
by coagulation.

2.7

Coating Energetic Particles

The coating of energetic materials is important. Often energetic materials are
coated to reduce sensitivity, increase compatibility with binders, protect the surface from
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environmental effects, and to improve performance. One method of coating energetic
materials involves spraying a solvent and solute solution over a fluidized bed of the
energetic material that one wishes to coat. Generally, the process is performed with
organic solvents but high temperatures are needed in the fluidized bed to evaporate the
solvent quickly making the process dangerous for use with energetic materials with lower
decomposition temperatures.79 The process can be improved by using supercritical fluid
solutions instead of organic fluid solutions as lower temperatures can be used in the
fluidized bed.

2.7.1

Coating Nano-Sized Aluminum Particles

As previously mentioned, aluminum has been used as a propellant additive in
solid propellants due to its high energy density and large amount of heat release from the
formation of Al2O3. Aluminum has also been shown to have the ability to reduce
combustion instabilities in rocket motors when used as a fuel additive.80 Recent advances
in technology have allowed aluminum to be produced as nano-sized particles. Nanosized aluminum particles have been shown to increase solid-propellant burn rates
significantly when they are used as an additive. While there are definite advantages to
including nano-sized aluminum particles as an additive for propellants and explosives,
there are also drawbacks for these particles. Some of these drawbacks relate to their
ability to be processed into propellants as mentioned before. High agglomeration rates
mean that the particles mix poorly and propellant combustion can be inconsistent.
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A potential pitfall is that the surface of nano-sized aluminum particles can
become coated with an oxide layer that becomes a significant percentage of the particles’
mass due to the high specific surface area of the particles. The oxide layer decreases the
performance of a solid-rocket motor by lowering the active aluminum content of the
particles. Because of these drawbacks, surface protection in the form of coatings is often
desired to help protect nano-sized aluminum particles from further oxide layer
development.
Many protective coatings currently used on nano-sized aluminum particles consist
of a polymer or plastic coating. Brousseau and Dubois81 used a polymerization process
to coat nano-sized aluminum with thermoplastics. The aluminum particles used were
ALEX® particles and had approximately a 2 nm thick oxide layer. The polymer coating
was used to prevent the nano-sized particles from further developing a larger oxide layer
and to create particles that were highly compatible with polymer binders that are often
used in propellants. The coating is unique in that it takes advantage of the hydroxyl site
that is common on aluminum particle surfaces. The polymers are then grafted onto the
hydroxyl site through a two-step surface reaction. First the hydroxyl groups are reacted
with toluene di-isocyanate, then a diol polymer such as hydroxyl-terminated
polybutadiene (HTPB) is added to the solution so that a polycondensation reaction
occurs.

The biggest challenge with coating the nano-sized aluminum particles was

achieving adequate dispersion of the particles. Often the particles tended to agglomerate
before they could be coated. In further work by Dubois et al.82, similar nano-sized
aluminum particles with polymer coatings were tested. Significant ageing experiments
and materials characterization was performed on the particles. The ageing experiments
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were performed to see how long the nano-sized aluminum particles could retain their
active aluminum content. Uncoated particles would lose all their active aluminum within
ten hours of an accelerated ageing environment while coated particles would only lose
30% of their aluminum content after 150 hours of ageing.
An alternative coating process involves using supercritical fluids, this method
involves precipitating solute from a supercritical solution onto particles. Glebov et al.83
used a supercritical solution of poly(vinylidene fluoride) and CO2 to coat nano-sized
aluminum particles in a reaction vessel by causing the poly(vinylidene fluoride) to
precipitate onto the aluminum particles. The precipitation was caused by supersaturation
by a drop in temperature and pressure inside the reaction vessel. Using supercritical CO2
as a solvent to coat insoluble energetic materials has several key advantages. One
advantage is that the supercritical temperature and pressure of carbon dioxide is relatively
low (Tc=31.1°C, Pc=7.39 MPa). This low critical temperature is significantly below the
decomposition temperatures of most energetic materials. Another advantage is that very
high supersaturations can be reached by a small change in temperature and pressure
within the vessel, which promotes heterogeneous nucleation which could be used to coat
the particles.
While coatings can be achieved through precipitation methods with supercritical
fluid solutions in a reactor vessel, the RESS process can also be used as well. The RESS
process has two added benefits over a reactor vessel in that the RESS process can become
a continuous rather than a batch process and that the rapid expansion produces higher
supersaturations than what would occur in a reaction vessel. Mishima et al.84 used the
RESS process to encapsulate an insoluble protein through polymer precipitation. The
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process was called the Rapid Expansion of a Supercritical Solution with a Nonsolute
(RESS-N).

The polymer PEG was dissolved in supercritical CO2 and the proteins

lysozyme and lipase were entrained in the flow of the supercritical solution.

The

resulting suspension was then expanded through a nozzle to encapsulate the proteins with
polyethylene glycol (PEG).
While coatings on nano-sized aluminum particles provide surface protection, they
also serve other useful purposes. The intimate contact between a fuel additive (e.g.,
aluminum particles) and a main propellant ingredient (e.g., RDX) from a coating could
also greatly enhance the combustion or detonation performance of the two materials.85
This would put two particles in closer contact than conventional mixing would (Figure
2-21) and could increase the rate of reaction substantially.86 Burn rates of propellants
could be increased with these coatings.

This could also improve the combustion

consistency of the propellant as well.

Figure 2-21: Potential propellant or explosive benefits from oxidizer coatings on metal
particles.

It is important to understand the attraction that RDX would have towards an
aluminum surface. Umezawa et al.87 studied the feasibility of coating an Al(111) surface
with RDX through first-principle molecular dynamic simulations.

The adsorption
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process of the RDX molecule on the Al(111) surface consisted of a N-O bond being
broken in the RDX molecule. Oxygen atoms were observed to dissociate from the RDX
molecule and bond to the aluminum substrate. It was concluded that the oxygen atoms in
a RDX molecule make a suitable material for coating an aluminum surface because of the
existence of oxygen in a RDX molecule which naturally tends to chemisorb to an
aluminum surface.

The binding energy between the aluminum surface and RDX

molecule was estimated to be approximately 5 eV. This could potentially be monitored
with surface sensitive spectroscopies such as X-ray Photoelectron Spectroscopy (XPS).
However, it should be stated that bare aluminum particles would be extremely hard to
obtain and their pyrophoric nature might make them hard to work with.

2.8

Stabilization of Nano-Sized Particles

Due to their small size, nano-sized particles behave differently than larger
particles. Nano-sized particles are more controlled by surface forces than gravitational
forces. Due to these surface forces, nano-sized particles will tend to be attracted to each
other or any surface they can find. In order to stabilize these particles and prevent them
from agglomerating, methods are needed. However, before a method can be chosen the
surface forces acting on the particles need to be recognized. The primary force that acts
on all particles is the van der Waals force which is an attractive force. The van der Waals
energy for two interacting molecules is commonly expressed as:88
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VA ( D) = −

Catomic
D6

(2-31)

where VA is the attractive van der Waals energy, Catomic is the interatomic pair potential
between molecules, and D is the separation distance between molecules. In 1937, van
der Waals integrated all the molecular van der Waals energies over various geometrical
bodies. The van der Waals energy for two interacting spheres was determined to be:89

V A ( D) = −

A131r
12πD

(2-32)

where A131 is the Hamaker constant between the particle (1) and another substance (3), r
is the particle radius, and D is the separation distance between particles.

For two

particles in a vacuum or gas, the Hamaker constant is a function of the interatomic pair
potential for the molecular substance making up the particles as the number of molecules
per unit volume for each particle. For particles in a liquid medium such as water, there
are multiple ways to determine Hamaker constants and these will be discussed in greater
detail in Chapter 4. Generally, the Tabor-Winterton90 method is the easiest way to
approximate a Hamaker constant and the Tabor-Winterton method was used to calculate
the Hamaker constant for RDX particles in water. As one can easily observe, the closer
the particles are, the larger there attractive van der Waals forces will be. In addition to
ubiquitous van der Waals forces, other forces can act between particles affecting their
dispersion and stability. These additional forces include electrostatic forces and steric
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forces. These forces can often become important for particles in a liquid phase such as
water.
DLVO theory (named after the developers Deryagin, Landau, Verwey, and
Overbeek)88 is a theory used to explain the interaction of electrostatic and van der Waals
surface forces for particles in a liquid medium. The theory describes particles in solution
as having an electrical double layer. A diagram of a particle in solution with an electric
double layer can be seen in Figure 2-22. This double layer consists of a layer of adsorbed
ions called the Stern layer and a second layer of diffuse ions called the Guoy-Chapman
layer. Generally, the larger in radius the electrical double layer is, the more dispersed
your particles will be. Understanding the electrical double layer of a particle is crucial
for minimizing agglomeration.

Figure 2-22: Illustration showing how ions in solution adsorb to a charged particle,
generating the electric double layer. The electric double layer consists of the stern layer
and the more diffuse Gouy-Chapman layer (from Prof. James Adair).119
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DLVO theory provides a basis to model the stability of particles in solution. An
expression has already been developed for the attractive van der Waals energy that is
common to all particles. An expression needs to be determined for repulsive electrostatic
forces from the particle’s electric double layer. The repulsive energy for interacting
spheres (particles) can be expressed as:
∞

VR ( D ) = πa ∫ VR _ pl ( D )dD

(2-33)

D0

where VR_pl is the repulsive energy between flat plates and a is the particle radius. The
repulsive energy between flat plates can be expressed as:

VR _ pl ( D ) = 2[V ( D ) − V∞ ]

(2-34)

where V(D) is the local repulsive energy and V∞ is the repulsive energy at infinity. The
repulsive energy at infinity is expressed as:

V∞ =

ε 0 k d k BT
2π

ψδ



m

 zi eψ ( x)  
 − 1 dψ ( x )
k BT  

∫ ∑ n exp −
0

i =1

i

(2-35)

where ε0 is the dielectric permittivity of a vacuum, kd is the relative dielectric constant, kB
is the Boltzmann constant, zi is the valence of the ith ion, T is temperature, ni is the
concentration of the ith species of ions in solution, e is the charge of an electron, ψ(x) is
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the electric potential a distance x from the particle, and ψδ which is the electric potential
at the stern plane. The term ψδ is often called the Stern potential or zeta potential. The
local repulsive energy can be expressed as:

V ( D) = −
+

 z eψ  
k BTD m  
ni  exp − i d / 2  − 1
∑
2 i =1  
k BT  

ψδ

ε 0 k d k BT
2π ψ ∫

d /2

  z eψ ( x)  
 z eψ 
 − exp − i d / 2 dψ ( x )
ni exp − i
∑
k BT  
k BT 
i =1

 

(2-36)

m

where everything has already been defined besides ψd/2 which is the electric potential
halfway between two particles.
Once the attractive van der Waals and repulsive electrostatic energies are known
they can be plotted to create interaction energy curves. An example of an interactive
energy curve can be seen in Figure 2-23. The repulsive and attractive energy are both
plotted as a function of distance from the particle with the sum of both energies are
shown. These curves are useful for showing at what distance attractive or repulsive
energies dominate. Now that both the attractive van der Waals energy and the repulsive
electrostatic energy terms have been defined, important variables that yield information
on the stability of the particles in solution will be defined. One important parameter that
can be calculated is the aggregation probability. The aggregation probability represents
the likelihood that if two particles collide, they will aggregate. This probability can be
expressed as:
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∞

VT (s )  ds
 2
 k BT  s

α agg = ∫ exp
2

(2-37)

where αagg is the aggregation probability, VT is the total energy between particles (both
attractive and repulsive), D is the distance between particles, kB is the Boltzmann
constant, and T is the temperature of the solution. The expression s can be defined as:

s=

a1 + a2 + D
a1 + a2

(2-38)

where a1 is the radius of particle 1 and a2 is the radius of particle 2 if different sized
particles are being considered. The reason for the lower integration limit of 2 in Equation
2-37 is because when two particles are touching the variable s will equal 2. Once the
aggregation probability for a particle is calculated the particle half-life can be calculated.
The particle half-life is the time that it takes for the number of particles at a particular
size to reduce by half. The particle half-life can be determined through the modified
Smoluchowski equation which can be expressed as:

4k T
dN (t )
= −α agg B N (t ) 2
dt
3µ

(2-39)

where N(t) is the number concentration of particles at time t, α is the aggregation
probability, µ is the viscosity of the solution, kB is the Boltzmann constant, and T is the
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temperature of the solution. Integrating Equation 2-39 by parts provides the particle halflife time (i.e. time when N(t) = N0/2) which can be expressed as:

t1 / 2 =

3µ
1
α agg k BT N 0

(2-40)

where t1/2 is the particle half-life or the amount of time that it takes for the initial number
of particles to reduce by half from aggregation and N0 is the initial concentration of
particles.

Figure 2-23: Interaction energy curve showing the attractive van der Waals energy and
repulsive electrostatic energy and the sum of the two energies (from Adair et al.91).
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The surface potential and electric double can be altered in solution. Salts can be
added to the solution and their ions can be adsorbed onto the particle surface to change
the particle’s net surface charge by modifying the electric double layer that is
characteristic of the particle.92 Also, the solution pH can be altered to change the charge
of the particle as well. However, there is a trade off with adding ions to a solution. If
more ions are added to a solution, then the ionic strength of the solution increases to a
larger value. As the ionic strength increases, the thickness of the electric double layer
shrinks which increases the likelihood that particles will collide and agglomerate.
Therefore, a delicate balance needs to be achieved for adding ions as one can increase the
zeta potential and compress the electric double layer at the same time. Finally, it is
important to understand that manipulation of the electrical double layer will only provide
metastable dispersion.

Eventually, the particles will agglomerate.

Although,

agglomeration could take a long time to happen if good dispersion is achieved.

2.8.1

Coating Nano-Sized Particles with Polymeric Dispersing Agents

Macromolecules such as polymers can attach themselves to particles in solution.
These molecules can bond to the surface of the particle or they can physically adsorb to
the surface through intermolecular forces. When these molecules attach themselves to a
particle, the sections that are not anchored are free to move in the solvent. How they
move in the solvent depends on the molecular interactions between the molecule and the
solvent. This molecular attachment and subsequent continuous movement of the free end
of the molecule can prevent other particles from coming in close enough to permanently
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agglomerate. This is because when these macromolecules are displaced, they tend to
spring back to where they were, pushing the approaching the particles away.

An

illustration of this for a nonionic adsorbed polymer is shown in Figure 2-24. Since the
polymer is not charged, the interaction energy is negative or attractive as the polymer
coated particles get close to each other.

However, once the adsorbed polymer is

displaced the steric forces of the polymer repulse the particles and ensure that the
interaction energy is positive. This type of repulsion is called steric repulsion. It has
been found that amphipathic block and graft co-polymers tend to anchor to particles in
suspension quite well and provide excellent steric repulsion.93

Figure 2-24: How polymer coatings effect dispersion.119 As polymer coated particles
come into the proximity of one another, the steric forces of the polymer ensure that the
interaction energy is positive and that permanent agglomeration does not happen.
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The thickness of an adsorbed polymer can be described by Flory Huggins
theory94 and is approximately equivalent to the radius of gyration in solution which can
be expressed as:

L[N ]
Rg =
6

1/ 2

(2-41)

where L is the distance between carbon atoms in the polymer backbone and N is the
number of segments in the polymer chain. From Equation 2-36, it is clear that if a
polymer has more segments, then it should have a larger radius of gyration and should
therefore be more effective at providing steric dispersion. It should also be noted that the
volume that the polymer occupies inside the radius of gyration can be as low as 1 %.88
The downside to using a large polymer for steric dispersion is that it coats the particle
with extra material that may serve no useful purpose in its final application. Particles
coated with polymer can flocculate loosely together, but they can be redispersed fairly
easily later on (as shown in Figure 2-25). The reason for redispersion is that the core
particles do not get close enough so that they are held together permanently by van der
Waals forces. Therefore, the van der Waals forces holding them together are weaker and
it is easier to redisperse them in solution. Often only simple mechanical agitation is
needed to redisperse the flocculates.

81

Figure 2-25: Image showing the advantages of providing steric repulsion in dispersing
particles. If particles are dried, they can be redispersed in a liquid at a later time.110

2.9

Characterization Methods for Ultrafine Powders and Energetic Materials
Due to the small size of the powders that are produced by the RESS, RESOLV,

and RESS-N processes, characterization is not straight forward and can be rather
complicated.

Individual nano-sized particles cannot be investigated by an optical

microscope as the resolution is inadequate for the detailed characterization needed.
Instead, a scanning electron microscope (SEM) is often used. SEMs generate images
from secondary electrons (SE) or backscattered electrons (BSE) onto a cathode ray tube.
SEM’s are ideal for looking at surface morphologies because they have an excellent
depth of field in comparison to traditional optical microscopes. More importantly, SEMs
use electrons to generate images instead of photons. Electrons allow for images with a
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much higher resolution. If even higher resolution is needed than a SEM then materials
can be investigated by a transmission electron microscope (TEM). With TEM, a high
intensity electron beam is transmitted through a thin sample and focused by an objective
lens to create an image on a cathode ray tube. Lateral resolutions as low as 0.2 nm can be
achieved in some instances.95 The drawback with a TEM is that it probes a material
sample with significantly more electron energy then a SEM; therefore organic samples
are not easily analyzed without significant sample damage. This is a problem with
energetic materials that dissociate easily such as nitramines.

However, inorganic

energetic materials such as nano-sized aluminum can and have been successfully imaged
with TEM. In fact, the thickness of an oxide layer on nano-sized aluminum is often
determined on TEM as it appears lighter on a TEM image.96 Another benefit of using
TEMs is that they are able to use electron diffraction to investigate a sample’s crystal
structure.
Elemental spectroscopies are often coupled with electron microscopes. One such
type of elemental spectroscopy that is often used is called energy dispersive X-ray
spectroscopy (EDS).

EDS works in that the incident electron beam in an electron

microscope can eject an electron from an inner orbital which causes an electron from an
outer orbital to take its place. The process emits a characteristic X-ray photon that’s
intensity is the difference between the inner orbital and outer orbital electron which can
be detected and used to determine what atomic element it came from.

It cannot

determine molecular and bonding information.
In terms of investigating a sample’s purity, chromatography can be useful.
Chromatography generally makes use of the principle that molecular interactions can be
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used to separate molecular species in space and/or time. Generally, gas chromatography
directly coupled with a mass spectrometer detector (GC/MS) is a proven and reliable
method for determining concentrations and identifying species in samples. A GC/MS
works by injecting a gaseous mixture of interest into a capillary column coated with a
known polar or nonpolar substance. The gases adsorb to the column walls and are
released from the walls at different temperatures. Once a gaseous species is released
from the column it is then detected by a mass spectrometer. The difficulty with using a
GC/MS on energetic materials is that many of them have decomposition temperatures
that are below their vaporization temperature.

Therefore, damage to experimental

equipment can occur and if the equipment did survive at the very best you would only be
determining the concentrations of the materials decomposition products. As a result of
these difficulties, high performance liquid chromatography (HPLC) is often used to
determine an energetic material’s concentration.

HPLC works in that chemical

compounds are dissolved in a known liquid substance and then the compounds are
separated by being pumped through a column filled with materials called a “stationary
phase” that tend to attract molecules in the liquid solution. The molecular attraction
ensures that the different molecules come out or “elute” from the column at different
times. Concentrations of the molecular components are then usually determined by a
UV-vis detector.
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Chapter 3
Experimental Method of Approach
3
Three different supercritical fluid precipitation techniques were investigated in
this research. The first investigation deals with the Rapid Expansion of a Supercritical
Solution (RESS) process. The RESS process was used to produce ultrafine particles of
energetic materials. The second investigation involved using the Rapid Expansion of a
Supercritical Solution into a Liquid Solvent (RESOLV) process. This process was used
to form even smaller energetic nanoparticles than the RESS process. The RESOLV
process also is beneficial in that a dispersed colloid is formed in which the problems of
agglomeration have been mitigated.

The final investigation involves the Rapid

Expansion of a Supercritical Solution with a Nonsolute (RESS-N) process. The RESS-N
process was used to encapsulate or coat nano-sized ALEX® particles with RDX. Material
characterization was performed with all investigations. Sensitivity testing was performed
with the RESS and RESOLV-produced RDX.

3.1

Rapid Expansion of a Supercritical Solution (RESS) Experimental Apparatus
To study the effects of the RESS process on energetic materials at ultra-high

pressures, a custom built system was designed, fabricated, and tested at Penn State’s High
Pressure Combustion Lab (HPCL).97 The RESS system is capable of maintaining a
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constant fluid pressure of 207 MPa depending on the size of the nozzle diameter used. A
flow diagram of the system is shown in Figure 3-1. The main components of the RESS
system are a solvent supply, solvent chiller, solvent pump, saturation vessel, expansion
vessel, and particle scrubber. A RESS experiment involves the solute being placed in the
saturation vessel after which the vessel is subsequently filled with CO2 from the solvent
compressor. The CO2 is supplied from a solvent supply manifold and passes through a
solvent chiller before being pumped to cool the solvent so that it remains in a liquid
phase. Since the pump can only move a certain volume of fluid at a time, this greatly
increases the pump efficiency allowing for faster pressurization and a higher system
pressure. The saturation vessel is then pressurized and heated by a jacket heater until a
supercritical solution is formed (i.e. both the temperature and pressure are above their
critical values). Once the solute is dissolved, the resulting solution is then expanded
through a heated nozzle. The tubing from the saturation vessel to the nozzle assembly is
heated by tape heaters to prevent premature precipitation. A bypass line is used to
pressurize the tubing upstream of the nozzle assembly to prevent premature particle
precipitation from the supercritical solution.

The temperature of the solution is

monitored at certain locations by thermocouples. When the solution flows through the
nozzle it is rapidly expanded from the saturation vessel pressure to an ambient condition.
This drop in pressure causes small particles to precipitate out of solution from the high
degree of supersaturation that the rapid expansion induces. Once small particles are
formed from the expansion, the flow is then contained in an expansion tube and is
allowed to flow into an electrically grounded collection cup. Finally, there is a particle
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scrubber at the end of the CO2 gas flow exhaust to collect any entrained particles to
prevent them from escaping into the atmosphere.

Figure 3-1: Flow diagram of the RESS system. Supercritical solution is produced in a
saturation vessel and expanded through a micro-orifice into the particle collection vessel.

The RESS system is beneficial in that the system pressure, temperature, and
location of the pressurized fluid could all be controlled remotely through a control panel
located outside of the test cell. Thermocouples situated in various parts of the system
record a temperature and supply it to temperature controllers. If the temperature is at or
below where it should be the temperature controller will relay a signal to supply electric
power to the heater in a certain zone. If the temperature is too high, the temperature
controller will cut out the signal and the test section will stop supplying electric power to
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the heaters. System pressure was controlled by a pressure transducer reading of the
working fluid located upstream of the saturation vessel. If the fluid pressure was too low,
the control computer would send an electrical signal to the pump to initiate in a similar
manner as it does to the tape heaters. The maximum system pressure was dictated by the
flow rate through the system, which was controlled by the nozzle orifice diameter. The
control computer operated a LABVIEW code to operate the valves and compressor in the
system as well as to monitor the pressure and temperature of the system. Appendix A
provides more information on the LABVIEW code. The section of the test apparatus
outside of the test cell can be seen in Figure 3-2. The solvent supply manifold, solvent
chiller, and experimental control panel can all be clearly seen.

Control Panel

Solvent Manifold

Solvent Chiller

Figure 3-2: User controlled section of RESS system. The computer controlled operation
program can be accessed from this area as well as the solvent manifold and chiller.
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The pressurized section of the RESS system located in the test cell can be seen in
Figure 3-3. This section is isolated from the experimental and its location is in a blastresistant test cell with reinforced walls. The saturation vessel, remote controlled needle
valves, nozzle assembly, and collection vessel can all be clearly seen.

Nozzle
Assembly
Remote
Controlled
Needle Valve

Collection
Vessel

Saturation
Vessel

Figure 3-3: Test cell portion of RESS system. The saturation vessel, flow lines, and
expansion vessel are in the remote-controlled test cell.

3.1.1

Selection of a Suitable Solvent

The selection of an appropriate solvent relied on multiple factors such as
affordability, a reasonable critical temperature and pressure, safety, and toxicity. There
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are many supercritical fluid solvents that are commonly used and these are shown in
Table 3-1.
Table 3-1: Potential supercritical solvents for RESS applications
Solvent

Critical
Pressure Pc
(MPa)
7.38

Critical
Density (g/cc)

Critical
Compressibility

CO2

Critical
Temp Tc
(K)
304.2

0.4682

0.274

Net Dipole
Moment
(Debye)
0

N2O

309.6

7.25

0.452

0.274

0.166

H2O

647.1

22.06

0.322

0.229

1.85

NH3

405.7

11.28

0.235

0.242

1.42

CHF3

298.9

4.84

0.525

0.259

1.649

SF6

318.7

3.76

0.735

0.282

0

From Table 3-1 it is apparent that there are a few good candidates for potential
solvents. The problem is that some of the solvents are expensive and toxic to humans
(NH3 and CHF3). Some of the solvents such as N2O are explosion hazards if compressed
and heated. Other solvents are not in the diffuse gas phase under ambient conditions
(H2O) and solvent solute separation would be difficult. A low critical temperature is
important as many energetic materials can decompose at fairly low temperatures such as
RDX (498 K). This is crucial as it is important that the energetic solute does not
decompose for safety reasons and because it is absolutely necessary that the energetic
molecule’s integrity remains during the whole RESS process. The best choice for a
supercritical solvent was determined to be carbon dioxide (CO2). CO2 is generally the
fluid of choice for supercritical fluid processing applications because it is nontoxic and
safer for the environment than the other solvents.

CO2 also has a mild critical
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temperature and a moderate critical pressure (Tc=304 K Pc=7.4 MPa).

The main

downside with CO2 is that it does not have a net dipole moment, therefore polar solutes
will not be very soluble in the fluid. However, if a closed-loop RESS system could be
developed then CHF3 becomes attractive with its high dipole moment and easy to achieve
critical conditions.

3.1.2

Sample Preparation

First experiments performed with the RESS system involved placing larger
particles of the energetic solute in a porous or fritted cup inside the saturation vessel. The
amount of time for solute dissolution and extraction was unacceptable and alternate
means were investigated. To enhance the dissolution time it was proposed that the solute
should have an increased surface area when it is being dissolved. This allows more of the
solute to interact molecularly with the solvent and allow for faster dissolution. Increasing
the surface area of the solute is commonly done in other research involving the RESS
process in which the solute is used to coat inert glass wool or beads.54 With this in mind,
the energetic solute was prepared by dissolving the solute in acetone. Inert glass beads
were then heated in a solute basket inside an oven to a temperature around 60° C. The
acetone and energetic material solution was then applied over the beads. The heated
beads would vaporize the acetone leaving only glass beads with energetic material
deposited on them. The coated beads were then placed in the saturation vessel and solute
extraction times were significantly enhanced.
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3.1.3

Solute Saturation Vessel

The solute saturation vessel is where the energetic solute is extracted by the
supercritical fluid. A cross-sectional image of the vessel can be seen in Figure 3-4. The
vessel is custom made and rated for operating pressures up to 207 MPa. The vessel has a
thermocouple feed through so that temperature measurements can be taken inside the
vessel. The vessel also has an optical viewing port for viewing the dissolution of the
solute on the glass beads. The viewport allowed for the dissolution time of the solute to
be determined. The saturation vessel is heated through a jacket heater that is activated by
the thermocouple readings.

Figure 3-4: Cross-sectional view of the saturation vessel. Solvent enters from the
bottom of the chamber and leaves from the side. Glass beads coated in RDX are located
inside the vessel as well.
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3.1.4

RESS Nozzle Assembly

The nozzle assembly for the RESS system can be seen in Figure 3-5. The nozzle
assembly consists of micro-orifice sapphire inserts. A large range of different diameter
orifice nozzles can be inserted into the assembly. The assembly also includes a micro-frit
upstream of the orifice to prevent any prematurely precipitated particles from clogging
the nozzle during a test. A thermocouple is placed directly in the flow so that the
temperature of the solution just prior to expansion can be determined. The nozzle
assembly also has inserts for heating units to be placed in the assembly to heat the nozzle
so that premature precipitation does not occur. After the fluid expands through the
micro-orifice, the fluid and finely precipitated particles are contained within an expansion
tube. The expansion tube directs the expanded fluid and particles to the collection cup
for collection.

The expansion tube also promotes newly formed dry ice nuclei to

coagulate and form larger dry ice particles. This allows the particles to be collected
gravimetrically.
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Figure 3-5: Cross-sectional view of the nozzle assembly for the RESS system. The
nozzle assembly holds the sapphire micro-orifice in place. A micro-fit is placed upstream
of the orifice to prevent the orifice from clogging during operation.

3.1.5

Formulation of Solid CO2 during Fluid Expansion

Nano-sized particles are not easy to collect. They have an extremely high surface
area and thus possess behavior that is drastically different than particles that are micronsized and greater. The main differences in behavior come from the fact that the motion
of these particles is not dominated by body forces as is the case with larger particles, but
is rather dominated by surface forces or van der Waals forces. These surface forces tend
to make it favorable for the particles to stick to each other and to any surface they
encounter. Therefore, collection of the particles had to occur in unconventional ways.
Some researchers have tried to solve this problem by establishing an electrostatic field to
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collect the particles.98 This would be a hazard with nano-sized energetic materials due to
the low electrostatic discharge sensitivity of many energetic materials. An alternative to
electric field generation would be to throttle or expand the CO2 to a favorable
thermodynamic state for solid CO2 or dry ice formation. Newly formed dry ice nuclei
would tend to cluster onto the energetic material particles by heterogeneous nucleation
and would supply them with sufficient body weight to be collected gravimetrically. To
understand the best pre-expansion conditions for dry ice formation, the expansion process
was approximated as an isenthalpic throttling process. Modeling of the expansion in the
RESS process has shown that the micro-orifice expansion was nearly isenthalpic.63
Therefore, with the aid of a pressure-enthalpy phase diagram, one can select appropriate
pre-expansion pressures and pre-expansion temperatures for dry ice creation. Relevant
CO2 data for the diagram was obtained from the NIST program REFPROP.99 With a
pressure-enthalpy diagram created for CO2, isenthalpic expansion lines can be
superimposed to understand what thermodynamic state the CO2 will end up in after it is
expanded from a selected pre-expansion temperature and pre-expansion pressure. The
diagram with an expansion line can be seen in Figure 3-6. From the diagram, it is
apparent that higher pre-expansion temperatures will result in an expansion that will
produce less dry ice. However, higher pre-expansion temperatures will also dissolve
more solute increasing yields and the degree of supersaturation during the expansion.
Therefore a tradeoff must be made to find the optimal operating conditions for preexpansion temperatures in the RESS process. From the diagram, it is also apparent that
increasing pre-expansion pressures along an isotherm will produce more dry ice until a
pre-expansion pressure of approximately 50 MPa is reached. This is still a higher value
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than the pre-expansion pressures that most RESS systems operate at, so operating the
RESS system at higher pre-expansion pressures than in previous research will produce
more dry ice.
.

Figure 3-6: Pressure enthalpy diagram of carbon dioxide with isenthalpic expansion line.
Higher pre-expansion temperatures make it less likely to form dry ice during the
expansion process.

3.1.6

Particle Size Analysis

Due to the small final size of the produced particles, optical microscopy could not
provide the image resolution needed to determine size information from the particles.
Therefore, field emission scanning electron micrograph (FE-SEM) images were taken of
various sections of a produced powder sample. Once the images of the samples were
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taken, an image software program called ImageJ100 was used to take the size
measurements of a large number of produced particles. The longest length or chord of a
particle was measured and recorded for each particle. The recorded measurements were
then analyzed to yield information for the average particle size and the particle
distribution for each test. When taking measurements, one must be careful not to become
biased to counting unusual-looking particles. A certain number of measurements from
multiple locations of a collected sample had to be taken to make sure that the particles
being measured were an accurate representation of the final product. The amount of
measurements that need to be taken depends on the desired sampling error of the
experiment.101 Once a sufficient number of particles were measured, they were placed
into bins to classify which size range they were under (i. e. 10-20 nm or 50-60 nm). This
size information was imported into a size distribution software called PeakFit®. The
program then normalized the area under the curve and fit the points to a statistical log
normal distribution. The log-normal distribution was then exported as a data file that
could be plotted. Size distribution plots were created with this information.

3.1.7

Test Conditions Investigated by the RESS Process.

RDX was previously used in the RESS process, but the pre-expansion pressures
were limited to 35 MPa.57 Therefore, a more thorough testing procedure was proposed
investigating two nozzle sizes, along with a wide array of pre-expansion temperature and
pre-expansion pressure conditions. The pre-expansion pressures used in the tests would
be three to four times higher than in conventional RESS experiments. Higher pre-
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expansion pressures are of interest as the solubility of energetic solute in a supercritical
fluid is a function of its density which is controlled by pressure. Therefore, higher preexpansion pressures can improve yields and induce a higher degree of supersaturation
which would produce more particles of a smaller size. The proposed test matrix can be
seen in Table 3-2. Along with investigating RDX, studying the RESS process and how it
would produce particles of other energetic materials are also of interest. Bis(2,2,2trinitroethyl)-3,6-diaminotetrazine BTAT was used and tests were performed on the
material. Testing of BTAT was performed at operating at pre-expansion pressures of
68.9 MPa with various pre-expansion temperatures.

Table 3-2: Test matrix for studying effects pre-expansion conditions in the RESS process
on producing RDX particles.
Test

T0
(K)
328

Nozzle Diameter
(µ
µm)
100

Test

001

P0
(MPa)
34.5

013

P0
(MPa)
34.5

T0
(K)
328

Nozzle Diameter
(µ
µm)
150

002

51.7

328

100

014

51.7

328

150

003

68.9

328

100

015

68.9

328

150

004

86.2

328

100

016

86.2

328

150

005

103.4

328

100

017

103.4

328

150

006

120.7

328

100

018

120.7

328

150

007*

34.5

348

100

019

34.5

348

150

008

51.7

348

100

020

51.7

348

150

009

68.9

348

100

021

68.9

348

150

010

86.2

348

100

022

86.2

348

150

011

103.4

348

100

023

103.4

348

150

012

120.7

348

100

024

120.7

348

150

* Test did not yield suitable particle shapes due to some outside contamination
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3.1.8

Material Characterization of RESS Powders

While size analysis was highly important for the investigation, other material
properties of the produced energetic materials can affect their sensitivity and
performance. One concern was about the crystal quality of the final produced powders.
It was unclear whether the RESS process would produce crystalline materials and if they
were crystalline it would be advantageous to know the crystallite size and to determine
any crystal imperfections. To investigate this, powder X-ray diffraction (XRD) was
performed on the produced samples. Along with the crystal quality, the chemical purity
of the samples was also important to know. To investigate this, high performance liquid
chromatography (HPLC) was used on the samples. The purpose of this technique was to
investigate if the RESS process would have a purifying effect on the final powders in
regards to HMX contamination.

3.1.9

RESS-Produced RDX Sensitivity Analysis

One of the main goals of producing energetic materials by the RESS process is to
reduce their sensitivity to accidental initiation. Therefore, evaluating the sensitivity of
the produced particles is absolutely critical. The sensitivity of the produced powders was
investigated by introducing them to an outside stimulus from impact, friction, and
electrostatic discharge (ESD). Due to the lack of equipment needed to conduct these
standardized tests, testing was performed at the Naval Surface Warfare Center Indian
Head Division (NSWC-IHD) in Indian Head, Maryland. All sensitivity testing was
conducted in accordance with the US Section of NATO Allied Ordnance Publication
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Seven (AOP-7)102 and included Explosives Research Lab (ERL) impact tests (Method
1012), Allegheny Ballistics Lab (ABL) friction tests (Method 1021), and Naval Surface
Warfare Center (NSWC) ESD tests (Method 1031).
A diagram of an ERL impact testing instrument is shown in Figure 3-7. The ERL
impact testing instrument has a drop height of 3.2 m. To conduct a test, a 35±5 mg
sample is loaded onto a one-inch square piece of 180 grit sand paper, which is then
placed on top of a steel anvil. A steel striker is placed on top of the assembly. The striker
has the geometry of a truncated cone at its top surface in order to concentrate the force in
the axial direction. A magnet is employed to contact and lift the 2.5 kg weight to a
desirable height. The weight is then released falling till it hits the striker which transmits
the impulse to the test sample and may initiate a reaction, depending upon the level of
potential energy. Ignition is mainly caused by particles shearing as a result of being
forced to the outer edges of the sand paper holder. Ignition was determined from visual
inspection of the sand paper after a test. Twenty-five tests were conducted and statistical
analysis was performed using the Bruceton method.103
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Steel Striker

Figure 3-7: Diagram representing ERL impact machine129

The ABL friction test required a test sample of 50 mg to be placed onto a steel
anvil and spread to a height of 0.762 mm. To conduct the test, force is applied
hydraulically through the non-rotating steel wheel to the sample which rests on the anvil.
A pendulum then impacts the edge of the anvil propelling the anvil forward at a known
velocity, about 2.44 m/s. A diagram of the experimental setup can be seen in Figure 3-8.
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Similar to the impact testing it was a go/no-go visual test, however the threshold
initiation level (TIL) was found rather than a 50% value. The recorded TIL value is the
hydraulic force applied to the non-rotating wheel. Twenty consecutive tests without
reaction at a given force are needed to determine the material’s sensitivity.

Figure 3-8: Diagram representing ABL friction test102.

The NSWC ESD test utilizes a static discharge setup that had a fixed 4800 V
potential with 12 capacitors rated to 0.25 Joules. The test was conducted by placing a 50mg sample on a raised cylinder surrounded by a Teflon retaining ring, the voltage was
charged, and by pressing down an actuator from the top of the test box, a pin travels to
touch the material/metal cylinder to dissipate the charge. Similar to friction testing, a
threshold value was found rather than a 50% value. Testing was usually performed until
20 tests were conducted without any reactions observed at a certain energy level. Twenty
five milligram samples are used for each test.
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3.2

Rapid Expansion of a Supercritical Solution into a Liquid Solvent (RESOLV)
Process
The PSU RESOLV system diagram is shown in Figure 3-9. The system is the

same as the RESS system besides the expansion vessel.

For the RESOLV system, the

nozzle assembly from the RESS system was placed approximately an inch under the
liquid and dispersant solution. Dispersants were mixed with liquid and care was taken to
make sure the aqueous solutions were free from contaminants. The supercritical solution
was then expanded into this environment. The liquid and dispersant solution volume was
approximately 500 mL. The temperature of the solution was monitored with a K-type
thermocouple. Heaters controlled the temperature of the water to keep it at 25 ± 5 °C.
Different amounts of dispersant and different types of dispersants were used. If the
solution was aqueous in nature, the pH value of the aqueous solution was measured
before and after each test. Care had to be used to prevent the solution from leaving the
expansion vessel due to excess foaming during the expansion process. To mitigate this
problem, a N2 purge was used to suppress the foam during a test. An image of the
expanding jet penetration into a water and dispersant solution is shown in Figure 3-10.
All tests were conducted with a pre-expansion pressure of 34.5 MPa, a pre-expansion
temperature of 358 K, and an orifice nozzle diameter of 100-µm. Tests were conducted
for approximately 10 minutes. The supercritical solution was expanded into the aqueous
solution and then another supercritical solution was formed and expanded into the
aqueous solution. This process was repeated multiple times. Typically 500 mg of
particles were precipitated into 500 ml of liquid solution. For aqueous solutions, it is
important to note that CO2 dissolves in water and creates carbonic acid. This effect
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resulted in the pH of the aqueous solution decreasing to a value of 4 from an initial value
of around 7 during the expansion process. This needs to be considered when preparing
the aqueous suspension as a higher ionic strength and a lower pH could affect the
stability of the particles in water in an adverse way. Particles can be later removed from
the suspension by centrifuging, filtering, freeze drying, or vacuum boiling. If polymers
are used as a dispersant, reversible flocculation can be used to collect the particles after
they sediment to the bottom of the liquid suspension.
Some of the test conditions used with the RESOLV process in this study are
shown in Table 3-3. All pre-expansion conditions were T0=358 K and P0=34.5 MPa or
5,000 psi. As an experimental control, the RESS process was used to generate RDX
particles under the same expansion conditions (Test Series 01). All RESOLV liquid
solutions were aqueous in nature. Also as an experimental control, RDX particles were
expanded into neat deionized water to show why dispersants are necessary to keep the
newly formed particles small. Finally, both PVP and PEI were used as dispersant in
different weight percents (relative to the amount of water in the collection or expansion
vessel).
Table 3-3: RESS and RESOLV expansion conditions used in this study.
Test

Solute

01
02
03
04
05
06

RDX
RDX
RDX
RDX
RDX
RDX

P0
(MPa)
34.5
34.5
34.5
34.5
34.5
34.5

T0
(K)
358
358
358
358
358
358

D
(µ
µm)
100
100
100
100
100
100

Receiving
Solution
None
Water
Water and PVP
Water and PVP
Water and PEI
Water and PEI

Dispersant
Wt %
None
None
0.100
0.005
0.050
0.005
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Figure 3-9: RESOLV system diagram. Solvent supply and energetic solute form a
supercritical solution which is later expanded through a nozzle into an aqueous solution.

Figure 3-10: Image of CO2/RDX jet penetrating into a water and dispersant liquid
solution during a RESOLV test. The jet would cause the dispersant and water solution to
foam.
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Different types of dispersing agents were chosen to evaluate their effect on the
particle morphology, size, and state of dispersion in the RESOLV process. A common
type of dispersant is a solvent i.e., water-soluble polymer. In solution, the polymer
adsorbs to fine particles and its loops and tails act to repel other particles in a steric
manner.104 This prevents the particles from coming in close enough contact to aggregate.
The polymers can also be charged to provide electrostatic dispersion as well (cationic or
anionic polymer). This allows the particles to be dispersed in solution at certain pH
levels and then allows them to flocculate together at other pH levels so they can sediment
and be collected.
Two molecules were chosen to provide steric repulsion for the RDX particles in
this study. Polyvinylpyrrolidone (PVP; Aldrich CAS #9003-39-8, MW~55,000 g/mol)
was chosen as a potential dispersant because it is soluble in water and is attracted to
surfaces with a negative charge such as RDX in water.105 PVP has been used to coat
RDX in previous applications to reduce its sensitivity.106 Polyethylenimine (PEI; Aldrich
CAS #9002-98-6, MW ~ 800 g/mol) was also used because it was thought that it would
have an affinity for the NO2 groups on RDX and would provide cationic electrostatic
dispersion along with steric dispersion from being a polymer.
molecular structure of these polymers are shown in Figure 3-11.

Illustrations of the
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a)

b)

+

PVP

PEI

Figure 3-11: Polymers used to disperse RDX particles in the RESOLV process. The
selected dispersants include a) polyvinylpyrrolidone (PVP) and b) polyethylenemine
(PEI)

The difference between the polymers PVP and PEI are shown in Figure 3-12.
PVP is a nonionic polymer and will shield the natural charge of the particle. In other
words, the charging behavior of PVP-coated particles as a function of the solution pH
level will be similar to the actual particle, but more subdued. PEI-coated particles will
have their own charging behavior, because PEI is a charged ionic polymer unlike PVP.
Therefore, the pH level charging behavior of PEI-coated particles will be completely
different than PVP-coated particles.
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Figure 3-12: Illustration showing the effect that polymer coatings will have on the zeta
potential of a coated RDX particle. PVP is a nonionic polymer and has no charge,
therefore the charge of PVP-coated particles should be a shielded value of plain RDX. In
contrast, PEI-coated RDX should have a charge resulting from the ionic properties of
PEI.

3.2.1.1 RESOLV-Produced Particle Analysis
Two methods were used to determine the size of the produced particles. The first
method was image analysis and the second method was dynamic light scattering (DLS).
For image analysis of the particles, a JEOL 6700F FE-SEM was used to take images of
the collected particles. A few drops of a colloidal suspension (RESOLV samples) were
placed on silica wafer atop an aluminum stub. Silver paint was also used to improve
sample conductivity. The samples were then dried to remove the water and other volatile
materials while leaving the particles behind. Each sample was iridium coated to help to

108

reduce charge build up on the sample for imaging purposes. Images from the entire
sample were taken so that measurements would not have a bias towards a specific particle
size.

Following this, FE-SEM images were imported into image analysis software

(ImageJ; National Institutes of Health).100 A suitable number of measurements had to be
taken to make sure that the sampling error was as low as possible.107 This was to serve as
a comparison to DLS measurements and to provide important information about the
particle’s morphology. In addition to image analysis, particle size characteristics were
analyzed while the particles were in their colloidal suspensions by DLS.

DLS

measurements were taken with a Brookhaven ZetaPALS instrument (Brookhaven
Instrument Company). It is important to note that DLS does a good job of quantifying
the size of the bulk particles but it cannot distinguish between the size of agglomerates
and individual primary particles.

3.3

Rapid Expansion of a Supercritical Solution with a Nonsolute (RESS-N)
Experimental Apparatus
To see if insoluble ALEX® particles could be coated with energetic materials by a

supercritical solution, a RESS-N system was developed. The system’s purpose was to
properly entrain the ALEX® particles in a supercritical solution before the suspension
travelled through a nozzle so that they can be coated by heterogeneous nucleation from
the mechanical expansion.

The RESS-N system was developed by modifying the

existing RESS system. The modification to the system involved a particle entrainment
vessel which also served as a nozzle assembly. The particle entrainment vessel allowed
for the seeding of the supercritical solution with ALEX® particles. The entrainment
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vessel also had a larger diameter nozzle (300 µm) fastened to one end of it to allow for
nano-sized ALEX® particles to flow through the nozzle without clogging. The particle
entrainment vessel was placed directly upstream of the expansion nozzle and replaced the
nozzle assembly of the RESS system. The flow diagram of the system can be seen in
Figure 3-13.

Figure 3-13: Flow diagram for RESS-N system with particle entrainment vessel. The
system is the same as the RESS system with the particle entrainment vessel placed
upstream of the nozzle assembly.
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3.3.1

Development of the Particle Entrainment Vessel

The main adaptive component that had to be added to the RESS system to make it
a RESS-N system was a component that would allow ALEX® particles to be properly
entrained and suspended in the supercritical solution prior to flowing through a nozzle. A
cross-sectional view of this particle entrainment vessel can be seen in Figure 3-14. An
aluminum particle holder supplies ALEX® particles to the supercritical solution. Before
a test begins, the entrainment vessel is prefilled with supercritical CO2 to prevent solute
precipitation when the supercritical solution enters the vessel. Supercritical solution then
flows into the entrainment vessel and entrains ALEX® aluminum particles into the
flowing solution from the particle holder. The suspended particles then flow through the
sapphire micro-orifice nozzle located further downstream.

The suspended ALEX®

particles act as a nucleation catalyst for the supercritical solution once the solution is
supersaturated during the expansion process.
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Figure 3-14: Particle entrainment vessel in RESS-N system. Supercritical solution
entrains ALEX® particles so that the suspension can flow through the nozzle.

It was discovered during initial testing that ALEX® particles would clog the
micro-orifice nozzle if the orifice diameter was below 300-µm with the RESS-N system.
Due to the necessary higher flow rates from a larger diameter nozzle, the pre-expansion
pressure was more limited than in the RESS system with the solvent pump.

The

maximum constant fluid pressure that could be achieved was 34.5 MPa for a 300-µm
nozzle. This was more than sufficient to create a supercritical solution of CO2 and
energetic solute without premature precipitation. An image of the test cell portion of the
RESS-N system with particle entrainment system can be seen in Figure 3-15.
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Particle Entrainment
Vessel

Figure 3-15: Particle entrainment vessel in the RESS-N system.

Due to the higher complexity of the experiment, the RESS-N process has more
experimental variables to control than the RESS process. With the RESS process the
degree of supersaturation along with the expansion process can all be controlled by
varying pre-expansion temperature and pre-expansion pressure along with the expansion
process. The RESS-N process requires particle entrainment rates and the amount of
solute material in the supercritical solution to be controlled. This directly affects the
coating quality and size. First, the entrainment rate allows one to understand the rate of
seeded ALEX® particles that will flow through the system. Once the rate has been
determined, the concentration of the supercritical solution can be varied to change the
amount of solute material that is in solution and thus will be potentially placed onto the
ALEX® particles. When the ALEX® particles flow through the nozzle, one can assume
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that a large amount of the solute precipitates out of the solution onto the ALEX®
substrate coating them as shown in Figure 3-16.

Figure 3-16: Illustration of particle coating process in RESS-N system

Testing was conducted with the particle entrainment vessel to see if RDX could
viably coat ALEX® particles through the RESS-N process. The test conditions that were
used can be seen in Table 3-4. The amount of ALEX® particles in the system along with
the pre-expansion temperature and pre-expansion pressure were varied to see if it would
have any effect on the coating quality.
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Table 3-4: Test matrix for RESS-N Testing with RDX and ALEX® powder using the
particle entrainment vessel.
Test

RDX (mg) ALEX® (mg) P0 (MPa)

T0 (K)

001

210

40

22.7

313

002

240

40

32.4

333

003

200

40

20.68

328

004

200

40

34.47

318

005

150

45

34.47

353

006

200

85

34.47

353

007

150

70

34.47

333

008

200

65

34.47

333

3.3.2

Development of Aluminum Particle Injector System

While the particle entrainment vessel was beneficial in suspending particles into
the supercritical solution, the feeding rate of the aluminum particles could not be
controlled in a sufficient manner. It was determined that it would be beneficial to
introduce a component to the RESS-N system that would allow for ALEX® particles to
be added to the supercritical solution independent of the system fluid mechanics. To
allow for more experimental manipulation, an aluminum particle injector was designed
and introduced into the system.

The particle injector consists of a linear actuator

(Ultramotion, Cutchogue, NY) which is controlled by RS-232 serial commands from a
computer. An illustration of the particle injector integrated into the RESS-N system can
be seen in Figure 3-17. The linear actuator is directly attached to a piston which pushes a
reservoir of ALEX® particles into the supercritical solution.

The linear actuator is

capable of multiple speeds, so different injection rates can be utilized to allow for
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different particle concentrations.

The actuator was integrated into a LABVIEW®

program to control the device remotely and to couple the device to a program that also
controls the needle valves in the system and directly monitors the temperature and
pressure of the system. The supercritical solution will flow towards the nozzle assembly
and the linear actuator will inject ALEX® particles into the flow before the suspension
reaches the nozzle assembly.

The linear actuator pushes particles into a three-way

connection with an inlet for the supercritical solution and ALEX® particles and an outlet
for a suspension of a supercritical solution and ALEX® particles.

Supercritical solution
flows to three way
connection

ALEX® particle and
supercritical solution
flow to nozzle assembly

HipCo® three
way connection

Computer controlled
linear actuator

Figure 3-17: Representation of aluminum particle feeder in RESS-N system
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A cross-sectional view of the three-way connection can be seen in Figure 3-18.
The connection is a product from HipCo® and allowed for a remote controlled needle
valve to isolate the flowing fluid from the ALEX® reservoir before an injection. The
three ports of the connection consist of an inlet for the supercritical fluid to travel
through, one for ALEX® particles to be injected, and one for the suspension to exit the
connection and travel to the nozzle assembly. The piston assembly that was attached to
the three way connection was removed before a test and preloaded with ALEX® powder
before being reattached to the three-way connection. Once the supercritical solution was
flowing through the tubing, the needle valve was remotely opened and the linear actuator
was activated to allow the piston to move the ALEX® powder into the supercritical
solution to seed the solution with particles. The suspension then flows through the nozzle
assembly so that the supersaturated solution precipitates the energetic material onto the
ALEX® particles. A flow diagram of the RESS-N system with the aluminum particle
injector is shown in Figure 3-19. The system is the same as the RESS-N system with the
particle entrainment vessel except that the aluminum particle injector is upstream of the
nozzle assembly instead of the particle entrainment vessel.
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Supercritical Solution Inlet

Remote Controlled Needle Valve

ALEX® Particle Reservoir

Linear Actuator Controlled Piston

Figure 3-18: Cross-sectional view of aluminum particle injector

Figure 3-19: System flow diagram for RESS-N system with particle injector.
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Chapter 4
Calculations and Modeling
4
Theoretical calculations related to work with processing energetic materials by
supercritical fluid precipitation techniques are described in this chapter. The calculations
are meant to help explain some of the experimental results later observed in this study.
The first section is about modeling the interparticle forces for small particles in liquid
solutions consisting of ions and dispersants. This section was meant to illuminate how
stable RDX nano-sized particles would be in aqueous solutions used in the RESOLV
process and how polymeric dispersing agents can stabilize the particles. The second
section investigates the combustion performance of RDX particles coated with polymers
used as dispersing agents in the RESOLV process with thermochemical equilibrium
codes. The results in this section were compared to the common polymeric binder,
HTPB.

The third section is about modeling particle formation from supersaturated

supercritical solutions that were expanded through an orifice. The model accounts for
homogeneous nucleation and particle growth by condensation. This particle growth
model was meant to be a tool to explain how altering the pre-expansion pressure and preexpansion temperature could change the final size of the particles being produced in the
RESS process. Finally, experimental calculations were performed to understand how
long a test using the RESS process should last for as well as calculations relating to what
the molecular weight of a polymeric dispersing agent should be for the RESOLV process.
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4.1

RDX Solution Chemistry Calculations

For tests using the RESOLV process it is important to understand the solution
chemistry of RDX in an aqueous or liquid environment. During the RESOLV process a
supercritical solution of carbon dioxide and RDX was expanded into a liquid with or
without a dispersant in it. Water is selected as the liquid solvent in which the particles
are dispersed in. Water is inexpensive and plentiful and explosive materials such as RDX
are fairly insoluble in water. The solubility of RDX in water is 2.2 × 10-4 M (or 0.005 g
RDX/100 g water) at room temperature, which is very low. The solubility of RDX in
water is the lowest solubility of any known solvents for RDX besides carbon
tetrachloride. With the expansion of a CO2 solution into water, the role of carbonic acid,
other acids, and additional aqueous species must be considered in designing a colloidal
stabilization strategy. If the particle is not soluble in the liquid, which RDX is not with
water, it is important to understand the particle charge and how likely the particles are to
agglomerate. To determine this, calculations were performed using interparticle forces
derived from DLVO theory. Van der Waals forces, electrostatic forces, and steric forces
were considered. To assist with these calculations, a computer program called STABIL©
was used.108 STABIL© accounts for van der waals forces, electrostatic forces from
charging, and steric forces from adsorbed macromolecules. One of the most important
forces to determine first is the van der Waals force which can be calculated from
determining the Hamaker constant of a material.
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4.1.1

Hamaker Constant Approximation of RDX in Water

The Tabor-Winterton approximation for the RDX Hamaker constant in water was
used.

Predicting the Hamaker constant is important because it is the value that

determines how strong a particle’s van der Waals energy is.

The Tabor-Winterton

approximation is a good starting analysis as it considers a homogeneous solvent and a
single type of particle to disperse, which is an accurate representation of RDX particles in
deionized water. For this approximation, the dielectric constant of RDX and its refractive
index both need to be known. The index of refraction for RDX is 1.578 and the dielectric
constant at room temperature and at 5 MHz is 3.14.109 This is enough information to
estimate the Hamaker constant for RDX in water. The Hamaker constant approximation
using the Tabor-Winterton approximation90 can be expressed as:

2
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(4-1)

where A131 is the Hamaker constant, kB is the Boltzmann constant, n1 is the index of
refraction of RDX, n3 is the index of refraction for water, T is temperature, ωe is the
electronic relaxation frequency which is assumed to be constant for all materials, ε1 is the
dielectric constant of RDX at 5 MHz, and ε2 is the dielectric constant of water at 5 MHz.
From the approximation of the Hamaker constant, RDX would be easier to disperse than
denser materials such as SiC. Most organic (amorphous) materials are assumed to have a
Hamaker constant around 3 x 10-21J because of a low bulk density (near 1 g/cm3).
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However, the crystalline nature of RDX leads to a significantly higher Hamaker constant
at 1.78 x 10-20J, at least in part because of the higher bulk density and, therefore,
electronic density than an amorphous, highly disorganized polymer.

In fact, Napper110

makes the argument that the van der Waals interactions for polymeric materials are so
low relative to steric interactions among the molecules and forces controlling phase
separation that van der Waals interactions need not be considered. However, in the
current system composed of RDX in aqueous suspensions, the calculated Hamaker
constant is nearly that of most inorganic solids and van der Waals interactions are
significant and need to be considered.

4.1.2

Electrokinetic Properties of RDX in Water and CO2 System

From the author’s knowledge, there are no experimental values for the zeta
potential of RDX in water in the literature. Therefore, data had to be gathered to
understand this behavior. Figure 4-1 shows empirical data deduced from varying the pH
level of RDX particles in an aqueous system. Dilute nitric acid was used to vary the pH
level.

The zeta potential of the particle was determined by electrophoresis with a

ZetaPALS instrument (Brookhaven Instrument Company).
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Figure 4-1: Empirically measured zeta potential as a function of pH for RDX in water
and CO2 system.

From the information gathered so far, it appears that RDX has the largest absolute
value for a zeta potential (-40 mV) at a pH level of around 7.0. Unfortunately, this is not
the pH level of RESOLV experiments.

In a typical RESOLV test, carbon dioxide

dissolved in the water lowers the pH level to a value of 4.0 from the creation of carbonic
acid, which corresponds to a zeta potential of -40 mV from Figure 4-1. It appears that
there might be an isoelectric point (zero zeta potential point) at highly acidic conditions
(a pH level of 2.0 and below). However, an isoelectric point was never reached.
After the Hamaker constant and charge behavior of RDX in an aqueous system had
been determined, STABIL© was used to calculate the interaction energy curves for RDX
in a water/CO2 system. From knowing the solubility of carbon dioxide gas in water at
ambient pressure and temperature,111 the ionic strength was determined to be 8×10-5 for
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this system. This ionic strength comes from the ionic species bicarbonate (HCO3-),
carbonate (CO32-), and H+ which are present from the formation of carbonic acid which
follows CO2 dissolution. The equilibrium concentrations of each of these species as well
as their valence were entered into the program. The zeta potential was inputted as −40
mV, which was taken from actual electrophoresis measurements of the system as shown
in Figure 4-1. The standard particle size used was 50-nm as this was the average initial
particle size observed with RESOLV tests, but this size was varied to see its effect on the
particle interaction energies and aggregation probabilities. The calculated interaction
energy results are shown as a function of particle size in Figure 4-2. Each individual
interaction energy curve for each particle size is shown in Figure 4-3, showing both the
electrostatic and van der Waals portions of the curves. It is quite clear that larger
particles have higher interaction energy than smaller particles. This comes from the fact
that van der Waals forces are relatively stronger for smaller particles. Steric forces were
not considered at this time, because no polymeric coatings were considered at this early
stage in the analysis.
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Figure 4-2: Interaction energy curves of RDX-H2O/CO2 system with varying diameters
of RDX particles. Smaller particles are significantly less stable and have lower
interaction energies at most separation distances.

a)

c)

b)

d)

Figure 4-3: Interaction energy curves generated from STABIL© for a) 10 nm b) 100 nm,
c) 500 nm, and d) 1,000 nm particle sizes of RDX in a water and CO2 system.
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Once the particle interaction energy curves have been generated, it is possible to
determine the half-life of a particle in the water/CO2 suspension using the modified
Smoluchowski expression (Equation 2-38). The half-life is defined as the amount of time
it takes for half the particles in suspension to agglomerate. In order to understand the
half-life times of RDX nano-sized particles, the aggregation probabilities must be
determined.

The aggregation probabilities were determined from using the solver

function in STABIL© by solving for Equation 2-37. These are shown in Figure 4-4. The
aggregation probabilities were plotted as a function of particle zeta potential, solution
ionic strength, and particle size. For each plot, all the variables were held constant at
their as-produced condition from a RESOLV test besides the one being varied.
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Figure 4-4: Aggregation probability for RDX particles in water and CO2 system as a
function of a) zeta potential, b) ionic strength, and c) particle size.

Aggregation probability behaved as expected as a function of zeta potential, ionic
strength, and particle size. As the absolute value of the zeta potential went down,
aggregation probability increased as there is less of an electrostatic force to keep the
particles dispersed.

In addition, the aggregation probability increased as the ionic

strength of the solvent increased. This is because a higher ionic strength will lower the
zeta potential of the particles. This is because the electric double layer shrinks in size.
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Finally, higher aggregation probabilities were shown for smaller particle sizes. This
agrees well with the results from the interaction energy curves. Smaller particles have
relatively large van der Waals forces while having less of an electrostatic repulsive force
and are more difficult to keep dispersed in a suspension.
After the aggregation probabilities were calculated, the modified Smoluchowski
equation (Equation 2-39) was used to estimate the half-life of RDX particles in the
water/CO2 system as a function of their number density.

Using the aggregation

probability (αagg = 0.001) for the RDX particles in their most common produced
condition (pH level of 4.0 with 50-nm particles) in the RESOLV process, the curve
shown in Figure 4-5 was created. For a typical test, 500 mg of RDX was produced in 500
mL of water. If the average particle size is 50 nm, then the particle number concentration
is 9.5 × 1014 N/cm3. From Figure 4-5, this means that the RDX nano-sized particles have
a half-life of less than a second. Clearly, electrostatic dispersion will not be adequate for
RDX in a water and CO2 material system. Accelerated aggregation times were later
observed with experimental results.
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Figure 4-5: Modified Smoluchowski equation half-life times for 50 nm RDX particles in
a water and CO2 system as a function of particle number concentration.

An ionic polymeric dispersant was also considered with the STABIL©
calculations. Water can support charge and using an ionic polymer can better aid in the
dispersion. Also, using a polymer as a dispersant provides steric dispersion as well. The
polymer used to disperse RDX in this calculation is the ionic polymer polyethylenimine
(PEI). PEI is soluble in water and has an affinity for negatively charged surfaces such as
RDX. The coating thickness of branched PEI is approximately 2 nm.119
Interaction energy curves were generated with STABIL© for the PEI-coated RDX
system as a function of different particle sizes, zeta potentials, and polymer sizes of PEI.
The energy curves can be seen in Figure 4-6. From the figure, larger particles are easier
to disperse along with polymers that have higher zeta potentials. Finally, larger polymers
provide extra dispersion as well. It should also be stated that no negative energy well is
observed from van der Waals energies. This is because the steric hindrance of the
polymer prevents the particles from coming in close enough to enter the negative energy

129

well region. However, this comes at a cost since the extra polymer is material that you
may not want attached to your particles. This is true with energetic materials as the
particle is more energetic than the polymeric dispersant.

a)

b)

c)

Figure 4-6: Interaction energy calculations from STABIL© for PEI-coated RDX in a
water and CO2 environment showing the effect of a) particle diameter, b) zeta potential,
and c) polymer thickness.

Likewise, aggregation probabilities were calculated by STABIL© for PEI-coated
RDX particles in a water/CO2 environment with different particle sizes, zeta potentials,
and polymer sizes. The probabilities are shown in Figure 4-7. From the figure, it can be
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seen that a higher zeta potential on a polymer results in a lower aggregation probability as
does larger particle diameters and polymer thicknesses. If the ionic strength of the
suspension increases, then the aggregation probability of the particles will also increase.
This corresponds to a lowering of the zeta potential of the particles. Also, it should be
noted that polymer coatings greater than 5 nm are not necessary to help disperse the
particles and will only add unnecessary mass to the particles. Finally, the aggregation
probability of RDX in a water and CO2 solution was αagg=0.001 under typical RESOLV
test conditions, whereas the PEI coating lowers this value between 10-5 to 10-4. However,
aggregation is not as big of an issue because as the interaction energy curves tell us, the
particles are not permanently agglomerated and can be redispersed if they agglomerate.
From these results, it is clear that polymeric dispersants offer many advantages for
dispersing nano-sized particles.
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Figure 4-7: PEI-coated RDX aggregation probability predicted by STABIL© as a function
of a) zeta potential, b) particle diameter, and c) polymer coating thickness.

The polymer molecular weight and charge (zeta potential) that will work best with
the modified Smolochowski equation will be the one that provides the lowest aggregation
probability by providing the largest half-life for the particles. From Figure 4-7, it can be
seen that a polymer that provides a +40 mV zeta potential and a thickness of greater or
equal 5 nm will provide the best dispersion. However, this polymer would also provide
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extra mass that would not be beneficial for combustion applications that require a high
energy density.

4.2

Thermal Chemical Calculations for Coated Energetic Materials

It is important to understand how the polymeric coatings in the RESOLV process
can affect the performance of the energetic material being considered. More specifically,
it is of interest to see how the coating thickness of polymers on the energetic material
could affect their performance in both propellant and explosive applications.

As a

polymeric coating that has excellent dispersion and energetic attributes would be an ideal
candidate for use in the RESOLV process.

Therefore, thermochemical equilibrium

calculations were performed with two separate computer programs to study these effects.
These calculations are meant to provide another level of analysis to selecting what
dispersing agents should be used with the RESOLV process.
Calculations were performed with the thermochemical equilibrium code Chemical
Equilibrium Analysis (CEA) developed by Gordon and McBride.112

CEA uses the

minimization of the Gibbs free energy of a system to determine combustion products and
to solve for key parameters such as temperature, pressure, and even rocket performance
parameters such as specific impulse. For the CEA analysis, PVP, PEG, and HTPBcoated RDX particles were all considered. HTPB was considered because it is a very
common binder that is used in many propellant and explosive applications. PEG and
PVP were considered because they are polymeric dispersing agents that can be used in
the RESOLV process that could potentially be used as binders in future applications. PEI
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was not used because no data could be obtained on its heat of formation value. The first
CEA calculations were performed on polymer coated RDX particles in a constant volume
combustion (uv) analysis. For these analyses, the energetic material loading density was
specified as 0.2 g/cc. Combustion temperature results from the constant volume CEA
analysis can be seen in Figure 4-8. It is clear that HTPB would reduce the combustion
temperature the greatest as the polymer weight percentage is increased. Therefore, PVP
and PEG are more attractive from a flame temperature standpoint than HTPB.
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Figure 4-8: CEA calculations for combustion temperature as a function of PVP, PEG, and
HTPB weight percentage in a constant volume vessel with a loading density of 0.2 g/cc.

In addition to flame temperature results, combustion pressure results from the
constant volume CEA analysis can be seen in Figure 4-9. From the results, it is clear that
HTPB would reduce the combustion pressure the greatest as the polymer weight
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percentage is increased. Again, PEG and PVP-coated RDX particles exhibit a similar
performance with PVP showing a slightly better performance.
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Figure 4-9: CEA calculations for combustion pressure as a function of PVP, PEG, and
HTPB weight percentage in a constant volume vessel with a loading density of 0.2 g/cc.

Specific enthalpy results from the constant volume CEA analysis can be seen in
Figure 4-10. It is clear that PEG would reduce the specific enthalpy the greatest as the
polymer weight percentage is increased. This is the first situation where a clear deviation
is seen between PEG and PVP-coated RDX particles.
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Figure 4-10: CEA calculations for combustion specific enthalpy as a function of PVP,
PEG, and HTPB weight percentage in a constant volume vessel with a loading density of
0.2 g/cc.

For the next analysis, CEA rocket calculations were performed for RDX particles
coated with PVP, PEG, and HTPB. The chamber pressure was set to 6.89 MPa and the
expansion ratio was frozen. Rocket chamber temperature results are shown in Figure
4-11. One can observe that HTPB would lower the chamber temperature more than
either PVP or PEG. The results show a similar trend to the constant volume combustion
temperature results which one would expect.
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Figure 4-11: CEA calculations for the chamber temperature of a rocket motor as a
function of PVP, PEG, and HTPB weight percentage with a chamber pressure of 6.89
MPa.

CEA vacuum specific impulse results are shown in Figure 4-12 for the rocket
calculations. A frozen expansion ratio was considered. HTPB-coated particles show a
more noticeable drop-off in specific impulse as the polymer weight percentage is
increased. PVP and PEG-coated RDX particles show fairly similar results. Again, these
results are interesting because they show that PVP and PEG binder systems would make
propellants with attractive features compared to HTPB.
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Figure 4-12: CEA calculations for Ivac of a rocket motor as a function of PVP, PEG, and
HTPB weight percentage with a chamber pressure of 6.89 MPa.

CEA specific impulse results are shown in Figure 4-13 for rocket calculations.
Again, a frozen expansion ratio was considered. HTPB-coated particles show a more
noticeable drop-off in specific impulse as the polymer weight percentage is increased.
PVP and PEG-coated RDX particles show fairly similar results with the PVP results
being slightly higher. The results are similar to the vacuum specific impulse results as
one would expect them to be.
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Figure 4-13: CEA calculations for Isp of a rocket motor as a function of PVP, PEG, and
HTPB weight percentage with a chamber pressure of 6.89 MPa.

From the thermochemical equilibrium calculations it can be seen that the PEG and
PVP-coated RDX particle show numerous performance increases over HTPB-coated
particles. This is encouraging as PEG and PVP are water soluble polymers that can
easily be used in the RESOLV process. Making these small, polymer-coated particles is
possible with the RESOLV process. As mentioned before, PEG is a common binder for
minimum signature rocket propellants and PVP has been used to coat explosives.
Therefore, particles coated with these polymers could find useful applications in
propellants and explosives.
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4.3

Particle Growth Model for Supercritical Solution Precipitation

It is of interest to investigate how the mechanical expansion in the RESS process
creates particles and how their size is determined. More specifically, it is of interest in
understanding how changing experimental conditions could affect the energetic particles
that are produced in the RESS process. Therefore, flow calculations were combined with
particle nucleation and condensation (growth) calculations to show how the mechanical
expansion in the RESS process controls the size of particles being produced. Only
nucleation and condensation were considered for this study. A cross-sectional view of
the nozzle assembly used with the RESS, RESOLV, and RESS-N processes can be seen
in Figure 4-14.

A supercritical solution of carbon dioxide and energetic solute is

mechanically expanded by flowing through a sapphire micro-orifice and the resulting
drop in temperature, pressure, density, and thus equilibrium solubility causes the
supersaturation ratio in the solution to be significantly higher than in other precipitation
processes.

Sapphire micro-orifice
used to expand
supercritical solutions

Figure 4-14: Nozzle assembly used for PSU RESS system. Supercritical solution travels
through a converging nozzle until it reaches a sapphire orifice.
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For this analysis, only the axial direction was considered for spatial variations.
This is a reasonably valid assumption as long as the flow and particle growth in the
nozzle assembly are being considered. The under-expanded section after the nozzle is
multi-dimensional in nature and was not considered in this study. The flow up to and
through the orifice was approximated to be isentropic.

With the isentropic

approximation, the initial stagnation conditions were used to obtain an entropy value for
the supercritical solution using the NIST developed software, REFPROP prior to its
expansion. For the flow calculations, a spreadsheet of fluid properties were created for
supercritical carbon dioxide with different pressure values using the same entropy value.
Then this entropy value along with a decreasing pressure values were used to obtain
temperature, density, and speed of sound information for the fluid. For any expanding
fluid in a nozzle, the following relationship holds if the flow is isentropic:113

udu = −

dP

ρ

(4-2)

where P is the fluid pressure, u is the fluid velocity, and ρ is the density of the fluid. This
expression can be integrated by parts to provide a useful solution. It is important to state
that a supercritical fluid is dense at high pressures and ideal gas assumptions are not valid
so this method is an alternative way of determining the fluid velocity. Integrating from
the stagnation point to the nozzle throat yields the expression:
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(4-3)

this expression was integrated from the results from the REFPROP generated spreadsheet
using numerical trapezoidal integration. An image of an example REFPROP spreadsheet
is shown in Figure 4-15. Once the velocity calculated from Equation 4-3 was equal to the
speed of sound at the given pressure and entropy value, the throat velocity and other
throat conditions could then be determined. The temperature, pressure, velocity, and
density were then obtained from the spreadsheet for the pre-expansion conditions of
interest. With the conditions of the nozzle throat or orifice obtained, the equilibrium and
initial mole fractions of the dissolved RDX could then be determined from the throat
temperature and pressure values by looking into the literature.114

Figure 4-15: REFPROP generated spreadsheet used to find the properties inside the
orifice used with the RESS process. For a known pressure and entropy, temperature, the
speed of sound, and density were all determined.
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Other sections of the nozzle that are subsonic could be calculated knowing the
following relationship:

ρu =

ρ *u* A*
A

(4-4)

where the starred items represent previously described variables at the nozzle throat.
Quick calculations determined that the area change from the converting area section of
the nozzle to the sapphire orifice was so high that all sections of the flow prior to the
orifice essentially could be considered to be at stagnation conditions. In other words, u/u*
was close to a value of zero.

Therefore, only the conditions at the orifice were

considered.
With a method to determine the fluid properties obtained, a one-dimensional code
was constructed that accounts for nucleation and condensation of RDX from the
supersaturated supercritical solution flowing through the sapphire orifice in the RESS
nozzle assembly. An illustration showing how the nozzle was discretized is shown in
Figure 4-16. Three separate sets of differential equations were used for this analysis.
This method is similar to one performed by Houim115 in accounting for alumina
nucleation and condensation in thermobaric detonations. The first differential equation
can be obtained from performing a one-dimensional control volume analysis for the
dissolved mass (solute) in solution for the flowing supercritical fluid solution inside the
orifice. The control volume used to create the differential equation is seen in Figure
4-17.
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Supersaturated Supercritical
Solution

∆x

L
Figure 4-16: One dimensional discretization used for capillary nozzle/orifice used in the
RESS particle nucleation and growth code. The number of cells used was much greater
than what is shown on the illustration.

yin ρinuin Ain

− m& ′g′′V
∆x

yout ρoutuout Aout

Figure 4-17: Control volume used for determining the mass of energetic solute in
solution. Advection and mass generation by nucleation and condensation is considered

Applying a dissolved solute conservation equation to the control volume yields
the expression:

d ( yρV )
= yin ρ inuin Ain − yout ρ out uout Aout − m& ′g′′V
dt

(4-5)

144

where y is the solute mole fraction in the supercritical solution, ρ is the density of the
solute (taken to be the fluid density, since the solute is dissolved in the supercritical
fluid), u is the velocity of the expanding fluid, A is the cross-sectional area of the nozzle,
V is the volume of the control volume, and m& ′g′′ is the mass generation (or loss) term
accounting for solute nucleation and growth. Knowing that the orifice is not tapered, the
cross-sectional area is constant along with the cell volume for each individual cell. Since
the flow is choked in the orifice, the velocity is constant and so is the density of the fluid.
It was assumed that the expansion happens so fast that heat transfer to the walls would be
negligible and therefore the flow is choked through the entire orifice. Dividing by the
density of the fluid and the volume of the cell yields:

m& ′′′
dy u
( yin − yout ) − g
=
dt ∆x
ρ

(4-6)

where is ∆x the length of the cell. Knowing that for the leftmost cell, the yin is the mole
fraction at stagnation conditions or y0, an expression for every cell can be determined.
The interior cells and left and rightmost cell expression reduces to:

m& ′′′
dy
u
=
[ y( j − 1) − y( j + 1)] − g
dt 2∆x
ρ
m& ′′′
dy
u
=
[ y0 − y( j + 1)] − g
dt 2∆x
ρ

(4-7 Interior)

(4-7 Leftmost Cell)
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m& ′′′
dy
u
=
[ y( j − 1) − y( j )] − g
dt 2∆x
ρ

(4-7 Rightmost Cell)

where the j value is a cell index. From the equations the most complicated term is the
mass source term. This mass source term will be described after the other two sets of
differential equations have been determined. Using a similar control volume that was
used in Figure 4-17, the conservation equation for the precipitated RDX solute can be
expressed as:

m& ′′′
dγ
u
(γ in − γ out ) + g
=
dt ∆x
ρ

(4-8)

where γ is the condensed phase volume fraction. The main difference with the condensed
phase conservation equation is that the mass source term is positive instead of negative;
when the supercritical solution precipitates, more condensed mass will be generated. The
finite difference equations for the interior, leftmost, and rightmost cells can be expressed
as:

m& ′′′
dγ
u
=
[γ ( j − 1) − γ ( j + 1)] + g
dt 2∆x
ρ
m& ′′′
dγ
u
=
[− γ ( j + 1)] + g
dt 2∆x
ρ

(4-9 Interior)

(4-9 Leftmost Cell)
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m& ′′′
dγ
u
=
[γ ( j − 1) − γ ( j )] + g
dt 2∆x
ρ

(4-9 Rightmost Cell)

a conservation equation for the number of particles that are generated from the
precipitating supercritical solution can be expressed as:

dN u
=
[Nin − N out ] + J&nucl
dt ∆x

(4-10)

where N is the particle number density, and J&nucl is the particle volumetric nucleation
rate. The finite difference equations for the interior, leftmost, and rightmost cells can be
expressed as:

dN
u
=
[N ( j − 1) − N ( j + 1)] + J&nucl
dt 2∆x

(4-11 Interior)

dN
u
=
[− N ( j + 1)] + J&nucl
dt 2∆x

(4-11 Leftmost Cell)

dN
u
=
[N ( j − 1) − N ( j )] + J&nucl
dt 2∆x

(4-11 Rightmost Cell)

the mass generation terms are from particle nucleation and solute condensation onto
already formed particles. Therefore, the expression can be broken into two separate
terms shown below:
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′′′ + m& cnd
′′′
m& ′g′′ = m& nuc

(4-12)

the volumetric mass generation rate from nucleation can be expressed as:

4
3 &
′′ = − πρ RDX rcrit
m& ′nuc
J nucl
3

(4-13)

where rcrit is the critical radius size of a newly nucleated particle. Essentially, the
volumetric mass generation rate from nucleation is the mass of a newly nucleated particle
multiplied by the volumetric number generation rate of the nucleated particles. The
homogeneous nucleation rate was taken from an expression developed by
Debenedetti116,59 and can be expressed as:

J& nucl = 2 N tot , j

Py j
2πmk BT

2
 16πσ 3 
vj
 

 
exp −
k BT
 3k BT  − k BT ln S  

σv 2j

(4-14)

where Ntot,j is the number density of solute molecules, P is pressure, yj is the
instantaneous mole fraction of solute in solution, m is the mass of a single solute
molecule, kB is the Boltzmann constant, T is the fluid temperature, vj is the volume of a
solute molecule, S is the supersaturation ratio, and σ is the surface tension between the
fluid and condensed solute molecule. The critical radius size can be expressed as:
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rcrit =

2σv j
k BT ln S

(4-15)

where every term has been previously defined. From the expression for the critical
nucleus size, the larger the supersaturation ratio is, the smaller the critical nucleus size is.
The expression for the volumetric mass generation rate from condensation can be
expressed as:59

1
(y j − y j ,equil )
y0

′′′ = 2πDDP N j mN tot , j
m& cond

(4-16)

where D is the binary diffusion coefficient between the supercritical fluid and the
precipitating solute, Nj is the particle number density, Ntot,j is the solute molecule density,
and Y0 is the initial solute mole fraction. Finally, DP is volumetric average particle
diameter which can be defined as:

 6γ j
DP = 
 πN
 j

1/ 3






(4-17)

where every term has been previously defined. It is important to state that DP is an
average value and the actual produced particles would have a size distribution as particles
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that are nucleated later in the flow have less time to grow by condensation. The final
numerical code solves a set of three ordinary differential equations with source terms for
each cell. A stiff ODE solver (DVODE117) was used to solve the three sets of differential
equations. Once the results were obtained, supersaturation ratios, solute mole fractions,
and mean particle sizes from inside the micro-orifice could all be plotted.
The code has an input file (Figure 4-18) for which all the important parameters of
a calculation can be added. The main inputs are the length of the orifice considered, the
number of cells to consider, the pressure, temperature, fluid velocity, and density of the
expanding fluid in the orifice. Also, the initial and equilibrium solute mole fractions need
to be input along with the density of the solid solute, surface tension between the
supercritical fluid and solute, binary diffusion coefficient, and the mass and volume of a
solute molecule. Finally, the density of solute molecules needs to be inputted in as well.
With this information the code is able to successfully compile. A table of the input
variables that were entered into the code is shown in Table 4-1. A literature search was
used to obtain values for the binary diffusion coefficients and surface tensions for solid
organic particles and supercritical fluids.
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Figure 4-18: Input file for particle growth code

Table 4-1: Variables that were put into the particle growth code. Pre-expansion
conditions were pre-determined and the orifice temperature, pressure, and density were
determined from compressible fluid mechanics. The solubility of RDX in supercritical
CO2 was taken from the literature.114
P0
(MPa)
34.5
34.5
34.5
27.6
34.5
41.4
48.3
68.9

T0
(K)
338
348
358
353
353
353
353
353

u
(m/s)
267
265
264
234
263
288
311
370

T*
(K)
301.5
308
315.4
314
312
309
307
301

P*
(MPa)
7.26
8.84
10.36
9.54
9.56
9.47
9.46
9.06

ρ*
(kg/m3)
687
650.8
607
567
628
670
700
768

Y0

Yeq

Smax

2.5×10-5
3.0×10-5
3.8×10-5
2.3×10-5
3.5×10-5
4.7×10-5
5.0×10-5
5.5×10-5

6.0×10-7
1.2×10-6
1.7×10-6
1.6×10-6
1.6×10-6
1.5×10-6
1.5×10-6
1.2×10-6

41.1
25.0
22.3
14.1
21.8
31.3
33.6
45.8
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Cases were run with different pre-expansion conditions. For all of these analyses,
the nozzle was made as long as needed for all of the dissolved solute to precipitate out of
solution. Supersaturation ratio profiles and predicted particle diameters are shown in
Figure 4-19 for various pre-expansion temperatures used while testing.

For these

calculations the pre-expansion pressure was held constant at 34.5 MPa. From the figure,
lower pre-expansion temperatures yield higher supersaturation ratios and smaller
particles. However, it should be noted that for the T0=358 K case the final particle size
was smaller than the T0=348 K case even though the 358 K case the particles started off
larger in the beginning of the expansion. Part of the reason for this is that while a higher
pre-expansion pressure increases the initial mole fraction, the equilibrium mole fraction
at the nozzle throat is also higher. Therefore, the ratio between the initial and equilibrium
solute mole fractions is actually higher for lower pre-expansion temperatures.
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Figure 4-19: Predicted supersaturation ratio and volume averaged particle diameter
profiles as pre-expansion temperature is varied.
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Particle volumetric nucleation rates and particle number densities are plotted in
Figure 4-20 for P0=34.5 MPa and varying pre-expansion temperatures. It is clear from
the figure that nucleation rates drop off very quickly as the supersaturation ratio drops
off. As the supersaturation ratio drops off the number density of particles approaches a
constant value. The reason for this is that particle nucleation is what forms new particles
in the expanding fluid. From the figure, the particle nucleation rate that drops off the
fastest is for the highest pre-expansion temperature.
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Figure 4-20: Particle number density and nucleation rate as a function of pre-expansion
temperature for P0=34.5 MPa.

The effects of pre-expansion pressure were also investigated on supercritical fluid
solution supersaturation rates and final particle size. Code results for 27.6 and 34.5 MPa
pre-expansion pressures are shown in Figure 4-21. Likewise, code results for 41.4, 48.3,
and 68.9 MPa pre-expansion pressures are shown in Figure 4-22.

For all of these
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calculations the pre-expansion temperature was held to a constant value of 353 K. From
the figure it is clear that increasing the pre-expansion pressure produces smaller particles
from nucleation and condensation. There are a few notable reasons for why this occurs.
The first reason is that the initial mole fraction is higher for higher pre-expansion
pressures as solubility is a function of the supercritical fluid density while the equilibrium
mole fraction remains fairly constant.

Also, the homogeneous nucleation rate is a

function of both pressure and solute molecule density which is higher for large preexpansion pressures. Higher pre-expansion pressures increase both the pressure during
nucleation and density of the fluid when nucleation occurs. More nucleated particles
means that the mass from condensation precipitates onto more particles which means that
the final particle size will be smaller than in a precipitation process in which the
nucleation rates were lower. However, it should be stated that a higher number density of
particles can also lead to more growth by coagulation. Therefore, there could be a tradeoff with operating a RESS system at higher pre-expansion pressures.
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Figure 4-21: Supersaturation ratio and volume averaged particle diameter profiles as preexpansion pressure is varied (lower pressures).
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Figure 4-22: Supersaturation ratio and volume averaged particle diameter profiles as preexpansion is varied (higher pressures).
Particle volumetric nucleation rates and particle number densities are plotted in
Figure 4-23 for varying pre-expansion pressures while T0=353 K. Again, it is clear from

155

the figure that nucleation rates drop off very quickly as the supersaturation ratio drops
off. Higher pre-expansion pressures created more nucleated particles which results in
smaller final particles.
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Figure 4-23: Particle number density and nucleation rate as a function of pre-expansion
pressure (lower pressures).

19

Number Density [1/m3]

10

10

10

20

41.4 MPa Number Density
48.3 MPa Number Density
15
10
68.9 MPa Number Density
41.4 MPa Nucleation Rate
48.3 MPa Nucleation Rate
68.9 MPa Nucleation Rate
10
10

18

17

0

20

40

60

80

10

5

10

0

Particle Nucleation Rate [1/m3*s]

10

Axial Distance (mm)

Figure 4-24: Particle number density and nucleation rate as a function of pre-expansion
pressure (higher pressures).
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The predicted particle sizes are plotted against the pre-expansion temperature in
Figure 4-25 for P0=34.5 MPa. Likewise, the code-predicted particle sizes are plotted
against the pre-expansion pressure in Figure 4-26 for T0=353 K. From the figures, it is
apparent that increasing the pre-expansion pressure can have a significant effect on
producing smaller particles up to a point. Higher pre-expansion pressures can increase
the particle nucleation rate and produce smaller particles than lower pre-expansion
pressures. Altering the pre-expansion temperature does not seem to have as large of an
effect on the particle size. However, higher pre-expansion temperatures are beneficial in
that they increase the vapor pressure of the energetic solute and can thus increase their
solubility in the supercritical fluid, improving particle yields.
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Figure 4-25: Predicted particle sizes plotted against pre-expansion temperature for
P0=34.5 MPa. From the figure it is apparent that pre-expansion temperature does not
have a large influence on the final particle size.
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Figure 4-26: Predicted particle sizes plotted against pre-expansion pressure for T0=353 K.
Higher pre-expansion pressures can make a difference in producing smaller particles.
However, the effect appears to level off at pre-expansion pressures higher than 48.3 MPa.

The obtained information in this section was useful for understanding the effects
of pre-expansion pressure and temperature on particle growth in the RESS process.
However, the nozzle geometry that is used is the Penn State RESS system also needs to
be considered. Therefore, a micro-orifice with a length of 1.0 mm was considered with
the code. A pre-expansion pressure of 68.9 MPa and pre-expansion temperature of 358 K
were considered since these conditions would promote the fastest precipitation of the
studied conditions.

The predicted solute mole fraction profile from the code is shown in

Figure 4-27. From the figure, it is apparent that only a small amount of the solute
precipitates out in the orifice.

Most of the precipitation occurs during the under-

expanded free jet region after the nozzle exit. Therefore, a two-dimensional model that
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accounts for the free jet should be considered. From Equation 2-10, the location of the
Mach disk past the orifice exit is 1.75 mm from the nozzle exit for a 100 µm nozzle and a
pre-expansion pressure of 10,000 psi. Therefore, a little more precipitation will occur in
the under-expanded region, but the supercritical solution will pass the Mach disk with
solute still in solution. More rigorous modeling is needed to account for these shock
waves.
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Figure 4-27: Solute mole fraction profile for RDX through the sapphire micro-orifice
used with RESS experiments.

4.4

4.4.1

Experimental Calculations

RESS System Run Duration Calculations

It is desirable to know the time duration for the mechanical expansion process in the
RESS system to ensure that most of the energetic solute has been exhausted.

To
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understand how long this should take, the continuity equation should be applied to the
RESS system saturation vessel. For this analysis, the RESS saturation vessel was used as
the control volume as shown in Figure 4-28.

m& Solute, in

m& Solute, out

dmSolute
dt

Figure 4-28: Control volume for RESS system saturation vessel

Applying the continuity equation to the control volume reveals that the mass of the
energetic solute changes over time and there is energetic solute leaving the system which
is inherently obvious. The mass leaving the system can be expressed as the concentration
of energetic solute multiplied by the total mass flow out of the system as shown in:

dmSolute
= m& Solute,in − m& Solute,out = −CSolute m& out
dt

(4-18)

where m& solute is the mass flow of the solute either entering or leaving the saturation
vessel, Csolute is the concentration of the energetic solute, and t is time. The concentration
of the energetic solute can be expressed as:
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C Solute =

mSolute
mtotal

(4-19)

where mtotal is the total mass of the solute and solvent. Substituting Equation 4-4 into
Equation 4-3 yields:

dmSolute
m
= − Solute m& out
dt
mtotal

(4-20)

this expression can be rearranged and integrated to yield:

mSolute

t
dmSolute
m& out
=
−
dt
∫
∫
m
m
Solute
total
mSolute, 0
0

(4-21)

which yields the expression:

 mSolute 
&
 = − mout t
ln

mtotal
 mSolute,0 

(4-22)

this final expression can be further simplified by raising both sides to the exponential
power. Obtaining terms for the mass flow out of the saturation vessel and the total mass
in the saturation vessel allows one to quantify the expression. The mass flow out of the
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system can be obtained from fluid mechanics and was found to be 1.26 g/s. While the
total mass can be obtained from determining the density of supercritical carbon dioxide at
typical running conditions (34.5 MPa, 358 K) and assuming that the total mass is almost
entirely carbon dioxide. The obtained final expression is:

 1.26 g / s 
mSolute
= exp −
t 
mSolute,0
767
g



(4-23)

from Equation 4-23, it is apparent that the energetic solute concentration will follow an
exponential decay. This exponential decay is plotted in Figure 4-29. As one can see after
1,000 seconds, only 20% of the original solute is still in the saturation vessel. From
Equation 4-23, one can see that a characteristic time or time constant for the system
discharge would be mtot/ m& out . The faster your discharge rate is, the smaller your time
constant is. Therefore, using larger diameter nozzles could decrease the duration of a test
fairly substantially.
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Figure 4-29: Normalized solute concentration fraction of energetic solute in the RESS
saturation vessel. The solute fraction follows an exponential decay.

4.4.2

Calculation of Diffusion Coefficients of Polymers used in RESOLV Tests

Determining diffusion coefficients of dissolved polymers and particles in solution
is important. If the diffusion coefficients of the particles are found to be on the same
order of magnitude as the particles, then the particles are just as likely to agglomerate as
to be coated by the polymer of interest. Diffusion coefficients were calculated for 50-nm
RDX particles as well as for dissolved PVP polymer of varying molecular weights. The
diffusion coefficients were obtained through the Stokes-Einstein equation assuming all
species of interest were hard spheres. The Stokes-Einstein equation is expressed as:118
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D=

k BT
6πη r

(4-24)

where D is the diffusion coefficient, kB is the Boltzmann constant, T is temperature, η is
the viscosity of the fluid that the species of interest is suspended in, and r is the radius of
the sphere for the species. From Equation 4-24, it is clear that the variable that will
change the diffusion coefficient is r as η and T are fairly constant for a RESOLV test.
For the RDX particles, r should be the radius of the particle. For the polymers, r should
be defined as the radius of gyration of the polymer. The radius of gyration for PVP-5
(5,000 MW) can be defined as:

L[N ]
6

1/ 2

rPVP −5 = Rg ,PVP −5 =

=

 5,000 g / mol 


111
g
/
mol



(0.5nm)

6

= 1.4 nm

(4-25)

likewise, the radius of gyration for PVP-45 (45,000 MW) is defined as:

L[N ]
6

1/ 2

rPVP −45 = Rg ,PVP −45 =

=

 45,000 g / mol
 111 g / mol

(0.5nm)

6

the radius of gyration of PVP-360 (360,000 MW) is defined as:




 = 4.1 nm

(4-26)
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L[N ]
6

1/ 2

rPVP −360 = Rg ,PVP −360 =

=

 360,000 g / mol
111 g / mol


(0.5nm)

6




 = 11.6 nm

(4-27)

with the radii calculated, the Stokes-Einstein diffusion coefficients can now be
calculated. The diffusion coefficient for RDX was determined to be:

(1.38 ×10
=
6π (8.9 × 10

)

J / K (298K )
= 9.8 × 10−12 m 2 / s
−4
Pa − s (25nm)

−23

DRDX

)

(4-28)

after the diffusion coefficient for 50 nm RDX was calculated, the diffusion coefficients of
the polymeric dispersant were calculated. The diffusion coefficient for 5,000 MW PVP
was calculated to be:

DPVP−5 =

(1.38 ×10
6π (8.9 × 10

−23
−4

)

J / K (298K )
= 1.75 × 10−10 m 2 / s
Pa − s (1.4nm)

)

(4-29)

this diffusion coefficient was significantly larger than RDX and it can be assumed that
most of the polymer will coat the newly formed particles before they can agglomerate.
Next, the diffusion coefficient of 45,000 MW PVP was calculated as:

DPVP−45 =

(1.38 ×10
6π (8.9 × 10

−23
−4

)

J / K (298K )
= 5.98 × 10−11 m 2 / s (4-30)
Pa − s (4.1nm)

)
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where this diffusion coefficient is larger than that of the RDX particles but not as large as
the 5,000 MW PVP.

Finally, the diffusion coefficient of 360,000 MW PVP was

determined to be:

DPVP−360

(1.38 ×10
=
6π (8.9 × 10

)
)

J / K (298K )
= 2.11× 10−11 m 2 / s (4-31)
−4
Pa − s (11.6nm)
−23

from the results it is clear that the diffusion coefficients for the polymers of interest are
larger than the particles that are to be coated. However, the diffusion coefficient of PVP360 is about the same order of magnitude as the small RDX particles. This implies that
there could be a fair amount of particle agglomeration occurring before the actual
particles are coated with polymer.

4.4.3

Selecting the Molecular Weight of the Dispersing Polymer in the RESOLV
Process
A few calculations can be performed to get an approximate idea of the minimum

effective molecular weight to use for the polymeric dispersants in the RESOLV process.
As previously mentioned, the van der Waals attractive energy for polymeric dispersants
in solution can be expressed as:

VA = −

A131r
12 D

(4-32)
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where A131 is the Hamaker constant for the polymeric dispersant in the solution of
interest. For most amorphous organic dispersants in water this can be approximated to be
about 5 × 10-20 J.

The radius of the particles that need to be dispersed can be

approximated as 50 nm. To break apart loose polymeric agglomerates, a VA value of -8 ×
10-21 J is a good approximation.119 Equation 4-32 then can be solved for the minimum
separation distance needed between particles which is:

− 8 × 10 − 21 J =

(

)(

)

− 5 × 10 −20 J 25 ×10 −9 m
⇒ D = 1.30 ×10 −8 m
12 D

(4-33)

knowing what the particle separation distance needs to be, one can then set that distance
equal to the radius of gyration for the polymer of interest. Then the number of polymeric
units needed to disperse the particle can be obtained through the following expression:

L[N ]
6

1/ 2

Rg ,PVP −5 = 13nm =

=

(0.5nm )(
6

N

) ⇒ N ≅ 4,000

(4-34)

from the answer, 4,000 monomer units will be needed for a polymer to adequately
disperse the particles. Knowing that the molecular weight of a monomer of PVP is about
111 g/mol, a molecular weight of around 450,000 g/mol would be needed to keep
particles from permanently agglomerating. Relating these results to Section 4.4.3, one
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can see that the effective size of the nonionic polymer needed to coat 50 nm particles may
not coat them in solution before there is some initial agglomeration.

4.4.4

Packing Density Calculations for Polymer-Coated Energetic Materials

With propellants and explosives, generally you want the highest ratio of energetic
particles to binder as you can achieve. Therefore, one topic to consider is how polymer
coatings on energetic materials affect their packing density. These can be calculated
rather easily with knowing the thickness of a polymer coating on the particles.119 This
calculated modified density is expressed as:120

[

(

)

ρ packing R 3 ρ s + (R + δ )3 − R 3 ρorganic
modified density =
ρs
(R + δ )3

]

(4-35)

where ρs is the density of the solid particle, ρpacking is the maximum packing density of
spherical particles, ρorganic is the density of the organic coating, R is the radius of the
particle, and δ is the coating thickness of the organic (polymer) layer. The coating
thickness of the organic layer can be defined as:

δ = 2 Rg = 2

L N
6

(4-36)
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where Rg is the radius of gyration for a polymer that was previously defined. The results
of the modified densities have been plotted in Figure 4-30. From the figure, it is clear
that larger polymers lower the packing density for smaller particles. It is also clear that
controlling the coating thickness if of utmost importance for particles smaller than 100
nm. Therefore, PVP-360 could be an adequate dispersant but it might not be suitable if
the particles are to be compressed into dense shapes later on.
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Figure 4-30: Packing density calculations for PVP-coated energetic material particles
with different molecular weights. Higher molecular weight polymers can decrease the
particle loading density, especially for very small particles.
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Chapter 5
Empirical Results and Discussion
5
The experimental results from this research are separated into three sections: one
for the RESS process, one for the RESOLV process, and one for the RESS-N process.
The RESS results contain information about the produced particle morphology, size, and
size distribution of the RDX particles for varying pre-expansion temperature and preexpansion pressures. Also, the particles were characterized for their purity and crystal
structure. In addition, a co-solvent study was performed with ethanol to understand how
a co-solvent can increase the particle yields in the RESS process. Finally, the sensitivity
of the RESS-produced particles was investigated to see if smaller particles are indeed less
sensitive to impact than larger micron-sized RDX particles. The RESOLV section also
contains information on the particles created with the process.

Different coating

polymers were considered to aid in keeping the particles dispersed. Adsorption studies
were conducted with the polymers to understand which ones would adsorb to the RDX
surface.

Since the RESOLV-produced particles could be very small, differential

scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) were used on the
particles to observe any changes in their reactive behavior. PVP-coated RDX particles
were produced for sensitivity testing to see if the polymer coating could help reduce the
sensitivity of the material. For the RESS-N testing section, microscope investigations
will be presented on the produced powders to investigate their general appearance and to
check for consistency in the produced samples. Elemental analysis on the samples with
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energy dispersive X-ray spectroscopy (EDS) was performed to differentiate between
RDX and aluminum in microscope investigations to determine what particles were
coated.

5.1

RESS Results

Testing with the RESS system can be divided into two sections: testing with the
energetic material RDX and testing with the energetic material BTAT. The testing with
RDX was significantly more thorough than the testing with BTAT due to the fact that the
BTAT sample available was in limited quantity. Overall, the microscope images from
the field emission scanning electron microscope (FE-SEM) reveal that the produced
particles are drastically different than the original military-grade particles. This can
clearly be seen in Figure 5-1. The particles tend to be very similar in size with a few
particles that are noticeably bigger than the others. The particles are also noticeably
smaller than conventional RDX particles with sizes around 100 nm. The particles are
fairly smooth in shape as well. All of these qualities imply that the RESS-produced RDX
particles should be noticeably less sensitive to accidental initiation by impact or shock
than military grade RDX.
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(a)

(b)

Figure 5-1: FE-SEM images of (a) RESS-produced RDX particles. The particles are
significantly smaller and the morphology of the particles is more spherical than (b)
military-grade RDX.

While the particles produced from the RESS process are significantly smaller than
the initial particles formed, there are still problems with the particles that need to be
addressed if they are to be incorporated effectively into a propellant or explosive. One of
the main issues with the produced particles is that there is a severe level of
agglomeration. This is clearly shown in Figure 5-2 and Figure 5-3. Not only are the
particles agglomerated, in some cases they are physically bridged together. When this
bridging occurs, the particles are effectively no longer small particles, but larger
agglomerates. Agglomeration and particle bridging is undesired for a few reasons. One
reason is that it can take away attributes of nano-sized particles. Since many small
particles now behave effectively like a larger particle.

Another reason is that

agglomerates are hard to process. As one can see from the images, when small particles
are agglomerated, there are many voids between the particles. For this reason, it is hard
to formulate a propellant or explosive and make it near its theoretical maximum density.
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Ideally, one would want to form small spherical particles from this process if they are to
be used effectively in propellants and explosives.

Figure 5-2: FE-SEM images of Test 003. From the images, it is clear that the produced
particles are small but they are heavily agglomerated and the size distribution could be
narrower.

Figure 5-3: FE-SEM image of Test 002 indicating how the RESS process forms initial
small particles that turn into larger agglomerates.
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5.1.1

Summary of Tests and Size Distribution Results

While microscope images provide a good qualitative picture of the produced
samples, quantifying the sizes and size distributions of the produced particles is more
informative and useful when relationships are made about their sensitivity.

From

numerous FE-SEM images of each test, the particle size distributions and average particle
sizes were quantified by taking size measurements with the software program ImageJ.
Once the measurements were taken, they were imported into an Excel spreadsheet and
organized from the smallest diameters to the largest. After this, the size of the particles
was arranged into bins of 10-nm increments (e.g. one bin would be 10-20 nm). With this
information, the amount of particles in each bin could then be quantified.

This

distribution information was then imported into the software program PeakFit® and lognormal distribution curves were created for the particle size distributions. An example of
how the generated distribution compares to the raw data is shown in Figure 5-4 for RESS
Test 013 (T0=328 K, P0=34.5 MPa, 150-µm orifice diameter). One can see that the fits
produced are fairly accurate representations of the raw data.
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Figure 5-4: Comparison of raw data from Image J (line bars) and the fitted data from
PeakFit® (fitted line).

The particle size distribution curve for RESS tests run with a 100-µm sapphire
micro-orifice diameter and a pre-expansion temperature of 348 K is shown in Figure 5-5,
100 µm orifice diameter test results with a pre-expansion temperature of 328 K are
shown in Figure 5-6. Likewise, particle size distributions for a 150-µm orifice diameter
are shown in Figure 5-7 and Figure 5-8 for pre-expansion temperatures of 328 K and 348
K. From the figures, the particle distributions ranged from about 30 to 200-nm. The size
distributions are very narrow, which is a result of the uniform conditions achieved with
supercritical fluid precipitation.

One can also see that in general smaller size

distributions can be observed for tests conducted with higher pre-expansion pressures.
This does not necessarily mean that a higher pre-expansion pressure will always produce
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smaller particles. In fact, higher pre-expansion pressures seem to provide diminishing
returns just as the particle growth code predicted in Chapter 4. For both experiments
conducted with a 100 and 150-µm nozzle, there were no noticeable benefits from
increasing the pre-expansion pressure above 86.2 MPa. At a pre-expansion pressure of
86.2 MPa, particle size distribution curves are at their narrowest and are farthest to the
left (indicating a smaller size).

Increasing the pre-expansion pressure increases the

density of CO2 which can increase the dissolution power of the solvent.

Larger

solubility’s in the beginning of the expansion result in a higher degree of supersaturation.
However, if the supercritical fluid is too dense, retrograde behavior can occur from
repulsive forces between the solvent and solute. Also, increasing the pre-expansion
pressure results in a more under-expanded free jet after the solution exits the nozzle. The
under-expanded jet will be at a higher pressure and will have more severe shock waves.
These could possibly contribute to the particles growing by coagulation from slip
velocities. It is these competing factors that imply that there could be an optimum preexpansion pressure. Previous research by other groups did not find this optimal preexpansion pressure and it is beneficial to know that higher pre-expansion pressures than
the upper limit in previous research (34.5 MPa) will yield a narrower size distribution.
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Figure 5-5: Particle size distributions for 100-µm nozzle with T0=328 K. While there are
some differences with the positioning of the size distributions, they are fairly similar.
Higher pre-expansion pressures do seem to make for slightly smaller particles.
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Figure 5-6: Particle size distributions for 100-µm nozzle with T0=348 K. The median
size ranged from 70-90 nm.
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Figure 5-7: Particle size distributions for 150-µm nozzle with T0=328 K. It is apparent
that higher pre-expansion pressures formed particles with a smaller size than lower preexpansion pressures.

0.03

0.025

34.5 MPa
51.7 MPa
68.9 MPa
86.2 MPa
103.4 MPa
120.7 MPa

PDF

0.02

0.015

0.01

0.005

0

50

100

150

200 250

Size [nm]

Figure 5-8: Particle size distributions for 150-µm nozzle with T0=348 K. Higher preexpansion pressures generally lead to smaller particles. The median particle size ranged
from 70-90 nm.
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Along with particle size distributions, average particle sizes were also observed to
decrease with increasing pre-expansion pressures. Results from the experiments can be
seen in Figure 5-9 and Figure 5-10 with the standard deviation for each test listed as a
vertical bar. Average particle sizes are shown with their standard deviations represented
by the error bars. For the tests with the 150-µm nozzle, increasing the pre-expansion
pressure did lower the average particle size. For tests conducted with the 100-µm nozzle,
trends were less apparent. The differences in pre-expansion pressures and temperatures
did have a greater effect on the amount of dry ice that was produced during the expansion
process. More dry ice could have prevented the particles from interacting with each other
further by coagulation. It was previously shown that higher pre-expansion pressures
could produce more dry ice. Also, dissolution was probably increased at higher pressures
inside the saturation vessel. This would increase the initial supersaturation and would
produce smaller particles by nucleation and produce a large number of particles by
nucleation. However, as explained before higher pre-expansion pressures can increase
coagulation indicating that there should be an optimum pre-expansion pressure.
Operating at higher pre-expansion pressures may be beneficial to a certain extent with the
RESS process (up to P0=86.2 MPa), but it might be more beneficial to vary other
parameters (the environment that the supercritical solution expands into) to see if this has
a greater effect on the final particle size and morphology.
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Figure 5-9: Average particle sizes for 100-µm nozzle with a) T0=348 K b) T0=328 K

a)

b)

Figure 5-10: Average particle sizes for 150-µm nozzle with a) T0=348 K b) T0=328 K

5.1.2

Co-Solvent Study

Co-solvents have been commonly shown to increase the solubility of supercritical
fluids.

Therefore, ethanol was added as a co-solvent to the RESS system with CO2 as

the supercritical solvent and RDX as the solute. Ethanol was chosen because it is a

180

alcohol that provides an opportunity for hydrogen bonding. Also, ethanol does not
dissolve RDX easily as it’s solubility at 20° C is 0.10 g RDX/100 g of solution and at 80°
C is 1.20 g RDX/100 g solution.121 For this study 1 mol % (8.1 grams) of ethanol was
added to supercritical carbon dioxide at 5,000 psi and 85° C (ρCO2=770 kg/m3) in the 1.0
liter saturation vessel. The supercritical fluid and ethanol were given ample time to reach
their saturation conditions. After the saturation conditions were reached, the supercritical
solution was expanded into the collection vessel for 30 minutes. This was more than
enough time to ensure that all of the dissolved RDX had left the saturation vessel. After
all the dissolved mass was expanded, the mass of the glass beads was measured to
observe how much solute had left the system. The results of the study can be seen in
Table 5-1. For normal operations without a co-solvent, 195 mg of RDX would have been
dissolved. For the co-solvent test, 445 mg of RDX were dissolved. From the results it is
clear that ethanol does enhance the amount of RDX that can be dissolved into the
supercritical fluid. Ethanol by itself should only dissolve about 100 mg of RDX for the
8.1 grams used, but approximately another 250 mg were able to be dissolved. These
results show that co-solvents help to improve the dissolution power of the solvent rather
than just dissolve a proportionate amount of solute. From this study, it is clear that
ethanol could be a viable co-solvent for increasing the throughput of the RESS process
with carbon dioxide. It would more than double the current yields of the RESS system.
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Table 5-1: Increase in throughput from using 1 mol % ethanol in the RESS system

5.1.3

Co-solvent
mol %
0

(mg RDX
Dissolved) /g CO2
0.253

1

0.578

Material Characterization of RESS-Produced Particles

Material characterization can yield valuable information on the structure and
purity of the final product.

Simply inspecting images of nano-sized particles is

insufficient to properly characterize them.

Material characterization of the RESS-

produced particles was conducted at various laboratories at Penn State. These labs
included the Materials Characterization Laboratory (MCL), the Materials Research Lab
(MRL), and the Proteomics and Mass Spec Core Facility.
Powder X-ray diffraction (XRD) results taken of RESS-produced RDX at the
MRL can be seen in Figure 5-11. The scanned diffraction pattern is shown in black while
the location and relative intensity of spectra peaks obtained from previous
crystallography work5 on RDX are shown as red lines. It is clearly seen that the RESSproduced RDX has the same phase as military-grade RDX (alpha polymorph) from the
fact that the peaks line up together. This is encouraging as it was unknown as to whether
the RDX particles would be crystalline from the rapid precipitation seen in the RESS
process. Further information such as crystallite information from the Scherrer equation
could not be obtained because the crystallites were so small.
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Figure 5-11: Powder X-ray diffraction (XRD) spectra of RESS-produced powder

Another property of the RESS-produced RDX powders that was investigated was
the chemical purity. As it was stated before, HMX impurities in RDX crystals have been
shown to increase the sensitivity of RDX. High performance liquid chromatography
(HPLC) was used on the RDX samples to determine their purity at the Proteomics and
Mass Spectrometry Core Facility. All samples were dissolved in a 50:50 acetone and
water mixture. A gradient of methanol and water was used as the carrier fluid. A C18
silica column was used to separate the RDX from the HMX. The chromatography results
from the tests can be seen in Table 5-2. Listed are the military-grade RDX that was used
in the experiments, the same RDX once it was recrystallized with acetone, and then the
RESS-produced RDX from the recrystallized RDX. It can be seen that the RESS-
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produced RDX is almost completely pure of HMX contamination. The reason for this is
probably similar to why RDX can be chemically purified by recrystallizing the material
in acetone as HMX has a lower solubility than RDX in acetone. Likewise, HMX has a
lower solubility in supercritical CO2.

Therefore, dissolving RDX with HMX

contamination dissolves proportionally more RDX than HMX, leaving HMX behind in
the saturation vessel. This results in RDX particles that are chemically purer.

Table 5-2: High performance liquid chromatography results for chemical purity of RDX
particles produced through the RESS process.
RDX Sample
Military-Grade
(Class I Type II)
AcetoneRecrystallized
RESS-Produced

5.1.4

HMX mass fraction
(%)
5.71

RDX mass fraction
(%)
94.29

0.86

99.14

0.32

99.68

RESS-Produced RDX Sensitivity Testing

Sensitivity testing was performed on the RESS-produced RDX particles by
Timothy Wawiernia at Penn State and Dan Remmer and Ruth Doherty at the Naval
Surface Warfare Center Indian Head Division (NSWC-IHD) in Indian Head, Maryland.
As previously mentioned, the ERL impact, ABL friction, and NAWC ESD tests were all
performed on the particles.

The particles showed a substantial decrease in their

sensitivity to impact as expected with similar sensitivity results for friction and ESD.
The results agree well with what was observed for other researchers that have produced
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RDX with smaller crystalline particles.39,57 One of the reasons for this could be that the
smaller particles have less defects that can pile up when they are impacted. Therefore, it
will take a significantly higher shear stress to cause them to initiate under an impact. A
slight increase in sensitivity to friction was observed for the RESS-produced particles.
This increase in sensitivity could be from a larger surface area that the particles have to
grind against each other. While this increase in sensitivity is not desirable, the decrease
in impact sensitivity is much greater than the moderate increase in friction sensitivity.

Table 5-3: Sensitivity results for RDX particles produced through the RESS process
obtained from NSWC-IHD122
Sensitivity Test
Impact sensitivity H50
(cm)
ABL Friction TIL
(psig)
NSWC ESD TIL
(joules)

Military-Grade RDX
(Type II, Class I)
17

RESS-Produced RDX

135

100

0.165

0.165

5.1.5
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BTAT RESS Testing

BTAT was used in the RESS system to show that other secondary explosives and
energetic materials can be used besides RDX as a solute. Using BTAT as a solute in the
RESS system produced positive results. It was confirmed that BTAT is soluble in
supercritical CO2. Although the solubility appears to be less than what was observed for
RDX.

Yields were about a tenth of what they were for the solubility of RDX in

supercritical CO2. This makes sense as BTAT is an isomer of CL-20 and CL-20 was
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shown to have a lower solubility in supercritical CO2 than RDX.123 Therefore, BTAT is
capable of being used in the RESS system in a similar manner to RDX. Initial RESS
experiments were run at a pre-expansion temperature of 323 K and a pre-expansion
pressure of 68.9 MPa.
The initial results were positive. Some degree of success was observed with
finely nucleated particles. Many of the final particles tended to be around 100 nm,
however not all particles were found to have a spherical morphology. Many of the BTAT
particles tended to nucleate in a more needle like manner. The needle-like morphology
could come from the fact that crystal shape is dictated by the free energy at their growing
surface. However, it is unclear as to what are the physical conditions that could be
causing the inconsistency in the crystal shape of the collected particles. Some of the lack
of spherical morphology may be accredited to the fact that the BTAT solubility is lower
than RDX and the degree of supersaturation and nucleation rates are therefore lower.
Also, the nucleated particles tended to bridge together which is undesirable as adequate
separation could not be achieved. The observed particle bridging is probably a result of
further precipitation and coagulation after initial particle nucleation. FE-SEM images of
these particles can be seen in Figure 5-12. This bridging effect is often observed with the
RESS results for RDX, but it appeared to be more severe for BTAT.

To prevent

bridging, newly nucleated particles should be separated by steric methods after creation.
This could be achieved by expanding the supercritical solution into a water and
dispersant solution as explained in the RESOLV process. Certain dispersants would
adsorb to the nucleated particles surface and repulse each other before further growth
occurs.
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While the RESS-produced BTAT is not as ideal as RESS-produced RDX, the
results are encouraging.

The material formed smaller nucleated particles when

precipitated with the RESS process in comparison to its original form. The smaller
particles are less likely to have crystalline defects and should exhibit reduced impact
sensitivity in a similar manner than the RDX particles did. Particle yields are a concern
with BTAT, but this issue could be mitigated with a more polar solvent or by using a cosolvent.

Figure 5-12: FE-SEM images of RESS-produced BTAT particles (P0=68.9 MPa, T0=323
K)

187

5.2

RESOLV Results and Discussion

In addition to the RESS process, the RESOLV process was also investigated for
processing energetic materials. A more specific version of the RESOLV process called
the Rapid Expansion of a Supercritical Solution into an Aqueous Solution (RESS-AS)
process was used to form nano-sized RDX particles and attempt to stabilize them in a
water/dispersant solution for this investigation. Different dispersing agents were used to
make the aqueous solutions. All the dispersants used for this study were water soluble
polymers.
For comparison purposes, FE-SEM images of the produced RDX particles from
the similar RESS process with a pre-expansion pressure of 34.5 MPa and pre-expansion
temperature of T0=358 K (Test Series 01) can be seen in Figure 5-13. Primary particles
were approximately 100 nm in diameter and often larger.

The particles were also

aggregated and agglomerated together. This is a result of there not being a medium to
disperse the particles in. This was confirmed by DLS measurements in which a 100-nm
peak was seen along with a 500-nm peak. This agrees well with the results from image
analysis. While particles were fairly uniform in shape, there were particles with different
shapes and sizes than others (some had higher aspect ratios). The 500 nm peak is from
particle agglomerates. This probably is a result of coagulation in the free jet from being
expanded into air. This observation is interesting as supercritical fluid precipitation is
expected to have high and uniform degrees of supersaturation, forming very uniform
particles. The results clearly show that fine particles can be precipitated, but stabilization
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and prevention of coagulation is necessary to improve the qualities of the particles by
keeping them smaller, more spherical, and more dispersed.

Figure 5-13: a) FE-SEM image of RDX particles produced from RESS process (Test
Series 01; P0=34.5 MPa, T0=358 K) and b) DLS size distribution results.

Clear differences in the size and dispersion of particles produced from the
RESOLV process were observed in comparison to the RESS process. One of the first
tests conducted involved a supercritical solution of RDX expanded into neat water (Test
Series 02). Initially small particles are formed, but the particles later agglomerated in the
aqueous solution and begin to coarsen by Ostwald ripening in which smaller particles are
preferentially dissolved at the expense of larger particles (Figure 5-14).124

Ostwald

ripening has been a reported hindrance to the formation of nano-sized particles.125 The
reason why smaller nano-sized particles tend to ripen into larger particles can be
explained through the Ostwald-Freundlich126 expression:


 2σ MW  
S r = S ∞  exp SL
 
R
T
ρ
v
r
m 
 u


(5-1)
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where Sr is the solubility of a particle with radius r, S∞ is the solubility of a material with
an infinite radius (i.e. a plane), ρ is the density of the solution, σSL is the surface tension
between the solid particle and solution, MW is the molecular weight of the solute, R is the
ideal gas constant, T is temperature, ρ is the density of the particle, and vm is the
molecular volume of the solute. It can be determined from Equation 5-1 that as the
radius of a particle decreases, the solubility of those particles can increase rapidly. Once
these smaller particles are dissolved, the dissolved molecules tend to condense on a
faceted surface with less curvature leaving only larger particles behind after an extended
duration.
In Figure 5-15, it can be seen that expanding the supercritical solution into water
appears to have initially formed nano-sized particles around 50 nm. These results offer
evidence that expanding supercritical solutions into a dense fluid rather than air can form
smaller and more spherical particles. For true nano-sized particles to be formed, it is
apparent that a protective dispersant would have to be added to the neat water. Altering
the pH level of the aqueous solution to change the surface charge of the particles could
also prevent Ostwald ripening from occurring. The original nano-sized particles that are
formed during this process need to be protected and dispersed.
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Figure 5-14: FE-SEM images showing how RDX nano-sized particles aggregate and
coarsen into larger particles by Ostwald ripening if left unprotected in neat water.

Figure 5-15: FE-SEM images showing RDX in the process of coarsening into larger
particles. Clearly, the remnants of nano-sized particles around 50-nm can be seen on the
surface of the particles. Eventually, Ostwald ripening eliminates all signs of these
particles and only large faceted particles remain.
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Figure 5-16: FE-SEM images of RDX particles that have agglomerated and are becoming
facetted by Ostwald ripening. Remnants of particles around 50-nm are apparent upon
close inspection of the particles. This confirms that when large particles (several
micrometers) are later found, they start out as nano-sized particles.

In order to reduce agglomeration and Ostwald ripening, the chemistry of RDX in
water needed to be understood. Generally, a higher charge or zeta potential of a particle
in suspension leads to a more dispersed colloid.91 Therefore, understanding how the pH
level of the suspension affects the zeta potential of the particles is crucial. It is also
important to understand how the zeta potential of the polymers used to coat the RDX
particles would change as the pH level of the suspension is changed. To achieve this
understanding, a study considering the effect of pH level on the particles’ zeta potential
was conducted for uncoated RDX particles, PVP-coated particles, and PEI-coated
particles. The results from the study are shown in Figure 5-17. The pH level of the
suspension was made more acidic by adding weakened HCl and more basic by adding
NH4OH. Clearly, the uncoated RDX has the largest (in absolute value terms) zeta
potential at a more neutral pH level (between 5 and 8). For these uncoated particles,
higher absolute zeta potentials can be attained by changing the pH level to a more neutral
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value so that RDX particles can repel from each other by electrostatic dispersion.
However, over a much longer time period, these particles will still agglomerate since they
have no protective coating for permanent dispersion. As mentioned before, the RESOLV
expansion process during a test changes the receiving water’s pH level to around 4.
Therefore, a base would have to be added to the suspension to raise the pH level. PVP
and PEI-coated RDX particles have a smaller absolute value for the zeta potential over all
pH levels compared to uncoated RDX. Thus, both PVP and PEI-coated RDX particles
agglomerate over time, but the agglomeration is reversible since the steric effects of the
polymer coating prevent the particles from coming in close enough proximity to
permanently aggregate via a solid bridging effect as seen in Figure 5-14. In comparison
with PVP-coated particles, there is an advantage for PEI-coated particles, since for pH
values between 4 and 8, the PEI-coated particles have a larger magnitude for zeta
potential than PVP-coated particles. In contrast, PVP-coated particles do not have much
of a charge for most pH values (usually between 0 and -15 mV). This is because PVP is
a nonionic polymer and actually shields the native charge on the RDX particles.
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Figure 5-17: Measured zeta potential values for uncoated RDX, PVP-coated RDX, and
PEI-coated RDX at different pH levels.

In addition to the zeta potential vs. pH study, polymer adsorption studies were
conducted on RDX to understand how much polymer would be needed to adequately coat
the RDX particles. In the adsorption study, the selected energetic material was placed in
a solution of deionized water and dispersant in which the pH level was carefully
controlled. Different amounts of dispersant were used to make different weight percent
solutions and the zeta potential of the particles was measured. Adsorption studies were
conducted for PVP and PEI on RDX. The results from the study are plotted in Figure
5-18 and Figure 5-19. In the adsorption study, different amounts of PVP (wt% with
respect to the solution) were placed in water and the pH level was lowered by adding HCl
and raised by adding NH4OH to the solution. The zeta potential of the particles was then
measured and the results are shown in Figure 5-18. Effective PVP adsorption was
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confirmed when the particles had the zeta potential closest to zero as PVP does not have a
charge in water. It is clear that as little 0.1 wt% PVP solutions is the most practical for
the RESOLV process as adequate adsorption of PVP occurs onto RDX at this weight
percent. Therefore, only small amounts of PVP will be needed with RESOLV tests.

Figure 5-18: PVP adsorption study on RDX with altering weight percents of polymer. As
little as 0.1 wt% is needed to adequately coat the particles.127

Slightly different results were seen with the adsorption study for PEI and RDX. It
can be seen that the zeta potential of the uncoated RDX ranged from -20 to -70 mV
depending on the pH level of the solution. This was seen with the PVP study as well.
However, once a small amount of PEI was added, the zeta potential became positive from
the cationic nature of PEI in water. This implies that as little as 0.1 wt% PEI in solution
is more than enough to provide a coating for the RDX particles. The main difference
between the PEI and PVP adsorption study is that the PEI-coated RDX exhibits different
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zeta potential values at different pH levels. This is because PEI is a cationic polymer and
PVP is nonionic.

Figure 5-19: PEI adsorption study on RDX. Again, as little as 0.1 wt% is needed to coat
the RDX particles.

It was shown that the agglomeration of the particles produced from Test Series 02
could be impeded by increasing the pH level of the suspension by adding NH4OH after a
test was completed. This addition changed the pH level of the suspension to 7 where the
RDX particles have a larger charge or zeta potential than a pH level of 4. FE-SEM
images and the DLS size distribution of the produced particles can be seen in Figure
5-20. Image analysis agreed well with the DLS results finding an average particle size of
approximately 34 nm. It is immediately clear that the produced particles are significantly
smaller in size than RESS-formed RDX and are much more dispersed. The produced
particles tended to have a more spherical shape than RDX particles produced through the
RESS process. It is apparent that the RESOLV process is quite effective at producing
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nano-sized particles of secondary explosives. However, the particles need to be coated
with a dispersant to achieve permanent protection from agglomeration.

Figure 5-20: a) FE-SEM image of RDX particles expanded into water with added
NH4OH (Test Series 02, T0=358 K, P0=34.5 MPa) and b) DLS results.

In addition to the results from expanding the supercritical solutions into neat
water, expansion into PVP/water solutions showed promising results. The first test series
of this type (Test Series 03) used 0.1 wt% PVP (360,000 MW) and the second test series
of this type (Test Series 04) used 0.005 wt% PVP. Both concentrations yielded the same
results, implying that only an extremely small amount of dispersant is needed to coat the
particles. The particles tended to flocculate together from their nonionic nature after a
test allowing them to be collected by gravimetric sedimentation. Mild agitation was
enough to spontaneously redisperse the particles. This suggests that the steric hindrance
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provided by the polymer prevented the particles from permanently agglomerating. FESEM images taken days after the initial suspension (Figure 5-21) had been produced
showed that the RDX was still in the form of nano-sized particles. The particles are
around 50-nm in diameter and have a very narrow size distribution. This is proof that the
polymer coatings can impede Ostwald ripening.

Figure 5-21: FE-SEM images of RDX particles produced and stabilized in the RESOLV
process with PVP-360 (Test Series 03 and 04). The particles are remarkably smaller with
a much narrower size distribution than RDX particles produced through the RESS
process.

Other RESOLV tests were conducted with PVP as the dispersant except with
different molecular weights. Figure 5-22 shows a test that used 45,000 MW PVP at 1.0
wt%. The PVP was shown to have success in stabilizing RDX particles suspended in
water; however it appears that much larger amount of polymer coated the particles than
the tests run with 360,000 MW PVP. The particles tended to be very spherical in
morphology which is advantageous for later processing applications but it is unclear what
shape the RDX particles are inside. While there is some bridging of the particles, it
appears to be primarily from the polymer coating than the actual RDX particles being
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stuck together as was shown with the RESS-produced RDX. This loose bridging helps to
explain why redispersing the particles by mechanical agitation is so easy.

Figure 5-22: PVP-coated RDX particles with 45,000 MW PVP. The particles are 100’s
of nanometers in diameter. It’s hard to tell how large the RDX particles are underneath
because too much polymer was adsorbed to the particle.

As previously mentioned, an advantage of nonionic polymer coated particles is
that over time they tend to flocculate and sediment in solution. This sedimentation
allows for the particles to be easily collected without extra effort such as centrifuging or
filtering. However, the polymer-coated particles only loosely flocculate and can easily be
redispersed by mechanical agitation. In contrast, the Ostwald ripened particles do not
redisperse well in solution because after they agglomerate they ripen into larger particles
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and are impossible to break into smaller particles. Both uncoated and PVP-coated RDX
particles produced through the RESOLV process are shown having sedimented to the
bottom of their containers in Figure 5-23. Both particles have a concentration of 1
milligram per milliliter of water. Upon mechanical agitation the loosely flocculated
PVP-coated particles tend to redisperse rather easily, while the larger uncoated RDX
particles do not redisperse into fine particles because they have aggregated and ripened in
solution. This is clearly shown in Figure 5-24.

Uncoated RDX

PVP-coated RDX

Figure 5-23: RESOLV- produced RDX particle before mechanical agitation. Both
uncoated and PVP-coated RDX will sediment to the bottom of their containers after a
long enough period of time.
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Uncoated RDX

PVP-coated RDX

Figure 5-24: RESOLV-produced RDX colloidal suspensions that have just been
mechanically agitated. On the left are RDX particles that are not coated with PVP
polymer. On the right are PVP-coated RDX particles. Large, permanently agglomerated
particles can be seen with the uncoated RDX suspension while these are absent with the
PVP-coated suspension.

The polymer PEI also showed encouraging results when used with the RESOLV
process. Concentrations of PEI at 0.05 wt% (Test Series 05) and 0.005 wt% (Test Series
06) were used with both concentrations yielding similar results. Again, this supports the
notion that only a small amount of polymer is necessary to disperse the particles. After
the particles were formed, they were washed with deionized water to remove excess
polymer from the aqueous solution that the particles were suspended in. The particles
could then be redispersed by altering the pH level of the solution. In addition to steric
repulsion, the PEI increased the zeta potential and charge of the suspended particles to
around +25 mV which facilitated electrostatic dispersion, a technique capable of
producing thermodynamically stable suspensions.128 Therefore, only trace amounts of
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PEI are needed to disperse RDX nano-sized particles in water. It is also interesting to
note that by altering the suspension pH value from pH 5 to pH 7, dramatic dispersion of
the particles is observed (Figure 5-25).

The particles formed into agglomerates of

different sizes at a pH level of 5 and redispersed into smaller primary particles at a pH
level of 7. The reason for this dispersion is that PEI has its highest positive charge
between pH level of 6 and 8 (Figure 5-17) and a high particle charge promotes
dispersion. The dispersed particles were remarkably stable against aggregation even a
year later at pH 7 as shown in Figure 5-26. The stability of the particles a year after
formation suggests that properly stabilized colloidal suspensions of RDX can be stored
for long periods of time without significant size alteration.

The implication of the

transient flocculation is that the polymer-coated nano-sized particulates readily settle out
of the synthetic solution after the RESS process. The sedimentation promotes nano-sized
particle collection, laundering, and resuspension in a more thermodynamically stable
state against either Ostwald ripening or agglomeration.

Figure 5-25: a) FE-SEM image of PEI-coated RDX particles produced through the
RESOLV process (Test Series 05 and 06 at a pH level of 7) b) DLS size distributions for
Test Series 05 and 06 demonstrating pH level dispersion of PEI-coated RDX particles.
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Figure 5-26: FE-SEM images [ a) 2,500 X mag and b) 10,000 X mag] of PEI-coated
RDX 12 months after they were produced. Colloidal suspensions are remarkably stable
against agglomeration although some particle growth was observed.

Overall, experimental results with the RESOLV process were very encouraging.
While it was observed that pH level adjustment can create a metastable particle
suspension, polymer coatings are necessary for permanent stability of the particles in
suspension. The polymers PVP and PEI were shown to be effective in coating and
stabilizing RDX particles in solution. Particles produced with both of these polymers
showed initial agglomeration from the drop in the absolute value of the particle’s zeta
potential in suspension, but this was reversible by changing the pH of the solution which
dispersed the particles (PEI-coated particles) or by mechanical agitation.

The

reversibility of the particle agglomeration in these tests suggests that both of these
polymers provided a large enough coating to prevent permanent agglomeration.
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5.2.1

Thermal Behavior of RESOLV-Produced RDX Particles

Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA)
were performed on the produced particles. Military-grade RDX, RESS-produced RDX,
and RESOLV (RESS-AS)-produced RDX were all analyzed for comparison purposes.
RESOLV-produced RDX was uncoated and taken from a metastable suspension that had
its pH level adjusted to impeded agglomeration. The DSC curves for these three types of
RDX can be seen in Figure 5-27. There are noticeable differences between the curves. It
is interesting that the RESS-produced RDX did not experience a shift in melting or
decomposition temperature from military RDX. The results indicate that even the small
size of RESS-produced RDX (~100 nm) is not small enough to cause any obvious
changes in the thermodynamic properties of the material. This is reasonable because
100-nm particles would only have approximately 3% of their mass on their surface.
Of greater interest is the shift in endothermic and exothermic behavior of the
RDX nano-sized particles produced from the RESOLV process. The 25° C shift in the
exothermic peak temperature is fairly significant and similar results have been recorded
by some other researchers.33 Another interesting observation about the DSC plot is that
the melting endotherm of the RESOLV-produced RDX has a much smaller area than the
other types of RDX. These deviations are meaningful because RDX particles produced
from the RESOLV process have enough mass on their surface (~12 %) to see a shift in
thermal behavior while the particles produced from the RESS process do not show these
trends. This implies that the RESOLV process produces particles small enough to have
altered thermodynamic and reactive properties. More work in quantifying the energy
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density of these particles should yield valuable information on how the smaller size of
these particles can change the energy density and activation energy of the energetic
material at this scale.

These smaller particles could be more energetic if used in

propellants and explosives due to the ability of nano-sized particles to store energy on
their surfaces. However, their lower decomposition temperatures could make them more
sensitive to initiation as well, so the pros and cons should be carefully weighed. It would
be interesting to see how sensitive these particles are, because the particles should have
fewer defects but they also will decompose at a lower temperature.

Clearly, more

research is needed to investigate this important behavior. It should also be noted that
RESOLV-produced RDX started losing mass at 100° C from the TGA plot in Figure
5-27. This mass loss is much slower and it is reasonable to think that some residual water
may have been on the RESOLV samples since they were taken from aqueous
suspensions.

Temperature [°C]

Temperature [°C]

Figure 5-27: DSC and TGA curves of military grade RDX, RESS-produced RDX, and
RESOLV (RESS-AS)-produced RDX. RESOLV-produced RDX experiences
decomposition at a lower temperature and also has a reduced endotherm.
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5.2.2

Sensitivity Analysis of RESOLV-Produced Particles

A scanning electron microscope image of the PVP-coated RDX particles is shown
in Figure 5-28.

From the image, the particles ranged in size from hundreds of

nanometers to a few micrometers (200 nm – 4,000 nm). It is not immediately known
where the extra particle growth came from. It is a possibility that the PVP-coated
particles could still grow larger the longer they were in solution. However, the particles
are largely sub-micron and are in the size range that one would expect to observe a
greater resistance to initiation by impact and shock.

Figure 5-28: SEM images of PVP-coated RDX particles. The particles ranged in size
from 200-4,000 nm in diameter.

An optical microscope image of the acetone recrystallized RDX sample is shown
in Figure 5-29. As mentioned before, these particles were created by dissolving military
grade RDX in acetone at elevated temperatures (60° C) and then dropping the acetone
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temperature to 0° C to precipitate out RDX with significantly less HMX in it. The slow
supersaturation ratios that this process tends to promote ensure that the RDX crystals are
large and less uniform than those formed in the RESS process. In contrast to the PVPcoated RDX, there is a much larger size distribution in the particles which can range from
a few micrometers to as large as a millimeter.

Figure 5-29: Optical microscope images of the acetone-recrystallized RDX. This method
of production forms very large particles with a wide size distribution.

Due to low yields in the RESOLV system for forming PVP-coated RDX particles,
the sensitivity tests were conducted with a smaller amount of sample than is normally
utilized for sensitivity testing. 15-mg samples were used for each of the ERL impact
tests, 35-mg samples were used for the ABL friction tests, and 5-mg samples were used
for the NAWC ESD tests. Therefore, the sensitivity tests on the PVP-coated particles
should be interpreted as an approximation of the true sensitivity values.
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The sensitivity tests with the recrystallized RDX consisted of 35-mg for the ERL
impact tests, 50-mg for the ABL friction tests, and 15-mg for the NAWC ESD tests. The
amount of sample used for these tests are the standard amounts required to characterize a
material. The equations used for determining the 50% value for the sensitivity tests is
expressed as:129

 i =n−1

 ∑ Ni × i

i =0

log(Dh 50 ) = y + d
± 0.5 
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 ∑ Nn

 1


(5-2)

where Dh50 is the 50% value or the average value for a sample to initiate, y is the lowest
value in which an event (which are either “fires” or “no-fires”, depending on which
occurred more) occurs in log form, d is the log spacing in a test (for these tests it was
0.1), N is the number of events, and i is the level number from which the lowest no-fire or
“no-go” event occurred. Likewise, the equation for determining the standard deviation
for the sensitivity tests can be expressed as:

2
i =n−1
 n

 i =n−1

2
 N

∑
n ∑ Ni × i −  ∑ Ni × i 
 1
i =0
i
=
0

 + 0.029 
s = 1.62 × d × 

2
 n



 ∑ Nn 


 1




(5-3)

208

where each variable has been previously defined. The known standards for Type II,
Class 2 RDX are 17 cm for the ERL impact test, 468 lbf for the ABL friction test, and 10
no-fires at 0.25 Joules for the NAWC ESD test.
The ERL impact sensitivity results are shown in Table 5-4. Due to the limited
sample size provided, only 8 tests were conducted for the PVP-coated RDX particles.
The testing is performed in accordance with the Bruceton method. The low-fire point
was at a height of 20 cm. From the results, the 50% value was determined to be 19 cm
and the variance in the results was determined to be +1.4 cm and -1.6 cm which is a fairly
narrow distribution. In contrast, there was a wide variety in the impact heights for the
acetone-recrystallized RDX. From the results, the 50% value was determined to be 30
cm and the variance in the results was determined to be +23 cm and -14 cm which is a
large distribution. This was expected because of the wide size distribution of particle
sizes from the recrystallized RDX.
It was surprising that the PVP-coated RDX particles were found to be more
sensitive to impact than the RDX standard.

Most experimental results have shown

smaller particles to be less sensitive to impact. However, caution should be used when
interpreting the results as the amount of material used per test and the sample size for the
PVP-coated RDX was smaller than what is normally used. The force imparted from the
drop weight was distributed to a relatively small sample mass which had a good chance
in subjecting the particles to a higher shear stress.
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Table 5-4: ERL impact sensitivity results from NAWC-WD
(a higher value means a less sensitive material)
Sample
Amount
Tests
50%
Variance
Used per
Run
value
(cm)
Test (mg)
(cm)
15
8
19
+ 1.4, -1.6
PVP-Coated
35
20
30
+23, -14
AcetoneRecrystallized
35
N/A
17
N/A
Type II, Class
2

Low-fire
Point (cm)
20
20
N/A

ABL friction sensitivity results are shown in Table 5-5. The PVP-coated particles
were less sensitive to friction than the acetone-recrystallized RDX. For the PVP-coated
RDX, only six tests were conducted, and three of the samples fired. The low-fire point
was 501 lbf and the 50% value was determined to be 521 lbf with the variance in the
results being +56 lbf and -43 lbf. The reduction in sensitivity is likely due to the PVP
polymer coating which may act as a barrier that reduces the amount of intercrystalline
grinding. The ABL friction sensitivity results suggested that the acetone recrystallized
RDX was more sensitive to initiation by friction. The standard 20 samples were tested.
Ten of the tests “fired” with the low-fire point being 316 lbf. The 50% value was
determined to be 355 lbf with the variance results being +61 lbf and -53 lbf.

Table 5-5: ABL friction sensitivity results from NAWC-WD
(a higher value means a less sensitive material)
Sample
Amount Used Tests
50%
Variance
Low-fire
per Test (mg)
Run
value (lbf)
(lbf)
Point (lbf)
35
6
521
+ 56, -43
501
PVP-Coated
50
20
355
+61, -53
316
AcetoneRecrystallized
50
N/A
468
N/A
N/A
Type II, Class
2
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For the ESD sensitivity tests none of the PVP-coated RDX or the acetonerecrystallized RDX material ignited which can be seen in Table 5-6. Four tests were
conducted with the PVP-coated RDX and ten were conducted with the acetonerecrystallized RDX. This implies that even though the PVP-coated material was very
small, this did not appear to increase its sensitivity to ESD ignition.

Table 5-6: NAWC ESD sensitivity results from NAWC-WD
Sample
PVP-Coated
AcetoneRecrystallized
Type II, Class
2

Amount Used
per Test (mg)
5

Tests
Run
4

15

10

15

N/A

50% value
(Joules)
4 no fires at
0.25 Joules
10 no fires at
0.25 Joules
10 no fires at
0.25 Joules

Variance
(Joules)
N/A

Low-fire
Point (Joules)
N/A

N/A

N/A

N/A

N/A

The sensitivity testing results are preliminary, but the PVP-coating appeared to
make the particles less sensitive to friction while their sensitivity to impact and ESD were
unchanged. This is interesting as finer particles of secondary explosives are expected to
be less sensitive to impact. It should be noted that only a small number of sensitivity
tests were conducted and the tests used very small amounts of sample, so all sensitivity
results presented for the PVP-coated RDX are very preliminary. However, it appears that
the PVP coating made the RDX particles less sensitive to initiation by friction. If similar
sample sizes were used for the PVP-coated RDX particles it is also reasonable to expect
that decreases in the sensitivity to impact would have been realized as well.
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5.2.3

PNO Solubility Study

It was of interest to look into the energetic polymer PNO to see if it would be
used in the RESOLV process. Unfortunately, PNO is not soluble in water which is the
easiest solvent to work with when using the RESOLV process.

From personal

communication with scientists at NAWC-WD,130 they have found PNO to be soluble in
acetone, dichloromethane, tetrahydrofuran, chloroform, and acetonitrile. RDX is fairly
soluble in all of these solvents besides chloroform. However, the quantitative difference
in solubility was not known. Therefore, chloroform was selected as a potential solvent of
interest since only the dispersant should be soluble in the solvent of interest; not the
solute. RDX has a solubility of 15 mg RDX/100 g solvent in chloroform at 20° C.121
This solubility is comparable to the solubility of RDX in water. Unfortunately, the
solubility of PNO in chloroform was not quantified by the scientists at NAWC-WD.
Therefore, a solubility study was conducted with PNO and chloroform. The solubility
study was conducted at 20° C (typical RESOLV operating temperature of the solvent). A
spectrophotometer was used for this solubility study. A wavelength of 530 nm was
selected for this analysis. The spectrophotometer was a Bausch and Lomb Spectronic 20.
Transmissivity measurements of pure unadulterated chloroform in the test tube were set
to 100% as an experimental control. First a known amount of PNO was measured in a
test tube. Then a known amount of chloroform was added to the test tube with a stopper
lid (since chloroform is a very volatile liquid) under a fume hood. Ten to fifteen minutes
were allowed for the solvent do dissolve the solute. Then the test tubes were inserted into
the spectrometer. Transmissivity data were then taken of the solution. More chloroform

212

was added to the tube and the process was repeated. The measurements were taken until
the transmittance approached 100%.

Two separate test runs were conducted to verify

the accuracy of the solubility test results. For comparison purposes, a test tube filled with
pure unadulterated chloroform was set to 100% transmittance. The data obtained from
the tests is displayed in Figure 5-30. When the PNO reaches its saturation limit in
chloroform, the transmissivity ceases to change even as the amount of chloroform is
increased. This implies that the chloroform cannot dissolve any extra PNO introduced to
the solution.

100

Run 1
Run 2

Transmittance [Percent]

80

60

40

20

0

0

5

10

15

20

PNO Load [mg PNO/g Solution]
Figure 5-30: PNO solubility results for PNO and chloroform. After a while the
transmittance flattens for the saturation condition.
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From the figure, it can be determined that the solubility of PNO in chloroform
was about 15 mg/ g solution. It is known that the solubility of RDX in chloroform is 0.15
mg/ g solution at ambient room temperature conditions (20 °C). Therefore, chloroform
could be a sufficient liquid solvent to use with RDX and PNO in the RESOLV process.
Future research with PNO coatings on RDX with the RESOLV process could involve
chloroform. More research needs to be conducted to see how well PNO could adsorb to
RDX in a chloroform solvent.

If sufficient adsorption is noticed, PNO could be

theoretically used as a dispersant to produce PNO-coated RDX particles. The adsorbed
dispersant could later be used as a binder.

5.3

RDX RESS-N Testing with ALEX® Particles

Initial testing of the RESS-N system with ALEX® particles and RDX was to
investigate if RDX would nucleate onto ALEX® particles if they were present during the
expansion of the supercritical solution using the particle entrainment vessel. The test
conditions that were considered are listed in Table 3-4. The images are from a variety of
tests. Small amounts of the produced powder were taken from the expansion vessel and
placed onto a FE-SEM stub. From FE-SEM investigations, it is apparent that RDX does
indeed precipitate onto the ALEX® particles. This is clearly visible from the FE-SEM
images in Figure 5-31. ALEX® particles are insoluble in supercritical CO2 and always
maintain their characteristic spherical shape. For the reader’s reference, Figure 2-6
shows FE-SEM images of uncoated ALEX® powder. Any solid material that does not
have this shape or is a deviation from this shape is from RDX as the only two materials in
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the produced samples were RDX and ALEX® particles. From the images it is clear that
what are normally spherical particles have slightly asymmetric shapes probably from
solute precipitation. The observed particles also experienced more electron charging (by
high contrast white regions on the outside of the particles). ALEX® particles do not tend
to charge while RDX does in an electron microscope. This suggests that there is RDX on
the particles. It is also apparent that the RDX solute would bridge ALEX® particles
together and form an interstitial filler material.
While RDX coatings were observed, it is apparent that the final product is not
consistent. A wide variety of shapes along with coated and uncoated areas can clearly be
seen. Coated ALEX® particles tend to charge more than uncoated particles and have a
less spherical shape.

This large distribution is from the uneven ALEX® particle

suspension that the particle entrainment vessel promotes. A more even or consistent
injection should yield more uniform results.
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Figure 5-31: FE-SEM images of RDX coated ALEX® from the RESS-N process. The
images come from a variety of tests.131

Elemental analysis was also performed on the captured samples with energy
dispersive X-ray spectroscopy (EDS). Areas where obvious spherical ALEX® particles
were located were imaged with an environmental scanning electron microscope (ESEM)
and analyzed with EDS. The resulting spectra showed large amounts of carbon, nitrogen,
oxygen, and aluminum. The carbon, nitrogen, and oxygen spectra are from the RDX
(C3H6N6O6). Hydrogen is too light of an element for EDS to detect. The spectra
indicated that RDX was present where the aluminum particles were. This confirms that
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the particles are not just pure aluminum. However, the information does not provide any
quantitative data on the quality of the coatings. Due to the inconsistent nature of the
collected sample (large amounts of bare ALEX® particles and homogeneously nucleated
RDX) better sample consistency must be confirmed by electron microscope
investigations before more thorough surface analysis can begin.

Figure 5-32: EDS spectra of RESS-N produced powder

After the particle entrainment vessel was used, the linear actuator injection system
was used to introduce ALEX® particles in the supercritical solution in the RESS-N
process as described in Section 3.3.2. The dispersion of ALEX® particles entrained in the
CO2 flow was also of interest. If the aluminum particles were entrained as agglomerates
then the solute would be coating agglomerates instead of individual particles.

As

mentioned before, coating individual ALEX® particles would be better than agglomerates
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for reducing diffusion distances from metal fuel to reactive explosive/oxidizer.
Therefore, a simple experiment was conducted in which a FE-SEM sample mounting
stub was placed immediately downstream of the discharging nozzle/jet. An image of the
experimental setup is shown in Figure 5-33. The RESS-N system was run and ALEX®
particles were injected into supercritical CO2 with no RDX dissolved in it. Once the
aluminum particles made it out through the jet the stubs were then imaged to see how
well the ALEX® particles dispersed on the stubs. Clearly, some agglomerates remained
but the jet was effective in breaking up the pre-existing agglomerates and dispersing the
particles. This is clearly shown in Figure 5-34. It is clear that another distinct advantage
the RESS-N process has is that it can disperse nano-sized metal particles.

FE-SEM
Stub

Figure 5-33: Image showing how mechanical expansion in the RESS-N process can help
to break up ALEX® particle agglomerates.
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Figure 5-34: FE-SEM images of ALEX particles caught on imaging stub downstream of
CO2/ALEX® particle jet.

After the RESS-N process was tested for particle dispersion, tests were run with
RDX as the energetic solute. RESS-N testing with particle injection yielded better results
than the entrainment vessel did. Larger particles were collected than the RESS process
and the particles had visible crystal faces. FE-SEM images of produced particles are
shown in Figure 5-35. To see if ALEX® particles were located underneath the RDX, FESEM images were taken of RESS-N produced samples that were not iridium coated. The
reason why no iridium coating was added is because the aluminum particles and RDX
material would appear to have a higher contrast and would be easier to differentiate. The
uncoated sample was then exposed to extended periods of electron radiation in the FE-
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SEM until the RDX started to decompose. After this irradiation, ALEX® particles were
revealed underneath. Images of the decomposed RDX with ALEX® particles are shown
Figure 5-36.

This is highly promising as it showcases the feasibility of using

supercritical fluid precipitation processes to encapsulate nano-sized fuel particles with an
oxidizer.

Figure 5-35: FE-SEM images of RDX coated ALEX® particles from the particle injection
method.
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Figure 5-36: FE-SEM images of ALEX® encapsulated in RDX by the RESS-N process.
The electron microscope current was turned up to decompose the RDX material which
revealed ALEX® particles underneath.

While the aluminum particle injection method shows the feasibility of coating
metallic nano-sized particles with an energetic material, it does not coat them efficiently
or produce a large amount of coated particles. The volume of the injection system only
allowed for about 100 mg of ALEX® powder to be introduced to the RESS-N system. To
make the process more efficient, a method of entraining a larger amount of particles
needs to implemented. A potential method would be to fluidize a larger volume with
some type of agitator (e.g. a magnet or ultrasonic probe). A supercritical CO2/RDX
solution would be made in a parallel flow line. Once the particles were entrained and the
supercritical solution was made, the two fluid lines would mix at a downstream location
and then be mechanically expanded through an orifice or some other type of nozzle. The
flow rates of each parallel fluid line could be altered to change the explosive/oxidizer to
metal fuel ratio.
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Chapter 6
Conclusions and Future Work Suggestions
6

6.1

Conclusions

This research investigation involved processing explosive energetic materials with
supercritical fluid precipitation techniques.

The research investigated the RESS,

RESOLV, and RESS-N processes. The approach to this research was both theoretical
and experimental.

For the theoretical portion of this research, a one-dimensional

nucleation and condensation code using FORTRAN was developed. Investigations were
made to understand how altering the pre-expansion temperature and pre-expansion
pressure when precipitating the energetic solute through mechanical expansion could
alter the size of the final particles. Results from the code showed that higher preexpansion pressures were beneficial for creating smaller particles while altering the preexpansion temperature had less of a conclusive effect. In addition to the nucleation and
condensation code, the computer program STABIL© was used to investigate how to keep
RDX nano-sized particles adequately dispersed in the RESOLV process. Additional
calculations were made about the combustion behavior of polymer-coated RDX particles
produced through the RESOLV process using the software program CEA.

Finally,

calculations were performed related to experimental values in the research ranging from
how long should a RESS test duration be to how the coating thickness of polymer on
RESOLV-produced particles could affect their packing density.
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For the experimental portion of the research, RESS, RESOLV, and RESS-N
systems have been fabricated that can create supercritical solutions of secondary
explosive materials at ultra-high pressures (up to 207 MPa). The three systems allow for
the precipitation of energetic materials on the nano scale as well as the coating of nanosized non-soluble particles. Two energetic materials (RDX and BTAT) were shown to be
successful candidates for RESS precipitation with supercritical CO2. Both energetic
materials were produced and collected. The RESS-produced RDX was characterized
adequately. It was shown that the RESS-produced RDX particles were pure, crystalline,
and had a small size distribution. Average particle sizes ranged from 65±15 nm to
105±35 nm. The RESS-produced RDX also showed decreased sensitivity to impact with
an ERL impact 50% drop height of 44 cm compared to the standard for RDX which is 17
cm. These qualities indicate that RESS-produced RDX have significant advantages over
standard RDX. BTAT RESS results also showed improvement over their previous form.
BTAT particles were changed from micrometer plate like particles to nano-sized
particles. However, more bridging and needle-like morphology was observed with the
BTAT particles than with the produced RDX particles. Altering the way in which the
BTAT particles are expanded and collected could alter their morphology in a more
favorable manner.
For the RESOLV tests, it was shown that RDX nano-sized particles could be
produced with diameters as small as 30 nm in some cases. These are some of the
smallest RDX particles produced that the author is aware of. The small size is credited to
the lack of growth through particle coagulation that is inherent in the RESS process. The
size distribution of RDX particles produced through the RESOLV process is initially very
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narrow as well. The main problem observed with the RESOLV process is that the
initially small RDX nano-sized particles change into larger faceted particles through
Ostwald ripening. The Ostwald ripening effect was mitigated by a select number of
methods, each with some degree of success. The first method is by increasing the halflife time of the initially formed particles by altering the pH of the solution so that the zeta
potential of the particles can be increased. During this metastable period, particles can be
removed from solution by vacuum boiling, freeze drying, or by other methods such as
filtering. The second and more effective method of reducing Ostwald ripening is by
coating the newly formed particles with a solvent (i.e. water) soluble polymer. This
keeps the particles from permanently aggregating from the steric hindrance of the
adsorbed polymer.

This method was shown to be very effective at keeping RDX

particles very small in a colloidal suspension with the polymers PVP and PEI. It also
provides a method of easily collecting the particles as they will loosely flocculate and
sediment if coated with a nonionic polymer such as PVP. PEI-coated particles were
shown to still be on the nano-size scale a year after they were produced. PVP-coated
particles were then sent to the Naval Air Warfare Center Weapons Division in China
Lake, California for sensitivity testing. The PVP-coated particles were confirmed to be
similar in sensitivity to impact (19 cm by ERL impact test when the standard is 17 cm)
but less sensitive to initiation by friction (521 lbs by ABL friction test when the standard
is 468 lbs). The similarity in impact sensitivity could be from the small sample sizes
used, which were 15 mg compared to the standard 35 mg. Therefore, the testing should
be performed again with “standard” sample sizes. However, the RESOLV process does

224

look promising for creating insensitive nano-sized energetic particles with polymer
coatings.
Finally, a RESS-N system was used to coat nano-sized ALEX® particles with
RDX. Initial results with a particle entrainment vessel showed partial success with the
RDX precipitating onto the particles, but the produced powders were inconsistent.
Microscope investigations revealed large sections of sample that were pure ALEX®
powder and sections of homogeneously nucleated RDX. This was a consequence of the
lack of control in being able to coordinate particle suspension with the flow of the
supercritical solution. However, large areas were observed in which RDX coated the
ALEX® powder. A more controlled ALEX® particle injection system was developed
with better success.

Samples of up to 100 mg were produced and coatings were

confirmed by decomposing/reacting the RDX coating with high electron beam voltages.
Underneath the RDX, ALEX® particles could be observed. This more intimate contact
could increase the reactivity of metal/secondary explosive propellant and explosive
formulations and improve their combustion consistency.

6.2

Suggested RESS/RESOLV Future Work

There are many areas of research that need to be further explored with the
RESS/RESOLV process. Some of these proposed research topics are listed below:

1.

Improving the amount of material yielded in the process:

The

RESS/RESOLV process has proven promising for producing nano-sized particles but the
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yields are not high especially when using CO2 as the supercritical solvent. Therefore, a
research project that looks into turning the process into one that can be used industrially
needs to be considered. Some ideas include creating a closed loop process in which the
solvent is recycled. Another includes using a solvent with a net dipole moment. This has
been shown to be effective with a more polar solvent such as dimethyl ether is used.
Another method would be to introduce co-solvent in a continuous manner. Finally,
looking into methods to decrease the dissolution time of the energetic solute could also be
useful. Increasing the surface area of the solute would help tremendously.
2.

Using polymers in the RESOLV process that are used in propellants and

explosives: For this research the polymers PVP and PEI were used. However, the
polymer PEG/PEO could also be used as PEG/PEO is a common binder in minimum
signature propellants.

PEG/PEO is also a common dispersant used in colloidal

suspensions of nano-sized particles. Therefore, creating PEG/PEO-coated particles could
be ideal for processing and performance applications. Also, energetic polymers could be
used such as PNO. PNO could be used with RDX if chloroform was used as the solvent.
These could make significantly more energy dense particles than if coated with an inert
polymer. The adsorbed polymer could act as a dispersant and binder.
3.

Performance and sensitivity testing of RESOLV-produced nano-sized

energetic particles: Only DSC/TGA tests and preliminary sensitivity screening was
conducted with RESOLV-produced RDX particles. Interesting behavior was observed
that suggest altered reactivity.

Promising results were also observed for sensitivity

studies as well. Early research from other groups on nano-sized explosives has shown
promise with altered reactivity. Exploring these performance alterations could be a very
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interesting research project as long as they can produced in sufficient quantities. Fully
characterizing the sensitivity of these materials would be beneficial as well.

6.3

Suggested RESS-N Future Work

There are several areas that need to be addressed for future research into using the
RESS-N process to encapsulate ALEX® particles with an explosive or oxidizer such as
RDX.

1.

Increasing the yields of the produced particles: With the current experimental

test setup only about 100 mg samples can be produced. A method to produce more
material efficiently needs to be developed. One idea includes using a parallel flow setup
where a large amount of ALEX® powder is fluidized and then mixed with a supercritical
solution and expanded through a nozzle.
2.

Sensitivity and aging/compatibility investigation of RESS-N produced

powders: The production of powders in which RDX is in such intimate contact with
ALEX® particles naturally brings safety concerns. Therefore, sensitivity testing of these
powders should be conducted. This includes the standard impact, shock, friction, and
ESD tests. However, extra tests should be conducted such as accelerated aging and DSC
studies. If DSC studies show that the material is reacting at early temperatures then the
material could be unstable.
3.

Performance testing of produced RESS-N powders: If a sufficient amount of

material is able to be produced, then numerous performance tests could be conducted.
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Initially, strand burner tests could be done to observe burning rates. Closed bomb tests
could be conducted to see how fast the material pressurizes. If preliminary results are
promising, the material could be used in propellants and explosives for testing as well.

228

Appendix A: LABVIEW RESS System Control Code

A control program in LABVIEW was written to remotely control the temperature
and pressure of the supercritical fluid in PSU’s ultra-high pressure RESS/RESOLV
system. The front panel of the control program can be seen in Figure A-1. The user
controls consists of a number slide to control the system pressure, along with knobs to
control the valves in the system. The user can also specify when to start and stop the
program and what to name the data that was stored while the program was running.
From the number slide and the pressure reading of the systems, the control program will
communicate with the HydroPac compressor as to whether it should be pumping. The
program monitors temperature, but the control of the heaters is performed through
Omega temperature controllers.

The LABVIEW program also creates pressure and

temperature-time traces from various pressure transducers and thermocouples in the
system. These can be plotted later on to evaluate how steady all the values were for a
given test. In addition, if different pressure transducers are used in the future then there is
a tab to input their calibration information.
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Toggle switches to control whether
system valves are opened or closed

Number slider to control
system pressure

Figure A-1: Front Panel for RESS/RESOLV LABVIEW control program. The system
valves, compressor, and other operations are controlled in this section of the program.

While the front panel of the program controls test operation, the program
architecture is represented in the block diagram. A portion of the control program block
diagram is shown in Figure A-2 and Figure A-3. Both of these figures represent the part
of the program which control the air-driven valves and Hydropac compressor. The
control program has four logic indicators or Boolean inputs. Three of the indicators are
toggle switches which give a “true” or “false” output in LABVIEW. If these values are
“true” then an electronic relay is activated which actuates a solenoid valve that controls
one of the air-driven Remarco valves in the RESS system. The other logic indicator was
connected to a numerical slider on the control program front panel. If the measured
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pressure directly after the compressor was below the value on the slider, then a “true”
value would be generated and the control program would tell the compressor to pump
until the pressure has reached or exceeded the desired value.

If code logic returns a
“true” value (i. e. a valve
is switched on in the
program), the program
sends the electrical signal
to
the
valves
or
compressor to actuate or
turn on

Figure A-2: LABVIEW block diagram showing a portion of the Boolean logic section of
the control program
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Pressure values are
inputted into the P-t
trace section of the
program front panel

Position of valve toggle
switches is read as
“true” or “false”

Figure A-3: LABVIEW block diagram showing a portion of the Boolean logic section.

The section of the code that controls have pressure and temperature data is
obtained is shown in Figure A-4.

From the figure, one can see that the pressure

transducer output voltages are obtained from the data acquisition device that is used. The
voltage is then converted to a pressure through the inputted conversion factors that are
entered in the front panel section of the control program. The resulting pressures are then
displayed on the front panel for observation and later analysis.
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Calibration Information
is added to measured
pressure
transducer
voltages

Pressure transducer
voltages read into
program

Figure A-4: LABVIEW block diagram showing how the program acquires pressure and
temperature data

The RESS-N LABVIEW control program is similar to the RESS/RESOLV
control program. The front panel of the RESS-N program is shown in Figure A-5. The
key difference between the two is that the RESS-N control program uses LABVEW’s
VISA virtual instrument to communicate with a linear actuator through a serial port with
ASCII characters. Inputs are allowed for the linear actuator velocity and distance moved.
This controls the amount of aluminum particles that are introduced into the system.
Initial acceleration and deceleration values are also allowed as commands. There is also
a toggle switch which controls whether the user wants to observe whether the actuator is
communicating with the program. This feature is helpful for troubleshooting purposes.
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Inputs for linear actuator

Figure A-5: Front panel of RESS-N LABVIEW program.

The block diagram section of the RESS-N control program is shown in Figure A6. The valve and pump control along with the pressure and temperature acquisition
portion of the program are identical to the RESS control program. The only difference is
addition code to control the linear actuator used to inject the aluminum particles. This
section consists of a linear progression of serial language commands that are supplied to
the linear actuator. The program operates in a continuous loop in which it checks for
logical statements in a linear order. These logical statements will tell the actuator to zero
itself or move the aluminum particles for a specified distance at a specified rate.
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String of commands to “zero”
the linear actuator

Figure A-6: LABVIEW block diagram showing how the program communicates with the
linear actuator for injecting aluminum particles
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Appendix B: FORTRAN Particle Growth Code

These are the modules that were written in FORTRAN 90 that make up the
particle growth code. The modules were compiled using a compiler from Intel. The
numerical equations were developed and they were originally tried using MATLAB,
however MATLAB did not have the numerical precision to handle the large variation in
the order of magnitude between variables. Dr. Ryan Houim assisted with writing the
code.

MODULE Global
!********************************************************************
!
! Global variables used for the calculation
USE kindSet
USE NucleationDataType

REAL(sdk)
REAL(sdk)
REAL(sdk)
INTEGER

::
::
::
::

Length
dx
x
nStep

REAL(sdk) :: Y(2)

!
!
!
!

Length of the domain
"cell" spacing for plotting
axial distance
number of plotting points

! solution vector

CHARACTER(LEN=255) outputFileName

! output file name

CONTAINS
!**********************************************************************
********
!
! Subroutine for reading the input
! NOTE: the input file is named: Input.dat
!
!**********************************************************************
********
SUBROUTINE ReadInputAndSetupDataAndInitialConds
IMPLICIT NONE
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REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)

::
::
::
::
::
::
::
::
::
::
::
::

nTot
P
T
uVel
rhoCO2
YInit
YEq
rhoRDX
surfTen
DiffCoeff
monomerVol
monomerMass

NAMELIST / paramList /

!
!
!
!
!
!
!
!
!
!
!
!

total number density
solvent pressure (Pa)
solvent temp (K)
solvent vel (m/s)
solvent density (kg/m^3)
initial solute mass fraction
equilibrium solute mass fraction
particle density (kg/m^3)
surface tension (N/m)
diffusion coefficient (m^2/s)
monomer volume (m^3)
monomer mass (kg)

Length, nStep, outputFileName,
P, T, uVel, rhoCO2,
YInit, YEq, rhoRDX, surfTen, DiffCoeff,
monomerVol, monomerMass, nTot

! Read the input file
OPEN(UNIT=9, FILE='Input.dat', STATUS='OLD', ACTION='READ')
READ (UNIT=9, NML = paramList)
CLOSE(9)

! Write a copy of the input file for reference
OPEN(UNIT=9, FILE=TRIM(outputFileName)//'InputCopy.dat',
STATUS='REPLACE')
WRITE(9,*) '<><><><><><><><><><><> Input Copy
<><><><><><><><><><><><><><>'
WRITE(9,*)
WRITE(9,*) 'number of plot points = ', nStep
WRITE(9,*)
WRITE(9,*) 'Length
= ', Length, ' (m)'
WRITE(9,*) 'solvent pressure
= ', P, ' (Pa)'
WRITE(9,*) 'solvent temperature
= ', T, ' (K)'
WRITE(9,*) 'solvent velocity
= ', uVel, ' (m/s)'
WRITE(9,*) 'solvent Density
= ', rhoCO2, '(kg/m^3)'
WRITE(9,*)
WRITE(9,*) 'initial solvent mass fraction
=', Yinit
WRITE(9,*) 'equilibrium solvent mass fraction =', Yeq
WRITE(9,*)
WRITE(9,*) 'particle density
= ', rhoRDX, ' (kg/m^3)'
WRITE(9,*) 'surface tension
= ', surfTen, ' (N/m)'
WRITE(9,*) 'diffusion coefficient = ', DiffCoeff, ' (m^2/s)'
WRITE(9,*) 'monomer volume
= ', monomerVol, ' (m^3)'
WRITE(9,*) 'monomver mass
= ', monomerMass, ' (kg)'
WRITE(9,*) 'total number density = ', nTot, ' (1/m^3)'
CLOSE(9)

! set the step size for plotting
dx = Length/REAL(nStep,sdk)

&
&
&
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CALL SetupNucFlu(P, T, uVel, rhoCO2, YInit, YEq, Ntot, &
rhoRDX, surfTen, DiffCoeff, monomerVol, &
monomerMass)

! Set the Initial conditions
Y(1) = NucFlu%YsolInit
Y(2) = 0._sdk
END SUBROUTINE ReadInputAndSetupDataAndInitialConds
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
!
End of SUBROUTINE ReadInput
!//////////////////////////////////////////////////////////////////////
////////
END MODULE Global
MODULE NucleationDataType
USE KindSet
USE Parameters

!**********************************************************************
********
!
! Data type for a nucleating fluid
!
!**********************************************************************
********
TYPE :: NucleatingFluid
REAL(sdk) :: rhoFluid
REAL(sdk) :: rhoCond

! Density of the fluid (kg/m^3)
! Density of the particle (kg/m^3)

REAL(sdk) :: uVel
REAL(sdk) :: Temp
REAL(sdk) :: Press

! velocity in throat (m/s)
! Fluid Temperature (K)
! Pressure (Pa)

REAL(sdk) :: oneDivuVel
! 1/uVel
REAL(sdk) :: oneDivRhoGuVel ! 1/(rhoFluid*uVel)

REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)

::
::
::
::
::

Ysol
NumDen
volFrac
radius
rCrit

!
!
!
!
!

Solute mass fraction
particle number density (1/m^3)
particle volume fraction
volume average radius (m)
critical radius (m)

REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)

::
::
::
::
::
::

S
S2
LogS
LogS2
LogS3
oneDLogS

!
!
!
!
!
!

Supersaturation ratio
S^2
Log(S)
Log(S)^2
Log(S)^3
1/Log(S)
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REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)

::
::
::
::
::
::

oneDLogS2
oneDLogS3
oneDLogS6
NucExpTerm
NucExpTermS
NucExpTermS2

!
!
!
!
!
!

1/Log(S)^2
1/Log(S)^3
1/Log(S)^6
Exp(stuff/Log(S)^2)
S*Exp(stuff/Log(S)^2)
S^2*Exp(stuff/Log(S)^2)

REAL(sdk) :: YsolEq
REAL(sdk) :: YsolInit
REAL(sdk) :: NTot

! Equilibrium solute mass fraction
! initial solute mass fraction
! Total number density

REAL(sdk) :: volMon
REAL(sdk) :: massMon

! monomer volume (m^3)
! mass of a monomer (kg)

REAL(sdk) :: SurfTen
REAL(sdk) :: DiffCoeff
REAL(sdk) :: rhoGDivRhoC

! Surface tension (N/m)
! Diffusio coefficient (m^2/s)
! rhoFluid/rhoCond

REAL(sdk) :: ANuc
Nucleation
REAL(sdk) :: BNuc
Nucleation
REAL(sdk) :: AMnuc

! Constant multiplication factor for
! Constant inside Exp term for
! Constant for nucleation mass change

REAL(sdk) :: aCond

! contant for condensation

REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)

::
::
::
::

!
!
!
!

! Partial
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)
REAL(sdk)

derivatives
:: DMnucDY
:: DMNucDN
:: DJNucDY
:: DJNucDN
:: DMcondDY
:: DMcondDN

Jnuc
mNuc
mCond
mTot

Nucleation rate
mass nucleation rate
mass condensation rate
total rate of phase change

REAL(sdk) :: N23
REAL(sdk) :: YminYinit13

! N^(2/3)
! (Y - Yinit)^(1/3)

LOGICAL :: SGt1
LOGICAL :: VolFracGt0

! Supersaturation ratio > 1 ??
! volume fraction > 0 ??

END TYPE
TYPE(NucleatingFluid) :: NucFlu
calculations
PRIVATE
PUBLIC :: NucFlu,
SetupNucFlu,

&
&

! Nucleating fluid in these
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SetNucFluState,
&
NucRate,
&
NucPartialDerivs, &
NucleatingFluid
CONTAINS

!**********************************************************************
********
!
! Subroutine for calculating the various parameters for the NucFlu
! NOTE: This routine MUST be called before nucleation calculations
!
can proceed
!
!**********************************************************************
********
SUBROUTINE SetupNucFlu(P, T, uVel, rhoCO2, YInit, YEq, Ntot, rhoRDX,
&
surfTen, DiffCoeff, monomerVol, monomerMass)
IMPLICIT NONE
REAL(sdk),
REAL(sdk),
REAL(sdk),
REAL(sdk),
REAL(sdk),
REAL(sdk),
fraction
REAL(sdk),
REAL(sdk),
REAL(sdk),
REAL(sdk),
REAL(sdk),
REAL(sdk),

INTENT(IN)
INTENT(IN)
INTENT(IN)
INTENT(IN)
INTENT(IN)
INTENT(IN)

::
::
::
::
::
::

P
T
uVel
rhoCO2
YInit
YEq

!
!
!
!
!
!

Pressure (Pa)
Temperature (K)
velocity (m/s)
solvent density (kg/m^3)
Initial solute mass fraction
Equilibrium solute mass

INTENT(IN)
INTENT(IN)
INTENT(IN)
INTENT(IN)
INTENT(IN)
INTENT(IN)

::
::
::
::
::
::

nTot
rhoRDX
surfTen
DiffCoeff
monomerVol
monomerMass

!
!
!
!
!
!

total number density (1/m^3)
particle density (kg/m^3)
surface tension (N/m)
Diffusion coefficient (m^2/s)
monomer volume (m^3)
monomer mass (kg)

! Set the various parameters to the NucFlu data
NucFlu%rhoFluid = rhoCO2
NucFlu%rhoCond = rhoRDX
NucFlu%uVel = uVel
NucFlu%Temp = T
NucFlu%Press = P

NucFlu%YsolEq
= YEq
NucFlu%YsolInit = Yinit
NucFlu%NTot
= Ntot
NucFlu%volMon = monomerVol
NucFlu%massMon = monomerMass
NucFlu%SurfTen
= surfTen
NucFlu%DiffCoeff = DiffCoeff
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!<><><><><> Calculate various derived parameters
<><><><><><><><><><><><><>
NucFlu%oneDivuVel
= 1.E0_sdk/NucFlu%uVel
NucFlu%oneDivRhoGuVel = NucFlu%oneDivuVel/NucFlu%rhoFluid
NucFlu%rhoGDivRhoC = NucFlu%rhoFluid/NucFlu%rhoCond
! Jnuc = ANuc*S^2*Exp[BNuc/Log(S)^2]
NucFlu%ANuc = 2.0E0_sdk*NucFlu%Press*NucFlu%Ntot*(NucFlu%YsolEq**2)*
&
(1.0E0_sdk/(Boltz*T))*NucFlu%volMon*SQRT((0.5E0_sdk*NucFlu%SurfTen) /
&
(PI*NucFlu%massMon))
NucFlu%BNuc = num16PiDiv3*(NucFlu%SurfTen**3*NucFlu%volMon**2/(Boltz*T)**3)
! mNuc = -4/3*Pi*rCrit**3*Jnuc
!
= AMnuc*S^2/Log(S)^3*Exp[-Bnuc/Log(s)^2]
NucFlu%AMnuc = NucFlu%ANuc*fourPiDiv3*NucFlu%rhoCond*
&
8.E0_sdk*(NucFlu%SurfTen*NucFlu%volMon/(Boltz*T))**3
NucFlu%aCond = fourPi*NucFlu%DiffCoeff*NucFlu%massMon*NucFlu%NTot

END SUBROUTINE SetupNucFlu
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
! End of SUBROUTINE SetupNucFlu
!//////////////////////////////////////////////////////////////////////
////////

!**********************************************************************
********
!
! Subroutine for setting the NucFlu state from the solute mass
fraction
! and number density
!
!**********************************************************************
********
SUBROUTINE SetNucFluState(Y,N)
IMPLICIT NONE
REAL(sdk), INTENT(IN) :: Y
REAL(sdk), INTENT(IN) :: N
NucFlu%Ysol
= Y
NucFlu%NumDen = N

! Solute mass fraction
! particle number density

! set the solume mass fraction for NucFlu
! set the number density for NucFlu

NucFlu%volFrac = CalcVolFrac()

! calculate the volume fraction
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NUCFlu%volFracGt0 = nucFlu%VolFrac > 1.E-15_sdk ! determine if
volFrac > 0

NucFlu%S = Y/NucFlu%YsolEq

! Calculate the supersaturation ratio

NucFlu%SGt1 = NucFlu%S > 1.00000001E0_sdk ! determine if S > 1

NucFlu%radius = CalcVolAvgRadius()
radius

! Calculate the volume average

END SUBROUTINE SetNucFluState
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
!
End SUBROUTINE SetNucFluState
!//////////////////////////////////////////////////////////////////////
////////

!**********************************************************************
********
!
! Subroutine for calculating the nucleation and condensation rates
!
!**********************************************************************
********
SUBROUTINE NucRate()
IMPLICIT NONE

! If S > 1, then calculate the nucleation rate
IF (NucFlu%SGt1) THEN
! Calculate the various derived parameters involving

that are

needed
NucFlu%S2 = NucFlu%S*NucFlu%S
NucFlu%LogS = LOG(NucFlu%S)
NucFlu%LogS2 = NucFlu%LogS*NucFlu%LogS
NucFlu%LogS3 = NucFlu%LogS2*NucFlu%LogS
NucFlu%oneDLogS = 1.E0_sdk/NucFlu%LogS
NucFlu%oneDLogS2 = NucFlu%OneDLogS*NucFlu%OneDLogS
NucFlu%oneDLogS3 = NucFlu%OneDLogS*NucFlu%OneDLogS2
NucFlu%oneDLogS6 = NucFlu%oneDLogS3*NucFlu%oneDLogS3
NucFlu%NucExpTerm = EXP(NucFlu%Bnuc*NucFlu%OneDLogS2)
NucFlu%NucExpTermS = NucFlu%NucExpTerm*NucFlu%S
NucFlu%NucExpTermS2 = NucFlu%NucExpTermS*NucFlu%S
! Calculate the nucleation rate
NucFlu%Jnuc = NucFlu%ANuc*NucFlu%NucExpTermS2
! Calculate the mass rate of phase change due to nucleation
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NucFlu%mNuc = NucFlu%AMnuc*NucFlu%NucexpTermS2*NucFlu%oneDLogS3
ELSE ! S <= 1 and J = 0
NucFlu%Jnuc = 0.E0_sdk
NucFlu%mNuc = 0.E0_sdk
ENDIF

! calculate the condensation rate if particles exist
IF (NucFlu%volFracGT0) THEN
NucFlu%mCond = NucFlu%aCond*NucFlu%NumDen*NucFlu%Radius*
&
(NucFlu%Ysol - NucFlu%YsolEq)*(1/NucFlu%YsolInit)
ELSE
NucFlu%mCond = 0.E0_sdk
ENDIF
! Calculate the total rate of phase change
NucFlu%mTot = NucFlu%mCond + NucFlu%mNuc

END SUBROUTINE NucRate
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
!
End of SUBROUTINE NucRate
!//////////////////////////////////////////////////////////////////////
////////

!**********************************************************************
********
!
! Subroutine for calculating the partial derivatives of the nucleation
! and condensation rates with respect to Y and N. These are needed
for
! computing the analytical source term Jacobian.
!
!**********************************************************************
********
SUBROUTINE NucPartialDerivs()
IMPLICIT NONE
NucFlu%DJNucDN = 0.E0_sdk
NucFlu%DMnucDN = 0.E0_sdk
! Calculate the partial derivative for nucleation only if
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! S > 1
IF (NucFlu%SGt1) THEN
NucFlu%DJNucDY = 2.E0_sdk*NucFlu%aNuc*NucFlu%NucExpTermS*
&
(-NucFlu%Bnuc + NucFlu%LogS3)*
&
NucFlu%OneDLogS3

NucFlu%DJNucDY = NucFlu%DJNucDY*NucFlu%oneDivUVel
NucFlu%DMnucDY = NucFlu%aMNuc*NucFlu%NucExpTermS*
&
(-2.E0_sdk*NucFlu%BNuc +
&
NucFlu%LogS2*(-3.E0_sdk +
2.E0_sdk*NucFlu%LogS))* &
NucFlu%oneDLogS6
NucFlu%DJNucDY = NucFlu%DJNucDY*NucFlu%oneDivRhoGuVel
ELSE
NucFlu%DJNucDY = 0.E0_sdk
NucFlu%DMNucDY = 0.E0_sdk
ENDIF

! Calculate the partial derivative for condensation only if
! particles exist
IF (NucFlu%volFracGT0) THEN
NucFlu%N23 = NucFlu%NumDen**(num2Div3)
NucFlu%YminYinit13 = (NucFlu%Ysol - NucFlu%YsolInit)**(num1Div3)
NucFlu%DMCondDN = NucFlu%DMnucDY/NucFlu%numDen**(num1Div3)*
&
NucFlu%YminYinit13*(NucFlu%Ysol - NucFlu%YsolEq)
NucFlu%DMCondDN = NucFlu%DMCondDN*NucFlu%oneDivUVel

NucFlu%DMCondDY = NucFlu%DMnucDY*NucFlu%numDen**(num2Div3)*(
&
num1Div3/(NucFlu%YsolInit NucFlu%Ysol)**(num2Div3)* &
(NucFlu%Ysol - NucFlu%YsolEq)
&
NucFlu%YminYinit13
)

-

NucFlu%DMCondDY = NucFlu%DMCondDY*NucFlu%oneDivRhoGuVel
ELSE
NucFlu%DMcondDY = 0.E0_sdk
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NucFlu%DMcondDN = 0.E0_sdk
ENDIF

END SUBROUTINE NucPartialDerivs
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
! End of SUBROUTINE NucPartialDerivs
!//////////////////////////////////////////////////////////////////////
////////

!**********************************************************************
********
!
! Function for calculating the volume fraction from mass fraction of
the
! solute
!
!**********************************************************************
********
FUNCTION CalcVolFrac()
IMPLICIT NONE
REAL(sdk) :: CalcVolFrac
CalcVolFrac = NucFlu%rhoGDivRhoC*(NucFlu%YsolInit - NucFlu%Ysol)

END FUNCTION CalcVolFrac
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
! End of FUNCTION CalcVolFrac
!//////////////////////////////////////////////////////////////////////
////////

!**********************************************************************
********
!
! Function for calculating the volume fraction from particel volume
averaged
! radius
!
!**********************************************************************
********
FUNCTION CalcVolAvgRadius()
IMPLICIT NONE
REAL(sdk) :: CalcVolAvgRadius
! Only compute the radius if particles to zero, else set it to zero
IF (NucFlu%volFracGt0) THEN
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CalcVolAvgRadius = 0.620350490899400016668006812048E0_sdk*
&
(NucFlu%volFrac/NucFlu%NumDen)**(num1Div3)
ELSE
CalcVolAvgRadius = 0.E0_sdk
ENDIF
END FUNCTION CalcVolAvgRadius
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
! End of FUNCTION CalcVolAvgRadius
!//////////////////////////////////////////////////////////////////////
////////

END MODULE NucleationDataType

PROGRAM Nucleation
!**********************************************************************
********
!
! WRITTEN BY :: Ryan Houim
! DATE
:: 17-April-2012
! STATUS
:: Debugged, Working
!
! This program solves the nucleation equations for
! a liquid or supercritical solvent in a
! constant-area duct
!
! The equations solved are:
!
! dY/dt = -(mCond + mNuc)/(rhoSolvent*uSolvent)
! dN/dt = JNuc/uSolvent
!
! where Y is the solute mass fraction, N is the particle number
density,
! mCond and mNuc are the mass rates of condensation and nucleation,
! JNuc is the particle nucleation rate, rhoSolvent is the density of
the
! solvent, and uSolvent is the velocity of the solvent
!
! mNuc = 4/3*Pi*rCritical^3*jNuc
! JNuc is calculated from a variant of homogeneous nucleation theory
!
!**********************************************************************
********
USE kindSet
USE Global
USE SourceTerms
USE TecplotOutput
USE DVODE_F90_M

! Dummy parameters for DVODE
REAL(sdk) :: xOut
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INTEGER

:: ITASK, ISTATE, IOUT, ISTATS

INTEGER

:: i ! dummy counter

! Read the input file, setup the NucFlu data type, and set the initiacl
conds.
CALL ReadInputAndSetupDataAndInitialConds()
! Initialize DVODE
CALL InitializeVODE()
! Set the inital task and state for DVODE to a brand new problem
ITASK = 1
ISTATE = 1
! Write the tecplot header
CALL WriteTecplotOutputHeader()

! Write the initial condition line
x = 0._sdk
CALL AppendTecplotOutput()

! March the ODEs
DO i = 1, nStep
! March the ode
xOut = x + dx
CALL
DVODE_F90(SourceRHS,2,Y,x,xOut,ITASK,ISTATE,VODE_OPTIONS,J_FCN=SourceJa
cobian)
! Write the data to tecplot
x = xOut
IF (MOD(i,1000)==0) CALL AppendTecplotOutput()
WRITE(*,*) i, x, Y(2)
ENDDO

! Close the output file
CALL CloseTecplotOutput

END PROGRAM Nucleation
MODULE SourceTerms
!**********************************************************************
********
!
! MODULE Containing functions pertaining to computing the RHS and
Jacobian
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! for DVODE
!
!**********************************************************************
********
USE
USE
USE
USE

kindSet
DVODE_F90_M
Global, ONLY : dx
NucleationDataType

INTEGER :: nEqs = 2
REAL(sdk),
REAL(sdk),
REAL(sdk),
REAL(sdk),
REAL(sdk),
REAL(sdk),
INTEGER,

ALLOCATABLE
ALLOCATABLE
ALLOCATABLE
ALLOCATABLE
ALLOCATABLE
ALLOCATABLE
ALLOCATABLE

::
::
::
::
::
::
::

ABSERR_TOLERANCES(:)
RELERR_TOLERANCES(:)
LOWER_BOUNDS(:)
UPPER_BOUNDS(:)
AERRSEND(:)
OVERRUN(:)
BOUNDED_COMPONENTS(:)

TYPE (VODE_OPTS) :: VODE_OPTIONS

PRIVATE
&
PUBLIC :: VODE_OPTIONS,
InitializeVODE, &
SourceRHS,
&
SourceJacobian

CONTAINS

!**********************************************************************
********
!
! Subroutine to setup the VODE solver options
!
!**********************************************************************
********
SUBROUTINE InitializeVODE()
IMPLICIT NONE

INTEGER :: i

! Dummy counter

! Allocate work arrays for VODE
ALLOCATE(BOUNDED_COMPONENTS(nEqs))
ALLOCATE(AERRSEND(nEqs))
ALLOCATE(OVERRUN(nEqs))
ALLOCATE(ABSERR_TOLERANCES(nEqs))
ALLOCATE(RELERR_TOLERANCES(nEqs))
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ALLOCATE(LOWER_BOUNDS(nEqs))
ALLOCATE(UPPER_BOUNDS(nEqs))

! Set the relative and absolute error tolerances
RELERR_TOLERANCES(1:nEqs) = 1.E-15_sdk
ABSERR_TOLERANCES(1:nEqs) = 1.E-15_sdk

! Set the lower and upper bounds for the solute mass fraction and
! particle number density
LOWER_BOUNDS(1) = NucFlu%YsolEq
LOWER_BOUNDS(2) = 0.E0_sdk
UPPER_BOUNDS(1) = NucFlu%YsolInit
UPPER_BOUNDs(2) = 1.E300_sdk
DO i = 1, nEqs
BOUNDED_COMPONENTS(i) = i
ENDDO

! Set the options for VODE
VODE_OPTIONS = SET_OPTS(RELERR_VECTOR = RELERR_TOLERANCES,
ABSERR_VECTOR = ABSERR_TOLERANCES,
CONSTRAINED
= BOUNDED_COMPONENTS,
CLOWER
= LOWER_BOUNDS,
CUPPER
= UPPER_BOUNDS,
DENSE_J
= .TRUE.,
HMIN
= 1.E-16_sdk,
HMAX
= dx,
MXHNIL
= 1,
USER_SUPPLIED_JACOBIAN = .TRUE.

&
&
&
&
&
&
&
&
&
)

END SUBROUTINE InitializeVODE
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
! End of SUBROUTINE Initialize VODE
!//////////////////////////////////////////////////////////////////////
////////

!**********************************************************************
********
!
! SUBROUTINE for calculating the RHS for the ODEs for DVODE
! NOTE: These MUST be the inputs and outputs as specified by DVODE
!
!**********************************************************************
********
SUBROUTINE SourceRHS(nEq, time, Y, dY)
IMPLICIT NONE

249

INTEGER,
REAL(sdk),
REAL(sdk),
REAL(sdk),

INTENT(IN)
INTENT(IN)
INTENT(IN)
INTENT(OUT)

::
::
::
::

nEq
time
Y(nEq)
DY(nEq)

!
!
!
!

Number of equations
time (or distance in this case)
Solution vector
RHS vector

! Set the state for the source term vector
CALL SetNucFluState(Y=Y(1),N=Y(2))
! compute the nucleation and condensation rates
CALL NucRate()
! set the RHS according to the ODEs
dY(1) = -(NucFlu%mNuc + NucFlu%mCond)*NucFlu%oneDivRhoGuVel
dY(2) = NucFlu%Jnuc*NucFlu%oneDivUVel
END SUBROUTINE SourceRHS
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
! End of SUBROUTINE SourceRHS
!//////////////////////////////////////////////////////////////////////
////////

!**********************************************************************
********
!
! SUBROUTINE for calculating the RHS Jabocian for the ODEs for DVODE
! NOTE: These MUST be the inputs and outputs as specified by DVODE
!
!**********************************************************************
********
SUBROUTINE SourceJacobian(nEq,time,y,ml,mu,Jac,nrpd)
IMPLICIT NONE
INTEGER, INTENT(IN) :: nEq
! number of equations
INTEGER, INTENT(IN) :: ml
! Not used here (but needed as a dummy
arg)
INTEGER, INTENT(IN) :: mu
! Not used here (but needed as a dummy
arg)
INTEGER, INTENT(IN) :: nrpd ! Just NEq for these calcualtions
REAL(sdk), INTENT(IN) :: time
! time
REAL(sdk), INTENT(IN) :: y(nEq)
! solution vector
REAL(sdk), INTENT(OUT) :: Jac(nrpd,nEq) ! Jacobian

! Calculate the partial derivatives
CALL NucPartialDerivs()
! set the Jacobian from the partial derivatives
Jac(1,1) = -(NucFlu%DMnucDY + NucFlu%DMcondDY)
Jac(1,2) = -NucFlu%DMcondDN
Jac(2,1) = NucFlu%DJNucDY
Jac(2,2) = 0.E0_sdk
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END SUBROUTINE SourceJacobian
!\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\
! End of SUBROUTINE SourceJacobian
!//////////////////////////////////////////////////////////////////////
////////

END MODULE SourceTerms
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