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Abstract

Demilitarization requires the recovery and disposal of obsolete ammunition and
explosives. Since open burning/detonation of hazardous waste has caused
serious environmental and safety problems, thermal decomposition has emerged
as one of the most feasible methods. RDX is widely used as a military explosive
due to its high melting temperature and detonation power. In this work, the
feasible conditions under which explosives can be safely incinerated have been
investigated via a rotary kiln simulation. To solve this problem, phase change
along with the reactions of RDX has been incisively analyzed. A global reaction
mechanism consisting of condensed phase and gas phase reactions are used in
Computational Fluid Dynamics simulation. User Defined Functions in
FLUENT is utilized in this study to inculcate the reactions and phase change
into the simulation. The results divulge the effect of temperature and the
varying amounts of gas produced in the rotary kiln during the thermal
decomposition of RDX. The result leads to the prospect of demilitarizing waste
explosives to avoid the possibility of detonation.

Keywords: Demilitarization, Thermal decomposition, RDX, CFD simulation,
Rotary Kiln.

1. Introduction

Hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX) a cyclic nitramine characterized
by high melting point and enormous energy upon detonation [1], has been
continuously used as an industrial explosive and in pristine forms for military
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Nomenclatures

A\ RDX Heat transfer area of solid and liquid RDX, m?

A, Collision factor of CPR and GPR, 1/s or m*/mol's
Cii Concentration of reactant, mol/m®

E; Activation energy of CPR and GPR, J/mol

g Gravity acceleration, m/s®

Hatent k Latent heat of solid and liquid RDX, J/mol

(AHr)j Heat of reaction of CPR and GPR, J/mol

hoq Interface enthalpy between phase p and q, J/kg

hy Specific enthalpy of phase q, J/kg

h Heat transfer coefficient by convection, J/m*K-s

J; Diffusion flux of species i, kg/ m*s

MW, Molecular weight of RDX and each species i, kg/mol
Mpq Mass transfer from phase q to phase p, kg/m*s

Pq Static pressure shared by all phases, Pa

qu Intensity of heat exchange between phase p and g, J/m®s
q« Heat rate by heat transfer, J/s

0 Heat flux of phase g, J/m*s

R Ideal gas constant, J/mol-s

Rpg Interaction force between phase p and g, Pa/m

I Reaction rate of CPR and GPR, mol/m*-s

Se Energy source by phase change and reaction, J/m*s
Sk g Force source of phase g, Pa/m

Sm Mass source by phase change and reaction, mol/m*s
Toox Temperature of solid and liquid RDX, K

Tair Temperature of air inside of rotary kiln, K

Vreactor Volume of reactor, m®

v,V Velocity of mixture and phase ¢, m/s

Vg Interface velocity between phase p and ¢, m/s

Yi Mass fraction of each species i

Greek Symbols

ayq Volume fraction of phase g

Pq. P Density of phase q and mixture, kg/m®

?q Stress-strain tensor of phase g, Pa

giii The number of Stoichiometry, dimensionless
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Abbreviation

CPR Condensed Phase Reaction
GPRs Gas Phase Reactions

CFD Computation Fluid Dynamics
UDF User Defined Function

applications [2]. In spite of the numerous desired characteristics, RDX has an
inevitably high sensitivity to heat and shock which dictates the precision
required in its processing and demilitarization. Demilitarization which
embodies the various unit operations required in disposing obsolete and unused
ammunitions in a safe and an environmentally benign way has become a
pressing issue. Quite a limited number of ways exist to achieve this end which
includes 1) open burning/detonation 2) biological treatment 3) supercritical
oxidation and 4) incineration in rotary kilns [3, 4]. Until recently, open
burning/detonation have been the primary means of demilitarization. This low-
cost method is out of vogue due to environmental limitations on the
concentrations of toxic gases. While biological treatment methods are relatively
inexpensive compared with incineration, several questions concerning its
applicability in treating RDX and other nitrated energetic compounds still
remain unanswered. For instance, failure of lining materials used in biological
ponds, a ubiquitous occurrence, results in the contamination of groundwater
due to rapid seepage of RDX [5]. The biodegradation of RDX in activated
sludge reactors involving the use of both anoxic and aerobic filters is yet to
meet anticipated regulatory targets [6]. Considerable efforts have been made
toward the study of RDX reactions. These reactions primarily occur in the
condensed and gaseous phases. A total of 3 global reactions [7] were used to
represent the entire RDX decomposition after analyzing the detailed
combustion reaction of 263 [8, 9]. Similar work done delved into the proposed
global reactions by Liau [10]. Their studies made mention of liquid
decomposition of RDX and also evaporation occurring at 491 K-515 K and 573
K-620 K respectively [8, 11].

Other works [12-14] provide information about the kinetics of RDX reaction
through thermal analysis such as DSC and TGA. In this study, we carry out a
CFD simulation using FLUENT [15] on a demilitarization facility in Korea,
which is currently being operated to deal with small-sized munitions [16]. The
facility consists of a rotary kiln, an elution, and a disabling facility. Thermal
decomposition of munitions in the rotary kiln is carried out by heating until
combustion occurs. Thermal decomposition of RDX involves phase
transformation from solid to the gaseous phase through a rather ephemeral liquid
phase with a two-stage chemical process involving condensed and gas phase
reactions [17-19]. Multiphase reactive flows are quite intricate and pose
significant modelling challenges. By using the Eulerian approach in CFD, [20]
developed a model for the production of polypropylene in a pilot scale reactor.
Jung et al. [21] in their work on the crystallization of RDX relied on the two-
phase Eulerian model. Although very rigorous, the multi-fluid Eulerian approach
allows for effective handling of complex reactions and interphase phenomena
including heat and mass transfer at a relatively cheaper computational cost and is
thus adopted in this work. This work aims at investigating the safe operating
conditions for the thermal decomposition of RDX in a rotary kiln. Global kinetics
and phase change have been introduced into the CFD solver by UDF to
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investigate the optimum conditions for the operation of the rotary kiln while
avoiding the creation of hotspots and the possibility of detonation.

2. Theoretical Background

Rotary kilns are currently in use for diverse applications ranging from
calcination to the incineration of hazardous waste. Regardless of the specific
design, rotary kilns generally comprise of preheating, combustion, and cooling
zones along their axial length [22]. Thermal decomposition of RDX in a rotary
kiln depends on the operating conditions, specifically feed rate, temperature,
and flow rates of air. The influence of these parameters is evident in the
composition of combustion products. In this study, 1.97 kg of RDX was
introduced into the rotary kiln and subjected to heating. There was a phase
transition from solid to liquid at a temperature of 478 K (melting point).
Evaporation of liquid RDX occurred at an elevated temperature of 507 K. The
liquid RDX, which was produced due to melting, reacts in the condensed phase
to produce gaseous products alongside phase change to the gas phase. Continual
increase in temperature led to thermal decomposition at a temperature of 533 K.
The Eulerian multiphase model was used to solve the governing equations for
each of the three phases. Phase change and chemical reactions were included
through a UDF.

The mass source Smg , Smg ; represents the rate at which gases and liquid are

generated through melting, evaporation, and chemical reactions. The energy
source (Se,) encompasses the heat of reaction and the enthalpy associated with

the phase transition of RDX. In order to solve these mass sources, the UDF solver
requires the temperature of air (T, ) and RDX (Trpx ) and concentration of gas

phase reactant Cj,i as illustrated in Fig. 1.

2.1.CFD model

The 3D model of the rotary kiln was developed using the exact dimensions of the
existing model as shown in Fig. 2. Design and operating conditions used for CFD
model was based on the demilitarization facility, which is currently being
operated to deal with small-sized munitions [16]. The rotary kiln consisted of two
inlets, which serve as the entry points of ammunition and hot air. Heat was
transferred to the system by the burners located at the air inlet. Flue gases exited
the incinerator at the top left part while solid RDX was introduced at the center of
the figure. The region in which RDX was introduced was adapted so as to
adequately capture the flow physics at the inception of the phase change and
chemical reactions. The Eulerian multiphase model was used for gas, liquid, and
solid phase and k-¢ model was adapted for turbulent gas flow.

The flow physics and solver algorithm were considered in the generation of a
good mesh. The less skewed the cells, the more accurate the CFD results and the
faster the convergence of the solution [15]. The boundary conditions and physical
properties used in this simulation are presented in Tables 1 and 2.
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Table 1. Basis for CFD simulation.

Parameter Description
Primary phase Gas mixture
Secondary phase Liquid RDX
Tertiary phase Solid RDX
Operating temperature 650 K
Initial temperature of RDX 300K
Initial pressure 1E5 Pa
Inlet air velocity 0.5 m/s
Length of rotary kiln 6m
Diameter of rotary kiln 1m

Table 2. Physical properties of RDX [1, 8].

RDX Solid Value
Density 1820 kg/m®
Melting temperature 478 K
Melting enthalpy 36000 J/mol
Decomposition temperature 486 K
Ignition temperature 533 K

2.1.1. Mass conservation

For multiphase flows, the continuity equation is solved for the primary phase (gas
phase) and secondary phase (the solid RDX and the transitory liquid phases).
d N N .
a(aquq)+v-(aq,oqvq) = Z(mpq —~Mgy) +Smy MW,
b1 1
sm, = {Sm, Sm, Sm, }

Sm, = —Smi"sox )

Smy = Sm{',‘é%x —Tepre — SMg RDX ()
n

Smy = > Smg; (4)
=

9 (¥ vY,) = J. +Sm, . MW 5

E(P )+V-(pVY)=-V-J, + my ;i i (%)

Smy; =Smg + Smg‘fﬁ‘,’jx (6)

Here, the mass source Smy represents the rate at which gases and liquid are

generated through evaporation, chemical reaction, and melting condition. The
mass source term is further elaborated in Egs. (9) to (17).

2.1.2. Momentum conservation

The momentum equation solved for each phase within the computational domain
is illustrated in Equation 7 as follows.
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0 ~ - =
a(ocqpqvq)+V~(oquq V) =-a,Vp+V-7,
@)

n
0,9 +Z;(qu FMpeVeq — mqpvqp) +Seq
p:

2.1.3. Energy conservation

The energy balance includes an accumulation term, axial and radial effective heat
conduction term, and convection and energy source terms due to the reactions
occurring. The energy equation solved by the CFD tool is also presented in
Equation 8.

o h 7h My = .o
a(aqpq q)+V'(aqquq q)=—aqE+rq .VVq
_qu"'z(épq-"mpthq_mqphqp)+seq J ®)
p=1

Se, = {Se:‘ ,Se, Seg}

The energy source encompasses the heat of reaction and the enthalpy
associated with the phase transition of RDX. The heat required for phase change
is represented by in Equation 16 while the heat of reaction from CPRs and GPRs
is shown in Equation 11.

2.2. Reaction mechanisms

Thermal decomposition of RDX consists of CPRs and GPRs. Solid phase RDX is
heated by the hot air and phase change occurs from solid to liquid when the
temperature of RDX reaches the melting point(478 K). Mass of liquid RDX
decreases by CPR1 and evaporation, and gaseous RDX is consumed through
CPR2. Gas components (N,, N,O, NO,, CH,0, O,) from CPR1, 2 and inlet air
decompose to produce the final gas mixture (NO, CO, CO,, H,0) by GPR as
illustrated in Fig. 3.

Melting CPR_1

Solid RDX — Liquid RDX Gases
(478K)

Evaporation

(507K) GPRs

CPR_2

Gas RDX Gas Product

Fig. 3. Mechanism of thermal decomposition of RDX [23].

Considering the number of reactions and the species generated from the
detailed chemical kinetics, we resorted to using the global condensed and gas
phase reactions presented in Table 3. The corresponding activation energies and
frequency factors of reactions are also illustrated in Table 3.
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Table 3. CPRs and GPRs of RDX [7].

Reaction type Reaction

CPR RDX(liquid,gas) — 1.5N,+N,0+NO,+3CH,0

GPR 5/7CH,O0+NO, — NO+2/7C0O,+3/7C0O+5/7H,0
A E Heat of reaction

Parameter [1/s or m*/mol 5] [3/mol] [/mol]

CPR1(liquid) 3.0E18 -173470 330595.140

CPR2(gas) 3.16E15 -173470 424595.140

GPRL(T <970 K) 1.0E9 -79420

GPR2(T=970 K) 1.26E10 -111606 192559.074

The mass and heat sources due to thermal decomposition are illustrated in
Equations 9-11, where r, is the reaction rate of CPRs and GPRs. Sm;; is the

mass source of gas arising from the CPRs and GPRs, and Se™ is heat of reaction
by CPRs and GPRs.

—E.
rj = Aj eXp(R—Tj)HC” (9)
Sm;i = Z hisi. (10)
j=1
j
el = er (AH,), (11)
=1

2.3. Melting and evaporation

Thermal decomposition of RDX begins with melting. Upon the production of the
condensed phase RDX, an array of processes occurs concomitantly. These
involve reactions in the condensed phase and evaporation of the liquid RDX
which reacts in the gas phase. This results in a consideration of the mass and
energy source terms viz: the phase change source term accounting for melting and
evaporation as well as the chemical reaction source terms illustrated in the
preceding section. These phenomena are modelled with UDF and introduced into
the FLUENT solver. The part of the UDF describing phase change is illustrated in
Equations 12-17. The overall heat change includes both sensible and latent heats.
Heat is continuously transferred to the solid or liquid RDX and phase change
occurs when the temperature of RDX is reached at the melting /evaporation
points. This phenomenon is implemented in the UDF in the form of an if-else

structure. Se" and Smk zox are the heat and mass sources for the phase change of

RDX. When the melting/evaporation temperature of RDX is attained, heat
transfer to the surface of RDX for phase change is calculated by Equation 15-16
with the accompanying mass source evaluated by Equation 17 while Equation 12-
14 are set to zero at RDX temperatures below the phase change temperatures [24].

If  Toox <T,  then
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g“=0 (12)

SeM =0 (13)

Smri:],RDX =0 (14)

Else
qk =h Aw,RDX (Tair _Tk ) (15)
Se:t = qk /VTeaCIOI’ (16)
1 SeM

Smk - 17

mmeDX |VN\IRDX [ Hlalent,k J ( )

Transition frome solid to liquid,

n = solid(s), k = melting(melt), m = liquid (I)
and evaporation frome liquid to vapor,

n=liquid(l), k = evaporation(evap), m = gas(g)

3. Result and Discussion

The safe operation of rotary kilns for the thermal decomposition of RDX within
stipulated environmental limits requires the prevention of hotspots. This is
highly linked to the velocity, temperature, and gas composition within the
system. An analysis of the variations and effects of these process variables is
discussed as follows.

3.1. Velocity

Velocity distribution within the rotary kiln has been monitored from the time of
RDX introduction until extinction as shown in Fig. 4. It can be observed that the
fluid swirls along with the inner structure of the rotary kiln with the screw. The
production of gaseous species as a consequence of thermal decomposition and the
volumetric expansion of gases at higher temperatures contribute to the increased
gas velocity downstream of the RDX zone. The maximum velocity of gas at the
outlet of the rotary kiln has been found to be about 0.98 m/s as illustrated by the
velocity vectors of Fig. 4, which is higher than a value of 0.5 m/s at the inlet.

3.2. Temperature profile

The reaction rate of RDX increases exponentially with temperature as indicated
by the form of Arrhenius equation representing its reaction Kinetics. High
explosives such as RDX react at very fast rates with enormous heat release. The
aggregate of enthalpies of reactions and the heat from hot air result in a change in
the system temperature. Temperature variation within the rotary kiln is observable
from the temperature contours shown in Fig. 5. Fig. 5(a) to (d) illustrated time
transient temperature profile in the rotary kiln due to the heat of reaction of CPRs
and GPRs. After 10s, the increase in temperature locally distributed from 650 K
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to 1200 K at plane_1 is primarily due to CPRs with GPRs playing a minor role as
can be seen in the production of NO within this time frame as shown in Fig. 10(b).
However, with increasing time, Figs. 5(b) to (d), the temperature at the plane_5
rises up to 898 K, which is caused by GPRs. This is deduced from the decrease in
CH,0 and increase in NO within this time range as will be shown in Fig. 10.

1.2

0.9

0.6

0.3

0.0

[msA1]

Fig. 4. Simulation result of velocity vector profile in the rotary kiln at 20s.

Fig. 5. Model prediction of temperature
distribution in the rotary kiln: (a) 10 s, (b) 20 s, (c) 60 s, (d) 80 s.

In order to explicate the variation of temperature within the rotary kiln, planes
at vantage points in the 3D geometry as shown in Fig. 2 were used as shown in
Fig. 6. Plane_1 is adjacent to the source of RDX and captures the high
temperature gases generated by thermal decomposition. Plane_1.1, 1.2, and 1.3
are distributed between plane_1 and 2, and they show the impact of the screw
structure, which is occupied by empty space and turned clockwise from plane_1
to 3. Downstream temperature in the rotary kiln decreases and it is quite uniform
as shown in planes_2-5 compared with plane_1.The maximum local temperature
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due to the decomposition of RDX has been found to be around 1200 K after 20s.
This temperature is far higher than the hot air temperature (650 K) used to initiate
the reaction and thus the hot air has functions as a coolant in the system. The
maximum temperature obtained in this work is less than the flame temperature of
RDX (2500 K) as obtained by [25] indicating the suitability of these operating

conditions without detonation.

1162 Plane 1 Plane_1-1 Plane_1-2 Plane_1-3

[K] Plane_2 Plane 3 Plane_4 Plane_§

1673

Fig. 6. Temperature distribution along with various axial positions
from plane_1 to 5 at 20s (Refer to Fig. 2 for the location of plane_1-5).

3.3. Change of RDX

In the rotary kiln, hot air from the burners provide the impetus required for phase
change and thermal decomposition as illustrated by the change in solid volume
fraction with temperature and the change in mass of RDX in Fig. 7. This is due to
the simultaneous occurrence of CPRs with melting below the vaporization
temperature of RDX. Rapid decomposition of RDX occurs under the influence of
the surrounding hot air, leading to the consumption of about 68% of RDX in 10s
as shown in Fig. 7(a). The decrease in RDX mass proceeds with a slower rate
after 10s. Only about 2% of the initial mass of RDX remains within the rotary
kiln after 40s as illustrated in Fig. 7.

3.4. Gas composition

Chemical reactions lead to the generation of products which may be highly toxic
or environmentally polluting. It is therefore imperative to track the variation of
these gaseous products within the rotary kiln. CH,0, NO,, N,O, and N, are the
primary constituents of the gas phase. Production of CH,O increases with time
with a maximum mole fraction of 0.252 as shown in Fig. 8. It is produced in the
vicinity of the solid RDX as captured on plane_1 at 5s, decreasing with time to
0.159 on plane_5 at 21s. The decrease in mole fraction between plane_1 and
plane_5 is attributable to the occurrence of GPRs. As a result of the GPRs, NO,
CO,, CO and H,0 are generated. Compared with the mole fraction of CH,0, the
NO generated is relatively lower as shown in the contours of mole fraction in Fig.
9 with its maximum mole fractions of 0.019 and 0.049 in plane_ 1 and 5.
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(a) Change in the solid phase RDX by thermal decomposition.

-i;

Nl

(b) Surface profile of the solid phase RDX volume fraction in the RDX zone.

Fig. 7. Simulation result of mass and volume
fraction of solid phase RDX from thermal decomposition.

Ty

Fig. 8. Transient change in the mole fraction of CH,O
due to CPRs in the rotary kiln: (a) 10 s, (b) 20 s, (c) 60 s, (d) 80 s.
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Fig. 9. Transient change in the mole fraction of NO due to
GPRs in the rotary kiln: (a) 10 s, (b) 20 s, (c) 60 s, (d) 80s.

The main components in the gas phase and how they vary with time and
position within the rotary kiln are illustrated in Fig. 10. The difference in mole
fraction of the 2 compounds (CH,O, NO) may be analyzed with respect to the
stoichiometric coefficients of CPRs and GPRs. CH,O produced by CPRs are
rapidly consumed in the GPRs leading to lower amounts of CH,O in the vent
compared with plane_1. However, at distances further away from RDX source,
variations in the amounts of components occur due to the occurrence of GPRs,
leading to the increase in the amounts of NO to maximum amounts before
decreasing due to the complete consumption of RDX.

0.30 0.06
A === Plane_1 === Plane_1

0.05 4 —e— Plane_3
—o— Plane_4
5] \ —r— Plane_5

Mole fraction of CH,O
Mele fraction of NO

Time(s)

Time (s)

(a) Average mole fraction of CH,O (b) Average mole fraction of NO in
in the various axial positions from the various axial positions from
plane_1to 5. plane_1to 5.

Fig. 10. Transient change in the mole fraction from thermal
decomposition of RDX (Refer to Fig. 2 for the location of plane_1-5).

4. Conclusions

In this study, CFD simulations were executed to evaluate the dynamic behavior of
thermal decomposition in RDX in a commercial scale rotary kiln. Time transient
change of velocity and temperature has been examined. In describing thermal
decomposition more accurately, phase change such as melting and evaporation
was considered and its impact was coded using UDF in FLUENT. 2 CPRs and 2
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GPRs were employed in the CFD simulation. The maximum temperatures of
exhaust gases were about 898 K, which illustrated safe thermal decomposition
without severe ignition. The maximum amounts of CH,O as well as NO produced
in the thermal decomposition process were found to be highly dependent on the
temperature of hot air used. From this study, it was concluded that thermal
decomposition of RDX can be safely carried out at temperatures with the
suggested conditions. Furthermore, thermal decomposition with proper operating
conditions led to the prospect of demilitarization of waste explosives in avoiding
the possibility of detonation.
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