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Abstract: Explosives, especially those used for military weapons, have a short lifespan and their
performance noticeably deteriorates over time. These old explosives need to be disposed of safely.
Fluidized bed incinerators (FBIs) are safe for disposal of explosive waste (such as TNT) and produce
fewer gas emissions compared to conventional methods, such as the rotary kiln. However, previous
studies on this FBI process have only focused on minimizing the amount of NOx emissions without
considering the operating and unitality costs (i.e., total cost) associated with the process. It is
important to note that, in general, a number of different operating conditions are available to achieve
a target NOx emission concentration and, thus, it requires a significant computational requirement
to compare the total costs among those candidate operating conditions using a computational fluid
dynamics simulation. To this end, a novel framework is proposed to quickly determine the most
economically viable FBI process operating condition for a target NOx concentration. First, a surrogate
model was developed to replace the high-fidelity model of an FBI process, and utilized to determine
a set of possible operating conditions that may lead to a target NOx emission concentration. Second,
the candidate operating conditions were fed to the Aspen Plus™ process simulation program to
determine the most economically competitive option with respect to its total cost. The developed
framework can provide operational guidelines for a clean and economical incineration process of
explosive waste.

Keywords: surrogate model; NOx emissions; incineration process; fluidized bed; explosive waste;
cost estimation

1. Introduction

Explosives are reacted under certain conditions to generate high energy; they have
been used in various fields. In particular, they have been developed for military weapons
with adequate quantities stockpiled for emergencies [1]. However, explosives have a
short lifespan and their performance noticeably deteriorates after 10 years, despite being
stored in a suitable environment [2]. These old explosives are classified as explosive waste
and are subject to disposal procedures. The main concerns regarding the incineration of
explosive waste are safety and the reduction of the exhaust gas produced, which can be
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an environmental pollutant. Therefore, explosive waste must be carefully handled under
stable conditions.

The conventional open burning/open detonation (OB/OD) method simply reacts
explosive waste in an open space to dispose of it [3]. Although the OB/OD method does not
require any special technology, it is highly dangerous and produces a significant amount
of environmental pollutants, such as CO and NOx, owing to incomplete reactions [4–6].
In addition, this method requires a very large space and has the disadvantage of being
a discontinuous process [7]. To address these problems, the use of an incinerator, which
employs hot gas to dispose of explosive waste, has been proposed. The rotary kiln requires
1% of the space required by the OB/OD method and the amount of emitted exhaust gas
is just 10% [8]. Although the rotary kiln is relatively efficient compared to the OB/OD
method, it is still unsafe. Furthermore, hot spots persist as the main challenge with NOx
emissions. A hot spot is a point where the temperature is higher than the surrounding area,
which makes the reaction unstable and dangerous [9,10].

To reduce the amount of environmental pollutants in the explosive waste incineration
process, the use of a fluidized bed incinerator (FBI) has been suggested and its applicability
has been validated by computational fluid dynamics (CFD) program simulations [11–13].
CFD is a widely used dynamic simulation program for reactor design and calculation,
which can simulate difficult and dangerous experiments [14–18]. A previous simulation
of the FBI by CFD and its optimization, utilizing a surrogate model, to find the minimum
NOx emissions conditions [19] was successful in reducing the NOx emissions to below the
Korean standard (90 ppm). By optimizing five operating variables, an operating condition
that emitted less than 34% NOx compared to that emitted by conventional methods was
suggested. Although this study has become an important guideline for the use of FBI in
the incineration of explosive waste, operating and capital costs were not considered.

To determine the most economically viable operating condition for a particular target
NOx emission concentration, a CFD simulation of FBI process has to be numerically solved
multiple times, which may take up to several hours to test one operating condition. There-
fore, as an alternative method, a surrogate model was developed to determine operating
conditions for a target NOx emission concentration in a computationally efficient man-
ner [20]. Specifically, artificial neural network (ANN) was selected as the method of choice
for surrogate modeling, and Latin hypercube sampling (LHS) was utilized to determine
appropriate datasets because it is an efficient and unbiased sampling methodology [21–23].
The developed surrogate model decreases the time required to obtain the operating con-
ditions for the target NOx emission concentration by at least 95% with minimal accuracy
loss [19].

An economic analysis was performed based on the results of the surrogate model.
During explosive waste incineration, some devices predominantly consume energy. The
heater is used to heat the inlet air to the target temperature for the FBI; the major operating
condition determining the energy usage of this device is temperature. The compressor
pressurizes the inlet air; thus, the major operating condition determining the energy usage
of this device is pressure. The inlet gas velocity affects the energy usage of both these
devices and determines the flowrate of air. Therefore, the devices considered in the cost
calculation are the heater and compressor. The Aspen plus software program, which is
widely used for simulation and economic assessment of various processes, was used to
calculate the costs of this explosive waste incineration process [24,25]. The capital and
utility costs obtained from the economic assessment were used to calculate the total cost,
assuming that the process was operational for 10 and 20 years. Thus, this study proposes
operating conditions that economically incinerate continuously generated explosive waste.



Mathematics 2021, 9, 2174 3 of 11

2. Modeling
2.1. CFD Model
2.1.1. Governing Equations

The governing equations of the CFD program stand on the basis of the Navier–Stokes
equation. The multiphase particle in cell (MP–PIC) method was selected for the CFD
approach [26–28].

∂θ f ρ f

∂t
+∇·

(
θ f ρ f u f

)
= δ

.
mp (1)

∂
(

θ f ρ f u f

)
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where θ f is the volume fraction of the fluid, ρ f is the fluid density, u f is the velocity vector
of the fluid, δ

.
mp is the gas mass production rate per volume from the particle–gas chemical

reaction, p is the fluid pressure, F is the momentum exchange rate per unit volume between
the fluid and the particles, g is the gravitational acceleration, and τf is the stress tensor of
the fluid.

In case of the non-hydrostatic part, the constitutive equation of the stress τf is based
on the deformation rate and it is obtained by the following equation:
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1
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)
(3)

For a Newtonian fluid, the stress can be expressed as follows:

τf ,ij = 2µSij −
2
3

µδij
∂uk
∂xk

(4)

where, µ is the viscosity coefficient and it is based on the fluid thermodynamic state.
The particle acceleration is calculated as follows:

dup

dt
= Dp

(
u f − up

)
− 1

ρp
∇p + g− 1

θpρp
∇τp +

up − up

τD
(5)

where Dp is the drag coefficient, ρp is the density of the particle, τp is the contact stress
tensor of the particle, up is the velocity of the particle, up is the local mass average particle
velocity, τD is a particle collision damping time.

The drag function depends on fluid states, such as the drag coefficient, Cd, and the
Reynolds number, Re, which is defined as

Re =
2ρ f rp

∣∣∣u f − up

∣∣∣
µ f

(6)

where rp is the particle radius and µ f is the fluid viscosity.
The relation between the drag function Dp and the drag coefficient Cd is as follows:

Dp =
3
8

Cd

ρ f

∣∣∣u f − up

∣∣∣
ρprp

(7)

In this study, the Wen–Yu/Ergun combined model was applied to calculate the drag
coefficient. The Wen–Yu model uses the volume fraction of the fluid, θ f , to account for
the drag of a single particle and particle packing. In the Wen–Yu drag model, the drag
coefficient, Cd, is a function of the Reynolds number, Re; the drag function and particle



Mathematics 2021, 9, 2174 4 of 11

force are calculated by Equations (5) and (7), respectively. Thus, the drag coefficient, Cd, is
given as follows [29–32]:

Cd =


24
Re θn0

f , Re < 0.5,
24
Re θn0

f (c0 + c1Ren1), 0.5 ≤ Re ≤ 1000,

C2θn0
f , Re > 1000,

(8)

where c0 = 1.0, c1 = 0.15, c2 = 0.44, n0 = −2.65, and n1 = 0.687.
The Ergun drag model was developed to calculate dense system. The particle drag

force was calculated by using Equation (5). The drag function is as follows:

Dp = 0.5

(
c1θp

θ f Re
+ c0

)
ρ f

∣∣∣u f − up

∣∣∣
rpρp

(9)

where c0 = 2 and c1 = 180.
The Wen–Yu model is suitable for a diluted bed and the Ergun model is appropriate

to highly packed systems. Therefore, a blended Wen–Yu/Ergun model is suggested to be
applied in wide range of situation. The drag function was calculated as follows [23–26]:

Dp =


D1, θp < 0.75θCP,

(D2 − D1)
(

θp−0.75θCP
0.85θCP−0.75θCP

)
, 0.75θCP ≥ θp ≥ 0.85θCP.

D2, θp > 0.85θCP.

(10)

2.1.2. Chemical Kinetic Model

We selected the widely used explosive, trinitrotoluene (TNT), for this study and
employed the kinetic reaction mechanism model of TNT proposed by Min et al. (2016) [33].
Furthermore, the gas phase reaction is considered to calculate the amount of exhaust gas
produced, such as NOx. For the gas phase reaction, 25 components and 131 reactions were
used [34]. The kinetic reaction models detailed earlier were experimentally proved and
expressed by a modified Arrhenius equation using the rate constant k, pre-exponential
factor A, temperature T, integer n, and activation energy Ea:

k = A Tn exp
(
− Ea

RT

)
(11)

2.2. Surrogate Model

In this study, a surrogate model was able to decrease the computational time efficiently
and assist in finding the target operating conditions quickly with high accuracy. Specifically,
ANN algorithm was selected to generate the surrogate model because its accuracy and
computational time is better than other methods such as polynomial or kriging. For
developing an ANN surrogate model, the weight (w) and bias (b) factors were obtained
and the following equation was used.

y = w2 f (w1 × x + b1) + b2 (12)

The tangent sigmoid function was used as the activation function [35,36]:

f (x) =
2

e−2x + 1
− 1 (13)

The Bayesian regularization method was used for training the ANN, as it provides a
higher accuracy, while the computational requirement is similar to other methods [37,38].
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3. Simulations
3.1. CFD Simulation Specifications

In this study, a highly accurate 3D CFD model of an FBI (Figure 1) was developed
using the Barracuda ver. 17. The FBI is a cylinder of radius 0.5 m and height 2 m. Area
(a) discharges only gases, not solid particles such as sand and TNT; it is in contact with
the atmosphere. The hot air is injected through Area (b) and the explosive waste enters
through Area (c). The FBI is designed to dispose of 20,000 kg/year (0.634 g/s) of explosive
waste. The initial temperature of the explosive waste particles is 300 K; the waste particles
are heated by the hot air. To prevent a rapid increase in temperature of the explosive waste,
it is mixed with water and injected as sludge. Furthermore, 40% of the FBI is filled with
sand, which absorbs the heat and shock from the TNT incineration.

Figure 1. 3D modeling of a FBI.

For the simulation, five operating conditions that can affect the explosive waste
incineration were selected: inlet gas velocity (v), temperature (T), pressure (P), diameter
of the explosive waste particle (d), and mass ratio of TNT and water (M). Table 1 lists the
detailed specifications of the FBI.

Table 1. Detailed conditions of CFD simulations.

Design Conditions

Height (m) 2.0
Diameter (m) 0.5

Sand particle size (mm) 0.26
Mass flow rate of TNT (kg/year) 20,000
Air composition (molar fraction) N2 80%/O2 20%

Drag model Wen–Yu/Ergun
Simulation time (s) 60

Operating conditions
Inlet gas velocity (m/s) 1.0–3.5

Temperature (K) 400–800
Pressure (bar) 2.0–4.0

Explosive waste particle size (mm) 2.0–4.0
Mass ratio of TNT 0.25–0.75

3.2. Surrogate Modeling

Surrogate modeling of CFD has usually been performed to reduce simulation time for
cases wherein experiment is impossible or cost is high. This method is usually used in the
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aerospace field and is useful for this study dealing with dangerous explosive waste. Surro-
gate modeling was performed by applying 300 datasets from the CFD simulation results.
The input datasets by the sampling method (combination of the operating conditions) and
output datasets by the CFD method (NOx emission concentration) are used to obtain the
ANN surrogate model. A total of 300 datasets were separated for training, validation and
test (i.e., 70:15:15). As a result, five input variables and one output variable are used. In the
case of a hidden layer, one hidden layer and 30 hidden neurons are selected. The accuracy
of the surrogate model was 99.16%, which was evaluated to be significantly high. The error
rate of surrogate model was calculated by following equation.

Error rate (%) =

(
1− Result o f surrogat model

Result o f CFD model

)
× 100 (14)

In addition, the detailed conditions of the surrogate model are listed in Table 2.

Table 2. Detailed conditions of Surrogate model.

Number of input variables 5
Number of output variables 1

Total dataset number 300
Number of training datasets 210

Number of validation datasets 45
Number of testing datasets 45
Number of hidden layers 1

Number of hidden neurons 30
Training method Bayesian regularization

Accuracy 99.16%

Compared to a previous study, which predicted absolute NOx emissions, we cal-
culated the concentration of NOx based on the function obtained through the surrogate
model. The mass flow rate (

.
memission gas) was calculated based on the volume flow rate of

the exhaust gas, and the concentration of NOx was calculated using this value. The related
equation is as follows.

NOx emissions (g/s),
.

mNOx = f (v, T, P, d, M) (15)

NOx emission concentration (ppm), CNOx =
f (v, T, P, d, M)

.
memission gas

(16)

The function f is obtained by ANN surrogate model.
Furthermore, the mass flowrate of the gas emission was calculated by the inlet gas

velocity (v), temperature (T), pressure (P), average molar mass (Memission gas), and the inlet
gas area (A).

.
memission gas =

v× A× P
R× T

×Memission gas (17)

where R is 0.082 L·atm/K·mol.

3.3. Cost Assessment

The explosive waste incineration process is modeled for evaluating the process cost
using the Aspen plus™ software as follows (Figure 2):
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Figure 2. Simple design of the explosive waste incineration process.

First, atmospheric air (pure air) enters the compressor; it is pressurized at the target
pressure, while the heater heats the air to the target temperature. Then, the hot and highly
pressurized air is injected into the FBI. Finally, it makes the fluidization and helps to dispose
of explosive waste in the incinerator. The volumetric flowrate was calculated based on
the inlet gas velocity; it ranged from 0.031 m3/s to 0.1085 m3/s. The initial temperature
and pressure were 300 K and 1.0 bar, respectively. The compressor was the isentropic
type with an isentropic efficiency of 0.72 and mechanical efficiency of 1.0. It operated on
electricity, which costs 0.0775 $/kWh, whereas the heater operated on fired heat, which
costs 0.0153 $/kWh. Table 3 lists the detailed cost assessment data.

Table 3. Detailed cost assessment data.

Air Inlet

Volume flowrate (m3/s) 0.031–0.1085
Temperature (K) 300

Pressure (bar) 1.0
Compressor

Compressor type Isentropic
Target pressure (bar) 2–4

Utility type Electricity
Isentropic efficiency 0.72

Mechanical efficiency 1.0
Heater

Target temperature (K) 400–800
Utility type Fired heat (400 K to 1000 K)

The integration of the above-mentioned two methods is described in Figure 3. A target
NOx emission concentration was set first, and the candidate operating conditions for each
target NOx were found through the developed surrogate model. The capital and utility costs
were calculated by the Aspen plus software program and the minimum cost was obtained.

Figure 3. Combined structure of FBI surrogate model and cost assessment model for obtaining total cost
for each target NOx.
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4. Result and Discussion

The operating condition for previous studies [19] was only focused on minimizing
NOx emission concentration and, thus, the total cost was high. In this work, the target
NOx emission concentration ranges from 20 ppm to 80 ppm in increments of 10. For a
target NOx emission concentration, among a set of operating conditions that may lead to
the target, the one that requires a minimum cost was calculated by the surrogate model
(Table 4).

Table 4. The optimal operating conditions for various target NOx emission concentrations.

NOx Emission
Concentration

(ppm)

Inlet Gas Velocity
(m/s)

Temperature
(K)

Pressure
(bar)

20 2.55 524 2.0
30 2.45 400 2.0
40 2.31 400 2.0
50 2.18 400 2.0
60 2.05 400 2.0
70 1.92 400 2.0
80 1.80 400 2.0

As stated earlier, the Aspen plus™ software program was used to simulate the cost
of each operating condition, and the capital and utility costs were evaluated. The total
costs for 10 and 20 years were also calculated (Table 5 and Figure 4). When the target
temperature and the gas flow rate of the process were reduced, the utility cost decreased.
In the case of capital cost, it was reduced when the inlet gas velocity was decreased. This
is because the equipment size, capital cost, and maintenance cost are proportional to the
flowrate of inlet gas.

Table 5. Cost information for each NOx emission concentration target.

NOx Emission
Concentration

(ppm)

Capital Cost
($)

Utility Cost
($/Year)

Total Cost
(10 Years, $)

Total Cost
(20 Years, $)

20 3,122,600 46,885 3,591,445 4,060,291
30 2,993,070 43,524 3,428,310 3,863,550
40 2,942,755 40,607 3,348,824 3,754,892
50 2,909,551 40,032 3,309,872 3,710,192
60 2,879,532 39,617 3,275,700 3,671,867
70 2,849,405 39,203 3,241,430 3,633,456
80 2,819,391 38,789 3,207,276 3,595,161

The inlet gas velocity decreased when the target NOx emission concentration was
increased. This phenomenon occurs because the degree of fluidization (between explosive
waste and gas) is determined by inlet gas velocity and, thus, NOX emission concentration
may increase if the FBI is not well mixed at a low inlet gas velocity.

In summary, a methodology is developed for an FBI process to quickly determine the
most economically optimal operating condition for a target NOx emission concentration
through an ANN surrogate model and the Aspen Plus™ process simulation program. The
developed framework suggests an operating condition for the FBI process to dispose of
explosive waste at a cost less than the current practice. Furthermore, the study is significant
as it provides operational guidelines for the design of a clean and economical incineration
process to handle explosive waste subject to environmental regulation.
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Figure 4. Cost change with target NOx emission concentration.

5. Conclusions

This study aimed at providing a methodology to determine the optimal operating
conditions for safe handling of the explosive waste via an FBI process at minimal capital
and utility costs. The ANN surrogate model, which utilizes process data generated by the
CFD model, was used to determine the operating conditions required to yield the target
NOx emission concentrations in a computationally efficient manner. Once the operating
conditions were obtained via the surrogate model, the capital and utility costs were cal-
culated using the Aspen Plus™ process simulation program. As a result of obtaining the
minimum total cost for each target NOx emission concentration, the total cost decreased
when the NOx emission concentration was alleviated. This study is timely and significant
as it suggests a systematic framework to determine the most economically viable operat-
ing condition for handling explosive waste, while meeting the environmental regulation
provided by the government. Additionally, the developed framework can be used as a
platform to test the feasibility of alleviating or tightening by simultaneously considering
economic and environmental considerations.
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