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Abstract
The current paper describes the technological foundations of the porous ammonium nitrate (PAN) convective drying stage 
in a multistage shelf unit operating as part of a small-sized granulation module. The work consists of two blocks: the theo-
retical foundations of a multistage shelf dryer operation and the study of the nanoporous PAN structure in the apparatus 
optimal mode of operation. The main indicator that affects the design of a gravitational shelf dryer is the required residence 
time of particles (granules) in the zone of contact with the drying agent. On the one hand, this time is determined by the 
kinetics of the drying process, and, on the other hand, by the hydrodynamic dryer operation mode, the design of the shelves 
(length, angle of inclination, degree of perforation) and the number of dryer stages. We present a model for calculating the 
“hydrodynamic” and “kinetic” residence time of PAN granules in the dryer enclosure. Paper demonstrates the features of 
PAN granules nanoporous structure under conditions when the “hydrodynamic” residence time of PAN granules is less 
than the “kinetic”, equal to “kinetic” and more than “kinetic”. The results of the research will be used in the development 
of engineering calculation methods for multistage shelf dryers and regulations for PAN production in devices with active 
hydrodynamic modes.
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Introduction

Obtaining porous ammonium nitrate (PAN), an ANFO 
component, requires considering a large number of fac-
tors related to the process technological parameters and 
the design of the main production equipment. Two inter-
related tasks are simultaneously solved during PAN produc-
tion: (1) providing a developed nanoporous structure with 
the required number of pores and their properties (size, 
shape, depth); (2) ensuring the standard value of strength 
and specific indicators (retention capacity and absorbency 
in relation to fuel oil). One of the simplest solutions to both 

problems is the use of pore-forming and modifying additives 
during melt granulation (Gezerman 2020) in granulation 
towers (Ali 2015). This method is used for large-scale pro-
duction of PAN. It is characterized by a high value of capi-
tal costs, an increase in the product price due to the use of 
the abovementioned additives, as well as the need to install 
powerful dust-collecting equipment. For medium-tonnage 
and small-tonnage production, this method is not applied. 
In addition, this method poses readjustment difficulties in 
a case when it is needed to change the composition of the 
melt and the productivity of the installation. Additionally, 
the installation is non-mobile, which does not allow it to be 
moved directly to the blasting site.

It is possible to solve the problem of ensuring an envi-
ronmentally friendly, energy-efficient, and mobile small-ton-
nage PAN production using equipment with active hydrody-
namic modes, e.g., devices with different configurations of 
the fluidized bed (Stahl 2004; Muralidhar et al. 2016; Sal-
man et al. 2006; Yang 2003). Devices with a fluidized bed of 
granular material provide effective interaction of multiphase 
flows and have a number of other advantages (Caiyuan et al. 
2004; Litster and Ennis 2004; Srinivasan 2015). However, 
considering the specifics of PAN production, it is necessary 
to ensure not only the completion of the process of forming a 
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granule as a final product but also to maintain control of the 
required granules residence time in the workspace. Devices 
with directional movement of the fluidized bed fully solve 
this problem. Vortex (Artyukhov and Ivaniia 2017; Artyuk-
hov et al. 2020a; Prokopov et al. 2014) and multistage shelf 
(Obodiak et al. 2020; Artyukhova et al. 2014; Artyukhova 
2018) dryers and granulators belong to such devices.

The use of such devices as the main technological equip-
ment of PAN production units makes it possible to solve the 
abovementioned interrelated tasks. This requires a sequential 
solution of two milestones:

1. Modeling the process of PAN obtaining from the 
“kinetic” and “hydrodynamic” points of view, substan-
tiation of the optimal conditions for PAN formation.

2. Study of the PAN granules structure, obtained at differ-
ent ratios of the “hydrodynamic” τhydr and “kinetic” τdr 
residence time.

Current paper carries out a study of the final drying pro-
cess, the need for which is justified in the works (Artyuk-
hova et al. 2014; Artyukhova 2018).

Experimental setup, description of object 
and methods of research

The technological scheme of the PAN production unit is 
shown in Fig. 1. In this work, stage III “Final Drying” is 
subject to research.

Mathematical modeling of hydrodynamic flow indica-
tors in this paper and other authors’ work referenced in this 
paper, was carried out based on the classical provisions 
of fluid and gas mechanics and technical hydromechanics 
(Crowe 2006; Gidaspow 1994; Sinaiski 2010). The theo-
retical description of the kinetics of moisture removal from 
the granule was based on the fundamental provisions of 
convective drying dynamics (Mujumdar 2014; Sazhin and 
Sazhin 2007; Kudra and Mujumdar 2002; Pabis et al. 1998). 
The equations of the mathematical model were solved using 
the computer systems Maple (Harris 2014) and wxMaxima 
(Hannan 2015). This software is based on proven in practice, 
reliable in calculation and effective in the application sym-
bolic and numerical algorithms for solving a wide range of 
mathematical problems.

We use a joint solution of the basic flow motion hydro-
dynamics equations and change the kinetics of temper-
ature-humidity characteristics of interacting flows as a 
working hypothesis. The search for a rational design of 
the workspace and the optimal flow of coolant and its 
temperature and humidity characteristics in each unit of 
the granulation module is carried out by the optimization 

criterion of minimum “hydrodynamic” residence time of 
the dispersed phase in the workspace.

The technique for studying PAN samples structure is 
based on the following algorithm.

1. Obtaining PAN granules under various conditions.

In the general case, PAN obtaining process is described 
as follows. Granules of ordinary ammonium nitrate are 
supplied into the workspace of the vortex granulator, 
where they form a vortex-fluidized bed. The range of exist-
ence of a vortex fluidized bed is limited by the calculated 
values of the gas flow (coolant) critical velocities. The 
classical calculation of critical velocities is presented, e.g., 
in (Marchisio and Fox 2013; Sinaiski 2010). The process 
of humidification (modification) of the granules is car-
ried out differently. Water, solutions of various substances 
(ammonium nitrate, carbamide, etc.) individually or in a 
mixture are used as a humidifier. After humidification, the 
granules are dehydrated in an active hydrodynamic mode. 
In this case, removing moisture from the granule is accom-
panied by creating “modified” pores of various shapes and 
sizes and in multiple quantities.

2. Final drying of PAN granules (the concept of the gravi-
tational shelf dryer is presented in Fig. 4).

PAN granules are loaded into the top of the dryer and 
move along the perforated shelves, contacting the drying 
agent in a cross mode. Due to the variation of the perfo-
rated shelf design, an individual hydrodynamic situation 
is created at each stage of the dryer. In fact, each of the 
shelves (a cascade of several shelves when necessary to 
increase the drying time in a certain period) ensures the 
drying process in a given period. The first (upper) shelf 
provides the separation of small granules and heating of 
the material. The next shelf (cascade of shelves) ensures 
drying at a constant moisture removal rate. The drying 
process is completed in a period of decreasing drying rate 
on the lower shelf or a cascade of shelves at the bottom of 
the apparatus.

3. Preparation of PAN granules for scanning: placement of 
samples on an object stage (glass), imparting conduc-
tivity to the sample (deposition of a silver film during 
rarefaction).

4. Microscopy.

The analysis of microscopy results was carried out using 
the authored image processing program Converter Image. 
The Converter Image tool, with its interface in Figs. 2 and 3, 
allows to analyze the scanning electron microscopy results 
(pore size, shape, relative porous surface area, etc.). This 
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tool allows to modify images for determining the surface 
morphology and detailed study of the pore structure.

Theoretical basics

The main indicator that affects the design of a gravitational 
shelf dryer is the required residence time of particles (gran-
ules) in the zone of contact with the drying agent (Artyuk-
hov and Artyukhova 2018). On the one hand, this time is 
determined by the kinetics of the drying process, and, on the 
other hand, by the hydrodynamic dryer operation mode, the 
design of the shelves (length, angle of inclination, degree 

of perforation) and the number of dryer stages. The drying 
kinetics is determined by the physicochemical properties of 
PAN and the drying agent (air) and can be schematically 
represented as in Fig. 4. At the same time, we propose to 
combine each drying period with a specific stage of a gravi-
tational shelf dryer. This approach allows to create an indi-
vidual hydrodynamic regime at each stage of the dryer due 
to the individualization of the perforated shelf design. Thus, 
the process of selecting the optimal residence time of PAN 
granules is based on such a condition

(1)�dr = K�hydr,

Fig. 1  Unit for PAN granules 
production using a vortex 
granulator and a gravitational 
shelf dryer (top) (Artyukhova 
2018) with process schematic 
diagram (bottom) (Artyukhova 
and Krmela 2019). Elements of 
the unit: VG vortex granulator, 
H heater, GSD gravitational 
shelf dryer, FBC fluidized bed 
cooler, A absorber, F filter, M 
mixer, B batcher, HP hopper, G 
gas blower, P pump, T tank, C 
compressor; main flows: 1–1—
seeding agent; 2–2—manu-
facturing air; 3–3—polluted 
air; 4–4—purified air; 5–5—
polluted water; 6–6—water; 
7–7—substandard granules; 
8–8—air for the spraying of the 
liquid materials (solution, melt); 
9–9—the product; 10–10—
air for cooling of granules; 
11–11—granules for packaging; 
12–12—steam; 13–13—dusty 
gas; 14–14—liquid materials 
(solution, melt); 15–15—water 
condensate; 16–16—drying 
agent
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where τdr—is the required (“kinetic”) drying time; τhydr—
PAN residence time in the dryer dependent on its hydrody-
namic operation mode and each drying stage design (“hydro-
dynamic”); K—margin coefficient of “hydrodynamic” time, 
which depends on the dryer features and is determined sepa-
rately for each drying period.

“Kinetic” drying time:

where τ0, τI, τII—are the drying times in corresponding peri-
ods (Fig. 1).

“Hydrodynamic” drying time:

where τi is the PAN residence time on the ith stage of gravi-
tational shelf dryer.

Considering the margin coefficient of “hydrodynamic” 
time at each stage Ki, Eq. (3) will take the form:

For each shelf, the value of the coefficient Ki is deter-
mined experimentally depending on the degree of flow con-
straint and the design of the perforated shelf.

The movement of particles in the workspace of a gravita-
tional shelf dryer occurs in the constrained movement mode, 
so the algorithm for hydrodynamic characteristics calcula-
tion for a single particle is unacceptable here.

The hydrodynamic calculation is based on the authors’ 
model, which is presented in (Artyukhova et al. 2020b).

Criteria to choose the two-phase system flow model are 
the following.

(2)�dr = �0 + �I + �II,

(3)�hydr = S�i,

(4)�hydr = SKi ⋅ �i.

Fig. 2  The interface of Converter Image program for studying the 
nanoporous granules surface morphology with the initial results of 
microscopy (the interface language is Ukrainian)

Fig. 3  Converter Image: a 
image inversion to determine 
nanopores contours; b image 
contrast adjustment to deter-
mine the pores configuration
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Ratio β of the disperse phase substance mass (d) to the 
mass of the carrier phase substance (c):

where Fd and Fc—volume fractions, γ—the ratio of the dis-
perse phase density to the carrier phase density, γ = ρd/ρc.

If β has high values, the dispersed particles have a great 
impact on the carrier phase flow, so it is necessary to use 
only the multi-phase Eulerian model for the proper flow 
modeling.

2. Stokes number St:

where td—time, which describes the particles motion, 
td = (ρd dd

2)/(18 μc), dd—diameter of the particle, μc—viscos-
ity of the carrier phase substance, tc = Lc/Uc—time, which 
describes the carrier phase, Lc—characteristic length, Uc—
characteristic velocity.

The authors (Gidaspow 1994; Crowe 2006; Sinaiski 
2010; Marchisio and Fox 2013) suggest considering the 
constrained mode of motion when we calculate the particle 
residence time in the workspace of the device

where �cm—velocity of the constrained motion of parti-
cles in the disperse phase; � —a velocity of a single parti-
cle motion; fe�(�)—an empirical influence function of the 
constraint conditions on the residence time of a particle in 
the workspace.

The function fe�(�) is:

where m—an empirical measure of the stage (a constraint 
coefficient for the time calculations).

(5)� = �
Fd

Fc

,

(6)St =
td

tc
,

(7)�cm = �fe�(�),

(8)fe�(�) = (1 − �)
−m,

Some results of the calculation of the PAN granule resi-
dence time are presented in Fig. 5.

The determination of the “kinetic” residence time of 
PAN granules in a shelf dryer is based on a mathematical 
model for drying capillary-porous bodies, which includes 

Fig. 4  The process of PAN drying in a gravitational shelf dryer: 0—
warming up the material; I is the period of constant drying rate; II—
period of decreasing drying rate; 1—drying rate curve (dW/dτ); 2—
drying curve (W); 3—heating curve (T)

Fig. 5  Calculation of PAN granules residence time in the working 
space of the vortex granulator: shelf length 0.4  m, shelf inclination 
angle to the horizon 30°
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the calculation of the temperature change of the granule over 
time, the temperature distribution in the granule at a fixed 
point in time and the mass of the granule in the drying agent 
flow. The solutions of the equations of the mathematical 
model can be found in detail in (Artyukhova et al. 2022). 
The results of the drying process kinetic characteristics cal-
culation are shown in Figs. 6, 7, 8.

Based on the calculation results, it is possible to deter-
mine the required “kinetic” residence time of PAN granules 
in the dryer workspace for subsequent comparison with 
the “hydrodynamic” residence time. Comparative analysis 
results allow us to propose changes in the perforated shelf 
design at each stage, adjust the number of stages so that each 
drying period takes place under optimal hydrodynamic and 
thermodynamic conditions.

The calculation results presented above move on to form 
a recurrent calculation, the essence of which is described in 
(Artyukhova et al. 2022) and which considers the change 
in the temperature and humidity characteristics of PAN 
granules and the drying agent at each stage. Together with 
the equations solution of the hydrodynamic dryer operation 
model, the necessary correspondence is obtained between 
the drying time of the PAN granules and the time of their 

residence in the apparatus workspace. Further, we present 
the results of the PAN granules nanoporous structure study 
when reaching a correspondence between the “kinetic” 
and “hydrodynamic” residence time of PAN granules in 

Fig. 6  Kinetics of heating of a 3 mm granule in the temperature range 
20–100 °C

Fig. 7  Temperature distribution in a 3 mm granule during heating in 
the temperature range of 20–100 °C at different time periods: a 20 s; 
b 120 s

Fig. 8  Change in the mass of a 2 mm granule when heated in a dry-
ing agent flow at a temperature of 100  °C in the moisture content 
range from 0.02 to 0.001 kg/kg
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the dryer, as well as when going beyond the optimal range 
of residence time (both in the direction of decrease and 
increase).

Study of the nanoporous structure 
morphology of the PAN granules

The theoretical foundations of the drying process out-
lined above make it possible only to calculate the moisture 
removal process in the optimal hydrodynamic mode keep-
ing to the drying time range. At the same time, the forma-
tion process of a developed network of nanopores cannot be 
determined by a theoretical model, since the former simulta-
neously depends on many factors, the influence of the total-
ity of which is stochastic (can be described by probability 
models). In this case, the task of studying the PAN granules 
nanoporous structure is to check the possibility of obtain-
ing PAN with specific properties at calculated parameters 
of the mathematical model and a certain amount of mois-
ture removed. Formally, the process of moisture removal is 
implemented and mathematically described, however, the 
formation of the nanoporous structure of PAN granules is 
the determining factor in these studies.

In the framework of the current paper, three samples of 
PAN granules were obtained under the following conditions:

1. The “hydrodynamic” residence time of PAN granules in 
the dryer is less than the “kinetic” drying time (sample 
1).

2. The “hydrodynamic” residence time of PAN granules in 
the dryer is 10% longer than the “kinetic” drying time 
(sample 2).

3. The “hydrodynamic” residence time of PAN granules 
in the dryer is more than 20% longer than the “kinetic” 
drying time (sample 3).

PAN granules were obtained by operating the dryer in the 
mode of constrained movement of PAN granules in the range 
β = 0.3–0.4; the choice of the appropriate excess ranges of 
the “hydrodynamic” residence time over the “kinetic” time 
for samples 2 and 3 was carried out experimentally.

The results of the nanoporous structure of the granules 
study are presented in Figs. 9, 10 and 11.

Sample 1 is characterized by a developed network of 
nanopores on the surface; however, some of them are closed 
due to the presence of excess moisture in the granule. Nano-
pores are predominantly surface-deep in nature, which, com-
bined with the presence of excess moisture, can lead to low 
values of its absorbency and retention capacity.

Sample 2 is characterized by a developed network of 
deep sinuous nanopores uniformly distributed over the 
surface and volume of the granule. This fact is the basis 

for ensuring the normative value of the absorbency and 
retention capacity of the granules.

Sample 3 has a significant amount of mechanical dam-
age caused by thermal stresses from the effect of the drying 
agent flow on the granule. Despite the developed nanopo-
rous structure of a part of the surface, mechanical damage 
can potentially lead to an increase in the absorbency of the 
granule and a decrease in its retention capacity.

To confirm the correctness of the conclusions based on 
the results of PAN samples visual examination, several 
studies of the specific properties of PAN granules were 

Fig. 9  Nanoporous structure of PAN granules of sample 1

Fig. 10  Nanoporous structure of PAN granules of sample 2
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carried out. The numerical values of results are presented 
in Table 1.

As can be seen from the data in Table 1, sample 1 loses 
its strength due to excess moisture; the reason for the low 
values of absorbency and retention capacity is also moisture 
in the pores of the granule. Sample 3 has a reduced strength 
value due to mechanical damage (cracks, chips, cavities) 
caused by overheating of the granules and thermal stresses 
from the action of the drying agent flow. Despite the high 
absorbency, the retention capacity of sample 3 does not meet 
the standard value due to the fact that the fuel oil penetrates 
into the macropores (damaged areas in the granule) and can-
not be retained there. Sample 2 meets all regulatory require-
ments for specific properties.

Conclusions

In the framework of the current paper, we described the 
process of obtaining PAN granules considering the need 
to remove the required amount of moisture and form the 

nanoporous structure of the granules. The drying process is 
described mathematically by obtaining the calculated values 
of the “hydrodynamic” and “kinetic” residence time of the 
granules in the apparatus. The process of nanoporous struc-
ture formation was studied visually based on the analysis of 
PAN samples obtained under the optimal mode of moisture 
removal, considering the constrained movement of granules 
in the dryer. We confirmed the correctness of the selection of 
optimal hydro- and thermodynamic parameters of the dry-
ing process and the formation of the nanoporous structure 
of the PAN by demonstrated values of the granules strength, 
absorbency and retention capacity. The theoretical–experi-
mental approach proposed in this paper can be used as the 
basis for engineering calculation algorithm of the PAN pro-
duction unit main equipment, and (considering the analogy 
of processes) for forming the structure of capillary-porous 
granules with special properties.
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