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The aim of the article is to study and describe the main 
operating modes of a gravitational shelf dryer and to assess the 
effect made by the operating mode of the device on the PAN 
granules structure. A scheme of using a vortex granulator as 
the primary device and a shelf dryer at the final drying stage is 
a fundamental technological scheme to obtain PAN (see Fig. 1) 
[34, 35]. The applicability of such a scheme is justified in the 
works [30, 36].

2.	 PHYSICAL MODEL OF FLOW MOTION 
HYDRODYNAMICS AND THE DRYING PROCESS 
OF DISPERSED MATERIALS IN A SHELF DRYER

The tilted perforated shelves in the shelf dryer’s workspace 
decrease its free cross-sectional area. This construction decision 
causes a local increase in the velocity and degree of the drying 
agent’s flow turbulence and changes the nature of the velocity’s 
distribution around the shelf [30].

At certain flow velocities of the drying agent (much less than 
in the case of the first critical velocity), the material, which is 
being constantly fed into the dryer, moves along the surface of 
the tilted perforated shelf in the form of a “fast” layer that slips 
along it. This motion of particles occurs when they still have suf-
ficient inertia force at the exit of the feeding device (dispenser). 
When the drying agent’s flow rate increases, the porosity of the 
“fast” layer approaches the maximum and its structure becomes 
a weighted layer with the ablation of fine fractions. After passing 
along the tilted perforated shelf, the material particles begin to 

1.	 INTRODUCTION
Porous ammonium nitrate (PAN) is a necessary component of 
the industrial explosive ANFO [1]. It consists of PAN and liquid 
fuel, mainly mineral oils, and acts as an effective substitute for 
industrial explosives (dynamites, TNT and mixtures containing 
TNT). PAN can successfully absorb and retain fuel oil due to the 
network of pores with different configurations and sizes in the 
granule porous structure. It is possible to obtain this system of 
pores in different ways [2–23]. Following the analysis of works 
[24–26] and the authors’ research [27–29], this article proposes 
a method consisting of two stages to obtain PAN. During the 
first stage, agricultural ammonium nitrate is moistened with 
water or a particular solution in the vortex granulator’s work-
space or outside of it. During the second stage, the moistened 
granules are dried in a flow of hot heat transfer agent. The 
second stage requires special attention in ensuring the required 
drying time while maintaining the granule’s strength properties. 
The study [30] proposes to carry out the drying process in two 
stages using two types of devices with directed motion of the 
fluidized bed to obtain the strength of the granule core.

The final drying process is carried out in a multistage dryer. 
There are different hydrodynamic conditions [31] for the 
motion of granules at its every stage [32, 33].
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Abstract. The article deals with the technological principles regarding the final drying process of porous ammonium nitrate (PAN) granules 
in multistage gravitational shelf dryers. The data on the dryers’ optimal technological operating modes are obtained. PAN samples are studied; 
the regularity of porous structure change in the granule, depending on the dryers’ hydrodynamic and thermodynamic conditions, is also estab-
lished. Experimental data obtained during the research will be used to create a methodology for the engineering calculation of gravitational 
shelf dryers. Moreover, the data on the optimal operating conditions of drying machines at the final drying stage will be used to improve the 
technology to form porous granules from agricultural ammonium nitrate.
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slow as they reach the dryer’s walls in the outloading space, 
gathered near the surface of the walls. The dispersed phase layer 
is blown by the drying agent’s ascending flow; while the layer 
mass gradually increases due to the new particles of the dis-
persed phase. This process lasts until the disbalance between 
particle gravity force and the aerodynamic force of its interaction 
with the ascending flow is settled. When the “critical” mass of 
the dispersed phase is accumulated and the forces balance is dis-
turbed, a share of the material is removed from the stage through 
the outloading space. Given the above-described nature of the 
material motion on the tilted shelf surface and in the outloading 
space, the aerodynamic forces of the ascending flow restrain the 
solid particles motion only to some extent. Their bulk moves 
in a thin layer influenced by gravitational force. This nature of 
motion is called “gravitational falling layer”.

Thus, the “gravitational falling layer” mode is characterized 
by the minimum required contact time of the particles with the 
drying agent, caused by a sufficiently high velocity of the par-
ticles. Therefore, the drying process in this mode on the shelf 
surface is limited not by hydrodynamic conditions, but by the 
length of the shelf, on the surface of which the particles move 

quickly enough with minimum residence time. The latter will 
increase slightly in the particle accumulation zone in the form of 
a layer on the device’s wall. As a result, we obtain more active 
phase contact and, accordingly, more intensive moisture removal 
from the particles by the drying agent in this zone. For the “grav-
itational falling layer” mode, implemented on the upper shelf 
(in the direction of the material flow), the material particles are 
heated. Thus, the process on the top shelf, implemented within 
a short period, corresponds to heating the material with slight 
removal of surface moisture with increasing drying velocity. The 
beginning of the moisture motion from the inner layer to the 
particles’ surface is also observed. Usually, the heating period 
is insignificant in comparison with other drying periods. If par-
ticles’ residence time on one shelf is less than the kinetically 
required heating time, there should be several shelves operating 
in the “gravitational falling layer” mode in the dryer’s upper part.

The drying agent’s velocity rise intensifies its aerodynamic 
effect on the material layer, creating conditions for the weighted 
layer mode on the surface of the perforated shelf and near the 
wall of the device in the outloading gap zone. When the drying 
agent in the form of a jet leaves the outloading gap, a high-pres-

Fig. 1. A unit producing PAN granules by means of using a vortex granulator and a gravitational shelf dryer [28]

Legend:

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.

The main flows:
	 1‒1	 –	 seeding agent;
	 2‒2	 –	 manufacturing 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 liquid 

materials (solution, melt);
	 9‒9	 –	 product;
	10‒10	 –	 air for cooling 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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Fig. 2. Model of the experimental unit (final drying stage): 1 – support-
ing structure; 2 – shelf dryer; 3 – air heater; 4 – cyclone; 5 – blower; 
6 – hopper of AN granules; 7 – hopper of PAN granules after final 

drying; 8 – process automation switchboard

sure area is formed. Some kinetic energy of the drying agent’s 
moving flow is spent on compensating for the friction force 
that leads to its inhibition. The dispersed phase, which moves 
in this zone and is characterized by a small kinetic energy 
reserve, comes to the weighted layer. The small phase, which 
during outloading from the tilted shelf surface has insufficient 
inertia force to compensate for kinetic energy of the air flow, 
repeats the drying agent’s jet trajectory leaving the outloading 
space, picked up by it, and then moves into the separation zone 
to the outlet pipe of the drying agent from the device. The 
polydisperse system is divided into two fractions in the sep-
aration zone. Larger particles, the growing velocity of which 
is greater than the airflow velocity in the cross-section of the 
device, move down to the shelf surface. The airflow ablates 
smaller particles from the device.

In the weighted layer mode, moisture removal efficiency 
from the material is significantly increased due to the intensi-
fication of phase contact because the particles actively interact 
with the airflow both on the perforated shelf surface and in the 
outloading area. Since reducing the size of the gap between 
the end of the shelf and the wall of the device increases the 
velocity of the airflow entering the weighted layer of material 
through the outloading space, this is the main factor in intensi-
fying phase contact and, consequently, mass transfer process. 
The increase in the particles’ residence time due to their mass 
circulation in the zone above the outloading space facilitates 
the moisture transfer growth from the material particles in the 
weighted layer mode. Therefore, considering the hydrodynamic 
features of the weighted layer, in this mode, the wet material is 
dried quite effectively in periods of constant (first period) and 
falling (second period) velocity.

Since the longest duration in time describes the drying kinet-
ics in the falling velocity period, the number of shelves in the 
lower part of the dryer is selected to complete moisture removal 
according to the technological requirements.

The motion of the dispersed phase on each of the shelf cas-
cades is qualitatively the same. Some zones of its motion along 
the dryer’s cross-section, depending on the height of the shelf, 
can be of different lengths. As it moves along the dryer’s height, 
the drying agent slightly reduces its velocity due to the drag 
force along the length and local resistance. The drying agent’s 
velocity is not significantly changed but still leads to different 
dispersed phase motion modes. One can observe faster motion 
of particles along the shelf length on the upper shelf of the 
cascade, with the accumulation of less material on the walls. 
When the particles come close to the place of the drying agent’s 
injection, their velocity on the shelf begins to decrease. This 
situation is hardly noticed, but experimental studies confirm it.

Changes in the constructive parameters of the dryer’s shelf 
contacts provide the necessary hydrodynamic conditions for 
the material motion on each shelf of the cascade. When con-
structing a gravitational shelf dryer, it is required to ensure uni-
form contact of the drying agent with the dispersed material on 
each dryer shelf. Achieving such uniformity enables regulating 
the particles’ residence time on the shelves, allowing for their 
physicochemical properties. Any uneven contact of the drying 
agent with the dispersed material can lead to underheating (with 

insufficient drying) or overheating with undesirable destruction 
of particles and reducing its qualities.

Thus, the minimum required contact time of the dispersed 
material (with physicochemical properties, granulation compo-
sition and drying agent’s parameters) is provided by means of 
varying the length, installation angle or perforation degree of 
the upper shelf. The small fraction is removed from this shelf, 
i.e. it acts as a separator. The residence time of the dispersed 
material grows on the central inclined contact shelf, changing 
its constructive parameters, and, accordingly, its contact with 
the drying agent increases. It promotes more intensive removal 
of moisture. The connection between the dispersed material and 
the drying agent on the lower inclined contact shelf provides 
long residence time for the particles on the shelf to remove 
moisture from the material.

3.	 OPERATING MODES OF THE GRAVITATIONAL  
SHELF DRYER

The experimental unit of the multistage shelf dryer is shown 
in Fig. 2.



4

N. Artyukhova, J. Krmela, A. Artyukhov, V. Krmelová, M. Gavendová, and A. Bakošová

Bull. Pol. Acad. Sci. Tech. Sci. 69(4) 2021, e137585

During experimental studies of dispersed material motion in 
a shelf dryer, it becomes possible to identify the effect that the 
particle package motions have on each other (zones of pack-
ages collision, vortex formation, dispersed material motion with 
greater or lesser intensity, etc.). Model material: 1) investigation 
of dryer’s hydrodynamics – 75% of polypropylene (diameter 
of granule is d = (3.0–3.5) mm, granule’s moisture content is 
x = 1.7%) and 25% of ammonium nitrate (d = (2.0–2.5) mm, 
x = 0.2%); 2) investigation of ammonium nitrate porous 
structure morphology – ammonium nitrate (d = (2.0–2.5) mm, 
x = 0.2%). Water solution of AN was used for moistening AN 
granules in a vortex granulator.

The main modes of the dispersed material motion, defined 
by the experimental studies, include:
1.	Gravitational falling layer mode (Fig. 3), investigated at the 

drying agent’s f low rate of 24.6 m3/h and dispersed mate-
rial of 12 kg/h. The dispersed material moves along the 
surface of the shelf due to the inertia force, caused by the 
transmission of momentum when loading from the pipe or 
when moving from the previous shelf, and force of rolling 
on the tilted surface. The drying agent’s ascending f low 
force does not signif icantly affect the dispersed material 
motion mode. In this mode, the gas f low velocity is less 
than the f irst critical gas f low rate, which corresponds to 
the weighing mode.

2.	First transitional mode (Fig. 4): drying agent’s flow rate of 
30 m3/h, dispersed material flow rate of 12 kg/h. The as-
cending flow force of the drying agent in this mode leads to 

a gradual change in its motion from pulse to the pulse-for-
ward trajectory in the direction of the outloading gap. The 
dispersed material begins to transform into a weighted state, 
the inertia force value is compensated for by the drying 
agent’s ascending flow force, and the gradual direction of 
motion is caused only by rolling force on the tilted surface. 
In this mode, the gas flow rate approaches the value of the 
first critical gas flow rate.

3.	Weighted layer mode (Fig. 5): drying agent’s f low rate of 
(33–45) m3/h, dispersed material f low rate of (12–15) kg/h. 
The ascending f low force of the heat transfer agent in this 
mode leads to creating a stable weighted layer by compen-
sating for the inertia and rolling force on the tilted surface. 
The gas f low rate reaches the f irst critical velocity. It grows 
subsequently and is in the operating velocity range.

Fig. 3. Dryer’s operation in the gravitational falling layer mode of 
the dispersed material

Fig. 4. First transitional mode of the dryer’s operation

Fig. 5. Dryer’s operation in the weighted layer mode of the dispersed 
material

Fig. 6. Distinctive zones of dispersed material motion in the gravi-
tational shelf device: 1 – weighted layer creation zone on the shelf; 
2 – zone of lowering the weighted layer intensity; 3 – vortex creation 
zone; 4 – zone of increased velocity of the dispersed material motion 
over the outloading gap; 5 – separation zone of finely dispersed 
material; 6 – outloading zone of the dispersed material from the shelf

There are several zones on the dryer’s contact shelf in this 
mode and in the outloading gap (Fig. 6). In the weighted layer 1 
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zone, the dispersed material moves due to its pulse-forward 
transfer to the outloading gap.

In the zone of lowering the weighted layer intensity 2 by 
decreasing the drying agent’s velocity, caused by reduction of 
the pressure drop along the shelf, the dispersed material loses 
some vertical motion along the axis of the device.

The dispersed material moving to the end of the shelf passes 
through the vortex creation zone 3, formed by bending the shelf 
by the drying agent, and through the increased velocity zone 
over the outloading gap 4, and is then output from the shelf 
through zone 6. Under the drying conditions, the polydisperse 
material, i.e. the small fraction with the size defined by the 
calculations, is separated in zone 5.
4.	Second transitional mode (Fig. 7): drying agent’s flow 

rate of (36–47.3) m3/h, dispersed material flow rate of 
(12– 13.5) kg/h. This mode is characterized by a predomi-
nant effect created by the ascending force on the dispersed 
material by increasing the vertical component of its motion. 
In this case, some dispersed material is ablated from the shelf 
surface before entering the outloading gap. Gas velocity for 
this mode varies between the calculated values of the first 
critical velocity and the ablation rate.

next stage. The drying agent’s ascending motion force sig-
nificantly exceeds the sum of the inertia and rolling forces 
on the tilted surface, causing the forward motion of the dis-
persed material along the shelf. Gas velocity in the observed 
mode reaches the ablation rate of particles of this size from 
the device.
The data analysis from the studies on the shelf device’s 

operating modes narrows its operating modes to the first three 
modes. In the fluidized bed mode of the dispersed material, 
small particles (due to the difference in critical velocities) leave 
the workspace with a high probability. Figure 9 shows diagrams 
of the gas flow relative velocities in the above-the-shelf space 
and the outloading gap for the three modes. Peak velocity in 
the outloading gap is the maximum relative velocity. According 
to this peak, it is possible to compare the value of the second 
critical velocity of the gas flow with the operating velocity and 
to conclude about the possible ablation of dispersed particles 
from the shelf.

Fig. 8. Dryer’s operation in the dispersed material ablation mode

Fig. 7. Second transitional mode of the dryer’s operation

Fig. 9. Relative velocity of the gas flow over the dryer’s shelf and 
in the outloading gap; I – gravitational falling layer mode; II – first 

transitional mode; III – fluidized bed mode

5.	Dispersed material ablation mode (Fig. 8): the drying agent’s 
flow rate of 48 m3/h, dispersed material flow rate of 12 kg/h. 
It is characterized by an increase in the vertical component 
and the dispersed material ablation of the commodity frac-
tion from the contact shelf without moving to the dryer’s 

One should note that it is essential to identify (except for the 
gas flow rate) the residence time of the dispersed material on 
the shelf of the device in each dryer’s operating mode. Using 
the [37] method, a graph of the relative residence time changing 
of the dispersed material in the device is obtained in this article 
(Fig. 10). In each mode, the nature of the change in residence 
time has its own increase intensity. On the horizontal axis in 
Fig. 10, the difference between the second critical velocity of 
the gas flow and its operating velocity is shown. On the verti-
cal axis, the unit of relative time is taken to be the value that 
corresponds to the transition moment from the fluidized bed 
mode in the first transitional mode.

Analysis of Fig. 10 shows that it is possible to provide a lon-
ger residence time of the dispersed phase in the device in the 
transitional mode and at the beginning of the ablation mode. 
However, according to further studies on the crystal structure 
of the PAN granules, the excessive residence time in the work-
space of the device (excessive contact with hot heat transfer 
agent) reduces the granule strength.

Outloading gap

Shelf
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4.	 DEVICES, EQUIPMENT AND METHODS OF RESEARCH
Devices and equipment:
●	used to determine the hydrodynamic features of the flow 

motion – TES 1340 Hot-Wire Anemometer;
●	used for measurement of water content in granules – Fischer 

volumetric titrator HI903;
●	used for measurement of granules’ strength – extensometer, 

a device for measuring the strength;
●	used for measurement of oil retention – small-sized corner 

centrifuge and centrifuged tube with two divisions (the first 
division has a perforated bottom; the second one has a plate 
bottom).
The hydrodynamic properties of the flow motion are mea-

sured at various points of the dryer, determined by a micro 
coordinator. The value is defined as the average of five mea-
surements at each point.

The arithmetic mean of the results of water content in gran-
ules for two parallel determinations is taken to analyze the volu-
metric Fischer titration result, the absolute discrepancy between 
which does not exceed the repeatability limit of 0.02%, with 
a confidence level 0.95.

Granules with similar dimensions and shapes are taken to 
determine the strength of the granules. The force required to 
break each of the granules is determined. Strength is determined 
as the average of twenty measurements of force that destroys 
the granule.

Procedure of oil retention definition
The second division of the centrifuged tube is weighted. Six 
grams of ammonium nitrate and two grams of diesel fuel are 

weighted, then placed in the glass, and mixed for five minutes 
using thin metal wire. The received mixture is left for 10 min-
utes and the complete mixture is off-loaded into the first divi-
sion of the centrifuged tube. The full centrifuged tube is placed 
in the centrifuge and centrifuged for 10 minutes at 1500 rpm 
(rotations per minute). Once the process is finished, the second 
division of the centrifuged tube is weighted and then diesel fuel 
weight is defined.

Oil retention is defined as a proportion of the mass of oil 
absorbed by PAN to the PAN mass.

5.	 PAN GRANULE POROUS STRUCTURE
The crystal structure of the PAN granules at different stages 
of its production is studied to confirm the selected operating 
modes of the shelf dryer. Figures 11–16 show the scanning elec-
tron microscopy (scanning electronic microscope REM-100U) 
images of the granules porous layer. The main characteristics of 
the microscopic image are visible in the bottom part of images.

The figures show that the nature, structure and number of 
pores in the PAN depend on the heat treatment time and the 
contact mode between the drying agent and the granule.

After the final drying stage, the number of twisted pores 
on the PAN increased and it acquired a more uniform porous 
structure. This enables to intensify the process of fuel penetra-
tion into the granule. The bulk density of the granules does not 
change significantly.

Table 1 presents the results of the research.

Table 1
Properties of PAN granules

Mode Description 
of structure  

of AN granule 

Strength,  
kg/granule 

Oil 
retention, 

%

AN granule 
(before 
humidification 
and drying)

a small number of 
shallow straight pores

0.50 5.30

AN granule 
after vortex 
granulator 

many shallow straight 
pores, and twisted 
pores

0.45 8.10

PAN granule after shelf drying

Gravitational 
falling layer

many shallow straight 
and twisted pores

0.43 8.40

First 
transitional 
mode 

many shallow straight 
pores, formation of 
a network of straight 
and twisted pores

0.42 8.50

Fluidized bed developed network of 
straight and twisted 
pores

0.40 8.80

Second 
transitional 
mode 

developed network of 
straight and twisted 
pores, cracks

0.38 8.40

Fig. 10. Relative residence time of particles in the dryer at different 
modes



7

Technology for porous ammonium nitrate production: modeling of drying machines’ operating modes

Bull. Pol. Acad. Sci. Tech. Sci. 69(4) 2021, e137585

The study results show that it is beneficial to intensify the oper-
ation of a gravitational shelf dryer. The dryer’s optimal operating 
mode is the fluidized bed. Figure 10 shows that after this mode,  
the residence time of the granules in the device increases. An 

increase in the drying time leads to the granules’ overheating and 
temperature stresses in the core. As a result, the granules’ strength 
goes down (pores appear in the granule core). And despite the 
increase in the gaps in the granule, oil retention goes down.

Fig. 11. Crystal structure of agricultural AN Fig. 12. Crystal structure of AN granule after humidification and heat 
treatment in a vortex granulator

Fig. 13. Crystal structure of AN granule after final drying in the shelf 
device in the gravitational falling layer mode

Fig. 14. Crystal structure of AN granule after final drying in the shelf 
device in the first transitional mode
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6.	 CONCLUSIONS
The results of investigation of multistage shelf devices’ oper-
ating modes and PAN granules’ crystal structure enable estab-
lishing the optimal range of dryer’s operation at the final drying 
stage. The perforated shelf contact construction for each stage 
of the dryer is chosen by calculating the required residence time 
of the granule at the drying stage [37]. The main condition for 
selection: residence time of the granules in the vortex granulator 
and the shelf dryer should not be less than the estimated drying 
time. Based on this condition, there is an algorithm for opti-
mizing the drying unit’s calculation: selection of the number of 
steps, the length of the shelf, its perforation degree, the tilt angle 
to the horizon, etc. It is also planned to use the neural network 
[38, 39] to optimize the drying process for further research.
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