
Article Not peer-reviewed version

Design of Enhanced Virtual Reality

Training Environments for Industrial

Rotary Dryers Using Mathematical

Modelling

Ricardo A. Gutiérrez-Aguiñaga , Jonathan H. Rosales-Hernández , Rogelio Salinas-Santiago ,

Froylán M.E. Escalante , Efrén Aguilar-Garnica *

Posted Date: 22 July 2025

doi: 10.20944/preprints202507.1806.v1

Keywords: virtual reality; rotary dryer; mathematical modelling

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4617133
https://sciprofiles.com/profile/1702002
https://sciprofiles.com/profile/473807
https://sciprofiles.com/profile/460431


 

 

Article 

Design of Enhanced Virtual Reality Training 
Environments for Industrial Rotary Dryers Using 
Mathematical Modelling 
Ricardo A. Gutiérrez-Aguiñaga 1, Jonathan H. Rosales Hernández 2, Rogelio Salinas Santiago 3, 
Froylán M.E. Escalante 1 and Efrén Aguilar-Garnica 1,* 

1 Dirección de Investigación y Desarrollo Tecnológico. Vicerrectoría Académica y de Ciencias de la Salud, 
Universidad Autónoma de Guadalajara, Av. Patria 1201, 45129, Zapopan, Mexico 

2 Department of Computer Science and Engineering, Universidad de Guadalajara, Ameca 46600, Mexico 
3 Grupo Constructor PEASA, Filemón Alonso 112, Ciudad Industrial, Aguascalientes 20290, Mexico 
* Correspondence: efren.aguilar@edu.uag.mx 

Abstract 

Nowadays, drying in rotary dryers still faces some issues related to their low energy efficiency, cost-
effectiveness and industrial safety. Nevertheless, rotary dryers are still widely used worldwide 
mainly due to their capacity to handle large volumes of material continuously and their ease of 
operation. Consequently, training of professionals in the use of industrial rotary dryers is still 
required. The aim of this paper is to present the development of virtual reality training environments 
for industrial rotary dryers using two case studies: ammonium nitrate and low-rank coal drying. In 
contrast to traditional virtual reality environments, those proposed in this paper are enhanced in 
terms of their behavioral aspects, as they are governed by validated mathematical models whose 
numerical integration provides the values of temperature and moisture content of the solid. 

Keywords: virtual reality; rotary dryer; mathematical modelling 
 

1. Introduction 

Drying is a unit operation widely used in chemical, food, agricultural, wastewater treatment and 
pharmaceutical industries to remove water from solids through heat and mass exchanges.  

One of the most used equipment to perform drying is the rotary dryer because of its adaptability 
and flexibility in processing materials that are not heating sensitive or fragile [1]. A rotary dryer is 
composed of a slightly inclined cylindrical shell or drum (length: 5-90m, diameter: 0.3-5m) with 
internal lifting flights. The cylinder rotates around a shaft in such a manner that the solid to be dried 
is fed in at the upper part of the cylinder and descends through the flights towards the discharging 
end. The drying medium (usually hot air) can be directly or indirectly in contact with the wet solid, 
and it can be operated in concurrent or countercurrent flow mode [2].  

There exist diverse evaluation criteria for the performance of a rotary dryer and some of these 
are: drying efficiency which is computed considering initial, final and equilibrium moisture content 
[3] and energy efficiency that represents the ratio between the amount of energy used for evaporation 
of moisture and the total energy consumption [4]. Although rotary dryers are characterized by their 
relative high drying efficiency for diverse wet solids (e.g., around 85% in the case of sewage sludge 
[5], 95% in the case of wood particles [6] and up to 98% in the case of lateritic ore [7]) they are also 
distinguished by their relative low energy efficiency (between 2% and 17% for paddy drying [8]). 
According to Kaveh et al., (2021) this fact could lead to an increase of emissions of greenhouse gases 
(GHGs) with negative environmental effects [9]. Furthermore, Perazzini et al., (2021) indicate that 10 
to 20% of the total energy in industrialized countries is used for drying making it a highly demanding 
power operation [10]. Another drawback of rotary dryers is related to their economic performance. 
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In the case of biological sludge dewatering, the internal rate of return for a thermal rotary dryer can 
be around 27% which is higher than that usually expected. Besides, the ratio between the total 
operating cost and the total capital cost can reach more than 0.5 [11]. Moreover, drying has been 
reported as a hazardous industrial operation for the number of reported incidents with serious results 
for personnel and equipment [12]. 

Despite these limitations, rotary dryers are still widely used in industry due to their ability to 
continuously dry large quantities of material in a relatively short period and their ease of adjustment 
of operating conditions such as residence time and rotation speed [3]; therefore, training of students 
or professionals in rotary dryers is required. An innovative tool that has been recently considered for 
training is Virtual Reality (VR) [13]. Basically, VR is a digital or computer-generated representation 
(in 3D) of a real (or invented) space that can be explored from diverse angles and in which interaction 
is possible through head-mounted displays and other accessories. Training for rotary dryers in a VR 
atmosphere would decrease drastically efficiency, environmental, economic and industrial safety 
issues associated with the use and training in real rotary dryers and therefore it can be considered as 
a sustainable practice. Furthermore, VR training for rotary dryers could be considered an immersive 
and effective learning experience if the VR environment works as close to reality as possible. This can 
be achieved by incorporating as much as possible both visual and behavioral aspects of the real-world 
equipment, system or process into its digital version in VR environments [14]. To the best of our 
knowledge, most efforts to engineer digital versions of equipment in such environments are focused 
on improving their visual aspects but little has been done to improve their behavioral aspects.  

This contribution seeks to enhance behavioral realism of a digital rotary dryer in a VR 
environment by incorporating and numerically integrating validated mathematical models given by 
ordinary differential equations. The model depicts the drying process taking place within the digital 
rotary dryer with the following variables: water content and temperature of both the solid to be dried 
and the drying medium (i.e., hot air) along and within the rotary dryer. Two case studies were 
explored: the drying of ammonium nitrate, due to its importance in the fertilizers industry and the 
drying of low-rank coal (LRC) or sub-bituminous coal which is a promising energy resource provided 
it remains dry. 

The paper is organized as follows. The methodology section describes visual aspects of a 
proposed digital industrial rotary dryer. Behavioral aspects of the digital dryer are also addressed as 
a part of the methodology section. This is done through the description of the mathematical model 
that governs the digital dryer and their corresponding drying kinetics for ammonium nitrate and 
low-rank coal. Next, the Results section addresses the following topics: description of the VR 
environment, interaction in the VR environment, expansion of such an environment and simulation 
results of the mathematical model for both case studies. These simulation results were embedded in 
2 different VR environments, one for each case study, that are identical in what concerns visual 
aspects but with differences in their behavioral aspects since they are governed by different drying 
kinetics. In the Discussion section, the behavior of the state variables considered in the mathematical 
models is analyzed and the enhancement of the VR environment is demonstrated. Finally, the 
conclusions section summarizes the main findings. 

2. Materials and Methods 

2.1. Visual Aspects of the Digital Rotary Dryer in the VR Environment 

The rotary dryer in the VR environment was designed to work in concurrent flow mode with 
the following components: cylindrical drum, internal lifting flights, roller rings supported by carrier 
rollers distributed along the drum, a primary gear or gear ring connected to a motor gear by a drive 
chain, a feed hopper, a feeding cover, a burner, an induced draft fan and a couple of control panels 
(see Figure 1). These components were first sketched individually in Blender considering industrial 
dimensions for the characteristic lengths of the rotary dryer reported by Abbasfard et al., (2013) and 
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those mentioned in the introduction section of the present paper: 18m length, 3.324m inside diameter 
and 0.025m/m slope for the drum [15]. 

  
(a) (b) 

  

(c) (d) 

  
(e) (f) 
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(g) (h) 

 

 
(i) (j) 

Figure 1. Blender sketches (a) Cylindrical drum with internal flights and roller rings; (b) Internal lifting flights 
(detail); (c) Primary gear; (d) Motor gear; (e) Motor; (f) Feeding cover; (g) Feed hopper; (h) Induced draft fan; (i) 
Burner; (j) Control panel. 

2.2. Behavioral Aspects of the Digital Rotary Dryer in the VR Environment 

2.2.1. Mathematical Model of an Industrial Rotary Dryer 

In order to enhance behavioral realism of the rotary dryer in the VR environment, a steady state 
one-dimensional mathematical model is proposed to be included in such an environment. This model 
depicts water content and temperature of both the solid to be dried and the air along and within the 
rotary dryer drum and it was developed under the following assumptions: the heat exchange from 
the drum to the surroundings is neglected, the solids to be dried have a spherical shape and their 
dimensions and heat capacities remain constant, the drying process is conducted below critical 
moisture content (i.e., in the falling-rate period of the drying process), the flows of solids and air 
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follow a plug flow model, diffusion and dispersion through the axial direction is not considered, 
back-mixing, potential and kinetic energy are neglected. The model is given by the following set of 
ordinary differential equations: 𝑑𝑋𝑑𝑍 = −𝑅𝑀𝑆  (1)

𝑑𝑌𝑑𝑍 = 𝑅𝑀𝐺  (2)

𝑑𝑇௦𝑑𝑍 = − −𝑄 − 𝜆𝑅𝑀𝑆൫𝐶௉ௌ + 𝑋𝐶௉௟௪൯ (3)

𝑑𝑇௚𝑑𝑍 = 𝑄 + 𝐶௉ௐ𝑅𝑀൫𝑇௦ − 𝑇௚൯𝐺൫𝐶௉஺ + 𝑌𝐶௉ௐ൯  (4)

where 𝑍 is a dimensionless normalized length of the rotary dryer drum (i.e., 0 ≤ 𝑍 ≤ 1) defined as 𝑍 = 𝑥/𝐿 where 𝐿 is the length of the drum, whereas 𝑥 is the coordinate indicating the direction of 
both solid and air flows. In addition, 𝑋, 𝑇௦ denote the solid moisture (kg water/kg dry solid) and 
temperature in the solid whereas 𝑌 and 𝑇௚ represent the air absolute humidity (kg water/ kg dry 
air) and temperature of the air. Boundary conditions of the model are denoted by 𝑋ை, 𝑇௦ை, 𝑌ை, and 𝑇௚ை. Besides, 𝑅 is the drying rate or kinetics, 𝑀 is the dryer total load which is computed as 𝑀 = 𝜏𝑆 
(𝜏 is the average residence time and 𝑆 is the dry solid mass flow rate), 𝐺 is the dry air mass flow 
rate, 𝑄 is the internal heat transfer rate, 𝜆 is the latent heat of vaporization, 𝐶௉ௌ, 𝐶௉௟௪, 𝐶௉஺ and 𝐶௉ௐ 
are specific heats of the dry solid, of liquid water, of dry air and of water vapor, respectively. 

2.2.2. Case Study: Ammonium Nitrate Plant 

Abbasfard et al., (2013) [15] proposed a mathematical model with a similar structure than that 
described by equations (1) - (4) to describe the drying process of 650 metric tons/day of ammonium 
nitrate in a rotary dryer. For this process, the model was validated with the following drying kinetics: 𝑅 = 𝑘൫𝑋 − 𝑋௘௤൯ (5)

where 𝑘 (with units of min-1) is the drying constant and 𝑋௘௤ is the equilibrium moisture content 
calculated as: 𝑘 = 0.0349𝑒ି଻.ଽହ೒்  (6)

𝑋௘௤ = Φሺ𝑎Φଶ + 𝑏Φ + cሻ (7)

where 𝑎 = 2.39𝑥10ି଺ሺ0.987 ೒்ሻ൫𝑇௚ି ଴.଼ଷଶ൯ (8)𝑏 = −5.76𝑥10ିହ + 1.306𝑥10ି଺𝑙𝑛൫𝑇௚൯ (9)𝑐 = 0.9715(1.024 ೒்)൫𝑇௚ି ଶ.ଷଵ൯ (10)

where Φ is air relative humidity. In this paper, Φ was computed as Φ = ௉௉ೞೌ೟ ଵబ.లమమೊ ାଵ where 𝑃 is the 

operating pressure (assumed as 101325Pa, the atmospheric pressure) and 𝑃௦௔௧  is the saturation 

pressure for water obtained from the following equation 𝑃௦௔௧ = ௘௫௣ቈయర.రవరష రవమర.వవ೅೒శమయళ.భ቉൫ ೒்ାଵ଴ହ൯భ.ఱళ  that was proposed 

by Huang [16].  

2.2.3. Case Study: Low-Rank Coal (LRC) 
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The drying of LRC was addressed using the same mathematical model defined by equations (1) 
- (4) except that in this case the parameters 𝑘 and 𝑋௘௤ of the drying rate 𝑅 were obtained as follows. 
First, the drying rate can be related to the decrease of the moisture content along the time with the 
expression −𝑑𝑋𝑑𝑡 = 𝑅 (11)

Considering equation (5), the previous equation takes the following form −𝑑𝑋𝑑𝑡 = 𝑘൫𝑋 − 𝑋௘௤൯ (12)

Then, equation (12) can be integrated resulting in 𝑙𝑛 ቈ 𝑋 − 𝑋௘௤𝑋ை − 𝑋௘௤቉ = −𝑘𝑡 (13)

where 𝑋ை is the moisture content at the beginning of the drying for a certain experiment. On the 
other hand, Rong et al., (2016) evaluated the dynamics of the moisture content in LRC at 101kPa 
under different air temperatures (𝑇௚= 64.85 °C, 𝑇௚= 99.85°C and 𝑇௚= 149.85°C) and they were gathered 
in Figure 2 with the software WebPlotDigitalizer [17]. 

 

Figure 2. Dynamics of the moisture content of LRC at 101kPa (extracted from Rong et al. [17]). 

For each 𝑇௚, an arbitrary value for 𝑋௘௤ can be assumed to plot a graph with 𝑙𝑛 ൤ ௑ି௑೐೜௑ೀି௑೐೜൨ on the 

y-axis and time on the x-axis. From such a graph, the slope corresponding to 𝑘  (as defined in 
equation (13)) and the coefficient of determination or R-squared (𝑅ଶ) can be obtained. This procedure 
was optimized to maximize 𝑅ଶ yielding the values described in Table 1. 

Table 1. Optimized values for 𝑘 (with units of min-1) and 𝑋௘௤ for the drying of LRC at 101kPa. 𝑻𝒈 (°C) 𝒌 (𝒎𝒊𝒏ି𝟏) 𝑿𝒆𝒒 ቆ 𝒌𝒈𝒘𝒂𝒕𝒆𝒓𝒌𝒈𝒅𝒓𝒚 𝒔𝒐𝒍𝒊𝒅ቇ 

64.85 0.011827 0.135 
99.85 0.024813 0.119 
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149.85 0.057254 0.105 

Finally, 𝑘 and 𝑋௘௤  were fitted to an exponential expression and to a linear expression with 
respect to 𝑇௚, respectively resulting in 𝑘 = 3.7092𝑥10ିଷ𝑒ଵ.଼ସଶ଼଼௫ଵ଴షమ ೒் (14)𝑋௘௤ = −3.47945𝑥10ିସ𝑇௚ + 1.56149𝑥10ିଵ (15)

It was decided to fit 𝑘 to an exponential expression of 𝑇௚ because that is a standard practice 
(see equation (6)) whereas 𝑋௘௤  was fitted to a linear expression of 𝑇௚  in order to give a simpler 
alternative than those usually considered (see equation (7)). 

3. Results 

3.1. Description of VR Environment 

The integration of each one of the rotary dryer components described in Figure 1 into a VR 
environment was made in Unity 3D with an Alienware Aurora R8 Gaming Desktop Computer 
designed for virtual reality (3.2GHz Intel Core i7-9700, 16GB, NVIDIA GeForce RTX 2060) (see Figure 
3). A conveyor belt (not shown in Figure 1) was also designed and included as an element to transport 
the solid to be dried from the feeding cover towards the digital rotary dryer.  

 
Figure 3. Integration of the rotary dryer components into a single VR environment using Unity 3D. 

Control panel 1 was equipped with digital displays for the temperature of the air, moisture 
content of the solid at the inlet of the dryer (i.e., the boundary conditions 𝑇௚ை and 𝑋ை), velocity of 
the air (𝑣଴) (which is directly related to the mass flow of the air or 𝐺, see Table 3) and rotary dryer 
drum speed (in rpm). Control panel 1 also has on-off buttons, an emergency stop or E-stop button 
and a selector switch for the drum’s rotation. Besides, control panel 2 has a couple of digital displays 
to register the solid that is being dried (between ammonium nitrate or LRC) and the number of solid 
particles that can be generated from the feed hopper in the VR environment. It was decided to show 
how the drying occurs in the solid using solid particles (See Figure 6b) instead of dust-type particles 
since they allow for easier manipulation and more effective interaction control in VR environments. 
In this sense, each solid particle has the same value for temperature and moisture content at the inlet 
of the dryer and these values will change according to the mathematical model and drying kinetics 
along the dryer drum. Control panel 2 also includes a button to initiate the feeding of solids. 
Components of Control panel 1 and 2 are described in Figure 4a-b. The VR environment for the digital 
rotary dryer was enriched with laboratory workbenches on which a virtual thermometer for the solid, 
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a virtual moisture content meter for the solid and a virtual shovel were placed (see Figure 5a-b). The 
shape of the virtual thermometer and the moisture content meter were inspired by common IR 
thermometers and by common portable moisture meters, respectively. 

  
(a) (b) 

Figure 4. (a) Control panel 1 components. Digital displays: inlet air temperature (𝑇௚ை), inlet air speed or velocity 

(𝑣ை), inlet material moisture (𝑋ை) and rotary dryer drum speed in rpm. Buttons: E-stop, turn on/off for the 
induced draft fan, burner and rotation of the drum, selector switch to change the drum’s rotation; (b) Control 
panel 2 components. Digital displays: material selection (ammonium nitrate or LRC) and number of solid 
particles to be dried. Button: Activates the solid feed system. 

  
(a) (b) 
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Figure 5. Additional elements of the VR environment for the digital rotary dryer located on laboratory 
workbenches. (a) Temperature and moisture content meters for solid; (b) Shovel. 

  

(a) (b) 

  
(c) (d) 

Figure 6. Interaction in the VR environment (a) solid particles displacement with the shovel and (b) single 
particle displacement; (c) Temperature and (d) moisture content measurement with virtual thermometer and 
virtual moisture content meter. 

3.2. Interaction in the VR Environment 

An Oculus Quest all-in-one VR gaming system headset (128GB, model MH-B) and a pair of 
Oculus Touch Controllers (MR-BR, Right and MI-BL, Left) were selected as the head-mounted 
display (HMD) to interact in the VR environment containing the digital rotary dryer. Through this 
HMD it is possible to increase or to decrease 𝑇௚ை , 𝑋ை , 𝑣ை  and the rotary dryer drum speed by 
selecting the up or down arrow key in the digital displays of Control Panel 1. All these variables can 
also be set to their nominal (arbitrary) values by selecting the set button. It is also possible to turn on 
or turn off the burner or the induced draft fan, to activate the E-stop button or to change the drum 
rotation in the corresponding buttons placed in Control Panel 1. Interaction also occurs when the type 
of solid to be dried and the number of solid particles are using the digital displays on Control Panel 
2 or when the “start” button is pressed in the same panel. 

Using the HMD, users can also interact with the proposed environment by picking up the virtual 
shovel to manually guide solid particles from the feed hopper to the conveyor belt. Users can also 
interact with solid single particles from the hopper, placing them directly into the rotary dryer (see 
Figure 6a-b). Besides, the temperature and moisture of the solid particles at the inlet of the rotary 
dryer can be monitored using the thermometer and the moisture meter placed on the laboratory 
workbenches by pointing them directly to the solid (see Figure 6c-d).  

Transport of solid particles along the rotary dryer can be also visualized with the help of the 
HMD and they can be extracted at any point along from the dryer drum to analyze their temperature 
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and moisture content. Variations in the color of the solid particles depending on the point from which 
they have been extracted from the drum (i.e., related to their temperature and moisture content) are 
also included as a part of the VR experience (see Figure 7a-c and Supplementary material) 

  

(a) (b) 

 

(c) 

Figure 7. Interaction in the VR environment (additional details): (a) Internal view of the rotary dryer drum; (b) 
Solid particles removal along the dryer drum; (c) Color variations of the solid particles from the dryer’s inlet 
(left) to its outlet (right), respectively. 

3.3. Expansion of the VR Environment 

Interaction in the VR environment through the HMD is limited to one person. In order to expand 
the VR environment to multiple people, a physical space or virtual cellar at the Chemical Engineering 
Laboratory of the Universidad Autónoma de Guadalajara in México was set up with 4 projectors 
(Epson Home Cinema 2500 ANSI Lumens, V11H852020) supported in the roof and connected to the 
Alienware Aurora desktop computer and the HMD both remaining outside the virtual cellar (see 
Figure 8a-c). Therefore, the VR environment was controlled by one person outside the virtual cellar 
(generally a teacher) while the rest of the people (generally students) can experience the VR 
environment inside the virtual cellar. 

  

(a) (b) 
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(c) 

Figure 8. Expansion of the VR environment. (a) Virtual cellar at Chemical Engineering Laboratory of the 
Universidad Autónoma de Guadalajara (México); (b) HMD outside the virtual cellar; (c) VR environment 
experience inside the virtual cellar. 

3.4. Simulation Results for Case Studies 

The mathematical model for the industrial rotary dryer was solved in Matlab using the fourth-
order Runge-Kutta method (RK4) for each one of the case studies considering their corresponding 
drying kinetics. In both cases, the following expressions for Q and were considered. First, Q was 
computed with the equation  𝑄 = 𝑈஼ீ௏ ∗ 𝑉 ∗ (𝑇௦ − 𝑇௚) where 𝑉 is the dryer volume (i.e., 𝑉 = 𝐴 ∗ 𝐿) 
and 𝑈஼ீ௏ is the global volumetric heat transfer coefficient that can be computed with 𝑈஼ீ௏ = 0.394 ∗ቀ஺ீቁ଴.ଶ଼ଽ ∗ ቀௌ஺ቁ଴.ହସଵ

 where 𝐴 is the dryer cross-sectional area. This expression has been derived by 
Arruda (2006) and is generally accepted for industrial rotary dryers [18]. Besides, 𝜆 was computed 

with the following model proposed by Watson (1943) 𝜆 = 𝜆ଵ ∗ ቂ்಴ି ೞ்்಴ି భ்ቃ଴.ଷ଼
 where 𝜆ଵ is the latent heat 

of vaporization at temperature 𝑇ଵ whereas 𝑇஼ is the critical temperature. In this work, the following 
values were considered for water: 𝜆ଵ=2257.06KJ/Kg at 𝑇ଵ=100°C and 𝑇஼=374.14°C [19].  

On the other hand, the heat capacities for air and water as a vapor were computed from the 
following equation proposed by NASA (1971) 𝐶௉೔ = ோതெெ಺ ൫𝛼௜ + 𝛽௜ ∗ 𝑇௚ + 𝛾௜ ∗ 𝑇௚ଶ + 𝛿 ∗ 𝑇௚ଷ + 𝜀 ∗ 𝑇௚ସ൯ 
where 𝑖 = 𝐴 or 𝑊 (Air or water), 𝑀𝑀ூ is the molar mass of the 𝑖-th species and while parameters 
are depicted in Table 2 [20]. 

Table 2. Parameters for the heat capacities of air and water. 

Gas 𝜶𝒊 𝜷𝒊𝒙𝟏𝟎𝟑 𝜸𝒊𝒙𝟏𝟎𝟔 𝜹𝒊𝒙𝟏𝟎𝟗 𝜺𝒊𝒙𝟏𝟎𝟏𝟐 𝐴 = Air 3.653 -1.337 3.294 -1.913 0.2763 𝑊 = Water 4.070 -1.108 4.152 -2.964 0.8070 

In addition, the heat capacities for liquid water and for the solids were considered constants with 
the following values 𝐶௉೗ೢ=4.18KJ/(kg°C) and 𝐶௉ௌ= 1.56KJ/(kg°C) for the ammonium nitrate and 𝐶௉ௌ 
= 1.3KJ/(kg°C) for the LRC. Finally, the rotary dryer drum speed was set at 3 rpm. Given the 
characteristic lengths of the rotary dryer (i.e., 18m length, 3.324m inside diameter and 0.025m/m 
slope) this leads to an average residence time of 30min (i.e., = 30min) (Abbasfard et al., 2013). The 
boundary and operational conditions depicted in Table 3 were considered to obtain the simulation 
results shown in Figures 9 and 10 for the nitrate plant and for the LRC case studies, respectively. 
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Table 3. Operational conditions. 

Boundary and operational conditions 
Case study: 
Ammonium  

Nitrate Plant 

Case study:  
Low-rank coal  

(LRC) 𝑇௦ை 33°C 𝑋ை1 0.11 0.32 𝑇௚ை1 77°C 𝑌ை 0.002 
Velocity of wet air  

at the inlet (𝑣଴) 1 3m/s 

Dry air mass flow rate (G)  
in kg/min 

𝐺 = 60 𝑣଴𝐴𝜌1 + 𝑌ை 𝜌 = 𝑀𝑀஺௏𝑃𝑅𝑇௚ை  𝑀𝑀஺௩ =  𝑀𝑀஺௜௥ ∗ 11 + 𝑌ை + 𝑀𝑀ௐ௔௧௘௥ 𝑌ை1 + 𝑌ை 

Wet solid flow rate (𝑆௪௘௧) 5Kg/s 

Dry solid flow rate (𝑆) in kg/min 𝑆 = 60 ∗ 𝑆௪௘௧1 + 𝑋ை 

Total load (𝑀) in  
kg of dry solid  

𝜏𝑆 

1 These variables could be modified in the digital displays of Control Panel 1. 

  
(a) (b) 

Figure 9. Simulation results for the ammonium nitrate plant case study. (a) Temperature of both solid (𝑇௦) and 
air (𝑇௚) through normalized dimensions length of the rotating drum dryer (𝑍); (b) Moisture content of both solid 
(𝑋) and air (𝑌) through normalized dimensions length of the rotating drum dryer (𝑍). 
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(a) (b) 

Figure 10. Simulation results for the LRC plant case study. (a) Temperature of both solid (𝑇௦) and air (𝑇௚) through 
the dimensionless normalized length of the rotating drum dryer (𝑍); (b) Moisture content of both solid (𝑋) and 
air (𝑌) through the dimensionless normalized length of the rotating drum dryer (𝑍). 

4. Discussion 

4.1. On the Behavior of the State Variables 

For both case studies, temperature of the air (𝑇௚) decreases along the dryer drum. This can be 
explained due to mass and energy interactions of the air with a solid which has a lower temperature. 
Regarding the temperature of the solid an increase is observed in both cases. Nevertheless, in the 
ammonium nitrate drying, the temperature of the solid (𝑇௦) reaches a maximum around 𝑧=0.2 while 
in the case of LRC drying, temperature of the solid also reaches a maximum but this occurs after 𝑧=0.2. This different behavior can be attributed to the different parameters in the drying kinetics of 
the ammonium nitrate and LRC. The influence in drying kinetics is also shown in the behaviour of 
the solid moisture (𝑋) along the dryer drum. Although in both case studies 𝑋 decreases as expected, 
the decrease is noticeably faster for ammonium nitrate than for LRC. Notice that water lost by the 
solids is absorbed into the air, as shown by the increase in the absolute humidity of air (𝑌) in both 
drying cases. 

4.2. Enhancing the VR Environment 

The development of equipment in VR environments is generally focused on improving visual 
aspects leaving aside behavioral realism. In this contribution, whilte the visual features of the digital 
rotary dryer in the VR environment were addressed, equal attention was given tu accurately 
representing the behavioral aspects of the dryer. To enhance the realism of the digital dryer, the 
mathematical model described by equations (1-4), their corresponding drying kinetics depending on 
the case study and the numerical method to solve the model (i.e., RK4) were transferred from Matlab 
into Unity 3D. This transfer represented a technical challenge because the programming language in 
Matlab (M-Code) that combines C, Fortran and Python characteristics is different than that used by 
Unity 3D which is C#. The challenge was overcome by using Visual Studio Code as translator of the 
M-Code to C#. Then, it can be said that the proposed VR environment for the industrial rotary dryer 
is enhanced in comparison to most available VR environments as one of its main components, the 
digital dryer, is governed by a validated mathematical model. This feature of the VR environment is 
present in the measurements recorded by the virtual thermometer and by virtual moisture content 
meter that correspond to the numerical values of Ts and X, respectively that are produced by the 
integrated mathematical model. At this point, it is important to remark that 2 different VR 
environments were developed, one for each case study. The VR environments are identical in in terms 
of visual aspects but they differ from each other in their behavioral aspects because they are governed 
by different drying kinetics. 

Finally, two examples are given to illustrate enhancements of the VR environments. First, the 
VR environment for ammonium nitrate is launched. In this case, solid samples are extracted along 
the dryer drum at the following positions z=0, 0.25, 0.5, 0.75 and 1 and are placed over a virtual 
workbench. When the virtual thermometer and is pointed at the sample located at z=0.75, a 
temperature of 54.91°C is recorded (see Figure 11a). This value clearly corresponds to the one shown 
in Figure 9 for Ts at z=0.75. Next VR environment for LRC is launched. Similarly solid samples are 
also extracted at the same z positions and placed on a virtual workbench. In this case, the moisture 
content meter is taken and is pointed at the sample located at z=0.75 yielding a moisture content of 
0.27 (see Figure 11b). This value corresponds to that for X at z=0.75 in Figure 10. Taken together, these 
examples demonstrate that the values generated for Ts and X in the VR environments are consistent 
to those provided by a validated mathematical model. 
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(a) (b) 

Figure 11. Recordings of virtual devices governed by mathematical modelling. (a) Record of Ts with the virtual 
thermometer (case study ammonium nitrate); (b) Record of X with the virtual moisture content meter for (case 
study LRC). 

5. Conclusions 

A couple of VR environments for the drying of ammonium nitrate and LRC in industrial rotary 
dryers were developed in Unity 3D. These environments provide, through digital devices, numerical 
values for temperature and moisture content of the solid to be dried. These values were obtained 
from the numerical integration of mathematical models with validated drying kinetics for the 
corresponding case studies. As a result, the proposed VR environments could serve not only as 
visualization platforms but also as impactful training systems for people dealing with industrial 
rotary dryers, as they are able to replicate real-world behavior using mathematical modelling 
techniques. The VR environments have been officially registered in Mexico (through INDAUTOR) 
under the following number: 03-2023-050410553100-01. The methodology proposed in this 
contribution could be expanded for the design of other virtual equipment particularly those whose 
real versions can also be depicted by validated mathematical models. In this sense, future work will 
focus on incorporating mathematical models using time as a state variable in order to provide real-
time responses in the VR environment. 

Supplementary Materials: The VR environment for the rotary dryer can be explored through a video at the 
following link https://youtu.be/O8ud7s-KMwo. 
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The following abbreviations are used in this manuscript: 

VR Virtual Reality 
LRC Low Rank Coal 
HMD Head Mounted Display 
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