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Abstract— To reuse treated wastewater, water quality must be improved. Adsorption is a simple, cost-effective method for 

eliminating toxicities and poisnous anions. The adsorbent's features and properties determine the method's effectiveness. This 

research examines the adsorption of carbonate and sulphate anions onto plantain peels modified with 2-amino-4,6-

dihydridoxypyrimidine. Characterization was done using SEM, XRD, and FTIR. UV-visible spectroscopy was used to measure 

initial and equilibrium concentrations, and Langmuir and Fremdliuch isotherms were used to analyze the data. The best 

parameters for adsorbing 150 mg/L CO3
2- and SO4

2- were: pH 2, and 4, 0.8 g adsorbent, 120 min contact time, and 330 K 

temperature. Kinetic study used pseudo-first-order reaction equations, and both ion uptake processes followed pseudo-first-

order rate expression. ΔG (-3.772 kJ/mol) for CO3
2- and ΔG (-3.047 kJ/mol) for SO4

2- were negative, and ΔH (-22.04 kJ/mol) 

and (-39.92 kJ/mol) were also negative, indicating the adsorption process was feasible, spontaneous, and exothermic. Modified 

plantain peels had high adsorptivity and were a cost-effective adsorbent for CO3
2- and SO4

2- from aqueous solutions. 

Keywords— 2-amino-4,6-dihydridoxypyrimidine, Anions, Isotherm, Plantain peels, Thermodynamic. 

I. INTRODUCTION 

Toxic anions polluting groundwater is a global problem endangering drinking water. Excessive use and discharge of 

phosphorus, nitrogen, and sulphur compounds raise nutrient levels in surface and groundwater. When toxic metals enter the 

environment, metal ions accumulate in humans through direct ingestion or food chains. Water is a fundamental resource for 

humanity, and its protection is essential for present and future societies. Human activities, like industrial practices, domestic 

waters, and agricultural uses (e.g. fertilizers, compost, wastewater treatment effluent) often contaminate water with nitrate, 

sulphate, and phosphate[1]. Recent technological and economic developments are creating toxic pollutants in the different 

sources of natural water and this is constituting a major hazard to human health [3]. With over 1.2 billion people lacking access 

to clean, unpolluted, and safe drinking water, water-related issues especially as regards the ever-increasing water scarcity and 

water pollution remains one of the most topical issues of environmental [2]. Higher levels of sulfate in drinking water lead to 

its bitter taste and digestive problems as well as corrosion of sewer pipes in addition to causing problems in the anaerobic 

wastewater treatment processes [4]. 

Improving water quality is essential for wastewater reuse. Health risks must be taken into account, which could lead to stricter 

water quality standards [5]. Common mercury removal techniques include adsorption [6], ion exchange, flocculation, and 

ultrafiltration. Adsorption is a simple, adaptable, and established technique for removing heavy metals, including mercury, 

from industrial wastewater [7]. It is cost-effective and does not require advanced technology. Deep filtration, macro-filtration, 

and adsorption can remove some toxic anions, while disinfection eliminates the rest [7]. 

Wastewater purification using adsorption is a simple, economical way to remove toxins and metals. The adsorbent's features 

and properties determine the method's effectiveness. Adsorption isotherm is the fundamental concept in adsorption. 

Equilibrium between pressure/concentration in the bulk fluid phase and adsorbed quantity is known as adsorption. Banana peel 

and its modified forms are cost-effective and widely available, making them popular adsorbents for wastewater treatment (5-
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6). Cellulosic agricultural waste, such as banana peel, is abundant, cheap, and can remove heavy metals from wastewater. It 

has been demonstrated to have a high capacity for heavy metal removal[9]. 

Several studies have explored the adsorption of heavy metals onto solid surfaces for separation and pre-concentration of 

complex mixtures, single elements, and series [10]. Reverse osmosis and filtration are expensive for developing countries like 

Nigeria, so low-cost adsorbent materials are needed to remove anions and heavy metals globally [11]. 

Thus, this research is, therefore, an inclusive part of the ongoing process of developing an alternative technology for utilizing 

cheap plantain peels modified with 2-amino 4,6-dihydroxylpyrimidine (ligand) to study the kinetics, equilibrium, and 

thermodynamics of adsorption of carbonate (CO3
2-) and sulphate (SO4

2-) anion on modified plantain peels. 

II. MATERIALS AND METHODS 

2-amino-4,6-dihydroxylpyrimidine (ligand) was obtained from Sigma Aldrich, India. All other reagents were of analytical 

grade. Plantain peels were bought from a local market in Ajah, Lagos Island, Nigeria. Deionized water was used throughout. 

2.1 Preparation of Modified Biosorbent 

1.5 g of the ligand was dissolved in 1000ml sodium hydroxide and stirred until colorless. Samples of 5 g, 10 g, and 25 g were 

weighed and mixed with 50ml, 70ml, and 100ml of ligand respectively. The mixtures were shaken for 70 hours to ensure the 

ligand was well adsorbed by the plantain peels. The reaction process is as follows: 

 
FIGURE 1: Reaction between plantain peel and the ligand 

 

FIGURE 2: Organogram for sample preparation and quantification 
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FIGURE 3: (a, b, c, and d): Dried plantain peels, pulverized plantain peel, modified plantain peel on shaker, 

and dried modified plantain peel respectively. 

2.2 Adsorption Kinetics 

Adsorption kinetics offers insights into the adsorbent's service time, adsorption mechanisms, and adsorption-adsorbent 

interactions. However, choosing appropriate models for sorption data analysis is challenging due to the plethora of kinetic 

models. The adsorption kinetic was studied at 25 0C using 0.2 g in 100 mL solution at 100 mg/L, sampled at intervals until 150 

min. UV-Vis spectrophotometry at 800 nm and 420 nm determined the final carbonate and sulphate concentrations. Equation 

(1) calculated the adsorption capacity. 

qt = 
𝐶𝑖−𝐶𝑓 

𝑚
 × 𝑉             (1) 

Where qt is the adsorption capacity at time t, Ci and Cf are the initial and equilibrium concentration respectively, in mg/ L, V is 

the volume of the solution and m is the mass of the adsorbent in g 

The kinetics of adsorption can be described by different models, some of which include: 

Pseudo-first order Lagrange model considers the rate of change that occurs in the uptake of adsorbate at a particular reaction 

time to be directly proportional to the difference in the concentration and rate at which the adsorbate is removed with time. The 

model is represented by the equation below:  

𝑑𝑞𝑡

𝑑𝑡
 = Kt (qe - qt)             (2) 

The integral form is given as; 

Log (qe-qt) = Log (qe) - (
𝐾𝑡

2.303
)t           (3) 

Where qe (mg/g) is the adsorption capacity of the adsorbent at equilibrium. 

Qt (mg/g) is the adsorption capacity of the adsorbent at time, t. 

Kt (per min) is the rate constant for pseudo-first-order adsorption. 

The plot of Log (qe-qt) versus t gives a relationship that is linear from which Kt and qe can be determined from the slope and 

intercept of the plot. 

Pseudo-second-order kinetics: The pseudo-second-order model proposes that the rate of adsorption is proportional to the square 

of the concentration of the adsorbate on the surface. This model takes into account the possibility of a two-step adsorption 

process, involving chemisorption or strong physical adsorption [13]. It provides a better fit for adsorption processes where the 

initial concentration is closer to the equilibrium concentration. The model assumes that one metal ion is adsorbed onto two 

sorption sites on the adsorbate surface. The PSEUDO-SECOND ORDER linear expression is given as: 

𝑡

𝑞
=

1

𝐾2𝑞𝑒
2 +  

1

𝑞𝑒
𝑡             (4) 

2.3 Adsorption Isotherm 

Freundlich and Langmuir models are two of the most popular adsorption isotherm models for activated carbon in water and 

wastewater treatment [14]. They describe the relationship between adsorbate concentration and adsorbent loading. This 

research studied adsorption isotherm models. Adsorption is a process where adsorbate and adsorbent come into contact and 
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equilibrium isotherm is established when the adsorbate concentration in the solution is balanced with the interface 

concentration [15]. The Langmuir isotherm, for monomolecular adsorption, is: 

𝑞𝑒 =  
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿
             (5) 

The linearized form of the equation is given as: 

𝐶𝑒

𝑄𝑒
=  

1

𝑞𝑚𝐾𝐿
+ 

𝐶𝑒

𝑞𝑚
            (6) 

Where Ce is the equilibrium metal concentration, KL and qm are the Langmuir constants related to maximum adsorption 

capacity (mg/g), and the relative energy of adsorption (1/mg) respectively. 

The Freundlich Isotherm Model is another approach that is used for the description of the multilayer and heterogeneous 

adsorption of molecules to the adsorbent surface. This model is demonstrated by the equation:  

Ln𝑞𝑒 = Ln𝐾𝑓 + 
1

𝑛
𝐿𝑛𝐶𝑒            (7) 

Where qm (mg/g) represents the amount of adsorbed molecules to the adsorbent surface at any time, Ce (mg/L) is the 

equilibrium concentration, Kf (mg/g) indicates the adsorption capacity of the adsorbent towards the adsorbate and n is an 

indicator for the degree of homogeneity and describes the distribution of the adsorbed molecules on the adsorbent surface. A 

value of n higher than 1, indicates a favorable adsorption of the molecules onto the adsorbent surface. A value of higher n 

reflects the higher intensity of adsorption. 

2.4 Thermodynamic studies 

Thermodynamic parameters are very important for adsorption studies, indicating the spontaneity of the adsorption process[17]. 

The negative value of Gibb’s free energy change (ΔG°) for a given temperature indicates the spontaneity of the adsorption 

process[18]. Among the parameters, Gibb’s free energy change (ΔG°) was calculated using Equation (8): 

ΔG° = −RT lnKa            (8) 

While the change in enthalpy (ΔH°) and change in entropy (ΔS°) were determined using the Equation, 

lnKa = 
∆𝑆°

R
 - 

∆𝐻°

𝑅𝑇
            (9) 

Where R is the gas constant (8.314 J/mol K), T is the temperature in Kelvin (K) and, Ka is the Langmuir constant. 

III. RESULTS AND DISCUSSIONS 

3.1 Fourier Transform Infrared Spectroscopy (FTIR) 

 

FIGURE 4: FTIR image for modified plantain peel. 
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FTIR spectrum of modified plantain peel was recorded to identify functional groups coordinating with ions. Figure 4 shows 

the FTIR spectrum of 1.30 mm size mesh dried plantain peels. The broad band at 3328 cm -1 indicates O-H stretching of 

carboxylic acid. The 2920 cm-1 band indicates C-H stretching of alkane, 1639 cm-1 is C=N imine stretching, and 1033 cm-1 is 

C-O stretching of primary alcohol. The 1639 cm-1 peak confirms ligand presence, indicating modification of plantain peels. 

3.2 Scanning Electron Microscope (SEM) 

 

 
FIGURE 5: (A-D and E-H): SEM images of sieved and unsieved plantain peels before adsorption (A-D and 

E-H, respectively) 
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The Scanning electron microscope (SEM) was used to analyze the adsorbate's surface morphology before and after adsorption. 

Figure 5 displays the results with a different scale bar. SEM also showed the toxic anions adsorbed onto the modified plantain 

peels. The results showed the adsorbent material's surface morphology, which affects adsorption capacity and efficiency due 

to features like pore size, cracks, and roughness. 

3.3 X-ray Diffraction (XRD) 

 

FIGURE 6: XRD image For Pulverized Sieved Plantain Peels 

 

FIGURE 7: Shows XRD For Pulverized Unsieved Plantain Peels 

 

FIGURE 8: Shows XRD For Pulverized Sieved Residue Plantain Peels 
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The XRD graph displays the minerals in pulverized sieved, unsieved, and sieved residue. The main minerals are whewe elites, 

quartz, aqua nickel chlorate, and nickel chlorate hydrate (Table 1). The pulverized sieved (Figure 7) and sieved residue (Figure 

8) have the highest peak of 1600 with aqua nickel hydrate, while the unsieved (Figure 8) has quartz with the highest peak. The 

most common peak in the three samples was whewellite syn.  

TABLE 1 

XRD MINERAL PHASES IN PULVERIZED SIEVED, UNSIEVED, AND SIEVED RESIDUE PLANTAIN PEEL 

Mineral Phase Formula Number 

WhewelliteSyn C2CaO4.H2O / CaO4.H2O 00 – 020 – 0231 

Quartz SiO2 01 – 083 – 0539 

Nickel chlorate hydrate Ni(ClO3)2.6H2O 00 – 016 – 0195 

Aqua nickel chlorate (Ni(H20)6 (ClO3) 01 – 079 – 1895 

 

3.4 Adsorption Equilibrium Studies: 

3.4.1 Equilibrium Studies on the Effect of Contact Time: 

The adsorbent capacity was studied considering the contact time of the solution at the solid/liquid interface. Contact time is an 

important factor in batch adsorption. Figure 10 shows that the removal efficiency of carbonate and sulphate ions onto the 

functionalized plantain peel adsorbent increases rapidly in the initial adsorption stage (30-150 min), then slowly until 

equilibrium is reached after 120 min. 

 

FIGURE 9: Effect of contact time on carbonate and sulfate removal unto functionalized plantain peel 

3.4.2 Equilibrium Studies on the Effect of pH 

The impact of pH on adsorbate removal (CO3
2- and SO4

2-) by modified plantain peel was studied, as shown in Figure 11. The 

highest capacities occurred between pH 2 and 4. In acidic conditions, H+ in the solution increased, making the sorbent surface 

positively charged, facilitating adsorption of negative anions [19]. The maximum removal of CO3
2- and SO4

2- was 89% and 

83% respectively, possibly due to the electrostatic attraction between the acidic proton and the anions. 
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FIGURE 10: Effect of pH of carbonate and sulfate removal unto functionalized plantain peel. 

3.4.3 Equilibrium Studies on the Effect of Concentration 

Carbonate and sulphate concentrations effect on adsorption rate was studied at pH 4, 29 ºC, and 120 min contact time in the 

range (50-250 mg/L). Figure 12 showed that 150 mg/L had the highest adsorbate removal, reaching equilibrium. The low 

concentration ratio of initial CO3
2- and SO4

2- ions to fixed sites caused more substances to occupy the interlayer space, reducing 

ion removal. The highest CO3
2- and SO4

2- removal was 90% and 68% with functionalized plantain peel, respectively. 

 

FIGURE 11: The effect of the concentration of carbonate and sulfate removal on unfunctionalized plantain 

peel 

3.5 Adsorption Kinetic Studies 

The adsorption kinetics of the adsorption experiments were determined by the pseudo-first-order reaction. The contact time 

ranges from 30-150 min. the result in Figures 13, and 14 indicate that the experimental data for this study was fitted for a 

pseudo-first-order kinetic model due to the R2 value that is closer to the unity. 
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FIGURE 12: Pseudo-first-order kinetics plot for 

CO3
2- 

FIGURE 13: Pseudo first-order kinetics plot for 

SO4
2- 

3.6 Adsorption Isotherm Studies 

Equilibrium data for adsorption are generally known as adsorption isotherms. In this research, two (2) isotherm models were 

used: the Langmuir and Frenunlich isotherms applying equations (8) and (10) respectively. Various constants of the models 

are also calculated and shown in table 2 and 3. 

  
FIGURE 14: Langmuir adsorption isotherm for CO3

2- FIGURE 15: Freundlich adsorption isotherm for CO3
2- 

  
FIGURE 16: Langmuir adsorption isotherm for SO4

2- FIGURE 17: Freundlich adsorption isotherm for SO4
2- 
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TABLE 2 

ISOTHERM CONSTANTS FOR CO3
2- ADSORPTION 

Langmuir Values Freundlich Values 

Qm (mg/L) 1.867 Kf (mg/Kg) 4.231 

K1 (L/mg) 0.311 N 0.145 

R2 0.987 R2 0.928 

Rl 0.06   

 

TABLE 3 

ISOTHERM CONSTANTS FOR SO4
2- ADSORPTION 

Langmuir Values Freundlich Values 

Qm (mg/L) 1.662 Kf (mg/Kg) 3.426 

K1 (L/mg) 0.421 N 0.115 

R2 0.937 R2 0.818 

Rl 0.05   

 

3.7 Thermodynamic Parameters 

The results of the various thermodynamic parameters for the adsorption of CO3
2- and SO4

2- ions are shown in Table 4 and 5 

below: 

 
FIGURE 18: Thermodynamics plot for CO3

2- 

 

FIGURE 19: Thermodynamics plot for SO4
2- 
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TABLE 4 

THERMODYNAMIC PARAMETERS FOR CO3
2- ADSORPTION 

T(K) LnK ∆G (KJ/mol) ∆H (KJ/mol) ∆S (J/mol/K) 

299 1.115 -2.772   

309 0.723 -1.857   

319 0.879 -2.331   

329 1.379 -3.772 -22.04 -63.362 

339 0.900 -2.537   

 

TABLE 5 

THERMODYNAMIC PARAMETERS FOR SO4
2- ADSORPTION 

T(K) LnK ∆G (KJ/mol) ∆H (KJ/mol) ∆S (J/mol/K) 

299 1.875 -4.661   

309 1.186 -3.047 -39.92 -117.219 

319 0.765 -2.029   

329 0.078 -0.213   

339 0.0282 -0.079   

 

IV. CONCLUSION 

Research showed modified natural adsorbents can remove anion pollutants from water, with effectiveness depending on 

adsorbent dose, temperature, concentration, pH, and contact time. The pseudo-first-order kinetic model and Langmuir model 

fit the adsorption and equilibrium isotherm data well, respectively. RL values indicated modified plantain peels were suitable 

for anion adsorption. Thermodynamic analysis revealed the reaction was spontaneous, exothermic, and physisorption. Thus, 

modified plantain peels are a promising, low-cost adsorbent for carbonate and sulphate ion removal from aqueous solutions. 
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Abstract— Gases used in industry must meet the required technological parameters for the production process, such as the 

content of gaseous impurities, moisture content and mechanical impurities. Their presence has a significant limiting effect for 

their further use in technical practice. One of the effective methods of removing moisture from gas is its adsorption, in which 

the gas passes through a bed of adsorbent, which subsequently binds this moisture on its surface. The article deals with the 

regeneration of this adsorbent, as it is advantageous from an economic point of view if it is possible to use this adsorbent 

repeatedly in the gas drying process. By reusing the adsorbent, there is an overall reduction in the cost of operating the 

equipment and the ecological burden caused by the production of a new adsorbent. The article primarily discusses the influence 

of the temperature of the dried medium on the speed of its regeneration using vacuum. 

Keywords— silica gel, adsorption, drying. 

I. INTRODUCTION 

The currently growing pressure to reduce energy and production costs forces manufacturers to increase the efficiency of 

production processes. One of the parameters for achieving the highest possible efficiency of the production process is the use 

of basic materials with the highest possible purity to prevent unwanted effects during production. Among the most used 

technical materials in all branches of industry are technical gases, which are subject to strict technical requirements. The amount 

of moisture contained in these gases indicates their quality. As the amount of moisture contained in the gas increases, its quality 

decreases and therefore it is necessary to subject them to a drying process. 

The drying process is a complicated physical process in which the liquid content of the substance is reduced by the effects of 

heat, without changing its chemical composition. 

The essence of drying is the migration of moisture in the opposite direction to the sorption process. During the general drying 

process, moisture moves from the porous core of the material to the surface layers and into the surrounding environment, 

whereupon the moisture meets the drying medium, which carries it away. 

To determine the most optimal drying conditions, it is necessary to know the physical laws and quantities that affect drying 

in the individual phases of the entire process, the input parameters and the required performances. 

II. SILICA GEL AS ADSORBENT  

The principle of adsorption is the ability of some porous solid substances to bind gas particles or liquid substances on their 

surface. The adsorbed amount depends not only on the nature of the adsorbing medium, but also on the nature of the solid 

substance (adsorbent), on the size of its surface, on the partial pressure of the adsorbing component in the gas phase and on the 

temperature. During adsorption, it is important that the adsorbent has as large an active surface as possible. Trapped substances 

are released by desorption and the adsorbent can return to the drying process. 

Known adsorbents used in removing moisture from gases include silica gel. It is a granular, porous form of silicon dioxide 

(SiO2), produced synthetically from sodium silicate and sulfuric acid in the form of hard irregular grains or regular balls. The 

porous structure of interconnected cavities provides a very high surface area (up to 800 m2·g-1), which allows water vapor to 
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be easily adsorbed. Ordinary silica gel binds an amount of water corresponding to approximately 20% of its weight. Even when 

saturated with water vapor, silica gel still has the appearance of a dry product and its shape remains unchanged. 

 

FIGURE 1: Structure of silica gel [8] 

Silica gel is non-toxic, non-flammable and chemically highly inert. Sometimes it comes with a moisture indicator admixture 

that will change its colour whenever it is wet. 

   
a) Type N – normal grains b) Type WS – water resistant 

grains   

c) Type Orange gel – indicator 

grains 

FIGURE 2: Types of silica gel 

The basic advantage of silica gel is its simple regeneration by increasing the temperature of the adsorbent, which removes the 

moisture stored in it. A decrease in the energy requirements for such drying can be achieved by reducing the pressure in the 

system, thanks to which the temperature required to remove moisture from the silica gel will also decrease. Pressure reduction 

in the adsorbent regeneration system is possible by creating a vacuum. Vacuum drying of silica gel is a suitable drying method, 

as the lower temperature during regeneration reduces the risk of silica gel degradation. After the drying process, it is necessary 

to cool the adsorbent in order not to deteriorate its adsorption properties in the gas drying process, as the amount of adsorbed 

water molecules on its active surface decreases with its increasing temperature. 

III. DESCRIPTION OF THE MEASUREMENT PROCESS AND DESIGN OF EXPERIMENTAL EQUIPMENT FOR 

VACUUM DRYING OF SILICA GEL 

An experimental device was designed for the regeneration of silica gel using vacuum drying, including a device for heating the 

heat-carrying medium and a chamber for humidifying the supplied gas to the drying chamber with silica gel. 

For the purposes of the experiment, spherical silica gel EINECS: 231-545-4 was used. Hydrogen with a purity of 99.95% was 

used as the dried medium. 

Fig. 3 shows the basic scheme of the experimental device, which consists of a segment for gas humidification (2), a tank 

containing silica gel (9), in which the humidified gas is dried, and then a part for heating the heat-carrying medium (5), which 

serves for regulation temperature in the tank with silica gel. Between the individual parts of this column, there are units for the 
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analysis of humidity and temperature of the driving gas (1), (8), (11). Resistance thermometers (Thermistor 10K) are placed in 

the tank with silica gel and in the tank used to heat the water ensuring the required temperature of the silica gel. A vacuum 

pump (rotary vane pump RE 2.5) is connected to the tank with silica gel, which ensures the required pressure drop during the 

regeneration process. 

 

 

FIGURE 3: Model of experimental equipment 

(1) (8) - SHT31 sensor (humidity and temperature sensor), (2) - hydrogen humidification chamber, (3) (10) - quick 

coupling, (4) - DMP331 pressure sensor during vacuuming, (5) - tank with heat exchanger liquid, (6) – pump 

ensuring water circulation to the container with silica gel, (7) – two-way valve Fitok Boss-ML6-05, (9) – tank with 

silica gel, (11) – sensor SHT31 (sensing humidity and temperature), (12) - two-way valve Fitok Boss-ML6-05, (13) - 

quick coupling, (14) - pipe for connecting the vacuum pump 

From the pressure tank, the hydrogen is supplied to the humidification chamber, then it flows into the vessel with silica gel, 

where it dries and is released into the surrounding atmosphere. The heat source located on the tank transfers heat to the water, 

which circulates with the help of a pump to a spiral placed in a tank with silica gel, where thermal energy is transferred from 

the water to the adsorbent. After the heat has been transferred, the water returns to the storage tank. After finishing the process 

of drying wet hydrogen using silica gel, the silica gel regeneration process occurs by closing the circuit for the flow of hydrogen 

and connecting the vacuum system to the tank with silica gel. 

IV. EVALUATION OF THE RESULTS FROM THE SILICA GEL REGENERATION PROCESS 

Experimental measurement of silica gel regeneration took place in vacuum at four different temperatures (10°C, 25°C, 50°C 

and 70°C). To achieve a temperature of 10°C in a tank with silica gel, a Peltier cell (PC) with a power of 60 W was used. The 

PC was placed on an aluminium heat exchanger, which was in a tank with heat exchange liquid. The flow time of moistened 

hydrogen through the silica gel was the same for all measurements (15 minutes). The hydrogen pressure at the system inlet 

was set to a constant value to ensure the same volume flow during the measurement period. A constant temperature of the silica 

gel during the humidification process (approx. 25°C) was also ensured by means of a spiral located in the tank through which 

the heat-carrying medium flowed. The time to which the silica gel was exposed in the regeneration process was 40 minutes at 

all four considered temperatures. To determine the moisture removed from the adsorbent during the regeneration process, the 

silica gel was weighed before vacuuming and during the vacuuming itself. The absolute pressure during vacuuming was 

maintained at 0.4 bar. 

Fig. 4 shows the weight loss of silica gel during vacuum drying at four selected temperatures. 
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FIGURE 4: Regeneration of silica gel in vacuum at selected temperatures 

From the graphic dependence, it follows that with the increasing temperature of the silica gel during the process of regeneration 

with the help of vacuum, there was a significant loss of moisture in it, for the same time interval. 

This statement can be clearly confirmed in fig. 5, where at an adsorbent temperature of 70°C during the drying process for 40 

min. 7.2 g of moisture taken, while at a temperature of 10°C only 4.5 g. 

 

FIGURE 5: Loss of moisture in silica gel during its regeneration in vacuum at selected temperatures 

In fig. 6, the time required for silica gel regeneration at 25°C and 70°C is investigated. From the dependence, it follows that at 

a temperature of 25°C, the adsorbent needs to be dried for up to 90 min to achieve a dryness comparable to that in the case of 

regeneration at a temperature of 70°C. 

 

FIGURE 6: Comparison of the time required for the regeneration of silica gel at temperatures of 25°C and 

70°C 
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Drying silica gel at higher temperatures, not only in a vacuum, ensures faster desorption of water molecules from its active 

surface. Regeneration of silica gel in a vacuum takes place faster compared to classic drying processes, as the amount of 

removed moisture per unit of time also increases by reducing the pressure in the system. 

V. CONCLUSION 

Vacuum drying wet material can significantly reduce its drying time due to the low-pressure environment. This lowers the 

boiling point of water, which accelerates the removal of free and bound moisture from the dried material. Thanks to lower 

temperatures, this method of regeneration prevents thermal damage or material degradation. 

From the experiments presented in the article, it follows that vacuum drying is ideal for the desorption of moisture from silica 

gel at a temperature of 70°C, as the moisture bound on its surface is released faster. Lowering the temperature also results in 

an increase in the time required for the regeneration of the silica gel and its reintroduction into the gas drying process. 

When designing a device used for the regeneration of silica gel using a vacuum, it is also necessary to consider the economic 

aspects of drying, as the provision of a vacuum system can mean significant financial costs, but the reduction of the drying 

temperature compared to classical methods gives the possibility of saving energy spent in the process of regeneration of silica 

gel. 
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Abstract— The article describes the structural design of an atypical metal hydride storage tank for hydrogen storage for 

mobile operations such as cars, buses, etc. The structural design of the tank consists of three main parts, namely an atypical 

bottom of an elliptical shape with a flange on which there is a 1/4NPT” thread, three seamless pipes and a second atypical 

bottom as a cap. Hydrogen storage works under low pressure of up to 30 bars and is based on TiFe alloys. In the next part, 

the article deals with the investigation of the temperature fields created in an atypical metal hydride tank, and then it is devoted 

to an effective method of cooling the metal hydride tank during the process of hydrogen absorption into the structure of the 

metal alloy. 

Keywords— Metal hydride, pressure tank, heat transfer. 

I. INTRODUCTION 

Storage of hydrogen in high-pressure composite tanks with compressed gas (CGH2) at pressures from 350 to 700 bar is the 

most common method of supplying hydrogen to fuel cells. This solution has the advantages of relatively high hydrogen storage 

capacity, short refueling time (3-5 min) and virtually unlimited flow of hydrogen into the fuel cell. However, the volume 

capacity of hydrogen storage by the CGH2 system is too low. These systems also suffer from problems, namely: low safety 

and extremely expensive refueling infrastructure - both problems are associated with the high pressure of the stored hydrogen. 

Metal hydrides (MHs) formed by the reversible reaction of gaseous H2 with a parent metal, alloy, or intermetallic compound 

to form a hydride are particularly promising for hydrogen storage. The use of MH can provide very high hydrogen storage 

capacity per unit volume (sometimes higher than liquid hydrogen), safety, reliability and high purity of supplied H2. Despite 

the conventional view of the low weight hydrogen storage capacity of "low temperature" intermetallic hydrides (≤ 2 wt.% H) 

as their main drawback in on-board hydrogen storage systems, in some special applications in vehicles the use of these materials 

appears to be very promising. Primarily this applies to material handling units, underground mining vehicles and water 

applications where the low gravimetric hydrogen storage capacity/high mass of metal hydrides can provide advantages in 

vehicle/vessel stabilization. 

For this method of hydrogen storage to be used as effectively as possible, it is necessary to design the tank in such a way that 

it meets all operational parameters in terms of strength. It is also necessary to design an efficient cooling system of the tank 

during the process of hydrogen absorption into the structure of the metal alloy. This article discusses the solution to the 

structural design of an atypical metal hydride tank, as well as the design of effective cooling. 

II. STRUCTURAL DESIGN OF AN ATYPICAL METAL HYDRIDE STORAGE TANK 

The tank consists of three main parts, namely an atypical bottom of a rectangular shape, on which there are two holes with 1/4 

NPT" thread, which serve for the supply of hydrogen to the MH tank, three seamless pipes and a second atypical bottom serving 

as a cap of the tank. In all pipes there is a heat transfer intensifier, which serves to effectively remove the heat generated during 

the process of hydrogen absorption into the structure of the metal alloy. The heat that is released during the process of hydrogen 

absorption into MH is approximately 1 MJ per 1 m3 of stored hydrogen. The material from which the intensifier is made is 

aluminum, because it has good thermal conductivity (λ=237 W∙m-1∙K-1). 
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All main parts of the atypical metal hydride tank are made of stainless steel 316L-1.4404. It is a type of steel, that is compatible 

for hydrogen applications and chosen based on the STN EN 13322-2 standard. The mechanical properties of the steel used are 

listed in Table 1, the operating parameters of the designed tank are shown in Table 2. The structural design of the tank can be 

seen in Fig. 1. 

TABLE 1 

MECHANICAL PROPERTIES OF STAINLESS STEEL 316L-1.4404 

0.2% Re  

(MPa) 

Rm  

(MPa) 

ρ  

(kg∙m-3) 
µ 

E  

(MPa) 

 205 515 7950 0.3 2.1∙105 

Where: Re-yield strength, Rm-strength strength, ρ-density, µ-Poisson’s number and E-Young's modulus of elasticity. 

TABLE 2 

PARAMETERS OF THE DESIGNED VESSEL 

The weight of the empty vessel 5.71 kg 

Weight of metal hydride 8.5 kg 

Total weight of the vessel with MH 14.2 kg 

Metal hydride volume 3·10-3 m3 

Mass of stored hydrogen 0.116 kg 

Volume of hydrogen 1.38 m3 

Generated heat 13867.8 kJ 

 

FIGURE 1: Structural design of an atypical metal hydride storage tank 

Where 1- an atypical bottom of a rectangular shape with a hole for a flange, 2- an atypical bottom as a tank cap, 3- a cylindrical 

seamless pipe. 

The control strength calculation of the designed tank solved in the Ansys Static Structural program showed that the maximum 

stress according to the Von Mises theory did not exceed the values higher than the yield strength Re according to Table 1 and 

the resulting stress on the tank was approximately 120 MPa at an operating pressure of 3 MPa, which means that the tank it is 

designed well enough for the given operating parameters. 

III. SIMULATION OF HEAT TRANSFER OF THE DESIGNED ATYPICAL TANK 

The simulation is solved using the FEM method, where the problem of heat transfer from the tank core is solved. In this 

simulation, a 3D model of the designed tank, in which the metal hydride alloy is located, is considered. The simulations were 

divided into three, where in the first simulation the tank was not cooled, in the second simulation the cylindrical parts of the 

metal hydride tank are immersed in water, which represents active cooling, and in the third simulation passive cooling in the 
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form of heat transfer intensifiers, which are located in cylindrical seamless pipes, is considered and active cooling, where the 

tank, as in the second simulation, is immersed in the cooling liquid. 

3.1 Setting up the First Simulation: 

In the first simulation, the maximum temperature that arises in the tank during the process of hydrogen absorption into the 

structure of the metal alloy is investigated. The entire process of hydrogen absorption takes 20 min, which also represents the 

total time of the simulation. The simulation was performed in the ANSYS CFX program, where at the beginning it was 

necessary to set all the boundary conditions as well as to generate the mesh of finite elements. The finite element mesh of the 

simulation model consists of approximately 1,200,000 volume finite elements with quadratic approximation and 6,000,000 

nodes. The mesh of finite elements of the simulation model is shown in Fig. 2. The initialization temperatures of the 

environment in which the tank is located, the tank itself and the metal hydride alloy were set to 20 °C. The power of the 

generated heat in the metal hydride alloy during the hydrogen absorption process is set to 107·103 W·m-3. Before starting the 

simulation, it is necessary to identify the individual domains of the tank and assign the selected material properties to them. 

These include a steel tank and a metal hydride alloy, and it is necessary to define the connection between the defined domains. 

 

FIGURE 2: Finite element mesh of the first simulation 

3.2 Results of the First Simulation: 

The simulation showed that the maximum temperature in the tank during the process of hydrogen absorption into the metal 

alloy structure, which lasted 20 min, is approximately 49.5 °C. The result of the simulation is shown in Fig. 3. 

 
FIGURE 3: Maximum temperatures on the tank during the process of hydrogen absorption into the metal 

alloy structure without the use of a cooling system 
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For the kinetics of hydrogen absorption to be higher, it is necessary to cool the metal hydride tank and therefore it is necessary 

to design an effective cooling system so that the generated heat is removed from the tank as efficiently as possible. 

3.3 Setting up the Second Simulation: 

In the second simulation, the maximum temperature that arises in the tank during the process of hydrogen absorption into the 

metal alloy structure is investigated, while the cylindrical tubes are immersed in water at a temperature of 20 °C, which 

represents active cooling. The simulation time is set as in the first simulation to 20 min. The finite element mesh of the 

simulation model consists of approximately 1,400,000 volume finite elements with quadratic approximation and 6,500,000 

nodes. The mesh of finite elements of the simulation model is shown in Fig. 4. The boundary conditions of this simulation have 

the same settings as in the previous simulation. Before the simulation, it is necessary to define the domains of the simulation 

model, assign the material used to them as in the previous simulation and set the connection between the individual domains. 

In this simulation, there are three domains: steel tank, metal hydride alloy and water. 

 

FIGURE 4: Finite element mesh of the second simulation 

3.4 Results of the Second Simulation: 

The simulation showed that the maximum temperature in the tank during the absorption process was reduced to about 42 °C. 

The result of the simulation is shown in Fig. 5. 

 

FIGURE 5: Maximum temperatures during the process of hydrogen absorption into the metal alloy 

structure using active cooling on cylindrical pipes. 
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For the heat to be dissipated even more efficiently and thus the kinetics of hydrogen absorption to be higher, it is necessary, 

for example, to insert a heat transfer intensifier into the cylindrical pipes. 

IV. CONCLUSION 

The task of this work was to design a metal hydride tank for storing hydrogen of an atypical shape for mobile applications. 

Another task of the work was the investigation of the occurrence of maximum temperatures in the tank during hydrogen 

refueling and subsequently the proposal of effective cooling for the designed tank. 

In the first simulation, where no cooling was used, the maximum temperature in the tank was around 49.5 °C. Subsequently, 

after applying active cooling to the seamless pipes of the designed metal hydride reservoir, the temperature was reduced to 

approximately 42 °C, thanks to which the kinetics of hydrogen absorption into the metal hydride alloy increases. 

Another task of this work will be to design a suitable shape of the internal heat transfer intensifier, for the most effective heat 

transfer to the inner wall of the steel tank, where this heat will be cooled by active cooling, which would further reduce the 

maximum temperature of the metal hydride alloy and which would significantly increase the kinetics of absorption hydrogen. 
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Abstract— In connection with the heated political situation to the east of the European Union (EU) borders, there is a growing 

interest in the discovery of new reserves of natural gas or new suppliers of this fossil fuel. This situation consequently requires 

new and unconventional ways of solving the storage and transportation of gas in large quantities and over long distances. The 

following article discusses the methods of storage and transportation of natural gas through the gas network. 

Keywords— Natural Gas, Storage Tanks, Pipelines, Compressors Station. 

I. INTRODUCTION 

Natural gas consumption is uneven throughout the year, it can fluctuate, and therefore the gas is stored. In addition to natural 

gas reservoirs and gas pipelines, the gas system consists of several important parts and components. 

 

FIGURE 1: Diagram of the transport and distribution natural gas (NG) system [1] 
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II. NATURAL GAS STORAGE 

Natural gas stored in storage facilities meets the requirements of seasonal demand and serves as insurance against unpredictable 

gas supply interruptions.  

The basic storage capacity is used to increase seasonal demand. Baseload facilities can hold enough natural gas to meet long-

term seasonal demand requirements. 

The turnover rate of natural gas in storage tanks is one year. Natural gas is injected into storage tanks during the summer 

(outside of the heating season), usually from April to October. Seasonal reservoirs are more voluminous, but their daily output 

is relatively low and limited. 

Tanks are built for all types of heating gases. There are above ground or underground storage tanks of various sizes and types. 

Natural gas, like most other commodities, can be stored indefinitely. Exploration, extraction, and transportation of natural gas 

take time. Natural gas, which is transported to its destination and is not always used for immediate consumption, is injected 

into underground reservoirs. Consumption is significantly higher during the winter, as natural gas is mainly used for heating. 

Strategically, underground storages of natural gas are used for seasonal regulation, which means compensating for increased 

gas consumption in the winter season by extracting it from storage tanks in which gas is stored in the summer season, when 

consumption is lower. They are efficient from a financial point of view because the purchase of gas takes place during the 

period when gas prices are lower, its storage and subsequent extraction during the period of higher prices. At the same time, 

they ensure the safety of deliveries in case of production or transport disruptions. These reservoirs have a large storage capacity, 

but a smaller daily output. 

Tanks that are used for peak loads are designed to have high performance in a short time, which means that natural gas can be 

quickly withdrawn from the tank if needed. Peak load devices are designed for sudden increases in short-term demand. These 

devices are not as bulky as baseload devices, but they can deliver a smaller amount of gas faster and in less time than baseload 

devices. In contrast to seasonal reservoirs, these reservoirs can be refilled to their maximum capacity during the winter period. 

Geological structures suitable for the creation of underground reservoirs must mainly meet the following geological-deposit 

criteria: 

• Gas Tightness of The Formation, 

• Effective Porosity, 

• Size of Usable Cubic Capacity, 

• Storage Depth. 

On a global scale, the most used type for the creation of underground reservoirs are the natural gas and oil extracted deposits. 

If such sites are not available, storage tanks are built in watered layers of the so-called aquifer type. These types of reservoirs 

have a large storage capacity but a smaller daily output and are referred to as seasonal reservoirs. 

Peak reservoirs are most often established in salt caverns (cavities), which are created by treating part of the salt deposit with 

water. Less often, other underground cavities are used for this purpose, such as abandoned coal or ore mines or artificially cut 

caverns. 

With underground reservoirs, we recognize the prospective need for the stored amount of gas, i.e., the required storage capacity 

and the ready mining capacity. 

The most common form of underground reservoirs is porous (Figure 2). These are mostly extracted deposits of oil or natural 

gas that are used to re-storage the gas, leaving an underground formation geologically capable of holding natural gas. 
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FIGURE 2: Porous NG storage [2] 

Exhausted deposits are attractive also because their geological characteristics are already well known. The gas is stored in 

porous rocks, which are most often formed by sandstone and various consolidated sands containing clay. 

III. TRANSIT SYSTEM OF NATURAL GAS 

As already mentioned, the discovery of large-capacity natural gas deposits on various continents and the appreciation of the 

importance of natural gas in its wide range of uses as an energy source and raw material laid the foundations for transportation 

systems. 

The basic characteristics of the natural gas transmission system are: 

• Verified Large-Capacity Gas Deposits, 

• Transportation of Large Quantities of Gas (on the order of billions m3 per year), 

• Large Diameter Pipes Consisting of Several Lines (approx. 900 to 1,400 mm), 

• High Operating Transport Pressures (5 to 7.5 MPa), 

• Long Linear Lines Connecting the National Gas Systems of the Individual States of the Continent (Thousands of km). 

In terms of the relevant legislation, the transport NG network is characterized as a network of compressor stations and a network 

of mainly high-pressure gas pipelines, which are connected to each other and serve to transport NG in a defined area, in addition 

to the extraction network and storage and high-pressure NG pipelines, which serve primarily to transport NG in parts of the 

defined area. 

The natural gas transportation system consists of: 

• Border Discharge Stations, 

• Pipelines, 

• National Discharge Stations, 

• Compressor Stations. 
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IV. PIPELINES 

At the beginning of the transportation chain, when it is necessary to transport large volumes of natural gas over long distances, 

natural gas is most often transported in two basic ways: gas pipelines or in tankers in the form of liquefied gas. 

By gas pipeline, we understand the system of pipes through which we transport natural gas from the place of extraction to the 

place of consumption. As the consumption of natural gas grew in the past, deposits near large cities were gradually exploited, 

so it was necessary to transport natural gas over greater distances and in larger volumes. Long-distance gas pipelines are run 

not only on land, but also on the seabed, which makes it possible to transport natural gas also from other continents. 

There are several types of gas pipelines: 

• Transit Transmission Lines, 

• Distribution (Connecting) Transmission Lines. 

The task of transit transmission lines is to transport a large amount of heating gases, usually natural gas, from mining deposits 

over distances of several hundred kilometers to the area of main consumption. National or interstate transmission lines usually 

have a pipe diameter of over 500 mm and an operating pressure of over 5 MPa. 

Distribution (connecting) long-distance lines ensure gas transport from the main transit arteries to individual gas-supplied areas 

and interconnected and circularized ensure smooth gas supply to customers. As a rule, they are built under 500 mm pipe 

diameter and under 5 MPa operating pressure, their lengths are usually a few hundred kilometers at most. Depending on the 

operating pressure, they can create separate distribution circuits. 

An important part of the transit transmission lines are route closures (Figure 2), which are placed approximately every 20-25 

km. They enable possible stopping of the gas flow on individual sections of the gas pipeline. When the transported amount of 

gas drops, the valve closes automatically and closes the section. Other functions of the route closures are, for example, the 

depressurization of the gas pipeline, the release of gas between gas pipeline sections and eventual cleaning of gas pipeline 

sections. 

 

FIGURE 3: Route closure [3] 

V. COMPRESSOR STATIONS 

As a rule, the extraction technology from deposits does not allow using the deposit pressures to transport large quantities 

of natural gas through long-distance transit pipelines to places of consumption. 

When transporting natural gas through long-distance gas pipelines, pressure losses occur. These losses are caused by the friction 

of the gas both against the walls of the pipe and by the internal friction of the individual parts of the gas against each other. 

Pressure losses must be compensated to deliver the gas to the designated location. Compressor stations as part of gas pipelines 

serve this purpose - they increase gas pressure. For safety and operational reasons, they are built outside cities and towns. 

The station consists of a system of interconnected devices that can be divided into two groups: 
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• Equipment serving its own gas compression and gas treatment equipment (compressors, compressor drives, pipelines, 

filters, gas coolers), 

• Service facilities (energy and oil management, firefighting equipment, laboratories, and workshops). 

Compressors used in the gas industry are divided into two basic groups: 

• Reciprocating Compressors, 

• Turbo Compressors. 

Reciprocating compressors work based on the change in the volume of the working space (cylinder). 

Turbochargers are high-speed machines in which the pressure increases due to the increase in the velocity of the gas flowing 

between the rotor blades. 

The largest compressor station in the territory of the European Union is the Veľké Kapušany compressor station (Figure 4), 

located in Slovakia. The technical capacity at the entry point in Veľké Kapušany is 220 million cubic meters of natural gas per 

day. [4] 

Gasification in Slovakia began in 1951, when the first gas pipeline was built on the territory of today's Slovakia, which was 38 

kilometres long. Between 1970 and 1973, a parallel transit pipeline with a huge annual capacity of 28 billion m3 was built to 

transport gas to Germany. Currently, up to 94% of the population in Slovakia has access to natural gas. 

 

FIGURE 4: Largest EU compressor station in Slovakia [5] 

VI. CONCLUSION 

The costs of construction, operation, or modernization of the gas network together with natural gas storages represent a 

significant investment for their developer or operator. The time required for construction plays an equally important role. It is 

therefore necessary to carefully consider the use of currently existing networks as well as storage facilities as well as the 

construction of new ones. 

New deposits and new forms of natural gas transportation, as well as the search for new sources of energy, could bring about 

a stable operation of the world economy again in the future without deepening the ongoing climate change. 
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Abstract— A series of articles aimed at the cooling of the liquid radioactive waste feeder into the incinerator space 

optimization. The first part of the article offers a theoretical analysis of radioactive waste and the possibilities of its 

incineration. It also deals with the heat transfer within the waste feeder by means of the criterion equations for the transverse 

flow around the pipe at an angle, thanks to which the required mass flow of the cooling medium is determined. 

Keywords— Hazardous Waste, Radioactive Waste, Heat Transfer, Cooling Optimization. 

I. INTRODUCTION 

A significant amount of waste is produced in the energy industry. These wastes are divided into several types according to the 

possibility of their further processing. For example, common waste can be recovered for energy or stored, and hazardous waste 

must be disposed of. A specific branch of the energy industry is nuclear energy. Radioactive waste is generated during the 

operation of a nuclear power plant. Safe storage of this waste is spatially and financially demanding. For this reason, volume 

reduction of radioactive waste is necessary before its further processing. 

Some types of radioactive waste can be burned in an incinerator to minimize its volume. The resulting radioactive ash is then 

safely stored for a long time. The incinerator is equipped with a dowtherm and ionex feeder. It is necessary to effectively cool 

this feeder to maintain the limited working temperature of the ionex and thereby ensure problem-free operation. 

II. TYPES OF RADIOACTIVE WASTE ACCORDING TO RADIOACTIVITY 

Radioactive waste is generated not only during the operation of nuclear power plants, but also, for example, within medical 

and research facilities, in agriculture and in services. In general, the term radioactive waste refers to waste materials that, due 

to the high content of radionuclides, or due to irremovable contamination, cannot be further used, recycled and released into 

the environment. Radioactive waste can be divided into many categories based on their chemical, physical and radiochemical 

properties. The most common division of these wastes is based on their level of radioactivity and state. According to the degree 

of radioactivity, waste can be divided into low-level waste, intermediate-level waste and high-level waste. 

Low-level waste contains a significant amount of only short-lived radionuclides. Their decomposition to a sufficiently low 

level usually takes only a few decades. Low-level waste includes waste consisting of various materials and states. These are, 

for example, parts of protective equipment for nuclear power plant workers, such as gloves and coats. Low-level waste makes 

up approximately 90% of total radioactive waste. A large part of this waste can be classified as combustible waste, which 

makes it possible to reduce the total volume of waste to a large extent. 

Intermediate-level waste contains significant quantities of long-lived radionuclides which do not generate significant decay 

heat. These are wastes from industrial facilities and institutional radioactive wastes, which, after reducing their volume, can be 

further stored in a multi-barrier protection system, or safely disposed of. 
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High-level waste consists of α-emitters and waste arising from fission products of uranium fuel in the reactor. Most high-level 

waste results from the reprocessing of spent nuclear fuel. If the nuclear reactor fuel that has been removed from a reactor 

following irradiation is treated as a waste, it is also considered a type of high-level waste. This type of radioactive waste is 

characterized by a high level of radioactivity and also radiotoxicity. Spent nuclear fuel contains more than 1000 radionuclides. 

It is essential to prevent these nuclides from entering the environment for an extremely long period of thousands of years. In 

order to achieve a decrease in the radioactivity and thermal output of high-level waste, it is necessary to cool the fuel for a 

period of 3 to 5 years. Subsequently, the cooled fuel can be moved and stored for up to 50 years in spent fuel interim storage. 

After the decrease in radioactivity and residual heat output, it is possible to definitively store the waste in a deep repository. 

III. TYPES OF RADIOACTIVE WASTE ACCORDING TO STATE 

According to its state, radioactive waste is divided into solid, liquid and gaseous. Solid radioactive waste can be created in two 

ways. The first is activation by the direct influence of radioactive radiation, when solid materials themselves become emitters. 

The second way is the contamination of solid materials in contact with active media, for example with the cooling medium of 

the primary circuit. Some contaminated components and equipment, such as primary circuit piping, can continue to operate. 

Other equipment and tools that may come into contact, for example, with power plant workers, must be decontaminated. Some 

contaminated materials, such as various filters, measuring devices, laboratory aids and others, are no longer usable due to their 

high activity. Contaminated elements of the building structure of the power plant are specific radioactive waste. It must be 

disposed of only when the power plant is decommissioned. 

The liquid wastes generated during the operation of the nuclear power plant have different chemical composition and activity. 

In terms of volume, they usually represent the largest part of the nuclear power plant's radioactive waste. Some liquid wastes 

can be discharged outside the premises of the nuclear power plant after decontamination below the permissible level. 

Decontaminated wastewater with an activity above the permissible standard can be reused in the operation of a nuclear power 

plant after treatment by evaporation, ion exchange or chemical treatment. Such waters include, for example, wastewater from 

laundries and drainage water from pipe systems and equipment. 

During the processing of reusable radioactive liquid waste, non-reusable wastewater is produced as secondary waste. 

Sometimes this waste is referred to as semi-liquid. These are concentrates and sludges that cannot be discharged from the 

power plant premises, while the majority of them are low-level and intermediate-level waste. A small part is made up of highly 

active concentrated residues. Before placing this type of waste in a deep repository, it is necessary to modify its form through 

various processes, such as cementation, bituminization and vitrification). 

A relatively large part of the waste produced in the nuclear power plant consists of gaseous radioactive waste. It is discharged 

from the ventilation chimney after treatment and monitoring. Its quantity and composition are primarily determined by the 

activity from the exhaust systems of technological equipment and operating rooms. Due to the short half-life of the contained 

radionuclides and relatively low biological efficiency compared to other types of waste, gaseous radioactive wastes represent 

a minor technological problem in their treatment and processing. 

IV. INCINERATION OF RADIOACTIVE WASTE  

Depending on the type and properties of radioactive waste, there are several technological processes for its effective disposal. 

These processes include, for example, bituminization, vitrification and incineration. During the incineration process, 

combustible solid and liquid radioactive waste is disposed of. Incineration is not a waste-free technology. The primary goal of 

incinerating radioactive waste is to reduce its volume.  

The diagram of the low-level waste treatment process using incineration is shown in fig. 1. After initial sorting, solid radioactive 

waste is brought in barrels for further sorting. After weighing and measuring the activity of radionuclides, compactable solid 

waste is compacted through a high-pressure press in barrels, which are then stored in fiber concrete containers. Combustible 

wastes are brought to the premises of the incinerator using transport devices designed for this purpose in gradually dosed 

quantities. In addition to solid fuel, liquid radioactive waste with oil is dosed into the incinerator to support combustion along 

with ionex. 

Incineration takes place in the main incineration furnace at temperatures in the range of 750-950 °C. The generated radioactive 

gases are combusted in the combustion chamber at a temperature of 1000 °C. After cooling, the remaining gases are cleaned 

and filtered in special equipment. The ash produced by combustion has different grain sizes and compositions. It is fixed in the 
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strengthening matrix by adding paraffin. The spent water used for flue gas cleaning is after treatment used for the preparation 

of cement grout. 

The cementation device enables treatment of solid radioactive wastes, or of radioactive wastes fixed in the matrix, with 

a cement grout mixed with concentrates, sludge and saturated sorbents into a fiber concrete container, which is sealed after 

filling and stored in the dispatch warehouse for a specified period of time for aging. 

 

FIGURE 1: Diagram of the low-level waste treatment process 

V. DETERMINATION OF THE MASS FLOW OF COOLING WATER 

An important role in the incineration process has the feeder of liquid radioactive waste with ionex, which brings them into the 

premises of the main incinerator (Fig. 2). To support combustion, heating gas is supplied together with liquid waste. Foam 

serves as a transport medium for ionex. 

 

FIGURE 2: Location of the feeder in the incinerator premises 
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Ionex has a certain range of working temperatures, and when the maximum temperature is exceeded, ionex is baked on the 

walls of the feeder pipe. This ultimately disrupts the continuity of the combustion process. It is therefore necessary to avoid 

exceeding the maximum permitted temperature by effective cooling. 

When determining the properties of the flue gas using the software, the theoretical composition of the flue gas of the waste 

mixture was used (Table 1). 

TABLE 1 

THEORETICAL COMPOSITION OF THE FLUE GAS OF THE WASTE MIXTURE 

O2min (m3·kg-1) 29.3813 O2min (%·kg-1) 12.1853 

VCO2 (m3·kg-1) 21.9667 VCO2 (%·kg-1) 9.1103 

VSO2 (m3·kg-1) 0.04885 VSO2 (%·kg-1) 0.0203 

VH2O (m3·kg-1) 14.5678 VH2O (%·kg-1) 6.0417 

VN2 (m3·kg-1) 177.8494 VN2 (%·kg-1) 73.7594 

VO2 (m3·kg-1) 26.688 VO2 (%·kg-1) 11.0683 

 

Based on the data from Table 1, the properties of the flue gas (Table 2) necessary for further calculations were determined. 

TABLE 2 

PROPERTIES OF THE FLUE GAS OF THE WASTE MIXTURE 

Kinematic viscosity ν (m2·s-1) 74.14562·10-6 

Dynamic viscosity η (Pa·s) 34.29172 

Density ρ (kg·m-3) 0.46249 

Prandtl criterion Pr 0.7097 

 

The calculation of the heat transfer coefficient α was carried out using the criterion equations for the transverse flow around 

the pipe at an angle. To calculate the Reynolds criterion Re, it was necessary to determine the characteristic dimension l: 

𝑙 =
𝜋∙𝑑

2
=

𝜋

2
∙ 0.202 = 0.317 (m)          (1) 

Where d is the outer diameter of the pipe (m). 

Then the following equation is used to calculate Re: 

𝑅𝑒 =
𝜔∙𝑙

𝜈
=

2.12∙0.317 

74.14562∙10−6 = 9063.79         (2) 

Where ω is the fluid velocity (m·s-1), l is the characteristic dimension (m) and ν is the kinematic viscosity (m2·s-1). 

The calculation of the Nusselt criterion Nu is expressed by equations 3 – 8: 

𝑁𝑢l,lam = 0.664 ∙ √𝑅𝑒 ∙ √𝑃𝑟
3

= 0.664 ∙ √9063.79 ∙ √0.7097
3

= 56.387     (3) 

𝑁𝑢l,turb =
0.037∙𝑅𝑒0.8∙𝑃𝑟

1+2.443∙𝑅𝑒−0.1∙(𝑃𝑟
2
3−1)

=
0.037∙9063.790.8∙0.7097

1+2.443∙9063.79−0.1∙(0.7097
2
3−1)

= 48.131     (4) 

𝑁𝑢l,0 = 0.3 + √𝑁𝑢l,lam
2 + 𝑁𝑢l,turb

2 = 0.3 + √56.3872 + 48.1312 = 74.436     (5) 

𝐾 = (
𝑇b

𝑇w
)

0.12

= (
1123.15+323.15

2

323.15
)

0.12

= 1.101         (6) 

Where Tb is the boundary layer temperature (K) a Tw is the wall temperature (K). 
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𝑁𝑢l = 𝑁𝑢l,0 ∙ 𝐾 = 74.436 ∙ 1.101 = 81.954        (7) 

During flow around the pipe, we consider the angle of impact of the flue gases on the feeder to be 45°. The ratio 

Nul,φ/Nul = 0.805 corresponds to this angle. 

𝑁𝑢l,φ = 0.805 ∙ 𝑁𝑢l = 0.805 ∙ 81.954 = 65.973        (8) 

Then equations 9 – 12 apply to the calculation of the convective, radiation and overall heat transfer coefficient: 

𝑆 = 𝜋
𝑑2

2
+ 𝜋 ∙ 𝑑 ∙ 𝐿 = 𝜋

0.2022

2
+ 𝜋 ∙ 0.202 ∙ 1.56 = 1.054 (m)      (9) 

𝛼c =
𝑁𝑢l,φ∙𝜆

𝑙
=

65.973∙0.069

0.317
= 14.36 (W ∙ m−2 ∙ K−1)        (10) 

𝛼r =
𝜀∙𝜎∙𝑆 (𝑇a

4−𝑇m
4 )

𝑆 (𝑇a−𝑇m)
=

0.9∙5.6704∙10−8∙1.054∙(1123.154−323.154)

1.054∙(1123.15−323.15)
= 100.82 (𝑊 ∙ 𝑚−2 ∙ 𝐾−1)    (11) 

𝛼o = 𝛼c + 𝛼r = 14.36 + 100.82 = 115.18 (𝑊 ∙ 𝑚−2 ∙ 𝐾−1)       (12) 

where S is the surface of the body (m2), L is the pipe length (m), αc is the convective heat transfer coefficient (W·m-2·K-1), αr is 

the radiation heat transfer coefficient (W·m-2·K-1), αo is the overall heat transfer (W·m-2·K-1), λ is the thermal conductivity 

coefficient (W·m-1·K-1), ε is the body emissivity (-), σ is the Stefan–Boltzmann constant (W·m-2·K-4), Ta the ambient 

temperature (K) and Tm is the medium temperature inside the body (K). 

After determining the convection and radiation coefficient of heat transfer, it is possible to determine the heat flow by 

convection Pk and radiation Ps: 

𝑃c = 𝛼c ∙ 𝑆 (𝑇a − 𝑇m) = 14.36 ∙ 1.054 ∙ (1123.15 − 323.15) = 12 108.3 (𝑊)     (13) 

𝑃r = 𝜀 ∙ 𝜎 ∙ 𝑆 (𝑇a
4 − 𝑇m

4) = 0.9 ∙ 5.6704 ∙ 10−8 ∙ 1.054 ∙ (1123.154 − 323.154) = 85 594.8 (𝑊)   (14) 

The last step after the calculation of the total heat flow by radiation and convection is the determination of the mass flow of 

water Qm required for effective cooling of the feeder. Treated river water with an average temperature of 20 °C serves as a 

coolant. 

𝑄m =
𝑃c+𝑃r

𝑐p,H2O (𝑇2−𝑇1)
=

12 108.3+85 594.8 

4180∙(323.15−293.15)
= 0.779 (kg ∙ s−1)       (15) 

Where cp,H2O is the specific heat capacity of water (J·kg-1·K-1), T1 is the water temperature at the entrance to the body (K) and 

T2 is the water temperature at the outlet of the body (K). 

VI. CONCLUSION 

Although the positive benefits of nuclear energy for mankind are undeniable, for its safe operation, proper management of the 

waste generated during the production of electricity is essential. The disposal of radioactive waste is possible by various 

methods that are constantly being developed and made more efficient. Using the criterion equations, it is possible to determine 

the heat transfer coefficients and subsequently determine the heat flow by convection and radiation during the cooling process 

of the liquid radioactive waste feeder to the incinerator. Knowing the total heat flow is essential for the next steps in the process 

of optimizing the feeder cooling through numerical simulations, which will be covered in Part II. In the calculations, the worst 

possible scenario was considered, when the cooling water reaches up to 20 °C. When using cooling water at lower temperatures, 

it would be possible to consider a lower mass flow, which makes it possible to achieve financial savings in the area of treatment 

and transport of cooling water. 
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Abstract— The article discusses the design and preparation of the experimental equipment for the analysis of the cooling 

power of air cooling at various operating parameters. The basis of the article is an analysis of the needs and maximum thermal 

output of the CPU. Subsequently, it presents the design of the experiment with the calibration requirements. It describes 

processes for creating a basic package of data as an initial point for experimental analysis and solving the problem of 

increasing the air-cooling efficiency using acoustic waves. 

Keywords— CPU, TDP, Cooling Process. 

I. INTRODUCTION 

The increasing output of computer components such as CPU and graphics cards involve the need to increase the outputs of 

cooling devices, whose task is to remove the heat generated during the operation of the computational parts of the computer. 

The increase in the amount of the removed heat is associated with an increase in the size of the cooling units, whether it is 

water or air cooling. However, the expansion of cooling systems is limited by the size of the space defined by the outer casing 

of the computer. Current cooling units, primarily the water-cooling take up a significant space at the outer walls. Therefore, 

increasing the cooling efficiency of computational computer components is starting to come to the fore in connection with the 

effort to minimize space a modern computer should occupy and with miniaturization, lightening and at the same time increasing 

the output of portable computers. One of the biggest limitations of current laptops, which causes their lower output in 

comparison to desktop computers, is precisely their inability to cool the computational components as efficiently as in 

comparison to a desktop computer. 

II. THERMAL OUTPUTS OF CURRENT CPUS  

Nowadays, the main indicator of the amount of necessary heat removed from the CPU – computational component, is the TDP 

value – Thermal Design Power, which, however, does not determine the maximum possible heat output of the CPU, but only 

the maximum heat output of the CPU during normal processes. During the processes that intentionally overload the CPU, there 

can be an increase in heat output, which needs to be dissipated from the surface to prevent any thermal damage to the cooled 

electrical components.  

A significant problem is the TDP definition itself, since each manufacturer of the CPUs for computers defines individually, 

how this value is determined, and in some cases, the manufacturer has various definitions of TDP for different series of CPUs. 

As an example, we can use the TDP definitions of the two biggest manufacturers of CPU: 

The AMD definition  

• “TDP is the maximum current the CPU can draw at the factory voltage and frequency under the worst thermal 

conditions.”  
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• TDP Thermal Design Power. The thermal design power is the maximum power a processor can draw for a thermally 

significant period while running commercially useful software [1]. 

• TDP Thermal design power. A power consumption parameter that is used in conjunction with thermal specifications 

to design appropriate cooling solutions for the processor [2]. 

Intel definition 

• From the CPU datasheet with the Northwood core: “The number in this column reflects a recommended point and 

does not indicate the maximum power that the CPU can emit under the worst conditions”. 

• For the Prescott cores it has a different definition: “TDP should be used as a target for cooling design for a given 

CPU. TDP is not the maximum thermal output the CPU can emit“. 

• From Intel support: “TDP stands for Thermal Design Power, in watts, and refers to the power consumption under the 

maximum theoretical load. Power consumption is less than TDP under lower loads. The TDP is the maximum power 

that one should be designing the system for. This ensures operation to published specs under the maximum theoretical 

workload” [3]. 

Because of the reason given by inhomogeneity and non-uniform definition of TDP it is only possible to determine that TDP 

can be used for an approximate determination of the thermal output of the given CPU. Comparing, for instance, CPUs from 

AMD and Intel companies (or even any other CPU series from the same company) using TDP is simply not possible, due to 

the different interpretation of TDP by both companies. TDP also does not say anything about CPU consumption at low load 

(office work, ...), which is, for example, much more important for laptops than consumption at full load [4]. 

For the comparison in labelling and TDP values, a table was compiled with the TDP values of common types of CPUs used in 

desktop computers. 

TABLE 1 

PARAMETERS OF CURRENT CPU 

Name 
Number of 

cores 
Frequency 

Production 

technology 

Number of 

fibres 

TDP 

(W) 

AMD Ryzen Threadripper PRO 

5995WX 
64 2.7 GHz 7 nm 128 280 

Intel Core i9-13900KS 24 3 GHz 10 nm 32 253 

AMD Ryzen 9 7950X3D 16 4.2 GHz 5 nm 32 120 

Intel Core i9-11900K 8 3.5 GHz 14 nm 16 125 

Intel Core i7-13700F 16 2.1 GHz 7 nm 24 219 

Intel Core i5-13600KF 14 3.5 GHz 10 nm 20 181 

AMD Ryzen 9 5900X 12 3.7 GHz 7 nm 24 105 

AMD Ryzen Threadripper PRO 

5965WX 
24 3.8 GHz 7 nm 64 280 

 

As can be seen in Table 1, it is not possible to establish any precise connection between the number of cores, fibres, and the 

thermal output of the CPU. The only thing that can be said with certainty is that with the increasing number of cores and with 

the increasing computional power, the heat output that needs to be removed from the surface of the CPU also increases. 

However, this value is not directly proportional, as seen on the example of CPU from AMD company, namely AMD Ryzen 
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Threadripper PRO 5965WX and AMD Ryzen Threadripper PRO 5995WX, when both have the same TDP, but in the case of 

the 5965WX version, the number of cores and of the fibres is half of that of the 5995WX (tab. 1).  

III. DESIGN OF THE EXPERIMENT 

Since it´s not possible to reach a general conclusion connecting the basic parameters of the CPU with its thermal power, which 

is caused both by different TDP definitions and also different working conditions of the CPU, it is necessary to create certain 

generalization of the thermal output that will be considered the maximum possible during the experiments. Due to this, an air 

cooler, for which the manufacturer indicates the maximum value of the heat output that this cooler can remove to the 

surrounding environment under maximum operating conditions, was chosen for the CPU. Based on this data, the maximum 

heat output for the simulated CPU was also chosen, since even in the case of a real CPU, there would be no greater heat 

dissipation than the maximum value given by the cooler manufacturer. 

 

FIGURE 1: Deepcool AG200 [5] 

For the experiment and determination of operating parameters, a commercially available model of air cooling with 2 heat pipes 

- DeepCool AG200, whose basic information is described in Table 2, was chosen.  

TABLE 2 

BASIC PARAMETERS OF THE DEEPCOOL AG200 [5] 

Width 94 (mm) 

Height 133 (mm) 

Depth 66 (mm) 

Number of heat pipes 2 

Fan diameter 92 (mm) 

Air flow 36.75 CFM  
62.44 (m3·h-1) 

Maximum loudness 30.5 (dB) 

Maximum speed 3050 RPM 

Minimum speed 500 RPM 

Weight 304 (g) 

Maximum TDP 100 (W) 

 

As a CPU simulation with a uniform temperature field distribution, an aluminium block was used, with dimensions of 58, 85 

a 16 mm, in which 3 heating modules, each with the maximum power of 50W and diameter of ø6 mm, were placed. The 

maximum heat output of the simulated CPU was 150W, which is 50W more than the manufacturer's maximum TDP for the 

cooler, which is 100W. 3 NTC 10K thermometers with a diameter of ø5 mm were also placed in the body, and 6 DS18B20 and 

SMT172R16A thermometers were installed on the surface of the device. The task of the given number of thermometers is to 

ensure the scanning of the distribution of the temperature field within the aluminium block and to determine the maximum 

temperature reached during the cooling process. The distribution of the heating modules is shown on the Figure 2. 
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Thermometers SMT172R16A were placed on the sidewalls of the aluminium block, temperature sensors DS18B20 were placed 

on the top and bottom of the aluminium block. 

 

FIGURE 2: Parameters of the CPU simulator with the indication of the location of the temperature sensors 

The entire aluminium block is isolated with rubber insulation with the width of 10 mm, on which there is a reflective aluminium 

layer.  

Another set of thermometers together with an anemometer is in the area of the fan and cooler plates, where they record the 

distribution of the temperature field along the layers of the cooling plates, the air temperature before entering the fan and after 

exiting the area of the cooling plates. The air coming out of the cooling plates travels into a conical-shaped collector, at the end 

of which there is a propeller anemometer for determining the amount of air passing through the body of the cooler at different 

power settings of the fan. 

The basis of the calibration experiments was the creation of a database determining the cooling power of the CPU air cooler 

under certain output conditions given by fan revolution speed and ambient temperature. With the help of heating modules, 

where the heat output was increased and decreased during each series of measurements, the temperature of the aluminium 

block simulating the CPU was stabilized. After the stabilization of the aluminium block, the amount of heat supplied by the 

heating modules equals the cooling output of the cooler under given output conditions. Thanks to the knowledge of the voltage 

and the current supplied to the heating modules, it is possible to determine relatively precisely the cooling power for the given 

output parameters of the cooler determined by the fan speed and the ambient temperature. The regulation of the fan revolution 

speed, along with the scanning of the current value of the fan rotation speed, was carried out through the Arduino MEGA 

microcontroller. The set speed range was set from the lowest possible, given by the manufacturer at a value of 500 rpm to a 

maximum of 3000 rpm. The fan speed was increased by 500 rpm for each series of measurements. At the same time, the 

Arduino serves as a bus for the values of the measured temperatures from the CPU simulator and the distribution of the 

temperature field within the cooler.  

IV. SENSOR CALIBRATION 

Since NTC sensors are used to measure temperatures, in which their resistance changes along with the change in temperature, 

i tis necessary to calibrate each sensor due to small inaccuracies, which may occur during the production process. These 

inaccuracies may subsequently cause measurement deviations in the range of tenths to several degrees. Such deviations are 

unacceptable but can be reduced with calibrating the sensors. To calibrate the sensors, a water bath with a precisely defined 

temperature, an integrated temperature sensor and an external Alhborn PT 100 thermometer connected to the ALMEMO 2890-
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9 data bus were used. Multiple check ensures an increase in the accuracy of sensor calibration. The water bath was chosen due 

to its easy handling and the possibility to change temperature, which is the same throughout the entire volume of the liquid, 

within degrees in the range of measurement from 25 °C - room temperature in the laboratory, up to a temperature of 70 °C, 

which we consider to be the maximum for use CPU. 

Each sensor was labelled and in Table 3 we can see the example of how the resistance of the thermistors changed with the 

change in the temperature. As can be seen in Picture 3, there is no linear change in the resistance of the thermistors, but there 

is a curve, and the curve is partially different for each thermistor. Such differences occur due to imprecise resistance values 

and production deviations in the production of thermistors. 

TABLE 3 

DIGITAL SIGNALS SENT BY SENSORS T1-T4 AT DIFFERENT TEMPERATURE 

  
Temperature (°C) 

35 40 45 50 55 60 65 70 

T1 413 364 321 291 268 252 240 204 

T2 412 363 320 286 263 245 231 203 

T3 412 363 317 280 247 220 197 174 

T4 407 358 312 272 235 202 174 157 

 

 

FIGURE 3: Graphic representation of the change in digital signal from the T1-T4 sensors during the 

temperature change 

Measuring of changes in the value of the 10K thermistors was recorded using an Arduino MEGA microcontroller on analog 

inputs that can record a signal in the range of 0-1024. A prescribed resistance was placed across the thermistor as shown in 

Figure 4. 

 

FIGURE 4: Thermistor connection diagram  
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The calibration of the digital sensors took place under the same conditions. The accuracy of selected temperature sensors caries 

in the case of DS18B20 in the range of ±0,5°C. Because of this, several sensors are placed in different places within the 

aluminium block and the temperature of the block is given as the average measured value of these sensors in a stable state, 

when there was no temperature change. We connected all DS18B20 sensors using a common 1-Wire bus to the Arduino Mega 

microcontroller. Thanks to the unique 64-bit identifier of each DS18B20 sensor, individual sensors can be directly addressed, 

which allows us to assign them to specific positions. The disadvantage of such connection is a slower loading of data since all 

temperature sensors share one common data bus. In the case of a stable state, it´s not necessary to carry out a series of 

measurements following in short time intervals; therefore, this method of connection was chosen as more economical. The 

advantage is also the reduction of the number of conductors passing through the aluminium block insulation, which also reduces 

the amount of heat dissipated to the surroundings. 

V. CONCLUSION 

The article described the design of a system for the analysis of increasing the efficiency of CPU cooling using an air cooler. 

Calibration of the temperature sensors distributed within the aluminium block simulating the CPU was carried out. The 

calibration was also performed on the thermistors located between the ribs of the air cooler and at the inlet and outlet of the 

cooling air. 

The basic calibration and creation of an initial comparison data package of the cooling power of the air cooler at different 

operating parameters will be described in the second part of this article. 
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Abstract— The article describes the construction of a device for researching the effect of air flow speed on the intensity of 

cooling of the medium that flows in the ribbed tubes of the cooler. The measure of cooling intensity is the overall heat transfer 

coefficient k. It is a model of a tubular heat exchanger in which horizontal and vertical movement of the individual tubes of the 

heat exchange surface is possible. The device will be used to obtain information about the influence of the arrangement of the 

heat exchange surface on the cooling performance of the exchanger. The measured values of the relevant quantities will be 

used as input data for the ANSYS CFX software. The software will allow to simulate the current ratios in the radiator tubes, 

the temperature fields along the length of the tubes and in the individual tubes of the exchanger arranged according to its 

height. 

Keywords— Ribbed heat exchange surface, flow distributor, cooling capacity. 

I. INTRODUCTION 

To achieve suitable transport conditions, tubular heat exchangers with a ribbed external heat exchange surface are used at 

compressor stations for cooling natural gas [1-4]. The transported natural gas is compressed to the required transport pressure 

at the compressor station, which causes an increase in its temperature. Since the increase in gas temperature causes an increase 

in the volume of transport gas, the quality of cooling becomes one of the transport priorities. By reducing the temperature, the 

mechanical stress on the gas pipeline pipes caused by the expansion of their material is also reduced, which positively affects 

the service life of the gas pipeline. 

The device described in the article is intended to provide information on the possibility of intensifying the heat exchange when 

cooling natural gas during the operation of the cooler. Natural gas coolers have different cooling surfaces, which are 

characterized by different tube diameters, different tube wall thicknesses, different rib diameters, and different rib spacing. 

However, the most important thing is the way the tubes are arranged in the cooler. The pipes are placed in rows above each 

other in the so-called "alternate arrangement" (Fig. 1). The number of rows of tubes is different. Structurally, the individual 

rows create an arrangement of either crossed flow (Fig. 2) or current doubly crossed (Fig. 3). 

 
  

FIGURE 1: Pipe arrangement FIGURE 2: Cross current 
FIGURE 3: Double crossed 

current 
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In cross-flow the gas is fed to the distributor (D), from where it flows through all rows of cooling tubes in one direction. The 

tubes open into the collector (C), from where the gas is taken out of the cooler through the outlet pipes. With double cross 

current, the gas inlet and outlet to the cooler are on the same side of the cooler. In both cases, air is used to cool the gas, which 

is blown into the cooler by means of fans from the bottom up. Fan start-up is regulated depending on the desired output 

temperature. 

II. DESCRIPTION OF THE PROPOSED DEVICE 

In laboratory conditions, water will be used instead of natural gas (safety point of view). The designed measuring device forms 

a closed circuit, which consists of a tubular heat exchanger (1) - a cooler, a fan placed under the cooler (2), a circulation pump 

(3), an accumulation flow water heater (4), a distributor (5), a collector (6), collecting tank (7) and connecting hoses (Fig. 4). 

The heat exchange surface is represented by the same pipework that is used to cool natural gas at the compressor station. 

 

FIGURE 4: Assembly of measuring equipment 

The main component of the measuring device is the tube exchanger, which is designed to ensure the greatest possible flexibility 

of the tube arrangement. The number of tubes placed one above the other can be up to 6, just like on a real natural gas cooler. 

The exchanger consists of ribbed pipes with a length of 2 m. The basic dimensions of the tube are shown in fig. 5. The individual 

pipes are fixed in the cooler structure in a staggered arrangement (Fig. 6). The device is currently prepared for measuring on 

tubes with the following dimensions: tube inner diameter d1 = 25 mm, tube outer diameter d2 = 30 mm, rib diameter dr = 58 mm, 

rib thickness hr = 0.65 mm, rib spacing b = 2.5 mm. 

 
 

FIGURE 5: Basic dimensions of a pipe 
FIGURE 6: Fixation of pipes in the structure of the 

device 
 

The ends of the tubes are clamped in the measuring device between two steel bands, which are tightened using M 12 nuts 

threaded on threaded rods. The height adjustment of the pipes is ensured by the nuts on the underside of the steel belt. After 

setting the spacing between the tubes, the ends of the tubes are pressed against the steel strip using a nut. This will arrest the 

tubes. The tube block is then sheathed on the outside. This creates a closed space for the cooling air supply (Fig. 7). 
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On the sides, the exchanger casing consists of sheet metal parts with the possibility of precise adjustment of the gap between 

the outer tube and the shell. From the sides of the water inlet to the exchanger, the space is sealed with rubber seals (Fig. 8). 

The sheathed heat exchanger is mounted on an L-shaped profile steel support frame. A VKMS 315 fan with a maximum air 

flow rate of 1,880 m3·h-1 is placed under the heat exchanger. Water entering and exiting the heat exchanger is ensured by a 

flow distributor - position 5 in Fig. 4. Distributors ensure uniform distribution of the flow to all pipes of the exchanger. The 

connection of the distributors depends on the way the water flows through the exchanger. In the case of crossed current, two 

distributors and 2 collectors connected according to Fig. 9. In case of doubly crossed current, one distributor and one collector 

will be used (Fig. 10). Water is provided in a closed circuit by a pump HGPA 25-8.0 U 180 with a maximum flow of 12 m3·h-1 

with three levels of regulation. 

 
 

FIGURE 7: Exchanger with sheathing 
FIGURE 8: Rubber seals on the inlet side of the 

exchanger 

  
FIGURE 9: Diagram of connection of distributors for 

cross current 

FIGURE 10: Wiring diagram of distributors for 

double crossed current 
 

III. BASICS OF COOLING PERFORMANCE CALCULATION 

The cooling performance of the cooler generally depends on several parameters. This is primarily about the type of cooled and 

cooling media and their thermal-physical properties, flow rates of both media, flow method through the cooler (convex, 

counter-flow, cross-flow), shape, size and material of the heat exchange surface, arrangement of pipes in the cooler, etc. 

On the flowing water side, the basic relationship for the cooling power P can be given in the form: 

𝑃 = 𝜂 ∙ 𝑄𝑚,1 · (𝑖1,1 − 𝑖1,2) = 𝜂 ∙ 𝑄𝑚,1 · 𝑐𝑝,1  · (𝑡1,1 − 𝑡1,2) = 𝜂 ∙ 𝜌 · 𝑄𝑉,1 · 𝑐𝑝,1 · ∆𝑡1 (W) (1) 

where  i1,1 is the specific enthalpy of water at the inlet to the exchanger (J∙kg-1∙K-1), 

i1,2  – specific enthalpy of water at the outlet of the exchanger (J∙kg-1∙K-1), 
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t – water temperature (°C); the indices are the same as for the designation of the specific enthalpy of water, 

cp,1 – specific heat capacity of water (J∙kg-1∙K-1), 

Qm,1 – mass flow of water (kg∙s-1), 

  – coefficient respecting heat losses in the exchanger structure (1). 

The total cooling performance of the exchanger can also be expressed from the heat balance: 

𝑃 = 𝑘 · 𝑆Σ · ∆𝑡 ̅̅ ̅̅  (W)  (2) 

where k  is the heat transfer coefficient referred to the outer surface area (W∙m-2∙K-1), 

 SΣ – heat exchange surface on the outside (m2), 

 ∆𝑡 ̅̅ ̅̅ – average temperature drop (K); in the case of cross-flow of heat-carrying media, it is determined as the mean 

logarithmic difference in the counter current exchanger, multiplied by the coefficient ψ. Its determination is stated 

in [5]. 

With known values of physical quantities, obtained from measurements on experimental equipment, the overall heat transfer 

coefficient k can be determined from the equation (3) 

𝑘 =
𝑃

𝑆Σ·∆𝑡 ̅̅ ̅̅
=

𝜂∙𝜌·𝑄𝑉,1·𝑐𝑝,1·∆𝑡1

𝑆Σ·∆𝑡 ̅̅ ̅̅
 (W · m−2 · K−1) (3) 

The relationship (3) will allow obtaining the average value of the overall heat transfer coefficient k for various shaped heat 

exchange surfaces that will be placed in the designed experimental stand. To achieve a uniform distribution of the cooled 

medium in all tubes of the heat exchange surface, a "distributor" was designed (Fig. 11). The uniformity of the flow distribution 

was tested numerically, and the distributor was solved in the ANSYS CFX simulation tool (Fig. 12). 

 
 

FIGURE 11: Cross-section of the flow distributor 
FIGURE 12: Simulation of water flow through the 

distributor 

IV. DISCUSSION 

When modeling the cooling performance, it is necessary to maintain the physical similarity between the model and the part. 

The heat dissipation to the surrounding air must be identical on the part and the model. In the model, water is used as the cooled 

liquid, in the real cooler it is compressed natural gas. It is necessary to ensure that the value of the heat transfer coefficient  

from the cooled medium to the inner surface of the tube has the same value on the part and the model. This results from the 

equality of the Nusselt criteria for the laboratory model and the real natural gas cooler. The flow of natural gas on a real cooler 

is turbulent. The heat transfer coefficient in the pipe is described by the criterion equation: 

𝑁𝑢 = 𝐶 ∙ 𝑅𝑒0.8 ∙ 𝑃𝑟0.4 

where C is a coefficient (for gases, C is equal to 0.021; for liquids 0.023), 

Re – Reynolds criterion (1), 
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Nu – Nusselt's criterion (1). 

The same values of the factor  on the part and the model will be achieved if the derived dependence in the form applies 

between the water flow rate ww and the natural gas rate wg: 

𝑤w = 𝑤g ∙ [
0.021

0.023
∙ (

𝜈w

𝜈g

)

0.8

∙ (
𝑃𝑟g

𝑃𝑟w

)
0.4

∙
𝜆g

𝜆w

]

1
0.8⁄

 

where  is the kinematic viscosity (m2∙s1), 

  – coefficient of thermal conductivity (W∙m-2∙K-1), 

Pr – Prandtl's criterion (1);  

Indexes "w" apply to water, indexes "g" to apply to natural gas. 

For the calculated speed of water circulation, it is necessary to finally check whether the water flow is also turbulent in the 

model. If, for example, at the compressor station, natural gas flows at a pressure of 7.35 MPa and a temperature of 60 °C 

through cooler tubes with an internal diameter of 25 mm at a speed of 8.05 m·s-1, then the coefficient  has a value of 

1,632 W∙m-2∙K-1. On the model through which 60°C warm water will flow, the same value of  is reached at a speed of 0.271 m·s-1. The 

Reynolds criterion will be equal to 11,350, so the recirculation will be turbulent.  

V. CONCLUSION 

The designed measuring device described in the article will make it possible to perform measurements both for crossed current 

and for double crossed current in various combinations of pipe arrangement (placed in rows one above the other and in 

alternating arrangement). The inlet (outlet) temperatures of both media will be measured just before the entrance (outlet) to the 

cooling space, as well as the media flow rates. Thermocouples will be used to measure the water temperature. By monitoring 

these temperatures, information will be obtained about the thermal performance of individual pipes, depending on their 

arrangement in the heat exchanger. Air temperatures will be measured just before the entrance (exit) to the cooling space and 

in the space between the pipes. The overall heat transfer coefficient k will be calculated from the measured values, which is a 

basic indicator of the intensity of heat exchange. The highest attainable overall heat transfer coefficient k will be sought through 

different combinations of pipe arrangement in the exchanger. The measured values will be compared with the numerical 

solution using FVM in the ANSYS CFX simulation tool. 
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