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Abstract: 

This research article analyzes the effect of tube ice thickness on duration and 

energy consumption in the freezing process for tube ice production, employing 

thermodynamic models based on mass and energy balance principles. Thermal 

simulations using the successive substitution method were calculated in 

MATLAB, demonstrating a 3.75% error compared to the actual process. The 

results show that the freezing duration varies with the required ice thickness. In 

addition, ice thickness significantly influences specific heat energy consumption 

(SECH) and specific electrical energy consumption (SECE). The case study 

reveals that as ice thickness increases, SECH rises due to the thermal insulation 

properties of the ice, which impedes heat transfer and slows ice formation. This 

results in a decreased cooling load and, consequently, a reduction in electrical 

energy efficiency. However, when the ice thickness reaches 12.24 mm, the rate 

of thickness formation accelerates, indicating an improvement in electrical 

energy efficiency. The study concludes that SECE is a critical parameter that 

reflects the combined effect of the average electrical energy consumption rate 

and the ice formation thickness rate, thus representing the characteristics of the 

ice-making machine. These findings provide a basis for optimizing electrical 

energy efficiency by controlling ice thickness, with potential implications for cost 

savings and enhanced sustainability in tube ice production. 
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1. Introduction 

 

Thailand's hot and humid climate creates a high demand for ice, especially tube and crushed ice for beverages, and 

block ice for food preservation. Notable, electricity consumption makes up the primary cost of ice production. 

Moreover, a study [1] shows that tube ice production is the most energy-efficient, while crushed ice production uses 

4.3% more electricity. Block ice production uses 51.8% more electricity than tube ice. Consequently, tube ice has 

become the most widely used. It has a cylindrical shape with a hollow center along its length, as shown in Fig. 1. 

 

Tube ice production involves 4 stages: 1) the water-feeding process, 2) the freezing process, 3) the defrosting process, 

and 4) the cutting process. The freezing stage is time-consuming and has the highest electricity consumption rate [1]. 

Subsequently, experimental studies [2, 3] were conducted to examine the rate of tube ice formation. The results 

indicate that ice forms rapidly at first but slows down over time. As a thermal insulator, the ice thickness resists heat 

transfer to the refrigerant. Therefore, ice thickness impacts production time and energy consumption during tube ice 

production. 
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Fig. 1. Dimension of a tube ice. 

 

A study [4] investigates production time and specific heat energy consumption (SECH) during the freezing process. 

The results show that during the first 14 minutes, ice forms rapidly, and heat transfer decreases continuously. This 

effect causes a decrease in SECH, which is an advantage for tube ice production. However, SECH increases due to 

thermal insulation from the ice thickness. This resists heat transfer and ice formation as the freezing process continues 

until it is completed in 28 minutes. Therefore, the study on tube ice production focuses on increasing the ice formation 

rate to decrease process time. A study [5] finds that using roughened tubes decreases production time compared to 

smooth tubes. Another study [6] shows that adding fins decreases freezing time and energy use by up to 13%. 

Moreover, a study [7] finds that smaller tubes enable faster ice formation and lower energy consumption compared 

to larger tubes. In addition, studies [8, 9] show that installing pre-cooling equipment for feed water reduces both 

production time and electricity consumption. 

 

Literature reviews indicate that improving tube ice production efficiency mainly focuses on decreasing process time 

to reduce electricity consumption. However, the ice formation rate continues to decrease as the ice layer thickness 

increases, causing the freezing process to extend in duration. In addition, tube ice production does not account for the 

ratio of electrical energy consumption to ice thickness formation during the freezing process, which this study 

represents using specific electrical energy consumption (SECE). This parameter is important for tube ice production 

because SECE shows the characteristics of electrical energy consumption for ice thickness formation during the 

freezing process. Furthermore, numerical methods and heat equation modeling are used to predict freezing process 

time, ice formation rate, and cooling load to assess heat energy efficiency [4-7, 10]. These methods do not account 

for mass transfer or changes in water temperature, causing simulation results to differ from experimental data. This 

study uses a thermodynamic model that includes mass, heat, and work transfer to achieve more realistic results. It 

also considers decreasing the water temperature before ice formation to better estimate study factors such as freezing 

process time, SECH, SECE, and changes in ice thickness during the process. 

 

Therefore, the objective of this article is to analyze the effects of ice thickness on freezing time and energy 

consumption in tube ice production. The analysis uses a thermodynamic model based on mass and energy balance, 

combined with a successive substitution method for system simulation. 

 

2. Freezing process in tube ice production 

 

Tube ice production involves four main processes: 1st the water-feeding process, water is fed into the tube ice freezer 

tower. 2nd the freezing process, the water freezes into tube ice of the required thickness using a vapor compression 

cycle. 3rd the defrosting process, the ice is slightly melted to release it from the tubes. Finally, the cutting process, the 

ice is cut to the desired length. These steps, which operate using the tube ice-making machine, are shown in Fig. 2. 

 

The freezing process occurs in the freezer tower at atmospheric pressure. Ammonia (NH3) is used as the refrigerant. 

The simulation is divided into two phases, each having different heat transfer characteristics: 

 

1) Chilling water phase: In this phase, the refrigeration system cools the feed water to 0°C. 

2) Ice-making phase: The phase entails the solidification of tube ice until the required ice thickness is achieved. 
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Fig. 2. Schematic of tube ice-making machine. 

 

3. Thermodynamic models 

 

The thermodynamic model used in this research is based on the 1st law of thermodynamics [11], applying mass and 

energy balance principles, as illustrated in Eqs. (1) and (2) respectively. 

 

in in sysΔm - m = m                                                                                                                                                  (1) 

 

in out sysE - E = ΔE                                                                                                                                                      (2) 

 

The freezing process is classified as an unsteady-state process (∆Esys 0 ). This classification describes both steady-

state and unsteady-state processes. Below are examples of thermodynamic model applications from various studies: 

 

Steady-State Process (∆Esys=0): This type of process occurs when the energy or state of the system remains constant 

over time. It is observed in systems where the properties of the substances within the control volume or equipment 

remain constant. For example, in the boiling and heating process of sugarcane juice, the assumption is steady-state 

conditions because the state of the juice in the boiler and heater remains the same over time. In a study [12], a 

thermodynamic model predicts the steam consumption of the boiler and heater, with only a 5% error compared to the 

actual process. A study [13] develops a new method to measure the heat generated by battery cells, focusing on 

reducing heat loss to the surrounding environment. This method uses an energy balance model that accurately predicts 

heat production. It can be used to design effective thermal management systems for battery packs. 

 

Unsteady-State Process (∆Esys 0 ): This process involves changes in the system's energy or state over time, 

occurring when the properties of the substances inside the control volume or equipment change. An example is the 

sterilization process in canned fruit production. In this process, unsterilized fruit is placed in cans and input into a 

sterilizer. Steam at 120°C is injected into the sterilizer, resulting in changes in the state of both the canned fruit and 

the steam during the process. A study [14] uses a thermodynamic model to predict the steam consumption rate and 

temperature during sterilization. The model shows accurate predictions for the steam consumption ratio, with only a 

1–2°C error in the predicted steam temperature compared to the average steam consumption. In addition, the 

hydrogen injection process into storage tanks for fuel cell electric vehicles (FCEV) is an unsteady-state process 

because of pressure and temperature changes during filling. In a study [15], a thermodynamic model predicts the 

pressure, temperature, and filling time of hydrogen in the storage tank. The model's predictions for hydrogen filling 

time have a 3% margin of error compared to the experimental data. 
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The analysis examines the effect of tube ice thickness on energy consumption during the freezing process. A 

thermodynamic model is suitable for predicting the cooling load (kW), the rate of ice formation (kg/s), and the rate 

of ice thickness formation (mm/s). The electrical energy consumption rate (kW) is measurement data from the actual 

process in a study [16]. This data reflects the electrical energy consumption of the compressor. Meanwhile, the 

cooling load, mass ice formation rate, and thickness of ice formation are predicted using a system simulation based 

on a thermodynamic model. This model focuses on four main devices: the freezer tower, ice tubes, shell-and-tube 

heat exchanger, and lower water tank. These parameters cannot be directly measured and require permission from 

the owner to measure the ice formation rate to avoid contaminating the ice with pathogens. 

 

3.1 Tube ice freezer tower 

 

Designs a mass control system for a closed system that observes water in the freezer tower, as illustrated in Fig. 3. 

 

 
 

Fig. 3. Control mass of freezer tower: (A) Water system (B) Liquid NH3 system. 

 

The temperature change of the chilled water during the chilling water phase is analyzed using the energy balance 

shown in Eq. (2) for the control volume in Fig. 3(A). This phase represents an unsteady state in the system, caused 

by changes in water temperature as heat transfers from the water to NH3. The model is presented in Eq. (3): 

 

( ) ( )
1

n

w,t+Δt w,t w,sys p,w
j=

j
t

Load
QT = T - m c 

 
  

                                                                                                                        (3) 

 

The mass of ice formed during the ice-making phase is analyzed using the energy balance in Eq. (2) for the control 

volume shown in Fig. 3(A). This phase represents an unsteady state in the system as water changes into tube ice. Heat 

transfers from the water through the ice and the tube to NH3. The model is presented in Eq. (4): 

 

( ) ( )
11

nn
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The thickness of the tube ice is determined using the mass balance in Eq. (2) for the control volume in Fig. 3(A), 

which predicts the mass of ice based on Eq. (4). The thickness calculation considers the shape of the ice-making tube. 

The model is presented in Eq. (5): 
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The evaporation rate of the refrigerant during the freezing process is determined using the energy balance in Eq. (2) 

for the control volume shown in Fig. 3(B). This system operates under steady-state conditions, meaning there are no 

energy changes as the refrigerant level remains constant while heat is added, causing evaporation at a saturated 

temperature. The model is presented in Eq. (6): 

 

1

( )
n

j

evap Load fg
j=

m Q h=                                                                                                    (6) 

 

To predict the water temperature and the amount of ice formed in the freezer tower, it is important to know the heat 

transfer rate from the water through the ice-making tube to the NH3 (cooling load). This heat transfer occurs around 

the ice-making tube, so we need to develop a model for the ice-making tube in the next section. 

 

3.2 Ice-making tube 

 

Define a control volume within a tube to separate water and ice as a system, as illustrated in Fig. 4. 

 

 
 

Fig. 4. Control volume of tube: (A) Water system (B) Water & ice system 

 

The cooling load during the chilling water phase and the ice-making phase is shown in Eqs. (7) and (8), respectively. 

This model uses the energy balance explained in Eq. (2) for the control volume illustrated in Fig. 4. The cooling load 

is determined by the temperature difference between the water inside the tube and the refrigerant surrounding the ice-

making tube. Consequently, the water continuously cools down until it freezes into ice at 0°C. 

 

( ) ( )j j j j j

Load w p,w w,in w,outQ = m c T -T + KP 
 

                                                                                                                       (7) 
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21
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Δ

Δ
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t
     
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The model that predicts the cooling load has some unknown variables. These include the inlet and outlet temperatures 

of the water flowing through the ice-making tube during the chilling water phase. The amount of ice formed in the 

ice-making tube during the ice-making phase is also unknown. Therefore, the next section discusses the model of the 

shell-and-tube heat exchanger. 
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3.3 Shell and tube heat exchanger 

 

The freezer tower operates as a shell-and-tube heat exchanger, where heat transfers at a constant temperature of the 

cold fluid. Consequently, this model uses the overall heat transfer coefficient [17, 18]. Additionally, the model 

considers the tube section and the average temperature difference of the water during the chilling water phase. In the 

ice-making phase, the temperatures of both the water and the refrigerant are assumed to be constant. The cooling load 

models for the chilling water and ice-making phases are presented in Eqs. (9) and (10), respectively. 

 

( )
3, ,

1

2

j j j j
Load NHw in w out

Q UdA TT T = −+ 
                                                                                           (9) 

 

( )
3

j j
w NHLoad

T TQ UdA −=                                                                                                                                    (10) 

 

Based on Eqs. (7) and (9), define a model to calculate the outlet water temperature of the tube section, as shown in 

Eq. (11). Moreover, Eqs. (8) and (10) define a model for the ice formed inside the tube, as shown in Eq. (12). 
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The overall heat transfer coefficient during the chilling water phase includes the thermal resistances of the water, 

tube, and NH3 [19]. In the ice-making phase, the thermal resistances consist of those of the water, ice, tube, and NH3 

[20]. These are presented in Eqs. (13) and (14), respectively. 

 

( )
3

1

w Tube NH

UdA=
R + R + R

                                                                                                                                                      (13) 

 

( )
3

1

w i Tube NH

UdA=
R + R + R + R

                                                                                                                                             (14) 

 

The duration of the freezing process for both the chilling water phase and the ice-making phase is determined by the 

changing conditions of the water in the lower water tank. 

 

3.4 Lower water tank 

 

Define a control volume within a lower water tank, as illustrated in Fig. 5. 

 

 
 

Fig. 5. Control volume of water in the lower tank. 

 

The duration of the freezing process is divided into two phases: the chilling water phase, which considers the changing 

water temperature in the lower water tank, and the ice-making phase, which focuses on the decrease in water mass 

within the lower tank. Apply the energy balance in Eq. (2) for the control volume in Fig. 5. These are presented in 

Eqs. (15) and (16), respectively. 
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4. Thermal simulations for the freezing process 
 

4.1 Classification of variables 
 

According to the thermodynamic model of thermal equipment, the variables are divided into three groups, as 

illustrated in Fig. 6. 
 

 
 

Fig. 6. System simulation variable classification diagram 
 

4.2 System of equation 
 

The analysis of thermal equipment for creating a thermodynamic model aims to predict important parameters such 

as freezing time, cooling load, refrigerant evaporation rate, and tube ice thickness. These models are presented in a 

system of equations in Table 1. 
 

Table 1: Equation system in a freezing process. 

Chilling water phase Ice-making phase 

Function Equation Relation Function Equation Relation 
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j jF f F=  

f4 (3) ( )1

4 3

j nf f f = →=  F4 (4) ( )1

4 3

j nF f F = →=  

f5 (15) ( )45 2 ,nf f f f=  F5 (5) ( )5 4F f F=  

f6 (6) ( )1

6 3

j nf f f = →=  F6 (16) ( )6 4F f F=  

   F7 (6) ( )1

7 3

j nF f F = →=  

 

4.3 Successive substitution method 
 

Thermal system simulations can be divided into three methods: 1) Sequential Substitution: In this method, the output 

from each equation serves as the input for the next one. This approach requires a clear flow diagram and proper 

sequencing of equations. However, it is unsuitable for unsteady-state processes because the independent variables 

change continuously. 2) The Newton-Raphson Method: This method quickly converges to a solution but may diverge 
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in systems with exponential functions, making it unsuitable for unsteady-state processes where independent variables 

change. 3) The Successive Substitution Method: The process begins with an initial approximation for the independent 

variables. These values are then substituted into equations to produce new results. This iterative process continues 

until the values are constant. It is suitable for unsteady-state processes. An information flow diagram is necessary for 

this method [21]. Consequently, the Successive Substitution Method is suitable for the freezing process, which is an 

unsteady-state process where independent variables change. An information flow diagram for the freezing process is 

illustrated in Fig. 7. 
 

MATLAB [22] is used to solve the system of equations, with COOLPROP, an open-source software, providing 

thermodynamic properties specifically for pure substances such as water and NH3 in this study. For studies that 

require thermodynamic properties of mixtures, such as for selecting suitable mixtures under specific process 

conditions [23], REFPROP is recommended. This commercial software offers accurate predictions of thermodynamic 

properties for mixtures. 
 

4.4 Data of simulation 
 

Case Study: The freezing process simulation uses data from a tube ice-making machine with a capacity of 50 tons/day, 

including data on the average compressor energy consumption rate and production conditions from [16]. This system 

operates with a freezing process time of 36 minutes and produces tube ice with a thickness of 12.33 mm, as presented 

in Table 2. Additionally, the validation of the simulation uses both the ice thickness measurements [16] and the results 

of previous simulations based on the mathematical model [10]. 
 

Table 2: Data of simulation. 

 Parameter Value Unit 

Control variable 

Outer diameter of tubes 41 mm 

Inner diameter of tubes 35 mm 

Tube length 3.5 m 

Ice length 3 m 

Tube quantity 540 Tube 

Electrical energy consumption rate (compressor) 125 kW 

Evaporation refrigerant temperature -10.9 ºC 

Ice density 910 kg/m3 

Ice thermal conductivity 2.22 W/moC 

Tube thermal conductivity 15.09 W/moC 

Tube ice thickness required 12.33 mm 

Initial condition 
Feed water temperature 27.5 ºC 

Tube ice thickness 0 mm 
 

5. Analysis of specific energy consumption for the freezing process 
 

5.1 Specific heat energy consumption 
 

Specific heat energy consumption (SECH) is calculated by considering the cooling load during the ice-making phase 

and the rate of ice formation, as presented in Eq. (17). SECH is used to describe the effects of two important parameters 

in the freezing process: the cooling load and ice formation rate. An increase in SECH indicates a lower ice formation 

rate due to the thermal insulation of the ice layer. This effect decreases the cooling load in the freezing process. 

However, a decrease in SECH demonstrates a higher ice formation rate due to the thin ice layer in the initial ice-

making phase. This effect increases energy efficiency in the freezing process. 
 

load

H

i

Q
SEC

m
=




                                                                                                                                                                (17) 

 

5.2 Specific electric energy consumption 
 

In this study, specific electrical energy consumption (SECE) is the inverse of electrical energy efficiency. This factor 

indicates the characteristics of two important parameters in the freezing process: the electrical energy consumption 

rate and the ice formation thickness rate, as presented in Eq. (18). An increase in SECE demonstrates a lower rate of 
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ice thickness formation while the average electrical energy consumption rate remains constant. However, a decrease 

in SECE shows a higher rate of ice thickness formation, while the average electrical energy consumption rate remains 

constant. 
 

3600
E

E

i

E
SEC

r
=


                                                                                                                                                            (18) 

 

 
 

Fig. 7. Information flow diagram of a freezing process by successive substitution. 
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6. Results and Discussion 

 

 
 

Fig. 8. Validation of simulation. 

 

The validation of the simulation in Fig. 8 confirms that the simulation is accurate, based on actual production 

conditions [16]. The actual production takes 36 minutes to produce tube ice with a thickness of 12.33 mm. The 

simulation predicts a freezing time of 34 minutes and 39 seconds, representing a 3.75% error compared to the actual 

process. In contrast, the simulation [10] predicts a freezing time of 33 minutes and 25 seconds, resulting in a 7.18% 

error. This demonstrates the advantage of using a thermodynamic model: it can decrease the error in freezing process 

time predictions by 3.43%. This improvement results from the thermodynamic model's focus on the energy transfer 

of the water flowing in the tube during the freezing process, and the chilling water phase is important in the initial 

stage of the freezing process. This concept eliminates gaps and improves the limitations of the models in previous 

research. In addition, the simulation results indicate that the thickness of the tube ice increases over time, but the rate 

of ice formation decreases because of the thermal resistance of the ice layer. This rate of tube ice formation contributes 

to the analysis of SECH and SECE, respectively. 

 

 
 

Fig. 9. Cooling load and evaporation rate of NH3 throughout the process. 

 

The freezing process of water in the freezer tower operates under the assumption that the refrigerant temperature 

remains constant. Therefore, during the chilling water phase, the cooling load depends on the changing water 

temperature, as shown in Fig. 9. The water temperature is highest at the beginning of the process, resulting in the 

maximum cooling load. As refrigeration continues, the water temperature drops, reducing the cooling load until the 
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water reaches 0°C and becomes ready to freeze. This occurs 2 minutes and 41 seconds before the ice-making phase 

begins. Previous studies [4, 5, 7, 24] do not account for the drop in water temperature in the freezer tower before the 

ice-making phase. This elimination directly affects the cooling load during the chilling water phase. Consequently, 

the predicted cooling load from these previous studies may be inconsistent with the actual process. 

 

The ice-making phase has a lower cooling load than the chilling water phase. The cooling load decreases over the 

ice-making time, as shown in Fig. 9. The assumption is that the ice formation at a constant temperature of 0°C, 

resulting in a stable temperature difference between the water and the refrigerant. Therefore, the decrease in the 

cooling load is affected by the ice thickness layer insulator. The specific energy required for this formation is a 

constant 333.24 kJ/kg during this phase. The cooling load depends on the mass of the water phase change to ice. In 

addition, the assumption is that the refrigerant evaporates at a constant evaporation pressure, so the refrigerant 

evaporation rate is consistent with the cooling load. The cooling load is important for determining SECH. 

 

 
 

Fig. 10. SECH and SECE throughout the ice-making process. 

 

The cooling load and the rate of ice formation continuously cause SECH to increase until the end of the process, as 

illustrated in Fig. 10. SECH significantly increases after 14 minutes and 20 seconds (ice thickness of 5.92 mm). This 

result is consistent with the findings of [4, 6, 7]. This study also confirms that the increase in SECH results from the 

thermal insulation effect of the tube ice thickness. This effect resists heat transfer and slows the rate of ice formation, 

resulting in a decrease in the cooling load. The previous study focuses on improving heat transfer in tube ice 

production. This improvement is modifications to the external tube surface with a rough coating [5] and wavy fins 

[6]. These improvements support more heat transfer during tube ice formation, resulting in a decrease in SECH. 

 

The rate of tube ice thickness formation and the average electrical energy consumption affect SECE, as illustrated in 

Fig. 10. This represents a new finding in this research: SECE is the inverse of electrical energy efficiency. Thickness 

formation rates of ice decrease while the average electrical energy consumption remains stable throughout the 

freezing process. This result indicates a loss of electrical energy efficiency. However, when the freezing duration 

reaches 33 minutes and 38 seconds (with a tube ice thickness of 12.24 mm), the rate of thickness formation increases 

because ice forms in a smaller diameter. This finding indicates an increase in electrical energy efficiency. The SECE 

is an important parameter that reflects the combined effect of the average electrical energy consumption rate and the 

ice formation thickness rate. Therefore, SECE represents the characteristics of this ice-making machine. Furthermore, 

SECE has another advantage in this study; it allows manufacturers or owners to estimate their electricity costs for 

producing ice at various thicknesses. 

 

7. Conclusion 

 

This study analyzes the effect of tube ice thickness on duration and energy consumption during the freezing process 

of tube ice production. It uses thermodynamic models based on mass and energy balance principles. The system 

simulation uses successive substitution methods. The validation of the simulation represents a 3.75% error compared 
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to the actual process. The findings indicate that the thickness of the tube ice affects the freezing duration. As the 

required thickness increases, the duration also increases. Moreover, the ice formation rate decreases because of the 

thermal insulation provided by the ice thickness. The thickness of the tube ice directly affects both SECH and SECE. 

The case study shows that SECH increases throughout the process mainly because of thermal insulation of the 

thickness of the tube ice, which resists heat transfer and slows the rate of ice formation. This result decreases the 

cooling load throughout the process. In addition, the electrical energy consumption rate tends to remain stable. This 

effect demonstrates a decrease in electrical energy efficiency. However, when the ice thickness reaches 12.24 mm, 

the rate of thickness formation increases because ice forms in a smaller diameter. This finding indicates an increase 

in electrical energy efficiency. In this study, SECE is the inverse of electrical energy efficiency. SECE is an important 

parameter that reflects the combined effect of the average electrical energy consumption rate and the ice formation 

thickness rate. Therefore, SECE represents the characteristics of this ice-making machine. 

 

The findings of this study can be applied in the industrial sector. The developed model accurately predicts the freezing 

duration needed to produce tube ice of varying thickness, allowing manufacturers to fine-tune machine timers with 

greater precision. Furthermore, the SECE concept supports accurate cost estimation for the freezing process per 

production cycle at different ice thicknesses. This concept enables more efficient production planning and cost 

management. 

 

8. Future Work 

 

Future work for tube ice production to improve energy consumption efficiency and model development includes four 

topics: 1) Implementing a pre-cooling system for the feed water conditions the water to be as close to freezing as 

possible before it enters the freezer tower. This approach can increase the ice formation rate and enhance the electrical 

energy efficiency. 2) Enhancing electrical energy efficiency can focus on reducing the power consumption of 

compressors and pumps with motor-driven equipment. This involves implementing a Variable Speed Drive (VSD) 

system. 3) Include energy consumption data from equipment involved in the freezing process, such as the chilled 

water pump, feed water pump, cooling water pump, and cooling tower fan, to improve the SECE calculation. And 4) 

Model development considers the simultaneous chilling water and ice-making phases in the freezer tower. The 

assumption is that water in contact with the tube surface rapidly heat transfer and freezes, while the adjacent water 

layers gradually transfer heat and decrease in temperature. 
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Nomenclature 

 

pc  [J/kg ºC]  Specific heat capacity 

dA  [m2]  Sub-section area of tube 

E  [kJ]  Energy 

h  [kJ/kg]  Enthalpy 

KP  [kJ/kg]  Summation of specific kinetic energy and potential energy 

m  [kg]  Mass 

m  [kg/s]  Mass flow rate 

LoadQ  [kW]  Cooling load 

R  [ºC/W]  Thermal resistance 

r  [m]  Thickness 

r [m/s]  Thickness rate 

T  [ºC]  Temperature 
U  [W/m2 ºC] Overall heat transfer coefficient 

u  [kJ/kg]  Internal energy 

v  [m/s]  Velocity 

z  [m]  Length 



J. Res. Appl. Mech. Eng.  2025, Volume 13(3)/ 13 

Greek symbols 

  [W/m2 ºC] Convective heat transfer coefficient 

  [kg/m3]  Density 

 

Subscripts and superscripts 
j  [-]  Sub-section tube 

n  [-]  Number of tubes 

in  [-]  Inlet 

out  [-]  Outlet 

w  [-]  Water 

i  [-]  Ice 

3NH  [-]  Ammonia 

fg  [-]  Saturated liquid and vapor 

evap  [-]  Evaporate 

sys  [-]  System 

E  [-]  Electrical 

H  [-]  Heat 

t  [sec]  Time 

t  [sec]  Time difference 
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