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Abstract

:

A water diffuser is a critical auxiliary equipment for an ice storage system during the external ice melting process. This paper proposes a linear multi-pore water diffuser for an ice storage system with 500 t of refrigeration capacity to enhance the performance of external ice melting. By establishing a three-dimensional two-phase volume of fluid (VOF) model, different structural designs of water diffusers for the ice storage device are numerically examined regarding the degree of turbulence, flow velocity, and pressure drop. The results show that the optimal water diffuser with five rows of trunk pipe and six perforated pores arranged in per row of branch pipe with a 4 mm diameter of perforated pores exhibiting a relatively lower degree of turbulence with a lower pressure drop compared with the other designs in this study. Meanwhile, the influence of the flow velocity on the ice melting process is also investigated by a numerical model of ice melting. It is found that the fed flow velocity from the main pipe inlet exhibits a great impact on the external ice melting process. Compared with the external ice melting process without the water diffuser, the external ice melting process with optimal water diffuser design under flow velocity of 1.0 m s−1 could shorten the overall ice-melting time by 16 h. Additionally, through adjusting the water flow velocity, different output cooling can be realized to provide a fast response speed to the cooling variations in demand of the terminal users with a reduced cost.
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1. Introduction


Rapid economic development has resulted in insufficient peak power supply. Energy storage technology has proved to be an effective way to solve this problem, which can bring good social and economic benefits that are expressed in various aspects [1,2,3,4,5]. Ice storage technology uses the latent heat of ice to store the cold energy produced by the power grid during the low electricity consumption period, and releases the cold energy during the daytime peak electricity consumption period to provide for the air conditioning system to relieve the pressure on the power grid during the daytime peak period. Therefore, energy storage technology plays an important role in shifting peaks and filling valleys of electric load [6,7,8,9,10]. For example, in solar systems, the energy can be absorbed during daylight and this stored energy can be used at night for heating purposes [11,12].



Generally, ice storage technology can be divided into the internal and external ice melting system. Compared with the internal ice melting system, the external ice melting system can effectively reduce the heat transfer resistance of the ice melting process owing to the return-water contacting directly with the ice and water [13]. It is reported that the performance of an ice melting system is closely related to the design of the auxiliary equipment of the water diffuser [14]. Therefore, great efforts have been made regarding the design of water diffusers for external ice melting systems [15].



Water diffusers are commonly used in external ice melting systems, condensers in power plants [16], seawater treatment equipment [17,18], and sewage treatment reactors. The main types of water diffusers are linear, disc, trough, octagonal, and radial shapes [19]. The octagonal, radial, and disc water diffusers are well-suited to round, cylindrical tanks, whereas the H-type water diffusers are more appropriate for square and rectangular tanks, although they suffer from maintaining self-balance. For example, Tang et al. [16] reported that the large-scale chilled water storage device with a well-designed octagonal diffuser and uniform flow orifice could achieve ideal storage efficiency under the operation conditions of large flow rate and large temperature difference. Ling et al. [20] analyzed the influence of Reynolds number (Re), Froude number (Fr), and H-type water diffuser on the efficiency and performance of a water pool. By using three-dimensional unsteady numerical experiments, Chung et al. [21] investigated the structure of a radial and an H-beam type diffuser on the performance of a storage tank and found that water diffuser shape played a significant role on the performance of a stratified thermal storage tank. Karim [22] reported the experimental results of an octagonal diffuser in an energy storage system and suggested that the diffuser should be designed on unit Froude number (1/Ri1/2) and equal pressure drop. In another investigation by Song et al. [23], it was conveyed that there was significant improvement in the stratification in an octagonal slotted pipe diffuser for energy storage. Cui et al. [24,25] determined the structure and operating parameters of the throttle valve water distributor and related evaluation, which has a good guiding role for the design of the pre-throttle valve water distributor. To get the higher energy storage efficiency, Tang et al. [26] employed a numerical investigation on the optimization of the octagonal water diffuser with a uniform flow orifice plate. The optimal design of the water distributor improves its efficiency in the heat exchanger [27]. Jia et al. [28] proposed a control strategy for the flow of the water distributor, and the experimental results show that the strategy can improve the response speed of the system. Therefore, the optimal design of water diffuser is of great importance for the enhanced performance of an energy storage system. However, recently, many numerical studies only focus on the design of the structure and operating condition of a water diffuser, seldomly has published work numerically examined the effect of water diffuser design on the performance of the external ice melting system.



Therefore, this study establishes a hybrid model combining the water diffuser model and the ice-melting model for a rectangular shaped ice storage system with 500 t of refrigeration. By the water diffuser model, the influence of the structural parameters of the auxiliary equipment, a linear multi-pore water diffuser, such as the diameter of the perforated pore, the number of the pipe rows and the perforated pore per row, on the performance of the multi-pore water diffuser is numerically investigated. Subsequently, the effect of the fed water velocity of the main inlet on the performance of the external ice melting process regarding the ice-melting time, outlet water temperature, and output cooling capacity is evaluated based on the above results. The objective of this study is to seek an optimal combination of structure design and operating conditions of the water diffuser by the developed hybrid model, therefore to achieve a high performance of the external ice melting system with fast response and cost savings, ultimately satisfying the changing cooling requirements of the users.




2. Mathematics Model


2.1. Computational Domain


Linear multi-pore water diffuser is employed to enhance the performance of an external ice melting system. The length, width, and height of the external ice melting device including the linear multi-pore water diffuser are 4.8, 3.15, and 1.85 m, respectively, as shown in Figure 1a. The multi-pore water diffuser is designed above the coil of the external ice melting device, which consists of a main pipe and a branch pipe as shown in Figure 1a. The ice storage capacity of the external ice melting system is 500 t of refrigeration and the ice melting time should be controlled within 4 h, therefore, based on the equation Q = cm∆T (where c is the specific heat capacity, m is the mass of the object, and ∆T is the temperature change of the object), the diameter of the main pipe, trunk pipe, and branch pipe of the linear multi-pore water diffuser are calculated to be 32, 25, and 15 mm, respectively. To save computational time, a simplified geometric model without considering the coil is employed in this simulation as also indicated in Figure 1a. Figure 1b shows the overall generated unstructured grid of the computational domain, the average quality of the grid is 0.86. Moreover, the grid dependence is carried out successfully with increasing or decreasing the total grid number of 30%, it is found that the difference between the numerical results with a different grid number is less than 1.0%.




2.2. Model Assumptions and Governing Equations


The two-phase flow water diffuser model is developed with the following assumptions: the water diffuser operates under steady-state conditions; the physical properties of the fluid in the water diffuser are constant; the flow is stable and in a turbulent state; and the fluid is viscous and incompressible. The effect of gravity is considered. Owing to the turbulent flow within the water diffuser, a K-ε model of turbulence is employed in this study. Base on the published work regarding water diffusers [29], the complete mathematical model equations of the model are provided as follows.



The continuity equation and momentum equations for liquid water are:


    ∂  (   γ w  ρ  u i   )    ∂  x i    = 0  



(1)






    ∂  (   γ w  ρ  u i   u j   )    ∂ x   =  γ w    ∂ P   ∂  x j      +  γ w    ∂  (  μ ∂  u i   )    ∂  x i    +  γ w  ρ g  (  i , j = 1 , 2 , 3  )   



(2)




where γw is the volume fraction of the liquid phase, ρ (kg m−3) is the density of liquid water; μ (Pa∙s) is the viscosity of liquid water; P(Pa) is the pressure; u (m s−1) is the liquid water velocity; and g (Kg s−1) is the gravity vector. The continuity and momentum conservation equations for the gas phase are in the same form as Equations (1) and (2).



The k-ε turbulence model is derived from the instantaneous Navier–Stokes. The equations of the turbulent kinetic energy k and the turbulent kinetic energy dissipation rate ε in the model are as follows:



The equations of the turbulent kinetic energy k:


    (  ρ k  μ i   )  =  ∂  ∂  x i    [ ( μ +    μ i     σ k      )   ∂ k   ∂  x j      ] +  G k  +  G b  − ρ ε +  S k    



(3)







The turbulent kinetic energy dissipation rate ε:


    ∂  ∂  x i     (  ρ ε  μ i   )  =  ∂  ∂ x j   [ ( μ +    μ i     σ ε      )   ∂ ε   ∂  x j      ] +  C 1  ε  ε k   (   G k  +  C 3  ε  G b   )  −  C 2  ε ρ    ε 2   k  + S ε   



(4)




where the turbulent viscosity, ut =   ρ  C u     k 2   ε   ;    C u   = 0.09; Gk = −  ρ    u i ′   u j ′   ¯    ∂  μ i    ∂  x i      is the turbulent kinetic energy due to velocity steps in the bottom laminar flow,    G b  = −  g i       μ t    ρ P  r t      ∂ ρ   ∂  x i      is turbulent kinetic energy due to buoyancy;   P  r t  = 0.85    is   the    turbulent energy Prandtl number; C1 = 1.44, C2 = 1.9, and    C 3  = 1   are constant in the model; σk = 1.0 and σε = 1.2 are the Pranftl number in turbulent kinetic energy k equation and in diffusion equation ε; and Sk and Sε are the source terms of the equations.




2.3. Boundary Conditions


The boundary conditions of two-phase water diffuser model are shown in Table 1. All of the external walls are treated as a non-slip boundary and the acceleration of gravity is set at 9.8 m/s. The velocity boundary is prescribed on main pipe inlet with a constant velocity of 1.0 m/s and the return water outlet is set as pressure outlet boundary.




2.4. Grid Independence Test and Model Validity


Grid independence verification is crucial to the simulation results. The grid independence was successfully performed by increasing and decreasing the mesh number by 30% with the same calculation conditions. The numerical results, such as the average velocity of pores as indicated in the flowing figure, are consistent with each other’s between the different meshes. Appropriate under relaxation factors were applied for each variable to ensure a stable convergence and the iteration residual for all solving variables was fixed at 10–5. Moreover, the residual curves are maintained for about 1000 steps without obvious differences, and the difference between the inlet and outlet mass flow is within 1.0%. Thus, it can be concluded that the model is reliable.





3. Results and Discussion


The influence of the water diffuser structural parameters on the degree of turbulence, flow velocity, and pressure drop of water distribution is numerical investigated in Section 3.1, Section 3.2 and Section 3.3. There are a total of 12 cases regarding the structural parameter designs of the water diffuser as shown in Table 2. Subsequently, the influence of operating parameters on ice melting process is examined in the Section 3.4 under the achieved optimal structural parameter designs of the water diffuser.



3.1. Influence of the Number of Trunk Pipes


This section investigates the influence of the number of trunk pipes on the degree of turbulence, flow velocity, and pressure drop of the water distribution. The number of trunk pipe rows are set at 3, 4, 5, 6, and 7 with the perforated pore diameter and the number of the perforated pores per row of branch pipe fixed at 4 mm and 6, respectively. Figure 2a shows the distribution of the velocity at the middle x–y plane of the branch pipe with three typical number of trunk pipe row designs, namely 3, 5, and 7. With the increase in the number of trunk pipe rows, the water velocity from the perforated pore decreases correspondingly, as also can be observed in Figure 2b. However, the degree of turbulence for water diffuser significantly decreases with the increase of the number of trunk pipe rows, indicating that increased number of pipe rows can improve the uniformity of water distribution for water diffuser. Nevertheless, these results do not reflect that a larger number of trunk pipe rows leads to a higher performance of water diffuser. As mentioned above, the linear multi-pore water diffuser suffers from maintaining self-balance, therefore, the maximum flow rate deviations for the branch pipes and perforated pore are also an important criterion to evaluate the performance of water diffuser. Moreover, the water diffuser should have a small pressure drop to save pump power consumption, which will be discussed below.



Figure 3 shows the maximum flow deviation for the branch pipes and the perforated pores under different numbers of trunk pipe rows. With the increase of the number of trunk pipe rows, the maximum flow deviations for the branch pipes and the perforated pores both increase. For instance, the maximum flow deviations for the branch pipes under the trunk pipe row of 3, 5, and 7 are 1.2%, 3.5%, and 5.7%, respectively, whereas for the perforated pores they are 3.6%, 8.1%, and 10.1%, respectively. These are caused by the decrease of the pressure within the trunk pipe resulting from the decreased flow rate. Generally, the maximum flow deviations for the water diffuser should be less than 10% [30]. Therefore, the water diffuser with the above number of trunk pipe rows satisfies the requirements of the maximum flow deviation. Figure 4 shows the maximum pressure drop and average velocity of the perforated pore for the water diffuser under different number of trunk pipe rows. With the increase of the number of trunk pipe rows, the pressure and the average velocity of the perforated pore for the water diffuser decrease. A decreased pressure favors saving pumping power; however, a reduced average velocity of the perforated pore can result in a decreased heat transfer coefficient, which is not conducive to ice melting for the external ice melting system.



Based on the above discussion, the water diffuser with five trunk pipe rows has a relatively smaller degree of turbulence, lower maximum flow deviation, and higher flow rate with a lower pressure drop; therefore, the number of trunk pipe rows for the water diffuser of the external ice melting system should be five in this study.




3.2. Influence of the Number of Perforated Pores


The influence of the number of perforated pores per branch row on the performance of the water diffuser is investigated in this section. The number of perforated pores per branch row is four, five, six, seven, and eight with a fixed number of trunk pipe of five and a maintained pore diameter of 6 mm, which are represented by DN6, DN7, DN3, DN8, and DN9. Figure 5 shows the distribution of the velocity at the middle x–y plane of the branch pipe and the average velocity and degree of the turbulence for the water diffuser under different number of perforated pores. An increased number of perforated pores per branch pipe leads to a decreased flow velocity within the pipes of the water diffuser as well as a reduced degree of turbulence for the water distribution. There also must be a tradeoff between the decreased flow velocity and the reduced degree of turbulence resulting from the increased number of perforated pores for a high performance of the water diffuser. This will be examined regarding the maximum flow deviation and pipeline pressure loss within the water diffuser as follows.



Figure 6 shows the maximum flow deviation for branch pipes and perforated pores of the water diffuser under a different number of perforated pores. It is found that the maximum flow deviation for branch pipes and perforated pores for all of the designed number of perforated pores are below 10%, indicating all of the designs that satisfy the requirement of the maximum flow deviation. The maximum pipeline pressure drops within the water diffuser and average velocity of perforated pore decrease with an increased number of perforated pores per branch row as shown in Figure 7. The result shows that with the number of perforated pores of six, the water diffuser has a lowest pipeline pressure drop and a relatively high velocity of water distribution.




3.3. Influence of the Diameter of the Diffuser


The influence of the perforated pore diameter of the water diffuser on the uniformity of water distribution, degree of turbulence, pipeline pressure loss for the water diffuser is examined in this section. The perforated pore diameters are chosen to be 4, 6, 8, and 10 mm, which correspond to DN3, DN10, DN11, and DN12, respectively. The number of trunk pipe rows and the number of the perforated pores per branch row is kept at five and six, respectively. Figure 8 shows the distribution of the velocity at the middle x–y plane of the branch pipe and the average velocity and degree of the turbulence for the water diffuser under different perforated pore diameters. An increased perforated pore diameter leads to a decreased velocity within the branch pipes and perforated pores, whereas the degree of the turbulence initially increases and then remarkably decreases. A lower velocity for the perforated pore is detrimental to the improvement of the heat transfer; however, it benefits the uniformity of the water distribution.



The maximum flow deviation for the branch pipes and the perforated pores of the water diffuser under different perforated pore diameters are shown in Figure 9. The maximum flow deviations for the branch pipes and perforated pores increase with the increase of the perforated pore diameter owing to the reduced pipeline pressure loss. The maximum flow deviation for the branch pipes is 8.5%, 18.2%, 85.6%, and 168%, whereas for the perforated pores they are 4.6%, 16.9%, 69.4%, and 131.1% under perforated pore diameter of 4, 6, 8, and 10 mm, respectively. As discussed above, the maximum flow deviation within the water diffuser should be less than 10%, thus the perforated pore diameter for the water diffuser should be 4 mm. As the influence of the number of trunk pipes on the pipeline pressure, with the increase of the perforated pore diameters, the pipeline pressure and the average velocity of the perforated pore for the water diffuser decrease. A lower pipeline pressure benefits energy saving; while a lower average velocity of the perforated pore decreases the heat transfer and degrades the efficiency of ice melting. As observed in Figure 10, the water diffuser with a perforated pore diameter of 4 mm has a relatively low pipeline pressure loss and a relatively high velocity of perforated pore, moreover, a low degree of turbulence as indicated in Figure 8; therefore, the perforated pore diameter of 4 mm should be employed for the water diffuser in this study.




3.4. Influence of an Operational Parameter on External Ice Melting Process


This section investigates the influence of an operational parameter, namely the flow velocity of the main pipe on the external ice melting process under the optimal structure of the water diffuser by using a numerical model of ice melting. As mentioned above, the external ice melting device including the linear multi-pore water diffuser is 4.8 × 3.15 × and 1.85 m, which has an ice storage capacity of 500 t of refrigeration. The ice thickness is 74 mm outside the U-shaped coil and the water gap between the ice layer of two outside the U-shaped coil is 18 mm under the ice storage fraction of 50%. To save the computational time, a 2-dimension half-cell of the U-shaped coil is applied as the computational domain owing to the symmetry as show in Figure 11.



The governing equations for the water diffuser model as provided above with temporal term incorporating the energy equation (  ρ  C p    ∂ T   ∂ t   + ρ  C p  u · ∇ T + ∇ ·  (  − k ∇ T  )  = Q  ) is employed to develop the numerical model of ice melting. A commercial CFD soft COMSOL is employed to solve the developed multiphysics two-phase isothermal model with phase change. The impact of the operating parameters of the water diffuser, namely, the fed water velocity from the main pipe inlet on the external ice melting process is examined. In this simulation, the fed water velocity from the main pipe inlet is set to 0.5, 0.75, 1.0, 1.25, and 1.5 m s−1; the inlet water temperature is fixed at 10 °C; the initial water and ice temperature is set to 3 and 0 °C. The thermophysical properties of water and ice in this model are listed in Table 3. The velocity of the water distribution of the water diffuser is closely related to the fed water velocity from the main pipe inlet, the ice storage fraction and the structure and arrangement of the U-shaped coil, which is calculated in Table 4.



Figure 12 shows the curves for the variations of ice storage fraction for the external ice melting device with the time in the ice melting process under different fed water velocity from the main pipe inlet. The ice storage fraction decreases remarkably for the external ice melting device with the water diffuser compared to that without water diffuser (static ice melting). With the increase of the fed water velocity from the main pipe inlet, the time needed for complete ice melting decreases, for instance, the time needed for complete ice melting is 4.3, 4.1, 3.9, 3.7, and 3.4 h for fed water velocity from the main pipe inlet of 0.5, 0.75, 1.0, 1.25, and 1.5 m s−1, respectively. This is because the increase in flow velocity enhances the convective heat transfer effect.



Figure 13a shows the variations of the outlet water temperature with time in the ice melting process under different fed water velocities from the main pipe inlet. With the increase of time, the outlet water temperature under different fed water velocities from the main pipe inlet increases. The outlet water temperature is finally equal to the inlet water temperature of 10 °C after the completion of ice melting. This is because the increased fed water velocity from the main pipe inlet improves the convective heat transfer effect and more heat is supplied to melt the ice during the identical time period, as also can be observed in Figure 13b,c. At the ice melting time of 4 h, the outlet water temperature for fed water velocity from the main pipe inlet of 0.5, 0.75, 1.0, 1.25, and 1.5 m s−1 are 5.3, 5.8, 7.1, 7.9, and 9.2 °C, respectively. To improve the energy effective, the outlet water temperature should be controlled below 7 °C. Therefore, the fed water velocity from the main pipe inlet should be less than 1.5 m s−1.



Figure 14 shows the variation of the output cooling capacity for the external ice melting device under different fed water velocities from the main pipe inlet. As the fed water velocity from the main pipe inlet increases, the external ice melting device exhibits a quicker release of output cooling. At 3 h, the total output cooling for the fed water velocity from the main pipe inlet of 0.5, 0.75, 1.0, 1.25, and 1.5 m s−1 are 440, 447, 458, 464, and 481 refrigeration ton per hour (RTH) at the ice melting time of 3 h. Moreover, at the ice melting time of 4 h, all of the total output cooling of 500 RTH can be released when the fed water velocity from the main pipe inlet reaches up to 1.0 m s−1. Based on the discussion above, we can conclude that the water flow velocity of the main pipe of the water diffuser has a great influence on the external ice melting process. Through adjusting the water flow velocity of the main pipe of the water diffuse, different output cooling can be realized to provide fast response speed to the cooling variations in demand by the terminal users.





4. Conclusions


This paper designs a linear multi-pore water diffuser for an ice storage system with 500 t of refrigeration to improve the flow velocity and uniformity of water distribution with a low pipeline pressure drop and a reasonable maximum flow deviation; therefore, enhancing the ice melting efficiency of the external ice melting system. The numerical results show that the diameter of the perforated pore, the number of the pipe rows, and the perforated pores per row has a great impact on the performance of the multi-pore water diffuser. An optimal water diffuser with five rows of trunk pipe with six perforated pores arranged in per row of branch pipe with a diameter of perforated pores of 4 mm, exhibit a relatively lower degree of turbulence and pressure drop. The fed flow velocity from the main pipe inlet exhibits a great impact on the external ice melting process. It is found that the external ice melting process with optimal water diffuser design under flow velocity of 1.0 m s−1 exhibits an enhanced heat transfer rate, a shortened ice melting time, and a low out water temperature compared to the external ice melting process without the water diffuser. Moreover, numerical results also indicate that through adjusting the water flow velocity of the main pipe of the water diffuse, different output cooling different output cooling can be realized, thereby improving response speed of the ice melting system. In next work, we try to employ the manufactured ice melting system to store the cold energy produced by the power grid during the low electricity consumption period (low electricity price level), and releases the cold energy during the daytime peak electricity consumption period (high electricity price level) to provide the air conditioning system, therefore to relieve the pressure on the power grid during the daytime peak period and save cost for the terminal users.
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Nomenclature




	  ρ  
	density, kg m−3



	  μ  
	dynamic viscosity, Pa s−1



	  P  
	pressure, Pa



	  u  
	velocity, m s−1



	t
	Time, s



	T
	Temperature, °C



	  K  
	turbulent kinetic energy



	    G b    
	turbulent kinetic energy due to buoyancy, J



	Gk
	turbulent kinetic energy due to velocity steps in the bottom laminar flow, J



	  ε  
	diffusion coefficient



	   c p   
	specified heat, J kg−1K−1



	  k  
	thermal conductivity, W m−1 K−1



	   G b   
	turbulent flow energy



	   C 1   
	Constant



	   C 2   
	Constant



	   C 3   
	Constant



	    S k    
	Source terms of the equations



	    S ε    
	Source terms of the equations



	    C μ    
	0.09



	    σ k    
	1.00



	    σ ε    
	1.30



	    γ w    
	Volume fraction of the liquid phase



	g
	Gravity vector, kg s−1



	   P  r t    
	Turbulent energy Prandtl number
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Figure 1. (a) Schematic diagram and computational domain of the external ice melting device with a water diffuser and (b) the generated grid. 
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Figure 2. (a) Distribution of the velocity at the middle x–y plane of the branch pipe with a typical number of three trunk pipe rows and (b) average velocity and degree of the turbulence for the water diffuser under different numbers of trunk pipe rows. 
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Figure 3. Maximum flow deviation for the water diffuser under different number of trunk pipe rows. 
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Figure 4. Maximum pressure drop within the water diffuser and average velocity of the perforated pore under different number of trunk pipe rows. 
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Figure 5. (a) Distribution of the velocity at the middle x–y plane of the branch pipe and (b) the average velocity and degree of the turbulence for the water diffuser under different numbers of perforated pores. 
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Figure 6. Maximum flow deviation for the water diffuser under different numbers of perforated pores. 






Figure 6. Maximum flow deviation for the water diffuser under different numbers of perforated pores.



[image: Energies 15 02181 g006]







[image: Energies 15 02181 g007 550] 





Figure 7. Maximum pressure drop within the water diffuser and average velocity of perforated pores under different numbers of perforated pores. 
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Figure 8. (a) Distribution of the velocity at the middle x–y plane of the branch pipe and (b) the average velocity and degree of the turbulence for the water diffuser under different perforated pore diameters. 
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Figure 9. Maximum flow deviation for water diffuser under different perforated pore diameters. 
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Figure 10. Maximum pressure drop within the water diffuser and the average velocity of perforated pores under different perforated pore diameters. 
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Figure 11. Computational domain of a 2D half-cell of the U-shaped coil and the divided mesh. 
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Figure 12. Curves for the variations of ice storage fraction with the time in the ice melting process under different fed water velocity from the main pipe inlet (a) with static ice melting and (b) without ice melting. 
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Figure 13. (a) Variations of the outlet water temperature with time in the ice melting process. Profile of the outlet water temperature (b) at 2.5 h and (c) 3.0 h under different fed water velocities from the main pipe inlet. 
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Figure 14. Variation of the output cooling capacity for the external ice melting device under different fed water velocities from the main pipe inlet. 
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Table 1. Boundary conditions for two-phase water diffuser model.
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	Description
	Boundary Conditions





	Wall
	No slip



	Main pipe inlet
	1.0 m/s



	Return water outlet
	Pressure outlet
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Table 2. Parameters of different water diffuser designs.
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	Design Number
	Number of Trunk Pipes
	Perforated Pore Diameter (mm)
	Number of Perforated Pores





	1
	3
	4
	6



	2
	4
	4
	6



	3
	5
	4
	6



	4
	6
	4
	6



	5
	7
	4
	6



	6
	5
	4
	4



	7
	5
	4
	5



	8
	5
	4
	7



	9
	5
	4
	8



	10
	5
	6
	6



	11
	5
	8
	6



	12
	5
	10
	6







Note: the number of branch pipe are fixed at 11 due to the structure of the coil.
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Table 3. Thermophysical property of water and ice in this model.
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	Description
	Temperature

(°C)
	Density

(Kg m−3)
	Specific Heat (KJ (kg K)−1)
	Thermal Conductivity (W (m K)−1)
	Kinematic Viscosity (m2 s−1)





	Liquid water
	10
	999.7
	4.191
	0.574
	0.000001306



	Ice
	0
	917
	2.097
	2.1
	--
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Table 4. Relationship between the fed water velocity from the main pipe inlet and the velocity of the water distribution.
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	Director Inlet Velocity     v 1   (   m      s   − 1    )    
	Calculation Formula
	Numerical Simulation Velocity     v 2   (   m      s   − 1    )    





	0.5
	   π  r 2  ×  v 1  =  S 1  ×  v 2    
	0.016



	0.75
	   π  r 2  ×  v 1  =  S 1  ×  v 3    
	0.024



	1
	   π  r 2  ×  v 1  =  S 1  ×  v 4    
	0.032



	1.25
	   π  r 2  ×  v 1  =  S 1  ×  v 5    
	0.04



	1.5
	   π  r 2  ×  v 1  =  S 1  ×  v 6    
	0.048
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