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Abstract: The current study focuses on spray cooling applied to the heat exchange components of a cooling tower. An optimization of such processes is attempted by assessing different spray flow rates and droplet sizes. For simplicity, the heat exchanger of the cooling tower is modeled as a horizontal round tube and a cooling tower spray cooling model is developed accordingly using a computational fluid dynamics (CFD) software. The study examines the influence of varying spray flow rates and droplet sizes on the heat flow intensity between the liquid layer on the surface of the cylindrical tube and the surrounding air, taking into account the number of nozzles. It is observed that on increasing the spray flow strength, the heat flow intensity and extent of the liquid film in the system are enhanced accordingly. Moreover, the magnitude of droplet size significantly impacts heat transfer. A larger droplet size decreases evaporation in the air and enhances the deposition of droplets on the round tube. This facilitates the creation of the liquid film and enhances the passage of heat between the liquid film and air. Increasing the number of nozzles, while maintaining a constant spray flow rate, results in a decrease in the flow rate of each individual nozzle. This decrease is not favorable in terms of heat transfer.
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Nomenclature



	
A

	Heat exchange area between the liquid film and the air, m2



	
Ap

	Surface area of the droplet, m2



	
Cd

	Resistance coefficient



	
Cp

	Specific heat capacity, J/(kg⋅K)



	
CP,j

	Heat capacity of the species in the 
j
continuous phase



	
C1ε,C2

	Constants for the 
k-ε
model



	
Cμ

	Function of the mean strain and rotation rates, the angular velocity of the system rotation, and the turbulence fields (
k
and 
ε
)



	
Di,m

	Mass diffusion coefficient



	
Di,h

	Thermal diffusion coefficient



	
E

	Total energy



	
Gb

	Turbulent kinetic energy produced



	
Gk

	Turbulent kinetic energy



	
Ji

	Diffusion flux of species



	
P

	Static pressure, Pa



	
Pr

	Prandtl number



	
Q

	Heat dissipation of the horizontal circular tube, kJ/s



	
Re

	Reynolds number



	
Ri

	Net rate of production of species



	
Sct

	Turbulent Schmidt number



	
Sh

	Energy source term



	
Si

	Source term produced by discrete-phase transition



	
Sk,Sε

	User-defined source terms



	
Sm

	Mass source term



	
Sui

	Momentum source term



	
Tc

	Average temperature of the liquid film, K



	
Tf

	Average temperature of air outside the tube, K



	
ΔTc

	Temperature difference in the pipe between the hot water inlet and outflow, K



	
ΔTp

	Change in droplet temperature in the control volume, K



	
YM

	Contribution of wave expansion to the total dissipation rate in compressible turbulence



	
Yi

	Local mass fraction of different component



	
cp

	Constant pressure specific heat at the average temperature of the hot water in the pipe, kJ/(kg·K)



	
dp

	Diameter of droplets, mm



	
g→

	Gravitational acceleration, m/s2



	
h

	Convective heat transfer coefficint, W/(m2⋅K)



	
hc

	Convective heat transfer coefficient, W/(m2⋅K)



	
hd

	Mass transfer coefficient, kg/(m2⋅s)



	
hfg

	Latent heat, J/kg



	
iv

	Enthalpy of the water vapor, J/kg



	
k

	Turbulent kinetic energy



	
ke

	Effective thermal conductivity, 
ke=kl+cpμtPrt




	
kl

	Thermal conductivity of fluid, W/(m⋅K)



	
mp

	Mass of the droplet, kg



	
mp′

	Mass flux of droplets, kg/s



	
m¯p

	Average mass of droplets in control volume, kg/s



	
mp,0

	Initial mass of droplet particles, kg



	
mp,0′

	Initial droplet mass flux, kg/s



	
Δmp

	Mass change of droplets when passing through each control volume, kg



	
mc

	Mass flow rate of hot water in the horizontal circular tube, kg/s



	
nt

	Number of tubes in the first row of tube bundles



	
t

	System time, s



	
ui

	Continuous phase velocity field, m/s



	
up

	Velocity of the droplet, m/s



	
w,wsw

	Humidity mass ratio in the gas-phase side of the liquid–gas interface and in humid air,



	
ε

	Turbulent dissipation rate



	
μair

	Molecular viscosity of wet air, Pa⋅s



	
μ

	Continuous phase viscosity, Pa⋅s



	
μt

	Turbulent viscosity, Pa⋅s



	
ρ

	Density, kg/m3



	
ρp

	Density of the droplet, kg/m3



	
σk,σε

	Turbulent Prandtl numbers



	
τp

	Relaxation time of the droplet





1  Introduction

Cooling towers are extensively used and studied across various industries [1–3]. They can be categorized into dry and wet cooling towers [4,5]. Wet cooling towers, offering smaller heat transfer areas but higher efficiency than dry towers, hold greater promise for applications [4]. In closed wet cooling towers, the traditional packing is replaced by a water shower device. Here, spray water, driven by a pump, contacts the outer surface of the tube, effectively cooling the fluid inside without direct contact, thus ensuring that the process water remains uncontaminated [6]. Studies have indicated that closed wet cooling towers outperform open towers in terms of heat transfer [7,8], leading to significant interest and research in closed cooling tower technology [9–12].

In a closed wet cooling tower, hot water flows through a coil and undergoes cooling as it interacts with the air and spray water surrounding the tube. Heat from the hot water transfers to the pipe wall through a combination of convection and conduction. The spray water forms a liquid film on the outer surface of the pipe, absorbing heat from the pipe wall. This liquid film then engages in convective heat transfer with the surrounding air, and the heat is released to the air outside the pipe. The intricate heat transfer mechanisms in cooling towers have become a central focus of research [13–15]. Studies on cooling tower heat transfer characteristics have emphasized factors such as environmental conditions, hot water temperature, spray water quantity, and air intake volume. The heat transfer process in a liquid film involves both heat and mass transfer; thus, heat and mass transfer in thin films is a complex area that has been extensively explored by researchers [16–18]. Two prominent theories, proposed by Poppe et al. [16] and Merkel [17], have gained significant recognition in this field. Additionally, Heyns et al. [18] has made valuable contributions by establishing heat transfer coefficients for water films and mass transfer coefficients for air.

To mitigate the costs associated with performance testing for cooling towers, exploring alternative methods is crucial [19]. With the advancements in computer technology, simulating heat transfer performance through computational fluid dynamics (CFD) has emerged as a popular approach. Facao et al. [20] and Ma et al. [21] employed CFD simulations to investigate heat and mass transfer mechanisms in cooling towers and evaporative coolers. They validated their findings by comparing them with experimental data, noting deviations within acceptable limits. Jiang et al. [22] conducted a numerical analysis of flow and heat transfer characteristics in a cross-flow staggered tube bundle with varying Prandtl numbers using CFD simulation. The study revealed that the tube bundle surface demonstrated heat transfer non-uniformity when mercury and water were used as working materials, with mercury exhibiting a lower non-uniformity coefficient than water. Deeb [23] explored the heat transfer characteristics and flow behavior of six rows of mixed tube bundles, including round and teardrop shapes, through Fluent simulation. The findings indicated that the cross-sectional shape and positioning of tubes within the bundle had a significant impact on heat transfer and pressure drop. Additionally, the mixed tube bundles demonstrated superior heat transfer compared with teardrop-shaped bundles, although with a higher coefficient of friction than round tube bundles. Xie et al. [24] developed a three-dimensional CFD model to analyze the countercurrent flow of air-water between staggered tubes in a closed wet cooling tower. The study underscored that the model, incorporating the shear term and water evaporation, could offer insights into pressure drop and air distribution, thus facilitating a deeper comprehension of the heat and mass transfer mechanisms at tube interfaces. Lee et al. [25] employed CFD software to investigate the evaporative heat transfer of evaporative condenser heat exchanger tubes during liquid spray film evaporation. The research demonstrated that the liquid film thickness surrounding the heat exchanger tube, average heat transfer coefficient, and experimental data were in good alignment, particularly with moderate water spray flow rates, leading to a more uniform distribution of heat transfer coefficients. Khan et al. [26] conducted a simulation study on heat transfer and pressure drop in a corrugated tube bundle. The results indicated that twisted surface tubes offered enhanced heat transfer, although at the expense of increased pressure drop. The total heat transfer coefficient on the air side correlated positively with pressure drop and Reynolds number. However, studies have typically assumed homogeneous heat flow properties of wet air and water perpendicular to the planar direction of the spray, leading to a focus on two-dimensional simulations [20–23]. Conversely, three-dimensional simulations can depict the generation of liquid film from the spray on the tube wall [24–26], providing a convenient means to explore the distribution of the liquid film and the spatial distribution of air and droplets. Therefore, the development of three-dimensional simulations is crucial. In closed wet cooling towers, the drenching device consumes a significant amount of water. Considering the current emphasis on water conservation [27], investigating modifications to the drenching device while maintaining the high heat transfer efficiency of the device could be a promising avenue of research to meet water conservation goals. However, spray cooling features some drawbacks, such as the additional power consumption required for spray generation and the necessity to ensure the cleanliness of water entering the nozzles to prevent nozzle clogging.

Spray cooling technology involves atomizing pressurized liquid into small droplets, facilitating evaporation in the air. This evaporation process requires heat absorption, causing the liquid-phase droplets to transition into the gas phase. As a two-phase heat transfer method, spray cooling efficiently harnesses the latent heat of the liquid, resulting in a significant heat transfer capacity [28,29]. Moreover, compared with water-drenching systems, spray cooling technology consumes less water, making it a promising approach for water conservation and enhancing cooling tower efficiency. Therefore, the integration of spray cooling technology in cooling towers has yielded promising results in terms of water conservation and improving the heat transfer coefficient. Currently, the primary pre-cooling method used in cooling towers is spray cooling technology [30,31]. In closed cooling towers, pressure nozzles or air-assisted nozzles are commonly employed to generate spray, with limited emphasis on investigating the heat transfer components. Previous research has shown that variables such as spray flow rate [32], particle size [33], and the number of nozzles [34] significantly influence heat transfer in spray cooling. Additionally, the presence of a liquid film plays a critical role in heat transfer between the heat exchanger and the air side [35,36].

In conclusion, employing CFD to simulate the heat exchange properties of closed cooling towers represents a promising research avenue. However, current studies in this domain have predominantly concentrated on two-dimensional simulations, with only a limited number focusing on three-dimensional analyses. Despite the growing interest in spray cooling technology owing to its remarkable cooling capabilities, research on its application in cooling towers, particularly concerning the direct interaction between spray droplets and heat exchange elements, is scarce. The present study aims to investigate the heat transfer efficiency of spray cooling technology on heat exchange components within closed cooling towers. To achieve this, the study focuses on analyzing the horizontal circular tube within a cooling tower using CFD numerical simulation. Specifically, it examines the impact of spray characteristics on the heat transfer properties of the liquid film and air side. This analysis involves varying parameters such as nozzle flow rate, droplet size, and the number of nozzles.

2  Methods

2.1 Geometry

Fig. 1 presents a schematic of the physical model utilized in this simulation. The model comprises a combination of a rectangular and cylindrical shell on the exterior, while the interior features a horizontal transverse circular tube through which a liquid flows and undergoes cooling. The housing possesses rectangular dimensions of 500 mm × 200 mm × 500 mm. The cylindrical base of the housing is centrally positioned on the upper surface of the rectangle, with the cylinder itself having a diameter of 150 mm and a height of 80 mm. A horizontal circular tube is located within the rectangular area of the housing. The center of this circle is positioned at a height of 375 mm, and the tube measures 50 mm in diameter and 502 mm in length.
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Figure 1: Physical model for spray cooling of horizontal circular tube

2.2 Physical Models and Governing Equations

The spray model for this simulation employs a solid conical nozzle within the deformable part model (DPM) to investigate the spray cooling process. The fluid flow in the continuous phase with discrete terms can be described by the Navier–Stokes equations. Moreover, the mass and energy exchanges between the droplets and the air alter the components of the continuous phase, necessitating the tracking of component transport equations.

2.2.1 Continuous-Phase Model

Continuous-phase fluids must adhere to the equations of conservation of mass, momentum, and energy. Additionally, considering that the evaporation of droplets alters the volume fraction of the air phase, it is essential to introduce the component transport equation, which is expressed as follows [32,37,38]:

(1) Conservation of mass equation


∂ρ∂t+∂∂xi(ρui)=Sm
(1)

where 
ρ
is the density; 
t
is the system time; 
ui
is the continuous phase velocity field; 
Sm
is the mass source term, where the quality of the discrete phase entering the continuous phase is primarily due to the evaporation of droplets.

(2) Conservation of momentum equation


∂∂t(ρui)+∂∂xi(ρuiuj)=−∂P∂xi+∂∂xj[μ(∂ui∂xj+∂uj∂xi−23δij∂ul∂xl)]+∂∂xi(−ρui′uj′¯)+Sui
(2)

where 
μ
is the continuous phase viscosity; 
P
is the pressure;
 Sui
is the momentum source term, which relates to the change in continuous-phase momentum caused by liquid droplets; and 
δij
and 
ρui′uj′¯
are the Kronecker symbol and Reynolds stress, respectively. Detailed information on 
δij
and 
ρui′uj′¯
can be found in [38].

(3) Conservation of energy equation


∂∂t(ρuiE)+∂∂xi(ui(ρE+P))=∂∂xi(ke∇T−∑j⁡Jj∫TrefT⁡CP,jdT+(τe⋅ui))+Sh
(3)

where 
E
is the total energy; 
ke=kl+cpμtPrt
is the effective thermal conductivity, 
kl
is the effective thermal conductivity of fluid; 
Jj
is the diffusion flux from the species 
j
; 
CP,j
is the heat capacity of the species 
j
in the continuous phase; 
τe
denotes the viscous force; 
Sh
is the energy source term. On the right side of the equation are the energy transfer caused by heat transfer, composition change, and viscous dissipation, as well as the volume heat source where atomized droplets exchange heat with the surrounding continuous phase.

(4) Species transport


∂∂t(ρYi)+∇⋅(ρu→Yi)=−∇⋅Ji→+Ri+Si
(4)

where 
Yi
is the local mass fraction of the different components; 
Ri
is the net rate of generation of species by chemical reactions; 
Si
is the source term resulting from the phase transition of the discrete phase; and 
Ji→
is the diffusion flux from the species, which can occur in two cases depending on the different flows.

For laminar flow:


Ji→=−ρDi,m∇Yi−Di,h∇TT
(5)

where 
Di,m
is the mass diffusion coefficient of the mixed component, and 
Di,h
is the thermal diffusion coefficient of the mixed component.

For turbulent flow:


Ji→=−(ρDi,m+μtSct)∇Yi−Di,h∇TT
(6)

where 
μt
is the turbulent viscosity, and 
Sct
is the turbulent Schmidt number.

2.2.2 Dispersed-Phase Model

A discrete-phase droplet moving through continuous-phase air will experience the combined effects of gravity, air resistance, and buoyancy. The equations of motion for a discrete-phase droplet can be described by Newton’s second law [32].


mpdupdt=mpg→−mpup−uiτp−mpg→ρρp
(7)

where 
mp
is the mass of the droplet; 
up
is the velocity of the droplet; 
ρp
is the density of the droplet. The right side of Eq. (7) represents the gravitational force on the droplet and the resistance and buoyancy by the air, respectively; 
τp
is the relaxation time of the droplet, which is calculated by the formula [32].


τp=ρpdp218μair24CdRe
(8)

where 
dp
is the diameter of the droplet particles; 
μair
is the molecular viscosity of the wet air; 
Cd
is the drag coefficient; 
Re
is the Reynolds number of the droplet with respect to the air.

The droplets are assumed to be spherical for this simulation; therefore, the droplet resistance can be expressed as follows [32]:


Cd={0.424,x>100024Re(1+16Re23),x≤1000
(9)

The Reynolds number of a droplet with respect to air can be expressed as follows:


Re=ρpdp|up−u|μair
(10)

2.2.3 Realizable k–epsilon Model

The Reynolds averaging method is commonly employed in engineering applications for turbulence calculation, offering various turbulence models in CFD. Among these models, the realizable k–epsilon model can be applied to free flow, jet flow, and boundary layer flow. Given the high degree of turbulence resulting from droplets being sprayed into the air and impacting the hot surface for heat transfer, the realizable k–epsilon model has been widely used in spray simulation [32,37]. Therefore, this paper also adopts the realizable k–epsilon model to describe the turbulence.

The realizable k–epsilon model equations are described below:

Turbulent viscosity of air


μt=ρCμk2ε
(11)

where 
Cμ
is a function of the mean strain and rotation rates, the angular velocity of the system rotation, and the turbulence fields (
k
and 
ε
) [38]; 
k
and 
ε
are the turbulent kinetic energy and turbulent dissipation rate of the air, respectively, and they can be expressed as follows [37]:


∂∂t(ρk)+∂∂xj(ρkuj)=∂∂xj[(μ+μtσk)∂k∂xj]+Gk+Gb−ρε−YM+Sk
(12)

and


∂∂t(ρε)+∂∂xj(ρεuj)=∂∂xj[(μ+μtσε)∂ε∂xj]+ρC1Sε−ρC2ε2k+νε+C1εεkC3εGb+Sε
(13)

where 
Gk
denotes the turbulent kinetic energy due to the mean velocity gradient; 
Gb
is the turbulent kinetic energy due to buoyancy; 
YM
is the contribution of the fluctuating expansion to the overall dissipation rate in compressible turbulence; 
C2
and 
C1ε
are constants; 
σk
and 
σε
represent the turbulent Prandtl numbers for 
k
and 
ε
; 
Sk
and 
Sε
are user-defined source terms. Detailed information on 
Cμ
and 
C1
can be found in [38].

2.2.4 Heat and Mass Transfer to the Droplet

Prior to the discrete droplets colliding with the heated wall in the study, the droplets travel through the continuous phase’s air and exchange heat with it via the processes of convection, thermal radiation, and droplet evaporation. Considering that radiative heat transfer is neglected in this simulation, the heat balance equation of the droplet particles can be written as the sum of the sensible heat change and the latent heat change [38]:


mpCpdTpdt=hcAp(T∞−Tp)−dmpdthfg
(14)

where 
Cp
is the specific heat capacity; 
Ap
is the droplet-air contact area; 
hc
is the convective heat transfer coefficient; 
hfg
is the latent heat; 
dmpdt 
is the evaporation rate.

2.2.5 Two-Way Coupling Equations

In this simulation, discrete-phase droplets undergo evaporation, engaging in heat and mass exchange with the continuous-phase air. Hence, a two-way coupling method is utilized to compute both the continuous and discrete phases. The mass, momentum, and energy exchange between droplets and the continuous phase per unit volume are integrated into the three conservation equations. The formulas for computing mass, momentum, and energy exchange between continuous and discrete phases are outlined as follows [39]:


Fi=∑(3μCDRe4ρpdp2(up,i−ui))mp′Δt
(15)


Q=(m¯pmp,0cpΔTp+Δmpmp,0(−hfg+∫TrefTp⁡cp,h2odT))mp,0′
(16)


M=Δmpmp,0mp,0′
(17)

where 
Δt
is the time step, 
mp′
represents the mass flux of droplets, 
m¯p
represents the average mass of droplets in the control volume, 
mp,0
is the initial mass of droplet particles, 
ΔTp
is the change of droplet temperature in the control volume. 
Δmp
is the mass change of droplets when passing through each control volume, 
mp,0′
is the initial droplet mass flux.

2.3 Heat Transfer Coefficient between Liquid Film and Air

The heat load in this simulation equals the heat dissipation of the hot water inside the horizontal circular tube, as the hot water within the tube is cooled by the spray droplets and air outside the tube. Consequently, the heat of the hot water inside the tube primarily transfers to the liquid film or air outside the tube through the tube wall, and the heat absorbed by the liquid film is eventually transferred to the air. The following formula can be used to determine the heat dissipation of the horizontal circular tube:


Q=mccpΔTc
(18)

where 
Q
is the heat dissipation of the horizontal circular tube, 
mc
is the mass flow rate of hot water in the horizontal circular tube, 
cp
is the constant pressure specific heat at the average temperature of the hot water in the pipe, and 
ΔTc
is the temperature difference in the pipe between the hot water inlet and outflow.

The heat transfer within the system must comply with Newton’s law of cooling, as the heat from the hot water inside the tube is conveyed to the liquid film outside the tube, ultimately transferring the heat to the air [40,41].


Q0=hA(Tc−Tf)+ivhd(wsw−w)A
(19)

where h is the convective heat transfer coefficient from the liquid film to air; A denotes the heat exchange area between the liquid film and the air; 
Tc
and 
Tf
are the average temperature of the liquid film and air outside the tube, respectively; 
iv
represent the enthalpy of the water vapor; 
hd
is mass transfer coefficient; and 
wsw
and 
w
denote the humidity mass ratios in the gas-phase side of the liquid–gas interface and in humid air, respectively, The details in Eq. (16) can be found in [40].

The area of the liquid film in contact with the air is not always equal to the area of the tube’s outer wall. Researchers often employ the formula developed by Zalewski et al. [42] to determine the contact area of the liquid film with the air. The following formula can be used to calculate the contact area between the liquid film and the air as the liquid flows through the circular tube:


Aw=fa⋅A
(20)

Considering that the external shell is adiabatic, the heat released from the hot water inside the tube must equal the heat absorbed by the air according to the principle of conservation of energy. Consequently, the heat transfer coefficient h between the liquid film and the air can be expressed as follows:


h=[mccpΔTc−ivhd(wsw−w)Aw]/Aw(Tc−Tf)
(21)

2.4 Simulation Conditions

The ambient temperature is set to 298.15 K, the working pressure to 1 atm, and the gravitational effect is accounted for using g = 9.81 m2/s. The temperature and flow rate of the hot water within the tube are 333.15 K and 0.5 m/s, respectively. The air outside the tube has a temperature of 298.15 K and a flow rate of 2 m/s.

The DPM cone model is utilized to generate the spray droplets, and Table 1 provides the details of each model. Boundary conditions with discrete terms are employed to determine particle trajectories when they intersect a physical boundary, such as a wall or inlet. When the boundary condition is set to “reflect”, the particle rebounds and undergoes a change in momentum based on the bounce coefficient. Further details can be found in reference [38]. Under the “trap” boundary condition, the particle ceases its orbit computation and is labeled “trapped”. In the case of evaporating particles, the entire mass immediately converts into the vapor phase upon contact with the wall. When the boundary condition is “escape”, the particle is deemed “escaped”, and the orbit calculation is terminated. This indicates that the droplets or particles have exited the flow field or system being simulated, leaving the defined simulation area and ceasing to interact with the flow field. If the boundary condition is “wall film”, a liquid film forms when a droplet impacts the wall. The interaction between the droplet and the film is determined by factors such as impact energy and critical temperature, leading to various outcomes such as splash, bounce, adhesion, and diffusion. Information on the conditions for judging these interactions is detailed in [38]. The film is modeled using the Lagrangian liquid film model, which is well-suited for simulating spray droplets. This model accounts for evaporative heat transfer and is applicable to the outer surface of a horizontally oriented circular tube. In this study, the commercial software ANSYS FLUENT (version 20 R2) is employed to numerically solve the governing equations.

[image: images]

In this simulation, the Fluent3D numerical simulation model is employed, and the finite volume method is utilized to discretize the governing equations. Throughout the simulation process, the SIMPLEC algorithm is utilized to couple the pressure field and the velocity field due to its superior convergence [37,43]. Both the convection term and the viscous term are discretized using a second-order discrete format. The time step is set to 50 μs, with 20 iterations in Δt [37,44,45]. Space discretization is conducted through the least squares cell-based discretization, while transient time discretization is conducted using a second-order upwind scheme.

2.5 Mesh

The precision of CFD computations heavily relies on the quality of the mesh employed. The simulation accounts for convective heat transfer occurring between the air and the exterior wall of the tube, as well as between the fluid inside the tube and the tube’s wall. Additionally, spray droplets adhere to the surface of the horizontal circular tube, forming a thin layer of liquid that subsequently undergoes evaporation. To ensure accuracy in the heat transfer calculation and capture the realism of droplet adhesion, conducting a mesh refinement procedure on the tube wall and adding a boundary layer to the fluid within and outside the tube during the simulation is essential. The expansion boundary layer is apparent on both the inner and outer surfaces of the tube wall in Fig. 2, which depicts the mesh of the horizontal circular tube spray cooling model. The right side of the diagram provides an enlarged perspective of the indicated positions in the left diagram.

[image: images]

Figure 2: Details of the model mesh

Various methods are employed for mesh quality evaluation, with average slope and quadrature quality being the most commonly used metrics [46]. The model’s grid quality is assessed according to its maximum skewness and minimum orthogonal mass, where the highest skewness is 0.68 and the minimum orthogonal mass is 0.32. The standard skewness and orthogonal mass grid measures are determined by their mean values. The model’s highest skewness and lowest orthogonal quality both fall within the “excellent” and “good” categories, respectively. This indicates that the model’s grid quality is rated as above “excellent”, and the grid has minimal impact on subsequent calculations.

To ensure the calculation’s accuracy remains independent of grid quality, we conduct a verification of grid independence. This involved using the average surface temperature and thickness of the liquid film at the exit of the horizontal circular tube as reference points, under specific working conditions. Fig. 3 illustrates the results of this verification process. The model’s calculation accuracy remains consistent regardless of the grid quantity: 840, 634, or 3,005,967. The surface average temperature of the horizontal circular pipe outlet and the surface average temperature of the liquid film show minimal changes between the two grid quantities, with relative differences of 1.96% and 0.04% respectively. Hence, employing the grid of 840,634 maintains the desired level of computation precision for the model. To save computation time, the grid quantity of 840,634 is utilized for the calculation.
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Figure 3: Results of mesh independence test

3  Results and Discussion

3.1 Model Validation

To validate the accuracy of the simulation results for this model, we utilize the simulation settings from Zeng et al. [47] and compare them with the simulation results presented in the paper. The specifics of the simulation are provided in Table 2. In this simulation, the physical model consists of eight staggered tubes, with a heat flow density of 28,632.75 W/m2 at a nozzle flow of 2.52 × 10−3 kg/s, resulting in an average heat flow density of 3579.1 W/m2 per tube. Comparatively, for a single horizontal circular tube in this simulation, the heat flow density is 3984.053 W/m2, with a relative error of 11.31%. Hence, the simulation of this single-pipe model is considered to have exhibited a certain level of accuracy.

[image: images]

We validate our simulation by comparing it with that of Zeng et al.’s study [47]. We consider Zeng’s simulation to be accurate as they conducted both simulation and experimental validation in their study, and the highest error was within 10%. Considering the difficulty in finding experiments that exactly match our model, we utilize Zeng’s work for simulations, ensuring that the relative error is less than 15%. One aspect contributing to the potential inaccuracies in all our simulations is the assumption of dry air, as the original study does not specify the relative humidity of the air input.

3.2 Effect of Spray Flow Rate on Liquid Film Distribution and Heat Flow Density

Changes in the spray flow rate influence both the thickness of the liquid film and the heat transfer within the system. Fig. 4 illustrates the distribution of liquid film thickness for different spray flow rates, with a wind speed of 2 m/s and spray particle size of 0.1 mm. An increase in the spray flow results in a noticeable increase in the liquid film thickness, not only at the center but also on both sides. This indicates that the spray release rate significantly affects the liquid layer thickness.

[image: images]

Figure 4: Liquid film thickness distribution for various spray flow rates

Fig. 5 illustrates the correlation between heat flow density and liquid film coverage concerning the spray flow rate. The heat flow density of the liquid film increases with higher spray flow rates, although the rate of growth diminishes over time. Moreover, the extent of liquid film coverage progressively increases as the spray flow rate rises. This phenomenon can be attributed to the increased spray flow rate, which results in a higher number of droplets participating in heat transfer on the horizontal tube, thereby enhancing the effective droplet flow and liquid film coverage. Consequently, convective heat transfer from the tube wall to the liquid film increases, with mass transfer occurring from the liquid film to the air. However, further increasing the spray flow rate can elevate the air’s water vapor partial pressure owing to enhanced evaporation in the housing, thus reducing the mass transfer effect. This delay in droplet evaporation causes the liquid film to thicken, leading to an increase in heat flow density. Consequently, the thicker liquid coating increases the thermal resistance of the system, impeding heat passage and reducing heat flow density.

[image: images]

Figure 5: Heat flow density and coverage of liquid film at varying spray flow rates

3.3 Effect of Spray Particle Size on Liquid Film Distribution and Heat Flow Density

Fig. 6 illustrates the variation in liquid film thickness under different spray particle sizes when a single nozzle is used. This simulation assumes a uniform distribution of droplets and incorporates a fragmentation model. Throughout the study, the wind speed remains constant at 0.2 m/s, the spray flow rate is maintained at 0.01 kg/s, and the droplet temperature is held at 25°C. Additionally, the average spray velocity, spray angle, and spray height distance are set to 30 m/s, 60°, and 100 mm, respectively. The figure demonstrates that the thickness of the liquid film increases gradually with the size of the spray particles. This observation suggests that larger droplet sizes result in a thicker liquid film.

[image: images]

Figure 6: Liquid film thickness distribution for various droplet sizes

Fig. 7 illustrates the relationship between heat flow density, liquid film coverage, and droplet size. Smaller spray droplets evaporate more readily in the atmosphere, resulting in fewer effective droplets reaching the horizontal tube. Consequently, a larger dry area forms on the tube, primarily transferring heat to the air and thus reducing the heat flow density. As droplet size increases, both the heat flow density and liquid film thickness improve, reducing the likelihood of droplets evaporating in the air. This enhances the effectiveness of spraying onto the horizontal tube and minimizes the presence of dry areas.

[image: images]

Figure 7: Heat flow density and liquid film coverage at various droplet sizes

3.4 Effect of the Number of Nozzles on Liquid Film Distribution and Heat Flow Density

The spray emitted from a single nozzle onto the surface of the cylindrical tube generates only a thin layer of liquid in the sprayed region. However, increasing the number of nozzles can lead to a wider dispersion of the liquid layer on the surface of the round tube, thereby improving water evaporation and cooling of the material inside. Fig. 8 illustrates the variation in the thickness of the liquid film under specific conditions: a constant wind speed of 0.2 m/s, a spray particle size of 0.1 mm, and a spray flow rate of 0.03 kg/s, with varying numbers of nozzles. As shown in the data presented in Fig. 8, under a constant spray flow rate, increasing the number of nozzles effectively reduces the thickness of the liquid film in the center of the spray, promoting a more uniform spread of the liquid film on the circular tube.

[image: images]

Figure 8: Liquid film thickness distribution with varying number of nozzles

Fig. 9 illustrates the relationship between the number of nozzles and the size and extent of heat transfer in the liquid film. Increasing the number of nozzles expands the coverage of the liquid film and boosts the heat flow density. This enhancement arises from the improved distribution of the liquid film on the horizontal pipe wall and the reduction in thickness at the center of the spray. Furthermore, the higher liquid film flow rate on both sides of the spray area enhances heat transfer between the liquid film and the pipe wall. However, maintaining a constant spray flow rate leads to a decreased flow rate for each nozzle, reducing the tendency to increase heat flow density.

[image: images]

Figure 9: Heat flow density and coverage of liquid film with varying numbers of nozzles

4  Conclusions

This study simplifies the heat transfer process in a cooling tower by focusing on a horizontal circular tube. The heat transfer characteristics of the tube surface and the liquid coating on the air side are analyzed. The study investigates the impact of spray flow rate, droplet size, and number of nozzles on spray efficiency.

(1) Increasing the spray flow with a single nozzle at constant wind speed and droplet size will thicken the liquid film, and maximum thickness is reached at the central region of the spray. This increase in spray flow positively impacts heat flow density and expands liquid film coverage in the system. However, continual increases in spray flow will further thicken the liquid film, consequently increasing thermal resistance and reducing heat transfer efficiency.

(2) With a single nozzle and fixed wind speed and spray flow rate, larger droplets generate a thicker liquid film. This leads to increased heat flow density and broader liquid film coverage. Smaller spray droplets tend to evaporate more readily, reducing their effective flux through the pipe wall and resulting in drier zones on the wall with lower heat flow density.

(3) Under constant wind speed, spray flow rate, and droplet size, the increase in the number of nozzles reduces the thickness of the liquid film emitted from each nozzle’s center. This increase in nozzle count enhances the extent of the liquid film, thereby improving system heat transfer. However, when the distance between nozzles is minimal, the spray from adjacent nozzles intersects, creating a boundary region. This boundary region thickens the liquid film and reduces flow velocity, hindering heat transmission. Despite a constant spray flow rate, increasing the number of nozzles disperses the liquid film more widely on the horizontal tube. However, this also reduces the discharge rate from each nozzle, resulting in a thinner liquid layer on the tube that is more susceptible to evaporation and the formation of dry regions.
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Table 2: Details of model validation
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