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NUMERICAL SIMULATION OF NON-LINEAR FILM VARIATION AND HEAT TRANSFER CHARACTERISTICS IN FALLING FILM EVAPORATION AROUND IN-LINE HORIZONTAL TUBES
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ABSTRACT
In falling film evaporation on a horizontal tube, heat transfer phenomena are highly unpredictable due to uncertainties in the determination of film thickness around the tube, local dry-out condition, geometrical configuration, tube spacing etc. Numerical simulations of falling film evaporation around a single horizontal tube are performed using volume of fluid (VOF) method. Film thickness around the circumference of the horizontal tube is investigated and validated with Nusselt correlations and experiments carried out by researchers. The results are in good agreement with experimental investigations performed by various researchers. Influence of inter-tube spacing, film Reynolds number and variation of diameter on the formation of film thickness are studied and it is found that the film thickness is minimum around 100o-120o circumferential position, whereas Nusselt correlation predicted the minimum value at 90o circumferential position. Wall shear stress and heat transfer are also studied around the horizontal cylinder. It is seen that near the impingement zone, fluctuation of wall shear stress and heat transfer are very high, showing abnormal behaviour in this zone.
	
Keywords: Falling film, Horizontal tube, Film thickness, Heat transfer

INTRODUCTION
Fluid motion, boiling, and condensation are classified as forms of the convection mode of heat transfer. In an evaporative heat transfer process, the phase change process occurs without influencing the fluid temperature. In this phenomenon, a large heat transfer rate may be achieved with small temperature differences. Falling film evaporation is of great importance in the area of the food industry, seawater desalination, and pharmaceutical industries [1-3]. A schematic diagram of an evaporative heat exchanger is shown in Figure 1, where three horizontal cylinders are placed in line with desired spacing and a water distributor is placed on top of the cylinders.

This is a heat transfer process in which the fluid sprayed over a heated tube is allowed to evaporate. The heat exchange process is carried out at a very low-temperature gradient in this type of heat exchanger [4]. The enhanced surface of the tube and geometrical arrangement is also an interesting area of research. A number of theoretical and experimental studies have been carried out to optimize the operating temperature, flow rate, tube spacing, feeder heights, and other geometrical and flow parameters, which directly influence their performance [5],[6]. The numerical simulations are first validated with data available in the literature. Investigations are also carried out for some other parameters to understand the influence of geometrical and flow parameters on falling film evaporative heat exchangers. In this analysis all three phases; solid, liquid, and gas are simulated by multiphase computational fluid dynamics simulation software. The Volume of Fluid (VOF) model was used, where air represents the primary phase and water represents the second phase. Latent heat, surface tension at the liquid-vapour interface and density difference between the two phases are the most influencing parameters for the heat transfer process. Thus difference induced a buoyancy force that is proportional to the product of gravitational acceleration and the difference between liquid and vapour densities [7]. 

Reference [8] formulated a bubble nucleation theory in an evaporating falling film heat exchangers. It was suggested that a minimum temperature is required to nucleate boiling. Film thickness influences the rate of falling film heat transfer coefficient. A laser measurement technique is used by [9] to find out the film thickness and its effects on heat transfer. The simulated results in this paper are in good agreement with the optical method and also agree well with the land-mark correlation given by Nusselt. A non-intrusive and optical method has also been developed to avoid contact with liquid film and to find out more accurate results of film thickness over the tubes. In the early phase of the investigation, the film thickness was measured by using a micrometre and found satisfactory agreement with Nusselt theory [10].

Several modern techniques have also been used to measure the range of film thickness and they are all in close agreement [11-15]. Falling film thickness is one of the most important parameters which influence the heat transfer characteristics and hence a simulation is being carried out to investigate the effect of heat transfer coefficient on horizontal circular tubes in the falling film heat exchanger process with varying geometrical and flow parameters. In this paper, a computational fluid dynamics (CFD) simulation has been done to find out the film thickness and heat transfer characteristics around the horizontal tubes. In an earlier study, two geometrical configurations in-line and staggered tube arrangements were investigated and it was observed that the rectangular pitch arrangements show better results [16].

An experimental study for enhancement of falling film evaporation on structured and smooth tube bundles was carried out [17]. Another study has concluded that rolled work tube has better heat transfer compared to other enhanced tubes [18],[19]. Characteristics of heat transfer and augmentation of rate of heat transfer coefficient with different geometrical shape with gravity effect  was carried out by [20],[21],[22].  
Besides different geometrical arrangements, some other parameters like tube spacing feeder height, film flow rate, etc. have also been a great area of interest for research to investigate the effect on film heat transfer coefficient [23]. The objective of this paper is to analyze in detail the flow characteristics and heat transfer phenomenon. The interaction of three-phase media is modelled by robust simulation software, and a number of parameters are studied by validating with available data in the literature.
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Fig
ure 1.
 Schematic view of falling film evaporator
)
















PROBLEM FORMULATION
2.1 Problem set-up
Computational domains are set up for two-dimensional (2D) as well as three-dimensional (3D) models. Further, the two-dimensional (2D) models are also considered with and without heat transfer. Figure 1 shows three in-line horizontal cylinders are placed horizontally with specified spacing between them. [24] introduced a powerful technique based upon the Fractional Volume of Fluid which describes the free boundary condition. In this numerical simulation, the VOF model is used. Water and air are subdivided into fluid fractions; water is assigned a fluid fraction of 1 whereas air have a fluid fraction of 0. 

2.2 Boundary conditions 
The boundary conditions for the 2D flow are presented in Figure 2 (a) and visualization of flow domain in 3D model is shown in Figure 2 (b). For reducing the cost of simulation, half of the domain is considered so that it minimizes the grid elements and hence faster simulation can be achieved. In all the cases the cylinder is taken as hollow, because the analysis is focused on the outer surface of the cylinders only.
 (
Figure 2
. (a) Flow domain and boundary conditions (b) Visualization of the 3D flow
) 













2.3 Mesh generation
Mesh generation plays a very crucial part in simulation analysis. A sound quality mesh is very essential to capture all the required parameters and satisfy the adopted convergence criteria. Different views of mesh are presented in Figures 3(a), 3(b) and 3(c). The inflation technique is used to precisely capture the liquid film thickness around the cylinder. In this technique, the grid size increases progressively with distance, so that the flow parameters can be captured easily where they are required the most.
 (
Figure 3
. (a) Mesh domain (b) 3D Mesh (c) Mesh with inflation (d) Mapped face meshing
)


















2.4 Grid Independence test
The grid independence test has been carried out separately for 2D and 3D models by considering a constant rate of flow. For the 2D model, 57505, 46576 & 31462 numbers of grid points and for the 3D model 355605, 215780 & 110590 numbers of grid points have been used. The results are compared by considering the above grids and it is found that there is variation of less than 5% in the simulation results when moving from finer grid to the finest grid for both 2D and 3D cases. For 2D model 46576 and for 3D model 215780 number of grid points have been taken for further simulation. Time independence test has also been conducted for both models. Three time steps: 0.0022s, 0.0015s and 0.0005s have been taken and the results are compared. It has been observed further that there is variation of less than 6% in the simulation results when moving from 0.0015s to 0.0005s hence a time step of 0.0015s has been selected for further simulation. 

Governing equations to be used in the simulation are:
Conservation of mass equation: 



 (1)                                                                                      

Momentum equation:
X - component:

                                                                                                    
 (2)

Y- component:


(3)

Z- component:


(4)

Material Equation: 


(5)


Energy Equation:                  




(6)
                                                      




Volume Fraction Equation:

(7)
                                                                                                                                                    (8)

RESULTS AND DISCUSSION
3.1 Characteristics of film thickness
The formation of film thickness governs the film evaporation from liquid to vapour and conduction and convection heat transfers occurs across the film. Hence it is very important to study the film formation mechanism and its behaviour and impact on film heat transfer coefficient in falling film heat exchangers. The VOF model is used to investigate the film distribution around the fully wetted horizontal tube. In the numerical simulation, the results were first validated with the Nusselt correlation [10] and data from a non-intrusive optical method adopted by [9] to find the film distribution around the tube. Visualization of film flow and its transient behaviour are captured well and the characteristics of heat flow are simulated for in depth understanding.

The results show good agreement with the experimental results and the comparison has been shown in Figure 4. The film thickness has been simulated around the circumferential angle at film Reynolds number (Ref =744), with feeder height H=9.5 mm and with tube diameter of 19.05 mm.
 
 (
Figure 4
. Variation of film thickness at Re
f
 
= 744
)











            
  Distribution phenomena are captured well by the VOF model and hence it is used for further investigation. The variation of film thickness near the stagnation zone (0o to 35o) of the tube has not been taken into consideration, because in this zone abnormal film thicknesses are observed due to the impingement effect near the stagnation zone. Simulation has also been carried out for film Reynolds number (Ref =1050) with two tube spacings 9.5 mm and 12.5 mm and with two tube diameters 19.05 mm and 25.05 mm (Figure 5). These tube diameters are generally used for commercial purposes while designing evaporative heat exchangers. The fluid properties were assumed to be constant throughout the process. A marginal variation of film thickness has also been observed when changing the tube diameter from 19.05 mm to 25.05 mm, while all the other parameters were kept constant. This behaviour was also reported by [25] in their experimental observations and it was also observed in a numerical simulation conducted by [26]. In experimental analysis, the film thickness has been measured by using a displacement micrometre. The behavior of film thickness has been studied by varying the feeder height while keeping the Reynolds number and tube diameter constant.
The feeder height plays a major role in determining the hydrodynamic characteristics of the flowing fluid. For different feeder heights it has been observed that the film thickness reduces as the feeder height increases. 

 (
Figure 5
. Film thickness at Re
f 
= 1050
)












              Investigations were also performed with a constant feeder height and varying tube diameters. A marginal variation in film thickness has been observed in this case. At greater feeder heights the liquid attains more inertia due to gravity free fall condition and hence attains greater velocity too compared to the lower feeder height satisfying the continuity equation and forming a smaller film thickness around the tube.
 (
Figure 6
. (a) Contours of flow, (b) flow near bottom
)













The film formation and its visual representation are shown in the Figure 6 (a) and figure 6 (b). Liquid is assumed to flow over the top of the wall, tube diameter is 25.05 mm and the wall of the tube is maintained at constant temperature under normal temperature and pressure conditions. When flow becomes fully developed, an air gap is formed at the end of detachment zone. It occurs due to the inertial motion dominating the adhesion forces and resulting in detachment from the tube wall in early stages.

3.2 Transient behaviour of flow for three in-line tubes
 (
Figure 7
. Transient behaviour of flow for three in-line tubes
)














              The flow regimes over three in-line tubes with respect to time have been investigated and shown in Figure 7.  The liquid flows down from the top of the tube under the influence of gravity. In the initial stage, at time = 0.17s, the initial impact zone on the top of the tube is shown.  Then flow starts moving downwards around the circumference of the tube. In this zone, the moving fluid must overcome pressure losses due to impact of liquid and the viscous drag between liquid and tube surface for the formation of the liquid film.  The different stages of flow have been shown at flow time 0.47s, 0.77s, and 0.88s. The flow covers the tube surface completely at t=1.1s. In this final stage the tube is completely covered by liquid film and then the liquid begins to depart from the bottom of the tube and flows downwards to the top of the lower tube in the form of drops or columns.

3.3 Dry patch formation
             A dry patch formation has also been observed near the bottom of the tube in the 3D simulation carried out at 
Rf =1050 and outer tube diameter 19.05mm. These patches are quite transient in nature and occur near the bottom of the tube, as shown in Figure 8. The fluctuating patches vary in nature with time and flow rate. At lower flow rates, the formation of dry patches may be quite frequent. The tendency of fouling starts around near the area of occurrence of dry patches.  
 (
Figure 8
. Formation of dry patches
)










3.4 Wall shear stress at different circumferential positions
The variation of shear stress is plotted in Figure 9, the maximum fluctuations are observed near the impingement zone of the tube showing an abnormal behaviour at the bottom of the tube. In the impingement zone, the fluid first comes into contact with the tube surfaces attaining a zero velocity for an instant and then it starts flowing around the tube due to inertial force driven by gravity. This variation accounts for a great deviation in the impingement zone and it occurs around, θ = 0o to 30o of the circumferential position of the tube. The shear stresses show very minimal deviation after the impingement zone and again some abrupt behaviour is observed in the detachment zone of the tube. Near the detachment zone the fluid is preparing to leave the contact of the tube and hence it shows some abnormal fluctuations of shear stress in the detachment area. 
 (
Figure 9.
 Wall shear stress around circumference of tube
)
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3.3 Characteristics of film heat transfer 
Heat transfer analysis around the outer surface of tubes of falling film evaporators is carried out by using ANSYS CFD software package. In the present study a single tube of diameter 25.05 mm is considered for analysis of convective heat transfer with a two phase VOF model. The temperature at the outer surface is maintained at a constant value and a thin film of water is flowing over the outer surface of the tube under the effect of gravity. The input water film temperature is be maintained constant and the heat transfer parameters are studied. Heat transfer analyses are also carried out by varying the feeder height and surface temperature of the tube.

In this simulation it is assumed that the heat losses due to cumulative effect of surface tension and conduction through the end pipes are negligible and a constant wall temperature is to be maintained for each set of parameters for CFD analysis.

3.3.1 Effect of tube diameter on surface heat transfer coefficient
The surface heat transfer coefficient was investigated for tubes of diameters 19.05 mm and 25.05 mm. The wall temperature of tube is kept constant at 64 °C and the inlet water temperature was 58 °C. Surface heat transfer coefficients around the tube are plotted in Figure 10. 
 (
Figure 10
. Variation of surface heat transfer coefficient with circumferential position
)
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Heat transfer coefficients around the surface of tube are higher near the impingement zone of the tube. It occurs due to the higher temperature received by the fluid near the impingement zone leading to the higher value of heat transfer in this area. Additionally, high gradients in the nascent boundary layer contribute to this. Observations also show that for the smaller tube diameter the value of wall heat transfer is slightly lower as compared to the higher tube diameter. Near the bottom of the tube, fluid is preparing to leave the tube surfaces and shows unpredictable behaviour in this region.

3.3.2 Effect of tube wall superheat
Figure 11 shows the variation of Nusselt number around the circumference of the tube at different temperatures of the tube surface (Ts = 60 °C & 64 °C), while the inlet temperature of the water was kept constant at 58 °C. Increasing the surface temperature of the tube results in an increase in the operating temperature difference and it directly influences the heat transfer phenomenon. Small variations are observed near the stagnation zone of the tube for different surface temperatures and then the variation becomes significant. The evaporation is higher at the higher surface temperature of the tube when other parameters like film Reynolds number and tube diameter are kept constant. 
 (
Figure 11.
 Variation of local Nusselt number with circumferential position
)













Conclusions
Numerical simulations are carried out for horizontal tube falling film evaporators with tube diameter 19.05 mm and 25.05 mm. Variation of film thickness has been studied for two tube diameters with different tube spacing. It is observed that as the film Reynolds number increases the film thickness also increases and it decreases when the tube spacing is increased. Transient behaviour of flow around three in-line tubes is investigated and the tendency of formation of dry patches and air gaps is clearly identified.
Wall shear stresses show significant fluctuations near the impingement zone of the fluid and very little variation is observed on changing the tube diameters. Numerical simulations were also carried out for analysis of heat transfer around the falling film evaporator tubes. It is observed that the film heat transfer coefficient decreases with increasing tube diameter. It can be concluded that the present approach of can predict the physical phenomena faithfully and is robust enough to handle the variations incorporated.




Nomenclature 

		Outer diameter of tube, mm.
		Feeder height, mm.
		Thermal conductivity, W / m oC
 		Pressure, N/m2
		Heat generation per unit volume, W/m3
		Reynolds number.
		Time, sec
		Temperature, oC.
 		Velocity along x direction, m/s
 		Velocity along y direction, m/s
 		Velocity along z direction, m/s

Greek symbols
 	Circumferential angle over tube
		Density of liquid. 
		Density of gas. 
 		Volume fraction
 		Shear stress, N/m2
 		Fluid viscosity, Pa s

Subscripts 
 		Water film
		Surface 
 		Water
 		Gas
 		Liquid
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Surface heat transfer coefficient (kW/m?K)
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