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Abstract

A thorough understanding of the factors affecting spray flow and evaporation losses in sprinkler irrigation is important for developing appropriate water conservation strategies. To properly tackle this problem, relevant theoretical and experimental studies have been carried out during the second half of the last century. Notwithstanding all these efforts, the phenomenon of aerial evaporation of droplets exiting from a nozzle has not been fully understood yet and something new has to be added to the description of the process to reach a better assessment of the events. To this end, a mathematical model for irrigation sprinkler droplet ballistics, based on a simplified dynamic approach to the phenomenon, has been presented. The model proves to fully match the kinematic results obtained by more complicated procedures. Moreover, field trials showed the model to reliably estimate spray evaporation losses caused by environmental conditions. Further analytical and experimental activities are needed to gain a better understanding of water flow and waste in sprinkler irrigation practice
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Introduction

Scientific literature concerning irrigation systems (Larry, 1988; Schultz & De Wrachien, 2002) is mainly focused on the optimisation of water distribution on the soil, generally neglecting other aspects such as aerial evaporation in sprinkler irrigation. One of the causes of this behaviour is a scarce agreement among scientists for what concerns a clear and univocal definition of the phenomenon causing water losses during irrigation and of the parameters affecting its dynamics. So, spray evaporation of water droplets in sprinkler practice - that is water loss in the aerial path covered by a droplet exiting from a nozzle before it reaches the soil surface - was quantified with values ranging from 2 % or less up to 40 % or more (James, 1996; Tarjuelo et al., 2000).

Since Christiansen’s (1942) now classical work, important studies (theoretical and experimental ones) have been carried out to determine sprinkler spray flow and losses under various climatic and operational conditions (Mather 1950, Frost & Schwalen, 1955; Wiser, 1959; Inoue, 1963; Kraus, 1966)

Among the different procedures now available, the heat and mass transfer approach offers a sound basis for the assessment of evaporation from falling droplets and the results are in reasonable agreement with experimental data for Reynolds numbers, generally, lower than 1000 that fall, mainly, under the laminar and/or intermediate flow laws (Edling 1985; Thompson et al. 1993).

More recently, Lorenzini (2004) and Lorenzini and De Wrachien (2003,2004,2005) proposed a model that accounts, mainly, the effects of air friction on droplet evaporation, which is relevant in the turbulent flow law (Reynolds numbers greater that 1000). The model proved to fully match the kinematic results obtained by more complicated procedures and to work out ready to apply formulae suitable to assess the contribution given to the droplet evaporation by the dynamic phenomena that accompany its aerial path from the sprinkler nozzle to the ground.

A new model for sprinkling spray flow and evaporation

Droplet dynamics

The flow of a droplet from the sprinkler nozzle down to the ground is described by means of the Second Principle of dynamics: 
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 is the total force in N acting on the droplet and equal to the vector sum of the weight of the droplet of mass m in kg diminished by its buoyancy force and of the friction force acting during the flight on the droplet of acceleration 
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 in ms-2. The friction factor f used in the model is that defined by Fanning (Bird et al., 1960). For a fluid flow surrounding a droplet it is given by :
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Case (a) expresses the conditions of the laminar flow law; case (b) of an intermediate flow law, and case (c) of the turbulent flow law. Case (a), statistically speaking, is very unlikely to occurs in sprinkler irrigation practice as, at the usual flow velocities, it would imply droplet diameters of an order of magnitude 0.1 µm, which is more typical with chemical spray application rather than with irrigation.

The hypotheses formulated are that: each droplet is generated exactly in correspondence to the nozzle outlet; the forces applied to the system are weight, buoyancy, friction; the droplet has a spherical shape; the volume of the droplet is invariant during the flight; the friction has the same direction of the droplet velocity but opposite sense for all the path; and there is no wind .

The parameters to be introduced are: the nozzle height h with respect to ground level; the droplet velocity v and the angle (, with respect to the horizontal direction, of the jet .

If n is the mass of the droplet accounting for its buoyancy component and the friction parameter k in kgm-1 (given by
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 where ( is air density, depending on temperature, and A is the cross section in m2 of the droplet) is the coefficient which defines the action of the friction force, then the final equations in the horizontal and vertical directions are :
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where 
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 are velocities in ms-1 and accelerations in ms-2 in the horizontal and vertical direction, respectively.  The initial conditions are:
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for the first equation and:
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for the second one: where t is time; 
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 represent the horizontal and vertical velocity components in ms-1, respectively, at the entrance; and h is the nozzle height with respect to the ground in m. Integrating the system of differential equations we obtain the full analytical solution of the problem in the form of parametric equations of position (x(t), y(t)), velocity (
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The model, providing an exact solution, applies to every particular configuration of the system, i. e. for every droplet diameter, flow state, air temperature nozzle geometry, initial flow rate and velocity, in the hypotheses formulated . Attention, though, has to be drawn to the friction parameter k, as it is strongly affected by the flow state of the droplet. In fact it may happen (and it often does) that a droplet starts its path in a certain flow state modifying it along the way, so requiring a different value of k, to be inserted in the model. Lorenzini (2004) showed that, a part from the smallest diameter droplet, all the cases fall in the turbulent flow law region in which the value for f is 0.44.
Droplet evaporation

Spray evaporation is assessed on the basis of the analytical procedure previously described (Lorenzini, De Wrachien, 2003). The model accounts only the effects of air friction on the droplet evaporation and neglects all other parameters. Despite its limits, the model could improve the understanding of the sprinkler evaporation phenomenon. This approach has not been found elsewhere, probably because air friction was considered as a factor of minor relevance in the process. 

Three additional assumptions have been introduced:

(1) evaporation is obtained by the total work of the resulting force (sum of weight, buoyancy and friction force) acting on the droplet along its trajectory;

(2) droplet evaporation occurs just at the end of the flight path; and

(3) the droplet is considered as a material point.

The second hypothesis entails a limitation to the results, as the final kinetic energy of the droplet is calculated by means of the initial mass: this implies that the evaporation losses are somehow over-estimated. A sort of ‘upper limit’ (in the proper mathematical meaning) of the ‘force-induced’ droplet evaporation is so worked out in the present approach. This does not, anyway, reduce the effectiveness of the model, just aimed at assessing the role of air friction in spray evaporation for sprinkler irrigation systems.

Validation of the dynamic model

The validation of the procedure needs a quantitative approach to check how reliable the predictions are: this can be done introducing other authors’ data in the model. The works chosen for these comparison purposes are by Edling (1985) and Thompson et al. (1993). Among the case studies by these authors, only those involving a no-wind condition were considered. Results are shown in Fig 1 to 7 in terms of travel distance and in table 1 interns of time of flight. 
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Figure 1.Travel distance of sprinkler droplets: Edling’s (1985) data compared to Lorenzini’s (2004): flow rate= 1.4x10-4m3s-1; nozzle diameter 3.96x10-3m; air temperature 29.4°C; nozzle height = 1.22m; droplet diameter = 1.5x10-3m.(R2=0.997)
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Figure 2.Travel distance of sprinkler droplets: Edling’s (1985) data compared to Lorenzini’s (2004): flow rate= 1.4x10-4m3s-1; nozzle diameter 3.96x10-3m; air temperature 29.4°C; nozzle height = 2.44m; droplet diameter = 1.5x10-3m.(R2=0.997)
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Figure 3.Travel distance of sprinkler droplets: Edling’s (1985) data compared to Lorenzini’s (2004): flow rate= 1.4x10-4m3s-1; nozzle diameter 3.96x10-3m; air temperature 29.4°C; nozzle height = 3.66m; droplet diameter = 1.5x10-3m. (R2=0.995)
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Figure 4.Travel distance of sprinkler droplets: Edling’s (1985) data compared to Lorenzini’s (2004): flow rate= 1.4x10-4m3s-1; nozzle diameter 3.96x10-3m; air temperature 29.4°C; nozzle height = 1.22m; droplet diameter = 2.5x10-3m. (R2=0.999)
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Figure 5.Travel distance of sprinkler droplets: Edling’s (1985) data compared to Lorenzini’s (2004): flow rate= 1.4x10-4m3s-1; nozzle diameter 3.96x10-3m; air temperature 29.4°C; nozzle height = 2.44m; droplet diameter = 2.5x10-3m. (R2=0.998)
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Figure 6.Travel distance of sprinkler droplets: Edling’s (1985) data compared to Lorenzini’s (2004): flow rate= 1.4x10-4m3s-1; nozzle diameter 3.96x10-3m; air temperature 29.4°C; nozzle height = 3.66m; droplet diameter = 2.5x10-3m. (R2=0.998)
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Figure 7.Travel distance of sprinkler droplets: Thompson et al (1993) data compared to Lorenzini’s (2004): flow rate= 5.5x10-4m3s-1; nozzle diameter 4.76x10-3m; air temperature =38°C; jet inclination=25°; nozzle height = 4.5m. (R2=0.994)
	
	Droplet diameter (m)

	
	0.9 x 10-3
	1.8 x 10-3
	3.0 x 10-3
	5.1 x 10-3

	Time of flight (s)
	Thompson et al. (1993)
	1.54
	1.63
	1.75
	1.84

	
	Lorenzini (2004)
	1.35
	1.73
	2.00
	2.26


Table 1. Time of flight of sprinkler droplets: Thompson et al.’s (1993)data compared to that of Lorenzini(2004): flow rate = 5.5 x 10-4m3s-1; nozzle diameter = 4.76 x 10-3 m; air temperature = 38°C; jet inclination = 25°; nozzle height = 4.5 m.
Facing a comparative approach, it can be stated that the model here defined proves to be kinematically reliable in its predictions from a qualitative and quantitative points of view, particularly when droplets having a ‘not too small’ diameter are considered. This, being the model defined by neglecting most of the parameters typically introduced in the others, can be considered as a first relevant result. The comparisons performed with the Thompson et al.(1993) data show that when the droplet gets close to a condition of the laminar flow law the model provides less accurate results. This is the limit to the model and it somehow defines the field of acceptability of the method. The model becomes weaker when moves away from the turbulent flow law because of the approximation used to define the value of k in the other two flow patterns. The dependence of the results on the flow state criterion  can easily explain the different results obtained for the smallest  droplets in the present work and in Thompson et al. (1993).

Validation of the droplet evaporation model

The droplet evaporation model, based on the consideration of the air friction effect only, which applies to the turbulent low, was tested on the basis of the data provided by Edling (1985) and Thompson et al. (1993) reported in Table 2. These authors took into account a range of conditions  which fall, mainly, under the laminar and/or intermediate flow laws, so neglecting the air friction effect. This is why the evaporation results, reported in Table 3, are not directly comparable to ours, even if a check on the order of magnitude can help an analysis. Table 4 presents the upper limits of droplet evaporation obtainable by means of the model presented, starting from the reference data set. The discrepancies between the results in Table 3 and Table 4 depend on the different nature of the affecting parameters chosen. It has to be stressed, however, that the results here achieved are both qualitatively and quantitatively correct, not of course as descriptive of the whole phenomenon, but just with regard to the maximum role that air friction plays in the process. In fact, the friction force depends on the cross section area of the droplet, and so it is reasonable to expect that larger droplets undergo bigger frictional effects. This is due on the one hand to a longer time of flight, on the other hand to a more intense action of the friction forces because of the bigger cross-section. It has, also, to be underlined that in some practical applications, such as fogging systems or pesticide sprayers, equipment is made to produce very small droplets to have maximum evaporation. In this case, it is clear that droplet evaporation decreases when its diameter increases due to the fact that the parameters introduced (relative humidity, etc.) depend on the whole external surface of the droplet, which, augmenting the droplet diameter, has an increase smaller than that of the volume. So it clear why the trends are different.

On the whole, it is possible to underline the general reliability of the procedure. Furthermore, the model could represent the first step towards a full comprehension of an important issue; i.e. to assess the role played in the evaporation process by the thermo fluid dynamic phenomenon that accompanies the droplet along its trajectory. 

	
	Edling 
	Thompson et al.

	Flow rate exiting from the sprinkler, ls -1
	0.73
	0.55

	Nozzle diameter, mm
	7.14
	4.76

	Jet inclination with respect to horizontal, °
	0
	25

	Nozzle height, m
	3.66
	4.5

	Air temperature, °C
	21.11
	38

	Air relative humidity, %
	20
	20

	Wind
	NO
	NO


Table 2 Droplet evaporation without allowing for air friction: Edling’s (1985) and Thompson et al. (1993) data

	
	Droplet diameter, mm
	Edling 
	Thompson et al.

	
	1.000
	1.19
	2.39

	
	1.125
	1.08
	2.11

	
	1.250
	1.01
	1.85

	
	1.375
	0.95
	1.75

	
	1.500
	0.81
	1.41


Table 3 Droplet evaporation without allowing for air friction: Edling’s (1985) and Thompson et al. (1993) results
	Droplet diameter, mm
	Droplet evaporation, %

	
	Lorenzini & De Wrachien
with Edling’s data
	Lorenzini & De Wrachien
with Thompson et al data

	1.000
	1.12
	1.99

	1.125
	1.52
	2.19

	1.250
	1.70
	2.35

	1.375
	2.29
	2.78

	1.500
	2.69
	2.95


Table 4 Maximum value possible for droplet evaporation caused by the air friction: Lorenzini & De Wrachien (2003).
Conclusions
Irrigation water that is applied to crops is most effective if that water enters the transpiration stream and contributes directly to the matter accumulation. Unfortunately, some of the irrigation water may be lost by evaporation and never be able for transpiration or direct contribution to yield. Evaluating the losses associated with an overhead sprinkling system is challenging because evaporation can occur from droplet before they reach  the canopy, from wet leaves, and wet soils. Therefore, a thorough understanding of the thermal fluid dynamic process that effects spray flow and evaporation losses in sprinkler irrigation systems represents a great help in assessing the performance of the systems and in developing appropriate water conservation strategies. The issue requires a full analytical description of how a droplet exiting from a nozzles reaches a solid surface and entails both experimental and theoretical studies. 

Among the analytical studies, the heat and mass transfer analogy, linked with particle ballistics, offers a well-established approach to assess  jet flow and evaporation losses. The procedure describes the event of a droplet travelling from the sprinkler nozzle to the ground as a combination of environmental parameters such as pressure gradient, vapour concentration, air relative humidity, resulting in very elaborate formulae and strongly condition-dependent. The results are in reasonable agreement with experimental data for Reynolds numbers, generally, lower than 1000, that fall , mainly, under the laminar and/or intermediate flow laws. However, this range covers too small an interval of values to be of a general utility in irrigation practice. To narrow this gap, the model proposed is suitable to assess the contribution given to the droplet evaporation by friction force during the aerial flight of the droplet, within the field of the turbulent flow law. 
The tool has proved to fully match the kinematic results obtained by more complicated procedures. Furthermore, the model made it possible to work out ready-to-apply formulae suitable to asses the ‘upper limit’ of the contribution given to the droplet evaporation by the friction force during the aerial flight of the droplet. This approach has not been found elsewhere, probably because air friction was considered as a factor of minor relevance in affecting spray evaporation. A more comprehensive analysis of this problem by means of the model here described, will allow the authors to assess the ‘actual value’ of the ‘force-induced’ droplet evaporation and further steps  towards a thorough understanding of the phenomena.
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