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ABSTRACT

A better understanding of the fundamental principles underlying the movement of droplets which escaped
from the exit orifice of a high pressure agro-forestry swirl nozzle in still air was developed. Equations of
dynamic systems of droplets distribution at high pressure were used in conjunction with particle dynamics
equations to develop mathematical models of motion phenomenon of liquid droplets in still air. The
models were implemented with algorithm coded in C++ language to investigate the effects of droplet
diameter, nozzle supply pressure, and time variation on selected motion parameters of drag force,
Reynolds number, final velocity and distance.

The simulation results established that while viscous forces are predominant on droplets whose diameters
ranged between 100 and 200 microns when they move in still air, inertia forces are predominant on
droplets whose diameters are larger. The drag force increased with increase in droplets diameters and
nozzle supply pressure. For a 5 fold increase in droplet diameter under the same nozzle supply pressure,
k\ drag force increases by 20 times. The pattern of variation of final velocities of liquid droplets in terms of

droplet diameter and nozzle supply pressure is similar to that of the distance traveled by the droplets. The
practical implication of these results is that whenever it is necessary to produce droplets whose diameters
fall within the range of 100 and 200 microns with an agro-forestry swirl nozzle, auxiliary air blast must be
provided before they could hit the intended target(s).

KEYWORDS: Orifice, swirl nozzle, agro-forestry, droplets, knapsack sprayer, terminal velocity.
1. INTRODUCTION

Agro-forestry is a farming system that integrates crops and/or livestock with trees and shrubs. It creates a
high quality matrix that increases the movement of animals from one protected area to another, thereby
increasing the overall connectivity of natural habitats. It also reduces soil erosion and increases carbon
sequestration, water uptake and storage. It provides economic benefits to farmers through the large
diversity of crops produced (Rajankumar, 2007).

The major constraints to production in agro-forestry systems, among several others include: inadequate
and unsatisfactory control of pests and diseases in tree crops, uncontrolled bush burning which kills non-
target species which play a predatory role in the ecosystem under an Integrated Pest Management (IPM)
system, and unsatisfactory regulation of moisture and control of temperature in livestock buildings and
environments during the hot and dry seasons of the year (Adejumo, 2005; Kang, 1996).

Crop spraying, which is the application of certain organic and inorganic substances in solution form to
combat insect pests and plants diseases of field and tree crops, remain the best option for controlling
pests and pathogens in agro-forestry systems in Nigeria because of the annual recurrent problem of
uncontrolled bush burning (Kang,1996; Shaip et. al, 1997). However, if adequate precautionary measures
are not taken, up to 90% of the active ingredients sprayed for crop protection may never reach their
intended targets due to drift (Bower et. al, 2001; Zhu et. al, 1994).
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Presently in Nigeria, application of liquid chemical pesticide to tree crops and other components of agro-
forestry system have been abandoned to the use of relatively ineffective and antiquated knapsack
sprayers. This type of sprayer is seriously limited by the fact that it cannot get pesticide to targets located
either on the canopies of @il tree crops or deep inside wide tree crowns. In addition, it has the built-in
danger of depositing part of the pesticides (which are usually poisonous) on the surface of the operator’s
skin in the event of a leakage in its tank or reservoir. Even if’ there is no leakage in the tank, the liquid
pesticide run-ofT from the recently-sprayed trees can casily be deposited on any part of the body of the
applicator (Taiwo, 2009), This is completely unacceptable beeause most of such pesticides could be
absorbed either diveetly or indirectly into the excretory and other organs of the applicator’s body from
where they can later travel down to more sensitive and vital organs to cause incalculable, and sometimes,
irreparable damage if not outright death (UNCTAD, 2006; UNEP, 2008).

The best way to solve this problem is to develop a motorized high pressure agro-forestry sprayer which
can be truck or tractor-mounted. Since the nozzle is the most critical component of any spraying
apparatus, the starting point for the development of this type of sprayer is the development of the nozzle.
The nozzle performs three major functions in the sprayer, namely: to regulate flow, atomize the mixture
into droplets, and disperse the sprayer in a specific pattern (Osarenren and Ndukwe, 2002). Nozzles are
of two basic types. According to Bernacki et al., (1972), the first type is a pressure nozzle, in which the
liquid breaking process results from the conversion of its potential pressure energy into the potential
energy of the surtace tension of the droplets and, finally into their kinetic energy. The second type
constitutes the hydro-pneumatic nozzles in which the liquid is broken into droplets as a result of the
impact of a stream of air or some other gas against a thin layer of liquid delivered to the nozzle at a
relatively low pressure,

Nozzles that produce lat sheets through the use of an elliptical orifice are referred to as fan, flat spray, or
flat fan nozzles and those that produce flat sheets by a circular arifice adjacent to a deflector surface are
veferred to as Mood. fooding or deflector nozzles (ASAE, 2002). Hollow cone-shaped liquid sheets are
produced by imparting a swirling motion to the liquid as it exits the nozzle through the use of either a
slotted swirl plate (or "element") in combination with a simple disc orifice or by a tangential liquid inlet
into a swirl chamber and allowing the swirling liquid to exit through a circular orifice located at the end
of the chamber, These nozzles are commonly referred to, respectively, as disc-core hollow cone nozzles
and swirl or swirl chamber nozzles (ASALE, 2002).

Sinee a nozzle produces droplets with a wide range of sizes known as the droplet — size spectrum, this
implies that in order to develop a nozzle, there is need to first of all study the behaviour of the various
droplets sizes in still air, then study how the nozzle should perform to enable the droplets it discharge
behave in a particular fashion, and tinally study the geometrical configuration and material of lIlc
principal functional clement of the nozzle required to enable the nozzle perform as it should. The
objective of this research, therefore, was to study the theoretical behaviour of the droplets in still air after
escaping from the exit orifice of & high pressure agro-forestry swirl nozzle. Specific objective was to
study the effeet of droplets diameter, nozzle supply pressure, and time variation on .droplcls' final
velocity, distanee, drag force, and Reynolds number,

2. MATERIALS AND METHODS
2.1 Theoretical Considerations

The movement of liquid droplet under the nozzle supply pressure (P) from the moment it breaks off from
the discharging liquid stream as soon it flows out of the nozzle exit orifice have been exhaustively
described by Awardy (1978); Letebvre (1989); Goering et al. (1972); Koo and Kuhlman (1993); Bernacki
et al, (1972). Following the studies above, the classi :al equation for drag (or air resistance) tforce on a
droplet can be deseribed as:
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Where: Fp = Air Resistance or drag force (Newton); C; = Dimensionless dl:zxg coefficient (-);_ Pa = Air
density (kg/m’); V= Initial velocity of particle relative to the medium (air) (m/s); P,, = Diameter of
Dmplét (n;): Ar = Projected area of the droplet perpendicular to the direction of flow (m°).

Gravity and buoyancy forces were also easily accounted for in the cited works with the following
equations:

=D}
W =gl -p,) =2 @

Where: W = Buoyancy and Gravity forces put together (Newton); p, = Density of liquid in the droplet
(kg'm’); g = Acceleration due to gravity (m/s?).

It was also established that the drag coefficient varied with Reynolds number depending on whether the
flow was lamina, turbulent or transitional. In view of this it was proposed by Bernacki et al. (1972) that
Reynolds number R, could be calculated according to the following formula:

V.D
R = Pl (3)
.
Where: R, = Reynolds Number; Ma = Dynamic viscosity of air.

Bemacki et al (1972): Lefebvre, (1989); Goering et al

(1972) established the following criteria for
Reynolds number and drag coefficient under the various flo

W types:
For flow in laminar or Stokes law region: R, <2 )
24

Cd’ = R—n
For transitional or Allen flow region: 2<R, £500 >. )

C,=04+ L.l

RC

For turbulent flow: R, > 500

C, =044 =

It was also recognized that if the values of the criteria established in equation (4) were substituted into the

formula for drag force or air resistance, the following relationships for ajr resistance (or drag force) will
be obtained for each type of flow:

For Stokes law region: E = 3mn,VyD,
For Allen flow region: F, = rr(O.OSpaVOZD; +57]a_VaDp)

(5)
For turbulent low:  F, = 0.0557zp,¥; D?
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The terminal or ultimate velocity, V, of the moving droplet within the liquid stream occurs when the drag
force becomes balanced by the gravitational forces. Bernacki et al. (1972); Lefebvre (1989) develo_ped
the equation for the ultimate velocity of the moving droplets with the liquid stream for Stokes law region,
Allen flow region, and Turbulent flow regions as follows:

D*(p, —
For Stokes law region: V, = g ,,(P. 2.)
18n,

Y
For Allen flow region: ¥V, = 25002" pie (o =r.) A0,
‘ P.D, 0.3p, pD,

D -
For turbulent Flow: ¥, = 85,\P = Pa)
0.33p, }

From equation (6), it is possible to establish the limits of the lamina flow as well as the velocity of the
falling droplets of different diameters. However, in the real world, there never comes a time when
droplets generally come to a free fall because the velocities achieved in spraying are usually relatively
high (Bode et al 1979), Bernacki et al (1972). If the grouped equations (6) are differentiated and
integrated, with respect to time, it is possible to obtain expressions for the accelerations of the ultimate
velocities as well as the distance traveled by the droplet from the outlet orifice of the nozzle successively
over a given period of time.

~

©

Given below are only the equations for the droplet’s final velocity, Vr and the distance, S traveled from
the nozzle outlet orifice as developed by Bernacki et al (1972) for the various flow types.

For laminar or flow in Stokes law region:

V, = Vacxp( l?””! W
ppf >
)
D} -
hy =—'—'p—'z- 1—exp| —1§”—"t
lsnaVO Dppl

For transitional or Allen flow region:

1 3
Y= 00eD, 1 001D
_'_'D”_l + ____exp[lgznat iy ppn
M Voo \Dppy M > ®)
D 0.01D
§=P, it V,| 1-exp 30t
O'3pa 77,; Dpzpl
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n 0.33p, Vi
D (9)

3
D,p, inl 1+ 0.33p, Vi
0.33p, D,p, )

For turbulent flow;

S =

By making the simplifying assumption that the entire pressure energy on the qu_uul content oftht_: nozri]'c
before atomization will be converted into kinetic energy after atomization, l.clcbv_rc (1_989) derived t:e
following equation for the initial droplet velocity at the nozzle exit orifice as a function of the nozzle

supply pressure and liquid density:

P = /ﬂ (10)
A

2.2 Model Development

The results of literature search revealed that the fundamental laws underlying the movement of liquid
droplets in air are not yet fully understood. To fully understand this phenomenon, equations (1) to (9)
which constitute particle dynamics equations and equations of dynamic systems in liquid droplet
distribution at high pressure obtained from literature were used to model theoretically the motion

phenomenon of liquid droplets in still air.

A computer programme in C++ language, whose flowchart is shown in figure 3, was developed to
implement the model to simulate the post-exit behaviour of moving liquid droplets in still air. Thereafter,
extreme conditions that sensitively influenced the motion parameters at high and low nozzle supply
pressures, droplet diameters and time interval were identified from the simulation results and noted as the
basis for future development of a high pressure agro-forestry swirl nozzle prototype.

The variables used in the programmed models were grouped into independent and dependent variables as
follows:

(i) Independent variables

(a) Water density ( p, ), (b)Air density (p,), (¢) Air dynamic viscosity (M), (d) Nozzle supply
pressure (P), (¢) Droplet diameter (D,), (f) Time interval (t).

(ii) Dependent variables

(a) Ullilmatc velocity (Vy), (b) Final velocity (Vy), (c) Drag force (Fp), (¢) Distance (8S), (f) Drag
coefficient (Cg), Reynolds number (R,), Droplet exit velocity (V).

(iii)Input data

The following input data values obtained from literature were used as recommended by Womac and Bui
(2001):
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Water density (p,) = 1000 kg/m’; air density (p,) = 1.225 kg/m’; air dynamic viscosity (n,) = 1.789E-05
kPa.sec. '

(iv) Assumptions
The following simplifying assumptiohs were made before developing the model:

(a) Evaporation of the droplets resulting in their drying up during spraying did not occur;

(b) The other external forces known to act on a moving droplet which include Van der Waal’s force,
thermophoresis, diffusiophoresis, photophoresis, the Basset effect, and forces due to external
electrical and pressure gradiént were non-existent;

(c) The liquid stream was not set in rotary motion.

These calculations were found to be fairly complicated and troublesome because one could easily run into
infinity if care was not taken in selecting the values of t. The problem was averted by starting the
simulation at a value of t very close to zero but not zero so that the behaviour of the model in this region
could be observed. The time, t was allowed to increase in steps of 0.0198sec starting from 0.01 to 1.188
making a total of six steps. The value of t was not used beyond 1.188sec because t<1.0 sec is the area
where it is very difficult to calculate manually. Hence only few steps were taken over and above t= 1.0
sec.

All the four simulated dependent variables were obtained for ten droplet diameters of 100, 200, 300, 400,
500, 600, 700, 800, 900 and 1000 microns. The movement of the droplets was assumed to be in the
direction of the positive x-axis with the x-axis in the horizontal direction. The range of droplet diameters
selected for the simulation were selected because, with the exception of the 100 micron droplets, they all
fell within the range of droplet diameters produced by pressure nozzles without the use of auxiliary air
stream as explained by Bernacki et al, (1972); (Klenin et.al,1985). The flowchart for the interactive
computer programme is shown in figure 1.
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Figure 1. Flowchart for the algorithm to simulate the post exit motion of liquid droplet in still air

3. RESULTS AND DISCUSSION

The simulation results of the movement of the liquid droplets in still

air after escaping from the nozzle
exit orifice are as shown in the plotted charts in Figures 2 to 7.
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Figure 7: Effect of droplet diameter and nozzle supply pressure on
distance traveled by droplets

3.1 Effect of Droplet Size and Nozzle Supply Pressure on Drag Force

The drag force on the droplets increased at an increasing rate
also increased as the nozzle supply pressure incre:

as the droplet diameter increased. It
those droplets with droplet diameters between 100

wed forany level of simulated droplet diameter. For
and 200 microns, both the nozzle supply pressure and
droplet diameters did not influence the drag foree experienced by the moving droplet. ‘This is sequel to the
fact that the refationship between the drag, foree and the droplet dinmeter is o quadratic function. From the
result shown in Figure 2, when the droplet

dismeter way 100 microns, the drag, foree on it wis only 2.21:-
06 Newton; for 4 droplet diameter of 1000 microny, the drag foree increased (o 1,61 H-ANewton.
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W b supply pressine. P iplies tat e inecial fores on the moving dioplets inereased as the nozzle
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JX Eet of Droplet Stee on Blaal Veloelty

The il velociy s the velocity attained by the droplets at the end of the simulated time interval, The
fal velocuy was negative tor the divplots whose dinmeters foll between 100 and 200 microns after
whieh e stavtad TN poiively at a constant vate (e, linearly) for all other droplets with larger
diamete The veloeny inereased at @ constant tate for the droplets whose diameters fell between
“0uneions and 00mieong beyond which it started increasing at a veduced constant rate (i.e. lincarly)
o all other dooplets with larger diameter droplots,

S ENeet of Droplet Size and Thwe on Fiaal Veloeity

As the time interval inereased, the trend of inerease in final velocity was maintained although the final
veloaiy vatues fell sharply tor all the simulated sizos ol droplets during the second time interval, The
reduetion e fimal veloeities continned e all the sinulated droplet sizes us tine progressed, although
mannmatly for the remaning tme ntervals, The mphication of this abservation is that when liquid stream
discharge fhom a swirl nozzle and break into droplets, the small droplets Tow backwards in the direction
towands the nozzle, 18 the application is such that domands the use of droplets whose dinmeters range
between 100 and 200 mictons even lower than the e there is need (o assist with aiv blast beeause the
pressure energy of the nozzle can never e enough,

3.2 Eftect of Droplet Size and Nozzle Supply Pressure on Fual Feloelty

The  nozsle supply pressure does not alteet the fimal vel
between 100 and 200microns although they assumed nepative values ay in the previous section, At 200
AP nozsle supply pressure, the tinal velocities of the droplets whose dinmeters range between 200 and
J00 microns assumed negative values, As the droplet dinmeter inereased up o 400 microns, the tinal
veloeity mereased Tinearly and increased at o lower tate beyord the 400 micron dinmeter up o 500
microns bevond which it was inereasing ata much lower linear rate up to the maximum stmulated droplet
diameter of 1OOO microns,

ocities of droplets whose dinmeters range

The final veloeity increased with increase in nozele supply pressure, although maintaining the same
pattern of inerease at the lowest simulated nozsle supply pressure (Figure §),

34, Effect of Droplet Size on Distance

The results of the simulation of the programmed model of the distance traveled by the droplets at the end
of the simulated time intervals are shown in Figures 6 and 7.

341 Effeet of Droplet Size and Time on Distance

The 100 and 200 micron dinmeter droplets did not produce any motion when dise
The droplets whose diameters ranged botween these two v
towands the nozzle) throughout the simulated time inter

harged from the nozzle,
alues moved in the opposite direction (e
als, The distance covered by the droplets
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increased with time as well as with increase in droplet diameters. The distance covered by the droplets
over a time 1r3tcrval of 0.0Isecond was about the same for all the droplets with 300 micron diameter and
above. The distance covered by the droplets whose diameter ranged between 200 and 300 microns was
very marginal regardless of the interval of time which elapsed. This is probably duc to the earlier
established fact that inertial forces have very little or no effect on the small diameter droplets because it
was the viscous forces that were predominant during their motions(figure 6).

3.4.2 Effect of Droplet Size and Nozzle Supply Pressure on Distance

The results shown in Figure 7 reveal that the pattern of variation of distance with droplet diameter and
nozzle supply pressure is exactly as obtained for final velocity. This simply corroborates the fact that once
there is no velocity there can be no displacement (or covered distance). Nozzle discharge with high nozzle
supply pressure will result in higher covered distance by the droplets. In other words, higher pressure
means higher penetration range for the droplets.

These observations are consistent with those reported by Womac and Bui (2001) as well as Sidahmed,
(1996). The larger droplets like their smaller counterparts also lose momentum during their movement in
still air; however, they did not spread over a wide area as those with small diameters. Hence, in order to
obtain adwider swath from a swirl nozzle, liquid droplets composed of small diameter droplets should be
preferred.

4, CONCLUSIONS

The drag force increased with increase in droplet diameter and nozzle supply pressure. For a ten-fold
increase in droplet diameter, drag force increases by seventy three times over and above that of the initial
droplet diameter. When small diameter droplets move in still air, viscous forces are predominant on them.
As the droplet diameters increase, the viscous forces become cxchénged for the inertial forces until they
become predominant when the droplet diameters become large.

The predominance of viscous forces on droplets with small diameter assumed extreme limit on those
droplets whose diameters were 200 microns or less; these droplets developed negative displacements and
velocities as soon as they were discharged from the nozzle exit orifice. In other words, instead of the
droplets moving away from the nozzle exit orifice after escaping from the nozzle, they will move
backwards towards the nozzle. This phenomenon will occur regardless of the nozzle supply pressure. As
the droplet diameter increased in size from 200 microns, the final velocities of the moving droplets starts
increasing in magnitude until 400 micron droplet diameters when the rate of increase became nearly zero.
At this level, final velocities became nearly constant as the droplet diameter increased. For any particular
droplet diameter within this size range any increase in nozzle supply pressure increases the final velocity.
the pattern of variation of distance covered by the droplets is very similar to that of final velocity variation
in terms of nozzle supply pressure and droplet diameter. The final velocity fell sharply from the
maximum value 30 m/sec for a 1000 micron diameter droplet when the nozzle supply pressure was
500kP2 to 16 m/sec when the nozzle supply pressure was reduced to 200kPa. Similarly for the
1000micron diameter droplet, the distance covercd during the time interval of 0.1scc when the nozzle
supply pressure was 500kPa fell from 0.31 m to 0.17 m when the nozzle supply pressure was reduced to

200kPa.
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