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Calculation and verification of formula for the range of sprinklers based

on jet breakup length
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Abstract: Jet breakup length is an important parameter which reflects the length of sprinkler range. Based on the linear
instability theory, the dispersion equation of cylindrical jet was established and the theoretical value of jet breakup length was
calculated. The jet breakup length and initial amplitude of surface wave were measured by applying the high-speed
photography technology. Meanwhile, the numerical simulation was conducted by combining Level Set-VOF method for
describing the jet breakup length to verify the theoretical and experimental results. Within the jet velocity and working
pressure range of discussion, the results of comparison showed that the theoretical analysis gave a reasonable explanation to the
influence of jet velocity, nozzle diameter and nozzle cone angle on jet breakup length. Comparing the theoretical value of jet
breakup length with the experimental and simulated values, the three results accorded one another. The experimental jet
breakup lengths were the lowest and the simulation values were the largest, and the relative error was less than 10%, especially
the theoretical value was closer to the average value. For choosing the theoretical calculation of jet breakup length, a
semi-empirical and semi-theoretical formula of range for the rotating sprinkler was concluded by the curve fitting method and
the fitting formula was verified. The results showed the high accuracy of the ranges determined by this formula and the
average relative error was less than 2.5%. The new formula was in good agreement with the data of different types of
sprinklers comparing with other empirical formulas, and the error was only 5%. Meanwhile, the possibility of using this
formula widely to determine the ranges of same series of sprinkler was confirmed.
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1 Introduction

Sprinklers are the key component of sprinkling irrigation
system, among which rotary sprinkler is being used by more people
in the world. It is an initial spray produced by injecting a water
jet onto an orthogonal deflector, resulting in thin, unstable, radially
expanding streams. The quality of sprinkler irrigation will be
directly affected by the hydraulic performance and performance
characteristic of sprinklers.  Sprinkler range is the main
performance index which determines the size of wetted area and
irrigation intensity!>®l. The best nozzle spacing and pipe spacing
will also be determined in irrigation system planning, thereby, the
equipment cost and energy consumption will be reduced as much
as possible.

For the process of sprinkler irrigation with low pressure, the jet
flow gets broken under various forces, such as aerodynamic force,
inertia force, surface tension, etc. The existence of the breakup
length has an important effect on the atomizing process, the length
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will affect the range and the irrigation uniformity.  As the breakup
of jet flow is influenced by many factors, the breakup mechanism
remains a mystery. In recent years, more and more attention has
been focused on it. Some researchers found that axisymmetrical
and nonaxisymmetrical surface waves formed along the jet surface
because of the interaction between gas and liquid phases. Some
surface waves are unstable, they develop over time or space and
ultimately lead to the breakup of jet flows. The distance from
nozzle outlet to the first breakup point of jet flow is defined as jet
breakup length* ™.

Both breakup process and jet breakup length can be obtained
by theoretical analyses, experimental methods and numerical
simulations.  In many previous literatures®®®®, the dispersion
equation of jet was constructed by theory, and the results of
numerical computation were presented.  The instability of
axisymmetrical and nonaxisymmetrical surface waves were
analyzed, however, all these theoretical results are lack of sufficient
experimental verification. In literatures!®*?%, the breakup process
of jet was observed using high speed photography, and the
functional effect of jet velocity on jet breakup length was analyzed.
In literatures?%®], the breakup process of jet was simulated using
an algorithm based on the finite volume method and the volume of
fluid (VOF) method, and the physics about the jet breakup and drop
formation was captured. However, previous researches of jet
focus on high pressure jet rather than low pressure jet which is used
for irrigation sprinklers. The jet used in agricultural irrigation has
a larger nozzle diameter and a longer range, which is different from
the previous literatures, and the results may be totally different.
Meanwhile, previous studies of jet breakup consider only one
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method separately, without mutual authentications among different
methods.

Jet breakup length is the original and macro reflection of jet
flow, and the sprinkler range is the final and macro reflection of jet
flow. Establishing the relationship between two parameters can
learn more about the spraying mechanism, and providing the theory
basis for the research and development of new sprinklers. In this
paper, the optimal jet breakup length will be determined by
comparing the theoretical value with the experimental value and
simulated value. A semi-empirical and semi-theoretical formula
of sprinkler range would be deduced by considering the theoretical
jet breakup lengths. Then the new formula would be compared
with the previous empirical formulas in light of accuracy and
reliability, they would provide the technical support to the sprinkler
irrigation planning.

2 Materials and methods

2.1 Theoretical analysis
2.1.1 Dispersion equation

The cylindrical coordinate system (r,0,z) was established
according to the actual physical problems of jet, as presented in
Figure 1. Assuming the jet flow direction is the same as the
z-axis, and gas fluid and liquid fluid are incompressible flow
without effects of temperature. Uy is the initial velocity of jet
symmetrically sprayed into still air, m/s; a is the radius of jet, m; pq
and p, are the densities of gas and liquid, kg/m®; o is the coefficient
of water surface tension; # is the surface wave amplitude of
gas-liquid interface, m.

Liquid

Figure 1 Diagram of the cylindrical jet and surface wave

Because of the influence of gas and liquid density ratio and the
liquid surface tension, a pressure jump appears in the gas-liquid
interface (r = a), namely:

= = 0
R=P+7 @

As a result of the unavoidable disturbance in actual jet, the
velocity and pressure of basic flow will be changed under
disturbance velocity U and pressure p, namely:

U;=U;+u;; u;=(u;,0uy,) @)

P =P +p, @3)

where, the overline represents the eigenvalue of basic flow, the

subscript label j=g or | representing the gas phase or liquid phase,
respectively.

Due to the instability of this study, normal mode method was
used, such as:

(uj, Py = (T (r), py(n).m)e™ ™, (i=ga.l) (4)
where, 7, is initial amplitude of surface wave, m; k is complex
wave number; s is complex growth rate.

Analyzing the perturbation pressure field, the instability
dispersion equation of liquid jet can be calculated as:

pu(s+iKU,)” 1y(1a) Py K(ka)

| L(la) k K (ka)

To illustrate the problem in general, Equation (5) should be
dimensionless.  Import the following parameters as:

o 21,2y _
+¥(1—ak)_0 (5)

plU,ca _ pUya

a:ka,L:Ia,S:lsJ—a,Wez R, Q="

0 o u P
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Then the final dimensionless equation was obtained as:
(S +ia)? 1,(L) 3 QS? K, (@) +1—a2 B
L LU a K@ W
where, a represents dimensionless wave number; S represents
dimensionless growth gate; W, is Weber number; R, is Reynolds
number; Q is the ratio of gas and liquid densities; I, and K, are
0-Bessel function of the first kind and 0-Bessel function of the
second kind respectively; 1, and K, are 1-Bessel function of the
first kind and 1-Bessel function of the second kind respectively.
2.1.2  Numerical calculation
The dispersion equation of liquid jet represents the relationship
between dimensionless wave number and dimensionless growth
gate. Because the equation is a nonlinear complex equation, the
analytic solution cannot be obtained directly. Matlab numerical
software was used to solve the dispersion equation. If wave
number K is a real number and growth rate s is a complex number,
the disturbance is called as a temporal mode due to the
characteristic of the rise in time and the oscillation in space;
Otherwise, if k is a complex number and S is a purely imaginary
number, the disturbance is called as a spatial mode due to the
characteristic of the rise in space and the oscillation in time.
According to Shi et al.?”!, the two modes give almost the same
results under certain conditions and for convenience, temporal
mode was adopted to analyze the jet process of fluid in this study.
Assuming that the jet flow gets broken when the liquid surface
wave amplitude achieves the radius a of the undisturbed jet, the jet
breakup length is described as follows?!:
U
S

0 (6)

L=—*h= 0

max o
where, Spax IS the maximum perturbation growth rate; 7, is
concerned with the geometric factors of nozzle and it is determined
by experiment.
2.2 Experimental measurements
2.2.1 Measurement of sprinkler range

To get a large number of accurate experimental data, this
experiment was carried out in the Sprinkler Irrigation
Experimental Hall, Jiangsu University in China. The open-type
experimental site contains the standard rain gauges arranged
radially all round and the advanced test instruments. In this
research, the PY15 type sprinkler was adopted as prototype, in
which the “15” refers to the inlet diameter of sprinklers, as
presented in Figure 2a, and the PY,10 type sprinkler and PY ;20
type sprinkler were used for validation. The elevation angles of
nozzle are 30< the mainly nozzle diameters of three sprinklers
are 3 mm, 4 mm, 5 mm, 6 mm, 7 mm, 8 mm and 9 mm, the
working pressures are 150 kPa, 200 kPa, 250 kPa, 300 kPa,
350 kPa, 400 kPa and 450 kPa.

Figure 2b presents the structure sizes of nozzle, in which, Dy is
the outlet diameter of jet; D, is the shrinking entrance diameter of
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jet; @ is the cone angle of nozzle; L is the total length of nozzle.
Nine nozzle models with different structures were established and
compared on their calculations, as presented in Table 1.

222
D19x2
M18x1

AEAD
211

| ——
b. Nozzle structure

a. Prototy[;e
Figure 2  Prototype sprinkler of PY,15 and nozzle structure

Table 1 Parameters of nine nozzles

Nozzle type Dy/mm 019 Da/mm L/mm
A 4 35 13 26.81

B 4 45 13 23.35

C 4 55 13 21.16

D 5 35 13 25.22

E 5 45 13 22.14

F 5 55 13 20.21

G 6 35 13 23.64

H 6 45 13 20.94

| 6 55 13 19.24

According to specification®”), the experiment of nozzle range
used the radial ray method. The rain gauges were arranged for 12
rays with a uniform angle using sprinkler as the center, and the
equal space was 1.0 m, as shown in Figure 3. The distance from
the point with irrigation intensity of 0.3 mm/h (the point with
irrigation intensity of 0.15 mm/h when the spray flow below
0.25 m*h) to the center of sprinkler was defined as the sprinkler
range. The test time was 1 h, and the experiment was repeated
three times, then the values were averaged.
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Indoor sprinkler test equipment layout

o-Rain gal;ge
Figure 3

2.2.2 Measurement of jet breakup length and initial amplitude
The experimental was carried out for the sprinklers without

rotation, and the experimental methods were divided into two kinds:

shadow method and straight beam method. The shadow method
was used to obtain the initial amplitude of surface wave (7), and
the straight beam method to measure the jet breakup length. Both
experiment methods were performed using a high-speed camera
with capable maximum frame rate of 150 000 frames per second
(fps), and it was set to 10 000 fps that is 0.1 ms for each frame in
this test. The exposure time was set as 5 us.  For the experiment
with shadow method, the optical system consisted of a 1000 W
camera light and a piece of ground glass. The light went through
the jet flow while flow fluctuates, then a shadow image of jet and

surface wave was captured by the camera. The ground glass was
used to attenuate the light. To capture more clear images, a 100 mm
micro-lens was configured on the camera. The schematic
experimental system is shown in Figure 4a. For the experiment
with straight beam method, the optical system only includes a
1000 W camera light. A black curtain was placed at the back of
the jet area, and the jet flow was illuminated by the light, placing
horizontally at the capture zone. A tape was fixed on the black
curtain and its track is the same as the trail of jet flow. To capture
more clear images, a 50 mm prime lens was configured on the
camera. The schematic experimental system is shown in Figure 4b.

Ground glass

Light source

High-speed
camera

[\ o

a. Schematic of jet surface wave measurement

Dark screen

Light source

b. Schematic of jet breakup length measurement
Figure 4 Schematic of measurement for jet surface wave and jet
breakup length

2.2.3  Image processing

Figure 5 presents the photo taken at the pressure of 400 kPa
with nozzle type E when the jet is stable. Both sides of the jet
boundary were identified using the self-made Matlab image
processing program and the least square method was used to fit the
jet boundary as two straight lines. By identifying the surface
wave peaks, the initial amplitude was obtained by calculating the
distance between wave peak and boundary line. Figure 5 only
shows the location of wave peaks on the upper side of jet flow.

Figure 5 Visualization of jet surface wave
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Using the image measurement software, the initial amplitude
was measured as 0.15 mm in Figure 5. For convenient calculation,
the left and right boundaries of spray orifice were defined as zero
point of the coordinate. The vertical upward direction of upper
edge was defined as the positive direction while the vertical
downward direction of lower edge was the negative.

2.3 Numerical simulation

For numerical simulation method, the ANSYS ICEM software
was used to observe the jet breakup length. The geometry and
meshing is shown in Figure 6. Meanwhile, the grid independence
was evaluated by adopting four grid sizes for the computational
domain at the pressure of 400 kPa with nozzle type E. The results
are shown in Table 2. The grid independence on the difference in
breakup length between No.2 and No.4 grid was less than 0.7%.

Iinlet(water)
Figure 6 3D view of the simulation sections

Table 2 Grid independence analysis results for type E nozzle
when p=400 kPa

Grid No. 1 2 3 4
Number of grid/10° 407 63.5 100.1 150.8
Breakup length/mm 671.5 642.4 640.7 637.5

2.3.1 Governing equations

At present, there are two main ways to solve the interface
problem of the interaction between two fluids: the Level Set
method and the VOF method, which are both Euler methods. The
Level Set method is suitable for solving the interface curvature
problem, while the VOF method is simpler and is able to maintain
the conservation of fluid volume in calculation. VOF method can
also avoid the mass non-conservation which exists in Level Set
method, however, the solution of normal direction and precision of
curvature can be optimized by using Level Set method. Therefore,
the basic idea of CLSVOF method which combines two methods
was proposed by some scholars recently. This study will discuss
the spatial breakup characteristics of the core section of
low-pressure jet by using the CLSVOF method.

The continuity equation, momentum equation and energy
equation have been used to serve as control equations to solve
problems in gas-liquid two-phase flow process.  Without
considering the influence of temperature on the flow, the control
equations of single phase and two-phase flow are written in a
uniform form, as follows:

V.u=0 (8)
pw{%u.W]z_vw@)g—m(ww(ww-r (©)
T =2u(p)S (10

where, u is velocity; p is pressure; g is gravitational acceleration;
o is surface tension coefficient; 7 is viscous stress tensor; u(¢) is
viscosity; S is strain rate tensor; p(¢) is density; ¢ is Level Set

function; ox(#) VH(#) is surface tension term, which can couple the
surface tension to momentum equation as a body force; x(¢) is
curvature and H(¢) is Heaviside function, which is to make the
control equations of single phase flow and mixed phase flow in a
uniform form.

The form of Heaviside function could be expressed as

1 (¢ >+h)
H(¢) = 0 (p<-h) (11
0.5+¢/(3h)+sin[2z¢/(3h)/(27)  (¢|<h)
where, h is mesh size.
could be expressed as

The mathematics of strain rate tensor (S)

S =2(vu)+ () (12)

The value of different areas of p(¢#) and u(¢) were calculated by
the Heaviside function and they could be expressed as

p()=p A-H(@))+ p H(¢)
1(8) = 1L H (@) + ugH (9)

2.3.2  Numerical procedure

The governing equations were solved by computational fluid
dynamic software ANSYS FLUENT 14.0 based on associated
boundary and initial conditions. The finite volume method was
applied to discretize the governing equations in the computational
domain. The RNG k-¢ turbulent model was applied to solve the
unsteady calculation. Level Set-VOF method model was selected
as a multiphase model. The SIMPLE algorithm considering both
velocity and pressure was adopted, including a PRESTO! scheme
for discretization of pressure equation, a Geo-Reconstruct scheme
for discretization of volume fraction equation and a second order
upwind scheme for discretization of other equations. Structured
grids were used for meshing the solution domain. The time step (t)
was set to 10°s. In order to obtain high accuracy data, the
residual sum was computed and set for each iteration and the
convergence criterion was less than 107 for all equations.
2.4 Known empirical formulas for range

Four empirical formulas of range applied home and abroad
would be chosen to compare with the formulas in this paper, i.e.:

Cauazza formulal®”:

(13)

R =1.35,/Dp (14)
Chang W H formulal®:
R — 1.7OD0.487 p0.45 (15)

Jia W L formulal®?:

3 2/3
R=0.415D fﬁ x1.8x10° [%) (16)
T 10

Feng C D formula®:
0.94

P 17)

R =44 *psina(cota —0.216 5

Gan Z M formulal®*!:

R=&™"D" (18)
where, R is the sprinkler range, m; D is the nozzle diameter, m; p is
the working pressure, kPa; a is the elevation angle of nozzle, (9;
1 1s the kinematic viscosity, m?/s; & is the coefficient.

3 Results and discussion

3.1 Experimental results of ranges

Table 3 shows the experimental results of sprinkler range. As
expected, the sprinkler ranges increase with the increase of pressure
for the same nozzle diameter and nozzle cone angle. For the same
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nozzle diameter and pressure, the ranges decrease with the increase
of nozzle cone angle. For the same nozzle cone angle and
pressure, the ranges increase with the increase of the nozzle
diameter.

Table 3 Experimental results of sprinkler range

Sprinkler dl_\lozzle Nozzle Pressures/kPa
woe N angte
gle/(§ 200 250 300 350 400
4 35 141 145 15.8 16.2 16.5
4 45 134 141 15 15.4 15.8
4 55 132 14 14.9 15.1 15.6
5 35 15.2 15.7 16.5 17 175
PY.15 5 45 14.9 155 16.1 16.7 17.2
5 55 145 153 15.9 16 16.7
6 35 15.1 15.6 16.2 17.2 18.1
6 45 14.8 15.3 16.1 17 17.7
6 55 145 15.2 16 17 175

3.2 Theoretical results of jet breakup lengths
3.2.1 Effect of initial velocity, nozzle radius and cone angle on jet
breakup instability

In the dispersion equation, the R, and W, are proportional to
velocity, so the change of initial velocity will cause the change of
Re and W,, thus cause the instability of jet flow. Figure 7a
presents the influence of jet initial velocities on the breakup process
with nozzle radius 2.5 mm and cone angle 45< With the increase
of initial velocity, the maximum perturbation growth rate and
unstable wave numbers decrease, which means when the jet is in a
breakup mode, a higher jet initial velocity would prevent the
breakup of jet, and that is totally different from the atomization
situation of high speed jet.

When the velocity is constant, the variation of nozzle radius
will cause the change of R, and W, thus causing the instability of
jet flow. Figure 7b presents the calculation example of jet
breakup with an initial velocity of 16.87 m/s and a cone angle of
45< The maximum perturbation growth rate and unstable wave
numbers decrease with increasing nozzle radius, which means as
nozzle radius increases, the breakup of jet may be suppressed,
namely, the jet is in a breakup mode.

Figure 7c presents the influence of nozzle cone angle on the
breakup process with nozzle radius 2.5 mm and working pressure
200 kPa. For the same pressure, the jet velocity changed with
different cone angles. The maximum perturbation growth rate and
unstable wave numbers increase with the increasing of nozzle cone
angle. That is because the total length of nozzle decreases with
the increasing of nozzle cone angle, and the flow instability is
intensified.

3.2.2 Determination of the jet breakup lengths

According to the calculation of Equation (7), Figure 8 presents
the relationship between the jet breakup length and jet velocity for
different nozzle types. Seen from the figure, with the increase of
jet velocity or nozzle diameter, the jet breakup length increases.
This is because that the maximum perturbation growth rate is small
when the jet velocity is low, and the perturbation develops slowly
along the jet flow direction. There is a long distance before the
perturbation approaches the axis of jet, which indicates that the
effect of perturbation on jet breakup length is weaker than the
effect of jet velocity at that time, namely, the jet breakup length
increases with higher jet velocity. For the same jet velocity and
nozzle diameter, the jet breakup length decreases with the
increasing of cone angle, it shows good consistency with the

phenomenon which the flow instability would be intensified with
the increasing of nozzle cone angle.
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180 - ——U=19.11m/s
160 —— U=2133 m/s
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140 | o
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a. Effect of jet velocity on liquid jet
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Figure 7 Effects of jet velocity, nozzle radius and nozzle cone
angle on liquid jet
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Figure 8 Relationship between jet breakup length and jet velocity
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3.3 Experimental value of jet breakup lengths

With the entrainment of air into the jets, the amount of fluid
increases as the jet moves continuously and flow friction increases
as the jet boundary extends to the sides. Due to the principle of
jet and static flow mixture, the jet starts to fracture and break up.
Different photographs were captured for this analysis. Figure 9
presents the breakup process of jet at pressure 200 kPa, 300 kPa
and 400 kPa with type E nozzle. In these figures, the jet direction
is from left to right and the start measuring position of tape is
10 cm. The jet breakup section is marked by white circle. With
elevated pressure, the jet breakup length increased, which indicated

that the range of jet would be longer with a higher pressure. The
lengths for the three pressures are about 450 mm, 580 mm and 600
mm, respectively.
3.4 Numerical simulation of jet breakup lengths

Contours of liquid volume fraction of the jet are illustrated in
Figure 10 by using the sprinkler with type E nozzle under three
different pressures. The lengths of the jet breakup section were
analyzed using Scanlt software. The result shows that jet

breakup length increases with the working pressure. The
simulation lengths are 510.1 mm, 606.8 mm and 642.4 mm,
respectively.

200 kPa

300 kPa

400 kPa

a. Jet initial section

200 kPa

300 kPa

400 kPa

b. Jet breakup section
Figure 9 Photographs of jet under different pressures

Contours of volume fraction (water)

a 0.95

0.85

N 0.95

%085

0.75 0.75
0.65 0.65
0.55 0.55
0.45 0.45
0.35 0.35
0.25 0.25
0.15 0.15
I 0.05 l 0.05
a. 200 kPa

3.5 Comparison between theory, experiment and numerical
simulation

Table 4 presents the comparison among the three approaches
under different pressures and nozzle types. It shows that, for the
sprinkler with different nozzle types and pressures, the
experimental jet breakup lengths are the lowest and the simulation
values are the highest. The reason for this is that the simulation
process neglects the influence of external factors on jets which
exists actually in the experiment; the external factors such as winds,
pressure fluctuation of water, and processing stage of nozzle would
decrease the breakup length in the experiment. However, there is
a good agreement of the three results with an error of less than 10%
for jet breakup lengths, which validates the accuracy and reliability
of theoretical results, experimental data and simulation results.
Furthermore, the theoretical value is closer to the average value,
which suggests that the theoretical calculation method could
accurately calculate the jet breakup length.

Contours of volume fraction (water)

b. 300 kPa
Figure 10 Contours of liquid volume fraction with type E nozzle under different pressures

Contours of volume fraction (water)
E 0.95
7 0.85
0.75
0.65
0.55

0.45
0.35

c. 400 kPa

3.6 Calculation formula of range

Considering the influence of jet breakup length on the range of
jet, the formula of range was fit out by using the least square
method, and the relative regression coefficients was obtained.

R=0.7273 (Lo n 2y (19)
max Mo

3.7 Precision and applicability of formulas
3.7.1 Comparison of calculated values and measured values

The formula in this paper is the curve fitting formula, there are
some errors between the calculation and the measured values
inevitably. The relative errors between the measured values and
the calculation for range under the pressure of 200 kPa, 300 kPa
and 400 kPa are reported in Table 5. From the table, the relative
errors between the fitted values and the actual values, with one or
two exceptions are less than 2.5%, which means the fitting
precision of the formula to measured values is satisfactory.
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Table 4 Comparison of jet breakup lengths with different pressures and nozzle types mm
Working pressure/kPa
Nt‘;ﬁ'e 200 300 400
TV E.V SV AVG TV E.V SV AVG TV EV SV AVG
A 451 435 476 454 525 510 551 529 588 560 619 589
B 445 420 470 445 513 505 543 520 572 565 599 579
c 440 415 463 439 501 490 517 503 558 540 576 558
D 511 500 527 513 598 582 613 598 687 667 699 684
E 500 450 510 487 595 580 607 594 635 600 642 626
F 480 465 505 483 566 550 577 564 627 615 642 628
G 550 520 560 543 650 635 678 654 760 740 780 760
H 536 515 550 534 645 625 662 644 750 730 765 748
| 525 510 545 527 630 615 655 633 725 715 754 731
Note: “T.V” represents “Theoretical value”, “E.V” represents “Experimental value”, “S.V” represents “Simulation value” and “AVG” represents average value.
Table 5 Comparison of measured data and predicted values for range
Measured values/m 14.1 134 13.2 15.1 14.9 14.8 15.1 14.8 145
Predicted values/m 13.92 13.84 13.76 14.79 14.64 14.35 15.33 15.14 14.79
Relative error/% 1.20 3.28 4.27 2.65 1.73 0.99 1.53 2.31 2.38
Measured values/m 15.8 15 149 16.6 16.1 16 16.2 16.1 16
Predicted values/m 15.18 14.82 14.66 15.96 15.93 15.54 16.17 16.44 16.37
Relative error/% 3.94 117 1.62 324 1.08 2.23 0.21 2.01 2.31
Measured values/m 16.5 15.8 15.6 17.6 17.2 17 18.1 17.7 175
Predicted values/m 16.39 15.62 15.44 17.07 17.29 16.33 17.92 17.81 17.52
Relative error/% 0.69 111 1.03 2.45 0.52 2.19 0.97 0.61 0.12
3.7.2  Comparison between this formula and other empirical 30 -
formulas
Figure 11 shows the relationship between nozzle diameter 25k
and sprinkler range for the nozzle with cone angle 45<under the
pressure of 300 kPa. Figure 12 shows the relationship between £ 20f
pressure and sprinkler range for the nozzle with nozzle radius &
2.5 mm and cone angle 45< From the results it is known that g 15
the new formula is in good agreement with the data of different —“E
types of sprinklers comparing with other empirical formulas, and & 10 - ]
th_e relative error is only 2.5%. Comparing the measured values :?jﬁfﬁ;ﬁ}ﬁ I ?:n\;vglgognnlﬂzla
with the calculated data from the Cauazza formula, Chang W. H 5F —a— Cauzza formula —»— Gan Z. M formula
formula, Jia W. L formula, Feng C. D formula and Gan Z. M —v— Chang W. H formula
formula, and the relative errors are 6.5%, 7.4%, 30.1%, 13.9% 1 1 L L 1 )
200 250 300 350 400 450

and 10.6%.

25
20
= —
EREE =
(E: —&— Measured value
E ik —e— Calculated value
& —A— Cauzza formula
—w— Chang W. H formula
sl —*— Jia W. L formula
—<— Feng C. D formula
—#%— Gan Z. M formula
0 1 1 1 1 1 J
4.0 4.5 5.0 55 6.0 6.5
Diameter/mm
Figure 11 Relationship between nozzle diameter and sprinkler

range

Working pressure/kPa
Figure 12 Relationship between pressure and sprinkler range

With higher pressures, the trend of calculated data from Feng
C. D formula increases firstly then decreases and shows a parabola
type, and it has a big relative error. With the increase of nozzle
diameters and pressures, the calculated data of other formulas
increases constantly and the power exponent curves are presented.
The calculated values of Jia W. L formula are larger than the
measured values, which the relative error goes beyond the range of
allowable error. Instead, the calculated values of Gan Z. M
formula are smaller than the measured values, which the error is
about 10%. The Cauazza formula and Chang W. H formula have
the little relative errors, but the scope of application is limited due
to the two formulas only be affected by nozzle diameter and
pressure. Comparison shows that the fitting formula in this paper
is in good agreement with the measured values and it is the best
formula among all formulas in this article.
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3.7.3 Verification of this formula for other sprinklers

The formulas in this paper were obtained based on the
measuring of the PY,15 type sprinkler. To verify the suitability
of formulas to other type sprinklers, PY,10 type sprinkler and
PY,20 type sprinkler were used in comparison.

As the Table 6 shows, the relative errors between the fitted
values and the measured values are less than 5%. The formula of
range presents in this article is in good agreement with the range of
same series of sprinklers, which shows the new formula is more
prevalent in application.

Table 6 Comparison of fitted values and other types sprinkler

for range

Sprinkler d’i\la%gir coﬂg%aznlgle Pressure cglct):LTal:ilsn Measured  Relative
type Jmm 9 /kPa m value/m  error/%
3 35 150 10.12 10.5 3.62

3 35 300 12,01 117 2.65

3 45 150 10.16 10.1 0.59

3 45 300 11.83 113 4.69

3 55 150 9.51 9.7 1.95

3 55 300 10.55 10.7 1.40

PYi10 4 35 200 1134 115 1.39
4 35 350 12.20 12.7 3.93

4 45 200 11.52 113 1.95

4 45 350 1251 12.2 254

4 55 200 10.83 11 154

4 55 350 12.22 12 1.83

6 35 250 16.88 17.1 1.28

6 35 450 19.51 19.3 1.09

6 45 250 16.55 17 2.65

6 45 450 18.25 19 3.95

7 45 250 18.00 17.7 1.69

7 45 450 20.11 20.9 3.78

7 55 250 17.75 17.5 1.43

7 55 450 208 20.5 1.46

P20 8 35 250 19.01 188 112
8 35 450 2211 23 3.87

8 45 250 18.21 19 4.15

8 45 450 22.98 225 2.13

9 45 250 20.11 20.1 0.05

9 45 450 23.90 235 1.7

9 55 250 19.52 19.6 0.41

9 55 450 21.97 23.1 4.89

4 Conclusions

In this study, the jet breakup lengths of low pressure liquid
with different nozzle parameters were analyzed through theoretical
calculation, experiments and numerical simulation. A
semi-empirical and semi-theoretical formula of range for the
rotating sprinkler was constructed by the curve fitting method and
the formula was verified. The following can be drawn throughout
the paper:

(1) The dispersion equation of cylindrical jet was established
upon the linear instability theory. Within the discussed jet
velocity and working pressure range, the numerical analysis
showed that the maximum perturbation growth rate and unstable
wave numbers decrease and jet breakup length increases with the
increasing of nozzle radius and jet initial velocity. With the

increase of nozzle cone angle, the maximum perturbation growth
rate and unstable wave numbers increase and the jet breakup length
decreases.

(2) The theoretical analysis gives a reasonable explanation to
the influence of jet velocity, nozzle diameter and nozzle cone angle
on jet breakup length. Comparing the experimental value with
simulated value, the experimental jet breakup lengths are the lowest
while the simulation values are the highest. Even though, the
three results accord one another, and the relative error is less than
10%, furthermore, the theoretical value is closer to the average
value than the other two values.

(3) By introducing the theoretical calculation of jet breakup
length, a semi-empirical and semi-theoretical formula of range for
the rotating sprinkler was concluded by the curve fitting method.
The high accuracy of the ranges determined by this formula and the
average relative error was less than 2.5%. The new formula is in
good agreement with the data of different sprinkler types
comparing with other empirical formulas, and the error was less
than 5%, which is greatly below that of other formulas. Further
research should concentrate on the application of new formula for
designing more types of sprinklers.
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