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Abstract. The regular cleaning up of the materials deposed in sewer
networks is realised with equipment that uses pressure water jets. The
functioning of this equipment is dependent on certain process parameters
that can vary, causing variations of the impact forces. The research method
of this study is the experiment. The purpose of this study is to determine the
equation of impact forces produced by water jets in two ways: once using
the Taguchi design of experiments and secondly using the full factorial
design of experiments. For the experimental determination of the impact
forces a stand for generating water jets and a device for measuring the impact
forces are used. Finally, an analysis of the advantages and disadvantages of
the two methods used is presented.

1 Introduction

Phenomena that occur in the cleaning water jets are complex. Adler [1] describes mechanisms
occurring at the impact of a jet with a surface. Leach et al [2], Leu et al [3] and Guha et al [4]
analysed pressure distribution along the centreline of the water jet.

The aim of this paper is to determine the equation of impact forces produced by water jets
from the sewerage system cleaning head, impact forces that depend on the process
parameters. The research method of this study is the experiment.

To determine the equation of impact forces produced by water jets are used two type of
design of experiment: once using the Taguchi design of experiments and secondly using the
full factorial design of experiments.

To measure the impact forces between the water jet and a flat and rigid surface, a stand
for generating pressure water jets, as well as a device to measure the impact forces have been
designed and built. In the measurements, water jets using pressure between 100 and 200 bars
have been used. The values of these pressures correspond to low pressure water jets [5].
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2 Equipment used and methodology of the measurements

To measure the impact forces between the water jet and a flat and rigid surface, a stand for
generating pressure water jets, as well as a device to measure the impact forces were designed
and built [6].

2.1 The stand to generate pressure water jet

Schematic diagram of the stand to generate a pressure jet is shown in Figure 1.

The component parts of the stand are: 1) electric motor 2) flexible coupling; 3) high
pressure pump, 4) pressure regulator, 5) pressure gauge, 6) nozzle, 7) tap water, 8) water
tank, 9) chassis. Water coming out of the high-pressure pump (3) goes into the pressure
regulator (4). The pressure regulator adjusts the pressure and flow of the water in the path of
the high-pressure water. This pressure corresponds to the one at the outlet of the nozzle.
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Fig. 1. Diagram of the stand to generate pressure jet.

2.2 The device to measure the impact forces

Figure 2 represents the principle diagram of the device for the measurement of the impact
force between the water jet and a flat and rigid surface.

The main component parts of the device are:1) high-pressure water hose, 2) support
nozzle, 3) nozzle block, 4) nozzle, 5) water jet, 6) flat and rigid target plate, 7) collection path
water, 8) scaled container, 9) piezoelectric sensor mounting, 10) piezoelectric sensor, 11)
data acquisition Personal Dag/3000, 12) computer for the processing of data; 13) support
plate, 14) acrylic tube, 15) rods for adjusting distance x.
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Fig. 2. Diagram of the device for the measurement of the impact force of the water jet.




MATEC Web of Conferences 112, 03007 (2017) DOI: 10.1051/matecconf/201711203007
IManE&E 2017

2.3 The process parameters

In the water jet cleaning process a series of parameters are involved [5]. These parameters
can be divided into two major groups, namely: 1) target parameters which shall be defined
according to the contact area between the water jet and the surface to be cleaned and 2)
process parameters. In the measurement of the impact forces of a stationary water jet and flat
and rigid surface the process parameters are involved (figure 3).
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Fig. 3. Process parameters.

They can be divided into two groups, namely hydraulic parameters and the performance
parameters. Hydraulic parameters characterized by the system’s high pressure pump-nozzle

are represented by work pressure (p), volume flow (0) and nozzle diameter (D). The
performance parameters are more related to the process performance and include the

following: cleaning distance (x), impact angle (o) and traverse rate (vr). For a stationary
water jet vr= 0 m/s.

2.3.1 The values of the used parameters

In table 1 are presented the values of parameters for Taguchi and full factorial methods.

For Taguchi method, each parameter has 2 values, the minim and the maxim, in
concordance with the experimental domain. For full factorial method, each parameter is
assigned all the values set in experimental field [7].

Table 1. The values of the parameters for Taguchi and full factorial methods.

Parameter Taguchi Full factorial
Value 1 Value 2 Values
Nozzle diameter D [mm)] 1 2 1,1.5,2
Pressure p [bar] 100 200 100, 120,140,160,180,200
Impact angle o [*] 60 90 60, 75, 90
Distance x [mm] 25 200 25, 50,75,100,125,150,175,200

Based on the parameters established in accordance with Table 1 the impact forces were
determined. For each experiment was performed three measures of impact force and still it
has worked with Fneq, representing the arithmetic average of the three forces measured.

For Taguchi method results 16 experiments and a total of 48 measurements. For full
factorial method results. For full factorial method results 144 experiments and a total of 432
measurements.

For brief of this paper, we dare not to present the table with the values of Feq Obtained,
for the two used methods (Taguchi and full factorial).
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3 Results

For determine the equation of impact forces, in the first step it is necessary to determine the
contribution of each parameter and their interactions.

3.1 Contribution of parameters and their interactions

Using the Taguchi method and full factorial method has conducted an analysis of the
variance to determine the influence of each parameter and their interactions on the impact
force. In Table 2 is presented the analysis of the variance, using Minitab 17.

Table 2. Analysis of Variance (Taguchi method and full factorial method).

DF o
Source (degree of freedom) Contribution
Taguchi Full factorial Taguchi Full factorial
Regression 10 10 99.76% 99.14%
Diameter (A) 1 1 64.38% 71.32%
Pressure (B) 1 1 22.71% 18.05%
Angle (C) 1 1 2.84% 3.63%
Distance (D) 1 1 0.54% 0.24%
Diameter*Pressure 1 1 7.63% 4.63%
Diameter* Angle 1 1 1.04% 0.93%
Diameter* Distance 1 1 0.08% 0.09%
Pressure*Angle 1 1 0.42% 0.24%
Pressure*Distance 1 1 0.07% 0.01%
Angle*Distance 1 1 0.04% 0.00%
Error 421 5 0.24% 0.86%
Total 431 15 100% 100%

From table 2 results that 3 parameters (diameter, pressure, angle) and 2 interactions
(diameter*pressure and diameter*angle) have a significant contribution to the impact forces
in both cases Taguchi method and full factorial method.

3.2 Equation of impact forces

Based on the results obtains in table 2, was determined the equation of impact forces in both
cases Taguchi method and full factorial method.
Using Minitab 17, the equation (1) of impact forces for Taguchi method was determined

Fragueni = 230 —33.6 - 4 — 0.2101-B- 0.254-C+ 0.2992-AB + 0.375:4C (1)

Using Minitab 17, the equation (2) of impact forces for full factorial method was

determined:
Fruu face. = 22.91 = 32.97 - 4 0.2088-5— 0,26:C+ 0.30072-4'B + 0.3755°4-C  (2)

3.3 Comparison between the two equations determined

To compare the accuracy of two equations determined using Taguchi and full factorial
designs of experiment, in table 3 are presented the impact forces measured. Was used the
values of the parameters for full factorial methods, less the parameter distance, who was fixed
at 50 mm (the influence of this parameter it is insignificant).

It was calculated relative error of the force measured and calculated force Fraguchi. Also,
was calculated relative error of the force measured and calculated force Fui factorial-
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Table 3. Measured and calculated impact forces. Relative errors.
Exp. | Diameter | Pressure | Angle Fuo Frasuchi Fou Relative error &x[%]
No. [mm] [bar] [0] ¢ et i FTaguchi Frull factorial

1 1 100 60 6.59 6.51 6.06 1.24 7.98
2 1 100 75 8.49 8.34 7.80 1.83 8.17
3 1 100 90 9.95 10.16 9.53 2.13 4.23
4 1 120 60 8.48 8.29 7.90 2.17 6.75
5 1 120 75 10.54 | 10.12 9.64 4.04 8.61
6 1 120 90 11.83 | 11.94 11.37 0.96 3.91
7 1 140 60 9.04 10.07 9.74 11.46 7.80
8 1 140 75 11.24 | 11.90 11.47 5.84 2.06
9 1 140 90 12.60 | 13.73 13.21 8.91 4.79
10 1 160 60 1141 11.86 11.58 3.94 1.53
11 1 160 75 14.18 | 13.68 13.31 3.52 6.12
12 1 160 90 15.25 | 15.51 15.05 1.73 1.31
13 1 180 60 13.54 | 13.64 13.42 0.73 0.87
14 1 180 75 15.09 | 15.46 15.15 2.50 0.44
15 1 180 90 16.55 | 17.29 16.89 4.45 2.00
16 1 200 60 15.51 1542 15.26 0.57 1.61
17 1 200 75 17.03 | 17.25 16.99 1.29 0.21
18 1 200 90 18.25 | 19.07 18.72 4.51 2.60
19 1.5 100 60 1595 | 15.92 15.88 0.20 0.45
20 1.5 100 75 20.18 | 20.56 | 20.43 1.91 1.25
21 1.5 100 90 24.23 | 2520 | 24.98 4.02 3.09
22 1.5 120 60 21.23 | 20.69 | 20.73 2.52 2.37
23 1.5 120 75 25.09 | 25.34 | 2528 0.98 0.74
24 1.5 120 90 28.3 29.98 29.82 5.93 5.39
25 1.5 140 60 23.83 | 2547 | 2557 6.87 7.31
26 1.5 140 75 29.64 | 30.11 30.12 1.59 1.62
27 1.5 140 90 32.77 | 3475 34.67 6.05 5.80
28 1.5 160 60 29.01 | 30.24 | 30.42 4.25 4.86
29 1.5 160 75 3522 | 34588 34.97 0.95 0.72
30 1.5 160 90 37.74 | 39.53 39.52 4.73 4.71
31 1.5 180 60 3329 | 35.02 | 3527 5.19 5.93
32 1.5 180 75 40.88 | 39.66 | 39.81 2.99 2.61
33 1.5 180 90 43.81 | 44.30 | 4436 1.12 1.26
34 1.5 200 60 3734 | 39.79 | 40.11 6.56 7.42
35 1.5 200 75 4536 | 44.43 44.66 2.04 1.54
36 1.5 200 90 48.62 | 49.07 | 49.21 0.93 1.21
37 2 100 60 26.01 | 2533 25.70 2.61 1.21
38 2 100 75 3236 | 32.79 | 33.06 1.33 2.17
39 2 100 90 40.26 | 40.25 | 4043 0.03 041
40 2 120 60 34.62 | 33.10 | 33.55 4.40 3.09
41 2 120 75 39.78 | 40.56 | 4091 1.96 2.86
42 2 120 90 49.25 | 48.01 48.28 2.51 1.97
43 2 140 60 40.94 | 40.86 | 41.40 0.19 1.13
44 2 140 75 47.27 | 48.32 | 48.77 2.23 3.18
45 2 140 90 5791 | 55.78 56.13 3.68 3.07
46 2 160 60 48.15 | 48.63 49.26 1.00 2.31
47 2 160 75 5743 | 56.09 56.62 2.33 1.40
48 2 160 90 64.04 | 63.54 | 63.99 0.78 0.09
49 2 180 60 57.24 | 56.39 57.11 1.48 0.23
50 2 180 75 64.29 | 63.85 64.48 0.68 0.29
51 2 180 90 70.79 | 7131 71.84 0.73 1.48




MATEC Web of Conferences 112, 03007 (2017) DOI: 10.1051/matecconf/201711203007
IManE&E 2017

Table 3. Measured and calculated impact forces. Relative errors (continued).

Exp. | Diameter | Pressure | Angle Fuo Frasuchi Fou Relative error &x[%]
No. [mm] [bar] [0] ¢ et i FTaguchi Frull factorial
52 2 200 60 64.99 | 64.16 64.96 1.28 0.04
53 2 200 75 71.88 71.62 72.33 0.37 0.62
54 2 200 90 79.06 79.08 79.69 0.02 0.80

4 Conclusions

The purpose of this study is to determine the equation of impact forces produced by water
jets in two ways: once using the Taguchi design of experiments and secondly using the full
factorial design of experiments.

Using the Taguchi method and full factorial method has conducted an analysis of the
variance to determine the influence of parameters and their interactions on the impact force.

In both cases the conclusion was the same: only 3 parameters (diameter, pressure and
angle) and two interactions (diameter-pressure, diameter-angle) have an important
contribution.

The parameter distance has an insignificant contribution (less to 1%) and can be
neglected. Further value of distance parameter was set at 50 mm.

Comparing the relative errors between the two equations relative to measured forces can
be seen:

- For Fraguchi the maximum value of relative error is 11.46% and for Fpi fuctorial the
maximum value of relative error is 7.98%.

- In generally the values obtained from Frui factoriat are closer to the measured forces.

The advantages of Taguchi method are the reduced number of experiments, reduced costs
and reduced time. The disadvantage is that the method is not as accurate like full factorial
method.

The advantage of full factorial method is the accurate compare with Taguchi method. The
disadvantages of this method are the large number of experiments, the costs of the
experiments and more time to perform the experiments.

It is hard to say which method it is better. It depends on the experience of the researcher,
on the time and resources, how accurate must be the results.
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