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Abstract

:

The circular-hole rotating core fog nozzle has excellent atomization performance and has been widely used in the realm of spray dust. As part of this study, a mathematical model was developed for predicting the Sauter mean diameter (SMD) of nozzles of this type. The coaction between the SMD of the nozzle and the three influencing factors of axial distance, water supply pressure, and outlet diameter was investigated based on the customized spray’s experimental platform and orthogonal design method. According to the comparative analysis of the size range, the axial distance, outlet diameter and water supply pressure are three parameters that affect the SMD of the nozzle, and the degree of influence is axial distance > outlet diameter > water supply pressure. On this basis, a mathematical model was developed using the multiple regression method to predict the SMD of the nozzle. We analyzed the results and compared them to the SMD value predicted by the multiple regression mathematical model and the orthogonal experiment results. The change trend was the same, the values were essentially the same, and the average relative error was just 16.11%. Accordingly, the mathematical model presented in this paper may be used for the prediction and calculation of the droplet size for circular-hole rotating core micro-fog nozzles.
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1. Introduction


Production activities such as mining and metal smelting produce a large amount of dust, and the health and safety of workers exposed to high concentrations of dust for a long time will face serious risks [1,2,3,4], especially from PM2.5 (particles with aerodynamic diameters of ≤2.5 µm) [5,6,7,8,9,10]. The main dust control measures are ventilation, vacuum cleaner dust purification, spray dust suppression, fence dust, etc. [11,12]. Nowadays, the primary technology that deals with dust pollution domestically and abroad is spraying. The atomizing nozzle is an important accessory in spraying [13,14,15,16,17]. Among various nozzle types, the pressure-atomizing nozzle is the most widely used because of its simple structure and strong adaptability. Due to its simple structure and strong adaptability, pressure atomizing nozzle has become the most widely used nozzle [18,19,20,21,22,23]. The principle is that the liquid is transported to the nozzle port by liquid pressure or gas pressure, mixed in the liquid cap of the pressure-atomizing nozzle, and then sprayed through the nozzle hole of the pressure-atomizing nozzle [24,25]. Among them, the circular-hole rotating core micro-fog nozzle is widely used in fog gun vehicles. Compared with normal pressure atomization, the strengths of the circular-hole rotating core micro-fog nozzle include its low water pressure requirements, low water consumption, and high dust removal efficiency (especially for respirable dust). However, this nozzle is seldom studied at present. A number of scholars have conducted extensive experiments and numerical simulations to discuss the impact factors of droplet size, such as nozzle types, water supply pressure, and the distance between the measurement point and the spray nozzle. Kozo Saito et al. used the integral form of the conservation equation to establish a system of equations that can be solved to analyze far-field secondary atomization by predicting the droplet size and velocity distribution of the relevant phases [26]. P. E. Sojka et al. proposed a theoretical model to combine internal flow dynamics to better predict the deformation of droplets and the resulting breakup in a continuous, uniform air jet under multi-mode breakup conditions [27]. Carlos A. Renaudo proposed a new model to represent the atomization of pre-hole nozzles [28]. K. Lachin performed a rigorous dimensional analysis of the two-fluid spray characteristics [29]. In China, Liu et al. established the droplet size distribution equation of a swirl nozzle by creating a mathematical model [30,31,32]. Qu et al. established a mathematical model of nozzle atomization characteristics and the average droplet diameter and analyzed it [33,34].



Previously, scholars have focused on one factor to determine droplet size in their studies, and the ultrasonic nozzle with a liquid medium was thoroughly studied for its atomization mechanism; however, there were few studies on the degree of influence of different factors on droplet size and the correlation between the main influencing factors and droplet size. At the same time, it has been reported that some scholars have investigated the droplet size produced by this type of nozzle and have developed a simple mathematical model to predict the droplet size. Nevertheless, the existing mathematical models did not take into account all the factors affecting droplet size. Due to this, the established droplet prediction model cannot be applied to the development of programs at engineering sites. Based on the different parameters of the three nozzles and the customized spraying experimental platform, the SMD (the Sauter Mean Diameter) of three different outlet diameters of round-hole rotating core micro-mist nozzles under three different water supply pressures and three different axial distances were measured. The SMD change of the nozzle was studied by the orthogonal experimental design method to fill the gap in the relationship between the outlet diameter, water supply pressure, and axial distance in the existing research. Finally, based on the above, the mathematical model of the SMD was established by using the multiple regression method, which provides a powerful tool for the parameter prediction of the round-hole rotating core micro-mist nozzle.




2. Experimental System and Scheme


2.1. Experimental System


As shown in Figure 1, the experimental platform for the circular-hole rotating core micro-fog nozzle was composed of a water tank, pump, control cabinet, flow meter frequency converter, digital manometer, a Malvern real-time high-speed spray particle size analyzer, and related pipes and valves. A frequency converter was used to adjust the pump’s output water pressure. The water supply pressure was measured by a digital manometer, while the water flow rate was measured by a flow meter. Real-time monitoring of the droplet size distribution in the droplet field was conducted with a high-speed spray particle size analyzer. The experimental site is shown in Figure 2.



In this paper, the circular-hole rotating core micro-fog nozzle was made of stainless steel coated with a layer of chromium. The water supply port and the connecting pump outlet specifications were unified as 0.5 feet external thread. The nozzle outlet diameter had three specifications: 0.5 mm, 0.7 mm, and 1.1 mm. The nozzle shape and structure are shown in Figure 3.




2.2. Experimental Scheme


The droplet size and particle size distribution were measured by the Malvern particle size analyzer after atomization. The types of outlet diameters were 0.5 mm, 0.7 mm, and 1.1 mm, and the water supply pressure was adjusted to 1.0 MPa, 2.0 MPa, and 3.0 MPa by adjusting the frequency of the pump. The droplet size at 50 cm and 70 cm from the nozzle outlet was measured according to the same procedure, and a total of 27 sets of experimental data were obtained.



This study analyzed the ultrasonic atomization nozzle’s atomization performance using the orthogonal design method. Multiple levels and factors can be analyzed using an orthogonal experimental design by using the fewest number of tests, and equivalent results can be achieved for a large number of comprehensive trials. Before performing the orthogonal experiments, we determined the protocol using orthogonal tables [18].



The droplet size of the circular-hole rotating core micro-fog nozzle was studied by orthogonal experiments. For the circular-hole rotating core micro-fog nozzle, the axial distance (S), the outlet diameter (D), and the water supply pressure (P) are the factors that affect the atomization parameters. Therefore, the axial distance (S), the outlet diameter (D), and the water supply pressure (P) were taken as the three influencing factors of the orthogonal design. Each factor was set at three levels, and the orthogonal design method of the “three factors and three levels” was used for the research; the factor levels are shown in Table 1. The results of the orthogonal experiments are shown in Table 1.





3. Experimental Results and Analysis


3.1. Droplet Size Parameter Analysis


Table 2 show the droplet size parameters of the circular-hole rotating core micro-fog nozzle under different Ps and different Ss. It can be seen from the droplet size parameters of the atomizing nozzle in Table 1 that when the D was increased, the droplet characteristic particle size and the average particle size were reduced. D[3,2] and D[4,3] represent the Sauter mean diameter (SMD) and the volume-weighted mean diameter, respectively; D50 is the characteristic particle size, representing a particle volume of less than 50% of the total volume of all the particles. The units are in μm.



For example, when the S was 30 cm, the P was 1 MPa, and the D was increased from 0.5 mm to 1.1 mm, the D[3,2] was reduced from 516.1 μm to 274.6 μm, and the D50 was reduced from 681.3 μm to 672.5 μm; when the S increased, the D50 and D[3,2] also decreased with the increase of the axial distance. For example, when the D was 0.5 mm, the P was 1 MPa, and the S increased from 30 cm to 70 cm, the D[3,2] decreased from 516.1 μm to 87.5 μm, and the D50 decreased from 681.3 μm to 110.2 μm; both the D50 and D[3,2] decreased with the increasing P. For example, when the D was 30 cm, the S was 0.5 mm, and the P increased from 1 MPa to 3 MPa, the D[3,2] decreased from 516.1 μm to 208.1 μm, and the D50 decreased from 681.3 μm to 674.6 μm. Thus, it can be seen the influence of the S on the nozzle droplet size was much greater than the other two factors. In addition, when the S was 50 cm, both the D50 and D[3,2] decreased sharply, whether by increasing the D or the P, and the decrease was particularly pronounced when the D was increased. To obtain liquid droplet size with better dust removal efficiency, that was, D[3,2] < 90 μm, the pressure of a typical pressure atomizing nozzle needs to be adjusted to above 6 MPa. In contrast, the D[3,2] was less than 90 μm when the circular-hole rotating core micro-fog nozzle was 3 MPa, which can be applied to some places with low water pressure.




3.2. Droplet Size Distribution Analysis


The D[3,2] of the circular-hole rotating core micro-fog nozzle was almost below 90 μm when the axial distance was 70 cm, and the droplet size data were very ideal. Therefore, in this section, we selected the droplet size distribution with an axial distance of 70 cm for analysis. There is the droplet size distribution of the circular-hole rotating core micro-fog nozzle under different Ps and different Ds at an S of 70 cm in Figure 4. As can be seen from the cumulative volume fraction curve in Figure 4, the P is fixed, the nozzle outlet pipe diameter is increased, the D[3,2] has a little fluctuation, and the overall performance is gradually increasing; when the D was constant, the D[3,2] decreased with the increase of the P. As can be seen from Figure 4, the P is fixed, and with the increase of D, the droplet volume frequency peak moves to the right, that is, toward the direction of the increasing droplet particle content; at the same time, it can be seen from the histogram of the capacity frequency spectrum that with the increase of the P, the peak value of the capacity frequency spectrum showed a trend of increasing continuously and then decreasing slowly. Figure 4 is a volume frequency histogram, from which we can also see that when the D was constant, as the pressure of the water supply increased, the droplet size distribution range was smaller than before, and the peak value increased first and then decreased. When the P was constant, with the D increased, the droplet size distribution range became larger, and the peak gradually increased.



As we can see, the SMD generally conforms to the normal distribution from Figure 4. When the D remains unchanged, the atomization ability will gradually increase with the enlargement of the P. The enhancement of the atomization ability will help to prevent the breakup of the droplets, resulting in a decrease in droplet size. Keeping the nozzle water supply pressure unchanged and reducing the nozzle outlet diameter, the Weber number of the liquid flow will become larger, which will lead to the increase of the surface disturbance amplitude of the water jet emitted by the nozzle, making the atomization effect of the nozzle more perfect and showing the regularity that the droplet size decreases with the decrease of the diameter of the outlet pipe. Similarly, the turbulence and cavitation generated by the internal structure of the nozzle affect the primary atomization of the jet ejected from the nozzle. When the outlet diameter was set to be small, the turbulence of the liquid in the nozzle would increase, and the local friction of the liquid would increase, resulting in more complete jet damage [35].




3.3. Droplet Size Analysis with Orthogonal Experiment


The orthogonal test results of the droplet size are shown in Table 3. In accordance with the orthogonal experiment theory, it was necessary to average the three factors in this paper at the same level to find the overall average of each factor at the same level. The MAX of each horizontal average of these three factors was subtracted from the minimum value, and the value range of each influencing factor was obtained. The large range indicates that the difference in the influencing factors was large. This factor was an important factor in the three factors; the small range showed that the difference of the influencing factors was small, and through the analysis of the range method, the primary and secondary influence of the various factors on the droplet size could be obtained. D[3,2] was the Sauter mean diameter (SMD), which could better reflect the droplet size. The droplet size analyzed in this section was D[3,2].



Figure 5 shows the combined mean and range of the three factors. Through the range size comparison, it can be seen that of the three influencing factors, the axial distance had the greatest influence on the SMD, followed by the outlet diameter, and, finally, the water supply pressure. It can be seen from Figure 5a that when the S was 30 cm, the range of the SMD was 305.1 μm; when the S was 50 cm, the range of the SMD was 78.0 μm; when the S was 70 cm, the range of the SMD was 62.2 μm. Due to the increase of the S, the SMD gradually became smaller. The main reason was that the droplets with a smaller particle size could move farther because of the small air obstruction caused by their small size. It can be seen from Figure 5b that the range of the SMD decreased first and then increased with the increase of the D. As shown in Figure 5c, the SMD continued to decrease due to the increase of the P, but the increase continued to decrease. When the P increased from 1.0 MPa to 3.0 MPa, the SMD decreased from 209.2 μm to 127.7 μm and then to 108.4 μm. This was because when the pressure difference increased, the diameter of the gas core in the center of the nozzle would increase, resulting in the thinning of the liquid film. Therefore, under the influence of higher power and larger disturbance wave expansion on the surface, the liquid film was broken, resulting in the smaller droplet size.



It can be seen from Figure 5 that the range was the smallest when the S was 70 cm, the range was the smallest when the S was 0.7 mm, and the range was the smallest when the P was 2 MPa. Therefore, an S of 70 cm, a D of 0.7 mm, and a P of 2 MPa was the best solution to improve the dust removal efficiency.





4. Regression Analysis and Model Verification


4.1. Regression Analysis


In order to determine the specific influence degree of the above three factors on the SMD of the circular-hole rotating core micro-fog nozzle, generally, high-order polynomials are used to predict the relationship between independent variables and dependent variables. However, the preliminary analysis of the data by Statistical Product and Service Solutions (SPSS) software (version 24.0.0.0) showed that if the ternary cubic polynomial was used for analysis, the principle of the consistent variance in the group could not be satisfied, and the so-called variance analysis could not be carried out at all. Therefore, the relationship between the droplet size, D[3,2], and the independent variable outlet diameter, (D), and the water supply pressure (P) and the axial distance (S) can be regarded as a ternary quadratic polynomial. According to the McLaughlin expansion, the multiple regression model was:


   D   [  3 , 2  ]        = b   0      + b   1      S + b   2      D + b   3      P + b    11     S 2     + b    22     D 2     + b    33     P 2     + b    12       SD + b    13       SP + b    23    DP  



(1)







The overall significance test of the droplet size regression model by the SPSS multiple regression analysis is shown in Table 4, where R2 is the determination coefficient and F is the statistical verification value.



As can be seen from Table 4, the coefficient of determination, R2, of the regression model, with the introduction of the correction term in the established multiple regression model, was 0.802, which indicated that the degree of closeness between the dependent variate and the independent variate of the model was high and that the degree of explanation for the change of the dependent variable was described and explained by the multiple linear regression equation. The p of the overall significance test of the regression model was less than 0.001, which was far less than the set significance level of α = 0.05, and its significance had an obvious influence, which indicates that the overall regression model was very significant, and the hypothesis of the regression model was correct. The regression equation of the established multiple regression model was:


       D  [ 3 , 2 ]   = 2269.243 − 15.594 S − 2342.524 D − 216.007 P +    0.193 S  2   +    1314.13 D  2         −    1.942 P  2   +  0.955 SD  −  3.053 SP  +  21.15 DP       



(2)








4.2. Model Verification


The multiple regression model established by the above method could also approximately calculate the SMD prediction value of the circular-hole rotating core micro-fog nozzle, but the geometric correctness of the prediction value needed to be confirmed. For further testing the experimental correctness of the study on the prediction model results, the experimental values of the above 27 groups of the orthogonal models were taken for comparison with the predicted experimental values of the mathematical model, respectively, as a consequence. This is shown in Figure 6.



From Figure 6, it can be seen the SMD prediction value of the multiple regression mathematical model was basically consistent with the change trend of the SMD value measured by the orthogonal experiment. The maximum relative error was 30.28%, the minimum was 2.09%, and the average relative error was 16.11%, less than 20%. It can be seen the model can precisely represent the relationship between the axial distance, outlet diameter, water supply pressure, and the SMD.




4.3. Nozzle Comparison


Compared with this paper, the nozzle in the literature [36] was an ultrasonic atomizing nozzle. The experimental platform used was the same as that in this paper. Multivariate nonlinear regression fitting was used to correct the average phase error of about 5%. By comparing Figure 7 with Figure 6, it can be concluded that the so-called ultrasonic atomizing nozzle used in the literature has a smaller droplet size under lower water pressure conditions, which is much better than the atomization performance of the circular-hole rotating core fog nozzle used in this paper. However, the use of an ultrasonic atomizing nozzle also needs to intake air at the inlet and further refine the droplets in the mixing chamber and the vibration chamber to obtain a better atomization effect. In contrast, the nozzle selected in this paper did not need air intake, which can meet the use of most conditions, and the atomization effect was satisfactory.





5. Conclusions


	(1)

	
In this paper, the mathematical model for predicting the SMD of the circular-hole rotating core micro-fog nozzle was constructed and included the axial distance, outlet diameter, and water supply pressure. The droplet size decreased with the increase of the axial distance and water supply pressure. As the outlet diameter increased, the droplet size decreased first and then increased.




	(2)

	
Through the analysis of the range method, it was concluded that among the three factors, the axial distance had the greatest influence on the droplet size, followed by the outlet diameter; the water supply pressure had the least influence on it.




	(3)

	
According to Figure 5, the smaller the droplet size of the nozzle, the higher the ability to remove dust. In order to obtain the droplet size with the best dust removal effect, the optimal level of the factors was an outlet diameter of 1.1 mm, a water supply pressure of 1 MPa, and an axial distance of 70 cm.




	(4)

	
The predicted value of the mathematical model for predicting the SMD of the circular-hole rotating core micro-fog nozzle was in basic agreement with the experimental value, and the average relative error was 16.11%, which was less than 20%.
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Figure 1. Experimental system. 
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Figure 2. Experimental site: (a) Malvern particle size analyzer; (b) computer system; (c) control cabinet. 
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Figure 3. The test used a circular-hole rotating core micro-fog nozzle and structure: (a) nozzle shape; (b) 0.7 mm nozzle structure diagram. 
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Figure 4. Droplet size distribution under different water supply pressures and outlet diameters at a 70 cm axial distance of the circular-hole rotating core micro-fog nozzle. 
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Figure 5. Comprehensive mean and range of three factors: (a) axial distance and SMD; (b) outlet diameter and SMD; (c) water supply pressure and SMD. 
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Figure 6. Comparison between SMD experimental value and predicted value. 
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Figure 7. Comparison of experimental and predicted values of the SMD in the literature. 






Figure 7. Comparison of experimental and predicted values of the SMD in the literature.



[image: Applsci 13 06670 g007]







[image: Table] 





Table 1. Factors and levels in the orthogonal experimental.
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	Serial Number
	S (cm)
	D (mm)
	P (MPa)





	1
	30
	0.5
	1



	2
	50
	0.7
	2



	3
	70
	1.1
	3
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Table 2. Droplet size parameters.






Table 2. Droplet size parameters.





	
S/cm

	
D/mm

	
P/MPa

	
D50

	
D[3,2]

	
D[4,3]

	
S/cm

	
D/mm

	
P/MPa

	
D50

	
D[3,2]

	
D[4,3]






	
30

	
0.5

	
1

	
681.3

	
516.1

	
677.2

	

	

	

	

	

	




	
0.5

	
2

	
681.5

	
567.9

	
681.0

	

	

	

	

	




	
0.5

	
3

	
674.6

	
208.1

	
580.3

	

	

	

	

	




	
0.7

	
1

	
668.4

	
212.4

	
534.2

	

	

	

	

	




	
0.7

	
2

	
668.8

	
201.3

	
536.2

	
70

	
0.5

	
1

	
110.2

	
87.5

	
155.5




	
0.7

	
3

	
658.2

	
160.5

	
482.8

	
0.5

	
2

	
105.9

	
86.2

	
238.1




	
1.1

	
1

	
672.5

	
274.6

	
571.0

	
0.5

	
3

	
93.7

	
70.8

	
331.7




	
1.1

	
2

	
668.1

	
238.6

	
533.3

	
0.7

	
1

	
62.0

	
47.0

	
160.6




	
1.1

	
3

	
656.1

	
199.8

	
474.5

	
0.7

	
2

	
61.5

	
49.1

	
144.2




	
50

	
0.5

	
1

	
669.5

	
321.5

	
553.5

	
0.7

	
3

	
71.8

	
60.2

	
230.4




	
0.5

	
2

	
544.8

	
191.8

	
468.0

	
1.1

	
1

	
68.2

	
51.9

	
77.3




	
0.5

	
3

	
296.0

	
111.3

	
349.8

	
1.1

	
2

	
64.7

	
50.2

	
72.9




	
0.7

	
1

	
139.1

	
99.0

	
333.8

	
1.1

	
3

	
71.9

	
53.5

	
101.4




	
0.7

	
2

	
80.3

	
58.3

	
152.2

	




	
0.7

	
3

	
71.4

	
57.5

	
192.1




	
1.1

	
1

	
95.0

	
64.4

	
153.0




	
1.1

	
2

	
81.2

	
54.5

	
90.4




	
1.1

	
3

	
84.9

	
64.7

	
165.4
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Table 3. Orthogonal experiment results.
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	Serial Number
	S/cm
	D/mm
	P/MPa
	D50
	D[3,2]
	D[4,3]





	1
	30
	0.5
	1
	681.3
	516.1
	677.2



	2
	30
	0.7
	3
	658.2
	160.5
	482.8



	3
	30
	1.1
	2
	668.1
	238.6
	533.3



	4
	50
	0.5
	3
	296.0
	111.3
	349.8



	5
	50
	0.7
	2
	80.3
	58.3
	152.2



	6
	50
	1.1
	1
	98.0
	64.4
	153



	7
	70
	0.5
	2
	105.9
	86.2
	238.1



	8
	70
	0.7
	1
	62.0
	47.0
	160.6



	9
	70
	1.1
	3
	71.9
	53.5
	101.4
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Table 4. Global significance test of particle size regression model.






Table 4. Global significance test of particle size regression model.





	
Variance Source

	
Freedom

	
F

	
p > F






	
Model

	
10

	
41.253

	
<0.001




	
Error

	
17

	

	




	
Overall difference

	
27

	
R2 = 0.811

R2(revise) = 0.802

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
10 15

Experiment number

—v—Experimenal valoe
o Prtitve vl

B e o e

80

2

Relative error rate (%)

8





media/file4.png





nav.xhtml


  applsci-13-06670


  
    		
      applsci-13-06670
    


  




  





media/file2.png
rag® ank \

meter
\oW e

water S¥

¥ N
“otal
D nomet

L}

Control cabinet

Computer system





media/file5.jpg





media/file3.jpg





media/file1.jpg
Control cabinet

Computer system





media/file7.jpg
.

T v R el

.............






media/file10.png
300

250

b
[=1
(=]

SMD (um)
2

=
S

305.1 B smD
- (a) .
= == Fitcurve
range=242.9
\
\
AY
— \
\
\
\
N
- \
~78
62.2
1 1 .
20 30 40 50 60 70

80

50

237.9

B smp
- - - Fit curve
range=149.3

118.8

0.4

0.6

200

I sMD

- --- Fit curve
range=100.8

P(MPa)






media/file12.png
600

500

Experimental number

—— Experimental value
—A— Predictive value
Y Relative error rate

100

Relative error rate(%o)





media/file9.jpg





media/file0.png





media/file14.png
100

15.07

5 10 15
Experiment number

—w— Experimental value
—&— Predictive value
I Relative error rate

100

oo
=

60

40

Relative error rate (%)

b
=





media/file8.png
(%) £ouanbayy swnjoy
" ot
8 h o8 4 g
&
i
2
g & & 4 e
- (9% )ownoa sanenwIn)
(9% )4ouan awnjop
a B mo.c “ o8
i
=
g @ R T
(24 )2wn[oA 2anRNWN)
(%)4ouanbayy swnjo
5 2 a 2 °
i
2
8 ..\l. o ﬁ o®

(soumjos aaueiwny)

(%)4ouanbayy swnjop
1 “
2 - e =8

30

0.5mm p=3MPa

d=

g @ R q 2
(%)own|oa 2anenWN)

(%) 4suanbay; awnjop

wy o

& “ =2 “

d=0.5mm p=2MPa

8 o 2 a =°
- (% )own[oa 2ane[nuIn)

(94)£ouanbayy awnjop
“ o “@

d=0.5mm p=1MPa

1 5 =

2 a

00

“
r-
(% )own[oA 2ane[nUI

particle size(pum)

particle size(um)

particle size(pum)

d=0.7mm p=1MPa

0.7mm p=3MPa

d=

d=0.7mm p=2MPa

b1 — =] ]

(%) Aduanbayy awnjop
wy o

8 @ R & ?°
- (9% )awn|oA saug|NWN)
(%) £ouanbayy swnjop
8 = 2 w o8
g @& 8 &4 <
(% )own|oA daur|nWN)
(9% )4suanbayy awnjop
a o 2 “ =8

—

100

10

v

S T
A.\Son.:_go%-_._ﬁ_d

100

particle size(jun)

d

particle size(ym)

d=1.1mm p=3MPa

1.1mm p=2MPa

1.1mm p=1MPa

d=





media/file11.jpg
oo i)






media/file6.png





