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Abstract. 
A pressure transmitter was installed at a specific position in a concrete conveying line to disclose the pressure drop when compressed air was conveyed during concrete spraying. A statistical analysis of the pressure at different positions was undertaken. Experimental results demonstrated that in the accelerate zone of horizontal conveying of concrete in the line, the pressure drop mainly occurred during the acceleration, collision, and friction processes. The momentum equation was introduced during the experiment, which interpreted the pressure drop caused by the accelerated conveying of concrete. The theoretical equation was corrected based on the results of theoretical experiments by introducing the value of , and the experimental results were then optimized, thus obtaining an approximate model of pressure drop during the conveying of concrete. In addition, experimental results were compared with a model equation that showed the reliability of the proposed model. Research conclusions are of great significance to regulate the pressure drop in the conveying line of concretes, to design working parameters of concrete spraying devices, and to predict the ultimate distance for the conveying of concrete.

1. Introduction
Concrete spraying technology is extensively applied in underground projects (e.g., railway and tunnel) and tunnel construction in coal mines in China [1–3]. Because of its associated conveniences, wind-driven concrete spraying technology has been widely applied. Concrete spraying is a process that conveys stirred concrete in a closed line by compressed air to the nozzle and is then sprayed, which is the process of pneumatic conveying. However, the conveying process of concrete is relatively complicated, and it lacks theoretical references related to the prediction of concrete conveying distance. Instead, generally, the concrete conveying distance can only be estimated. Therefore, it is necessary to study the process and mechanism of wind-driven concrete conveying. Research results provide theoretical references for the design of a shotcrete machine and prediction of the conveying distance.
Pressure drop should be considered in the design of a concrete conveying system. When calculating the pressure drop in delivery lines, the classic phase diagram is often applied, in which the pressure drop in unit length of the line is expressed as a function related to speed [4, 5]. Forces in concrete and on the pipe walls predict the pressure drop in the conveying of concrete. Naveh et al. showed the effect of the slip velocity of particles on pressure drop by studying the pressure drop during the pneumatic transmission of various types of particles. These authors believed that understanding the velocity of particles in the steady-state region was vital for reliably designing the entire conveying process [6]. Brown showed that the flow of particles and fluid were the primary causes of pressure drop during pneumatic transmission and constructed a linear equation to express pressure drop during the velocity stabilization zone [7], and it can be described aswhere  is the constant pressure drop,  is the pressure drop caused by concrete, and  is the pressure drop caused by compressed air.
Here,where  is the coefficient of friction in pipe,  is the density of compressed air,  is the air velocity, D is the internal diameter of the pipeline, and L is the conveying distance.
Conveying concrete using the driving effect of compressed air exists in a suspension flow state. Because of the high fluid velocity, the influences of gravity on the state of conveying can be neglected [8–10]. At the start of conveying, concrete is conveyed into the line by a shotcrete machine at zero velocity under the action of compressed air. Momentum is transferred from air to concrete and can trigger disturbance of air flow as well as changes in momentum. Air pressure is needed during this process and is significantly higher than that required during single-phase flow [11–13]. Therefore, the accelerated conveying of concrete in line requires an accelerate zone that refers to the process from the beginning of the accelerated conveying of concrete to the stable conveying speed [14].
In the present study, the pressure drop caused by accelerated conveying of concrete is considered. During the conveying of concrete, the pressure drop in the accelerate zone is mainly attributed to acceleration, collision, and friction of concrete. The acceleration of concrete only occurs in the accelerate zone, whereas collision and friction occur throughout the conveying of concrete. The total pressure drop in the accelerate zone can be defined as the sum of the steady-state pressure drop and accelerated pressure drop [8]. The pressure drop caused by acceleration must be first considered when analyzing the pressure drop in the horizontal accelerate zone of concrete transfer. The pressure drop caused by acceleration is generally determined by pressure distribution in the accelerate zone. The accelerate zone from the shotcrete machine to the nozzle is mainly distributed under two situations: the first accelerate zone is called the initial accelerate zone when concrete and compressed air begin to flow. The second accelerate zone is the region after the concrete passes through the bent pipe. Studying the law of pressure drop in the accelerate zone of concrete has great significance for predicting the conveying distance of concrete [15, 16].
Many researchers have proven that the pressure drop caused by concrete friction and collision in the steady-state region was different from that in the accelerate zone. Hence, the pressure drop in the accelerate zone cannot be predicted by the momentum equation of concrete and is often predicted by the correlation between concrete collision and friction during the conveying process [17–20].
Ottjes has researched the movement of the particle in horizontal pipes, which took the lifting force of materials and the inelastic collision between particles and pipe wall into account [21]. Nguyen analyzed the movement of single particles in horizontal pipelines, especially considering the effect of Magnus [22]. Huber and Sommerfeld conducted a three-dimensional numerical simulation of the dilute phase flow pneumatic transport and predicted the particle distribution in horizontal pipelines and 90-degree bent pipes by considering two-way coupling, turbulence, and the dispersion law of turbulent particles [23].
Hanley et al. proposed a method based on process randomness to quantify particle collision in the line that can be used to express the pressure drop caused by the collision of internal aggregates during the acceleration process [24]. Klinzing and Basha studied variations in average particle speed based on abundant experimental data and constructed a correlation, providing reasonable theoretical references for the conveying of concrete under the effect of compressed air [25]. Merkus and Meesters proposed a method to describe the pressure drop during the acceleration process using the momentum equation. They expressed the variation equation of concrete particles and air momentum and proposed a method to predict the pressure drop in acceleration. However, they did not construct an appropriate pressure drop model in the accelerate zone, thus failing to judge the accuracy of the pressure drop curve in the accelerate zone [26].
The present study focused on studying the law of pressure drop in the accelerate zone of the pneumatic transmission of concrete. This was to study the relationship between the variation law of the momentum of air and concrete particles and the pressure drop in the accelerate zone. The air-concrete ratio was changed by altering the flow rate of compressed air and the supply quantity of concrete. In addition, the input pressure of compressed air was changed. Pressure changes in the line were measured by a pressure transmitter. A mathematical model was constructed to analyze the law of pressure drop in the accelerate zone of pneumatic transmission of concrete. Research conclusions have great significance for predicting the distance of concrete and matching the optimal air supply pressure.
2. Experimental Conditions
2.1. Experimental Apparatus
Two specifications (2.0-inch and 2.5-inch diameter) of concrete conveying lines were set in the pressure drop experiment in the accelerate zone. The feeder used the PTS7 pushing chained shotcrete machine made by Shandong Wit Laboratory Mining Equipment Co., Ltd (Figure 1). The shotcrete machine conveys concrete to the outlet using a piston and achieves the long-distance conveying of concrete via compressed air. This equipment is applicable to dry and wet concrete spraying. The maximum spraying capability of this shotcrete machine was 6 m³/h. Its theoretical gas consumption and rated wind pressure were 8 m³/min and 0.5 MPa, respectively. The shotcrete machine motor used the variable-frequency control of speed. The rotating speed of the motor could be adjusted by the transducer, thus controlling concrete throughput during concrete conveying.


	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 1: Structure of the PTS7 pushing chained shotcrete machine.


The structure of the concrete line is shown in Figure 2, which covers four bent lines. The radius of two of the bent lines was 1 m, and the radius of the other two bent lines was 0.6 m. To assure consistency of the concrete lines, the bend of the line was fixed onto the self-made bend fixing device using an ordinary rubber hose. During line pavement, horizontality and coaxial performance of concrete lines were verified by the rotating laser.


	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 2: Structure of concrete lines.


2.2. Experimental Instruments
Compressed air enters the shotcrete machine via the regulating valve and vortex shedding flowmeter to adjust and measure the input pressure and flow rate of compressed air. In the present experiment, the pressure drop in the concrete lines was measured by a high-accuracy flat film pressure transmitter. The sensor applied the Dwyer FDT series of the flat film pressure transmitter made by the Deville Company (USA), with a measuring range of 0–1.6 MPa and an accuracy of 0.02%. According to the service manual of the sensor, the pressure transmitter was installed on a section of the specially made line, and the concrete line was fixed onto a rubber hose by a special pipe clamp. To prevent scratches of the sensor by gravels, a strainer was installed before the pressure transmitter (Figure 3).
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(b)
Figure 3: Installation structure of the pressure transmitter on lines. (a) Standard installation structure of the pressure transmitter. (b) Installation structure of the pressure transmitter with strainer.


The temperature and flow rate of the compressed air were measured by a vortex shedding flowmeter. The temperature was viewed as constant throughout the conveying of concrete. Hence, the temperature in the entire line was equal to the inlet temperature. The temperature of the mixed concrete in all experiments was controlled between 15 and 20°C.
The rotating speed of the chain wheel was 20 r/min when the shotcrete machine reached the maximum delivery capacity (6 m³/h). The feeding speed of the shotcrete machine could be adjusted by a transducer. The vortex shedding flowmeter for measuring the flow rate of compressed air and the pressure transmitter for measuring pressure in the lines were read, and data were received by the paperless recorder.
2.3. Experimental Materials
2.3.1. Cement
The cement used in the experiments was PO42.5 cement made by the Shandong Shanshui Cement Group. Its purity and specific gravity were 3100 cm2/g and 3.14, respectively.
2.3.2. Aggregates
Aggregates can be divided into fine and coarse aggregates. The former used natural river sands. After screening, its fineness modulus, silt content, and apparent density were 2.75, 1.2%, and 2.68 g/cm³, respectively. The coarse aggregate applied was ordinary limestone fragments whose maximum grain size was less than 10 mm. Continuous grading was performed to remove impurities before mixing the fine and coarse aggregates. The grading curves of fine and coarse aggregates are shown in Figure 4, and they conform to limitations of recommended grades in the national standard GB50086-2001 [27].


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
				
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
				
		
	
	
	
		
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 4: Grade curves of fine and coarse aggregates.


2.3.3. Chemical Admixture
The main chemical admixture in this experiment was accelerator. This accelerator was a kind of powdery solid, with density 4 g/cm³.
2.3.4. Concrete Ratio
In the experiment, the concrete was made up according to the common concrete ratio in the coal mine. Also, the concrete ratio was cement : fine aggregates : coarse aggregates : accelerator = 1 : 2 : 2 : 0.03.
3. Experimental and Analysis Methods
The PTS7 pushing chained shotcrete machine used in the experiments can achieve material feeding at a constant speed by motor-driven piston motion. The prediction of the pressure drop during wind-driven conveying of concrete predicts the pressure drop in unit length. In concrete lines, the acceleration process of concrete mainly distributes at the initial conveying section and after passing the bent line. The effects of these acceleration processes are identical. Therefore, attention was given to the pressure drop during the acceleration processes of concrete in the initial section and after passing the bent line in the experiments.
In the pressure drop test during concrete conveying, the pressure in the concrete lines must be measured. To prevent scratches on the pressure transmitter from the gravels, the experiment was performed using the following method.
Before the commencement of the experiment, the concrete lines were verified by only supplying compressed air:(1)Figure 3(a) shows that without the strainer, the bottom of the pressure transmitter was installed onto the inner wall of the concrete lines. The compressed air was supplied, and the pressure at different positions along the line was recorded by pressure transmitters. This is the universal method for the pressure transmitter, and it can accurately measure the pressure in concrete lines.(2)In Figure 3(b), a strainer was placed on the mounting base of the pressure transmitter. Later, the pressure transmitter was installed to keep the bottom of the pressure transmitter 2 mm away from the strainer. Compressed air was supplied, and pressures along the concrete line were recorded by the pressure transmitter.
Pressures under the above two conditions are summarized in Figure 5. During this process, the pressures at the different positions that were measured by the two methods had a fixed difference of . When the pressure in the concrete conveying was measured by the method in Figure 3(b), the pressure in the concrete line was equal to the sum of the measured pressure  and . In other words, pressure changes after the addition of a strainer could be used to reflect the pressure changes in the concrete lines throughout conveying.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
	
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
	
		
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
	
	
	
	
	
	
		
	
	
		
	
	
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	

Figure 5: Effects of the strainer in the pressure transmitter on the gas-phase pressure drop.


The acceleration pressure drop in the horizontal section of the concrete conveying was mainly caused by the mean pressure difference measured by the pressure transmitter. The measured acceleration pressure drop between any two points in the analysis region was discussed. However, whether concrete was in the initial section or had passed the bent line was neglected; thus, it was believed that the momentum and energy changes were the same given the same velocity changes.
During the experiment, pressure drop in the accelerate zone occurred, as shown in Figure 6. The pressure drop curve shows that the pressure drop in the accelerate zone reached a relatively stable trend. The pressure curve during this process was fitted, and a straight line representing the steady-state pressure drop was deduced based on the final process of the stable pressure drop. Based on this deduced straight line, the pressure at zero speed could be determined.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
		
	
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	

Figure 6: Trend of pressure drop during concrete conveying.


In Figure 6,  is the total pressure drop in the accelerate zone, and  is the acceleration pressure drop of concrete.
According to reverse deduction from the stable value of the above curves, energy loss under steady state can be obtained from the index trend and linear pressure gradient trend of floating points, leading to the acceleration of pressure drop and thus obtaining the actual pressure drop trend. An exponential linear equation was fitted by the pressure fitting curve in Figure 6:
Here,  is the length of the test section and , , , and  are constants. The numerical value in Figure 6 was brought into equation (3), thus obtaining the following equation:
This pressure-distance relation equation covers two parts: (1)  is the exponential function that reflects the pressure drop caused by the acceleration in the concrete line. (2)  is the linear function that reflects the pressure drop caused by concrete collision and friction in the line. Under this circumstance, the pressure drop is distributed uniformly. Based on the above curves, we can obtain the following results:(a)Steady pressure drop in the concrete line.(b)Accelerated pressure drop in the concrete line.(c)The pressure at the beginning of acceleration is difficult to measure. Under this circumstance, the pressure at the beginning of acceleration can be deduced by the equation. Thus, the pressure drop from zero to a steady speed could be calculated.(d)Length of the accelerate zone (part 1 in the equation is approaching zero).
To predict the length of the accelerate zone during concrete conveying, Wei et al. introduced the Archimedes number [28]. The Archimedes number mainly reflects the ratio between buoyancy and viscosity force and can be expressed aswhere  is the Archimedes number,  is the density of concrete,  is the density of air,  is the kinematic viscosity, and  is the mean diameter of concrete particles.
In the present study, the conveying speed of the concrete particles was measured with a high-speed camera. Pressure changes in the concrete line were measured by the pressure transmitter. The length of the accelerate zone of concrete was expressed by particle speed and pressure changes. Moreover, the relation between the Archimedes number and length of the accelerate zone was expressed as
During the present experiment, the total pressure drop in the accelerate zone was expressed as the sum of steady-state pressure drop and accelerated pressure drop (equation (7)). The accelerated pressure drop () is the momentum equation of concrete and can be expressed as equation (8).where  is the total pressure drop of the accelerate zone,  is the accelerated pressure drop of concrete,  is the constant pressure drop of concrete, and  is the mass velocity of concrete particle flow.
The total pressure drop in equation (7) was used to calculate the derivation of displacement and can be expressed as
To analyze the steady-state speed and transient speed during concrete conveying, an equation was constructed in the present experiment with reference to the study by Wei et al. [28]:where  is the steady speed of concrete,  is the initial velocity of concrete, and  is the air velocity. The derivative of distance was calculated based on equation (10) and was brought into equation (11):
The value of  in equation (8) was brought into equation (12) to obtain
Based on the integration of the displacement x through equation (13), the following was obtained:
Therefore, 
By comparing equations (3) and (15), the following was obtained:
Thus, the accelerated pressure drop of concrete can be expressed as
To protect the accuracy of the conclusions, the concrete flow trend in the constant speed section was verified by changing the supply quantity of concrete and air input. The starting point of the constant speed section was set at 15 m after the bent line. In the experiment, the concrete supply was controlled by the rotating speed of the motor of the transducer. During this process, the relationship between the pressure drop during concrete conveying and concrete supply was found, as shown in Figure 7. The figure shows the effects of air flow and concrete supply quantity on pressure drop during the conveying of concrete.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
	
		
		
		
		
		
	
	
		
	
		
		
		
		
		
	
	
		
	
		
		
		
		
		
	
	
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 7: Variations of pressure drop in the constant speed section with air flow.


However, equation (7) focused on testing the physical property of the accelerated pressure drop, which is the relationship between the momentum equation and pneumatic transmission during the conveying of concrete. To accurately predict the relationship of accelerated pressure drop in the conveying of concrete, the correction factor  was introduced to increase the prediction accuracy. Therefore, the prediction of the total pressure drop in the acceleration zone was calculated as
4. Results and Discussions
It is very simple to predict the pressure drop during concrete conveying by experiments. First, it must be determined that the pressure drop during concrete conveying is caused by accelerated conveying, friction, and the collision of concretes. The pressure drop caused by the acceleration of concrete is also called the accelerated pressure drop, and it only exists in the accelerate zone. The pressure drop caused by friction and collision is called the uniform pressure drop, and it exists throughout the conveying of concrete. Therefore, the pressure drop caused by acceleration can be calculated by the accelerated pressure drop minus the uniform pressure. In the calculation of pressure drop during concrete conveying, the sum of steady-state pressure drop and accelerated pressure drop is the total pressure drop in the accelerate zone. This relationship is based on the hypothesis that the steady-state pressure drop in the accelerate zone and constant speed section are the same.
When predicting the pressure drop during concrete conveying, the accelerated pressure drop can be predicted by equation (8). Hence, the steady-state speed in the conveying of concrete must be known, which can be calculated by equations (10) and (11). During the present experiment, the rotating speed of the motor was changed by the transducer, thus changing the mass flow rate during concrete conveying. Simultaneously, the pressures at different positions in the accelerate zone and constant speed zone could be measured.
The experimental pressure drop trend of concrete under different mass flow rates is shown in Figure 8, which is comparing the curves drawn based on equation (17). Figure 8 shows that the increasing trend of the curves under different supply quantities of concrete is the same. Based on the comparison of the curves drawn in accordance with Figure 8, the theoretical trend might overlap with the actual curve measured in the experiment. If these two curves overlap, then the actual pressure drop during concrete conveying is similar to the predicted pressure drop, proving the accuracy of the prediction. If the actual pressure drop does not overlap with the predicted pressure drop, the steady-state pressure drop in the accelerate zone is different from that in the constant speed zone.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
		
			
			
			
			
			
			
			
		
	
	
		
			
		
			
			
			
			
			
		
	
	
		
			
		
			
			
			
			
			
			
			
		
	
	
		
			
		
			
			
			
			
			
		
	

Figure 8: Variation trend of concrete pressure.


The effects of concrete pressure () at the beginning position on the pressure drop trend along the concrete conveying are shown in Figure 9. Normalization of pressure during concrete conveying based on  can decrease the influence of the air flow rate on the pressure measurement, and the maximum error can be controlled within 2%.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
	
	
		
	
		
	
	
		
	
	
		
	
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
	
		
		
		
		
		
		
		
	
	
	
		
	
		
		
		
		
		
	
	
	
		
	
		
		
		
		
		
		
		
	
	
	
		
	
		
		
		
		
		
	

Figure 9: Normalization trend under different wind speeds.


During multiple experimental processes, the value of  was calculated by changing the air flow rate and feeding rate of concrete under different motor speeds.
Accelerated pressure drop and uniform pressure drop during the concrete conveying were predicted based on the value of . If , the pressure drop caused by concrete collision and friction was the same in the constant speed section. If , the pressure drop was relatively small because of the low conveying speed of concrete. In contrast,  indicates a high pressure drop because of the high conveying speed of concrete. In the constant speed section of concrete, particle collision was weak. However, particle collision frequency was high and particle collision was strong in the accelerate zone, resulting in the high energy loss of concrete particles. Therefore, the pressure drop in the accelerate zone was higher than that in the constant speed section.
The difference between the experimental and theoretical results of concrete conveying was positively related to the concrete throughput given the same flow rate of compressed air. When the concrete throughput was small, the experimental results and theoretical results were similar, indicating that  was closer to 1 (Figure 10). With an increase of concrete throughput, the difference of experimental and theoretical results gradually increased. The difference is the key factor influencing the prediction of concrete conveying.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
	

Figure 10: Comparison of theoretical and experimental pressures after adding .


Next, the value of the transducer was fixed, and the concrete was input by the shotcrete machine at a constant feeding rate. Subsequently, pressures at different points were tested by controlling the input of compressed air with the regulating valve. There was a large difference between the experimental results and theoretical results. With an increase of air flow rate, such differences decreased gradually. This difference was also a key factor that influenced the prediction of concrete conveying.
Figures 10 and 11 show that the value of  had a direct relationship with concrete throughput and input of compressed air. Tripathi et al. tested materials of different grain sizes [29], and  can be defined aswhere  is the ratio of concrete mass and air mass.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
	
	
		
	
		
	
		
	
	
		
	
	
		
	
		
	
	
		
	
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
		
		
	
	
		
	
		
		
		
		
		
		
		
	
	
		
			
		
			
			
			
			
			
			
			
			
			
		
	

Figure 11: Comparison of pressure drop in the accelerate zone.


Experimental data from Figures 11 and 12 were brought into equation (19), yielding the following:


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
			
			
			
			
			
		
		
			
	
	
		
			
			
			
			
			
			
			
		
		
			
	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	

Figure 12: Pressure drop at different specifications of concrete lines.


During the accelerated pressure drop experiment, the conveying of concrete particles was accelerated at a specific speed from one point and finally reached the movement trend at a constant speed [30–32]. The momentum equation was used to calculate the pressure drop during this process:
Pressure drop is at equilibrium in the constant speed section. Therefore, the total accelerated pressure drop can be gained from equations (18), (19), and (21). The total accelerated pressure drop was expressed as
Also, equations (1) and (2) were brought into equation (22), and thus the total accelerated pressure drop was expressed as
To verify the accuracy of equation (20), the feeding rate of concrete was kept constant in the experiment. The concrete-air ratio was changed by altering the air flow rate to analyze the pressure at different positions along the line. Comparison between theoretical and experimental pressures is shown in Figure 12. The curve equation gained from the theoretical formula was similar to the experimental results, showing a maximum error of less than 10%. This verified the universality of equation (20). In this experiment, pipe diameters of 2.0 inches and 2.5 inches of the concrete line were applied. Pressures at different positions of the concrete line were tested by a pressure transmitter (Figure 12). The maximum error was less than 5%, verifying the feasibility of equation (20).
5. Conclusions
In order to obtain the pressure drop in the accelerate zone of horizontal conveying of concrete spraying, the concrete conveying pipeline was arranged to conduct the related concrete conveying experiment. The concrete was made up, according to the common concrete ratio in the coal mine. Each point pressure on the pipeline during the progress of conveying was tested by the pressure transmitter set up on the pipeline. Also, the pressure drop in the accelerate zone of horizontal conveying of concrete spraying was analyzed with measured pressure.
The results show that the pipeline pressure dropped rapidly at the beginning of the conveying and at the end of the bending pipe, and the trend of the dropping linearly was showed gradually. The accelerated pressure drop was analyzed by combining experimental and momentum equations during concrete conveying. The accelerated pressure drop was analyzed, which was mainly caused by acceleration, friction, and the collision of concretes. Also, the friction and the collision of concretes also exist in the zone of stable convey.
The pressure drop curve was drawn according to the pressure at each point in the concrete conveying process. Also, the mathematical model of pressure drop in the concrete conveying process was set up. To prevent random interference factor from the friction, and the collision, and improving the calculation accuracy, the correction factor  was introduced.
Finally, the measured pressures under different concrete throughputs and flow rates of compressed air were compared with the results from the mathematical model, which verified the accuracy of the mathematical model. Also, the main factors of pressure drop in the accelerate zone were obtained as the ratio of the concrete mass and the compressed mass, the initial velocity of the concrete, the optimal final required velocity, the feed speed of concrete, and cross section area of the conveying pipeline.
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request.
Additional Points
Innovations and highlights: (1) Damage to the pressure transmitter by concrete can be prevented by installing a strainer before the pressure transmitter. (2) Variation laws of pressure before and after the installation of a pressure transmitter were studied by supplying air only. (3) A statistical analysis of the pressures at different positions along the concrete conveying line under different input quantities of concrete and compressed air was performed. Based on this, the law of pressure drop during the conveying of concrete was discussed. (4) The pressure drop in the line during the conveying of concrete was predicted.
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