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Abstract 
  

Vertical transportation of concrete mortar is essential to the deep shaft lining strength and construction efficiency. The 
helical energy dissipation device (HEDD) for mortar’s high potential energy control in the vertical pipe of gravity 
transportation is invented to control the accelerated flow, pipeline wear, and mortar segregation. To avoid the prediction 
deviation of helical pipe pressure loss, an HEDD predicting model was established by adopting a correction coefficient λ. 
The relationship of safety distance among the HEDDs was deduced on the basis of full pipe flow theory. The influences 
of parameters, namely, diameter d, pipe and helix diameter ratio d/D, screw pitch s, flow velocity v, and safety distance 
H0 were analyzed by the HEDD predicting model on a deep shaft. Results show that the safety distance among the 
adjacent dissipation devices is negative to parameters d, d/D, and s. While the safety distance is positive to v, which was 
verified by Fluent software. The suggested optimal parameters of HEDD are a screw pitch of more than 1.50 m, a 
pipeline diameter of 219.0 mm, and a safety flow velocity of 0.50–0.75 m/s. The HEDD avoids concrete segregation, 
reduce pipeline wear, and improve lining quality. The conclusions obtained in this study can provide an alternative 
approach for high-speed construction of a deep shaft. 
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1. Introduction 

 
The shaft is the throat for the deep mining operation [1-2]. 
The quality of concrete lining plays a significant role in the 
service life of the shaft [3-5]. The popular methods of 
concrete mortar transportation are the bucket intermittent 
transportation and the pipeline gravity continuous 
transportation. The bucket approach remains an ongoing 
challenge because of its low efficiency and intricate process. 
The pipeline method has attracted extensive interest in the 
large transportation capacity and high efficiency. But some 
problems, such as serious slurry segregation and pipeline 
wear, exist in deep well transportation.  

Adding spiral energy dissipation device in the process of 
straight pipe transportation is an important way to control 
slurry flow rate and reduce pipeline wear. The spacing 
among the devices has become an important design 
parameter in adding spiral energy dissipation device in 
straight pipe. However, the concrete mortar with high 
potential energy in the vertical pipeline will lead to slurry 
segregation and pipe wear, which is severely detrimental to 
the shaft lining quality [6-8].  Introducing helical energy 
dissipation device (HEDD) in a vertical pipeline is an 
attempt to increase mortar flow resistance and avoid 
segregation. Interestingly, the safe distance among the 
adjacent devices is the critical parameter to the dissipation 
device. The pipeline is easily blocked by mortar when 
dissipation devices are aligned closely; otherwise, the flow 

velocity cannot be effectively limited when dissipation 
devices are arranged loosely.  

Therefore, it is crucial to accurately determine the safe 
distance among the HEDDs for the gravity pipeline 
transportation design. 
 
 
2. State of the art 
 
In recent years, the pipeline wear has been discussed mainly 
in the field of mining backfill slurry transportation. The 
literature concludes that the wear is due to the non-full pipe 
flow states. For example, Liu et al. established a 
mathematical expression of the relationship among pipe 
diameter, flow velocity, and full pipe flow based on the 
theory of two-phase pipe flow; they also provided a principle 
for the selection of system delivery parameters [9]. Zhang et 
al. researched the impact wear of non-full-flow pipelines and 
analyzed the wear position and mechanism of backfill drill-
hole [10]. Cooke optimized the parameters of deep mine 
filling pipeline based on the theory of full pipe flow [11]. 
Hewitt et al. ranked various wear control methods based on 
relative wear resistance and energy loss per unit mass [12]. 
Wu et al. studied the resistance characteristics of structure 
fluid backfilling slurry in pipeline transport under full-flow 
transport in deep mine backfilling [13-16]. 

The discussion on energy dissipation device is mainly 
from the field of hydraulic engineering and rarely involves 
deep shaft concrete conveying. For example, Wang et al. 
studied the effect of particles with different mechanical 
properties on the energy dissipation properties of 
concrete [17]. Zhang and Ai studied the relationship between 
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the energy loss coefficient and the influencing factors of the 
sudden reduction and enlargement energy dissipater using 
numerical simulation methods [18]. Fossa and Guglielmini 
provided the accurate prediction models for pressure drop 
analysis by analyzing the thin and thick singularity 
pressure [19]. Bullen et al. analyzed the effect of the 
shrinking pipe structure on the loss coefficient based on fluid 
mechanics [20], and Wu et al. studied the transport 
resistance characteristic of paste pipeline considering the 
effect of wall slip and the mortar rheological parameters in 
gravity transport [20-23]. The utilization of spiral energy 
dissipation devices to solve the problem of vertical pipe 
gravity concrete transportation has not been reported yet. 

This study proposes the technical scheme of adding an 
HEDD in the vertical pipe to eliminate the high potential 
energy of concrete mortar. An HEDD model is constructed, 
and the expression of resistance loss is derived by the 
correction coefficient λ. The safety distance of adjacent 
devices is studied on the basis of full pipe flow theory. The 
influences of factors, such as the internal structure of devices 
and slurry flow parameters, on the safety distance of a deep 
shaft construction project are calculated and analyzed. The 
research results will provide a new method for the concrete 
pipe gravity transportation in the deep shaft. 

The rest of the paper is organized as follows. Section 3 
gives the proposed method. Section 4 presents the results 
and discussion in detail, and the conclusions are summarized 
in Section 5. 

 
 

3. Methodology 
 
3.1 Helical energy dissipation predicting model 
The concrete mortar flow state in gravity pipeline 
transportation is shown in Fig. 1(a). The accelerating flow 
will be formed at pipeline entrance due to potential energy 
of concrete mortar. The free-falling subject continuously 
scours the wall to cause pipe wear. When the potential 
energy is equal to the resistance, the slurry movement state 
becomes full pipe flow with an increase in depth [23]. At the 
interface between the accelerated flow and the full-flow pipe 
section, the tremendous change in velocity will considerably 
affect the pipe wall. Thus, the interface is the most severe 
location for pipeline wear. Adding an HEDD can increase 
the resistance to achieve full pipe flow transportation in the 
entire pipe and reduce pipeline wear, as shown in Fig. 1(b). 
 
3.2 Model construction 
The potential energy of the concrete mortar in the deep shaft 
will go beyond the energy consumption capacity of single 
energy dissipation device. Therefore, several HEDDs are 
arranged in the vertical pipe in a certain spacing, as shown in 
Fig. 2. The safety distance among the adjacent HEDDs is H0, 
the dissipation device height is Hl, the screw pitch is s, the 
screw diameter is D, and the diameter of the concrete 
transporting pipe is d.  

The theoretical assumptions of this study are given as 
follows: (1) The concrete mortar is regarded as an 
incompressible fluid, and the fluidity characteristics follow 
the Bingham model. (2) No time-varying characteristic is 
considered during transporting, and the viscosity is a 
constant value. (3) The influence of vibration and heat 
exchange in transportation is ignored. 
 

   
(a) Non-full                                      (b) Full 

Fig. 1 Transportation state of two pipe flow transportations. 

 
Fig. 2 Transportation model of HEDD. 

 
 
3.3 Resistance analysis 
The energy dissipation device can increase the pipeline 
resistance to the full pipe flow transportation states. The 
safety distance of HEDDs is determined from the required 
resistance. Concrete mortar is a non-Newtonian fluid, which 
follows the Bingham fluid rheological model [24], as shown 
in Eq. (1). 
 

                                        (1) 
 
where τ is the shear stress, Pa.  is the yield stress, Pa. μ is 
the plastic viscosity, Pa.s. γ is the shear rate, 1/s. 

The frictional loss coefficient of the vertical pipe 
transportation [25] is 
 

                                 (2) 

 
where  is the resistance loss, Pa/m. v is the concrete flow 
velocity, m/s. d is the pipe diameter, m. 

In the helical pipe transportation, the mortar will form a 
secondary flow phenomenon in a direction perpendicular to 
the conveying direction. The pipe transportation resistance 
will increase significantly [26]. A resistance correction 
coefficient λ is introduced to characterize the relationship 
between the resistance of the spiral pipe and the straight pipe 
resistance. The expression of the modified resistance 
coefficient of the helical pipe is 
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                              (3) 

 
3.4 Determination of correction coefficient 
According to Dean et al. [27-28], the resistance of the helical 
pipe transportation is related to the Reynolds number Re and 
the pipe and helix diameter ratio . Supposing the 
correction coefficient λ is a function of Re and , that is, 
 

                                     (4) 
 
Under the condition of full pipe flow, the flow speed of 

concrete in the deep shaft pipe is slow and in the laminar 
flow state. Therefore, the influence of Reynolds number on 
the resistance can be ignored; the correction factor λ can be 
regarded as a function of the pipe and helix diameter ratio 
d/D. 
 

                                      (5) 
 
As shown in Table 1, six pipes and helix diameter ratio 

are selected for comparative analysis of the functional 
relationship between the correction coefficient and the pipe 
and helix diameter ratio. The resistance is calculated by 
numerical methods. 

The C50 concrete is widely used for deep shaft lining 
construction; the rheological parameters are shown in 
Table 2 [29-30]. 

 
Table. 1. Pipe and helix diameter ratio of the project. 

No. Pipe diameter d/m Helix diameter D/m d/D 
1 0.10 2.0 0.05 
2 0.10 1.0 0.10 
3 0.15 1.0 0.15 
4 0.20 1.0 0.20 
5 0.50 2.0 0.25 
6 0.30 1.0 0.30 

 
 
Table 2. C50 concrete rheological properties parameter. 

Mixture ratio Density ρ ( ) Rheological properties parameter 
Cement Coarse aggregate Fine aggregate Water 2400 Yield stress τ0 (Pa) Viscosity coefficient (Pa·s) 

1.00 2.45 1.15 0.42 200 15 
 
 
The numerical simulation in this study is conducted by 

Fluent software with Laminar flow model. The pipeline inlet 
adopts the velocity boundary, and the pipeline outlet adopts 
the pressure boundary. The material characteristic follows 
the Bingham Model. The relationship between the correction 
coefficient λ and the pipe and helix diameter ratio can 
be obtained from Table 3. 

 
Table 3. Resistance of various pipe and helix diameter ratios. 

No. d/D  ( ) λ 
1 0.05 36908.85 3.56 
2 0.10 39557.93 3.81 
3 0.15 41194.82 3.97 
4 0.20 42397.14 4.08 
5 0.25 43353.84 4.18 
6 0.30 44151.52 4.26 

 
As shown in Fig. 3, the functional relationship between 

the correction coefficient λ and the pipe and helix diameter 
ratio is 
 

                                   (6) 

 
3.5 Safety distance among energy dissipation devices 
The distance among the adjacent HEDDs essentially 
determines the pipeline flow state. The dissipation devices 
installed in the large distance cannot provide sufficient 
resistance to balance the gravity potential energy that forms 
full pipe flow condition. Excessive quantity dissipation 
devices will lead to enormous resistance in the pipeline. This 
condition easily causes pipe plugging accident and then 
causes pipeline overpressure or even pipe explosion, which 
will affect the construction safety of deep shaft. Therefore, 
the distance among the adjacent HEDDs is the safety 
distance , which can ensure the full pipe flow and avoid 
slurry blockage. 

 
Fig. 3 Relationship curve of correction factor and . 

 
The key to full pipe flow delivery is to achieve a balance 

between the gravitational potential energy and pipeline 
transportation resistance. By combining the system structural 
parameters and the calculation formula of the resistance 
correction coefficient, the total resistance loss  of the 
HEDDs and the vertical pipe section can be obtained as 
 

         (7) 

 
The total gravitational potential energy of concrete 

mortar  is 
 

                              (8) 
 
The expression of the target safety distance , for the 

balance between gravitational potential energy and the 
resistance, is 
 

     (9) 
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As shown in Eq. (9), the rheological and structural 
parameters considerably influence the safety distance 
determination. The rheological parameters are density ρ, 
viscosity μ, and yield stress . The structural parameters are 
the pipe diameter d, the pipe and helix diameter ratio , 
and the pitch s. 

 
 

4. Results and discussion 
 
The design elevation of a mine shaft is from 18.5 to  
−1540.0 m, the depth is 1559.8 m, the diameter is 8.2 m, and 
the lining is by C50 concrete. The height  of the HEDD is 
set to 10.0 m according to the layout of the shaft space, and 
the calculated Reynolds number is =9.3 < 2300.0. The 
mortar in the pipe is in a laminar flow state. 

 
4.1 Structural parameter analysis 
Three structural parameters of the helical pipe, diameter d, 
pipe and helix diameter ratio , and the pitch s are 
selected for the influence discussion on safety distance H0。 

 
4.1.1 Pipe diameter 
Five pipe diameters, 100.0, 159.0, 180.0, 219.0, and 
250.0 mm are selected for discussion. The helix diameter is 
1.0 m, the pitch is 2.00 m, and the average flow velocity is 
1.0 m/s. 

The relationship between the safety distance and the pipe 
and pipe diameter is shown in Fig. 4, which shows that the 
safety distance is negatively related to the pipe diameter. 
The safety distance maximum value is 2299.1 m, and the 
minimum value is 205.0 m. The reason is that the resistance 
in pipe decreases with the increase in diameter, which 
requires more dissipation devices to balance the potential 
energy.  

However, when the pipe diameter is beyond 200.0 mm, 
the influence of diameter on the resistance of the gradually 
weakens. Moreover, the change range of safety distance 
slows down. Considering the engineering practice and the 
standard pipe diameter, the optimal pipe diameter for deep 
shaft concrete transporting is 219.0 mm. 

The safety distance from the numerical simulation is 
shown in Fig. 4, which shows that the numerical simulation 
results agree with the HEDPM result. The numerical results 
are higher than the theoretical results for the simulation 
accuracy and parameter selection. 

 

 
Fig. 4 Safety distance vs. pipe diameter. 

 
4.1.2 Pipe and helix diameter ratio 
Six helix diameters, namely, 1.0, 1.2, 1.4, 1.6, 1.8, and 
2.0 m, are selected for safety distance analysis. The pipe 

diameter is 219.0 mm, the pitch is 2.00 m, and the average 
flow velocity is 1.0 m/s. 

The relationship between the safety distance and the pipe 
and helix diameter ratio is shown in Fig. 5. The figure shows 
that the safety distance is negatively related to the pipe and 
helix diameter ratio. The maximum safety distance is 
484.6 m, and the minimum value is 286.3 m. The reason is 
that the helix diameter decreases with the increase in the 
pipe and helix diameter ratio. The helix angle of HEDD 
increases, which reduces the secondary flow intensity in the 
spiral pipe. Thus, the resistance and energy dissipation 
efficiency decrease with the decrease in safety distance. 

 
Fig. 5 Safety distance vs. pipe and helix diameter ratio. 
 

The relationship between the safety distance and the pipe 
and helix diameter calculated by numerical simulation is 
shown in Fig. 5, which shows that the numerical simulation 
and theoretical calculation results are consistent. However, 
the former is larger than the latter. 
 
4.1.3 Pitch 
Five screw pitches, namely, 1.00, 1.25, 1.50, 1.75, and 
2.00 m, are selected for dissipation device distance analysis. 
The HEDPM input parameters are the pipe diameter of 
219.0 mm, the helix diameter of 1.0 m, and the average flow 
velocity of 1.0 m/s.  

The relationship between the safety distance and the 
pitch is shown in Fig. 6. The figure shows that the safety 
distance is negatively related to the pitch and decreases as 
the pitch increases. In the range of the selected pitches, the 
maximum value of the safety distance is 1059.2 m and the 
minimum value is 286.3 m. The reason is that helix angle 
increases, the total length of the spiral energy dissipation 
device decreases, the energy dissipation efficiency 
decreases, and the safety distance gradually decreases with 
the increase in pitch.  

 
Fig. 6 Safety distance vs. pitch. 
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At present, the conveying depth of deep shaft concrete is 
mainly concentrated in the range of 1000–1500 m. The pitch 
should be reasonably controlled to prevent the phenomenon 
of pipe plugging. The size should also be greater than 1.5 m. 

The relationship between the safety distance and the 
pitch calculated by numerical simulation is shown in Fig. 6, 
which shows that the numerical simulation and theoretical 
calculation results are consistent. However, the former is 
larger than the latter. 
 
4.2 Flow velocity analysis 
Five groups of flow speed, namely, 0.50, 0.75, 1.00, 1.25, 
and 1.50 m/s, are selected for comparison and analysis 
according to the demand situation to analyze the effect of 
different flow speeds of concrete slurry on the safety 
distance. The diameter of the concrete transporting pipe is 
set to 219.0 mm. The helix diameter is set to 1.0 m, and the 
pitch is set to 2.00 m. The relationship between the safety 
distance and the flow velocity is shown in Fig. 7.  

 
Fig. 7 Safety distance vs. flow velocity. 
 

The safety distance is positively related to the flow 
velocity. The maximum value of the safety distance is 
2042.1 m, and the minimum value is 261.7 m. The reason is 
that the resistance increases with the increase in flow 
velocity. As a result, the safety distance increases 
correspondingly with the increase in energy dissipation 
efficiency. Higher velocity concrete mortar will increase the 
scouring frequency on pipe wall, which causes rapid wear. 
The suggested optimal slurry safe flow velocity after 
technical and economic comparison is 0.50–0.75 m/s. 
The relationship between the safety distance and the flow 
velocity calculated by numerical simulation is shown in Fig. 
7, which shows that the numerical simulation and theoretical 
calculation results are consistent. However, the former is 
larger than the latter. 

 
 
5. Conclusions 
 
To eliminate the high potential energy of concrete mortar, 
the HEDD was added in the vertical pipe. Then, the safety 
distance among the adjacent devices was studied based on 
full pipe flow theory, and several influencing factors were 
analyzed. The conclusions are discussed as follows. 

(1) Vertical transportation of concrete mortar is essential 
to the deep shaft lining strength and construction efficiency. 
The HEDD for mortar’s high potential energy control in a 
vertical pipe of gravity transportation is invented to control 
the accelerated flow, pipeline wear, and mortar segregation. 
This study establishes a helical energy dissipation predicting 
model (HEDPM). The relationship of the safety distance 
among the dissipation devicess is deduced on the basis of 
full pipe flow theory. 

(2) The correction coefficient is introduced to derive the 
resistance loss inside the dissipation device, which is 
verified by the numerical simulation method. The safety 
distance prediction equation is established on the basis of the 
energy balance. 

(3) The safety distance is negatively related to the pipe 
diameter, pipe and helix diameter ratio, and screw pitch but 
is positively related to the flow velocity in a deep shaft case 
study. The suggested optimal parameters of HEDD by the 
technical and economic comparison are a screw pitch of 
more than 1.50 m, a pipeline diameter of 219.0 mm, and a 
safety flow velocity of 0.50–0.75 m/s.  

The safe distance among the HEDDs for the gravity 
pipeline transportation design was determined in this study, 
with the continuous increase of mining depth, the pipeline 
transportation will become more complicated, so the new 
challenging design method will be further studied in the 
future.  
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