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Abstract: The nonconstant concrete flow due to the alternating pumping of the twin cylinder of
the hydraulic pump will cause vibration of concrete pump trucks. Furthermore, the discontinuous
pumping of concrete caused by inadequate suction and air doping will exacerbate the vibration. In
order to study the effect of nonconstant and discontinuous pumping of concrete on the dynamic
response and vibrational stability of the whole vehicle, multi-fluid pumping models with concrete-
lubrication gas for straight and elbow pipes are established, respectively, and the boundary conditions
of periodic pumping speed are taken into account to compare the rheological characteristics of
concrete and the exciting force on the pipe wall under nonconstant pumping, discontinuous pumping
and nonconstant discontinuous pumping conditions. Results show that the pipe pressure and the
exciting force vary periodically with the pumping speed under nonconstant pumping conditions,
and the peak-to-peak value of the pipe pressure and excitation for discontinuous pumping depend
on the volume fraction and distribution state of the gas in the pipe.

Keywords: concrete; nonconstant pumping; discontinuous pumping; pipe pressure; pipe wall
excitation force

1. Introduction

Concrete pump trucks play an important role in long-distance and high-rise trans-
portation [1,2], due to their high efficiency and convenience, as shown in Figure 1. However,
alternating pumping of concrete will cause nonconstant flow and inadequate suction dur-
ing the working process of concrete pump trucks will induce discontinuous flow. Under
the comprehensive influence of these two factors, the pipe pressure and the fluid exciting
force on the pipe wall will increase the vibration amplitude of the pump truck, which
may endanger the safety of people and vehicles. Therefore, the research on the concrete
pumping process is an indispensable part for the design of concrete pump trucks.

Pipe pressure fluctuation during the working process of the concrete pump truck can
be measured by the instrument and sensors, but it is difficult to measure the exciting force
of the concrete flow on the pipe. Numerical simulation methods provide a possibility to
overcome this difficulty.

For concrete pumping simulations, the flow process of concrete in the pipe is complex
since it involves the interaction of sand, stone, cement slurry and gas. it is difficult to
simulate this process and predict the rheological properties. Therefore, concrete is often
simplified into one and more different materials with coupling treatment. So far, there are
three methods commonly used to simulate concrete pumping: The first is the continuous
fluid model method [3-8], which simplifies concrete into Bingham fluid that is a non-
Newtonian fluid, achieving the same rheological properties as concrete on a macro level.
However, in the actual simulation, the pressure loss of the pipe is much larger than the
actual pumped pressure loss, and its velocity model is inconsistent with the plunger flow.
After improvement, a two-fluid model (Euler-Euler) is proposed that divided the concrete
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pipe flow model into the lubrication layer at the boundary of the pipe wall and the center
of the concrete layer. In this case, the pipe pressure loss and velocity distribution of the
model are in good agreement with the actual pumping, and the main influence of the
pipe pressure loss is the material properties of the lubricating layer. The second method
is discrete element method (Lagrange) [9-12], in which concrete is dispersed into a large
number of mortar units. The flow of concrete is equivalent to the flow of dense particles,
and its flow properties are controlled by the normal and tangential forces between particles.
The third method is the fluid—solid interaction (Euler-Lagrange) [13,14], which divides
concrete into mortar in the liquid phase and coarse aggregate in the solid phase. The liquid
phase mortar is simulated by computational fluid dynamics method based on Euler grid,
and the movement of coarse aggregate particles is tracked in Lagrange coordinate system.

Figure 1. Panoramic view of a concrete pump truck.

The two-fluid model method can clearly reveal the physical phenomenon of concrete
flow, and there is mature commercial software for it [15,16], but it cannot simulate the
particle blockage and segregation in the pipe. The discrete element method can simulate the
accumulation of particles, but cannot accurately observe the influence of gas and predict
the flow model of fluid. The fluid—solid interaction can clearly reflect the physical model
of fluid and particle flow, so the solution of the fluid—solid two-phase pipe flow with
fluid—-DEM (discrete element method) coupling can well reflect the problem of concrete, but
the calculation time is too long and the efficiency is very low, especially for the calculation
of free flow in pipe involving the gas-liquid-solid multi-phase.

With the development of time, many studies have been carried out with experimental
and numerical simulations on pipe pressure loss during concrete pumping [17-21], pipe
wall erosion [22-24], and concrete pumping suction process [25,26]. Jang [18] conducted
full scale pumping tests with four different length pipes, and the results showed that
the pressure loss per unit length of the pipeline remained unchanged when the pipeline
length was determined. Chio [21] proposed a method for estimating the pipe pumping
pressure loss, which is in good agreement with the pipe pressure loss obtained from
horizontal coiled pipe experiments, and also obtained the pressure loss per unit length
in the pumping line by comparing simulation with experiment. Tan [22] proposed a new
impact-based time-averaged collision strength model to study the wear mechanism of
bends using the fluid-solid interaction, and accurately predicted the wear behavior of the
bends. periodically changing law, and predicted the flow dead zone of the hopper and
optimized the hopper structure.

However, these studies all focus on the pressure loss in the pipe during steady pump-
ing of concrete, or the flow properties of concrete. There are few reports on the nonconstant
flow caused by alternating hydraulic pumping of the concrete pump truck, the discon-
tinuous pumping caused by insufficient suction of material, and the changes in the pipe
pressure and the pipe wall exciting force caused by these two factors.

Therefore, to solve the above problems, this paper adopts numerical simulation
method to study the nonconstant and discontinuous pumping characteristics of concrete.
Dual-fluid concrete pumping model based on Bingham fluid model is proposed. Account-
ing for the periodic pumping velocity boundary conditions, the nonconstant flow model of
concrete is established. By coupling the gas phase with the two-fluid model, the discontinu-
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ous pumping model is established. A comprehensive analysis of the pipe pressure and the
excitation force during nonconstant and discontinuous pumping of concrete is carried out.
Finally, the change trend of the simulated pipe pressure is compared with the measured
hydraulic cylinder pumping pressure.

2. Concrete Pumping Model
2.1. Concrete Pipeline Flow Model

The Herschell-Bulkley model is a three-parameter rheological model with static shear
stress, which can represent the properties of Newtonian fluid, Bingham fluid, and exponen-
tial rheological modes. The model is commonly used for slurries and cement slurries. The
fluid constitutive model can be represented as follow [3,27]:

T=1+71% (1)

where 19 is the yield stress, v, is the critical shear rate, 7 is the plastic viscosity, v is the
shear rate, b is the power law index, and this model is suitable for Bingham fluid when
b=1

The concrete flow model mainly includes the lubrication layer, the shear layer and
the plunger layer [28], as shown in Figure 2. The lubrication layer and the slip layer at the
boundary are the main influences on the pumping pressure of concrete; followed by the
shear layer, where the shear rate decreases gradually; and the center is the plunger layer,
where the concrete shear rate tends to be close to zero. The velocity gradient along with the
radius is shown by the red line in Figure 2. According to the research of Ingber [29], the
lubrication and shear layers during pumping of fresh concrete are caused by shear-induced
particle migration. When the concrete flows steadily in the pipe, the shear stress from the
pipe wall to the center is gradually reduced, and near the pipe wall, this reduction is more
pronounced due to the wall effect, and the shear stress gradient formed by this distribution
of shear stress causes the coarse aggregate in the concrete to migrate toward the center of
the pipe.

Pipe wall

Lubrication layer

Plunger layer

Shear layer

Velocity distribution curve

Figure 2. Concrete flow model and velocity distribution in pipeline.

According to the above model, if the concrete inlet flow rate is certain, it is a common
concrete constant flow model, while for the concrete nonconstant pumping model, the ideal
concrete pumping speed can be approximated according to the stroke of the piston rod of
the concrete pump. The time-varying pumping speed can be yielded from Equation (2),
and a sketch diagram is shown in Figure 3.

S cosl ey (1= 1) + 3 (12,1)

U(f) = Umax (t3, tZ) (2)

g cos[ s (E—t3)] + 3= (ty, t3)

where vpmax is the flow rate of concrete at constant velocity of the piston rod, i.e., the
maximum flow rate, {1 ~ f is the initial pumping interval, f; ~ t3 is the stabilize the
pumping interval, and t3 ~ t4 is the commutation interval, as shown in Figure 3.
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Figure 3. The velocity model.

For the discontinuous pumping model, on the basis of the constant pumping model,
the volume fraction between the phases in the velocity inlet boundary condition can be
controlled to achieve the discontinuous pumping state with intermittent gas-liquid flow. If
the gas is columnar and periodically distributed in the pipe, the distribution function of the
volume fraction of the gas phase as a function of time is:

Oune = {1 Tn+ty < Atgss < T+t 3)
8as 0, Tn < Atgas <Tn+t,UTn+t, < Atgs < T(n+1)

where Qg5 is the volume fraction proportion of gas under the boundary condition of
velocity inlet, T is the distribution period of the gas column, # is the number of cycles, f, is
the time point at which a section of the gas column begins to flow into the pipeline, ¢, is
the end time point, and At is the total time at which the gas column completely flows
into the pipeline. The time-varying gas phase volume fraction through the inlet section is
shown in Figure 4.
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Figure 4. Volume fraction of the gas phase through the velocity inlet cross-section.

2.2. Volume of Fluid (VOF) Model Control Equations

The Fluent software is adopted to simulate the rheological characteristics of concrete.
Calculation models in the software include the VOF model, Mixture model and Eulerian
model [30]. The VOF model is usually used to simulate two or more incompatible fluids,
such as tank shaking and bubble breaking. The mixed model can be used for two or more
kinds of fluids or particles, in which the different phase can permeate each other. Euler
model, which can be used to solve any polyphase, is only limited by the performance of
the computer and the convergence of the solution, and is the most widely used model.
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The steady and unsteady flow models of concrete include the lubrication layer material,
the core concrete material and gas. The three phases do not interpenetrate each other and
have obvious interface. So, the VOF model is adopted in this paper.

The VOF method is an interface tracking method based on Euler grid. In this method,
the incompatible fluid components share a set of momentum equations, and the volume
fraction of each phase is introduced to realize the tracking of the interphase interface in the
computing domain. For a micro space, if there is a q phase fluid and its volume fraction
is a, then there are three cases in this micro space: when a = 0, the " phase fluid in the
micro space is empty. When a = 1, the ' phase fluid in the micro space is fully filled.
When 0 < a < 1, the mixing of the g phase fluid exists in the micro space, and there is
an interface.

In the mathematical model of VOF, for the g phase, its volume fraction equation is:

1 |9(agp - = ;
0q [(aqtq) + V(“qPq”ﬁ) = Say + El(m,,q — tiigp) @)
p:

n
where a; is the volume fraction of the " phase and Y a5 =1, pg is the density of the gt
q=1

phase, 7,7 is the velocity of the ¢'" phase fluid, Sw, is the source phase, which is zero at
default, 1y, is transport from the p'" phase to the ¢ phase, and fgp is mass transport
from the ¢'* phase to the p'" phase. Instead of solving the initial phase, the volume fraction

n
equation gives a constraint on the volume fraction of each phase, namely }° a; = 1.
q=1
The volume fraction equation can be solved by explicit or implicit method. The explicit
solution equation adopted in this paper is:

n+1 n+1

o 000 L .
th i qV+Z(Pq ¥ qf) Y (1pg — titgp) + Su, | V
p=1

©)

where n + 1 indicates the new time step pointer, 7 is the pointer to the previous time step,
is the value of the g phase volume fraction in the first-order upwind, second-order
upwmd QUICK algorithm, V is the unit volume, UJZ’ is the volume flow through the surface
at the normal phase velocity.
The momentum equation yields:

;t (p0) +v-(p07v) = —vp+v[y(v3+vfﬂ tpg 4+ F ©)

where p is the mixture density and p = Zaqpq, o is the mixture Veloc1ty, p is the static

pressure, y is the molecular viscosity, g is the gravitational force, and F is all external
forces except for the effects of gravity and pressure.

The gas is simplified to an incompressible fluid and all fluids are ignored for tempera-
ture variation and the solution of the energy equation is neglected.

3. Rheological Characteristics of Nonconstant Concrete Pumping
3.1. Concrete Material Properties and Lubrication Layer Parameters

The main factors affecting the properties of concrete materials are yield stress and
plastic viscosity, which can be measured by concrete rheometer. C30 concrete is used, which
material property can be found in [21] and are shown in Table 1.
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Table 1. Concrete material properties.

Material Property Core Concrete Lubrication Layer

Density p/ (kg/m?) 2400 2400
Consistency index

K/ (kg/ (m-s)) % ?

Yield stress 15/Pa 70 5
Critical shear rate. /s~ 1. 1.52 2.00

Power exponent b 1 1

As the most important factor affecting pumping pressure loss, the lubrication layer has
been studied by many researchers. According to the cement slurry volume, water-cement
ratio, high efficiency water reducing agent content and fine sand content of concrete, the
thickness of the lubrication layer is generally between 1 mm and 9 mm [31]. In this paper,
the research data of Choi [21] are adopted, and the lubrication layer is set as 2 mm.

3.2. Force Analysis and Nonconstant Fluid Characteristic Simulation of Straight Pipe Pumping

In the pumping pipe of concrete pump trucks, the straight pipe is the main component
of the pipe, so the analysis of the force characteristics of the pipe is of great significance to
the analysis of the vibration characteristics of the vehicle boom.

During steady pumping, according to the research of Choi [21], the formula of pressure

loss is: AP 20
T2 )
L R(6+Ryp/2m)

where AP is the pressure loss caused by friction, L is the pipe length, v is the concrete
velocity, 77, is the lubrication layer viscosity, 77, is the core concrete viscosity, R is the pipe
radius, and ¢ is the lubrication layer thickness.

For the nonconstant flow, the stress in the process of straight pipe flow is analyzed, as
shown in Figure 5.

Figure 5. Force analysis of straight pipe pumping.

The tube wall friction is Fy = AP7tR?. According to the conservation of momentum
the following equation can be obtained:

—(P +dP)7tR? + PriR? + ApnR? + prR*dxg sin ¢
=ma = —anzdx%

®)



Lubricants 2023, 11, 217 7 of 20

Combining Equation (7) with Equation (8), the pipeline pressure loss P can be yielded:

210

"= R (5 n qu,/qub)

. dov
+pgsm(p+pa L 9)

where P is the pipe pressure, p is the density, g is the is the acceleration of gravity, and ¢ is
the straight pipe tilt angle.

Additionally, the wall excitation force (axial force) of the straight pipe Fy, is the sum of
the wall friction force and gravity, i.e.,

217plv7IR2L

TR (6+ Ry /21, )

+ pgtR?Lsin ¢ (10)

The geometric model of the pipe structure is established in Solidworks software,
the ICEM meshing tool is used to divide the fluid domain into structured grids of the
boundary layer and the central layer, the grid model is imported into Fluent software, and
the pressure-based transient solution method is selected, the VOF model is used to define
the material properties of the boundary lubrication layer and the central concrete in the
laminar flow mode, and the concrete two-fluid flow model is established, the boundary
conditions are set to the velocity inlet, the pressure outlet and the non-slip wall surface.

A horizontal placed straight pipe with a diameter of 125 mm and a length of 1.1 m
was selected to reduce the simulation time. The element number in the pipeline model
is 49,256. A commonly used pumping condition with a pumping frequency of 0.267 Hz
(16 times/min) was adopted. The corresponding flow rate is 85 m®/h. The velocity of
concrete at the inlet of the pipeline can be obtained from Equation (2), where t; =0 s,
tp =0.69s, t3 =2.71s, ty = 3.75, v = 2.53 m/s. The velocity diagram of concrete inlet is
shown in Figure 6. The inlet velocity is defined by using the user defined function (UDF)
file. After simulation calculations, post process was done. The pipeline pressure 0.1 m
away from the inlet was monitored, and the excitation force was calculated by considering
all the results of the last 1 m pipeline. Comparison between the simulated pipeline pressure
and the exciting force and the theoretical results is shown in Figures 7 and 8.

25F k

— —_ o
(=] w (=]
T T
1 1 1

Velocity /(m/s)

4
W
L

0.0 1 Il 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Time /s

Figure 6. Concrete pumping velocity.

According to the simulation results in Figure 7, it can be seen that in the initial accel-
eration interval, affected by the transient changes in concrete mass and concrete velocity,
namely momentum ma, the pipeline pressure has an obvious abrupt peak. Followed by the
constant velocity motion interval in the middle range, at which time the pipeline pressure is
almost constant. Finally, the velocity decay, the pipeline pressure also decreases accordingly.
Pipeline pressure fluctuates periodically during the whole pumping process. In Figure 8,
the variation trend of the exciting force is roughly the same as that of the pressure, but
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there is no peak change in the initial acceleration stage, because the exciting force of the
straight pipe is mainly provided by the friction force of the pipe wall. In addition, the
theoretical calculation results are the same as the simulation results, but the values are
slightly different, which is because the thickness of the lubrication layer of the concrete in
the pipe is not completely accurate to the theoretical value during the simulation.

50 —o— Simulation value )
—O— Theoretical calculated value
40+ ]
<
= 301
g
2
2 20
e
-9
101
04
0 2 4 6 8 10
Time /s

Figure 7. Pipeline pressure comparison between simulation and theoretical values.

600 T T T T T

—— Simulation value
—C— Theoretical calculated value

500 b

Excitation force/N

Time/s

Figure 8. Excitation forces comparison between simulation and theoretical values.

3.3. Force Analysis and Nonconstant Fluid Characteristic Simulation of Elbow Pipe Pumping

In the pumping pipeline, an elbow pipe is mainly used to connect the pipes between
two booms to change the direction of the fluid. This may cause particle blockage in an
elbow pipe, erosion wear on pipe wall [22-24] and other conditions that seriously affect
the pressure loss of the pipe and the pipe structure. When the fluid flows through the
elbow, the change in flow direction and the exciting force generated under the nonconstant
pumping condition will seriously affect the stability of the boom.

Regardless of gravity, the force analysis for an elbow pipe is shown in Figure 9.

According to the conservation of momentum, the following equation is obtained:

Amo
- = pAu(1ly — 1i7) (11)

Fin + Fout + Fp =
where ;1 is the inlet velocity, ﬂ)z is the outlet velocity, u is the concrete flow rate in the pipe,
Fy, = PiyA, Fout = PoutA, Py, is the inlet pressure, A is the pipe cross-sectional area, Py is
the outlet pressure, F, is the excitation force, and its direction is towards the normal of the
outer arc.
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Figure 9. Force analysis for elbow pipe pumping.

A similar pumping model used in Section 3.2 is adopted, and UDF files related to
speed and time is loaded. Other boundary conditions remained unchanged. The pipe
model is a curved pipe with a curvature radius of 140 mm and a bending angle of 90°, as

shown in Figure 10. Figure 11 shows the comparison of the excitation force between the
theoretical calculation value and the simulated one.

q
e 125

»

300

Figure 10. Geometry model of the elbow pipe.

700 T

—#— Simulation value
600 - —— Theoretical calculated value

Excitation force/N

— [\S} (98] B W
(=3 (= o S (e
[=} (=] (=] (=] S
1 1 1 1 1

(=]
1

S
S}
N
[o)}
o
—_
S
—_
¥}

Time/s

Figure 11. Comparison of the elbow pipe excitation force between simulation and theoretical value.

In Figure 11, the simulated excitation force of elbow pipes remains the same as the
theoretical result, which means Equation (11) can well represents the elbow pipe exciting.

Different from the straight pipe, the elbow pipe excitation force is also affected by the
radius of curvature and bending angle of the pipe.
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4. Rheological Characteristics of Discontinuous Concrete Pumping
4.1. Discontinuous Flow Model

During the pumping process, the gas will inevitably be sucked into the concrete. There
are two states for the gas in the pipe: irregular air bubbles and air columns. The influence
of bubbles on the pipeline pressure and the wall excitation force is relatively small, and
during the concrete flow process, bubbles gradually gather together to form air columns,
as shown in Figure 12. So, only air columns are considered in this model.

R

Air bubbles

v, A *
0~ Tl

Air bubbles Air column Air bubbles Large bubbles

Air bubbles

Figure 12. Schematic diagram of concrete flow under the influence of gas in a pipeline.

To simplify the analysis, the gas is modeled as incompressible fluid. A large amount
of air is directly imported in the inlet to form air columns, and Equation (3) is used to
define the time of air flowing into the pipeline and the volume fraction of air. In the actual
pumping situation, the volume fraction of the gas column and the distribution of the gas
column are all randomly changing. In order to facilitate research, two kinds of simulation
are performed in this paper. The first one contains only one gas column, while the gas
volume fraction changes. The second one contains a multi-stage gas column distributed
more frequently.

4.2. Pumping Characteristics of Concrete in the Straight Pipe

(a) Pumping characteristics in the straight pipe under the influence of a single gas column

By editing the function of volume fraction with time and loading it into the velocity
inlet boundary conditions, the gas phase and the liquid phase are controlled to enter
alternately from the velocity inlet boundary to form a discontinuous flow with a constant
velocity of 2.53 m/s. The flow diagram is shown in Figure 13.

No air The whole pipeline is only No air
column | | affected by this column | | column

#

Concrete  Air column

—_—

7
Figure 13. Discontinuous flow diagram of concrete.

Keeping other conditions unchanged, numerical simulation is carried out on four cases
where the volume fraction of the gas column is 10%, 20%, 30% and 40% (the percentage
of the gas column in the total volume of 1 m pipe). The relationship between the pipe
pressure P and the wall exciting force F, with the volume fraction of the gas is shown in
Figures 14-17.
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45 —0— 10%
—o— 20%}]

Pressure / kPa

1.0 1.2 1.4 1.6 1.8 2.0

Time /s

Figure 14. Concrete pressure in a single period.

s 251 3 =602.07x +2345.57
=

g

=201

>

-

g,

5'3 154

Az

3

~ 101

8 16 24 32 40

Gas volume fraction/%

Figure 15. Gas volume fraction and peak pressure value.

3507 —0— 10%|/
i —0—20%
500 I
Z 4501 0%
: =
S 400 g
f=)
-2 350
5 i
2300
250- |
200 1

50 52 54 56 58 60

Time /s

Figure 16. Wall excitation force in a single period.

There is a significant pressure drop when gas is sucked in Figure 14. The higher the
gas volume fraction, the more significant the pressure reduction and the more intense the
pressure fluctuations. Additionally, compared with the continue pumping, the pressure
fluctuation curve is non-smooth for the discontinuous case. This is because the pipeline
pressure is derived from the pressure of a special section, and influenced by the gas phase,
the pressure gradient inside the pipeline exhibits a complex and nonlinear distribution.
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[\)

]

(e)
1

3 =5.979x —8.649

—

N

(=]
1

100

Peak-to-peak value / N

50+

10 15 20 25 30 35 40

Gas volume fraction / %

Figure 17. Influence of gas volume fraction on the peak-to-peak value of the excitation force.

There is also a significant drop for the wall excitation force when gas is considered
in Figure 16. The higher the gas volume fraction, the more significant the force reduction
and the more intense the force fluctuations. Unlike the curves in Figure 14, the excitation
force curves in Figure 16 are smooth. This is because the excitation force comprehensively
considered all the results of the last 1 m pipeline.

As shown in Figures 15 and 17, with the increase in gas volume fraction, the peak-
to-peak values of the pipe pressure and the exciting force gradually increase, and these
values are only related to the total gas content in the pipe. The peak-to-peak value of the
exciting force on the pipe wall is F,, = APL7R?k, where k is the percentage of gas in the
total volume in the pipe.

(b) Pumping characteristics in the straight pipe under the influence of air column groups

The concrete flow velocity is 2.53 m/s, and the volume fraction of a single gas column
is limited to 10%. The time distribution frequency of the gas column flowing into the pipe
is0.1s,0.25,0.3s,0.4 s and 0.5 s, respectively (the volume fraction of gas in the whole cycle
is 40%, 20%, 13%, 10% and 8%). The flow diagram is shown in Figure 18. The results of the
pipe pressure and the pipe wall exciting force obtained are shown in Figure 19.

There are several gas columns interacting
in the whole section of the pipeline

N | | I
v ' v 1

%

V Concrete Air column

Figure 18. Schematic diagram of the high-frequency distribution flow of air columns.

As shown in Figure 19, different distribution frequencies of the air column result
in different pipeline pressure fluctuation. With the increase in air column distribution
frequency, pressure fluctuation trends to be more and more chaotic. When the time distri-
bution frequency of the gas column flowing into the pipe is 0.1 s, pipe pressure fluctuation
has no obvious rule. This is because the space between gas columns is very small, resulting
in fusion and separation among the gas columns in the pipe. Therefore, the gas in the pipe
has an atmospheric bubble or gas column shape with random distribution.
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Gas column

351
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20

T T T T T T
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Figure 19. Variation trend of the pipe pressure with different volume fraction.

The time-variation excitation force curves with different air column distribution fre-
quencies are shown in Figure 20, and the peak-to-peak value of the excitation forces are
shown in Figure 21.

550 T
——0.1s
—0o—0.2
500 . I, N— 032 7
—>—0.4s
4504 935

PARA

Excitation force/N

(98] (98] i

() [ o

() (e) (e}
1 1 1

0.5 1.0 15 2.0

e
o

Time /s

Figure 20. Excitation with different distribution frequencies.
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(=}

235- -
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530- R

254 b

20 T T T T T
0.0 0.1 0.2 0.3 04 0.5 0.6

Air column distribution time / s

Figure 21. Peak-to-peak value of excitation with different distribution frequencies.
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As can be seen from Figure 21, the wall excitation force changes periodically with
the air column distribution frequency when the period is between 0.2 s and 0.4 s. As the
distribution period increases, the mean value of the excitation force gradually increases.
Due to the influence of multiple air columns in the pipeline on the excitation force, the
fluctuation of the excitation has no obvious change pattern, but its peak-to-peak value
does not exceed the product of the proportion of the total volume fraction of gas and
the excitation force of steady pumping state. In addition, when the distribution period
decreases to a critical value, with the flow of concrete, air columns break or aggregate with
each other, resulting in the irregular changes in the excitation force.

As can be seen from Figure 21, affected by the superposition of multiple gas columns
in the pipe, the peak-to-peak value of the excitation force on the pipe wall fluctuates
irregularly, but its peak-to-peak value does not exceed the product of the proportion of
the total integral number of gas in the pipe and the excitation force in the pipe during
steady-state pumping.

The relation between the effective excitation force and the comprehensive volume
fraction proportion is shown in Figure 22. Under the influence of the high-frequency
distribution of the gas column, multiple gas columns in the pipe interact with each other
causing their peak-to-peak value to vary irregularly, but their effective values are linearly
related to the volume fraction kg of the of the air column occupying the whole cycle, that is,
Frms = AP7TR?ky.

420 T T T T T T T T T T T T T T

400 +

y=440.16-3.657x

380 -
360 -
340 +

320+

Effective value / N

300 +

10 15 20 25 30 35 40
Composite volume fraction ratio / %

Figure 22. Relation between effective value of the excitation force and the proportion of comprehen-

sive volume fraction.

4.3. Rheological Characteristics of Discontinuous Concrete Pumping in Elbow Pipes

In order to study the excitation force on the pipe wall in the discontinuous flow process
of concrete, a same pipe model with a constant velocity of 2.53 m/s mentioned in Section 3.3
is used to simulate the influence of different volume fractions of the air column on the
excitation force on the pipe wall.

The time interval of air columns flowing into the pipe is 3.75 s, and the volume fraction
of the air column is 10%, 20%, 30% and 40% (the volume fraction is the percentage of the
total integral number of the 1 m pipe). The concrete flow diagram in the elbow pipe is
shown in Figure 23.



Lubricants 2023, 11, 217 15 of 20

b)) |
U4

(a) 10% gas volume fraction

(b) 20% gas volume fraction

|
b /]
LD 4

(c) 30% gas volume fraction (d) 40% gas volume fraction

Figure 23. Flow diagram of an elbow pipe with different gas volume fractions.

As can be seen from Figure 23, with the presence of gas, when the gas passes through
the elbow pipe, the gas will be significantly close to the inner wall and the concrete close

to the outer wall due to the centrifugal force. The elbow pipe excitation force is shown in
Figure 24.
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Figure 24. Excitation force of an elbow pipe.

It can be seen from Figure 24 that when the gas flows into the pipe, the excitation
force of the elbow begins to decrease until the whole gas column flows into the pipe. The
exciting force of the elbow reaches the minimum, then the concrete begins to flow into the
pipe, and the exciting force of the elbow begins to rise. When the concrete flows through
the elbow, it will have an impact on the pipe wall of the elbow. At this time, the excitation
force of the elbow will have an obvious mutation peak, then as the concrete continues to
flow, the excitation force of the elbow continues to increase until the flow is stable.

Figure 25 shows the relationship between the peak-to-peak values of the exciting force
in the elbow pipe and the volume fraction of gas under different conditions. The peak-to-
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peak value of the bend exciting force increases with the increase in gas volume fraction.
Additionally, with the increase in gas volume fraction, the slope of the curve decreases.
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300 .

Peak-to-peak value / N

Gas volume fraction

Figure 25. Peak-to-peak value of the elbow pipe excitation force.

5. Nonconstant and Discontinuous Concrete Pumping Characteristics

During the working process of the pump truck, the force of concrete on the pipe wall
can be divided into: nonconstant flow generated by alternating pumping of hydraulic
pumps and discontinuous flow caused by inadequate suction material of concrete pump. In
order to explore its comprehensive influence on the wall pressure and the excitation force,
this paper designed the simulation of gas in the pipe under two conditions: low-frequency
distribution and high-frequency distribution.

A two-fluid concrete pumping model is used, with a lubrication layer thickness of
2 mm, a pipe length of 1.1 m, and an inlet velocity of 2.53 m/s, a pumping frequency of
0.267 Hz, and a maximum velocity of 2.5 m/s.

For low-frequency gas column distribution, for the case that there is only one gas
segment in a pumping cycle, and the volume fraction of a single gas column is 20% of
the total pipe volume, the pipe pressure and the exciting force obtained by simulation are
shown in Figures 26 and 27.

From Figures 26 and 27, it can be seen that the trend of the pipe pressure and the
excitation force fluctuates periodically with the change in pumping speed. When there is
only one gas column, the pipeline pressure and the excitation force will have a sudden
peak value during the gas column passing through the pipeline, and the value is related to
the volume fraction of the gas column.

50 4 T T T T T

Pressure / kPa

4 6 8 10 12 14

Time /s

Figure 26. Pipeline pressure for a single gas column.
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Figure 27. Excitation force for a single gas column.

In the high-frequency gas columns distribution case, take the gas column interval
period 0.2 s as example, the volume fraction of the single section of the gas column is 10%

of the total volume of the pipe, the simulated pipe pressure and the exciting force at this
time are shown in Figures 28 and 29.
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Figure 28. Pipeline pressure for multi-air columns.
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Figure 29. Excitation force for multi-air columns.

It can be seen from Figures 28 and 29 that in the case of the high-frequency distri-
bution of the air column, the pipe pressure and the excitation force are also affected by
pumping speed and air column distribution frequency. However, the pipe pressure and

the exciting force fluctuate more frequently compared with the low-frequency air column
distribution case.
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In order to explore the characteristics of the pipe pressure and the excitation force
during actual pumping, the pumping pressure of the hydraulic cylinder of a certain type of
pump trucks is collected, as shown in Figure 30. The sensor is installed on the hydraulic
cylinder by the manufacturer before delivery, so the detailed arrangement, model and
parameters are not available. This curve can only serve as a reference for research to a
certain extent. So, only the changing trend of the collected pressure is compared with the
simulation concrete pressure.

25 T T T T T T T T T T T T

o (o mm T i

Pressure / MPa

0 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Time /s

Figure 30. Real car pumping pressure.

From Figure 30, one of the dual-cylinders of concrete hydraulic drive pumping pushes
the piston to accelerate from zero, compresses the concrete into the feeding tube, at which
time, the pressure has obvious sudden peak. After reaching a certain speed, the piston
moves at a constant speed, and the pressure is relatively stable at this time. Finally, the
piston is near the end of the stroke and starts to decelerate. The pressure drops until the
piston collides with the bottom of the cylinder, the pressure rises suddenly, and the other
concrete hydraulic cylinder push the piston to work, so the cycle repeated. The results are
similar to the simulation in Figure 28 for the high-frequency distribution of the gas column
case. Since bottom collision is not considered in the simulation model, there is no sudden
change in pressure at the end of the cycle. After subtracting this difference, the change
trend is basically the same for simulation model and experimental results. Thisindicates
that the pipe pressure is mainly affected by two factors: nonconstant pumping generated
by alternate working of dual-pump and discontinuous pumping influenced by gas.

6. Conclusions

A multi-fluid pumping simulation model for concrete pump trucks is proposed. The
rheological properties of concrete and its excitation force on the pipe wall during non-
constant pumping, discontinuous pumping, and nonconstant discontinuous pumping are
studied for straight and elbow pipes, respectively. Corresponding research can provide
guidance for the pumping mechanism, vibration response, and working stability analysis
of the concrete pump truck. The conclusions are as follows:

1. For the nonconstant pumping of the concrete pump truck with two alternating cylin-
ders, the pipeline pressure and the excitation force vary periodically with the pumping
speed of concrete. With the change in pumping speed, the pipe pressure will have
an obvious sudden peak in the initial stage of pumping; followed by the stable con-
veying stage, the pipe pressure is almost constant; and finally the reversing stage, the
pressure will also decrease. The simulated pipeline pressure and the excitation force
are basically consistent with the theoretical results.

2. For discontinuous concrete pumping caused by inadequate suction, the mean value
of the pipe pressure and the wall excitation force is negatively correlated with the
volume fraction of gas in the pipe under the condition that the volume fraction of gas
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does not exceed 40% of the total integral number of the pipe. The peak-to-peak value
is positively correlated with the volume fraction when the gas column is distributed
at low frequency. While the peak-to-peak value changes irregularly when the air
columns are distributed at high frequency.

3. The air column will significantly increase the pipeline excitation force. The impact on
the excitation of an elbow pipe is greater than the that of the straight pipe, and the
impact law is more complex.

4. The pipe pressure of the nonconstant discontinuous concrete pumping model has
a good consistency with the variation trend of pumping pressure of a real truck
hydraulic cylinder, and the model can better reflect the nonconstant flow caused by
the alternating pumping and the discontinuous flow caused by insufficient suction
material. However, due to the limitations of experimental conditions, it is not yet
possible to compare the specific simulation results with the experimental values.
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