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Abstract

This paper establishes a relationship model between low atmospheric pressure and flow characteristics under
high altitude conditions based on the theory of viscous fluid mechanics. It analyses and demonstrates that the
plastic viscosity of the paste slurry is influenced by changes of atmospheric pressure. An orthogonal
experiment is designed using an inclined pipe and measuring the corresponding rheological parameters in
Beijing and Lhasa, respectively. Results show that low atmospheric pressure has little effect on the yield stress
of the paste slurry, but has certain impact on the plastic viscosity of the slurry.

1 Introduction

As one of the key technologies in cemented filling, the design of the pipeline transport system determines
the stable operation of the filling system (Huang and Sun, 2003). Compared with the simple two-phase flow
with low concentration, unclassified tailings paste has obvious non-Newtonian characteristics as it flows in
pipes (Belem and Benzaazoua, 2008). Studies (Wang et al., 2015; Gillies et al., 2007; Belem and Benzaazoua,
2004) have shown that the flow of paste slurry presents a stable state like the plug flow, which can be
characterized by the Bingham model or the Herschel-Bulkley model. By fully studying the flow characteristics
of paste slurry, the complexity of paste filling pipeline, pressure distribution and consumption imbalance are
considered (Liu, 2001), which provides the technical basis for the operation of filling transport system and
maintenance (Wang, 2010). However, in mines of high altitude, the flow characteristics of paste during filling
slurry preparation and paste transport can be affected by factors including the different temperature sources
(Nasir and Fall, 2009; Rawlins and Phillips, 2001) and low atmospheric pressure. It is not clear how low
atmospheric pressure influences the flow characteristics of the paste slurry as research in this area is rarely
reported. In other areas, Bair and Winer (1990) has examined the flow characteristics of viscous lubricant
with the pressure increasing, but they has not conducted the experiment under low pressure conditions.
Meanwhile, the flow characteristics of viscous lubricant as a type of Newton body are not suitable for the
Bingham model of the paste. Therefore, it is essential to study the mechanism of the flow characteristics of
the paste so as to provide theoretical and practical guidance for the transport stability of paste slurry pipelines
in high altitude mines.
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Rheological parameters are an important index for evaluating the flow characteristics of paste slurry. A
number of studies on the rheological properties of filling slurry (Liu et al., 2014; Wang et al., 2008; Wang et
al., 2004; Wallevik, 2009) have mainly used the direct or the indirect method. The direct method uses various
types of rheometer, such as the paddle type rheometer (e.g. the R/S +SST rheometer and the NXS-11A
rotational viscometer), the concentric cylinder rheometer (Wang et al., 2010) and the parallel plate
rheometer (Berrich et al., 2011). Using this method, the rheological parameters, such as yield stress and
viscosity, can be conveniently obtained (Wu et al., 2013). However, the measured data are not stable and
exhibit a large deviation, especially when some coarse aggregates are added (Dzuy and Boger, 1983). Based
on the assumptions of the fluid model, the indirect method, on the other hand, obtains the corresponding
rheological parameters by fitting the data of the loop test (Karasua et al., 2015). Although most well adapted
to practical field conditions, it is not widely used because of the complexity of the experimental device and
great labor intensity (Clark et al., 1995). In view of the disadvantages of the rheometer and the loop test
device, the inclined pipe device was designed in order for a simply and convenient determination of
rheological parameters.

In accordance with the safety supervision of high altitude and high concentration filling of a copper mine in
Lhasa, China, the relationship model between the low atmospheric pressure of high altitude conditions and
the flow characteristics was established on the basis of the theory of viscous fluid mechanics.

The analysis demonstrated that low atmospheric pressure influenced the flow characteristics of paste slurry
by changing its plastic viscosity. The effect of low pressure conditions on the rheological parameters of paste
slurry was analyzed with the experimental data, hence providing guidance for the stable operation of high
altitude paste filling system.

2 Theory regarding flow characteristics of paste slurry under low

atmospheric pressure

In order to simplify the model, paste slurry can be regarded as a non-compressible viscous fluid that flows
with continuous and constant velocity in the inclined pipe. Because of the influence of the slurry viscosity and
the roughness of the pipe wall, flow resistance is formed, exerting a negative effect on the slurry. The
roughness of the pipe wall can consume the mechanical energy of the system (Meng, 2011). Thus, the kinetic
formula can be expressed in Equation (1):
AE =YW = W; + Wp — Wr (1)

Where:

W, =Work of gravity;

Wp =That of pressure;

Wr = That of friction;

Figure 1 shows a paste slurry element in the flowing process. Select 1 and 2 sections and flow sections are
dyq and dy, respectively. The height of the two sectionsis Z; and Z, respectively from the baseline 0-0.
The flow rates of the slurry in two sections are v; and v,, respectively, and the pressures are
respectively P; and P,.
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Figure 1 Flow diagram of viscous fluid element

By analysing the infinitesimal, the kinetic energy variation is:

ui
29

1 1 2
AE = - dmuj —~dmuf = pngdt(;‘—; — ()

The pressure exerted on the element flow consists of that on the two cross sections and that on the side. But
as it is perpendicular to the flow direction of the element, the positive pressure on the side does not work.
Therefore, the work of pressure can be expressed as:

Wp = PydAu dt — PydAyu,dt = (P — P,)dQdt (3)
The work of gravity of the element flow is the potential difference between 1-1’and 2-2":
We = pgdQdt(Z, — Z,) (4)
So the kinetic formula can be expressed as:
pgdQdt (5 —11) = pgdQde(Z, — 2,) + (P, — P,)dQdt — W )

Let Wr/(pg - dQ - dt) = hg, and both sides of the equation are divided by dt, pg and dQ:
uZ — u? =29[(zl—zz)+hf]+”12;f (6)

According to Equation (6), the constant difference of (u3 — u?) is constant under the ideal flow state;
Z1-Z,, p and g remain unchanged under the same experimental conditions in Lhasa and Beijing. Although
the atmospheric pressure of high altitude areas is not consistent with that of the plain areas, the pipeline
device is in full contact with the external environment, making P; — P, remain changed. The right-hand side
of Equation (6) shows that only the change of /4, affects the flow rate difference, which cannot be ignored
because of the change of the paste slurry flow.

Combining the formula of the resistance loss in the circular tube with the expression of the Reynolds number:

= ijvduzl (7)
Where:

U = Slurry viscosity;

p = Density of the slurry;

v = Average velocity;

l = Pipe length;
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As is shown in Equation (7), when other conditions remain unchanged, changes in the viscosity of the paste
slurry will change the resistance loss along the way, thus affecting the flow characteristics of the paste slurry.
Therefore, the relationship between the atmospheric pressure and flow characteristics of the paste slurry can
be established, with the plastic viscosity of the paste bringing the two together. If low atmospheric pressure
can change the plastic viscosity of the paste slurry, the flow characteristics of the paste will change accordingly.

Hirai and Eyring (1959) have put forward the relationship between the viscosity of the viscous fluid and the
pressure exerted by the external environment:

np = Np,exp[B(P — Py)] (8)
Where:
n, = Fluid viscosity under the condition of external pressure P;
Np, = Fluid viscosity under the normal condition of external pressure Py;
p =Pressure coefficient;

The pressure coefficient f is related to the porosity of solid materials (V) and the absolute temperature (T):

p="t (9)

T RT
Where:
R =General air constant;
T = Absolute temperature constant;

It can be found from Equations (8) and (9) that plastic viscosity of the paste increases with the decrease of
atmospheric pressure, so the resistance loss of the paste slurry flow in high altitude areas is greater than that
in the plain areas because of low atmospheric pressure under the same experimental conditions. It can be
concluded that the flow characteristics of the paste slurry in high altitude areas is lower than that in the plain
areas.

3 Materials and methods

3.1 Experimental materials

The experimental materials include unclassified tailings and cement. The unclassified tailings were obtained
from a copper mine located in Lhasa, Tibet, China. The content of fine particles smaller than 20 um is 32.4%
and that of fine particles smaller than 70 um is 56.8%. The content of average particle size is 58.74 um. The
binder is ordinary Portland cement. The physical quantity test of the unclassified tailings is shown in Table.

Table 1 Physical and mechanical parameters of tailings

Proportion Loose bulk density Dense bulk Loose porosity Density Water content
(kg/m) (k/m) density (kg/m) (%) porosity (%) (%)
3138 1549 1976 51.40 36.80 0.21

3.2 Apparatus

The experimental device includes a circular tube, a feeding hopper, a feeding trough, a bracket, and so on.
The device is shown in Figure 2.
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Figure 2 Inclined pipeline test device

The even paste slurry was poured into the feeding hopper and the angle of the inclined pipe was designed to
between 8.5 and 11.5° to simulate the filling rate to the maximum extent.

3.3 Experimental principle

The force analysis of the paste slurry in the pipe is presented in Figure 3.

Pipe wall

Figure 3 Force analysis of slurry unit in the pipe

When the high concentration slurry flows in the inclined pipe, and the force balance equation is:

— AP-D + Dpgsina (10)
4L 4

TW
Where:
T,, = Shear stress of the slurry on the pipe wall;
D = Pipe diameter;
L = Length of the infinitesimal body of the slurry;
a = Pipeinclination angle;
AP = Pressure at both sections of the slurry;
p = Density of the slurry;

g  =Acceleration of gravity;

In the Bingham fluid model, the relationship between the shear stress t,, on the pipe wall and the shear
rate 8v/D can be expressed by the Buckingham formula. Generally, in structural flow areas, the relationship
between 1, and 8v/D is linear in the range of high shear rate. Therefore, the Buckingham formula can be

expressed as:
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4 8v
Tw =370+ 5 B (11)

Where:
Ty = Yield stress;
Ug = Plastic viscosity;
v = Velocity;
According to the Bernoulli formula and the Darcy-Weisbach formula (Hogarth et al., 2005):

2 2
LA (12)
pg 29 D 2g

Where:
h = Height difference between the inlet and outlet of the inclined pipe and h = L sin a;
v = Average velocity of the slurry;
h,, =Resistance loss of the pipeline along the path;
Combine Equations (11) and (12) and put them into Equation (10):
4 8v pD v? pDgsina
o tus g =52 (g(h —hy) - %) + 2R (13)
3.4 Experimental methods
For the inclined pipe experimental device, D and L are known quantifications and g is the constant value
in spite of the altitude differences in the Beijing and Lhasa. p can be determined by the paste slurry and the
corresponding h,, can be calculated by Equation (12). After the inclination angle of the device has been
adjusted, the flow rate of the paste slurry is determined. Hence, a binary linear equation under the condition
of two different inclinations can be obtained.

4 8v, (g sina;  v,? ghwl)
-T - = D R —
3Tot 5 e =p 2 8L 4L

4 8v, gsina, v, ghy, (14)
ST0+ emg = pb (1 -2 - Ts)

The paste slurry is poured into the feeding hopper and the constant level of the liquid at the beginning of the
flow experiment is controlled to stabilize the flow rate. In order to ensure the accuracy of the experiment,
the flow time should be more than 10 s.

The flow rate is determined by blocking the outlet pipe with the ball valve under the fixed angle and pouring
the paste slurry into the feeding hopper. The ball valve is released in order to keep the slurry at an even level
to calculate its velocity. Recording the flowing time t and mass of the slurry m, the flow rate v is:

by % (15)
Where:

p  =Slurry density;

d = Pipeline diameter;

As shown in Table 2, the experiment of two factors and five levels was conducted by controlling the mass
fraction of the slurry and the cement-sand ratio.
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Table 2 Experimental scheme

4 Results

Level Cement-sand ratio Mass fraction (%)
1 1:4 70
2 1:6 72
3 1:25 74
4 1:8 76
5 1:12 78

4.1 Experimental data from Beijing and Lhasa

The flowrate of the slurry was measured under different concentrations and different cement-sand ratios in

Beijing and Lhasa. The rheological parameters of the slurry were calculated and compared by using

Equation (14). The results from both tests are shown in Tables 3 and 4.

Table 3 Test data of paste slurry by inclined pipe in Beijing

Concentration Cement-sand Dip angle Average Yield stress Plastic viscosity
(%) ratio (°) velocity (m/s) (Pa) (Pa-s)
8.50° 1.66
70 1:4 15.78 0.03
11.50° 1.95
8.50° 1.16
72 1:6 20.30 0.05
11.50° 1.46
8.50° 0.25
74 1:25 34.09 0.15
11.50° 0.48
8.50° 0.07
76 1:8 37.54 0.30
11.50° 0.08
8.50° 0.05
78 1:12 49.82 0.35
11.50° 0.07
Table 4 Test data of paste slurry by inclined pipe in Lhasa
Concentration Cement-sand Dip angle Average Yield stress Plastic viscosity
(%) ratio (°) velocity (m/s) (Pa) (Pa-s)
8.50° 1.58
70 1:4 15.20 0.04
11.50° 1.86
8.50° 1.10
72 1:6 20.37 0.07
11.50° 1.38
8.50° 0.20
74 1:25 33.90 0.18
11.50° 0.46
8.50° 0.04
76 1:8 37.49 0.38
11.50° 0.05
8.50° 0.03
78 1:12 49.94 0.39
11.50° 0.04
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4.2 Analysis of influencing factors of plastic viscosity

The data analysis was carried out according to the rheological parameters measured in Lhasa. The quadratic
polynomial regression equation of the relationship between the plastic viscosity, concentration and cement-
sand ratio was established. The results are shown by Equation (16). The correlation coefficient of the fitting
equation is R =0.9988, and the significant level p = 0.0134 < 0.05.

y, = 10.5047 — 0.3254x; + 0.3900x, + 0.002499x, > (16)
Where:
y, = Plastic viscosity of the slurry;
x;  =Concentration of the slurry;
x, = Cement-sand ratio;

In the regression equation of the plastic viscosity, the correlation coefficient of the two factors are r1 =0.9708
and r2 = 0.2855. Therefore, the concentration of the slurry (x;) has a greater effect than the cement-sand
ratio (x,) on the plastic viscosity. x; shows in the form of a linear term in the regression equation, but x,
does not. So the effect needs to be analyzed by the path coefficient.

Table 5 Path coefficient of plastic viscosity related-factors

Factor Direct effect X1 X2 X1 *x1
X1 -6.9695 - 0.0181 7.9231
X2 0.2130 -0.5923 - 0.6649

X1 ¥ x1 7.9241 -6.9695 0.0179 -

According to Table 5, the increase of concentration (x;) will lead to the decrease of the x; value and the
increase of the x;, value in the regression equation. The direct path coefficient of x; is positive
(P1=-6.9695) with a direct negative effect and the direct path coefficient of x;, is negative (P11 = 7.9231)
with a direct positive effect. The interactive effect of the slurry concentration and the cement-sand ratio on
the plastic viscosity of the slurry is shown in Figure 4.

Plastic viscosity ( Pa.s)

78

01

0.05
Cement-sand ratio 0 70

Concentration( %)

Figure 4 Response surface map of the concentration and the cement-sand ratio effect on plastic viscosity

According to Figure 4, the increase of the concentration and the cement-sand ratio leads to an increase of
the plastic viscosity. At the same concentration, the color change is not obvious along the axial direction of
the cement-sand ratio. But at the same cement-sand ratio, the color change is obvious along the axial
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direction of the concentration. It can be concluded that the influence of concentration is much greater than
that of the cement-sand ratio.

4.3 The effect of low atmospheric pressure on the yield stress of the slurry

The data in Figure 5 show the comparison of yield stress between Lhasa and Beijing.

55

—®—The yield stress value in Lhasa(Pa)
50 | —e—The yield stress value in Beijing(Pa)

45
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Slurry concentration(%)

Figure 5 The comparison of slurry yield stress value in Lhasa and Beijing

Because of the less obvious differences in the yield stress value of the paste slurry between the two places,
the effect of atmospheric pressure on yield stress is illustrated by the combination of the difference table.
The results are shown in Table 6.

Table 6 Yield stress in Lhasa and Beijing compared

Concentration Lhasavalue Beijing value Lhasa value minus | Lhasa value minus Beijing
(%) (Pa) (Pa) Beijing value value | /Beijing valuex100%
70 15.2 15.8 0.60 3.80
72 20.37 20.31 0.06 0.56
74 33.9 34.09 0.19 0.30
76 37.51 37.55 0.05 0.13
78 49.92 49.86 0.06 0.12

Figure 5 and Table 6 show that the yield stresses in Lhasa and Beijing are basically consistent. The effect of
the variation of atmospheric pressure on yield stress can be disregarded although there are likely to be some
experimental errors. With the increase of slurry concentration from 70 to 78%, the difference of the yield
stress values in the two places gradually decreases.

4.4 The effect of low atmospheric pressure on plastic viscosity

The data in Figure 6 and Table 7 compare the plastic viscosities of Lhasa and Beijing.
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Figure 6 Slurry plastic viscosity value in Lhasa and Beijing compared

Table 7 Plastic viscosity in Lhasa and Beijing compared

Concentratio Lhasa value Beijing value Lhasa value minus | Lhasa value munus Beijing
(%) (Pa) (Pa) Beijing value value | / Beijing valuex100%
70 0.04 0.03 0.01 25.0
72 0.07 0.05 0.02 28.6
74 0.18 0.15 0.03 11.8
76 0.38 0.30 0.08 21.0
78 0.39 0.35 0.04 10.3

With the concentration range of 70~78%, the plastic viscosity measured in Lhasa is always greater than that
measured in Beijing. In the range of the 70~76%, the difference of plastic viscosity measured in Lhasa and
Beijing respectively increases, but the influence ratio of the viscosity has a downward trend in general,
decreasing from 25.0% with a concentration of 70 to 21.0% with a concentration of 76%. The difference value
reaches its maximum with a concentration of 77%, and then has a downward trend as concentration increases.
Finally, when the slurry concentration reaches 78%, the difference decreases to 0.04 Pa, and the influence
ratio of the viscosity decreases to 10.3%.

4.5 The effect of low atmospheric pressure on the flow rate

The angle of the inclined pipe is adjusted and the average flow rate of the slurry is calculated by combining
the Equation (15) both at 8.5 and 11.5°. The results are shown in Figure 7.
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Figure 7 Comparison of the average flow rate in Lhasa and Beijing under two different angles; (a) 8.5°; (b) 11.5°

According to Figure 7, the flow rate of the paste slurry decreases with the increase of concentration at 8.5
and 11.5° and the downward trend of Figure 7(a) is consistent with Figure 7(b). In the range of 70~74%, the
flow rate of the paste slurry decreases sharply with the increase of concentration, while in the range of
74~78%, the flow rate decreases slowly with the increase of concentration. Especially in the range of 76~78%,
the flow rate is stable below 0.1 m/s. Figure 7 shows that the average flow rate of the slurry in Beijing is always
greater than that in Lhasa with different concentrations, and it also demonstrates that the flow characteristics
of the paste slurry in high altitude areas is lower than that in plain areas.

5 Conclusions

An inclined pipe device is convenient and accurate in measuring the rheological parameters of paste slurry
and ensuring more stable experimental results.

The paste slurry shows the structure flow pattern in the flow process. Its rheological parameters can be
calculated by the Bingham model combined with the hydraulic formula of the paste slurry.

By regression analysis, it can be concluded that the increase of concentration and cement-sand ratio can
raise the plastic viscosity of paste slurry, but the influence of concentration is far greater than that of the
cement-sand ratio.

The relationship model between atmospheric pressure and flow characteristics of the paste slurry is
established, which shows the flow characteristics of paste slurry can be changed by the effect of the
atmospheric pressure on the viscosity of the slurry. The plastic viscosity of the paste slurry increases with the
decrease of atmospheric pressure both in Lhasa and Beijing, and the plastic viscosity of the slurry measured
in Lhasa is greater than that in Beijing under the same experimental conditions. The average flow rate of the
slurry in Beijing is always greater than that in Lhasa both at 8.5 and 11.5°.

The low pressure of high altitude conditions makes the flow rate lower and can even cause a plugging
accident. Therefore, the paste pipeline transport should take the local atmospheric pressure into account
and take measures to avoid its impact on underground filling operations.
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