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ABSTRACT

The transportation in vertical pipelines of particle slurry of oil shale has important applications in several fields
(marine mining, hydraulic mining, dredging of river reservoir, etc.). However, there is still a lack of information
about the behavior of coarse particles in comparison to that of fine particles. For this reason, experiments on the
fluidization and hydraulic lifting of coarse oil shale particles have been carried out. The experimental data for
three kinds of particles with an average size of 5 mm, 15 mm and 25 mm clearly demonstrate that vortices
can be formed behind the particles. On this basis, a vortex resistance factor K is proposed here to describe this
effect. A possible correlation law is defined by means of a data fitting method accordingly. This law is validated by
an experiment employing particles with an average size of 3.4 mm. The vortex resistance factor K results in a
reduction of the speed of solid particles and an increase in the sliding speed as well as a decrease in the hydraulic
gradient. As a result, using this factor, the calculation of the solid particle speed and hydraulic gradient can be
made more accurate with respect to measured values.
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Notation
d: Particle size, (m);
D: Pipe diameter (m);
fG: Solid particle gravity, (N);
fB: Buoyancy of fluid on particle, (N);
fDi: Resistance on particle from liquids, (N);
fhi: Interference force from other particles (N);
fvi: Vortex resistance (N);
Fr: Froude number (-);
g: Acceleration of gravity (m/s²)
ΔH: Pressure difference (m);
im: Friction resistance, (mH2O/m);
K: Vortex force factor (-);
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L: Distance between connection points of mercury differential pressure gauge (m);
La: Acceleration distance of solid particles (m);
ρ: Water density (kg/m-3);
ρs: Solid density (kg/m-3);
Q: Local concentration,
q: Particle concentration in tube;
Vm: Average water velocity (m/s);
Vs: Mean Velocity of particle after momentum exchange between water and particles (m/s);
Vslip: Slip velocity (m/s);
Vw: Mean Velocity of water after momentum exchange between water and particles (m/s);
ψ(1): Coefficient;
λ: Darcy resistance coefficient (-).

1 Introduction

Due to the significance of energy, many countries around the world are exploring the safe and high efficient
mining and transportation methods. Oil and gas resources buried in underground and submarine are the future
energy for human beings. The vertical lifting technology with multiphase flow of these fuels has become a hot
research topic for many scholars [1–4]. The reserves of oil shale in the world are much more than those of coal,
oil or natural gas. Compared with the primitive way of direct exploitation of oil shale, the drilling hydraulic oil
shale mining technology can reduce environmental pollution and avoid production accidents. This technology
breaks the oil shale orebody by the high-pressure water jet, and cracks it up to form slurry with water flow.
Finally, the slurry will transport to the surface by vertical pipes. By this way, the financial investment can
be effectively reduced. Drilling hydraulic recovery of oil shale involves coarse particle lifting technology
with particle size of 8 mm–15 mm. However, the hydraulic transportation of oil shale mainly focuses on the
indoor test and numerical simulation [5–8]. Although many efforts have made to study the vertical transport
of coarse-grained slurry of other minerals [9–13], the research on hydraulic gradient of coarse particles in
vertical pipeline is still insufficient. Scholars, such as Matoušek et al. [10,14–16], have studied the friction
resistance loss (pressure loss) of coarse-grained slurry flow in vertical direction by experimental and
numerical methods. These studies lack general acceptance due to the unreasonable theoretical model,
leading to the failure to establish the relation between coarse-grained slurry and fine-grained slurry. In this
study, experiments on coarse oil shale particle slurry were conducted to investigate the special mechanical
characteristics of coarse particles in vertical pipes distinguishing from that of fine particles. The influence of
the mechanical characteristics on velocity and hydraulic gradient will be explored.

2 Experimental Study of Coarse Oil Shale Slurry

2.1 Pipeline Layout
The general layout of the tested loop pipeline is shown in Fig. 1. As shown in Fig. 1, it includes two

vertical pipelines, namely fluidization experimental tube section and vertical lifting pipe section. The
motor speed of centrifugal pump and jet pump feeder is controlled by variable frequency motor to change
the fluid velocity in the pipeline and the feed concentration of particles. In order to overcome the
disadvantage of particle grading degradation caused by the passing of particles through centrifugal pump,
the pipeline layout should be set to mix the particles provided by the jet pump feeder with the centrifugal
pump accelerated water from the pipeline. After the mixture passing through the experimental pipe
section, the particles in mixture slurry are recycled through the cyclone separator and into the particle
storehouse connected with the jet pump feeder. The water enters the water tank. The variable frequency
motor of both centrifugal pump and jet pump feeder can realize stepless change of the water flow and the
concentration of feed particle.
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In the loop pipe line, the fluidization section is acrylic transparent pipe with a length of 1.8 m and a
diameter of 0.1 m. A piece of metal screen is set at the upper and lower parts respectively. The diameter
of the hydraulic rising section is 0.036 m and the length is 4 m. There is a transparent acrylic pipe of
1.5 m within this hydraulic rising section to facilitate the use of high-speed camera to take particle
motion images. Magnetic flow meter is used to measure water velocity before liquid and solid are mixed.

2.2 Experimental Particles
The coarse oil shale particles with density ranging from 1895 kg/m3 to 1900 kg/m3 are used in the

fluidization and hydraulic lifting experiment. The average compressive strength of oil shale is 49.2 MPa,
while the proctor hardness coefficient is 4.7. The particles have tough surface and are not easy to be
broken. The average oil content is about 5.5%. The organic components of oil shale are mainly C, H, O.
The main inorganic components and elements of N and S are clay and siltstone. Oil shale particles were
processed by a sand mill to be approximately spherical shape. These particles prepared for fluidization
experiment were divided into three groups by self-made metal sieve. Each group is narrow graded
particles, and particle size ranges were 4.8 mm~5.2 mm, 14.2 mm~16.4 mm and 24.1 mm~26.2 mm with
average particle size of 5 mm, 15 mm and 25 mm respectively. In hydraulic lift pipe section in Fig. 1, the
particles size ranging 3.2 mm~3.6 mm with an average 3.4 mm were used.

2.3 Parameter Test
Firstly, the fluidization experiment is carried out. The coarse oil shale particles of 80 mm–100 mm

thickness are placed on the metal screen, and the water speed is gradually increased through the
frequency conversion motor driving centrifugal pump. When the particle layer on the metal screen
disappears, the flow state changes from granular bed to movable bed. At this point, fluidization is
achieved. After the flow state stabilizes for 15 min, the height of solid particles and the velocity water are
recorded. This process should be repeated for 3~4 times. Then, the average value will be taken. The flow
rate of water is raised gradually to achieve the fluidization at different particle concentrations. The
corresponding water speed Vm and height of suspended bed Hb are recorded. Through the above steps,
21 groups of experimental data of coarse oil shale particle fluidization with an average particle size of
5 mm, 15 mm and 25 mm were obtained.

Figure 1: Schematic layout of experimental device
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Secondly, the coarse oil shale particles hydraulic lifting experiment is carried out. The test pipe section is
shown in vertical pipe lifting section of Fig. 1. In order to obtain the velocity of solid particles, the motion of
particles in vertical lifting section of Fig. 1 is captured by a high-speed camera every fixed period of time. The
sensor of the camera is equipped with a 1/5 inch interlaced charge coupled device (CCD). The maximum
pixel is 1280 × 896, with the gray level of 340 and the maximum single field exposure time of 1/2000 s.
The CCD element in the camera scans the shooting area 50 times per second. At the same time, the
image processing chip inside the camera converts the scanning signal into static images to be stored
along the time series. By processing the particles moving within the fluid in the video, the characteristics
of particle velocity and concentration distribution can be obtained [12]. In this experiment, non real-time
post-processing method is used to analyze the particle image data. After shooting, the particle single field
image is extracted by segmenting the video file. And then, the operations of intra-field de-interleaving,
image calibration, image segmentation and image morphology are performed on the single field image.
Finally, the binary image of particles is obtained. The velocity vs and concentration c of solid particles are
obtained by particle matching. The values of average particle concentration Q and average velocity Vs are
obtained by integrating concentration q and velocity vs. The average water velocity Vm can be achieved
from the magnetic flow meter.

In the fluidization experiment, the average local concentration of particles ranges from 3%~30%, and the
average water velocity ranges from 0.172 m/s~0.763 m/s. In the vertical lifting experiment, the average local
concentration of particles ranges 3.08%~25.7%, and the flow velocity of pump outlet ranges 1.84 m/s~2.6 m/s.
As shown in Tab. 1, 21 groups of effective data were obtained from the fluidization experiment, and 56 groups
for particle velocity, slip velocity and hydraulic gradient, respectively.

It is considered that the frequency stands the probability of particle appearance-the volume ratio of
particle at this position. The specific method is to sample the particle binary image along the radial
position, count the number of particles appearing, and get the frequency of particles in each radial position.

In this experiment, the water isolation piercing device is used to avoid excessive particles from entering
the plastic pipe. The pressure difference between two points can be directly read by the U-type differential
meter. When a certain amount of solid particles is deposited in water tank, particles can be released through
the particle exit. The formula of hydraulic gradient im can be defined as follows:

im ¼ ðcm � cÞDH=L (1)

where ΔH is the pressure difference; L is the distance between two points; γm and γ are the proportion of
mercury and water, respectively.

In the test, the oil shale particles do not need to pass through pump. The particle size remains unchanged
in the test.

3 Analysis of Coarse Particle Mechanical Characteristics

According to the existing results of relevant scholars, there are four forces acting on a single particle
when the particles in the slurry are in fluidization state within the experimental tube in Fig. 1
[9,11,13,17]. They are solid particle gravity (fG), the buoyancy of fluid on particle (fB), resistance from
liquids (fDi) and interference force from other particles (fhi). Usually, the difference between particle
gravity and buoyancy (fG - fB) is called particle effective gravity (wb). When the particles are in a stable
state, the force balance equation can be expressed as follows:

wb ¼ fDi þ fhi (2)

The formulas of the three forces in Eq. (2) can refer to the existing relevant research results [18,19].
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Submitting the experimental data into Eq. (2), the calculated results are shown in Tab. 1. When the ratio
of particle to pipe diameter (d/D) is the same, the inter-granular water velocity (vi) and water flow velocity
(Vm) show a positive correlation, meanwhile the former is obviously larger than the latter. The calculation
results listed in Tab. 1 show that wb - (fDi + fhi) is positive in most cases, which shows that the factors
considered in Eq. (2) are not comprehensive.

The fluidization force of the particles is shown in Fig. 2. It presents that the larger the particle diameter is,
the larger the vortex range behind them is, which was proved by the research results of other scholars [13,17].
There is a vortex (fvi) behind the particle, playing a resistance role on the particle, as shown in Fig. 2a. The
determination form of vortex resistance (fvi) is more complicated. In order to simplify the problem, Kfhi is
used to replace the interference force (fhi) and vortex resistance (fvi), which is shown in Fig. 2b. In the
hydraulic lifting experiment shown in Fig. 2c, the direction of Kfhi is slightly different from that of
fluidization stage. The coefficient K is called the vortex force resistance factor.

Table 1: Forces calculation results for fluidization stage

d/D Vm Hb vi wb fDi + fhi wb - (fDi + fhi) K
(ms-1) (m) (ms-1) (10-4N) (10-4N) (10-4N)

0.05 0.172 0.182 0.2457 7.5622 7.9230 –0.3608 0.9308

0.05 0.236 0.309 0.2868 7.5622 7.0100 0.54516 1.1749

0.05 0.30 0.557 0.3326 7.5622 6.8507 0.7034 1.3801

0.05 0.313 0.627 0.3428 7.5622 6.9180 0.6447 1.4002

0.05 0.341 0.929 0.3236 7.5622 7.0420 0.5204 1.4678

0.05 0.361 1.129 0.3792 7.5622 7.1120 –7.2789 1.5238

0.05 0.382 1.778 0.3942 7.5622 6.4578 0.10438 1.5812

0.15 0.205 0.150 0.3477 204 300 –96 0.6605

0.15 0.302 0.206 0.4409 204 204 0 1.0051

0.15 0.381 0.355 0.4663 204 176 28 1.3300

0.15 0.464 0.481 0.5376 204 176 28 1.4923

0.15 0.487 0.584 0.5490 204 174 30 1.5949

0.15 0.535 0.719 0.5872 204 176 28 1.7078

0.15 0.642 1.784 0.6667 204 188 16 1.9518

0.25 0.294 0.160 0.3053 945 926 19 1.0282

0.25 0.362 0.205 0.5042 945 827 118 1.2141

0.25 0.453 0.275 0.5741 945 747 198 1.5195

0.25 0.492 0.330 0.5985 945 732 213 1.6040

0.25 0.687 1.030 0.7285 945 731 214 2.5682

0.25 0.732 1.230 0.7689 945 746 199 2.6576

0.25 0.763 1.780 0.7890 945 694 91 2.8528
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Therefore, the particle force balance equation for the stable fluidization state is defined as [17]:

wb ¼ fDi þ Kfhi (3)

Thus,

K ¼ wb � fDi
fhi

(4)

The vortex force factor in Eq. (4) is calculated by the experimental data of fluidization stage, and the
results are shown in Tab. 1. For value of resistance factor (K), only one group of 21 vortex force data is
less than 1. When the ratio of particle to pipe diameter (d/D) is the same, the vortex force resistance
factor (K) and the water flow velocity (Vm) show a positive correlation.

According Eq. (4) and related references [18,19], the factors influencing the forces (wb, fDi and fhi) are
the particle size (d), local concentration (Q), average water velocity (Vm), water density (ρ) and solid density
(ρs). The particle density of oil shale in this experiment is almost constant. Hence, it can be concluded that the
vortex force resistance factor (K) is related to Froude number Fr(Fr = Vm/(gd)

0.5), d/D andQ. After analyzing
the fluidization data, K and Fr show a linear relationship through the origin, meanwhile the K/Fr and d/D also
show a linear relationship across the origin [17], as shown in Figs. 3 and 4, respectively.

Figure 2: Vortex resistance and its effect on fluidization and vertical lift (a) Formation of vortex resistance
(b) Fluidization process (c) Vetical lift process

Figure 3: Relationship between K and Fr at different particle sizes
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Therefore, the expression of the vortex force resistance factor (K) can be derived as:

K ¼ f ðQÞFr
d

D

� �
(5)

Eq. (5) can be changed into the following form:

f ðQÞ ¼ K

Fr

D

d

� �
(6)

The value of f(Q) in different states is calculated by Eq. (6), and then the relationship between f(Q) and
corresponding Q is fitted, as shown in Fig. 5. The fitting formula is:

f ðQÞ ¼ 135:32Q0:1576 (7)

The confidence for fitting of Eq. (7) is 0.9506.

Combining Eqs. (5) and (7), the following formula can be obtained:

K ¼ 135:32Q0:1576Fr
d

D

� �
(8)

Figure 4: Relationship between K/Fr and d/D for Q = 18%

Figure 5: Fitting results for fluidization experimental data
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4 Effects of Vortex Force Resistance Factor on Vertical Slurry Flow Parameters

4.1 Derivation of Theoretical Formula of Flow Parameters Considering K
During the vertical transport process of coarse-grained slurry as shown in Fig. 2c, when the particles are

in constant flow, the force balance equation for a single particle can be expressed as:

fD � Kfhi � wb ¼ 0 (9)

The Eq. (9) is obtained by taking the micro section as the research object, considering each force based
on the mean significance for the unit pipe section. In this case, fD and fhi will become FD and Fh in the mean
sense, which are functions of slip velocity Vslip and average concentration Q, respectively. Eq. (9) can be
changed to [17]:

Vw � Vs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8ðKfh0 þ 1Þwb

pd2�CDrq

s
(10)

where fh' can be calculated according related references [19]; �CDr is resistance coefficient based on Vw - Vs

[19]; Vw and Vs are the velocities of water and particles after momentum exchange between water and
particles, respectively.

According to the Eqs. (8), (10) and the previous researches [9,11,13,17], the average slip velocity
(Vw - Vs) in the pipeline can be obtained using the iterative method if Q, d/D and Vm are known.

Considering the momentum exchange between liquid and solid and additional pressure of solid particle
acceleration, and the following equation exists [20]:

V ¼ Vw þ 1� 0:63wð1Þ½ � dQ
1� Qð ÞVw

Vs
2 1þ 3:742

ffiffiffiffiffiffiffiffi
Lag

p
Vm

1� 1

d

� �� �2
(11)

where V is the average velocity of water before exchanging momentum; δ = ρs/ρ; La is the acceleration
distance of solid particles and ψ(1) is a coefficient. The calculation method of La and ψ(1) can refer to Xu
1999(a) [13].

According to the flow balance, there exists the following relationship:

Vm ¼ Vwð1� QÞ þ VsQ (12)

In Eq. (12), Vm is the velocity of clear water, which equals average slurry velocity. It can be measured by
magnetic flow meter in Fig. 1, and Vs = 0 for fluidization experiment pipe section.

By using Eqs. (10)–(12), Vw, Vs, and V can be obtained.

When the water flow in the pipeline is in a turbulent state, the hydraulic gradient can be expressed as:

im ¼ �V 2

2gD
(13)

where: λ is the Darcy resistance coefficient and g is acceleration of gravity (m/s²).

Obviously, Eq. (13) cannot be used to calculate the hydraulic gradient of slurry. From the Eq. (11) and
Fig. 6, the pressure difference (△P) forcing water to flow at velocity (V)within pipe section (L) equals to the
slurry resistance to move forward with the velocity (Vm) after the intervention of solid particles. Therefore,
the hydraulic gradient caused by the slurry velocity of (Vm) in the pipeline can be considered to be the
hydraulic gradient of the clear water flowing in the pipeline at the speed of V. This is the equivalent
resistance model, as shown in the Fig. 6. Using the Eqs. (10)–(12), the value of V, Vs and Vw can be

420 FDMP, 2021, vol.17, no.2



achieved. Bring V into the Eq. (13), the hydraulic gradient of the coarse particle oil shale slurry in the vertical
pipe can be obtained.

4.2 Calculation Process of Flow Parameters in Vertical Slurry Pipeline
Calculation process of flow parameters including Vw, Vs, Vslip and im is shown in Fig. 7.

In above process, the initial value of Vslip is 0.001 m/s and the step size is 0.001 m/s when calculating
Vslip by iterative calculation of Eq. (10).

4.3 Effects of Vortex Force Resistance Factor on Flow Parameter
The calculated results of particle velocity (Vs), slip velocity (Vslip) and hydraulic gradient im for coarse

particle slurry in vertical pipe are shown in Figs. 8–10. The effect of coefficient K on particle velocity is
shown in Fig. 8. After considering vortex resistance coefficient K, the deviation between the calculated
and measured average particle velocity decreases from 14.14% to 9.18% in the range of 2.51%–7.35% of
particle concentration. Data analysis shows that the accuracy of particle velocity calculation is high when
the particle concentration is small, and the deviation is large when the particle concentration is large. The
possible reason is that the fitting Formula (8) is obtained in the case of large concentration range, so it
will lead to certain deviation when the concentration is low. Data analysis shows that the velocity of solid

Figure 6: Principles of equivalent resistance model (a) tube flow process (b) i-v curves of water and slurry flow

Figure 7: Flow chart of Vw, Vs, Vslip and im
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particles decreases after considering K, resulting from the effect of vortex resistance which hinders the
movement of particles.

The effect of vortex force resistance factor (K) on average slip velocity is shown in Fig. 9. Considering
the resistance factor (K), the deviation between the calculated and measured slip velocity decreases from
12.5% to 7.64%. The calculated slip velocity increases with the consideration of the coefficient K and is
closer to the measured value.

Effect of vortex force resistance factor (K) on hydraulic gradient is shown in Fig. 10. The calculated
hydraulic gradient (im) without considering vortex force resistance factor is larger than that of measured
value, and the maximum deviation of the two is 15.26%. The calculated hydraulic gradient (im)
considering vortex force resistance factor is also larger than that of measured value, and the maximum
deviation of the two is 9.79%. It can be implied that the calculated value of hydraulic gradient without
considering vortex force resistance factor is too large, while after considering vortex force resistance
factor will be closer to the measured value.

Figure 8: Comparison of calculated and measured average particle velocity

Figure 9: Comparison of calculated and measured average slip velocity
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In summary, the vortex resistance reduces the calculated value of particle velocity (Vs) and hydraulic
gradient, while increases the slip velocity (Vslip). The calculated particle velocity and hydraulic gradient
are closer to the measured ones when the vortex resistance is considered.

Fig. 11 shows the effect of concentration change in slip velocity (Vslip) and resistance factor (K) at water
flow velocities of 1.84 m/s and 2.15 m/s. The slip velocity corresponding to low water velocity Vm = 1.84 m/s
is higher than that of high water velocity Vm = 2.15 m/s. The resistance factor (K) increases with the
concentration (Q) and water velocity (Vm), which is consistent with the law in Eq. (8).

Fig. 12 shows the effect of concentration (Q) on slip velocity (Vslip) and resistance factor (K) when the
flow velocity (Vm) is 2.3 m/s and 2.6 m/s, respectively. In the figure, the slip velocity of the two kinds of flow
velocity is much close.

The above two figures illustrate that the smaller the water flow velocity (Vm), the greater the slip velocity.
When the flow velocity is greater than 2.3 m/s, the flow velocity has little effect on the slip velocity. The
larger the flow velocity (Vm), the greater the value of resistance factor (K). This is consistent with Formula (8).

Fig. 13 shows the influence curve of flow velocity (Vm) on slip velocity (Vslip) and resistance factor (K)
when particle concentration is 3.74% and 21.7%, respectively. When the velocity is low, the slip velocity

Figure 10: Comparison of calculated and measured friction resistance

Figure 11: Effect of concentration Q on slip velocity Vslip and coefficient K
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increases with the increase of the flow velocity, while decreases with the increase of the flow velocity when
the flow velocity exceeds 2.13 m/s~2.30 m/s. The reason may be that the fluid in the pipeline is turbulent in
most cases in the process of vertical transportation. When the flow velocity is low, the turbulence intensity of
clean water is low, and thus the particle following property is poor. With the increase of flow velocity, the slip
velocity increases. When the water velocity exceeds a certain limit, the turbulence intensity of the fluid
enlarges, and the liquid-solid energy exchange is violent. The water velocity will gradually approach that
of solid particles, leading to the decrease of slip velocity.

5 Conclusion

(1) The force state of the fluidized bed with coarse oil shale particles is calculated and analyzed. The
traditional force balance is defective for coarse particle oil shale slurry. There is a vortex resistance
behind the particle. The vortex resistance factor K given by data fitting is proposed to describe the vortex
resistance behind the coarse particles.

(2) Theoretical calculation models of several flow parameters with influence of vortex resistance are
given. The calculated results of the proposed model show that after considering vortex force resistance
factor K, both of the average particle velocity and hydraulic gradient decrease, while the slip velocity
tends to increase, and those calculated values are much closer to the measured ones. The smaller the
water flow velocity, the greater the slip velocity. The slip velocity increases with the water flow velocity
in low velocity, but decreases in high velocity.

Figure 12: Effect of concentration (Q) on slip velocity Vslip and factor (K)

Figure 13: Effect of water velocity (Vm) on slip velocity Vslip and factor (K)
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