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Abstract

To explore the effects of temperature and percolation velocity on the migration and deposition characteristics of different
silica powder in saturated porous media under continuous injection conditions, migration-deposition tests were conducted for
four combinations of particle sizes at different temperatures (5 °C, 15 °C, 25 °C, 35 °C) and different flow rates (0.032 cm/s,
0.063 cm/s, 0.095 cm/s), and deposition pictures were obtained under the microscope. The analytical solution of the con-
vective dispersion equation of first-order deposition dynamics is demonstrated to be able to describe the penetration curve
of suspended particles. With increasing seepage velocity and temperature, the sedimentation coefficient and longitudinal
dispersion coefficient increase. The test results showed that the higher the temperature was, the lower the peak relative
concentration of the effluent particles at the same percolation rate; the faster the flow rate was, the higher the peak relative
concentration of the effluent particles at the same temperature, and both higher temperature and faster flow rate accelerated
the migration of particles so that the pore ratio corresponding to the peak concentration was reduced. The effect of the two
on the particles was the same; temperature was the main control factor in the test run at a low flow rate, and the effect of
temperature was not obvious at a high flow rate. Thus, temperature and flow rate are important factors affecting the migration
of suspended particles in saturated porous media.
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Latin symbols Vu  Volume of liquid injected per unit time
C  Outflow liquid particle concentration T  Temperature of the experiment
Cr Relative concentration of suspended particles t Time of injection of suspension

C, Initial particle concentration in the liquid

Py Pore volume ratio

Volume of injected water 1 Introduction

Vp  Pore volume of the sand layer
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summer and lower in winter, different recharge water tem-
peratures affect the migration process, the flow rate around
the recharge well decreases rapidly with increasing distance
from the well, and the recharge rates in different recharge
wells are different, so it is important to study the effects of
temperature and flow rate on the migration and deposition
of suspended particles in saturated water-bearing sand layers
and saturated aquifers.

Researchers have conducted related studies on the effects
of temperature and flow rate on the migration of particles in
porous media. Bai et al. [17] studied the vertical penetration
of silica particles at three temperatures, 15 °C, 35 °C, and
55 °C, with one-dimensional sand column experiments and
found that temperature is an important factor affecting the
transport and deposition of suspended particles in porous
media; other factors, such as particle velocity, dispersion
and transport deposition coefficients, also contribute. Using
the classical model of suspended particle migration, Xue
Chuancheng et al. [18] found that temperature and pH are
important factors affecting particle migration through indoor
soil columns. When pH="7 and T <30 °C, repulsion of sus-
pended particles plays a dominant role, and when T > 30 °C,
Brownian motion dominates. Jongmuk Won et al. [19] inves-
tigated the effect of kaolinite in different solutions (with dif-
ferent pH and ionic strength) and with different flow rates
and found that the decrease in hydraulic conductivity was
most significant at pH =3 regardless of the flow rate. You
et al. [20] investigated temperature-dependent variations
in the forces acting on particles and showed that the effect
of temperature on electrostatic force was greater than the
effect on water viscosity, and they also found that geother-
mal reservoirs were more susceptible to particle migration
than conventional oil fields and aquifers. Rosenbrand et al.
[21] studied the migrations of particles in Berea sandstone
and found that the higher the temperature and salt content
was, the lower the permeabilities of aquifers and the more
reversible the effects of temperature changes on permeabil-
ity. Sandra et al. [22] investigated the stabilities of bentonite
colloids at different temperatures by measuring the deposi-
tion rates and potentials and using DLVO theory to calculate
the total interaction potentials between particles at different
temperatures. These results showed that the stabilities of
bentonite colloids increased with increasing temperature,
but their surface potentials were not significantly affected.
Sasidharan et al. [23] studied the penetration and deposition
of nanocolloidal particles in porous media under different
hydrodynamic and chemical conditions, and their results
showed that the penetration curve exhibited a bimodal dis-
tribution as the ionic strength of the solution increased. Ben-
nacer et al. [24] discovered that as flow velocity and particle
size distribution increased, the longitudinal dispersion coef-
ficient in the convective dispersion equation of deposition
dynamics increased. To investigate the physical clogging
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of porous medium, Alen et al. [25] introduced suspended
particles with a diameter of 1.740 m into a sand-filled col-
umn. The flow rate is found to have a significant impact on
suspension retention. The retention of porous media from the
column's entry is limited at low flow rates, resulting in a dra-
matic shift in the porous media's hydraulic characteristics.
However, the hydraulic properties of more porous media is
modified at high flow rates, not only at the inlet.

As mentioned above, many scholars have studied the
migration and deposition of suspended particles in saturated
porous media, but the effects of temperature or the percola-
tion velocity of water on particle transport processes are
usually considered separately, and few studies have been
conducted under continuous injection conditions that are
more in line with the real situation. In this paper, the effects
of temperature and percolation velocity on the transport of
suspended particles in porous media under continuous injec-
tion conditions was investigated by using a self-developed,
one-dimensional sand percolation column for four particle
size combinations at four different temperatures and three
different percolation velocities. The impact of physical
parameters such as temperature and seepage velocity on the
migration properties of suspended particles were thoroughly
investigated, as well as the variation of the deposition coef-
ficient and dispersion coefficient at various temperatures and
seepage velocity. The migration properties and mechanism
of suspended particles in porous media are obtained, as well
as the experimental basis for particle migration in porous
media.

2 Experimental overviews
2.1 Experimental equipment

As shown in Fig. 1. The sand column is a 550-mm long,
60-mm inner diameter cylinder with a 9.17 ratio of length
to inner diameter, so it can be regarded as a one-dimen-
sional seepage test system. The sand column was equipped
with a screen at both ends to ensure that seepage flow was
evenly distributed throughout the column section and to
prevent the natural sand from flowing out of the column
during the test. Five equally spaced pressure sensors (P1,
P2, P3, P4, P5) were installed on the surface of the sand
column and were connected to an external data acquisi-
tion device to monitor the pressure changes occurring
inside the sand column during the test. The entire sand
column was placed in the high- and low-temperature test
chamber for temperature control during the test, and an
Espec (ESPEC) GPR-3 high- and low-temperature con-
stant temperature and humidity temperature controller was
used to ensure the stability of the four different tempera-
tures (5 °C, 15 °C, 25 °C, 35 °C) during the entire test
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Fig.1 Test system and detail
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process. A precision peristaltic pump was used to transfer
high purity deionized water from a water tank into the
sand column so the percolation speed in the sand column
was kept stable at three different speeds (0.032 cm/s,
0.063 cm/s, 0.095 cm/s) as required, and a flow meter was
used to monitor the flow rate during the test. The test was
conducted with a constant temperature heating magnetic
stirrer during injection of the suspension, and the tempera-
ture was kept consistent with that in the sand column while
continuously injecting the suspension. The turbidity of the
suspended particles in the effluent was measured using a

(g) Turbidity meter  (h) Peristaltic pumps

sand

turbidimeter, and a metallographic microscope was used to
observe clogging of the sand column after the test.

2.2 Experimental materials

Washed natural sand was used as the filling material of the
sand layer, and the color of the natural sand was light yellow.
Its chemical properties were stable, and it was hard and wear
resistant. White silica micronized powder was used as the
suspended particle material; it was nearly spherical in shape,
it exhibited stable physical and chemical properties, and it
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Table 1 Test material parameters 6 .
s Particles 1
Material ~ Particle size/ Median Porosity/%  Specific > Particles 2
pm particle size/ surface area E 4L
pm (m?/kg) 3
=
g
Sand 1 1000-2000 1568 42 8 E ) L
Sand 2 250-500 391 45 52 «g
Particle 1 10-39 25 - 571 A
. 0 L 1 ]
Particle2 6-21 13 - 772 04 0.6 08 10

was easy to observe after sampling. Based on engineering
data and the experience of a previous study, the specific
parameters of the selected natural sand and silica micronized
powder are shown in Table 1. Four combinations of parti-
cle sizes were used for the tests: (1) natural sand 1+ silica
micronized powder 1; (2) natural sand 1 + silica micronized
powder 2; (3) natural sand 2 + silica micronized powder 1;
and (4) natural sand 2 + silica micronized powder 2. The
gradation curves of the natural sand and silica micronized
powder in each group are shown in Fig. 2. And the round-
ness of silica powder is shown in Fig. 3.

2.3 Experimental process
The water temperature available for the GWHP unit is

12-22 °C in winter, while the water temperature is 18-35 °C
in summer, and four temperatures of 5 °C, 15 °C, 25 °C,

Roundness

Fig. 3 Particle roundness curve

and 35 °C were selected as the test temperatures. The test
flow rate is around 0.01 cm/s between different recharge
wells according to the authors' previous related simula-
tions [6], and three seepage rates of 0.032 cm/s, 0.063 cm/s,
and 0.095 cm/s were selected as the test flow rates for the
test. In the groundwater source heat pump and other pro-
jects, the particles that trigger recharge blockage are mainly
concentrated above 10 pm, while 250 pm-500 pm and
1000 pm-2000 pm sand are selected for simulation accord-
ing to the particle size distribution of the porous media in the
ground [5]. Four different combinations of natural sands and
particles with different particle sizes were selected for the
1D sand column tests, and migration-deposition tests were
conducted at three different flow rates and at four different
temperatures for each group of tests.
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Before testing, the natural sand was repeatedly cleaned to
remove suspended impurities, and the cleaned natural sand
was put into an oven at 105 °C for 24 h. The natural sand
was filled with the wet filling method, divided into 10 lay-
ers, the water surface of each layer was kept approximately
1 cm higher than the upper surface of the sand to ensure that
the filled specimen was saturated, and the sand layer was
properly pounded and compacted to ensure the uniformity of
the sand layer during filling of layers. After the sand column
was filled, it was put into the high- and low-temperature
test chamber to prepare for the test. Before the start of each
group of tests, deionized water was passed until the turbidity
of the effluent was close to that of clear water (<2 NTU). In
order to perform more realistic simulations of the ground-
water heat pump project in the backwater, tests used the
continuous injection of the suspension. Before injecting the
suspension, the stirrer was turned on to allow uniform distri-
bution of particles and heating to the specified temperature.
The volume of the suspension injected each time equaled
the pore volume of the sand column, i.e., Py. Each group
of tests started with the injection of the suspension, and the
effluent was collected in a test tube every 3 —5 s, providing
a total of 70 tubes. The turbidity of the water sample was
measured by a turbidity meter after 24 h, which was shaken
evenly before measurement. To observe the blockage of the
sand column after testing, a sampler was used to remove
part of the sand column; it was placed into the temperature-
controlled test chamber at —20 °C for 24 h to ensure that the
internal structure of the sand column was not disturbed after
the test, and then cut pieces were removed and put under a
microscope for observation.

Many studies have demonstrated that there is a strong cor-
relation between the concentrations of suspended particles
and turbidity [9, 16, 24]. In these experiments, a turbidim-
eter was used to measure the turbidity of the particles, and
this was subsequently related to their concentration; thus,
the concentration-turbidity relationships for 2 types of par-
ticles at 4 temperatures were measured before the study, as
shown in Fig. 4. The results showed that the turbidities of
the 2 types of silica microparticles selected for the experi-
ment showed highly linear correlations between turbidity
and concentration under the experimental conditions, and
the turbidity was little affected by temperature. Therefore, it
is reasonable to use this method in the experiments.

3 Analysis of test results

Reynolds number is a dimensionless number used to charac-
terize the flow state of a fluid. When the Reynolds number
is small, the viscous force has more influence on the flow
field than the inertia force, and the fluid flow is stable and
laminar. On the contrary, the inertia force has more influence
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Fig.4 Turbidity-concentration graph of suspended particles

Table 2 Test Re parameters

T(°C) u=0.032 cm/s u=0.063 cm/s u=0.095 cm/s
Reynolds number (Group 1,2)

5 2.403 4.730 7.132
15 1.814 3.571 5.384
25 1.424 2.804 4.558
35 1.151 2.266 3418
Reynolds number (Group 3,4)

5 0.599 1.179 1.778
15 0.452 0.890 1.342
25 0.355 0.699 1.054
35 0.287 0.565 0.852

on the flow field than the viscous force, and the fluid flow is
more unstable. Reynolds number is defined as:

pul
Re = — 1
P )]
1 =0.01779/(1 + 0.03368T + 0.00022172) 2)

where p is the density of the fluid; « fluid is fluid velocity; L
is characteristic length; y is the viscosity coefficient of water.
T is the Celsius temperature.

Reynolds number calculation results under test condi-
tions are shown in Table 2, When the Reynolds number is
less than 10.0 in groundwater dynamics, low speed move-
ment occurs. The flow state of groundwater at this time is
laminar movement dominated by viscous force, which is
consistent with Darcy's law. we discovered that this experi-
ment satisfies Darcy's law in earlier research. Local water,
for example, flows through coarse sand with a particle size
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of D=1 mm on average. The kinematic viscosity of 15 °C
water is 0.1 m?/d, and the seepage velocity is predicted to
be 200 m/d when the Re=1. Darcy's law is obeyed in coarse
sand when the seepage velocity <200 m/d (the greatest flow
velocity in the work is 82 m/d). In this study, most of the Re
calculated in Table 2 are below 5. Therefore, the test in this
study is consistent with Darcy's law.

To characterize the injection process, the pore volume
ratio Py, was used as the horizontal coordinate, and the rela-
tive concentration of suspended particles Cy was used as
the vertical coordinate [7-10, 13], as shown in Egs. (3) and
(4), respectively.

o Vo _ Vi )
v VP VP
C
Cp = —
R=C @)

where Vp is the pore volume of the sand layer, V,, is the vol-
ume of liquid injected per unit time, ¢ is the time of injection
of suspension, C is the outflow liquid particle concentration,
C, is the initial particle concentration in the liquid, and V;;
is the volume of injected water. The use of medium Py, and
Cy, as the horizontal and vertical coordinates can reduce the
influence of the difference in pore space and pore flow rate
of the sand layer on the comparability of test results.

3.1 Particle migration—deposition characteristics
test penetration curve

The experimental results are shown in Fig. 5, where u is
the percolation velocity of the sand column. The test results
showed that the penetration curves all exhibited a pattern of
increasing the maximum concentration, which was main-
tained for a period of time before decreasing. After continu-
ous injection of the suspension, the penetration curve first
showed a low turbidity zone close to the turbidity of clear
water (2 NTU). With the passage of time, the particles accu-
mulated in the sand column, and the turbidity of the effluent
tended to rise gradually, reached the peak concentration at a
certain time, started to decrease after maintaining the peak
for a period of time, and finally converged to the turbidity
of clear water again.

Figure 5 shows that, When the percolation rate was kept
constant, an increase in temperature reduced the peak con-
centration of the effluent phase and made the pore volume
corresponding to the starting particle concentration begin
to rise, i.e., the outflow rate of the particles was accel-
erated. In fact, an increase in temperature increased the
kinetic energies of particles, which intensified the colli-
sions among suspended particles and between suspended
particles and natural sand during migration and then
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intensified deposition. As the seepage velocity in the sand
column increased, the hydrodynamic effects on the parti-
cles became increasingly obvious [11], and the effect of
temperature on the particles was weakened at this time. In
addition, the change in peak particle concentration caused
by different temperature conditions was more obvious for
the small particles, i.e., for the two groups 3 and 4.

Figure 5 shows that, These test results showed that
regardless of the particle size and temperature, an increase
in percolation velocity in the test sand column increased
the hydrodynamic effect on the suspended particles;
for particles of the same size, this significantly reduces
the chance of adsorption and deposition, resulting in an
increase in their effluent liquid phase to the peak concen-
tration and a decrease in the pore volume ratio Py to reach
the peak concentration. This was more evident in groups
1 and 2 because along with the increase in particle sizes
of the porous media, the pore channels became wider,
and the penetration of particles was carried out in larger
macroscopic pores with larger hydrodynamic effects. In
contrast, when the pore channels were narrower (groups 3
and 4), the flow rate variation had less effect on the efflu-
ent particle concentration, especially in group 3, for which
the ratio of particle size to porous medium size was the
largest. In addition, Fig. 5 shows that the migration veloci-
ties of particles in the sand column were slightly greater
than the water flow velocity, the Py, of the pore ratio, cor-
responding to the time when the peak concentration was
reached, was less than 1.0, and the larger the flow velocity
was, the smaller the Py. This is because the pore chan-
nels selected for particle migration within the percolating
liquid were generally larger, the percolation velocities of
these larger pore channels were greater than the migration
velocities for the smaller pores, and the increase in flow
velocity increased the hydrodynamic effect on the particles
and sped up the migration process, which was ultimately
reflected by the decrease in Py,

In order to more obviously see the influence of tem-
perature on particle transport process under different test
conditions, the corresponding peak concentration of sus-
pended particles in outflow liquid phase under the com-
bination of four different particle sizes at three flow rates
and four temperatures is listed in Table 3 (u is the seep-
age velocity and T is the test temperature). The effect of
temperature on the concentration peak was weaker and
weaker with the increase of flow rate, and the third group
was the most sensitive to the change of temperature at
low flow rate. In the third group, when the temperature
increased from 5 to 35 °C, the peak relative concentration
of Cy decreased from 0.219 to 0.095 with a difference of
0.124, while the difference was only 0.076 in the high
flow rate test.
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Fig.5 Penetration curves at different temperatures for different flow rates and particle groups
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3.2 Penetration curve fitting analysis

g
FAR I S S =N
Dl o AN
Il — = N -di i iti
dlzz2 g Undor tho one-dimensional stable flow condition, th.e poroos
medium is assumed to be saturated, homogeneous, 1sotropic
O and incompressible. The flow in the pores conforms to Dar-
o | - 6 oo cy's law. The deposition process of suspended particles is
Nl S o0 © . . . . . .
Jlzgagg irreversible. Then, the convective dispersion equation of
suspended particles in porous media is [24, 25]:
& oC 0’C _ oC
Nl o w o o — =DL _u__KdepC )
‘ﬁ‘ = Q3K ot 0x2 ox
é’ Nl oo o . . .
£ where C is the concentration of suspended particles; D}
§ O is the longitudinal dispersion coefficient; u is the seepage
Sl =0« velocity; Ky, is sedimentation coefficient; 7 is time; x is the
|83 & s eatian d -
Hdlfg gz migration distance of suspended particles.
Hydrodynamic dispersion coefficient is a parameter
) describing the dispersion ability of porous media to a certain
om e <+ < substance at a certain flow rate. It reflects the influence of
a E E § E groundwater flow process and pore structure characteristics
on solute transport process in porous media at a macro level.
O Hydrodynamic dispersion coefficient includes mechanical
o | o o dispersion coefficient and molecular diffusion coefficient.
0 ZZa3a When the local water velocity is high, molecular diffusion
can be ignored and only mechanical dispersion can be con-
sidered. Mechanical dispersion is divided into transverse
2 dispersion and longitudinal dispersion, which respectively
— — — 00 . . .
1SS 3 represent the dispersion phenomenon along the flow direc-
% Slee e tion and vertical flow direction. The study in this paper is a
S one-dimensional test, and the concentration of substances
g ¢ o % = — injected on the transverse section is the same. Dispersion
SIS 0 n ~ .
mfnfa=a«q basically has no effect on the transverse aspect, so only the
s | &~ o o o o . . . . . . .
longitudinal dispersion coefficient is considered.
o Initial conditions and boundary conditions are as follows:
“lz288 Ct=0,x)=0
dleg sz )
=== ° C(t,x = 0) = m/Q5(1) 6)
o Ct,x=00)=0
4 Qe £ 3w
3; |83 2 & where m is particle injection amount, Q is flow rate, and §(t)
= <4 &~ (=Rl e . . .
s |© is Dirac delta function.
S| g o - .
§ 2 o Under the above initial conditions and boundary condi-
< . . . .
S | £ : tions, Wang et al. [26] derived the analytical solution of the
“la T an . . . .
3 é HERRR convective dispersion equation:
E S é Nl o oo o
22|09 mx (x — ur)?
% k| E o Clx, 1) = ———=exp(—Kye,)exp T, @)
(5}
clZlS|nlzgan QvixDL -
ez =z aa . . .
E|xlsld]e oo The analytical solution is used to fit the penetration
% curve under different flow rates in OriginLab software,
S |8 g as shown in Fig. 6. The deposition coefficient K, and
I § P the longitudinal dispersion coefficient D obtained by the
= % g 2228 fitting are summarized in Table 4. Figure 6 shows that
S £ 8 CEGCHCHG)
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Fig.6 Same as Fig. 5 but each data series is fitted to Eq. (7) to extract the corresponding Ky, and Dy,
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Table 4 Dy and K, under uemis)  T=5°C T=15°C T=25°C T=35°C
different experimental
conditions Dy (cm’fs) Ky, () Dy Kgep Dy Kgep Dy Kiep
Group 1
0.032 0.239 51.552 0.241 51.156 0.248 52.056 0.252 51.444
0.063 0.265 52.092 0.291 52.344 0.282 55.584 0.298 56.412
0.095 0.298 52.344 0.317 54.108 0.322 59.112 0.327 59.148
Group 2
0.032 0.233 48.132 0.228 49.032 0.23 50.4 0.229 51.984
0.063 0.267 47916 0.265 49.068 0.27 54.036 0.277 56.808
0.095 0.296 49.68 0.304 52.056 0.303 55.568 0.342 59.688
Group 3
0.032 0.275 48.384 0.284 49.716 0.284 50.364 0.29 52.344
0.063 0.283 47.736 0.289 49.284 0.295 50.724 0.307 53.352
0.095 0.315 50.328 0.318 52.02 0.322 52.272 0.333 55.28
Group 4
0.032 0.258 49.032 0.272 49.788 0.262 51.084 0.275 51.168
0.063 0.293 48.888 0.304 50.76 0.309 51.768 0.321 52.2
0.095 0.313 50.976 0.342 55.404 0.36 57.78 0.365 58.932

the correlation between the experimental and theoretical
curves is mostly strong, and the R? is mostly above 0.9.
However, the hysteresis phenomenon is common near
the peak of the curve, because the theoretical equation
assumes that the porous medium is homogeneous, but in
reality, due to the different deposition conditions, parti-
cle shapes and force conditions, the sandy soil will show
anisotropic mechanical behaviors. Moreover, some of the
particles deposited in the porous media will undergo a re-
detachment process, resulting in a hysteresis of the curve
near the peak.

Figures 7 and 8 show the changes of sedimentation coef-
ficient K, and dispersion coefficient Dy in each group of
tests. Figures 7 and 8 show that the sedimentation coefficient
K4ep increases with the increase of temperature and seepage
velocity, which is obviously the same as the law observed in
Sect. 3.1, which proves the rationality of the test. When the
maximum temperature 7'=35 °C, the deposition coefficient
changes most significantly with the velocity. In addition,
Kep in the first and second groups was significantly larger
than that in the third and fourth groups. The analysis indi-
cates that the cracks and depressions in the pore channels
were wider when the particle size of the porous media was
larger, which was conducive to the deposition of particles
during the migration process. Table 4 shows that the longi-
tudinal dispersion coefficient D; increases with the increase
of seepage velocity under all conditions. In the second group
of tests, the dispersion coefficient D| reached the minimum
value in each group. The analysis shows that the particle
size ratio between porous media and particles in the sec-
ond group is the smallest, which increases the dispersion
of particles.

@ Springer

3.3 Posttest microscopic observation map

The samples were taken out from the test tube after being
frozen and observed under a microscope, as shown in Fig. 9.
Figure 9a—c is the initial condition of porous media, and
Fig. 9d-f is the morphology of particles deposited in the
sand column. Obviously, particles are deposited during the
migration of porous media. It can be seen that the surface of
porous media is covered with white silica particles, which
verifies the rationality of the experiment.

4 Discussion

The migration-deposition of suspended particles in a satu-
rated porous medium is affected by many factors [27, 28],
and the law shown represents a combination of these factors,
which are influenced by the temperature and flow rate.

As seen from Figs. 5 and Table 3, regardless of parti-
cle sizes and flow rates, an increase in temperature reduces
the peak outflow concentration. First, the viscosity of water
is closely related to the temperature. With increasing tem-
perature, the viscosity of water is reduced, and the particles
are subject to lower resistance, which increases the settling
of particles. However, it is known from Darcy's law that a
decrease in viscosity accelerates the movement of the fluid,
so the increase in temperature also accelerates the outflow
of particles to a certain extent. Second, for particles larger
than 10 pm, the temperature increase constitutes an increase
in particle kinetic energy, which increases the collision fre-
quencies among particles and between particles and natural
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Fig.7 Dependence of K, on the flow rate at different temperatures for different particle groups

sand; more particles are captured by the natural sand, and
this ultimately reduces the particle outflow concentration.
When the percolation velocity increases, the particle con-
centration of the effluent also increases, and the analysis
suggests that with a larger percolation velocity, the hydro-
dynamic force acting on the particles was larger and the
deposition effect was smaller, thus increasing the effluent
concentration. As seen from Table 3, the peak concentra-
tions Cy of groups (1) and (2) were close to 0.3 at higher
flow rates, while the peak concentration Cy was approxi-
mately 0.1 at lower flow rates, a difference of 0.2; the dif-
ference for groups (3) and (4) was only 0.1 under the same
test conditions. Analysis suggests that the action of hydro-
dynamic forces on the particles was more obvious when the
pore channels were wider (groups 1 and 2), because with
more hydrodynamic action, the penetration of the particles
occurred preferentially in the larger macroscopic pores;
this further enhanced the hydrodynamic effects acting on

the particles and increased the effluent particle concentra-
tion. Figure 5c, g, k shows that when the pore channel was
narrow and the size ratio of particles to natural sand was
large (group 3), an increase in flow rate led to only minimal
hydrodynamic forces acting on particles because the main
factor affecting the migration of particles at this time was the
sieving and filtering [29] effect of natural sand on particles.
Sieving and filtering action refers to a phenomenon in which
large suspended particles cannot pass due to the small pores
of the porous medium [30], which is closely related to the
size ratio of particles to porous medium but also to the size
distribution and shape of particles and the chemical compo-
sition of the percolating fluid.

Table 3 show that the peak concentrations spanning a
temperature range of 5 °C to 35 °C were lowest for the
four particle size combinations at u=0.0945 cm/s, i.e.,
the effect of temperature on the relative peak concentra-
tion was less pronounced at higher percolation velocities.
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Fig.8 Dependence of D; on the flow rate at different temperatures for different particle groups

Fig. 9 Internal picture of sand
column under microscope
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This analysis suggests that temperature was the main factor
affecting particle migration at low percolation velocities in
the sand column, and the hydrodynamic effect on the parti-
cles increased and hindered particle deposition as the flow
velocity increased, which made the flow velocity the main
controlling factor at this time.

In addition, the experimental results show that the veloc-
ity of particle migration within the sand column was slightly
greater than the velocity of water flow, and the higher the
flow velocity was, the higher the temperature and the more
obvious the acceleration effect, which can be clearly seen
from Fig. 5c, g, k. This analysis suggests that the pore chan-
nels selected for particle migration within the percolating
liquid were generally larger, and the percolation velocities
in these larger pore channels were greater than the migration
velocities in small pores; the temperature increase raised the
kinetic energy of particles and the increase in flow velocity
increased the hydrodynamic effect acting on particles, both
of which accelerated migration and were eventually reflected
by a reduction in Py,

5 Conclusion

1. The migration of particles in porous media is affected
by both temperature and flow velocity. Differences in
temperature and flow velocity significantly affect the
migration patterns of particles in the saturated sand
column, and the increase in temperature increases the
kinetic energies of particles, which increases the col-
lision frequency between particles and natural sand;
more particles are captured by the natural sand medium,
which ultimately reduces the outflow concentration of
particles. The increase in flow velocity increases the
hydrodynamic force acting on the particles, which inhib-
its the deposition of particles and increases the particle
outflow concentration. This constitutes the joint effects
of temperature and flow rate, and temperature is the
main controlling factor at low flow rates. The effect of
temperature becomes increasingly less important as the
flow rate continues to increase.

2. The velocities of particles migrating within the sand
column are slightly greater than the velocity of water
flow, and the higher the flow velocity is, the higher
the temperature and the more obvious the acceleration
effect. The pore channels selected for particle migration
within percolating liquid are generally larger, and the
percolation velocities in these larger pore channels are
greater than the migration velocity in smaller pores; the
temperature increase raises the kinetic energies of par-
ticles and the higher flow velocity increases the hydro-
dynamic effects acting on particles, both of which speed

up migration and are eventually reflected in a reduction
in Py, value.

3. The deposition coefficient and longitudinal dispersion
coefficient will increase with the increase of seepage
velocity, and the increase of temperature will sig-
nificantly affect the deposition coefficient, which will
increase, but the influence of temperature on the longi-
tudinal dispersion coefficient is limited.

4. The study used a combination of macroscopic and fine-
scale methods to analyze the experimental results and
found that the migration-deposition of suspended par-
ticles in saturated porous media is influenced by many
factors in addition to temperature and flow rate, such as
pore channels, particle sizes, and suspension concentra-
tion. The main controlling factors are different under
different experimental conditions.
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