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Abstract

The migration, deposition and detachment of suspended particles in saturated sands

are used in many fields. Temperature is an important influencing factor in the trans-

port and deposition process of particles in porous media, and it plays an important

role in ground-water heat pump (GWHP) projects. This article discusses the indepen-

dent development of a three-dimensional percolation sandbox test device and the

design of a particle migration test based on the Reynolds number in the context of

the backfilling process of GWHP systems as the experimental background. The

effects of various temperatures (10, 25, and 40�C) on the movement of suspended

particles in porous media were studied. The experimental results showed that as the

temperature rose, more particles were deposited in the sand layer, the uneven flow

of particles in the sand layer accelerated, and the particles spread out in the direction

opposite to the non-percolation direction with a wider distribution range in the sand-

box. Increased temperature also promoted the percolation of smaller particles, caus-

ing the diffusion zone to terminate sooner and the deposition zone to last longer,

resulting in the capture of more particles on the surface and in the pore channels of

the sand layer.
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1 | INTRODUCTION

Applications in various fields, such as wastewater treatment (Gjengedal

et al., 2020; Shabani et al., 2019), groundwater replenishment (Pan

et al., 2021), treatment of heavy metal contamination, biofilm bacterial

purification (Seifert & Engesgaard, 2012), and processing of nuclear

waste, exploit the migration, deposition, and detachment of suspended

particles in saturated sand layers. Temperature has a significant influence

on the transport and deposition of particles in porous media, and it is

also a significant factor in projects involving heat pumps for groundwater

as sources of heat (Blum et al., 2011; Sarbu & Sebarchievici, 2014).

For example, a system for using groundwater as a low-level heat

source depends upon heat pump technology to transfer cold and hot

fluids from low-level to high-level energy using only a tiny amount of

electrical energy (Ahmadi et al., 2018). It is necessary to replenished

these systems to safeguard groundwater resources and maintain a

steady groundwater level. Groundwater recharge, however, is often

difficult and challenging in practice (Cui, Fan, & Wang, 2019; Cui, Fan,

Wang, & Huang, 2019; Dallmann et al., 2020; García-Gil et al., 2016).

Interactions between porous media, groundwater, and recharge water

during the recharge process damage the pore structure of aquifers

and obstruct systems (Tao et al., 2019). The permeability of an aquifer
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gradually diminishes at the well wall, in the gravel-filled area, and near

the well wall as blockages accumulate over time (Liu et al., 2015). The

development of blockages in an aquifer is related to many factors,

such as the quality of the recharge water, physical properties of the

aquifer, and chemical environment, and they can be classified as phys-

ical, bubble, chemical, and biological blockages (Lumbangaol

et al., 2021; Mauclaire et al., 2006). The most prevalent are physical

blockages, which account for more than 60% of clogs caused by

recharging.

Most current studies on the migration characteristics of sus-

pended particles in porous media focus on physical, chemical, and bio-

logical processes, in particular, the effects of particle size (Cui, Fan, &

Wang, 2019; Cui, Fan, Wang, & Huang, 2019; Shaniv et al., 2021),

flow rate (Ahfir et al., 2007; Alem et al., 2013; Sasidharan et al., 2014;

Won et al., 2020), chemical environment (Mek et al., 2020), heavy

metal ions (Bai et al., 2020; Nie et al., 2021), and microbial microplas-

tics (Chrysikopoulos & Aravantinou, 2014; Dong et al., 2021; Jiang

et al., 2021; Kim & Walker, 2009; Lumbangaol et al., 2021; Wang

et al., 2022) at room temperature. Temperature is another very

essential consideration for heat pump systems for groundwater. It has

been reported that temperature fluctuations have a substantial impact

on the movement, deposition, and aggregation of contaminated parti-

cles in recharge water in pore channels. The permeability coefficient

of sandstone aquifers containing the clay mineral kaolinite dramati-

cally decreases as the temperature rises (Rosenbrand et al., 2014).

Temperature increases the stability of bentonite colloids (Sasidharan

et al., 2014). Temperature has an impact on the forces acting on parti-

cles, and it has a larger effect on electrostatic forces and a smaller

effect on water viscosity (You et al., 2015). Researchers discovered

that increasing the temperature enhances the migration of particles

(e.g., copper ions, graphene oxide particles, and silica powders [Bai

et al., 2021]) in porous media while lowering the particle transport

velocity (Bai et al., 2016; Bing et al., 2021). If there is a temperature

differential between a porous medium and an incoming fluid, then

particle deposition in the porous medium increases as the tempera-

ture difference grows (Li et al., 2016). Temperature, in combination

with other parameters, affects the migratory properties of particles in

porous media. Repulsion between suspended particles dominates at

F IGURE 1 Test system and detail diagram.
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pH = 7 and T ≤ 30�C, while Brownian motion dominates at T > 30�C

(Xue et al., 2019). The temperature effect is greatly diminished when

the percolation velocity and particle size are both minimal (Cui, Fan, &

Wang, 2019; Cui, Fan, Wang, & Huang, 2019).

Many scholars have studied the migration and deposition of sus-

pended particles in saturated porous media, but the majority of stud-

ies on the effect of temperature on the particle transport process use

one-dimensional sand column tests, and few use three-dimensional

sandbox conditions, which are more realistic. In this study, a three-

dimensional percolation sandbox test system was developed in this

laboratory and used to investigate the effect of temperature on the

movement of suspended particles in porous media. This system was

used to measure indicators such as percolation velocity, pressure vari-

ation, flow rate, and particle concentration, and it could operate for a

long time under constant temperature and pressure settings.

2 | EXPERIMENTAL OVERVIEWS

2.1 | Experimental equipment

The recharge process of the ground water heat pump (GWHP) system

was studied, and the particle migration test was designed based on

the Reynolds number. A sandbox was used to simulate an aquifer near

a recharge well, and the test setup is shown in Figure 1a. The system

mainly included a three-dimensional sand column test box, inlet tank,

outlet tank, flow meter, turbidity meter, water pump, metallographic

microscope and particle size analyser. The system was used to mea-

sure indicators such as seepage velocity, pressure change, flow rate,

and particle concentration before and after a liquid passed through

the sand in the test box, and it could maintain long operation under

constant temperature, pressure and other conditions. The tempera-

ture of the groundwater that was available for the heat pump was

from 12 to 22�C in winter and from 18 to 35�C in summer. Three

temperatures, 10, 25, and 40�C, were selected as the test tempera-

tures. The outer layer of the sandbox was a temperature-controlled

water tank that was connected to an electric heater. The temperature

of the test sandbox was adjusted through water circulation. The inner

layer of the sandbox was a test sandbox that was

500 mm � 500 mm � 500 mm, and both ends of the inner sandbox

were equipped with movable baffles that resisted pressure. The baffle

mesh was adjusted according to the test requirements. The inner

sandbox was equipped with 36 sensor interfaces on 4 sides, and they

were connected to an external data collector. The position of the

pressure sensor is shown in Figure 1b. The inlet tank was equipped

with a large agitator to ensure uniform distribution of particles inside

the tank.

2.2 | Experimental materials

In recent years, the clogging of layers by particles during recharge has

been a major problem in sandstone aquifers. To more realistically sim-

ulate the engineering conditions, washed natural sand (light yellow in

colour with stable chemical properties, hard texture and good wear

resistance) was selected as the filling material in the test sandbox.

White silica micropowder was used as the suspended particle material

in the test; it was nearly spherical in shape with stable physical and

chemical properties, and easy to observe after sampling. According to

engineering data and experience from a previous study, In the ground-

water source heat pump and other projects, the particles that trigger

the recharge blockage are mainly concentrated above 10 μm, while

the sand of 1000–2000 μm is selected for the test according to the

particle size of the porous media of the stratum. And the particle size

and the gradation curve of the selected material are shown in Figure 2

and Table 1, and the roundness of the white fumed silica is shown in

Figure 3.

F IGURE 2 Grading curves of natural sand and silica micronaire.

TABLE 1 Test material parameters.

Material
Particle
size (μm)

Median

particle
size (μm)

Porosity
(%)

Specific

surface
area (m2/kg)

Sand 1000–2000 1568 42 8

Grains 6–17 12 - 772
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F IGURE 3 Roundness of grains.
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2.3 | Experimental process

The water temperature available for the groundwater source heat

pump unit is 12–22�C in winter, while the water temperature is 18–

35�C in summer, and three temperatures of 10, 25, and 40�C were

selected as the test temperatures. The test flow rate was selected as

the test flow rate of 0.01 cm/s (flow rate in the sand box) based on

the authors' previous related simulations (Cui, Fan, & Wang, 2019;

Cui, Fan, Wang, & Huang, 2019), where the seepage velocity between

different recharge wells was around 0.01 cm/s, and the flow rate was

95 L/h. And the volume of the inlet tank was 600 L. The main test

process was divided into the following steps.

1. Before the test, the natural sand was repeatedly cleaned to

remove suspended impurities and placed into an oven at 105�C

for 24 h. The washed natural sand was used to fill the sandbox by

the layered wet filling method. The water surface of each layer has

higher than the upper surface of the sand layer by �1 cm to

F IGURE 4 Variation of
temperature with heating time at
different points in step 2, t is the
heating time, H is the sand layer
height.

4 of 13 CUI ET AL.
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ensure that the filled specimen was saturated. The sand layer was

properly pounded and compacted to ensure the uniformity of the

sand layer when filling in layers. Here in four layers of filling, a total

of 40 cm high filling.

2. The outer temperature-controlled water tank was opened, the

sandbox was heated to the specified temperature, and the temper-

ature was monitored at all times during the heating process. The

sandbox was divided into three layers (H1, H2, H3) that were

10, 20 and 30 cm from the bottom of the sandbox. There were

16 points for monitoring temperature in each layer and 48 points

in total, as shown in Figure 4 (40�C test as an example).

3. The water pump was turned on, and clear water was passed

through the sand until the turbidity of the effluent was nephelo-

metric turbidity unit (NTU) <2. Then, the water pump was turned

off, the remaining clear water in the tank was removed, and

0.5 g/L of a suspension of micronized silica (turbidity 170 NTU)

was added. The pump was turned on, and the suspension was

injected in the process of opening the stirrer so that it was distrib-

uted uniformly through the sand, and the test began.

4. Each group of tests was conducted for 72 h while the pressure in

the sand tank was monitored in real time every 10 s by 36 pressure

sensors. Every 30 min, a sample of liquid was collected from the

outlet to measure its turbidity. When almost all the suspension in

the tank was used, more suspension at the same concentration,

which had been prepared in advance, was added.

5. After the test, the remaining water in the sandbox was slowly

removed, and the mass percentage of sand and particles at each

point and the particle size distribution of the particles that formed

a blockage in the sandbox were measured. The mass percentage

showed the deposition and clogging by particles at the point posi-

tions, and Figure 5 shows a map of the point positions.F IGURE 5 Spatial distribution map of sampling points in step 5.

F IGURE 6 Pictures of the point sampling in
step 5 at the end of the test, H is the sand layer
height.

CUI ET AL. 5 of 13
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6. Samples were taken from the points where clogging was obvious,

dried, and observed under a microscope.

3 | ANALYSIS OF TEST RESULTS

3.1 | Amount of particle deposition

Figure 6 shows the sampling plot for each layer of points. The mass

percentage R of sand to particles at each point measured to some

extent the number of particles deposited at that point; when the value

of R was larger, more particles were deposited, and when the value of

R was smaller, fewer particles were deposited. Samples were removed

at each point with an aluminium box and weighed, and the particles in

the box were washed into a small beaker (with a filter pad above the

beaker) with water at a fixed level of 200 mL at a time, followed by

particle turbidity measurement with a particle size analyser. Many
F IGURE 7 The relationship curve between particle turbidity and
concentration.

F IGURE 8 Particle deposition at different points of the sandbox at three test temperatures, H is the height (i.e., the distance from the bottom
of the sandbox).

6 of 13 CUI ET AL.
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studies (Bennacer et al., 2013) pointed out that there is a strong corre-

lation between the concentration of suspended particles and turbidity.

A turbidimeter was used to measure the turbidity and then subse-

quently converted to the concentration of particles. According to the

authors, they previously measured the concentration-turbidity rela-

tionship. The test used a 0.5 g/mL particle suspension with a turbidity

of 170, and there was a linear relationship between turbidity and con-

centration. The specific relationship between concentration and tur-

bidity is shown in Figure 7. The mass percentages of sand and

particles at each point were expressed as R:

R¼m3

m4
�100%

m3 ¼ F NTð Þ
m2 ¼ m�m1ð Þ�φ

m4 ¼m�m1�m2�m3

8>>>>><
>>>>>:

ð1Þ

where m is the mass of the sample (g); m1 is the mass of the alumin-

ium box (g); m2 is the mass of water in the sample (g); m3 is the mass

of the particles (g); m4 is the mass of sand (g); NT is the measured tur-

bidity of the particles (NTU); the mass of the particles can be con-

verted from the measured turbidity, and the relationship between

them is expressed by F(NT); and φ is the water content.

The results for R at each point are shown in Figure 8a–c. The test

results show that the deposition of particles along the percolation

direction decreases under different test temperature conditions. The

maximum deposition of particles is at 8.3 cm from the inlet, indicating

that blockage occurs there, and the deposition of particles decreases

the most between the percolation distances of x = 8.3 cm and

x = 16.6 cm, followed by a slow decrease in the deposition of parti-

cles. It is obvious from the figure that temperature can affect the

deposition of particles. At the maximum test temperature, that is,

(a) (b) 

(c) (d) 

F IGURE 9 Median particle size variation of deposited particles along the seepage distance.

CUI ET AL. 7 of 13
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Figure 8a, a number of particles were deposited at all four heights,

with Rmax values of 0.119%, 0.117%, 0.105%, and 0.117% at 8.3 cm

from the water inlet. At the minimum test temperature, that is,

Figure 8c, the same indicators were 0.118%, 0.072%, 0.071%, and

0.067%. These results indicate that the higher the temperature is, the

wider the location in the longitudinal direction where the deposition

of particles occurs. In addition, the migration of particles in the sand-

box spreads to both sides, and this behaviour becomes more pro-

nounced at higher temperatures, for example, in Figure 8a,b.

3.2 | Sediment particle size distribution

Figure 9a–d show the changes in the median particle size of the parti-

cles deposited in the sand layer at the end of the test in the direction

of water infiltration. Figure 9 shows that the median particle size of

the particles deposited in the sand layer gradually increases with

increasing infiltration distance. At 8.3 cm closer to the inlet, the D50 of

the particles deposited in the sand layer is extremely small, �3 μm. At

an infiltration distance of 13 cm, the particle D50 starts to exceed the

initial level, and the particle D50 deposited in the sand layer is distrib-

uted from 15 to 25 μm. Additionally, the higher the temperature is,

the larger the D50 This indicates that the process of particle migration

in the water-bearing sand layer was blocked, so that the particles that

could have migrated did not pass through the pore channels and con-

tinued to form a deposit in the sand layer. In addition, Figure 9 shows

that the higher the temperature is, the larger the sizes of particles

deposited in the sand layer. Temperature has a greater effect on smal-

ler particle sizes than larger ones, and as a result, it is more likely for

smaller particles to migrate and spread in all directions at higher tem-

peratures, which is ultimately reflected in the larger median particle

size that clogs the sand layer. From Figure 9b,c, it can be seen that

the particle size deposited at 25�C is the smallest, and the analysis

suggests that too high or too low temperature will be detrimental to

the particle deposition in the middle of the sand box.

To more clearly explore the particle deposition process,

Figure 10a–c show the particle gradation curves at x = 8.3 cm.

Figure 10 shows that the particles deposited near x = 8.3 cm have the

(a)

(b)

(c)

F IGURE 10 Particle size distribution of
deposited particles at the percolation distance
x = 8.3 cm.
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smallest D50 at H = 8 cm and H = 32 cm, and more small particles are

deposited in these two layers. This indicates that the migration pro-

cess of particles in the sand layer is diffusive, and particles with smal-

ler particle sizes are more likely to pass through the pore channels and

thus distribute around the sandbox, which is eventually reflected in

the reduction in D50. The increase in temperature promotes the diffu-

sion behaviour; for example, D50 increases from 2.30 μm at 10�C to

2.58 μm at 40�C for H = 8 cm. In fact, the particles are deposited

more in the lower layer of the sandbox than in the upper layer. In the

initial percolation section, the particles enter the primary pore chan-

nels from all directions and then flow out through the sandbox, and

this stage is the diffusion zone. With the continuous entry of suspen-

sion, most of the primary pore channels are blocked and particle

migration is gradually hindered, and most of them stay in the front

end, and this stage is the deposition zone. At low percolation dis-

tances small particles take up a larger proportion, thus reducing the

median particle size. The temperature change will affect this process,

and the temperature increase or decrease will advance or slow down

the deposition zone, which is finally reflected in the different median

particle size distribution at each location.

3.3 | Test pressure and permeability coefficient

During the test, the deposition of particles reduces the permeability

of the sandbox, and the development of particle deposition and block-

age in the sandbox was assessed by observing the change in the per-

meability coefficient K. The permeability coefficient K was obtained

by substituting Darcy's law from the pressure transducer readings and

the flow rate through the sandbox:

K¼ QΔL
AΔH

ð2Þ

(a)

(b)

(c)

F IGURE 11 Graph of sandbox pressure
variation at three test temperatures (pressure
monitor #4).
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where Q is the flow rate out of the sandbox (m3/d); ΔL is the distance

between the pressure sensors (m); A is the sandbox cross

section distance (m2); and ΔH is the head pressure difference between

the pressure sensors (m).

Figure 11 shows the pressure variations monitored during the dif-

ferent tests. Figure 11 shows that the pressure first oscillates continu-

ously back and forth around a fixed value and then decreases steadily.

In fact, the migration process of particles in the sand layer is divided

into a diffusion zone and a deposition zone. According to the ground-

water dynamics, at the beginning of migration, the particles disperse

in all directions to fill the pores, including holes that are effective for

migration and those that are ineffective for migration, because the

inhomogeneous flow of fluid in the porous medium disperses the par-

ticles. The pressure P continues to oscillate around a value during this

time, and in Figure 11b, the pressure oscillates at �3.97 kPa from

t = 0 to 12 000 s. As time passes, the porous medium becomes satu-

rated to a certain extent, the pore channels are blocked by dispersed

particles, and the particles begin to migrate continuously in the direc-

tion of seepage. This process leads to deposition and a steady

decrease in pressure. A significant decrease in the permeability coeffi-

cient occurs after the particles enter the deposition zone, and the

changes in the permeability coefficient after the corresponding time t

are listed in Figure 12. In Figure 11b, the pressure decreases from 4 to

3.96 kPa at the end of the test. The change in the permeability coeffi-

cient during this process is shown in the figure. Particle deposition

causes a decrease in the permeability coefficient in the sand layer,

and K decreases from 1.2 to 0.7E-5 m/s. In addition, the temperature

can increase the kinetic energy of the particles, which makes the

migration behaviour of the particles in the sand layer occur sooner. In

Figure 11, the deposition zone of the test group occurs at 8700,

12 000 and 15 450 s at T = 40, 25, and 10�C.

3.4 | Deposition pictures under microscope

At the end of each set of tests, the samples were dried, removed and

placed under a microscope for observation. Figure 13 shows the finely

detailed photographs of the particles deposited on the surface of the

sand layer. Figure 13a–f show the photographs taken at a migration

distance of 10 cm, and (g)–(i) show those taken close to the outlet.

From (a) to (f), the photographs clearly show that the particles are

deposited in the seams and pits on the surface of the sand during the

migration process. As the percolation distance increases, the number

of deposited particles increases.

4 | DISCUSSION

This paper discusses research that related to the recharge process of

the GWHP system, the independent development of a three-

dimensional sandbox seepage test system and the design of a particle

migration test based on the Reynolds number. The test results show

that temperature has a large influence on the migration-deposition

process of particles in wet sand. The Reynolds number is a

dimensionless number used to characterize the flow state of a fluid.

When the Reynolds number is small, the influence of viscous forces

on the flow field is greater than the inertial forces, and the fluid

undergoes stable laminar flow. Conversely, when the influence of

inertial forces on the flow field is greater than the viscous forces, the

fluid flow is more unstable. The Reynolds number is defined as:

Re¼ ρuL
μ

ð3Þ

μ¼0:01779= 1þ0:03368Tþ0:000221T2
� �

ð4Þ

where ρ is the density of the fluid (kg/m3); u fluid is the fluid velocity

(cm/s); L is the characteristic length (m); μ is the viscosity coefficient

of water (kg/(m-s)); and T is the Celsius temperature (�C).

(a)

(b)

(c)

F IGURE 12 The change of permeability coefficient of sand box
after the particles enter the deposition zone.
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The calculation of the Reynolds number in this study is shown in

Table 2, which shows that particle migration in porous media is mainly

influenced by viscous forces. The maximum Reynolds number under

the test conditions is 0.018 � 10, which shows that the water flow is

laminar and in accordance with Darcy's law. At higher temperatures,

the viscosity of the water decreases, and its resistance to the particles

decreases, thus increasing the settling of the particles and depositing

more particles in the sand layer. As shown in Figure 8, the deposition

of particles in the upper part of the sandbox decreases significantly

with increasing temperature. In Figure 8b for H = 32 cm and in

Figure 8c for H = 16, 24, and 32 cm, the mass percentage R of parti-

cles to sand does not exceed 0.05%. The increase in temperature also

promotes the increase in particle kinetic energy, which leads to an

increase in the frequency of collisions between particles and natural

sand so that more particles are captured by the natural sand medium,

which is eventually reflected in the increase in deposition. In addition,

the deposition coefficient and longitudinal dispersion coefficient of

suspended particles increase with increasing temperature, which leads

to a wider distribution range of suspended particles in the sandbox.

Additionally, due to the increase in kinetic energy of the particles, the

time spent in the process of diffusion in the sand layer is shortened,

that is, the diffusion zone ends sooner, as shown in Figure 11, where

the deposition zone of the particles advances by 6750 s under 40�C

test conditions compared to 10�C. As the particles enter the deposi-

tion phase sooner, the final deposition volume increases. In addition,

Figure 9 shows that the higher the temperature is, the larger the sizes

of the particles deposited in the sand layer because the smaller parti-

cles are more sensitive to temperature and migrate faster with the

flowing water.

In summary, the temperature increase causes more particles to be

deposited in the sand layer and accelerates the uneven flow of parti-

cles in the sand layer. The particles spread in the non-direction of per-

colation, and the higher the temperature is, the more obvious this

F IGURE 13 Microscopic observation pictures.

TABLE 2 Test Re parameters.

Reynolds number

u (mm/s) T = 10�C T = 25�C T = 40�C

0.1 0.009 0.013 0.018

CUI ET AL. 11 of 13
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diffusion behaviour is, which eventually broadens the distribution

range of the suspended particles in the sandbox. The increase in tem-

perature also promotes the percolation of small particles and causes

the diffusion zone to end sooner, thus extending the deposition zone

and increasing the number of particles captured at the surface and in

the pore channels of the sand layer.

5 | CONCLUSION

This article explores the effect of temperature on the transport pro-

cess of suspended particles in porous media through a three-

dimensional percolation sandbox test system that was developed in

this laboratory and verifies the rationality of the test by microscopic

observations. The following conclusions are drawn:

1. Temperature changes can significantly affect the transport process

of suspended particles in layers of wet sand. An increase in tem-

perature causes the deposition of more particles in the sand layer,

even though the mass percentage of particles to sand increases.

2. A temperature increase accelerates the uneven flow of particles in

the sand layer, and the particles spread in the non-direction of per-

colation. The higher the temperature is, the more obvious this dif-

fusion behaviour is, which eventually broadens the distribution

range of suspended particles in the sandbox. A temperature

increase also promotes the percolation of smaller particles, as they

are more sensitive to temperature changes, and the median parti-

cle size D50 deposited in the sand layer increases.

3. The migration of particles in the layer of wet sand is complex, and

there are diffusion zones and deposition zones through the test.

The temperature increase causes the diffusion zone to end sooner,

thus extending the deposition zone and increasing the number of

particles captured on the surface and in the pore channels of the

sand layer.

The experimental study found that particles form clogs not far

from migration in the sand layer, and the increase in the filtration level

not far from the radial direction of the wellbore retards particle clog-

ging. However, it is necessary to confirm this conclusion by further

tests. Additionally, it is possible to reduce the probability of forming

clogs by appropriately reducing the temperature of the backflow

water to reduce the diffusion of particles in the radial direction of the

wellbore.

To better understand the migration of suspended particles in

aquifers during GWHP operations, field tests and monitoring should

be conducted in conjunction with actual projects. This will be the

focus of future research along with the study of blockages of water

sources during recharge by heat pumps under actual operating condi-

tions and its impact on the formation environment.
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