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Abstract Subsurface fluid stratified sampling techniques have important applications in pollution monitoring in 
agriculture, industry and mining. The traditional sampling device has problems such as difficulty in going down the 
well, limited sampling depth, and silt clogging. This study proposes a new strategy to optimize the design of 
subsurface fluid stratified sampling device based on intelligent algorithm. The basic framework of fluid simulation is 
constructed by using the Navier-Stokes system of equations and the Eulerian mesh method, and a size function 
based on the combination of fluid surface distance and solid surface distance is designed to realize adaptive 
stratified sampling. The internal flow channel design of the sampling device is optimized by particle classification, 
splitting and merging operations. The results show that: different screen porosity (0.4-0.8) has a significant effect 
on the total pressure of the internal flow channel of the sampler, and the total pressure at the front end of the screen 
increases with the increase of the pressure drop; the maximum difference between the dryness of the split fluid and 
the inlet dryness is not more than 2.5%, which proves that the split fluid has a good representativeness; the split 
coefficients of the liquid phase and the gas phase are larger than the theoretical values in general, and they are 
gradually close to and tend to be stabilized with the increase of the discounted flow rate of the liquid phase; When 
the oil content exceeds 50%, the gas-phase partition coefficient decreases about 8%, and the average uncertainty 
of the total flow rate does not exceed 3.55%. The shallow U-tube layered sampling device developed based on the 
research results has been successfully applied in several oilfield CCS projects, realizing integrated water and gas 
sampling and one-hole multilayer sampling functions, which significantly improves the efficiency and accuracy of 
subsurface fluid sampling. 
 
Index Terms Subsurface fluid stratified sampling, Intelligent algorithm optimization, Navier-Stokes equations, 
Adaptive sampling, U-tube device, Fluid dynamics simulation 

I. Introduction 
The sustainable development of energy, resources and environment is a major issue concerning the future 
development of mankind, and the technological development in this field reflects the core competitiveness of the 
country and the living standard of the people [1]. However, in the process of requesting energy, resources and 
strategic space from the underground, with the increasing demand for underground resources, the irrational 
exploitation and utilization of underground resources have led to a continuous decline in the groundwater level, 
accompanied by changes in the underground environment, and even pollution and destruction [2], [3]. At the same 
time, groundwater in China is generally threatened by pollution caused by urbanization, industrialization, agriculture 
and mining activities [4]. It is found that 90% of urban groundwater in China is contaminated by organic and inorganic 
toxic and harmful pollutants, and the trend is from point to point, from shallow to deep, from urban to rural areas, 
and the degree of contamination is getting more and more serious [5]-[7]. 

Subsurface fluid sampling devices, combined with isotope tracking, stratigraphic residual gas analysis, and 
chemical composition testing can provide a large amount of stratigraphic information, which is one of the most 
important means to carry out the evaluation of groundwater resources and conduct environmental monitoring [8]-
[10]. Subsurface fluid sampling is of guiding significance for the safe conduct of engineering and environmental risk 
assessment, and there exists a large number of engineering needs [11]. Since the existing underground fluid 
sampling technologies in mainland China cannot meet the increasing demands for groundwater resources 
evaluation and environmental monitoring, and some sampling technologies are far from the international first-class 
level, there is a great need to research and develop fluid sampling and monitoring technologies with high 
technological content and independent intellectual property rights for the underground environment [12], [13]. 
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At present, the representative underground fluid stratified sampling devices can be divided into three categories, 
including downhole fixed-depth sampler, pump sampler and gas-propelled underground fluid sampler [14]-[16]. 
Downhole fixed-depth samplers are simple in structure, easy and convenient in operation, and inexpensive in cost, 
and are suitable for sampling types that do not require high sampling frequency [17]. Its disadvantages are that it is 
impossible to realize continuous multiple sampling, it is difficult to control the speed of sampling, the process of 
lifting the sampler to the surface is more disturbing to the subsurface fluid transport field, and the sampling accuracy 
is easily affected by the sampling operation [18]. Pump sampler relies on manual or mechanical drive, through the 
sampling pump to pump the subsurface fluid to the surface, in order to obtain the fluid samples of the specified 
subsurface layer. This method has a fast sampling rate and large perturbation of the subsurface fluid field, but it is 
not suitable for small-dose continuous sampling of shallow strata and chemical analysis of subsurface fluid samples 
[19]. The gas-propelled sampler is based on the U-tube principle, and its power source is compressed gas, such as 
removable nitrogen cylinders and compressed gas tanks [20]. After the subsurface fluid infiltrates into the sampler 
under hydrostatic pressure, the fluid is stored in the feed section, and the fluid in the corresponding subsurface 
stratum can be obtained through the pushing action of compressed gas [21]. As China's requirements for 
underground environmental monitoring increase year by year, a sampling technology with high sampling accuracy, 
the ability to realize stratified sampling, as well as downhole in-situ monitoring is the future development trend in 
the field of underground fluid sampling and monitoring. 

Subsurface fluid sampling technology plays a key role in the fields of environmental monitoring, petroleum 
exploration, and groundwater resource assessment. The problem of shallow groundwater contamination is 
becoming more and more prominent, which puts forward higher requirements for subsurface fluid stratified sampling 
technology. Traditional sampling devices face many challenges in practical application: the first generation device 
has a large volume of sampling section, which makes it difficult to go down the well and the operation difficulty 
increases with the increase of depth; the filtering function of the screen has limited effect, and the problem of 
sediment clogging seriously affects the system's service life; the effect of interlayer partitioning is not ideal, and the 
fluids in different layers are easy to be mixed, which affects the accuracy of the sampling. These technical 
bottlenecks restrict the accuracy and efficiency of underground fluid monitoring. The development of intelligent 
algorithms and fluid dynamics theory provides new ideas to solve these problems. Through the establishment of an 
accurate fluid dynamics model, the flow characteristics of the fluid inside the sampling device can be understood in 
depth, providing theoretical guidance for optimizing the structural design of the device. At the same time, adaptive 
sampling technology can dynamically adjust the sampling parameters according to different stratigraphic conditions 
to improve the sampling efficiency and representativeness. Therefore, the development of subterranean fluid 
stratified sampling device based on intelligent algorithm optimization is of great significance to improve the level of 
subterranean fluid monitoring technology. This study adopts the method of combining fluid mechanics theory and 
intelligent algorithm to firstly establish a fluid simulation framework based on the Navier-Stokes system of equations, 
discretize the flow field using the Eulerian grid method, and analyze the characteristics of the central grid and the 
staggered grid. Secondly, an innovative size function is designed to realize adaptive stratified sampling by 
integrating the fluid surface distance and solid surface distance. Through the particle classification mechanism, the 
particles are categorized into five types, and the splitting, merging and redistribution strategies are used to 
dynamically adjust the particle mass. Finally, based on the results of hydrodynamic calculations, we analyze the 
influence of different screen pressure drops on the internal flow channel, study the representativeness of the split 
fluid and the characteristics of the split coefficient, and provide a scientific basis for optimizing the subsurface fluid 
stratified sampling device. 

II. Optimization of the design of stratified sampling devices for subsurface fluids 
II. A.  Basic Framework for Fluid Simulation 
II. A. 1) System of Navier-Stokes equations 
The Navier-Stokes system of equations [22] is a set of equations describing the motion and state of fluid substances 
like liquids and smoke. 

The system of N-S equations based on the velocity field is given by: 

 21u
u u p g u

t





      



     (1) 

 0u 
  (2) 

where t  is the time and   is the density of the fluid. 
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  is the gradient operator, 2  or   is the Laplace operator, and    is the scattering operator. In the 3-

dimensional case, if the velocity ( , , )u u v w
   is defined, then , ,
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The g
   is the external acceleration and represents the cooperation of all other forces to which the fluid is 

subjected, such as gravity, buoyancy, etc. 
  is the viscous coefficient of the fluid. It is similar to density, an intrinsic property of the fluid, and is related to 

the type of fluid. The greater the coefficient of viscosity, the more viscous the fluid is. 
The momentum equation is actually a deformation of Newton's second law equation and describes how a fluid 

accelerates in response to a force. Suppose that for a body element in space with volume V, we have by Newton's 
second law: 

 Du
F ma m

Dt
 


  (3) 

where the large D derivative is known as the material derivative. For a physical quantity q  related to time t  and 
position x

 , the material derivative is given by: 

 ( , )
Dq d q dt q dx q dx

q t x q
Dt dt t dt x dt t dt

  
     

  

 


  (4) 

For the combined force F , there are the following components: 
(1) Other external forces such as gravity, buoyancy, etc., whose total force is expressed by mg

 . 
(2) Pressure, exerted from a region of high pressure to a region of low pressure; this force forces the fluid to move 

from the region of high pressure to the region of low pressure. If the body element is subjected to the same pressure 
in each direction, then its acceleration due to pressure is 0. The value of the pressure term can be expressed in a 
simple approximation by its direction along the negative direction of the pressure gradient: 

 
0

limp pV
f f V p


     (5) 

(3) Viscous forces, actual fluids have some viscosity, and viscosity impedes the deformation of the fluid. 
Specifically, it is a force that forces the body element to move at the average velocity of the surrounding fluid, and 
this force forces the minimization of the difference in velocity between adjacent body elements. The viscous force 
is related to the viscous coefficient of the fluid and the velocity of the fluid: the greater the velocity, the greater the 
tendency to deform and the greater the viscous force. The greater the coefficient of viscosity, the greater the viscous 
force. For a given fluid, the value of the coefficient of viscosity is determined. The parameter   in the equation is 

actually the ratio of the coefficient of viscosity   to the density   


 , which can also be called the coefficient 

of viscosity. The value of the viscous force term is expressed as: 
 f V u   


 (6) 

Combining equations (3), (5) and (6), there are: 

 Du
m mg V p V u

Dt
     


   (7) 

Divide both sides of the formula by the mass m V  and organize to get: 

 21Du
p g u

Dt


 

    
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   (8) 

Substituting u
  again yields: 

 Du u dx u
u u u

Dt t dt t

 
     
 

   
    (9) 

The equation of conservation of mass expresses the continuity of a fluid, i.e., for any point in space, the sum of 
the quantities (velocities) of fluid converging and diverging in all directions is zero. Real fluids, such as water, change 
their volume, even if sometimes imperceptibly, i.e. their density value is not constant, and are called “compressible 
fluids”. The simulation of compressible fluids is very complex, so in computer animation, fluids are usually 
considered as “incompressible fluids”. It is important to note that incompressibility is a fluid simulation concept, 
meaning that the volume of the fluid does not change, i.e., the density value is a constant, and is not the same 
concept as compression in compression perception. It can be viewed as a simplification of the mass continuity 
equation, which means that the amount of change in the mass of any body element in space is the sum of the 
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amount of change in mass over time and the mass flowing over. Because of conservation of mass, the value of this 
sum is zero. 

 ( ) 0
D

u
Dt

   
  (10) 

In contrast, for incompressible fluids, the density is constant, independent of time and position. This is the 
incompressible condition of the fluid. When a flow field satisfies the incompressibility condition, it is also known as 
a dispersionless flow field. 

 
II. A. 2) Eulerian grid sampling 
The actual fluid equations are supposed to be continuous in space, but to be computed and simulated using a 
computer, they have to be solved in a discrete way. The Eulerian grid method [23] uses a form of regular or irregular 
grid to discretize the flow field data, i.e., to sample the values in space according to a grid. Staggered grids and 
centered grids are two regular discretization formats commonly used in the Eulerian method, both of which will be 
covered in this paper. 

The locations of the central grid velocity and pressure sampling points are at the center of the grid, e.g., the 
pressure sampling point of the grid ( , )i j  for the 2-dimensional case is denoted as 

,i jp , and the sampling points 

of the two components of the velocity in the x  direction and in the y  direction are denoted as 
,i ju  and 

,i jv , 

respectively. 
In a staggered grid, also known as a “MAC” grid, the sampling point for the pressure remains at the center of the 

grid, but the sampling points for the velocity components are at different locations than in the center grid. For 
example, in the 2-dimensional case, the sampling point of the horizontal component u  is at the midpoint of the left 
and right edges of the grid, denoted as 

1/2,i ju  , which indicates that it is the transverse velocity between the grids 

( , )i j  and ( 1, )i j . Similarly the vertical component v  is sampled at the midpoints of the upper and lower grid 

edges, denoted 
, 1/2i jv   , indicating that it is the longitudinal velocity between grids ( , )i j   and ( , 1)i j   . These 

velocity components all lie on the surface of the mesh and are perpendicular to the surface of the mesh. Extended 
to the 3-dimensional case, the sampling point for the pressure remains at the center of the cubic mesh, and the 
sampling points for each of the three components of the velocity are located at the centers of each of the six surfaces 
of the cubic mesh and are perpendicular to each surface of the mesh. 
The number of center grid sample points is equal to the size of the grid, i.e., for a grid space of N M , there are 

N M  sample points for velocity and N M  sample points for pressure. In simulation, the size of the grid used 
is generally a power of 2, so the center grid has a great advantage in memory allocation and the simulation speed 
is faster. 

But there is a big problem with center grids, which is related to the center difference format. Suppose a 1-
dimensional flow field signal q  is sampled and a sequence 

1 1 1, , , , ,i i iq q q q    is obtained, which has an accuracy 

of 2( )O x  if computed using the first-order center-difference formulation: 

 1 1

2
i i

i

q qq

x x
  





 


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 (11) 

Of course it is possible to use forward or backward differencing, which drops the accuracy to ( )O x  . The 
derivative at point i  is calculated without using the value of 

iq . If the flow field is not continuous, then even if the 
constraints of Eq. are satisfied in the calculation, the flow field may still not satisfy the incompressibility condition. 

For example, the velocity at grid ( , )i j  in the 2D flow field is 
, (0,0)i ju 


, and the velocities at the four grids around 
it are 

1, 1, , 1 , 1 (1,1)i j i j i j i ju u u u      
   

. After discretizing it in terms of center difference: 

 1 1 1 1 0
2 2

i i i iu u v vu v
u

x y x x
     

     
   


 (12) 

Therefore, under a centered grid, the point would be considered to satisfy the incompressibility condition, but in 
reality it does not. However, under the staggered grid, the center difference equation is: 

 1/ 2 1/ 2i i

i

q qq

x x
  

 



 

 (13) 

At this point, the accuracy of the difference is still 2( )O x , but there is no need to skip values at any position, so 
whether the field is continuous or not has no effect on the calculation. This is the reason why staggered grids are 
commonly used when solving N-S systems of equations for incompressible fluids. 
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II. B. Adaptive stratified sampling based on size function 
Regions such as turbulence, splashing droplets, and fluid-solid coupling are considered to be important fluid regions, 
and therefore a higher resolution needs to be reserved for these regions and a lower resolution for other regions. 
 
II. B. 1) Shortcomings of fluid surface distance based sizing functions 
Currently, research on adaptive sampling for Lagrangian fluid [24] simulations focuses on fluid surface-based 
optimization, which aims to refine surface details such as splashes, waves, films, etc., to enrich visual effects. In 
this paper, we propose an innovative size function approach aimed at flexibly adjusting the resolution in fluid 
simulations to define the level of detail in different regions. 
 
II. B. 2) Dimension function design for distance combination of fluid-solid surfaces 
Fluid surface distances are generally computed using the level set method. The so-called level set is a signed 
distance function to the surface of the fluid. The SDF is a function that implicitly expresses three-dimensional spatial 
information; for a point in space, the SDF returns the shortest distance between that point and the surface of the 
geometry, and the sign of the returned value indicates whether the point is inside or outside the surface. Since the 
surface of the geometry is the set of all points for which the SDF takes the value 0, this is the level set. 

Weighing the speed and quality of the algorithm, the following formula was chosen for solving the level set: 

 f
ii i ix x r     (14) 

 i ij jj
x w x  (15) 

 i ij jj
r w r  (16) 

 
( , )

( , )
i j

ij
i jj

W x x h
w

W x x h





 (17) 

where 
ix  is the position of particle i , and 

ix  and 
ir  are the mean position and mean radius. 

In order to enable particle refinement in the region where the fluid is coupled to the solid, it is necessary to 
introduce the surface distance s

i  of the solid in addition to considering the distribution of particles in the fluid. In 
order to calculate the surface distance of the solid, the symbolic distance function described above is used with the 
following equation: 

   * *
*

min max ( ) ,0s fine
i is ss

sdf x    (18) 

where *s   denotes the solid around which the fluid particle needs to be refined, *s
sdf   denotes the symbolic 

distance function from the *s   solid, and *

fine

s
   is an artificially controlled parameter that denotes the minimum 

degree of refinement that will be achieved when the fluid particle's distance from the surface of the solid is less than 
this value. 

Combining the fluid surface distance and the solid surface distance, the size function ( )iS x   is obtained to 
calculate the optimal mass opt

im  that a particle should have at each place of the fluid. In addition, two artificial 
parameters need to be set: at the furthest distance 

max   from the surface, the mass of the particles used is 
represented by the parameter basem . At the fluid surface, the particle mass used is denoted by the parameter finem . 
The particle masses at these two locations are linearly related and are therefore expressed using the adaptive factor 

/fine basem m  , while the particle mass at each location of the fluid should be determined as a linear interpolation 
of the mass between finem  and basem . The size function is shown below: 

 
  max

max

min max , ,
( ) ( ) (1 )

f s
i i

opt base
i i iS x m m

  
  



 
      
 

 (19) 

To accelerate SDF generation, various acceleration methods can be used. 
 

II. B. 3) Particle classification based on size function 
Depending on the ratio of a particle's current mass 

im  to its optimal mass, particles can be categorized into five 
classes: o  (particles with masses very close to the optimal mass), s  and l  (particles with slightly smaller and 
slightly larger masses), and S  and L  (particles with too small and too large masses). Use the following equation 
to describe the categories of particle classification: 
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 (20) 

where /rel opt
i i im m m  denotes the relative mass. The o -class particle mass is chosen to be in the range of 10% 

above and below opt
im  to prevent particles close to the optimal mass from leading to unnecessary computational 

work, thus assigning a relatively small amount of mass above and below. Using the 
iC  classification, adaptive 

sampling adjusts the particle mass according to the size function. 
 

II. B. 4) Particle splitting and merging 
To adjust the particle masses of class L  and class S , splitting and merging operations will be used. To achieve 
smooth adaptive resolution, for the splitting of particles, a pre-processed 1: n  particle refinement pattern can be 
utilized. For the merging of particles, since there is usually a lack of particles to merge, a fixed :1n  pattern for 
particle merging is often infeasible or leads to errors that must be corrected. Therefore, an ( 1) :n n   merging 
pattern is adopted, which reallocates the mass of a single class S  particle to its n  neighbors to overcome these 
issues. In addition, to achieve smooth adjustments, class l  particles can redistribute their excess mass among 
neighboring class s  particles. Figure 1 illustrates the processes of splitting, merging, and redistribution. 

(a) Splitting

(b) Merging (c) Redistribution

Particles before sampling

Particles after sampling

 

Figure 1: Split, merge, and redistribute 

L  -like particles can be partitioned into n   sub-particles with masses close to the optimal mass, where 

/ opt
i in m m    . When 4n  , the sub-particles are placed at uniform distances on the surface of the sphere of the 

original particle. When 4n  , the subparticles are also placed on the surface of the sphere, but one of them is 
placed at the center of the sphere. The mass of the split new subparticle can then be set directly to /im n , which 

just ensures conservation of mass. 
The merger of a particle of class S , whose mass is less than / 2opt

im , can be deleted by redistributing its mass 

to nearby particles classified as s  or S . The reason for merging particles with neighboring s  and S  particles 
is that they also carry too small a mass, and in order to be able to adjust the mass smoothly, the ( 1) :n n  merging 

mode, which removes only one particle, is more stable than the :1n  merging mode. 

In order to find the particle's s   and S   class neighboring particles, one needs to traverse all neighboring 

particles and check if the neighboring particle is classified as s  or S  and if it has not yet been assigned a partner. 
The search distance will be limited within the search radius to minimize the instability that is prone to occur in long-
distance merging. In addition, it is checked whether the mass of the neighboring particles plus the mass of the S  
class particles split into n  copies will be less than basem  to ensure that a valid size is produced, where n  is the 

number of partners found plus one. If it is a valid partner, it is labeled accordingly, and if no partner is found, the 
initial particle remains in its current state. 

A particle i  of class S  with n  partners assigns the mass /n im m n  to each partner j . Therefore, it is 

necessary to iterate through all the particles previously labeled as merging partners of particle i  and compute their 
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new masses and other physical quantities A , using a weighted average of the masses in the computation: 
 *

j j nm m m   (21) 

 *
*

n i j j
j

j

m A m A
A

m


  (22) 

Once all partners have been updated, the original particles will be removed from the simulation. By redistributing 
the masses, the method ensures conservation of mass, and by using mass-weighted averaged positions and 
velocities, the method also ensures conservation of linear and angular momentum. 

The splitting of l -class particles can be combined with the merging of s -class particles. When splitting l -class 

particles, at least two particles with masses less than opt
im  are created. As opposed to splitting the particles, the 

excess mass opt
ex i im m m   can be redistributed to nearby s -class particles. This allocation is used because this 

redistribution smooths out the resolution and prevents l  -class particles from potentially becoming L  -class 

particles that must be split. A mass redistribution process similar to the merging process is used, but only only the 
excess mass 

exm  is redistributed to the neighboring s -class particle j : 

 *
i i exm m m   (23) 

 * ex
j j

m
m m

n
   (24) 

Since initially the l -class particle i  is retained and a fraction of its mass is redistributed to the s -class particle, 
the other physical quantities 

jA  of the s -class particle j  that receives the mass need to be updated in order to 
maintain momentum conservation: 

 *
*

ex
i j j

j
j

m
A m A

nA
m


  (25) 

II. C. Optimize the application of subsurface fluid stratified sampling devices 
As the pollution of shallow groundwater in agriculture, industry and mining is becoming more and more prominent, 
the sampling technology for shallow underground fluids has more market prospects and application needs. For this 
reason, Wuhan Institute of Geotechnics, Chinese Academy of Sciences (WIGS) has started to develop an all-plastic 
underground fluid U -shape pipe layered sampling system for shallow formations, and has carried out site tests 
and equipment optimization in a number of CCS projects, including Shengli Oilfield, Shenhua Ordos Basin, Jilin 
Oilfield, and Yanchang Oilfield, which have verified that it is technically feasible, cost-competitive, and has a wide 
range of applicability. 
 
II. C. 1) Working principle of shallow U-tube stratified sampling device 
Shallow U -shaped tube stratified sampling device is based on the U -shaped tube and gas-propelled principle, 
which utilizes compressed nitrogen to propel the subsurface fluid, which is under hydrostatic pressure and enters 
into the inner part of the sampler, into the surface sampling bottle, so as to realize the purpose of subsurface fluid 
sampling in the target stratum. 

The U -shaped tube layered sampling device adopts modular design, generally consists of three parts, namely, 
sample feeding section, connecting section and surface sampling section, which can be customized for different 
downhole geological conditions, with strong adaptability to the site, and it can realize the purpose of water and gas 
integrated sampling and multi-layer sampling in one hole to meet the needs of different projects. 

The basic sampling steps of U -shaped tube layered sampling device can be divided into 4 stages. 
The first stage: the sampler reaches the designated sampling layer under the action of gravity through the 

counterweight traction device, and the sampler is fixed in the designated layer with the help of wire rope external 
support. 

The second stage: the underground fluid of the aquifer under hydrostatic pressure passes through the small holes 
on the side wall of the sampler's sampling section and penetrates into the interior of the sampling section until it 
reaches the seepage equilibrium. 

Stage 3: The fluid inside the sampling section passes through the seepage assembly and then enters into the U
-shaped tube through the check valve. Due to the unidirectional flow characteristics of the check valve, the 
subsurface fluid is stored in the U -shaped inner tube of the sampling section as well as in the flow storage vessel. 
The two inner tubes of the U -shaped tube are connected to the surface as pressurized tubes and sampling tubes, 
which are connected to nitrogen bottles and sampling bottles, respectively. 
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Stage 4: After washing the well with nitrogen and removing the underground fluids disturbed by drilling fluids and 
other fluids in the inlet pipe, the pressurized end of the U -shaped pipe is externally pressurized, and due to the 
flow restriction of the check valve, the fluids stored in the inner pipe of the U -shaped pipe and in the flow storage 
container are discharged under pressure through the sampling pipe to the sampling bottles located at the ground 
surface, and then the sampling of underground fluids in the specified layer is completed. Soil gas is connected 
directly to the surface through downhole conduits and is extracted directly after well washing using piston type gas 
sampling containers. 

 
II. C. 2) Product characteristics 
The first-generation shallow fluid stratification sampling device mainly includes a wellbore system, a simple packer 
system, a U -shaped tube subsurface fluid feeding system, and a surface sampling system. The ports of the simple 
packer system are inserted into the tube inlay of the wellbore system and riveted firmly by screws to form a 
monolithic cylinder structure. The monolithic cylindrical structure is buried into the ground through a borehole, and 
the inner conduit passes through the small hole reserved for the simple packer and connects with the underground 
liquid sampling system of the U -shaped tube. The conduit passes through the small hole reserved for the first 
simple packer to connect with the gas phase filter and gas phase check valve of the soil gas sampling system, 
which passes through the first simple packer to connect with the needle valve and liquid sampling container on the 
ground. The gas-propelled ground liquid sampling system set up at the ground inlet is connected to the underground 
liquid feeding system of the U -shaped tube by passing through the small hole reserved for the first simple packer. 

The sampling section of the first-generation sampler is large, so there are difficulties in going down the well during 
the sampling process, and the operation difficulty increases with the increase of sampling depth, and the sampling 
depth is limited. In addition, the filtering function of the screen wrapped around the sampling section is generally 
effective, and the problem of sediment clogging is still an important factor affecting the life of the system. 

Based on the working principle of the first-generation sampler, the second-generation shallow fluid stratified 
sampling device focuses on solving the problems of limited sampling depth, weak interlayer sealing and poor system 
durability by improving the system structure. 

The second generation sampler adopts the technical route of self-gravity traction design, chemical self-expanding 
sealing device, flexible link rod and open sampling section design, which mainly includes several sampling devices. 
The sampling device consists of a sampling wellbore and packers installed at the upper and lower ends of the 
sampling wellbore. The upper and lower end packers are provided with a lifting ring. The wire rope connects the 
sampling devices located in each layer through the hanging ring, and finally realizes the function of stratified 
sampling in different layers. 

The third generation sampler has greatly improved its basic sampling function by adding key components such 
as flow storage vessel and customized filtration and dialysis components. Meanwhile, the sampling section has 
realized modular design, and the size and length of the sampling section can be changed according to the actual 
geological conditions of the site, so that the adaptability of the site can be further enhanced. 

Currently, the sampler has been applied in Shengli Oilfield CO2-EOR project, Ordos Shenhua CCS Demonstration 
Project, and CO₂-EOR demonstration sites in Jilin Oilfield and Yanchang Oilfield for monitoring CO₂ leakage from 
the shallow surface. 

III. Analysis of the results of hydrodynamic calculations of internal flow paths 
III. A. Effect of pressure drop on internal flow paths for different filters 
Boundary conditions: the flow rate is set to the rated flow rate of the submersible pump 4 37.81 10 /m s , and the 

static pressures at the inlet and outlet of the sampler are set to 0.1 MPa. 5 (A-E type) different screen porosities are 
selected 77.81 10 , 73.95 10 , 72.64 10 , 71.92 10 , and 71.54 10 m  to simulate the effect of pressure drop 

on the internal flow path. 
 /P Q D   (26) 

where, P  is the pressure drop. Q  is the rated flow rate. D  is the screen porosity. 
In the internal flow simulation, as the screen porosity decreases caused by the pressure drop increases, the total 

pressure at the front of the screen also increases, that is, the screen to withstand a stronger impact of the water 
flow. And because the pressure drop of the screen is directly proportional to the flow rate of the fluid through the 
screen in the normal direction, when the pressure drop caused by the screen is larger, the total pressure difference 
between the inside and outside of the screen cylinder is more obvious. That is, when the pressure drop caused by 
the screen is greater, more fluid will flow out of the side of the screen cylinder. This changes the flow trajectory of 
the fluid inside the sampler and provides a feasible method for realizing efficient sampler collection. Figure 2 shows 
the effect of different screens on the total pressure in the flow path. It can be seen that the total pressure at the inlet 
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end and at the screen is positively correlated with the change of the pressure drop of the screen, and the total 
pressure at the outlet end is almost unrelated to the pressure drop of the screen, and the total pressure at the outlet 
end of the different screens is about 105 MPa. It can be seen that the pressure drop of the screen mainly affects 
the flow path inside the sampler before the screen, and the effect of the pressure drop of the fluid after the flow 
screen is not so obvious. 

 

Figure 2: The total pressure effect of different filter channels 

In studying the variation of total pressure in the internal flow channel of the sampler, this paper is analyzed by 
collecting data at points selected on the central axis of the sampler. Six representative total pressures in the internal 
flow channel of the sampler are selected for the study. In addition, the screen selected for the simulation is the 
screen with a pressure drop of 2500 Pa at the rated flow rate of the submersible pump (Q=7.81×10-4m3/s). The six 
points on the central axis of the sampler were selected as follows: A is the inlet end of the sampler, the starting point 
of the fluid simulation calculations; B is the end of the conduit, before the fluid enters the end cap of the screen; C 
is the inlet end of the screen; D is the end of the screen; E is the end of the collection cylinder; F is the outlet end 
of the sampler, the end point of the fluid simulation calculations. Three pressure environments of 0.1MPa, 0.2MPa, 
and 0.3MPa were selected for numerical simulation. 5 pump flow rates of 7.81×10-4, 3.95×10-4, 2.64×10-4, 
1.92×10-4, and 1.54×10-4m3/s were selected. 

 

Figure 3: The total pressure change in the axis direction of 0.1 MPa 

Figures 3 to 5 show the pressure changes at each point on the central axis for different ambient pressures and 
different flow rates. It can be seen that in the middle and back section of the sampler (at 0.40~0.55m), the total 
pressure of the fluid will have a significant decrease, which is determined by the porous material properties of the 
filter. In the back section of the sampler (0.55~0.60m), the total pressure of the fluid has a slow recovery, and there 
is a trend close to the total pressure at the inlet end of the sampler, the recovery of the total pressure at the back 
end can show that the fluid flow tends to be stabilized in this part of the sampler. In theory, the sampler inlet flow 
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and outlet flow are always equal (mass conservation law), while the total pressure at the two ends of the inlet and 
outlet in the figure is not equal, but the two are gradually approaching the trend of numerical value is consistent with 
the theory. 

 

Figure 4: The total pressure change in the axis direction of 0.2 MPa 

 

Figure 5: The total pressure change in the axis direction of 0.3 MPa 

 

Figure 6: The comparison of the shunt circuit with the import dry degree 
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III. B. Representativeness of subfluids 
Figure 6 shows the results of comparing the dryness X3 of the split fluid with the inlet dryness X1. As can be seen 
from the figure, X3/X1 is very close to 1 in the experimental range, and the maximum difference between the two 
does not exceed 2.5%. This indicates that the partial fluid is a good sample of the measured multiphase fluid and 
has a sufficiently high representativeness. 
III. C. Values of shunt coefficients 
Figure 7 shows the experimental results of the liquid-phase shunt coefficient KL and the gas-phase shunt coefficient 
KG, the liquid-phase oil content in the experiment is equal to 0. It can be seen from the figure that both KL and KG 
have a certain distance from the theoretical value, and with the increase of liquid-phase converted flow rate, the two 
are gradually approaching and obtaining the stable value, which is larger than the theoretical value in general. This 
phenomenon can be explained as follows, due to a part of the fluid in the shunt process through the gap between 
the rotor and the shell directly bypassed to the shunt circuit, so that the actual shunt fluid flow exceeds the theoretical 
value. When the liquid phase flow rate is larger, the bypass ratio obtains a relatively stable value, and the shunt 
coefficient also obtains a stable value. Obviously, by improving the machining accuracy, reduce the clearance 
between the rotor and the shell, is conducive to reducing the impact of the bypass, improve the accuracy of the 
shunt coefficient. It can also be seen from the figure, the gas-phase flow rate on the value of the shunt coefficient 
has no significant effect. 

 

 

Figure 8: The effect of oil ratio on the flow coefficient of gas phase 

Figure 7: The results of the shunt coefficient experiment 
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III. D. Effect of oil content on partition coefficient 
Figure 8 shows the effect of oil content on the gas-phase partition coefficient. From the figure, it can be seen that 
when the oil content is greater than 50%, it will decrease the KG by about 8%, while when the oil content is lower 
than 50% there is no significant effect on the KG. Figure 9 shows the effect of oil content on the liquid phase partition 
coefficient. From the figure, it can be seen that all the experimental points fall on the same line except for the 
experimental point with an oil content of 60% (8% lower). The shunt coefficient derived from the above experiments 
can be used as a calibration value for the shunt to determine the total flow rate of the liquid phase and the gas 
phase. When the split-fluid flow rate is determined, the total flow rate can be determined. The experimental results 
prove that the average uncertainty of the total flow rate does not exceed 3.55%. 

 

 

Figure 9: The effect of oil ratio on liquid phase shunt coefficient 

IV. Conclusion 
The design strategy of subsurface fluid stratified sampling device based on intelligent algorithm optimization 
effectively solves the technical bottleneck of the traditional device. The hydrodynamic simulation results verify the 
reasonableness of the optimization of the internal flow path of the device: the total pressure in the middle and back 
section (0.40-0.55m) of the sampler decreases significantly, and the total pressure in the back section (0.55-0.60m) 
rises slowly and tends to be stable, which indicates that the state of the fluid flow has been improved. The 
experimental data of flow separation coefficient show that the liquid-phase and gas-phase flow separation 
coefficients tend to stabilize with the increase of liquid-phase converted flow rate, and there is no obvious effect on 
the gas-phase flow separation coefficient when the oil content is lower than 50%, and the liquid-phase flow 
separation coefficient decreases by 8% when the oil content is 60%. The adaptive stratified sampling technology 
precisely controls the particle distribution in different areas through the size function, and the particle mass is 
adjusted within 10% above and below the optimal mass, which ensures the sampling accuracy. The optimized U-
tube stratified sampling device realizes modular design and can be customized according to downhole geological 
conditions. The application of the device in several oilfield demonstration projects shows that the technology is 
feasible, the cost is competitive, and the scope of application is wide. The research results provide an efficient and 
reliable technical solution for subsurface fluid monitoring, which is of great application value for promoting 
environmental protection and resource exploration. 
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