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Abstract

:

Molar diffusion mechanism is generally considered to be the main physical process of gas transport at the soil–atmosphere interface. However, the advection mechanism in porous medium can considerably affect soil gas transport. Barometric pressure fluctuations caused by pressure pumps is one of the main factors that affects the advection mechanism. Most of the existing studies are overly focused on the construction of complex mathematical models and cannot exclude other environmental factors from interfering. In the present study, a simple attenuation form of barometric fluctuations was explored as a “minimum unit” of pressure wave in laboratory. A pressure attenuation model (PAM) was developed to verify the relationship between pressure difference and gas emission from soil surface by measuring the change in pressure attenuation. The effect of pressure fluctuations on soil surface gas fluxes was then quantified based on the calculated fluxes. In addition, the relationship between the physical properties of the soil medium and the change in pressure was also analyzed. The results show that fluctuations in air pressure can cause a change in soil CO2 fluxes by an order of magnitude (change of 1 Pa can result in approximately 100% change in flux for sandy loam). The sensitivity of different soil medium to pressure differences was positively correlated with soil gas permeability, which is the main physical property of soil that influences the response of gas to pressure fluctuations. These results provide important prerequisites for quantifying more complex pressure fluctuations in a future study.
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1. Introduction


Soil is one of the main sources of greenhouse gas (GHG) emission, which is a global climate issue. Accurate measurements of GHG fluxes (including, carbon dioxide, CO2; nitrous oxide, N2O; and methane, CH4) from the soil surface are important for assessing the global GHG budget and the effects of anthropogenic GHG emissions [1,2,3,4]. Furthermore, GHG fluxes also facilitate prediction of future trends of climate change at macro level.



When calculating gas fluxes in soil, two mechanisms that control gas transport—namely diffusion and convection—should be considered [5,6,7]. Diffusion is driven by gradient of gas concentration [4,7,8], whereas convection is the response of a gas to its density or pressure gradient [7,9,10]. During atmosphere-to-soil gas exchange, air temperature, wind, and air pressure can drive three different mechanisms of convective transport. These mechanisms include: (1) thermally-induced convection, a type of free convection that is triggered by an unsteady density gradient, which is caused by temperature differences within the atmospheric and soil envelope [11,12,13,14,15,16]; (2) wind-induced transport (WIT) is caused by surface winds in the boundary layer, which generate pressure differences or enhance the exchange between soil gases and the atmosphere due to the dispersion effect of the wind [7,17,18,19,20,21]; and (3) barometric induction is the movement of soil gases in the vertical direction due to changes in atmospheric pressure, which increases the rate of soil gas exchange. It is usually associated with barometric pressure changes of several hundred pascals over a few hours [22,23,24]. In addition to the above mechanisms, dispersion is also an important mechanism affecting soil gas transport, which is manifested as an enhancement of diffusion by shear forces. Depending on the flow rate of the gas in the soil, dispersion can be divided into two types [25]: (i) at low flow rates, where molecular diffusion makes the dominant contribution in mass transfer; and (ii) at high flow rates, where dispersion is more influenced by the tortuous paths in the soil. For the second type of dispersion, when the pressure gradient of the flow in the soil rotates with time, it is specifically referred to as “rotational dispersion” [26], a typical example is that the air turbulence passing through the soil, which causes increase or suppress to gas flux in soil surface. In the present study, we focused on the effects of changes in soil surface pressure (primarily, attenuation waves) on soil gas emissions as well as gas fluxes. The thermal convection was not considered when convection was equivalent to the advection term, which is used hereafter to describe convection. Meanwhile, the effect of air turbulence on the soil surface is not considered in this study, so the dispersion effect is ignored.



Several previous studies have reported that small changes in pressure can bring order of magnitude changes in soil gas fluxes [27,28,29,30]. Therefore, soil gas fluxes need to be calculated more accurately by investigating the relationship between soil gas transport and pressure in depth. Most studies on this topic are based on field and laboratory measurements, where field measurements are mainly used to analyze gas emissions by retrieving atmospheric and soil pressure fluctuations through a reference chamber, and the gas concentration distribution in the soil is calculated [31]. However, many uncontrollable environmental factors are present in field that can jointly affect the distribution of soil gas concentrations as well as gas emissions. Bain et al. [32] and Xu et al. [33] investigated the effect of wind-induced pressure differences on measured soil CO2 fluxes in the field based on closed chambers and found that a pressure difference of 1 Pa could result in a 100% increase or decrease in fluxes. Levintal et al. [7] collected soil to five vertical polyvinyl chloride (PVC) columns and explored the wind-induced pressure effect on CO2 flux in field, which shows an increase compared to diffusion flux from 25% to 500%. Poulsen et al. [30] analyzed an approximately 7 × 10 m site in Denmark, over a large area, in combination with measured data and concluded that a change in atmospheric pressure of 200 Pa could also cause an approximately 100% change in CO2 flux; by converting the site area to the size of the closed chamber area, it is consistent with the former results. Takle et al. [34] explored the effect of high-frequency pressure fluctuations on surface CO2 fluxes at farmland, and pressure pumps were found to cause 300–700% higher than pure diffusion flux. Kuang et al. [6] also reported that the radon gas flux at the surface is affected by pressure and varies from 10% to 200%. However, in practice, the field measurements of the above study cannot be absolutely and strictly controlled for variables, and factors, such as temperature and soil water content are temporally heterogeneous and spatially heterogeneous, which can cause bias in the estimation of flux effects. Hence, it is not easy to analyze the sole influence of pressure and give a relational model, leading to the inability to conduct studies in complex environments. Meanwhile, some scholars have studied the effect of pressure fluctuations on soil gas transport by a given barometric pressure change [35,36,37,38]. However, their studies are difficult to compare with field observations. First, some of the experiments used soil matrices with much higher porosity than natural soils—they used coarse sand and glass beads of a few millimeters in diameter. Moreover, the pressure variations that have been previously studied were in the form of sinusoidal waves, and only a few models have been given by Forde, Cahill, Beckie and Mayer [1], Laemmel, Mohr, Schack-Kirchner, Schindler and Maier [35], Scotter and Raats [38] to specifically describe the effects of pressure variations on gas emissions.



The present study used three common soil medium under laboratory controlled variables to: (1) construct a model of the relationship between pressure changes and gas emissions (PAM); (2) measure the enhancement or inhibition of CO2 fluxes in response to pressure changes; (3) compare the constructed model with other flux calculation methods, such as closed chamber method; and (4) analyze the relationship between soil physical properties and pressure changes.




2. Materials and Methods


2.1. Gas Transport Equation


In porous medium, such as soil, the response of gas to diffusion and advection can be described using the advection-diffusion equation (ADE) [23]. By neglecting the role of biological or chemical sources or sinks, the ADE in one-dimensional form can be formulated as:


     ε   ∂ C   ∂ t    ︸  I  =     D s     ∂ 2  C   ∂  z 2     ︸   I I   −    u   ∂ C   ∂ z    ︸   I I I    



(1)




where  ε  is the aerated porosity of soil (m3·m−3),    D s    is the effective diffusion coefficient of gas in soil (m2·s−1),  u  is the gas flow rate in the medium (m·s−1),  C  is the gas concentration (μ mol·m−3),  t  is the time (s), and  z  is the vertical distance of a point in the soil layer in the medium from the soil surface (m). Term I in Equation (1) is known as the transient term or storage term, which means that the concentration varies with time. Term II to the right of Equation (1) is expressed as the contribution of only molecular diffusion (i.e., diffusion term), as the disperation effect is ignored in this study, whereas term III is expressed as the contribution of advection (i.e., advection term).




2.2. Flux Calculation


2.2.1. Diffusion Flux


When molecular diffusion dominates the transport of gases in the soil and the gas concentration in the soil profile is in steady-state equilibrium, the diffusion flux of gases on the soil surface can be calculated from the soil gas concentration gradient using Equation (2) (Fick’s first law):


   F d  = −  D s    ∂ C   ∂ z    



(2)




where    F d    is the diffusion flux (μ·mol·m−2·s−1),     ∂ C  /  ∂ z     is the profile concentration gradient (μ·mol·m−4), and the negative sign indicates the diffusion of gas from high to low concentrations.



The effective diffusion coefficient of gases in soil can be estimated by combining molecular diffusion coefficients of atmospheric gases (m2·s−1) with the physical properties of soil. The physical properties of the soil are calculated using the Millington and Quirk model [39]:


     D s     D o    =    ε    10  3       φ 2     



(3)




where  φ  is the total porosity of the soil (m3·m−3) and   ε = φ   for completely dry soil.




2.2.2. Advection Flux


If the ambient air pressure at the soil surface changes and creates a pressure difference between the surface and interior of the soil, advection will occur during the transport of gas in soil. This would affect the transport state of the gas and change the gas transport volume. According to Equation (1), the magnitude of advection flow (μ·mol·m−2·s−1) at the soil surface can be determined by multiplying the gas flow rate at the soil surface and the gas concentration at the surface:


   F a  = u C  



(4)







As soil is a porous medium, gas flow in soil generally follows Darcy’s law. The gas flow velocity resulting from the pressure difference can be calculated using Equation (5):


  u = −  k μ    ∂ p   ∂ z    



(5)




where  k  is the soil gas permeability (m2),  μ  is the aerodynamic viscosity coefficient (Pa·s),  p  is the air pressure (Pa), and     ∂ p  /  ∂ z     is the pressure gradient (Pa·m−1).




2.2.3. Total Flux


Considering the advection and diffusion contributions that were calculated using Equation (1), the total theoretical gas flux (μ·mol·m−2·s−1) emitted from the soil surface can be obtained as follows [40]:


  F =  F d  +  F a  = −  D s    ∂ C   ∂ z   + u C  



(6)







In this study, we used Equation (6) to calculate the gas fluxes through the soil surface. It is worth noting that from Equation (1), the diffusion and advection flux in Equation (6) were multiplied with the aerated porosity, thereby representing the actual flux through the soil surface pores.





2.3. Pressure Attenuation Model (PAM)


Under natural conditions, due to the complex motion of atmospheric turbulence, pressure waves are usually transient and difficult to form a regular fixed form, which does not facilitate quantitative modeling, therefore, it is necessary to find a “minimum unit” of pressure fluctuation, and it is reasonable to further complicate the investigation based on the understanding of the influence of the “minimum unit”. This study uses the attenuation wave as the “minimum unit” of the pressure wave.



When the decay rate of a physical quantity is proportional to its actual instantaneous value, it can be said that the physical quantity obeys exponential decay. In this paper, we use the exponential relationship to describe the change in pressure decay created by the pressure pump acting on the soil surface, and also study and discuss only the pressure difference of this form as a representative of the air pressure fluctuation, which obeys the following relationship.


    ∂ P   ∂ t   = − β P  



(7)




where  P  denotes the pressure difference (Pa) at a point in the soil from the soil surface, and  β  is the decay constant.



Substituting the initial pressure difference as boundary condition into the equation has the following special solution:


  P  ( t )  =  P 0   e  − β t    



(8)







By combining this solution with Equation (5), the instantaneous advection velocity at the time of pressure decay can be obtained. By integrating the product of the instantaneous velocity and the soil surface area (m2), the volume of gas emitted or inhaled from the soil surface (m3) can be easily calculated using Equation (9):


  V = S    ∫ 0 t   u d t     



(9)







According to Equation (1), since the advection velocity already includes the aerated porosity, there is no need to additionally multiply it by the actual effective area (m2) of the gas passing through the soil surface [41].



Equation (9), the model PAM derived in this study also proves the reliability of using Equation (5) to calculate advection velocities, based on the validation passed.




2.4. Soil Medium


To ensure accuracy of the experiments, three soil medium were used in the present study (Figure 1). These medium included loamy soil, sandy loam and sand; they were all collected from Hangzhou, Zhejiang, China. An overview of the physical properties of the soils is given in Table 1 (herein, soil particle size is expressed as effective size    d  10    ). All soil medium were excavated by excavators at the construction site; these soils were crushed into small particles for subsequent compaction and filling in the experimental setup.



During the experiments, the soil medium were kept completely dry to effectively calculate the diffusion coefficients of gas in soil. In addition, the three soil medium were sterilized and disinfected before the experiments to remove microorganisms that act as potential sources or sinks. The purpose of using dry soil is to exclude the interference of CO2 gas slightly soluble in water while moisture fills the pores in the soil to the experimental results, i.e., to control the soil moisture content to zero in order to facilitate the investigation of the effect of a single pressure decay wave on the gas flux at the soil surface.




2.5. Trace Gas


The trace gas used in the experiments included CO2 with a molar fraction of 2000 ppm, and the remaining part of the trace gas included air. In this study, trace gas was encapsulated in a compressed gas tank and injected into the experimental setup using a catheter. CO2 concentration was set at 2000 ppm for three main reasons: (1) the overall density of air does not vary much at this concentration [42]; (2) CO2 concentration of 2000 ppm is more consistent with the actual CO2 concentration at near-surface soil under natural conditions [43], and it is therefore representative of the natural conditions; and (3) it is a moderate concentration, and it is easier to reach steady state in the soil column in the experimental setup during actual aeration.



During the experiments, CO2 gas was injected into the bottom of the experimental apparatus at a slow and constant flow rate of 0.5 L·min−1 (Figure 2) before the experiment and diffused from the bottom to the top of the apparatus. When CO2 concentration reached steady state in soil column, then the gas tank was closed. All experiments were performed with sufficient CO2 gas in the gas tank.




2.6. Experimental Setup


Figure 2 shows the overall layout of the experimental setup. The device was mainly composed of two parts—upper and lower—both made of stainless steel. The upper end consisted of a removable cylindrical gas chamber cover (Chtop) with a diameter of 45 cm and a height of 40 cm. The top surface of Chtop is closed, whereas its bottom surface is open. A conduit of 6 mm diameter was present on the side of the column as an induced pressure pump port, which could be connected to different pressure pump instruments. The gas pumping device used in this study included a self-made pressure pump, which consists of air cylinders and a box for storage. A cylindrical barrel (Chbot), which was 40 cm in diameter and 70 cm in height, was placed right below Chtop. The top surface of Chbot was open, whereas the bottom surface was closed. In Chbot, a 5 cm wide and 5 cm high upward ring water sink was welded at the side near top surface of Chbot to prevent the gas leakage between upper and lower parts of the interface in the experimental process. Moreover, in Chbot, gas tubes marked O1, O2, O3, O4, and O5 were installed at depths of 0 cm, 10 cm, 20 cm, 30 cm, and 40 cm from the top of the column, respectively. Below the O5 layer is a ventilation chamber, which is separated from Chbot by a perforated breathable screen and contain enough high concentration CO2 gas after the gas tank was closed to make sure that CO2 can supply for sufficient time(half an hour to one hour) during experiment. Four gas inlet and outlet tubes of 6 mm diameter are attached to the ventilation chamber (to facilitate ventilation and balance the pressure difference in the chamber; only two are marked in Figure 2).



Five CO2 concentration sensors (Beijing Dihui Technology Co. Ltd., Beijing, China), one in each layer between O1–O5 were placed in the soil. The sensor model DCO2-TFW1 has built-in NDIR infrared sensors (SenseAir, Delsbo, Sweden) and uses infrared principle to directly measure the CO2 molar fraction (ppm) of CO2-rich air, with data updated every 4 s. In the present study, molar fraction was used to characterize CO2 concentration. The pressure difference between soil column and the air outside the device as well as the pressure difference between layers at different depths within the soil column were monitored using a closed differential pressure transducer, model HCS3051 (Qingdao Huacheng Measurement and Control Equipment Co. Ltd., Qingdao, China). The differential pressure data was sampled every 0.5 s.




2.7. Pump Height


Different heights of pressure wave generation may lead to different nature of flow at the soil surface, and in order to find the appropriate height of pump arrangement, it needs to be analyzed in conjunction with the boundary layer theory. According to Figure 2, the pump draws or pumps gas into the interior of the experimental setup from the horizontal direction, and thus, different degrees of horizontal and vertical velocity components are generated inside the Chtop, and the closer the pump is to the soil surface, the larger is the horizontal velocity component. Meanwhile, the gas flow will produce shear force near the soil surface, so that part of the gas kinetic energy transfers to internal energy, resulting in a certain loss of kinetic energy, the part of the flow area affected by shear force is the boundary layer. It is reasonable to set the height of the pressure pump at a position larger than the thickness of the boundary layer.



To estimate the boundary layer thickness, firstly, it is necessary to determine whether the flow is laminar or turbulent, which can be determined by the Reynolds number. Assuming that all vertical component is converted to the horizontal velocity component, the Reynolds number can be defined as below:


  Re =   ρ v L  μ   



(10)







The Reynolds number of the flow past the soil surface in Chtop can be calculated and determined whether it is laminar or turbulent. In Equation (10),  ρ  is the gas density (kg·m−3),  v  is the average flow velocity of the gas in the horizontal direction inside the device caused by the pump (m·s−1),  L  is the characteristic length (m), which for this study is the diameter of the Chbot,  μ  is the aerodynamic viscosity (Pa·s), which is taken as 1.79 × 10−5 Pa·s. The assumption that the vertical velocity is fully converted to horizontal velocity can be approximated by the following equation:


  v ≈  Q  π  R 2     



(11)




where  Q  is the gas flow rate (m3·s−1) pumped or pumped into the interior of the device, and  R  is the radius with Chbot (m). In this study, the maximum value of  Q  is taken not more than 0.5 L·s−1, so substituting it into Equations (10) and (11), the Reynolds number can be roughly calculated as 363, so most of the flow as a whole can be considered as laminar flow.



Thus, according to the literature [44], the thickness of the boundary layer (m) at laminar flow situation can be estimated as:


  δ ≈ 5  L    Re      



(12)







Taking  L  as the diameter of Chbot, the thickness of the boundary layer is approximately 0.1 m. The conduit in Chtop is located at a height of 0.2 m from the bottom of the air chamber, so the height of the set pump meets the demand and does not cause violent turbulence fluctuations on the soil surface, which excludes the influence of complex air motion and facilitates the control of a single pressure wave for the experiment.




2.8. Experimental Protocol


The experiment aimed to analyze and quantify the effects of pressure fluctuations on gas transport in different soils, and to identify the physical properties of the soil that dominate gas transport in soil. In the experiment, air pressure fluctuations were created on the soil surface under controlled laboratory conditions (the room temperature of 25 °C and humidity of approximately 50% were maintained) The experimental protocol was divided into two parts to ensure rigor of the results: validation of the pressure decay model and response to CO2 concentration changes. First, the accuracy of the advection velocity, which was calculated using Equation (5), was established by studying the effect of pressure change on gas transport and validating the PAM model that establishes the pressure-gas emission relationship. Thereafter, an experiment was conducted to study the effect of pressure on CO2 gas concentration. Based on the results obtained from the experiments, the CO2 trace gas fluxes at the soil surface were calculated and compared with the fluxes obtained using closed chamber method for analysis.



2.8.1. PAM Model Validation


PAM model validation was divided into two main validation sessions: (i) the pattern of the variation in pressure difference between the O1–O5 layers (Figure 2) and the external reference cavity when the cylindrical barrel Chbot was filled with soil columns; and (ii) the decay curve of the pressure difference between the O1 layer (surface layer of the soil column) and O5 (bottom layer of the soil column) in Chbot with time was measured.



During the experiment, a self-made pressure pump was used to set pumping and pressing, and the actual amount of gas extracted from or pressed into the experimental setup was divided into five levels of 100 mL, 200 mL, 300 mL, 400 mL, and 500 mL, which were abbreviated as levels 1P, 2P, 3P, 4P, and 5P, respectively.



The experiment included the following steps (letters a and b in the step number indicate that the step corresponds to verification sessions (i) and (ii), respectively): (1) the soil was filled into the O1–O5 layer of Chbot; (2) the hollow side of Chtop was snapped onto the annular water sink of Chbot filled with soil (Figure 2), and water was added to the sink to prevent gas leakage during the experiment; (3) the low-pressure end (L) of the differential pressure sensor was connected to the lead pipe of the O1 layer in Chbot, with the rest of the layer closed and the high pressure end (H) was connected to the reference chamber (Mohr et al., 2020); (4) the pressure pump was connected to the pump port of Chtop, and air was pumped and pressurized in sequence from levels 1P to 5P into Chtop, and the initial peak differential pressure data was recorded each time; this step was repeated several times; (5) the pilot tube of O1 layer was sealed and the low pressure end (L) of the pressure sensor was connected to the pilot tubes of the O2, O3, O4, and O5 layers in turn (during this step, the other layers were sealed), and step (4) was repeated; (6) the low pressure end (L) and the high pressure end (H) of the differential pressure sensor were connected to the pilot tubes of the O1 layer O5 layer, respectively, and the conduit of the remaining layers was sealed; (7) the pressure pump was connected to the pump port of Chtop, the chamber was pumped and pressurized in the order of levels 1P–5P; the complete pressure difference decay curve between O1 layer and O5 layer was recorded each time, and the data was transferred to a computer. The experiment was repeated at least three times.



For the verification session (b), it was known that the radius of the Chbot was  R  (m), the time of decay of the pressure difference was  T  (s), the spacing between O1 and O5 layers was  Z  (m), and the pressure difference was calculated as   P =  p 1  −  p 5  = Δ  p  15    . According to the PAM model, the theoretical pumping or pressurization volume was calculated from the experimental data using Equation (13):


  V = π  R 2     ∫ 0 T   −  k μ    Δ  p  15    Z  d t    =   − π  R 2  k   μ Z   Δ  p 0     ∫ 0 T    e  − β t      d t  



(13)




where   Δ  p 0    is the initial peak of the differential pressure decay curve. Equation (13) was used to compare with the actual volume of gas pumped or pressed by the pressure pump.




2.8.2. Concentration Change Response


The response of CO2 concentration within the soil column of different soil types to the pressure fluctuations created by the pressure pump was investigated. Moreover, the corresponding concentration data was collected to calculate the CO2 flux.



The experimental steps are listed below: (1) the CO2 concentration sensor was placed in the reference chamber for calibration before the experiment, Chtop was removed from Chbot, and the chamber was gradually filled with soil from O5 layer, and one concentration sensor was placed in each buried layer; (2) the top of the Chbot was opened, CO2-rich air (molar fraction concentration of 2000 ppm) was passed through the gas inlet conduit (Figure 2) into the gas chamber at the bottom of Chbot. The laboratory was kept open for ventilation, and the mole fraction of CO2 in the O1–O5 layers were recorded in real time using the CO2 concentration sensor. After a few hours of aeration, the CO2 gas concentration in the soil column inside the device leveled off and formed a nearly constant gradient between different layers; (3) Chtop was snapped smoothly above Chbot and the annular sink was filled with water to prevent air leakage, the concentration of CO2 on the soil surface at O1 layer at this stage was recorded and analyzed; (4) when all CO2 concentration sensors inside the Chbot readings were stable again, the pressure pump was connected to the pump port of the Chtop and the pumping and pressurization experiment was conducted; and (5) the CO2 concentration sensors located in the O1–O5 layers in Chbot were removed and placed in the reference chamber uniformly until stable concentration readings were recorded to ensure that no abnormal noise data occurred during the experiment.



After the above experimental steps, the CO2 flux on soil surface was calculated using the obtained CO2 molar fraction. The effect of pressure on the flux was evaluated by taking the ratio of the advection flux to the diffusion flux, as given below:


   f e  =   − k   μ  D s       C 1  Δ  p  1 x     Δ  C  1 y       Δ  z  1 y     Δ  z  1 x      



(14)




where    C 1    is the CO2 concentration in the O1 layer (i.e., the soil surface); and can take the values 2, 3, 4, and 5 so that   Δ  p  1 x     and   Δ  C  1 y     represent the difference in pressure and concentration between the O1 layer and the O2, O3, O4, and O5 layers, respectively, in the experimental setup;   Δ  z  1 x     and   Δ  z  1 y     represent the depth between the O1 layer and the O2, O3, O4, and O5 layers of the soil.



It is worth noting that for the experimental step (3), the flux calculated using Equation (5) was further validated by using the flux measurement principle of confined gas chamber as Chbot was completely confined using Chtop.



The closed chamber method is widely used for measuring soil respiration, which involves placing a completely enclosed chamber on the soil surface and calculating the flux by measuring the CO2 gas concentration over time [45,46]. This method was similar to that used in the present study to investigate the emission of soil surface gases. The closed chamber method can be expressed as follows:


  F =   Δ  C 1    Δ  t 1       V t   S  =   Δ  C 1    Δ  t 1       (     R t   R   )   2   H t   



(15)




where   Δ  C 1    is the difference in CO2 concentration at the O1 layer over time after the device was completely sealed,    V t    is the volume of gas covered by the cylindrical gas chamber lid Chtop (m3),    R t    is the radius of the cylindrical gas chamber lid Chtop (m), and    H t    is the remaining height of the Chtop after it was snapped into the sink (m).






3. Results


3.1. Model Reliability


The results of the model validation tests are discussed separately according to the validation sessions (i) and (ii) delineated in Section 2.8. For the validation session (i), the peak instantaneous pressure difference between each layer of soil column (O1–O5 layers) inside the Chbot and outside the experimental setup was recorded, and the peak pressure difference in all three soils showed a linear decreasing trend, and the linear fit was good (Figure 3a—it used the average data of pressure difference from multiple trials. It was demonstrated that the three soil media used in the experiment conformed to Darcy’s law, which suggests that the gas flow caused by pressure difference can be considered as Darcy’s flow, thereby indicating that the advection velocity that was calculated using Equation (5) is reliable.



The results of the validation session (i) showed that for the same soil medium, the maximum distance depth (m) at which the pressure fluctuations can transmit their influence within the soil column in the Chbot is very similar, regardless of the pressure difference inside and outside the experimental setup Chbot (Figure 3b and Figure 4). It can be assumed that the maximum depth of the pressure difference has a certain value, which is only related to the physical properties of the soil, provided that the gas inside the experimental soil column is sufficient. This phenomenon has been analyzed in Section 3.3.



The results of the PAM model validation for validation session (ii) are shown in Figure 5. The pressure difference decay curves between the O1 and O5 layers in the three soil media conform to the exponential decay form described by Equation (8). Only cases corresponding to levels 1P–3P of pumping pressure have been plotted in Figure 5a–c. Based on the experimental data, the decay constant was fitted, and the fitted curve was integrated using Equation (9) to calculate the volume of gas that was transported in the experimental setup by the advection velocity. Theoretically, this volume of transported gas should be equal to the volume of gas extracted or pressed into the device by the pressure pump. Theoretical calculations and experimental data showed that the theoretical volume of transported gas for the three soils was almost similar to the actual volume of gas pumped (Figure 6b) and is proportional to the magnitude of the pressure difference (Figure 6a). Hence, PAM can be considered valid and reliable, and the results validate the accuracy of Equation (5), which can be used to calculate the advection velocity.




3.2. Calculation and Comparison of CO2 Response and Flux


The focus of the present study was to investigate the effect of pressure on the gas fluxes at the soil surface, and thus the CO2 concentration data at the soil surface were selected as the focus of the discussion of the study findings. Figure 7 shows a partial time series plot of the CO2 gas concentration changes at the O1 layer of the three soils, which corresponds to the experimental step (3) in Section 2.8.2. This plot represents the pattern of CO2 molar fraction changes at the O1 layer of the soil surface after Chtop was capped to Chbot, thereby completely sealing the chamber. In the plot, time period I (0–50 s) indicates the state after the CO2-rich air was continuously introduced at the inlet in Chbot (Figure 2) before Chtop was covered and the CO2 molar fraction of the O1 layer reached steady state; time period II (50–100 s) shows the molar fraction distribution of CO2 at O1 layer of the soil column after Chtop was covered during the aeration state; time period III (after 100 s), 500 mL of gas was extracted in the gas chamber using the pressure pump, and the CO2 molar fraction at the O1 layer was changed accordingly.



During period II, the CO2 molar fraction at the O1 layer of sand increased at a fast rate, which can likely be attributed to the much larger soil particle size and soil gas permeability of sand compared with the other two soils, making it easier for the high molar fraction of CO2-rich gas to diffuse to the soil surface in the soil column when filled with sand. For time period III, the CO2 molar fraction at O1 changed similarly for all three soils after 500 mL of air was pumped, but even in this case, sand showed most clear changes. Combining this observation with Equation (5) (Darcy’s formula), it is known that the higher permeability of sand (nearly 10 times larger than loam and sand) increases the advection velocity that is generated by the pressure difference after pumping. This increases the molar fraction of CO2 in the air near the O1 layer after 140 s (Figure 7) and decreases it after 140 s. The reason is that the advection velocity gradually decreases as the pressure difference decays. Meanwhile, from the perspective of Equation (1) (ADE), the right side of Equation (1) contains the term III determined by the advection velocity, and the term I on the left side of Equation (1) changes with the advection velocity while the term II is approximately constant, which further supports the phenomenon of CO2 molar fraction change.



Thereafter, CO2 fluxes on the soil surface were calculated. As an example, the experimental results of only sandy loam are discussed here, (the experimental phenomena were similar for the remaining two media). Figure 8 shows the variation of CO2 concentration in the O1–O3 layers of the sandy loam in Chbot from the afternoon to the night of 13 June 2021. In the figure, the experimental data has been divided into three stages. Stage I (15:32–17:13): after continuous aeration in the soil column, the CO2 molar fraction of the O1–O3 layers reached a plateau (the concentration gradient between layers was almost constant). Stage II (17:13–18:18): Chtop was covered and no changes were made until relative stabilization of CO2 molar fraction of the O1–O3 layers was achieved. After the relative stabilization, 100 mL of gas was continuously pumped, beginning at approximately 17:33 for approximately 17 min. Stage III (after 18:18): Chtop was removed and the concentration sensors were moved from the soil column inside the Chbot to the reference chamber.



The mechanism of gas transport during the stage I included only diffusion, which converted the average molar fraction gradient between the O1 and O2 layers and the O2 and O3 layers (Figure 8a; O4 and O5 layers are not shown in the figure) into a molar concentration gradient that could be calculated using Equation (2) for pure diffusion flux on the soil surface of the O1 layer at steady state.



During stage II, the approximate linear model of the molar concentration change at O1 can be expressed using Equation (16):


  C ( t ) =  (  a t + b  )  ⋅   1000   24.5    



(16)







Fitting the data for 17:33–17:52 period,  a  was calculated as 0.14 (Figure 8b). The values 24.5 and 103 in the above equation converts the molar fraction into molar concentration so that the value of     Δ  C 1   /  Δ  t 1      is obtained. By substituting this value in Equation (15), the calculated CO2 flux value was calculated as 2.23 μmol·m−2·s−1, which was used as a reference value for comparison.



The effect of the pressure difference on the flux at the soil surface O1 was calculated using the total flux form expressed in Equation (6). This was added as to the original diffusion flux. In stage II, the decay of the pressure difference between the O1 and O5 layers of the sandy loam and the variation pattern of the CO2 mole fraction at the O1 layer are shown in Figure 9. The values of the variation of the CO2 mole fraction at the O1 layer were similar to the fraction after the decay of the pressure difference was completed. The calculation shows that the maximum instantaneous total flux determined by the peak pressure difference is approximately 4 μmol·m−2·s−1 when the negative pressure of approximately 21 Pa still exists at the soil surface (Figure 10), which is larger than the flux calculated using Equation (15). This is likely because the flux value calculated by Equation (15) represents the average flux throughout the pumping stage. After averaging the flux calculated by Equation (6), it was found that the flux calculated using Equation (15) was more consistent.



Finally, the effect of the pressure difference on the CO2 flux at the soil surface was evaluated using Equation (14). It was observed that pressure pump enhanced the flux. For stage II, the concentration gradient between the O1 and O2 layers at the first pumping pressure (Figure 8) and the pressure difference between the O1 and O5 layers (Figure 9) were used to calculate the diffusion and advection fluxes. These fluxes were then combined with Equation (14) (taking   x = 5  ,   y = 2  ) to measure the real-time enhancement effect. Figure 10 shows that a pressure difference of approximately 21 Pa between the soil surface and the bottom of the soil column resulted in a great increase in the total flux at the soil surface by a factor of approximately 8.4 compared to the steady state (pure diffusion). Similar calculations were performed for the other two soil media, and according to the experimental data, the fluxes on the surfaces of loam, sand, and sand increased by approximately 0.61, 1.59, and 13.1 times for each 1 Pa of negative pressure generated between the O1 and O2 layers when   x = 2  ,   y = 2  , respectively (specific data not given in this paper). This indicates that changes in pressure greatly affect gas emissions from the surfaces of various soil media.




3.3. Response of Soil Physical Properties to Pressure Difference


In the present study, two phenomena were observed: (i) for the same soil species, the maximum soil depth that can be affected by the pressure difference is a specific value, irrespective of the magnitude of the positive or negative pressure difference created on the soil surface by the pressure pump; (ii) for different soil species, when the same volume of gas was pumped or pressed into the experimental apparatus, a variation in the peak initial pressure difference was generated.



Therefore, for different soils, the relationship between the maximum affected depth and the initial peak of the pressure differential effect of the above properties was measured by combining the particle size, air permeability, total porosity of the soil, (Table 1) and the ratio between the two different properties. The results of the present study suggested that the maximum depth of the pressure difference transfer was positively correlated with soil permeability. Furthermore, the absolute value of the peak value during pressure pumping and pressurization was negatively correlated with particle size and soil permeability, whereas total porosity were not highly correlated with maximum distance and peak pressure difference (Figure 11). Soil permeability was identified as the key physical property that affects the sensitivity of the soil medium to pressure. In the present study, the rank of sensitivity among three soils was sand > sandy loam > loamy soil.



From the above results and the experimental results in Section 3.1, it can be concluded that soil gas permeability is the key physical property that determines the sensitivity of the soil medium to changes in pressure difference response.





4. Discussion


Though the present study verified that the PAM model can reliably describe the soil gas emission and pressure variation, it focused on the results of the variation of CO2 flux on the surface of sandy loams. A change in air pressure of 1 Pa at the surface of sandy loams results in approximately 2.5 times greater gas flux than that of a pure diffusion process. This observation is similar to that reported by Bain, Hutyra, Patterson, Bright, Daube, Munger and Wofsy [32], Xu, Furtaw, Madsen, Garcia, Anderson and McDermitt [33]. These researchers have reported that pressure fluctuation of approximately 2.4 Pa increases flux by 2.33 times. The experimental study of monotonic pressure decay waves in this study suggested that if pressure fluctuation is similar to a sinusoidal wave at the soil surface, the total gas emission (in this paper, CO2-rich air) can be considered as balanced (i.e., the volumes of gas entering and exiting at the soil surface should be equal). However, when calculating the emission or gas flux for a component gas (CO2 in this study), the concentration of the component gas needs to be further considered to calculate the flux precisely. Moreover, the actual calculation should also consider the gas entering the soil as a negative direction (when the soil is considered a sink), the gas leaving the soil as a positive direction (when the soil is considered a source), and the effect of pressure on the gas emissions from the soil surface as a result of the two separate calculations should be evaluated. The concentration of CO2 in soil (up to 13% in near-surface soils) is several times greater than that in air [47], and the probability of soil functioning as a source is relatively high when a sine wave-like pressure variation occurs at the soil surface (i.e., the total cumulative CO2 emissions from the soil surface are still increasing under the effect of sinusoidal pressure fluctuations). For natural soils in field, the proportion of O2 (Oxygen) in air is greater than that in soil. Hence, sinusoidal pressure changes may be more conducive to O2 exchange into the soil interior, making it easier for some soil microorganisms and roots to respire and enhancing the biological activity of the soil.



In addition, when combining the results of this study with the soil CO2 fluxes in field, which is measured using the closed chamber method, it is necessary to consider the influence pressure difference between the outside and inside of the gas chamber. In this case, an equilibrium pressure difference treatment for the gas chamber should be adopted to reduce the measurement error. Two main factors are considered to affect the pressure inside and outside the chamber [33], which are listed below: (i) temperature changes or water vapor release inside the chamber; and (ii) the wind outside the chamber during the actual measurement. A temperature deviation of 1 °C inside the gas chamber will result in a pressure change of 333 Pa. The release of water vapor causes a positive pressure inside the chamber, which inhibits the emission of gases from soil surface. If surface winds occur in the vicinity of the area where flux is being measured using the closed chamber, the pressure inside the chamber will deviate from that outside, resulting in under- or overestimation of CO2 fluxes.




5. Conclusions


This study focused on the effect of barometric pressure fluctuations (represented in the form of attenuation waves) on gas emissions from the soil surface. Additionally, it verified the relationship between pressure differences and gas emissions from the soil surface using a derived PAM model. The study also quantified the effect of pressure differences on gas fluxes, which may vary by orders of 1 Pa increase of 100%. The study used three real soil media collected from the field and focused on exploring the less studied attenuation waves, repeating the experiment several times to ensure that the findings are representative. In addition, this experimental study found that in any kind of soil that is uniformly distributed and consistent with Darcy flow, the pressure difference generated at the soil surface varies linearly with depth. In soil that is subjected to barometric pressure fluctuations, the instantaneous depth of influence of the pressure difference is related only to the physical properties of the soil (i.e., any size change in pressure affects the same soil medium to the same depth); this is true if the total volume of internal gas is much larger than the volume of gas required to change the equilibrium pressure difference. The sensitivity of the gas response to pressure changes in soil media is positively correlated with the gas permeability in the soil. The gas permeability of soil is a key physical property that affects the gas emission from the soil surface. For sandy loams, a pressure change of 21 Pa between soil surface and bottom produces an instantaneous CO2 flux 9.396 times greater than that in the steady state (pure diffusion). With relatively uniform soil gas concentrations, the effect of the same 1 Pa pressure variation on surface gas fluxes follows the given trend: fine sand > sandy loam > loamy soil.



However, there were a few limitations with the present study: (i) the dispersion effect was not considered, which may influence soil surface gas transport; (ii) soil medium were dried and sterilized, which is not representative of natural soil conditions; (iii) only CO2 was explored as trace gas, whereas other GHGs, such as N2O and CH4, were not considered.



The study findings provide a theoretical basis for assessing the effects of other environmental factors on soil surface gas flux in field. The model proposed in the present study will be validated in the field in future studies. Furthermore, it will be combined with other factors that influence emissions to ensure an integrated analysis. For example, wind and temperature-driven convective transport mechanisms can be further investigated as a complex mix of pressure changes and gas shear effects in the influence of winds are present. Moreover, temperature changes also occur in response to changes in air pressure and other factors. Hence, further investigations on the effects of pressure would be essential. Nonetheless, the findings of simple decay waves that are mentioned in the present paper can provide a strong basis for future complex studies.
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Figure 1. Three different soil porous media that are uniformly placed in a circular bowl. The soil samples were exposed to an air-dried environment and used to measure total soil porosity. 
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Figure 2. (a) Illustration of self-designed gas chamber that is connected with other experimental instruments. The pumping port of the removable cylindrical gas chamber cover (Chtop) is connected to an external pressure pump, and the outer tube extending from O1 to O5 layers inside the lower bottom closed cylindrical barrel (Chbot) can be connected to one end of the differential pressure transducer, and the other end of the differential pressure sensor is connected to the reference chamber (air pressure filtering system, see the dashed box in the figure), which transmits CO2 by venting to the inlet port of the Chbot, and the outlet port is used to balance the pressure difference caused by the ventilation. Data collected from pressure transducer were transferred to PC (i.e., personal computer). (b) Physical diagram of the experimental setup, from left to right, are gas tank, differential pressure sensor, Chbot and Chtop, respectively, gas pumping device and PC are excluded. 
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Figure 3. (a) Relationship between the pressure difference in the porous medium of the three soils and the depth of transmission (b) Propagation depth of the pressure in the three soils in the case of pumping 100 mL, 200 mL and 300 mL, the pressure difference caused by 1P-100 mL, the pressure difference formed by 2P-200 mL and the pressure difference formed by 3P-300 mL. 
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Figure 4. Maximum depth in the medium that can be affected by the pressure difference of three different soils: (a) loam; (b) sandy loam; (c) sand, where 1P represents 1 first level (100 mL) of pressure difference, 2P, 3P, and so on. 
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Figure 5. Pressure decay curves for three different soil porous media: (a) Loam, (b) Sandy loam, and (c) Sand. 
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Figure 6. Relationship between theoretical and actual pumping pressure values: (a) integrated values of the differential pressure decay curves for the three soil porous media, and (b) verification of the theoretical and actual pumped gas volumes calculated using Equation (10). 
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Figure 7. Concentration changes at the O1 layer on the surface of the three soil porous media after aeration reaches steady state. 
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Figure 8. (a) Variation of CO2 concentration values in O1–O3 layers of sandy loam, under stable conditions after aeration; (b) Stage II, sandy loam O1 layer, concentration variation condition and fitted curve after continuous pumping of 100 mL. 
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Figure 9. Pressure difference decay curve between O1 and O5 layers of sandy loam and the concentration change curve of O1 layer. The CO2 concentration of O1 surface layer increases accordingly with the decay of pressure difference. 
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Figure 10. Comparison of the flux calculated using Equation (6) with that calculated flux based on the method of closed chamber using Equation (15) and the calculated flux of pure diffusion using Equation (2). 
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Figure 11. Different soil physical properties and their relationships with the depth up to which pressure difference can influence them and initial peak pressure difference: (a) soil particle size; (b) total soil porosity; (c) soil pore permeability; (d) ratio of particle size to porosity; (e) ratio of particle size to permeability; (f) ratio of permeability to porosity. All correlation coefficients in the figure were considered as the best values. 
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Table 1. Physical properties of three soil medium used in the study.
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	Soil Medium
	Particle Size    d  10    /mm
	Total Porosity   φ  /m3·m−3
	Permeability   k  /m2





	Loam
	0.053
	0.470
	2.5 × 10−11



	Sandy loam
	0.075
	0.353
	4.5 × 10−11



	Sand
	0.150
	0.372
	3.9 × 10−10
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
150

Pressure difference,P/Pa

(a) Loam 100ml
P=32.54¢0 %%, R?=0,9965
100 " Loamzoom
P=70.07¢ 0172, 9994
 Loamaoom
50 P=114.806 %1% R?=0.9969
re (©) ‘Sandy Loam 100m!
. P=23.706%1%5, R2-0.0630
. ‘Sandy Loam 200ml
aofe
. _® P=45.166015", R?=0.9071
b 0% . ‘Sandy Loam 300m|
wfe, 62,6001, R2=0 0074
o
o s 0 15 2 2
10 9 Sand 100m
i o Pe3.600 0246,
Sand 200m1
P=5.756 0711, R%0.9944
5 . Sand 300m!
o P R
o o
: . .
o . ;
[ % : 3 4 5 6 T 8

Time,t's





media/file13.png
CO2 mole fraction, C/(u mol-mol 1)

720

Loam

=== === Sandy loam
700 Sand |
680 |
] . E T Nl A\ AN~ ™
Period | Period Il 5 ~=7 Period Il
660 | PR
. AT !
R e |
640 [ o~ A — e —
620 |
600 | 1 | 1
0 50 100 150 200

Times, t/s





media/file12.jpg
CO, mole fraction, C/(u mol-mol1)

720

[E—— P
Sandy loam ~
700 |= — sand Ry
680 : 5
; ’
4 - -, -
Period | 7 Period I == Period Il

660 P

1
640 M

0 50 100 150 200
Times, t/s





media/file18.jpg
45

I
@

Flux,F/p mol-mol
o

B

4.0922

© Diffusion flux
A Total flux
Closed chamber method

Mean flux

20





media/file9.png
150

(a) Loam 100ml
P=32.54¢ 09882t R2-0 9965
10+ Loam 200ml
* P=70.07¢%1%7%" R?=0.9994
°. ‘Q\ _________ Loam 300ml
50F o . P=114.80¢"%1%%%", R?=0.9969
-
‘--.._.:‘ '_
0 ]
0 10 20 30 40 50
(O]
% 60 o (b) Sandy Loam 100m
Py . P=23.70e%-1%%%! R?=0.9930
Q @ Sandy Loam 200ml
C 40 HO. O — y
e o @ P=4516e0199"t R2=0.0971
= .\,.\ ® .o P Sandy Loam 300ml
Z 20 | %o q" P=62.60e-1%6% R?=0.9974
S
o)
o
g 0
0 5 10 15 20 25
10 ( (c) Sand 100ml
P=3.63e0-2%68t R2=0 9995
‘ Sand 200ml
P=5.75¢0-231"t R2-0 9944
5 r Sand 300ml
P=8.46e 2143t R?=0.9976
0 | | | | | | | |
0 1 2 3 4 5 6 7 8

Time,t/s





media/file14.jpg
1300

1200

1100

1000

H

©O, mole fraction /4 mol-mol™

o0
142400 153600 164800 1860000 191200 202400 213600

Time series /s .
X

g

€0, mole fraction / j mol-mor”!

)

0 200 400 600 800 1000 1200
Time /s





media/file20.jpg
Affocted Depth, 2im.

Affected Depth, zim

o 2z 4 6 8 10

aknodm? <10

150

R ®
£ 5 o
§  garoman 100
2 a J of
R Sl
S| 1 &
Reoms0pe0.12 K |R=oasedpeors
3 o o
o o5 01 om o3 %2 03 os o
Partce size dimm Tota porosity. i m>
@ e ™ @ ®
£ £ =-0.9981,0<0.04
g 3
w0wg £ ¥ \ 100
§ 8T womiean
PR § o * 0
95099001 & =
3 ’

o 1 2 3 4 s 02 o4 05 08
Permeability kim? 10" dip /mm
R=09757,p0.14 w0 s

(@) & 5
wg  Ea

g &

£ 3
w2 B

e =

Peak pressure, PIPa Peak pressure, PIPa

Peak pressure, PIPa





media/file5.png
Pressure difference,P/Pa

Pressure difference,P/Pa

120

©  Loam
(a) ¢  Sandy loam
100 [ Sand
100ml
R 200ml
80¢ 0L 300ml
60
40
20
0 L D | l ! ' : :
0 0.5 1 1.5 2 2.5 3 3.5
Depth,z/m
40
(b)
30 Loam
9 ® 2
P=-83.04z+36.81, R°=0.9937
20l * Sandy loam
P=-66.80z+35.42, R°=0.9994
Sand
ol P=-9.40z+29.13, R%=0.9951
0 | , , . |
0 0.1 0.2 0.3 0.4 0.5

Depth,z/m





media/file15.png
CO2 mole fraction /p mol-mol”’

1300

1200

1100

1000

900

800

700

600

(@)

02

03

14:24:00

CO2 mole fraction / p mol-mol”’

850 ¢

800

750

700

650

15:36:00 ’I6 4

8:00 18:00:0

0 M9:12:00 20:24:00 213

Time series /s -

C=0.1386t+681.3, R%=9749

(b)

200

400

600
Time /s

800

1000

1200

6:00





media/file19.png
45 4.0922

A Diffusion flux
4+ 4 Total flux
' Closed chamber method
3.5 &
T 3 A
@) s
£ -
S 25+
-
2, -
L i A
é’ “E\ Mean flux
L 15F A
1 | ‘~~A“‘A~
0.4355 \‘A.-_A_
""*A ‘r"‘\A__ N
0.5~ )
0 ‘ | | | |
0 5 10 15 20

Time,t/s





media/file2.jpg
Chamber Top
ey

e

Fmpig Port.

WaterSink

Chamber sorom
ey

pressure
fitering
System






nav.xhtml


  land-12-00161


  
    		
      land-12-00161
    


  




  





media/file11.png
Integral value /Pa-s

Calculated volume /ml

1200

1000

800

600

400

200

600

500

400

300

200

100

Loam
y=2.377x-17.68, R?=0.9994

B Sandy loam
y=1.325x-14.30, R?=0.9956
i Sand
y=0.154x-1.92,R?=0.9969
100 200 300 400 500 600
Volume /ml
Loam
y=1.034x-7.692, R?=0.9994
B Sandy loam (b)
y=1.049x-11.32, R?=0.9956
i Sand
y=1.061x-13.25,R?=0.9969
100 200 300 400 500 600

Actual volume /ml





media/file6.jpg
| o
“ E
s =
§ 2z
i 1e
8 3 23 9
g S & &
wyz ‘yideq
0 5 Il
8
s T
IRE (
&
e [
e jor 3 ® R
o = S < wyz ‘ydeq
3 g

wyz ‘ydeq

3P

2P

1P





media/file1.png





media/file10.jpg
1200

Toam
- ¥=2.377x17.68, R20.9994 @
1000 4 Sandyloam
P ¥=1.325x-14.30, R%=0.9956
L S
T 600 P i
) -
g w0
20
- N
i . N N
W 20 a0 a0 w0 a0
Volume mi
600
. =
y=1.034x7.692, R*=0.9994
500 4 Sendyloam (b)
5 10451132, RE-0 9058
g
2w
30
3
100
3
3 w20 a0 a0 w0 a0

Akt





media/file7.png
O —
o

© K] <t (ap) N

s B S (< N

o - (@] o o
w/z ‘ydag

)
l;| —
=
1P op 3P

4
~
o

0.45
0.445 1
0.435

wyz ‘yydaQ

[ llLoam

[ 1Sandy loam
[ ]Sand

()

4
w,z ‘yid

™

°d

3P

2P

1P





media/file16.jpg
Pressure difference, P/Pa

25 4
@ Pressure difference
i 4 CO, mole fracton difference 35T
5
20F E
H pee 3 g
] 2
" 1 25 %
] R} e
& i i dnd s S o 2 £
3 / / 8
10 \ ] 153
| R £
' . o
Frbfol-p g betutblcdod 12
5 H ¥ ' Em
i ' ) " 05 8
i .
£ . tees,,
04—+ 0
0 5 10 15 20

Time, /s





media/file3.png
Chamber Top | .
(Chup) |* 45cm >

Gas pumping
device

) 40cm
Pumping Port

Water Sink PC

Chamber Bottom

(Chuey)

Gas Outlet —

Air
pressure
filtering
system






media/file17.png
Pressure difference, P/Pa

25" -4
Pressure difference
| -~ ¢ CO, mole fraction difference 135
20 r
- 13
15 L 12.5
R R e e R e O e 12
10 1 {15
R e i e e e o S 11
5|
3 10.5
0+—4———— ' | 0
0 S 10 15 20

Time, t/s

CO2 mole fraction difference /p mol-mol”’





media/file4.jpg
Pressure difference,P/Pa

Pressure difference,P/Pa

© Loam

01 02 03 04 05
Depth.z/m

(@) 4 Sandyloam
A sand
]
o 2o0m
300m!
15 2 25 3 35
Depth.z/m
Loam
P=83.042¢36 81, R%=0.9957
Sandy loam

P=66.802+35.42, R’=0.9994
Sand
P=.9.40242.13, RP=0.9951






media/file0.jpg





media/file21.png
O

Depth

Peak pressure

200m )
ml ¢
300ml o
= 4 Q%
3 [R=-09999p<001
q) s
o)
e
QO
©
% ~
< R=0.9830,p<0.12
_2 | I I O
0 0.05 0.1 e J
Particle size,d/mm
6
S
N -
c‘ -
*5_4
)
o
©
Q92| -
S
= —
< R=0.9999,p<0.01
| I I I I 0
0 ) : : 4 |
Permeability,k/mz 1010
57 _ <
£ R=-0.9757,p<0.14 o
N
s O
Q
R
g |
ol
O ) : . WA S
LI \
< R=0.9986,p<0.03
_15 | | I I 0
0 2 4 : : |

d/k /10°m™ %10°

1150

1100

1150

1100

1300

1200

1100

Peak pressure, P/Pa Peak pressure, P/Pa

Peak pressure, P/Pa

) (b) 1150
=
N o
g 4[R=0.7091p<050C
. 4 100
0
(O]
)
©
22
(&)
QO
2 R:-039431p<074
O . . 0
0.2 0.3 0.4 0.5
Total porosity,¢/m>-m™
. " 1150
% - R:-09981,p<004
% | o/ 1100
= 5[ . o3 “R=0.9521,p<0.20
N B -
= | . . s
3 .| 0 150
o A
§foe o
N
5 | | | | ’
0 02 04 06 08 1
d/@ /mm
) f 1150
. (f)
N -Q_
4L 0 |
27 B_A0o1A nen A0 100
% R—-O 9910 p<0 09 @ ------
R e R
=
E R=0.0004,p<0.02 | %
<
] | . 0
0 0.5 1 1.5

ki Im? %107

Peak pressure, P/Pa Peak pressure, P/Pa

Peak pressure, P/Pa





