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Abstract

:

In the last decade, growing awareness about CO2 emissions is supporting the authorities in a more sustainable society. The proposed solutions embrace different topics, such as renewable energy implementation, lower waste production, and carbon capture and storage technologies (CCS). The latter is based upon the best available knowledge about the thermophysical properties of CO2, which are not always satisfactory for its complete characterization. In this work, it is investigated the interaction of the CO2 in solid phase (dry-ice) with sandy soil, a phenomenon that can potentially occur following pipeline ruptures. An experimental setup and a numerical model have been developed to measure and validate the temperature profiles beneath the dry-ice bank at steady-state conditions. The model has been validated with the experimental data by defining a suitable range of the thermal conductivity at the solid phase (0.25–0.30 W m−1 K−1) that led to the best match (deviation of 7.81%). Finally, the overall heat transfer coefficient (85.56–86.35 W m−2 K−1) has been numerically calculated.
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1. Introduction


Greenhouse Gas (GHG) emission control and climate change are considered urgent and extremely important matters to solve in the current century. As reported in the last International Panel on Climate Change (IPCC) report [1], the increase in world population as well as the utilization of fossil fuels for energy generation and mobility are linked with the greenhouse gases emission worldwide. Carbon dioxide is the most significant anthropogenic greenhouse gas that accounts for 70% of global emissions. In order to preserve the ozone layer and prevent global warming, there is an increasing demand for science and technology based on ecologically safe and natural working fluids such as carbon dioxide (CO2). The thermodynamic and transport properties of CO2 seem to be also favorable in terms of heat transfer and pressure drop, compared to other typical fluids. Moreover, the full-scale application of Carbon Capture Utilization and Storage (CCUS) strategies, has been proposed among the possible actions to reduce GHG emissions [2,3]. The management of large amounts of CO2 in the value chain of CCUS should be operated safely and with a quantifiable reduction of the CO2 emission of the overall process, usually calculated with Life Cycle Assessment (LCA) procedures. Most of the GHG emissions are addressable to human activities and heavy industries, which weigh 20% of the total [4]. The captured CO2 can be transported mainly by pipeline or by ship [5,6], the development of large-scale Carbon Capture and Storage (CCS) projects will require the management and transport of CO2 safely and under different operating conditions. Carbon dioxide can be treated and transported both in gas and liquid phases, however, it is not unexpected the necessity to deal with solid phases, namely the dry-ice formation. Dry-ice is the solid phase of carbon dioxide, it forms through a deposition process when the pressure of liquid CO2 is decreased until its solidification. The utilization of dry-ice for commercial purposes is related to vaccine cooling, food chilling and freezing, blood and tissue sample preservation, heat treating of metals, and even to create special effects such as fog for events or stage productions [7].



The event of accidental dry-ice formation is commonly related to the management of high pressure of CO2 that, following a rapid pressure drop opens to a phase transition [8,9]. Under atmospheric pressure, the boiling point for the CO2 is the sublimation point where gas and solid occur, and the flashing ultimately results in the formation of a solid phase. During the process of sublimation, the dry-ice goes from solid directly to a gas state, without passing through the liquid phase (sublimation temperature of −78.8 °C), the sublimation rate is related to the energy balance of the bank [10,11,12]. The formation of a solid phase is usually an unwanted scenario, especially during the transportation of CO2 via pipeline, indeed it can cause two main scenarios: the clogging of equipment [13] (such as valves) and the accumulation of potentially dangerous gases in depression during blowdowns [14,15,16,17,18]. The accidental rupture of a pipeline can cause the release of large amounts of gas (Figure 1), in the case of CO2 the sudden depressurization as well as the Joule-Thomson effect, can lead to the formation of large amounts of dry-ice spread nearby [19,20,21] for a considerable amount of time. In the worst-case scenario, the dry-ice can freeze the soil and the equipment, leading to the slowdown of safety operations.



For these reasons, the phenomenon of dry ice formation and accumulation should be studied carefully, either in the laboratory or with numerical methods. In this work, it is hence proposed an experimental investigation that assesses the temperature field below the soil surface. Further, a numerical model (Section 3) is presented and validated with the temperature profiles beneath the dry ice bank. Finally, a sensitivity analysis is performed with the goal to quantify the thermal behavior of the experiment represented by the overall heat transfer coefficient that occurs in the unlucky and unlikely events of CO2 dispersion. The experimental and numerical results are reported in Section 4, while the inherent discussion is presented in Section 5.




2. Materials and Methods


The aim of this research is to give a quantitative description of the dry-ice sublimation behavior on a coarse sandy soil. An experimental setup has been defined in order to measure the temperature profile beneath a sublimating dry-ice bank, described in Section 2.1. The different test case conditions have been defined in Section 2.2. After that, a Computational Fluid Dynamics (CFD) model in Ansys Fluent has been validated according to the experimental data. The latter is discussed in Section 3.



2.1. Experimental Setup


In order to analyze the temperature evolution of a simulated dry-ice release on the soil, a small-scale setup has been built. A wooden box has been crafted in the carpentry room at the laboratories of the Department of Industrial Engineering and Mathematical Sciences at Ancona (Italy), the box internal sizes were 0.23 m in length, 0.19 m height and 0.12 m deep (respectively 0.26 m, 0.22 m and 0.135 m considering external measurements, with a 0.015 m wall thickness). The box was filled completely with a coarse sand type of soil. To monitor the temperature distribution in the experimental system, type-T thermocouples (copper in the positive conductor and constantan in the negative conductor) were used, with an accuracy of ±1 °C [23]. This measurement configuration required the combined use of software, Agilent Bench link Data Logger 3, and a temperature acquisition system, Agilent Acquisition A. The reference junction has been kept at 0 °C (Ice Point Reference) thanks to a KAYE K170 reference system, a multimeter has been utilized for the temperature values monitoring. The thermocouples are positioned inside the setup through wires that are connected to the data logger. The latter shows the value of the real-time temperatures, measured by every thermocouple on the computer. Metal supports have been buried in the soil at fixed depths before filling the box with sand. The thermocouples were fixed to the metal supports in order to stabilize the position of the sensors during all the tests. The metal supports were placed at 0.06 m and 0.095 m of depth from the surface level of the box. The disposition of the thermocouples is reported in Figure 2, Figure 3 and Figure 4. The thermocouples labeled 2, 7, and 12 are placed right underneath the block of dry ice, at the surface level of the box, the sensors number 8 and 9 are 0.06 m deep inside the topsoil and those number 10 and 11 are 0.11 m deep inside the topsoil. The box filled with sand and equipped with the sensors has been placed inside a display case with a transparent wall. Thermocouple number 6 was positioned inside the case while sensors number 1 and 3 are outside the display case, at room temperature. In Table 1 are reported the channels where the thermocouples are connected, the distance from the long side of the box (x dependent position), the depth of the thermocouples (from the dry-ice block), the average and the minimum temperature of every channel.




2.2. Measurements and Test Cases


A total of 5 tests have been carried out in this investigation and the summary is provided in Table 2. Initially, a test zero has been defined to measure the temperature trends in a steady-state case with fixed boundary conditions. Indeed, “Test 0” was run as a base case without the contribution of a dry-ice source to establish the heat transfer mechanisms equilibrium in the setup utilized. In “Test 1”, the dry ice block’s width and length are estimated to be 0.07 × 0.08 m with a weight of 0.175 kg, in “Test A” the block was slightly lighter with an actual measured 0.07 × 0.08 m frames and a weight of 0.17 kg. In “Test B” the block’s measures of width and length were measured to be 0.09 × 0.06 m with a weight of 0.167 kg. “Test C” defines a block of ice with an irregular shape and a weight of 0.165 kg, the lightest of all.



The dry-ice samples have been weighed and measured prior to the setting up of each experiment start. In Figure 5 the weighing procedure performed with a mass scale and the sample in the measurement setup for the case “Test 1”. Due to the sublimation rate, measured in the range of 160–240 g/min·m2 by Mocellin et al. [12], the weight value has been adjusted according to the short time required from the scaling to the setup test measurement start. The uncertainty in terms of weight and size can be estimated in the range of ± 0.025 kg and ± 0.005 m.





3. Numerical Model


The thermal model was numerically analyzed with the finite volume CFD code ANSYS Fluent [24]. A 3D steady-state simulation has been performed; double-precision was used in the simulations. A second-order upwind scheme is adopted for the energy equations with a pressure-based coupled algorithm. The coupled scheme guarantees a robust and efficient single-phase implementation for steady-state flows, with superior performance than segregated solution schemes. The applied convergence criterion was 10−12 for the energy equation, expressed in Equation (1) in the general time-dependent form. Continuity and momentum equations are not considered in the numerical model since only the heat transfer between the dry-ice bank and the soil is assessed.


    ∂ T   ∂ t   +   u   ·   𝛻     T = α    𝛻 2  T  



(1)







A uniform structured mesh with 6.2 × 104 quadrilateral elements (cells) was developed with Fluent Meshing to describe the geometry. The shared topology option ensures the correct continuity between the common mesh nodes at the interfaces (Figure 6).



The boundary conditions have been set according to the observation of the sublimation phenomenon. In fact, the latter has been defined as coupled for the whole domain, indeed the solution is calculated starting from the initial values. The soil solid domain was initialized with an initial temperature TG = TROOM = 22 °C (293.15 K), while the dry-ice bank was set at TB = −78.8 °C (194.35 K) (Figure 7). The properties utilized for the materials characterization of the model are reported in Table 3.




4. Results


4.1. Experimental Results


Following the results of Test 1 (see Table 2), a summary of the main parameters such as average and minimum temperature has been calculated from the measurement results, from the beginning of the test to its end (end of the sublimation of the dry-ice). The temperature at the steady-state phase of the process, estimated according to the measurements, is reported in Table 4; these average values have been calculated using the data between 3000 s and 11,000 s for each test, i.e., at the bottom plateau of the temperature trends. Indeed, in this elapsed time, the temperature is quite constant for a few hours, so the heat transfer mechanism between the dry-ice and the soil can be assumed at equilibrium.



The room temperature and the environment temperature, as reported in Figure 8, can be considered as constant based on the measurements results from sensors 1, 3, and 6 with an average value calculated for Test A around 22.89 °C (295 K).



Sensors 2 and 12 are positioned at surface level, slightly below the topsoil, meanwhile, the 7 is positioned right underneath the block of ice. The average temperatures obtained are very different, the 7 was placed on the bottom of the dry-ice, and its minimum value of temperature is measured to be −50 °C (223 K) right after the block is positioned (Figure 9). It should be noted that the temperature measured is not exactly the dry-ice temperature, indeed due to the sublimation, an air-pocket between the dry-ice and the soil has been observed. Therefore, the temperature measured should be lower in absolute value but higher in real value than the actual dry-ice bulk temperature of −78.5 °C (194.7 K). In Figure 9 it is also possible to visualize the temperature variation that occurred during the sublimation process probably caused by the air-pocket as previously described. This phenomenon has been observed in all the tested cases.



The 2 and 12 obtained a minimum temperature of respectively −18 °C (255 K) and 8 °C (281 K). The difference in temperature is shown in Figure 10 and can be explained by the dry ice position, which was closer to sensor 2 than the 12 (Figure 4—Top View—for better visualization). In Figure 10 it is also possible to observe that after s (around 3 h) which corresponds to the end of the sublimation for Test A, the temperature starts rising for both sensors.



The thermocouples 8 and 9 were positioned 0.06 m deep into the topsoil and the values of temperature obtained are very similar, the two curves have a slowly rising trend after reaching the minimum value measured in the range of 9.10 °C (282.25 K) and 9.58 °C (282.73 K) for sensor 8 and 9 respectively (Figure 11).



As reported for sensors 8 and 9 (z = 0.06 m), thermocouples 10 and 11 were located at the same depth in the ground (z = 0.095 m), in this case, the minimum average values in the different tests are 16.11 °C (289.26 K) and 16.82 °C (289.97 K) for the sensor 10 and 11 respectively. In this case, the impact of the cold source placed on top, namely the dry-ice bank has less impact if compared with the numbers 8 and 9. The slope variation is also limited since they were positioned 0.095 m deep inside the topsoil (see Figure 12).



The temperature measured during Test 1 is reported in. It has been observed that the after approx. 6000 s (1.6 h) the temperature is stable and the phenomenon can be considered as a steady-state, indeed no significant variation (<8%) can be observed for more than 3000 s.




4.2. Numerical Results


The results from the numerical model are reported in this section; temperature and heat flux have been calculated with the CFD simulation. The results have been calculated at steady-state, with the assumption of constant temperature for the dry-ice as a cold source, this was verified with the observations and the measurements (after 6000 s of transient phenomena) due to the very slow process of sublimation (see Figure 10, Figure 11 and Figure 12). In Figure 13 it can be visualized how the temperature gradient is uniform from the center of the dry-ice and it propagates through the soil.



In order to calculate the exact temperature values at the point where the temperature sensors have been placed, horizontal planes have been analyzed. In Figure 14 three planes are reported, at different ground levels according to the values described in Table 3. In Figure 14a the first horizontal plane is reported, and the distance from the soil surface is 0.01 m corresponding to the sensors 2 and 12 positions. In Figure 14b the second horizontal plane is reported, the distance from the soil surface is 0.06 m corresponding to the sensors 8 and 9 positions. In Figure 14c the second horizontal plane is reported, the distance from the soil surface is 0.095 m corresponding to the sensors 10 and 11 position. Figure 15 instead highlights the complete temperature distribution map inside the sandy soil on the symmetry plane.



The simulation results have been compared with the experimental data from the steady-state values. Among the given range of thermal conductivity, the best fitting cases were 0.25 (overall DEV 7.81% as per Equation (2)) and 0.30 (overall DEV 7.80%). Table 5 and Table 6 report, respectively, the detailed variations for each thermocouple. It can be noted that Test C reports different values for sensor 7, this can be attributed to the different shapes of the dry-ice utilized for the test if compared with the other, as already described in Section 2.



The deviation has been evaluated according to Equation (2):


  D E V =      T p  −  T  e x p          T  m a x , e x p   −  T  m i n , e x p          



(2)




where Tp is the temperature predicted in the numerical model at the corresponding sensor location, Texp is the registered temperature, Tmax,exp and Tmin,exp are the maximum and minimum temperatures measured in each test case.





5. Discussion


In this work, a new experimental setup for the evaluation of the impact of solid CO2 deposition on the ground has been built. The setup has been equipped with several thermocouples to measure the temperature variations during the sublimation of the dry-ice. The sensors have been positioned at different layers below the surface as well as in contact with the block itself. Four tests have been developed for consistency and repeatability and the results have been compared with a numerical thermal model using commercial software as described in Section 3. The numerical model results were in good agreement with the experimental measurements, major deviations from the results have been registered for sensors number 7 (−33.87%/−39.45%) and 12 (−20.69%/−23.47%). The main limitations of this work are related to the position of sensors number 12 and 2, indeed due to operative reasons, they were not positioned at the same distance from the dry-ice sample, which caused a difference in the measured values of the temperature as reported in Table 5 and Table 6. Finally, the overall heat transfer coefficient and the heat transfer flux resulted to be very sensitive to the dry-ice conductivity. For this reason, following a literature review, several values have been tested in the range of 0.05 (W m−1 K−1) and 0.30 (W m−1 K−1) to achieve the best match with the experimental data and provide a more accurate correlation. The overall heat transfer coefficient U (W m−2 k−1) that gives the best fitting of the experimental results is within 85.56–86.35 W m−2 K−1. The value could be potentially utilized for the estimation of the heat transfer between the dry-ice and the soil under similar conditions. In this work a first approach for the evaluation of this phenomenon has been presented; further improvement can be made both with the performing of more experimental tests as well as other test case under with different conditions (weight, type of soil and number of sensors).
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Figure 1. CO2 pipeline rupture and dry-ice formation occurred in Yazoo County in 2020 (Mississippi Emergency Management Agency—MEMA) [22]. 
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Figure 2. Experimental Setup—General Scheme. 
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Figure 3. Sensors positions—Front section. 
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Figure 4. Sensors positions—Top view. 
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Figure 5. Preparation of the dry-ice bank samples: (a) Mass weighing; (b) Dry-ice bank setup for “Test 1”. 
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Figure 6. Mesh visualization of the numerical model (a) and the wireframe (b). 
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Figure 7. Initialization temperature for the model. 
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Figure 8. Room temperature and air-case temperature measured during Test A. 
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Figure 9. Temperature variations between the dry-ice and the soil in the first hour for Test A (a) and Test 1 (b). The dry-ice bank was positioned after 1280 s from the start of the experiment in Test A and around 610 s in Test 1. 






Figure 9. Temperature variations between the dry-ice and the soil in the first hour for Test A (a) and Test 1 (b). The dry-ice bank was positioned after 1280 s from the start of the experiment in Test A and around 610 s in Test 1.



[image: Energies 16 00987 g009]







[image: Energies 16 00987 g010 550] 





Figure 10. Temperature decay and recovery for sensors 2 and 12. 
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Figure 11. Temperature trend for sensors 8 and 9. 
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Figure 12. Temperature trend for sensors 10 and 11. 
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Figure 13. Temperature map of the 3D domain (a) and the central 2D vertical section (b). 
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Figure 14. Temperature distribution on different horizontal underground layers: z = 0.01 m (a), z = 0.06 m (b), z = 0.095 m (c). 
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Figure 15. Temperature distribution on the vertical mid layer as Figure 13b. 
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Table 1. Temperature sensors position and number.






Table 1. Temperature sensors position and number.





	Number
	Channel
	Description
	Relative Position “x” (m)
	Depth (m)





	1
	101
	TROOM
	Not applicable
	Not applicable



	2
	102
	TSOIL_high
	0.065
	0.01



	3
	103
	TROOM
	Not applicable
	Not applicable



	6
	106
	TAIR_CASE
	Not applicable
	Not applicable



	7
	107
	TDRY-ICE
	0.105
	0



	8
	108
	TSOIL
	0.105
	0.06



	9
	109
	TSOIL
	0.105
	0.06



	10
	110
	TSOIL_deep
	0.105
	0.095



	11
	111
	TSOIL_deep
	0.105
	0.095



	12
	112
	TSOIL_high
	0.155
	0.01
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Table 2. Experimental test cases.
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	Test
	Size (m)
	Weight (kg)
	Shape





	0
	Not applicable
	Not applicable
	Not applicable



	1
	0.07 × 0.08
	0.175
	Bank



	A
	0.07 × 0.08
	0.170
	Bank



	B
	0.09 × 0.06
	0.167
	Bank



	C
	Not applicable
	0.165
	Irregular










[image: Table] 





Table 3. Relevant properties of dry-ice, sand, and wood.






Table 3. Relevant properties of dry-ice, sand, and wood.





	Materials
	Mass Density (kg m−3)
	Specific Heat Capacity

(J kg−1 K−1)
	Thermal Conductivity

(W m−1 K−1)





	Dry-ice [10]
	1511
	849
	0.05 ÷ 0.30 *



	Coarse Sand [25]
	2530
	1760
	2.02



	Wood
	700
	2310
	0.173







* = estimated range based on experimental measurements with the setup proposed.
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Table 4. Experimental test cases and results.






Table 4. Experimental test cases and results.





	
Sensor N°

	
TAVG

	
TMIN

	
TSTEADY




	
Test ->

	
1

	
A

	
B

	
C

	
1

	
A

	
B

	
C

	
1

	
A

	
B

	
C






	
1

	
21.38

	
23.04

	
23.32

	
23.42

	
20.77

	
22.40

	
23.10

	
23.06

	
21.59

	
22.95

	
23.48

	
23.33




	
2

	
−6.46

	
1.93

	
3.24

	
7.33

	
−16.49

	
−6.77

	
−16.71

	
−15.06

	
−15.60

	
−5.71

	
−15.58

	
−5.76




	
3

	
21.14

	
22.99

	
23.29

	
23.37

	
20.20

	
22.35

	
23.09

	
23.11

	
21.41

	
22.89

	
23.44

	
23.28




	
6

	
20.95

	
22.64

	
22.80

	
22.85

	
20.43

	
22.23

	
22.47

	
22.30

	
21.07

	
22.50

	
22.78

	
22.51




	
7

	
−31.18

	
−29.33

	
−11.45

	
−5.38

	
−52.40

	
−60.81

	
−53.24

	
−58.67

	
−50.33

	
−49.88

	
−50.18

	
−26.46




	
8

	
11.03

	
14.63

	
14.59

	
14.34

	
8.04

	
11.85

	
9.56

	
6.94

	
9.57

	
13.49

	
10.26

	
8.66




	
9

	
11.98

	
13.13

	
14.98

	
15.15

	
9.09

	
9.87

	
10.64

	
8.70

	
11.42

	
11.98

	
11.73

	
10.41




	
10

	
17.41

	
18.80

	
17.57

	
18.97

	
14.79

	
16.49

	
15.94

	
17.23

	
18.83

	
19.74

	
17.76

	
18.95




	
11

	
17.83

	
19.62

	
17.99

	
19.22

	
15.38

	
17.73

	
16.59

	
17.57

	
19.19

	
20.45

	
18.34

	
19.52




	
12

	
9.92

	
10.24

	
14.39

	
11.69

	
6.90

	
5.88

	
8.65

	
−3.43

	
7.63

	
6.65

	
9.05

	
4.58
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Table 5. Experimental test cases and results (Thermal conductivity 0.25 W m−1 K−1).






Table 5. Experimental test cases and results (Thermal conductivity 0.25 W m−1 K−1).





	
Sensor n°

	
Tests Deviation (DEV)




	
1

	
A

	
B

	
C






	
2

	
12.34%

	
−0.56%

	
11.90%

	
−1.98%




	
7

	
6.15%

	
5.88%

	
8.91%

	
−33.87%




	
8

	
4.37%

	
−0.65%

	
3.19%

	
5.71%




	
9

	
2.11%

	
1.64%

	
1.31%

	
3.46%




	
10

	
−4.85%

	
−6.07%

	
−3.59%

	
−4.67%




	
11

	
−5.41%

	
−7.19%

	
−4.39%

	
−5.57%




	
12

	
−18.49%

	
−17.06%

	
−20.69%

	
−16.74%
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Table 6. Experimental test cases and results (Thermal conductivity 0.30 W m−1 K−1).






Table 6. Experimental test cases and results (Thermal conductivity 0.30 W m−1 K−1).





	
Sensor n°

	
Tests Deviation (DEV)




	
1

	
A

	
B

	
C






	
2

	
9.56%

	
−3.34%

	
9.12%

	
−4.76%




	
7

	
0.57%

	
0.30%

	
3.33%

	
−39.45%




	
8

	
3.42%

	
−1.59%

	
2.24%

	
4.77%




	
9

	
1.16%

	
0.70%

	
0.37%

	
2.51%




	
10

	
−5.54%

	
−6.75%

	
−4.27%

	
−5.35%




	
11

	
−6.10%

	
−7.87%

	
−5.08%

	
−6.26%




	
12

	
−21.27%

	
−19.84%

	
−23.47%

	
−19.52%
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