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Abstract

:

The hydrodynamic conditions resulting from the permeability of porous materials are based not only on the assessment of the gas flow through these materials, but also the losses related to the pressure energy in this flow. Flow resistance is a direct measure of this loss. The aim of this experimental research was to evaluate the flow resistance of the porous material in relation to the gas flow. The research was carried out on a material with a slit-porous structure. The tests were carried out on a system for measuring gas permeability under the conditions of gas bubbling through the char. The issue of the total pressure drop process in the porous bed was considered in the Reynolds number category. The coefficient of flow resistance for the char was determined and the value of this coefficient was compared with the gas stream, and an experimental evaluation of the total pressure drop on the porous bed was made. The novelty of this article is the determination of the tortuosity and the gas permeability coefficient for a solid of any shape—a rigid skeleton.
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1. Introduction


Under natural conditions, the flow of fluids in porous structures is connected with the movement of gases and liquids in geological deposits [1]. These deposits, as primary reservoirs, are areas of migration [2,3,4,5,6,7,8,9,10,11,12,13,14,15] of such substances as crude oil or natural gas, but also of the movement of other liquids and gases, such as water brine or methane in rock masses of hard coal. In each of these cases, recognizing conditions of the flow of gasses by porous deposits can, to a considerable degree, contribute to better understanding mechanisms of the flow and the migration of gasses in the given rock deposit, which can also correlate with more effectively getting gas out of natural geological deposits. This is all the more important as the growing industrialization causes the economy to become increasingly interested in additional energy resources.



Hydrodynamic conditions resulting from the permeability of porous materials have their base not only in the evaluation of the stream of the flow of gas through such materials but also losses concerning the pressure energy in this flow. The direct measure of that loss is flow resistance, which may be interpreted differently in the detailed quantitative assessment. By analyzing research studies [16,17,18,19,20,21,22,23] on modelling resistances of the flow through porous deposits, it can be noticed that the authors consider the movement criterion of the Reynolds number [16,24] and interpret hydrodynamic conditions of that flow in a different manner. On the other hand, modifications to the Darcy–Weisbach [22,23] Equation (1) that enables calculating the flow resistances most frequently refer to granular structures or porous deposits in the form of the permanent infill of column apparatuses.


  Δ P = a R  e  n − 2     ρ  w e 2   2   L   d e     



(1)







In which the coefficient of resistance (2):


   λ e  = f  (  R e  )  = a R  e  n − 2    



(2)




where the Raynolds number (3) equals to:


  R e =    w e   d e  ρ  η   



(3)







However, there is no specific reference to this problem for porous materials with a solid framework structure. Assume that the coefficient of resistances defined by the Equation (4) may be representative for all those cases as an equivalent measure of flow hydrodynamics:


  ξ =  2  ρ  w 2    Δ P  



(4)







Some of those modifications were compared to the obtained measurement results. This comparison was based on the definitions of the coefficient of resistances set forth in Table 1.



The values of the coefficient of resistances correspond to the resistance coefficients correlated to the models detailed in this Table at a constant quotient value of linear reference dimensions (17) [23]:


   L   d ε    = 1  



(17)







The reason for this state of affairs should be seen as the high complexity of hydrodynamic phenomena for gas flow through porous materials of skeletal structure, as well as the limited possibility of adaptation of models and calculation methods characteristic of the hydrodynamics of fluid flow in closed systems.



One of those possibilities is to include in the hydrodynamics description the conditions resulting from the energy dissipation that occurs during the movement of gas in porous and capillar spaces of porous materials. From an experimental viewpoint, this phenomenon may be associated with a certain alternative (equivalent) coefficient of resistance that include conditions resulting from the coefficient of friction between liquid and walls of flow channels and from the pressure reduction caused by the disturbance to the velocity profile characteristic for stream choking. In such a presented issue, the total resistance of gas flow through the porous deposit may be identified with the general dependency (18), considering the relevant adjustment of flow parameters of the porous structure:


  Δ P = ξ   ρ  w 2   2   



(18)







This approach is justified by the fact that in the structure of flow micro-channels the share of friction in the flow resistance is marginal.



When directly using the Weisbach [23] Equation (18), it needs to be directly adapted to the porous structure, for which this equation may be as follows (19):


  Δ P =  ξ ε     ρ g   w ε 2   2   



(19)







In this case, the flow velocity wε (20) refers to the section resulting from the average area of the deposit Aε open for this flow and resulting from the porosity of the deposit ε and its complete section Ao. Hence


   w ε  =    Q g     A ε    =    Q g    ε  A o     



(20)







For such interpreted conditions, Equation (19) can be used to determine by experiment the value of the flow resistance coefficient as the value of ξε, (21) which sums up all mechanisms resulting from the hydrodynamics of gas movement through porous materials:


   ξ ε  =  2   ρ g   w ε 2    Δ  P  z m    



(21)







This paper attempts to describe some of the issues arising from the hydrodynamics of gas flow through a fragment of a bed under gas bubbling conditions. The proprietary model for total resistance of gas flow through a porous medium is proposed, which takes into account the bedding parameter related to the gas-permeability coefficient and porosity.



The assessment of both the stream of the gas flow through porous materials and the loss of pressure energy in that flow is an important issue not only under natural conditions, but also in practical applications. An example could be a filter used to remove particulate matter (which is mostly made of soot) from diesel engine exhaust via filtration and regeneration [30]. Another area of application of porous structural materials is the reaction process of catalytic afterburning carried out in structural reactors [31,32]. Most often, these reactors are identified with a group of monolithic reactors (so-called catalysts), equipped with ceramic cartridges with a multi-channel structure.



In particular, at the present stage of research, the permeability of char from the experimental georeactor from the Experimental Mine Barbara in Mikołów [33,34] was recognized.



The sample of the carbonate was examined by observing it under bubbling conditions. The bubbling technique was used to assess the aeration area for the porous material.




2. Materials and Methods


The research material was a solid skeleton structure derived from the technology of thermal coal gasification. Char in situ is a direct product of underground coal gasification, and it was obtained from the experimental georeactor (semi-technical scale) of the “Barbara” Experimental Mine in Poland. In this case, the process conditions favored practically complete gasification of coal, although the structure of this product is also very diverse, which, apart from the process conditions, depends on the place where the samples were obtained in the georeactor.



In quantitative terms, the following parameters were evaluated: porosity, porosity index, density (Table 2), permeability as a measure of pressure drop, and surrogate flow resistance coefficient. Irrespective of the measurement of the aeration flow, the permeability and surrogate coefficient of flow resistance were determined based on the pressure drop across the bed of the porous material. Parameters determined for studied materials (samples) are presented in Table 2.



2.1. Research Position


The tests were carried out on a laboratory stand. In Figure 1, the important element of which was a vessel used to assess the gas permeability phenomenon through the carbonized porous material. In Figure 2, the stand was equipped with a rotameter for measuring the gas stream and a pressure gauge. The reference pressure associated with the aeration process was determined by a reducer in the range of 0.1–0.4 MPa.



Figure 2 shows the applied system of powering the sample for the free flow of gas (with emphasizing agreed parameters) and illustrates the flow of gas in these conditions.



The shape of the sample of this type, along with the visible additive tube (are panting), are showed in Figure 3—the image refer to the volume sample char (indefinable shape). The connection of the nozzle with the porous material was made by means of a hole, and then a special adhesive (binder) was used (Figure 3).



In order to achieve the purpose of this research, detailed experimental tests concerning the evaluation of the permeability of gas were conducted in the structure of porous material, and the findings are presented in Table 3.




2.2. Scope and Research Methodology


The aim of the study was to evaluate the hydrodynamics of gas flow through porous materials of irregular shape. Tests were carried out using air forced through the nozzle as a stream of gas propagating in many directions in a porous bed under bubbling conditions. The gas flow resistance coefficient as a function of Reynolds number was determined. The value of the gas permeability coefficient was determined experimentally, taking into account the tortuosity. The coefficient of gas flow resistance as a function of the Reynolds number, defined for porous skeletal materials, was compared to the models known in the literature, indicating the convergence of the correlation.





3. Results and Discussion


The results for the determined flow resistance coefficient (21) for a volumetric sample are given in Figure 4.



The reference of the value of this coefficient to the Reynolds number (22) at a gas speed of wo resulting from the d diameter of the feeding nozzle was used (Figure 3).


  R e =    w o  d  ρ g     η g     



(22)







The results show a decrease in changes to the value of the resistance coefficient as a result of an increase in the Reynolds number, which complies with the physics of the analyzed phenomena but the scale of those changes is sometimes extensive. This proves that the flow resistances are highly affected by the dynamics of gas flow through porous material, in particular by disturbances of the velocity profile. This tendency and the measuring range simultaneously indicate that for coal char (Figure 4) a turbulent nature of the gas movement is noted, which is proven by the non-linear nature of this coefficient. It may be noted that coal char has the minimum flow resistance (Figure 4). Undoubtedly, this results from the fact that this material—despite its small porosity—has a very extensive system of pores and open channels for the gas flow.



Figure 4 shows the change to the coefficient value of the resistance in proportion to the Reynolds number, and when modelling hydrodynamic conditions of the gas flow through skeletal porous material it is necessary to consider the relation (23):


   ξ ε  = f  (  R e ,   ε  )   



(23)







This also refers to the Reynolds number which, in this case, may take a different form (Table 1). In the reference books, there is still a debate [35] on how to best describe this criteria number to identify the flow through frame-structured porous materials. As for those materials, it is very difficult or even impossible to assess diameters of pores and capillars and their actual flow speed. Bear and Cheng [36] suggest that in this case the Reynolds number should be defined with respect to the entire volume of the porous material referred to as the flow section.



The characteristic linear measurement is calculated as an alternative diameter resulting from the volume of the porous material and the section active for the flow, viz. (24):


   d ε *  =    V c    ε  A o     



(24)







On the other hand, velocity is a result of the deposit porosity and is associated with an apparent velocity (calculated for the entire cross-section of the deposit (25)):


   w ε  = ε  w o   



(25)







The conducted analyses show that the method resulting from the Equations (24) and (25) and from determining the criteria Reynolds number does not reflect in the best way any hydrodynamic conditions subject to the gas flow through frame-structured porous material. This is due to the fact that the subject of the research was a sample with an irregular shape. Especially determining cross sections for the direction of flow in the case of the volume of the solid body is very difficult and imprecise. In order to solve these problems, an attempt to draw up the alternative model based on the change of characteristics of the kinetic energy for all oppositions of the flow of gas by the porous medium was made.



According to (21), this may be as follows (26):


   ξ ε   (  R e  )  =   2 Δ P    ρ g   w ε 2     



(26)







Considering the diversified shape of the material and its characteristic structural features resulting from its porosity and permeability, Equation (26) may be modified by implementing a correction coefficient in the form of the so-called tortuosity parameter (27):


   Ψ ε  = f  (   K *  , ε  )   



(27)







Assuming that we know the flow of gas rate, the pressure drop across the bed, and the bed porosity and the type of gas, the value of the gas permeability coefficient (28) can be determined experimentally and is defined as:


   K *  =    Q g        Δ  P  z m      ρ g         



(28)







Results of the measurement characteristics of a permeability coefficient of the gas of the tested sample of char are shown in Figure 5.



The measured flow of gas flowing through the char from the total pressure drop was higher the higher the aeration pressure was, i.e., the reference pressure. On the other hand, the permeability of the char by a given value of the Reynolds number kept growing.



Taking into account dependence (27), the equation for the total coefficient of resistance is as follows (29):


   ξ c   (  R  e ε *   )  =   2 Δ  P c     ρ g   w e 2     Ψ ε   



(29)







With respect to Equation (29), the compensatory calculation was conducted for a sample in the form of an irregularly shaped solid (volume one). The arithmetical analysis shows that for the solid volume the tortuosity parameter needs to be calculated on the basis of the following dependency (30):


   Ψ ε  =    χ ε a    R  e ε *     



(30)







The auxiliary function for the exponent a = 1.5 (char) at the base of power is the coefficient of bed formation (31) related to the gas-permeability coefficient and porosity:


   χ ε  =  K  *  (  ε − 1  )     



(31)







While the Reynolds number (32) takes into account the defined apparent velocity (34):


  R  e ε *  =    w ε *   d r   ρ g     η g     



(32)







The apparent velocity (33) refers to the entire space of the volume sample feeding as the cross-section resulting from the frontal and lateral area of the feeding nozzle Figure 3:


   w ε *  =    Q g     A o *     



(33)







Cross-sectional area of nozzle feeding the porous material (34):


   A o *  =  5 4   ε b  π  d r 2   



(34)







The obtained results of the function of the coefficient of resistances in the function of the Reynolds number are shown in Figure 6, which, to illustrate, also include points resulting from other calculation models [19,20,25,26,27,28,29] adjusted by the parameters resulting from the research.



The distribution of experimental points proves that except for the Zaworonkow [28] model and the Blake-Kozeny [27] model, all the remaining ones show the same trend of changes to this coefficient, which confirms the adequacy of the adopted assumptions.



In this research, direct measurements were taken and for this purpose instruments for measuring gas flow, pressure (pressure difference), and temperature were used. These instruments were properly calibrated, which resulted in the relation to the gas flow meters used which are given in Table 4.



The analysis of measurement error was also the subject of our consideration. It was found that with respect to the measured values, this analysis did not bring any significant improvement to the estimation of the measurement error. In this regard, the detailed description of the measurement error analysis was omitted.



By way of an example, the algorithm for calculating the error and the uncertainty of air volume flow measurement, which results from the analysis of measurement errors, is presented. The calculation results according to the algorithm are presented in Table 5.



As can be seen from Table 5, expected (average) value for the adopted measurement is 3.74 × 10−4 m3/s, at the result (at the confidence level 0.99) 3.74 × 10−4 ± 3.29 × 10−5 m3/s, which gives an average measurement error for the analyzed series of 8.7%. The average relative mistake for the entire scope of the flow of gas amounted to ± 5.3%.




4. Conclusions


Hydrodynamic investigations were carried out which concerned gas bubbling conditions through char deposit. This made it possible to assess such hydrodynamic parameters such as the permeability of the porous material and the resulting flow resistance coefficient. The assessment of hydrodynamic parameters related to gas permeability showed that the remaining models available in the literature show the correct correlation with the obtained test results. This situation should be explained by the limited scope of applying these models to skeletal centers characterized by a significant internal structure of the porous material.



This study’s model of the identification of the permeability coefficient of porous materials, based on achieved results, was based on the value of the local opposition of the flow which correctly reflected tendencies of changes of hydrodynamic parameters.



The results of this research indicate that in the bubbling conditions it is possible to accurately assess these parameters, which gives the opportunity to comprehensively evaluate the properties of the porous material in the process aspect for gas production technology.



Based on research conducted so far, it can be stated that when gas flows through porous media with channel dimensions—of the order of millimeters and less—hydrodynamic phenomena (gas flow, viscosity) are dominant over physicochemical phenomena (shaping the structure and mechanical properties) occurring at the interface; the latter, however, are important in flows through structures with very small pore sizes—on the order of a few tenths of a micrometer.



Given the above, it seems that a broader knowledge and description of the hydrodynamics of gas flow through porous materials and the connection of this phenomenon with the internal structure of the tested material is expedient in both cognitive and application terms. Having a universal method of determining permeability, both in laboratory tests and as part of the interpretation of technological processes, can be used to improve process efficiency, for example:




	(a)

	
fermentation of the substrate on porous beds using immobilization as a result, striving to obtain over 90% of methane in raw biogas.




	(b)

	
extraction of methane from coal seams, both in pre-methane drainage as well as methane drainage carried out during and after operation.




	(c)

	
in situ gasification of coal, in which the deposit is converted at the site of its deposition and its effect is the production of raw gas with high energy parameters.
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Abbreviations




	
Main symbols




	
A

	
total cross-section of the flow channel

	
m2




	
K

	
permeability coefficient

	
m2




	
L

	
flow path length for the height of the porous bed

	
m




	
P

	
pressure gauge

	
Pa




	
Q

	
volumetric flow

	
m3/s




	
Re

	
Reynolds number

	




	
T

	
thermometer

	
°C




	
V

	
volume

	
m3




	
a

	
experimental constant

	




	
e

	
indicator porosity

	




	
d

	
diameterm

	




	
f

	
function

	




	
w

	
velocitym/s

	




	
ΔP

	
pressure drop, resistance flow

	
Pa




	
Ψ

	
tortuosity

	




	
ε

	
porosity

	




	
η

	
fluid viscosity

	
Pa·s




	
λ

	
coefficient of linear resistance

	




	
ξ

	
coefficient of flow resistance

	




	
π

	
Pi number

	




	
ρ

	
fluid density

	
kg/m3




	
χ

	
coefficient of tortuosity

	




	
ϑ

	
density of a solid body

	
kg/m3




	
Upper indices refer to




	
*

	
own model




	
n

	
constant




	
Lower indices refer to




	
B

	
acc. Brauer




	
B-K

	
acc. Blake-Kozeny




	
B-K-C

	
acc. Blake-Kozeny-Carman




	
B-P

	
acc. Burke-Plummer




	
E

	
acc. Ergun




	
T

	
acc. Tallmadge




	
W

	
acc. Windsperger




	
Z

	
acc. Zaworonkow




	
a

	
apparent




	
b

	
absolute




	
c

	
total




	
e

	
equivalent




	
ef

	
effective




	
g

	
gas




	
o

	
value calculated on the total deposit section—apparent value




	
r

	
nozzle




	
re

	
reference




	
s

	
skeleton




	
zm

	
measured




	
ε

	
value calculated relative to the porosity
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Figure 1. Diagram of the measuring system for testing the permeability of porous material in bubbling conditions [own elaboration]: 1—porous material (sample), 2—manometer of the pressure difference, 3—rotameter (3 and bubble flowmeter), 4—reducers of the pressure, 5—control valve, P—pressure indicator, T—thermometer. 
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Figure 2. Flow of gas in bubbling conditions—char (I-1) [Photo by Grzegorz Wałowski]. 
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Figure 3. Supply system of volume sample [own elaboration]. 
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Figure 4. Coefficient of gas flow resistances for volume sample char [own elaboration]. 
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Figure 5. Gas-permeability coefficient for char [own elaboration]. 
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Figure 6. Coefficient of resistances of gas flow through coal char according to authors’ models [own elaboration]. 
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Table 1. Correlation equations for calculation of a coefficient of flow resistances through granular porous structures [own elaboration].






Table 1. Correlation equations for calculation of a coefficient of flow resistances through granular porous structures [own elaboration].





	
Autor

	
Model Equation

	

	
Criteria Number

	






	
Ergun [19]

	
    ζ E  =   150   R  e ε    + 1.75   

	
(5)

	
   R  e ε  =    w o   d ε  ρ    (  1 − ε  )  η     

	
(6)




	
Brauer [25]

	
    ζ B  =   160   R  e ε    +   3.1   R  e ε  0.1       

	
(7)




	
Tallmadge [26]

	
    ζ T  =   150   R  e ε    +   4.2   R  e ε  0.1666       

	
(8)




	
Burke-Plummer [27]

	
    ζ  B − P   = 0.878    (  1 − ε  )     ε 2      

	
(9)




	
Blake-Kozeny [27]

	
    ζ  B − K   = 75      (  1 − ε  )   2     ε 3     1  R  e ε      

	
(10)

	
   R  e ε  =    w o   d ε  ρ  η    

	
(11)




	
Blake-Kozeny-Carman [20]

	
    ζ  B − K − C   =   180   R  e ε      

	
(12)




	
Żaworonkow [28]

	
    ζ Z  =   3.8   R  e ε  0.2       

	
(13)

	
   R  e ε  =    w o   d ε  ρ   ε η     

	
(14)




	
Windsperger [29]

	
    ζ W  = 2.2    (    0.4  ε   )    0.78    (    64   R  e ε    +   1.8   R  e ε  0.1      )    

	
(15)

	
   R  e ε  =  2 3     w o   d ε  ρ    (  1 − ε  )  η     

	
(16)
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Table 2. Characteristics of the research material [own elaboration].
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Research Material

(the Marking and the Source Origin of the Raw Material)

	
Porosity

	
Indicator

Porosity

	
Density

of a Solid Body




	
Absolute

	
Effective

	
Apparent

	
Skeleton




	
εb,

%

	
εef,

%

	
e

	
ϑa,

kg/m3

	
ϑs,

kg/m3




	
Name

	
No. Sample






	
1

	
2

	
3

	
4

	
5

	
6

	
7




	
char

(carbonizer)

	
I-1

	
42.2

	
21.1–33.7

	
0.7

	
1300

	
2250
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Table 3. Test results in conditions: air, 21.7 °C [own elaboration].
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Research Material: Char

No. Sample: I-1




	
No.

	
Reference PressurePre, MPa

	
Gas StreamQg∙103, m3/s

	
Resistance Flow Measured ΔPzm, kPa

	
No.

	
Reference PressurePre, MPa

	
Gas StreamQg∙103, m3/s

	
Resistance Flow Measured ΔPzm, kPa






	
1

	
0.1

	
0.161

	
10.2

	
26

	
0.3

	
0.161

	
9.7




	
2

	
0.1

	
0.182

	
11.3

	
27

	
0.3

	
0.182

	
11.3




	
3

	
0.1

	
0.196

	
12.9

	
28

	
0.3

	
0.217

	
16.6




	
4

	
0.1

	
0.203

	
13.8

	
29

	
0.3

	
0.238

	
20.4




	
5

	
0.1

	
0.217

	
16.6

	
30

	
0.3

	
0.259

	
23.9




	
6

	
0.1

	
0.231

	
17.9

	
31

	
0.3

	
0.287

	
29.3




	
7

	
0.1

	
0.238

	
20.6

	
32

	
0.3

	
0.315

	
33.5




	
8

	
0.1

	
0.266

	
23.9

	
33

	
0.3

	
0.350

	
44.1




	
9

	
0.1

	
0.280

	
27.2

	
34

	
0.3

	
0.371

	
51.2




	
10

	
0.1

	
0.301

	
29.9

	
35

	
0.3

	
-

	
-




	
11

	
0.1

	
0.329

	
37.9

	
36

	
0.3

	
-

	
-




	
12

	
0.1

	
0.350

	
42.8

	
37

	
0.3

	
-

	
-




	
13

	
0.1

	
0.371

	
49.2

	
38

	
0.3

	
-

	
-




	
14

	
0.2

	
0.161

	
9.9

	
39

	
0.4

	
0.161

	
10.6




	
15

	
0.2

	
0.189

	
12.6

	
40

	
0.4

	
0.196

	
12.7




	
16

	
0.2

	
0.210

	
15.2

	
41

	
0.4

	
0.231

	
19.2




	
17

	
0.2

	
0.231

	
19.2

	
42

	
0.4

	
0.266

	
24.2




	
18

	
0.2

	
0.252

	
23.2

	
43

	
0.4

	
0.301

	
31.2




	
19

	
0.2

	
0.280

	
26.9

	
44

	
0.4

	
0.336

	
39.9




	
20

	
0.2

	
0.301

	
31.2

	
45

	
0.4

	
0.350

	
43.6




	
21

	
0.2

	
0.322

	
36.1

	
46

	
0.4

	
0.371

	
51.2




	
22

	
0.2

	
0.336

	
38.9

	
47

	
0.4

	
-

	
-




	
23

	
0.2

	
0.343

	
42.8

	
48

	
0.4

	
-

	
-




	
24

	
0.2

	
0.371

	
49.4

	
49

	
0.4

	
-

	
-




	
25

	
0.2

	
0.392

	
53.4

	
50

	
0.4

	
-

	
-
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Table 4. Parameters of gas flow meters calibration [own elaboration].
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	Flow Meter Type
	Measurement Range
	Scaling Equation—The Value of the Air Stream, dm3/min
	Accuracy of Scaling





	RDN 06-03
	0–1.9
	Qg = (0.0137 scala) − 0.30086
	0.97



	R 10a
	0–38
	Qg = (0.2836 scala) + 9.9091
	0.99



	RDN 06-03
	0–48
	Qg = (0.216·scala) + 1.4112
	0.99



	R 10m
	0–51
	Qg = (0.4264 scala) + 9.5
	0.99



	R
	0–1.5
	Qg = (10 mL/ measurement time)
	±5%
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Table 5. An algorithm concerning the analysis of measurement error [own elaboration].
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	Algorithm
	Score





	Expected value as an arithmetic mean.
	3.74 × 10−4



	The measure of scattering, as a variance of the arithmetic mean.
	1.07 × 10−10



	Standard deviation.
	1.03 × 10−5



	The component of the measurement error limit:

- a systematic border error, where the absolute error of the measuring instrument (RDN06-03 rotameter) is 5%.
	1.87 × 10−6



	The component of the measurement error limit:

- accidental random error.
	3.01 × 10−5



	Limit measurement error at the confidence level probability p~0.99.
	3.29 × 10−5



	The result of the measurement at the confidence level p~0.99
	3.74 × 10−4 ± 3.29 × 10−5
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