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Abstract
Preformed particle gels (PPGs) are utilized to improve conformance control in mature and water flooded reservoirs to enhance oil recovery and reduce excess water production. In fact, PPG lowers the permeability of totally swept high permeable layers, and thus paves the way for water to enter low permeable and unswept ones. In this study, nine different porous medias with the permeability of around 27 md and porosity of 40% were constructed. Three of them were flooded by nano-sized PPG aqueous phases in different flow rates. Results showed that injecting only nano-sized PPGs does not remarkably reduce the magnitude of permeability. Furthermore, flow-rate had no considerable effect on the efficiency of nano-sized PPG injection process. Three other porous medias were flooded by micro-sized particles. It was obtained that these particles reduced the magnitude of permeability to 7% of its original value, and flow-rate augmentation adversely affects the flooding efficiency.
Finally, the last three porous medias were flooded by a scenario, in which nano-sized PPGs were used as the preflush fluid, and then the porous medias were flooded by micro-sized ones as the main flush. It was obtained that this scenario reduces the permeability of the porous media by 98% and is more appropriate than the single-size flooding process to layer water-shut off. It was because of the fact that porous medias constructed in these experiments consisted of heterogeneous particles with diverse size. Therefore, the size of pore throats was different from each other, which demands using particles with various sizes for permeability reduction.
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Introduction
Depletion of hydrocarbon reservoirs and increasing the worldwide demand for energy drives petroleum upstream companies to seek new methods to produce as much oil as possible from reservoirs [20,15,8,19,39]. Water-flooding is the first and the most common approach to increase recovery factor from oil reservoirs [18,29,38,16]. However, excess water production in target wells resulting from water-flooding operations has become a serious problem [18,14,5]. Excessive water production results in occurring numerous problems such as corrosion of production facilities [35,36], high scale precipitation [7,13], imposing an extra load on fluid processing facilities [4], and making some environmental issues [22]. Subsequently, in many cases, oil-producing zones are abandoned due to excessive water production problem, while a remarkable amount of hydrocarbons remain unswept in the reservoir [4,21]. Therefore, researchers have put a special focus on controlling excessive water production from oil reservoirs. Diversity of the geological features of oil reservoirs is the most important issue causing to low oil recovery factor and early excess water production [11,34,10].
Recently, the cross-linked polymer gel has been introduced as a technology to control conformance [32,1,27,28]. However, this technique has several disadvantages such as uncontrollable gelation time, yields disparity due to shear degradation, and change in gelant composition because of adsorption [25,26]. Unlike cross-linked polymers, preformed particle gel (PPG) technology have none of those limitations [11,12,23]. PPGs are powdered polymeric materials possessing elastic features [30]. Furthermore, they are highly hydrophilic, and thus, swell in an aqueous brine solution [2]. PPGs advantages over conventional gelant injection technique have convinced numerous companies to implement this approach, which has had very interesting and satisfying results [24]. Excessive water production has been minimized through PPG injection operations in more than 4000 wells in China [4] and several wells in Iran.
Potential and advantages of PPG injection operation could be attributed to the interaction between gel and formation particles  [23]. In a PPG injection scenario, depth of penetration of particle gels can be determined through injected liquid volume and PPGs' concentration data [25,26]. However, poor designing of PPGs size results in faster pressure growth, and thus, particles cannot penetrate deep enough in the formation [24]. Saghafi et al. conducted several experiments to study the penetration of gel particles in various porous medias. The results show that PPGs can move forward through smaller pore throats under the mechanism of deformation. In this intend, it was reported that when the size ratio of particles to pore throats of the porous media becomes lower than a critical value ( about 1.9, depending on the chemical composition of PPG), PPGs can be deformed and change their shape to move forward though pore throats. However, when the size ratio exceeds this critical value, PPGs have to be crushed in order to pass through throats, which is unfavorable and results in faster pressure growth [23-26]. Therefore, in such cases the output pressure of injection pumps reach the highest limit after injecting a low volume of particles into the subsurface resulting in a lower depth of penetration and cross-flow occurring [31,3]. Effect of other parameters such as flow rate, PPG concentration, cross-linker concentration [17,14], adsorption, and retention of particles [23] have investigated on the efficiency of PPG injection operations by various researchers. However, the effect of the size distribution of particles on the efficiency of PPG injection has received fewer attentions. Oil reservoirs, especially carbonate ones, are very heterogeneous, and the size of pore throats in their porous medias are very diverse. Pore throats regarding primary porosity are very smaller than the ones resulted from secondary porosity. Therefore, such layers demand being flooded by particles with various sizes.
In this study, an optimized gel sample through the procedure explained by Saghafi et al. [24] was synthesized. Then, the prepared gel was grounded to achieve nano and micro-sized PPGs. The efficiency of nano-sized and micro-sized PPGs on permeability reduction of target porous medias was determined experimentally and then compared with each other. Also, the effect of flow rate was determined in those experiments. Furthermore, a scenario in which nano-sized PPGs used as the preflush fluid and micro-sized ones were the main flush was studied.
Materials And Methods
Materials
Synthesized PPG
The material utilized to synthesize particle gels is listed in Table 1. N,N'-methylenebis (Acrylamide) was the linking agent [17] in the synthesis process, which was purchased in Beijing Chemicals. N,N’,N,N’tetramethylethylenediamine was used as the catalyst of the process [9], and sodium persulfate was the reaction initiator[9]. They both were purchased from Beijing Chemicals company too. Sodium montmorillonite, which was utilized to enhance the mechanical strength of the synthesized gel [35], was purchased from Sigma Aldrich company. Furthermore, high pure (99.99%) nitrogen gas needed for nitrogen tapping process was provided from the Delvar Afzar industrial group.
	Function
	Monomers
	Crosslinker
	Mechanical  strength enhancement
	TSA
	Initiator
	Catalyst

	Material
	AM
	VP
	AMPSNa
	MBA
	SM
	TSA
	APS
	TEMED

	Wt %
	5.6
	9.0
	12.9
	0.57
	1.77
	0.10
	0.10
	0.05


Table 1: Materials utilized to synthesize PPGs
Materials displayed in Table 1 were implemented in PPG synthesize procedure. For the first step, 1.77 gr sodium montmorillonite (SM) was poured to a 70 mL deionized water sample. The aqueous phase was stirred and then ultrasonicated to attain a homogenous liquid. Afterwards, 5.6 gr acrylamide (AM) and 9 gr vinyl propylene (VP) were added to the aqueous phase, respectively. Then, 12.9 gr 2-acrylamide-2-methylpropane sulfonic sodium salt (AMPSNa) in addition with 0.1 gr thermal stabilizing agent (TSA) were poured to the aqueous phase and stirred for 60 minutes to disperse all monomers. At this point, nitrogen tapping process was started to prevent reaction between oxygen and methylenebis acrylamides (MBA), which is added at next.
In the next step, after achieving a homogenous monomers dispersion, 0.57 gr methylenebis acrylamide was added to the aqueous phase as the crosslinking agent and stirred for 40 minutes. Afterwards, 0.1 gr initiator and 0.05 gr catalyst agent were added to the mixture. Nitrogen tapping was stopped at this point. After 30 minutes, the synthesized hydrogel was formed through an exothermic reaction. The synthesized hydrogel was immersed in deionized water for 24 hours at room temperature, to make sure that the reaction moved forward completely. Then, the hydrogel was cut into smaller pieces and put in the oven for 24 hours at 550C in the vacuumed condition. The dried product, which is shown in Figure 1, was the PPGs utilized in this study.
[image: ]
Figure 1: Dried hydrogels utilized as PPG in this study
Crushed carbonate rocks
Several reservoir core plugs provided by National Iranian Oil Company (NIOC) were washed and cleaned by a dean-stark apparatus by means of the toluene-methanol mixture at 900C for two weeks. Then, the core plugs were grounded by a Jaw crusher. Subsequently, crushed samples were sieved into three fractions using meshes No. 270, 325, and 400. The size of particles varied from 20 to 53 micrometre. Then they were packed into the slim tubes to simulate heterogeneity of carbonate rocks.
Slim tube
Stainless steel slim tubes with a length of 51 cm were utilized in this study. The slim tube was packed through crushed and sieved rock samples. The permeability of all tubes (9 numbers) prior to PPG injection was obtained to be around 27 md. 
Experimental apparatus
The apparatus illustrated in Figure 2 was utilized in displacement experiments in this study. The set-up consisted of slim tubes with a length of 51 cm, a Vinci positive displacement pump, a recombine cell to homogenize PPG aqueous phase, oven, several pressure transducers, and data acquisition system.
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Figure 2: Experimental set-up utilized in this study
Experimental And Methodology
Flooding test
Prepared slim tubes were flooded by various aqueous phases to evaluate the performance of synthesized PPGs (both micro and nano-sized) in permeability reduction of the porous media. Resistance factor (RF) and a residual resistance factor (RRF) were calculated as indicators of the PPG flooding performance. This experiment was conducted through the following steps.
1- The packed slim tube was vacuumed and then saturated with deionized water. The pore volume and porosity of the porous media were calculated through slim tube weighting before and after saturation, which is written in Equations 1 and 2.

                                                                                                                     Eq. 1

                                                                                                                               Eq. 2


Where PV refers to the magnitude of pore volume in mL, Ws, and Wd represent the weight of saturated and dry porous media in gr, respectively. denotes to the density of water at the desired temperature. is the porosity of the porous media. Vt is the total volume of the porous media.
2- The slim tube was flooded by deionized water in various flow rates, ranging from 0.5 to 10 mL/minute to calculate the permeability of the porous media. According to Equation 3, by plotting the magnitude of pressure drop along with the porous media versus flow rate permeability can be determined.

                                                                                                                     Eq. 3


Where, is the pressure difference between inlet and outlet of the porous media in psi. q refers to the magnitude of flow rate in mL/minute. (cp) is the viscosity of the deionized water. L and A represent the length and cross-sectional area of the porous media in cm and cm2, respectively. K is the permeability of the porous media in Darcy.

3- The porous media was flooded by several PVs of brine. In this step, the porous media was saturated with brine, and the magnitude of pressure drop was recorded for brine injection at different flow rates ()

4- Brine-saturated porous media was flooded by fully swollen PPG aqueous phase at various flow-rates. Same as brine injection, the pressure drop was recorded in this step too ()

5- Secondary brine injection was conducted on PPG bearing porous media. The higher the secondary brine injection pressure (), the better the performance of the PPGs in the reduction of the permeability of the porous media.
Resistance Factor (RF) Calculation
Resistance factor (RF), which is effective viscosity of PPG aqueous phase in the porous media, is defined as the ration of the pressure drop in PPG injection to the primary brine injection process. RF is highly related to the retention (entrapment plus adsorption)  of PPGs in the porous media. This parameter was calculated at each flow-rates. The equation by which the magnitude of RF was calculated is written below.

                                                                                                                          Eq. 4
Residual Resistance Factor (RRF) Determination
Residual resistance factor (RRF) is an important parameter indicating the permeability reduction of the porous media after PPG flooding process. This parameter is calculated to ensure that an acceptable portion of injected PPGs remains in the porous media, and the majority of pore throats are plugged by particles. Equation 5 calculates RRF parameter.

                                                                                                                         Eq. 5
Results And Discussion
Nano-sized PPG flooding
Prepared PPGs were grounded and milled using a planetary ball mill apparatus to produce nano-sized PPGs. Then the grounded PPGs were gradually added to the brine water sample and stirred for 24 hours to achieve a homogeneous PPG dispersion with a particle concentration of 3000 ppm. Afterwards, the colloidal properties of the fully swollen nano-sized PPGs aqueous phase such as average particles size and zeta potential were measured through Malven zen 3600 zetasizer at 280C. The magnitude of average zeta potential for these particles was obtained -14 mv, which indicates that there is a slight repulsive force between particles that can prevent immediate agglomeration of them.  Figure 3 illustrates the size distribution of particles in brine water. As well depicted, the size of swollen particles dispersed in the aqueous phase ranged from 220 to 380 nm, with the average size of 345 nm. Both zeta potential and particle size measurement results indicate that nano-sized PPGs are dispersed homogeneously and without agglomeration in the brine water sample.
[image: ]
Figure 3: The size distribution of nano-sized PPG in brine sample after stirring for 24h
Three different porous medias through slim tube packing process were constructed. Size of crushed cores utilized in this experiment varied from 20 to 52 µm. Characteristic of these slim tubes are displayed in Table 2.
	Slim tube No.
	Porosity
	Permeability (md)
	Pore volume (mL)

	1
	40.05
	27.1
	7.82

	2
	40.1
	27
	7.87

	3
	40.07
	27
	7.85


Table 2: Characteristics of slim tubes used for nano-sized PPG injection
All slim tubes mentioned in Table 2 was flooded by brine, nano-sized PPG fluid, and brine consecutively under flow rates of 0.05, 0.07, and 0.1 mL/min, respectively. Pressure data obtained from PPG injection processes were recorded versus the volume of injected PPGs, which is shown in Figure 4. Important parameters such as RF, RRF, and residual permeability for each slim tubes are calculated and displayed in Table 3.
	Tube No.
	q (mL/min)
	
 (psi)
	
 (psi)
	
 (psi)
	RF
	RRF
	Kresidual (md)

	1
	0.05
	58
	440
	131
	7.586
	2.258
	11.95

	2
	0.07
	81
	584
	180
	7.209
	2.222
	12.15

	3
	0.1
	117
	820
	259
	7.008
	2.205
	12.19


Table 3: Data obtained from the PPG flooding process of slim tubes
Based on data presented in Table 3, PPG injection rate doesn't have a significant effect on RRF and residual permeability of the porous media. However, a slight reduction in RRF by flow-rate augmentation is because of shear force increment imposed from aqueous phase movement to particles. Furthermore, it is obvious that nano-sized PPGs cannot reduce residual permeability remarkably. It can be explained by the fact that smaller particles move forward through bigger pore throats (representative of secondary porosity) without any resistance. Consequently, only smaller pore throats (primary porosity) are plugged by PPG particles. 
Pressure drop data of PPG injection processes versus injected volume are shown in figure 3. The magnitude of pressure drop in stabilized flow increases with flow-rate, which is justified by darcy law, in which pressure drop is directly related to the flow-rate. The first picks observed in Figure 4 may be resulted from agglomerations of nano-sized PPGs in larger pore throats, which are not stable and are eliminated by further injection. The injection process in these experiments was continued until pressure remains constant for several injected pore volumes.

Figure 4: Pressure drop data versus injected PPG PV in various flow rates.
As illustrated in Figure 4, nano-sized PPGs agglomerations last longer and require a higher pressure to break down in higher flow-rates. It can be justified by the fact that in higher flow-rates larger amount of particles enter the porous media suddenly when the flooding process starts. Therefore, in such conditions, particles form more stabilized agglomerations in pore throats, demanding higher pressure to break down. Furthermore, the required volume of PPG aqueous phase to achieve stabilized pressure increases by flow-rate, which results from agitation and turbulency increment in higher flow-rates.
Micro-sized PPG flooding
Micro-sized PPG injection was conducted to make a comparison with results obtained from nano-sized one. To do this, synthesized PPGs were grounded using a disk mill to produce micro-sized particles. Then, grounded particles were poured into the brine sample and stirred to achieve swollen and fully dispersed aqueous phase. The average size of swollen particles in brine was 149 µm.  Afterwards, flooding procedure was conducted the same as nano-sized PPGs injection. Results obtained from this experiment are displayed in Table 4.
	Tube No.
	Ki
	q (mL/min)
	
 (psi)
	
 (psi)
	
 (psi)
	RF
	RRF
	Kresidual (md)

	4
	27.1
	0.05
	56
	3574
	995
	63.82
	17.76
	1.52

	5
	26.95
	0.07
	85
	3902
	1023
	45.9
	12.03
	2.23

	6
	27
	0.1
	112
	4442
	1299
	39.66
	11.59
	2.32


Table 4: Results obtained from micro-sized PPG injection
Results shown in table 4 disclose that the magnitude of RF decreases with flow-rate increment. It is because of the shear-thing behavior of the PPG aqueous phase [6,37]. The viscosity of the PPG liquid decreases at higher shear rates, which lowers the magnitude of viscous force against the flow. Furthermore, It was obtained that RRF behaves like RF and have an opposite relation with flow-rate. It can be justified by the fact that higher shear rate and velocity supply the required energy for PPG deformation, and thus lowers the magnitude of particles entrapped in the porous media.
Figure 5 illustrates injection pressure versus injected pore volume in various flow-rates. The peeks observed in nano-sized PPGs are not detected in this experiment. Because larger particles don't have a remarkable tendency for being agglomerated. Therefore, it can be concluded that unlike nano-sized PPGs, micro-sized ones are not agglomerated in the porous media.

Figure 5: micro-sized PPG injection pressure versus injected PV in various flow rates
As depicted in Figure 5, pressure increases sooner and faster when PPGs flooded by the flow-rate of 0.05 mL/min. Furthermore, in this flow-rate, the stabilized flow is achieved after injecting a low volume of PPGs into the slim-tube, while it's RRF value is higher (See table 3). It shows that in laminar flows particles have more chance to be entrapped in the porous media, and thus the permeability reduces higher and faster.
Hybrid-sized PPG injection
Three other heterogeneous porous medias were constructed via the procedure explained previously. Porosity and permeability of slim tubes were measured in the laboratory, which was so close to the characteristics of previous ones. Table 5 illustrates data obtained from slim tubes characterization experiments. Slim tubes were flooded under different flow-rates of brine, nano-sized PPG, micro-sized one, and secondary brine, consecutively. PPG injection parameters are measured and calculated for these slime tubes, which are displayed in table 6.


	Slim tube No.
	Porosity
	Permeability (md)
	Pore volume (mL)

	7
	40
	27
	7.81

	8
	40
	27.1
	7.81

	9
	39.8
	27
	7.77


Table 5: characteristics of constructed slim tubes utilized in this experiment
	Tube No.
	q (mL/min)
	
 (psi)
	
(nano)
	
(micro)
	
 (psi)
	RF
	RRF
	Kr (md)

	7
	0.05
	60
	444
	5898
	2018
	98.3
	33.63
	0.8

	8
	0.07
	84
	587
	6271
	2375
	74.65
	28.27
	0.95

	9
	0.1
	120
	827
	6799
	2756
	56.65
	22.96
	1.17


Table 6: PPG injection parameters obtained from hybrid sized PPG injection process
Porosity, permeability, and the magnitude of pressure drop in primary brine injection were very close to their values in previous experiments. Therefore, It can be concluded that the process by which slim tubes have been constructed is highly repeatable. Furthermore, the similarity of pressure drop measured in tubes 7 to 9 with tubes 1 to 3 is concrete evidence to testify the repeatability of PPG injection process. The magnitude of RF decreases by flow-rate, which shows that PPG aqueous phase has a shear-thinning behavior. By comparing RRF results obtained from this experiment with previous ones, it can be concluded that conducting nono-sized PPG preflush prior to micro-sized PPG flooding operation is helpful in reducing the permeability of aimed zone. Nano-sized particles plug smaller pore throats, which are inaccessible for micro-sized PPGs. Subsequently, conducting micro-sized PPG flooding after nano-preflush reduces the magnitude of permeability more than the case without preflush. In oil reservoirs, especially carbonate ones, Pores throat sizes are very diverse, ranging from nanometer to hundreds of micrometre. Thus, preflushing the layer with smaller sizes prior to the main aqueous phase can be very helpful in permeability reduction of the layer.
Conclusion
The potential water shut-off application of optimized nano-sized PPGs was investigated in this study. The following conclusions are obtained.
1- Nano-sized PPGs are dispersed homogeneously in brine aqueous solution via a slight electrical repulsive force existing between particles.
2- Nano-sized PPGs are agglomerated in the porous media and block larger pore throats resulting to pressure increment. However, blocks and agglomerates are eliminated by further fluid injection and the injection pressure drops at that point.
3- Nano-sized PPGs are only capable of plugging small pore throats, which are inaccessible for micro-sized ones.
4- Nano-sized PPGs reduced the permeability of the porous medias by 45%, however, this value for micro-size ones was 93%. This happened because of the fact that nano-sized particles couldn't entrapped behind larger pore throats and passed through them.
5- Increasing PPG injection flow-rate adversely affects the efficiency of PPG injection process. Because it prevents particle entrapment in the porous media, and thus, the permeability of the porous media does not decrease significantly.
6- Finally, porous medias were preflushed by nano-sized particles and then flooded by micro-sized ones. Results showed that this scenario decreases the permeability of the porous medias by 98%. Because either small or large pore throats are blocked in this scenario.
Nomenclature
	

	Porosity (%)

	

	Pressure Drop (psi)

	

	Pressure Drop of Initial Water Flood (psi)

	

	Pressure Drop of PPG Injection (psi)

	

	Pressure Drop of Secondary Water Flood (psi)

	

	Viscosity (cp)

	K
	Permeability (md)

	Kr
	Residual Permeability (md)

	PPG
	Preformed Particle Gel

	PV
	Pore Volume (number)

	q
	Flow-rate (mL/minute)

	RF
	Resistance Factor

	RRF
	Residual Resistance Factor 
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q=0.05 mL/min	0.20547945205479454	0.27397260273972601	0.34246575342465752	0.41095890410958907	0.47945205479452058	0.54794520547945202	0.61643835616438358	0.68493150684931503	0.75342465753424659	0.82191780821917815	0.8904109589041096	0.95890410958904115	1.0616438356164384	1.095890410958904	1.1301369863013699	1.1643835616438356	1.1917808219178083	1.1986301369863015	1.2123287671232876	1.2191780821917808	1.2328767123287672	1.3013698630136987	1.3698630136986301	1.4383561643835616	1.5068493150684932	1.5068493150684932	1.5342465753424659	1.5616438356164384	1.5753424657534247	1.6438356164383563	1.7123287671232876	1.7808219178082192	1.8493150684931507	1.9178082191780823	1.9863013698630136	2.0342465753424661	2.0410958904109591	2.0479452054794525	2.0547945205479454	2.1232876712328768	2.1917808219178081	2.2602739726027399	2.3287671232876712	2.397260273972603	2.4657534246575343	2.5342465753424657	2.6027397260273974	2.6712328767123288	2.7397260273972601	2.8082191780821919	2.8767123287671232	2.945205479452055	3.0136986301369864	3.047945205479452	3.0616438356164388	3.0753424657534252	3.0821917808219177	3.1506849315068495	3.2191780821917808	3.2876712328767126	3.3561643835616439	3.404109589041096	3.4109589041095894	3.4178082191780828	3.4246575342465753	3.493150684931507	3.5616438356164384	3.6301369863013702	3.6986301369863015	3.7671232876712328	3.8356164383561646	3.904109589041096	3.9726027397260273	4.0410958904109586	4.1095890410958908	4.1780821917808222	4.2465753424657535	4.3150684931506849	4.3287671232876717	4.3493150684931505	4.3698630136986303	4.3835616438356162	4.4520547945205484	4.5205479452054798	4.5890410958904111	4.6575342465753424	4.7260273972602738	4.794520547945206	4.8630136986301373	4.9315068493150687	5	5.0684931506849313	5.1369863013698636	5.4794520547945202	39	52	61	72	79	88	101	111	122	135	150	171	192	171	164	152	149	147	148	150	153	163	170	182	195	193	189	192	196	201	209	217	224	230	238	235	231	233	237	247	258	264	270	275	282	290	298	303	309	314	321	338	345	340	332	335	339	346	349	354	359	355	353	356	358	362	366	373	381	385	388	393	396	399	402	404	407	410	406	398	400	402	405	408	410	415	421	426	429	431	434	438	440	440	q=0.07 m:/min	0.26582278481012656	0.35443037974683544	0.48734177215189878	0.53164556962025311	0.620253164556962	0.70886075949367089	0.79746835443037978	0.88607594936708867	0.97468354430379756	1.0632911392405062	1.1518987341772153	1.240506329113924	1.3291139240506331	1.4177215189873418	1.5063291139240507	1.5949367088607596	1.6835443037974684	1.7721518987341773	1.8607594936708862	1.9493670886075951	1.9759493670886077	1.9936708860759496	2.0113924050632912	2.037974683544304	2.1265822784810124	2.2151898734177213	2.3037974683544307	2.3924050632911396	2.481012658227848	2.5696202531645569	2.6582278481012662	2.7468354430379751	2.7468354430379751	2.7911392405063289	2.8177215189873417	2.8354430379746836	2.9240506329113924	3.0126582278481013	3.1012658227848102	3.1455696202531644	3.1721518987341772	3.2164556962025319	3.2607594936708861	3.278481012658228	3.3670886075949369	3.4556962025316458	3.5443037974683547	3.6329113924050636	3.6506329113924054	3.6772151898734182	3.6949367088607596	3.7215189873417724	3.8101265822784809	3.8987341772151902	3.9873417721518991	4.075949367088608	4.1645569620253173	4.2531645569620249	4.2886075949367086	4.2974683544303796	4.3329113924050633	4.3417721518987342	4.4303797468354427	4.518987341772152	4.6075949367088613	4.6962025316455698	4.7848101265822791	4.8734177215189884	4.962025316455696	5.0506329113924053	5.1392405063291138	5.2278481012658231	5.3164556962025324	5.4050632911392409	5.4936708860759502	5.6708860759493671	5.8481012658227849	40	50	85	96	105	126	141	156	178	197	221	178	162	149	142	136	141	158	187	210	204	201	207	215	229	251	262	273	281	295	321	331	327	319	324	330	351	368	383	397	392	383	386	390	398	408	421	433	440	429	433	439	461	472	481	487	495	508	502	493	497	504	511	520	529	536	542	551	556	562	567	571	575	579	584	584	584	q=0.1 mL/min	0.42857142857142855	0.5	0.5714285714285714	0.6428571428571429	0.7142857142857143	0.7857142857142857	0.8571428571428571	0.9285714285714286	1	1.0714285714285714	1.1428571428571428	1.2142857142857142	1.2857142857142858	1.3571428571428572	1.4285714285714286	1.5	1.5714285714285714	1.6428571428571428	1.7142857142857142	1.7571428571428573	1.7714285714285716	1.7714285714285716	1.7857142857142858	1.8571428571428572	1.9285714285714286	2	2.0714285714285716	2.1428571428571428	2.2142857142857144	2.2857142857142856	2.3571428571428572	2.4285714285714284	2.5	2.5142857142857147	2.5285714285714285	2.5428571428571431	2.5714285714285716	2.6428571428571428	2.7142857142857144	2.7857142857142856	2.8571428571428572	2.8714285714285714	2.8857142857142861	2.9	2.9142857142857146	2.9285714285714284	3	3.0714285714285716	3.1428571428571428	3.2142857142857144	3.2142857142857144	3.2285714285714286	3.2857142857142856	3.342857142857143	3.3857142857142861	3.4	3.4142857142857146	3.4285714285714284	3.4571428571428577	3.4714285714285715	3.5714285714285716	3.6428571428571428	3.7142857142857144	3.7285714285714286	3.7428571428571433	3.7857142857142856	3.8571428571428572	3.9571428571428577	3.9571428571428577	3.9714285714285715	3.9857142857142862	4	4.0428571428571427	4.0714285714285712	4.1000000000000005	4.1142857142857148	4.128571428571429	4.1428571428571432	4.2142857142857144	4.2857142857142856	4.3571428571428568	4.4285714285714288	4.5	4.5714285714285712	4.5714285714285712	4.6000000000000005	4.6142857142857148	4.6285714285714281	4.6428571428571432	4.7142857142857144	4.7857142857142856	4.8571428571428568	4.9285714285714288	5	5.1142857142857148	5.1285714285714281	5.1285714285714281	5.1428571428571432	5.1571428571428575	5.1714285714285717	5.2142857142857144	5.2857142857142856	5.3571428571428568	5.4285714285714288	5.5	5.5714285714285712	5.6428571428571432	5.7142857142857144	5.7857142857142856	5.8571428571428568	6.1428571428571432	6.4285714285714288	78	87	95	106	114	127	138	161	180	196	215	241	283	322	341	236	252	278	270	254	238	225	210	201	191	182	187	199	215	225	242	258	273	268	271	274	292	301	312	322	331	327	320	310	303	317	330	341	362	378	375	377	390	401	388	402	413	411	420	416	430	447	461	450	439	452	480	511	505	499	504	516	528	532	525	505	499	507	517	529	548	580	587	611	620	633	645	655	667	672	698	709	721	731	743	755	750	743	740	744	753	764	777	789	801	814	820	820	820	820	820	820	Pore volume (number)

Pressure (psi)



q=0.05 mL/min	6.8493150684931503E-2	0.13698630136986301	0.20547945205479454	0.27397260273972601	0.34246575342465752	0.47945205479452058	0.49315068493150688	0.5273972602739726	0.53424657534246578	0.54794520547945202	0.68493150684931503	0.82191780821917815	0.95890410958904115	1.0753424657534247	1.0890410958904111	1.123287671232877	1.1506849315068495	1.1643835616438356	1.3013698630136987	1.4383561643835616	1.5753424657534247	1.5890410958904111	1.6095890410958904	1.623287671232877	1.6438356164383563	1.7808219178082192	1.9178082191780823	2.0547945205479454	2.1917808219178081	2.3287671232876712	2.3561643835616439	2.3698630136986303	2.3835616438356166	2.397260273972603	2.5342465753424657	2.7397260273972601	2.945205479452055	3.1506849315068495	3.3561643835616439	3.3561643835616439	3.3904109589041096	3.4178082191780828	3.4246575342465753	3.5616438356164384	3.6986301369863015	3.8356164383561646	3.9726027397260273	4.1095890410958908	4.2465753424657535	4.2739726027397262	4.2876712328767121	4.3013698630136989	4.3150684931506849	4.5205479452054798	4.794520547945206	4.9315068493150687	5.0684931506849313	5.1369863013698636	5.1780821917808222	5.1849315068493151	5.1986301369863019	5.2054794520547949	5.4794520547945202	5.493150684931507	5.5205479452054798	5.5342465753424666	5.5479452054794525	5.7534246575342465	5.89041095890411	6.0273972602739727	6.1643835616438354	6.3013698630136989	6.4383561643835616	6.5753424657534252	6.691780821917809	6.8493150684931505	7.5342465753424657	28	45	63	88	101	144	134	121	129	137	186	221	297	384	373	350	366	376	479	562	650	641	630	639	652	755	842	913	1005	1126	1101	1087	1099	1111	1202	1378	1521	1692	1815	1800	1782	1802	1817	1905	2010	2093	2147	2209	2281	2269	2240	2223	2237	2340	2528	2592	2644	2678	2664	2636	2609	2623	2795	2764	2730	2742	2761	2925	3011	3102	3226	3303	3400	3489	3574	3574	3574	q=0.07 m:/min	8.8607594936708861E-2	0.17721518987341772	0.26582278481012656	0.35443037974683544	0.37215189873417726	0.38987341772151896	0.4341772151898734	0.44303797468354433	0.620253164556962	0.79746835443037978	0.93037974683544311	0.94810126582278487	0.95696202531645569	0.97468354430379756	1.1518987341772153	1.5063291139240507	1.6215189873417721	1.6481012658227849	1.6835443037974684	2.037974683544304	2.3037974683544307	2.3569620253164558	2.3746835443037977	2.3924050632911396	2.3924050632911396	2.7468354430379751	2.764556962025317	2.8088607594936708	2.8265822784810126	2.8354430379746836	3.0126582278481013	3.278481012658228	3.5443037974683547	3.8101265822784809	3.8101265822784809	3.8455696202531646	3.8632911392405065	3.8987341772151902	4.1645569620253173	4.4303797468354427	4.8734177215189884	4.9265822784810123	4.9354430379746832	4.9443037974683541	4.962025316455696	5.1392405063291138	5.3164556962025324	5.4936708860759502	5.6708860759493671	5.7506329113924055	5.7506329113924055	5.7594936708860764	5.9367088607594942	6.2025316455696204	6.3797468354430382	6.556962025316456	6.7341772151898738	6.7518987341772156	6.7784810126582284	6.8050632911392412	6.8227848101265831	7	7.1772151898734178	7.2658227848101271	7.4430379746835449	7.6202531645569618	7.7797468354430386	7.7886075949367095	8.4177215189873422	31	52	74	121	107	115	128	136	163	212	275	268	261	266	324	444	551	535	532	802	1003	1049	1032	1010	1007	1398	1274	1257	1266	1272	1442	1578	1701	1835	1827	1789	1773	1809	1933	2012	2287	2309	2286	2270	2217	2300	2378	2499	2601	2555	2537	2571	2666	2790	2885	2993	3124	3088	3101	3120	3211	3309	3420	3515	3601	3720	3865	3902	3902	q=0.1 mL/min	0	0.13698630136986301	0.27397260273972601	0.41095890410958907	0.54794520547945202	0.68493150684931503	0.7260273972602741	0.75342465753424659	0.78082191780821919	0.82191780821917815	0.95890410958904115	1.095890410958904	1.2328767123287672	1.2602739726027399	1.3150684931506851	1.3287671232876714	1.3698630136986301	1.5068493150684932	1.6438356164383563	1.7808219178082192	1.9178082191780823	1.945205479452055	2.0000000000000004	2.0273972602739727	2.0547945205479454	2.1917808219178081	2.3287671232876712	2.4657534246575343	2.6027397260273974	2.7397260273972601	2.7808219178082192	2.8356164383561651	2.8767123287671232	3.0136986301369864	3.1506849315068495	3.2876712328767126	3.4246575342465753	3.5616438356164384	3.6986301369863015	3.7534246575342469	3.7808219178082196	3.8356164383561646	3.9726027397260273	4.1095890410958908	4.2465753424657535	4.3835616438356162	4.5205479452054798	4.5342465753424657	4.6027397260273979	4.6301369863013706	4.6575342465753424	4.794520547945206	4.9315068493150687	5.0684931506849313	5.2054794520547949	5.2054794520547949	5.2465753424657544	5.2739726027397262	5.3424657534246576	5.4794520547945202	5.6164383561643838	5.7534246575342465	5.89041095890411	5.9452054794520555	6.0136986301369868	6.0273972602739727	6.1643835616438354	6.3013698630136989	6.4383561643835616	6.5753424657534252	6.7123287671232879	6.8493150684931505	6.9041095890410968	6.9315068493150687	6.9863013698630141	7.1232876712328768	7.2602739726027403	7.2739726027397262	7.3287671232876717	7.397260273972603	7.5342465753424657	7.6712328767123292	7.8082191780821919	7.9452054794520546	8.0821917808219172	8.2191780821917817	8.3561643835616444	8.4657534246575352	9.0410958904109595	0	48	75	123	158	154	142	130	148	176	192	232	276	270	265	271	292	330	365	397	422	414	410	421	438	472	539	601	655	721	703	728	749	823	895	951	1026	1102	1087	1099	1127	1211	1302	1399	1487	1575	1688	1634	1678	1704	1756	1833	1912	1989	2067	2044	2053	2080	2128	2177	2254	2319	2392	2361	2379	2426	2508	2612	2721	2833	2967	3098	2998	3045	3136	3289	3401	3378	3362	3373	3576	3698	3812	3956	4087	4211	4367	4441	4441	Pore volume (number)

Pressure (psi)
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