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 Applications

 Flow through Porous Media
- Coarse Flow Cell
- Viscous and Capillary Fingerings
- Multiphase Flows
- Micro-Flow Cell
- Experimental Measurement
- Numerical Modeling

 Conclusions

Outline



 Enhanced Oil Recovery 
 Reservoir Engineering 
 Carbon Sequestration 
 Fracking
 Subsurface Flows

Applications



 Develop a better understanding of 
subsurface single and multiphase 
flows

 Provide data in flow-cell 
 Develop a computational model for 

simulations of flow in the cell 
 Verify the computational model
 Provide guidelines for carbon 

sequestration  

Objectives



 Flow Cell Experiments 
- Experimental setup
- Fractal Dimension
- Residual Saturation

 Computer Simulations 
- VOF Model

Coarse Flow Cell
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Average Channel Width: 0.41mm
Average Channel Depth: 0.12mm

99.5mm

100mm

Porosity: 0.7217

Glass Flow Cell



Flow Pattern



S-L Plastic Flow Cell

50 throats by 50 throats
~5100 throats

Throat Width 0.35 < wt < 1.0 mm
Throat Height 0.20 < ht < 0.8 mm

Contact Angle: 72o



Time variations of pressure drop along the flow cell and 
mass of displaced water for gas inject rate of 0.2ml/min. 
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Pressure Drop, Flow Rate
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COMMENT:
1. The beginning time to record the volume of injected gas for
      different flow rates is the time when gas starts to penetrate 
      the flow cell.
2. This figure can be used to evalute the presion of the image process 
     because the gas saturation is computed from image process, and 
     for different flow rates, before gas break through the flowcell, the 
     saturation curve should be superimposed together. It is seen that 
    the saturation curve for 9.0ml/min is wrong .
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		37		0.008		5		0.0015		39		0.013		4		0.0044		27		0.042		5		0.018		10		0.05		3		0.0238		8		0.092		5		0.0999		8		0.1		5		0.1216		7		0.13		6		0.1098		7		0.117		5		0.1555		14		0.075		3		0.0747		7		0.133		4		0.1749		10		0.125		3		0.1095		6		0.2		4		0.1677		7		0.233		4		-0.0008		11		0.2		3		0.1437		6		0.225		3		0.1634		5		0.25		3		0.2874		8		0.275		3		0.3001		6		0.3		3		0.2859										7		0.467		4		0.2906		6		0.375		3		0.3447		7		0.4		3		0.3388		4		0.567		4		0.3315		5		0.6		4		0.1388										11		0.5		3		0.3602

		38		0.013		8		0.0034		40		0.02		6		0.006		28		0.058		7		0.0299		11		0.083		5		0.0464		9		0.147		8		0.1611		9		0.14		7		0.1944		8		0.173		8		0.1906		8		0.187		8		0.2595		15		0.1		4		0.1273		8		0.2		6		0.3061		11		0.208		5		0.2354		7		0.3		6		0.2812		8		0.35		6		0.0391		12		0.333		5		0.2817		7		0.375		5		0.3014		6		0.417		5		0.3694		9		0.458		5		0.3641		7		0.5		5		0.3344										8		0.583		5		0.3412		7		0.625		5		0.3932		8		0.667		5		0.4081		5		0.85		6		0.4115		6		0.75		5		0.309										12		0.667		4		0.39

		39		0.017		10		0.0043		41		0.027		8		0.0142		29		0.075		9		0.0464		12		0.1		6		0.0768		10		0.183		10		0.2552		10		0.2		10		0.2953		9		0.238		11		0.2971		9		0.257		11		0.3199		16		0.15		6		0.187		9		0.267		8		0.3893		12		0.292		7		0.3499		8		0.4		8		0.3415		9		0.467		8		0.1456		13		0.4		6		0.3747		8		0.45		6		0.3625		7		0.583		7		0.4036		10		0.642		7		0.3636		8		0.7		7		0.3685										9		0.817		7		0.3711		8		0.75		6		0.4044		9		0.933		7		0.4123		6		1.133		8		0.4225		7		1.05		7		0.3985										13		1		6		0.4104

		40		0.022		13		0.0065		42		0.033		10		0.0236		30		0.092		11		0.067		13		0.133		8		0.111		11		0.238		13		0.3219		11		0.24		12		0.3448		10		0.303		14		0.3578		10		0.303		13		0.342		17		0.2		8		0.2659		10		0.333		10		0.4005		13		0.375		9		0.3998		9		0.5		10		0.3571		10		0.583		10		0.26		14		0.533		8		0.4026		9		0.6		8		0.3821		8		0.667		8		0.4253		11		0.825		9		0.3782		9		0.8		8		0.3776										10		1.05		9		0.3863		9		1		8		0.4115		10		1.067		8		0.4226		7		1.417		10		0.4267		8		1.35		9		0.4268										14		1.333		8		0.4121

		41		0.025		15		0.0107		43		0.04		12		0.0366		31		0.108		13		0.0881		14		0.15		9		0.1449		12		0.275		15		0.3401		12		0.3		15		0.3663		11		0.347		16		0.3781		11		0.373		16		0.3458		18		0.225		9		0.3192		11		0.4		12		0.4		14		0.458		11		0.4012		10		0.6		12		0.3558		11		0.642		11		0.3074		15		0.667		10		0.3987		10		0.75		10		0.3845		9		0.833		10		0.4298		12		0.917		10		0.3853		10		1		10		0.3874										11		1.167		10		0.3912		10		1.25		10		0.4145		11		1.333		10		0.4301		8		1.558		11		0.4302		9		1.5		10		0.436										15		1.5		9		0.4289

		42		0.03		18		0.0177		44		0.047		14		0.0415		32		0.125		15		0.1074		15		0.167		10		0.1757		13		0.33		18		0.3592		13		0.34		17		0.375		12		0.412		19		0.3747		12		0.42		18		0.3503		19		0.275		11		0.3454		12		0.467		14		0.3997		15		0.542		13		0.4016		11		0.65		13		0.354		12		0.758		13		0.3333		16		0.733		11		0.4077		11		0.825		11		0.3953		10		1		12		0.4277		13		1.1		12		0.3858		11		1.2		12		0.3941										12		1.4		12		0.402		11		1.375		11		0.4115		12		1.6		12		0.4357		9		1.842		13		0.4452		10		1.8		12		0.4387										16		1.833		11		0.4402

		43		0.033		20		0.024		45		0.05		15		0.0529		33		0.142		17		0.1255		16		0.2		12		0.2111		14		0.385		21		0.3742		14		0.4		20		0.3831		13		0.477		22		0.3798		13		0.49		21		0.3587		20		0.3		12		0.3548		13		0.533		16		0.3991		16		0.583		14		0.4015		12		0.75		15		0.3532		13		0.875		15		0.3401		17		0.867		13		0.4075		12		0.975		13		0.4018		11		1.083		13		0.4303		14		1.283		14		0.38		12		1.3		13		0.3949										13		1.633		14		0.4182		12		1.625		13		0.4201		13		1.733		13		0.4447		10		2.125		15		0.452		11		2.1		14		0.4416										17		2.167		13		0.4506

		44		0.038		23		0.036		46		0.057		17		0.0613		34		0.158		19		0.1397		17		0.233		14		0.2528		15		0.422		23		0.3953		15		0.46		23		0.3851		14		0.52		24		0.3817		14		0.56		24		0.3661		21		0.35		14		0.3612		14		0.567		17		0.3992		17		0.667		16		0.4019		13		0.85		17		0.353		14		0.992		17		0.3404		18		1		15		0.4113		13		1.125		15		0.4075		12		1.25		15		0.4385		15		1.467		16		0.3925		13		1.5		15		0.406										14		1.75		15		0.4256		13		1.875		15		0.4265		14		2		15		0.4456		11		2.408		17		0.4566		12		2.25		15		0.4444										18		2.333		14		0.4479

		45		0.042		25		0.0396		47		0.063		19		0.0678		35		0.167		20		0.1546		18		0.25		15		0.2959		16		0.477		26		0.3926		16		0.5		25		0.3892		15		0.585		27		0.3802		15		0.607		26		0.3782		22		0.375		15		0.3696		15		0.633		19		0.3994		18		0.75		18		0.4021		14		0.95		19		0.3527		15		1.108		19		0.3396		19		1.067		16		0.411		14		1.2		16		0.4059		13		1.333		16		0.4432		16		1.65		18		0.3994		14		1.6		16		0.4089										15		1.983		17		0.4232		14		2		16		0.4326		15		2.267		17		0.4486		12		2.692		19		0.459		13		2.55		17		0.4532										19		2.667		16		0.4379

		46		0.047		28		0.0399		48		0.07		21		0.0715		36		0.183		22		0.172		19		0.283		17		0.3376		17		0.532		29		0.3893		17		0.56		28		0.3907		16		0.628		29		0.3859		16		0.677		29		0.3824		23		0.425		17		0.3742		16		0.7		21		0.3991		19		0.833		20		0.4019		15		1.05		21		0.3523		16		1.167		20		0.3388		20		1.2		18		0.4093		15		1.35		18		0.4042		14		1.5		18		0.4439		17		1.742		19		0.4022		15		1.8		18		0.4125										16		2.217		19		0.4196		15		2.25		18		0.4352		16		2.4		18		0.4592		13		2.833		20		0.4626		14		2.85		19		0.4626										20		2.833		17		0.4471

		47		0.05		30		0.0456		49		0.077		23		0.0789		37		0.2		24		0.1994		20		0.3		18		0.3557		18		0.568		31		0.3941		18		0.6		30		0.3959		17		0.693		32		0.3836		17		0.747		32		0.3876		24		0.475		19		0.375		17		0.767		23		0.3986		20		0.917		22		0.402		16		1.15		23		0.3516		17		1.283		22		0.3387		21		1.333		20		0.4159		16		1.425		19		0.4087		15		1.667		20		0.4406		18		1.925		21		0.397		16		1.9		19		0.4103										17		2.333		20		0.4284		16		2.5		20		0.4326		17		2.667		20		0.4628		14		3.117		22		0.4746		15		3.15		21		0.4638										21		3.167		19		0.4555

		48		0.055		33		0.0551		50		0.083		25		0.0883		38		0.217		26		0.2267		21		0.333		20		0.3707		19		0.623		34		0.3951		19		0.66		33		0.3977		18		0.758		35		0.3694		18		0.793		34		0.394		25		0.5		20		0.3791		18		0.833		25		0.3981		21		1		24		0.4021		17		1.25		25		0.3525		18		1.4		24		0.3376		22		1.4		21		0.4179		17		1.575		21		0.4124		16		1.75		21		0.4381		19		2.108		23		0.4094		17		2.1		21		0.405										18		2.567		22		0.4313		17		2.625		21		0.4402		18		2.933		22		0.4656		15		3.4		24		0.4808		16		3.3		22		0.4655										22		3.5		21		0.4589

		49		0.06		36		0.0624		51		0.09		27		0.0955		39		0.233		28		0.2649		22		0.35		21		0.3748		20		0.678		37		0.3928		20		0.72		36		0.3986		19		0.823		38		0.3676		19		0.863		37		0.3951		26		0.55		22		0.3837		19		0.9		27		0.3978		22		1.042		25		0.4024		18		1.3		26		0.3537		19		1.517		26		0.3387		23		1.533		23		0.4215		18		1.725		23		0.4156		17		1.917		23		0.441		20		2.292		25		0.4134		18		2.3		23		0.4155										19		2.8		24		0.4311		18		2.875		23		0.4448		19		3.067		23		0.4646		16		3.683		26		0.4877		17		3.6		24		0.4685										23		3.667		22		0.4575

		50		0.063		38		0.0682		52		0.097		29		0.1029		40		0.25		30		0.2878		23		0.367		22		0.3848		21		0.715		39		0.3831		21		0.76		38		0.3913		20		0.867		40		0.365		20		0.933		40		0.3964		27		0.575		23		0.3892		20		0.967		29		0.3978		23		1.125		27		0.4024		19		1.4		28		0.3538		20		1.633		28		0.3424		24		1.667		25		0.4173		19		1.875		25		0.4135		18		2.083		25		0.4459		21		2.383		26		0.4136		19		2.4		24		0.4212										20		2.917		25		0.4338		19		3.125		25		0.4494		20		3.333		25		0.4583		17		3.967		28		0.4871		18		3.9		26		0.4728										24		4		24		0.4523

		51		0.068		41		0.0722		53		0.1		30		0.111		41		0.267		32		0.3005		24		0.4		24		0.389		22		0.77		42		0.3846		22		0.82		41		0.3882		21		0.932		43		0.3628		21		0.98		42		0.3987		28		0.625		25		0.3936		21		1.033		31		0.3977		24		1.208		29		0.4025		20		1.5		30		0.3534		21		1.75		30		0.3433		25		1.8		27		0.4137		20		1.95		26		0.4172		19		2.167		26		0.4502		22		2.567		28		0.4029		20		2.6		26		0.4262										21		3.15		27		0.4427		20		3.25		26		0.4448		21		3.6		27		0.4584		18		4.108		29		0.4869		19		4.05		27		0.4727										25		4.333		26		0.4669

		52		0.072		43		0.0778		54		0.107		32		0.1213		42		0.283		34		0.3103		25		0.417		25		0.4033		23		0.825		45		0.3883		23		0.86		43		0.3874		22		0.997		46		0.3621		22		1.05		45		0.4037		29		0.675		27		0.3927		22		1.1		33		0.3978		25		1.292		31		0.4028		21		1.6		32		0.3557		22		1.867		32		0.3458		26		1.867		28		0.4194		21		2.1		28		0.4204		20		2.333		28		0.4497		23		2.75		30		0.4095		21		2.8		28		0.4278										22		3.383		29		0.4472		21		3.5		28		0.4419		22		3.733		28		0.4628		19		4.392		31		0.4962		20		4.35		29		0.4721										26		4.667		28		0.4739

		53		0.077		46		0.0802		55		0.113		34		0.1318		43		0.292		35		0.3106		26		0.45		27		0.4105		24		0.862		47		0.3853		24		0.92		46		0.3871		23		1.04		48		0.3606		23		1.12		48		0.3971		30		0.7		28		0.396		23		1.167		35		0.3974		26		1.375		33		0.4032		22		1.7		34		0.3555		23		1.925		33		0.3458		27		2		30		0.4191		22		2.25		30		0.4212		21		2.5		30		0.4472		24		2.933		32		0.4133		22		2.9		29		0.4276										23		3.5		30		0.4454		22		3.75		30		0.4505		23		4		30		0.4651		20		4.675		33		0.4988		21		4.65		31		0.4733										27		4.833		29		0.4753

		54		0.08		48		0.0869		56		0.12		36		0.1409		44		0.308		37		0.3108		27		0.467		28		0.4106		25		0.917		50		0.3835		25		0.98		49		0.3919		24		1.105		51		0.358		24		1.19		51		0.3991		31		0.75		30		0.3985		24		1.233		37		0.3978		27		1.458		35		0.4034		23		1.8		36		0.3559		24		2.042		35		0.3455		28		2.133		32		0.4174		23		2.325		31		0.4172		22		2.583		31		0.4553		25		3.117		34		0.4156		23		3.1		31		0.4392										24		3.733		32		0.4396		23		3.875		31		0.4532		24		4.267		32		0.4687		21		4.958		35		0.5004		22		4.95		33		0.4742										28		5.167		31		0.4616

		55		0.085		51		0.0915		57		0.127		38		0.1463		45		0.325		39		0.3108		28		0.5		30		0.4087		26		0.972		53		0.3837		26		1.02		51		0.3946		25		1.192		55		0.3601		25		1.237		53		0.3998		32		0.775		31		0.3982		25		1.3		39		0.3981		28		1.542		37		0.4034		24		1.9		38		0.3562		25		2.158		37		0.3458		29		2.2		33		0.414		24		2.475		33		0.4166		23		2.75		33		0.458		26		3.208		35		0.4132		24		3.3		33		0.4463										25		3.967		34		0.4505		24		4.125		33		0.4548		25		4.533		34		0.4638		22		5.1		36		0.4946		23		5.1		34		0.4742										29		5.5		33		0.4685

		56		0.088		53		0.0998		58		0.133		40		0.15		46		0.342		41		0.3108		29		0.517		31		0.4113		27		1.008		55		0.3867		27		1.08		54		0.3955		26		1.235		57		0.3617		26		1.307		56		0.3983		33		0.825		33		0.3957		26		1.333		40		0.398		29		1.583		38		0.4031		25		1.95		39		0.3573		26		2.275		39		0.3461		30		2.333		35		0.4146		25		2.625		35		0.4173		24		2.917		35		0.4593		27		3.392		37		0.4236		25		3.4		34		0.4521										26		4.2		36		0.4513		25		4.375		35		0.4529		26		4.667		35		0.4657		23		5.383		38		0.4931		24		5.4		36		0.4714										30		5.667		34		0.4725

		57		0.093		56		0.1049		59		0.14		42		0.1567		47		0.358		43		0.3108		30		0.55		33		0.4118		28		1.063		58		0.3887		28		1.12		56		0.3911		27		1.278		59		0.3625		27		1.353		58		0.4014		34		0.875		35		0.3927		27		1.4		42		0.398		30		1.667		40		0.4039		26		2.05		41		0.3575		27		2.392		41		0.3469		31		2.467		37		0.4211		26		2.7		36		0.4202		25		3.083		37		0.4592		28		3.575		39		0.4283		26		3.6		36		0.4453										27		4.317		37		0.4541		26		4.625		37		0.4556		27		4.933		37		0.4711		24		5.667		40		0.501		25		5.7		38		0.4729										31		6		36		0.477

		58		0.097		58		0.1136		60		0.147		44		0.1654		48		0.375		45		0.3108		31		0.567		34		0.4108		29		1.118		61		0.3905		29		1.18		59		0.3942		28		1.343		62		0.365		28		1.423		61		0.4019		35		0.9		36		0.3956		28		1.467		44		0.3978		31		1.75		42		0.404		27		2.15		43		0.3582		28		2.45		42		0.3473		32		2.533		38		0.4209		27		2.85		38		0.4231		26		3.167		38		0.4532		29		3.758		41		0.4284		27		3.8		38		0.4453										28		4.55		39		0.4523		27		4.75		38		0.4624		28		5.2		39		0.4736		25		5.95		42		0.5018		26		6		40		0.4727										32		6.333		38		0.4688

		59		0.102		61		0.1193		61		0.153		46		0.1709		49		0.392		47		0.3107		32		0.6		36		0.4109		30		1.155		63		0.3891		30		1.24		62		0.3927		29		1.408		65		0.3666		29		1.47		63		0.3965		36		0.95		38		0.3967								2.0ml/min								2.5ml/min		28		2.25		45		0.3596		29		2.567		44		0.3477		33		2.667		40		0.4221		28		3		40		0.4181		27		3.333		40		0.4535		30		3.942		43		0.4209		28		3.9		39		0.4536										29		4.783		41		0.4572		28		5		40		0.4665		29		5.467		41		0.4753		26		6.233		44		0.5044		27		6.3		42		0.4727										33		6.5		39		0.4808

		60		0.105		63		0.1235		62		0.16		48		0.1778		50		0.408		49		0.3107		33		0.617		37		0.4103		31		1.21		66		0.3935		31		1.28		64		0.392		30		1.452		67		0.3632		30		1.54		66		0.3981		37		0.975		39		0.3967																								3.0ml/min		30		2.683		46		0.3475		34		2.8		42		0.4207		29		3.075		41		0.424		28		3.5		42		0.4567		31		4.033		44		0.4217		29		4.1		41		0.4553										30		5.017		43		0.4626		29		5.25		42		0.4668		30		5.6		42		0.4661		27		6.375		45		0.4996		28		6.45		43		0.4711										34		6.833		41		0.4837

		61		0.11		66		0.1276		63		0.167		50		0.1855		51		0.425		51		0.3104		34		0.65		39		0.4141		32		1.265		69		0.392		32		1.34		67		0.3934		31		1.517		70		0.3644		31		1.61		69		0.3997		38		1.025		41		0.3959																										31		2.8		48		0.3479		35		2.933		44		0.4155		30		3.225		43		0.4244		29		3.583		43		0.4592		32		4.217		46		0.4225		30		4.3		43		0.4598										31		5.133		44		0.4615		30		5.5		44		0.4641		31		5.867		44		0.4661		28		6.658		47		0.5019		29		6.75		45		0.4726										35		7.167		43		0.492

		62		0.113		68		0.1347		64		0.173		52		0.1897		52		0.442		53		0.3102		35		0.667		40		0.4159		33		1.302		71		0.389		33		1.38		69		0.3963		32		1.582		73		0.3628		32		1.657		71		0.3979		39		1.075		43		0.3957																										32		2.917		50		0.348		36		3		45		0.4177		31		3.375		45		0.4257		30		3.75		45		0.4653		33		4.4		48		0.4259		31		4.4		44		0.4528										32		5.367		46		0.4522		31		5.625		45		0.4598		32		6.133		46		0.4717		29		6.942		49		0.5079		30		7.05		47		0.4725										36		7.333		44		0.4787

		63		0.118		71		0.141		65		0.177		53		0.2046		53		0.45		54		0.3102		36		0.7		42		0.4171		34		1.357		74		0.3885		34		1.44		72		0.3954		33		1.625		75		0.3607		33		1.727		74		0.402		40		1.1		44		0.401																										33		3.033		52		0.3483		37		3.133		47		0.4213		32		3.45		46		0.4225		31		3.917		47		0.4618		34		4.583		50		0.4254		32		4.6		46		0.4594										33		5.6		48		0.4579		32		5.875		47		0.466		33		6.4		48		0.4746		30		7.225		51		0.5127		31		7.35		49		0.4724										37		7.667		46		0.4752

		64		0.122		73		0.1456		66		0.183		55		0.2166		54		0.467		56		0.3101		37		0.717		43		0.4144		35		1.412		77		0.3881		35		1.48		74		0.3888		34		1.69		78		0.3656		34		1.797		77		0.4049		41		1.15		46		0.4015																										34		3.092		53		0.3483		38		3.267		49		0.4215		33		3.6		48		0.4202		32		4.083		49		0.4631		35		4.675		51		0.4267		33		4.8		48		0.464										34		5.833		50		0.4617		33		6.125		49		0.4683		34		6.533		49		0.4758		31		7.508		53		0.5117		32		7.5		50		0.4702										38		8		48		0.4804

		65		0.127		76		0.1535		67		0.19		57		0.2316		55		0.483		58		0.3102		38		0.75		45		0.4088		36		1.448		79		0.3859		36		1.54		77		0.3915		35		1.755		81		0.3628		35		1.843		79		0.3974		42		1.175		47		0.4031																										35		3.208		55		0.3475								4.0ml/min								4.5ml/min		33		4.167		50		0.4676		36		4.95		54		0.4313		34		4.9		49		0.4637										35		5.95		51		0.4633		34		6.375		51		0.4736		35		6.8		51		0.4719		32		7.792		55		0.5017		33		7.8		52		0.4709										39		8.167		49		0.4813

		66		0.13		78		0.1587		68		0.197		59		0.2414		56		0.5		60		0.3101		39		0.767		46		0.404		37		1.503		82		0.3844		37		1.6		80		0.3957		36		1.798		83		0.3602		36		1.913		82		0.3988		43		1.225		49		0.3986																										36		3.325		57		0.3486																		34		4.333		52		0.4721		37		5.042		55		0.4345		35		5.1		51		0.4558										36		6.183		53		0.461		35		6.5		52		0.4675		36		7.067		53		0.4775		33		7.933		56		0.5055		34		8.1		54		0.4711										40		8.5		51		0.481

		67		0.135		81		0.1637		69		0.203		61		0.2537		57		0.517		62		0.3099		40		0.8		48		0.4007		38		1.54		84		0.3883		38		1.64		82		0.3958		37		1.863		86		0.3613		37		1.983		85		0.3973		44		1.275		51		0.3958																										37		3.442		59		0.349																		35		4.5		54		0.4731		38		5.225		57		0.4299		36		5.3		53		0.4563										37		6.417		55		0.4654		36		6.75		54		0.466		37		7.333		55		0.4817		34		8.217		58		0.5098		35		8.4		56		0.4706										41		8.833		53		0.4762

		68		0.138		83		0.1646		70		0.213		64		0.2534		58		0.533		64		0.3099		41		0.817		49		0.4011		39		1.595		87		0.3912		39		1.7		85		0.3967		38		1.928		89		0.3625		38		2.03		87		0.3966		45		1.3		52		0.3979																										38		3.558		61		0.3486																		36		4.667		56		0.467		39		5.408		59		0.4238		37		5.5		55		0.4602										38		6.533		56		0.4686		37		7		56		0.4636		38		7.6		57		0.4865		35		8.5		60		0.5118		36		8.55		57		0.4693										42		9		54		0.492

		69		0.143		86		0.1717		71		0.217		65		0.2538		59		0.55		66		0.3098		42		0.85		51		0.3993		40		1.65		90		0.3893		40		1.74		87		0.3994		39		1.993		92		0.3614		39		2.1		90		0.3991		46		1.35		54		0.4001																										39		3.675		63		0.3488																		37		4.75		57		0.4665		40		5.592		61		0.4292		38		5.6		56		0.4606										39		6.883		59		0.4738		38		7.125		57		0.4555		39		7.733		58		0.4842		36		8.783		62		0.5104		37		8.85		59		0.4703										43		9.333		56		0.4961

		70		0.147		88		0.1755		72		0.223		67		0.253		60		0.567		68		0.3099		43		0.867		52		0.3986		41		1.687		92		0.3874		41		1.8		90		0.3991		40		2.037		94		0.3641		40		2.17		93		0.3987		47		1.375		55		0.4015																										40		3.733		64		0.3487																								5.0ml/min								5.5ml/min		39		5.8		58		0.4645										40		7		60		0.4659		39		7.5		60		0.4564		40		8		60		0.4767		37		8.925		63		0.506		38		9.15		61		0.47										44		9.667		58		0.4883

		71		0.152		91		0.1794		73		0.23		69		0.2537		61		0.583		70		0.3099		44		0.9		54		0.3965		42		1.742		95		0.388		42		1.86		93		0.3951		41		2.102		97		0.3657		41		2.217		95		0.3952		48		1.425		57		0.3998																										41		3.85		66		0.35																																		40		6		60		0.4584										41		7.233		62		0.4623		40		7.625		61		0.4544		41		8.267		62		0.4809		38		9.208		65		0.5152		39		9.45		63		0.4694										45		10		60		0.4758

		72		0.155		93		0.1853		74		0.237		71		0.2537		62		0.592		71		0.3099		45		0.917		55		0.3978		43		1.797		98		0.3879		43		1.9		95		0.3963		42		2.167		100		0.3632		42		2.287		98		0.3906		49		1.475		59		0.4014																										42		3.967		68		0.3503																																		41		6.2		62		0.4612										42		7.467		64		0.4656		41		7.875		63		0.4518		42		8.533		64		0.4849		39		9.492		67		0.5171		40		9.75		65		0.4674										46		10.333		62		0.4853

		73		0.16		96		0.1925		75		0.24		72		0.2563		63		0.608		73		0.3099		46		0.95		57		0.397		44		1.852		101		0.3865		44		1.96		98		0.3949		43		2.21		102		0.362		43		2.333		100		0.3955		50		1.5		60		0.403																										43		4.083		70		0.3501																																		42		6.3		63		0.4644										43		7.583		65		0.4656		42		8.125		65		0.4666		43		8.667		65		0.4869		40		9.775		69		0.522		41		9.9		66		0.4681										47		10.5		63		0.4864

		74		0.163		98		0.1967		76		0.247		74		0.2566		64		0.625		75		0.3098		47		0.967		58		0.3977		45		1.888		103		0.3885		45		2		100		0.3955		44		2.275		105		0.3626		44		2.403		103		0.3981		51		1.55		62		0.4038																										44		4.2		72		0.3501																																								6.0ml/min										44		7.817		67		0.4647		43		8.25		66		0.4694		44		8.933		67		0.4844		41		10.058		71		0.5219		42		10.2		68		0.4684										48		10.833		65		0.4879

		75		0.168		101		0.2006		77		0.253		76		0.257		65		0.642		77		0.31		48		1		60		0.3947		46		1.943		106		0.3906		46		2.06		103		0.3955		45		2.318		107		0.3631		45		2.473		106		0.3972		52		1.575		63		0.405																										45		4.317		74		0.3505																																																		45		8.05		69		0.4599		44		8.5		68		0.4701		45		9.2		69		0.4803		42		10.2		72		0.513		43		10.5		70		0.4685										49		11		66		0.4828

		76		0.172		103		0.2091		78		0.26		78		0.2539		66		0.658		79		0.31		49		1.017		61		0.3935		47		1.98		108		0.3878		47		2.1		105		0.3963		46		2.383		110		0.3641		46		2.52		108		0.4013		53		1.625		65		0.3993																										46		4.375		75		0.3507																																																		46		8.283		71		0.4685		45		8.75		70		0.4569		46		9.467		71		0.4882		43		10.483		74		0.5165		44		10.8		72		0.4681										50		11.333		68		0.4898

		77		0.177		106		0.2205		79		0.267		80		0.2524		67		0.675		81		0.31		50		1.05		63		0.3945		48		2.035		111		0.3842		48		2.16		108		0.394		47		2.448		113		0.3658		47		2.59		111		0.4031		54		1.675		67		0.3986																										47		4.492		77		0.351																																																		47		8.4		72		0.4694		46		9		72		0.4549		47		9.6		72		0.493		44		10.767		76		0.5144		45		10.95		73		0.469										51		11.667		70		0.4989

		78		0.18		108		0.2305		80		0.273		82		0.2524		68		0.692		83		0.31		51		1.067		64		0.3949		49		2.09		114		0.3849		49		2.22		111		0.3902		48		2.513		116		0.3653		48		2.66		114		0.3997		55		1.7		68		0.4016																																3.5ml/min																																																		48		8.633		74		0.4702		47		9.125		73		0.4634		48		9.867		74		0.4939		45		11.05		78		0.5113		46		11.25		75		0.4698										52		12		72		0.4907

		79		0.185		111		0.2437		81		0.28		84		0.253		69		0.708		85		0.3099		52		1.1		66		0.3947		50		2.145		117		0.3841		50		2.26		113		0.3944		49		2.557		118		0.361		49		2.707		116		0.401		56		1.75		70		0.4025																																																																																		49		8.867		76		0.4604		48		9.375		75		0.4679		49		10.133		76		0.4894		46		11.333		80		0.5026		47		11.55		77		0.468										53		12.167		73		0.4838

		80		0.19		114		0.2498		82		0.287		86		0.2536		70		0.725		87		0.31		53		1.117		67		0.3933		51		2.182		119		0.3825		51		2.32		116		0.3952		50		2.622		121		0.3622		50		2.777		119		0.4033		57		1.775		71		0.4033																																																																																		50		9.1		78		0.4628		49		9.625		77		0.4748		50		10.4		78		0.4889		47		11.617		82		0.4987		48		11.85		79		0.4677										54		12.5		75		0.492

		81		0.193		116		0.2578		83		0.293		88		0.2521		71		0.742		89		0.31		54		1.15		69		0.3927		52		2.237		122		0.3832		52		2.36		118		0.3949		51		2.687		124		0.3617		51		2.847		122		0.4005		58		1.825		73		0.4017																																																																																		51		9.217		79		0.4675		50		9.875		79		0.4754		51		10.533		79		0.4912		48		11.9		84		0.5191		49		12.15		81		0.4682										55		12.833		77		0.4927

		82		0.198		119		0.274		84		0.3		90		0.2522		72		0.75		90		0.31		55		1.167		70		0.3937		53		2.273		124		0.387		53		2.42		121		0.3985		52		2.73		126		0.3608		52		2.893		124		0.4036		59		1.875		75		0.4031																																																																																		52		9.45		81		0.4688		51		10		80		0.4768								8.0ml/min		49		12.042		85		0.5207		50		12.45		83		0.4685																10ml/min

		83		0.202		121		0.2743		85		0.307		92		0.2547		73		0.767		92		0.3099		56		1.183		71		0.3958		54		2.328		127		0.3866		54		2.48		124		0.401		53		2.795		129		0.3656		53		2.963		127		0.4049		60		1.9		76		0.4052																																																																																		53		9.683		83		0.4652		52		10.25		82		0.4791										50		12.325		87		0.5244		51		12.75		85		0.4669

		84		0.207		124		0.2732		86		0.31		93		0.2553		74		0.783		94		0.3099		57		1.217		73		0.3961		55		2.383		130		0.3865		55		2.52		126		0.3987		54		2.86		132		0.3679		54		3.033		130		0.4004		61		1.95		78		0.4069																																																																																		54		9.917		85		0.4667		53		10.5		84		0.4742										51		12.608		89		0.5174		52		12.9		86		0.4686

		85		0.21		126		0.2749		87		0.317		95		0.2558		75		0.8		96		0.3098		58		1.233		74		0.3966		56		2.42		132		0.3857		56		2.58		129		0.3943		55		2.903		134		0.3648		55		3.08		132		0.4005		62		1.975		79		0.4074																																																																																		55		10.033		86		0.4726		54		10.75		86		0.4679										52		12.892		91		0.5153		53		13.2		88		0.4688

		86		0.215		129		0.2743		88		0.323		97		0.2529								0.5ml/min		59		1.267		76		0.3924		57		2.475		135		0.3867								1.2ml/min		56		2.968		137		0.3631		56		3.15		135		0.4013		63		2.025		81		0.4039																																																																																		56		10.267		88		0.4758								7.5ml/min										53		13.175		93		0.5197		54		13.5		90		0.4673

		87		0.218		131		0.2726		89		0.33		99		0.2495																1.0ml/min								1.1ml/min																1.3ml/min								1.4ml/min								1.5ml/min																																																																																		57		10.5		90		0.4724																		54		13.317		94		0.5229		55		13.8		92		0.4663

		88		0.223		134		0.2742		90		0.337		101		0.2511																																																																																																																																																7.0ml/min																		55		13.6		96		0.5163								9.0ml/min

								0.1ml/min		91		0.343		103		0.2511																																																																																																																																																																								8.5ml/min

										92		0.35		105		0.2511

										93		0.357		107		0.2512

										94		0.363		109		0.25

										95		0.367		110		0.2517

										96		0.373		112		0.2532

										97		0.38		114		0.2534

										98		0.387		116		0.2532

																0.2ml/min







Resemble IP
(Inversion Percolation)

Resemble DLA 
(Diffusion-Limited Aggregation)

Flow pattern observed in the experiment.

Fractal Analysis



Q = 10 ml/min
Air - Water

SL Plastic 
Flow Cell

Experimental Study



Inlet Side 1

Decreasing Ca
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Experimental Study



• % Saturation of 
invading air 
increased with 
decreasing Ca

• % Saturation of 
invading air in 
new SL cell 
greater than 
corresponding 
% saturation in 
glass cell (glass-
air-water has     
a θ ~0o)

Glass Cell

Experimental Results



Fractal  Dimensions



Water

Air

Drainage: Air 
into Water



 Air invasion into water saturated flow cell
M=µinv/µdef=0.018
σ=72 dyns/cm
θ=72o

(Stereolithography)
Ca=4.5×10-4

 Sat = 23.2 %

 Good agreement 
with experiment

Drainage: Air 
into Water



Air

Water

Drainage



 Air invasion into the oil saturated flow cell
M=µinv/µdef=1.7×10-5

σ=35dyns/cm
θ=72o

Ca=0.98

 Sat = 10.1 %

 Similar to enhanced 
oil recovery

Drainage: Air 
into Oil



Glass 
Cell

Saturation



Outlet Inlet

Micro-Cell Geometry



Experimental Study

Inlet pressure transducer: 
PI44(0~3000psi)

Inlet pump: P20(7500psi)

260D(260ml capacity)

Differential 
pressure 
transducer: 
DP52(0~10p
si)

Open 
to air



Experimental Study
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Experimental Study



Experimental Study

CO2 Injection, 0.1ml/min, DP=0.7523psi, t=351.6min.



Phase 2, invasion-1

CO2 Injection, 0.1ml/min, DP=0.757psi, t=356.1min.



Phase 2, invasion-2

CO2 Injection, 0.1ml/min, DP=0.76psi,t=356.3min.



Phase 2, invasion-3

CO2 Injection, 0.1ml/min, DP=0.76psi,t=357.1min.



Last shot before breakthrough

CO2 Injection, 0.1ml/min, DP=0.763psi,t=357.85min.



breakthrough-end phase 2

CO2 Injection, 0.1ml/min, DP=0.748psi,t=357.86min.



Experimental Study
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Experimental Study

Dear Dr. Wu :
Please edit and revise the experimental 
part.   I have used the report that you 
give me on the tests that was done in 
November 2015.
Thanks
Goodarz



Small Scale Model

100,000 computational Cells
5 Units in Y-direction

& 
2 Unitsls in X-direction



Static Pressure



Air Injection into Water 
Small Flow Cell Model



Static Pressure 
and Density

Pressure Contour Density Contour



Pressure Contour Density Contour

Static Pressure 
and Density



Pressure Drop in 
Small Flow Cell



Pressure Contours



 The gas-liquid flow in both coarse and 
micro-cells are fractal.

 Fractal dimensions varies with capillary 
number.

 VOF computational model could 
predict the behavior of the gas-liquids 
flow in the flow cell. 

Conclusions
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