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ANALYSIS OF VISCOUS FINGERING REPRODUCIBlLITY IN 
CONSOLIDATED NATURAL POROUS MEDIA 

Arlindo da Costa e Silva, Petrobras/Cenpes 

Abstract 
The purpose of this work is to apply computerized X-Ray tomography techniques to visualize the 

development of viscous fingering during the displacement of an oil phase through an homogeneous, 
natural and consolidated porous media.Viscous fingering during two-phase flow is obtained by 
appropriate selection of both injection rate and mobility ratio. 

The porosity and saturation profiles have been computed by means of image analysis through the 
use of a graphical interpretation software. The image analysis of the cross sections shows that, under 
conditions of hydrodynamic stability, the displacement of water by oil occurs as predicted by the piston- 
like model, with small gravitational effects. On the other hand, when the oil phase is displaced by a 
water phase under unstable hydrodynamic conditions, the injected water flows through well defined 
regions of the porous media. Gravity segregation is also observed in this case. 

Provided the injection parameters and the connate water saturation are kept constant, the water 
saturation profiles as a hnction of self-similar dimensionless variable (xD 1 t~ ) merge to a single 
curve. For the same injection conditions, it was observed that the curves of oil permeability versus 
water saturation overlap themselves. Such overlapping also happens with the water relative 
permeability versus water saturation curves. It was evident that the oil relative permeabilities are 
strongly influenced by the injection rate of a higher mobility fluid. 

The shape of the water relative permeability curves indicates the existence of two Qfferent 
displacement mechanisms taking place along the core. Moreover, the water fractional flow curve is 
characteristic of unstable displacement. 

Introduction 
When a fluid displaces a more viscous fluid, the displacement fiont may become unstable, resulting 

in viscous fingering. Apart from reducing the displacement efficiency, instability may invalidate the 
usual method of simulating immiscible displacement performance based on relative permeability and 
capillary pressure concepts. Therefore it would be beneficial to predct the possibility of fingering 
development as a factor in a waterflood project. Many stability studies of immiscible displacement have 
been reported in the literature with concerns to mobility ratio , displacement velocity , gravity and 
capillary forces 43 , rock permeability . dimensionless scaling and the visualization of 
displacements by CT images9-'" . Peters et alii ' showed that unstable ilnmiscible displacements are 
self-similar processes and, when presented as a function of the self-similar dimensionless variable, the 
spatial and temporal saturation data collapses into one unique dimensionless response curve, so called 
response function. 

The objective of this study was to pefiorm several immiscible waterfloods under a predefined set 
of displacement condictions in order to veri@ the reproducibility of displacements. The corefloods were 
imaged by Computed Tomography (CT) to obtain their saturation distribution in time and space. This 
paper presents the dimensionless response curves of the experiments and relative permeability and 
fractional flow curves as well. 

Experimental Equipment and procedure 
The porous media used in this study are cylindrical Vosges sandstones cores, a natural and 

consolidated or~tcrop obtained from the southern Rhinegraben. France. Thc Sample # 1 has dimensions 
of 233.15 mm length and 54.12 mm diameter, average porosity of 0.227 and absolute permeability of 
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4 1 7 mD. The Sample #2 has dimensions of 233.0 mm length and 54.53 mm diameter, average porosity 
of 0.230 and absolute permeability of 497 mD. 

Both samples were conceptually divided into 23 adjacent slices of 10 rnm each, as shown by figure 
I .  Preliminary petrophysical experiments (capillary pressure, photornicrographies of thin layer and 
relative permeabilities) showed that these samples were very homogcneous in a macroscopic scale and 
strongly water-wet . 

I A C K l L l C  R E S I N  I 

Figure L : Conceptual slices of the core samples 

Viscous fingering during the immiscible displacement was obtained by appropriate selection of 
both injection rate and mobility ratio. The waterfloods were conductcd at constant rates using a waters 
positive displacement pump. The displacing fluid was a 0.8 M potassium iodode solution with viscosity 
of 0.823 cP and density of 1.0962 &m3 and the displaced fluid was a mineral oil .with viscosity of 244 
cP and density of 0.8836 g/cm3 

An unmodified third generation CAT scanner ( GE CT-9800 scanner ) was used to obtain the fluid 
saturation distribution along the core. The general layout of the equipment used in experiments is shown 
in figure 2. The core was initially evacuated and then filled completely with a 0.8 M potassium iodide 
solution to provide an appropriate contrast to that of the oil. This aqueous phase was then displaced by 
the oil phase until irreducible water saturation (Swi). The core was placed in the CAT scanner and the 
displacing fluid (0.8 M KI solution) was insected into the core at a constant rate. At selected times 
following introduction of the displacing fluid, several contiguous scans (up to 14) were made at adjacent 
radial slices of the core. These scans can be stacked together to create a three-dimensional image of the 
water fingering so that we can monitor its advancing front. The images for this displacement were taken 
as radial cross-sections 10 mm wide. The time required for a complete scan was about 2 seconds and 
the gap of time between two sequencial scans was about 3 seconds. The computer unit computes local 
X-Ray attenuation coefficients over the scanning cross-section for pixels of 0.3125 x 0.3125 mm. The 
thickness of the element is equal to the width of the X-Ray beam (10 mrn). These average X-Ray 
attenuation coefficients result from linear combination of the silica rock formation, oil and potassium 
iodide solution that occupy the pore spaces. 

PUMP Waters positive displa-cement 
Pump 

B I .B2 Scmi-analytical digital ba-lances 
P I ,P2 Pressure transducers 
V I .V2 Three-way valves 

Oil vessels 
Oil-cushion vessel 
0.8 M KI solution vessel 

GE CT 9800 Third-generation CAT scanner 

Figure 2 - Layout of esperitrle~ltal cquipn~ent 
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The rates of produced oil and water were computed from mass rate and fluid densities data. The 
amount of oil and water recovered was collected by a calibrated graduated cylinder placed in upside- 
down position and recorded as a finction of time. A computer aided data acquisition system was 
assembled to monitor the waterflood and acquire mass rates (BI, B2), time and pressure data (P 1, P2) 
as fhnctions of time. as shown in fig. 2. The first experiment on sample #1 was conducted at constant 
flow rate of 0.5 cni3/niin. while all the other seven experiments (carried out on both sample #1 and #2) 
were conducted at constant flow rate of 0.3 cm3/min. in order to investigate the influence of the velocity 
of the displacing fluid on the development of viscous fingering. 

The image of each slice consists of a matrix of 256 x 256 pixels. These data are stored on magnetic 
media as CT numbers, proportional to the local X-Ray attenuation coefficients. These data were 
transferred to a StlN ~7orkstation on which all subsequent processing was done. The porosity and 
saturation profiles have been computed by means of image analysis through the use of a graphical 
interpretation software. These data are presented as color-filled maps of 179 x 179 pixels, along radial 
planes of the core. 

Determination of porosity and fluid saturation 
The porosity and the fluid saturation at a voxel can be determined by solving the following 

simultaneous equations for each voxel ' ' . 

Since there are four cquations and four unknown variables ( Sw, So, Ym and Q, ), it is possible to 
detern~ine the unique solution for the unknowns. Six CT scans arc required as follows : Scan of an 
empty test cell. of a test cell filled with the KI solution. of a test cell filled with the mineral oil, of dry 
core, of core completely saturated with potassiuln iodide solution and of core saturated with the 
displaced and displacing fluids to determine YA, YW, Yo, YM, Y'RW and YRWo respectively. The first 
three scans are performed only as one cross-section of the test cell in order to obtain the average CT 
numbers of the fluids air, KT solutioi~ and mineral oil, respectively. The other three last scans are 
performed at all conceptual slices of the sample to determine the porosity and saturation profiles along 
the core. Solving cquations 1 through 4 simultaneously, it can be shown that the porosity and the 
mineral oil saturation of each voxel are given by : 

Image Artifacts 
Image artifacts arc features in the processed image that are produced entirely by the imaging 

process but are not present in the original object. The most noticeable and damaging of those 
phenomena responsible for image artifact is beam hardening \vhich produces an image with high 
attenuation coefficients around the peripherq and low attenuation coefficients in the center of the object. 
A methodology for bean, hardening correction" was applied in order to minimize the image artifact. All 
the porosity maps prcscnted a concave profile nith higher values around the periphery and lower values 
rn the center of the core. Such porosit? profiles did not match the ones expected for the core because, 
since the porous mcd~a is vcry homogencotls their porositj profiles should be solnewhat flattened. The 
results of such correction arc shown in table I .  

Figure 3 shons a serics of graj -scaled porosity maps froill contiguous slices of san~plc #2. Darker 
regions indicate highcr porosit~r. One can scc bj the tomograms that the porosity is evenly distributed 
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within slices 11 to 14 with values ranging from 0.225 up to 0.235. Such regular porosity distribution 
also occur in the first 10 one-centimeterslices of the sample #2. Nevertheless, in the slices closer to the 
production face the heterogeneity becomes higher. As we can see by the images of slices 19 and 20, 
there are regions of porosity as low as 0.085 and others of porosity as high as 0.290. The porosity 
profile of sample # 1 did not show such high heterogeneities as sample #2 did. The porosity of sample #I  
varied within a close range from 0.212 up to 0.235, with very small spots of higher porosity. 

T m L E  1 
Results of the Beam Hardening Correction 

Figure 4 shows gray-scaled fluid saturation maps of the displacement of KI solution by the 
mineral oil after injection of 0.08 8, 0.1 74 and 0.390 pore volumes of mineral oil in sample #2. Darker 
gray indicates the advancing front of the injecting oil while light gray denotes the regions 100 % 
saturated by the aqueous phase. 

Descri~tion 
Porosity lconventional method) 
CT porositv Ibefore correction) 

. CT porositv (after correction) 
Swi I material balance) 
CT Swi ( before correction ) 
CT Swi ( after correctioil ) 

Figure 3 - Porosity maps from slices I 1 through 22 of Figtlre 3 : Fluid saturation profiles from the oil 
samplc #2. injection in sample #2 at 3 times. 

Considering that thc displacement of water bjf oil takes place under conditions of hydrodynamic 
stability any eventual fingering should be due to channeling instead of viscous instability. Thus, 
scanning of the oil injection cxpcriment attcmptcd to identifq' channels of higher permeability should any 
exists in the core. The tonlograms showed that the displacement of watcr by oil occurred as predicted by 
the piston-like modcl revealing the non-existence of channels of markedly higher permeability. 
Therefore. any development of fingering during the waterfloods, which are conducted under unstable 
hydrod~namic conditions, should be attributed to viscous instability only. 

Sample # 1 

0.227 
0.244 
0.227 
0.175 

.- 0.196 - - 

0.169 

Sample #2 
0.230 
0.249 
0.232 
0.171 

- - 0.190 - -  

0.169 
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Resaturation of samples 
After the laboratory experiments the samples were resaturated to their initial fluid saturation 

condition, i.e, saturated by the mineral oil ~ZJ Swi. The resaturation procedures for sample #I and 
sample #2 were different. For sample #1, after the waterflood both aqueous and oil phases were 
extracted by solvents. Then, the core was dried , saturated with KI solution and thls aqueous phase was 
displaced by the mineral oil until Swi. For sample #2, after the waterflood, the injected water was again 
displaced by the mineral oil until no more water has been produced. The usage of the two different 
procedures of resaturation was aimed at verifying the influence of solvent cleaning on rock properties. 

Results and discussion 
Four unstable immiscible displacements were carried out on each sample. Figures 5 through 8 

show a comparison of radial saturation maps of four contiguous slices among the four experiments run 
on sample #2. In these figures the first down to the fourth lines arc related to the first to the fourth 
waterftoods, respectively. In each figure the scans were taken after injection of, approximately, the same 
volume of KI solution. For the third experiment, the sample #2 was placed in the scanner, in the upside- 
down position in order to investigate the influence of gravity forces on the development of viscous 
fingers. By the use of specific routine for image rotation of the Khoros System, the images from the 
third waterflood went through a rotation of 180". Thus, the pixels of the saturation maps presented at 
the third line of figures 5 through 8 are in the same spatial position as the other three 1ines.The light- 
gray areas indicate the regions already swept by the injected water. The fluid saturation profile of the 
first, second and fourth waterflood are quite similar i.e. the regions of the core preferentially invaded by 
the water are the same in these three saturation maps. However, when these three saturation profile are 
compared with the one took from the third waterflood, some differences stand out anlong them as 
follows : 

54 2.023 PVI S5 C.GU PVI 56 0.023 PVI 57 0.023 PM s7 G.o~TPVI SS 0.037 PVI S9 0.037PM S10 0.037 P W  

54 6.023 PVl S5 C.923 Pt? 56 0.023 PVI S7 0.023 PM 

Figure 5 : Saturation maps of slices 1 through 7 Figure 6 : Saturation maps of slices 7 through 
from the waterfloods on sample #2 10 from the waterfloods on sample #2 

a) There was a fingering that have always appeared at the lower-left sidc of the core no matter the 
position the sample was placed in thc scanner. It suggests that this fingering occurred in that rcgion due 
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to some positive gradient of permeability. This supposed gradient of permeability must be of a minimal 
magnitude since the oil injection was not sensitive to it. The sand grains deposition planes may be 
assigned as a very probable cause for such low-scale heterogeneity. 

7tT.C; L .  - ,  
\ .. * .I 7 , . r f -* .TT$ . , . , 

.. .: . / 

S12 0.071 PV1 513 0.071 P\'l S1J 0 071 PVI 515 0071 PVI 516 0.0PS PVI 517 0.048PVI S18 0.098 PVI S19 0.098 PVT 

. . 

St2 0.071 PCI 513 O.M1 PVI 314 0.071 PVI SZS 0.071 PVI 
S16 OM9 PVI 517 0.099 PVl 518 0 . W  PVI SIP a.699 PVf 

Figure 7: Saturation maps of slices 12 through 15 Figure 8: Saturation maps of slices 16 through 
from the waterfloods on sample #2 19 from the waterfloods on sample #2 

b) There was a fingcring that appeared in the lower-right side of the core in the first two waterfloods. 
This fingering was not observed anymore whcn the core was placed in the scanner rotated by 180". 
Instead. we notice that another fingering appeared at the botton of the core during the third 
displacement. Moreover, for the fourth experiment, when the sample was placed in its original position 
again, the regions of development of fingering repeated the same configuration observed in the first two 
experiments. 

These remarks were also observed for the experiments carried out on sample #I1' .  The images of 
the three displacements conducted under the same conditions showed similar configuration of fingering 
areas Ncverthlcss, whcn thc sample #1 was turned upside-down, this configuration changed altogether. 
Such behaviour shows the strong influence that gravity forces and even minimal heterogeneities excrt 
over fingering in sandstones core. It indicates that the fingering phenomena on natural and consolidated 
porous media may be understood as a deterministical and reproducible phenomena instead of a 
statistical one. 

Figtires 9 through 12 show the saturation data as a function of the diinensionless self-similar 
variable XI, / tD. We can see that the saturation data collapse into one unique dimcnsionless response 
curves (f in)  that is characteristic of each unstable displacement '. 

The overlapping of the four dimensionless response curves suggests that the four displacements 
havc quite identical characteristics M hat may mean reproducibility. The almost negligible discrepancies 
among the response curves may be due to the differences of connate water saturation of each 
expenmcnt. If thosc experiments had been conducted under a given connate water saturation the 
response curves would havc been the same. For the displacements carried out on sample #I1', these 
discrcpancics wcrc somcwhat coarser since thc connate water saturation data were more spread. 
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Figure 9 - Dimensionless response curve from the 
first waterflood on sample #2. 
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Figure LO-Dimensionless response curve from the 
second waterflood on sample #2. 
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Figure 11 - Dimensionless response curve from the Figure 12 - Dimcnsio~iless response curve from 
third waterflood on sample #2. the fourth waterflood on sample #2 
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Oil and water relative permeabilities lvere calculated from fluid production rates and differential 
prcssure data acquired during the scanned experiments and computed according to the IBN method. 
Although this method is valid only for stable displacements the oil arid water relative permeability 
curvcs were plotted just to verier their reproducibility. Figure 13 shows water relative permeabilities 
(Knv) as function of normalized water saturation (Sw*) from the eight watcrfloods. 

The existence of two distinct displacement mechanisms comes out by the sudden changing on the 
slope of the curves. Starting at the breakthrough. the produced water is derived from the fingering zone 
until the stable zonc reaches the production facc of the core what gives rise to that breaking on the slope 
of the curves. We can sec that water relative permeabilities were not sensitive to the velocity of the 
displacing water but the estcnt of the fingering zonc surely \\as. Figurc 14 depicts both fingering zone 
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(sliccs 12 through 22) and the stable zone (slices 7 through 11) just before the breakhrough of the 
water phase during thc second experiment on sample #2. The water saturation quickly increases at the 
fingering front (slices 22 back to 19) and remains practically constant backward the next 6 slices until 
thc beginning of the stable zone (each zone = 10 mm). 

/ WATER KPl.ATI\'P PERMEARILITIBS CURVES 

S l l  O M 8  PVI S12 0.OM PVI 913 Ktt!3tl P M  S14 & 0 9 8 ~  ' 0.008 

0 006 

S15 O m  PVI SLd 6.098 PV1 517 0 . m  PVI S1 
0.004 

0 002 

0 000 

0.00 0.05 0.10 0 15 0 20 0 25 0.30 su 0.m PVI szo 0 . m  PVL szi 0.m PM u2 0 ~ 9 8  PVI 

Sw" 

Figure 1 3 : Water relative pcrlneability curves. Figure 14 : CT images of both fingering and stable 
zone 

The figure 15 shows the oil relative permeabilities as hnction of normalized water saturation. We 
noticed valucs of oil relative permeabilities greater then 1.0 , which has no physical meaning. 

(1 (111 05 i! I 0  0 I !I  2ii 1 8  35 0 3 i l  

Sw * 

Figurc 15 : Oil rclativc p~mcabilit! curves. 

1 2  - 

FRACTIONAL FLOW CURVES 

rti 1 3 ~ ~ 1 ~  6-. u 13) j L 7 1 ' l ~ l E l .  1 . . . I I),!) 

i)no O ( i 5  i l l 0  i l l 5  0 2 0  0 .25  (130 

Sw" 

Figurc 16 : Fractional flow curves. 
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The reason for such unreasonable values might be attributed to the characteristic poor fitting at the 
limits of the cumulative oil production curve what causes severe discrepancies to its derivatives around 
the breakthrough. Although the basic premiss of stable displacement has been broken, what may 
invalidate the magnitude of the oil relative permeability values themselves, we can realize that oil 
relative permeability is strongly influenced by the velocity of the injecting water. Thus, for a given 
water saturation, the higher the injection velocity, the higher the oil relative permeability. It suggests 
that the efficiency of a waterflood increases as the injecting fluid velocity becomes higher. Figure 13 
and figure 15 shows that the oil and water relative permeability curves are likely to be reproducible 
provided displacements parameters be kept constant. 

Figure 16 shows the fractional flow curves from the experiments. The shape of fractional flow 
curves is characteristic of a displacement dominated by fingering mechanisms. Their derivatives 
decreases continuously revealing that the water saturation increases smoothly showing no evidence of a 
shock fiont. We can see that the water fractional flow is also strongly affected by the velocity of the 
displacing fluid. Again, for a given water saturation, the higher the injection velocity, the lower the 
fractional flow. It suggests that the efficicncy of a waterflood increases as the injecting water velocity 
also increases. It corroborates to the results obtained by the analysis of the oil relative permeability 
curves. Once again, for a given set of displacement condictions there is a strong likelihood of fractional 
flow curves be reproducible. 

The figures 13, 15 and 16 show that the experiments carried out on sample #2 were more 
reproductive than those done on sample # 1. It indicates that the use of solvents to clean the rock sample 
may have changed some properties of the porous media. In view of the fact that solvent extraction was 
not used in the resaturation process of sample #2, it may be undertake as a possible cause for the 
spreading of the relative permeability and fractional flow curves since these curves were much more 
closer for sample #2 than those for sample # t 

Conclusions 
This study has demonstrated that CAT scanning is a useful tool for characterizing permeable 

media and visualizing the development of fingering throughout a core. Porosity and fluid saturation 
profiles can be directly determined from image data whle image artifacts can be minimized through the 
use of computational methods of beam hardening correction. Many conclusions can be drawn from the 
results obtained in this study : 

1- For a given set of displacement parameters, viscous fingering during unstable immiscible 
displacements in natural and consolidated porous meQa were very likely reproducible. 

2- Even for a remarkably homogeneous natural and consolidated porous media, there is a strong 
likelihood of viscous fingering be a deterministical phenomenon instead of a statistical one. The 
fingering is subject to gravity forces and heterogeneities even of minimal magnitude. 

3- Viscous fingering during unstable immiscible displacements in natural and consolidated porous 
media shall be a dimensionless self-similar process. 

4- Oil relative permeability and fractional flow curves undergo strong influence of the velocity of 
injecting water while water relative permeabilty curves are not likely to. 

5- The use of solvent extraction to clean the rock sample may alter some properties of the porous 
media. 

Notation 
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Nomenclature 

D 
f ~ r )  
f\V 

k 
kro 

kw 
L 
M 
P 
So 
Sor 

Core diameter 
Dimensionless response fwnction 
Fractional flow of water 
Absolute penncability 
Relative permeability to oil 
Relative pem~eability to water 
Length 
Mobility ratio 
Pressure 
Oil saturation 
Residual oil saturation 

References 

Sw 
Sw* 
Swi 
t 

v 
X 

XD 

Y 

Water saturation 
Normalized water saturation 
Connate water saturation 
Time 
Dimensionless time 
Superficial velocity 
Distance from the inlet 
Dimensionless length 
X-Ray attenuation coefficient 
Porosity 
Viscosity 
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