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Abstra
tExperimental studies are 
ondu
ted to analyze dispersion and mis
ible vis
ous �ngering of ini-tially 
ir
ular samples of a given solution displa
ed linearly at 
onstant speed U by another solutionin horizontal Hele-Shaw 
ells (two glass plates separated by a thin gap). In the stable 
ase of adyed water sample having the same vis
osity as that of displa
ing non-dyed water, we analyze thetransition between dispersive and adve
tive transport of the passive s
alar displa
ed linearly. Atlow displa
ement speed and after a 
ertain time, the length of the sample in
reases as a squareroot of time allowing to 
ompute the value of a dispersion 
oeÆ
ient. At larger inje
tion speed,the displa
ement remains adve
tive for the duration of the experiment, with a length of the samplein
reasing linearly in time. A parametri
 study allows to gain insight into the swit
h from oneregime to the other as a fun
tion of the gap width of the 
ell. In the unstable 
ase of vis
ousgly
erol samples displa
ed by dyed water, the rear interfa
e of the sample where less vis
ous waterpushes more vis
ous gly
erol is unstable with regard to vis
ous �ngering. The interfa
e deformsinto �ngers, the number and size of whi
h depend on the vis
osity ratio between the two solutionsand on the displa
ement speed. We study the in
uen
e of these vis
ous �ngering phenomena onthe in
reased spreading of the sample for various mobility ratios and inje
tion speeds.
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I. INTRODUCTIONChara
terising the spreading of an initially lo
alized sample of a given solute displa
edlinearly by a 
ow in a porous medium is a 
hallenging problem from a fundamental point ofview but also in numerous �elds of appli
ation. In the 
ase of groundwater 
ontaminationby a given pollutant [1{3℄, it is of interest to be able to predi
t for instan
e the wideningof the pollution zone in time when the initial spatial extension of the spill is �nite dueto a 
ontamination lo
alized in spa
e/time. If the 
ontaminant is displa
ed undergroundby a 
arrier 
uid of same vis
osity, dispersion 
an in
rease the spreading of the sample inspa
e/time [4℄. Solute dispersion refers to the spreading of an initially lo
alized sample of agiven solute due to the 
ombination of mole
ular di�usion and 
ow velo
ity gradients [5{10℄.This spreading 
an even be worse if the sample has a di�erent vis
osity than the displa
ing
uid, in whi
h 
ase vis
ous �ngering (VF) phenomena 
an take pla
e. Vis
ous �ngeringis a hydrodynami
 instability that o

urs when a 
uid of given vis
osity �1 displa
es amore vis
ous 
uid of vis
osity �2 > �1 in a porous medium [11℄: the interfa
e betweenthe two 
uids is unstable and \�nger-like" patterns grow in the 
ourse of time. In the
ase of �nite samples of a more vis
ous 
uid surrounded and displa
ed by a less vis
ousmis
ible one, VF 
ontributes to widen the sample and in
reases the spreading in 
omparisonwith the hydrodynami
ally stable situation [2, 3, 12℄. In this 
ontext, understanding the
ontributions of dispersion and of VF to the spreading 
hara
teristi
s is 
ru
ial for waterresour
es management [3, 12{14℄.Another appli
ation where understanding su
h spreading is important 
an be found inliquid 
hromatography, whi
h 
onsists in displa
ing samples through porous media in orderto separate their 
hemi
al 
omponents. Dispersion of the sample in a 
hromatographi

olumn in
uen
es the broadening of the 
on
entration peaks and thus the eÆ
ien
y of theseparation [15, 16℄. If, moreover, the sample vis
osity is di�erent from the vis
osity of thedispla
ing 
uid, VF 
an also distort and widen the 
on
entration peaks (see [3, 17{26℄ andreferen
es therein). Here again, fore
asting the e�e
t of those two 
ontributions on theextent and the shape of the 
on
entration peaks is of 
ru
ial importan
e.Several theoreti
al works have 
ontributed to quantify the in
uen
e of vis
ous �ngeringon the widening of �nite size samples [3, 17{21, 27, 28℄. From an experimental point of view,studies of dispersion and �ngering in porous media have been made in the 
ase of variable-3



density and/or variable-vis
osity 
ows using glass beads with index of refra
tion mat
hingthat of the displa
ing 
uid in three-dimensional tanks [22, 23℄, beads in Hele-Shaw 
ells orNMR imaging te
hniques [24, 25, 29{31℄. Unfortunately, those te
hniques imply no dire
texperimental visualization of the dynami
s. Some works have favorably used simple Hele-Shaw 
ells without beads as an experimental model for bidimensional porous media [32{39℄.The main advantage of this set-up is to allow simultaneous visualization and quanti�
ationof the 
on
entration �eld evolution without disturbing the 
ow �eld [12, 13℄. The reason for
onsidering the Hele-Shaw 
ell as a bidimensional porous medium [11℄ is the fa
t that theaveraged 
ow speed a
ross the 
ell thi
kness 
an be des
ribed by Dar
y's law if the gapwidthis thin enough as 
ompared to the 
hara
teristi
 length of the dynami
s under investigation.More pre
isely, if �U and L are typi
al velo
ity and length s
ales of the experiment, while bis the gap width and � the kinemati
 vis
osity, the typi
al vis
ous time s
ale b2=� has to bemu
h smaller than the 
onve
tive time s
ale L= �U for this approximation to hold.In this 
ontext, the obje
tive of this work is to analyze experimentally the in
uen
eof dispersion and vis
ous �ngering on the spreading of initially 
ir
ular samples displa
edlinearly in a Hele-Shaw 
ell. In parti
ular, our goal is to quantify the 
ontribution of thesephenomena to the spatial spreading of the samples.To study the e�e
t of vis
ous �ngering, we need �rst to understand the transport pro
essin the 
ell without it. For homogeneous 
uids, the transport is des
ribed by the dispersiontensor derived by Aris [6℄ to generalize Taylor's results [5℄ to the transport of a non-rea
tivesolute between two plates. In single-phase systems with unidire
tional 
ow, and assumingthat the 
hara
teristi
 di�usion time s
ale �diff = b2=Dm (Dm is the mole
ular di�usion
oeÆ
ient) is mu
h smaller than the 
onve
tive time s
ale �
 = L= �U , Aris showed that thevariation of the 
on
entration �eld C(x; t) averaged a
ross the gap follows a one-dimensionaladve
tion-di�usion equation, i. e. �C�t + �U �C�x = D�2C�x2 ; (1)where �U is the average 
ow velo
ity. The longitudinal dispersion 
oeÆ
ient D 
an be writtenas [6, 8, 10℄ D = Dm +Kb2 �U2Dm ; (2)where K = 1=210. Previous experimental results fo
using on dispersion in a Hele-Shaw 
ell
onsidered the 
ase of a denser 
uid sinking into another one in a verti
al 
ell [12, 13℄. In4



this 
ase, it has been shown that the variation of densities between the two 
uids in
uen
esthe dispersion pro
ess. To minimize buoyan
y e�e
ts and 
on
entrate on vis
ous �ngering,we 
onsider here the 
ase of a horizontal 
ell.To obtain both stable and vis
ously unstable situations, we displa
e �nite size liquidsamples by another liquid of same or lower vis
osity within a Hele-Shaw 
ell. The samplesare, at any time, totally surrounded by the displa
ing liquid and we follow their distortionopti
ally. We measure the longitudinal extent, perimeter and surfa
e of the sample in timefor various displa
ement speeds, gapwidth of the 
ell and mobility ratios to demonstrateenhan
ed spreading due to �ngering.The arti
le is therefore organized as follows. We �rst des
ribe the experimental setup inSe
. II. We dis
uss the dispersion e�e
ts in the Hele-Shaw 
ell in Se
. III and then des
ribethe e�e
t of vis
ous �ngering in Se
. IV. Con
lusion are given in Se
. V.II. EXPERIMENTAL SETUP
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FIG. 1. S
hemati
 view of the Hele-Shaw 
ell.Our experimental set-up (see Fig.1) is a Hele-Shaw 
ell 
onsisting of two transparent glassplates of length Lx = 600 mm, width Ly = 120 mm and thi
kness Lz = 13 mm orientedhorizontally in the gravity �eld above a lightening table and below a CCD 
amera. Theplates are separated by a gap of thi
kness b 
ontrolled by the use of \U-shaped" spa
ers 
utout of 0.25 or 0.5 mm thi
k mylar sheets. The spa
ers bran
hes of 10 mm width put on thesides of the plates lead to an available 
hannel of 100 mm width. The plates are inserted5



into a metalli
 stru
ture. The waterproofness of the system is ensured by using a range ofs
rews that push a metal ruler pla
ed on a rubber joint at the edges of the upper plate.As in [38℄, we inje
t the displa
ing 
uid through an inje
tion valve 
onsisting of a re
t-angular aperture through whi
h 
uids 
an be inje
ted linearly at one lateral side of the 
ellat 
onstant speed U = 32 �U (note that U will refer to the maximal velo
ity at mid-height ofthe gap, while �U is the averaged velo
ity). The 
ir
ular sample is inje
ted through a 1 mmhole drilled in the lower glass plate and 
entered at 70 mm downstream the linear inje
tionvalve. The 
uids are eva
uated through a 1 mm large hole sink 
entered at the oppositeend of the 
ell. The volume of sample inje
ted in the 
ell is 
ontrolled by using a peristalti
pump (P2 on Fig.1), with a pre
ision of 10�3 mm3. The speed U of the linear displa
ementis �xed by using a gear pump (P1) whi
h 
ontrols the inje
tion speed of the displa
ing 
uidwith a pre
ision of 10�2 mm=s.For ea
h experiment, we �rst �lled the 
ell with the displa
ing 
uid. When the 
ell was
ompletely �lled, we stopped the linear inje
tion and waited until this 
uid was at rest. Wethen inje
ted radially a �xed volume of sample through the inje
tion hole using the pump P2.When this inje
tion was �nished, we dis
onne
ted the pump P2 from the system. We theninje
ted the other 
uid through the 
ell from a lateral side at a 
onstant speed U 
ontrolledby the pump P1 (linear inje
tion).In the stable 
ase (no vis
osity 
ontrast), the displa
ing 
uid is non-dyed water andthe samples are 
omposed of water 
olored by amaranth red. At small 
on
entration, thisdye does not a�e
t density or vis
osity of the mixture yet it allows to visualize the sampletransport into the 
ell [39℄. In the unstable 
ase, the displa
ing 
uid is dyed water and theinitially 
ir
ular sample is a non-dyed more vis
ous water-gly
erol mixture. The proportionof gly
erol in the sample determines its vis
osity. Experiments are performed at roomtemperature.We followed the dynami
s in the system using a CCD 
amera 
onne
ted to a 
omputer-driven imaging system taking a grey level photograph every 0.2 s with an image resolutionof 1280 � 1024 pixels. In order to get a

urate results, we applied a post-treatment to ea
hpi
ture using a MATLAB 
ode. We �rst aligned all pi
tures using a bilinear interpolationalgorithm, then 
ropped the zone of interest and subtra
ted a ba
kground pi
ture takenbefore ea
h experimental run. Finally, we renormalized the grey levels to see the maximumvalue of the dye as 1 and the minimum value as 0.6



III. STUDY OF THE DISPERSION IN THE CELL
0.0
0.2
0.4
0.6
0.7
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FIG. 2. Temporal evolution of the sample (left) and 
orresponding iso
on
entration 
urves (right).The inje
tion speed is 2.5 mm/s and the time between ea
h frame is 40 s. The white spot in the
enter of the initial sample is the inje
tion valve.
Figure 2 shows a typi
al stable displa
ement of the 
olored water sample by a linearinje
tion of non-dyed water at 
onstant speed U from left to right. The shape of the sample,initially 
ir
ular, be
omes elongated with displa
ement. To follow the dynami
s into moredetails, we 
ompute iso
on
entration 
urves (see Fig.2, right panel) for the following greylevels: 0, 0.2, 0.4, 0.6, 0.7 and 0.8. The level 0.2 
orresponds here to the outer dark surfa
eof the sample. Using this representation, it 
an be seen that the dynami
s inside the sampleis strongly asymmetri
. As the sample spreads in time, the 
on
entration at the 
enterof the sample de
reases as shown by the disappearan
e of the 0.8 iso
on
entration level.Simultanously, the higher 
on
entration zone (> 0:6) is drifted towards the front of thesample, where it is wider than at the ba
k. 7
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U = 2.5 mm/s

U = 5 mm/s

U = 7.5 mm/s

U = 10 mm/s

U = 12.5 mm/s

U = 17.5 mm/s

U = 25 mm/s

U = 50 mm/s

t1*t2*FIG. 3. Length of sample as a fun
tion of time for various inje
tion speeds U from U = 2:5 mm/s(lowest 
urve) to U = 50 mm/s (top left 
urve). Estimates t�1 and t�2 of the transition betweenadve
tive and dispersive regimes are de�ned in se
tion III.C.A. Transition between dispersive and adve
tive regimesTo determine whether the stable displa
ement inside the 
ell follows a dispersive or anadve
tive regime, we measured the temporal evolution of the length of the sample. To do so,we 
ounted on ea
h horizontal line of the digitalized image the number of grey pixels. Wethen de�ned the length of the sample as the length of the longest line. The temporal 
hangesof this length are shown in Fig.3 for a 0.123 ml sample (or 25 mm initial length) displa
edin the 
ell at various 
ow velo
ities U , the gapwidth being �xed at b = 0:25mm. Note thaton all 
urves, a small sudden and abrupt de
rease in the length is observed when the sampledisengages from the shadow of the sample inje
tion me
hanism. We have 
he
ked that thishas a negligeable in
uen
e on our quantitative results.It is observed that, at high speed (U = 17:5; 25; 50mm=s), the length of the sample in-
reases linearly with time, the slope of the line being approximatively equal to the (maximal)axial velo
ity of the 
ow. This suggests that adve
tion is in these 
ases the dominant trans-8



port phenomenon. At lower speed (here typi
ally for U = 2:5; 5; 7:5mm=s), the length ofthe sample tends to evolve as a square root of time, suggesting a dispersive regime. Indeed,writing Eq. (1) in the frame moving with the mean velo
ity of the 
ow, we get�C�t = D�2C�x2 : (3)For the initial 
ondition C(x) = 1 where �`=2 � x � +`=2 and C(x) = 0 elsewhere, thewell-known analyti
al solution of this equation 
an be written as a superposition of twoerror fun
tions [40℄, whi
h a
tually approa
hes a Gaussian shape at suÆ
iently large times.Formally, the 
on
entration pro�le therefore extends to in�nity as soon as t > 0. However,experimentally the 
on
entration 
annot be measured below (1:5� 0:4)% of its initial value.If we 
ut the theoreti
al 
on
entration pro�les obtained at several su

essive times on ourexperimental times
ales (typi
ally, 0 < t < 100 s) at the 1.5% level, we get that (`x � `0)2evolves linearly in time, where `x is the length of an evolving sample of initial length `0. Wedetermine the angular 
oeÆ
ient by a �t to obtain that(`x � `0)2 � 37:7Dt ; (4)whi
h allows to estimate the dispersion 
oeÆ
ient D from the experimental data.U [mm=s℄ D[mm2=s℄ Dm[10�3mm2=s℄ r21 r22 �
 = l0=U [s℄ Pe2.5 1.34 0.5 0.95 0.87 10 0.235.0 4.5 0.6 0.96 0.89 5 0.457.5 11.4 0.6 0.97 0.89 3.3 0.6810.0 14.5 0.8 0.96 0.94 2.5 0.9012.5 | | 0.94 0.97 2.0 1.1317.5 | | 0.90 0.99 1.4 1.6125.0 | | 0.89 0.99 1.0 2.2650.0 | | 0.89 0.98 0.5 4.52TABLE I. Parameters of experiments (stable 
ase) : inje
tion speed U , estimated dispersion 
o-eÆ
ient D, estimated mole
ular di�usion 
oeÆ
ient Dm, agreement between the measured lengthevolution in time and a dispersive behavior (r1) or an adve
tive behavior (r2), 
hara
teristi
 
on-ve
tive time �
 = l0=U with l0 = 25 mm and 
orresponding P�e
let number (de�ned in the text).9



For quantitative measurements, we �t (`x � `0)2 as extra
ted from the data using theleast-square method with two 
urves : a linear trend line (dispersive 
ase) and a squarefun
tion (adve
tive 
ase). When the 
oeÆ
ient of determination r22 of the square fun
tion islarger than r221, the one of the linear trend, the regime is assumed to be adve
tive (resultsare shown in Table I). We �nd that for velo
ities lower than U = 12:5 mm=s, the dynami
s isglobally better des
ribed by dispersion. Figure 4 shows the estimated value of the dispersion
oeÆ
ient for 
ow velo
ities up to U = 10 mm=s. For ea
h of these dispersion 
oeÆ
ients,we 
ompute Dm, the mole
ular di�usion 
oeÆ
ient, using Eq. (2). Performing an averageover the values obtained for ea
h velo
ity and taking into a

ount the error resulting fromthe �t and the un
ertainty on the dete
tion level, we �nd that the di�usion 
oeÆ
ient isDm = (0:7 � 0:5) 10�3mm2=s. We draw the theoreti
al value of dispersion 
oeÆ
ients Dfor Dm = 0:7 10�3mm2=s as a fun
tion of speed U on Fig.4. The values of D for U =2:5; 5; 7:5 mm=s are well predi
ted by the theoreti
al 
urve given by Eq. (2). For U =10 mm=s, D is not well aligned on this 
urve. This 
ould be explained by the fa
t thatit takes some time to rea
h the Taylor-Aris regime and we performed the estimation of Dusing all the data points shown in Fig.3. This 
an be further understood if we 
ompare the
hara
teristi
 di�usion time s
ale �diff = b2=(4�2Dm) = 2:26 s (here estimated taking intoa

ount the fa
tor 4�2 resulting from the resolution of the di�usion equation for the slowestsymmetri
 mode) with b = 0:25 mm and Dm = 0:7 10�3 mm2=s to the 
onve
tive time s
ale�
 = l0=U (see Table 1) 
onstru
ted here using a typi
al initial length l0 = 25 mm of thesample to be adve
ted. The 
orresponding P�e
let number Pe = �diff=�
 
omputed in Table1 shows that the dispersive regime holds in the 
ases where Pe is smaller or of the orderof one. Despite this good agreement, it must be noted that the 
hoi
e of the length s
alel0 used in the de�nition of the 
onve
tive time s
ale �
 is somehow arbitrary (see also these
tion III.C) and hen
e there remains some un
ertainty in the value of Pe. To quantify indetails the transition between adve
tive and dispersive regimes would rather require solvingthe full three-dimensional adve
tion-di�usion problem (numeri
ally, most likely). However,this remains outside the s
ope of the present work.Figure 5 shows the evolution of the square of the 
al
ulated length variation of thesample using Dm = 0:7� 10�3mm2=s 
ompared to the experimental data. For U = 5:0 and7:5mm=s, we see that the 
urves initially look like a parabola. This 
an be explained by thefa
t that the Taylor-Aris regime is not yet rea
hed for su
h short times.10
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Exp. U = 2.50 mm/s

Calc. U = 2.50 mm/s

Exp. U = 5.00 mm/s

Calc. U = 5.00 mm/s

Exp. U = 7.50 mm/s

Calc. U = 7.50 mm/s

FIG. 5. Comparison of 
al
ulated and measured length of samples for U = 2:5; 5; 7:5 mm/s frombottom to top.B. Adve
tive regimeTo gain quantitative insight into our experimental data for larger U , let us analyse theadve
tion of a passive tra
er (or dye) by a Poiseuille 
ow within the gapwidth of a one-dimensional Hele-Shaw 
ell [41℄. We 
onsider a re
tangular sample of initial length `0 andheight b as sket
hed in Fig.6. We assume that there is a Poiseuille 
ow deforming the sample11
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FIG. 6. Two-dimensional model for Poiseuille 
ow in the gap of the 
ell.in the Hele-Shaw 
ell gap and for whi
h the velo
ity pro�le has the form :v(z) = U �1� 4z2b2� : (5)In order to know what 
on
entration distribution is measured from a top view, we 
omputethe thi
kness d(x; t) of the 
olored layer 
rossed by the light in ea
h point along the x axisas a fun
tion of time, assuming that the dye is adve
ted without any di�usion.The axial 
oordinate of the extremum of the Poiseuille parabola for the ba
k interfa
eis xm;1(t) = Ut, while for the front interfa
e it is xm;2(t) = Ut + `0. Note that xm;2 thus
orresponds to the theoreti
al length of the sample (see Fig.6). We de�ne three zones alongthe x axis, as shown in Fig.6 :� zone 1 : 0 � x � `0,� zone 2 : `0 < x � xm;1(t)� zone 3 : xm;1(t) < x < xm;2(t)As the 
ow is along x, the axial displa
ement of a 
uid element with a �xed 
oordinate~z is given by x(~z; t) = x(~z; 0)+ v(~z)t. Thus, using Eq. (5), the height of the 
olored zone atea
h axial lo
ation x 
an be expressed asd(x; t) = 8>>>><>>>>:b� 2 ~z1(x; t) in zone 1,2(~z2(x; t)� ~z1(x; t)) in zone 2,2 ~z2(x; t) in zone 3, (6)where ~z1 is de�ned as ~z1(x; t) = b2r1� xUt ;12



(thi
kness between the rear interfa
e of the deformed sample and z = 0) and ~z2 is de�nedas ~z2(x; t) = b2r1� x� `0Ut ;(thi
kness between the frontal interfa
e and the 
enterline z = 0).This allows to plot the thi
kness of the 
olored layer as a fun
tion of x at di�erent times.The results are the pro�les shown in Fig.7 for a 0.123 ml sample displa
ed with a linearinje
tion speed of 50 mm/s.To take into a

ount the experimental resolution in 
on
entration, we 
ut the pro�lesbelow a thi
kness d
 of 
oloured water 
orresponding to 1.5% of the gapwidth, i.e. d
 =3; 75�m. The 
al
ulated sample length be
omes in this 
ase `a ' ( b�2d
b )Ut + l0 (
learly, laredu
es to xm;2 when d
 = 0). Nevertheless, this `
utting' 
orre
tion being very small in theexpression for la, we have 
hosen to plot in Fig.8 the lengths of the sample as given by xm;2,i.e. for d
 = 0. We see that, for U = 17:5; 25; 50 mm=s, the agreement is rather satisfa
tory.Nevertheless, the evolution of the length of a sample displa
ed at U = 12:5mm=s does not �twith the evolution of the length 
al
ulated following this adve
tive two-dimensional model.This indi
ates the in
uen
e of dispersion for speeds around and smaller than 12:5mm=s onour experimental times
ales.C. Transition length and time between dispersive and adve
tive regimesHaving determined in the previous se
tions the sample lengths for the pure dispersiveregime (`x) and for the pure adve
tive regime (`a), we 
an a priori estimate the length`�1 � `x = `a at whi
h the two are equal, i.e.`�1 � `0 +paDt = `0 + Ut ; (7)where a = 37:7, as determined in (4). This indeed provides a �rst estimate of the 
ross-overbetween the two regimes, as seen in Fig.9. On the other hand, as mentionned in the introdu
-tion, a purely dispersive regime is expe
ted when the Taylor-Aris 
riterion b2=4�2Dm � `�=Uis satis�ed. Assuming that the length to be used in this 
riterion is the adve
tive length`0 + Ut (whi
h is likely to be valid for the initial stage), we get a se
ond estimate of the
ross-over between both regimes bỳ�2 � b2U4�2Dm = `0 + Ut : (8)13



0 50 100 150 200 250 300
0

0.05

0.1

0.15

0.2

0.25

x (mm)

d
 (

m
m

)

FIG. 7. Temporal evolution of the thi
kness of the 
oloured layer along the longitudinal dire
tionx of the 
ell (for a gapwidth b = 0:25mm) in the 
ase of a sample of 0.123 ml (
orresponding toan initial width `0 = 25mm) displa
ed with a linear inje
tion speed U = 50mm=s. The pro�lesshown are 
al
ulated every se
ond. The dashed line 
orresponds to the initial sample.The 
orresponding transition time for ea
h estimate, using (2) for D, have the formst�1 = 4aKb29Dm + aDmU2 and t�2 = b24�2Dm � `0U : (9)Furthermore, for suÆ
iently large speed U (as is the 
ase for the range of speeds 
onsideredin this paper), these estimates 
an be simpli�ed tot�1 � 4aKb29Dm and t�2 � b24�2Dm : (10)Noti
e that in this limit, t�2 redu
es simply to the di�usion times
ale �diff , while t�1 redu
es to3 �diff , approximately. The di�usive nature of the transition time indi
ates that the systemis dominated by adve
tion for t < t�, and by (Taylor-Aris) dispersion for t > t�.In the present 
ase, we get t�1 � 7:1 s (t�2 � 2:3 s) for b = 0:25 mm, and t�1 � 28:5 s (t�2 � 9s) for b = 0:50 mm (see next se
tion). Both results seem to agree, at least qualitatively,with our experimental results (see Fig.3 and Fig. 10). However, the un
ertainty on themole
ular di�usion 
oeÆ
ient does not allow to dis
riminate between t�1 and t�2, and furtherinvestigations would be ne
essary to possibly de�ne the transition time more a

urately.14
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Exp. u = 50.00 mm/s
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FIG. 8. Comparison of 
al
ulated and measured length of samples for U = 12:5; 17:5; 25; 50 mm/sfrom bottom to top.
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FIG. 9. First estimate of the sample length `�1 (dot-dashed line) 
orresponding to the transitionbetween the pure adve
tive regime (`a) and the pure dispersive regime (`x), for three di�erentspeeds: 2.5 mm/s (dotted lines), 12.5 mm/s (dashed lines) and 50 mm/s (solid lines).D. In
uen
e of the gapwidthA similar series of experiments as those shown in Fig.3 has been performed for a largergapwidth, here b = 0:50mm. Not surprisingly, we found that dispersive regimes are only15
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U = 2.4 mm/s

U = 3.6 mm/s

U = 5.8 mm/s

U = 7.15 mm/s

U = 11.9 mm/s

U = 17.9 mm/s

U = 23.8 mm/s

U = 47.6 mm/s

t1*t2*FIG. 10. Same as for Fig.3 with b = 0:50 mm.observed on our experimental times
ales for really low speeds (Fig.10). As expe
ted fordispersion in a given gapwidth, it takes more time for mole
ular di�usion to homogenizethe distortion of the sample by the Poiseuille 
ow in larger gapwidths. Hen
e, for a givenspeed, the dispersive regime is established at larger times in thi
ker 
ells (in agreement withestimates of the previous se
tion).IV. VISCOUS FINGERINGLet us now 
onsider the linear displa
ement of initially 
ir
ular samples of gly
erol bywater. Unlike in the previous dis
ussion, the sample of gly
erol being displa
ed is now un-dyed while the displa
ing water is dyed in order to more 
learly demonstrate the vis
ous�ngering of the water into the gly
erol (Fig. 11).A. Fingering dynami
sAs the gly
erol sample is more vis
ous than the displa
ing water, i.e. as the mobility ratio,R = log(�2=�1) > 1 (where �1 is the vis
osity of the displa
ing 
uid and �2 the vis
osityof the sample), the dynami
s is quite di�erent than in the equal vis
osity situation. Firstof all, as seen on Fig. 11 for instan
e, the overall shape of the sample qui
kly 
hanges to adrop-like form with a spindle that eventually 
onne
ts the sample to the sink hole lo
atedat the other end of the 
ell. As the displa
ing dyed water is less vis
ous than the un
olored16



0.00

0.83

0.67

0.50

0.33

0.17

FIG. 11. Fingering of a sample of gly
erol displa
ed by dyed water for a mobility ratio R = 2:03and an inje
tion speed U = 12:50mm=s. The 
ropped zone is 66 mm large and 130 mm long. Thegapwidth b = 0:25mm. The top �gure is the dire
t image re
orded by the 
amera at t = 12 s andthe lower one shows the 
omputed iso
on
entration 
urves.sample, vis
ous �ngering o

urs at the rear side of the sample. As anti
ipated from 
lassi
alknowledge of previous VF studies [11, 42℄, the situation is more unstable for larger mobilityratios and high inje
tion speeds. This is featured here by the fa
t that �ngering appearsfaster and with a smaller wavelength when the mobility ratio R, or the speed U , is in
reased.Figure 12 shows the temporal evolution of the system for 3 di�erent inje
tion speeds ata given mobility ratio R = 1:03. At low speed (Fig. 12a), the deformation of the rearinterfa
e is a�e
ted by the inje
tion hole whi
h imprints a deformation into a large blob.At intermediate velo
ity, the inje
tion hole still a�e
ts the deformation but �ngers with asmaller wavelength develop within the 
entral blob. At larger inje
tions speeds, VF is strongenough to develop numerous thin and long �ngers that invade the vis
ous sample throughthe rear interfa
e.The in
uen
e of the vis
osity ratio at a �xed speed of 40 mm/s is shown in Fig.13. Thesample is displa
ed mu
h slower in the 
ell in the 
ase of large mobility ratios than for smallmobility ratios. For instan
e, 
omparing Fig.13a and Fig.13
, we see that for the same time,the sample has moved away from its inje
tion point in the low mobility ratio 
ase while17



FIG. 12. Vis
ous �ngering of gly
erol samples displa
ed by dyed water: three di�erent experimentswith the same mobility ratio R = 1:03 shown at various times for 3 di�erent displa
ing speeds : a)U = 2:5 mm=s, b) U = 12:5 mm=s, 
) U = 25 mm=s. The gapwidth b = 0:25mm and the �eld ofview 95 mm � 186 mm.it seems almost stationary in the high mobility ratio 
ase. We also note that at a smallmobility ratio R = 1:03 (Fig.13a), thin �ngers appear later when the sample has alreadybeen displa
ed beyond the inje
tion hole. At R = 1:55, long and thin �ngers develop onthe rear interfa
e when the sample is still above the inje
tion hole (Fig.13b). At an evenlarger R = 2:03, thi
ker �ngers that undergo repeated tip splittings are obtained right away(Fig.13
). So, in general, the 
omplexity of the vis
ous �ngering pattern in
reases with themobility ratio. Eventually, in very destabilizing 
onditions i.e. R = 2:49, situations 
analso be observed where the less vis
ous 
uid is so mu
h more mobile than the sample 
uidthat it forms a 
hannel into the middle of the sample and dire
tly goes to the sink expelling18



FIG. 13. Vis
ous �ngering of gly
erol samples displa
ed by dyed water: three di�erent experimentswith the same inje
tion speed U = 40:00 mm=s shown at various times for di�erent mobility ratios: a) R = 1:03, b) R = 1:55, 
) R = 2:03. The gapwidth b = 0:25mm and the �eld of view 100 mm� 240 mm.the more vis
ous 
uid on the sides of the 
ell (Fig.14). As a side remark, note that su
h aleftover of the more vis
ous phase outside the path of the 
ow is parti
ularly detrimentalfor oil re
overy or pollution events for instan
e.B. Quantitative analysisOur obje
tive is to quantify the in
uen
e of this vis
ous �ngering on the spreading of thesample. To obtain quantitative data, we followed the temporal evolution of iso
on
entration
urves. To do so, we extra
ted from the CCD images iso
on
entration levels (whi
h en
losethe zones of the pi
ture where the grey level normalised between 0 and 1 is superior or equal19



FIG. 14. Vis
ous �ngering for high mobility ratio R = 2:49. Displa
ing 
uid is inje
ted at speedU = 7:50 mm=s. The gapwidth b = 0:25mm and the �eld of view 100 mm � 240 mm.to a 
ertain threshold) as seen on Fig.15. Those levels are 
hosen here as equal to 0, 0.17,0.33, 0.50, 0.67, 0.83. The level 0.83 is determined experimentally to be the upper levelallowing to fully 
over the sample without displaying signi�
ant noise. An interval of 0.17between the various plotted iso
on
entration 
ontours was determined to be suÆ
ient to
learly des
ribe the dynami
s and isolate ea
h iso
on
entration 
urve from the others.We then measured the temporal evolution of the perimeter and the area of the iso
on-
entration levels for various values of R and U .20
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FIG. 15. Temporal evolution of iso
on
entration 
urves at �xed speed U = 7:50 mm=s and di�erentmobility ratios for 
ases R = 1:03 (left) and R = 2:03 (right). The time between ea
h frame is 9.00s.
21



C. E�e
t of the 
ow velo
ity
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 U = 5.00 mm/s

U = 7.50 mm/s

U = 10.00 mm/s

U = 12.50 mm/s

U = 17.50 mm/s

U = 22.50 mm/s

U = 30.00 mm/s

FIG. 16. Temporal evolution of the perimeter for 7 di�erent inje
tion speeds for a �xed mobilityratio R = 1:03 for U = 5 mm/s (rightmost 
urve) to U = 30 mm/s (leftmost one).As shown in Fig.12, by in
reasing the inje
tion speed U for a given mobility ratio R,we observe the appearan
e of more and thinner �ngers. We also see that the numberof tip-splitting events in
reases with speed. We plot the 
orresponding perimeter of theiso
on
entration 
urve 
orresponding to a grey level larger than 0:83 as a fun
tion of timein Fig.16. We observe at the beginning a very slow in
rease of this perimeter due to thedeformation of the sample as in stable 
ases before the �ngering instability sets in. Anabrupt in
rease o

urs on
e �ngering starts. The larger U , the earlier this in
rease starts.After a while, a de
rease appears 
orresponding to the time when the sample starts to exitthe 
ell. At low speed (U = 5:00 mm=s), the perimeter in
reases slowly be
ause of the slowdevelopment of one or two large �ngers whi
h �nally merge (as shown in Fig.12 a). At largerspeed (U = 30 mm=s), this perimeter growth has a mu
h larger slope before the sample iswashed out qui
kly out of the 
ell whi
h 
orresponds to a de
rease of the perimeter after itsmaximum.Surprisingly, a non-monotonous 
hange with speed of the maximum amplitude of theperimeter is observed: indeed, this maximum is smallest for intermediate values of U . Inparti
ular, for U = 10 mm=s, the maximum value of the perimeter in the 
ourse of time22
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U = 5.00 mm/s

U = 7.50 mm/s
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FIG. 17. Temporal evolution of the area for 7 di�erent inje
tion speeds for a �xed mobility ratioR = 1:03. The area is measured as the area of the zone o

upied by the gly
erol sample in whi
hthe grey levels are larger than 0.83.is the smallest value measured here. A
tually, the speed U = 10 mm=s 
orresponds to atransition between a regime at U < 10 mm=s 
hara
terized by the development of a fewlarge �ngers whi
h �nally 
ollapse to a regime at larger U in whi
h numerous �ngers invadethe sample and split a few times before the sample leaves the 
ell. For velo
ities larger thanU = 10 mm=s, the in
rease of the maximum value of the perimeter is asso
iated to thein
rease of the number of �ngers and of tip-splitting phenomena in time.Figure 17 shows the evolution of the area within the iso
on
entration 
urve 
orrespondingto a grey level superior to 0:83 for R = 1:03. The overall de
rease of the area in time isdue to the fa
t that the sample is drained out of the 
ell through the sink (Fig.2). This isin 
ontrast to the stable 
ase (R = 0) for whi
h the area grows before rea
hing the sink.For the unstable 
ase, the larger U , the faster the expel of the sample out of the 
ell andthe smaller the area for a given time. This feature, whi
h is due to the spe
i�
 
hoi
e ofinitially 
ir
ular samples and of a point sink, does not allow to appre
iate the in
uen
e of�ngering on in
rease of area as mu
h as in the 
ase of re
tangular samples and a sink lineas done in numeri
al simulations [3, 19, 20℄. However, �ngering still in
reases the total areaas it leads to the appearan
e of a lo
al bump in the temporal evolution of the area. This23



bump 
orresponds to the development of the �ngers. As for the perimeter, the maximumvalue of the area rea
hed by this bump does not vary monotoni
ally: for this mobility ratio,the transition between the regime 
hara
terized by the development of a few large �ngers(e.g. U = 5 mm=s) and the regime 
hara
terized by strong tip-splitting pro
esses (e.g.U = 12:5 mm=s) is also to be found around U = 10 mm=s. We also see that the bumpis lower in high speed 
ases. As we 
an see on Fig.12, it is indeed observed that for highspeeds, the sample shows lower spreading in the transverse dire
tion to the 
ow.D. E�e
t of the mobility ratio
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R=1.03

R=1.55

R=2.03

R=2.49

FIG. 18. Temporal evolution of the area for 4 di�erent mobility ratios and U = 7:50 mm=s.The temporal evolution of the area of samples of di�erent vis
osities displa
ed at a samevelo
ity is shown on Fig.18. As the mobility ratio in
reases from 1.03 to 2.49, the samplestays longer in the 
ell and the �ngering is more important, whi
h implies a later drop tozero (
orresponding to the total expulsion of the sample out of the 
ell) and a wider bumpdue to �ngering in the 
urve. When a \
hannel" of water is formed through really vis
ousgly
erol samples (as in Fig.14 for R = 2:49), �ngering is not well developed whi
h implies alower bump, but remains of the sample are found in the 
ell for really longer times than forless vis
ous 
ase. For instan
e at speeds lower than U = 7:5 mm=s, it takes more than 10times longer to eva
uate the whole sample for R = 2:49 than for R = 1:03.24
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FIG. 19. Temporal evolution of the perimeter for 5 di�erent mobility ratios and U = 7:50 mm=s.
The evolution of the perimeter of the sample for a �xed velo
ity and 5 di�erent mobilityratios is shown on Fig.19. The stable 
ase R = 0 shows a moderate in
rease of the perimeterbefore a sudden drop whi
h is due to the sample 
owing out of the 
ell on really shorttimes
ales. When �ngering takes pla
e, i.e. when R > 0, the distortion of the sampleimplies an in
rease of the perimeter, followed by a de
rease when the sample rea
hes thesink. ForR = 1:03 and for the low speed used here (U = 7:5 mm=s), the sample is 
owing outof the 
ell before the onset of signi�
ant �ngering, whi
h implies only a moderate in
reaseof the perimeter before the latter de
reases. The maximal value of the perimeter 
learlyin
reases at larger R. However, for really vis
ous samples, in the 
ase R = 2:49, theformation of the 
hannel des
ribed above implies that the perimeter does not rea
h verylarge values. It should also be noti
ed that vis
ous �ngering then still takes pla
e in theremains of the sample, whi
h explains the se
ond bump in the 
urve after the �rst peak. Onthe appli
ations side, this result indi
ates that, for instan
e, the extent of the 
ontaminationzone for highly vis
ous 
ontaminants in real porous media 
ould be lower than in the 
aseof 
ontaminants of moderate vis
osity, although it will take more time to wash those highlyvis
ous 
ontaminants out of the porous medium.25



V. CONCLUSIONWhen �nite size samples of a given 
uid are displa
ed by another mis
ible 
uid in a porousmedium or like here in a model Hele-Shaw 
ell, their spreading depends 
ru
ially on whetherthe interfa
e between the two 
uids is stable or not with regard to �ngering phenomena. Fora stable sample of same vis
osity than that of the displa
ing 
uid, �ngering does not o

ur,and two di�erent regimes of dispersion and adve
tive transport 
an be identi�ed, dependingon the inje
tion speed. In this stable 
ase, simple models of the temporal evolution of thesample length appeared to �t experimental data reasonably well, moreover providing anestimate of the mole
ular di�usion 
oeÆ
ient and of the dispersion 
oeÆ
ient (though witha large error margin due to a strong sensitivity to the dete
tion level of our opti
al system).For an unstable vis
ous sample displa
ed by a less vis
ous mis
ible 
uid, the rear interfa
e
an be
ome unstable be
ause of �ngering phenomena. We have studied here experimentallythe 
ontribution of su
h �ngering to the spreading of samples by analyzing the temporalevolution of the area and perimeter of samples of vis
ous aqueous/gly
erol mixtures displa
edin a Hele-Shaw 
ell by 
olored water. The larger the mobility ratio or the inje
tion speed, themore 
omplex the �ngering pattern and the larger the distortion of the sample. Con
erningthe perimeter of an iso
on
entration 
urve, its value is always larger for �ngered samples thanfor stable ones. The maximum value of the perimeter rea
hed before the sample starts to exitthe 
ell does however not evolve monotonously with U . Indeed, at �xed R, this maximumvalue shows a minimum at an intermediate value of U , separating regimes of deformation ina few large �ngers at small U and repeated splitting of numerous thin �ngers at large U . At�xed speed but in
reasing R, the maximum value rea
hed by the perimeter in
reases with Runtil saturating when the vis
osity ratio is large enough to indu
e dislo
ation of the sampleby the less vis
ous displa
ing 
uid heading towards the sink. For what 
on
erns the area ofa given iso
on
entration 
urve, the spe
i�
ity of the geometry studied here, i.e. an initially
ir
ular sample drained out towards a point sink, leads to an overall de
rease of the area.The development of �ngering is witnessed by the presen
e on this temporal global de
reaseof bumps that 
orrespond to an in
rease of the total area.Our study shows that a Hele-Shaw 
ell is a good tool to understand and quantify therelative 
ontribution of dispersion and �ngering instabilities in the evolution of lo
alizedsamples displa
ed by 
uids with di�erent vis
osities, as a fun
tion of the inje
tion velo
ity.26



Even though there is an analogy between 
ows in Hele-Shaw 
ells and in porous media,allowing to expe
t that some of our observations 
ould be transposed to appli
ations su
has 
ontaminant spreading or 
hromatography, it remains to explore to what extent su
hanalogy holds, in parti
ular for real three-dimensional porous stru
tures.
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