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I. Summary of Activities

Thisisasummary ofactivitiesonthestatedgrantoverthelastgrantperiod,July1990-
present.We havebeenactiveinthreeareas:

Numericalsimulationsofviscousfingeringinmiscibledisplacements

Numerical and analytical studies of the effect of non-Newtonian fluid characteristics
oninstabilities

Analyticalstudiesoftheonsetofviscousfingeringwithnon--monotonicmobili_
prof'fles

Progress in each of these areas is detailed in the sections below.

Smdcms
Three Phi) students have been supported or partially supported over the last grant period.

Mr. William Zimmerman - PhD candidate - Mr. Zimmerman will complete his
thesis in Fall, 1991, and has been awarded a NATO Postdoctoral Fellowship for
study in Madrid, Spain.

Mr.JalelAzaeiz-PhD candidate-Mx'.Azacizhascompletedallhiscourseworkand
passed the PhD qualifying examination. He will complete his thesis in late 1992.

Mr. Olagappan Manickam - Phi) candidate - Mr. Manickam has completed all his
courseworkandpassedthePhD qualifyingexamination.He willcompletehis
thesisinlate1992.

A.Paperappearinginprintduringthelastgrantperiod acknowledgingDOE support:

I.W. B.Zimmerman & G.M. Homsy, Nonlinearviscousfingeringinmiscible
displacementwithanisotropicdispersion,Phys.Fluids/i3,1859,1991.

B. Manuscripts in preparation

1. W. B. Zimmerman & G. M. Homsy, Large scale simulation of viscous
fingering in three dimensions.

2. C.-T. Tan & O. M. Homsy, Interaction of viscous instability with permeability
heterogeneities.

3. O. Manickam & G. M. Homsy, Fingering instabilities with non-monotonic
mobility profiles.

I 2



Invited PlenaryLecture

"Fingers, Dendrites and Cracks: Modelling Unstable Growth Processes".
SIAM Annual Meeting, July 1990, Chicago IL

Presentations

G. M. Homsy "Fingers, Dendrites and Cracks: Modelling Unstable Growth
Processes". Departmental Seminar, Dept. Chemical Engineering, Univ. Florida,
March, 1991.

G. M. Homsy "Fingers, Dendrites and Cracks: Modelling Unstable Growth
Processes". Applied Mathematics Colloquium, Stanford University, April, 1991.

O. Manickam & G. M. Homsy "Effect ¢,fNem-monotonic Viscosity Profiles on the
Stability of Miscible Displacements in Porous Media" to be presented at the Annual
Meeting of the APS Division of Fluid Dynamics, Tempe AZ, November 1991.

J. Azaiez & G. M. Homsy "Linear Stability of Inviscid non-Newtonian Free Shear
Layers" to be presented at the Annual Meeting of the APS Division of Fluid
Dynamics, Tempe AZ, November 1991.

G. M. Homsy & W. B. Zimmerman "Viscous Fingering in 3D Porous Media: A
Numerical Study" to be presented at the Annual Meeting of the APS Division
of Fluid Dynamics, Tempe AZ, November 1991.

2. Wgrk Accom_olisbed

--ViscousFineering in Miscible Displacements (Will Zimmerman)

Misc:ble displacement is of much practical interest due to its applications in enhanced oil recovery,
channelling m packed beds, and fixed bed reactor regeneration. Much past work has dealt with the
effects of adverse viscosity ratio and isotropic dispersion on the stability and nonlinear evolution of
viscous fingers. Largely ignored have been the effects of the tensor character of dispersion and the
majority of numerical work has been done in two dimensions. On the other hand, ali laboratory
experiments and field applications involve anisotropie dispersion and three dimensional flow. It is
our intent to describe, by means of large scale numerical simulation, the effects of anisotropic,
velocity dependent dispersion on the three-dimensional evolution of viscous fingers. Large scale
numerical simulations also yield temporally and spatially averaged profiles which accurately predict
average composition and evolution rates of the instability.

Given the cotrplicated nature of the physical effects we are investigating, the most illuminating
strategy of attack is to simulate miscible displacement with several different models, each
incorporating a different component of the tensor character of dispersion. We have successfully
completed a study of anisotmpic Taylor dispersion effects in the 2-D evolution in the Hele-Shaw
cell, Zimmerman & Hornsy (1991). We discovered several new mechanisms of finger interaction -
- the coalescence of multiple fingers into one larger, wider finger and the fading or pinching off of
some long fingers that slow up. The most striking result was that weak transverse dispersion
makes litre difference in the global rate at which the instability bypasses the fixed, more viscous
fluid.



Tan& Homsy (1988)previouslyconsideredwe.akenoughlongitudinaldi_ion thatan
ins_bilityatthetipoffingerscandevelopfromcrossflow.Becauseofadvancesinota'.simulation
technique,itisnow possibleforustoconsidercaseswithextremelyweaklongitudinaldispersion.
Attheweakestcasesoflongitudinaldispersion,fingerstip-splitmultipletimes.ShowninFigure1
areresultsforverylowlevelsofdispersion(Pccletnumber= 8000).Thisisthe,firstsuch
numericallyaccuratesimulationofmultipletip-splitting.Evenwiththecomplicatedconfiguration
offingerscausedbymultipletip-splitting,theaveragerateoffingerpropagationisagain
insensitivetoPe.

Anotherproblemunderstudyistheeffectsofthrcc-dimensionalityontheevolutionofviscous
fingers.Untilnow therehavebeennoreliablenumericalsimulationsoffingeringathighPein
threedimensions.We havedevelopedanew vorticityformulationthatallowsefficientuseof
spectralmethodsinthreedimensions.ShowninFigure2istheevolutionofanisoconcentration
surface that clearly demonstrates the splitting at the tip of a finger. In the region of parameter
space accessible by our study, we found little change in the average profiles from the
corresponding 2-D model. Similarly, we found the 3-D interaction mechanisms of coalescence,
shielding, spreading, and tip-splitting that differed little from the 2-D counterparts. We are
investigating via simulation the pattern selection due to nonlinear effects among disturbancesof the
same wavenumber but differing in symmetry. We have shown that cellular structures with
hexagonal symmetry outstrip those with square symmetry and roll symmetry by weak nonlinear
self interactions, explaining the compact tubular structure of the viscous fingers shown in Figure 2.

t = 584

t = 1224

t = 1864

t = 2504

t = 3144

Figure _., Simulation results for fingering at high Peclet number (Pe = 8000) for isotropic
dispersion, showing concentration contours at different times. Note the oeeurence of multiple tip-
splitting events. Such events are often seen in experiments, and have been simulated accurately
here for the lh'st time.
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Polymer Flow Interactions in Free Shear Layers of Viscoelastic Huids (Jalel Azaiez)

The problem of polymer conformation and interactions with flow is key in understanding the use
of polymer additives to stabilize displacements against fingering instabilities. Due to the
geometrical complexity of porous media, however, the local flow field is not well-characterized,
even in a statistical sense. Our hlterest is in understan_ng how the large resistance of dissolved
.polymers to extensional flows leads to a modification o_ those flows, as well as the observed
increase in pressure drop through porous materials.

As a first step, we are studying these interactions in a well-defined flow, namely a free shear layer.
The free shear layer represent an important prototype problem that is reasonably well-understood
for Newtonian fluids (see e.g. Corcos & Lin (1984), Metcalfe, Orszag c¢al (1987), Moser &
Rogers (1991) and the many references therein). Important undea'standing of the mechanisms of
vorticity production, subharmonic (pairing) instabilities, and vortex stretching has come from such
studies.

We have recently developed a two-dimensional Hartley Spectral Navier Stokes code, and have
verified it through direct simulation of the two dimensional mixing layer at Reynolds numbers (Re)
up to 400. These validation runs were done using a small workstation. Figure 3 shows some
typical results from this verification. We then modified this code to treat a specific viscoelastic
model based on the Oldroyd-B constitutive equation. This model introduces a new dimensionless
group referred to as the Weissenberg number (We). Both codes have been implemented on the
CRAY Y-MP at the SDSC.

We have also analyzed the 2-D linear stability of a plane mixing layer in the distinguished limit of

Re _ **, We =_ *%We/Re fixed. This is illustrative of the effect that viscoelasticity can have on
the inviscid modes and will shed light on the mechanisms of coupling between vorticity and normal
stresses associated with straining in the flow. Our preliminary results indicate that there is such a
coupling which is characterized by an elasticity parameter,

G _- We/Re = Xv/_5

representing the ratio of elastic to viscous relaxation times within the fluid. Analysis of the
linearized equations, (not given here) indicate that the flow is governed by a modified Rayleigh
stability equation. Figure 4 gives some typical results for the dispersion relation obtained by
solving this modified Rayleigh equation, with G as a parameter, lt is clear that viscoelasticity has
an effect on the inviscid modes, which we believe is due to the plane strain associated with the
Kelvin-Helmholtz instability.
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Effect of Non-monotonic Viscosiw Profiles on the Stability of Miscible Displacements in Porous
Media(0. Manickam)

We consider the miscible displacement process illustrated below.

C=1 C=0
U

_1 _1"2

ii

A fluid of viscosity ].I.idisplaces a fluid of viscosity ].h at a uniform base velocity U. Such
miscibledisplacementprocessesarcofinterestinenhanceAoilrecoverywhereforexampleCO2 is

used to displace oil out of the reservoir. The viscosity I,tof the fluid depends on the local
composition c. For a monotonic dependence of viscosity on concentration It(c) it is known that an
unfavourableviscositycontrast(lt_< l-h)resultsininstability.The objectiveofthepresentwork
istostudytheeffectofnon-monotonicviscosityprof'fleson thestabilityoftheinterface.

As alh'ststepwe haveemployedalinearstabilityanalysistostudythestabilityoftheprocess.We
haveobtainedananalyticalsolutionwhen thebasestateconcentrationisa stepprofile.Further
analyticalsolutionsarepossibleintheformofasymptoticexpansionsofthegrowthrateforshort
timesandforsmallwave numbers.

The results indicate that the stability of the interface depends not on the end-point viscosities but on
the end-point derivatives of viscosity with respect to concentration. The cntead.afor instability is
(d_t/dcL.i + (dlMdc)_ < O. This gives the following interesting possibility. A non-monotonic
variationofviscositywithconcentrationlt(c)canyielda stabledisplacementeveniftheviscosity

contrastisunfavourable(l.t_< l-h).Asymptoticexpansionsforshorttimeshowsthatthediffusion

ofthebasestatedoesnotalwaysmitigatetheinstability.IfI.t(c)isnon-monotonicthediffusionof
thebasestatecaninfactenhancetheinstability.

_]. Proposed Work

During the next grantperiodwe intend to pursuethe projectsdiscussedabove. Mr. Zimmcrman's
work is quite mature andwill bcfinished within the next 3 months. The work of Mr. Azaicz and
Mr. Manickam arcin roughly equivalent stagesof development,and their courseover thenext year
isfairlywell-set.

ViscousFingeringinMiscibleDisp_laccmcnts(WillZimmcrman)

The remainingworkonthisprojectistofocusinmoredetailontheeffectsofthevelocity
dependenceofdispersionon thepropagationoftheinstability.We intendtosimulatemiscible
displacementwithamore generalvelocitydependencethanTaylordispersion.Inaddition,we will
finishtheanalysisofthethreedimensionalsimulations,prepare_tmanuscriptforpublication,and
comparebothourtwo-andthree-dimensionalresultswiththeexperimentalresultsofProfessor
DominiqueSalin(ParisVI).
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Instability_andTrarlsirionin Mixing Layer_of Viscoelastic Fluids Oa.lelAzaiez)

We ._a'0poseto pursue the linear stability analysis.of the plane mixing layer in order to study the
detailedinteractionbetweentheevolutionofvorticityandtheextrastressescarriedbythepolymer.
We will analyse numerically the secondary instability of .theequilibrated vortical structures using
standardtechniquesof linear stabilitythcoz7. Thesestudieswillbecomplementedbylargescale
numericalsimulationsintwoandthreedimensions.

EffectofNon-monotonicViscosityProfilesontheStabilityofMiscibleDi_lacementsinPorotls
(o.Manickam)

Linearstabilityanalysisgivesthepossibilityofastabledisplacementevenunderanunfavorable
end-pointviscositycontrast.Butthisholdstrueonlyforsmalldisturbances,ltisnotclearwhether
the displacement will remain stable when the disturbances are of finite amplitude. Further we
suspect that the non-monotonicity of It(c) will give rise to "penetrative fingering", in which the
spatial extent of the fingering will be limited to 'unfavorable' parts of the mobility profile, and
therefore will notpropagate indefinitely as occurs with monontonic profiles: see e.g. Figure 1. In
order to investigate these issues we plan to apply the bifurcation theory to our problem.

The next step is to study the effect of non-monotonic viscosity profiles on the observed averaged
features of viscous fingering. To study this we need to numerically simulate the miscible
displacement process. The simulation will use a Hartley transform based numerical scheme and
will closely follow that of Zimmerman & Homsy (1991).
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