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A B S T R A C T

Diffusion-initiated interfacial dynamics between two miscible fluids are investigated. Heptane is diffused into
viscous crude oil in a microscale Hele-Shaw cell. No external pressure gradients are applied; hence, the imposed
Peclet number is zero. Surprisingly, the diffusive/dispersive process is dictated by a two-stage dispersive me-
chanism owing to the multicomponent character of the crude oil. Stage I is distinguished by the spontaneous
fractal-like fingering of heptane into the crude oil phase due to diffusive preferential light components extraction
from the crude oil. Stage II is characterized by diffusive miscible fluid-pair mixing between the heptane and the
heavy components in the crude oil. Preferential diffusive extraction of light components exceeds the diffusion
between heptane and heavy components in stage I, thereby allowing a distinct interface to form between
heptane and the crude oil. Compositional gradients induce dynamic interfacial tension gradients that lead to
convection. Convection cells at the finger tips dictate local mass exchange and drive the self-similar fractal-like
finger splitting. Fractal analysis of the fingering process shows increasing fractal dimensionality during the early
diffusively-dominant fingering regime approaching that of diffusion-limited aggregation (Df∼ 1.67), and a
drastic decrease in fractal dimensionality thereafter due to small-scale convection (Df∼ 1.55). We characterize
the fractal finger growth and mass exchange, and calculate the local dynamic interfacial tension. We find that
spontaneous fingering, i.e., the occurrence of stage I, requires gap spacing less than 15 μm in the current system
and the presence of light extractable components in the crude oil.
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1. Introduction

Heavy oil, extra heavy oil, and bitumen consist of about 70% of
global oil resources [1]. Recovery of this resource, however, is impaired
due to its large viscosity [2] and the complexity of its transport under
porous micro-confinement [3]. Thermal methods such as steam drive,
cyclic steam stimulation (CSS), and steam assisted gravity drainage
(SAGD) have been applied successfully to reduce the crude oil viscosity
in siliciclastic formations [4,5], but require intensive energy input,
often from burning other fossil fuels, and freshwater resources. The
resulting thermal enhanced oil recovery process is therefore dis-
advantaged environmentally.

Promisingly, solvent-assisted extraction provides a means to en-
hance oil recovery, reduce materials and energy input, and limit the
environmental impacts that are typically associated with thermal
viscosity-reduction processes (c.f., Boone et al. [6]). Specifically, light
miscible hydrocarbon solvents such as propane, pentane, and heptane
improve crude oil recovery by reducing the viscosity of the crude oil
through diffusive mixing [7] to provide an economic and en-
vironmentally benign path to recover viscous crude oils [8,9]. Complex
crude-oil compositions and unresolved solvent-crude oil mixing dy-
namics at the microscopic pore-scale, however, lead to significant un-
certainties in the macroscopic reservoir-scale behavior of the recovery
process. Specifically, mixing dynamics of solvent into the crude oil,
swelling of crude oil due to solvent dissolution [10], and potential
formation damage due to solvent particle precipitation [11] must be
resolved. These are all pore- and interface-level dynamics that must be
described at the microscale.

Investigation of fundamental interfacial behavior of reservoir fluids
at the microscale are enabled by recent advances in microfluidic de-
vices. Advantageously, microfluidic platforms allow direct insight into
the diffusive/ dispersive dynamics that dictate solvent-enhanced oil
recovery in porous media at the relevant length (∼μm) and time scales
(∼ms) of subsurface flows [12–18]. Fundamental investigations on
phase behavior, interfacial dynamics, and solvent-crude oil mixing are
enabled by simple microfluidic devices [12,15,16,19,20]. One simple
microfluidic geometry used to probe immiscible fluid-pair dynamics is
the Hele-Shaw configuration [21–25] where the dynamics of fluids
between two parallel plates are delineated directly. Experimental and
theoretical developments in the literature show results for low viscosity
fluids injected into resident high viscosity fluids within Hele-Shaw cells.
The two parallel plates comprising the Hele-Shaw configuration are
maintained at a fixed distance (∼mm–cm) to mimic the permeability of
porous rock material. The Hele-Shaw configuration has formed the
basis of analytical solutions to the interfacial instabilities observed
when a fluid with low viscosity (e.g., an injectant) displaces one with
higher viscosity (e.g., the crude oil) [21,26–28]. The Saffman-Taylor
solution, for instance, describes the interfacial instabilities that arise
due to the injection of an immiscible low viscosity fluid into a high
viscosity fluid in a Hele-Shaw configuration.

More recent studies on partially miscible fluid-pairs have been
motivated by a number of practical applications, including CO2 storage
and enhanced oil recovery [7,8,27–33]. Notably, experiments con-
ducted using fluid-pairs at the low interfacial tension condition, typi-
cally single-component fluids such as glycerol and water, show sur-
prising dynamics between the initially distinct fluid phases, such as
regularity in interfacial instabilities and the existence of ramified fin-
gering during injection [30,32]. Such high capillary number
(Ca= viscous forces/surface tension) and low Peclet number
(Pe= imposed advection rate/diffusion rate) systems result in complex
interfacial instabilities that arise due to competing driving forces.
Furthermore, recent modeling of miscible fluid-pair mixing due to ex-
ternally-driven flow- and buoyancy-forcing shows complex fingering
dynamics [34,35], and uses the idea of Korteweg stresses to describe the
complex mixing behavior [36–39]. Specifically, Korteweg stresses are
transient, tangential stresses introduced to account for diffusive mass

exchange that is not present in classical immiscible fluid-pair descrip-
tions of mass and momentum conservation. In keeping with conditions
that represent subsurface processes such as oil recovery or carbon se-
questration, further delineation of the dynamics at fully miscible, low
flow, and complex fluid composition conditions are required.

Insofar as the literature has delineated the mechanisms underlying
interfacial dynamics between simple miscible fluids, diffusion-initiated
mixing between multicomponent, fully miscible fluids at the low flow,
micro-confined scale has scarcely been explored experimentally. In this
work, we examine oil recovery mechanisms due to solvent-crude oil
dispersion at microscopic length scales due to diffusively-driven fluid
mixing. As outlined above, existing literature examines the interfacial
dynamics between immiscible and miscible fluids due to injection of a
low viscosity fluid into a high viscosity fluid. As an analog to far-from-
well conditions and cyclic single-well processes, we probe the inter-
facial dynamics between miscible fluids in the absence of external
pressure gradients and imposed flows.

2. Experimental methods

Microscale solvent-crude oil mixing dynamics underlying solvent-
enhanced oil recovery were visualized in a glass micro-Hele-Shaw cell.
Heptane (Heptane, H350-4, Fisher-Scientific) was chosen as the solvent
phase due to its miscibility with crude oils. Viscosity of heptane at the
experimental conditions is 0.42 cP. The properties of the crude oil are
listed in Table 1. Specifically, the crude oil chosen has a viscosity of
87.7 cP. The viscosity ratio of this fluid-pair is hence ηcrude oil/
ηsolvent=209. Fig. 2 shows the complex compositional character of the
crude oil.

Interfacial dynamics between the solvent and crude oil were in-
vestigated in a microscale Hele-Shaw-type apparatus (Fig. 1). A single
crude-oil droplet was sandwiched between two horizontal glass plates
to minimize gravitational mixing. Gap spacing between the glass plates
was set to 5, 15, and 30 μm to investigate the effect of length scale.
Stainless steel shim stock was used to maintain the gap spacing. Solvent
droplets dispensed near the edges of the cover plate entered the flat cell
via capillarity. No external pressure gradients or injections were applied
to drive the flow. All experiments were conducted at ambient tem-
peratures and pressures and the system boundary was held at constant
pressure. Boundaries were also submerged in heptane. A microscope
(Leica Z16 APO Macroscope) and camera (Leica DFC 450) were used to
capture the dynamics directly. The dynamics were recorded at 25
frames per second.

3. Results

3.1. Spontaneous two-stage mixing

Diffusive mixing between the miscible crude oil and solvent pair, in
the absence of external pressure gradients or flow impositions, resulted
in a surprising two-stage mixing phenomenon (Fig. 3). Specifically, for
a Hele-Shaw cell with a gap spacing b=5 μm, heptane and crude oil
mixed in two markedly distinct stages: spontaneous formation of
fractal-like fingers at short times (i.e., Stage I, Fig. 3, t=0 s to t=24 s)
and slow diffusive mixing thereafter (i.e., Stage II, Fig. 3, t=24 s to
t=91 s). Anomalously, in the absence of external pressure gradients or

Table 1
Crude oil characterization [40].

Crude oil properties Value

Acid number (mg g−1) 0.83
Base number (mg g−1) 2.87
Viscosity at 22 °C (cP) 87.7
Asphaltene content (wt %) 6.2
Specific gravity 0.918
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flow, the mixing timescale for a crude-oil droplet with a radius of
∼2.5mm was on the order of ∼1min. In contrast, purely diffusion
driven interaction timescales are expected to be ∼1 h for a typical
crude oil-heptane diffusivity of D∼ 1.5×10−5 cm2/s [41]. The ob-
served spontaneous fractal-like fingering was therefore not driven by
diffusion alone.

3.2. Dependence on crude oil composition.

Robustness of this spontaneous fingering phenomenon was corro-
borated using a series of crude oils with different compositions that
resulted in a range of volatilities and viscosities. The degree of spon-
taneous fingering was found to be related to the composition of the
crude oil. Specifically, volatile crude oils containing both small, mobile
molecules and large, relatively immobile molecules experienced the
spontaneous fingering phenomenon repeatably (Fig. 3). With de-
creasing volatility and increasing viscosity (i.e., crude oils with fewer
small, mobile components), fewer stable fingers were propagated.

At the extreme, crude oils with only large immobile molecules
showed no spontaneous fingering. The same result was observed for
devolatized crude oils where light components had been expelled.
Mixing between nonvolatile crude oil and solvent was consistent with
bulk-scale diffusion (Fig. 4). The degree of spontaneous fingering,
therefore, increases somewhat with the volatility of the crude oil. While
it is difficult to ensure that these results will apply to all petroleum
reservoirs owing to the heterogeneities in crude oil composition, the
experimental results show that spontaneous fingering occurs for mod-
erately volatile and viscous crude oils that consist of both light and
heavy components.

3.3. Dependence on gap spacing

The anomalous spontaneous fingers are unique to micro-

confinement and are not observed at the bulk-scale. Scale-dependence
of the phenomenon is therefore suggested.

The degree of spontaneous fingering between crude oil and solvent
pairs were investigated with respect to the gap spacing between the
parallel Hele-Shaw plates. Mixing dynamics were characterized under
gap spacings of b=5, 15, and 30 μm. For the crude oil composition
described in Table 1, a critical gap spacing of bcrit∼15 μm was found as
the cut-off length, i.e., minimum pore-size, at which the specific fluid
pair fingers spontaneously (Fig. 5, b=15 μm). That is, fingering oc-
curred spontaneously for gap spacings below the cut-off length scale,
b < 15 μm (Fig. 5, b=5 μm), and was absent for gap spacings above
the cut-off length-scale, b > 15 μm (Fig. 5, b=30 μm). Experiments
with different crude oils show that the cut-off gap spacing is dependent
upon the composition of the crude oil. For fixed microscale gap spa-
cings, impressively, the fingers were spaced evenly. A gap spacing of
b=5 μm, for example, resulted in critical unstable wavelengths, that is,
the instability wavelengths at which fingers propagate [21], of
λc∼ 272 μm ± 69 μm (Figs. 6 and 5). The critical wavelength for a
b=15 μm gap spacing was λc∼ 820 μm (Fig. 5), showing diminishing
instability with scale. In the subsurface, these results suggest that
tighter formations, i.e., reservoirs with small pore-sizes, are most sus-
ceptible to the enhanced mixing due to spontaneous fingering.

4. Discussion

Under no external pressure gradients, a surprising two-stage diffu-
sive process was observed wherein solvent appears to finger sponta-
neously into a complex crude oil containing both heavy and light
fractions. The same miscible fluid-pair mixes diffusively under bulk
conditions, and measurements of bulk-scale interfacial tension are not
possible due to the lack of a distinct interface. It is therefore surprising,
then, that under microconfinement, the two fluids form distinct phases
and that mixing is enhanced by the formation of spontaneous fingers.

Fig. 1. Microscale Hele-Shaw cell with gap spacing, b, of 5, 15,
and 30 μm. A single crude oil droplet is encased between the top
and bottom plates and heptane solvent is introduced. Heptane and
crude oil are miscible and the system boundaries are held at
constant pressure and immersed in heptane. No external pressure
gradient or flow is imposed.

Fig. 2. Composition of the crude oil by carbon number (C). This crude oil is comprised of both lighter (C5–10) and heavier (C11+) components. Light components
are mobile and capable of relatively rapid diffusion, whereas heavy components are less so.
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Importantly, the anomalous spontaneous fingering was observed only
for crude-oil samples containing both heavy and light components
(Fig. 3) and was not observed in oil samples with only heavy compo-
nents (Fig. 4). The reliance of the spontaneous fingering phenomenon
on crude oil composition (Figs. 3 and 4) suggests that the two-stage
diffusive process may be attributed to the multicomponent character of
the crude oil.

4.1. Two-stage mixing due to multicomponent character of crude oil

In volatile crude oil, small, lighter components are mobile (diffu-
sivity D∼ 1/d, where d is the molecular diameter) and are susceptible
to diffusion [42]. Heavy, branched components, on the other hand, are
less mobile in comparison and their self-affinity retains the heavy
components in the original crude oil phase. Similarly, lighter compo-
nents enable the diffusion of other species, such as the solvent heptane,
to diffusive easily, whereas heavier components retard the diffusion of
such solvents. As a result, when in contact with a miscible solvent such
as heptane, differential rates of diffusion arise due to molecular size and
mobility.

In the case of the dynamics shown in Fig. 3, spontaneous fractal-like
fingering of stage I (Fig. 3, t=0 to 24 s) is attributed to the mutual
diffusion of light crude-oil components into the solvent phase and
heptane molecules into the crude-oil phase. We observe preferential
diffusive extraction of light components out of the crude-oil phase and
the diffusion of heptane into the crude-oil phase over time. Light
components extraction is evidenced through reductions in droplet size
compared to the initial conditions (Fig. 3, t=24 s vs. t=0 s), and is
consistent with the zero-net-flux condition for multicomponent diffu-
sion [43]. Contact between crude oil and the solvent creates a sharp
concentration gradient that drives rapid migration of (i) light compo-
nent molecules out of the crude-oil phase and into the solvent phase,
and (ii) heptane molecules out of the solvent phase and into the crude-
oil phase. Immobile heavy components, however, are left behind and
concentrated in the crude-oil phase. This results in the observed pre-
ferential diffusive extraction and fingering.

The fractal-like fingering process continues until light, mobile
components are extracted preferentially by diffusion. Full extraction of
the light components marks the conclusion of spontaneous fingering in
stage I and the onset of slow diffusion in stage II. Specifically, heavy
crude-oil molecules diffuse into the solvent phase (Fig. 3, t=24 to 91 s)
and heptane molecules diffuse into the crude-oil phase, causing the
crude oil phase to swell beyond its initial size (Fig. 3, t=58 to 91 s).
Diffusive mixing during stage II blurred out the fractal-like fingers
formed during light-components extraction in stage I.

Fig. 3. Hele-Shaw cell experiment of mixing dynamics between heptane and the crude oil. The orange circle denotes the original drop shape. Stage I (t=0 s to
t=24 s) is characterized by rapid mixing that is dictated by fractal-like fingers that develop spontaneously into the crude-oil droplet. This stage is fast and on the
order of 10's of seconds. Stage II (t > 24 s) is characterized by slower (on the order of minutes) mixing between the solvent and the crude oil phases that is described
by bulk-phase diffusion. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Perturbations to the interface were not observed for non-volatile crude
oil and solvent pairs where the light, volatile components in the crude oil were
liberated in advance of the experiment.
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4.2. Interface characteristics: self-similarity in finger splitting due to
recursive diffusive-hydrodynamic perturbations

The spontaneous fingers that propagated into the crude oil droplet
exhibit self-similarity. Characterization of fingering fractal dimension
based on interfacial contact area (Fig. 7) and of volumetric evolution
(Fig. 8) show that the fractal dimensionality of the fingers range from
Df=1.55 to 1.67 for a gap spacing of 5 μm over time. Fractal dimen-
sions were obtained through characterization of the interface deli-
neated by the invading fingers using box counting. Specifically, the
FracLac plugin from ImageJ was used to quantify the fractal dimen-
sions. Changes in the fractal dimensions of the mixing phenomenon
delineates three regimes: (i) a diffusively-dominant regime (Fig. 8b,c
green) where fractal dimensionality increases and droplet size de-
creases linearly, (ii) a hydrodynamically-dominant regime (Fig. 8,
t=7.84 to 12.08 s, b,c yellow) where both fractal dimensionality and
droplet sizes decrease rapidly, and (iii) another diffusively-dominant
regime (Fig. 8b,c red) where fractal dimensions increase and droplet
sizes decrease rapidly.

Regime I, in which fractal dimensions increase and droplet volumes

Fig. 5. Occurrence of spontaneous fingering with gap spacing.
Critical wavelengths λc are observed to scale with the gap spacing,
b. The cut-off length-scale in the present crude oil – heptane system
is a gap spacing of b∼15 μm. Larger gap spacings, i.e., larger pore
spaces, do not benefit from the enhanced mixing of spontaneous
fingering.

Fig. 6. Most unstable wavelength. The system consistently exhibits fingering at
the most unstable wavelength of λc∼ 272 μm ± 69 μm for a gap spacing of
5 μm.

Fig. 7. Time-evolution of interfacial contact area between the
crude oil and solvent over time. Contact area, delineated by the
length of the interface, is normalized based on the initial interface
(blue). The dimensionless contact area increases faster than that of
classical diffusion as approximately the cubic of time (red) due to
dispersion driven by fluid mixing. Dimensionless contact area at a
fixed time 10 s is shown as a function of gap spacing in the inset to
demonstrate the increasing importance of the fingering me-
chanism on effective mixing rates at small scales. (For inter-
pretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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decrease linearly, is dictated by the mutual exchange of mass between
the solvent and light components in the crude oil. The diffusively-
driven fingering results in compositional gradients along the crude oil-

solvent interface, and hence gradients in density, viscosity, and dy-
namic interfacial tension. In our system, preferential diffusive light
components extraction (i.e., heavy components concentration) induce a
gradient in dynamic interfacial tension that destabilizes the interface to
drive the fingering process. During the early diffusion-driven interfacial
perturbation regime (Fig. 8, t=0 to 1.84 s, green), fractal dimension-
ality increases from a flat interface towards Df=1.67 due to finger
splitting that approaches diffusion-limited aggregation (DLA,
Df,DLA=1.68 ± 0.04) [44,45]. Indeed, the pattern formed during the
spontaneous fingering process is reminiscent of the DLA model of
Witten and Sander [46,47]. Specifically, the interfaces are destabilized
in a recursive manner, similar to the sticking of monomers to a cluster
[44,48,49]. One can view the initial interfacial instabilities (Fig. 12b) as
the “monomers”, and its growth and recursive destabilization as the
“sticking of additional monomers”. Interfacial destabilization due to
diffusion-driven mass exchange, hence, is a fractal-like process in that
each perturbed interface is perturbed recursively, resulting in an ap-
proximately linear growth in its fractal dimension.

Regime II, in which both fractal dimensions and droplet volumes
decrease, marks a hydrodynamically-dominant regime (Fig. 8, t=7.84
to 12.08 s, b,c yellow). The interfacial fluid property gradients devel-
oped in regime I result in a Marangoni-like instability that enables
convective dynamics to dominate in regime II. Dominant Marangoni-
driven convection in place of diffusion-driven mixing results in en-
hanced mass exchange between the crude oil and solvent phases. The
significance of the Marangoni effect in this case is measured by the
Marangoni number

=
δσ
δC

L C
ηD

Ma Δ
(1)

where δσ/δC is the change in interfacial tension with concentration and
ΔC is the total change in concentration across the characteristic length L
for a fluid with viscosity η and diffusivity D. For the present fluid
system, taking the characteristic length of the droplet radius L∼ 1mm
and a maximum interfacial tension differential of δσ∼ 40mN/m (see
Section 4.3), we arrive at a Marangoni number of Ma∼ 3×105, a re-
gime in which significant Marangoni convective cells are expected.

Convective cells born of dynamic interfacial stresses expedite
mixing in the heptane phase; convection enables removal of the ex-
tracted light components from the interface and accelerates the rate at
which light components are extracted subsequently. Development of
new interfacial perturbations, however, is hindered in this stage, re-
sulting in more rectilinear, i.e., decreasing fractal dimensionality (Df

from 1.67 to 1.58), fingering. Growth rates of finger areas and finger
lengths deviate from purely-diffusion-driven mass exchange (Figs. 10
and 11). Characterization of the rate at which the light components are
extracted shows that the volume of light components extracted from the

Fig. 8. Time-evolution of interface fractal dimension showing the fingering
process between one-dimensional advection and diffusion-limited aggregation
for the crude oil with both heavy and light components under 5 μm gap spacing
confinement [45]. Absence of an imposed flow on this system results in initial
diffusively-dominant mass exchange between the solvent and light components
in the crude oil (t=0 s to t=8.72 s). The resulting interfacial destabilization
process is fractal-like in that each perturbed interface is perturbed recursively.
Diffusively-driven interfacial perturbation from a flat interface (Df,flat=1) to-
wards a diffusion-limited aggregation condition (Df,DLA=1.68 ± 0.04) is
characterized by a growth in fractal dimensionality from Df=1.55 to
Df=1.67. Diffusion-driven growth is sustained until hydrodynamic forces
dominate (t=8.72 s to t=10.96 s), resulting in enhanced mass exchange be-
tween the crude oil and the solvent. Reduced diffusive miscible fluid pair
mixing in relation to hydrodynamics hinder the interfacial instability, resulting
in a more one-dimensional finger and the reduced fractal dimensions (Df=1.67
to 1.58) of the local interface. Mass exchange at late times (t > 10.96 s) is
limited due to excess solvent and scarce light components available for ex-
traction from the crude oil. This enables a return to the diffusively-dominant
regime where interfacial instabilities develop and correspond to the increase in
the local fractal dimension from Df=1.58 to 1.66. (For interpretation of the
references to color in the text, the reader is referred to the web version of this
article.)

Fig. 9. Dynamic interfacial tension between the crude oil and the
heptane. Interfacial tension is estimated using experimental
measurements of the characteristic wavelength, λc, the gap se-
paration, b=5 μm, and the interfacial velocity, V. The maximum
and minimum induced interfacial velocities are measured at the
finger tip and the finger edge, respectively, to calculate the max-
imum and minimum dynamic interfacial tension. The calculations
show a clear gradient in the dynamic interfacial tension.
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crude oil scales initially with the∼1.5 power of time (Figs. 10(b, green)
and 11a), consistent with dispersive transport normal to the convective
flow direction (Fig. 10, t=0 to 8 s). After the onset of finger splitting
(Fig. 10, t=8 s), the power transitions from 1.5 to about 2 between
normalized times of 2 and 3 (Fig. 11(b)). As normalized time becomes
greater than about 3 (24 s), the power increases again due to fractal-
growth and finite size effects of the heptane fingers growing into the
crude-oil phase. The average power following the onset of finger

splitting is 2. The finger length (Fig. 10c) penetrates with the square of
time (i.e., Length ∼t2).

Regime III returns to a diffusively-dominant regime (Fig. 8b,c red)
where fractal dimensions increase from Df=1.58 to 1.67 and droplet
sizes decrease rapidly due to limited mass exchange in the presence of
excess solvent and scarce availability of light components available for
extraction from the crude oil.

4.3. Existence of distinct interfaces

Existence of distinct finger interfaces suggest that the local advec-
tion rates induced by spontaneous fingering far exceed the local diffu-
sive rates at the finger scale [26,27,30]. In pressure-driven Saffman-
Taylor fingering, instabilities are driven by the most unstable wave-
length, λc, given by:

=λ πb σ
ηVΔc

(2)

where b is the gap spacing between the glass plates, σ is the interfacial
tension, Δη is the difference in viscosity between the crude oil and
solvent phases, and V is the interfacial velocity imposed by an external
pressure gradient [21,30,50]. The present system, in contrast, is
without an imposed velocity. The rate of interface retraction, i.e., the
induced velocity due to heptane and light components diffusion, can be
viewed as an analog of the imposed interfacial velocity in the Saffman-
Taylor instability. Characterization of the growth dynamics shows that
the unstable wavelength in the present system is λc∼ 272 μm ± 69 μm
for a gap spacing of 5 μm (Fig. 6). In this system, the viscosity difference
is Δη= ηCrude Oil− ηHeptane=87.3 cP. Maximum and minimum induced
interfacial velocities are delineated by measuring the induced velocities
at the finger tips and finger edges, respectively (Fig. 9a). Using the
characteristic wavelength relation developed by Saffman and Taylor,
the corresponding maximum and minimum dynamic interfacial ten-
sions are calculated (Fig. 9a). Importantly, we calculate an effective
finger-tip dynamic interfacial tension of σtip∼ 40mN/m and an effec-
tive finger edge dynamic interfacial tension of σedge∼ 8.4 mN/m by
assuming quasi-immiscible conditions (Eq. (1)). Apparently, a spatial
gradient in the dynamic interfacial tension is established across the
finger as a result of light components flux across the solvent-crude oil
interface. In other words, rapid mass exchange of heptane and light
components between the solvent and crude-oil phases create chemical
potential gradients in the crude oil that lead to gradients in dynamic
interfacial tension.

Critical wavelengths for fingering instability, measured experi-
mentally, scale with gap spacing (Fig. 5 λc (b=5μm) ∼272μm, λc
(b=15 μm) ∼820 μm). This is consistent with predictions using the
Saffman-Taylor result, using an effective finger tip dynamic interfacial
tension of 40mN/m (Fig. 9), as a proxy (Table 2).

4.4. Spontaneous fingering: a mechanistic and quantitative depiction

Mutual mass exchange between the miscible fluid pair (crude oil
and solvent) underlies the spontaneous fingering observed at early
times. A mechanistic description of the dynamics is arrived at using
time scaling. In a simplified depiction of the fluid-pair system (Fig. 12),
the solvent phase is initially composed of single component heptane
molecules that are small and mobile (i.e., diffusive); the crude oil phase
is comprised of small, light components that are mobile (i.e., diffusive)
and large, heavy components that are relatively immobile (i.e., less
diffusive).

Initial molecular configurations (t0, Fig. 12a) are such that heptane
molecules (small blue circles) are confined to the solvent phase (blue)
and crude oil molecules (small yellow and large red circles) are con-
fined to the crude oil phase (orange). The initial compositional dis-
tribution leads to sharp concentration gradients, and, thus, a large

Fig. 10. Velocity of fractal-like finger propagation and preferential diffusive
light components extraction for a gap spacing of b=5 μm. (a) Fingering evo-
lution at different times. Self-similar fractal-like fingers propagate at a constant
velocity into the crude-oil phase. Finger-splitting at the tip of the finger occurs
at the same characteristic wavelengths (t=8 to 32 s), demonstrating the self-
similar nature of the fractal-like fingers. The finger tip wavelengths, however,
are shorter than the finger edge wavelengths, suggesting that convection cells
generated by gradients in dynamic interfacial tension dictate splitting of the
self-similar structures. (b) Finger area, a proxy for light components extraction
from the crude-oil phase into the solvent phase, deviates from purely-diffusion-
driven mass transport upon the onset of finger splitting. (c) Velocity of domi-
nant finger propagation into the crude-oil phase scales with the square of time
(Length1/2∼ t) as dictated by mixing in the convection cells. (For interpretation
of the references to color in the text, the reader is referred to the web version of
this article.)
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diffusive driving force that enables mixing in the absence of external
driving forces.

Upon contact ( +t0 , Fig. 12b), miscibility between heptane and crude
oil, in combination with the steep concentration gradient across the
interface, forces mutual diffusion of heptane molecules into the crude
oil phase and smaller crude-oil molecules into the solvent phase. The
diffusion-driven interfacial perturbations correspond to the early-time
approach towards DLA (Fig. 8a, fractal dimension Df→ 1.67, and
Fig. 8b,c, shaded green).

The small gap-spacing requirement is explained here due to its ef-
fect on dynamic interfacial tension and capillarity that are length-scale
dependent. Specifically, small length-scale scenarios enable large in-
terfacial curvature, and thus, significant pressure differential across the
dynamic interface. Recall that the initial rate of diffusion scales with the
differential of chemical species partial pressure across the two fluid
phases. At small gap spacings, diffusivity of small, mobile heptane and
light crude-oil molecules enable rapid mass exchange between the two
initial phases. While we have explored the upper limit of pore sizes, we
have not explored the lower limit for this spontaneous fingering phe-
nomenon and leave that open for future studies. We speculate that the
dynamics observed here may apply to shale systems, however other
mechanisms such as capillary condensation that may be important are
not captured here.

Large, viscous heavy crude-oil molecules, on the other hand, ex-
perience little mass diffusion within the solvent phase. Heavy compo-
nents are viscous and so have lesser diffusivity, as diffusivity, D, cor-
relates with viscosity, μ, as D∼ μϵ, and the exponent ϵ is related to the

molar volume, V, of the species as ϵ=10.2/V− 0.791 [51]. The in-
termolecular attraction between the large, immobile molecules retains
the molecules in its original phase and thus the observed dark, crude oil
phase. Different diffusion rates of the large and small crude-oil mole-
cules result in differential local fluid compositions and thus gradients in
local dynamic interfacial tension.

Gradients in interfacial tension resulting from variations in inter-
facial composition, lead to hydrodynamic perturbations to the flow
(tstage I, Fig. 12(c)) because interfacial fluid flows towards interface area
with greater tension. With respect to fractal dimensionality, the con-
vection dominance in this regime adds to the linearity of flow, resulting
in a decreased fractal dimensionality towards one-dimensional advec-
tion and away from DLA (Fig. 8a, Df→ 1.55, and Fig. 8b,c, shaded
yellow). Marangoni-like convection enhances subsequent extension of
the local diffusively-driven perturbations. Importantly, the composi-
tion-driven hydrodynamics here enable finger propagation at wave-
lengths corresponding to the local critical wavelength, λc. Further dif-
fusion normal to the newly generated finger interface perturb the local
interface as in Fig. 12b. Ramified fingers at early times are attributed to
the recursive perturbations to the growing local interface.

Recursive diffusive-hydrodynamic mass exchange is self-sustained
prior to equilibrium between the solvent and crude-oil phases (tstage II,
Fig. 12(d)). Micro-confinement results in crude-oil droplets of finite
volume, similar to crude-oil droplets residing in petroleum reservoirs,
and limits the fingering process to a finite lifetime. Specifically, as the
heptane and light crude-oil molecules in the interface between the
solvent and crude-oil phases approach equilibrium, the composition-
ally-driven diffusive-hydrodynamic transport underlying the fingering
process is eliminated and stage II begins. Stage II is marked by the slow
mixing of large, immobile molecules in the crude oil phase with com-
ponents in the solvent phase that results in a classic diffusive mixing
zone otherwise observed in bulk dimensions. The return to a diffu-
sively-dominant regime restores the fractal dimensionality towards DLA
(Fig. 8a, Df→ 1.67, and Figs. 8b,c, shaded red).

Fig. 11. Deviation of fingering rates from purely-diffusion-driven
mass exchange of crude oil with both heavy and light components
under 5 μm gap spacing. Finger areas are normalized to the initial
(a) and onset finger areas (b), and elapsed times in each regime
are normalized with initial (a) and onset time (b). Finger area
scales with time to the 1.5 (a) and 2.0 (b) power prior to and
following the onset of finger splitting at t=8 s, respectively. (a)
Early time fingering scales in accordance with dispersion and
convection (Area ∼t1.5). (b) Onset of finger splitting at t=8 s
transitions finger area scaling in accordance to Area ∼t2.0.

Table 2
Critical wavelengths at varying gap spacings from experimental measurements
and theoretical prediction using the Saffman-Taylor result as a proxy.

Time Gap spacing Velocity λc,theory λc,exp
(s) (μm) (mm/s) (μm) (μm)

12 5 1.6 269 272
12 15 1.5 830 820
12 30 0.09 6700 > ddroplet –
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5. Conclusion

The two-stage spontaneous dispersive mechanism observed reveals
a surprising mechanism that underlies the Saffman-Taylor instability
for miscible, multicomponent fluids. In this work, mixing between
heptane and a multicomponent crude oil were studied under no im-
posed advection (i.e., imposed Peclet number Pe=0). Fractal-like fin-
gers of solvent formed spontaneously. The fingers originated at the edge
of the crude oil/heptane boundary and extended into the crude oil
droplet without external pressure gradients. The direction of finger
propagation was orthogonal to the original interface between the crude
oil-solvent fluid-pair. Stage I of the two-stage interaction corresponded
to rapid mass exchange between light components in the crude oil and
the heptane. Interestingly, the rate of light component liberation, i.e.,
interface retraction velocity, was much larger than the diffusivity of
heavy components into the heptane, and as a result a distinct dynamic
interface was observed. Dynamic interfacial tension calculations based
on the measured length and velocity quantities indicate a strong spatial
gradient in dynamic interfacial tension. Fluid systems with gradients in
interfacial tension experience diffusocapillary flow where convection
cells are induced. The convection cells enhance light components ex-
traction from the crude oil and thus propagate the spontaneous fingers.
After light components erosion, heptane and the heavy components of
the crude oil enter a purely diffusive regime, corresponding to stage II.
The broader implications of this work are far-reaching and the physics
discovered here provide a direct path to influence the energy industry.
The hydrocarbon energy industry needs to remove as much carbon as
possible from its production methods. Solvents, as studied in our paper,
provide a means to produce viscous oils with dramatically reduced heat
requirements. Importantly, the enhanced mixing of complex crude oils
with solvents under micro/nanoconfinement discovered in this work
opens up an opportunity for hydrocarbon recovery from shale. This
work provides a bridge between physics and engineering as well as
between current practice for EOR and future recovery technologies.
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