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Laboratory experiments on small scale core plugs have shown controlled nanoparticles (NPs) retention. The length scale of
subsurface media where NPs must be transported is an important factor that should be accounted for in a comprehensive manner
when translating laboratory results to field scale. This study investigates the fraction of NPs retained inside porous media as a
function of length scale of the media. A two-dimensional numerical model was used to simulate the retention of NPs at multiple
scales of porous media, starting from laboratory scale cores to heterogeneous outcrop scales. Retention of NPs is modeled based
on the concept of reversible and irreversible retention, by using the laboratory scale determined parameters. Our results show that
the fraction of retained NPs increases nonlinearly with the length scale of the homogeneous media.The results also show that if the
heterogeneity of the medium is consistent across scales, the fraction of retained NPs would behave just like homogeneous medium.
In this study, small change in heterogeneity at two outcrop scales affects the retention of NPs, suggesting that heterogeneity may
significantly impact the retention behavior of NPs that may not necessarily follow the behavior predicted from homogeneous cores
(or periodically heterogeneous medium).

1. Introduction

Engineered nanoparticles (NPs) carry unique properties that
make them quite attractive for applications in different indus-
tries. Even though they have been widely used in various
industries such as the medical field for enhanced imaging
[1, 2], targeted drug-delivery, and biosensing [3–5], NPs have
yet to be adapted for their potentially attractive application
in porous media. These applications may include enhanced
hydrocarbon recovery through nanosuspensions [6–9], sub-
surfacemapping through nanosensors [10, 11], hydraulic frac-
ture characterization through nanomagnetization of reser-
voirs [12], hydraulic fracturing fluid with better proppant
transport ability through nanofoams [13], and convective heat
transfer [14, 15]. Many of these applications within porous
media, such as enhanced oil recovery and subsurface map-
ping, would require the NPs to travel the depth and breadth
of the targeted reservoir zone, which typically extend to
hundreds of feet. Apart from economics, their use has
been mainly constrained by technical challenges such as NP

retention on the rock surface [16–19], which keeps it from
propagating into the targeted zone.Other issues are specific to
some reservoirs [20], but all these problems involve under-
standing the transport behavior of NPs inside porous media,
the most important being the retention of NPs on the rock
surface.

NPs have an affinity to retain inside porousmedia because
of the gravitational force and chemical force exerted by the
rock surface. The retention of NPs is a key concern for its
potential applications in subsurface reservoir mapping, char-
acterization, and enhanced hydrocarbon recovery. Surface
properties of theNPs can significantly affect retention process
at the laboratory scale, for example, up to 3% retention for
silica NPs [19, 21, 22], 0.3% retention for polymeric nano-
spheres [23], and up to 60% retention for nano-TiO2 [13, 23].

Many laboratory experiments have been performed to
characterize retention of NPs in a porous medium [24–31],
and retention of NPs has been found to be controlled by the
grain size [13], flow direction due to gravity settling [32], and
roughness of the rock matrix, in addition to the chemical
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properties of theNPs [27, 31].These results have led to further
related studies that focus on the effect of various sedimentary
rocks [17, 21, 22] on the retention of NPs. Past studies have
used many different models to study the retention of NPs
on the rock surface. Although many laboratory experiments
have been conducted and some analytical models [33–38]
have been proposed to investigate the retention of NPs, very
few numerical models have been developed to simulate their
retention. These numerical models include those by Li et al.
[36], Cullen et al. [39], Zhang [19], El-Amin et al. [40], and
Becker et al. [41]. However, these numerical models were
developed mostly to validate one-dimensional laboratory
data using homogeneous media, and there has been no study
where such laboratory tested model was applied to a field
scale scenario.

Some limitations of the above numerical modeling stud-
ies are that they have been applied (1) only to laboratory
scale data, (2) in porousmedia having homogeneous physical
and chemical characteristics, and (3) in studies of only one-
dimensional media. Laboratory experiments are helpful in
understanding the physics and chemistry of NP transport
and retention; however, the experimental conditions used,
specifically the flow velocity, are not representative of sub-
surface field conditions in many cases. Because conducting
pilot tests to study NP transport is expensive and time
consuming, numerical models validated by laboratory scale
data can be used to model typical field scale scenarios with
appropriate parameters.There are very few studies thatmodel
the mobility of NPs at field scale, and specifically the effect of
NPs retention at field scale is even less studied.One important
study in this area is by Cullen et al. [39], which models
the mobility of carbon NPs and nanofullerenes at a pilot
scale (8m× 10m) using a two-dimensional numericalmodel,
although numerical models have been used to investigate
colloid transport on a slightly bigger scale than the laboratory
[42] by employing two- and three-dimensionalmodels with a
limited representation of physical and chemical heterogene-
ity. Singh et al. [43] also performed field scale simulations
using uranium NPs for enhanced storage of CO2 in geologic
formations, but their study did not consider the retention of
NPs. Although there are many laboratory scale studies for
NPs retention, there are notmany studies that investigateNPs
retention at field scale. To our knowledge, study by Cullen
et al. [39] is one well-known study that specifically models
NP retention at a size (8m × 10m) larger than laboratory
scale. Even though they complement their numerical model
with observations from pilot-scale studies, their numerical
modeling has limited representation of a real field scenario.
For example, Cullen et al. [39] do not account for the
heterogeneity of the chemical attributes of the rock, which
primarily control the retention of NPs under field conditions.
Cullen et al. [39] use a very basic heterogeneity structure of
hydraulic conductivity, and they do not explain the structure
of the heterogeneity, which does not seem to be from any real
field scenario. Also, Cullen et al. [39] used a colloid filtration
model with a site-blocking term to simulate NP retention, but
since their study new retention models have been proposed
that capture the transport of NPs better than the colloid
filtration model [19, 41, 44–46].

To overcome the limitations discussed above and to cap-
ture the effect ofNP retention at field scales, an important step
toward its field implementation, further work is necessary
to explore these issues of length scales representative of real
field conditions. Although, many experimental studies have
furthered our understanding of the mechanisms governing
the retention of NPs in the porous media, studying the
retention at field scales with heterogeneous porous media is
only possible through numerical investigations.The objective
of this work is to explore NP retention at increasing length
scales from laboratory to field, while honoring the physical
and chemical heterogeneity corresponding to those scales.

2. Theory and Modeling

2.1. Transport Equation. We consider the transport of NPs by
an aqueous fluid through heterogeneous, two-dimensional,
saturated porous media by mechanisms of advection, disper-
sion, and retention (ADR). We consider this transport on a
continuum scale, where the fluid and reservoir parameters
are regarded as averages over a representative elementary vol-
ume. The governing equation for transport of NPs in porous
media is obtained by the conservation of the concentration of
fluid species (NPs) and is given as follows:

Mass Balance: 𝜕𝑐𝜕𝑡 + ∇ ⋅ (V𝑐 − 𝐷∇𝑐) = (𝜌𝑏𝜙 )
𝜕𝑠
𝜕𝑡 ⇒ (1)

𝜕𝑐
𝜕𝑡 + div ⋅ (V𝑐) − div ⋅ (𝐷∇𝑐) = (𝜌𝑏𝜙 )(

𝜕𝑠
𝜕𝑡) , (2)

where 𝑐 [M/L3] is the concentration of NPs in the fluid, 𝑡
[T] is time, div is divergence, V [L/T] is the fluid velocity
inside the porous medium (interstitial velocity), 𝐷 [L2/T]
is the hydrodynamic dispersion coefficient, 𝑠 [M/M] is the
concentration of the retained NPs, 𝜌𝑏 [M/L3] is the bulk
density of the porous media (system of matrix and fluid), and𝜙 is the porosity of the medium. The conservation term on
the right-hand side of the equation assumes that retention of
NPs to the rock is free of any chemical reactions between the
fluid and the rock.

The three terms on the left-hand side of (2) represent the
rate of change of concentration, the component of concen-
tration transported by advection, and the component of con-
centration transported by diffusion, respectively. The term
on the right-hand side of (2) represents the component of
concentration released (or retained) owing to retention of
NPs in porous media.

On the basis of the NP retention mechanism, there can
be different expressions for the source term in the transport
equation. A comprehensive and detailed study by Zhang [19]
compares five different types of one-dimensional retention
models: colloid filtration model, Langmuir sorption model
(generally used in gas adsorption/desorption, e.g., [47, 48]),
two-step model, two-rate model, and two-site model, in
which the simulated effluent history from each retention
model is matched against the laboratory scale experimental
data. Zhang concluded that, among the five retentionmodels,
the two-site model has the capability to capture the most
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Figure 1: Irreversible and reversible retention sites for NPs illustrated using (a) a SEM picture of a sand grain from crushed Boise sandstone
sieved between the size range of 90–105𝜇m (adapted from [46]) and (b) a schematic of rough sand grain surface with NPs. Red circles
represent NPs trapped permanently, whereas black circles represent NPs that have the potential to escape from their site of retention.

features of NP transport in porous media. A truncated form
of the two-site model was used by Becker et al. [41] to model
the retention of NPs and stabilizing agents in porous media.
Therefore, based on the above understanding of NPs reten-
tion, we chose the two-site model to model the retention
behavior of NPs in porous media.

2.2. Retention Model for Mass Balance. Retention of many
NPs, including carbon NPs within porous media, depicts a
hysteresis behavior, as observed experimentally by several
authors [24–26, 28, 30], suggesting that retention of NPs is
not an entirely irreversible process. For instance, NP effluent
history on postflush typically depicts a tail having a larger
concentration when compared with the tracer [19], suggest-
ing that some of the retained NPs that get desorbed on
postflush were part of the reversible retention. Therefore, on
the basis of NP retention research from the past few years, it
is now commonly accepted in most of the recent studies [44]
that, out of the total NPs retained inside a porous medium,
some portion would desorb through a reversible process
while the remaining NPs would stay retained irreversibly.
This behavior of NPs has been shown to be captured by the
two-site retention model [46] and has also been shown to
work better than the other retention models that simulate
NP retention. Some of those models were also reviewed by
Goldberg et al. [49], whose findings confirmwith the study of
Zhang et al. [46]. The other retention models that have been
used in the past include (i) the colloid filtration model, (ii)
filtration model with site blocking, (iii) filtration model with
detachment, and (iv) kinetic Langmuir model.

The two-site model is an extension of the modified
versions of the colloid filtration model used by Cullen et al.
[39] who introduced a maximum retention capacity with a
site-blocking term and by Wang et al. [50] who introduced a
reversible retention term to simulate fullerene NPs transport.
These modified colloid filtration models have been used with
success to simulate multiwalled carbon nanotube (MWCNT)
through columns packed with glass beads or sandstone [51].
The physical interpretation of the two-site model comes from

the rough grain surfaces that include corners, crevices, and
fissures (as shown by Figure 1(a)) that may retain the NPs
and act as impediments to their flow. The two-site retention
model assumes that there are two types of sites inside a water-
saturated porous media that control the overall retention of
NPs. These sites are functions of physical heterogeneity and
roughness of the porous medium, in addition to chemical
heterogeneity of the retention sites. These two sites control
the retention of NPs through two mechanisms:

(i) Irreversible Retention. This retention mechanism
occurs in regions having some cavity inwhichNPs get
trapped permanently and cannot escape under any
realistic fluid flow conditions.

(ii) Reversible Retention. This retention mechanism
occurs in regions having relatively flat and rough
surfaces that could allow NPs to detach and escape
under realistic fluid flow conditions.

The above two mechanisms are illustrated schematically in
Figure 1(b), which shows theNPs trapped by two types of sites
that control the overall retention of NPs.

The two sites controlling the retention are independent of
each other; therefore, the governing equation of the two-site
model is described as follows:

(𝜌𝑏𝜙 )(
𝜕𝑠𝑡𝜕𝑡 ) = (𝜌𝑏𝜙 )(

𝜕𝑠1𝜕𝑡 ) + (𝜌𝑏𝜙 )(
𝜕𝑠2𝜕𝑡 ) , (3)

Irreversible retention: (𝜌𝑏𝜙 )(
𝜕𝑠1𝜕𝑡 )

= 𝑘irr (1 − 𝑠1𝑠1max
) 𝑐,

(4)

Reversible retention: (𝜌𝑏𝜙 )(
𝜕𝑠2𝜕𝑡 )

= 𝑘ra (1 − 𝑠2𝑠2max
) 𝑐 − (𝜌𝑏𝜙 ) 𝑘rd𝑠2,

(5)
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where 𝑘irr [1/T] is the irreversible retention rate constant, 𝑘ra
[1/T] is the reversible retention rate constant, 𝑘rd [1/T] is the
desorption rate constant, 𝑠1max [M/M] and 𝑠2max [M/M] are
the capacities for irreversible and reversible retention, respec-
tively, and 𝑠1 [M/M] and 𝑠2 [M/M] are the concentration
of retained NPs on the porous media matrix due to irre-
versible and reversible processes, respectively. If the retention
capacities greatly exceed the concentration of the retained
NPs, then (4) and (5) would reduce to first-order kinetics and
in that case the rate of retention would vary linearly with the
concentration of NPs in the fluid.

2.3. Numerical Solution Method. We discretize the above
system of three coupled partial differential equations, (2), (4),
and (5), using fully implicit finite-difference method with
central difference in space and forward difference in time,
including an upwinding scheme to account for the spatial
heterogeneity of the porous medium.

2.3.1. Initial and Boundary Conditions. The initial conditions
for the coupled system of three partial differential equations,
(2), (4), and (5), are

𝑐 (𝑥, 𝑦, 𝑡 = 0) = 0,
𝑠 (𝑥, 𝑦, 𝑡 = 0) = 0. (6)

Boundary conditions for the above ADS equation are

𝑐 (𝑥 = 1, 𝑦 ∈ [1, 𝐿𝑦] , 0 < 𝑡 < 𝑡inj) = 𝑐inj,
𝑐 (𝑥 = 1, 𝑦 ∈ [1, 𝐿𝑦] , 𝑡 > 𝑡inj) = 0,

𝜕𝑐 (𝑥 = 𝐿𝑥, 𝑦 ∈ [1, 𝐿𝑦] , 𝑡)
𝜕𝑥 = 0,

𝑐 (𝑥 ∈ [1, 𝐿𝑥] , 𝑦 = 0, 𝑡) = 0,
𝑐 (𝑥 ∈ [1, 𝐿𝑥] , 𝑦 = 𝐿𝑦, 𝑡) = 0.

(7)

Here, 𝐿𝑥 [L] and 𝐿𝑦 [L] are length of themedium along 𝑥 and
𝑦 directions, respectively, 𝑐inj [M/L3] is the concentration of
the NPs, and 𝑡inj [−] is the dimensionless time for which NPs
are injected in terms of pore volumes (PVs).

2.4. Model Parameters. To accomplish the objective of this
work, we need to establish a realistic range of model param-
eters that typically exist in the subsurface. In this regard,
below we discuss in detail the procedure to determine each
parameter required in the modeling and later summarize the
data at core and field scales in two separate tables.

2.4.1. Fluid Velocity. The range of some parameters such as
fluid velocity and diffusion constant at subsurface operating
conditions is well known through years of research in hydro-
carbon production and groundwater flow. The fluid velocity
in the subsurface is much lower in magnitude (∼0.01–1 ft/d)
than the fluid velocity used in most laboratory experiments
(>0.01 ft/d).

2.4.2. Hydrodynamic Dispersion Coefficient. It has been
proved that the effective hydrodynamic dispersion coefficient
in the field is comparatively larger than the hydrodynamic
dispersion coefficient in the laboratory [52–58]. This finding
is based on a literature survey of 40 field tracer tests at 15
geologic sites.These tests were used to analyze the dispersion
coefficient by two methods: (1) using directly reported data
and (2) reanalyzing the corresponding field tracer tests using
analytical and semianalytical methods. It was concluded that
the larger value of the dispersion coefficient at field scale com-
pared with that at laboratory scale can be attributed to many
mass-transfer processes at different scales in naturally het-
erogeneous rock systems. The factor by which the dispersion
coefficient in the field is greater than in the laboratory ranges
from 1 to 10,000 for observation scales from 5 to 2000m
[55, 59]. In addition to the effect of medium length scale [60],
it has been reported recently that the dispersivity will also
increase with NPs size [61]. Therefore, for this reason the
dispersion coefficient (𝐷) of NPs at the field scale is assumed
to be comparatively larger (∼10−5m2/s) in magnitude than
the diffusion coefficient for NPs at the laboratory scale
(∼10−8m2/s for a NP with a diameter of 10 nm), which can
be obtained using the Stokes-Einstein equation as follows:

𝐷 = 𝑘𝐵𝑇3𝜋𝜇𝑑𝑝 , (8)

where 𝑘𝐵 [ML2T−2K−1] is the Boltzmann constant, 𝑇 [K] is
the absolute temperature, 𝜇 [ML−1T−1] is the fluid viscosity,
and 𝑑𝑝 [L] is the diameter of NPs.

2.4.3. Bulk Density and Porosity. The bulk density and poros-
ity of the porous media can be characterized at any scale
and do not vary with either the type of NPs or the operating
conditions of the subsurface flow. Idris et al. [62] found that
the pore-size distribution, rather than the average pore size,
affects the retention of NPs at the microscale. However, no
research shows how pore-size distribution affects the reten-
tion of NPs at a continuum scale.

2.4.4. RetentionModel Constants. Themodel parameters that
typically vary with the size, geometry, and type of NPs
(physicochemical coating), mineral types of porous media
(quartz, clay, carbonates, etc.), and flow conditions are the
parameters associated with a retention model. If we assume
that the flow conditions are known and fixed in the sub-
surface, then there are only two variables, that is, type of
NPs and rock composition of porous media that affect the
retention parameters. Five unknown parameters (𝑘irr, 𝑘ra, 𝑘rd,𝑠1max, 𝑠2max) in the retention model are described by (4) and
(5). There is no theoretical or empirical basis that could
be used to estimate these parameters; therefore, the typical
approach to estimate these parameters is by performing a
historymatch of the numerical solutionwith the effluent con-
centration data. However, it should be noted that the magni-
tude of these parameters obtained through history matching
the laboratory data cannot be directly used for field scale
simulations for two reasons: (i) the history match solution is
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nonunique such that there can be various combinations of
these parameters that can match the effluent concentration
history and (ii) as discussed earlier, the magnitude of reten-
tion constants is a function of flow condition, so the value of
retention constants obtained at the laboratory scale would be
biased because in most cases the flow velocity at laboratory
scale does not mimic the flow velocity in the subsurface.
Although history match is a useful tool to obtain retention
parameters to validate the model using laboratory data, it
does not provide realistic values of these parameters that
can be applied at the field scale. For example, the values
of retention constants (irreversible and reversible) and the
desorption constant in a two-site model obtained by history
matching several coreflood effluent concentration data by
Zhang [19] are in the range of 10−2–10−4 1/s. However, using
these parameter values to perform a field scale simulation
would suggest complete retention of NPs in the pore space,
which is physically inconsistent with the observations in a
pilot-scale injection of NPs [36, 63–67]. Asmentioned earlier,
there is no theoretical or empirical basis that could be used to
estimate these parameters; however, we can use an analogous
relationship for the deposition rate constant from colloid
filtration theory that has been rigorously tested and applied to
modelNP retention [19, 39, 68, 69]. Our rationale for using an
analogous relationship is to obtain a realistic range of reten-
tion constant values in a two-site model at disparate scales.
This empirical relation, given by (9), is based on mechanisms
of deposition, interception, and sedimentation [36, 38, 51, 70]:

𝑘dep = 3
2 (

1 − 𝜙
𝑑𝑐 ) V𝛼𝜂0, (9)

where 𝑘dep [1/T] is the deposition rate constant, 𝑑𝑐 [L] is the
diameter of sand grain, V [L/T] is the fluid velocity, 𝜂0 [−]
is the single collector removal efficiency, and 𝛼 [−] is the
attachment efficiency representing the ratio of the number of
particles adsorbing to the media to the rate at which particles
strike the media. The value of 𝛼 can be determined using the
following expression [71, 72]:

𝛼 = −23
𝑑𝑐(1 − 𝜙) 𝑙𝜂0 ln(

𝑐
𝑐0) , (10)

where 𝑙 [L] is the length of the media and 𝑐/𝑐0 is the nor-
malized effluent concentration of NPs at the initial stage of
the NP breakthrough curve. Equation (10) can be used to
estimate the attachment efficiency of different kinds of NPs to
water-saturated porous media under different flow condi-
tions. FormostNPswith application in the subsurface, Cullen
et al. [39] found 𝛼 values to be ∼2 × 10−4.

It can be observed from the above two expressions of 𝑘dep
and 𝛼 that in addition to being a function of rock properties
such as porosity, size of media, and diameter of grain, the
deposition of NPs is also a function of flow velocity. This
means that the retention of NPs at the laboratory scale cannot
simply be translated to the field scale without accounting for
the change in the deposition constant due to variation in these
parameters, especially the flow velocity, because the rock
properties do not change significantly from lab to field scale.

The sensitivity of the deposition constant to these variables
has been demonstrated by various authors [19, 39, 69], but the
sensitivity with respect to flow velocity is of particular interest
here because it can suggest the range of deposition constant
values that would exist under subsurface flow conditions.
Typical flow velocity in the subsurface is between 0.01 and
1 ft/day, depending on the permeability of the medium. An
estimate of the deposition constant obtained at this flow
velocity is around 10−8 1/s. This scaling pattern of the reten-
tion constant, its tendency to decrease as domain size of the
porousmedia increases, has also been shownmechanistically
and verified using stochastic simulations [73–75].

In general, the magnitudes of irreversible retention,
reversible retention, and desorption rate constants would lie
in the same range (∼10−8 1/s) but may vary by a factor of 10
to 60 in some cases, as observed in the parameters obtained
by Zhang [19] for a series of experiments conducted byYu [31]
and Murphy [27]. Also, we know that some NPs are always
retained at laboratory scale (less than 3%, [19]), which indi-
cates that the irreversible retention is always bigger than
reversible retention or desorption. Therefore, using this
observation and the information from laboratory data [19,
27, 31], we assume rate constants for reversible retention and
desorption are about 40 times smaller (on average) than the
irreversible retention constant.

Similarly, an approximate range for maximum retention
capacity (irreversible and reversible) can be obtained using
an analogous relationship from colloid filtration theory [36],
which has also been rigorously tested and applied to model
NP retention in various studies [39, 69]

𝑠max = 19.6 [(V𝑑𝑐𝐷 )1/3 ( 𝑑𝑐𝑑𝑀)]
−1.2

. (11)

Retention capacity (𝑠max) is inversely proportional to flow
velocity (∝ 1/V1.2/3) and pore size (∝ 1/𝑑1.2𝑐 ); therefore,
the values of maximum retention capacities would be lower
in laboratory conditions because of the higher flow rates
typically used in laboratory experiments. If we assume𝑆1max = 5 × 10−6 g/g under laboratory conditions [19] with
flow velocity of 0.2 ft/d, then 𝑆1max under reservoir conditions
with flow velocity of 0.01 ft/d would be ∼ (0.2/0.01)(1.2/3) ×(5 × 10−6) ∼ 1.66 × 10−5 g/g.This value lies in the same range
as given by Cullen et al. [39] for carbonNPs under subsurface
conditions (𝑆max ∼ 1.18 × 10−5 g/g). However, there could be
a variation in magnitudes between irreversible and reversible
processes by a factor of 10 to 60, as shown in the parameters
of Zhang [19] obtained by matching a series of coreflood
experiments conducted by Yu [31] and Murphy [27]. On this
basis, irreversible retention is usually stronger than reversible
retention or desorption, and as explained earlier, we assume
that, on average, reversible retention and desorption capaci-
ties are about 40 times smaller than the irreversible retention
capacity.

3. Model Parameters at Different Length Scales

It is hypothesized that the retention of NPs in porous media
is a function of porous media length scale, like many other
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Table 1: Baseline parameters for six cores at laboratory scale.

Parameter Unit Value Remarks
𝑘𝑥 md 25 Constant
𝑘𝑦 md 2.5 Constant
𝜙 % 10 Constant
V f t/d 0.2 Function of porosity and permeability
𝐷 m2/s 10−8 Constant; equation (8)
𝜌𝑏 kg/m3 2600 Constant
𝑘irr 1/s 5 × 10−8 Equation (9); Zhang [19]
𝑘ra 1/s 0.125 × 10−8 Equation (9); Zhang [19]
𝑘rd 1/s 0.125 × 10−8 Equation (9); Zhang [19]
𝑠1max g/g 5 × 10−6 Equation (11); Zhang [19]
𝑠2max g/g 1.25 × 10−7 Equation (11); Zhang [19]
𝑐inj kg/m3 0.005 Constant
𝑡inj PVs 4 Constant

physical parameters that are function of scale of investigation
[76, 77]. To test this hypothesis, we need models of porous
media at increasing length scales with their appropriate phys-
ical (𝑘𝑥, 𝑘𝑦, 𝜙, 𝐷) and chemical (𝑘irr) heterogeneity structure.
In order to see the effect of length scale on NP retention, we
have to use a fixed magnitude for some of the parameters
such as subsurface flow velocity to eliminate its bias on NP
retention. We investigate the fraction of NPs retained at both
small laboratory scale (core) and large field scale (outcrop).
At laboratory scale, we model NP retention at six different
core lengths, and at field scale wemodelNP retention at seven
different outcrop lengths. Typically, the rock characteristics of
laboratory scale core are homogeneous, whereas the rock
characteristics at field scale are quite heterogeneous. There-
fore, we assume spatially homogeneous parameters in the
laboratory scale core models, whereas the field scale models
are rendered spatially heterogeneous to mimic the outcrop of
a carbonate field.

3.1. Parameters at Laboratory Scale. Figure 2 shows six cores
of increasing length having homogeneous properties, which
are given in Table 1.The basis on which some of these param-
eters were obtained was explained earlier in detail, and a brief
remark in this regard as relevant to each parameter is also
noted in Table 1.

The six cores at laboratory scale are discretized spatially
with the size of one grid cell along horizontal and vertical
directions equal to 0.067 inches and 0.15 inches, respectively,
for each core.

3.2. Parameters at Field Scale. Field scale models are gener-
ated to mimic the spatial heterogeneity of an outcrop from a
carbonate field. These seven outcrop sites, shown in Figure 3,
come from one single outcrop at increasing distances, as
depicted by outcrop images with increasing length in Fig-
ure 3. Figure 3 shows seven outcrops of increasing lengths
with their corresponding physical (𝑘𝑥, 𝑘𝑦, 𝜙, 𝐷) and chemical
(𝑘irr) properties defined spatially by six color legends rep-
resenting six facies, as shown in the inset table in Figure 3.

Each of these five parameters (𝑘𝑥, 𝑘𝑦, 𝜙, 𝐷, 𝑘irr) is extracted
for all seven outcrops shown in Figure 3 such that the spatial
structure of each parametermimics the spatial structure of six
facies (color legends) in each outcrop image. Using the spa-
tially heterogeneous outcrop images defined by six facies and
the correspondingmagnitude of each parameter, four param-
eters representing permeability along𝑥-direction, permeabil-
ity along 𝑦-direction, porosity, and irreversible retention rate
constant, respectively, were rendered spatially heterogeneous
in all seven outcrops, as shown in Figures 4–7.

The range of each model parameter at field scale is given
in Table 2. The basis for choosing the range of these parame-
ters was explained earlier in detail, and a brief remark in this
regard as relevant to each parameter is also noted in Table 2.

The seven outcrops at field scale are discretized spatially
with the size of one grid cell along horizontal and vertical
directions equal to 10 ft and 5 ft, respectively, for each outcrop.

4. Model Validation with Experimental Data

To validate the numerical model, we used data from column
experiments of NP transport with single-phase flow [27, 31].
In this experiment salt-tolerant silica NPs of 5% (wt%) con-
centration are injected into a water-saturated 1 ft long column
sandpack having 48.6% porosity with a flow velocity of
1038 ft/d (= 0.012 ft/s). Data from this experiment were used
by Zhang [19] to determine the five unknown parameters of
a two-site model (𝑘irr, 𝑘ra, 𝑘rd, 𝑠1max, 𝑠2max) through an opti-
mization program. The estimate of these five retention
parameters obtained by Zhang [19] was further verified by
using these parameters to simulate and match the effluent
concentration data from two more experiments through the
same column [27, 31]. The estimate of hydrodynamic disper-
sion coefficient 𝐷 used to match their data was not directly
reported by the authors.

We used the estimate of five retention parameters (𝑘irr,𝑘ra, 𝑘rd, 𝑠1max, 𝑠2max) obtained by Zhang [19] and a guessed
value of dispersion coefficient 𝐷 to simulate the NP con-
centration from our numerical model. The results are then
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Table 2: Baseline parameters for seven outcrops at field scale.

Parameter Unit Range Spatially heterogeneous? Remarks
𝑘𝑥 md 0.1–50 Yes Outcrop map in Figure 4
𝑘𝑦 md 0–5 Yes Outcrop map in Figure 5
𝜙 % 1–15 Yes Outcrop map in Figure 6
V f t/d 0.01–1 Yes Function of porosity and permeability
𝐷 m2/s 10−5 No Constant; Liu et al. [59]
𝜌𝑏 kg/m3 2600 No Constant
𝑘irr 1/s (2–8) × 10−8 Yes Equation (9); Zhang [19]; outcrop map in Figure 7
𝑘ra 1/s 1 × 10−9 No Equation (9); Zhang [19]
𝑘rd 1/s 1 × 10−4 No Equation (9); Zhang [19]
𝑠1max g/g 1.7 × 10−5 No Equation (11); Zhang [19]
𝑠2max g/g 4.2 × 10−7 No Equation (11); Zhang [19]
𝐶inj wt% 0.5 No Constant
𝑡inj PVs 4 No Constant

in × 1.5 inCore #6: 36

Core #1: 1 in × 1.5 in

Core #2: 2 in × 1.5 in

Core #3: 6 in × 1.5 in

Core #4: 12 in × 1.5 in

in × 1.5 inCore #5: 24

Figure 2: Six cores with increasing length at laboratory scale.
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Figure 3: Seven images of the same outcrop with its increasing length at field scale. The outcrop comes from a carbonate field having
heterogeneous physical and chemical properties [78, 79].
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Figure 6: Porosity (fraction) map for seven outcrops at field scale [78, 79].

comparedwith the effluent concentration data of salt-tolerant
silica NPs from one of the experiments used by Zhang [19].
The comparison of simulated results for effluent NP concen-
tration from our model and the experimental data is shown
in Figure 8. It shows a good match between the experimental
data and the simulated curve obtained using the numerical
model.Theminor difference in thematch could be resolved if
the available set of optimized parameters included dispersion
coefficient.

5. Results

The retention of NPs at the laboratory scale and at the field
scale is assessed under flow conditions (e.g., velocity and
diffusivity) that would typically be present in the field. The
physical and chemical characteristics (e.g., porosity, perme-
ability, and retention rate constant) of the porous medium
are retained as they would appear at each laboratory and
field scale; the physical and chemical properties are assumed
homogeneous at laboratory scale, whereas at field scale they
are heterogeneous and the structure of their heterogeneity is
extracted from outcrop images. The different scales of length
assessed, along with the appropriate parameter values for
each scale, are presented in Section 3.

Using the history of the effluent concentration and the
total concentration of NPs injected, we estimated the fraction
of NPs retained inside the porous media for each model at
laboratory scale and field scale using the following equation:

Fraction of the NPs adsorbed = (NPsinj −NPsejec)
NPsinj

, (12)

where NPsinj is the total concentration of NPs injected and
NPsejec is the total concentration of NPs ejected.

5.1. Retention at Laboratory Scale. To explore the fraction of
NPs retained at laboratory scale, transport simulations were
conducted for the six cores with increasing lengths shown in
Figure 2. The effluent concentration of NPs for the six cores
obtained at the end of the simulation run is shown in Fig-
ure 9. The values of fluid velocity, hydrodynamic dispersion
coefficient, retention rate constants, and retention capacities
for each core are shown in the title of each plot. In laboratory
scale simulations, the heterogeneity of physical and chemical
parameters is neglected. Figure 10 shows the fraction of
retainedNPs in six cores individually and at distances equal to
smaller cores in the longest core.Themiddle plot in this figure
shows that the fraction of retained NPs consistently increases
with increasing core length with no NPs retained inside the
smallest core while 8% of NPs are retained inside the longest
core.The third plot in Figure 10 shows the fraction of retained
NPs at distances equal to those of the smaller cores in the
longest core. This plot is used to verify the retention of
NPs inside individual cores at different lengths, and it shows
that the total fraction of retained NPs increases with travel
distance inside the longest core, thus confirming the result of
NPs retained inside individual cores of varying lengths.There
is a slight difference in results between the two plots in
Figure 10, which occurs at smaller distances and disappears
with increasing length, indicating that the difference in results
at a small distance can be attributed to the effects of boundary
conditions.
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Figure 8: Experimental data [27, 31] and simulated effluent concentration of NPs. The model parameters used to fit the experimental data
come from Zhang [19].

5.2. Retention at Field Scale. To explore the fraction of NPs
retained at the field scale, transport simulations were con-
ducted for the seven outcrops with increasing lengths shown
in Figure 3. The effluent concentration of NPs for the seven
outcrops obtained at the end of the simulation run is shown
in Figure 11. The values of fluid velocity, diffusion coefficient,
retention rate constants, and retention capacities for each
outcrop are shown in the title of each plot. In field scale

simulations, the heterogeneity of physical and chemical
parameters is represented by outcrop maps shown in Figures
3–7. Figure 12 shows the fraction of retained NPs in seven
outcrops individually and at distances equal to those of the
smaller outcrops in the longest outcrop. The middle plot in
this figure shows that the fraction of retainedNPs consistently
increases with increasing outcrop length, with ∼92% of the
NPs retained inside the smallest outcrop while 100% of the
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Figure 9: Effluent NP concentration for six cores at laboratory scale.The lengths of the six cores considered were 1, 2, 6, 12, 24, and 36 inches,
respectively, with 1.5 in width for all the six cores.

NPs are retained inside the five largest outcrops. The third
plot in Figure 12 shows the fraction of retained NPs at
distances equal to those of the smaller outcrops in the largest
outcrop.This plot is used to verify the retention of NPs inside
individual outcrops at different lengths, and it shows that the
total fraction of retained NPs increases with travel distance
inside the largest outcrop, thus confirming the result of NPs
retained inside individual outcrops of varying sizes. There is
good agreement in results between the two plots in Figure 12,
with less than 3% variation at distances equivalent to smaller
outcrops, but this variation disappears with increase in
length, indicating that the difference in results at distances
equivalent to smaller outcrops can be attributed to the effects
of boundary conditions. It should be noted that despite the
heterogeneous nature of the outcrop, the result for the frac-
tion of retained NPs in the largest outcrop at distances equal
to smaller outcrops is similar to the result inside each individ-
ual outcrop because these seven outcrops come from a similar
outcrop cut out at increasing distances.

The results of substantially high NP retention at increas-
ing outcrop size support the findings of Cullen et al. [39], who
reported almost 50% retention for nanofullerenes at a scale of
10m × 8m on the basis of field pilot tests. The minimum size
of outcrop used in our study is about 75m × 45m, and the
fraction of NPs retained in an outcrop this size is about 92%.

The slight increase in velocity for outcrop #7 is due to
difficulty in constraining the exact magnitude of velocity

due to slight differences in heterogeneity of porosity and
permeability fields across the seven outcrop scales. This can
be understood mathematically as V = ((𝑘/𝜙𝜇) ⋅ ∇𝑃), where,
except for pressure gradient (∇𝑃) andfluid viscosity (𝜇), other
two quantities (𝑘 and 𝜙) are the average of their heteroge-
neous fields. Consequently, a slight increase (∼0.01m/s) of
velocity for outcrop #7 causes an increase in output concen-
tration of NP as visible in Figure 11.

6. Summary and Conclusion

The retention of NPs in porous media as a function of length
scale was assessed by numerically modeling the injection of
NPs in laboratory scale homogeneous cores and field scale
heterogeneous outcrops. As discussed earlier, transport and
retention of NPs are a function of flow velocity; therefore, to
realistically mimic the retention of NPs at the field, a mag-
nitude of flow velocity typically found in the subsurface was
chosen and maintained constant across all scales. Addition-
ally, keeping the flow velocity and dispersion coefficient con-
sistent across all scales yields an unbiased comparison when
estimating the fraction of retained NPs from small to large
scale. The physical and chemical parameters of the porous
media were assumed homogeneous at the laboratory scale,
whereas four parameters (𝑘𝑥, 𝑘𝑦, 𝜙, 𝑘irr) were considered
spatially heterogeneous at the outcrop scale by matching the
spatial structure of six color legends representing six facies of
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Figure 10: Fraction of NPs retained in six cores and at distances equal to smaller cores in the longest core. The results reported are for 4 pore
volumes of injected NPs.
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Figure 11: Effluent NP concentration for seven outcrops at field scale.
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Figure 12: Fraction of NPs retained in seven outcrops and at distances equal to smaller outcrops in the longest outcrop. The results reported
are for 4 pore volumes of injected NPs.

the carbonate field outcrop (Figure 3).Wettability of different
mineral types was included in our simulation by assigning
different retention rate constants for different mineral types
(different wettability). Results from this study show the
following:

(i) NPs can travel hundreds of meter in reservoir at
constant velocity.

(ii) The fraction of injected NPs retained in the subsur-
face increases nonlinearly with the length scale of the
homogeneous media and the media with consistent
heterogeneity at all scales. There were small changes
in heterogeneity at two outcrop scales that affected
the fluid flow velocity and that slightly affected the
retention behavior of NPs in reference to the behavior
expected from homogeneous media or media with
consistent heterogeneity.

(iii) The significance of heterogeneity in changing the
bulk flow velocity may eventually affect the retention
profile of NPs. Therefore, the length of the porous
mediumand its scale-variant heterogeneity are shown
to be the two important parameters that may impact
the retention behavior of NPs, which is typically
studied at the laboratory scale without much consid-
eration for these two parameters.

Nomenclature

𝑘𝑥: Permeability along 𝑥-direction, md𝑘𝑦: Permeability along 𝑦-direction, md𝜙: Porosity, %
V: Total velocity, ft/d𝐷: Dispersion coefficient, m2/s𝜌𝑏: Porous medium bulk density, kg/m3𝑘irr: Irreversible retention rate constant, 1/s𝑘ra: Reversible retention rate constant, 1/s𝑘rd: Desorption rate constant, 1/s𝑠1: Concentration of retained NPs due to irreversible

retention, g/g𝑠2: Concentration of retained NPs due to reversible
retention, g/g𝑠1max: Capacity for irreversible retention, g/g𝑠2max: Capacity for reversible retention, g/g𝑐: Concentration of NPs within the porous medium,
kg/m3𝑐inj: Injected concentration of NPs, kg/m3𝑡inj: Dimensionless time for which NPs are injected, PVs𝑘𝐵: Boltzmann constant, J/K𝑑𝑝: Diameter of NPs, m𝜇: Fluid viscosity, Pa − s𝑇: Temperature, K𝑘dep: Deposition constant, 1/s
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𝑑𝑐: Diameter of sand grain, m𝜂0: Single collector removal efficiency, −𝛼: Attachment efficiency, −𝑙: Length of 1-dimensional media, m𝐿𝑥: Length of 2-dimensional media along 𝑥-direction, m𝐿𝑦: Length of 2-dimensional media along 𝑦-direction, m𝑠max: Retention capacity, g/g𝑡: Time, s.
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