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In field studies of solute transport, transient storage within lateral cavities and other stream features gen-
erates breakthrough curves (BTCs) with pronounced and persistent skewness. Current solute transport
theory requires that the coefficient of skewness (CSK) decrease over time because the system eventually
reaches Fickian conditions. However, published data show that CSK is constant in time. To aid develop-
ment of solute transport theory that explains field observations, we quantify the effect of lateral cavities
on solute transport under non-Fickian and Fickian conditions. Six hydrodynamics models were devel-
oped: one with no lateral cavities, three with lateral cavities in series, and two with lateral cavities in par-
allel. Results reveal that lateral cavities in series have longer tails and smaller peak concentrations
compared to lateral cavities in parallel. Lateral cavities in series cause greater dispersion and require lar-
ger distances to reach Fickian conditions (xFick) compared to lateral cavities in parallel. Cavity configura-
tion has a greater influence on longitudinal dispersion and xFick than the number of cavities present. CSK
changes with monitoring location and maximum CSK (= 10–20) near lateral cavities is higher than empir-
ical estimates (�1.18). We postulate that adding more transient storage zones would increase channel
complexity and yield closer results between simulated and empirical CSK, and testing this hypothesis
warrants future research. Finally, while current models can obtain good fits to measured BTCs by param-
eterizing mass exchange rates and volume ratios, these parameters do not adequately describe the fun-
damental fluid mechanics driving exchange.

Published by Elsevier B.V.
1. Introduction

The fate and transport of solutes is an active field of research
due to the increased loading of metals, nutrients, sediments, radio-
nuclides, and other pollutants to fluvial ecosystems. Understanding
and accurately quantifying the dispersive behavior of open channel
flows is imperative for the prediction of solute migration. The clas-
sical dispersive behavior of solute migration in open channel flows
is comprised of three phases: (1) solute dilution following an initial
injection due to convective mechanisms (i.e., momentum forces);
(2) cross-sectional solute mixing due to turbulence; and (3)
homogenization of the solute concentration profile downstream
as a function of time due to the mechanisms of longitudinal shear
and transverse diffusion, resulting in Fickian dispersion (Taylor,
1953, 1954). In field tracer studies, solute migration undergoes
phases one and two; however, phase three is rarely achieved.
Nordin and Sabol (1974; also Nordin and Troutman, 1980) first
noted the persistent skewness in concentration breakthrough
curves (BTCs). The pronounced and persistent skewness—a non-
Fickian condition—is attributed to incomplete transverse mixing
due to mass and momentum exchange between the main channel
flow and transient storage zones (Hays, 1966; Nordin and Sabol,
1974; Stream Solute Workshop, 1990). Transient storage zones
can refer to either recirculation regions in the surface stream such
as pools (surface transient storage), or the hyporheic zone (hypor-
heic transient storage).

Conventional models of solute transport that include transient
storage [e.g., OTIS, Bencala and Walters, 1983; Runkel, 1998] do
not adequately predict the skewness in stream solute transport.
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Nomenclature

C concentration of the passive (conservative) scalar
(ML�3)

C0 peak concentration of breakthrough curve at x = 1 m
(ML�3)

C(t) residence time distribution (ML�3)
CSK coefficient of skewness (–)
D main channel depth (L)
Dam Damköhler number (–)
DC mean cavity depth (L)
DE mean depth at the shear layer interface (L)
DL longitudinal dispersion coefficient (L2 T�1)
DL,BTC DL computed using simulated breakthrough curves

(L2 T�1)
DL,Deng DL computed geomorphological parameters (L2 T�1)
DL,ENG DL computed based on engineering estimates (L2 T�1)
DL,LVP DL for fully developed mean logarithmic velocity profile

(LVP) (L2 T�1)
Dt Eddy diffusivity (turbulent diffusion coefficient) (L2 T�1)
E entrainment velocity (LT�1)
Fs factor of safety (–)
fREF reference value: spatial arithmetic mean of root mean

square of f1(x)
f1 fine grid solution (LT�1)
f2 medium grid solution (LT�1)
f3 coarse grid solution (LT�1)
GCI(x) local grid convergence index for fine grid solution (LT�1)
GCIG global grid convergence index (LT�1)
i Einstein summation index (–)
j Einstein summation index (–)
k turbulent kinetic energy (L2 T�2)
L lateral cavity length (parallel to flow) (L)
mn nth normalized central temporal moment
m1 1st normalized central temporal moment (i.e., mean tra-

vel time)
m2 2nd normalized central temporal moment (i.e., vari-

ance)
m3 3rd normalized central temporal moment (i.e., skew-

ness)
P(x) local apparent order of accuracy (LT�1)
Pe Péclet number (–)
PG global order of convergence (LT�1)
p pressure (ML�1 T�1)

Re Reynolds number (–)
r21 grid refinement ratio between the medium and fine

grids (–)
r32 grid refinement ratio between the coarse and medium

grids (–)
Sct turbulent Schmidt number (–)
Sij mean rate of strain tensor (T�1)
t time (T)
ui ith component of the velocity vector (LT�1)
uj jth component of the velocity vector (LT�1)
u⁄ shear velocity (LT�1)
U mean main channel velocity (LT�1)
VC total volume of lateral cavities along a channel reach

(L3)
VMC main channel volume (L3)
W lateral cavity width (normal to flow) (L)
x downstream distance (L)
xFick distance required to reach Fickian conditions (L)
D mean grid cell size (L)
D1 mean grid cell size for fine grid (L)
D2 mean grid cell size for medium grid (L)
D3 mean grid cell size for coarse grid (L)
et0 dimensionless number (–)
e21(x) residual between the medium and fine grid solution at

point locations
e32(x) residual between the coarse and medium grid solution

at point locations
q fluid density (ML�3)
rt

2 variance of the breakthrough curve
sij Reynolds (turbulent) stress tensor (LT�1)
sL mean hydraulic residence time (T)
s1 mean residence time (T)
ln nth absolute temporal moment
lt Eddy viscosity (ML�1 T�1)
l0 zeroth absolute temporal moment
l1 1st absolute temporal moment
l2 2nd absolute temporal moment
l3 3rd absolute temporal moment
m kinematic viscosity (L2 T�1)
mT kinematic eddy viscosity (L2 T�1)
x specific energy dissipation rate (L2 T�2)
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Note that the coefficient of skewness (CSK) is a measure of BTC
skewness and is defined as the ratio of the third to the second tem-
poral moments of the measured BTC (see Section 3.4 for details).
González-Pinzón et al. (2013) show solute transport theory is
inconsistent with field tracer data. In their meta-analysis of tracer
data, González-Pinzón et al. demonstrate that the CSK is constant
over time (CSK = 1.18 ± 0.08) in tracer studies, whereas solute
transport theory has a CSK that decreases over time. Gooseff
et al. (2013) show that well-optimized simulations of stream sol-
ute transport, using data obtained for individual sub-reaches and
combinations of sub-reaches, result in varying interpretations of
tracer exchange with transient storage zones. Thus, there is an
approximate equifinality of model solutions (i.e., similar model fits
using different parameter sets) that is dependent on reach length.
This has resulted in the contrasting results observed among field
tracer studies when quantifying the effect of transient storage
zones on downstream solute transport. For example, field tracer
studies by Valett et al. (1996, 1997), Morrice et al. (1997) and
Mulholland et al. (1997) show that nutrient uptake length is
positively correlated to transient storage area, whereas Hall et al.
(2002), Lautz and Siegel (2007), and Argerich et al. (2011) show
no clear relationship between transient storage area and nutrient
uptake length, indicating transient storage area does not ade-
quately describe nutrient uptake and retention.

To better predict solute transport in streams, we need to under-
stand the effect of transient storage on the dispersive behavior of
open channel flows. Solute transport theory assumes that the
skewness of a concentration BTC increases to a maximum value
and then decreases to zero, indicating the fluvial system has
reached Fickian conditions (Taylor, 1954; Chatwin, 1971). How-
ever, most fluvial systems never asymptotically approach Fickian
conditions and little is known about the effect of transient storage
on stream solute transport when Fickian dispersion is not assumed.
Specifically, we ask the question: what is the effect of one or more
transient storage zones on the in-stream concentration BTC, if we
do not assume Fickian dispersion? To answer this question, we
use a computational fluid dynamics model and focus on one type
of transient storage: emergent lateral cavities.
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Fig. 1. Plan view of the structure for flow past a lateral semi-circular cavity with W/L = 0.4. Velocity vector field (at the water surface) obtained from a RANS CFD model of
Case S1 (flow past a single semi-circular cavity).
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Emergent lateral cavities, also referred to as lateral surface tran-
sient storage zones, are a prevalent and well-studied type of surface
transient storage in open channel flows. Emergent lateral cavities
are lateral cut outs that form along a channel typically by erosion
either along the cutbank of a meander bend, downstream of a riffle
reach, or behind an obstacle protruding from the streambank, such
as a log bole or tree root (Jackson et al., 2013a). The flow structure
of an emergent lateral cavity is characterized by an entrained recir-
culation region comprised of one or more gyres and a shear layer
that spans the entire entrance (Fig. 1). The recirculation region
entrains and enhances solute and suspended sediment mean resi-
dence time, which increases the potential for biogeochemical reac-
tions that can improve water quality.

The purpose of this paper is to quantify the effect of emergent
lateral cavities on the migration of a conservative tracer under
non-Fickian conditions and to determine transport conditions at
the Fickian asymptote. We define non-Fickian conditions as phases
one and two of classical dispersive behavior where, after a conser-
vative tracer is injected, the tracer undergoes dilution and cross-
sectional mixing due to convection and turbulence. At non-Fickian
conditions, the tracer breakthrough curve is skewed (CSK > 0)
(Fig. 2). The Fickian asymptote is achieved when the tracer break-
through curve approaches a Gaussian distribution (CSK ? 0). This
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Fig. 2. Schematic showing theoretical (A) and observed (B) evolution of tracer breakthrou
a downstream location (x2) in a stream. At x1, the tracer BTC is skewed (CSK > 0) due to tra
non-Fickian condition. (A) In solute transport theory, the skewness (i.e., tailing) decrea
indicating the Fickian asymptote is achieved. (B) In practical applications of tracer experi
Note that, in practice, the tailing effect of tracer BTCs can be more or less pronounced.
numerical study uses three-dimensional Reynolds-Averaged
Navier Stokes (RANS) computational fluid dynamics (CFD) models
to understand conservative solute migration in the main channel
due to the presence of transient storage zones (i.e., lateral cavities).
The models were verified using detailed experimental data from a
flume study by Jackson et al. (in preparation; EFM). Model results
show the downstream evolution of conservative tracer break-
through curves, the CSK, and longitudinal dispersion coefficients
due to differing configurations of lateral cavities. These results
may aid the development of mechanistic solute transport theory
that is consistent with field observations. This detailed study is
unique because the flow field is solved and solute migration is sim-
ulated based on the underlying flow physics, unlike solute trans-
port studies that parameterize solute transport and exchange
processes with transient storage zones.

2. Background

2.1. Flow structure

All emergent lateral cavities have shear layers that drive mass
and momentum exchange between the main channel and lateral
cavity. The shear layer forms by flow separation at the upstream
Time at x2

Time at x2

gh curves (BTCs) from an upstream location (x1) near the point of tracer injection to
cer dilution and cross-sectional mixing near the point of tracer injection, indicating a
ses and the tracer BTC approaches a Gaussian distribution (CSK ? 0) downstream,
ments, the skewness persists in tracer BTCs due to the presence of transient storage.
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cavity edge and reattaches to the channel wall at a point down-
stream of the downstream cavity edge (Rockwell and Knisely,
1980). The shear layer is comprised of streamwise-oriented rollers
that merge and grow downstream from the leading cavity edge
due to Kelvin–Helmholtz instabilities (Lin and Rockwell, 2001).
The impingement of convected streamwise-oriented rollers forces
the unsteady transport of vorticity into the downstream cavity
region, which causes flow recirculation (Lin and Rockwell, 2001).

The structure of flow past a single emergent square or rectangu-
lar lateral cavity has been well studied. The flow structure is lar-
gely dependent on the cavity width (W; normal to flow) to
length (L; parallel to flow) aspect ratio. For shallow rectangular
cavities (W/L < 1), a large primary gyre is situated in the down-
stream cavity region and a smaller counter-rotating secondary
gyre is situated in the upstream cavity region, isolated from the
shear layer (Sinha et al., 1982; Shen and Floryan, 1985; Shankar,
1993; Grace et al., 2004; Cheng and Hung, 2006). For square cavi-
ties (W/L � 1), a large primary gyre dominates the cavity (Burggraf,
1966; Benjamin and Denny, 1979; Ghia et al., 1982; Kimura and
Hosoda, 1997; Cheng and Hung, 2006). For deep rectangular cavi-
ties (W/L� 1), a large primary gyre spans the cavity length and is
situated adjacent to the shear layer, and one or more secondary
gyres of similar size are stacked on top of one another between
the cavity wetted perimeter and primary gyre (Cheng and Hung,
2006).

The shape of natural lateral cavities is more complex than that
of the conventional cavity shapes (i.e., square and rectangular);
however, few studies have considered the effect of alternative cav-
ity shapes on the cavity flow structure. Chang and Cheng (1999)
numerically investigated the flow structure and heat transfer
behavior of a lid-driven semi-circular cavity (W/L = 0.3) with Rey-
nolds numbers (Re) ranging from 100 to 2000. At Re = 100, a single
large primary gyre is centered in the semi-circular cavity whereas,
at Re = 2000, a large primary gyre is located in the downstream
cavity region and a small counter-rotating secondary gyre forms
in the upstream cavity region far from the shear layer. Migeon
et al. (2000) performed a laboratory experiment of flow past a
semi-circular cavity (W/L = 0.5) at Re = 1000 and showed the devel-
opment of a uniform recirculation region comprised of a large pri-
mary gyre. Mercan and Atalik (2009) used the unsteady stream
function-vorticity transport formulation to study the effect of cav-
ity aspect ratio and Re on the flow structure of lid-driven semi-cir-
cular cavities. Mercan and Atalik found that, for W/L < 0.5 and
Re = 8000, the stationary flow solution is comprised of a large pri-
mary gyre in the downstream cavity region and one smaller sec-
ondary gyre in the upstream cavity region whereas, for W/L > 0.5
and Re = 8000, the stationary flow solution is comprised of a large
primary gyre in the downstream cavity region, a smaller secondary
gyre in the upstream cavity region, and two smaller gyres near the
cavity wetted perimeter. Ozalp et al. (2010) conducted laboratory
experiments of flow past a rectangular, triangular, and semi-circu-
lar cavity (W/L = 0.5) at high Re. Particle image velocimetry
revealed that all cavity shapes had recirculation regions comprised
of a large primary gyre and no secondary gyres. Jackson et al.
(2012) used a detailed streambed survey and acoustic Doppler
velocimetry data to investigate the flow structure of a natural lat-
eral cavity in Oak Creek, Oregon using a steady RANS model. RANS
simulation results show that, for a natural lateral cavity of
W/L = 0.32 and Re = 32,000, a large primary gyre is located in the
downstream cavity region and a smaller secondary gyre is located
in the upstream cavity region. The irregular wetted perimeter
boundary of the lateral cavity induced the formation of additional
secondary gyres. Each secondary gyre exchanges mass and
momentum with the primary gyre; however, each secondary gyre
does not exchange mass and momentum with any other secondary
gyre. Recently, Jackson et al. (in preparation) performed laboratory
experiments to investigate the effect of three irregular cavity
shapes on the flow structure of an emergent lateral cavity. The
three cavity shapes are idealized representations of natural lateral
cavities in streams: semi-circular, backward-facing conic, and for-
ward-facing conic. All cavity shapes have a W/L = 0.4 because, in
natural fluvial systems, typical lateral cavity aspect ratios range
between 0.2 and 0.75 with a mean of 0.4 (Jackson et al., 2012,
2013b). Flow field results show that all cavity shapes have a flow
structure dominated by a large primary gyre; however, the for-
ward-facing conic shape produces a symmetrical primary gyre that
increases mean circulation velocity and the backward-facing conic
shape produces an asymmetrical primary gyre that decreases
mean circulation velocity.

Within the last decade, studies have focused on the structure of
flow past a series of emergent lateral cavities, termed groyne fields.
Groynes are structures erected at an angle to the streambank to
prevent bank erosion, encourage channel scouring for ship naviga-
tion, control flooding, and enhance flora and fauna biodiversity
(Engelhardt et al., 2004; Constantinescu et al., 2009). Groyne fields
are the recirculation regions formed between individual groynes.
We briefly note that our lateral cavity configurations differ from
studies of open channel flow past groyne fields. In a groyne field,
the shear layer grows downstream from the leading edge of the
first groyne and stabilizes (usually around the 4th to 6th groyne)
to form a fully developed shear layer (Uijttewaal, 2005). Further-
more, the relative size of entrained gyres increases and the mass
exchange rate decreases as groyne field rank increases until the
shear layer reaches an equilibrium width (Constantinescu et al.,
2009). At the equilibrium point the flow structure and mass
exchange rate stabilize for subsequent groyne fields. The configu-
ration of lateral cavities in this study prevents the growth and
amalgamation of shear layers among adjacent lateral cavities.
The 1-m channel width is of sufficient transverse distance to pre-
vent the interference of streamwise adjacent shear layers, which
have maximum widths of less than 0.20 m. Lateral cavities located
along the same wall are spaced 1 cavity length (0.6 m) apart, which
is of sufficient longitudinal distance to prevent shear layer interfer-
ence for streamwise-adjacent lateral cavities because wall reat-
tachment occurs at a distance of no more than 0.3 m.

2.2. Mean residence time

The mean residence time of a single emergent lateral cavity has
been well-studied. Mean residence time can be estimated from the
inverse slope of the exponential residence time distribution (i.e.,
semi-log plot of concentration as a function of time). The residence
time distribution is a probability density function representing the
age distribution of fluid parcels entrained within the lateral cavity
since their time of initial entrainment at t = 0 (Nauman, 1981). Lat-
eral cavities have exponential residence time distributions
(Uijttewaal et al., 2001; Engelhardt et al., 2004; Weitbrecht et al.,
2008; Jackson et al., 2012, 2013b). The residence time distribution
is obtained by uniformly saturating the lateral cavity with a tracer
and monitoring the tracer concentration within the lateral cavity
over time. The characteristic mean residence timescale, s1, is given
by:

CðtÞ ¼ 1
s1

expð�t=s1Þ ð1Þ

where C(t) is the residence time distribution; t is time (T); and s1 is
obtained from the inverse slope of the exponential residence time
distribution. Note that care should be taken when using Eq. (1) to
compute the mean residence time of a lateral cavity, as discussed
by Jackson et al. (2012). Jackson et al. investigated the influence
of gyre dynamics on mean residence time and found that lateral
cavity mean residence time is given by the mean residence time



Table 1
Summary of constant model parameters for all model cases.

aReR
bFr U (m/s) cu⁄ (m/s) DE (m) DC (m) W/L ds1 (s)

Hydraulic and morphologic parameters
34,700 0.39 0.48 0.094 0.15 0.15 0.4 12.3

eDt,x

(m2/s)

eDt,y

(m2/s)

eDt,z

(m2/s)

fDL,LVP

(m2/s)

gDL,ENG

(m2/s)

hDL,Deng

(m2/s)

iSc

Turbulent diffusion and dispersion parameters
2.1 � 10�3 2.1 � 10�3 9.4 � 10�4 0.084 0.178 0.97 9.1 � 105
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of the primary gyre. For a one-exponential residence time distribu-
tion, the cavity is dominated by a large primary gyre and the mean
residence time is the inverse slope of the exponential decay func-
tion. For two-exponential residence time distribution, the cavity
flow structure is comprised of a large primary gyre and one or more
secondary gyres that exchange mass and momentum with the pri-
mary gyre. The primary gyre mean residence time is captured by
the early time exponential decay function; therefore, for a two-
exponential residence time distribution, s1 is computed from the
inverse slope of the first exponential decay function.
a ReR is the Reynolds number computed using the channel hydraulic radius.
b Fr is the Froude number computed using the shear layer depth, DE.
c u⁄ is the shear velocity.
d Mean residence times reported are for Cases S1, S2, S3, P1, and P2.
e Dt is the turbulent diffusion coefficient and is computed for longitudinal (x),

lateral (y), and vertical (z) directions.
f Longitudinal dispersion coefficient computed using the logarithmic velocity

profile (LVP).
g Longitudinal dispersion coefficient computed using engineering estimates

(ENG).
h Longitudinal dispersion coefficient computed using the method of Deng et al.

(2001).
i Schmidt number, Sc = Dt/Dm, where Dm = 2.3 � 10�9 m2/s is the molecular dif-

fusion coefficient.
3. Methodology

We developed six Reynolds-Averaged Navier Stokes (RANS)
computational fluid dynamics (CFD) models of open channel flow:
one model with no lateral cavities and five models with one or
more emergent semi-circular lateral cavities (Fig. 3). Case CO
denotes ‘channel only’, indicating open channel flow with no lat-
eral cavities. Cases S1, S2, and S3 denote ‘series’, indicating that lat-
eral cavities are configured in series, and the numbers 1, 2, and 3
indicate that one, two, or three lateral cavities are configured in
series, respectively. Cases P1 and P2 denote ‘parallel’, indicating
that lateral cavities are configured in parallel, and the numbers 1
and 2 indicate that one or two sets of lateral cavities are configured
in parallel, respectively.

The development and solution of the numerical models was a
multi-step process. First, a RANS CFD model was formulated to
simulate open channel flow with no lateral cavities (Case CO)
(Fig. 3). The converged flow solution was verified through compar-
ison to velocity measurements obtained from a detailed flume
study by Jackson et al. (in preparation). Case CO is used to verify
the main channel flow field and is a base case for comparing the
effects of transient storage. After Case CO was verified, a RANS
CFD model was formulated to simulate open channel flow past a
single lateral semi-circular cavity (Case S1). The converged flow
solution and cavity mean residence time were verified through
comparison to the velocity and mean residence time results
reported in Jackson et al. (in preparation). The verification process
for Case S1 also included a grid refinement study to estimate the
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Fig. 3. Conceptualization of lateral cavity configurations in RANS CFD
uncertainty error bands for the converged numerical solutions.
The grid refinement study is presented in Appendix A. After Case
S1 was verified, RANS CFD models were formulated using the mul-
tiple cavity configurations shown for Cases S2, S3, P1, and P2 in
Fig. 3. The RANS CFD models have the same geometric configura-
tion and flow parameters as Jackson et al.’s flume study (see
Table 1).
3.1. Governing equations

Numerical modelling of the 3-D turbulent flow problem was
accomplished using RANS CFD models. The governing equations
include the steady RANS continuity and momentum equations,
the unsteady advection–diffusion equation, and the steady trans-
port equations for turbulent kinetic energy (k) and its specific
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simulations. All model configurations have a 250-m grid domain.
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energy dissipation rate (x). We used the shear stress transport
(SST) k–x turbulence model for turbulence closure because this
model exhibits good behavior for flow problems involving separat-
ing flows and recirculation, which is characteristic of open channel
flow past lateral semi-circular cavities (Menter, 1993, 1994). The
governing equations are presented in Appendix B. The advantages
and limitations of using a RANS approach are discussed in Appen-
dix C. The computational approach for implementing conservative
tracer transport using an unsteady passive scalar transport model
is discussed in Appendix D.

3.2. Numerical method and implementation

The steady RANS and SST k–x turbulent transport equations
were solved using the commercial finite volume solver STAR-
CCM+ (CD-Adapco, 2006). A segregated flow solver employing
the SIMPLE algorithm was used to solve for the velocity and pres-
sure fields. Convection terms were discretized using a 2nd-order
upwind scheme. The Hybrid Gauss-Least Squares method was used
to compute pressure gradients, secondary gradients for the diffu-
sion terms, and the strain-rate and rotation-rate in the turbulence
models (Xu, 1990). An implicit 1st-order scheme was used to dis-
cretize time. Wall functions were used to resolve the logarithmic
velocity profile in the turbulent boundary layer [see Wilcox
(2006) and CD-Adapco (2006) for further details].

Grid geometries were formulated in Pointwise—a commercial
grid generation software (Pointwise, 2003). Case CO—a rectangular
open channel flow—has a uniform structured grid with grid cells of
dimension 0.03 m � 0.03 m � 0.01 m. For Cases S1, S2, S3, P1, and
P2, reconstruction of the semi-circular cavity shape was obtained
A

B

Fig. 4. Unstructured tetrahedral grid in the vicinity of the lateral cavity for Case S1: (
resolution near lateral cavity and coarser grid resolution toward main channel flow.
from detailed cavity design plans used in the flume study by
Jackson et al. (in preparation). All grids with lateral cavities have
a non-uniform unstructured tetrahedral mesh with control vol-
umes ranging in size from a minimum of 0.0032 m to a maximum
of 0.03 m (Fig. 4; zoomed in plan view image and perspective
view). The mean grid cell size is 0.0045 m in and around each cav-
ity and increases to 0.03 m far from the cavity.

The RANS CFD models have different boundary conditions. Case
CO has periodic flow boundary conditions specified for the inlet
and outlet. The mass flow rate is 71.5 kg/s, which is based on a fluid
density of 997.56 kg/m3 and stream discharge of 0.072 m3/s. Using
periodic flow boundary conditions, we assume that Case CO repre-
sents ‘infinitely long’ open channel flow. Cases S1, S2, S3, P1, and
P2 have the same boundary conditions. Periodic flow boundary
conditions were used to obtain fully developed velocity profiles
to specify as the inflow boundary conditions. Cases S1, S2, S3, P1,
and P2 have a fully developed velocity profile inlet boundary con-
dition. The inlet is located 1 m upstream of the first cavity in each
case (Fig. 3). A pressure outlet boundary condition is located at a
distance 250 m downstream of the inlet (250-m model domain
length). The streambanks and streambed are no-slip boundaries.
Because all cases have subcritical flow (Fr� 1), the water surface
is a slip boundary condition.

Once fully converged (steady-state) flow solutions were
obtained, conservative tracer transport was simulated using the
unsteady passive scalar transport model. A passive scalar concen-
tration of 0 was specified as the initial condition. Across the inlet
boundary, the passive scalar concentration was uniform and set
equal to 1. In the transient passive scalar simulations, we moni-
tored the time series of conservative tracer migration within the
0 0.10
Meters

A) plan view (X–Y). (B) Perspective view looking up +Y showing fine vertical grid
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Fig. 6. Comparison of measured ADV data to simulated data inside cavity for Case
S1 (flow past a single semi-circular cavity): (A) numbered ADV measurement
locations (triangle markers) inside cavity at 0.075 m depth; (B) measured (black)
and simulated (blue) velocity vectors at ADV measurement locations located at
0.075 m depth; (C) measured (diamond markers) and simulated (circle markers)
velocity magnitude at each ADV measurement location. Diamond marker size
indicates an ADV measurement error of 2% and circle marker size indicates a grid
convergence index error of 3%; and (D) comparison of simulated and measured
velocity magnitude. Root mean square error between measured and simulated
velocities is 0.009 m/s.
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main channel and lateral cavities at fixed spatial locations. Conser-
vative tracer concentrations were obtained at the end of each time
step (i.e., at 1-s intervals). For the main channel, the conservative
tracer concentrations were recorded at 1-m longitudinal (x) spatial
increments and are volume integrals of concentration along y–z
planes (i.e., volume integrals of concentration obtained along 2-D
transverse-vertical cross-sections). The total longitudinal monitor-
ing distance differed between Case CO and Cases S1, S2, S3, P1, and
P2. For Case CO, time series of conservative tracer concentration
were obtained at 1-m spatial increments beginning at x = 1 m.
We ran the periodic channel flow model until the head of the con-
centration front coming through the inlet boundary converged
with the tail of the concentration front (i.e., until the concentration
front had a maximum longitudinal spreading equivalent to the
total model domain length of 250 m). Head-to-tail concentration
plume convergence occurred at about 815 m for Case CO; there-
fore, we set the total longitudinal monitoring length to 800 m.
For Cases S1, S2, S3, P1, and P2, time series of conservative tracer
concentration were obtained at 1-m spatial increments from
x = 1 m to the model outlet at x = 250 m. In the lateral cavities, con-
servative tracer concentrations were recorded at four locations
corresponding to the electrical conductivity sensor measurement
locations in the study by Jackson et al. (in preparation). In the
CFD models, these four monitor locations have volumes equal to
1 cm3, which is equivalent to the sampling volume of the electrical
conductivity sensors. We also monitored the total conservative tra-
cer concentration over time within each lateral cavity by comput-
ing the volume integral of tracer concentration using all model
cells located within each lateral cavity.

3.3. Verification

3.3.1. Case CO
The converged velocity field for Case CO was verified through

comparison to velocity measurements obtained from the detailed
flume study by Jackson et al. (in preparation). The simulated fully
developed velocity profile (solid line) is a good prediction of the
measured velocity profile (Fig. 5). The mean velocity profiles were
obtained along a vertical transect located 1 m downstream of the
inflow boundary at the channel centerline. The measured longitu-
dinal velocities were obtained with a Sontek FlowTracker Hand-
held acoustic Doppler velocimeter (ADV).

3.3.2. Case S1
The converged flow field along the shear layer interface and

inside the cavity for Case S1 was verified through comparison to
velocity measurements reported in Jackson et al. (in preparation).
Measured mean velocity magnitudes were obtained with a Sontek
microADV. Point measurements of velocity were obtained at 50%
depth (0.075 m) in the cavity (see Fig. 6A for point measurement
0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

z/D

V x (
m

/s
)

Measured
Simulated

Fig. 5. Mean velocity vertical profile for Case CO (straight channel flow with no
lateral cavity). Vertical measured (black diamond markers) and simulated (blue
line) mean longitudinal velocities at the channel centerline (x = 1 m and y = 0.5 m).
Diamond marker size indicates an ADV measurement error of 2%. Root mean square
error between measured and simulated velocities is 0.02 m/s. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
locations), and along linear transects at 3 different depths
(0.050 m, 0.075 m, and 0.095 m) in the shear layer. Inside the cav-
ity, simulated (blue) and measured (black) mean velocity vectors
have similar directionality, with small deviations in vector direc-
tions at each measurement location (Fig. 6B). Deviations in velocity
vector directionality occur because the primary gyre core position
in the RANS CFD simulation is not aligned with the measured pri-
mary gyre core position. Simulated mean velocity magnitudes
inside the cavity are good predictions of their corresponding mea-
sured velocities at each measurement location (Fig. 6C). Of the 25
measurement locations, 19 measurement locations have fits
between measured and simulated data that are within the 3.09%
measurement error range. Comparison of simulated to measured
velocity magnitudes shows a good linear correlation with an
R2 = 0.86 (Fig. 6D). In the shear layer, the simulated velocity mag-
nitudes are good predictions of their corresponding measured
velocities at each depth (Fig. 7).
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Mean residence times at point locations within the cavity were
verified through comparison to mean residence times computed in
Jackson et al. (in preparation). Jackson et al. positioned four electri-
cal conductivity sensors on the flume bed and recorded specific
conductivity (i.e., NaCl concentration) over time during NaCl injec-
tion experiments. In the transient numerical simulations, we mon-
itored conservative tracer concentration over time at the four
measurement locations to obtain simulated concentration break-
through curves. The measurement locations are shown in Fig. 8A.
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Fig. 8. Comparison of measured to simulated mean residence times inside cavity
for Case S1 (flow past a single semi-circular cavity): (A) numbered electrical
conductivity sensor measurement locations (black square markers) inside cavity at
0.01 m depth. Gray region indicates a measurement location error of ±0.01 cm in
the longitudinal and transverse directions; (B) measured (diamond markers) and
simulated (circle markers) mean residence times at each measurement location.
Diamond marker size indicates a measurement error of 2% and circle marker size
indicates a grid convergence index error of 3%; and (C) comparison of simulated and
measured mean residence times. Root mean square error between measured and
simulated mean residence times is 1.73 s.
Computed mean residence times (using Eq. (1)) from simulated
and measured concentration breakthrough curves show good
agreement (Fig. 8B) with a linear correlation (R2 = 0.82; Fig. 8C).

3.4. Temporal moment analysis of tracer migration

Conservative tracer migration within the main channel due to a
uniform pulse injection across the channel inflow boundary was
evaluated using temporal moments. At each monitoring location
within the main channel, the time series of cross-sectional mean
tracer concentration was recorded at 1-s intervals. We used tem-
poral moments to quantify the evolution of simulated concentra-
tion breakthrough curves (concentration time series) due to the
absence and presence of one or more lateral cavities.

Temporal moment analysis is a widely used and recognized
technique for quantifying the transport behavior of solutes in open
channel flows (Sardin et al., 1991; Das et al., 2002). The nth abso-
lute temporal moment (i.e., temporal moment about 0) for concen-
tration as a function of time, C(t), at a fixed spatial location, x, is
given by Nauman (1981):

lnðxÞ ¼
Z 1

0
tnCðx; tÞdt ð2Þ

and the nth normalized absolute temporal moment at a fixed spatial
location is ln(x)/l0 (Nauman, 1981). The first normalized absolute
temporal moment is the mean travel time.

To examine skewness, the nth normalized central temporal
moment (i.e., temporal moment about the mean) is used. It is
(Nauman, 1981; Sardin et al., 1991):

mn ¼
1
l0

Z 1

0
t � l1

l0

� �n

CðtÞdt ð3Þ

The 2nd normalized central temporal moment (i.e., variance) is:

m2 ¼
1
l0

Z 1

0
t � l1

l0

� �2

CðtÞdt ¼ l2

l0
� l1

l0

� �2

ð4Þ

and the 3rd normalized central temporal moment (i.e., skewness)
is:

m3 ¼
1
l0

Z 1

0
t � l1

l0

� �3

CðtÞdt ¼ l3

l0
� 3l2l1

ðl0Þ
2 þ 2

l1

l0

� �3

ð5Þ

The coefficient of skewness (CSK) is (González-Pinzón et al., 2013):

CSK ¼ m3

ðm2Þ3=2 ð6Þ
4. Results

4.1. Simulated tracer breakthrough curves

Simulated tracer concentration breakthrough curves (BTCs)
have pronounced tailing in the vicinity of the lateral cavities
(Fig. 9). Simulated concentration BTCs were plotted at 2-m inter-
vals starting from the inflow boundary at x = 0 m to 30 m down-
stream. For all cases, concentration BTCs show an evolution to
Gaussian-type distributions farther downstream. For Case CO, con-
centration BTCs have variance that grows linearly with distance
downstream (Fig. 9A). For lateral cavities in series (Cases S1, S2,
and S3), concentration BTCs have pronounced tailing where
increasing the number of cavities increases the skewness of the
distributions (Fig. 9B–D). For two lateral cavities in parallel (Case
P1), concentration BTCs show a downstream evolution with BTCs
rapidly approaching a Gaussian-type distribution compared to
the other cases (Fig. 9E). For two sets of lateral cavities in parallel
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(Case P2), concentration BTCs are more skewed and have a longer
distance for evolution to Gaussian-type distributions compared to
Case P1 (Fig. 9F).

The shape of concentration BTCs is dependent on lateral cavity
configuration (Fig. 10). Oscillations in BTC tailing are caused by tra-
cer rapidly ejecting from cavities after the tracer has resided within
the recirculation region for one complete revolution of the primary
gyre. Using BTCs at x = 5 m for lateral cavities oriented in series as
an example: Cases S1, S2, and S3 have one, two, and three oscilla-
tions in BTC tailing, respectively. Case S1 has one oscillation in BTC
tailing that is attributed to a majority of entrained tracer ejecting
from the cavity after residing within the recirculation region for
one complete revolution of the primary gyre (Fig. 10). Case S2
has two oscillations in BTC tailing, where the first peak is attrib-
uted to the rapid ejection of tracer from the upstream cavity and
the second peak is attributed, predominantly, to the rapid ejection
of tracer from the downstream cavity and, to a lesser extent, the
ejection of tracer from the upstream cavity. Similarly, Case S3
has three oscillations in BTC tailing, where the first, second, and
third peaks are attributed, predominantly, to the rapid ejection of
tracer from the upstream, middle, and downstream cavities,
respectively.

When comparing simulated concentration BTCs at a fixed
downstream distance of x = 5 m, the addition of lateral cavities to
an open channel flow reduces peak concentrations and increases
the skewness of concentration BTCs (Fig. 10). Normalized peak
concentration for Case CO is approximately 0.66. For a single lat-
eral cavity, normalized peak concentration decreases by approxi-
mately one-half to 0.30 (Case S1). For each additional lateral
cavity oriented in series the normalized peak concentration
decreases by 0.01, where normalized peak concentrations for Cases
S2 and S3 are 0.29 and 0.28, respectively. When two lateral cavities
are oriented in parallel, normalized peak concentration is 0.34 and,
when two sets of lateral cavities are oriented in parallel, normal-
ized peak concentration is 0.32. For both lateral cavities oriented
in series and parallel, increasing the number of cavities increases
the skewness of the concentration BTCs immediately downstream
of the lateral cavities compared to Case CO. However, lateral cavi-
ties oriented in series have longer tails compared to lateral cavities
oriented in parallel.

4.2. Coefficient of skewness

CSK decreases with downstream distance for all cases (Fig. 11).
CSK was computed using Eq. (6) for all simulated concentration
BTCs (i.e., CSK was computed for each BTC, where BTCs were
obtained at 1-m intervals from the inflow boundary at x = 0 m to
the outflow boundary at x = 250 m). Note that Case CO has periodic
boundary conditions and tracer evolution was simulated for four
passes of the tracer through the model domain for a total down-
stream distance of x = 800 m. CSK for Case CO begins at approxi-
mately 1 and decreases toward zero with downstream distance
(Fig. 11A). The addition of lateral cavities causes the maximum
value of CSK first to increase then decrease and tend toward zero
farther downstream. For a single lateral cavity (Case S1;
Fig. 11B), CSK increases to a maximum of about 17. CSK increases
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Fig. 11. Coefficient of skewness (CSK) as a function of longitudinal channel distance (x) from the model inflow boundary. (A) Case CO; (B) Case S1; (C) Case S2; (D) Case S3; (E)
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Table 2
Summary of estimated distances to Fickian conditions and transport parameters.

Case xFick

(m) Best-Fit Line (BFL)a R2 VC/VMC Dam Pe

CO 2127 CSK = �0.09�ln(x) + 0.65 0.98 – – 7140
S1 1254 CSK = �4.23�ln(x) + 30.2 0.99 8.5 � 10�5 212 4210
S2 1519 CSK = �1.95�ln(x) + 14.3 0.64 1.4 � 10�4 257 5100
S3 2272 CSK = �1.80�ln(x) + 13.9 0.91 1.4 � 10�4 385 7630
P1 231 CSK = �4.03�ln(x) + 17.5 0.85 9.2 � 10�4 39 780
P2 617 CSK = �2.72�ln(x) + 21.9 0.82 6.9 � 10�4 105 2070

a Best-Fit Lines (BFLs) are fitted through CSK data starting at maximum value of
CSK.
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due to the presence of the lateral cavity and then decreases and
tends toward zero as tracer migration is affected only by advective
and dispersive processes associated with the main channel flow.
Two lateral cavities in series (Case S2; Fig. 11C) cause CSK to
increase to a maximum of about 10 and three lateral cavities in ser-
ies (Case S3; Fig. 11D) cause CSK to increase to a maximum of
about 8. For Cases S2 and S3, an instability (i.e., sharp decrease fol-
lowed by a gradual increase in CSK within 2 m 6 x 6 5 m) occurs in
the vicinity of lateral cavities (Fig. 11C and D). CSK increases to a
maximum value due to the presence of the first lateral cavity
and has an initial sharp decreasing trend due to the presence of
subsequent lateral cavities. Past the last (most downstream) lateral
cavity the flow behavior no longer is affected by lateral cavities.
This changes the trend in downstream tracer migration, where
CSK has a small gradual rise and then decreases and tends toward
zero as tracer migration is affected only by advective and disper-
sive processes associated with the main channel flow. For two lat-
eral cavities in parallel (Case P1; Fig. 11E), CSK increases to a
maximum of about 15 and, when two sets of lateral cavities are
in parallel (Case P2; Fig. 11F), CSK increases to a maximum of about
12. The instability in Case P2 is caused by the change in flow
behavior, where tracer no longer interacts with lateral cavities.
To summarize, increasing the number of lateral cavities decreases
the maximum value of CSK, and the instability that occurs when
two or more lateral cavities are oriented in series is caused by a
change in flow behavior, where the sharp decreasing trend in CSK
for 2 m 6 x 6 5 m is caused by the presence of lateral cavities
and the gradual rise and decrease in CSK for x > 5 m is due to tracer
migration being affected only by advective and dispersive pro-
cesses associated with the main channel flow.

We estimated the downstream distance required for each case
to reach Fickian conditions. At Fickian conditions, concentration
BTCs have Gaussian distributions and the CSK approaches zero.
By fitting a best-fit regression line through CSK as a function of
downstream distance and setting CSK equal to 0, we estimate the
distance required for each system to reach Fickian conditions. In
all cases, logarithmic trend lines provide the best fit through CSK
as a function of downstream distance, where each trend line begins
at the point of maximum CSK (see Table 2). For Case CO, a best-fit
logarithmic line through the CSK data from 0 m 6 x 6 800 m is:
CSK = �0.09�ln(x) + 0.65 with R2 = 0.98 (Table 2). Setting the best-
fit logarithmic line equal to zero (i.e., CSK = 0) and solving for x
yields an estimated distance to Fickian conditions of xFick = 2127 m.
Therefore, with no lateral cavities present, a conservative tracer
injection will reach Fickian conditions at a downstream distance
of about 2127 m. For lateral cavities oriented in series, the esti-
mated distance to Fickian conditions increases as the number of
lateral cavities increases where xFick is 1254 m, 1519 m, and
2272 m for Cases S1, S2, and S3, respectively. For lateral cavities
oriented in parallel, the estimated distance to Fickian conditions
also increases as the number of lateral cavities increases where xFick

is 231 m and 617 m for Cases P1 and P2, respectively.
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4.3. Longitudinal dispersion

Four methods were used to compute the longitudinal dispersion
coefficient, DL, and estimated DL values are within the same order
of magnitude for each case (see Table 1). In the first method, the
longitudinal dispersion coefficient for an infinitely wide turbulent
open channel flow is (Socolofsky, 2012):

DL;LVP ¼ 5:93Du	 ð7Þ

where D is main channel depth (L); u⁄ is the shear velocity (LT�1);
and DL,LVP = 0.084 m2/s for all cases. The equation above was derived
using the fully developed mean logarithmic velocity profile (LVP)
and an analytical solution developed by Fischer et al. (1979) for
DL,LVP. In the second method, the longitudinal dispersion coefficient
is computed based on engineering estimates (Fischer et al., 1979):

DL;ENG ¼ 0:011
U2W2

Du	
ð8Þ

where U is the mean main channel velocity (LT�1); and
DL,ENG = 0.178 m2/s for all cases. In the third method, the longitudi-
nal dispersion coefficient is estimated using geomorphological
parameters (Deng et al., 2001):

et0 ¼ 0:145þ 1
3520

� �
W
D

� �1:38 U
u	

� �

DL;Deng ¼
0:15Du	

8et0

W
D

� �5=3 U
u	

� �2
ð9Þ

where et0 is a dimensionless number and DL,Deng = 0.97 m2/s for all
cases. In the fourth method, the longitudinal dispersion coefficient
is estimated using simulated concentration BTCs (Socolofsky,
2012):

DL;BTC ¼
U2r2

t

2t
ð10Þ

where rt
2 is the variance of the BTC and t is the time associated

with rt (T). At each main channel monitoring location, probability
density functions (PDFs) of simulated tracer concentration BTCs
were converted to normalized cumulative density functions (CDFs).
Noting that a normalized CDF concentration of 0.5 corresponds to
the centroid of tracer mass and that normalized CDF concentrations
of 0.16 and 0.84 correspond to one standard deviation to the left
and right of the centroid, respectively, the time associated with rt

is:

t ¼ tC¼0:16 þ ½tC¼0:84 � tC¼0:16
=2 ð11Þ

For Case CO, DL,BTC increases from near 0 and asymptotically
approaches 0.14 m2/s at long distances (Fig. 12A). When lateral cav-
ities are present, DL,BTC has a different trend as a function of down-
stream distance, where DL,BTC reaches a maximum value in the
vicinity of the lateral cavities and decreases to approach 0.14 m2/s
at long distances. For lateral cavities oriented in series, maximum
values of DL,BTC increase from 0.84 m2/s (Case S1; Fig. 12B) to
1.43 m2/s (Case S2; Fig. 12C) and 3.17 m2/s (Case S3; Fig. 12D) as
the number of lateral cavities in series increases. For lateral cavities
oriented in parallel, maximum values of DL,BTC increase from
0.76 m2/s (Case P1; Fig. 12E) to 0.84 m2/s (Case P2; Fig. 12F) as
the number of lateral cavities in parallel increases.

4.4. Transport parameters

Damköhler numbers (Dam)—ratios of mass exchange rate to
advective transport rate—were computed from:

Dam ¼ ð1þ VC=VMCÞL
s1U

ð12Þ
where the characteristic length scale, L, is the estimated distance
required to reach Fickian conditions, xFick; VC is the total volume
of lateral cavities along the channel reach (L3); and VMC is the main
channel volume (L3). We computed VMC from: channel
depth � channel width � xFick.

Damköhler numbers estimated at Fickian conditions increase as
the number of lateral cavities increases (Table 2). For lateral cavi-
ties oriented in series, Dam increases from 212 to 257 and 385
for Cases S1, S2, and S3, respectively. For lateral cavities oriented
in parallel, Dam increases from 39 (Case P1) to 105 (Case P2). At
non-Fickian conditions in the vicinity of the lateral cavities, Dam
is consistent and is around 0.85. Therefore, in the vicinity of lateral
cavities the flow field is dominated by both mass exchange and
advective transport, and Dam on the order of 102 is required for flu-
vial systems with lateral cavities to reach Fickian conditions.

Péclet numbers (Pe)—ratios of advective to dispersive transport
rate—were computed using longitudinal dispersion coefficients
estimated from Eq. (10):

Pe ¼ UL
DL
¼ UxFick

DL;BTC
ð13Þ

where the characteristic length scale, L, is the estimated distance
required to reach Fickian conditions, xFick and DL,BTC = 0.14 m2/s.

Péclet numbers estimated at Fickian conditions increase as the
number of lateral cavities increases (Table 2). For lateral cavities
oriented in series, Pe increases from 4210 (Case S1) to 5100 (Case
S2) and 7630 (Case S3). For lateral cavities oriented in parallel, Pe
increases from 780 (Case P1) to 2070 (Case P2). At non-Fickian con-
ditions in the vicinity of the lateral cavities, Pe range from 1 to 1.13
for lateral cavities in series and Pe range from 1.7 to 3 for lateral
cavities in parallel. Therefore, in the vicinity of the lateral cavities
the flow field is dominated by the effects of advection and disper-
sion whereas, at Fickian conditions, the fluvial system is highly
advective.
5. Discussion

5.1. Simulated tracer breakthrough curves

Lateral cavities oriented in series have longer tails and smaller
peak concentrations compared to lateral cavities oriented in paral-
lel (Fig. 10). Lateral cavities oriented in series have longer tails
because there is a greater affinity for tracer that is entrained in
an upstream lateral cavity to become entrained in downstream lat-
eral cavities. When tracer exits an upstream lateral cavity through
the shear layer interface, tracer travels with the fluid in the near-
wall region and is in close proximity to shear layers at the interface
of downstream lateral cavities, which increases the potential for
the tracer to become subsequently entrained (Uijttewaal et al.,
2001; Constantinescu et al., 2009). Conversely, lateral cavities ori-
ented in parallel, such as Case P1, do not have subsequent tracer
mass entrainment either in downstream lateral cavities or
between adjacent lateral cavities because of sufficient transverse
channel distance between shear layers. Because lateral cavities in
series have BTCs with more pronounced tailing, by conservation
of mass, the BTCs have smaller peak concentrations.

The shape of concentration BTCs is dependent on lateral cavity
configuration (Fig. 10). For example, when comparing concentra-
tion BTCs between Cases S2 and P1, the BTC tailings have different
shapes. Case S2 has two oscillations in BTC tailing and Case P1 has
one oscillation in BTC tailing. These tailings provide information
about how tracer is being entrained due to the configuration of lat-
eral cavities in the fluvial system. We note that current models
parameterize transient storage effects on main channel BTC tailing
using an effective mass exchange coefficient and a relative volume
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Fig. 12. Longitudinal dispersion coefficient (DL,BTC) as a function of longitudinal channel distance (x) from the model inflow boundary. (A) Case CO; (B) Case S1; (C) Case S2;
(D) Case S3; (E) Case P1; (F) Case P2.
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ratio (i.e., ratio of transient storage volume to the main channel
volume). While Cases S2 and P1 have the same mass exchange rate
and volume ratio, the measured tracer concentration BTCs differ.
Although good fits can be obtained between measured and simu-
lated BTCs by parameterizing the mass exchange rate and volume
ratio in 1-D solute transport models, our results suggest that these
parameters do not adequately describe the fundamental fluid
mechanics driving mass and momentum exchange. Therefore, the
approximate equifinality of model solutions is attributed to param-
eters that do not adequately describe the fundamental flow physics
driving exchange with transient storage zones.

5.2. Coefficient of skewness

The spatial distribution of the coefficient of skewness (CSK) has
an initial ‘spike’ and then decreases and tends toward zero with
downstream distance for all cases (Fig. 11). For Case CO, a uniform
tracer injection across the inflow boundary causes the initial spike
in CSK of about 1. When lateral cavities are added to the model
domain, CSK has an initial spike in CSK of about 1 due to the uni-
form tracer injection and then increases to a maximum value
around 10–20 as tracer exchanges between the main channel
and lateral cavities. Increasing the number of lateral cavities
decreases the maximum value of CSK and this phenomenon can
be explained by the evolution of concentration BTCs. Computed
variances along the channel reach show that, when comparing lat-
eral cavities oriented either in series or in parallel, variance
increases with downstream distance (i.e., variance increases when
comparing Cases S1 to S2 and S3 and variance increases when
comparing Cases P1 to P2). Variance increases because each lateral
cavity causes greater spreading of concentration BTCs. Since CSK is
a ratio of BTC skewness to variance, an increase in variance causes
a subsequent decrease in maximum values of CSK.
The estimated downstream distance required to reach Fickian
conditions (xFick) increases as the number of lateral cavities
increases, but is dependent on lateral cavity configuration (Table 2).
When lateral cavities are oriented in series, xFick increases nearly
twofold from Case S1 (1254 m) to Case S3 (2272 m). When lateral
cavities are oriented in parallel, xFick increases nearly fourfold from
Case P1 (231 m) to Case P2 (617 m). Lateral cavities oriented in ser-
ies have larger values of xFick compared to lateral cavities oriented
in parallel because their concentration BTCs have more pro-
nounced tailing due to subsequent tracer entrainment; therefore,
a greater downstream distance is required for concentration BTCs
of lateral cavities in series to evolve into Gaussian distributions.

The trend in estimated values of xFick is more dependent on the
configuration, not the number, of lateral cavities. For example,
while Cases S2 and P1 have two lateral cavities, the estimated
value of xFick is an order of magnitude smaller for Case P1 compared
to Case S2. Interestingly, when no lateral cavities are present, a
conservative tracer injection will reach Fickian conditions at a
downstream distance of about 2127 m (Case CO), which is close
to Case S3 (2272 m). Therefore, there is a limiting condition for xFick

that is dependent on the number and configuration of lateral cav-
ities. We postulate that a small number of lateral cavities causes
increased lateral mixing, which decreases the distance to Fickian
conditions; however, there is a limiting condition for the number
of lateral cavities oriented in series where, above a threshold quan-
tity, subsequent tracer mass entrainment causes greater spreading
of concentration BTCs, which increases xFick. Furthermore, orienta-
tions of lateral cavities in parallel causes greater lateral mixing,
which significantly decreases the distance to Fickian conditions
compared to lateral cavities oriented in series, which counteracts
the effects of subsequent tracer mass entrainment.

A meta-analysis of 384 BTCs from 98 stream tracer experiments
by González-Pinzón et al. (2013) shows that CSK is constant over
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time and is equal to 1.18 ± 0.08; however, CSK values obtained
from simulated concentration BTCs show that CSK changes with
monitoring location. The empirical estimate of CSK from the
meta-analysis was obtained from tracer BTCs measured in a variety
of lotic systems, including hyporheic flow paths, large rivers, head-
water streams in forested and desert environments, and urban
canals. Our simulation results show that CSK approximates 1.18
between 150 and 230 m for the model cases. We postulate that,
because the maximum value of CSK in the vicinity of lateral cavities
decreases (toward 1) as the number of lateral cavities increases,
the addition of more lateral cavities and other types of surface
and hyporheic transient storage would increase channel complex-
ity and yield closer results between estimated simulated and
empirical CSK values. Increasing the flow complexity of the numer-
ical simulations through the addition of different types of transient
storage is needed to test this hypothesis and warrants future
research.
5.3. Longitudinal dispersion

The longitudinal dispersion coefficient was computed using
four different approaches that yield variable results (see Table 1).
The lowest estimate of DL was obtained using an equation devel-
oped for an infinitely wide, fully developed, turbulent open chan-
nel flow using the mean logarithmic velocity profile (LVP), where
DL,LVP = 0.084 m2/s. The low estimate of DL occurs because the
model domain does not uphold the stipulation of an infinitely
wide channel, which assumes that channel width� channel
depth. In the simulations, channel width (= 1 m) > channel depth
(= 0.15 m). The highest estimate of DL was obtained from Deng
et al. (2001) using geomorphological parameters and empirical
relationships, where DL,Deng = 0.97 m2/s. The high estimate of DL

occurs because the model domain is an idealized channel and
Deng et al. (2001) uses empirical relationships for morphologi-
cally complex natural channels. When DL is computed based on
engineering estimates, DL,ENG = 0.178 m2/s. Different values of DL

are estimated for each case when using simulated concentration
BTCs (DL,BTC). At long distances, all cases have DL,BTC that asymp-
totically approach 0.14 m2/s because the last lateral cavity always
is terminated by a long rectangular channel (Fig. 12).

Longitudinal dispersion coefficients computed from simulated
concentration BTCs have maximum values in the vicinity of lateral
cavities that increase with the number of lateral cavities present
(Fig. 12). When lateral cavities are oriented in series, DL,BTC in the
vicinity of the lateral cavities increases nearly fourfold from Case
S1 (0.84 m2/s) to Case S3 (3.17 m2/s). When lateral cavities are ori-
ented in parallel, DL,BTC in the vicinity of the lateral cavities
increases by about 10% from Case P1 (0.76 m2/s) to Case P2
(0.84 m2/s). Therefore, lateral cavities oriented in series cause
greater dispersion and mixing compared to lateral cavities oriented
in parallel and increasing the number of lateral cavities present
increases dispersion. However, the configuration of lateral cavities
has a greater influence on longitudinal dispersion than the number
of lateral cavities present.
6. Conclusions

Lateral cavities oriented in series have longer tails and smaller
peak concentrations compared to lateral cavities oriented in paral-
lel. Lateral cavities oriented in series have longer tails because
there is a greater affinity for tracer entrained in an upstream lateral
cavity to become entrained in downstream lateral cavities. Lateral
cavities oriented in series also have smaller peak concentrations
because, by conservation of mass, their BTCs have more pro-
nounced tailing.
Transport parameters are computed for each case under non-
Fickian and Fickian conditions. At non-Fickian conditions CSK has
an initial ‘spike’ that is inversely proportional to the number of
lateral cavities and then decreases with a logarithmic trend; at
Fickian conditions CSK is zero. At non-Fickian conditions, lateral
cavities oriented in series cause greater dispersion and require
longer distances to reach Fickian conditions (xFick) compared to
lateral cavities oriented in parallel. The configuration of lateral
cavities has a greater influence on longitudinal dispersion and
xFick than the number of lateral cavities present. At Fickian condi-
tions, the longitudinal dispersion coefficient asymptotically
approaches 0.14 m2/s. Damköhler and Péclet numbers estimated
in the vicinity of lateral cavities (i.e., at non-Fickian conditions)
indicate the flow field is dominated by the combined effects of
advection, dispersion, and mass exchange. Damköhler numbers
on the order of 102 are required for fluvial systems with lateral
cavities to reach Fickian conditions, and Péclet numbers esti-
mated at Fickian conditions indicate the fluvial system is highly
advective.

A meta-analysis of 384 BTCs from 98 stream tracer experiments
by González-Pinzón et al. (2013) shows CSK is constant over time
(CSK = 1.18 ± 0.08), whereas our simulation results reveal that
CSK changes with monitoring location and approximates 1.18
between 150 and 230 m. We postulate that, because maximum
CSK in the vicinity of lateral cavities decreases as the number of lat-
eral cavities increases, the addition of more lateral cavities and
other types of surface and hyporheic transient storage would
increase channel complexity and yield closer results between esti-
mated simulated and empirical CSK values. Increasing the flow
complexity of the numerical simulations through the addition of
different types of transient storage is needed to test this hypothesis
and warrants future research.

Results from this numerical study can be potentially useful for
the development of new mechanistic solute transport theory that
is consistent with non-Fickian transport field observations. The
main findings are that: (1) concentration BTC shape and transport
parameters are dependent on lateral cavity configuration, indicat-
ing that the configuration and interaction of transient storage
zones impact stream solute transport; and (2) while good fits can
be obtained between measured and simulated BTCs by parameter-
izing the mass exchange rate and volume ratio in 1-D solute trans-
port models, these parameters do not adequately describe the
fundamental fluid mechanics driving mass and momentum
exchange.
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Appendix A. Grid refinement study

We completed a grid refinement study for Case S1 to quantify
the uncertainty error band in the CFD simulation results. The
uncertainty error was estimated using the grid convergence index
(GCI), which is a metric computed based on the use of Richardson’s
extrapolation and measures the uncertainty in grid convergence
(Roache, 1998). The GCI quantifies the error associated with a
numerical solution, indicating how far away the grid solution is
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from the asymptotic numerical solution (i.e., the grid-independent
solution).

To compute the uncertainty error, we used three non-uniform,
unstructured, tetrahedral grids with non-equal refinement ratios.
The grids have a maximum included angle—a measure of grid cell
skewness—of less than 125�, where a maximum included angle of
less than 170� indicates good grid quality for unstructured grids
(Pointwise, 2003). In and around the cavity and along the upstream
and downstream walls adjacent to the cavity, the mean grid cell
size (D) for the coarse, medium, and fine grid is 0.0118 m,
0.0062 m, and 0.0036 m, respectively. Far from the cavity the grids
have a maximum grid cell size of 0.03 m. The mean grid cell size for
the coarse, medium, and fine grids are denoted D3, D2, and D1,
respectively.

The local apparent order of accuracy, P(x), defined as the order
of accuracy for the discretized equation at specific locations within
the grid, is given by Celik et al. (2008):

PðxÞ ¼ 1
lnðr21Þ

ln
e32ðxÞ
e21ðxÞ

����
����þ ln

rPðxÞ
21 � sign½e32ðxÞ=e21ðxÞ


rPðxÞ
32 � sign½e32ðxÞ=e21ðxÞ


 !�����
����� ðA:1Þ

where r21 = D2/D1 is the grid refinement ratio between the medium
and fine grids; r32 = D3/D2 is the grid refinement ratio between the
coarse and medium grids; f3 is the coarse grid solution; f2 is
the medium grid solution; f1 is the fine grid solution; e21(x) =
f2(x) � f1(x) is the residual between the medium and fine grid solu-
tion at specified point locations (nodes); and e32(x) = f3(x) � f2(x) is
the residual between the coarse and medium grid solution at
specified point locations (nodes). P(x) is solved using a fixed-point
iteration because r21 – r32 in our grid refinement study.

The global order of convergence, PG, is defined as the order of
accuracy due to the propagation and accumulation of discretiza-
tion errors within the grid. PG is the arithmetic mean of P(x) at
all grid point locations where sign[e32(x)/e21(x)] > 0 indicates
monotonic grid convergence. Our computed order of convergence
is PG = 2.87 for Case S1, whereas the theoretical order of conver-
gence is PG = 2.0 because the central differencing scheme used to
discretize diffusion, upwind scheme used to discretize advection,
and discretization schemes used to discretize the pressure and tur-
bulence quantities are all second-order accurate. Possible explana-
tions for the discrepancy between the computed and theoretical
order of convergence include the grid quality of the unstructured
mesh, grid stretching, and turbulence modelling (Roache, 1998).

The local GCI for the fine grid solution, which is the local uncer-
tainty error band with the same units as the solution variable f, is
given by:

GCIðxÞ ¼ Fs
f 1ðxÞ � f 2ðxÞ

1� rPG
21

�����
����� ðA:2Þ

where Fs = 1.25 is the factor of safety recommended by Roache
(1998) for the comparison of three or more grids. To express the
local GCI as a relative percent uncertainty error:

GCIðxÞ ¼ Fs
ðf 1ðxÞ � f 2ðxÞÞ=f REF

1� rPG
21

�����
����� � 100 ðA:3Þ

where fREF is a reference value equal to the spatial arithmetic mean
of the root mean square of f1(x). The global GCI, GCIG, is the arithme-
tic mean of GCI(x). In the grid refinement study, the GCIG was com-
puted for the fine grid solution in Case S1. However, all CFD
simulation results that we report have fine grids and have uncer-
tainty error bands of 3.09%.
Appendix B. Governing equations

B.1. Continuity equation

@�ui

@xi
¼ 0 ðB:1Þ
B.2. Momentum equation

@�ui�uj

@xj
þ @sij

@xj
¼ � 1

q
@�p
@xi
þ @

@xj
2m Sij ðB:2Þ

sij ¼ u0iu
0
j

Sij ¼
1
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�uj

@xi

� �
B.3. Scalar transport equation

@C
@t
þ @

�ujC
@xj
¼ @

@xj
Dt
@�ujC
@xj

 !
ðB:3Þ

where i and j are Einstein summation indices; xi is the ith compo-
nent of the distance along the respective Cartesian coordinate axis
(L); xj is the jth component of the distance along the respective
Cartesian coordinate axis (L); ui is the ith component of the velocity
vector (LT�1); uj is the jth component of the velocity vector (LT�1); q
is the fluid density (ML�3); p is pressure (ML�1 T�1); m is the kine-
matic viscosity (L2 T�1); t is time (T); sij is the Reynolds (turbulent)
stress tensor (LT�1); Sij is the mean rate of strain tensor (T�1); C is
the concentration of the passive (conservative) scalar (ML�3); lt is
the eddy viscosity, (ML�1 T�1); Sct is the turbulent Schmidt number;
and Dt is the eddy diffusivity, Dt = lt/Sct (L2 T�1). For all model sim-
ulations, Sct = 0.9. The value of Sct was chosen through calibration of
mean residence times estimated from the numerical models to
mean residence times measured in the flume study by Jackson
et al. (in preparation). The overbar symbol denotes time-averaged
quantities and the prime symbol denotes fluctuations about time-
averaged quantities.

B.4. Turbulence closure equations

B.4.1. Kinematic eddy viscosity (mT) (Wilcox, 2006)

mT ¼
a1k

maxða1x; SF2Þ
ðB:4Þ

F2 ¼ tanh max
2
ffiffiffi
k
p

b	xy
;
500m
y2x

 !" #2
2
4

3
5

S ¼
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2SijSij

q
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B.4.2. Turbulent kinetic energy (k) (Wilcox, 2006)
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b	 ¼ 9=100

rk1 ¼ 0:85 rk2 ¼ 1
B.4.3. Specific dissipation rate (x) (Wilcox, 2006)
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Appendix C. RANS vs URANS

The RANS and SST k–x turbulent transport equations were used
to solve for the steady (time-averaged) flow field. We employed a
steady RANS-type flow model in place of an unsteady RANS
(URANS) approach for the following reasons. First, while the shear
layer is characterized by shear instability, which generates large
scale vortex shedding that can influence exchange between the
main channel and lateral cavities, the Froude number (Fr) is less
than 0.4. For Fr < 0.4, unsteadiness and free-surface oscillation
are very weak and do not govern the exchange phenomena
(Chaudhry, 2008). Second, while the RANS approach does not
resolve transient flow behavior, the URANS approach has the dis-
advantage in that the unsteady effects are not correctly captured
(Salim et al., 2011). Salim et al. (2011) show that, as the flow is
developing at early times, the URANS approach will capture some
of the shear instabilities; however, once a stationary state is
reached, the URANS model will approach the steady RANS model
results. We confirmed that the URANS model approaches the
steady RANS model flow field results in our simulations by running
a RANS and URANS simulation for Case S1. Third, to accurately
resolve shear instabilities in the shear layer, more high-fidelity tur-
bulence closures are required, such as large-eddy simulation (LES)
(Salim et al., 2011). Due to the computational cost (i.e., large grid
resolutions and small time steps) associated with the LES approach
(Keylock et al., 2005) and the large size of our model domains (i.e.,
250 m long), we used a steady RANS model.

Appendix D. Conservative tracer transport

To capture conservative tracer migration, an unsteady passive
scalar transport model is employed. The steady flow solution was
mapped to a transient simulation and the flow solvers frozen in
time to simulate conservative tracer transport using the unsteady
passive scalar transport model. The benefit of using an unsteady
passive scalar transport model is that the conservative tracer is
advected by the mean flow field (RANS flow solution) obtained
for the turbulent flow. We note that the unsteady passive scalar
transport model solves the unsteady advection–diffusion equation,
which is derived using Fick’s law of diffusion and assumes Fickian
transport at sufficiently long distances. As stated earlier, we define
non-Fickian conditions as phases one and two of classical disper-
sive behavior where, after a conservative tracer is injected, the tra-
cer undergoes dilution and cross-sectional mixing due to
convection and turbulence. At non-Fickian conditions, the tracer
breakthrough curve is skewed (CSK > 0). The Fickian asymptote is
achieved when the tracer breakthrough curve approaches a Gauss-
ian distribution (CSK = 0). To simulate transport at non-Fickian
conditions and at the Fickian asymptote, we generated ‘sufficiently
long’ numerical model domains (i.e., all model domains are 250 m
long). By monitoring conservative tracer time series at 1-m inter-
vals along the 250-m long main channel, we show the evolution
of breakthrough curves from non-Fickian conditions (near the
inflow boundary and in the vicinity of lateral cavities) to a Fickian
asymptote at distances far from the lateral cavities.

References

Bencala, K.E., Walters, R.A., 1983. Simulation of solute transport in a mountain
pooland-riffle stream: a transient storage model. Water Resour. Res. 19 (3),
718–724.

Benjamin, A.S., Denny, V.E., 1979. On the convergence of numerical solutions for
two dimensional flows a cavity at large Re. J. Comput. Phys. 33, 340–358.

Burggraf, O.R., 1966. Analytical and numerical studies of the structure of steady
separated flows. J. Fluid Mech. 24, 113–115.

CD-adapco, 2006. CCM User Guide STAR-CD Version 4.02. CD-adapco, Melville, New
York.

Celik, I., Ghia, U., Roache, P., Freitas, C.J., Coleman, H., Raad, P.E., 2008. Procedure for
estimation and reporting of uncertainty due to discretization in CFD
applications. J. Fluids Eng. – Trans. ASME 130 (7), 078001-1–078001-4.

Chang, M.H., Cheng, C.H., 1999. Predictions of lid-driven flow and heat convection in
an arc-shape cavity. Int. Commun. Heat Mass Transfer 26, 829–838.

Chatwin, P.C., 1971. On the interpretation of some longitudinal dispersion
experiments. J. Fluid Mech. 48, 689–702. http://dx.doi.org/10.1017/
S0022112071001800.

Chaudhry, M.H., 2008. Open-Channel Flow, second ed. Springer, New York, New
York.

Cheng, M., Hung, K.C., 2006. Vortex structure of steady flow in a rectangular cavity.
Comput. Fluids 35, 1046–1062.

Constantinescu, G., Sukhodolov, A., McCoy, A., 2009. Mass exchange in a shallow
channel flow with a series of groynes: LES study and comparison with
laboratory and field experiments. Environ. Fluid Mech. 9, 587–615. http://
dx.doi.org/10.1007/s10652-009-9155-2.

Das, B.S., Govindaraju, R.S., Kluitenberg, G.J., Valocchi, A.J., Wraith, J.M., 2002.
Theory and applications of time moment analysis to study the fate of reactive
solutes in soil. In: Govindaraju, R.S. (Ed.), Stochastic Methods in Subsurface
Contaminant Hydrology. ASCE Press, pp. 239–279.

Deng, Z.Q., Singh, V.P., Bengtsson, L., 2001. Longitudinal dispersion coefficients in
straight rivers. J. Hydraul. Eng. 127 (11), 919–927.

Engelhardt, C., Krüger, A., Sukhodolov, A., Nicklisch, A., 2004. A study of
phytoplankton spatial distributions, flow structure and characteristics of
mixing in a river reach with groynes. J. Plankton Res. 26 (11), 1351–1366.

Fischer, H.B., List, E.G., Koh, R.C.Y., Imberger, J., Brooks, N.H., 1979. Mixing in Inland
and Coastal Waters. Academic Press, New York, NY.

Ghia, U., Ghia, K.N., Shin, C.T., 1982. High-Re solutions for incompressible flow using
the Navier–Stokes equations and a multigrid method. J. Comput. Phys. 48, 387–411.

González-Pinzón, R., Haggerty, R., Dentz, M., 2013. Scaling and predicting solute
transport processes in streams. Water Resour. Res. 49. http://dx.doi.org/
10.1002/wrcr.20280.

Gooseff, M.N., Briggs, M.A., Bencala, K.E., McGlynn, B.L., Scott, D.T., 2013. Do
transient storage parameters directly scale in longer, combined stream reaches?
Reach length dependence of transient storage interpretations. J. Hydrol. 483,
16–25.

Grace, S.M., Dewar, W.G., Wroblewski, D.E., 2004. Experimental investigation of the
flow characteristics within a shallow wall cavity for both laminar and turbulent
upstream boundary layers. Exp. Fluids 36, 791–804.

Hall, R.O., Bernhardt, E.S., Likens, G.E., 2002. Relating nutrient uptake with transient
storage in forested mountain streams. Limnol. Oceanogr. 47, 255–265.

Hays, J.R., 1966. Mass Transport Mechanisms in Open Channel Flow. Ph.D.
Dissertation, Vanderbilt University, Nashville, Tennessee.

Jackson, T.R., Haggerty, R., Apte, S.V., Coleman, A., Drost, K.J., 2012. Defining and
measuring the mean residence time of lateral surface transient storage zones in
small streams. Water Resour. Res. 48. http://dx.doi.org/10.1029/2012WR012096.

Jackson, T.R., Haggerty, R., Apte, S.V., 2013a. A fluid-mechanics based classification
scheme for surface transient storage in riverine environments: quantitatively
separating surface from hyporheic transient storage. Hydrol. Earth Syst. Sci. 17,
2747–2779.

http://refhub.elsevier.com/S0022-1694(14)00718-5/h0005
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0005
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0005
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0010
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0010
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0015
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0015
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0025
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0025
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0025
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0030
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0030
http://dx.doi.org/10.1017/S0022112071001800
http://dx.doi.org/10.1017/S0022112071001800
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0040
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0040
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0045
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0045
http://dx.doi.org/10.1007/s10652-009-9155-2
http://dx.doi.org/10.1007/s10652-009-9155-2
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0055
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0055
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0055
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0055
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0060
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0060
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0065
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0065
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0065
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0070
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0070
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0075
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0075
http://dx.doi.org/10.1002/wrcr.20280
http://dx.doi.org/10.1002/wrcr.20280
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0085
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0085
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0085
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0085
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0090
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0090
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0090
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0095
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0095
http://dx.doi.org/10.1029/2012WR012096
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0110
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0110
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0110
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0110


1722 T.R. Jackson et al. / Journal of Hydrology 519 (2014) 1707–1722
Jackson, T.R., Haggerty, R., Apte, S.V., 2013b. A predictive relationship for the mean
residence time of lateral cavities in gravel-bed rivers and streams:
incorporating streambed roughness and cavity shape. Water Resour. Res. 49
(1–9). http://dx.doi.org/10.1002/wrcr.20272.

Jackson, T.R., Haggerty, R., Apte, S.V., Budwig, R., 2014. Flow structure and mean
residence time of lateral cavities in open channel flows: influence of bed
roughness and shape. Environ. Fluid Mech. (in preparation).

Keylock, C.J., Hardy, R.J., Parsons, D.R., Ferguson, R.I., Lane, S.N., Richards, K.S., 2005.
The theoretical foundations and potential for large-eddy simulation (LES) in
fluvial geomorphic and sedimentological research. Earth-Sci. Rev. 71, 271–304.

Kimura, I., Hosoda, T., 1997. Fundamental properties of flows in open channels with
dead zone. J. Hydraul. Eng. 123 (2), 98–107.

Lautz, L.K., Siegel, D.I., 2007. The effect of transient storage on nitrate uptake lengths
in streams: an inter-site comparison. Hydrol. Proc. 21 (26), 3533–3548.

Lin, J.C., Rockwell, D., 2001. Organized oscillations of initially turbulent flow past a
cavity. AIAA J. 39, 1139–1151.

Menter, F.R., 1993. Zonal Two Equation k-x Turbulence Models for Aerodynamic
Flows. AIAA Paper 93-2906.

Menter, F.R., 1994. Two-equation eddy-viscosity turbulence models for engineering
applications. AIAA J. 32 (8), 1598–1605.

Mercan, H., Atalik, K., 2009. Vortex formation in lid-driven arc-shape cavity flows at
high Reynolds numbers. Eur. J. Mech. B – Fluids. http://dx.doi.org/10.1016/
j.euromechflu.2008.02.001.

Migeon, C., Texier, A., Pineau, G., 2000. Effect of lid-driven cavity shape on the flow
establishment phase. J. Fluid Struct. 14, 469–488.

Morrice, J.A., Valett, H.M., Dahm, C.N., Campana, M.E., 1997. Alluvial characteristics,
groundwater–surface water exchange and hydrologic retention in headwater
streams. Hydrol. Process. 11, 253–267.

Mulholland, P.J., Marzolfl, E.R., Webster, J.R., Hart, D.R., Hendricks, S.P., 1997.
Evidence that hyporheic zones increase heterotrophic metabolism and
phosphorus uptake in forest streams. Limnol. Oceanogr. 42, 443–451.

Nauman, E.B., 1981. Residence time distributions and micromixing. Chem. Eng.
Commun. 8, 53–131. http://dx.doi.org/10.1080/00986448108912576.

Nordin, C.F., Sabol, G.B., 1974. Empirical Data on Longitudinal Dispersion in Rivers.
U.S. Geol. Surv. Water-Resour. Invest. Rep. 74-20, Denver, Colorado.

Nordin, C.F., Troutman, B.M., 1980. Longitudinal dispersion in rivers: the persistence
of skewness in observed data. Water Resour. Res. 16, 123–128. http://
dx.doi.org/10.1029/WR016i001p00123.

Argerich, A., Martí, E., Sabater, F., Haggerty, R., Ribot, M., 2011. Influence of transient
storage on stream nutrient uptake based on substrata manipulation. Aquat. Sci.
73, 365–376. http://dx.doi.org/10.0007/s00027-011-0184-9.

Ozalp, C., Pinarbasi, A., Sahin, B, 2010. Experimental measurement of flow past
cavities of different shapes. Exp. Therm. Fluid Sci. 34, 505–515.

Pointwise, 2003. Gridgen User Manual Version 15. Pointwise Incorporated, Fort
Worth, Texas.

Roache, P.J., 1998. Fundamentals of Computational Fluid Dynamics. Hermosa
Publishers, Albuquerque, New Mexico.
Rockwell, D., Knisely, C., 1980. Observation of the three-dimensional nature of
unstable flow past a cavity. Phys. Fluids 23, 425–431.

Runkel, R.L., 1998. One-Dimensional Transport with Inflow and Storage (OTIS): A
Solute Transport Model for Streams and Rivers. U.S. Geol. Surv. Water Resour.
Invest. Rep., 98-4018, 73pp. <http://water.usgs.gov/software/OTIS>.

Salim, S.M., Ong, K.C., Cheah, S.C., 2011. Comparison of RANS, URANS, and LES in the
prediction of airflow and pollutant dispersion. In: Proceedings of the World
Congress on Engineering and Computer Science 2011, WCECS 2011, vol. II.
October 19–21, 2011. San Francisco, USA.

Sardin, M., Schweich, D., Leij, F.J., van Genuchten, M.Th., 1991. Modeling the
nonequilibrium transport of linearly interacting solutes in porous media: a
review. Water Resour. Res. 27 (9), 2287–2307. http://dx.doi.org/10.1029/
91WR01034.

Shankar, P.N., 1993. The eddy structure in Stokes flow in a cavity. J. Fluid Mech. 250,
371–383.

Shen, C., Floryan, J.M., 1985. Low Reynolds number flow over cavities. Phys. Fluids
28, 3191–3202.

Sinha, S.N., Gupta, A.K., Oberai, M.M., 1982. Laminar separating flow over backsteps
and cavities. Part II: Cavities. AIAA J. 20 (3), 370–375.

Socolofsky, S.A., 2012. In: Rodi, W., Uhlmann, M. (Eds.), Environmental Fluid
Mechanics: Memorial Volume in Honour of Prof. Gerhard H. Jirka. CRC Press,
Balkema, The Netherlands.

Stream Solute Workshop, 1990. Concepts and methods for assessing solute
dynamics in stream ecosystems. J. North Am. Benthol. Soc. 9 (2), 95–119.

Taylor, G.I., 1953. Dispersion of soluble matter in solvent flowing slowly through a
tube. Proc. R. Soc. Lond. Ser. A 219, 186–203. http://dx.doi.org/10.1098/
rspa.1953.0139.

Taylor, G.I., 1954. The dispersion of matter in turbulent flow through a pipe. Proc. R.
Soc. Lond. Ser. A 223, 446–468. http://dx.doi.org/10.1098/rspa.1954.0130.

Uijttewaal, W.S.J., 2005. Effects of groyne layout on the flow in groyne fields:
laboratory experiments. J. Hydraul. Eng. – ASCE 131, 782–794.

Uijttewaal, W., Lehmann, D., van Mazijk, A., 2001. Exchange processes between a
river and its groyne fields: model experiments. J. Hydraul. Eng. 127, 928–936.

Valett, H.M., Morrice, J.A., Dahm, C.N., Campana, M.E., 1996. Parent lithology,
surface–groundwater exchange, and nitrate retention in headwater streams.
Limnol. Oceanogr. 41, 333–345.

Valett, H.M., Dahm, C.N., Campana, M.E., Morrice, J.A., Baker, M.A., Fellows, C.S.,
1997. Hydrologic influences on groundwater–surface water ecotones:
heterogeneity in nutrient composition and retention. J. North Am. Benthol.
Soc. 16, 239–247.

Weitbrecht, V., Socolofsky, S.A., Jirka, G.H., 2008. Experiments on mass exchange
between groin fields and main stream in rivers. J. Hydraul. Eng. 134 (2), 173–
183.

Wilcox, D.C., 2006. Turbulence Modeling for CFD, third ed. DCW Industries, La
Canada, Calif.

Xu, C.X., 1990. Hybrid method for nonlinear least-square problems without
calculating derivatives. J. Optim. Theory Appl. 65 (3), 555–574.

http://dx.doi.org/10.1002/wrcr.20272
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0125
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0125
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0125
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0130
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0130
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0140
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0140
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0145
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0145
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0155
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0155
http://dx.doi.org/10.1016/j.euromechflu.2008.02.001
http://dx.doi.org/10.1016/j.euromechflu.2008.02.001
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0165
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0165
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0170
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0170
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0170
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0175
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0175
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0175
http://dx.doi.org/10.1080/00986448108912576
http://dx.doi.org/10.1029/WR016i001p00123
http://dx.doi.org/10.1029/WR016i001p00123
http://dx.doi.org/10.0007/s00027-011-0184-9
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0200
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0200
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0205
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0205
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0210
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0210
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0215
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0215
http://water.usgs.gov/software/OTIS
http://dx.doi.org/10.1029/91WR01034
http://dx.doi.org/10.1029/91WR01034
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0235
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0235
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0240
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0240
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0245
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0245
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0250
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0250
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0250
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0255
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0255
http://dx.doi.org/10.1098/rspa.1953.0139
http://dx.doi.org/10.1098/rspa.1953.0139
http://dx.doi.org/10.1098/rspa.1954.0130
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0270
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0270
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0275
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0275
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0280
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0280
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0280
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0285
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0285
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0285
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0285
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0290
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0290
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0290
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0295
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0295
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0300
http://refhub.elsevier.com/S0022-1694(14)00718-5/h0300

	Effect of multiple lateral cavities on stream solute transport under non-Fickian conditions and at the Fickian asymptote
	1 Introduction
	2 Background
	2.1 Flow structure
	2.2 Mean residence time

	3 Methodology
	3.1 Governing equations
	3.2 Numerical method and implementation
	3.3 Verification
	3.3.1 Case CO
	3.3.2 Case S1

	3.4 Temporal moment analysis of tracer migration

	4 Results
	4.1 Simulated tracer breakthrough curves
	4.2 Coefficient of skewness
	4.3 Longitudinal dispersion
	4.4 Transport parameters

	5 Discussion
	5.1 Simulated tracer breakthrough curves
	5.2 Coefficient of skewness
	5.3 Longitudinal dispersion

	6 Conclusions
	Acknowledgements
	Appendix A Grid refinement study
	Appendix B Governing equations
	B.1 Continuity equation
	B.2 Momentum equation
	B.3 Scalar transport equation
	B.4 Turbulence closure equations
	B.4.1 Kinematic eddy viscosity (νT) (Wilcox, 200
	B.4.2 Turbulent kinetic energy (k) (Wilcox, 2006)
	B.4.3 Specific dissipation rate (ω) (Wilcox, 200


	Appendix C RANS vs URANS
	Appendix D Conservative tracer transport
	References




