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a b s t r a c t

Stormwater threats can be mitigated with the application of sustainable and renewable technologies 
such as low-impact development (LID) and best management practice (BMP). This paper aims to fill 
the present gap in practical applications and engineering science regarding modeling bioswales, a 
type of LID/BMP devices. Included is a new theoretical framework that treats bioswales as combined 
physico-chemical processes. A discussion of a coherent analogy between the bioswale and a conven-
tional water and wastewater treatment plant (WWWTP) is presented without including biological 
processes. Finally, we provide new perspectives regarding computational fluid dynamics (CFD) for 
widespread use as a promising tool to optimize LID/BMP design for stormwater management. 
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1. Introduction

Low-impact development (LID) and best management 
practice (BMP) are important components within the praxis 
of stormwater management. These management practices 
have evolved considerably in the last five decades. In 1972, 
the United States (US) created the National Pollution Dis-
charge Elimination Systems (NPDES) program through the 
legalization of Section 402 of the federal Clean Water Act. 
This action further led to the US Congress amending the 
Water Quality Act in 1987, which established a framework 
for regulating the quality of stormwater discharges. The 
NPDES permit, which is issued by the US Environmental 
Agency (EPA) or an authorized State [1], has been func-
tional since the 1990s. Subsequently, the term BMP entered 
mainstream usage with the intention to control stormwater 
quality and treat storm flows within urban areas by emulat-
ing pre-development flow regimes [2]. 

Structural BMPs include the application of artificial 
units such as infiltration, filtration, detention/retention 

systems, wetlands, vegetated systems, and water quality 
treatment systems. Nonstructural BMPs consist of system 
maintenance, land-use planning, and outreach programs 
[3]. A bioretention system (represented by a bioswale) has 
received close attention in the past thirty years, as it can 
effectively provide in-situ stormwater quality and quan-
tity control. A bioswale comprises small areas excavated 
and backfilled with a mixture of high-permeability soil and 
(optional) organic matter. The systems are often covered 
with native terrestrial vegetation to provide natural land-
scaping and maximum infiltration. 

The creation of a bioswale, first practiced in Prince 
George’s County, Maryland, USA [4], depends on ecolog-
ical interactions within a natural system for the  runoff 
reduction and pollutant removal. Interactions between 
human-made bioswales and the natural environment rely 
on various physico-chemical factors, such as precipitation 
patterns, solute-soil interactions, and size of sediment par-
ticles and soil grains. The infiltration occurs after the run-
off process starts until the bioswale is fully saturated, but 
the transport phenomenon has a wide span of timescales 
within this context. Stormwater infiltration and pollutant 
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convection occur within the order of a few hours, which 
depends on the size and porosity of the bioswale [5]. The 
evapotranspiration requires a considerably longer time 
span—an order of a few days—based on the characteristics 
of the vegetation and topsoil layers [5,6]. 

Bioswale modeling is critical for optimal designs, 
cost-effective building, and long-term maintenance. To 
date, most simulation investigations on bioswales are lim-
ited to the analysis of experimental data and modeling 
macroscale (e.g., watershed) water balances. Specifically, 
bioswale modeling research related to hydrology and 
hydrodynamics include runoff and infiltration [7–9], urban 
water management employing fuzzy logic [10], water reuse 
[11], runoff volume reduction at a watershed level [12,13], 
urban runoff control with the System for Urban Stormwa-
ter and the Analysis Integration (SUSTAIN) model [14] and 
DRAINMOD [15]. Palla and Gnecco simulated the hydro-
logic responses of an urban catchment for various rainfall 
scenarios using the EPA Storm Water Management Model 
(SWMM) with LID control modules for a large land area 
of 5.5 ha [16]. Their results confirmed that land use should 
be minimized for effective LID operation, and hydrologic 
performance improves as the size of the effective impervi-
ous area decreases. Xu et al. asserted that SWMMM pro-
vides the highest level of accuracy in design tools [17]. In 
particular, Xu et al. investigated optimal ratios of land-use/
land-cover for the development of urban catchments, how-
ever, this approach did not consider localized phenomena 
to optimize the performance of a single LID device. Simi-
larly, Bloorchian et al. used the personal computer storm-
water management model (PCSWMM) which is a GIS 
version of EPA SWMM. This method is an idealized sub-
catchment approach to simulate runoff reduction within 
a bioswale, vegetated filter strip, and infiltration trench 
using the Manning’s equation [18]. Other modeling studies 
directly related to bioswale have investigated the removal 
of suspended solids and metal ions from the urban runoff 
flows [19–21]. For bioretention systems, Brown et al. pre-
dicted the continuous, long-term hydrologic response of the 
technology to influent runoff using DRAINMOD [15]. The 
calibrated and validated model predicted runoff volume 
for contributing area runoff of varying imperviousness. 
Similarly, Hathaway et al. studied bioretention function 
under possible climate change scenarios in North Carolina, 
USA, utilizing calibrated DRAINMOD models to establish 
hydrologic regimes under present day and projected future 
climate scenarios [22]. Their study focused primarily on 
water balances to cope with increased rainfall magnitude 
instead of dealing with specific chemical, physical, and 
biological transport phenomena. However, these model-
ing studies were limited to the analysis of experimentally 
observed data and did not consider a range variation of 
bioswale configurations. 

Green roof systems, a type of LID device, perform sim-
ilar primary functions as a bioswale with regards to runoff 
reduction and pollutant removal. Stovin et al. developed 
a conceptual hydrological flux model and used 30-year 
hourly climate projections in multiple United Kingdom 
locations to simulate the long-term runoff and drought risk 
associated with the application of green-roof systems [23]. 
Their modeling methodology was based on solving gov-
erning equations of large scales from hydrological and agri-

cultural science literature. A comprehensive review study 
concerning green roof’s hydrologic performance can be 
found elsewhere in the literature [24]. A similar technique 
can be employed to estimate a long-term performance of 
unit bioswale systems based on fundamental governing 
equations in fluid mechanics. We believe that computa-
tional fluid dynamics (CFD) modeling is a more accurate 
simulation approach, which can also predict the momen-
tum and mass transport across the bioswale. The coupling 
of surface and porous-media flows with non-volatile solute 
transport in an aqueous phase, however, presents a difficult 
task in the achievement of rigorous modeling of bioswale 
systems. Afrin et al.’s most recent CFD work investigated 
the flow field through a perforated drainage pipe [25], but 
their work did not include coupling of the overland and 
infiltration flows on the top bioswale surface. For accurate 
prediction and design optimization of bioswales, a holistic 
modeling framework is of great necessity, which can consist 
of dominant transport mechanisms and governing equa-
tions for each subzone within the bioswale.

This review paper proposes that a bioswale, on a theo-
retical level, can be considered as a combined unit process 
of hydraulic, chemical, and biological treatments. There-
fore, the paper describes a coherent analogy between the 
bioswale and a conventional water and wastewater treat-
ment plant (WWWTP). The theoretical framework includes 
dominant transport mechanisms and governing equations 
for accurate prediction and design optimization. Finally, 
our work provides new perspectives of using CFD as a 
universal modeling platform to specifically investigate cou-
pled transport phenomena in bioswale systems.

2. Theoretical review of basic transport phenomena

This section includes the fundamentals of transport 
phenomena in direct relation to those that take place in a 
bioswale. The momentum transfer phenomena include 
overland surface flow, outgoing overflow, infiltration, and 
drainage; and the mass transfer phenomena comprises sed-
imentation, granular media filtration (GMF), and granular 
activated carbon (GAC) adsorption. Our technical review 
focuses on specific models of each subprocess with govern-
ing equations, which can further enhance a holistic under-
standing of the bioswale transport phenomena. 

2.1. Overview of specific processes

A bioswale contains numerous external and internal 
components. An inlet structure is created in a bioswale as 
a slanted surface to direct urban runoff from the surround-
ing areas. The top area of a bioswale is designed to store 
ponded water. An overflow bypass diverts accumulated 
water that exceeds the respective unit’s ponding capac-
ity. An underdrain structure, or pipe, can be optionally 
installed at the bottom of the unit to prevent unnecessary 
water stagnation over a prolonged period. Filtration media 
is an amended soil that contains considerably higher per-
meability compared to those of the natural ambient soil 
materials. Considering the previously mentioned struc-
tural aspects, a bioswale can be perceived to form a min-
iature WWWTP. 
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Fig. 1 offers a schematic diagram of a typical bioswale 
system. In this study, we analyze transport phenomena 
in a bioswale, considered as a complex system containing 
numerous unit processes as described as follows. First, the 
inlet structure and the top surface of a bioswale usually 
contain vegetation layers, consisting of grasses, low-grow-
ing plants and ground cover, which are short plants. These 
vertically embedded natural objects offer hydraulic resis-
tances to runoff water and capture large debris on or within 
the vegetation layers. One of the functions of the vegeta-
tion layer is analogous to the performance of bar racks in 
WWWTP. The top surface of a bioswale is often located 
slightly below the overflow structure in order to generate a 
necessary ponding capacity. Runoff water flows in a lateral 
direction from the inlet to the outlet sides. As the vegetation 
in this potential ponding zone offers significant hydraulic 
resistance, flow deceleration can enhance the sedimentation 
rate of large particulate materials on orders of 10 microns 
or above. Second, a mulch layer may cover the root zone 
of the plants, which can provide organic environments for 
small living organisms [26,27]. This mulch layer is installed 
to conserve soil moisture and prevent weed growth. Con-
versely, a dry mulch layer absorbs initial rainwater and con-
tributes to the removal of specific chemicals in runoff water. 
Third, the granular soil media has high permeability and is 
often mixed with organic matter to enable the adsorptive 
removal of organic pollutants. The combined media, con-
sisting of the top mulch layer and the internal mixed-soil 
zone, can play similar roles of GMF of particulate materials, 
GAC adsorption of organic matter, and biological degrada-
tion of inorganic pollutants in the WWWTP. 

Fourth, the porous zone covering the underdrain pipe 
comprises gravel or stones, which possess considerable 
hydraulic conductivity. This underground drainage mim-
ics the distributing unit of WWWTPs, because discharged 
water may not contain a higher pollutant concentration 
than that within the runoff. Primarily, a bioswale can sig-

nificantly reduce stormwater volumes through real-time 
infiltration and post-storm evapotranspiration. The bottom 
drain zone of a bioswale can be specifically designed to 
retain previously infiltrated water until the occurrence of 
the next storm event. As the hydraulic permeability of the 
bioswale soil is usually considerably higher as compared to 
that of the ambient soil, the permeability at underground 
boundaries between the bioswale and ambient soil zones 
may not serve as a significant factor so as to estimate the 
bioswale performance. Fifth, the water volume, initially 
reduced by a dry bioswale, is equal to the internal void vol-
ume of the bioswale (i.e., the overall volume multiplied by 
the average porosity of the composting soil media). When a 
dry bioswale becomes fully saturated with infiltrated water, 
various pollutants from non-point sources can be captured 
and removed by the bioswale at the point sink. Prediction 
of the pollutant removal by the bioswale is a difficult task 
because the chemical and biological characteristics of the 
bioswale are only partially known. In this section, we spe-
cifically characterize a bioswale in terms of overland and 
infiltration flows, vegetation layer of high hydraulic resis-
tance, sedimentation of suspended solids in the vegetation 
layer, GMF of fine particles by soil grains, GAC process for 
the adsorption of organic matter, and underground drain-
age. Pollutant removal using microorganisms living in the 
bioswale is another important topic, which is, however, out 
of our research scope, as the fluid flow and chemical trans-
port significantly influence biological activities in engi-
neered systems. Conventional and contemporary theories 
are introduced to investigate the complex transport phe-
nomena in the bioswale. 

Overland flow on the bioswale surface consists of inflow 
and overflow of the bioswale, and the fractional difference 
between these two flow types is equivalent to the infiltra-
tion flow. Darcy’s law and the principle of continuity of flow 
through a porous media dictate the form of equations pre-
scribed to describe the infiltrating motion of water through 

Fig. 1. Schematic of a typical bioswale system.



J.L. Irvine, A.S. Kim / Desalination and Water Treatment 135 (2018) 1–154

a particular kind of soil. As water is an incompressible fluid, 
flow rates of the inflow, overflow, and infiltration flow are 
strongly coupled by the constant density and viscosity of 
water. The rigorous numerical solution that completely 
couples groundwater to surface water through a non-ho-
mogeneous soil is represented by the Richards equation.
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where K represents the hydraulic conductivity, h implies the 
matrix head induced by capillary action as a function of x 
and y in three-dimensional space, z refers to the elevation 
above the vertical datum, θ is the volumetric water content, 
and t is time. The Richards equation, in reality, comprises 
of several models and numerical techniques for a better 
approximation of infiltration, and the multidimensional 
Richards equation can be applied to simulate the solute 
transport for various cases but barely used to investigate 
LID/BMP systems [28]. 

2.2. Flows in free and porous spaces 

If the solid matrix possesses uniform porosity and a 
constant saturation ratio initially, then some theoretical 
approximation are available to solve the infiltration flux for 
a single rainfall event [29–32]. Green and Ampt assumed 
that the soil surface is covered by a thin water layer with 
negligible thickness [29], which implies that its infiltration 
capacity fp constitutes a linear function of S/L.

f K S
Lp s= +( )1  (2)

where S represents the capillary suction at the wetting 
front, L forms the distance from the soil surface to the wet-
ting front, and Ks represents the hydraulic conductivity of a 
saturated zone. However, Mein and Larson [30] re-defined 
the infiltration capacity 
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where F is the cumulative depth of infiltration, equivalent 
to S∆θ, and ∆θ represents the initial moisture deficit. The 
Green-Ampt Mein-Larson approach presumes the slope of 
the energy line as identical to the slope of the flow plane. 
These basic mass balance equations implicitly assume that 
the overland flow of a finite water-depth does not affect the 
infiltration rate. 

For a shallow overland flow, a kinematic wave equation 
is expressed as 
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where A represents the wetted cross-sectional area of the 
plane flow, Q the discharge rate, je the rainfall excess (veloc-
ity), and b stands for the lateral extent of the flow. Eq. (4) 
indicates that the precipitation flow rate equals the differ-
ence between the inflow plus the discharge rates per length 
along the direction of the surface flow. The velocity and 
pressure gradients, nevertheless, are still assumed to be 
negligible in this case. 

In CFD, a free-surface can be modeled to track and 
locate the phase interface using the volume of fluid (VOF) 
method [33,34]. A two-phase flow of incompressible and 
immiscible fluids of air and water with a specific surface 
tension can be examined in a full domain consisting of an 
open space, a porous medium, and their interface. Instead of 
dealing with transport in each phase separately, a phase-av-
eraging method was employed in the VOF method. For a 
mixture of water (denoted as 1) and air (denoted as 2) in 
a fluid cell, their fractions (α) should satisfy the sum rule 
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is invariant. The evolution of αi is governed by the follow-

ing transport equation:
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where U represents the mean velocity of the fluid cell 
because all the fluid is assumed to be incompressible in the 
VOF method. The incompressible form of the governing 
equation includes the zero divergence of U (∇⋅U = 0). The 
Navier-Stokes (N-S) equation for this case is

∂
∂

+ ∇ ⋅( ) − ∇ ⋅ ∇( ) = −∇
U
t

UU U pν  (6)

where v represents the kinematic viscosity and p forms the 
pressure. The basic balance Eqs. (5)–(6) of the VOF method 
can be employed to accurately simulate the overland flows 
on various types of porous surfaces. To the best of our 
knowledge, CFD applications for the initial design stages 
of bioswales or LID/BMP are limited within the literature. 

Fluid dynamic simulations in interstitial spaces between 
soil grains continue to pose a formidable task for researchers. 
Instead, the soil media can be treated as a uniform porous 
media characterized by the use of constant porosity and 
hydraulic conductivity or permeability. In isotropic porous 
media, the volumetric flux density q (i.e., the flow rate per 
unit cross-section) can be expressed using Darcy’s law 

q p=
−

∇
κ

µ
 (7)

where κ and µ represent the soil permeability and the water 
viscosity, respectively. When an inertial effect of the porous 
media flow is important, the pressure gradient exerts 
non-linear effectson q, expressed as the Darcy-Forchheimer 
law 

∇ =
−

−p q q q
I

µ
κ

ρ
κ

 (8)

where κI represents the inertial permeability. Note that 
q implies an average flow rate of fluid through a porous 
media per unit cross section, equal to the incoming or exit-
ing velocity of the porous medium. In this case, we have q 
= U on the boundary between the free and soil spaces. The 
microscopic fluid speed between adjacent soil grains must 
exceed q and be approximately equal to q divided by the 
average porosity. 

In a 2017 study, García-Serrana et al. discussed signifi-
cant issues on bioswale modeling research [35]. These issues 
are summarized as follows: (1) seamless integration of the 
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overland flow and infiltration models, as the overland flow 
is influenced by slopes and lateral surface properties; (2) the 
accuracy of the side-slope model, which is currently limited 
to Manning’s equation adopting the slope and roughness 
parameters; (3) optimal relationship between the lateral 
slope and surface characteristics of a bioswale; and (4) effects 
of hydraulic properties on runoff volume reduction. To the 
best of our knowledge, VOF and Darcy’s law, also known 
as the Darcy-Forchheimer law, have not been combined and 
applied to investigate the fluid dynamic characteristics of 
the bioswale at a fundamental level. In our opinion, the the-
oretical combination constitutes a fundamental approach 
for the simultaneous modeling of overland and infiltration 
flows in bioswale. The effect of water depth and speed on 
the infiltration rate can be systematically examined by con-
sidering specific scenarios such as the relative magnitude of 
rainfall rate, saturated conductivity, and infiltration capac-
ity. The VOF is believed to constitute a reasonably accurate 
model. This approach can be applied to resolve the runoff 
flows for impervious rough surfaces. One can examine the 
optimal conditions for the geometric configuration of the 
side-slopes and the hydraulic properties of the bioswale 
soils, which can be employed to optimize the bioswale per-
formance. The bioswale design can be enhanced for spe-
cific sites through the consideration of regional patterns 
of precipitation rates and runoff flows. This fundamental 
fluid-dynamics approach does not require the calibration 
of specific parameters utilizing observation or simulation 
data sets. Bioswale designs will be less sensitive to emperi-
cal correlations of transport phenomena, of which universal 
applications are fundamentally questionable. 

2.3. Vegetation layers

The use of asphalt and concrete surfaces has altered envi-
ronmental hydrodynamics and surface erosion on the natu-
ral ground since it was first used to pave streets throughout 
the US in the 1870s [36]. In practice, the retrofitting of paved 
surfaces to natural vegetated systems can allow the re-satu-
ration in the first few inches of topsoil, thus reducing storm-
water runoff [37,38]. The vegetation layer in a bioswale offers 
specific hydraulic resistance and modifies the overland flow 
field [39]. The damping capability of the vegetation layer 
decelerates the plane flow over the bioswale surface and 
dissipates the hydrodynamic energy carried by the runoff 
water. Non-vegetated bioswale surfaces are often subjected 
to soil erosion, due to low-quality landscaping. The essen-
tial plant characteristics for creating a flexible vegetation 
layer comprise volume-fraction, size, shape, and thickness. 
Native species plantings are preferred for overall bioswale 
sustainability, but they do not always provide optimum solu-
tions for hands-free maintenance. The structure of vegetation 
layers, therefore, require careful design to ensure the opti-
mal, consistent operation of a bioswale. The calculation of 
the hydraulic resistance of the vegetation layer is a complex 
task due to the intrinsically flexible features of the plants. 
Depending on the runoff depth, the vegetation layer can be 
described as submerged or emergent. 

The following review includes further research work 
on fluid flows over or through rigid and flexible vegetation 
layers. Vargas-Luna et al. stated that there are limited mod-
eling studies that investigate vegetation effects on morpho-

dynamics, performance, and applicability ranges [40]. In 
CFD modeling, the vegetation layer can be represented by 
cylindrical rods if the plants have enough rigidity. Zhang 
et al. examined the transverse distribution of open-chan-
nel velocity through an artificial emergent vegetation layer 
[41]. Their pairs of large and small buoyant spheres form a 
chain-like flexible structure, which resembles buoyant-pos-
itive emergent plants. They modified Shiono and Knight’s 
work [42] (hereafter referred to as SK) concerning depth-av-
eraged N-S equations and supplemented the vegetation 
drag force Fd as expressed below:

ρ ρζgHS fU
f

H
U
y

F
H UV

yd
d

d
d− + 





∂
∂

− ∑ =
∂ ( ) 

∂
1
8

1
2 8

2

1
2

2
2 2

2  (9)

where ρ represents the fluid (water) density, g constitutes 
the gravitational acceleration, f the drag coefficient, ζ the 
transverse eddy viscosity coefficient, H the water depth, 
S the bed slope, and U and V represent the flow velocity 
components in x- and y-directions respectively. The sub-
script d (of Ud and (UV)d) the depth averaging of a respec-
tive quantity. A central approximation employed within the 
Zhang et al.’s approach is UV kU

d d( ) = 2 , where the empir-
ical proportionality K  is determined by fitting suitable 
experimental data. An asymptotic solution was developed 
as follows: U C C e C ed

y y2
0 1 2

1 2= + +β β , where coefficients Ci 
and βi are determined using boundary conditions. Calcu-
lated depth-averaged velocities demonstrate reasonable 
agreement with measured data for various water depths. 
Differences between measured and simulation results were 
observed primarily along the interface between the vege-
tated and non-vegetated domains. This consistent discrep-
ancy must be caused by the strong 3D turbulence flow at 
the interface. Note that the depth-averaged NS equation is 
fundamentally limited to the depth of maximum 0.2 m. In a 
2013 study, Liu et al. modified the SK method for both emer-
gent and submerged vegetation and derived the depth-av-
eraged velocity and bed shear stress of an open channel 
flow [43]. Liu et al. discovered that the sign of the secondary 
flow parameter is determined by the rotational direction of 
the secondary current cells and is dependent on the flow 
depth. Thus, it is implied that overlooking secondary flow 
seems to cause a noticeable computational error. 

Since real-world flows are transient, the large-eddy 
simulation (LES) approach is a standard method for 
many turbulence investigations. To study the flow, scour, 
and transport processes, Kim et al. [44] applied the LES 
approach with a ghost-cell immersed-boundary method 
proposed by Nabi et al. [45] and computed the flow and 
bed morphodynamics through model vegetation consist-
ing of emergent rigid cylinders. This approach provided a 
robust framework of combined hydrodynamic modeling, 
sediment transport, and a morphodynamic approach. In 
principle, the LES method resolves the computational issue 
of the large eddies first and then computes smaller ones 
with a turbulence closure. The subgrid-scale (SGS) stress 
deals with the effect of small scales on the resolved turbu-
lence [46]. The morphodynamic model created by Kim et al. 
mimics the temporal elevation of the bed due to the growth 
of deposited particles and offers a reasonable agreement 
between the computation and actual experiments [44]. 
LES applied with the ghost-cell method, however, does not 
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accurately account for the fluid velocity of the free surface, 
which is treated as a rigid surface for local acceleration. Gao 
et al. employed a 3D LES approach with the finite volume 
method (FVM) so as to simulate the flow field and buoyant 
jet dilution through emergent vegetation [47]. The presence 
of vegetation diminished the channel velocity but pro-
moted strong flow spreading and effluent dilution. Lu and 
Dai employed various CFD methods (LES, Reynolds-aver-
aged Navier-Stokes, laser Doppler anemometer, and parti-
cle image velocimetry) to model 3D flow fields and scalar 
transport in an open channel consisting of submerged and 
emergent vegetation layers [48]. Lu and Dai obtained a rea-
sonable agreement between the simulation results and data 
measurements. In the case of understanding bioswale per-
formance, the LES approach can be applied to simulate flow 
patterns in the vegetative layer. 

Wang et al. examined the interplay between emergent 
vegetation density and rainfall intensity [49]. They repre-
sented the dimensionless drag term, Cd, by modifying the 
Saint-Vanent equations as a function of bed slope, pressure, 
advection, and rainfall rate. However, to analyze this cor-
relation, a few parameters should be determined through 
empirical data fitting. Therefore, the model predictabil-
ity is limited to available experimental data of a specific 
bioswale. Bioswale research tends to neglect the heat trans-
fer between runoff water and bioswale soil layers. Larmaei 
and Mahdi applied the double-decomposed depth-aver-
aged continuity and momentum equations to simulate 2D 
heat flux, and fluid flows in various vegetation layers [50]. 
In their work, case studies compared the effects of different 
plant configurations for emergent and submerged vegeta-
tion. It was shown that the vegetation structure primarily 
influences the flow field followed by the heat flux. For long-
term operations, evapotranspiration of the bioswale must 
depend upon humidity and temperature profiles. This 
review shows that little research has investigated systemat-
ically coupled heat and mass transfer in a bioswale.

Our current understanding of vegetation effects on 
fluid flow and sediment transport is limited to the use of 
simple models, which are primarily based on experimental 
approaches. In the past decade, advances in computational 
resources have been made to simulate flow fields within 
vegetation layers, as described previously. However, less 
explored topics in CFD research include how the vegeta-
tion layer controls the particle sedimentation by exerting 
effective hydrodynamic drag forces and torques. In partic-
ular, limited research has been conducted to estimate the 
apparent coefficient of vegetation drag in terms of plant 
species, biological characteristics, geometric configurations, 
and the Reynolds number. Since these flow behaviors in 
bioswales are very complex, the derivation of analytic solu-
tions through mathematical calculations is a challenging 
task. Therefore, we suggest CFD simulation as a reliable, 
complementary tool for the precise prediction of coupled 
phenomena not only for vegetation fluid dynamics but also 
for gaining an in-depth understanding of basic transport 
phenomena of the respective bioswale. 

2.4. Sedimentation

Sedimentation plays a significant role in solid-liquid 
separation. In the initial stages of a precipitation event, 

stormwater enters the mulch and vegetation layers, where 
surface clogging occurs initially due to the deposition of 
organic matter and particulate sediments. Fine particles 
(less than in diameter) are primarily responsible for surface 
clogging, which progressively reduces the infiltration rate 
[51]. A few micron-sized particles are subjected to both the 
Brownian motion and the shear rate so that the dynamic 
behavior of the particles is generally hard to predict. The 
reduced infiltration rate is ascribed to the reduction of soil 
porosity and, hence, hydraulic conductivity. In practice, it 
is recommended to replace the bioswale soil mixture every 
15 years due to the long-term accumulation of particles and 
pollutants, which leads to clogging and exhaustion of the 
bioswale, respectively [52]. Conversely, whether 15 years 
constitutes a reasonable life expectancy remains contestable. 
Effective maintenance strategies include the replenishment 
of the mulch layer, removal of weeds and dead plants, and 
stabilization of eroded soils [51,52]. Filter strips and grass 
swales are widely used as a pretreatment for other LID/
BMP approaches to prevent premature clogging. When the 
pollutant removal is less important than the runoff mitiga-
tion, swales and filter strips do not contain an engineered 
filter media or soil matrixes [53–57]. Restoring the bioswale 
capacity after each storm event must be a more significant 
issue in the maintenance strategy instead of replacing the 
engineered soil matrix periodically. 

Lu and Dai specifically investigated scalar transport in 
a flow through a vegetated channel by combining momen-
tum and diffusion equations [48]. Incompressible continuity 
and N-S equations were employed to attain the momentum 
transfer. The convection-diffusion-reaction equation was 
applied for the solute transport in the following manner:

∂
∂

+ ∇ ⋅( ) = ∇ ⋅ ∇( ) +
C
t

uC D C St c
 (10)

where C and Dt are the concentration and effective diffu-
sivity of particles, and SC represent a source term. Further-
more, the random walk equation was employed to track the 
diffusing particles, originally studied by [58] as depicted 
below:

x t t x t u
D
x

t D tp p p
t

p t+( ) = ( ) + +
∂
∂







+δ δ ξ δ2  (11)

where xp and up  represent the position and mean velocity 
of a particle, and ξp represents a random number follow-
ing the normal distribution of zero mean and unit variance. 
The last term in Eq. (11) represents the Wiener process that 
considers the average length of the random displacement 
as proportional to δt . Note that, in Eq. (11), the convec-
tive displacement increases linearly with δt. Furthermore, 
the diffusivity Dt superimposes molecular, turbulent, and 
mechanical diffusivities. The simulation results of this 
study are consistent with experimental observations, but 
mass diffusion phenomena appear to be double-counted in 
Eulerian Eq. (10) and Lagrangian Eq. (11).

Bergman et al. applied a mass balance to model clogging 
in an infiltration trench (for a single trench) [59]. The perfor-
mance of two stormwater events was compared using the 
operation data of the initial three years and periods between 
years 12–15. They simulated the clogging phenomena and 
applied Warnaars et al.’s semi-conceptual infiltration model 
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to verify their predictions [60]. Further, Mikkelsen et al. [61] 
introduced the clogging trend of a trench and described 
infiltration rate, Qf as follows 

Q K l w K h l wf fs bottom fs sides= ⋅ ⋅ + ⋅ ⋅ +( ), , 2  (12)

where Kfs comprises the field-saturated hydraulic conduc-
tivity, estimated using simple flow theory, and l, w, and h 
represent the trench dimensions. The formation of a clog-
ging layer of fine particles between the soil and trench was 
modeled with the assumption that the clogging layer thick-
ness increases linearly with respect to time. An effective 
value of Kfs,bottom was formulated as a function of time:
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where the parameter bi denotes layer thickness, and indexes 
1 and 2 denote the initial soil layer below the trench (thick-
ness unknown) and the clogging layer respectively. For 
simplicity, the soil-layer thickness was assumed to be equiv-
alent to the total thickness of sedimentation. The parameter 
c varies with the soil layer thickness (b1), growth rate of the 
clogging layer (a), and its hydraulic conductivity (K2). Berg-
man et al. observed that clogging in the infiltration trench 
reduced infiltration rates by a factor of 2–4 after the 15th 
year of operation. 

Achleitner et al. used a mass balance to describe the 
contaminant removal capacity of local infiltration devices, 
installed within six parking lots [52]. The motivation behind 
this study revolved around questions regarding whether 
this considered life expectancy value was feasible. The 
majority of Cu concentrations were found to be retained in 
the first 30 cm of soil, which did not exceed the limit of 100 
mg/kg. This assessment was conducted using mass balance 
equations for the total accumulation of Cu after 15 years. 
Only one site out of six was found to exceed the regulatory 
limit values. 

Furthermore, Le Coustumer et al. examined the clog-
ging phenomena of stormwater biofilters in temperate 
climates, using the results of a long-term (72 weeks) labora-
tory experiment [62]. They observed that smaller systems, 
in relation to their catchment loads, demonstrate greater 
susceptibility to clogging as the hydraulic and sediment 
loading increases. Specifically, they reported that infil-
tration systems clog over the 72-week testing period by 
a decreasing factor of 3.6. In biofilters design, the careful 
selection of appropriate vegetation and structural sizing is 
recommended to maintain low clogging phases. The parti-
cle deposition layer, however, can serve as a dynamic pre-
treatment step for long-term media filtration. 

In the design of permeable pavements, a clogging factor 
is computed [63] as follows:

Clogging Factor Y Pa CR VR
ISF

T VRclog= ⋅ ⋅ ⋅ +( ) ⋅
−( )
⋅

1
1

 (14)

where Yclog constitutes the estimated number of years 
required for a complete clogging, Pa represents the annual 
rainfall amount over the site, CR denotes the pavement’s 
capture ratio (defined as the area that contributes runoff to 
the paved area), VR represents the system’s void ratio, ISF 

constitutes the impervious surface fraction, and T stands for 
the thickness of pavement layer. 

In a 2014 study, Kachchu Mohamed et al. investigated 
the utility of swales as a pre-treatment for clogging before 
stormwater enters the permeable pavement systems [64]. 
They observed that short swales shorter than 10 m achieved 
50–75% removal of total suspended solids (TSS) and swales 
longer than 10 m only provided a marginal 20% reduction in 
TSS. Their study does not provide an analytical formulation 
(validated by experimental observations) to predict optimal 
swale length depending on various overland flow veloci-
ties. These results, however, suggest that excessively long 
swales may not present a cost-effective solution to treat 
stormwater runoff. 

Sun and Davis investigated the fate of heavy metals 
(Zn, Cu, Pb, and, Cd) with two mass loadings in laboratory 
pots for modeling bioretention systems [65]. The treatment 
of stormwater runoff showed that the removal ratio of the 
influent metals is higher than 90% within 25 cm of the bio-
retention depth. The removal efficiencies for Zn, Cu, Pb, 
and Cd are proportional to the contaminant loadings. Based 
on the laboratory study, soil replacement took place within 
a depth of 25 cm, but the roles of mulch and vegetation lay-
ers were not specifically studied. 

The current understanding of clogging phenomena was 
limited to the physical modeling studies used for perme-
able pavements [66], river morphology [67], and riverbank 
filtration [68]. Locatelli et al., for example, overlooked clog-
ging in the determination of the static performance param-
eters of inflow and outflow rates for infiltration trenches, 
despite the existence of extensive experimental research 
showing that the build-up increases over runoff time [69]. 
Thus, additional research is required so as to model clog-
ging reduction when LID/BMP takes place in a treatment 
train in series. Existing literature does not include a univer-
sal modeling technique for LID/BMP systems and specifi-
cally does not distinguish between surface and subsurface 
clogging mechanisms. To the best of our knowledge, there 
are no studies that have investigated the effects on surface 
clogging of bioswales from wind erosion and dust particles. 
We believe that multi-phase and multi-scale CFD may pro-
vide a fundamental framework for elucidating the surface 
and subsurface clogging near top bioswale surfaces. 

2.5. Granular media filtration 

The basic model for the granular media filtration was 
first developed by Yao et al. [70]. Without the inclusion of 
chemical or biological reactions of particles, a filter equation 
was derived as 

ln
C
C

L

dc0

3 1
2

=
− −( ) ηα

 (15)

where C0 and C represent influent and effluent concentra-
tions of suspended particles, respectively, ∈ and L form the 
porosity and length (or depth) of the filter media, respec-
tively, dc represents the filter grain diameter, and η and α 
constitute the transport and attachment efficiencies, respec-
tively. The transport efficiency η includes three representa-
tive mechanisms: the interception (ηI) of particles moving 
along streamlines, sedimentation (ηG) of particles due to 
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gravitational forces, and Brownian diffusion (ηD) based on 
random displacements. A superposition approach, i.e., η = 
ηI + ηG+ ηD, is widely applied to combine the three major 
transport mechanisms [71–73]. To accommodate the effect 
of dense granular packing, Nelson and Ginn employed 
Happel’s sphere-in-cell porous media model to calculate 
the effective flow field near grains and capturing efficiency 
[73]. Various applications of Happel’s cell [74] model can 
be found elsewhere [75–80]. In addition to these basic filtra-
tion mechanisms, gradual changes in infiltration capacity 
based on filter ripening and surface clogging form import-
ant practical concerns for long-term stable operation and 
maintenance of GMF. 

The soil matrix of a bioswale is similar to the GMF 
used in WWWTP, in which suspended solids are removed 
by the passage of water through a porous media. Unlike 
that in WWWTP, intermittent wet and dry periods repre-
sent unique natural occurrences in the bioswales and, in 
general, stormwater treatment systems. These conditions 
may affect the removal of pollutants. The direct applica-
tion of the GMF theory within a bioswale system requires 
a restriction that the interstitial spaces between soil grains 
are completely saturated. A further fundamental investiga-
tion is specifically required for particle filtration within the 
saturating bioswale during coupled runoff-generated infil-
tration [81–84]. 

The gain and loss of transported particles on a porous 
surface are controlled by wind-influenced evapotranspira-
tion intensity in dry weather and rainfall intensity in wet 
weather [21]. During a storm period, the suspended par-
ticles in the runoff stream accumulate upon the bioswale 
surface and reach a steady state that balances sedimenta-
tion, filtration, and overland flow. Delleur reviewed funda-
mental approaches regarding sewer sediment movement 
in 2D, which includes roles of bedload movement, sus-
pended load, total load, near-bed solids for both steady 
and unsteady flows; and emphasized the significance of 
the particle size distribution [85]. As of 2018, models that 
can provide analytic equations for the particle transport in 
unsaturated media are still in a developing stage given cur-
rent literature and have not been used for bioswale appli-
cations. 

2.6. Organic and inorganic pollutant removal

Organic materials can be mixed with engineered soil 
grains to enhance the removal of organic pollutants in run-
off water. In the granular activated carbon (GAC) process 
of WWTPs, an adsorption isotherm quantifies the affinity 
of the adsorbate (i.e., organic pollutant) for an adsorbent 
(i.e., GAC). The isotherm is used to describe the ratio of the 
adsorbate amount adsorbed onto an adsorbent surface at 
equilibrium condition. If the aqueous-phase concentration 
of the adsorbate is in a steady state, the adsorption equilib-
rium capacity can be estimated using the following mass 
balance 

q
C C

M
V

e
e=

−0  (16)

where qe represents the equilibrium adsorbent-phase con-
centration of adsorbate [mg-adsorbate/ g-adsorbent], C0 

and Ce represent the adsorbate concentrations in the initial 
and equilibrium phase, respectively, while M/V indicates 
the adsorbent mass M per unit volume V. Typically, three 
types of isotherms are widely used: linear, Langmuir [86], 
and Freundlich [87]. The Langmuir isotherm assumes a 
reversible adsorption of an adsorbate, forming a monolayer 
upon adsorbent surfaces in equilibrium. Then, the rates of 
adsorption and desorption are assumed to be equal. In the 
isotherm, a mass loading qe is derived as:
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where b represents the Langmuir adsorption constant of 
adsorbate and Qmax is the maximum limit of qe. Next, the 
Freundlich isotherm was originally proposed as an empiri-
cal equation to fit non-linear trends of qe with respect to the 
equilibrium concentration Ce, which is due to the heteroge-
neity of adsorbent surfaces: 

q K C or q K
n

Ca a a
n

a a a= = +
1 1

ln ln ln  (18)

where Ka is the adsorption capacity parameter, n is the 
dimensionless adsorption intensity parameter. In this iso-
therm, a unit of Ka depends on the value of n. Finally, the 
linear isotherm represents a special case of Langmuir and 
Freundlich isotherms known to be valid in solutions of low 
adsorbate concentrations. 

For adsorption of a single component adsorbate, the 
constant influent concentration, Cinf in the mass balance 
along the depth z is given by 

C z

C

q z

q Ce

( )
=

( )
( )inf inf

 (19)

where C(z) and q(z) are the adsorbate concentrations in 
the liquid and the adsorbent phases, respectively, at depth 
z (within the mass transfer zone), and qe(Cinf) denotes the 
adsorbate concentration in equilibrium with the influent 
concentration. The specific throughput is defined as the 
volume supplied to the adsorbent divided by the mass of 
GAC in the adsorbent until a breakthrough occurs (i.e., 
Qtbk/MGAC) where MGAC represents the mass of GAC and tbk 
entails the breakthrough time. The specific throughput is 
used to quantify the performance of a GAC adsorbent. If the 
effluent concentration is sufficiently lower than the influent 
concentration, the specific throughput can be approximated 
as qc/Cinf, where qc is an averaged adsorbate concentration 
in the equilibrated GAC column. 

Table 1 summarizes studies that examined the effects 
of soil type on the performance of various LID/BMP in 
terms of the organic and inorganic removal. The results of 
these studies cannot be cross-compared as they measured 
different performance indicators. Among them, Xiao and 
McPherson performed field experiments and observed 
the performance of engineered soil and trees in a bioswale 
built next to a parking lot [88]. During the testing period 
from February 2007 to October 2008, a total precipitation of 
563.8 mm was reported by 50 storm events. The bioswale 
had a length of 10.4 m, a width of 2.4 m, and depth of 0.9 
m. The engineered soil media, composed of a mixture of 
75% lava rock and 25% loam fractions, had a total volume 
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of 28.3 cubic meters and was surrounded by a fine graded 
non-woven geotextile. A pollutant removal study was con-
ducted for minerals, metals, organic carbon, and solids, as 
shown in Table 1. Their average pollutant loading reduc-
tion was reported as 95.4%; this is in addition to the 86% 
iron removal and 97% nitrogen removal. As these solutes 
are directly from stormwater runoff, their specific chemical 
forms were not reported. Hsieh et al. studied phosphorus 
removal from urban stormwater runoff using repetitive 
(lab-scale) bioretention columns. In their study, two types 
of columns are used called RP1 and RP2 [5]. They examined 
dual-layer RP1/RP2 configuration where the media of low/
high hydraulic conductivity are overlapped with high/low 
hydraulic conductivity. The column having the length of 40 
cm and the inner diameter of 6.4 cm was designed to have 
sufficient organic matter to serve as a plant growth media. 
During the three months of experiments, they concluded 
that RP2, consisting of more conventional media, is more 
efficient in total removal of phosphorus, dissolved from 
sodium phosphate dibasic (Na2HPO4). The input phospho-
rous concentration is 3 mg/L and the effluent concentra-
tion varies from 0.55 to 1.2 mg/L, which is equivalent to the 
total phosphorus removal ratio shown in Table 1. Good et 
al. built lab-scale rain garden systems for stormwater treat-
ment, consisting of topsoil-only, topsoil/sand mixture, and 
sand-only compositions [89]. The rain garden is of meso-
cosm-scale having a cylindrical configuration with 180 L 
internal volume and 0.17 m2 surface area. The thickness of 
the top mulch layer above the topsoil was 20 mm in order 
to mimic the diffusive motion of stormwater across the col-
umn of the vegetation layer. An organic topsoil was inves-
tigated for the removal of heavy metals (such as Zn, Cu, 

and Pb) and nitrate. The well-graded coarse sand layer was 
prepared to provide hydraulic throughput under given rain 
events. Based on their experimental data shown in Table 1, 
they concluded that the topsoil is not the optimal substrate 
to enhance metal or nutrient removal in bioinfiltrative sys-
tems, which can be attributed to the inability of topsoil to 
buffer the pH of incoming stormwater. Mohanty et al. dis-
cussed biochar, a carbonaceous porous adsorbent, applica-
tion as a soil media in general LID systems for stormwater 
treatment [90]. The pollutant removal and runoff reduction 
by biochar are determined by various factors, such as par-
ticle size, roughness, porosity, hydrophobic surfaces, redox 
active sites, ash/mineral content, surface function groups, 
and biological activities. Shrestha et al. studied nutrient and 
sediment removal in roadside bioretention systems using 
various soil media, vegetation, and hydrologic treatments 
[91]. A total of 121 storms were evaluated for the removal of 
total suspended solids, nitrate/nitrite-nitrogen, ortho-phos-
phorus, total nitrogen, and total phosphorus. Ranges of 
removal efficiencies of total suspended solids, total nitro-
gen, and total phosphorus are summarized in Table 1. Neg-
ative removal values were often listed in their work, which 
must be attributed to the adsorbed fractions of solutes from 
the previous storm events. Due to the high organic nitrogen 
portion, the aerobic condition is required in the soil media 
to drive mineralization consisting of ammonification and 
nitrification. On the other hand, the phosphorus removal is 
deteriorated due to the saturation of the soil media due to 
the desorption of soluble phosphorus. They concluded that 
the nitrogen removal is closely linked to the microbial pro-
cesses (i.e., nitrification and denitrification), but phospho-
rus removal heavily relies on soil chemical parameters of 

Table 1
Studies that examined granular adsorption by LID/BMP

LID type Soil Pollutant Removal (%) Scale

Bioretention [5] Sand, soil, and mulch P 67.0–98.0% Laboratory 
Bioswale [88] Engineered Soil (75% lava rock and 25% 

loam soil)
Minerals
Metals
Organic carbon
Solids

95.3%
86.7%
95.5%
95.5%

field

Rain Garden [89] Sand Cu
Pb
Zn

56.4–93.3%
81.6–97.3%
73.5–94.5%

Laboratory

Sand/topsoil Cu
Pb
Zn

53.0–77.4%
89.1–96.9%
81.2–87.9%

Topsoil Cu
Pb
Zn

00.3–69.0%
89.5–98.6%
60.5–71.4%

General LID [90] Biochar Metals/metalloids 0.00–75.0% Laboratory 
and field 
(review)

Organic contaminants 45.0–100%
Nutrients 29.2–100%

Bioretention [91] Sand/compost, sand, pea stone, and 
gravel layers without sorbtive media

TSS 89.0–97.0% Laboratory 
and fieldN 38.0–57.0%

P 86.0–94.0%
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the timescale. Although Table 1 implies that a LID type can 
be classified by it’s nutrient removal characteristics, repre-
sentative LID structures such as bioretention, bioswale, and 
rain garden are originally classified by their geometrical 
and hydrological aspects. (See the next section for details.) 
Charlesworth et al. analyzed the application of green and 
food-based compost to enhance water quality in SUDS/
LID devices including swales [92]. They observed that both 
green compost (GC) and food/green-mixed compost (MC) 
demonstrated improved performance compared to topsoil 
in pollutant removal; however, pollutant removal efficien-
cies were not specifically reported. Trowsdale and Simcock 
monitored the performance of bioretention consisting of 
topsoil, subsoil, and sand layers [93] and observed high 
removal efficiencies of TSS, Pb, and Zn due to the hetero-
geneous profile of soil permeabilities. The measured data 
set was only partially reported. Davis et al. summarized the 
current knowledge on the removal capability of bioretention 
units for suspended solids, nutrients, hydrocarbons, and 
heavy metals using, in principle, filtration, adsorption and 
possibly biological treatment. They indicated the necessity 
of systematic research on composition and configuration 
of filling media, drainage configuration, basin geometry, 
ponding depth, vegetation types, and cost analysis for 
maintenance and various designs [94]. Moreover, Hunt et 
al. considered a bioretention as one of the most commonly 
used stormwater control measures (SCMs) and researched 
on how to design the bioretention systems to meet regula-
tory needs. Specific guidelines were reviewed for geometric 
sub-zones (called components), fluid dynamic (peak-flow 
mitigation, hydrology and infiltration), chemical (seques-
tration of total dissolved solid, pathogen-indicator species, 
metals and hydrocarbon, phosphorous removal, and ther-
mal pollutant abatement) and biological (nitrogen removal) 
aspects [95]. It is difficult to make a quantitative conclusion 
for bioswales’ removal capabilities of various solute species 
due to the lack of fundamental theories and systematically 
prepared data sets.

2.7. Underground drainage

If the bioswale soil is partially saturated or unsaturated, 
the infiltration of incompressible water into the porous 
soils pushes pre-existing (compressible) air in the inter-

stitial void spaces between soil grains. Therefore, the sur-
face flow above the bioswale does not move uniformly so 
as to quickly reach a steady state. This fluid behavior may 
be a result of micro-scale heterogeneity of the soil packing 
and the air compressibility. On the other hand, installation 
of the drainpipe is an optional commitment. Perforated 
pipe systems can be employed to improve water drainage, 
reduce sub-grade moisture, and convey stormwater offsite 
promptly. These drainpipes are extensively applied in vari-
ous LID/BMP strategies including bioretention ponds [96], 
bioswales [37], exfiltration trenches [97], French drains [98], 
infiltration trenches [99], permeable pavements [100], and 
rain gardens [101]. Table 2 shows the original definitions 
or descriptions of three LID structures, i.e., bioretention 
[94], rain gardens [102], and bioswales [103] in terms of 
geometrical and hydrologic aspects. This is because, in our 
opinion, pollutant transport and removal processes are not 
significantly influenced by the LID dimensions and struc-
tures. Standard pipe materials include corrugated steel, cor-
rugated aluminum, and polyvinyl chloride. Small holes or 
slits are periodically formed along the drainpipe. The mean 
distance between two consecutive holes ranges from 3 to 6 
inches [104]. These holes are usually downward facing in 
order to prevent gravitational clogging. The collected water 
in the drainpipe is conveyed to the discharging system or to 
the natural environment. 

The hydraulic behavior of perforated pipes has been 
examined since the early 20th century [104,105]. The pipe 
geometry is often complex, and, therefore, analytic solutions 
for the fluid flow are challenging to obtain. Instead, funda-
mental CFD modeling can provide accurate solutions for 
coupled mass, momentum, and heat transfer, in principle, 
but it often requires high-performance computing. To the 
best of our knowledge, CFD tools have been employed only 
in the past decade to understand the discharge characteris-
tics of the perforated pipes for LID and BMP [25]. As state 
above, Afrin et al.’s work focused on the flow patterns and 
streamlines porous bioswales [25], and the perforated void 
portion of the pipe surface is exploited as an exit boundary. 
Their 3D model was validated using experimental results 
of fluid flows but did not include overland and infiltrating 
flows on the topsoil of the bioswale. The infiltration direc-
tion is usually oblique in the unsaturated aggregate zone but 
remained in their study primarily vertical in the saturated 
soil zone. This result implies that considering a porous pipe 

Table 2
Original definitions of key LID structures

LID/BMP Device Definition

Bioretention [94] “General features of a bioretention system include 0.7–1.0 m of sand/soil/organic media for treating 
infiltrating storm-water runoff, a surface mulch layer, various forms of vegetation, orientation to allow 
15–30 cm of runoff pooling and associated appurtenances for inlet, outlet, and overflow.”

Rain garden [102] “Rain gardens are shallow depressions in the landscape that are planted with trees and/or shrubs, and 
covered with a bark mulch layer or ground cover. They allow stormwater to infiltrate, recharge aquifers, and 
reduce peak flows. In addition, they are expected to provide pollutant treatment, which has been attributed 
to several processes including adsorption, decomposition, ion exchange, and volatilization.” 

Bioswales [103] “Bioswales are generally at least 30 m (100 ft) long, 0.6 m (2 ft) wide, range in longitudinal slope from 0.5% to 
6.0%, and located in series with detention ponds, which store runoff and reduce peak discharges. Although 
they are designed to convey runoff from the 100-year 24-h storm event, they are only intended to treat runoff 
effectively from much smaller and more frequent storms, typically up to the 2-year 24-h storm event.” 
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as an orifice is not a valid assumption for the momentum 
transport in bioswale systems. Infiltrating water occupies 
the void space in the unsaturated zone and consequently 
pushes air blobs downward. Buoyant forces offer balance 
to the hydrodynamic drag on the air blobs. Therefore, the 
channeling of air occurs in the dynamic saturated zone 
during the process of infiltration, which is due to the local 
heterogeneity of micro-packing structure soil grains and the 
initial distribution of the blobs. This exchanging phenom-
ena of water and air fluids in the porous bioswale is cur-
rently not found in the related literature and will be studied 
in our next CFD paper. 

The types of drain pipe structures employed in bioswale 
systems can be classified into three categories: no drain, 
a linear drain, and elevated drain. The drainpipe is not a 
mandatory element of a bioswale, but it may determine the 
available amounts of drainage and retention of a bioswale. 
After an exhaustive saturation of the bioswale due to pre-
cipitation events, evapotranspiration can form the only 
physical mechanism to remove the infiltrated water inside 
the soil grain surfaces. Unless biological degradation is con-
sistent, convected pollutants may continuously accumulate 
on soil grain surfaces depending on the adsorption capa-
bility of the engineered soil. Consequently, the capacities of 
granular media and activated carbon will reach their max-
imum limits. The long-term accumulation of organic/inor-
ganic/particulate pollutants in bioswales can cause further 
leaching problems which cause unscheduled replacements 
of soil matrixes. Disposal of the contaminated soil grains 
generates another challenge within the bioswale mainte-
nance. In our opinion, the optimal usage of the bioswale 
should include a periodic dilution of the pollutant level 
by artificially flushing the bioswale using low-cost water 
[105–110]. 

A linear drain installation includes a typical cylindrical 
pipe with periodic perforation, installed horizontally near 
the bottom of the bioswale. Neighboring zones around the 
linear pipe are often prepared using coarse grains to allow 
the fast discharge of infiltrated water and, more impor-
tantly, to prevent pipe clogging due to fine grains. The 
drainpipe is usually installed in the longitudinal direction 
of a bioswale, but the main pipe can be connected to trans-
verse pipes for faster discharge appearing at regular inter-
vals. This transverse configuration treats a long bioswale 
as a series of small independent bioswale units, which give 
evenly distributed draining performance. The transverse 
pipe outlet can be elevated to maintain a specific depth 
of saturated zone above the drainpipe. Consequently, this 
configuration prevents soil compaction and pipe clogging, 
which are caused by the complete dryness of the soil layer. 
The elevated pipe configuration requires the periodic dilu-
tion process to maintain a low pollutant level inside the 
bioswale. More significantly, microbial activities can be 
maintained in the semi-permanently/permanently satu-
rated zone, depending on flow patterns in the subsurface. 
Chemical equilibrium can be attained for a short span of 
time immediately after the end of a storm event. Residual 
pollutant concentration from the previous storm event may 
primarily contribute to the discharge concentration of the 
subsequent storm event [81,111]. The drainpipe not only 
discharges infiltrate water but also controls hydrodynamic 
and chemical reactions in the bioswale. For example, one 

can often observe mass-balance violation due to the initial 
conditions of a bioswale. If infiltration of the last storm 
event (of high runoff pollutant concentration) ended at the 
final stage of the storm, the residual pollutants must remain 
within the bioswale in either the dissolved or absorbed 
phase. If the next rain event contains low runoff concentra-
tions, then the first effluent from the bioswale must have a 
(much) higher concentration than that of the new influent. 
The prediction of the first influent concentration requires 
very detailed local information within the soil zone of the 
bioswale, which seems to be challenging. 

3. CFD as a universal modeling platform

Sustainable and renewable strategies can strategi-
cally mitigate stormwater threats, but present-day design 
methodologies emphasize only minimal, required criteria 
[112,113]. More specific and reliable design tools are, there-
fore, urgently needed for optimized LID/BMP practices. In 
our opinion, LID/BMP structures without regional opti-
mizations can cause unexpected hydrologic events unless 
the plane runoff patterns are holistically well-understood. 
In this light, we propose CFD as a universal modeling tool 
for design and optimization of LID/BMP systems [114,115]. 
In this section we discuss the future direction of bioswale 
CFD modeling so as to systematically elucidate upon the 
coupled transport phenomena. 

Within most engineering processes, a fluid flow often 
provides a platform for mass and heat transfer. For com-
plex systems, interfaces and boundaries play critical roles 
in transferring physical quantities from one phase to the 
other. Dominant transport phenomena of a bioswale can 
be considered within various sub-zones as follows. First, 
on the topsoil surface of the bioswale, the entering over-
land flow is separated into infiltration and discharge, and 
flow pattern within the vegetated layer depends on the 
overall plant configuration. Therefore, the coupling of the 
open-channel and porous-media flows should be carefully 
merged for the topsoil boundary surface of the bioswale. 
Second, the infiltration within the vegetation layer enhances 
the sedimentation of suspended solids, which initiates the 
surface clogging. The hydrodynamic resistance will grad-
ually increase and reduce the infiltration rate. The feed-
back effect of cake layer formation caused by deposited 
particles should be included in the long-term simulation 
of the bioswale performance while a constant thickness of 
the clogging layer can be assumed for short-term studies. 
Third, the infiltrating flow carries fine particles, a fraction of 
which will be filtered by soil grains. A phenomenon similar 
to the standard GMF occurs in the bulk phase of the porous 
bioswale. A unique difference between the bioswale system 
and conventional GMF for particle filtering is the hetero-
geneous, unsteady distribution of unsaturated zones and 
the dynamic migration of the zone boundary. Fundamental 
mechanisms regarding the particle transport near the zone 
boundary continues to be an area of active research. Fourth, 
organic and inorganic reactions primarily depend on con-
centrations of solute species in the infiltrated runoff water 
because the timescale for the chemical equilibrium is much 
shorter than the respective particle relaxation time. The sol-
ute species can be assumed to be in equilibrium to those 
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adsorbed on the soil grain surfaces. In this case, the intersti-
tial flow brings solutes to the vicinity of the soil grains but 
does not noticeably affect the pollutant removal efficiency 
due to the instantaneously reached equilibrium state. The 
validity of this local equilibrium approach depends on 
the grain size distribution, which mainly determines the 
hydraulic conductivity or permeability. Finally, the intersti-
tial flow reaches the drainpipe and exits the porous media 
into an open space, such as a receiving water body. This exit 
water-flow is balanced by the reversely entering airflow 
from the drainpipe to the porous region near the pipe. This 
volume exchanging phenomenon between water and air 
flows is also significant during the initial infiltration stage. 
To the best of our knowledge, this phase-exchange phenom-
ena has not been reported in the bioswale literature and will 
be addressed in our next research.

Overall, the transport phenomena of the bioswale can 
be summarized as the changes of flow regimes from free 
space to the porous media and from the porous media to 
the drainpipe. The dominant factors that alter the inter-
stitial flow pattern include the heterogeneity of soil struc-
tures followed by the initial distribution of air blobs in the 
unsaturated bioswale. Assuming solutes are not volatile, 
physical and chemical removal of suspended particles and 
chemical species depends upon the local infiltration pat-
terns. In this case, the mass transport mechanisms, such as 
convection, diffusion, and reaction, can be treated as per-
turbative transport phenomena occurring on top of ambi-
ent, interstitial fluid flows. The mass removal processes 
do not provide noticeable feedback effects to fluid flows. 
Treating the soil grain packings as a continuous, homoge-
neous porous media, two-phase CFD can accurately predict 
the flow of water and air. The mass transport phenomena 
can be independently studied using the simulation results 
of fluid motion afterward. Based on our current review, we 
observed that the flow coupling at the topsoil surface is the 
most critical sub-process that determines the bioswale per-
formance. Analytic solutions for the two-phase flow hav-
ing multiple interfaces is theoretically a difficult task. CFD 
simulations with specific solute transport mechanism can 
therefore give more fundamental and accurate prediction of 
the bioswale performance. 

4. Concluding remarks

In this study, we reviewed dominant transport mecha-
nisms inside the bioretention system by treating a bioswale 
as a miniature water and wastewater treatment plant. Fluid 
dynamic aspects consist of runoff, overland, infiltration and 
discharge flows. The mass transfer phenomena reviewed 
include sedimentation of suspended particles, conventional 
filtration of fine particles, and removal of organic and inor-
ganic pollutants because unsteady variations of (micro)
biological processes are theoretically challenging and more 
importantly chemical, physical and fluid dynamic con-
ditions provide basic conditions to the biological process. 
We restrict ourselves to physical, chemical, and fluidic 
processes, excluding biological reactions. Within each sub-
topic of fluid dynamic and mass transfer phenomena, key 
theories were selected and examined in detail to construct a 
universal model as a seamless combination of well-defined 

unit processes. Due to the intrinsic challenges involved 
with data acquisition, the current bioswale research is lim-
ited to empirical studies and data fitting based on simple 
flow models or mass balance equations. CFD is proposed 
as a universal modeling platform in the application of 
bioswale research because it can predict various mass 
transfer mechanisms as passive transport phenomena in the 
pre-determined, multi-zone flow fields. The size of LID/
BMP systems is significant because these devices are almost 
permanently installed. Considerably more work will be 
needed to include detailed optimization tests using CFD for 
various hydrologic and physico-chemical scenarios, which 
will be discussed in our future publications. 
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