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a b s t r a c t
Optimized bioswale-design requires a fundamental understanding of mass and momentum transfer 
through a bioswale vegetation layer (BVL) on top of the porous soil zone. Conventional theories of 
canopy flows are applicable to structuring BVL in a planning phase. Plants in the BVL can be modeled 
as an embedded collection of cylindrical rods characterized by using (mean) diameter and height. 
The number density and spatial periodicity of the plants determine the structural and hydraulic 
characteristics of the BVL. The current paper stands as what we are calling meta-research or “research 
of research” consisting of an in-depth literature review followed by our own theoretical development 
and its application. A design equation for an emergent BVL is developed, which suggests the minimum 
length-to-width ratio of a bioswale as a function of runoff hydraulic characteristics. We calculate a 
proper bioswale length near which the viscous force fully supersedes the inertial force along the BVL. 
Moreover, a supplementary graphical method is developed within this study as a simple tool with 
which to design bioswale dimensions.

Keywords:  Bioswale vegetation layer (BVL); Bioswale design equations; Canopy-flow theory; Runoff 
Reynolds number; Stormwater management; Plant density

1. Introduction

A bioswale exists as a nature-based infrastructure, 
widely used for low-impact development (LID) in modern 
urban environments, which was first practiced in Prince 
George’s County, Maryland, in the early 1990s [1–3] to reduce 
stormwater runoff and remove non-point source pollutants 
[4–6]. A typical bioswale structure has dual or stratified 
layers, consisting of overland vegetation and engineered 
soil zones. The underground soil zone is often pictured as 
a porous media of varying porosity and hydraulic conduc-
tivity. Physico-chemical characteristics of the porous media 
determine the runoff and pollutant removal capacities [7,8]. 
As current bioswale designs depend on empirical guidelines 

and suggestions, systematic research on bioswale transport 
phenomena began only recently [9]. 

Structural modifications of LID systems are challenging 
in a practical sense after their initial installation due to their 
large size and initial costs. The estimation of the bioswale 
life-expectancy is, therefore, an important process to ensure 
long-term operations, possibly with minimum maintenance. 
Within the existing literature, bioswale research has been 
focused primarily on experimental observations of runoff 
infiltration and pollutant removal within the underground 
soil media by measuring input and output flow rates and 
concentrations. The top surface of a bioswale is often covered 
with a bioswale vegetation layer (BVL) primarily for land-
scaping purposes. The BVL possesses structural as well as 
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hydraulic aspects, which need to be considered for geomet-
rical designs because the BVL controls the longitudinal flow 
field and pressure distribution upon the permeable bioswale 
surface. To the best of our knowledge, engineering roles of 
the BVL have not been actively studied. 

The basic fluid mechanics research on canopy flow can be 
readily employed to investigate the BVL for the proper man-
agement of inland, overland, and infiltrating runoff flows. 
As the runoff infiltration followed by the pollutant removal 
depends on the hydraulic drag created in the BVL, a proper 
design of the BVL is as important as that of the internal 
porous structure of the bioswale. In this work, we first exam-
ine the applicability of canopy-flow theories correspondingly 
to the BVL analysis. Second, we derive a new design equation 
for proper bioswale sizing. And, third, we develop a com-
prehensive graphical method that visually links hydraulic 
aspects of runoff flows and geometrical aspects of the BVL 
structures. To explain the coupled role of the BVL, we include 
a brief research background and a theoretical review in the 
following sections and propose a practical graphical method 
as a BVL sizing tool.

2. Background

2.1 Particle and pollutant removal

A standard bioswale controls pollutant and solid loads from 
a surrounding catchment area [10]. Bäckström [11,12] moni-
tored the hydrological performance of a bioswale system over 
a 12-month period and found that total suspended solids (TSS) 
removal had been reduced by 99% along a 100 m bioswale. 
Achleitner et al. [13] investigated bioswales ranging from 2 
to 10 years of age and reported that regulatory assumption 
of 15 years is a reasonable estimation of the replacement time 
of the engineered soil media [13]. Roinas et al. [14] observed 
that most TSS removal occurs near an inlet bioswale zone. 
Xiao and McPherson measured inlet and outlet concentration 
of suspended solids through a bioswale installed in a parking 
lot and reported 95% of removal by measuring inlet and outlet 
concentrations [15]. Trowsdale and Simcock [16] also examined 
the TSS removal capability of a bioretention system, and found 
that the median concentrations of zinc retained in the bioswale 
system still exceeded ecosystem health guidelines. Other stud-
ies focused on hydraulic and hydrologic aspects of bioswales 
through field studies [16,17] and lab-scale experiments [18,19]. 
Even though the aforementioned studies provide engineering 
insights regarding the removal capability of bioswales, these 
empirical analyses are limited to a small number of detection 
points, asynchronized measurements with long time inter-
vals, and visual investigation subject to human perspectives. 
Moreover, coupled effects of surface runoff, the BVL structures, 
and pollutant/solid removal were not systematically studied.

2.2. Design methods

Design methods based on empirical correlations or 
instructional criteria often indicate the minimum regulatory 
requirements so as to build bioretention systems [20–23]. 
These guidelines, however, do not provide thorough meth-
ods based on scientific rigor in order to address site-specific 
optimization of a bioswale. Based on our analysis of the 

stormwater guidelines for the western United States, five 
approaches exist for sizing bioswales, which include Darcy’s 
law [24,25], the rational method [26–28], Manning’s equation 
[29], the curve number method [30], and the first-flush sizing 
method [31]. In reality, bioswales can have various topologies 
of surrounding ground surfaces, where the runoff flows are 
conveyed toward bioswale inlets. Although a rigorous com-
putational method such as computational fluid dynamics 
can be used, there still exists a strong need to have improved 
design equations for the bioswale sizing. 

2.3. Plant structure

Conventional models for canopy flows have described 
vegetation structures as rigid or flexible stems in either sub-
merged or emergent conditions, where the physical stem 
height is lower and higher than flowing water height, respec-
tively. Originally, Petryk [32] experimentally investigated 
flows passing a group of submerged cylinders in an open 
channel and developed a model to correlate the mean veloc-
ity distribution across the channel, the drag forces upon each 
cylinder, and the hydraulic resistance among a group of cyl-
inders. This model is, however, limited to uniform laminar 
flow in a sparse stem configuration for subcritical Reynolds 
numbers, for which the spacing between the nearest cylin-
ders are at least six stem diameters in the downstream direc-
tion. In the past decades, various researchers investigated the 
effect of vegetation configurations on its overall hydraulic 
resistance to incoming runoff flows [32–38].

2.4. Hydraulic/hydrologic aspects 

The hydraulic/hydrologic aspects of a canopy layer 
research can be briefly summarized as follows. For an emer-
gent and flexible vegetation, Fathi-Maghadam and Kouwen 
[39] developed a mathematical model to estimate Manning’s 
roughness coefficient of flexible, emergent vegetative layers. 
Finnigan [40] developed a heuristic model, which provides 
an innovative perspective on turbulence flow passing planted 
canopies for both the submerged and emergent cases. This 
model qualitatively describes the three development stages of 
the mixing boundary layer within vegetation zones of various 
porosities. The stages include (1) the emergence of the primary 
Kelvin–Helmholtz instability, (2) the clumping of the vortic-
ity of the Kelvin–Helmholtz waves into vortices, and (3) the 
kinking and pairing of the vortices. Despite the ecological and 
engineered significance of hydraulic interactions between veg-
etation layers and interstitial fluid flows, there is a paucity of 
studies that have examined the influences of canopy/bioswale 
structures on the hydraulic drag to the interstitial flow fields. 
The direct numerical simulation method was used to examine 
single-particle capture by a circular cylinder in vortex-shed-
ding regimes [41–43]. Although the work of Espinosa-Gayosso 
et al. [41–43] accurately simulated low-Reynolds number 
flows, their respective system includes only a pair consisting 
of a particle and an embedded cylinder so that the many-body 
hydrodynamics was not included. King et al. [44] character-
ized the aquatic vegetation as rigid cylinders fixed upon an 
impermeable ground surface so as to model flow in the vege-
tation layer. They conducted physical experiments to validate 
their turbulence model through emergent and submerged 



139J.L. Irvine, A.S. Kim / Desalination and Water Treatment 143 (2019) 137–147

BVL cases. Although the experimental validation was success-
ful within their study, six parameters should be calibrated in 
addition to the standard k – ϵ model coefficients: flow depth, 
vegetative height, drag coefficient, volume fraction, projected 
plant area per volume, and stem diameter. Existing cano-
py-flow models are readily applicable to the BVL investiga-
tion using the stem-cylinder analogy [45–47].

As discussed previously, bioswale systems provide an 
important transition zone from impervious artificial surfaces 
to porous natural ground. Thus, understanding a bioswale’s 
hydrodynamic response to incoming runoff flow is a critical 
procedure in order to characterize the respective bioswale 
structure.

3. Theoretical review 

An understanding of flow resistance and convey-
ance capacity is critical for hydraulic BVL characteriza-
tion. Vegetation arrays (i.e., geometrical obstacles) can be 
described as either submerged or emergent conditions, 
which may dynamically change with time during a precip-
itation event depending on the runoff height. The obstacles 
create a specific hydraulic drag that resists the incoming flow 
to the internal BVL region. The drag coefficient of a canopy 
medium can be defined as:

C
F A

V
D

D= =
/ c Dissipated energy density

Kinetic energy density1
2

2ρ  (1)

where FD is the average drag force along the direction of the 
average flow, Ac is the area of the plant array, ρ is the fluid 
density, and V is a representative fluid velocity.

Fig. 1 shows the geometrical aspect of stems embedded 
within the bioswale surfaces, in which (a) and (b) indicate 
the submerged [48–50] and emergent conditions [51–56], 
respectively, and (c) and (d) show staggered [38,57] and 
squared [38,50] configurations of embedded stems, respec-
tively. The submerged phase indicates that the dynamic 
water height hw is higher than the physical plant height hv, 
which is equal to the wetted plant height l, that is, hw > hv and 
l = hv. The emergent phase is characterized using hw < hv and 
l = hw. Mathematically, the wetted length can be expressed as 
follows:

l h h= ( )min ,w v  (2)

which means l is the shorter one between hw and hv. Runoff 
flows entering the bioswale generally have a transient water 
height due to transient precipitation patterns. The BVL 
would, therefore, dynamically experience both emergent and 
submerged conditions. In particular, if a BVL exists as a short 
grass layer, then the role of the grasses can be better viewed 
as a non-smooth surface with a specific roughness providing 
a slip boundary condition. On the other hand, if the BVL con-
sists of plants of an order of O(10) cm, the emergent phase is 
preceded before reaching the submerged phase. In this light, 
we briefly discuss standard theories of canopy flows as appli-
cable to the bioswale sizing.

3.1. Submerged canopy theories

3.1.1. Barfield et al.’s work 

Barfield et al. [58] developed the general shear stress 
model for the submerged condition by defining a spacing 
hydraulic radius

r h h s
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and the ratio between bed and total shear stresses 
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where ĥw = hw/hv and ŝ = s/hv are normalized lengths of water 
and stem-spacing by the plant length hv, respectively, s is the 
spacing of the elements in the vegetation canopy, and the 
subscript BTH indicates the three authors of the work [58]. 
Without losing the generality, Eqs. (3) and (4) can be applied 
for an emergent condition by mathematically letting hv = hw 
and hv = l by considering hydraulic drags generated on the 
wetted surfaces. For the emergent case, a portion of a stem 
above the water level is assumed to have negligible contri-
bution to the total hydraulic drag. Therefore, the physical 
length of the stem can be replaced by the wetted length l. 

3.1.2. Stone and Shen’s work

Stone and Shen [36] investigated a steady open-channel 
flow through submerged cylindrical stems of an equal height, 
distributed uniformly over a bed area. The total stress due to 
the water flow τw was represented as follows:

τ τ τw v b= +  (5)

as a superposition of those due to the vegetation layer τv and 
the bed surface τb

τ ρ λw gSh l= −








w 1


 (6)

τ ρv s cC Nd lV=
1
2

2
D  (7)

where g is the gravitational acceleration, S is the channel 
slope, ds is the stem diameter, N is the number of plants per 
unit area, and l l h = / w  is the wetted height divided by the 
physical stem length. In Eq. (7), Vc is the maximum velocity 
within the vegetation layer, which is related to the approach-
ing velocity Vl as follows:

V V d N Vl c c= −( ) = −
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where the area concentration λ is defined as the fraction of 
the bed area occupied by cylindrical stems 

λ
π π

= =
d
N ads

s

2

4 4
 (9)

where a = Nds is the projected plant area per volume. Then, 
the bed friction stress is derived as follows:
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ρ

λb b
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1 12
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where fb represents the friction factor, and Cb is the Chézy 
coefficient of the channel bed [59]. Finally, the flow resistance 
RSS is represented as follows:
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of which the coefficient was obtained by a linear regression 
process using experimental data. In Eq. (11), we noticed a 
condition that RSS is unconditionally positive, which derives 
an equivalent condition (i.e., hw ≥ honset), where 

h N d lsonset = ( )2  (12)

is an onset height of the water flow. Our interpretation of honset 
is as follows. If hw ≤ honset, then RSS becomes negative, which is 
unphysical. A possible mathematical treatment is to replace 
Eq. (11) to 

R RSS SS= ( )max ,0  (13)

to replace a negative value of RSS by 0. This mathematical 
trick physically implies that the hydraulic drag becomes 
meaningful if the water level is higher than the critical onset 
height honset. 

3.1.3. Baptist’s work

Baptist [60] proposed a resistance coefficient as follows:
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where κ (=0.41) is the Von Karman’s constant [61]. The bed 
shear stress is estimated as follows: 
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using a modified Chézy coefficient C′b: 
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which is also applicable to emergent canopies by setting 
hw = hv.

3.1.4. Cheng’s work

Cheng [50] developed a model to describe an effective 
resistance above and within the submerged vegetation layer 
in an open-channel flow. A vegetation-related hydraulic 
radius was defined in his work as follows:

r Dv = −
π λ

λ4 1
 (17)

and the global flow resistance is expressed as 
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by calculating the mean flow velocities within and above 
the vegetation layer. Note that the first and second terms of 
Eq. (18) has dependences on l/hw and 1 – l/hw with the same 
exponent of 3/2. In this case, the term of the squared bracket 
seems to be a pseudo-constant as its exponent is small 
(i.e., 1/16 = 0.0625 unless ds << hw). 

3.1.5. Ghisalberti’s work

Ghisalberti [62] developed a phenomenological model 
of obstructed flows across vegetation systems and inves-
tigated the vertical flow penetration from the top surface 
of the submerged obstruction layer of O(0.01 – 0.1 cm) 
height. As flow passes downstream through the obstruction 
zone, the hydraulic drag on the bottom surface initiates an 
upward flux above the vegetation layer. Ghisalberti [62] 
introduced a length scale of the vertical flow penetration, 
denoted as δe, and found that the δeCDa ≈ constant indi-
cating that the length scale of the drag force is (CDa)–1. A 
higher drag CD indicates a shorter penetration depth and 
lesser up-flow above the penetration zone. This penetration 
behavior was considered as a cause of vortex generation in 
the shear zone above the obstruction layer. Ghisalberti’s 
findings can be summarized by ωrms rms∝ ∝ ∝aU u uh ∗, 
where ωrms and urms are the vertical turbulent intensities at 
the interface and in the streamwise direction, respectively, 
u* is the frictional velocity, and Uh is the slip velocity on the 
top of the obstruction layer.
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3.2. Emergent canopy theories

Interestingly, the submerged canopy flows are investi-
gated using flow resistance. In this section, emergent canopy 
theories are reviewed for the drag coefficient CD.

3.2.1. Tanino et al.’s work

Tanino et al. [37] investigated the drag force exerted on 
randomly distributed, emergent circular cylinders of uni-
form diameter d, by using the dimensionless ratio of the 
mean viscous drag per unit cylinder, as originally proposed 
by Ergun [63] as: 

f

u
D

pµ
α α

〈 〉
= +0 1 Re  (19)

as a function of plant Reynolds number 

Rep =
u d
ν

 (20)

where v is the kinematic viscosity of the fluid, u  is the fluid 
velocity averaged over the void space between stems, fD  is 
the average drag (in the flow direction) per unit stem length. 
Eq. (19) assumes that α0 varies with λ, and α1 is a constant. It 
has been, however, experimentally shown that α1 increases 
monotonically with λ and α0 is approximately constant if 0.15 
≤ λ ≤ 0.35. The vegetation layer provides an additional drag, 
which can be characterized by a drag coefficient (of Eq. (1)): 
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2

2
ρ
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using the average over a time interval much longer than rep-
resentative time scales associated with turbulent fluctuations 
(denoted by an overbar) and using the space average over a 
void volume between plants (denoted by angular brackets). 
Substituting Eq. (19) in Eq. (21) yields a new form of the drag 
coefficient: 

CD = +( )−2 10
1α Rep  (22)

of which the first term represents the viscous contributions, 
and the second term indicates the inertial contribution occur-
ring due to the pressure loss in the cylinder wake. Previously, 
Koch and Ladd [64] investigated arrays of λ = 0.05 – 0.4 and 
observed that the cylinder drag can be characterized by a 
linear Rep dependence similar to Eq. (19), but with both α0 
and α1 varying with φ. White [61] also described the CD of 
a smooth isolated cylinder for 1 < Rep < 105 by an empirical 
expression: 

CD ≈ + ( )−1 10 0
2 3

. Re
/

p
 (23)

or equivalently 

f
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µ
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2
1 3

. Re Re
/

p p
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In Eq. (24), the second term is dominant relative to the 
first term based on the exponent of Rep. It was observed that 
the inertial term α1 increases monotonically with λ at a given 
Rep, which is attributed in part to the spatial variance of the 
time-averaged longitudinal velocity which increases with λ. 
A linear regression of α1 with λ yielded 

α λ1 0 46 0 11 3 8 0 5= ± + ±( . . ) ( . . )  (25)

as α0 is also sensitive to the volume fraction λ [32,37,64]. 
Although Tanino et al. [37] discussed fundamental issues on the 
drag coefficient as proposed by Ergun’s work [63] of Eq. (22), 
the data analysis indicates that α0 is sensitive to both Rep and λ. 

3.2.2. Rominger and Nepf’s work

Rominger and Nepf [57] investigated the interior flow 
within a rectangular porous zone consisting of embedded 
cylinders of various blockages, interpreted as an occupied 
volume fraction by the obstruction. The obstruction layer 
consists of a collection of uniformly sized rigid cylindrical 
plants, as shown in Fig. 1(c). The uniform rectangular config-
uration has a cylinder array in a 2D staggered lattice at half 
the distance between the nearest neighbor in both the x- and 
y-directions. Applying the shallow water equations for con-
tinuity in the stream-wise and cross-stream directions, the 
governing equations were set up as 

∂
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where u and v are the fluid velocities in the x- and y-directions, 
respectively, p is the fluid pressure, and τ is the shear stress. 
The double average notation is used to denote the flow aver-
aging within the rectangular configuration array within the 
macro time scale: u  indicates a time average of ū that is the 
spatial average of u. Fi(i = x, y) is the drag force exerted by 
the fluid, defined as, 

F
C
H
u u vx = +

1
2

2 2 1 2f ( ) /  (29)
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F
C
H
v u vy = +

1
2

2 2 1 2f ( ) /  (30)

in which Cf represents the bed friction coefficient. The vertical 
length scale, H, is expressed as 

H
h

a
Nd
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−( ) =
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w outside the canopy

inside the canopy1 1
φ

φ/  (31)

where (1 – φ)/a indicates the void volume per projected area of 
the obstruction. The governing equations (Eqs. (27) and (28)) 
were scaled using the following characteristic parameters: 
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to have the following asymptotic relationships without the 
drag force terms 
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The pressure and inertial terms must be in a balance 
unconditionally only if L ~ b for high flow-blockage. On the 
one hand, for a zero pressure gradient, the canopy length L 
is estimated as (1 – φ)/CDa and further simplified to L ~ 2/CDa 
for the low flow-blockage (φ << 1) for L >> b as previously 
investigated by Belcher [65]. The length scale of the canopy 
at which the viscous and inertial forces are of the same order 
of magnitude was suggested as follows:

(a) (b)

(c) (d)

Fig. 1. Schematic of the geometric properties of an element representing a stem in (a) submerged, (b) emergent conditions, and top 
view of bioswale dimensions in (c) staggered and (d) parallel vegetation array patterns of length L and width B (=2b). 
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where the coefficient 5.5 ± 0.4 was obtained experimentally. 
Eq. (35) indicates that the representative width b and length L 
of the canopy are correlated through the drag coefficient, CD, 
while the viscous and inertial forces are balanced. To apply 
Eq. (35) to the bioswale design, the drag coefficient CD needs 
to be represented using hydraulic parameters of runoff flows. 

4. Application to bioswale design 

4.1. Drag coefficient

Critical theories were closely reviewed in the previous 
section to determine specific BVL geometries. Within our 
approach, two conceptual equations are combined: 

C fD = ( )Rep  (36)

such as Eqs. (22) and (23) and 

C f L
bD =









  (37)

such as an inverse form of Eq. (35). Eqs. (36) and (37) can 
be interpreted as the hydraulic and geometric forms of the 
drag coefficient, CD, respectively. For an emergent BVL, we 
re-write Eq. (35) as 

C
abD =

−

2 1
12η

 (38)

where 

η =
L
b5 5.

 (39)

is the dimensionless length scale, defined in this study. As 
noted earlier, 5.5 in Eq. (39) was empirically obtained in 
Rominger and Nepf’s work [57]. In Eq. (38), the denominator 
ab (= Ndb) can be treated as a design parameter. An alterna-
tively meaningful parameter can be a bed volume fraction, 
defined as follows:

φ

π
π

= =4
2 4

2

2
n d

bL
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where np is the number of stems within a BVL. Then, 
parameter ab has a specific expression of 

ab Ndb b
d

= = =
4 2φ
π π

φβ  (41)

where β = 2b/d is a dimensionless width (i.e., the bioswale 
width divided by the stem diameter). Substitution of Eq. (41) 
into (38) gives 

C
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D
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 (42)

where 
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The drag coefficient decreases with volume fraction φ 
and the stem diameter d. For a long bioswale (L >> b) of a 
bed volume fraction φ, the asymptotic behavior of the drag 
coefficient can be approximated as C LD ∝ ( )1 / φ . Here, we 
consider a specific exemplary case such that a stem has a vol-
ume fraction of φ ~ 0.314 and diameter 2.0 cm in a BVL of 
width 2b = 1.0 m, then we have 

β = =1 0 0 02 50. / .m m  (44)

ab = = × × =
2 2

3 14
0 314 50 10

π
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.
.  (45)

CD
0

0 314 50
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π
.
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4.2. Graphical method

To easily estimate an optimized length ratio of a bioswale, 
we developed a graphical method as shown in Fig. 2. The 
drag coefficient CD is plotted with respect to Rep using Eq. (23) 
and η using Eq. (42). For example, if Re = 1014 ≃ 25.10 (at posi-
tion a), then CD is calculated as 2.17 (at position b on the solid 
line). A horizontal line of CD = 2.17 has nine cross-points with 
the same number of ab lines (from 0.1 to 20). Among them, 
we select two cases for ab = 0.2 and 2.0 (positions e and c, 

Fig. 2. Drag coefficient CD plotted with respect to Rep 
(bottom x-axis) and η (top x-axis) so as to find the optimal 
geometrical ratios for the bioswale design. 
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respectively) for an explanatory purpose. Position d was deter-
mined by drawing a vertical line at position c, which gives 
η = 1.10 and hence L/2b = 3.03. This result indicates that the 
representative BVL length of 3.03 m (if 2b = 1 m) is required to 
approximately balance contributions from pressure and vis-
cous forces. In other words, within the BVL of length 3.03 m, 
the inertial force is dominant over the viscous force. CD rap-
idly approaches to 1.0 for ab = 2 within the reasonable range 
of Reynolds number, 10 < Rep ≤ 100, of the incoming flows. For 
ab = 0.2, position e provides a specific value of η = 4.72, which 
is equivalent to L/2b (=L/B) = 13.0. This case indicates that for 
a BVL of width B = 1 m, the pressure and viscous forces are 
balanced near the end of the 13 m BVL. In summary, for a 
specific value of Rep = 25.1, the two cases of ab = 2.0 and 0.2 
require the minimum lengths of 3.03 and 13.0 m, respectively, 
for the width B = 1.0 m. A bioswale of low density, narrow 
width, or smaller stem diameter requires a longer length for 
the hydraulic balance between the inertial and viscous forces. 
Position h (i.e., a cross position of CD = f(Rep) and that for 
ab = 1.0) gives a special case that log Rep equals to η. A vertical 
line passing through the position h determines specific values 
of log10(Rep) and η, which are 1.83 for both, and, hence, the 
length is estimated as L = 4.40 m per 1 m width BVL. As CD is a 
rapidly decreasing function of log Rep to 1.0, a matching point 
(similar to position h) must be located at a very high value of 
Rep. In general, specific pair values of Rep and η fully depend 
on the two functional representations of Eqs. (36) and (37). 
Basic mathematical dependence of CD on Rep is obtained by 
differentiating Eq. (23), which qualitatively gives 

∂
∂

<
∂
∂

<
C CD D

Re
0 0and

η
 (47)

As Fig. 2 indicates, CD unconditionally decreases with 
respect to Rep and eventually converges to CD → 1 in the limit 
of Rep → ∞. Variations of CD with respect to L or η with a spe-
cific ab require significant elongation of the bioswale length 
at a high Reynolds number to decelerate the inter-stem flow 
enough. As we indicate this BVL length as the minimum, the 
designed BVL length can be a few factors longer than the 
minimum length estimated using the graphical method of 
Fig. 2. Differentiation of CD with respect to the length L gives 

∂
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which physically implies that for a long BVL (i.e., η ≳ 3 at 
least), the variation rate of CD with L is insensitive to the half-
width b. 

4.3. Structure linked to hydraulics

Fig. 3 shows the geometrical ratio η plotted as a function 
of Rep, through Eqs. (23) and (38), by eliminating evaluation 
of CD. Note that this design relationship is applicable only to 
emergent conditions within specific ranges of 0.1 ≤ ab ≤ 20 
and 100 ≤ Rep ≤ 105. Here, we select a slightly different value 
of Rep = 101.5 = 31.623 (at position j) for a particular site; then, 
a vertical line is drawn that intersects with several crossing 

points of specific ab values. An exemplary case of ab = 0.2 is 
selected at position k from j. Then, position l was determined 
by drawing a horizontal line from b, which gives η = 4.899 
and hence L/B = 13.472. For the BVL to be affective in deceler-
ating flow, the length of the bioswale should be, in our opin-
ion, three or more times the estimated L to ensure that the 
inertial force is dominant only near the inlet zone. Moreover, 
Fig. 3 shows interesting trends as follows. η rapidly increases 
with Rep approximately for ab ≤ 1. For cases of ab ≳ 1, η shows 
a very gradual increase in Rep. In principle, one can eliminate 
CD by equating Eqs. (23) and (42) to have 
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and asymptotically 
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or 

L
Nd

=
+ −

11 1
1 10 0 2 3. Re /

p
 (51)

which indicates that a BVL length should be designed lon-
ger for low plant density N, smaller stem diameter d, and 
high runoff Reynolds number, Rep. Then, Eq. (50) can be 
approximated for small and large Rep such as 

η � �Re Re ./ /
p pfor2 3 1 2 35 10 0ab( )−  (52)

  
� �2 10 0

1 2 3ab( )− for pRe ./
 (53)

The plateau values shown in Fig. 3 matches the limiting 
value of η = 2/ab for high Rep. For Re ./

p
2 3 10 0 , the log η vs. 

Fig. 3. η plotted with respect to Rep determine optimized length 
ratio of a bioswale valid for 0.1 ≤ ab ≤ 20 and 100 ≤ Rep ≤ 105. 
Asymptotic lines drawn at zero and infinite Rep are based on 
Eqs. (52) and (53), respectively.
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log Rep plot has a slope of 2/3. The boundary between the two 
limiting cases can be obtained by equating the two limiting η 
of Eq. (52), which gives the critical Reynolds number 

Re .,
.

p cr = =10 31 6231 5  (54)

which is the exemplary case discussed earlier. Interestingly, 
this critical Reynolds number is universal and independent of 
ab. If the Reynolds number is higher than Rep,cr, then one can 
simply use η = 2/ab without losing design accuracy. Fig. 3 also 
shows the universal Rep,cr values by drawing asymptotic lines 
at zero and infinite Rep for exemplary cases of ab = 0.3 and 
0.4. The vertical line passing through position k re-emphasize 
the critical Rep = 31.623, above which the variation of η with 
respect to Rep becomes insensitive. 

4.4. Verification and comparison 

Fig. 4 shows a plot of Ishikawa et al.’s [66] experimental 
data onto η vs. Rep graph. Ishikawa et al. [66] used a straight 
channel of fixed dimensions of 15 m × 0.3 m (or equivalently 
η = 15 m/(5.5 × 0.15 m) = 18.18) to determine the effect of plant 
density on the drag force exerted onto the plants. We used 
their data set for two cases of the plant diameter d = 6.4 and 
4.0 mm. In each case, they studied the drag coefficient for four 
plant densities, three bed slopes, and three discharge veloci-
ties. Ishikawa et al.’s [66] data, as summarized in Fig. 4, show 
a fixed η because a finite BVL size was used. Scattered data 
points grouped for a specific ab value indicate monotonously 
decreasing relationship between ab and Rep. It is worth not-
ing that variation of η is not sensitive to Rep for each ab value. 
As predicted, η ranges approximately from 1.5 to 4.5 for ab 
values of Ishikawa’s cases, and ratio ηex/ηthr ranges roughly 
from 4 to 12, where ηex and ηthr are experimental and theoreti-
cal η, respectively. This η range ensures that the inertial force 
is dominant only near the inlet canopy region. 

4.4.1. Safety factor

As our predicted value of η indicates the proper BVL length 
at which the pressure and viscous forces are in balance with 
each other, the dimensionless length range from η to 2η can 
be interpreted as a BVL zone so that the inertial force becomes 

less significant than the viscous force. Moreover, in the range 
of the dimensionless length longer than 2η, the viscous force 
becomes dominant so that the BVL provides an effective 
hydraulic resistance to decelerate the entered runoff flow at 
the inlet of the canopy zone. We suggest a safety factor of 3–5 
to be multiplied to the theoretical η obtained using the graph-
ical method to ensure that the BVL zone effectively provides 
hydraulic resistance to decelerate the incoming runoff flows.

5. Concluding remarks 

Flow resistance and channel-conveyance capacity are basic 
design parameters required in the hydraulic design of a veg-
etated bioswale layer. Current design for bioswales include 
five methods such as Darcy’s law, rational method, Manning’s 
equation, curve number method, and first-flush sizing 
method. To support the widespread adoption of bioswales, 
there is a need for improved techniques regarding the predic-
tive capability of hydraulic drag within and above the BVL so 
as to optimize design methods. This study provides an orig-
inal contribution to the literature involving the coupling of 
structural and hydraulic aspects of bioswale systems.

After the in-depth review of canopy-flow theories, we 
employed Rominger and Nepf’s [57] and Baptist’s [60] work 
to directly link plant Reynolds number and length scales of 
the bioswale systems by mathematically eliminating CD. We 
then predicted a theoretical minimum length so as to bal-
ance the pressure and viscous forces near the outlet of the 
bioswale. These formulas can be unified in a general form of 
an emergent case that links the plant Reynolds number and 
η (= L/2.75B) as a structural design parameter. We suggest a 
proper length of a vegetated bioswale to be calculated as at 
least 3–5 times the theoretically predicted η using the graph-
ical method developed in this study. Engineers can draw 
upon this method as a tool that can provide them with guid-
ance regarding the predictive capability in the proper BVL 
length so as to enhance bioswale operation and maintenance.
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Symbols

d  — Characteristic plant width 
ĥw — Scaled length of water depth 
l — Wetted stem height per water height 
ŝ — Scaled length of average vegetation height 

fD  —  Average drag in the direction of the average 
flow per unit length of stem 

u  —  Fluid velocity averaged over the void space 
between stems 

ū  — Depth-averaged flow velocity 
a — Projected plant area per volume, Nds
Ac — Front cross-sectional area 
B — Width of a vegetation layer 

Fig. 4. Comparison of experimental data from Ishikawa’s study 
[66] (η = 18.18) with the plot η vs. Rep.
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b — Half width of a vegetation layer 
Cb — Chézy coefficient of the bed 
C′b —  Drag force for both submerged and emergent 

vegetation conditions 
CD — Drag coefficient 
Cf — Bed friction coefficient 
ds — Stem diameter 
f — Stress ratio 
FD — Average drag force 
fb — Friction factor 
Fi —  Drag force exerted on the fluid in the x- and 

y-directions for (i = x, y) 
g — Gravitational acceleration 
H — Vertical length scale of the canopy 
honset — Water height of resistance onset 
hv — Physical vegetation height 
hw — Dynamic water height 
L — Length of a vegetation layer 
l — Wetted vegetation height 
N — Number of plants per unit plant area 
R — Flow resistance 
r — Hydraulic radius 
S — Channel slope 
s — Spacing between stems 
u — Fluid velocity in the x-direction 
u* — Frictional velocity 
U∞ — Uniform flow
urms —  Vertical turbulent intensity in the stream-

wise direction 
Uh —  Slip velocity on the top of the obstruction 

layer 
V —  Mean flow velocity averaged over the void 

space 
v — Fluid velocity in the y-direction 
Vc —  Maximum velocity within the vegetation 

layer 
Vl — Approaching velocity 
Rep — Plant Reynolds number 

Greeks

α0, α1 — Empirical coefficients 
δe — Length scale of the vertical flow penetration 
κ  — Von Karman’s constant
λ —  Fraction of the bed area occupied by 

cylindrical stems 
v — Kinematic viscosity 
ωrms — Vertical turbulent intensity at the interface
φ — Solid volume fraction 
ρ — Density of water
τ — Stress

Subscripts

BTH  — Barfield, Tollner, and Hayes 
B — Baptist 
Ch — Cheng 
SS — Stone and Shen
B — Bed
v — Vegetation
w — Water
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