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Simulation of the turbulent flow over an array of flexible blades
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INTRODUCTION
Aquatic ecosystems constitute a key topic due to their

abundance and their various roles on different scales, ranging
from the quality of drinking water taken from the local river to
the large-scale impact on climate change. The fluid mechanical
interaction between the flow and the flexible plants in an aquatic
canopy is a key element determining hydraulics, as well as the
transport of sediment, nutrients, and pollutants. In order to fully
understand the mutual interaction between the fluid flow and the
plants a detailed analysis of the generated three-dimensional flow
data is of crucial importance.
This work presents a numerical method which is well suited for
simulations of abstracted aquatic canopy flows in the framework of
a Large Eddy Simulation. It is employed to simulate the turbulent
flow over a model canopy of 800 flexible blades at a Cauchy num-
ber of 16.5 which is the largest canopy-resolving simulation of this
type done so far. The simulation data are analysed to get a deeper
understanding of the physics of aquatic canopies, e.g., concerning
the existence and shape of coherent vortex structures.

PHYSICAL AND NUMERICAL MODEL
The physical problem addressed consists of a Newtonian vis-

cous fluid of constant density interacting with an array of elastic
blades. The governing equations for the fluid motion are the un-
steady three-dimensional Navier-Stokes equations

∂u
∂ t

= −∇ · (uu)+
1

ρ f
∇ · τ + f , (1)

∇ ·u = 0 (2)

where u = (u,v,w)T is the velocity vector in Cartesian components
along the Cartesian coordinates x,y,z, while t represents the time,
p the pressure, ρ f the fluid density, τ the hydrodynamic stress ten-
sor, and f a mass-specific force. These equations are solved with
the in-house code PRIME which is based on a second-order finite
volume approach on a staggered Cartesian Eulerian grid with con-
stant step size ∆x in all directions for the spatial discretization and a
semi-implicit second-order scheme for the time integration (Kempe
& Fröhlich, 2012). In cases where a Direct Numerical Simulation
(DNS) is not feasible, the Large Eddy Simulation (LES) approach

is employed with the Smagorinsky subgrid scale model and a global
Smagorinsky constant, Cs, tailored to the specific physical problem.
The blades considered are geometrically characterized by their
length which is far longer than their width and their thickness,
hence a particular kind of rods. For the modeling of such rods a
certain number of approximations allows replacing the fully three-
dimensional representation of the body by a one-dimensional rod
model. Several models of this type exist. The one applied here
is the geometrically exact Cosserat rod model, which is suitable
for rods undergoing large deflections (Simo, 1985; Antman et al.,
2005). The corresponding differential equations of motion are

ρs A
∂ 2c
∂ t2 =

∂ f̂
∂ s

+ f̃ (3)
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i
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∂ t
+ω× iω

)
=

∂m̂
∂ s

+
∂c
∂ s
× f̂+ m̃ , (4)

where c is the position of the center line, with the arc length s. The
motion of the center line is governed by (3) and depends on the in-
ternal forces f̂ and the external forces f̃. The cross section of the rod
is assumed to be rigid and plane throughout the deformation. The
local angular velocity ω depends on the internal forces f̂ and the in-
ternal moments m̂, as well as the external moments m̃, as described
by (4), with i the tensor of inertia in the global frame. The rods
considered here have constant geometrical properties, i.e. constant
cross sectional areas A, constant material properties such as the den-
sity ρs, and a linear viscoelastic material behavior of Kelvin-Voigt
type over their entire length. With these assumptions, the equations
of motion (3), (4) are solved numerically by an algorithm according
to Lang et al. (2011). It is based on a finite-difference method and a
special description of the rotations of the cross sections by quater-
nions.
The physical coupling of the continuous fluid phase and the rods is
accomplished by the no-slip condition u (x, t) = uΓ (x, t), where uΓ

denotes the velocity of a point x on the surface of the rod. Numer-
ically, the coupling is realized by an immersed boundary method
(IBM), where the force f in the momentum balance of the fluid (1)
is appropriately adjusted in each time step to enforce the no-slip
condition at the immersed boundary. In this work it is assumed,
that the grid spacing ∆x is fine enough to reproduce the near-wall
flow along the blades. As is well known, the standard Smagorin-
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sky model causes non-physical values of the eddy viscosity νsgs
in the near-wall region of any embedded immersed boundary. For
this reason, a damping function is introduced here which smoothly
switches off νsgs in the range of a few steps of the Eulerian grid on
both sides of the blades, similar to a Van Driest damping function.
Besides the mutual interaction between the fluid and the structures,
the latter are able to interact with each other due to collisions. This
is taken into account by an appropriate collision model based on
the work of Guendelman et al. (2003). The equations to be solved
for multiple collisions result in an optimization problem (Tonge
et al., 2012) numerically treated by an iterative projected Gauß-
Seidel method.
The solver was validated with various FSI test cases, such as the
two-dimensional benchmark of Turek & Hron (2006). To demon-
strate the suitability of the proposed method for flexible blades in
cross flows considered in this work, an LES of the experimental
setup of Luhar & Nepf (2011) with a single flexible blade in cross
flow was performed (Fig. 1). The numerical results obtained are
in very good agreement with the experimental data over a wide
range of bulk velocities and Reynolds numbers. Already for mod-
erate grid resolutions of about W/∆x = 10 grid cells over the blade
width W the physical behavior of the blades is captured fairly well.
This allows simulating large-scale FSI problems with large numbers
of blades demonstrating that the method is well suited for canopy
flows.
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Figure 1. Flexible blade in cross flow, corresponding to the exper-
imental setup of Luhar & Nepf (2011). Left: Time averaged drag
force in streamwise direction, 〈Fx〉, for selected fluid bulk veloci-
ties U . The simulation results obtained for two grid resolutions are
compared to the experimental data of Luhar & Nepf (2011) and to
the simulation of Tian et al. (2014) for U = 0.16ms−1 (error bars
from the experiment). Right: Comparison of the blade deflection
between the experiment (black line) and the simulation (white line)
for a velocity of U = 0.16ms−1.

RESULTS FOR AQUATIC CANOPY FLOW
The aim of this work is to develop a deeper understanding of

the physics of flow-biota interaction in submerged canopy flows.
Especially for such configurations the proposed numerical method
is designed for: The interaction of numerous highly flexible slen-
der structures in turbulent flow. To validate the solver a setup of
the experimental work of Okamoto & Nezu (2010a) was simulated.
This case was chosen as it exhibits the so-called monami phenom-
ena (mo=aquatic plant, nami=wave), i.e. a strong relation of coher-
ent vortices and an organized wavelike plant deflection (Okubo &
Levin, 2001). Similar but mechanically different is the so-called
honami phenomena observed in terrestrial canopies, e.g. cereals.

A sketch of the numerical setup simulated is given in Fig. 2. All rel-
evant geometrical and material properties of the blades and the fluid
are listed in Table 1. The dimension of the computational domain
is 6H ×H × 3H in x-, y-, z-direction. It was discretized by cubic
cells of size ∆x = 0.625mm, i.e. W/∆x = 12.8 grid cells over the
blade width. This yield 700 million grid cells which is at the very
edge of what is technically feasible because the instantaneous flow
has to be simulated over a certain duration to be developed and to
accumulate statistics. Indeed, just a further halving of the grid spac-
ing would yield 5.6 billion grid cells. To model the subgrid scale
a Smagorinsky constant of Cs = 0.15 was chosen, as already em-
ployed by Okamoto & Nezu (2010b) for an LES of canopy flows
over rigid blades. The 800 equally distributed strip-shaped flexible
blades are discretized by 30 elements each in longitudinal direction.
For the temporal discretization the time step was automatically ad-
justed to yield a CFL number of 0.5. The flow is driven by a spa-
tially constant volume force - similar to a gravitational force - which
is dynamically adjusted in time to maintain a constant bulk velocity
of U . While a no-slip condition is applied at the bottom wall the
water surface is approximated by a free-slip rigid lid condition. All
remaining boundaries are periodic. The Reynolds number, based
on the channel height, is ReH = UH/ν = 42000 and the Cauchy
number Ca = 6ρ f U2L3/ET 3 ≈ 17.

Table 1. Physical quantities according the experimental setup of
Okamoto & Nezu (2010a) for a canopy consisting of flexible rectan-
gular blades made out of polyester overhead projector (OHP) slides.

physical quantity value description

L 70 mm blade length

W 8 mm blade width

T 0.1 mm blade thickness

∆S 32 mm blade spacing

H 210 mm channel height

ρf 1000 kgm−3 fluid density

ν 1×10−6 m2 s−1 fluid viscosity

U 0.2 ms−1 bulk velocity

ρs 1400 kgm−3 blade density

E 4.8 GPa Young’s modulus

g 9.81 ms−2 gravity

2 Überströmte Vegetationsschichten

gen, in denen dieses Phänomen deutlich erkennbar war, fanden bei verhältnismäßig geringen

Turbulenzgraden statt. Die großskaligen Wirbelphänomene waren in allen Fällen nur vorüber-

gehend zu beobachten. Ob der direkte Zusammenhang zwischen großskaliger Rekonfiguration

der Vegetation und Wirbelstrukturen derselben Größenordnung bei Konfigurationen mit turbu-

lenteren Strömungen besteht, ist bisher nicht bekannt und wird im Rahmen der vorliegenden

Arbeit untersucht.

2.3 Problembeschreibung und signifikante physikalische Größen

Zunächst werden die Bedingungen des zu untersuchenden Problems definiert. Dadurch ist

es möglich, alle relevanten physikalischen Größen zu identifizieren. Wie bereits in Abschn.

2.1 erläutert, sind aquatische Vegetationsschichten flach eintauchender, starrer und flexibler

Strukturen mit Zwei-Wege-Kopplung Gegenstand der vorliegenden Arbeit. Im Sinne der Re-

produzierbarkeit der Ergebnisse werden Strukturen gewählt, die aus einzelnen flachen strei-

fenförmigen Blättern gleicher Abmessungen bestehen. Diese sind regelmäßig in Reihen hin-

tereinander angeordnet. Der Abstand der Strukturen zum nächsten Nachbar ist nach links,

rechts, vorn und hinten gleich groß. Um die Zahl der Einflüsse möglichst klein zu halten und

Effekte am Rand des betrachteten Gebietes auszuschließen, wird von unendlich ausgedehnten

Feldern der Strukturen ausgegangen. Der entsprechende Aufbau ist in Abb. 2.4 schematisch

dargestellt. Zwischen dem Boden und der freien Wasseroberfläche erstreckt sich der Kanal mit
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Abbildung 2.4: Schematischer Aufbau der untersuchten überströmten Vegetationsschichten.
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Figure 2. Numerical setup of the aquatic canopy modeled as an
array of flexible blades with fixation on the bottom plate in squares
(same ∆S in x and z), corresponding to the experimental setup of
Okamoto & Nezu (2010a) with an overview over the physical pa-
rameters.
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The simulation results for the time-averaged velocity profile
and all relevant Reynolds stresses are given in Fig. 3. Moreover, the
normalized profile 〈u〉/U and the turbulent shear stress 〈u′v′〉/U2

are compared to the experimental data. The comparison shows that
the mean velocity component 〈u〉 is slightly underestimated inside
the canopy region, while, consequently, it is slightly overestimated
above the canopy in the free flow region. In terms of the Reynolds
stress 〈u′v′〉 the maximum value is nearly equivalent to the exper-
imental observation. Near the bottom wall the measurements be-
have differently up to a height of about 0.5L. In the free flow re-
gion above the canopy 〈u′v′〉 behaves linearly, as required by the
momentum balance. The experimental data, however, match this
behavior only with some deviation. Hence, it must be assumed that
the experimental statistics are not fully converged. For the remain-
ing Reynolds stresses no experimental data are available.
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Figure 3. Normalized averaged velocity profile 〈u〉/U and non-
vanishing Reynolds stresses 〈u′u′〉, 〈u′v′〉, 〈v′v′〉 and 〈w′w′〉 nor-
malized by U2 (observe the different range). The present results
are compared to the experimental data of Okamoto & Nezu (2010a)
identified by black squares. The temporally and spatially averaged
height of the canopy with the blades being deflected by the flow
〈hc〉/L = 0.8, is represented by the dashed line. The value is ex-
actly the same as in the experiment.

All results presented were obtained with the finest technically
feasible grid resolution. To examine their sensitivity with respect to
the grid employed, simulations with coarser resolutions were per-

formed, presented in Fig. 4 (left). Even if the simulation results
are still not fully converged in terms of the spatial resolution, the
variations are comparably small. In addition, the influence of the
Smagorinsky constant Cs was studied. As demonstrated in Fig. 4
(right), a change in Cs does not affect the velocity profile.
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Figure 4. Influence of grid resolution (left) and value for the
Smagorinsky constant Cs (right) on the averaged velocity profile
〈u〉/U . The tests were performed with a smaller computational fluid
domain of size 3H×H×1.5H, i.e. half the size in the horizontal di-
rections. The finest grid spacing ∆x is defined by W/∆x = 12.8 grid
cells over the blade width W , while for the medium and coarse grid
the spacing was doubled once and twice, respectively. The variation
in Cs was performed for the medium grid resolution.

Coherent structures
As demonstrated by Okamoto & Nezu (2010b) the monami

phenomenon can be observed for the present set of parameters.
It is characterized by a wavy deflection of a group of blades due
to certain coherent velocity structures. The present simulation
shows these well-separated regions of different blade deflection
very nicely as they travel through the canopy (Fig. 6, left). A deeper
analysis of the data reveals that these regions are accompanied by
separated longer streaks of positive and negative velocity fluctua-
tions u′ = u−〈u〉 (Fig. 6, right). For negative fluctuations u′ < 0 the
resulting decreased drag yields more erect blades, while for u′ > 0,
in turn, the blades are more deflected. These regions are usually
termed low-speed (L-S) velocity streaks and high-speed (H-S) ve-
locity streaks, respectively. As shown in Fig. 6 often H-S streak
borders on a L-S streak and vice versa. It seems, that large-scale
vortices primarily develop at these borders due to increased shear.
Whether and how such vortices are correlated to a maximum deflec-
tion of the blades and the monami event remains to be investigated.
Already in 2009, Finnigan et al. elucidated the formation of vor-

tices for terrestrial canopies. In that work, they deduced the eddy
structures by means of conditional averaging of the flow field, using
canopy pressure maxima as a trigger to identify the structure loca-
tion. Based on the averaged results, they found a dual-hairpin eddy
structure which appears as a combination of a “head-up” (H-U)
and a “head-down” (H-D) hairpin vortex (Fig. 5). In between the
counter-rotating legs of the corresponding hairpin, an ejection event
(u′ < 0, v′ > 0) or a sweep event (u′ > 0, v′ < 0) are generated.
Despite the different physical properties, it seems that a compara-
ble system of eddy structures manifests itself in aquatic canopies.
Similar to the strategy of Finnigan et al. (2009) conditional averag-
ing of the present fluid fields was performed. Here, the maximum
deflection of the blades was used as the averaging condition. The
result is shown in Fig. 7. In contrast to the observations of Finni-
gan et al. no dual-hairpin was observed, but only the H-D hairpin
with a strong and pronounced sweep at the low-end between both
counter-rotating legs. Nearly equivalent results were obtained for
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2 Überströmte Vegetationsschichten

2.2 Rolle der Wirbelstrukturen

Wirken die Scher- und Druckkräfte der Strömung auf die Strukturen, verformen sich diese aus-

gehend von ihrer kräftefreien Gestalt. Dieser Vorgang wird im Folgenden als Rekonfigurati-

on bezeichnet. Bei aquatischen Vegetationsschichten mit mäßig bis stark flexiblen Strukturen

mancher Konfigurationen bewegen sich diese abhängig von der jeweils benachbarten. Es ist

deren großskalige organisierte Rekonfiguration zu beobachten, wie sie Fernando (2012) be-

schreibt [11]. Finnigan et al. (2009) wiesen diese mit einer LES nach [12]. Ghisalberti und

Nepf (2006) [14] und Nepf und Ghisalberti (2008) [31] untersuchten Vegetationsschichten mit

starren und flexiblen Strukturen experimentell. Unter bestimmten Bedingungen war dabei eine

wellenförmige Obergrenze der Vegetationsschicht zu beobachten. Dieses Phänomen wird als

Monami bezeichnet [11]. Die Strukturbewegung wird dabei stets im Zusammenhang mit den

Wirbelstrukturen der turbulenten Strömung betrachtet. Deren zeitliche Entwicklung ist in Abb.

2.2 dargestellt. Zwischen der Vegetationsschicht und der freien Strömung darüber kommt es324 Handbook of Environmental Fluid Dynamics, Volume One

Raupach et al.’s (1996) data reveals an eddy spacing consistent 
with the theory (i.e., λ δω�15 ) and spanwise/streamwise eddy 
spacing educed from LES that is comparable to Pierrehumbert 
and Widnall’s (1982) most probable helical-pairing mode. 
Furthermore, this cascade of instabilities automatically pro-
duces a scalar microfront between the hairpins as required to 
explain the field measurements and numerical simulations 
reported earlier (see Figure 24.9).

Indirect evidence for the fundamental role played by this can-
opy-top instability comes from Harman and Finnigan’s (2007, 
2008) extension of MOST to the roughness sublayer. In their MOST
extension, Harman and Finnigan (2007) used the vorticity thick-
ness (δω) as an additional scaling length and were able to match 
observed mean-velocity and scalar profiles through the roughness
sublayer across a wide range of canopy types and diabatic stabilities.

24.10  Final Remarks

This chapter has attempted to provide an overview of the
characteristics and dynamics of canopy turbulence by detailing
the various ways in which it is different from turbulence elsewhere
in the ABL and by explaining the reasons for the differences. 
“Organized” turbulent motions in canopies are shown to set can-
opy turbulence apart from that in the boundary layer above.

Although diabatic influences on canopy-turbulence statis-
tics are well established, this chapter focuses mainly on neutral 
stratification because the community’s understanding of dia-
batic influences on canopy turbulence structure remain in its 
infancy. This chapter’s discussion also assumes that the canopy 
consists of horizontally homogeneously distributed elements 
which are located on flat terrain. However, in reality these 
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Figure 24.10  Schematic diagram of the formation of the dual-hairpin eddy: (a) The initial instability is a Kelvin–Helmholtz wave of wave-
length λ, which develops on the inflected mean velocity profile at canopy top. (b) The resulting velocity field is nonlinearly unstable and successive
regions of alternating spanwise vorticity clump into coherent “Stuart” vortices, which retain the wavelength λ. (c) Two successive Stuart vortices 
are moved closer together at some y-location by the ambient turbulence. The mutual induction of their vorticity fields causes them to approach more 
closely and rotate around each other. Vortex pairing doubles the wavelength of the disturbance to 2λ. Note that this disturbance of the streamwise 
symmetry of the induced velocity fields of successive vortices will propagate upwind and downwind at the same y location. (d) As the initial hair-
pins are strained by the mean shear, most of the vorticity accumulates in the legs and self-induction by the vortex legs dominates the motion of 
the hairpins. As a result, the head-down hairpin, which was initially below, moves up while the head-up hairpin moves down. The broad arrows in 
panel (d) indicate the direction of hairpin movement under this self-induction. (Adapted from Finnigan, J.J. et al., J. Fluid Mech., 637, 387, 2009.)

Abbildung 2.2: Entwicklung der Wirbelstrukturen an der Vegetationsobergrenze nach Fernan-
do (2012) [11]: (a) wellige Scherschicht; (b) Wirbelwalzen; (c) Hufeisenwirbel;
(d) Haarnadelwirbel.

zur Ausbildung einer Scherschicht, ähnlich der einer Mischungsschicht, wie sie beispielswei-

se von Comte et al. (1998) [8] mit einer LES-Simulation untersucht wurde. An einer solchen

Scherschicht tritt eine Kelvin-Helmholtz-Instabilität auf, welche zunächst dazu führt, dass die
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Figure 5. Dual-hairpin eddy model according to observations by
Finnigan et al. (2009) for terrestrial canopies. The vortex struc-
ture consists of “head-up” (H-U) and “head-down” (H-D) hairpins
aligned in streamwise direction. Due to the counter-rotating legs of
the hairpins the H-U vortex generates an ejection, while the H-D
hairpin generates a sweep. The broad arrows indicate the motion
due to self-induction. The sketch was taken from the book of Fer-
nando (2012).

different averaging conditions, especially sweep events and positive
peaks of pressure fluctuations. Both events are strongly correlated
with a maximal blade deflection and, hence, a monami event.
Besides the hairpin observed for the averaged fluid field, Fig. 7
shows instantaneous eddy structures for an arbitrary instant in
time, visualized by iso-surfaces of negative pressure fluctuation
p′ = const. Obviously, hairpins cannot be found in the instanta-
neous flow fields. Rather, it appears that single “one-legged” eddies
are formed in the shear layer located between a H-S streak and a
L-S streak. The eddies are inclined in the downstream direction and
turned over into a horizontal part at the top of the canopy. They re-
semble one half of the H-D hairpin. Indeed, since each H-S streak
borders on two adjacent L-S streaks the eddy-formation is equiprob-
able on both sides, but not strictly arranged in pairs opposite each
other. Currently, it seems that the two-legged hair-pin appears as
a “statistical” artefact since the conditional average does not dis-
tinguish between differently directed “one-legged” eddies. Alter-
natively, it is also possible that both legs of the H-D hairpin are of
different intensity, which is equalized by the averaging procedure.
This could not be conclusively clarified and will be part of further
work.

CONCLUSIONS AND FURTHER WORK
In the present study an immersed-boundary method for fluid-

structure interactions of large numbers of flexible slender blades in
turbulent flow was presented. The numerical method was applied
to an aquatic submerged canopy flow corresponding to an exper-
imental setup proposed by Okamoto & Nezu (2010a) which ex-
hibits the monami phenomena. The three-dimensional flow data
obtained were analyzed to develop a deeper understanding of the
physics of flow-biota interaction in canopy flows. It was observed,
that well separated large-scale high-speed streaks and low-speed
streaks travel through the canopy prone to generate vortical struc-
tures. To extract statistically significant information conditional av-
eraging was performed similar to the work of Finnigan et al. (2009).
While in that reference terrestrial canopies were investigated, this
is applied to aquatic canopies here. In contrast to observations by

Finnigan et al. no dual-hairpin vortex was obtained, but only the
lower part called “head-down” hairpin. In the instantaneous flow
fields symmetric hairpins were not observed. Rather, it appears that
instantaneous eddies are more shaped like one leg of a hairpin. This
suggests that the symmetry of the hairpin is only the result of con-
ditional averaging. To conclusively clarify this issue, further anal-
yses of the data is under way, e.g. the use of an improved aver-
aging condition and the evaluation of two-point correlations. The
variation of physical parameters, e.g. the rigidity of the blades and
the blade arrangement, will further elucidate the physical behavior.
First studies reveal that high-speed streaks and low-speed streaks
also occur in case of immobile rigid blades and more flexible blades.
Moreover, configurations with spatially randomly distributed blades
show a similar behavior, suggesting that the observed phenomena
are somehow general properties of aquatic canopy flows.
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Figure 6. Large eddy simulation of a shallow submerged aquatic canopy in a turbulent channel flow, corresponding to the experimental setup
of Okamoto & Nezu (2010a). Both visualizations show the instantaneous, streamwise velocity component u/U in the vertical planes z = 0
and x = 6H, at the same arbitrary instant in time t∗. In addition, the left figure shows the array of deflected blades colored with the respective
normalized tip elevation ytip/L. While some groups of blades are deflected by up to 50% of the blade length, other groups stand up quite
vertically. In the right figure regions of positive and negative velocity fluctuation u′ = u−〈u〉 = ±0.7U are highlighted by iso-surfaces in red
and blue, respectively.
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Figure 7. a) Conditionally averaged fluid field u/U , where the events of high deflection are used as a trigger for an ensemble average. The
flow fields have been transferred in horizontal direction such that the reference blade of highest deflection is located in the middle of the
channel. The conditionally averaged surrounding blades are less deflected and blades further away exhibit the time averaged deflection shape.
The region centered around the trigger blade reveals a H-D hairpin of width 3∆S, visualized by an iso-surface of λ2 = −2.5. Between the
counter-rotating legs of the hairpin a sweep is generated, which yields a global minimum of the conditionally averaged Reynolds stress u′v′/U2

above the blade of highest deflection. In contrast to the work of Finnigan et al. (2009) no H-U hairpin occurs in combination with the H-D
hairpin, as depicted in Fig. 5. b) Coherent vortex structures visualized by pressure iso-surfaces at a value p′/ρU =−0.2 at the same instant in
time t∗ as in Fig. 6. A number of well separated eddies is observed ranging from the interior of the canopy far into the free flow region. The
variation in height is colored with y/H. In the bottom region of the vortices the blades generally are highly deflected.
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