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Large-Eddy Simulation of an open-channel flow
bounded by a semi-dense rigid filamentous canopy: scaling
and flow structure

I

A. Monti," M. Omidyeganeh,! and A. Pinelli*?)
City, University of London,

Northampton Square, London,

EC1V OHB, UK

(Dated: March 12, 2019)

We have carried out a large-eddy simulation of a turbulent open-channel flow over a marginally
dense, fully submerged, rigid canopy. The canopy is modelled as a set of unbendable, slender
cylinders normally mounted on a solid wall. The flow in the canopy is resolved stem-by-stem
by means of an immersed boundary method. It is found that the flow behaviour can be
categorised according to the velocity distribution into two separate spatial regions: the canopy
itself and the outer region above it. Within the region occupied by the canopy elements,
the velocity magnitude is found to be related to the local shear stress. Outside the canopy,
a logarithmic velocity profile matching the canonical turbulent open-channel flow over rough
walls is recovered albeit the strong manipulation exerted by the canopy on the buffer layer.
In the innermost layer, the presence of the stems is responsible for redistributing the local
momentum fluctuations from a streamwise to a spanwise leading component, inhibiting the
survival of the wall streamwise velocity streaks. On the other hand, the outer region presents a
structure very similar to the well-known logarithmic boundary layer with the presence of large
and energetic streamwise velocity streaks generated by a system of quasi-streamwise vortices.
These vortices strongly contribute to the intra-canopy fluctuations through vigorous sweep and
ejection events that affect all the region occupied by the stems. Consistently with the results
of previous investigation®>3%, it is found that the inflection point in the mean velocity profile,
produced by the drag discontinuity at the canopy tip, promotes the appearance of another
system of spanwise oriented vorticity structures. However, differently from previous results
reported in the literature®, in our simulations the presence of alternating head up - head down
hairpin vortices generated by a mutual induction of the counter-rotating spanwise vortices is not
observed. Instead, we advocate that the modulation of the spanwise rollers is due to the action
of the external logarithmic layer structures (i.e. the outer streamwise vortices that penetrate
the canopy) rather than by upwash and downwash motions induced by the mutual interaction
of the spanwise Stuart’s rollers.

PACS numbers: 47.11.—j, 47.27.—i, 47.27.De, 47.55.dr
Keywords: canopy flow, roughness, large coherent structures, large-eddy simulation, immersed
boundary method, scaling.

INTRODUCTION An interesting case is the one offered by vege-

tative plants in rivers (macrophytes) that signifi-

Filamentous structures embedded in fluid flows ~ cantly contribute in creating habitats for microor-

are ubiquitous in nature performing several tasks. ~ 8anisms by influencing the nutrient transport and

deposition, by improving water quality (especially
useful in the grey-waters treating) and by regulat-
ing the solar light up-taking!?2%2647  Often, these
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able to trigger the development of large coher-
ent flow structures that largely affect the scalar
fluxes governing the nutrient exchange, sediment
deposition, and the chemical reaction within the
vegetative zones?®. The environmental and pos-
sibly technological importance of turbulent flows
over filamentous surfaces has driven a special in-
terest in unravelling the mechanisms of the inter-
action between the vegetation and the flow. In
particular, flows over in-stream-embedded vege-
tation have received much attention over the last
decades. A pioneering study on canopy flows was
carried out in 1949 by Ree and Palmer3® that con-
sidered aquatic vegetated open-channel flows with
the aim to determine their discharge capacity. In
particular, the authors were interested in estimat-
ing the drag force exerted by the vegetation on
the water stream. Following this early seminal re-
search, the interest in these flows and the related
publications grew constantly in time. Nowadays,
the state-of-the-art research seems to suggest that
untangling the physical behaviour of these flows
can become an impossible task when the effects
of all possible parameters are kept into account:
vegetation distribution and density, macrophytes
stiffness, level of submersion and Reynolds num-
ber just to mention few of them. More recent
contributions focus on determining the effects of
a few typical canopy parameters rather than con-
sider a holistic scenario.
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Figure 1: Basic geometrical parameters
governing a canopy flow according to Nepf?°. In
the present configuration, the filaments are
randomly distributed on the canopy bed, each
one having been assigned an average area AS2.

Along with this line, the research on aquatic
plants, carried out by Nepf and co-workers®® pro-
posed to classify canopy flows only considering

their geometrical properties. In particular, the ra-
tio between the flow depth H and the canopy
height h (i.e. the level of submersion, see Fig-
ure 1), was used to classify canopies as emergent
(H/h = 1), shallowly submerged (1 < H/h < 5)
and deeply submerged (H/h > 10). This clas-
sification allows separating canopy flows accord-
ing to the relative importance between turbulent
stresses, pressure gradient and drag forces®®. For
emergent canopies, the turbulence length scale
is imposed either by the stem diameter d or
by the average spacing between filaments AS if
AS < d ?°. In emergent canopy flows, the mo-
mentum equation reduces to a balance between
the drag force and the pressure gradient driving
the mean flow. The consequence of this bal-
ance is the establishment of a self-similar veloc-
ity profile??> which only depends on the ratio be-
tween the stems frontal area and the canopy area
of influence a(y) = d(y)/As?. In the submerged
canopy condition, the flow approaches two limiting
regimes?®3, that are obtained when considering
either very high or very low values of the canopy

frontal solidity A, defined as \ = foha(y) dy. In
particular, if A is much smaller than a threshold
value (i.e. A < 0.1, a condition termed sparse
regime) then the flow velocity within and above
the canopy shows an overall behaviour equivalent
to the one observed in a turbulent boundary layer
over a rough wall with a dominance of bed drag
over the actual canopy form drag. Conversely, for
large values of A (i.e. A > 0.1), the canopy drag
becomes larger than the one offered by the bed.
This condition, termed dense regime, is charac-
terised by a drag profile discontinuity at the top
of the canopy inducing the appearance of two in-
flection points in the mean velocity profile. One is
located near the canopy edge while the second one
lays by the canopy bed. As originally proposed by
Belcher et al.#, their presence leads to the gener-
ation of two separated shear layers. A more de-
tailed characterisation of submerged canopy flows
has been carried out by Poggi et al. 3¢ that under-
took an experimental campaign on a set of rigid
canopy flows by systematically varying the canopy
stems density. The obtained results showed that
the mean velocity profile has no or a weak inflec-
tion point at the canopy edge for values A < 0.04



(sparse regime). Differently, in agreement with
the classification given by Nepf?®, when A > 0.1,
the mean velocity profile features two pronounced
inflection points. Motivated by their experimental
observations, the authors also proposed two phe-
nomenological models corresponding to the two
extreme conditions. In the sparse regime, the flow
is considered to behave like a boundary layer over
a rough wall, while in dense regimes, the flow
structure is envisaged to be a smooth composi-
tion of three different, dominant flow behaviours
determined by the actual eddy size that can lo-
cally penetrate the canopy. In the inner region,
i.e. y/h < 1, for sufficiently high Reynolds num-
ber the flow field is supposed to be characterised
by the von Karman street vortices, size and in-
tensity depending on the diameter of the stems.
The outer region, i.e. y/h > 2, would resem-
ble a typical boundary layer over a rough wall,
although in shallowly submerged canopies the de-
velopment of the flow is constrained by the space
available between the canopy edge and the free
surface. In canopies characterised by a large H/h
ratio (H/h > 10), a logarithmic boundary layer
region is clearly observable®37. Finally, in the
space region by the canopy edge (y/h =~ 1),
the flow is assumed to behave as a turbulent
mixing-layer with an inflected mean velocity pro-
file able to trigger a Kelvin-Helmholtz (KH) in-
stability producing large scale spanwise rollers of
a size comparable to the canopy height (the so-
called canopy-scale turbulence)®®. In the dense
regime, these vortices would control the bulk mo-
mentum transport between the outer and the in-
ner regions. Raupach and his collaborators®” ob-
served that in a fully developed mixing-layer, the
streamwise wavelength of the initial KH instability,
A, is preserved and moreover the ratio between
A, and the vorticity thickness of the mixing-layer,
0w = AU/(OU/0Y)mas (Where AU is the ve-
locity difference between the low- and high-speed
free-stream regions), falls into a specific range®,
3.5 < A;/d, < 5. These authors also suggest
that in canopy flows, a direct comparison with the
coherent structures appearing in canonical mixing
layer flows can be inferred in the region close to
the canopy edge. If the low-speed region velocity
of the mixing layer is much lower than U(h) (hy-

pothesis verified if the canopy is very dense), the
height of this region turns out to be proportional
to the thickness of the vorticity layer developing
at the canopy tip,
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Raupach et a also observed that the ratio be-
tween the streamwise wavelength of the KH rollers
and the shear scale (1) must fall into the range
7 < Ay/Ls < 10. The validity of the former
range was confirmed by several experiments over
a wide range of canopies with different geometric
properties. These experiments allowed to deter-
mine a more precise and robust relation given by
A, = 8.1L,. Within the same context of dense,
submerged canopies, Nezu and Sanjou 3! proposed
a model sharing many features with the one pro-
posed by Poggi and collaborators. In particular,
they also postulated the existence of three regions
characterised by different vorticity structures: the
emergent zone, the mixing-layer zone and the log-
law zone. These zones are not allowed to over-
lap significantly in space because the production
mechanism of each zone would inhibit the growth

of other vorticity structures3®.

Despite the amount of work done to unravel
the physics of canopy flows, most of the knowl-
edge accumulated until recent times was based
on the limited information obtained from labora-
tory experiments®1213:2329.31.36.37 (5 a]ly 2D or
point-wise measurements) and few numerical pre-
dictions based on simplified flow-vegetation inter-
action models®#24  Only recently, high-fidelity
simulations have become a further research tool
to be employed along with more classical ap-
proaches to study vegetative flows. Highly re-
solved simulations provide researchers with three-
dimensional and detailed instantaneous flow rep-
resentations. In particular, during the last decade,
few large-eddy simulations (LES) of flows over
dense canopies modelled by a system of volume
forces!:25:1646 "haye demonstrated their capability
of unravelling the intimate arrangement and the
relation between the coherent structures above the
vegetation layer. These new understanding also
allowed to put forward conceptual models describ-



ing the generation and the evolution of the large
scale coherent structures that ultimately deter-
mine the dominating features of canopy flows!.
In this context, the recent simulations carried out
by Bailey and Stoll? have shed some more light
on the emergence and evolution of the coherent
structures of a dense canopy flow. The authors
found that near the canopy, quasi-two-dimensional
mixing-layer-like rollers (reminiscent of those pro-
posed by Raupach et al.3") dominate the trans-
port of finer vorticity in and out of the canopy.
In particular, the large, spanwise-oriented struc-
tures stretch upward forming hairpin shaped vor-
tices that, in a later stage, break down generating
a wider range of vorticity scales.

Although some pioneering numerical simulation
has started to appear in the literature their appli-
cation has been limited to dense canopy scenar-
ios. These pioneering simulations did not resolve
the canopy "stem-by-stem” by imposing the re-
quired zero-velocity boundary conditions on each
element but rather relied on simulating the pres-
ence of the canopy using a distributed set of body
forces mimicking the drag offered by the canopy
on the flow. This approach can be considered to
be physically sound for dense canopies but it would
break down when applied to sparser canopies,
where the hydrodynamic interactions between the
stems become progressively important as the stem
Reynolds number increases and local von Karman
wakes generate extra vorticity on the stem diame-
ter scale. Moreover, the distributed drag approach
fails to predict the drag close to the stems tips be-
cause the finite size of the filamentous elements is
not kept into account in the local drag model.

Differently to other authors*®, the approach
that we have considered in this work relies on a
genuine direct simulation inside the canopy where
a zero velocity boundary condition is imposed on
every single stem. To our knowledge, this is the
first simulation of a canopy flow offering such a
high level of details. In particular, we report results
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obtained using an LES of a fully developed tur-
bulent flow through an open-channel bounded by
a shallowly submerged, mildly dense, rigid canopy
layer. The aim of the work is to explore the mech-
anisms that govern the interaction between the
turbulent flow and the canopy in a regime that,
a priori, can be classified neither as dense nor as
sparse. ldentifying the proper scaling of a turbu-
lent canopy flow in this regime is also one of our
major motivations.

The paper is organised as follows. Section Il de-
scribes the numerical method used to carry out the
simulations including validation results and verifi-
cation tests against more accurate but more ex-
pensive numerical methods. Section Il provides
descriptions and analyses of the obtained results,
focusing on proper flow scaling and on the topol-
ogy of the flow by characterising the shape and
the evolution of the coherent turbulent structures
embedded in the flow. Section IV outlines some
conclusions, also providing a rationale for the use
of resolved simulation in the framework of semi-
dense and sparse canopies.

II. NUMERICAL METHOD

A turbulent flow over a rigid canopy has been
simulated using an in-house developed incom-
pressible Navier-Stokes solver (SUSA)3*. In par-
ticular, we have adopted a large-eddy simulation
(LES) approach where the governing equations are
obtained by filtering out the velocity and pressure
fluctuations taking place below a cut-off length
scale chosen within the inertial range of turbu-
lence. In a Cartesian frame of reference, indi-
cating with x1, o and x3 (u1, us and ug) the
streamwise, wall-normal and spanwise directions
(the corresponding velocity components) the di-
mensionless incompressible LES equations for the
resolved fields, @; and P, read as

+ + fi, =0. (2)
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Figure 2: (a) Computational domain with the filaments distribution: wall-parallel view. The red box is
zoomed out in (b), where the random allocation of each filament into its own tile of size AS x AS'is
highlighted.

In the given set (2), Re, = UpH /v is the Reynolds
number based on the bulk velocity U, and the
open-channel height H (being v the kinematic
viscosity) while 7;; = wu; — w,;u; is the subgrid
Reynolds stress tensor?!. The given set of equa-
tions requires the specification of a closure relating
the subgrid, non-resolved stresses with the filtered,
resolved field. In this work, we have adopted an
eddy viscosity approach, where the former is eval-
uated using the Integral Length-Scale Approxima-
tion (ILSA) recently proposed by Rouhi et al.*!.
It is worth remarking that, within the canopy, the
adopted subgrid model based on a " prefixed” tur-
bulence integral scale switches off thus leading
to a genuine direct numerical simulation between
stems. Finally, note that in this paper the notation
x, y, z and u, v, w is sometimes used to indicate
space coordinates and velocity components.

The LES equations (2) are space discretised
using a second-order accurate, cell-centred finite
volume method. Pressure and velocity are co-
located at the cell centre and the approach of
Rhie and Chow3? is used to avoid pressure os-
cillations. The equations are advanced in time

by a second order semi-implicit fractional-step
procedure!®, where the implicit Crank-Nicolson
scheme is implemented for the wall-normal dif-
fusive terms while an explicit Adams-Bashforth
scheme is applied to the other terms. The Poisson
pressure equation, that needs to be solved at each
time step to enforce the solenoidal condition of the
velocity field, is transformed into a series of two-
dimensional Helmholtz equations in the wavenum-
ber space via Fast Fourier Transform (FFT), along
with the spanwise direction. Each of the resultant
elliptic 2D problem is then solved using a precondi-
tioned Krylov method (PETSc library®). In partic-
ular, we have found the iterative Biconjugate Gra-
dient Stabilized (BiCGStab) method with an alge-
braic multigrid preconditioner (boomerAMG)*® to
behave quite efficiently. The code is parallelised
using the domain decomposition technique imple-
mented via the MPI message passing library. Fur-
ther details on the code, its parallelisation and the
extensive validation campaign, that has been car-
ried out in other flow configurations, can be found
in past work32-3440,

Unlike other approaches, we resolve each



canopy element by considering each stem as a rigid
and solid filament with a finite cross-section per-
pendicularly flash mounted into the bottom wall.
To enforce the boundary conditions that each rigid
filament imposes on the fluid (i.e., zero velocity)
we have used an immersed boundary (IB) method
that deals with each stem using a set of distributed
Lagrangian nodes that, in general, do not conform
with the underlying finite volumes mesh. More
specifically, the boundary conditions on the fila-
ments are enforced using a set of distributed body
forces defined on compact supports centred on
each Lagrangian node that set to zero the fluid ve-
locity at each time step3®. The size of the support
is related to the local grid size and also defines the
hydrodynamic thickness of the filament (see pre-
vious studies”3% for more details). To distribute
the stems within the canopy, we have subdivided
the bottom wall in a mesh of uniform squares of
area AS? (the tiles, see Figure 1). Each fila-
ment is then assigned to each elementary tile and
mounted orthogonally to the wall in a randomly
selected location within each square. The random
assignment follows a uniform distribution allowing
to minimise eventual channelling effects within the
canopy, i.e. preferential flow corridors due to fila-
ments alignment (see Figure 2). The tile size and
the filament height h have been chosen to achieve
a mildly dense canopy configuration. In particu-
lar, the frontal area solidity A2 has been set to
A =0.35.

The canopy occupies the lower part of a com-
putational box supposed to be periodic in the
streamwise (i.e., ) and spanwise (i.e., z) direc-
tions. The size of the box in terms of the open-
channel height H is set to L, = 2w, L, =1 and
L, = 3/27 (size similar to the one used by Bailey
and Stoll ! in their dense canopy simulation). The
streamwise periodic condition stands on the as-
sumption that the mixing layer developing at the
edge of the canopy does not grow downstream
as suggested by Ghisalberti and Nepf!3. At the
bottom wall, a zero velocity boundary condition
is imposed while a free slip condition is enforced
at the top surface. The whole domain is discre-
tised with a Cartesian grid system with a number
of nodes (equispaced in streamwise and spanwise
directions) that yield a resolution in viscous units

Table I: Simulation parameters.

External Inner wall Outer wall

units units units
Reynolds  Rey Re; in Rer out
number 6000 270 940
Length I/H S [
L, 27 1700 5900
L, 1 270 940
L, 1.57 1270 4430
h 0.25 68 236
AS 0.131 35 133
Resolution AIl/AS Al Al
Az 112 3 11
Aylocal,min 1/120 0.3 0.3
Az 1/12 3 11

of Az} ~ 3, Ay, ~ 0.3 and Az} ~ 3, in
the streamwise, wall-normal and spanwise direc-
tions, respectively. The viscous units are defined
in terms of the viscous length-scale at the bottom
wall §, = v/u,, being u, = (7 /p)°° the fric-
tion velocity obtained from the wall shear stress
at the bottom wall. Alternatively, one could de-
fine the viscous units in terms of the total shear
stress on a plane parallel to the bottom wall, at
a distance from the latter that depends on the
virtual origin of the outer flow (to be defined in
Section I11). With this alternative definition, the
resolution measured using the viscous units com-
puted at the outer flow virtual origin turns out to
be Az, ~ 11, Ay, 0 ~ 0.3 and Az],, ~ 11,
thus within standard values for resolved LES of
wall-bounded flows2. However, since the flow
structure is not expected to resemble the one of a
classical wall-bounded flow, a further assessment
of the suitability of the numerical resolution within
the canopy will be discussed in Section Il B.

To maintain the channel equilibrium, a uniform
pressure gradient is applied in the streamwise di-
rection. In particular, at each time step, the pres-
sure gradient is adjusted to conserve the flow rate.
The resulting Reynolds number based on the bulk
velocity and the domain height H has been fixed
to Rep, = 6000, a value close to the one used
in the experiments reported in'3. The simulation
parameters are summarized in Table |.
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Figure 3: Filament cross section representation
with RKPM method using one (RKPM1) or four
(RKPM4) blobs.

A. IB method assessment

To verify the suitability of the method that we
have used to enforce the zero velocity condition on
the stems, we have carried out two sets of simula-
tions on identical boxes (smaller than the one dis-
cussed in the previous section), with an identical
driving force, using two distinct IB methods deliv-
ering different accuracies on the imposition of the
boundary values on the immersed stems. One of
the methods, the reference case adopts the bilinear
direct forcing (DF) approach® that delivers a sharp
zero velocity condition on the immersed body sur-
face. Although quite accurate, this method re-
quires a significantly higher resolution in the hor-
izontal planes within the canopy than the alter-
native approach (RKPM) chosen for the present
study. The variant of the RKPM IB method se-
lected for the present study approximates each fil-
ament using a set of nodes distributed on a for-
mally unidimensional stem. The effective thick-
ness of the filaments depends on the size of the
support containing the mesh nodes surrounding
each stem node. Here we consider two types of
support (see Figure 3), the first one (RKPM1)
is made of a cage of three mesh nodes along
each Cartesian direction, the second (RKPM2)
is obtained as a union of four non-overlapping,
neighbouring cages. On each elementary cage,
we define a pseudo-Dirac delta function (a blob)
that is used to enforce the boundary condition on
each Lagrangian node used to discretise the stem?.
Since the comparison between the three methods
(DF vs RKPM1 vs RKPM4) is a purely numerical
exercise, we have considered small computational

boxes to avoid expensive calculations. In particu-
lar, we have considered a box built around a set
of four filaments. The distribution of nodes along
the vertical direction of each stem (i.e., the nor-
mal resolution) is kept uniform for all cases. The
cross-plane resolution has been adapted to the re-
quirements of the three IB methods as reported in
Table Il. The mean flow in all the simulation tests

Table II: Discretisation parameters used to
compare the three IB methods

DF RKPM1 RKPM4
Re, =~ 6000 ~ 6000 =~ 6000
L,/H 0.25 0.25 0.25
L,/H 1 1 1
L./H 025 0.25 0.25
h/H 0.25 0.25 0.25

N, 168 12 24
N, 450 450 450
N. 168 12 24

was driven by the same uniform pressure gradient
chosen to be a periodic function of time mimicking
a realistic turbulent condition obtained from a pre-
cursor simulation over a large computational box.
Figure 4 shows that the three methods produce
very similar mean velocity profiles. However, the
Reynolds stresses inside the canopy differ consid-
erably. In particular, considering the DF results as
the baseline reference ones, the RKPM1 method is
not sufficiently accurate (solid blue lines in Figure
4). On the other hand, the results achieved with
the approximate RKPM4 approach reproduce sat-
isfactorily higher order statistics within the canopy
region. Apart from an accuracy assessment, the
numerical tests also allow determining the equiv-
alent size of the filament diameter obtained using
an RKPM method. The latter does not define a
sharp boundary surface but rather a set of mesh
nodes where the boundary condition is only weakly
enforced”. In particular, by comparing the drag
obtained with the sharp DF method, we found
that the effective diameter of a stem corresponds
to 1.15Az, i.e. 1.15 times the linear size of the
finite volume cell in the horizontal plane. Since
the use of RKPM4, instead of the fully resolved
DF approach, allows a massive saving in terms of
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Figure 4: Comparison of the mean velocity and r.m.s. fluctuations profiles (only in the in-canopy
region) obtained by using DF, RKPM1 and RKPM4 methods.Solid lines: red corresponds to DF, blue
to RKPM1 and black to RKPM4. The dashed line in panel (a) is used to indicate the canopy edge (at

height h.

required computational resources (at least two or-
ders of magnitude in grid size), we have decided
to undertake the set of realistic simulations using
this method.

B. Validation case

While the baseline Navier-Stokes solver has
been extensively validated in the past323440 its
combination with a network of immersed fila-
ments, modelled using the RKPM4 approach, re-
quired further validation. To this end, we have
considered the flow over a submerged canopy that
was experimentally characterised in the past by
Shimizu et al.**. The parameters of the simula-
tion used for the validation case are provided in
Table Il together with the corresponding experi-

Table I1l: Validation case parameters.

Current Ref.#*
Rey, 7070 7070
Rer,in 535 -
Rer out 1310 -
L,/H 27 -
L,/H 1 1
L./H 1.57 -
h/H 0.65 0.65
29 0.83 0.83
Resolution
Az, x Ay, x Azf 6x0.15x6 -
Az, x Ay oo x Az, 20 X 0.5 x 20 —

mental values*. The comparison of the mean ve-
locity profile with the reference experimental data
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dashed line represents the location of the canopy tip at y = h.

reveals to be very good, as shown in the left panel
of Figure 5. Even the Reynolds shear stress, plot-
ted in the right panel of the same figure, shows a
satisfactory agreement. Some minor inconsisten-
cies can be observed in the velocity profile within
the canopy that can be attributed to the limita-
tions of the measurement technique in the region
close to the solid elements.

IIT. RESULTS

As clearly visible from Figure 6 (a), the mean
velocity profile of a turbulent canopy flow in a
sufficiently dense regime (e.g., A > 0.1%9) ex-
hibits two inflection points??3%, one at the edge
of the canopy and the other closer to the wall.
The inflection points of the mean profile are ulti-
mately caused by the drag exerted by the filamen-
tous layer on the flow that produces a convexity
in the velocity profile. The location of the inflec-
tion points can be evaluated by determining the
zeros of the average momentum balance in the
streamwise direction,

1 P(u) 9P Iu)

= — 4+ — D).
Rey, Oy? 8w+ Oy +(D) (3)

In the above, the symbol ( - ) represents the triple
average in time and in the two homogeneous spa-
tial directions (i.e.  and z). In the balance equa-
tion (3), the first term represents the mean viscous
force, the second is the mean pressure gradient,
the third is the contribution of the mean Reynolds
stresses and (D) contains the mean canopy drag.
The two inflection points enclose a transitional
zone between two boundary layers located in the
innermost and outermost portions of the canopy3®
and can be thought of as a local Couette flow.
Figure 6 (b) shows the mean velocity profile of
the inner and the outer layers made dimension-
less using two different friction velocities inside
and outside the canopy. In particular, for the in-
ner boundary layer, the friction velocity is defined
as Uy jn, = \/Tw/p, being 7, the skin friction at
the bottom wall (i.e. y/H = 0). Differently, the
external velocity profile is scaled with %, oy, a ve-
locity scale computed using the total shear stress
evaluated at location y,, within the canopy. In
particular, v, is the origin of the external bound-
ary layer assumed to obey the "shifted” velocity
log-law,

(u) =~ log [(y - Zi”")ﬂ +B, (4)
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Figure 6: Mean velocity profiles. On the left, the velocity profile normalized with the outer units. The
black dashed line represents the canopy height at y = h. The red dashed line identifies the position of
the virtual origin of the outer region. On the right, the blue dotted line shows the velocity profile of a
smooth wall channel flow at Re, = 950%°. The black line represents the results of the present
simulation scaled with the inner and the outer wall units.

where u, = u,(y,,). Equation (4) is a nonlinear,
implicit equation that can be used to determine
the value of y,, for any given value of k. For the
present configuration and imposing the canonical
value k = 0.41, the virtual origin turns out to be
located at y,,/h = 0.55, as indicated in Figure 6
(a) with a dashed red line. Concerning the inner
flow, Figure 6 (b) reveals that the flow matches a
typical velocity profile of a turbulent channel flow
only in the viscous sub-layer, where the wall skin
friction drag dominates the drag of the stems. As
it will be further discussed, it is also noticed that
the buffer layer profile is completely altered by the
combined actions of the stems-induced hydrody-
namics and by the penetration of the outer flow.
Differently, when scaling the outer flow velocity
profile with the friction velocity computed at the
virtual origin, a standard boundary layer logarith-
mic profile is recovered. As expected, the inter-
cept B in equation (4) differs from the usual value
of a flow over a smooth wall, indicating that the
canopy layer behaves like a rough surface as seen
by the outer flow!”. Although the standard buffer
layer characteristics are altered by the presence of

the stems, overall the logarithmic structures of the
outer flow are not drastically modified. In different
frameworks, the unaltered and robust behaviour
of the outer large scale motions in the logarithmic
layer, when the region close to the wall (i.e. the
buffer layer) is artificially manipulated, have also
been reported by other authors'®?”. In particu-
lar, Flores and Jiménez '° have carried out numer-
ical experiments replacing the smooth-wall bound-
ary condition with imposed velocity disturbances,
while Mizuno and Jiménez?” have completely re-
moved the wall imposing instead a condition based
on matching a prescribed buffer layer turbulent ve-
locity profile, typical of flows over rough surfaces.
Both numerical experiments showed a very robust
and consistent behaviour of the outer flow struc-
ture. Next, we consider the average momentum
balance (3) integrated from the wall to a distance
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Figure 7: Pressure gradient balance. a) The black line represents the left hand side of the equation

(5), the red line is the viscous shear stress, the blue line is the Reynolds shear stress and the green is

the cumulative drag component. b) The viscous and the Reynolds shear stresses have been rescaled
with the local friction velocity (10)

y measured from the bed location,

H
bt [ D)y =% g+
H
+ [0y @

Integrating equation (3) again, using as an upper
limit of the integral the free-shear surface location,
i.e. substituting y = H in equation (5), the total
balance (5) reads as

opr

H
et [Dw=-ngs @)

Therefore, equation (5) can be also restated as
y\|9P I(u) ot
1- L) | |g =2
(1) [ =Ty ot

The computed contributions of all the terms ap-
pearing in the balance are reported in Figure 7 (a).
To include the contribution of the mean drag into
the shear stress, we can reorganise equation (7)
thus obtaining

where f(y) is a dimensionless shape function de-
fined as

J, (D) dy

(-5

fly)=1- : (9)

H

From the balance of equation (8), it is possible
to introduce a local friction velocity*® that incor-
porates the contribution of the mean drag in the



total stress,

) — p(u'v’)
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It is easy to verify that, when the total stress is
scaled by u-;(y), the non-dimensional linear pro-
file (1 — y/H) is recovered as shown in Figure 7
(b).

Figure 8 shows the diagonal Reynolds stresses
outside and inside the canopy, with a standard
and a local, i.e. (10), normalisation. Outside the
canopy, the velocity fluctuations reveal a clear re-
semblance with the ones in an open-channel flow
over a rough surface, as for example reported by
Scotti*?. The behaviour of the diagonal stresses
outside the canopy highlights once more that,
away from the wall, surface roughness or even fil-
amentous canopy elements have little effects on
the structures of the external flow. In Figure 8,
we also compare the normal Reynolds stresses dis-
tribution made non-dimensional with both the lo-
cal friction velocity, as in (10) and with the outer
friction velocity u;out = Ur(Yvo). The figure
also displays how the canopy influences the ve-
locity fluctuations in the wall-parallel directions,
weakening the streamwise component, while sig-
nificantly increasing the intensity of the spanwise
fluctuations. This redistribution of velocity fluc-
tuations is generated by the presence of the stems
that disrupt the coherence of the streamwise ve-
locity fluctuations while acting as obstacles that
continuously deviates the flow in the spanwise di-
rection. This mechanism is confirmed by the dis-
tribution of the vertical component of the velocity
fluctuations that remain almost unaffected by the
blocking effect of the obstacles, showing the " bi-
dimensional” effect of the stems in the innermost
region of the canopy. From Figure 8 one can also
assess the range of validity of the proposed scal-
ing (10) that breaks down as the canopy edge is
approached. A possible explanation of this de-
ficiency can be based on the unbalance between
turbulence production and dissipation as already
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Figure 8: Velocity fluctuations RMS. Comparison
between the present case (solid black) normalised
with the local friction velocity ., ; (thicker line)
and the reference values from the turbulent
channel flow at Re, = 950'° (blue dotted). The
difference in v/t at the top of the domain is due
to the different boundary conditions
(open-channel vs. channel flow) applied for the
simulation. The thin black solid line represents
the RMS of the velocity fluctuations normalised
with the outer friction velocity w; .+ evaluated
at Yyo. The black and red dashed lines refer to
the same locations as in Figure 6.

suggested for flows with an imposed, discontinu-
ous body force by Tuerke and Jiménez*®. From
Figure 9, we notice a production peak close to
the bed that, differently from a standard channel
flow, drops soon after having reached its maxi-
mum value. A second broader peak is also present
just outside the canopy region. This external max-
imum suggests that the outer flow is possibly ex-
tracting energy from the canopy region.

Another interesting observation concerns the
peaks of the velocity fluctuations which locations
match the ones of the reference channel flow!®
albeit fully embedded within the canopy. From
Figure 10, displaying the profiles of the vorticity
fluctuations, it is noticed that the location of the
peak of the wall-normal component wy s is only
slightly shifted outwards when compared to the set
of channel flow reference datal®. The short dis-
tance between the peaks further emphasises the



Figure 9: Turbulent kinetic energy production
normalised with the dissipation and the local
friction Reynolds number, defined as
Re,; =u,; H/v, where u, is as in (10). The
thinner black solid line is the same quantity
normalised with the outer friction Reynolds
number. The dashed line represents the
equilibrium between the production and the
dissipation of the turbulent kinetic energy,
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Figure 10: Black lines refer to the actual canopy
simulation while the blue ones are taken from the
channel flow data of Hoyas and Jiménez 5. Solid

. "+ . i
line wyT.,,s, dashed-dotted line w;,.,,, dashed
line w’t. .. The wall units are based on the local

friction velocity u, ;.
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analogy between the outer region of the canopy
flow with the flow developing over a rough wall.
This shift between peaks can be attributed to the
variation of the spanwise velocity fluctuation in
the streamwise direction (i.e. Ow/dz) caused by
the presence of the filamentous canopy. The in-
stantaneous snapshots in Figure 11, representing
the velocity fluctuations on a plane parallel to the
bed within the canopy, clearly illustrates the effect
of the stems that deviate the flow in a sinuous
fashion in the spanwise and streamwise directions
contributing to the increase of the coherence of
the spanwise velocity fluctuations w’'.

Further insight on the emergence and on the
organisation of the large coherent structures that
characterise the flow can be obtained by consider-
ing the spectral energy content and the two-point
velocity autocorrelation function of the velocity
components. The top row of Figure 12 and of
Figure 13 shows the premultiplied spectra and the
two-point autocorrelation functions of the velocity
fluctuations as a function of the distance from the
bed and as a function of either wavelengths A,
or the streamwise separation Ax. Figure 12 was
obtained by averaging the spectra of the velocity
fluctuations in the spanwise direction, while Figure
13 was obtained by pre-applying the spanwise av-
erage operator, ( - )., to the velocity fluctuations
and then computing the two-point autocorrelation
function in the streamwise direction. As an exam-
ple, the autocorrelation function in the streamwise
direction of the pre-averaged u component, (u').,
can be computed as

((u)=(0,y) {u').(Az,y) )
(w)2(0,y) '

This technique is useful to highlight the larger
structures that populate the flow. The second row
of the same two figures report the same quantities,
averaged (or pre-applying the streamwise aver-
aged operator, (- ),, to the velocity fluctuations,
as described above) in the streamwise direction
as a function of either the spanwise wavelength
A, or the separation Az. A quick glance at Fig-
ure 12 reveals the presence of fluctuations maxima
taking place within three spatial strips separated
along the wall-normal direction. Some extrema

Ru’u’ =

(11)
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Figure 11: Instantaneous contours of streamwise (a) and spanwise (b) velocity fluctuations inside the
canopy, on a plane located at y/H = 0.02.

are localised in the outer region, while others lie
within the canopy either in its core or in the bed
proximity. With the aim of simplifying the inter-
pretation of the spectra, we also consider Figure
14 illustrating the same premultiplied spectra as a
function of the stream- and spanwise wavelengths
at three wall-normal locations roughly correspond-
ing to the centres of the three aforementioned re-
gions (no space average involved). Concerning
the outer region, panel (g) in Figure 14 and panel
(a) of Figure 12 and 13 reveal the presence of
highly elongated streamwise velocity streaks that
span a third of the domain in the spanwise di-
rection (panel (d) of Figure 13). The large outer
velocity streaks are also clearly visible in the in-
stantaneous snapshot of Figure 15. The v’ and
w’ energy maxima located just above the canopy
displayed in panels (b) and (c) of Figure 12 show
that the outer velocity streaks are connected with
a system of streamwise vortices with an average
streamwise length of roughly one channel height
H, separated by about the same distance A\, ~ H
in the spanwise direction (see panels (h) and (i)
of Figure 14). The streaklines obtained by space
averaging the v and w component using a time
snapshot plotted on the y-z side of the computa-

tional box in Figure 15, offer clear visual evidence
of the presence of these streamwise vortices that
penetrate vertically the whole canopy (see pan-
els (d), (e) and (f) of Figure 13 as well). The
existence of streamwise coherent velocity streaks
above the canopy has been reported in previous
studies®?. They also highlighted the co-existence
of the outer velocity streaks with large hairpin vor-
tices whose heads are sequentially pointing upward
and downward. On one hand, our results seem to
confirm that the outer flow is characterised by the
typical structure found in the logarithmic region
of wall-bounded flows. The latter is known not to
be very much affected by the geometric details of
the solid boundary, presenting an almost universal
behaviour'®?”. On the other hand, we were not
able to clearly evince the presence of the afore-
mentioned hairpin vortices, whose full appearance
could have been inhibited by the constraining ef-
fect of the channel height that would limit our
observation to their legs, eventually shaped as vor-
tices elongated in the streamwise direction.

The energy distribution in the region occupied
by the core of the canopy is shown in the central
row of Figure 14 that reveals a bimodal pattern.
While the footprints of the outer structures are
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Figure 12: (a) Premultiplied spectra mmq)u/u//uz’l. (b) Premultiplied spectra /-@x@v/v//uz’l. (c)
Premultiplied spectra mz¢w/w//u§71. (d) Premultiplied spectra mszufu//u?,,l. (e) Premultiplied spectra
ko2 ®yryr fu? ;. (F) Premultiplied spectra . ® .y /u? ;. The levels range from 0 (white) to 0.6 (dark)
with spacing of 0.05. The red dashed line represents the canopy height. All the spectra are normalised
with the local friction velocity. The wavelengths, instead, are normalised with the flow depth.

still visible for all velocity fluctuations (i.e. peaks
at \,/H = \,/H = O(1) for v' and w’, and
Ae/H ~2—=3, \,/H = O(1) for u'), a set of
new maxima is generated for shorter wavelengths.
While the peak of w’ seems to be inherited from
the outer vortices that penetrate the canopy (see
also panel (f) of Figure 13), the peak of ' in
panel (d) of Figure 14 that penetrates down to the
canopy bed (see panel (a) of the same figure) is
related to the appearance of a system of spanwise
oriented vortices. This observation is confirmed by
two-point velocity autocorrelation functions, espe-
cially the one that concerns the normal-to-the-wall
component that is less affected by the filtering ef-
fect of the canopy stems. Indeed, panel (b) of
Figure 13 shows that, inside the canopy, the v’
correlation goes from positive to negative values

within a streamwise correlation length of roughly
one canopy height that matches the one corre-
sponding to maximum of the energy content of v’
(i.e. the location of the internal maxima in panel
(e) of Figure 14). This system of vortices is not
easily detectable from the streamwise two-point
autocorrelation of u’ partly because of the dis-
rupting effect of the canopy elements and partly
because modulated in the spanwise direction by
the presence of the outer structures: note that the
spanwise correlation length of «’ in panel (d) of
Figure 13 matches the ones of panels (e) and (f)
in the same row of the same figure. Nonetheless,
the existence of organised short spanwise rollers is
confirmed by visual inspection of the streaklines
plotted on the y-x side of the computational box
in Figure 15 (streaklines obtained by spanwise av-
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Figure 13: Contour maps showing the variation of the two-point autocorrelation functions of the
velocity fluctuations in streamwise (top row panels) and spanwise (bottom row panels) directions. The
contours are spaced by 0.1, starting from one. The negative values are plotted with a dashed line. The

red line represents the zero-level. The leftmost column shows the streamwise velocity component

R, the central one shows the wall-normal component R,,, and the rightmost column shows the
spanwise component R,,,. Note that, in the panels of the first row, the spanwise average operator
was pre-applied to the velocity fluctuations, and then the streamwise autocorrelation function was
computed. In the panels of the second row, instead, the streamwise average operator was pre-applied
to the velocity fluctuations, and then the spanwise autocorrelation function was computed (see
equation (11) as an example).

eraging the v/ and v’ component) and by the in-
stantaneous isocontours of the streamwise veloc-
ity components close to the bed, revealing a strong
directional coherence albeit chopped by the sweep-
ejection action of the outer quasi-streamwise vor-
tices. Moreover, the appearance of spanwise ori-
ented spanwise rollers is a ubiquitous character-
istic of all flow fields over textured surfaces (e.g.
canopies?®®, porous!® or ribletted walls!) that in-
duce an inflection point in the mean velocity pro-
file. In our case, the inflection point is generated
by the discontinuous drag imposed by the canopy
on the mean flow and is located at its tip. As

already pointed out by Finnigan et al.?, the in-
flection point leads to a Kelvin-Helmholtz insta-
bility that induces the formation of large span-
wise rollers (Stuart's vortices) that are advected
downstream by the mean flow. Finally, the panels
(a) and (c) of Figure 14 show two intense peaks
associated energy content of «' and w’ fluctua-
tions very close to the impermeable bed. These
peaks are due to the presence of the wall that in-
hibits all wall-normal velocity fluctuations to take
place. Because of the solenoidal condition on the
flow field, strong accelerations or decelerations of
the wall normal velocity imply an insurgence of
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Figure 14: Contour maps showing the variation of the two-dimensional premultiplied velocity
fluctuations spectra gk Py /uil (v, v and w’ from left to right respectively), with wall-normal
position y/H = 0.02 (first row from the top), y/H = 0.18 (second row from the top) and y/H = 0.63
(third row from the top). The short green lines mark the average filament spacing AS, while the short
red line marks the filament height h. The darkest colour represents the highest value, the grey levels
range from 0 to 0.1 with iso-levels sampled at each 0.01 interval.

in-plane motions (i.e. dyv = — (0,u+ J,w)). In  IV. CONCLUSION
particular, the sweeps and ejections induced by the
outer quasi-streamwise vortices and the spanwise
rollers generate coherent u’ and w’ patterns that
are clearly visible in Figure 11.

We have carried out a resolved numerical sim-
ulation of a turbulent flow over a rigid canopy
with the aim of exploring the structure of the flow
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Figure 15: Instantaneous isosurfaces of streamwise velocity fluctuations. The streaklines drawn on the

lateral sides have been obtained by averaging the instantaneous velocity fluctuations along the normal

to the considered faces: the spanwise direction ((u),, (v),) for the left lateral side and the streamwise
direction ({v),,(w),) for the frontal face.

generated by the interaction of a pressure-driven
open-channel flow with a mildly dense filamentous
layer covering the solid wall. This condition, of-
ten termed as transitional®, is achieved when the
ratio between the in-plane solidity and the depth
of the canopy is fixed to a value that corresponds
to a physical situation in which the outer, turbu-
lent structures partially penetrate the canopy and
the contribution to the total drag offered by the
canopy itself is comparable in magnitude to the
one generated by the shear at the bed.

The main conclusions of our work are of both
methodological and physical character. Concern-
ing the simulation methodology, it should be high-

lighted that the numerical technique that has been
presented and validated in this work allows to carry
out accurate and resolved canopy flow simulations
efficiently. Indeed, to the authors’ knowledge, this
is the first time that a canopy-flow simulation in
which the physical boundary values are imposed
stem-by-stem has been reported in the literature.

The other main conclusions concern the physi-
cal characterisation of the flow. In the particular
regime that has been considered the flow can be
roughly divided into three regions. The outer re-
gion shows strong similarities with high Reynolds
number wall turbulence developing over a rough,
solid boundary. The classical logarithmic velocity



profile can be obtained by introducing a classical
shift of the origin of the wall-normal axis (i.e. a
virtual origin located inside the canopy). The scal-
ings of the outer fluctuations, normalised in wall
units based on the friction velocity obtained from
the total stress at the virtual origin, also present
a reasonable collapse over data obtained by other
authors in the logarithmic layer of turbulent chan-
nel flows at moderately high Reynolds numbers.
The structure of the outer flow resembles the one
found within the logarithmic layer of wall-flows
at Reynolds numbers sufficiently high to allow a
scale separation: long elongated velocity streaks
flanked by vortices oriented along the streamwise
direction. The streamwise vortices are particularly
intense and, because of the high wall-normal per-
meability of the canopy, penetrate the full canopy,
down to until reaching the bed. The intra-canopy-
region velocity distribution scales reasonably well
with a friction velocity distribution obtained lo-
cally along the wall-normal direction.

The mean velocity profile shows two inflections
points. The top one is imposed at the canopy tip
by the drag discontinuity and, in turns, it is known
to trigger a Kelvin-Helmholtz instability produc-
ing a series of counter-rotating spanwise rollers
that may form a mixing layer of constant thick-
ness above the canopy?®. According to some au-
thors, this system of spanwise vortices would in-
duce a series of alternating regions of upwash and
downwash events that would locally bend up or
bend down the rollers forming the so-termed head-
up, head-down hairpin vortices®. Our simulation
seems to offer an alternative point of view in which
the spanwise vorticity formed as a consequence of
the inflectional instability loose part of its coher-
ence as a result of the strong sweeps and ejections
generated by the outer, quasi-streamwise vortices.
The existence or the prevalence of this mechanism
or of the one based on the self-induced lifting and
depression of the rollers proposed by other authors
probably depends on the parameter defining the
canopy solidity and their exploration is underway.

Finally, the region in the proximity of the bed is
again strongly influenced by the outer structures
which provoke vigorous inrush and ejections to-
wards and from the bed that encounter almost no
resistance in the wall-normal direction. The wall-
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normal velocity field induced by the outer flow in-
teract with the impermeable bed conditions form-
ing organised streamwise and spanwise velocity
patterns in the proximity of the wall.
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