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Abstract Quantification of velocity and pressure fields over streambeds is important for predicting
sediment mobility, benthic and hyporheic habitat qualities, and hyporheic exchange. Here, we report the first
experimental investigation of reconstructed water surface elevations and three-dimensional time-averaged
velocity and pressure fields quantified with non-invasive image techniques for a three-dimensional free surface
flow around a barely submerged vertical cylinder over a plane bed of coarse granular sediment in a full-scale
flume experiment. Stereo particle image velocimetry coupled with a refractive index-matched fluid measured
velocity data at multiple closely-spaced parallel and aligned planes. The time-averaged pressure field was
reconstructed using the Rotating Parallel Ray Omni-Directional integration method to integrate the pressure
gradient terms obtained by the balance of all the Reynolds-Averaged Navier-Stokes equation terms, which were
evaluated with stereo particle image velocimetry. The detailed pressure field allows deriving the water surface
profile deformed by the cylinder and hyporheic flows induced by the cylinder.

Plain Language Summary This paper presents the first experiment that measured the pressure
distribution around an object representing the stem of a plant placed over a rough surface made of irregular
particles and barely covered by moving water using image analysis. Calculating the pressure distribution in
moving water in a channel is challenging because the pressure caused by the weight of the water is much larger
than that caused by the moving water. The presence of waves on the water surface and the irregular bed surface
formed by sediment grains makes the analysis even more complex as the conditions near these locations are
difficult to determine. Here, we used an object made of a transparent material that makes it invisible within
water mixed with Epsom salt. This allows image analysis to measure water velocity from which we derived

the pressure distributions everywhere in the water. By having the water surface within the image, we were able
to reconstruct the water surface from the pressure field as pressure nears atmospheric value at that position.
Knowing the near-bed pressure distribution allowed us to predict the amount of water that is driven into the
voids among the grains due to the presence of the object.

1. Introduction

Surface (in-stream waters) hydraulics have important implication for both surface (Marion et al., 2015) and
sub-surface (groundwater) hyporheic zone biogeochemical (Quick et al., 2016; Zarnetske et al., 2011) and
ecological (Peralta-Maraver et al., 2018; Tonina & Buffington, 2009; Ziebis et al., 1996) processes, besides
governing hyporheic fluxes (Boano et al., 2014). Hyporheic fluxes are surface water that is advectively pumped
in and out of the streambed sediment mainly due to near-bed pressure distributions, which form the ubiquitous
hyporheic exchange between surface and streambed pore water. Downwelling fluxes transfer solutes and surface
water into the sediment that sustain and influence pore habitats and ecosystems (Kim et al., 1992). Biofilms
attached to grain surfaces and organisms dwelling within grain interstices uptake solutes and release transformed
products, which are carried away by the hyporheic flow and into the stream by upwelling hyporheic waters (Bott
et al., 1984; Triska et al., 1993). These biogeochemical and transport processes cause concentration gradients
that sustain a rich ecotone (Edwards, 1998; Gibert et al., 1994) and depend on water temperature, solute concen-
trations, subsurface flow velocity, and flow path lengths (Findlay et al., 1993; Ocampo et al., 2006). The effect
of local hyporheic processes goes beyond the single reach as it impact stream surface water quality (Fischer
et al., 2005) and also emissions of greenhouse gases (Marzadri et al., 2017).
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Surface water flow fields around objects in open channel flows can be directly measured with high precision inva-
sive, for example, acoustic doppler velocimeters, and non-invasive methods, for example, image techniques such
as particle image velocimetry (PIV) (Blois et al., 2014). However, pressure fields especially the near-bed pressure
distribution are complex (Shen et al., 2020; Voermans et al., 2017) and difficult to measure with direct techniques
such as piezometers, pressure transducers or Pitot tubes, because of small magnitude variations riding on top of
a large hydrostatic pressure field (Fehlman, 1985). This is true in both field and laboratory settings. In the latter
case, non-intrusive image analysis techniques like stereo PIV (SPIV) allow detailed and high-resolution meas-
urements of the flow field at the turbulence time scale (Westerweel et al., 2013). This information has allowed
development of methods to reconstruct both turbulence averaged (Gurka et al., 1999; van Oudheusden, 2013) and
instantaneous pressure (Liu & Katz, 2006) fields from the fluid governing equation in case of well-defined and
geometrically-simple domains (De Kat & Van Oudheusden, 2012; Liu & Katz, 2006; van Oudheusden, 2013).
SPIV has the advantage of being non-intrusive and providing the instantaneous three velocity components along
with accurate quantification of their uncertainties. However, being an optical method, it relies on “seeing” the
flow within the entire area of interest. This is not possible in case of most solid objects immersed in the fluid,
because, even if they are transparent but have different refraction index from the fluid, they cause shadows or
partially/fully block the view of the flow. To avoid this problem, laboratory experiments use refractive index
matching (RIM) techniques (Budwig, 1994; Weitzman et al., 2014), in which both solid and fluid exhibit simi-
lar optical properties (e.g., similar values in their indices of refraction, and their transmittance, etc.), such that
they are virtually indistinguishable (Figure 1b), that is, the solid is functionally transparent, and SPIV can see
through the solid and map the flow field all around it (Voermans et al., 2017). Application of this technique is
typically expensive and/or hazardous (but see, Weitzman et al., 2014), because of the use of specialized and toxic
liquids coupled with commonly used transparent solid materials, typically glass (Budwig, 1994). Thus, most
laboratory RIM coupled SPIV applications are for small-scale experiments (e.g., Kim et al., 2020; Rousseau &
Ancey, 2020).

The pressure field is then reconstructed from SPIV velocity data by first locally applying the momentum (Navi-
er-Stokes) equations in differential form and successively integrating the pressure gradient to obtain the pres-
sure field. This pressure reconstruction has been shown to be effective in several previous works (De Kat &
Van Oudheusden, 2012; Joshi et al., 2014; Liu & Katz, 2006, 2008; 2013) studying mainly two-dimensional
flows. However, those applications were performed in closed domains with geometries with smooth, well-de-
fined, and known boundaries, for example, smooth walls and without water surface elevation, whose location
changes spatially, and without large solid bodies protruding within the flow. However, such protrusions are typi-
cal in experimental studies of flows over coarse sediments with large macro-roughness elements, such as boul-
ders, bedforms and aquatic vegetation, which depending on their submergence may cause complex water surface
elevation patterns (Nepf, 2012). Here, we present the first real-scale three-dimensional open flow experimental
investigation of the time-averaged pressure field around a barely submerged vertical cylinder, which mimics a
single rigid stem of aquatic vegetation over a rough bed, and its implication in driving hyporheic exchange, and its
influence on the corresponding surface elevation shape variation. We selected a barely submergenced condition,
which is considered as emergent vegetation as the water depth is similar to the stalk height (Nepf, 2012), because
it is a critical situation with important water surface deformation around the stem.

2. Method
2.1. Experimental Set Up

We ran a 10 L s~! discharge in a 7 m long, 0.5 m wide and 0.7 m deep tilting and recirculating flume over a 5 cm
deep porous bed made of crashed glass particles with 3 mm median size (Figure 1a and Figure S1 in Supporting
Information S1). The established flow had 0.2 m s~! mean velocity and depth of 0.1 m with Reynolds and Froude
numbers of nearly 19,000 and 0.2, respectively. The flow passed through a diffuser and flow straightener before
entering the flume and before reaching the stalk, located in the center of the middle third of the flume (~3.5 m
from the upstream flume end). The stalk was 0.1 m tall with a 0.01 m diameter, D, and was made of transparent
polymer (3M® THV 221-GZ) with specific gravity of nearly 2 and refractive index of 1.365 similar to that of
water (1.33) (Hilliard et al., 2021). To match refractive indices, we added 15% in weight of MgSO, (Epsom salt)
to the water. The resulting salt solution is non-toxic and relatively inexpensive with a density of 1,157 kg/m?,
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Figure 1. Experimental set up (left) with vertical cylinder and the distortion corrected stereo particle image velocimetry image (right).

and dynamic viscosity of 0.00297 kg-m~! s~! (Figure 1). The combination of RIM fluid and transparent cylinder
enabled measurement of the full velocity field around the cylinder in one field of view using SPIV (Figure 1b).

The SPIV system consisted of LaVision Imager Pro X cameras fitted with Zhong Optics 35 mm f2 lenses, located
on both sides of the flume in backscatter orientation. Laser illumination was provided by a Big Sky twin-pulsed,
250 mJ laser system with Quantel Ultra power supplies. Flow was seeded with a mixture of polymeric seeding
particles, whose diameters ranged between 50 and 100 um and densities between 1,000 to 1,200 kg m~3, at
approximately 10® particles m~3. LaVision DaVis 8.4 software was used to control the system and analyze the
PIV images. Image pairs were collected at approximately 11 Hz with a At of 2500 ps. Convergence analysis
indicated that 2,000 image pairs were needed for each image plane to fully converge the measured and derived
hydraulic quantities for each 0.15 m by 0.12 m field of view (Figure S3 in Supporting Information S1). Image
planes were collected in two cross-stream transects (Figure S1 in Supporting Information S1). The upstream
transect which, in the streamwise direction enclosed the stalk, consisted of 24 image fields. Near the stalk, image
fields were spaced 2 mm apart. Spacing was increased to 4 mm further from the stalk. Image field locations
ranged from 42 mm from the center of the stalk on the near side of the flume to 22 mm from center on the far
side. The downstream transect, located 130 mm downstream of the main transect, consisted of three image fields
at the stalk centerline and 4 mm cross-stream on both sided of center. Image fields were analyzed using DaVis 8.4
software with an interrogation window of 32 X 32 pixels (4 X 4 mm) with 75% overlap.

2.2. Data Analysis

The turbulent motion of an incompressible and Newtonian fluid is governed by the Reynolds averaged Navier
Stokes, RANS, equations:

] =0 Continuity equation (la)
()X,'
I e oa; , 94, 7 ;
piij— =pfi+ — |-poij+ u|\ — + — | —puiv;| Momentum equations (1b)
an 0Xj an ()Xi v

where the subscripts i and j indicate the ith and jth directions, i = 1, 2 and 3 and j = 1, 2 and 3. The instantaneous
velocity, u (= @; + u}), can be expressed with Reynolds decomposition as the sum between its turbulence-aver-
aged expected value, i; (mean), and fluctuations ;" around the mean. The other quantities are the body force, f,
in this case the acceleration of gravity, g, and p the fluid density. By using Equation la into 1b the gradient of the
time-averaged pressure can be quantified as:

613 . () 0ﬁ,~ au_j — - 012,‘
— = P+ — — 4+ — ) - '"u | — —
y pf ’ [ﬂ < ’ : pu,uj pu; . (2)
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Equation 2 can be expanded for instance in the 1-2 plane, for example, longitudinal, 1, and vertical, 2, directions,
respectively, with 3 indicating the transversal direction, to identify the pressure gradient components easily:

p —
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which show the 4 terms quantifying the pressure gradients: the body force (f;, first term in the RHS of the equa-
2@,

0x;x

tion), the viscous terms (u

-, the second term in the RHS of the equation), the turbulence, that is, the gradient

of the Reynolds stress terms (di (— p m), the third term in the RHS of the equation) and the advective term
X

(—pu; ﬁ, the fourth term in the RHS of the equation), respectively.

0x;

SPIV technique provides instantaneous velocity in all three directions over a single plane such that all terms
except those with derivatives in the out of plane direction (e.g., 0/0x,) can be quantified directly from the meas-
urements by using the Reynolds decomposition. We quantified the out of plane gradients (e.g., d/0x,) of the mean
velocity and the Reynolds shear stress terms from the 24 closely spaced and aligned parallel planes (Figure S1
in Supporting Information S1). This allowed us to fully characterize all the right-hand terms in Equation 3. The
accurate evaluation of each term requires their convergence, which requires sufficient number of images taken
(Figure S3 in Supporting Information S1). Once the system is ergodic, the moments of the frequency distribution
of the velocity remains constant and thus each term can be accurately quantified.

Currently, three major methods are available for pressure reconstruction based on SPIV measurements once the
pressure gradient (Vp) is known: (a) the virtual boundary Omni-Directional Integration in its virtual boundary
(Joshi et al., 2014; Liu & Katz, 2006, 2008; 2013) and the parallel ray approaches (Liu et al., 2016; Liu &
Moreto, 2020); (b) the Poisson equation method (De Kat & Van Oudheusden, 2012; Gurka et al., 1999); and
(c) least square reconstruction (or Direct Matrix Inversion) method (Wang et al., 2016; Zhang et al., 2020). The
recent work of Liu and Moreto (2020, 2021) indicates that the omni-direction integration approach has better
performance than the others. Thus, we adapted the parallel-ray omni-directional algorithm to reconstruct the
pressure field. The pressure field reconstructed from the RIM-matched SPIV data includes the near-bed pressure
field, which is important for benthic and hyporheic process as it drives hyporheic flows. When the SPIV view
window also captures the flow in close proximity to the water surface elevation, then the pressure distribution
along the top boundary of the reconstructed pressure field contains sufficient information that allows the recon-
struction of the free water surface, assuming the pressure on the top boundary of the reconstructed pressure
domain is balanced by the response of the local hydrostatic pressure enabled by the local gravitational potential
brought by the local free surface elevation (though the local free surface is not resolved directly by the PIV meas-
urement). In this case, direct independent measurements of the water surface profile can be used to validate and/
or quantify the performance of the pressure reconstruction method. Uncertainty of the reconstructed pressure
field was quantified by investigating the error propagation from the converged SPIV measurement data to the
reconstructed pressure field (SI) (Liu, 2001; Liu & Moreto, 2020).

We used the reconstructed near-bed pressure field as the upper boundary condition of a three-dimensional
groundwater model with a homogenous (hydraulic conductivity, K = 0.01 cm s~!) and isotropic porous media
to predict the hyporheic flows induced by the interaction between the barely submerged single stalk and surface
flow with realistic dimensions, flow characteristics and streambed roughness. Modeled alluvial bed had 0.2 m
thickness and 0.5 m width and 0.5 m length with impervious bottom and lateral sides and a pressure drop between
upstream and downstream ends similar to the flume slope (0.003 m m~).
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Figure 2. Distribution of the major RANS terms and the resulting pressure gradients (last row) quantified by stereo particle image velocimetry along the vertical plane
passing through the stalk symmetry plane for Equation 3a, left column and Equation 3b, middle column, with the corresponding contributions to pressure shown in the
right column. The white strip is the location of the stalk. All pressure gradient and its contributor terms are expressed as mmH,O per mm. The bulk flow direction in

from right to left.

3. Results and Discussion

The time averaged flow field measured by SPIV with the aforementioned measurement station setup allowed
us to fully characterize the terms in Equation 3 (Figure S4 in Supporting Information S1) and identify the most
important (Figure 2). By mapping their distribution, we identify locations of high and low turbulence stresses
(gradients of the fluctuation velocity self- or cross-products), the distribution of viscous stresses (the term involv-
ing the dynamic viscosity) and the convection of momentum (the convective derivative of the time averaged
velocity), which are important for near-bed transport of sediment. The ability to break down the pressure field
by each component allows us to identify their relative importance, and how their relative importance changes
spatially in the domain due to the presence of the stalk and bed roughness (Figure 2 and Figures S4-S6 in
Supporting Information S1). Generally, the viscous stress term contribution (Figure S5 in Supporting Informa-
tion S1 the second row from the top) is negligible to the final pressure distribution, p, (Figure S5 in Supporting
Information S1 bottom right panel), because its effect is two orders of magnitude smaller than that of p. Inter-
estingly, the dominant contributors to p are the streamwise advection term, — pii ‘;%, of the mean momentum
(Figure 2, third row from the top; and Figure S4 in Supporting Information S1, eighth row from the top) and the

out of plane derivative of the Reynolds stress term, —,oa:'T"3 (Figure 2, second row from the top; and Figure S4
3

in Supporting Information S1, seventh row from the top). The other terms, although important, have secondary
effects as they are almost 1 order of magnitude smaller (Figure S6 in Supporting Information S1). Although
the Reynolds stress m is equal to 0 along the plane of geometric symmetry, its distribution in the wake is not
symmetric through this plane, but instead anti-symmetric, for example, positive on one side and negative on the

other through this plane, as shown by others (Braza et al., 2006; Thomas & Liu, 20@. Thus, its derivative is not

. . _ oa o i, . .
0 but it has a maximum value at the plane of symmetry. The terms — pii; Z% and —p% are the major contributors
1 X3
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to the streamwise pressure gradient dp/ox,, whereas the streamwise advection of the lateral momentum — pii,
oul il . . . . .
and the Reynolds stress term —p% are the major contributors to the vertical pressure gradient dp/dx, (Figure S4
X3

in Supporting Information S1). The vertical convection ﬁzi of the mean momentum (both pi; and piz, compo-
nents) (Figure S4 in Supporting Information S1, ninth row from the top) contributes to p similarly. This result
highlights the importance of a full 3-dimensional analysis of the problem in reconstructing the pressure field from
the velocity fields and that of out-of-plane processes especially in the wakes of objects. Consequently, analyzing
and understanding processes and mechanisms at the water-sediment interface where grains and macro-roughness
features may form strong gradients in all directions may require full three-dimensional domain characterization.
Error propagations estimated that the averaged error of the reconstructed pressure field is only 0.14% of the
dynamic pressure for the current flow field investigated at a confidence level of 95% (Table S1 in Supporting
Information S1). The corresponding absolute error for the reconstructed pressure is only 0.0334 Pa, that is,
0.0034 mmH,0, which is 3 orders of magnitude smaller than the values of the reconstructed pressure field.

The pressure gradient distribution reveals the effect of the stalk on the pressure field, which exhibits high pressure
on the upstream side and low pressure on the downstream and lateral sides of the stalk (Figures 3a—3c). The accel-
erated flow around the lateral sides of the stalk create pressure depressions at the sides of the base of the stalk that
extend through the water column to the surface. This lowers the water surface elevation at either lateral side of
the stalk (Figure 3e). The effect of the stalk on the near-bed pressure distribution persists nearly 8 D downstream,
nearly 4 D on the sides and potentially 8 D upstream although our measurements stopped at 5 D upstream. To
accent the small pressure changes caused by the stalk-flow interaction, we remove the effect of the body force,
which would otherwise overwhelm and hide the pressure changes (cf., Figure S4 in Supporting Information S1
first row from the top). This pressure distribution is confirmed also by the ability of the omni-directional method
to reconstruct the water surface elevation Ak with micro resolution (Figures 3a and 3e) when the SPIV image
captures the free water surface. In this case, the pressure distribution reconstructed at the top of the flow field (top
boundary Figure 3d) effectively delineates the water surface elevation (Figure 3e). As the flow approaches the
barely submerged stalk, it decelerates and raises its water surface elevation (short-long dash blue line Figure 3a).
Then the water accelerates over and around the stalk decreasing the water surface elevation downstream and
along the stalk sides (Figure 3e). The rough streambed also causes a rough near-bed pressure distribution with
smaller amplitude (~0.0032 mH,O Figure 3a black solid line difference in pressure between upstream and down-
stream the stalk) compared to the water surface elevations difference between upstream and downstream the stalk
(~0.0045 mH,0, Figure 3a dark blue short-long dashed line). This underscores the difficulty to measure these
quantities experimentally and here we provide a powerful and effective methodology, which can be used in large
scale applications.

Although these near-bed pressure variations seem small (~0.003 mH,0), their values are not too different from
those caused by dune-like, for example, ripples and dunes, bedforms (Elliott & Brooks, 1997a) with similar
surface hydraulics. They actually generate stronger gradient as the distance between high- and low-pressure
points is shorter (~0.01 m across the stalk) (Figure 3a). Application of the near-bed pressure distribution as
boundary condition of a groundwater model let us simulate the vegetation induced hyporheic flows, which
formed multiple hyporheic exchange cells over a streambed area that extended 4-D on either side of the stalk and
nearly 10-D upstream and downstream the stalk. The main hyporheic exchange cell moves water from upstream
to downstream the stalk (Figure 3f), but lateral cells also move water toward the stalk. These hyporheic exchange
cells have spatially averaged downwelling velocity of 1 cm hr~! with homogeneous K = 0.01 cm s~!. We compare
this flux to that caused by a dune in dynamic equilibrium with the imposed flow depth. Such a dune would have
a length and amplitude 6 and 0.167 time the mean flow depth (Yalin, 1964), respectively, thus 0.6 m long and
0.0167 m amplitude. By using Elliott and Brooks (1997a, 1997b) approach, this configuration generates a near-
bed pressure variation of ~0.000017 mH,0O, which is 2 order of magnitudes smaller than that of the stalk (~0.003
mH,0). Consequently, the ripple-induced mean downwelling velocity is 0.17 cm hr~!, one order of magnitude
smaller than that of the stalk.

In natural conditions, sediment transport would cause erosion and depositional processes around the stalk which
would potentially lead to stronger hyporheic exchanges than those modeled here (Dudunake et al., 2020). Stre-
ambed heterogeneity, which we did not model here, may have limited impact in sand bedded streams (Tonina
etal., 2016) but large in case of coarse-bed streams (Zhou et al., 2014). Besides, these limitations, our experimen-
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Figure 3. (a) Mean pressure distribution at different vertical location and water surface profile along the symmetry plane through the center of the cylinder. (b)
Reconstructed 3D pressure distribution around the single stem, (c) Near-bed pressure distribution, (d) Pressure distribution at the top boundary of the flow field, (e)

water free surface reconstructed from the top pressure distribution and (f) hyporheic flow lines around the stack which is identified by gray region. The bulk flow
direction in from left to right.

tal results suggest that sparse rigid vegetation, like emergent pioneering plants on bars (Benjankar et al., 2014;
Caponi et al., 2019), will enhance hyporheic exchange and its ecological benefits compared to unvegetated bars.
They underscore and confirm the importance of vegetation in driving hyporheic flows as suggested by Yuan
et al. (2021) based on numerical simulations of fully submerged canopy.
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4. Conclusions

We reconstructed the full three-dimensional time-averaged pressure field around a barely submerged single vege-
tation stalk, simplified with a vertical rigid cylinder, over a rough bed made of irregular grains, which has never
been done before. The pressure was reconstructed with the parallel-ray omni-directional integration algorithm
from Reynolds-averaged flow field quantified with coupled refractive index matching (RIM) and stereo particle
image velocimetry (SPIV). Our results show the feasibility of this approach, RIM-SPIV and parallel-ray omni-di-
rectional pressure reconstruction algorithm, to map the hydrodynamic and pressure fields and water surface
elevation around solids experimentally with the use of low-cost and non-toxic fluids and solids in a real-scale
flume experiment with rough beds and free water surface. Uncertainty analysis shows at a confidence level of
95% the averaged error of the reconstructed pressure field is only 0.14% of the dynamic pressure, which corre-
sponds to an absolute error of 0.0034 mmH,O and depends on the quality of the SPIV measurements. Thus,
absolute error is 3 orders of magnitude smaller than the reconstructed pressure value. The analysis presented here
can be extended to study flow and pressure fields around and within objects and structures for various hydraulic
applications including studying forces on hydraulic structures, sediment grain mobility and transport and hypor-
heic exchange.

Extraction of the near bed pressure distribution from the full three-dimensional pressure field allowed quantifying
the hyporheic fluxes generated by the stalk. The stalk-induced pressure field forms multiple hyporheic exchange
cells within a streambed area extending nearly 10 times the stalk diameter, D, upstream and downstream the stalk
and 4 D on either side. The barely submerged vegetation stalk induced 10 times stronger hyporheic fluxes than a
dune-like bedform in dynamic equilibrium with the stream hydraulic conditions, experimentally demonstrating
that emergent vegetations are key hyporheic driving mechanisms.
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