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Effects of relative submergence on flow and sediment patterns around
clasts

A.N. Papanicolaou, A. G. Tsakiris & C.M. Kramer
IIHR-Hydroscience and Engineering, University of lowa, lowa City, 14, USA

ABSTRACT: The flow patterns around isolated clasts in gravel streams are governed by the clast relative
submergence, which, in turn, affect the depositional patterns of incoming sediment around the clasts. To
investigate the role of relative submergence on the depositional patterns around clasts, an experimental
study was conducted in a recirculating laboratory flume where an array of clasts was placed atop a well-
packed bed of uniform size glass beads. Two experimental scenarios were examined, namely for high
(HRS) and low (LRS) relative submergence conditions. Detailed velocity profiles and surface velocity
maps around the clasts were determined via an Acoustic Doppler Velocimetry and Large Scale Particle
Image Velocimetry, respectively. For the HRS runs, a stagnation region was found to develop in the wake
of the clasts, whose presence was minimally detectable at the water free surface. Incoming sediment de-
posited within the stagnation region in the clast wake. For the LRS experimental runs, a horseshoe vortex
with counter-rotating limbs was the dominant flow structure due to the clast presence, which also created
distinguishable flow patterns on the water free surface. Incoming sediment accumulated at the upstream
face of the clasts. The findings of this study are of paramount importance towards a mechanistic approach
for the deployment of clasts for fish habitat restoration.
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1 INTRODUCTION rocks, which undergo scour, have deeper water

that fish use for eluding predating species. There-
Anthropogenic activities, such as dam removal fore, the interaction of the rocks with the flow and
and dredging as well as installation of hydraulic incoming sediment is intimately related to the
structures (e.g. levees and weirs) in mountainous functionality of these rocks as fish habitat struc-

streams may have detrimental effects on fish habi- tures.

tat. To neutralize the adverse consequences from The placement of large rocks is a popular prac-
these activities and improve fish habitat, struc- tice for the rehabilitation of fish habitat in moun-
tures collectively known as fish habitat structures tainous streams, because it is a low complexity
are installed in such streams (Shamloo et al. and low cost solution with minimal interference to
2001). These structures specifically aim to pro- the natural environment (Fischenich and Seal,
vide resting, spawning and feeding areas for fish 2000). However, to date there is a lack of a me-
and at the same time replicate natural rocks. chanistic approach for the design and placement

One type of fish habitat structures is large of this type of habitat structure, which are predo-
rocks or clasts (Figure 1). The deceleration of the minantly based on empirical criteria (Saldi-
flow around the clasts creates regions of low- Caromile et al., 2004).
speed moving water, where fish may rest and
feed. At the same time, the increased turbulence in
the rock wake provides fish with a sunlight cover.

Further, the entrapment of -typically finer- incom-
ing sediment in the regions around the clasts pro-
vides excellent spawning grounds for fish and
adds diversity, thus improving the quality of fish
habitat. In contrast, areas in the vicinity of the
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Figure 1. Artificially placed rocks in a stream (from‘S'aldi—
Caromile et al., 2004).

The main difficulty in the development of such
a mechanistic approach for the design and place-
ment of the rock structures is that the interaction
between the rocks and the flow and the incoming
sediment remain to a large degree elusive. Very
few studies have examined to date the interaction
between the rocks and the surrounding flow and
the incoming sediment. A significant impediment
in the study of rock-flow and rock-incoming se-
diment interactions is that in natural mountain
streams, the rocks must often operate under dif-
ferent flow regimes. During lower flows, the
rocks typically remain partially submerged (low
relative submergence-LRS), whereas at higher
flows the rocks occupy the lower portion of the
flow depth (high relative submergence-HRS). Un-
der the HRS regime, flow is predominantly go-
verned by the particle Reynolds number (Re,),
whereas at LRS regime the flow is affected by lo-
calized flow structures and becomes a function of
the Froude number. More importantly, different
flow structures (Figure 2) arise due to the interac-
tion between the flow and the rocks under HRS
and LRS conditions (Shamloo et al. 2001).
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Figure 2. Vortical structures under (a) high and (b) low rela-
tive submergence conditions (after Shamloo et al. 2001).

The main objective of this research is to inves-
tigate the role of relative submergence on the se-
diment depositional patterns around the rocks
(clasts). The specific objectives of this research
are (1) to provide insight into the flow patterns
around the clasts under high and low relative
submergence (HRS and LRS) regimes, and (2) to
associate these flow patterns with the depositional
patterns of incoming sediment at high and low
relative submergence regimes.

2 METHODOLOGY

2.1 Methodological Considerations

A series of generic experiments were conducted in
order to address these objectives under conditions
that are commonly encountered under field condi-
tions.

Two experimental scenarios were investigated,
namely (1) a high relative submergence scenario
with H/d. = 3.50 and (2) a low relative submer-
gence scenario with H/d, = 0.80, where H is the
flow depth well upsteam of the clasts where their
effects are minimal, and d. is the characteristic di-
ameter of the rocks (clasts). These H/d. values
were found in the study of Bettess (1984) to be
representative of the high and low relative sub-
mergence regimes, respectively, and were kept
constant throughout each experimental scenario.

For each experimental scenario a series of di-
mensionless bed shear stress () levels were ex-
amined (Table 1). The dimensionless bed shear
stress is calculated as:

r :—(n_ j-dso (1)

where ds5p = 19.1 mm is the median diameter of
the entrainable material, y and y, = specific weight
of the fluid and the sediment, respectively. In Ta-
ble 1, QO is the volumetric flow rate, S the bed
slope and Uy = Q/(B*H) the bulk velocity with
B the flume width.

Table 1. Flow conditions during the experimental runs.

E3

Test H/d, T H Q S Ubulk
) ) (m) (m’sec) ()  (m/sec)

Al* 35 0.017 0.193 0.13  0.0024
0.76

A2* 35 0.021 0.193 0.14  0.0030
0.78

A3* 35 0.026 0.193 0.14  0.0036
0.82

A4* 35 0.030 0.193 0.15  0.0042
0.84



B1* 0.8 0.017 0.044 0.02  0.0159
0.49

B2* 0.8 0.021 0.044 0.02  0.0186
0.54

B3* 0.8 0.026 0.044 0.03  0.0212
0.70

B4* 0.8 0.030 0.044 0.03  0.0239
0.75

* Average of 2 repetitions.

The different 7~ levels for the low and high rel-
ative submergence scenarios, were achieved by
adjusting the flume bed slope, S, because the flow
depth, H, was kept constant for each scenario.
Uniform flow conditions along the complete
flume length were ensured via a set of rods placed
one on top of the other along the flume width at
the exit of the flume and by accordingly adjusting
the volumetric flow rate, Q.

Each 7" level corresponded to a predetermined
multiple of the critical dimensionless shear stress
(r*cr) for incipient motion of the entrainable ma-
terial. The concept of the probability of entrain-
ment was adopted as the incipient motion criterion
for this study, and the probability of incipient mo-
tion was set equal to 2% (Papanicolaou et al.
1999), which corresponds to an isolated particle.
The critical bed shear stress was determined via
image analysis of the particle incipient motion to
be r*cr = 0.0085. The entrainable material con-
sisted of a glass, spherical particle mixture with
diameters 8 mm, 15.9 mm, 19.1 mm, 22.2 mm and
25.4 mm, respectively. The fraction of each size in
the mixture was determined such that the mixture
grain size distribution matched the one from Oak
Creek (Diplas 1987). The particles of size were of
different color to facilitate their identification in
the images. The dimensionless bedload feed rate
at each 7 level was determined from a recali-
brated version of the Paintal (1971) formula
against the data from Strom et al. (2004) as:

* qs

g = 55=0.0996- (")
ps-{g-(y;— j-dio}

where qs*z dimensionless bedload rate, g, = bed-
load rate, p and p; = density of the fluid and the
sediment, respectively. The bedload rate was de-
termined by drying and weighing the sediment
captured at a sediment trap placed at the exit sec-
tion of the flume over a time interval of 5 minutes.
The measured sediment mass was divided by the 5
minute sampling time interval and the flume width
to calculate g;.

)
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2.2 Flume Setup and Instrumentation

The experiments were carried out in a 21 m long,
0.91 m wide and 0.53 m deep flume at the IITHR-
Hydroscience and Engineering of the University
of Towa. The flume walls were made of acrylic
glass that enabled side observations of the expe-
riments. The test section was 5.2 m in length and
was located 10.9 m from the flume entrance. A se-
ries of clast particles (d. = 55 mm) were placed in a
staggered arrangement and having 6d, spacing be-
tween them atop a flat immobile bed that consisted
of three layers of well-packed spherical glass par-
ticles with diameter dp =19.1 mm. (Figure 3a). A
5.8 m long section upstream of the test section
was used as bedload feed section, which permitted
the bedload to enter the clast section by entrain-
ment by the flow rather than manual feed.

Flow measurements in the test section were ac-
quired via a two component Acoustic Doppler Ve-
locimeter (ADV) and via the Large Scale Particle
Image Velocimetry (LSPIV) technique. The ADV
was utilized to take point measurements of the
streamwise and vertical velocity components at 40
locations around a representative clast (Figure
3b). At each location, the ADV measurements
were taken at 15 points at different depths result-
ing to a total 600 ADV measurements (Figure 3b).
The sampling period for each ADV measurement
was chosen to be 2 minutes. The ADV measure-
ments were feasible only for the HRS runs. LSPIV
measurements were also performed to resolve the
velocity distribution at the water surface for both
HRS and LRS runs but without the presence of the
clasts. The LSPIV technique relies on recording
the movement of tracer particles seeded on the
water surface and subsequently trace the move-
ment of these particles for producing velocity vec-
tors. The tracer particles were 2 mm in diameter,
Styrofoam particles that were seeded 0.50 m up-
stream of the clast section. Their movement was
recorded with a Canon ZR85 Digital Camcorder
mounted above the observation area at a rate of 30
frames per second for a total of two minutes. The
captured video was converted to a sequence of
images, which were enhanced via the Photoshop
software. The enhanced images were then sup-
plied to the LSIV software, which analyzed each
successive pair of images and produced an instan-
taneous surface velocity map. These maps were
then averaged over the period of one minute.



Figure 3. (a) Perspective view of the clast section and (b)
ADV measurement transects.

3 RESULTS

3.1 Flow Analysis Around Clasts

Figures 4a and 4b show maps of the vertical
streamwise velocity plane that were produced
from the ADV profiles at transects 0Dy and -3D,
(Figure 3), respectively for the HRS conditions.
These figures indicate that as the flow approaches
a clast, the flow separates and an upper and a low-
er layer appear along the flow depth. Fluid mov-
ing in the upper layer towards the free surface is
minimally affected by the presence of the clast,
whereas fluid of the upper layer close to the crest
of the clast accelerates. In contrast, fluid in the
lower layer decelerates and a recirculation region
develops behind the clasts, where the streamwise
velocity attains very small positive or even nega-
tive values. The recirculation region extends be-
tween 2d.-4d. downstream of the clast. A free
shear layer develops at the interface of the upper
and lower layers in the clast wake, extending from
the crest of the clast and terminates at the point of
the flow reattachment. Beyond the point of reat-
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tachement the flow continues to the next down-
stream clast, where the same pattern is observed
(Figure 4b). These observations are in good
agreement with the findings of previous research-
ers (Best et al. 2001; Shamloo et al. 2001).
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Figure 4. Streamwise velocity contours constructed from the
ADV measurements for HRS for transects (a) 0Dy and (b) -
3D,.
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A comparison of the streamwise velocity mag-
nitude in transects 0Dy and -3Dy, (Figures 4a and
4b, respectively) reveals that the streamwise ve-
locity magnitude increases at the outer transect -
3Dy (Figure 4b) comparatively to the middle tran-
sect 0Dy (Figure 4a). It is postulated that this in-
crease is due to the presence of secondary currents
in the flume transverse direction. The width/
depth ratio of the flume is B/H =5.2, which is
close to the upper threshold value where second-
ary currents become negligible (B/H =5.2) (Tam-
burino and Gulliver, 1999). However, the pres-
ence of the clasts amplifies the formation of the
secondary currents in the adjacent region between
the clasts. The secondary currents give rise to the
formation of streamwise vortices in this adjacent
region, which downwell close to the flume walls.
This flow downwelling leads to the increased
streamwise velocity magnitude of transect -3Dy
comparatively to transect 0D.

Figure 5 illustrates a comparison of the meas-
ured velocity profiles at transect -3D, against the
logarithmic law for rough boundaries (Kironoto
and Graf, 1994). This comparison allows to eva-
luate the effects that the additional form rough-
ness due to the presence of the clasts has on the
flow. The measured velocity profiles are in good
agreement with the logarithmic law at the outer
layer, whereas a considerable deviation from the
logarithmic law appears in the overlap layer. This
deviation becomes more significant for the loca-
tions within the stagnation region behind the clast



and is the smallest for profile 5Dy, which is lo-
cated farthest away from the clasts. This deviation
is attributed to the flow structures and more spe-
cifically to the horseshoe (HS) vortex (Shamloo et
al. 2001) generated around the clast as the flow
impinges on the clast and separates around it.
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Figure 5. Comparison between the measured velocity pro-
files along transect 0Dy and the log law.

Furthermore, Figure 5 shows that at least 3 of
the plotted 11 profiles (i.e. profiles 0Dy and 1Dy)
of transect 0Dy show that the streamwise velocity
decreases close to the water free surface. This in-
dicates that in the HRS regime, the presence of the
clasts is barely felt in the free surface. This can al-
so be verified from the water surface velocity
maps produced by the one-minute average of the
LSPIV measurements, shown in Figure 6a. The
flow field for HRS conditions in Figure 6a is
symmetric about the flume centerline and there is
a gradual reduction of the surface velocity from
the flume centerline towards the flume walls. The
measurements from the LSPIV method are also in
agreement with the ADV profiles.

In contrast, for LRS conditions, the surface ve-
locity field consists of patches of low and high
speed moving fluid (Figure 6b). This suggests that
the effects of the bed surface roughness are well
depicted at the free surface, which in turn indi-
cates that the flow distribution at the free surface
directly reflects the spatial distribution of the
clasts.
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Figure 6. Surface velocity maps for (a) high and (b) low rel-
ative submergence conditions.

Figure 7 is a plot of the vorticity map at the
water surface around a clast obtained by the
LSPIV surface velocity measurements for the
LRS regime. The vorticity map clearly highlights
the limbs of the horseshoe vortex that develops
around the clast. The two HS vortex limbs have
vorticity of opposite sign, and thus act as a sweep
in the clast wake region. The HS vortex extends
approximately 3.5d, downstream of the clast. The
fact that the HS vortex can be captured by surface
velocity measurements indicates that under LRS
conditions, it occupies the complete flow depth.
This finding further supports the fact that the pat-
terns of the velocity at the water surface under
LRS conditions are regulated by the presence of
the clasts.
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Figure 7. Surface vorticity maps around a clast for HRS
conditions.

3.2 Interaction Between Flow And Clasts

Figure 8 shows an image of the LSPIV seeding
material superimposed on an image of the flume
bed topography during the LRS runs. The white
patches in the image highlight the structure of the
horseshoe vortex around each clast. The limbs of
each horse vortex extend to the vicinity of a
downstream clast. The incoming bedload particles
deposit between the limbs of neighboring horse-
shoe vortices at the upstream face of the clasts. In
contrast, no significant deposition is observed in
the wake of the clasts, which is attributed to the
presence of the HS vortex and its counter-rotating
limbs. The latter indicates that the depositional
patterns under LRS conditions are predominantly
regulated by the flow structures (i.e. horseshoe
vortices) developing around the clasts. Therefore,
the sediment deposition patterns around the clasts
are dictated by the clast geometry, which affects
the flow patterns around the clasts.
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Figure 8. Superimposed LSPIV seeding material with the
cluster depositional patterns.

Figures 9a and 9b show representative patterns
of deposited bedload particles around a clast for
the HRS and LRS regimes, respectively. Under
the HRS regime, particles typically deposit at the
downstream face of the clasts. This is attributed to
the development of the stagnation region behind
the clasts (Figure 4a), which offers sheltering to
the incoming particles from the flow action. In
contrast, under the LRS regime, particles accumu-
late at the upstream face of the clasts. Particles
tend to be deposited at same locations as the crests
of the waves that form due to the presence of the
clasts (Figure 9b). This observation further sup-
ports the argument that clasts dictate the deposi-
tional patterns of incoming sediment under the
LRS regime.

4 CONCLUSIONS

This research presented an experimental investi-
gation of the role of relative submergence on the
interaction between rocks and the surrounding
flow and association of this interaction to the de-
positional patterns of incoming sediment around
the rocks. A series of experiments were conducted
for each of these two flow regimes. Velocity mea-
surements were collected at the vicinity of the
clasts via Acoustic Doppler Velocimetry (ADV)
and Large Scale Particle Image Velocimtery
(LSPIV). The main finding of this study was that
different flow structures develop around the clasts
for high and low relative submergence. For high
relative submergence, a stagnation region devel-
oped behind the clasts but their presence was not
reflected in the free surface. Instead, for low rela-
tive submergence, the presence of the clast was
felt at the water free surface and a horseshoe vor-
tex with counter-rotating limbs developed around



the clasts. The sediment deposition patterns
around the rocks were different under high and
low relative submergence regimes and were dic-
tated by the flow structures generated due to the
clast presence. Under HRS the incoming sediment
deposited predominantly within the stagnation re-
gion of the clast. Instead, for LRS conditions in-
coming sediment accumulates in the stoss region
of the clast. The findings from this study are the
first step for an improved understanding of the
hydraulics of these rock structures, which will
contribute to the establishment of a mechanistic
approach for the design and placement of rock
structures in mountainous streams.
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Figure 9. Depositional geometry of incoming sediment un-
der (a) high and (b) low relative submergence conditions.
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