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Abstract: Along Australian inland waterways, a number of man-made horseshoe obstacles were built for centuries. The permanent
structures interacted with the streamflow across a wide range of water discharges including when they are fully-submerged. Their
use ranged from water holes and fish trap at low to moderate flows, to large bed roughness and turbulent manipulation at large
water discharges. The aim of the study was to gain a sound physical understanding of the hydraulic operation of horseshoe obstacle
across a broad range of submergence ratio, ranging from low flows and emergent obstacle to major floods with fully-submerged
structures. In this laboratory study, the physical modelling of permeable horseshoe obstacle was undertaken under controlled flow
conditions, based upon a Froude similitude. Two physical models were built corresponding to a 5:1 and 20:1 geometric scaling
ratio for typical riverine structures. The scale models were 3D-printed with random pattern and a porosity of 0.27, close to the
porosity of rockfill material. The physical observations included visual observations, three-dimensional free-surface profiles and
detailed velocity measurements. The physical observations showed a broad range of flow patterns, depending upon the
submergence ratio. The porosity of the obstacle facilitated some interactions between the seepage and recirculation region, leading
to changes in the wake region and its turbulence, compared to a impervious obstacle with the same shape.
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1. Introduction

Along inland Australian waterways, indigenous Australians built hydraulic structures over a long period time, and
there are a wide variety of waterworks (Bandler 1995, 2003). One type of structure was the rock fish trap (Mathews
1903, Flecker 1951, Dargin 1976, Bandler 2007). Although a wide range of shapes were in usage, a common shape
was a horseshoe element opened downstream. Most structures were built of stones set and key without mortar or clay
(Dargin 1976). The porous construction facilitated the resistance to the current and prevented siltation during floods.
The permanent structures have interacted with the fluvial flow for a broad range of flow rates over log period of times,
including when the elements were fully-submerged. Plates and photographs suggested that the rock fish traps were
used pro-actively for fishing when the water levels were less than waist height (Fig. 1) (Dargin 1976). The constraint
derived directly from the stability and safety of the fishermen/women in the river waters, since higher water depths
would prevent their ability to stand, move and fish in the riverine environment (Takahashi et al. 1992, Xia et al. 2014,
Chanson and Brown 2018). For other flow conditions, the horseshoe elements could retain water in the trap and rock
holes during dry periods, contributing to groundwater recharge and creating drinking holes for fauna. During large
flows, the structures interacted with the flood flow, generating strong secondary motion.

At low flows, the operation of horseshoe structures presents some similarity with the overflow of horseshoe waterfalls
(Pasternack et al. 2006,2007, Lapotre and Lamb 2015) and man-made horseshoe weirs (Stamataki et al. 2014). At
high flows, the fluid flow around the horseshoe fish trap exhibits some analogy with atmospheric boundary layer flows
past canopy patches (Taddeil et al. 2016) and past shallow islands (Branson et al. 2019). The obstacle porosity plays
a key role, affecting the wake flow, reducing the total drag on the structure and the risks of downstream scour
(Wiithrich et al. 2020, Gillies et al. 2021). Yet, the literature on the hydrodynamic of porous horseshoe structure is nil.

The aim of the study was to gain a sound physical understanding of the hydrodynamics of porous horseshoe obstacle
in rivers, across a broad range of submergence ratio. The physical investigation covered a broad range of conditions,
from low flows and emergent obstacle to major floods with fully-submerged structures. The physical modelling of
permeable horseshoe obstacle was undertaken under controlled flow conditions, based upon a Froude similitude with
a 5:1 and 20:1 geometric scaling ratio for a typical riverine structure.



Figure 1. Historic (probably posed) photo of a man fishing in the Brewarrina Aboriginal rock fish traps / Baiame's Ngunnhu,
published in The Dawn 1893 - Main flow direction from bottom right to top left.

2. Physical modelling, facility and instrumentation

New experiments were performed in two 3.2 m long 0.4 m wide channels and a 15 m long 0.5 m wide channel located
in the AEB Hydraulics Laboratory of The University of Queensland (Australia). In each flume, the test section
consisted of smooth PVC bed and glass walls. The bed slope was horizontal and the waters were supplied by a constant
head tank. In one 0.4 m wide channel, the flow rates were recorded with a volume per time technique, well-suited for
small to medium flows. In the other 0.4 m wide flume, the discharges were measured with an orifice meter installed
along the supply line connected the reticulation system of the laboratory. In the 0.5 m wide flume, the flow rates were
recorded with a Venturi meter. The water depths were recorded with pointer gauge. Velocity measurements were
undertaken with a Dwyer® 166 Series Prandtl-Pitot tube with a 3.18 mm diameter tube made of corrosion resistant
stainless steel, featuring a hemispherical total pressure tapping (@ = 1.19 mm) at the tip and four equally spaced static
pressure tappings (@ = 0.51 mm) located 25.4 mm behind the tip. The tip design met AMCA and ASHRAE
specifications and the tube did not require calibration. Additional measurements were conducted with a total head tube
(© = 0.915 mm). The translation of the velocity probes in the vertical direction was controlled by a fine adjustment
travelling mechanism connected to a HAFCO™ digital scale unit. Flow visualisations using dye injection were
conducted with digital cameras, operating in movie mode at 120 fps, 100 fps and 30 fps.

Table 1. Horseshoe structure model characteristics

Reference |Height h (m)| Outer diameter Annular Porosity Comment
D (m) thickness t (m)
L4 0.089 0.174 0.034 0.27 Random pattern
M4 0.051 0.100 0.020 0.27 Random pattern
M3 0.29 8mm hole lattice
M2 0.64 4mm hole lattice
Ml 0 Plain




Table 2. Experimental test conditions

Channel| S, | Width B Discharge Discharge | x, (m) Horseshoe Instrumentation
(m) measurement Q (m’/s) structure model
technique
B 0 0.5 Venturi meter 0.01-0.10 | 8.16 L4 Pointer gauge, Prandtl-
Pitot tube, total head tube
2 0.4 Orifice meter 0.010-0.05| 1.185 M1 to M4 Pointer gauge
Volume per time | 0-0.012 1.185 M1 to M4 Pointer gauge
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Figure 2. Definition sketch of the flow past a submerged porous horseshoe element (di/H ~ 1,2-1,3) in channels 1 & 2.

The rock fish traps were modelled with simple semi-circular horseshoe elements (Table 1). The selection of the two
model sizes was mostly related to the measurement techniques. Initial tests in the small-size facility provided detailed
information on the free-surface patterns. The large-size facility was used to undertake velocity measurements, with
minimum blockage and impact of the Pitot tube. Since most Australian indigenous rock fish traps were between 0.5
m and 1 m high (Fig. 1), the two models corresponded to 5:1 down to 20:1 geometric scale models. The models were
3D printed out of a resin with density 1164.2 kg/m3. A metallic plate was attached to the footing of each model, and
attached to the flume invert with a magnetic strip. The elements were placed on the channel centreline. All the
experiments will be conducted with zero bed slope, and the downstream gate was fully-opened, i.e. no tailwater effect.
The flow conditions are summarised in Table 2 and a definition sketch is presented in Figure 2.

3. Free-surface flow patterns

The free-surface flow patterns were investigated in the three flumes for all flow conditions (Table 2), although a
greater focus was given for inflow conditions such that 0.4 <d;/h <2 with d, the inflow depth and h the vertical height
of the element.



With the horseshoe element being partially-submerged, the upstream free-surface developed a horseshoe surface
pattern when critical flow conditions took place around the element. This three-dimensional surface pattern is
illustrated in Figure 3. A strong recirculation took place in the near-wake of the element. With the porous elements
(Fig. 3A & 3B), the recirculation was fed by the seepage through the element, leading to a more stable and relatively
less intense recirculation region, than for the impervious model (Fig. 3C). Interestingly, Wiithrich et al. (2020)
observed a similar surface pattern around an un-submerged rectangular building.

When the upstream flow depth was about the height of the element, some difference in flow pattern was seen between
the impervious model (M1) and the porous models. With the impervious element, the overflow above the element top
plunged into the recirculation and modified the wake region. This was observed for 1 < di/h < 1.2-1.3. Such an
overflow-recirculation was not observed with the porous elements, with a more gentle flow pattern transition from
partially-submerged to fully-submerged element.

When the horseshoe element was fully-submerged, a marked horseshoe free-surface pattern was observed and shock
waves separated from the element and propagated downstream (Fig. 4). At very large flow rates (di/h > 2.5), the
element no longer interacted with the free-surface and acted as an isolated roughness patch

The impact of the horseshoe element on the flow was tested by systematically recording the water depths along the
channel, with and without element. The inflow depth d; was consistently measured at (xi-x,)/h = -5 and the
downstream depth d at (X2-Xo)/h = +25, with X, the longitudinal location of the element (Fig. 2). Both depths were
recorded on the channel centreline. Although the accuracy on the inflow depth was within £0.5 mm, the error on the
downstream depth data was larger because of the three-dimensional flow patterns, e.g. shock waves, hydraulic jumps
(Figs. 2, 3 & 4). Typical results are presented in Figure 5, in terms of the dimensionless inflow depth di/h and
dimensionless differences in water depths (d;-d2)/h.

Overall, the data showed a number of key observations. First, the presence of the horseshoe element increased the
upstream depth, compared to the channel without element, for the same flow rate and channel (Fig. 5SA). Second, the
inflow depth d; was with the plain (M1), impervious element than with the porous elements (M2, M3, M4) for the
same flow rate (Data not shown). The finding implied that the porous elements generated lesser flow resistance and
associated energy dissipation. Third, some differences in terms of the dimensionless inflow and downstream depths,
di/h and da/h, were observed between the porous elements L4 and M4, designed with the same porosity (Fig. 5B).
While the difference was small in terms of the upstream depth, the data in terms of (d;-d2)/h was much larger, This is
seen in Figure 5 B for dc/h > 0.7 and di/h > 1. Such differences were likely linked to (a) the different channel breadths
B/h: i.e., B/h = 5.6 and 8 for the small and large channels respectively, ad (b) some difference in tailwater conditions,
with a marked hydraulic jump seen in the larger channel downstream of model L4.
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Figure 3. Flow patterns around a partially-submerged horseshoe element with di/H ~ 0.75. Dye injection highlights the near-
wake recirculation region. (A) Model L4, di/H = 0.725, Q = 0.012 m’/s; (B) Model M4, di/H = 0.77, Q = 0.0042 m?/s; (C) Model
M1, di/H=0.74, Q = 0.0040 m%/s.
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Figure 4. Flow patterns around a fully-submerged horseshoe element for di/H ~ 1,4. (A) Model L4, di/H = 1.445, Q = 0.0447
m?/s; (B) Model M4, di/H = 1.38, Q = 0.0121 m?/s; (C) Model M1, di/H = 1.4, Q = 0.0128 m?/s.
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Figure 5. Impact of the porous horseshoe elements L4 and M4 (Porosity: 27%) on the inflow depth and difference in flow
depths. (A) Dimensionless inflow depth di/h as a function of the dimensionless discharge dc/h; (B) Dimensionless decrease in
flow depth (di-d2)/h as a function of the dimensionless discharge dc/h.

4. Velocity measurements

Pressure and velocity measurements were conducted in the larger channel B with the large porous element model L4,
seen in Figures 3A and 4A. While the large majority of the data were collected with the Prandtl-Pitot tube, a smaller
total head tube was used in regions where the streamline direction deviated from the channel centreline, as well as in
the near-wake of the element. Typical velocity data are presented in Figures 6 and 7.

First, the pressure measurements showed that the pressure gradient was hydrostatic at all measurement locations.
Overall, the streamline curvature was small in the entire flow field, except possibly at the downstream edges of the
semi-circular element, where the pressure could not be measured locally with the Prandtl-Pitot tube.

Second, the velocity measurements showed that the inflow conditions were partially developed. The approach flow
around the horseshoe element presented a streamline pattern in agreement with irrotational flow theory of ideal fluid,



e.g. similar to the streamline pattern around a circular cylinder for (x-x,) <0 (Rouse 1959, Vallentine 1969, Chanson
2014). Downstream of the horseshoe element, the supercritical flow interacted with the recirculation region, with two
marked shear zone, seen in Figure 6. Figure 6A presents a typical transverse distribution of the longitudinal velocity.
A marked velocity gradient 0V,/0y is observed at y+D/2. Figure 7 illustrates the major change in velocity filed around
the porous horseshoe element. Figure 7 shows velocity contour maps in the accelerating flow region around the
element (Fig. 7A) and immediately downstream of the horseshoe element (Fig. 7B).

Third, some negative velocity was observed in the recirculation zone. While the Prandtl-Pitot tube was not designed
to measure negative velocities, a lower reading in the dynamic tapping was observed, compared with the static tube,
at these locations. In addition, dye injection confirmed qualitatively the observations. Past studies derived a correlation
between the negative Pitot reading and negative velocity (Cabonce et al. 2019). Although the quantitative magnitude
was questionable in the current study, the findings could not be ignored, as reported in Figure 7B.

Overall, the velocity measurements highlighted a complicated three-dimensional velocity field around the porous
horseshoe element.
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Figure 6. Transverse profile of longitudinal velocity at (x-Xo) = 0.050 m and z = 0.025 m for Q = 0.020 m%/s, d; = 0.10 m,
porous Model L4 (Channel B). Dashed and dotted black mark the downstream edges of the horseshoe element. (A) Velocity
profile; (B) Photographs of the flow.
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Figure 7. Un-distorted velocity contour maps for Q = 0.012 m>/s, porous Model L4 (Channel B). (A) (x-x0) = -0.050 m; (B) (x-
Xo) = +0.050 m.

5. Conclusion

A physical study of horseshoe obstacles was undertaken, to gain a greater understanding of man-made structures built
along Australian inland waterways for centuries. The physical modelling of permeable horseshoe obstacle was
undertaken under controlled flow conditions, based upon a Froude similitude at two scales, corresponding to between
5:1 and 20:1 for typical riverine structures. The scale models were 3D. The physical observations included visual
observations, three-dimensional free-surface profiles and detailed pressure and velocity measurements.

The physical observations showed a broad range of flow patterns, depending upon the submergence ratio. The porosity
of the obstacle facilitated some interactions between the seepage and recirculation region, leading to changes in the
wake region and its turbulence, compared to a impervious obstacle with the same shape. The velocity measurements
presented a complicated three-dimensional velocity field around the porous horseshoe element, with an accelerating
flow motion as the flow divides around the obstacle, followed by complicated three-dimensional flow patterns
downstream of the elements

The present work paves the way for more detailed studies of real-life prototype structures Further investigations should
test the impact of adjacent horseshoe structures (e.g. Fig. 1), different tailwater conditions, the interactions with aquatic
life, as well as sediment processes.
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