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Abstract - Additive Manufacturing (AM) is emerging as a
cost-effective alternative to conventional manufacturing
techniques for applications requiring components with
complex geometries. Cost savings are achieved through
reduced raw material usage, shorter manufacturing times,
and the elimination of expensive tooling. AM serves as a
valuable tool for designing and developing complex shapes
in fluid flow research. Stepped spillways are widely
recognized for their effectiveness in dissipating energy and
are implemented globally. Their optimal design is critical
for reducing downstream erosion and improving the
economic efficiency of stilling basin configurations. Building
on previous studies employing AM in open-channel flow
applications, this paper presents a comparative analysis of
two stepped spillway configurations incorporating
preceding weir designs. The comparison evaluates fluid
velocity profiles, discharge rates, upstream and downstream
water depths, associated hydraulic parameters, and
experimental observations. To validate and extend the
findings, this paper employs computational fluid dynamics
(CFD) modelling, which demonstrates strong agreement
with experimental results. Additional tests investigate
sealed and unsealed models, the latter allowing significant
side flow. This paper highlights how AM enables economical
small-scale model fabrication, which can enhance large-
scale design processes and contribute to the advancement of
experimental fluid flow research.

Key Words:
Stepped Spillway

CFD Analysis, Additive Manufacturing,

1. INTRODUCTION

Additive manufacturing (AM) offers a contemporary and
versatile approach for advancing experimental techniques
in traditional fluid mechanics research. Previous studies
by the authors [1,2] have demonstrated the advantages of
AM-fabricated models in a range of hydraulic applications,
including weirs, drum gates, and flow-altering vanes.
Building upon this foundation, the present study applies
AM to the fabrication of small-scale stepped spillway
models for detailed hydraulic analysis.

The principle of using stepped spillway structures to
dissipate the energy of cascading water is deeply rooted in

engineering history, with archaeological and textual
records indicating their use in structures dating back more
than three thousand years [3]. These early designs, often
constructed from stone masonry, reveal an enduring
understanding of the need to control hydraulic energy for
the protection of downstream channels. Contemporary
stepped spillway research builds upon this ancient
foundation, shifting the focus from empirical observation
to systematic studies of flow regimes, aeration processes,
and energy dissipation mechanisms. Advances in
computational fluid dynamics (CFD) have further
expanded this research, enabling detailed simulations of
complex hydraulic interactions that were once described
only qualitatively.

Despite these computational developments, physical
modelling remains essential for validating predictions and
capturing phenomena—such as air-water interactions,
turbulence structures, and surface instabilities—that can
be challenging to model numerically. Large-scale models,
however, pose practical and economic constraints,
especially when multiple design variations are to be
tested. In this context, AM provides a transformative
advantage: small- and medium-scale AM models can be
fabricated rapidly, at low cost, and with precise control
over complex geometries. This flexibility enables
systematic variation of parameters such as step height,
slope, and preceding weir configuration, facilitating
efficient design screening before committing to larger-
scale testing.

While certain hydraulic behaviours, particularly those
subject to scale effects, cannot be fully reproduced in small
models, CFD serves as a powerful complement, extending
the experimental scope and identifying conditions under
which flow regime transitions occur. The integration of
AM-fabricated models with CFD analysis therefore offers a
cost-effective, flexible, and historically informed approach
to spillway research, bridging ancient engineering
principles with modern hydraulic science.

The existing experiment at the university for
undergraduate Mechanical Engineering students uses a
2.5 m long flow channel (Figure 1), enabling various
experiments to observe open channel flow behaviour with
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different components. The experiments for flow channel
currently involves only drum gates, weirs and vanes based
components. However, there is no stepped spillway
component available with the apparatus to fully
understand the complexities of stepped spillway design
use with different shapes for use in open channel flow
experiments.

The case study presented in this paper extends previously
published research [4] by the authors, providing detailed
experimental and computational fluid dynamics (CFD)
analysis of the effects of changing the stepped spillway
shapes for various open channel experiments using
additive manufacturing technology.

Figure 1: A 2.5 m long flow channel along with hydraulic
tank

2. RESEARCH METHDOLOGY

Experimental testing was conducted in a 2.5 m laboratory
flow channel. Based on prior facility constraints, the
maximum spillway crest height was limited to
approximately 85 mm, allowing for a practical range of
discharges without causing uncontrolled overflow. Two
stepped spillway configurations were examined: (i) a
traditional horseshoe weir and (ii) a catenary-profile
design previously developed by the authors [1]. These
geometries, shown in Fig. 2, were selected to enable direct
comparison between a conventional and an
experimentally optimised profile.

The AM models were designed so that the stepped section
spanned the full channel width, avoiding additional
structural features along the sidewalls. This served two
purposes: minimising material use and enabling
controlled comparison between fully sealed models and
those allowing side leakage. In sealed configurations, a
continuous bead of sealant was applied along the sides,
top, and base to eliminate bypass flow.

The step geometry incorporated an involute curve
intended to promote the formation of small nappes and
inter-step turbulence. While this curvature is expected to
exert limited influence at the tested scale, it presents a

promising parameter for further study in larger models,
potentially with alternative curve profiles.

Hydraulic testing involved four discrete flow rates,
including the minimum discharge required to sustain the
intended flow regimes under sealed conditions. Additional
trials were performed at the maximum volumetric flow
rate to assess behaviour under potential overflow
conditions. Water depths upstream of the crest were
measured using a depth gauge at fixed spatial intervals,
and surface flow velocities were recorded via two pairs of
infrared (IR) break-beam sensors connected to a
Raspberry Pi Pico microcontroller. Flow patterns were
documented using high-speed video and still photography
for qualitative analysis.

Figure 2: CAD files of the AM stepped spillways (left:
horseshoe; right: catenary)

Complementary CFD simulations were performed to
model velocity fields and flow regimes for both spillway
configurations. Numerical results were compared with
experimental data to assess predictive accuracy and to
provide insight into hydraulic behaviour beyond the
resolution of physical measurements.

3. ANALYSIS OF RESULTS

3.1 Flow Regime Observations

Hydraulic Analysis

and Comparative

Prior to commencing the experimental programme, a
review of relevant literature indicated that small-scale
physical models are inherently limited in their ability to
replicate certain hydraulic behaviours, particularly flow
aeration and the dynamic similarity between laboratory
models and full-scale installations [6]. Stepped spillways
are known to operate under three principal flow
regimes—nappe flow, transitional flow, and skimming
flow—depending on discharge conditions, step geometry,
and channel slope. Due to the reduced scale of the present
models, it was anticipated that only the skimming flow
regime would be achievable under the tested conditions.
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Experimental results confirmed this expectation: in most
runs, the flow regime was classified as skimming, with
water gliding over the step crests and limited free-fall
between steps. On rare occasions, isolated small nappes
were observed, particularly at lower flow rates or under
specific valve positions. These instances were inconsistent
and cannot be categorised as sustained nappe flow.
Nonetheless, their occurrence is noteworthy, as such
features—if replicated in larger-scale models—could
provide insight into transitional flow behaviours across a
wider range of discharges.

Given the relatively small size of the present spillway
models compared to those in other stepped spillway
studies, it was initially unclear whether any observable air
entrainment would occur. As expected, at higher flow
rates, visual evidence of entrained air was not apparent. At
the highest discharges, partial nappes occasionally formed
near the crest and uppermost steps (Fig. 3a), but this
phenomenon was not repeatable when the flow control
valve was adjusted gradually. At the lowest discharges,
small air bubbles were visible along the step surfaces (Fig.
3b), producing minor disturbances in the water surface.
These were more clearly discernible when photographic
negatives were processed and the images inverted,
revealing subtle contrasts not visible to the naked eye.
While such low-flow conditions fall outside the intended
operational range, they approach worst-case scenarios
involving  excessive  upstream ponding. Further
investigation into potential aeration effects under these
conditions—particularly using higher-resolution digital
imaging—is warranted. For comprehensive analysis of air
entrainment processes, high-speed videography should be
employed, especially in future studies involving larger-
scale physical models.

In addition to qualitative observations, the stepped
spillways were evaluated against simple weir
configurations using specific energy, Reynolds number,
and Froude number comparisons. For example, the
increase in specific energy between a 49 mm-high sharp-
crested weir and an 83.5 mm-high horseshoe weir was
found to be approximately 35%, while the corresponding
maximum increase in Reynolds number across tested
discharges was only 5%. The catenary weir produced even
closer Reynolds number values (within 2% of the sharp-
crested weir) yet yielded a 37.5% increase in specific
energy. Froude number variations were more pronounced
and inconsistent across discharges, except for the two
lowest sealed-flow rates, where the horseshoe weir
exhibited a 30% increase and the catenary weir a 38%
increase compared to the reference sharp-crested weir.
For the unsealed spillways, the large variability in Froude
number is unsurprising, given the significant side leakage
observed.

These findings highlight the scaling challenges associated
with translating small-scale laboratory results to
prototype conditions. Side leakage, geometric scaling
effects, and reduced air-water interaction all contribute to
deviations from full-scale hydraulic behaviour. Future
research should address these limitations through larger-
scale modelling and complementary numerical

simulations, allowing a more robust evaluation of flow
regimes, energy dissipation, and aeration processes in
stepped spillway designs.

Figures: 3a (top) partial nappe formation; and 3b (bottom)
flow lines observed.

A critical feature in the hydraulic performance of stepped
spillways is the inception point, defined as the location
along the chute where significant air entrainment begins
due to the intersection of the developing boundary layer
with the free surface. This intersection initiates large-scale
aeration, which plays a pivotal role in enhancing energy
dissipation. Numerous studies have investigated the
characteristics and location of the inception point, both in
the context of retrofitting embankment dams [5] and in
modelling specific dam structures [7]. The position of the
inception point can be estimated using established
empirical relationships, with calculations performed based
on the parameters illustrated in Fig. 4.
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Figure 4: Typical spillway section, showing some of the
parameters used in equation (1) to find the inception
point on a stepped spillway, based on empirical studies

[7].

Experimental measurements indicated that the estimated
inception point, calculated using equation (1), occurred at
approximately 59 mm from the crest over a total chute
length of 110 mm. This location aligns broadly with the
range reported in previous studies; however, confirmation
of this result requires further investigation. Due to current
instrumentation limitations, verification was not possible
within this study, and additional high-resolution
measurement apparatus will be necessary for more
precise assessment.

Upstream bulk velocities were also compared between
sealed and unsealed configurations for both spillway
types. For the horseshoe weir, sealing the model resulted
in a reduction in upstream bulk velocity of 5.00-5.50 mm
st at lower flow rates, increasing to 8.39 mm s~1 at the
highest tested discharge. The catenary spillway exhibited
smaller reductions: 2.20-2.65 mm s™* at lower flow rates
and 4.30 mm s™' at maximum discharge. Qualitative
observations indicated that downstream discharge from
unsealed configurations appeared notably more turbulent
compared with sealed conditions, suggesting that side
leakage influences flow structure—a finding warranting
further targeted investigation.

Surface flow velocities were measured using infrared (IR)
break-beam sensors, allowing comparison between bulk

and surface velocity reductions. For the horseshoe
spillway, results were consistent across all flow rates, with
surface velocities measuring 19-25% lower than the
corresponding bulk velocities. The catenary spillway
showed greater variability: in the unsealed condition,
reductions of approximately 36% were recorded at the
two lowest flow rates, but this dropped to 13% at
maximum discharge. In the sealed condition, the lowest
flow rate produced a 34% reduction, while the remaining
flow rates demonstrated a consistent range of 12.5-14.5%.

It should be noted that measurement accuracy was
constrained by several factors, including high turbulence
in the downstream region, the fixed positioning of IR
sensors, and the limited length of the laboratory flume,
which restricted the available distance for velocity
sampling downstream of the spillways. These limitations
will need to be addressed in future work through
improved sensor placement, increased measurement
reach, and potentially longer test channels.

3.2 Finite Element Analysis (FEA) Based Simulation
Results

Finite Element Analysis (FEA)-based computational fluid
dynamics (CFD) simulations were conducted to
complement the experimental observations and enable
direct comparison between physical and numerical
results. Simulations were performed for both spillway
configurations, in sealed and unsealed conditions, at two
lower discharge rates (0.25 L s™* and 0.195 L s™%). The
analysis focused on the stepped section of each spillway,
with representative results presented in Fig. 5(a)-(d).

Figures. 5 (a) - (d): Top: horseshoe spillways (left,
unsealed; right sealed). Bottom: catenary spillways (left,
unsealed; right, sealed). Flow rate is 0.25 litres/sec.

The simulated flow fields revealed streamlines exhibiting
an upward trajectory over portions of the spillway
profile—an observation not fully anticipated from the
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experimental runs and warranting further investigation. In
general, greater downstream turbulence was observed in
the unsealed configurations, consistent with side leakage
effects, whereas sealed configurations exhibited more
uniform and coherent flow structures in the downstream
section.

The challenges associated with numerically modelling
stepped spillways have been extensively discussed in the
literature, with air-water interactions, and particularly the
representation of entrained air, identified as key sources
of inaccuracy [7]. These complexities remain a limitation
of current modelling approaches and suggest that
additional refinement of multiphase simulation methods is
required for higher predictive fidelity. In the present
study, certain potential influences—such as variations in
channel width, wall boundary effects, and fluctuations in
pump output—were not explicitly incorporated into the
CFD model, which may account for some differences
between simulated and observed flow behaviour.

Despite these limitations, the CFD results provide valuable
insight into the internal flow structure, including the
interaction between flow lines and step geometry. In this
work, the steps followed an involute curvature profile,
chosen to promote nappe formation and inter-step
turbulence; however, the numerical modelling framework
established here could readily be extended to investigate
alternative step geometries. Comparative simulations
involving square, rectangular, and other curved profiles
could yield further understanding of the influence of step
shape on energy dissipation and flow regime
development, especially since most prior studies have
focused on square or rectangular steps.

4. CONCLUSIONS

Considering the advantages of additive manufacturing
(AM)—particularly its ability to reduce both
manufacturing and design costs—this study demonstrates
the feasibility of investigating stepped spillway hydraulics
at very small scale while still enabling meaningful
comparisons of flow parameters and characteristics
between configurations. Although the physical models
employed are below the scale typically required for
comprehensive spillway testing, they provide a practical
means of examining selected hydraulic parameters and
generating substantial experimental datasets. Such small-
scale models are also valuable in an educational context,
particularly in laboratories without access to large-scale
facilities.

The present research serves as a preliminary step towards
a broader investigation of stepped spillway performance.
A logical progression would be to recreate the tested
designs at scales comparable to those used in studies of
operational spillways, thereby allowing more detailed

analysis of flow characteristics and reducing the
uncertainty associated with small-scale testing. Further
development of high-resolution photographic and
videographic techniques would enhance the ability to
capture detailed flow regime features. Larger-scale models
would also permit more comprehensive assessment of air
entrainment, turbulence structures, and step-specific
energy dissipation.

From a practical perspective, sealing the small-scale AM
models was straightforward but required considerable
attention to ensure complete elimination of leakage in the
sealed configurations. In this study, only a single step
profile—the involute curve—was investigated; however,
AM technology readily enables the fabrication of a wide
variety of complex geometries. Implementing such designs
in full-scale spillways could present challenges, as
commonly used construction materials such as roller-
compacted concrete and masonry may be unsuitable for
highly intricate geometries. Nevertheless, the application
of advanced materials—including ceramic coatings and
composite systems—could offer viable solutions for
achieving desired step profiles, either directly or as
surface treatments applied to a structural substrate.

Overall, this work highlights the potential of AM as a
powerful tool for conceptual design, prototyping, and
preliminary hydraulic assessment in stepped spillway
research. The findings provide a foundation for refining
future experimental programmes and identifying research
priorities in a field that continues to attract significant
interest in enhancing the performance and resilience of
traditional spillway designs.
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