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Abstract. Sediment-laden flow remains a major source of hydraulic
efficiency reduction, deposition, clogging and wear in pumps, intakes,
forebays and turbomachinery, especially during low flow conditions, in
which uneven flow structures and local sediment deposition are exacerbated.
This paper reviews the state of knowledge on hydraulic measurement and
control to mitigate sediment problems and protect pumps, principally
through geometric redesign, sediment-exclusion devices, numerical and
physical modelling, turbomachinery erosion, smart control, and sediment
properties. The literature indicates that geometric changes to intake
channels, forebays, areas near pumps, and river sub-channels can increase
flow uniformity and eliminate sediment deposition areas. Sediment
exclusion structures consisting of submerged vanes, baftles, rectification
devices, and overflow reservoirs also contribute to pump/forebay protection,
but depend on hydraulic and geometric conditions for effectiveness.
Numerical and experimental methods, particularly integrated CFD and
physical model analysis, are the primary source of information for assessing
design performance and erosion potential. In summary, the literature
suggests that sediment control and pump protection constitute an integrated
systems challenge involving interactions between hydraulic geometry,
sediment transport, erosion control and system operation. Additional
advancements require more standardised, validated and holistic approaches.

1 Introduction

Different techniques of hydraulic optimization for sediment reduction and pump protection
have emerged in recent years because sediment-laden flow still persists to adversely affect
the hydraulic efficiency, performance reliability, and lifespan of pumps, inlets, forebays and
turbine-related components. Current research indicates that improvements in computational
fluid dynamics, laboratory modeling, and smart control have broadened knowledge and
approaches to evaluate and prevent sediment problems associated with hydrological systems
[1, 2]. This phenomenon is particularly relevant in sediment-laden rivers where excessive
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sediment loads lead to enhanced erosion, hydraulic losses, and increased deterioration in
hydropower and pumping systems [3, 4]. Recent studies also show that the research has
progressed from early sediment-exclusion ideas to more holistic approaches that include
design, flow field manipulation, and operation [1, 2, 5].

The key issue surveyed here is the continuing sediment-related impairment of pump
operation and integrity despite a range of design and control measures. Sediment induced
problems in hydraulic intake and turbomachinery systems are difficult to anticipate and
manage since they are determined by linked properties of sediment size, sediment
concentration, velocity, local flow patterns, and system arrangement. As earlier reported
flows containing sediment can lead to vortices, backflow zones, forebay deposition, non-
uniform pump-inlet flow, abrasion, pump/turbine erosion, and improvement degradation [6,
7]. The source literature also indicates several remaining challenges, including poor
predictive capability for sediment transport and erosion under variable flow, lack of
integration with adaptive real-time control, and lack of understanding regarding flow-
sediment dynamics in complex intake, forebay and inlet-channel geometries [§8 - 10]. The
same set of studies also suggests ongoing debate about design choices, especially in relation
to the relationship between sediment transport capacity and efficiency, and between passive
hydraulic structures and more control-oriented solutions [2, 9, 10].

In this context, hydraulic optimization can be defined as the systematic alteration of flow
types, hydraulic geometry and related structures to help avoid and minimise sediment entries,
deposits and erosion while achieving desired hydraulic efficiency. Pump protection,
meanwhile, refers not only to physical protection but to design and operational steps that
maintain acceptable functionality despite sediment [11 - 13]. This more holistic view is
helpful because it draws together the relationships between hydraulic design, sediment
dynamics and equipment protection rather than as disconnected sub-themes. Consistently,
the literature indicates that this is a requirement for the evaluation of sediment control
measures in engineering terms rather than in terms of a pure sediment-removal target [8, 14].

A further characteristic is that the field is highly interdisciplinary. Laboratory studies are
still required to observe flow deflection areas, regions of deposition, and sediment behavior,
while computer simulations are increasingly used to support the design process by examining
velocity fields, turbulence, and sediment transport [8 - 10]. As these studies have improved,
these methods have become more common for not only describing sediment issues, but for
supporting design optimisation and proposing alternative hydraulic designs. This has
benefited a growing body of knowledge on the interaction of geometric, flow, and predictive
modeling methods to enhance system performance in sediment-laden systems [1, 2, 8, 15].

However, the literature remains scattered in terms of type of application, validation or
evaluation. Some focus on hydraulics, while others focus on sediment exclusion or weight
reduction, and others on operational or control performance. This body of work therefore
does not clearly link promising case study results to other hydraulic systems or sediment
environments, or to different scales of evaluation. Given this, it is important to review the
main lines of research and establish what is generally agreed, as well as what is less
understood and still prevents widespread application.

Accordingly, this review aims to succinctly review and synthesise the literature on
hydraulic optimisation techniques for sediment control and pump protection. It reviews the
evolution of the field across interconnected topics of hydraulic design, sediment structures,
model development, and operational management, in a bid to better understand the key
mechanisms, approaches and research challenges that underpin work in this field.
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2 Background and Scope

Sediment-related problems in hydraulic intakes, pumping stations, and turbines constitute a
coupled hydraulic—abrasive problem determined by the sediment properties, the flow
velocity, the local flow structure, and the flow features and geometry of the system in
question. Previous studies have shown that sediment-laden flow may produce vortices,
backflow zones, forebay deposition, and non-uniform flow entering the pump-inlet.
Particular abrasives may cause abrasion in general, impeller and piping wear, loss of turbine
material, and a consequent drop in efficiency, as well as increased demand for maintenance
and production losses. Since the erosion prediction is strongly dependent on the combined
effect of particle shape, size, abundance, hardness, and velocity, reliable assessment
commonly necessitates numerical, experimental, field, and operational studies [4, 6, 7]. This
combined hydraulic-mechanical nature of the problem is one reason why sediment is
important to both improve efficiency and protect equipment.

In this review, hydraulic optimization is considered as a general engineering term. This
is an amelioration of the performance of sediment-laden systems by geometry, flow,
structure, or operation. In the original report this includes surveys of inlet-channel
improvement, forebay-flow improvement, sediment exclusion devices, self-cleaning or
optimized pump design, and control-oriented approaches for variable operation [1, 2, 8 - 10].
This is deliberately more comprehensive than geometric design, as the literature is equally as
diverse in structural, numerical and operational considerations.

The review focuses on studies that address one or more of four key concerns. The first is
design change in terms of deposition inhibition and flow improvement. The second is
sediment exclusion (and flow control) structures designed to divert, entrap or otherwise
control sediment before it enters a sensitive area. The third is numerical and experimental
assessment, the predictive and confirming backbone for sediment design. The fourth is pump
and turbine protection, particularly in cases where sediment properties have an impact on
erosion intensity and durability [6, 8 - 10, 12 - 15]. These four concerns represent the scope
of our analysis in this manuscript and the basis for the following sections.

However, the literature is not equally relevant in all applications. The greatest relevance
is in river intakes, pump sumps, forebays, hydropower-related applications, sediment
exclusion, and sediment-laden turbomachinery. While these applications vary in size and
design, they are bound together by a common engineering goal: to manage flow-sediment
interaction to ensure hydraulic stability, sediment accumulation, and damage to critical
equipment [3, 4, 6, 13]. This common theme is why we can consider them together in this
review, rather than as isolated representative case studies.

In terms of research methodology, the literature ranges from experimental studies, CFD
numerical studies, hybrid verification studies, and more recent studies such as optimization-
based or intelligent-control-related studies. Experimental studies continue to play a valuable
role in observing the physical development of flow, vortex evolution, and sediment transport.
Numerical studies add to this by providing better-resolved details of the flow, turbulence and
sediment movement. Hybrid studies are particularly important in situations where practical
design advice must be both predicted and validated [8 - 10, 14]. Recent works point to an
emerging transition from passive design of hydraulic works to a more dynamic management,
but the practice is still largely dominated by structural and hydraulics optimisation.

To clarify the scope of the manuscript, Table 1. maps the main literature domains
addressed in this review.
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Table 1. Main scope domains of the review and their analytical role.

. . . Typical Role in this Representative
Review domain Main focus C . .
systems/applications manuscript references
Geometric
improvement of Establishes the
. . Intake channels, .
Hydraulic design| flow patterns to design-based
. . . forebays, pump sumps, . [8-10, 14, 15]
modification | reduce deposition foundation of
. sub-channels . .
and improve sediment reduction
uniformity
Sediment Sediment . Examines passive
exclusion and |diversion, trapping Lateral intakes, vane and semi-passive
. ., =| systems, baffle systems, . [5,11, 12, 14]
flow-control | flushing, or guided . . e structural sediment-
rectification facilities .
structures transport control strategies
Jaldation of flow Provides the
Numerical and . . CFD studies, laboratory | methodological
. behavior, sediment ’ : .
experimental transport. and models, hybrid hydraulic basis for [8 -10, 15]
methodologies port, assessments interpreting
hydraulic :
literature results
performance
Abrasion, wear, .
and sediment- Connects sediment
Erosion and induced Pumps, Francis turbines, | transport with
component deterioration in Pelton turbines, guide durability and [3,4,6,13]
protection . vanes, runners pump/turbine
hydraulic .
. protection
machinery
Adaptive or
Operational and algorithmic Intelligent pumping Frames emerging
optimization- | improvement of systems, scheduling, | work beyond static [1,2]
oriented control | sediment-related | control-assisted systems | structural design
hydraulic operation

This clarifies the purpose of the review. The manuscript is not a review of sediment
transport, or of pump design. It is about the design, retrofit and operation of sediment-
exposed hydraulic systems to mitigate the adverse effects of sediment on performance. That
focus also avoids extending the review into other areas of hydraulics that do not have a
sediment-reduction or protection focus.

3 Review Method and Evidence Base

This review builds on the literature corpus collected in the source file and is presented via
ordered structured narrative review. It is not a meta-analysis, but a critical overview of the
previously published literature relevant to hydraulic optimisation for sediment reduction and
pump protection. Reflecting the diversity of terms used in this area, the source review firstly
translated the subject matter into a number of targeted searches such as hydraulic
optimization, sediment exclusion, desanding facilities, pump-intake protection,
turbomachinery erosion and sediment-laden flow models. This was necessary because the
literature is spread out over partially overlapping hydraulic, sediment-transport, and
turbomachinery subdisciplines rather than subsumed under one set of keywords.

The source review then adopted a three-phase research-literature selection process of
search, screening, citation chaining and relevance ranking of selected documents. The
modified keywords resulted in the initial candidate set of 93 papers. Follow-up citation
chaining then brought in 78 papers, resulting in a total of 171 candidate studies. Of those
studies, 170 were determined to be relevant to the topic of inquiry and 40 studies were
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deemed high relevance for synthesis. These numbers suggest that the evidence was identified
in an iterative fashion rather than a single, narrow query, improving the quality of coverage
of both conceptual studies and recent advances.

The evidence base includes studies from several methodological schools and application
areas and as such, the present manuscript is organized according to a thematic synthesis rather
than chronological ordering. Preference is afforded to studies that directly address the
modification of hydraulic design, designs for sediment exclusion, flow structures, numerical
and experimental techniques, erosion in pumps and turbines, and smart (or optimisation-
oriented) operating strategies. This thematic arrangement is more appropriate for the present
review as it allows comparisons between studies that address common engineering
challenges despite differences in size and type of facility, type of modeling approach and
degree of validation.

A PRISMA-diagram is therefore preferable to an evidence table for displaying the results
of this stage. The diagram in Figure 1. illustrates advancement from search-based discovery,
to citation chaining, to screening, to selection based on relevance, and finally the highly
relevant studies that were used in the synthesis.
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Records removed before
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2 Records |dent|f|ed_from. Duplicate records removed
© Databases (n = 171 [93 from il
& datab hand 78 fi > 0=1
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Fig. 1. Flow diagram of literature identification, screening, and selection.

4 Hydraulic Design Optimization for Sediment Reduction

Optimization of hydraulic design is a mature and prominent theme in the reviewed body of
work. This theme in the source review includes studies that alter intake shape, pump bottom
shape, inlet-channel shape, forebay shape, diversion-wall shape, and internal hydraulic
structures to mitigate sediment retention and enhance flow uniformity of sediment entering
critical elements. The design rationale is consistently related to the concept that sediment
problems can be often addressed by modifying the flow field in such a way that both
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recirculating flows and flow non-uniformity are reduced and sediment-depositing zones are
curbed or relocated away from sensitive regions [8 - 10, 14 - 20].

An important characteristic of this work is that it connects geometry modification to
hydraulic mechanisms rather than empirical shape fitting for design improvement. A number
of studies in the source file observe that modified pump bottoms, optimized runner inlet
channels, partition walls, rectification features, and diversion-wall locations improve flow
uniformity and decrease the formation of vortex or accumulation of sediment. Here,
performance improvement is often demonstrated by improved velocity distribution, reduced
backflow, reduced vortex area, or reduced sediment near the intake or immediately adjacent
to the pump [9, 10, 14, 16 - 20]. These are the key hydraulic criteria by which improvement
in sediment-related design is assessed.

The literature also reveals that there is no one geometric design magic bullet. It's largely
constrained by local environmental conditions, sediment transport characteristics, and the
performance metric defined by the researchers. In some of the studies, the goal is to achieve
axial or cross-sectionally uniform flow; in others, the focus is to suppress vortex; in others,
to simultaneously balance flow stability, sediment entry reduction or self-cleaning
performance. This partly explains why these studies show different optimal shapes for
different flow or structural configurations, while using the same design strategy [9, 10, 14 -
20]. Thus, the value of the design is not in trying to obtain one specific example, but in
understanding the mutual relationship between the space forming the flow and sediment
transport.

The other interesting cluster in this agenda is the intrinsic link between geometric
optimization and modeling. The vast majority of the papers reviewed in this theme apply
CFD, physical models, or both to explore different geometric designs and assess their
hydraulic effects. This has allowed more informed investigation of how bathymetry, inlet
rectification elements (effective downstream, inlets, and walls) or diversion holes and bottom
walls control the velocity field and areas of sediment-prone flow. The result is that hydraulic
design optimization provides one of the key intersections where geometry, sediment control,
and forensic modeling come together [8 - 10, 14 - 20].

Table 2 summarizes the main hydraulic-design approaches identified in this section and
their reported sediment-control implications.

Table 2. Hydraulic design optimization approaches for sediment reduction and flow improvement.

. Main hydraulic | Reported sediment- | Typical evaluation | Representative
Design approach : . C e .
aim related implication basis references
Improve self- | p 4 ced sediment | Flow uniformity,
. cleaning tendency . .. !
Optimized pump- deposition and  |deposition reduction,
and reduce low- | . . . [16]
bottom geometry velocity improved velocity geometric
deposition zones uniformity comparison
Minimize Lower likelihood of Axial velocity
Inlet-channel . . . .
hydraulic loss and| unstable sediment uniformity,
geometry . . . . [17]
S improve inlet- accumulation near hydraulic loss
optimization . R
flow structure intake zones indicators
Internal flow- Reduce vortices Improved sediment Sediment-removal
. . removal and more |.
control structures in|  and improve . improvement, vortex [18]
ump regions solids handlin stable internal flow reduction
pump reg g behavior
Forebay-flow Reduced cavitation . .
. L Improve . Flow uniformity,
regime optimization risk and more . e o
. approach-flow . regime stabilization, [10,19]
with walls or uality and favorable sediment- backflow reduction
partitions quattty related flow behavior
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. Main hydraulic | Reported sediment- | Typical evaluation | Representative
Design approach : . C . .
aim related implication basis references
suppress adverse
flow structures
. . Balance flow Reduced backflow, Velocity
Rectification or . . . . . C
. . . uniformity with | improved sediment | distribution, vortex
diversion-oriented . . .
cometric controlled separation, and better | suppression, multi- [14,20]
geometrt sediment transport intake-flow parameter
optimization R o
paths distribution optimization
tart-
Sta up or . Reduced vortex area Vortex-area
operationally Improve transient . . .
. . and improved reduction, velocity-
coupled hydraulic |or operating-stage . . . . . [9]
. uniformity during uniformity
configuration flow pattern . .
e operation improvement
optimization

Overall, the literature reviewed demonstrates that hydraulic design optimization is a very
well-developed approach for reducing sediment because it can onset many downstream
problems. Through better flow conditioning prior to sediment deposition or device
placement, geometric and hydraulic design optimization can alleviate issues downstream of
exclusion, cleaning or protective devices. But the studies reviewed here also indicate that
more generalized approaches are needed because many optimal designs are still case-specific,
and are verified under a narrow set of sediment and hydraulic conditions [9, 10, 14, 16 - 20].

5 Sediment Exclusion Devices and Flow-Control Structures

The second primary design-based theme in the review is that of sediment exclusion devices
and flow-control structures. Unlike the general geometric optimisations, which alter the
entire hydraulic domain, these approaches specifically involve specific structures to redirect,
block, flush, filter or manoeuvre sediment away from critical areas of the hydraulic domain.
The most frequent devices in the source review are submerged vanes, baffle columns,
rectification sills, diversion walls, flushing devices and other sediment control structures for
intakes. These studies demonstrate that structural sediment control is still one of the most
viable and tested techniques to control sediment ingress and to improve flow conditions near
major water intakes [5, 11, 12, 14, 19, 21 - 25].

Notably, one substantive finding from this collection of studies is that these devices are
effective not just because they act as barriers to sediment, but because they modify the
surrounding hydraulic environment such that local sediment diversion, entrapment, or
controlled redirections can be achieved. Submerged vanes, for instance, are consistently
linked to altered bed topography, enhanced sediment diversion and reduced accretion in the
vicinity of intake. Similarly, baffle columns and diversion-related measures control flow
conditions by redistributing flow velocities, curtailing adverse circulation and channeling
sediment away from sensitive intake locations. To that end, exclusion devices are more
appropriately seen as local regulators for flow rather than obstructions in isolation [11, 12,
21 - 25].

The literature also shows that use of these devices is very sensitive to operational
variables. This includes vane skewness and spacing, wall slope, sill geometry, hole size and
spacing, and discharge ratio. A number of studies in the source review stress that fine-tuning
these variables can lead to significant improvements in sediment removal performance or
reduced ingress, but they also reveal that there is no absolute "best" configuration. Rather,
the effectiveness is determined through interaction of device geometry, sediment and flow
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characteristics [14, 21-25]. This accounts for the general consensus in the literature around
the value of these structures, and the variations in suggested best practice configurations.

A second implication from this theme is that a number of studies consider them in relative
isolation. Although the noted benefits for sediment control and flow behaviour are positive,
the source review consistently indicates that the integration of the entire system is less
common. In other words, the role of a structure as a local sediment-control device might be
well understood without considering its broader impacts on intake hydraulics, maintenance
costs or abrasion over time. This limitation does not substantially reduce the importance of
the devices, but it does suggest that device sediment control should be viewed within a larger
hydraulic context [11, 21, 22, 24].

The usefulness of this theme is its practicality. Sediment exclusion structures often have
a shorter path to engineering practice than other types of sediment control, such as Al-based
control or sophisticated numerical optimization. They offer designers discrete opportunities
to alter the behaviour of sediments at intakes or forebays, particularly in sediment-laden
environments where upstream modifications alone may not be enough [11, 21, 22, 24]. For
this reason, they stand somewhere between designing new geometry and post-turbine
protection [5, 11, 12, 21 - 25]. Table 3 presents the main sediment-control structures.

Table 3. Sediment exclusion devices and flow-control structures: functions, optimization variables,
and reported outcomes.

Key optimization
Device/structure Main hydraulic variables Reported sediment- | Representative
type function reported in the | related outcome references
literature
Redirect near-bed Reduced sediment
. Vane angle, skew .-
sediment transport anele. spacin entry or deposition
Submerged vanes | and stabilize intake- | o o> SPacing, near intake; [12], [23], [24]
. arrangement, . g
adjacent bed . . improved desilting
. discharge ratio
behavior performance
Redistribute velocity | Inclination angle, Improved flow
field and reduce arrangement, uniformity and
Baffle columns sediment ingress into hydraulic reduced sediment (22]
intake region placement intrusion
Modify approach Sediment
flow and suppress | Wall length, wall accumulation
Baftle walls sediment angle, structural |reduced substantially [21]
accumulation in placement under optimized
forebay/intake zone configuration
Irr}prov? flow Sill dimensions, Improved inlet-flow
. Lo uniformity and structural .
Rectification sills / conditions and
. suppress adverse geometry, . . [14],119]
hollow sills . . associated sediment-
approach-flow installation control performance
structures configuration p
. . Guide flow Hole parameters, | Improved flow state
Diversion walls / C
S distribution and wall geometry, | and more favorable
perforated diversion| . . . . . [14]
influence sediment opening sediment-routing
features . > .
separation pathways | configuration behavior
Mobilize and remove Baffle Effective sediment
. . deposited sediment | arrangement, removal from
Flushing devices through induced flushing layout, hydraulic intake (23]
turbulent flushing | operational mode systems
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Key optimization

Device/structure Main hydraulic variables Reported sediment- | Representative
type function reported in the | related outcome references
literature
. . . L Improved sediment
Lateral intake Optimize sediment | Diversion angle, .
. . . . - separation under
sediment-control | separation at intake | location, device selected [11]
structures entrance selection criteria .
configurations

In general, the literature reviewed suggests that there is strong evidence for the practical use
of sediment exclusion devices for intakes and sediment control. Most importantly, they have
the capacity to deal directly with the sediment, but they still perform according to the
hydraulic conditions, device parameters, and the system configuration. This makes them
valuable assets in sediment-control, but seldom full solutions in themselves [11, 12, 14, 21 -
25].

6 Numerical and Experimental Methodologies for Sediment-
Laden Flow Optimization

The literature on the design optimization of hydraulics to reduce sediment and protect pumps
is based primarily on numerical and experimental evidence. This is a prominent theme in the
source review, because design optimization in sediment-laden systems relies on the inference
of flow structure, sediment trajectories, potential zones for deposit and potential zones for
erosion before they are constructed. The studies reviewed to date do not view numerical and
physical approaches as zero-sum alternatives, but as synergistically complementary
approaches to understanding and enhancing flow structures under sediment-laden conditions
[8-10,15-20,26 - 29].

A key strength of many of these studies lie in the advances in numerical modelling. The
source file contains numerous citations of the use of CFD-based methods such as turbulence
and multiphase simulations, Eulerian-Lagrangian approaches and alterations to turbulence
closures to better predict sediment transport and erosion. These approaches enable the
identification of local velocity distributions, recirculation zones, sediment settling patterns,
and tendencies toward scour in a manner not possible with direct observation. This is
particularly relevant in pump intakes, forebays and turbine passages where adverse flow
structures may be extremely localized but structurally meaningful [8, 9, 15, 17, 26 - 29].

However, numerous studies demonstrate that, where design recommendations require
confidence for engineering decision-making, CFD-based methods are seldom the only basis
for decisions. Physical model studies remain important because they offer empirical evidence
of flow structure, vortex evolution, sediment transport, and flow response under conditions
where these effects can be observed directly. Some of the studies in the source review draw
on experimental models of varying scales (at the laboratory scale, or related to the prototype
features) to validate the results of the numerical simulations, or to verify the effectiveness of
a suggested optimization approach. This confirmation is particularly frequent when flow
uniformity, forebay hydraulics, intake related hydraulics or sediment removal efficiency are
important design considerations [10, 16 - 20, 22, 24].

The best studies within this theme are therefore mixed. They rely both on simulation for
prediction and experimentation to confirm the accuracy of simulation. Numerical prediction
facilitates exploration of the design parameter space and in-depth interpretation of
hydrodynamic phenomena; experiments gain confidence in physical representation and
design generalization. The source review consistently highlights this as one of the main
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advantages of this field of study, in erosion-prone turbomachinery, inlet design, and in-situ
sediment control structures [8, 17, 26, 28, 29].

But the papers identified also reveal limitations of the methods. Computer models are
limited in their development of the full turbulence-sediment interaction, sediment interaction
and erosion processes in complex flow conditions. And experimental studies may be limited
by scale, sediment feeding, measurement and long-term simulation capabilities. In
consequence, the predictive ability of the literature is improving, but it varies, both in
application and performance measurements [8, 9, 15, 26, 29].

For review purposes, this methodological theme is critical not only because it underpins
other themes, but because it is critical for understanding why some results are more generally
applicable than other. Where simulation and experiment are used to support optimization
results, the former are well justified. Where only one method is used, particularly under a
limited range of conditions, the confidence in interpreting and applying the results is weaker.
This should be evident because it impacts the interpretation of the optimization results [8, 17,
26 - 29]. Table 4 summarizes the main numerical and experimental methods.

Table 4. Main numerical and experimental methodologies used in sediment-laden hydraulic
optimization studies.

Methodological Typl.cal use in the Main strength Main limitation Representative
approach literature references
Analysis of .
velocity fields, Enables detailed Sensitive to
CFD-based . turbulence-model
. vortices, backflow, flow-field . [9, 10, 15, 17,
hydraulic . . S choice, boundary
. . sediment interpretation in . 19, 20, 26, 27]
simulation . assumptions, and
pathways, and | complex geometries validation quali
design alternatives quality
Prediction of . .
Multiphase / sediment motion, | Supports sediment- iS:t(i 1:;;?;?:3
sediment-transport| erosion-prone specific erosion coulin [8, 15,26 - 29]
numerical zones, and particle-|interpretation beyond remain di fﬁcpul " tgo T
modeling related hydraulic | single-phase flow
behavior model fully
Observation of
flow regime, flow . . May be affected by
Physical hydraulic|  uniformity, | rovides directand | 5 o vt and | [10, 16 - 20, 22,
. o visually interpretable i .
modeling deposition zones, . . controlled-condition 24]
. hydraulic evidence o .
and device simplifications
performance
Identlﬁcatlon. of Grounds erosion Often limited to
Experimental vulnerable regions interpretation in specific sediment
P . and assessment of P . P . [26 - 29]
erosion testing wear-related measurable material | types, operational
behavior response ranges, or components
Hvbrid numerical— JOLmd‘;ZﬁﬁitzﬁiOf Offers the strongest More resource-
yexperimen tal Secﬁmen t-related evidentiary basis for intensive and [8,17, 26, 28,
methodology optimization design methodologically 29]
outcOmes recommendations demanding

In general, the literature sources suggest advancement in hydraulic optimization has relied
on development of and integration of numerical and experimental methodologies. These
methods quantify sediment problems, but they also define the way optimization processes
are described, evaluated, and verified. For this reason, they must be seen not only as a

10
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background element in this field, but as a foundation of the discipline [8 - 10, 15 - 20, 26 -
29].

7 Sediment Erosion Mechanisms and Hydraulic Protection in
Turbomachinery

Staying true to the expertise of turbomachinery, turbomachine erosion is one of the highly
specialised but very relevant research themes of the reviewed body of knowledge. While the
preceding themes are concerned with minimising sediment ingress and enhancing machine
intake hydraulics, this theme is concerned with the fate of sediment on reaching hydraulic
machinery and encountering high-speed internal flow passages. In the source review, this
theme is well represented by work on Francis and Pelton turbines, particularly guide vanes,
runners, injectors and associated clearances These studies demonstrate that although
sediment damage is strongly linked to the presence of particles, it is also determined by the
interaction between sediment properties, flow conditions, and component geometry [3, 4, 6,
13,26 - 36].

One of the key agreements among these studies is that the magnitude of erosion is strongly
linked to sediment properties (i.e. size, hardness, concentration, and shape). The source file
stresses, time and again, the effects of larger, unit weight bearing, or more abrasive particles
on erosion, but also reveals that erosion cannot be simply explained by sediment properties
alone. This is equally influenced by the local flow structure, particularly if vortices, leakage
flows, pressure gradients, secondary flows or clearance-gap effects influence how particles
impact a component and eventually cause erosion [6, 13, 26 - 31]. That's why erosion is not
always spread uniformly across a machine component.

Francis turbines are particularly well investigated in the papers reviewed here. Numerous
papers address guide vane erosion, runner-blade sensitivity, side-wall or end-clearance flow
phenomena and the contribution of leakage flow in creating erosive vortex structures. These
papers all conclude that, rather than simply depending on the resistance of the material to
erosion, hydraulic protection also involves control of the local flow conditions through better
geometric design, clearance considerations, or redistribution of flow structures exacerbating
the impact of the sediment [6, 13, 26, 27, 29 - 35]. In this respect, erosion protection for
turbomachinery is a hydraulic design issue.

Literature on Pelton turbines, while narrower in the source review, also endorse this idea.
Sediment erosion is affected by the interaction of sediment-on-impact properties with plant
head, flow velocity, and cavitation effects. Some research also proposes that hydro-abrasive
erosion may be synergistically affected by cavitation, complicating the prediction of damage
to a point where mitigation options would include a combination of hydraulic, material, and
operational methods [3, 28, 32, 36].

A second key theme is the combined numerical and experimental assessment. Numerous
papers reviewed in the main source file apply CFD, discrete-particle or other sediment
transport modeling, experimental erosion studies, or combined computational-experimental
approaches to identify erosion-sensitive areas and mitigation options. These approaches have
led to identification of erosion-prone areas on guide vanes, runners and other parts, along
with suggestions for shape optimisation, clearance space adjustment, coating application and
operational fine-tuning [8, 13, 26 - 36]. But the literature also indicates that erosion prediction
is problematic because sediment—flow interaction is complex, highly localised and dependent
on issues related to both modelling and testing.

The applied implications of this research theme are significant. Once sediment enters a
turbine or pump system, erosion can limit maintenance cycles, reduce efficiency, alter the
pressure field and affect the long-term mechanical performance. As reflected in the literature
reviewed, erosion studies are therefore critical in understanding erosion damage, but also in
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facilitating protective design. In such cases, hydraulic protection measures include vane
design, guide-vane or runner design, clearance zone adaptation, surface protection and
operational measures that seek to optimise efficiency and minimize risk of wear [28, 30 - 36].

Table 5 outlines the main erosion mechanisms and protection strategies.

Table 5. Sediment erosion mechanisms and hydraulic protection strategies in turbomachinery.

Main erosion-related

Reported protection

Main evaluative

Representative

Focus area . . or mitigation .
mechanism discussed nitige basis references
direction
Local impact
concentration Guide-vane redesign,| CFD, erosion-
Francis turbine | associated with vane | profile refinement, | pattern analysis, | [26, 27, 28, 30,
guide vanes | profile, leakage flow, clearance experimental 31, 33]
and inlet-flow management comparison
distribution
Sediment impact Shape modlﬁcatlon, Numerical
Runner blades | . . erosion hotspot -
intensified by local . prediction and
and runner- . prediction, . [6, 8, 13,26, 32]
. flow acceleration and . comparative
adjacent zones operational . .
pressure-field effects . hydraulic analysis
adjustment
Vortex formation and
Clearance gaps leakage-driven Detailed gap-flow | 3D flow analysis,
and side-wall sediment trapping analysis and localized erosion [26,29,31]
regions accelerate localized |geometric refinement| interpretation
wear
Combined effects of | Protective materials, . .
. . . . Review synthesis,
. particle properties, |improved operational .
Pelton turbine experimental
plant head, and hydro- control, wear- : . [3, 32, 36]
components . L .. . testing, erosion
abrasive / cavitation sensitive design "
. . prediction
interaction refinement
. . Th 1 E i 1
Material and | Surface degradation iermal spray Xperimental wear
. . coatings, chemical assessment and
coating under sustained . . [28, 34, 35]
; . coatings, surface- review-based
protection abrasive exposure . . .
protection strategies comparison
Balancing h li . .
Trade-off between alancing ydra}l 1 Erosion hill
System-level . . performance with . .
. efficiency and erosion . diagrams, review
erosion . wear reduction . . [4,6,32,36]
under sediment-laden . synthesis, multi-
management ) through design and .
operation . factor analysis
operation

Overall, the literature suggests that sediment erosion in turbomachinery is influenced by a
complex interaction between sediment characteristics, hydraulics, and component design.
This accounts for why mitigation approaches tend to be one-dimensional (material coating
or hydraulic redesign, but not both, for example). Instead, the best work in this field
suggests a more holistic approach to protecting turbomachinery against erosion, in which
sediment-related durability requires the consideration of all three factors as inter-dependent
elements of system protection [3, 4, 6, 8, 13, 26 - 36].

8 Al and Intelligent Control Systems in Sediment Management
and Pump Operation

Al and intelligent control is among the most recent and least developed of the themes in the
review, but it heralds a different way of thinking about how to solve sediment-related
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hydraulic problems. While most of the previous studies consider structure or geometry-based
modifications, the latter research theme considers sediment control as an operational problem
in which sensing, scheduling, learning, as well as learning and adaptation could enhance
system response under variable contexts. This theme in the source review includes
independent self-cleaning control, intelligent scheduling, on-line optimization, and
algorithm-based performance improvement [1, 2, 21, 37 - 40].

The main contribution of this body of work is that it shifts the focus from static, to
dynamic, optimization. In many sediment-prone systems, flow and sediment conditions are
not fixed, which means that designs that are optimal for one set of conditions may be worse
for another. Al and intelligent-control-based approaches try to overcome this problem by
modifying system operating parameters in response to observed or estimated operating
conditions. In the source review, these approaches have been associated with prevention of
pump clogging, pump self-cleaning, real-time sediment management, improved scheduling,
and energy or pumping-cost savings [1, 37 - 40]. These studies demonstrate that
feedback/feedback control may become particularly important when sediment conditions are
highly variable over time.

It also appears, however, that this theme remains relatively narrow in terms of scope and
detail compared to studies on hydraulic design and sediment-exclusion devices. A relatively
few of the reviewed papers explicitly deal with Al-driven or intelligent control. They either
address demonstration-scale control systems or control-based optimization of operating
points rather than integrated real-time sediment-managing systems. As such, the field is still
more promising than developed in this regard [1, 2, 37 - 40].

Another common theme in these studies is that intelligent operational control is not only
considered beneficial for sediment management, but for many other aspects of work as well.
A number of the studies collected in the source review link these approaches to greater
responsiveness, energy efficiency, working-point optimization, and increased operational
duration. This expands the impact of the measures to system-wide benefit, rather than just
sediment exclusion. In this sense, Al and other forms of intelligent control are different to
many passive hydraulic measures, which tend to be used to influence local sediment
processes, but are not designed to vary with knowledge of demand, discharge or sediment
loads [1, 2, 37 - 40].

On the other hand, the source review also highlights the limitations of this theme. At the
same time, field experience remains limited, and implementation may be limited by sensor
and data integrity, training, algorithm performance and the difficulty in matching control
decisions to existing hydraulic structures. These challenges are critical for sediment-bearing
applications, where such environmental conditions can affect sensor observations, and
decision-making under uncertain operating conditions. On this basis, intelligent control
should currently be considered an exciting complement to sediment-management practice,
rather than a substitute for more traditional approaches to hydraulic and structural
optimization [1, 21, 37, 39].

For the purposes of this review, this is a significant issue because it provides an indication
of future direction. It is not that the future of control is in Al (as a topic), but that the best
potential for the future is in the intersection of Al with hydraulic design, sediment monitoring,
and physics-based control strategy. In other words, the future potential of intelligent control
may be its capacity to bridge what were previously separate areas of study - hydraulics,
sediment monitoring and adaptive system management - to form a more adaptive
optimization framework [1, 2, 21, 37 - 40]. Table 6 presents the main Al and intelligent-
control approaches.
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Table 6. Al and intelligent-control approaches in sediment management and pump operation.

Approach type | Main objective Reported benefit Main limitation Representative
references
Improved
Autonomous | Detect and respond algte(g};n;g?s Limited field-scale
self-cleaning | to sediment-related validation and sensor- [1]
control buildup or clogging management and dependence
reduced blockage
risk
Intelligent Improve hydraulic |Better performance- |Often focused more on
hydraulic performance and oriented hydraulic performance 2]
optimization suppress adverse | optimization under | than direct sediment
algorithms flow effects complex conditions metrics
Machine- Reduce pumping Lower _energy/cost May not fully
. cost and improve and improved . .
learning-based . . incorporate sediment [39]
. operational scheduling . .
scheduling . o variability in real time
responsiveness adaptability
On-line Coqt1nuously Improyed enerey Requires reliable data
. . optimize working efficiency and .
intelligent . . acquisition and control [38]
optimization points or slurry- operational infrastructure
P system operation continuity
Al-asmsted Couple sensing, Potential pathway Still underdeveloped
sediment-control toward adaptive . .
control, and . compared with passive [1,21,37]
system . sediment
. . hydraulic response structural methods
integration management

In summary, the literature reviewed suggests Al and smart controls are not currently the
mainstream method for sediment control, but are an interesting development. Their strength
is in bringing flexibility to the traditionally rigid discipline of hydraulic design. The promise
of this field will depend on its ability to account for the reality of real sediment transport
systems as this field progresses, including the ability to integrate with proven hydraulic
models, sediment-sensitive sensing and the realities of sediment-utilization pumping
applications [1, 2, 21, 37 - 40]

9 Sediment Characteristics and Their Influence on Hydraulic
Efficiency and Erosion

Characteristics of sediment are a pervasive factor in much of the literature. This section has
considered recent research in aspects of hydraulic design, exclusion structures, finite element
analysis and intelligent control but the success of each approach depends on the sediment
characteristic. The sources review consistently points to size, hardness, concentration and,
occasionally, shape and mode of transport as the primary variables affecting both the
hydraulic and erosive context [3, 4, 6, 15, 26, 28, 31, 34, 40].

A common consensus across the literature is that sediment cannot just be considered a
uniform wear load. Larger and/or harder particles are generally more abrasive, particularly
in cases involving turbomachinery, while dense sediment loadings may increase both erosive
contact and hydraulic instabilities. On the other hand, the effects of sediment are not confined
to wear. Sediment properties also affect settling propensity, transport continuity, clogging
propensity, and propensity for exclusion or flushing. This is why many seemingly similar
hydraulic systems respond differently to different sediment conditions [6, 15, 26, 28, 31].
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Figure 1 shows that this problem is particularly relevant to Francis and Pelton turbine
studies, where variations in sediment properties are frequently associated with erosion rates,
vulnerable locations and repair costs. But the same can be said for intakes and pumps. A
system design that is adequate for one set of particle sizes or concentrations, for example,
may not be optimal for another. This makes sediment characterization critical to the water-
power design process, not an optional, peripheral issue [3, 4, 6, 28, 34, 40].

A third key theme is that literature tends to separate individual variables related to
sediment more readily than it describes their interaction. These studies focus on one major
variable, such as particle size or particle hardness, but fewer explore the combined effects of
size, concentration, shape, regional flow and turbulence. This theme is explicitly called out
in the source review as a limitation and an opportunity for research, as these interactions
likely explain much of the spread of erosion predictions and hydraulic-performance effects
observed [6, 28, 31, 34].

In practical terms, this theme explains the difficulty in standardizing design for sediment
problems. Hydraulic and structural measures need to be tailored not just to the geometry and
discharge anticipated, but also for the sediment medium to which it is exposed. This includes
design of intakes, exclusion devices, erosion-protective materials and operational procedures.
In this sense, sediment characterization is not a reference, or compliance, issue; it is a design
variable that affects the choice and effectiveness of optimization solutions [4, 15, 28, 40].

Table 7 summarizes the influence of sediment characteristics.

Table 7. Influence of sediment characteristics on hydraulic behavior and erosion-related outcomes.

Sediment Main mﬂ}lence Hydrau.llc or Typical affected Representative
. e reported in the operational
characteristic . . o e systems/components references
literature implication
Larger particles often | Affects exclusion
increase impact efficiency, Intakes, guide vanes, [6, 15,28, 31
Particle size severity and alter deposition runners, Pelton ’ 3’ 4] T
settling/transport tendency, and components
behavior erosion intensity
Harder particles Raises erosion Francis and Pelton
Hardness intensify abrasive | risk and shortens | turbine components, [3, 6,28, 40]
wear component life pump surfaces
Higher concentration Influences
Sediment increases exposure clogging risk, | Pumps, turbines, intake [6, 15, 28]
concentration frequency and wear rate, and systems T
transport load hydraulic stability
May affect
. Can modify impact | erosion pattern | Turbomachinery and
Pagrlldslz}rli?pe / behavior and abrasive | and movement sediment-control [34, 40]
& Y interaction through hydraulic structures
structures
. . Determines
Interaction of size, .
Combined hardness whether design or
. o protection Entire sediment-prone |[4, 6, 28, 31, 34,
sediment- concentration, and . .
roperty tegime| velocity govems full measures remain hydraulic systems 40]
p transferable across
response sites

In general, published evidence suggests that sediment properties should be viewed as a
governing variable set rather than a background variable set. They have implications ranging
from erosion rates to sediment-control effectiveness and from flow hydraulics to long-term
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repair. So any assessment of the role of hydraulic optimisation for sediment and pump
protection is incomplete without acknowledgment that sediment characteristics are integral
to the variability inherent in design optimisation and protectiveness [3, 4, 6, 15, 26, 28, 31,
34, 40].

10 Discussion and Cross-Study Synthesis

The reviewed papers reveal that hydraulic optimisation for erosion control and pump
protection has grown into a multidimensional discipline rather than a specialist subset of
intake design. This review of the sources indicates that no one class of method works alone.
Hydraulic design modification, sediment exclusion devices, numerical and experimental
analysis, erosion protection and smart control all play different roles in dealing with the
problem of sediment and their effectiveness is closely related to their role within the overall
hydraulic system. This is perhaps the most obvious lesson from the selected studies [1 - 4, 8
- 10, 21, 26, 37].

One very consistent topic among the studies relates to the role of flow organization.
Whether the topic is intake channels, forebays, submerged vanes, guide-vane erosion or
pump self-cleaning, we recurrently come back to the same hydraulic point: sediment
challenges are exacerbated by flow structures that induce recirculation, stagnation, secondary
currents, leakage-driven vortices and unstable trajectories. On the other hand, where
optimisation leads to more uniform flow, suppression of adverse vortices, or diversion of
sediment away from vulnerable components, both sediment control and equipment protection
are improved [8 - 10, 14, 16 - 20, 26, 29]. This consistency provides a hydraulic underpinning
for the field, even across a wide range of applications.

A second general area of consensus is the use of coupled numerical/experimental
methods. The source review consistently profiles the value of combining CFD, multiphase
analysis, physical models and erosion tests. Research combining these approaches tends to
be more compelling because it merges detailed modeling with some degree of physical
reality. This is particularly relevant in sediment-laden flows, where local flow features can
determine sediment deposition or erosion in ways that cannot be easily predicted from first-
order analysis [8, 15, 17, 26 - 29]. In general terms, the paper suggests that the manner of
evaluating an optimization claim is often as important as the outcome.

Nonetheless, the review of source literature also points to areas of disagreement. A
common issue is the apparent lack of universality to design parameters. The optimal vane
angle, the optimal sill size, the optimal baffle shape, or the optimal geometry of a channel,
often varies with the flow and sediment conditions, and the performance criterion selected
for optimization. One study may consider efficient sediment exclusion, another uniform flow,
another the reduction of erosion, and another the reduction of energy [10, 14, 21, 22, 24, 28,
31, 35 - 39]. This means that apparently conflicting results are often attributable to different
goals and constraints, rather than fundamental differences in opinion about how hydraulics
works [10, 14, 21 - 24, 28, 31].

A second factor is scale and transferability. A large portion of studies are convincing in
their local context but less certain elsewhere. The source review explicitly lists that
experimental studies may suffer from scale and controlled setting effects, and that numerical
studies can be heavily influenced by model setup, sediment prescription or quality of
calibration. In this way the ability to distill some local optimisations into design guidelines
can be impeded. Hence, the literature is relatively well populated with local successes but
less so with more systemic rules [8, 9, 15, 21, 26, 29, 37].

The review across studies also reveals a difference in maturity levels between research
topics. Modification of hydraulic designs and sediment-exclusion structures are relatively
mature, have many studies, and may be closer to engineering practice. However, Al-based
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control and integrated adaptive management are still in their infancy. They hold great
promise, especially for variable-sediment environments, but are still emerging in the field
and in integration with conventional hydraulic design [1, 2, 21, 37 - 40]. This skew is
important because it implies that future development of the field will need to link variable
control and advanced control to the already well populated fields of geometric and structural
optimization rather than proceed in parallel.

Collectively, it is most satisfying when sediment reduction and pump protection is viewed
as a hierarchical optimization problem. Upstream geometry affects flow structure; flow
structure affects sediment transport and deposition; sediment transport affects erosion and
pump life; and pump control may also affect each of these under variable conditions. The
literature is strongest when it accounts for these relationships. By contrast, analyses that
concern themselves with any one metric or component of the hydraulic chain tend to offer
local but not global insights [3, 4, 8, 14, 26, 37]. Table 8 synthesizes the main areas of

agreement and divergence.

Table 8. Cross-study synthesis of major areas of agreement, divergence, and interpretation.

Svnthesis theme Broad agreement |Main divergence or| Interpretive | Representative
Y across studies limitation implication references
Improved flow Exact optimal Hydraulic
uniformity and reduced h . mechanism is
Role of flow . configuration varies [8-10,14,16 -
o vortices generally stable even when
organization . by system and . . 20]
support better sediment obicctive design details
control and protection ) differ
Sediment- Vanes, baffles, sills, de :;;EOS?:ECF on Device success is
. and related structures p ongly context-dependent
exclusion . geometry, discharge, [11,12,21 -25]
. often improve local . rather than
effectiveness . and sediment .
sediment management conditions universal
Combined numerical High-fidelity Validation quality
Modeling and and experimental modeling and is central to [8, 15,17, 26 -
validation methods strengthen scaling remain evidentiary 29]
interpretation challenging strength
. Sediment properties Pre.dlctlve . |Protection requires
Erosion uncertainty remains .
. and local flow . . integrated [3, 4,6, 26, 28,
protection in I high for localized .
. conditions jointly hydraulic and 31-36]
turbomachinery . .. | wear and complex . .
govern erosion severity . . material strategies
Interactions
Limited field Emerging theme
Adaptive control shows| deployment and with lgﬁ 1% future
Intelligent control| promise for variable relatively sparse o tentialgbu t lower [1,2,37-40]
sediment conditions comparative P current maturi
evidence ty
. Few studies fully Holistic
System-level .Broad recognition tha.t integrate design, frameworks
L isolated optimization is . ; . [4, 21,37, 39]
optimization insufficient exclusion, erosion, remain a key
and operation unmet need

Overall, the strongest element of the literature is related to the consideration of sediment-
related deterioration of water distribution systems as an integrated systems rather than
component problem. This leads us to the next section, where we present the key unresolved
issues and areas for future research identified in the literature.
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11 Open Challenges and Future Research Directions

Notwithstanding the enormous amount of work highlighted in the above sections, there are
some outstanding issues that hinder scaling up, standardisation and long-term engineering
use. These challenges are identified by the source review explicitly and, when read in
conjunction with the previous thematic sections, they show that the next step in improving
hydraulics will rely not so much on new ideas, but greater integration of design, modeling,
operation and durability. In other words, the discipline is now less limited by the lack of
innovation than the lack of integration across levels of investigation and intervention.

A prime example is the inadequate inclusion of sediment-control features into system
analyses. Many papers report the performance of submerged vanes, baffle columns, sills,
diversion walls or flushing features, but fewer could describe their interaction with the overall
intake system, forebay, pump, or turbine over time. As a consequence, local performance is
better known than accumulated system performance. Consequently, future studies need to
progress from single-device adaptation toward integrated analysis of hydraulic performance,
sediment exclusion and downstream vulnerability, maintenance schedules, and response to
settling and scouring sediments [11, 21 - 25, 37, 39].

A second key issue is long-term verification. We observe in the source review that many
studies are based on laboratory testing, modeling or short-term verification, with far fewer
providing long-term field experience on persistence, maintenance, and system efficacy under
extended sediment exposure. This is particularly critical for artificial intelligence controllers,
protective materials and adjusted hydraulic structures whose ultimate value depends on their
long-term persistency rather than short-term performance gains [1, 21, 30, 35, 37]. In the
absence of long-term field evidence, research is better at providing starts than finishing
demonstrating value.

A further critical research gap is the limited modeling of sediment/turbulence or
sediment/erosion interactions. While mathematical models have advanced by leaps and
bounds, the source review still identifies impracticality in accurately modeling particles,
turbulence, local wear, and three-dimensional erosion. This is important since model
accuracy matters. Therefore future research should focus on developing advanced sediment-
aware modeling approaches with rigorous experimental designs, in particular for challenging
geometries and erosion-prone machines [8, 26, 28, 29, 31].

A second common requirement is standardization. Most geometric optimization studies
produce plausible outputs for specific designs, but design indicators are not standardized
across a range of hydraulic structures. This is also true for performance indicators: some
studies might be optimizing flow uniformity, some vortex suppression, some sediment
exclusion, some energy efficiency, and so on. Researchers should seek to develop more
standardized design indicators and reporting formats so that hydraulic optimization studies
can be better compared [9, 10, 14, 16, 17].

It is also apparent from the literature that sediment characteristics are not being
incorporated effectively into these optimizations. Although most studies identify particle
size, hardness, concentration, and other related properties as important, relatively few have
included multi-parameter investigation of the synergistic effects of sediments. This
constrains predictive uncertainty and makes many findings more site-specific. Accordingly,
it is recommended that future research more specifically consider multi-parameter sediment
environments, preferably through parallel numerical and laboratory studies linking sediment
properties with management and protection strategies [3, 6, 28, 31, 40].

Another issue is the need for greater integration between smart control and traditional
design. Al and scheduling-based approaches are promising, but our source review shows that
they remain still somewhat disconnected from a broader body of work on structural and
hydraulic design optimisation. The challenge is not simply to develop more applications of
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Al but to link control strategies with sediment measurement, state monitoring, and physically
sensible system dynamics. This would take us toward adaptive sediment-monitoring systems
that respond to actual, as opposed to assumed, conditions [1, 2, 37 - 40].

The research is also sparse in economic and environmental assessment. Optimisation
research typically prioritises technical performance and some consider hydraulic
performance, but fewer consider design lifecycle cost, operability, environmental costs, and
sustainability. This is important since implementation in practice depends not just on a plan's
success, but also on its cost and environmental sustainability. The next wave of research
should therefore consider other decision criteria when optimizing sediment management,
rather than as afterthoughts [5, 11, 21]. Table 9 outlines the main challenges and future
research directions.

Table 9. Major open challenges and future research priorities in hydraulic optimization for sediment

reduction and pump protection.

Challenge area C_u rrent.llmltatlon Future research direction Priority| Representative
in the literature level references
System-level Many studies Develop holistic
integration of | optimize devices intake/pump/turbomachinery Hich [11,21 - 25, 37,
sediment-control | locally without full- models incorporating device & 39]
devices system coupling | interaction and cumulative effects
Limited evidence on
Long-term field _durablhty, Conduct exte_nded ﬁe_ld tpals and . [1,21,30, 35,
R maintenance, and long-duration monitoring of High
validation . . 37]
lifecycle optimized systems
effectiveness
Incomplete
Sediment— representation of | Improve high-fidelity multiphase
. . : . [8, 26, 28, 29,
turbulence and | complex particle- | and erosion-aware models with High 31]
erosion modeling|  flow and wear stronger validation
processes
Case-specific
Standardized optimization and | Establish transferable guidelines
. L . . . . . [9, 10, 14, 16,
design criteria inconsistent and common evaluation metrics |Medium 17]
and metrics performance across studies
indicators

Combined effects of

Perform coordinated multi-

sustainability criteria

Integrated size, hardness, arameter studies linking sediment
sediment- | concentration, and |P Stuc £ St High |[[3, 6,28, 31, 40]
property analysis flow remain characterization to optimization
underexplored outcomes
Intelligent control . .
Integration of Al| remains relatively rcn(())l(liill?nsen;gf;ggi?i?:gj?g
with hydraulic | disconnected from jodeling, P . High | [1,2,37-40]
design established hydraulic into interpretable operational
optimization practice frameworks
Technical
Economic and |performance is often| Include cost, feasibility, and
environmental | assessed without environmental impact in Medium| [5, 11, 21]
evaluation lifecycle or optimization frameworks

In all, the papers suggest there is a clear direction for new research: more holistic, more
experimentally validated, more system-level, and better optimized designs. The next wave of
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research should not result in more stand-alone designs or techniques, but should integrate the
design, sediment, erosion protection, operational conditions and life cycle analysis together
into coherent engineering approaches. This is the most frequent message that emerges from
the source review.

12 Conclusion

We have reviewed the literature on hydraulic optimization to reduce sediment and protect
pumps from the interlinked angles of hydraulic design modification, sediment-exclusion
structures, numerical and experimental approaches, turbomachinery erosion, smart control,
and sediment characteristics. Overall, the papers investigated indicate that the effects of
sediment-related deterioration are not a one-parameter process but are related to water
supply, pump mechanics and operation. Perhaps the most consistently apparent finding is
that the key to sediment control involves establishing flow structure control prior to heavy
sediment deposition or erosive interaction. In this context, optimization of hydraulics is most
effective when it enhances velocity distribution, suppresses detrimental vortices, decreases
zones with the potential for deposition, and limits the exposure of particles in sensitive zones.

This review also shows that at the moment, the most developed and most immediately
relevant aspects of the field are those dealing with hydraulic design optimization and
sediment-exclusion structures. Over the years, geometric modifications of pump intake
channels, forebays and pump-proximal regions, combined with the application of submerged
vanes, baffles, rectification structures and flushing structures, have repeatedly resulted in
enhanced flow structure and sediment control. But, according to the review, such measures
are seldom universal optimal solutions. They vary for local flow conditions, sediment regime,
design goal, and level of validation.

The second conclusion is that the empirical field strength is built upon the numerical-
experimental approach. CFD, multiphase flow and erosion prediction methods have
substantially increased the capacity to identify flow-related issues and assess design
alternatives, while physical models and experimental methods continue to be vital in
validation and engineering practice. The best work in this field is thus not that which uses
any one approach in isolation, but that which integrates predictive and experimental evidence.

Finally, the review demonstrates that erosion in pumps and turbomachinery is best
explained as the result of a complex interaction between sediment properties, local flow, and
component geometry. This is why protection is never achieved solely via coatings, resistant
materials or even hydraulic redesign. Instead, the literature favours multi-facetted approaches
to protection that integrate sediment management, control of the local flow, component
design and operational changes.

Intelligent-control and artificial intelligence strategies show great potential. They bring
dynamism into a domain long rooted in static-hydraulic design and as such, have potential
value as a component of sediment-prone systems under variable conditions. But the current
level of maturity, in terms of field testing and compatibility with existing hydraulic structures,
is not as strong as for structural and geometric optimization.

In aggregate, our review suggests a general consensus: system-level layers are a better
way to approach the problems of sediment reduction and pump protection, rather than
isolated design elements. Upstream geometry, sediment reduction structures, modeling,
erosion control, and adaptive management are not independent layers. Accordingly, the next
stage of development will rely on more holistic, more standardized and more validated
approaches to link these layers from an engineer's perspective. This is the best way to ensure
robust, efficient, and sustainable design for hydraulic systems in environments with
sediment.
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