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1. Introduction

The field of hydraulic engineering is at a critical point, especially within Colombia's geomorphological and hydrological environment. The traditional deterministic frameworks that have guided the design of hydraulic infrastructure and the management of surface water resources are becoming less effective due to rapid climate variability and environmental degradation. Climate change is not only altering average conditions but also intensifying extremes: stronger storm surges, more unpredictable rainfall patterns, and increased turbulence in coastal and river systems.1 These changes directly threaten the stability of hydraulic structures and machinery, as well as the ecological resilience of ecosystems such as mangroves, marshes, and coastlines.2,3 Therefore, this initiative aims to develop a research, teaching, and extension agenda focused on 1) managing hydraulic infrastructure and its vulnerability, 2) hydrodynamics of surface bodies like river systems and coastal environments, and 3) development of advanced experimental techniques, all viewed through the lenses of sustainability and resilience.

1.1 The Colombian Context

The country has vast hydrological resources that support its energy system and biodiversity.4  However, this abundance coexists with high vulnerability. The Magdalena River basin experiences significant hydrological changes due to climate change, with projections under Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios showing increased flooding and discharge variability that threaten food security and infrastructure.1  At the same time, coastal areas are rapidly losing natural defenses. Mangroves on the Pacific coast serve as the primary shield against coastal erosion and storm surges and are vital for carbon sequestration.5  Yet, human activities such as deforestation and illegal mining, along with rising sea levels, have caused about a 14% loss of Colombia's mangrove cover over the past forty years.6 This loss worsens coastal communities' vulnerability to hydrodynamic extremes, requiring a robust engineering approach to understand how these ecosystems act as natural hydraulic barriers and how they can be restored or mimicked through bio-inspired design.7,8

Considering the challenges above, my main goal is to develop a knowledge base and train the next generation of Colombian engineers in advanced diagnostic and predictive tools. These tools will help understand the physics of turbulence in sediment-rich tropical waters, enhance hydropower production while protecting the environment, and build resilient infrastructure capable of withstanding natural hydrodynamic forces.

1.2. Theoretical Justification

To address the multifaceted challenges of climate change, it is essential to interrogate the limitations of current hydraulic engineering methodologies.9 Historic approaches have relied on time-averaged parameters, assuming that the fluctuating components of flow (i.e., turbulence) can be adequately represented by closure models or empirical coefficients.10,11 However, the environmental sustainability of both biological and engineered structures depends on the instantaneous and intermittent forces that traditional models smooth over.12,13

In classic hydraulics, the Reynolds decomposition (RANS) separates flow variables into a mean component and a fluctuating component. While this simplifies the Navier-Stokes equations into the RANS equations, it inherently discards the temporal evolution of turbulent structures.14,15 For many environmental problems, the average flow is irrelevant compared to the extremes. For instance, sediment transport in rivers is not a continuous function of average shear stress; rather, it is driven by intermittent bursting events (i.e., sweeps and ejections) within the turbulent boundary layer.16 These coherent structures can generate instantaneous shear stresses significantly higher than the mean, initiating erosion and scouring processes that RANS models fail to predict.17

1.3 Technological Approximations for Complexity

The proposed framework for research, teaching, and extension advocates adopting methodologies that prioritize resolving temporal and spatial intermittency through: 

1) Experimental Rigor: utilizing non-intrusive optical measurement techniques (Particle Image Velocimetry, Space-Time Image Velocimetry, Laser Induced Fluorescence) to capture high-resolution temporal and spatial data in complex, often sediment-rich environments.18-21

2) Computational Fidelity: shifting from RANS to Large Eddy Simulation (LES) and hybrid RANS-LES methods to explicitly solve for the large-scale turbulent structures that dominate mass and momentum transport.22,23

2. Research lines and Proposed Research Projects in the short term

This proposal outlines three synergistic research thrusts: (1) sustainability of hydraulic infrastructure, focusing on the mitigation of cavitation and erosion in high-head systems; (2) hydrodynamics of surface water facing climate change, targeting the unique behaviors of Andean rivers, wetlands, and coastal mangrove defenses; and (3) advanced experimental techniques, specifically the development of pressure field reconstruction algorithms to visualize invisible stress fields in turbulent flows.

2.1 Thrust 1: Sustainability of hydraulic infrastructure

The reliability of Colombia's hydraulic infrastructure is essential to the country's economic stability, especially given its heavy dependence on hydropower and the need for flood-control structures in its densely populated river valleys.24 Nevertheless, the operating conditions for these structures are becoming more challenging. Aging concrete facilities frequently experience flow conditions that exceed their original design limits, driven by hydrological extremes linked to climate variability.25,26 A key, recurring failure mode in these high-velocity systems is cavitation erosion.27 

Objectives

This thrust aims to move beyond empirical safety factors and develop a physics-based framework for predicting and mitigating cavitation damage in Colombian infrastructure. The specific research objectives are:

· High-Fidelity characterization of cavitation Inception: conduct physical model studies of spillway chutes and energy dissipators to map the instantaneous pressure fields associated with surface irregularities. The goal is to quantify the probability density functions (PDFs) of pressure fluctuations in the boundary layer and correlate them with cavitation inception indices.28 
· Numerical detection of erosion risk: implement advanced Computational Fluid Dynamics (CFD) models, specifically Large Eddy Simulation (LES), to simulate flow through complex geometries such as the Hidroituango diversion tunnels. By coupling the flow solver with cavitation transport equations (e.g., Schnerr-Sauer model), we aim to identify zones of potential erosion that are invisible to traditional RANS-based approaches.29

Supporting prior experience: my research includes PI-led work on pressure field reconstruction from PIV data, directly supporting non-intrusive cavitation analysis. Additionally, my postdoctoral work at Johns Hopkins focused on complex multiphase flows and cavitation-relevant diagnostics,30,31 while my graduate training at Cornell centered on hydrodynamic modeling and fluid–structure interaction in hydraulic systems.20,32 The integration of my experimental background in high-speed multiphase flows with my practical experience in hydraulic laboratory management provides a robust foundation for addressing the critical sustainability challenges of Colombia's hydraulic infrastructure.

2.2 Thrust 2: Hydrodynamics of surface water facing climate change

Colombia’s hydrology is defined by extreme spatial variability, from the steep, high-energy rivers of the Andes to the extensive, low-gradient wetlands of the Caribbean plains.33 Climate change is amplifying the hydrological cycle, leading to more frequent and intense El Niño and La Niña events. This thrust addresses the hydrodynamics of three critical interconnected systems: Andean rivers, the La Mojana region, and coastal mangrove ecosystems.34,35

Objectives

This thrust seeks to advance the predictive capability for these systems through the following objectives:
· Non-Contact River Monitoring: Deploy and validate Space-Time Image Velocimetry (STIV) and Large-Scale PIV (LSPIV) techniques on Andean rivers, such as the Sinu River, to quantify variability patterns caused by extreme weather events. We will use land-based and drone-based thermal infrared imagery (IR-QIV) to measure surface velocities and turbulence during high-flow conditions, overcoming the limitations of visible-light methods.36 
· Mangrove FSI Analysis: Study the hydrodynamics of mangrove root ecosystems impacted by deforestation using field measurements with STIV. We will calculate the drag coefficients and wave transmission factors for ecosystems along the Colombian Pacific coast, providing data to support the development of coastal protection models.37,38

Supporting prior experience: my Ph.D. work at Cornell established a solid foundation in fluid–structure interaction relevant to mangrove hydrodynamics.20 I have also led field-based experimental programs using advanced optical diagnostics in challenging environments, experience directly transferable to river measurements. My postdoctoral training in high-resolution imaging underpins advanced particle tracking and sediment transport validation,31 while my work experience at Javeriana, engaging with communities in the Pacific, ensures that this research is grounded in community engagement and practical implementation.

2.3 Thrust 3: experimental techniques - pressure reconstruction

In fluid dynamics, pressure is the driving force of motion, yet it remains one of the most difficult variables to measure experimentally. Traditional methods using pressure transducers are intrusive; they disturb the flow field and provide data only at discrete points along a boundary. Pressure reconstruction from the Poisson equation is an alternative; however, the uncertainty is yet to be fully quantified.27

Objective

· Uncertainty Quantification (UQ): We will establish a rigorous UQ framework for pressure reconstruction. By modeling the reconstruction process as a linear transformation, we can propagate the uncertainty of individual velocity vectors to determine the confidence intervals of the reconstructed pressure field. This is essential for validating the safety of hydraulic structures.39

Supporting prior experience: my postdoctoral work at Johns Hopkins under Prof. Joseph Katz40 provided direct experience with pioneering PIV-based pressure reconstruction methods. I also bring deep mastery of high-speed imaging for resolving complex multiphase flows,20 along with experience integrating experimental data with high-fidelity computational approaches such as LES.

3. Methodologies: Experimental Fluid Mechanics (EFM)

To validate complex theoretical models and understand the physical reality of hydraulic infrastructure and the hydrodynamics of Colombian ecosystems, this proposal emphasizes the development of the University’s capabilities in advanced EFM. The shift from point-measurement devices (like Acoustic Doppler Velocimeters) to field and planar imaging techniques is crucial for capturing the spatial heterogeneity of flows.

3.1 Particle image velocimetry (PIV)

Particle image velocimetry (PIV) serves as the cornerstone of the proposed experimental laboratory. PIV is a non-intrusive optical technique that measures instantaneous velocity fields by tracking the displacement of tracer particles illuminated by a laser sheet.19 I have extensive experience in PIV during my time at Cornell University and Johns Hopkins University, where I developed and implemented these methods in the DeFrees Hydraulic Laboratory and the Laboratory for Experimental Fluid Mechanics. 

3.2 Space-time image velocimetry (STIV): remote sensing for tropical rivers

While PIV is ideal for the laboratory, the monitoring of large, sediment-laden Colombian rivers requires techniques that do not endanger equipment or personnel. Space-Time Image Velocimetry (STIV) utilizes video footage, often captured by drones or consumer-grade cameras, to estimate surface velocity.36 The use of STIV is particularly advantageous for measuring flows during extreme flood events when installing in-situ sensors is impossible. By analyzing the "Space-Time Image" (STI) generated from a search line in the video, the slope of the texture patterns directly correlates with velocity. This technology enables the creation of real-time, non-contact gauging stations for flood early warning systems in vulnerable basins. I have worked extensively on developing this technology during my time at Universidad Javeriana, especially at the beginning of the year, when I conducted a field experiment as a pilot test of STIV in mangrove ecosystems on the Pacific coast of Colombia, in collaboration with Cornell University. 

3.3. Computational Fluid Dynamics (CFD)

While experiments provide ground truth, CFD offers the predictive capability needed for engineering design. This proposal argues for moving beyond steady RANS toward transient, scale-resolving approaches such as LES and hybrid RANS–LES, which are better suited for complex, high-Reynolds-number flows. I bring hands-on experience with LES from research at Johns Hopkins (LES of prolate spheroids) and Universidad Javeriana (on LES of inhalation and exhalation events) and plan to progressively integrate these computational methods into my teaching, research, and outreach activities.

4. Funding

My funding strategy will follow a staged approach, starting with early-career and seed grants to build preliminary results and research capacity, then moving towards larger national and international awards. In the short term, I will focus on UNAL internal research funds and regional sources such as Gobernaciones and CARs for applied studies on rivers, sediment transport, and hydraulic infrastructure. These initial projects will support pilot field measurements and laboratory upgrades, positioning the group to compete for larger grants from MinCiencias. Simultaneously, I will seek industry-funded research and contracts related to spillways, sediment management, eco-hydraulics, and infrastructure resilience. In the long run, I will leverage this portfolio to compete for major international funding, including Horizon Europe (through Colombian–European alliances), multilaterals, and trust funds, aiming to position hydraulics and hydrodynamics research in Colombia within the global climate adaptation, water security, and sustainable infrastructure agenda.

5. Teaching Statement

My teaching philosophy emphasizes learning through the integration of fundamental principles and real-world application. I use experimental demonstrations and case studies to develop students’ critical thinking, problem-solving skills, and intellectual independence, particularly in sustainability-focused contexts. At UNAL, I aim to connect core engineering sciences with Colombia’s practical sustainability challenges, fostering contextual understanding, critical evaluation of trade-offs, and student-led inquiry to prepare socially responsible and effective engineering leaders.

5.1 Contribution to the UNAL’s Curriculum

My interdisciplinary training in fluid mechanics, hydraulics, process modeling, and sustainable systems design enables me to contribute broadly to the School of Engineering's curriculum. I am prepared and enthusiastic to teach a range of existing courses at both the undergraduate and graduate levels.

Potential Undergraduate Courses:
· I am well-suited to teach core courses such as Mecanica de fluidos, Hidráulica Básica, Estructuras Hidraulicas, Acueductos, Alcantarillados. If the opportunity arises, I can also teach Principios de mecánica de Fluidos, and Métodos Numéricos in the Mechanical Engineering Department.

Potential Graduate Courses
· I would be honored to contribute to the Master and Doctoral programs by teaching foundational courses like hidráulica aplicada, hidráulica fluivial, ingeniería de ríos, and modelación física y matemática en hidráulica. 
· I am eager to mentor doctoral students in Civil, Mechanical, and Chemical Engineering and to offer advanced seminars within the programs, directly aligning with my research agenda.

Proposed New Course

To further strengthen UNAL’s leadership in hydraulics and hydrodynamics, I propose developing a new, hands-on course for advanced undergraduate and graduate students titled Experimental Fluid Mechanics Methods. This course would directly equip students with the practical skills to generate the data for robust, science-based assessments, focusing on Experimental Techniques for fluid mechanics, hydraulics, and hydrodynamics, including theory and practice in Particle Image Velocimetry and in refractive-index-matched facilities.

The course would be project-based and cover three core modules:

1. Field and Remote Data Collection: Students will learn techniques for environmental sampling (air, water, soil), the deployment and calibration of low-cost sensor networks, and the use of publicly available datasets from remote sensing and monitoring programs.
2. Advanced Experimental Methods for Process Characterization: This module will leverage my expertise in advanced flow diagnostics (e.g., Particle Image Velocimetry, holography), framing these laboratory techniques as high-precision tools for quantifying pollutant transport, characterizing emissions, and optimizing industrial processes for resource efficiency.
3. Data Analysis and Visualization: Students will learn to apply statistical and higher-order methods to analyze environmental data, develop simple predictive models, and use visualization tools to effectively communicate their findings to both technical and non-technical audiences.

This course would provide a critical bridge between theoretical knowledge and professional practice, empowering students from Engineering to conduct rigorous, data-driven sustainability assessments.

5.2 Mentoring and Student Development

Mentorship is a cornerstone of my academic commitment. I plan to build a dynamic and inclusive research group that actively involves undergraduate and graduate students in my research thrusts. I will also leverage my international network to create a pipeline of opportunities for UNAL students, facilitating internships and collaborations that expose them to diverse research environments and mentoring styles, preparing them for global careers. 

6. Extension, Outreach, and Knowledge Transfer Statement

Philosophy

My goal is to bridge the gap between traditional hydraulics and the urgent needs of surface water ecosystems by applying advanced technological solutions to real-world problems. This approach ensures that scientific inquiry is not just an academic exercise but a tool for sustainable transformation, directly informing public policy, industrial efficiency, and community resilience in the face of climate change.

6.1 Consulting and Industry Collaboration

My professional trajectory is defined by high-impact involvement in the energy, water, and environmental sectors. At UNAL, I will lead an industry collaboration program centered on the Hydrodynamics of Ecosystems and Classic Hydraulic Infrastructures, fostering new partnerships in emerging areas.

Target Markets and Strategic Partners:
· Hydropower and Energy Transition: I will strengthen current collaborations with EPM and ISAGEN to address sediment-related wear in Pelton and Francis turbines, particularly at the San Carlos and Chivor plants. Additionally, I propose new partnerships focused on fluid-structure interaction and hydrodynamic modeling of hydraulic infrastructure.
· River and Coastal Management: I will seek partnerships with Cormagdalena and INVEMAR to monitor sediment plumes in the Magdalena River and coastal erosion. My expertise in STIV and LES can provide high-resolution data needed to optimize navigability while protecting coastal ecosystems, such as mangroves.

Service Offerings:
· Eco-Hydraulic Optimization: Providing advanced CFD and LES modeling to design "fish-friendly" turbomachinery and bio-inspired coastal defenses that minimize ecological disruption.
· Disaster Risk Assessment: Offering high-fidelity predictive models for scour and erosion in critical infrastructure (e.g., bridges and dikes like La Mojana), resolving the intermittency of turbulence that traditional studies often neglect.

6.2 Solidarity Extension and Community Engagement

In line with the UNAL mandate to contribute to the welfare of vulnerable populations, my work will focus on the territorialization of knowledge.

· Coastal Resilience in Vulnerable Basins: I will partner with the Regional Autonomous Corporation of Cauca (CRC) and Valle del Cauca (CVC), and local communities in the Pacific to restore mangroves as natural hydraulic barriers against storm surges, using FSI models to maximize the efficiency of restoration efforts. 
· Public Policy Support: By translating complex hydrodynamic findings into accessible data for the National Unit for Disaster Risk Management (Fondo Todos Somos PAZcifico), I will advocate for infrastructure designs that are resilient to the non-linear effects of climate change.

6.3 Knowledge dissemination 

I will pursue an active dissemination strategy to ensure high scientific visibility and alignment with international standards. My work on fundamental fluid physics will be shared at venues such as the APS Division of Fluid Dynamics Meeting, while applied hydraulic and eco-hydraulic research will be presented at forums including IAHR, IWA, and regional hydraulics congresses. I will also engage with Colombia’s technical community through national seminars and professional associations, and expand outreach to specialized international meetings on fluid–structure interaction and environmental hydraulics.
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