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1. INTRODUCTION
The Panama Canal Third Sets of Locks were constructed for the Panama Canal Authority (ACP) under a design-build contract awarded in August 2009 to the consortium Grupo Unidos por el Canal (GUPC). The design was prepared by CICP Consultores Internacionales, a design JV led by Stantec (formerly MWH Global). 
Each lock facility consists of three lock chambers separated by a pair of rolling gates housed in four lockheads. Vessels move in three steps from ocean to Gatun Lake level and Gatun to ocean level. Each chamber has three lateral Water Saving Basins (WSB) to temporarily store water when lowering the chamber water level, and supply water when increasing the chamber water level. This process recycles up to 60% of the water in each operation, reducing the water consumption of the lock system.
The Filling and Emptying (F-E) System consists of the main and secondary culverts, valves, conduits and water saving basins. Culverts are connected hydraulically with the chambers through ports. WSBs are connected hydraulically with the culverts through conduits (Figure 1). The main design objectives were to minimize the F-E times to maximize vessel-throughput capacity of the system, minimize water slopes and hawser forces in the chambers, minimize the overall use of fresh lake water, and to achieve a balanced and safe process. To achieve these objectives, the F-E system was designed and constructed as symmetrical as possible.
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[bookmark: _Ref508368811]Figure 1 – Project Plan and View of Atlantic Locks
The single lane of locks is also designed for high availability and reliability, and is able to operate 24 hours a day, every day of the year, while achieving a 99.6% level of availability. The F-E system is one of the critical systems necessary to meet this requirement. As a result, the system has been provided with redundant components such as culverts, conduits, valves, and operating systems. The high level of redundancy allows the canal to be operated using multiple lock configurations to make them available during maintenance or inspection operations, while maintaining the required operational safety and efficiency criteria.
1. DESIGN PROCESS
After years of studies and development, ACP submitted their Master Plan in 2005, which included the expansion program to double its capacity. ACP’s conceptual design was developed by the “Post-Panamax” consultant consortium from 2006 to 2008. In 2008, CICP prepared the tender level design for GUPC during the bidding process. The proposals were presented in March 2009 and the contract was awarded in August 2009.
After developing a robust and comprehensive design methodology that included numerical and physical hydraulic modeling (See scheme in Figure 2), ACP approved the hydraulic final design of the F-E System in 2011. A 1:30 scale physical model was built by the Laboratory of the Compagnie Nationale du Rhône in Lyon while the numerical model studies were performed by CICP’s team in Buenos Aires. The set of numerical models included a 1D (section averaged) numerical model of the entire F-E system, a 2D (vertically integrated) numerical model of the chambers, a 0D (volume integrated) numerical model of the locks system and 3D numerical models of the F-E system components. The process was initiated with the definition of the “Intermediate Design” using only numerical modeling. The final design was validated with the interaction of the numerical and physical model results. This approach minimized the time required to accomplish the validation of the final design’s hydraulic performance of the F-E System.[bookmark: _Ref508368903]Figure 2 – Set of models

The results and understanding of the dynamics of the F-E system served as the basis for the development of the Lock Machinery Control System software for lockage operations. All lock operations and equalization scenarios considering chamber configurations, use of gates, lockage sequences, turnaround, initial conditions and the use of valves under various operating conditions including different maintenance or abnormal situations were developed, defined and documented using Functional Requirement Diagrams. The Functional Requirement Diagrams were coded and implemented by the control system integrator.

1. COMMISSIONING
A prototype measurement plan was developed as part of the commissioning activities of the new facilities in order to demonstrate compliance with all of the stringent Employer’s Requirements for system performance. The requirements included maximum allowable filling and emptying times, maximum allowable water surface slopes in the locks, maximum allowable flow velocities in the conduits, and a required minimum water saving rate. Other limiting hydraulic parameters included no cavitation, no air entrapment, no water hammer, and limited currents in the lock approach channels. 
To demonstrate the fulfillment of all the requirements, instruments to measure pressures, flows, water levels and surface velocities were installed at both sites, in addition to the permanent process measuring devises of the locks. Figure 3 presents a plan view of the type and position of the instruments.
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[bookmark: _Ref508368863]Figure 3 – Prototype measuring plan
During Start-up and Performance Tests of the F-E System, measurements were performed. The initial tests were used to calibrate a simplified 1D model developed to reproduce the main variables of the F-E system. It was used to calculate the required valve operational schedules for all identified possible scenarios. With the collected data, the valve operations were defined, optimizing the operational times and fulfilling all the stringent Employer’s Requirements. The final Performance Tests were carried out at the end of May 2016 where all variables involved were measured and presented for validation of the F-E system performance. 
[bookmark: _GoBack]The commissioning process demonstrated that the performance of the system complied with the Employer’s Requirements (ER). The observed F-E times were faster than expected. Velocities in the system were as expected, not exceeding 8 m/s. No air entrapment was observed during operation at Culvert and WSBs Intakes and the design sill elevations of the valves structures were appropriate. In addition, expected approach channels surface velocity were measured, the water saving rates were as expected and the measured longitudinal water slopes met the employer’s requirements for different types of operations.
The main finding related to the F-E system performance was related to F-E times. The locks performed with lower head losses, resulting in shorter operational times than the expected from the Design phase, even with the scale effects correction developed with the interaction of the physical and numerical models. During the tests, the observed F-E times were approximately 10% to 15% shorter than the observed during the 1:30 scale Physical Model studies. In addition, they were approximately 5% smaller than the expected after the scale effects correction using numerical modelling. 
The ER stated maximum allowable times for the F-E system operations, taking into account the addition of the hydraulics times of the involved operations in one transit as a function of the total lift between the Lake and the Ocean called “Not-to-Exceed Times” (NTETs). These times were defined in the ER for each site, for the two transit directions and with and without the use of WSBs. Penalties would have been applied for not meeting the specified values.
Two of the eight contractual cases that correspond to the NTETs for an Uplockage in the Pacific Locks with the use of WSBs (Case 1) and without the use of WSBs (Case 5) are shown in Figure 4. The figures present the Employer’s Requirements NTETs, the times based on Physical model measurements, the expected times after scale effects corrections with numerical modelling, and the value measured during the Performance test on site. It is noticeable that the system performed slightly faster than the expected.
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[bookmark: _Ref508360104]Figure 4 – Not-to-Exceed Times for Uplockage in the Pacific Locks with the use of WSBs (Case 1) and without the use of WSBs (Case 5)
Water surface measurements were carried out during Performance tests for the evaluation of the expected hawser forces, using the six water level sensors installed in both locks complex as shown in Figure 5. Measured longitudinal water slopes met the employer’s requirements for different types of operations fulfilling maximum allowable longitudinal slopes of 0.14 o/oo. 
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[bookmark: _Ref508373906][bookmark: _Ref508373903]Figure 5 – Water level measurement devises for water slopes
The measurements were difficult to perform because they were affected by uncontrollable environmental factors and chamber conditions created by different salinity content, residual oscillations and density currents from recent rolling gates operations. Due to high uncertainty in the measurements, the transversal slopes results were inconclusive.
In all cases, the order of magnitude of the maximum observed longitudinal slopes was as expected by previous numerical and physical model results. However, the pattern of the water surface slope oscillations was not in complete coincidence. The differences in salinity between the inflow and chamber water resulted in surface slopes that did not accurately represent the difference in hydrostatic forces between the two ends of the chamber. The actual water surface slopes patterns in the lock chambers were different than the Physical model tests that were performed using only fresh water. 
As an example of the longitudinal slopes, Figure 6 presents the longitudinal water surface slope measured in the Pacific Locks during an emptying operation of the chamber in comparison to a similar test carried out in the physical model during the design process. In this particular test, because site conditions related to previous operations, the salinity content of the Lower Chamber was reduced and the dynamics of the water surface slopes tend to be similar to those observed in the Physical Model studies.
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[bookmark: _Ref508368953]Figure 6 – Compared slopes measurements – Lower Chamber Emptying
Water slopes measurements results were presented to ACP prior to the start of the navigational tests of a Neopanamax vessel in the Atlantic Locks June 9, 2016. 
In conclusion, the overall results validated the design process and performance values for the safe operation of the locks. Commercial operations of the new locks started June 26, 2016. To date, more than three-thousand Neopanamax transits have been completed in the new locks.
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