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| Introduction

The Panama Canal Authority (ACP) is developing a long-range master plan to augment the
capacity of the Panama Canal and it’s capability to transit vessels. To that purpose ACP has
undertaken a study to evaluate the feasibility of constructing facilities and features to
provide additional sources of water supply and associated hydropower generation, new sets
of locks, alternate systems for raising / lowering vessels, channel improvements and
maritime infrastructure. The study is designed to help the Canal meet future traffic demands
and customer service needs and to continue providing efficient and competitive service for
the next fifty years and beyond.

The available water resources for Canal operations have been analysed by the Canal
Capacity Projects Division and several new water supply projects with potential for
providing water for long-term Canal operation demands (including new locks) and for
increased municipal and industrial needs have been identified. The Canal Capacity Projects
Division has consequently initiated the conceptual development of new locks that would
service Post-Panamax vessels. The tentative size of proposed Post-Panamax locks is 61 m
wide by 457 m long by 18.3 m deep, which is significantly larger than the existing
Panamax-size locks that measure 33.5 m wide by 305 m long by 13 m deep.

The proposed Post-Panamax locks could have several design configurations, ranging from a
single-lift system to a three-lift system. It is expected that the new lock configuration and
the number of lifts effect the transmission of salt sea water through the lock system to Gatun
Lake and Miraflores Lake, and that the new locks will require a greater quantity of fresh
water for Canal operation. In view of the latter the use of lateral water saving basins is
considered.

The issue of possible salt water intrusion into Gatun Lake caused by the operation of the
existing locks and proposed Post-Panamax locks is a very important environmental concern
and will play a serious role in the evaluation of proposed Post-Panamax locks. The
evaluation requires a comprehensive understanding of salt water intrusion through the lock
operations and use of water saving basins. New tools are needed to perform an analysis of
the physical and operational processes involved.

Autoridad del Canal de Panama (ACP) has awarded WL | Delft Hydraulics the contract for
‘Saltwater Intrusion Analysis for the Existing and Proposed Post-Panamax Locks at the
Panama Canal’ (contract SAA-74337). The formal Notice to Proceed, dated 18 October
2001, was received by fax on 19 October 2001.

The objectives of the services of WL | Delft Hydraulics were to analyse the salt water
intrusion for the existing and proposed Post-Panamax locks and to develop the required
tools. To that purpose the services included:

- review of present canal operation and data on salt water intrusion in the existing
situation
- collection of field data on salt water intrusion, both in the wet and dry season
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- numerical modelling, validation and analysis of salt water intrusion for the existing
situation

- numerical modelling and analysis of salt water intrusion for three-lift and single-lift
configurations of proposed Post-Panamax locks

In addition, the services included:

- development of specifications for further testing of salt water intrusion using physical
scale models of the proposed locks and water saving basins

The contract was extended January 2003; the objective of this extension was:

- numerical modelling and analysis of salt water intrusion for two-lift configuration of
proposed Post-Panamax locks

The present report presents the results of the salt water intrusion analysis for the future
situation with new, third shipping lane and Post-Panamax locks. The first part of the report
describes and compares the salt water intrusion for the three configurations of Post-Panamax
locks, that was studied under the present contract. Comments of ACP to earlier draft reports,
mainly on the set up of the salt water intrusion simulation model and the use of salt
exchange coefficients in this model, are treated here and further explained. The next three
parts of the report, indicated as Report B, Report C and Report D, present the numerical
model and the results of salt water intrusion simulations for each of these three configu-
rations of Post-Panamax locks separately. These reports can be read independently; each of
them contains full information on the numerical simulation model for the specific lock
configuration.

Report A, dated June 2003, presents the results of the salt water intrusion analysis for the
existing situation, including a review of the present canal operation, a review of available
data on salt intrusion in the existing situation, the collection of field data on salinity levels in
the canal area in wet and dry season, the development of the numerical simulation model,
and the analysis of salt water intrusion in the existing situation. It contains also specifica-
tions for further testing of salt water intrusion through the locks on the canal using physical
scale models.
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2 Salt water intrusion Post-Panamax Locks

In this chapter we present a comparison of 1-lift, 2-lift and 3-lift lock configurations of Post-
Panamax Locks on the subject of salt water intrusion and fresh water needs. The numerical
model that was developed to simulate the salt water intrusion, is explained in Reports B, C
and D for each of the lock configurations. However, we have noticed from comments of
ACP at draft reports, that the set up of the model and, in particular, the function of forebays
and tailbays requires some more explanation. Also the use of salt exchange coefficients and
the selected values of exchange coefficients require more explanation. We therefore start
with a discussion on modelling aspects of the salt water intrusion simulation model and will
than continu with a comparison of results for 1-lift, 2-lift and 3-lift locks, also in relation to
the existing situation.

2.1 Simulation model for salt water intrusion

2.1.1 Purpose of the simulation model

The simulation model has been set up for the purpose of prediction the salt water load on
Miraflores Lake and Gatun Lake after the new, third shipping lane of the Panama Canal has
been realized and new, bigger Post-Panamax Locks have been constructed and have come
into operation. This model offers the possibility to compare the salt intrusion effects of
various designs of Post-Panamax Locks, with or without water saving basins, for various
water supply scenarios, and to compare the future situation with the existing situation. It is
thus a tool for decision makers to get insight in the possible environmental effects of the
future Post-Panamax Locks, both in terms of salt water intrusion and additional fresh water
needs.

The simulation model is not aimed, and also not capable, to predict the time dependent
dissemination of salt water in Miraflores Lake, Gaillard Cut and Gatun Lake. To that
purpose a full three-dimensional (3d) flow model is required, that is also capable to compute
the flows driven by density-differences. The salt water load caused by the operation of
existing and Post-Panamax Locks and computed in the present study, may serve as input for
such a 3d-model. Other input needed in the 3d-flow computation concerns the inflow of
fresh water from rivers which discharge into the lakes (including direct effects of rainfall in
the lakes and evaporation), the outflow of water through Gatun power station and spillway,
Miraflores cooling water offtake and spillway, drinking water pumping stations, and locks
on the existing and new shipping lanes. The 3d-model requires the modelling of the
bathymetry of the lakes and Gaillard Cut. The effects of the sailing ships (caused by screw
race and return currents, in particular in Gaillard Cut) and wind should be taken into
account.

The computations with the 3d-model should be done for a long period of time, taking into
account the seasonal variations of lake water levels and water spillages, time dependent salt
water loads and developments in ship traffic intensities. It requires huge modelling and
computational efforts. However, further schematized 3d flow computations are possible, for
example for Gaillard Cut only, to get an impression of possible salinity levels in the neigh-
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bourhood of the drinking water inlet near Paraiso. These computations can be done taking
the salt water loads computed with the salt water intrusion simulation model, as input. ACP
is advised to consider the execution of 3d density flow computations after a configuration of
Post-Panamax Locks has been selected for a further development and design.

2.1.2 Design of the simulation model and function of forebays and tailbays

Essentially, the simulation model consists of a number of separate basins (lock chambers,
water saving basins, forebays and tailbays of locks, lakes and sea entrances), each having a
certain water level, water volume and salt concentration, which are mutually connected.
When a ship sails from ocean to ocean it passes the various basins, causing a net transport of
water from lakes to oceans and a migration of salt water from basin to basin. Water transport
and salt transport are evaluated after each step of the uplockage or downlockage process.
Water from the lakes goes stepwise down during uplockage and downlockage of ships,
mixing up with the water in the lower locks during filling. When water saving basins are in
use water from a lock chamber is temporarily stored during levelling down, together with a
part of the salt content of the lock chamber, and returned into the lock chamber during
levelling up. When lock gates are open and a ship moves in or out, the ship’s volume is
exchanged and density flows occur between basins with different densities; these are the
causes that salt water moves from lower basins to higher basins.

The salt concentration (the quantity of dissolved salts in ppt) of a basin is defined in the
simulation model as a volume-averaged salt concentration. The salt content of a basin can
thus be computed as the product of water volume and concentration. In reality the salt
concentration varies in vertical and horizontal direction; salt layers and internal waves occur
near the bottom of basins, but in lock chambers salt water layers are also mixed up with the
upper water body during filling. Many other factors influence the actual, time dependent
distribution of salt in the various basins.

The process of salt water intrusion through the locks can only partly, in a schematized way
for single steps of the lockage process, be modelled with a 3d-flow model. These computa-
tions help to understand the hydraulic processes and provide also a quantitative estimate of
the salt exchange between basins in the various steps of the lockage process. To that purpose
we have used our Delft3D flow model.

The use of a 3d model for the study of salt water intrusion is also not possible in view of the
long computation times; the run time on a fast PC is already several hours for only one step
of the lockage process in a schematized model. When changes in salinity levels during a
long period of time (up to 50 years) are considered, 3d modelling is fully out of the
question.

Instead we have built a simulation model that computes the exchange of water and salt
between basins in the successive steps of the lockage process with the help of mass balance
and salt balance equations for the water volumes of the considered adjacent basins. Salt
exchange coefficients (dimensionless) are used in the salt balance equations to quanitify the
salt exchange. It will be clear that these salt exchange coefficients have to be selected with
care and must be representative for the salt exchange phenomena in a specific step of the
lockage process. The salt balance equations describe the exchange of salt between two
mutually connected basins in the phase that water levels are equalized (step I) and in the
phase that gates between the basins are open and water is exchanged because of the ship
movement and density differences (step II).
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Since the simulation model uses water volumes and volume-averaged salt concentrations of
the various basins as base quantities, special attention is needed for the exchange of salt
water between lock chambers and lakes. In the real situation salt water enters a lake when
the lock gates are open and a ship enters or leaves the lock chamber. This salt water
generally intrudes in the form of a salt tongue, that propagates over the bottom. The
propagation velocity is dependent on the actual density difference; the propagation velocity
in forebays and tailbays of the locks in Miraflores Lake may be up to 0.3 m/s, in forebays of
the locks in Gatun Lake up to 0.1 - 0.2 m/s. After some time most salt water has intruded the
lake. Generally, however, some salt water will still be in the neighbourhood of the locks
when a next ship approaches. When for lockage operation the water level of the lock
chamber is equalized with the water level of the forebay some salt water may therefore be
flushed back. Also when the lock gates are opened and the ship moves from lock chamber to
the lake or reverse, some effect may occur in exchange flows and density flows when salt
water is present near the locks. For these reasons it is required that the simulation model has
provisions to keep the intruded salt water temporarily near the locks. These provisions are
realised by designing separate forebays and tailbays between lock chambers and lakes. The
exchange of salt water is initially between the lock chambers and the forebays or tailbays;
subsequently the salt water is exchanged with the lake. A lineair function of time is applied
in the simulation model for the exchange of salt water. After a period of 0.5 hour (Miraflores
Lake) or 1 hour (Gatun Lake) the salt water is fully exchanged and the concentration of the
forebay or tailbay has become equal to the salt concentration of the lake. The exchange of
salt water with the lake is executed at the moment that the next ship approaches the forebay
or tailbay from the lake side or, in the case that the next ship is in the lock chamber, prior to
water withdrawal from the forebay or water spillage to the tailbay.

2.1.3 Salt exchange coefficients

Ship movements are defined in the simulation model between Pacific Ocean or Atlantic
Ocean and Gatun Lake, and reverse. These ship movements are simulated as a series of
subsequent steps. Two basic steps are distinguished in the lockage process:

- Step I: the water level in two adjacent basins is equalized; water is transferred from
higher basin to lower basin and if relevant water saving basins (wsb's) of the higher
basin (lock chamber) are filled and wsb's of the lower basin (lock chamber) emptied.

- Step II: lock gates are opened and the ship moves from one basin to the adjacent one; a
net water quantity equal to the ship's volume is displaced and density flows develop.

These two basic steps repeat each time that a ship moves from one basin to another. A set of
mass conservation equations is used to describe and quantify both the water and salt transfer
between the two adjacent basins and, if relevant, between these basins (lock chambers) and
corresponding wsb's. Salt exchange coefficients e, are applied in the salt balance equations
in combination with a reference volume V. In step I the reference volume V. equals the
quantity of water that is transferred from higher basin to lower basin to equalize the water
levels of the two basins. In the case of wsb's a part Vg, of volume V¢ is supplied to or
withdrawn from the wsb's of the respective lock chambers. In step II the reference volume
Vet €quals the quantity of water in the higher basin. The ship's submerged volume S plays a
role in it (see hereafter). The products e,.V .c (¢ = salt concentration), €. V..c and €,.S.c
all represent a certain quantity of salt in the salt balance.
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The salt balance equations in step I of the uplockage process are of the general form (wsb's
included):

ship

(Vlowl . clowl) + (ewsbempty . Vsave . cwsblowl) + (ex . (Vref - Vsave) . Chighl)

clow2 =
V|0w2
B (Vhignt - chighl) — (Cwsoitt -+ Vsave - chighl) = (€x - (Veer — Viare) - Chight )
Chigha = v
high?
_ (szblow] . cwsblowl) - (ewsbempty 'Vsave . cwsblowl)
cwsblow2 - Vv
wsblow2
_ (Vysphight - Swsbhigt) + (Cwsbtitt - Veave + Chight)
C wsbhigh2 =

szbhi gh2

Note: subscript high refers to the higher basin, subscrift Jow to the lower basin, subscript
wsbhigh to the wsb 's of the higher basin, subscript wsblow to the wsb's of the lower basin,
subscript [ refers to the beginning of the step, subscript 2 refers to the end of the step.

Equal equations are valid for step I of the downlockage process.

The exchange coefficients used in step I are always positive or nil, meaning that transfer of
water through the water filling and emptying system from one basin to another does not
allow for a salt transfer in the opposite direction. The exchange coefficients e, and e,qg can
be greater than 1; this indicates that the water portion that is transferred from one basin to
another has a higher salt concentration than the water in the basin where it is withdrawn
from. For example, water that is withdrawn from the higher lock chamber and spilled into
the wsb and lower lock chamber has, generally, a higher salt concentration than the initial
water in the higher lock chamber (volume averaged). This, since the water is drawn from the
water body near the floor with a higher than average salt concentration. The exchange
coefficients e, and e,an are selected on the basis of measurements in situ, on results of
Delft3D computations and on considerations regarding upper and lower limit values (see
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reports A, B, C, and D for further explanations). The exchange coefficient ewsbempty is always
set to 1 in the present study. We assume that the water in the wsb's is fully mixed up during
filling; the water that is subsequently withdrawn has thus an equal salt concentration as the
water in the wsb's prior to the withdrawal.

The following set of equations (in general form) is applied in step II of the uplockage
process:

_ (Viowt - Clow) = €x + Vier - (Cron — Chighl) + (S. Chighl)

Clow2 =
V10w2
_ (Vhignt - Chign1) + €x - Vier - (Cowt — Chight) — (S. Chight )
Chigh2 = vV
high2

Equations for step II of the downlockage process are similar, apart from the last right-hand
term. This term in the downlockage equations contains the initial salt concentration ciy; Of
the lower basin (instead of cyigy1 of the higher basin) and has a different sign.

The equations show that the density driven exchange of salt water between the two basins is
defined in the simulation model as the product of an exchange coefficient e,, the water
volume V¢ of the higher basin (no ship in the higher basin) and the initial salt concentration
difference between the two basins. The exchange coefficient e, can either by positive, nill or
negative. In the case of a positive value salt water is transferred from lower basin to higher
basin, provided that the initial salt concentration difference between lower basin and higher
basin is positive.

The equations show also that a water quantity (containing salt) equal to the volume S of the
ship is transferred in a direction opposite to the ship movement (third, right-hand term). The
second right-hand term is in fact a balance term: it quantifies the additional salt exchange
after the ship's volume has been exchanged. It will be clear that the exchange coefficient e,
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must be representative for the salt water exchange that occurs in a complex hydraulic
process, in which in particular the density differences, the dimensions and draught of the
ship, the gate opening time, and the propellor action are influencing factors.

When we put:

(-
e, =1 - . €y
Vref

where e, = value of e, for S = 0, the salt balance equations change in:

Viowt - Ciow1) = €x0 - Vet = S) - Crom1 — Chignt) + (S - Cpignt)

clow2 =
Vlow2
~ (Vhign - Chign1) T €x0 - (Viet = S) - (Cromi = Chignt) — (S Cpigni)
Chigha = v,
igh2

These equations are used in the simulation model; the value of e, is read from an input
table. The exchange coefficient es can be positive or negative. The values of e,y have been
selected on the basis of measurements in situ, on results of Delft3D computations and on
considerations regarding upper and lower limit values (see reports A, B, C, and D for further
explanations). All selected values are positive and smaller than 1, and in most cases smaller
than 0.2.

The general salt balance equations discussed above are also applicable to the combination of
tailbay and lock chamber and the combination of lock chamber and forebay.

As described earlier the exchange of salt water between forebay (or tailbay) and lake is
executed at the moment that a next ship approaches the forebay or tailbay from the lake side
or, in the case that the next ship is in the lock chamber, prior to water withdrawal from the
forebay or water spillage to the tailbay. If relevant, the exchange of salt water is also evoked
when turn around lock operations are executed. The salt balance equations for the exchange
of salt water between forebay and lake read:

¢ forebay2 — ¢ forebayl — Cy- (C forebayl — Clakel )

Vforebay

Vlake

Clake2 = Clakel + €x-(Corebayl — Clakel)-

Similar equations are applied between tailbay and lake.
A linear function of time is applied in the exchange coefficient to model the time dependent
exchange of salt water:

with:
e = exchange coefficient used in simulation (-)
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e = 1 (full salt exchange)

At = time difference (s) between two subsequent ship passages or between a ship
passage and a turn around

T = exchange time (s)

IfAt/T > 1 then At =T, and e, = eysy = 1.
A period T = 3600 s is selected for the forebays in Gatun Lake and T = 1800 s for forebays

and tailbays in Miraflores Lake. If At/T < 1 a part of the salt water is still in the forebay at
the moment that the next ship arrives, and contributes to the salt balance equations.

Next tables present an overview of the exchange coefficients, which have been selected for
the various lock configurations.

Low basin High basin Exchange coefficients Exchange coefficients
existing locks, Pacific side existing locks, Atlantic side
Uplockage Downlockage Uplockage Downlockage
Tailbay sea Lower Lock 1.3 1.2 1.3 1.2
Lower Lock Middle Lock 1.3 1.2 1.3 1.2
Middle Lock Forebay ML 0.95 0.85 e i,
Tailbay ML Upper Lock 1.3 1.2 W i
Middle Lock Upper Lock e i 1.3 12
Upper Lock Forebay GL 0.95 0.85 0.95 0.85

Table 2.1  Existing Locks, exchange coefficients step I (equalize water levels)

The ‘uplockage coefficients’ in step I are somewhat greater than the ‘downlockage coeffi-
cients’. This choice is related to the differences which exist in the equalizing step for an
uplocking ship and a downlocking ship (the position of the ship plays a role).

Low basin High basin Exchange coefficients Exchange coefficients
existing locks, Pacific side existing locks, Atlantic side
Uplockage Downlockage Uplockage Downlockage
Tailbay sea Lower Lock 0.9 0.4 0.7 0.4
Lower Lock Middle Lock 0.05 0.15 0.05 0.15
Middle Lock Forebay ML 0.0 0.1 Iy i
Tailbay ML Upper Lock 0.05 0.1 e i
Middle Lock Upper Lock niiim i, 0.0 0.1
Upper Lock Forebay GL 0.0 0.05 0.0 0.05

Table 2.2  Existing Locks, exchange coefficients step II (move ship)

Note that the exchange coefficients for the adjacent basins ‘tailbay sea — lower lock’ in step
II are higher at uplockage than at downlockage. The reason for this choice is that the gates
of the lower locks are opened far before the uplocking ship enters the lower lock, thus
enabling density flows to fully develop. In the case of downlockage the gates of the lower
locks are closed immediately after exit of the ship, causing a lesser exchange of salt water.
In general however, a downlocking ship causes a stronger inflow of salt water than an
uplocking ship. This effect is included in the choice of the exchange coefficients: the
‘downlockage coefficients’ in step II are generally greater than the ‘uplockage coefficients’.
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Low basin High basin Exchange cefficients Exchange cefficients
3-lift locks with wsb's 3-lift locks without wsb's
Uplockage Downlockage Uplockage Downlockage
NERERERERE 3 3
2 a | 8 2 a |8 K] K]
T |S | S |B |8 | & & &
A £ o A £ N 3 Q
Y v
Tailbay sea Lower Lock 1350 /i pv2s ) v2 | iy 1.2 1.3 1.2
Lower Lock Middle Lock | 1.35] 1.0 | 1.25] 1.2 [ 1.0 | 1.2 1.3 1.2
Middle Lock | Upper Lock 1351 10 | 1.25] 1.2 { 1.0 | 1.2 1.3 1.2
Upper Lock Forebay GL M) 1.0 (095 | /i | 1.0 | 0.85 0.95 0.85
Table 2.3  Three-lift Post Panamax Locks, exchange coefficients step I (fill wsb's, empty
wsb's, equalize water levels)
Low basin High basin Exchange cefficients
3-lift locks
with and without wsb's
Uplockage Downlockage
Tailbay sea Lower Lock 0.7 0.4
Lower Lock Middle Lock 0.05 0.15
Middle Lock Forebay ML 0.0 0.1
Upper Lock Forebay GL 0.0 0.05
Table 2.4  Three-lift Post Panamax Locks, exchange coefficients step I (move ship)
Low basin High basin Exchange cefficients Exchange cefficients
2-lift locks with wsb's 2-lift locks without wsb's
Uplockage Downlockage Uplockage Downlockage
2 a |8 2 a |13 3 3
2= |2 8|8 | 8|8 S &
< £ N = £ N 3 N
v ¥
Tailbay sea Lower Lock L3 | /i [ 1As {1aAs | /i | 1.1s 1.25 1.15
Lower Lock Upper Lock 1.3 [ 1.0 [1.15)1.15| 1.0 | L.15 1.25 1.15
Upper Lock Forebay GL M) 1.0 1095t /| 1.0 | 0.85 0.95 0.85
Table 2.5 Two-lift Post Panamax Locks, exchange coefficients step I (fill wsb's, empty wsb's,
equalize water levels)
Low basin High basin Exchange cefficients
2-lift locks
with and without wsb's
Uplockage Downlockage
Tailbay sea Lower Lock 0.7 04
Lower Lock Upper Lock 0.05 0.15
Upper Lock Forebay GL 0.0 0.1
Table 2.6  Two-lift Post Panamax Locks, exchange coefficients step II (move ship)
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Low basin High basin Exchange cefficients Exchange cefficients
1-lift locks with wsb's 1-lift locks without wsb's
Uplockage Downlockage Uplockage Downlockage
< <
28 |8 (8|8 | A& § 8
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Tailbay sea Lock V25 | /1 | 1os | 1 | i) o1 1.2 1.1
Forebay GL Ay 1.0 1095 /1| 1.0 | 0.85 0.95 0.85

Table 2.7  Single-lift Post Panamax Locks, exchange coefficients step I (fill wsb's, empty
wsb's, equalize water levels)

Low basin High basin Exchange cefficients
1-lift locks
with and without wsb's
Uplockage Downlockage

Tailbay sea Lock 0.7 0.4

Lock Forebay GL 0.05 0.15

Table 2.8  Single-lift Post Panamax Locks, exchange coefficients step II (move ship)

The selected exchange coefficients for steps I and II of the uplockage and downlockage
process form a consistent set of values, both for the existing locks and the Post-Panamax
locks at the Pacific and Atlantic side.

2.1.4 Spillage of salt water from the lakes

The set of exchange coefficients for the existing locks was validated on the basis of site
measurements executed in wet and dry season in locks and lakes (see Report A for referen-
ce). These measurements showed that the salt concentration of Miraflores Lake varies in
dependence of dry and wet season; the overall (volume averaged) salinity was about 0.7 ppt
in the wet season and 1.5 ppt in the dry season (period November 2001 — April 2002). The
salinity level of Gatun Lake appeared very low; salinity values were smaller than 0.1 ppt.
More accurate salinity measurements were not possible with the applied CTD sensors,
which have a lower measurement limit of about 0.1 ppt. In the forebays of the Gatun Locks
salinity levels up to 0.2 ppt were measured near the bed during downlockage of ships.

The varying salinity levels of Miraflores Lake and Gatun Lake were used in the validation
to check the set of exchange coefficients. Measurements in the locks and results of Delft3D
computations were used to select values for individual exchange coefficients.

Another factor in the validation was the release of water at Gatun Dam (through spillway
and power station) and Miraflores Dam (through spillway and cooling water offtake). These
water releases are also the cause of a partial outflow of salt water.

Daily water releases are prescribed in the numerical simulation through an input table. The
effect of water releases on the salt concentration of the lake is computed with the help of
next salt balance equation:
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(Maket - Crake1) = (€4 - Q. Ciger)

Clake2 =
) Viake2
where
ex = exchange coefficient (-); no outflow of salt water when e, =0
Q = outflow discharge (m®/s)
Viae = water volume of lake (m3 )

The equation is such defined that when a value 1 is selected for the exchange coefficient the
salt concentration of the spilled water is the same as the volume averaged salt concentration
of the lake. The choice of e, = 1 is, however, not realistic. In Miraflores Lake a short-cut
flow is likely between Miraflores Locks and the water outlets at Miraflores Dam; this flow
may be sustained by the overall flow pattern in the lake, that causes a net water transport in
southern direction (the outlets in Miraflores Dam and Miraflores Locks draw water from the
lake). Though higher salt concentrations have been measured near the bed of the deeper
shipping channel towards Pedro Miguel Locks indicating the existence of a density flow
away from Miraflores Locks, it is reasonable to assume that the intruded salt water will not
disseminate over the full lake volume, but has some preference to partly remain in the
southern area of the lake. The salt concentration of the spilled water will thus generally be
higher than the average salt concentration of the full lake.

The water volume of Gatun Lake is about 220 times greater than the water volume of
Miraflores Lake. The prevailing flow direction is towards the northern area near Gatun Dam
and Gatun Locks, in particular in the wet season when large quantities of water are spilled.
Salt water may intrude through Pedro Miguel Locks and Gaillard Cut in the south and Gatun
Locks in the north. As will be discussed hereafter most salt water enters Gatun Lake through
Gatun Locks. It is most likely that the intruded salt water propagates along the bed of the
deeper shipping channel and follows the deeper parts (old Chagres River) towards the
outlets in Gatun Dam. The present salt concentration levels in Gatun Lake are very low and
below 0.1 ppt (= lower limit of CTD sensors used during our site surveys), also in the area
near Gatun Dam. Though despite we could not measure different salinity values, we expect
that the salt concentration in the area near Gatun Dam is higher than the average salt
concentration of the full lake.

The expected concentration of more saline water in the areas near the outlets at Gatun Dam
and Miraflores Dam is tested in validation runs. In final validation runs we have used next
exchange coefficients for water releases at Gatun Dam and Miraflores Dam:

Outlet Exchange
coefficient
Miraflores Spillway 1.5
Miraflores Cooling Water Offtake 1.5
Gatun Spillway 7.5
Gatun Power Station 7.5

Table 2.9  Exchange coefficients outlets

These coefficients together with the coherent set of lock exchange coefficients for Atlantic
locks and Pacific locks appeared to predict volume-averaged salt concentration levels in
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Miraflores Lake and seasonal variations as were measured in wet and dry season; a very low
volume-averaged salt concentration level was predicted for Gatun Lake, similar as in the
existing situation. See also Report A for a further explanation.

Equal exchange coefficients have been applied in numerical simulations for the future

situation with Post-Panamax Locks (all variants). We decided to do so for next reasons:

- Most probably, the overall flow patterns in Miraflores Lake and water releases from the
lake will not importantly change. We expect therefore that the tendency remains that a
part of the intruded salt water concentrates in the southern area.

- The resultant flows in Gatun Lake will still be in northern direction towards the area
near Gatun Dam and Gatun Locks. Though the distribution of outflow discharge of
Gatun Dam and Gatun Locks will be different (also depending on the quantity of water
that is supplied to the lake), the salt water that intrudes through the Atlantic locks will
still have preference to remain in the deeper northern areas of the lake. The extra salt
water that intrudes through the Pacific locks may proceed in northern direction along the
deeper shipping channel, but this is uncertain.

- A better founded choice of exchange-coefficient values (both for the existing situation
and the future situation) can only be made after extensive 3d-flow computations; if such
computations are possible it requires huge modelling and computational efforts (see
Section 2.1.1).

- When equal exchange coefficients are applied for the existing situation and the future
situation a more straight forward comparison is possible of the effects of the various
designs of Post-Panamax Locks and different water supply scenarios.

In next sections we will discuss and compare the computed salt water intrusion in the
existing and future situation.

2.2 Salt water intrusion existing situation

The salinity levels of the lakes in the existing situation form a basis for a comparison with
salinity levels in the future situation with Post-Panamax Locks. The comparison will be for
year 50 after opening of the new shipping lane. We have executed salt-water intrusion
simulation runs for the situation that Post-Panamax Locks are in operation (together with the
existing locks) and the situation that the Post-Panamax Locks are not constructed
(continuation of the present situation). Provided that climate conditions and ship transit
intensities remain as they are at present, current salinity levels in Gatun Lake and Miraflores
Lake may be regarded as stable levels (with seasonal variations throughout the year).
Present salinity levels are thus also valid for year 50. As an example the varying salinity
levels of Miraflores Lake and Gatun Lake in the period 1 January 2011 — 31 December 2020
are shown in next figures.
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Figure 2.1 Volume-averaged salt concentration (ppt) Miraflores Lake, no Post-Panamax
Locks, period 2011 — 2020 (output interval: month)
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Figure 2.2 Volume-averaged salt concentration (ppt) Gatun Lake, no Post-Panamax Locks,
period 2011 - 2020 (output interval: month)

An important question is which locks in the situation without Post-Panamax Locks
contribute most to the salt intrusion in Gatun Lake: the locks at the Pacifc side or the locks
at the Atlantic side. The simulation model can be used to answer that question. For year 50
we have executed computations for only a short period of time (May 1 — May 10, 2060) and
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have collected output after each ship movement. Results for upper lock chambers are shown

in next figures.
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Figure 2.3 Volume-averaged salt concentration (ppt) upper lock chambers Pacific side, no
Post-Panamax Locks, period May 2060, dry season (output interval: scenario)
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Figure 2.4 Volume-averaged salt concentration (ppt) upper lock chambers Atlantic side, no
Post-Panamax Locks, period May 2060, dry season (output interval: scenario)

The daily variation of the volume-averaged salt concentration in the lock chambers, shown
in Figures 2.3 and 2.4, is caused by the lockage operations and follows a certain pattern that
is connected with the alternating series of uplocking and downlocking ships. As appears
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from the figures the salt concentration in the lock chambers decreases during uplockage of
the first series of ships in the morning and increases sharply during downlockage of the next
series of ships in the afternoon. The second, smaller series of uplocking ships in the evening
causes a reduction of the salt concentration while the second, smaller series of downlocking
ships at night causes again an increase. The effects of turn arounds in the upper lock cham-
bers at the Atlantic side (Figure 2.4) are also visisble. It should be noted that salinity values
during uplockage periods are valid for high water in the lock chamber (after filling of the
chamber and exit of the ship to the lake), while values during downlockage periods are valid
for low water in the chamber (after emptying and exit of the ship). The latter values are
maximum values; minimum values may be a little smaller than the values shown in the
figures for uplockage periods.

Most remarkable is the observation that the salt concentration values of the upper locks at
the Atlantic side are considerably higher than those at the Pacific side. This can fully be
attributed to the action of Miraflores Lake: this intermediate lake functions as a buffer for
salt water between upper Miraflores Locks and Pedro Miguel Locks and also as a salt
reductor, because salt water is regularly spilled away from Miraflores Lake through the
outlets at Miraflores Dam. It functions also as a stabilizor and keeps the salt concentration
values in Pedro Miguel Locks above a minimum value.

Figures 2.3 and 2.4 are valid for the end of the dry season, when salt concentrations in the
lakes are highest, but similar differences between the locks at the Pacific and Atlantic side
are also found for the wet season.

The computed, relative high salt concentration values in the upper locks at the Atlantic side
were not observed during our site surveys. Though we have executed salinity measurements
in these locks both during uplockage and downlockage of ships, we did not measure salini-
ties at the end of a series of downlocking ships, when — as appears now from the numerical
simulations - the salt concentration values are highest.

The fact that salt concentration values of the upper Atlantic locks are much higher than
those of the upper Pacific locks means that at present more salt intrudes Gatun Lake through
Gatun Locks than through Pedro Miguel Locks and Gaillard Cut.

In the future, when a new shipping lane has been excavated that by-passes Miraflores Lake,
the smoothing effect of this buffer lake will reduce. As a consequence the Post-Panamax
Locks at the Pacific side and the Post-Panamax locks at the Atlantic side will have a more
equal impact on the salinity level of Gatun Lake. Simultaneously, the current, very low
salinity level of Gaillard Cut may unfavourably be effected.

2.3 Salt water intrusion future situation with Post-Panamax
Locks

Numerical simulations of the salt water intrusion have been executed for three
configurations of Post-Panamax Locks, each configuration with an option to save water by
means of separate water saving basins (wsb's). The various configurations, the scenarios for
water supply to Gatun Lake in combination with saving of water at the locks, the ship traffic
developments and the numerical modelling are described in Reports B, C and D.

The results of the simulations for year 50 after opening of the new shipping lane are
presented in next section. Both the existing shipping lanes and the new shipping lane are in
operation. Results are mutually compared also in relation to the present situation.

2—14
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2.3.1 Salinity levels of Miraflores Lake and Gatun Lake in year 50

An overview of simulations for year 50 is presented in Table 2.10. Ship traffic intensities in
the two existing lanes have been kept constant during the considered period of 50 years: 18
ship transits per day per lane, equal to the present total number of 36 transiting ships per
day. The traffic intensity in the third, new lane has grown to a number of 15 transiting Post-
Panamax ships per day.

Configuration of | Scenario 1 Scenario 2 Scenario 3 Scenario 4

Post-Panamax Baseline

Locks scenario. No wsb's. Wsb's in use. No wsb's.
Wsb's in use. Reduction of Reduction of

water releases. water releases.

3-lift locks B1-50 B2-50 B3-50 B4-50

2-lift locks C1-50 C2-50 C3-50 C4-50

1-lift locks D1-50 D2-50 D3-50 D4-50

Table 2.10 Overview of salt-water intrusion simulations for year 50

The following scenarios are studied:

Scenario 1 (baseline scenario). In this scenario the wsb's of the new locks are in
operation. All remaining water losses caused by ship lockages in the new shipping lane
are compensated by extra water supplies to Gatun Lake (in addition to the present
supplies). Water releases at Gatun Dam (spillway, hydropower plant) and Miraflores
Dam (spillway, cooling water offtake) remain as in the present situation.

Scenario 2. In this scenario the wsb's of the new locks are not applied; as a result a
greater quantity of water is required for ship lockages. All water losses caused by lock
operations in the new shipping lane are compensated by extra water supplies to Gatun
Lake (in addition to the present supplies). Water releases at Gatun Dam (spillway,
hydropower plant) and Miraflores Dam (spillway, cooling water offtake) remain as in
the present situation. This scenario requires the greatest extra water supply to Gatun
Lake.

Scenario 3. The wsb's of the new locks are in operation. The water releases at Gatun
Dam are reduced with the water loss quantities caused by the operation of the new
locks. In the dry season, however, the water releases at Gatun Dam are small and extra
water supplies to Gatun Lake are needed to compensate for the lockage losses. Water
releases at Miraflores Dam remain as in the present situation. This scenario requires the
smallest extra water supply to Gatun Lake.

Scenario 4. The wsb's of the new locks are nof applied. As much as possible, the water
releases at Gatun Dam are reduced with the water loss quantities caused by the opera-
tion of the new locks, but extra water supplies to Gatun Lake are necessary, both in dry
and wet season. Water releases at Miraflores Dam remain as in the present situation.

The extra water supplies to Gatun Lake, which are required to compensate for the water
losses caused by lock operations in the new lane with Post-Panamax Locks, are shown for
year 50 in Table 2.11. These water quantities are based on a number of 15 lockages per day
and average water release quantities at Gatun Dam (as applied also in salt water intrusion

WL | Delft Hydraufics
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simulations, see reports B, C and D). Clearly, scenario 3 is most favourable from the
viewpoint of extra water supply to Gatun Lake. Compared to the two-lift locks and the
single-lift locks the 3-lift locks are the most economical solution and require the smallest
quantity of extra water.

Configuration | Month of | Scenario 1 Scenario 2 Scenario 3 Scenario 4

of Year 50 Baseline

Post-Panamax Wsb's in use. No wsb's. Wsb's in use. No wsb's.

Locks Reduction of Reduction of

water releases. water releases.
(10° m’/day) (10° m’/day) (10° m’/day) (10° m*/day)

3-lift locks January 3.00 7.50 0.00 2.89
February 3.00 7.50 2.40 6.90
March 3.00 7.50 2.80 7.30
April 3.00 7.50 2.84 7.34
May 3.00 7.50 2.06 6.56
June 3.00 7.50 0.00 3.87
July 3.00 7.50 0.00 1.95
August 3.00 7.50 0.00 0.92
September 3.00 7.50 0.00 0.00
October 3.00 7.50 0.00 0.00
November 3.00 7.50 0.00 0.00
December 3.00 7.50 0.00 0.00

2-lift locks January 6.00 12.00 1.39 7.39
February 6.00 12.00 5.40 11.40
March 6.00 12.00 5.80 11.80
April 6.00 12.00 5.84 11.84
May 6.00 12.00 5.06 11.06
June 6.00 12.00 237 8.37
July 6.00 12.00 0.45 6.45
August 6.00 12.00 0.00 5.42
September 6.00 12.00 0.00 3.68
October 6.00 12.00 0.00 3.77
November 6.00 12.00 0.00 0.40
December 6.00 12.00 0.00 0.00

1-lift locks January 6.00 24.00 1.39 19.39
February 6.00 24.00 5.40 23.40
March 6.00 24.00 5.80 23.80
April 6.00 24.00 5.84 23.84
May 6.00 24.00 5.06 23.06
June 6.00 24.00 2.37 20.37
July 6.00 24.00 0.45 18.45
August 6.00 24.00 0.00 17.42
September 6.00 24.00 0.00 15.68
October 6.00 24.00 0.00 15.77
November 6.00 24.00 0.00 12.40
December 6.00 24.00 0.00 11.37

Table 2.11 Extra water supplies to Gatun Lake in year 50 required for operation of Post-

" Panamax Locks

WL | Delft Hydraulics
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The computed salinity levels of Miraflores Lake and Gatun Lake in year 50 (maximum and
minimum) are shown in Figure 2.5 and Figures 2.6 / 2.6a. For reasons of comparison also
the salinity levels are shown when new locks are not realized (configuration A = existing
canal system). All presented values concern volume-averaged salt concentrations (salinity in
ppt). The fresh-water limit line shown in the figures, is set on a value of 0.45 ppt. Notice
that a value of 200 mg/1 chloridity is used in the Netherlands as a fresh-water limit value;
this corresponds to about 400 mg/l or 0.4 ppt salinity. In the USA a value of 250 mg/Il
cloridity (about 0.5 ppt salinity) is used as an upper limit for drinking water (Environmental
Protection Agency standard).
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Figure 2.5 Volume-averaged salt concentration (ppt) Miraflores Lake, year 50
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Figure 2.6 Volume-averaged salt concentration (ppt) Gatun Lake, year 50
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Figure 2.6a Volume-averaged salt concentration (ppt) Gatun Lake, year 50
(vertical scale adapted, so that values of configurations A and B1 can be viewed)
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As can be read from Figures 2.5 and 2.6/2.6a the three-lift Post-Panamax Locks (simulations
B) are very favourable from the view point of salt water intrusion in Gatun Lake; this
conclusion is true for all four water saving / water release scenarios. Compared to the
existing situation (A) the salinity of Gatun Lake increases slightly but the volume-averaged
salt concentration remains far below the fresh water limit. However, because the salt does
not disseminate and distribute equally over the full lake volume, areas with a higher salt
concentration than the volume-averaged concentration will occur. Such areas may be
Gaillard Cut, the shipping channel in the lake and the north-eastern area of the lake. This
does not necessarily mean that the fresh-water limit in these areas is exceeded. A further
study is required to assess whether local salinity levels rise above the fresh water limit. The
salt concentration level in Miraflores Lake is hardly effected and remains more or less as in
the present situation.

The single-lift Post-Panamax Locks (simulations D) are most unfavourable from the view
point of salt water intrusion. The volume-averaged salt concentration of Gatun Lake rises far
above the fresh-water limit in all four scenarios; local salt concentrations may even be
higher. Also the salinity of Miraflores Lake is effected: the volume-averaged salt
concentration increases in all four scenarios. Apparently, salt water is flushed back from
Gaillard Cut through Pedro Miguel Locks into Miraflores Lake.

The effect of the two-lift Post-Panamax Locks (simulations C) on the salt concentrations of
Gatun Lake and Miraflores Lake is not as strong as the effect of the single-lift locks, but is
considerably stronger than the effect of the three-lift locks. Volume-averaged salt concentra-
tions of Gatun Lake rise far above the fresh-water limit in all four scenarios, while also the
volume-averaged salt concentration of Miraflores Lake increases.

From the measurements in the existing locks we know that the salt concentration levels of
individual lock chambers in a series of adjacent locks with upward step in the floor are
lower after each step. The total reduction will thus be greater in the case of the three-lift
locks than in the case of the single-lift locks, or the two-lift locks. To learn more about the
differences between the three lock alternatives we have compared the salt concentrations in
the individual lock chambers during the various stages of the uplockage and downlockage
process. The computed salt concentrations of individual lock chambers are compared in next
section.

2.3.2 Salinity levels of individual lock chambers

Salt concentrations of individual lock chambers have been computed for year 50 after
opening of the new lane. Salt-intrusion simulations were executed for a period of 10 days
(May 1 — May 10, 2060) at the end of the dry season, when salt concentrations are highest.
The salt concentration in lock chambers varies with high and low water in the chamber and
also with uplockage and downlockage (see Section 2.2). Volume-averaged minimum and
maximum salt concentration values in lock chambers of the existing locks and Post-Pana-
max Locks are shown in Tables 2.12 — 2.14 for the considered 10-day period in year 50 and
scenarios 1 and 2. Table 2.15 shows the salt concentration values in the existing locks when
Post-Panamax Locks are not constructed. In general, maximum values correspond to the
situation with a low water level in the lock chamber, minimum values to the situation with a
high water level.

2—19
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Existing locks + 3-lift Post-Panamax Locks.
Volume-averaged salt concentration in ppt.
Lock system Existing locks Existing locks Post-Panamax Locks | Post-Panamax Locks
Pacific side Atlantic side Pacific side Atlantic side
Lock chamber | A B C D E F G H J K L M
Scenario 1 8 1.5 005 |25 0 0 14 2.5 0.2 16 4 0.5
30 18 045 |28 165 |75 32 24 135 | 30 25 17
Scenario 2 8 1.5 0.05 |25 0 0 7 0.5 0 7.5 0.5 0
30 18 045 |28 165 |75 305 |20 9.5 28 19 10.5
Table 2.12  Existing locks + 3-lift Post-Panamax Locks. Range of salt concentrations (in ppt) of
individual lock chambers in year 50, end of dry season
Existing locks + 2-lift Post-Panamax Locks.
Volume-averaged salt concentration in ppt.
Lock system Existing locks Existing locks Post-Panamax Locks | Post-Panamax Locks
Pacific side Atlantic side Pacific side Atlantic side
Lock chamber | A B C D E F P 0] R S
Scenario 1 9 2 0.8 3 0.5 0.5 14 2 13 2
30 19 1.2 28 17 8 30 19 28 19
Scenario 2 9 2 0.5 3 0.5 0.5 9 1 8 1
30 18 0.9 28 17 8 29 15 27 14
Table 2.13  Existing locks + 2-lift Post-Panamax Locks. Range of salt concentrations (in ppt) of
individual lock chambers in year 50, end of dry season
Existing locks + 1-lift Post-Panamax Locks.
Volume-averaged salt concentration in ppt.
Lock system Existing locks Existing locks Post-Panamax Locks | Post-Panamax Locks
Pacific side Atlantic side Pacific side Atlantic side
Lock chamber | A B C D E F N (0]
Scenario 1 10 3.5 2 4 2 2 16 15
305 |19 2.5 28 175 | 85 29 26.5
Scenario 2 9 2 0.8 3 1 1 7 6
30 185 |13 28 17 8 26 24

Table 2.14 Existing locks + 1-lift Post-Panamax Locks. Range of salt concentrations (in ppt) of
individual lock chambers in year 50, end of dry season

Existing locks, no Post-Panamax Locks.
Volume-averaged salt concentration in ppt.

Lock system Existing locks Existing locks
Pacific side Atlantic side
Lock chamber | A B C D E F
Existing 10 3.5 2 4 2 2
situation 305 |19 2.5 28 175 | 85

Table 2.15 Existing locks (Post-Panamax Locks not realized). Range of salt concentrations (in

WL | Delft Hydraulics

ppt) of individual lock chambers in year 50, end of dry season
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From the tables it appears that salt concentration values of most individual lock chambers of
the existing locks (A —F, see also Reports B, C and D for names) do not importantly change
when Post-Panamax Locks are in operation. The strongest effect occurs in Lock C (Pedro
Miguel Locks) since the buffer function of the intermediate Miraflores Lake reduces when
salt water directly intrudes Gatun Lake through the new locks.

For the salt intrusion into the lakes the phase of the lockage process with high water level in
the upper lock chamber is of importance. This phase corresponds with the lower salt
concentration values in the lock chambers. The lower values in the above tables are valid for
uplockage of the last ship of a series of uplocking ships; these values are used for a mutual
comparison of different lock systems:

Volume-averaged salt concentration in ppt.

Side of canal Post-Panamax Locks Post-Panamax Locks
Pacific side Atlantic side

Lock system 3-lift 2-lift 1-lift 3-lift 2-lift 1-lift
Upper lock chamber J 0 N M S o
Scenario 1 0.2 2 16 0.5 2 15
wsb's in operation
Scenario 2 0 1 7 0 1 6
wsb's not in operation

Table 2.16 Post-Panamax Locks, upper lock chambers with high water level. Salt concen-
trations (in ppt) of individual lock chambers in year 50, end of dry season

Table 2.16 shows that the volume-averaged salt concentration of the upper lock chamber is
smaller as the lock system has more upward steps in the floor. Salt concentrations are also
smaller when wsb's are not in operation (scenario 2), but the differences between 1-lift, 2-lift
and 3-lift locks remain. Since the salt concentration level in the upper locks is decisive for
salt water intrusion, it appears that the greater the number of lifts the more effective salt
intrusion in Gatun Lake is prevented.

2.4 Conclusions and recommendations

Both from the view point of salt water intrusion and extra water supplies to Gatun Lake the
3-lift Post-Panamax Lock system is the best alternative. The application of water saving
basins helps to save water, but is also the cause of a somewhat greater salt water intrusion.
The volume-averaged salt concentration of Gatun Lake remains far below the fresh-water
limit, also when wsb's are in operation. However, areas with a higher salt concentration than
the volume-averaged concentration will occur. Such areas may be Gaillard Cut, the shipping
channel in the lake and the north-eastern area of the lake. This does not necessarily mean
that the fresh-water limit in these areas is exceeded. A further study on the distribution of
salt water in the lake is required to assess whether local salinity levels rise above the fresh
water limit. If so, additional measures can be taken to reduce the salt water intrusion. The
salt concentration level in Miraflores Lake is hardly effected and remains more or less as in
the present situation.

The alternative 2-lift and 1-lift Post-Panamax Locks cause a much higher inflow of salt
water into Gatun Lake. The volume-averaged salt concentration rises far above the fresh-
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water limit, also when wsb's are not in operation. These alternatives require additional
measures to mitigate or prevent salt water intrusion.

222
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| Introduction

The present Report B deals with the salt water intrusion of the single-lift lock configuration
of Post-Panamax Locks on the future, third shipping lane. The salt water intrusion is
additional to the salt water intrusion through the existing locks. The new single-lift locks
may be provided with water saving basins.

The following items will be adressed in the present report:

- review of concept design of Consorcio Post-Panamax (CPP) for the single-lift lock
configuration of Post-Panamax Locks;

- extension of the salt-water intrusion simulation model built for the existing situation
with a new shipping lane; this new lane is is provided with single-lift locks and water
saving basins at either side of the canal (the use of water saving basins is optional in the
simulation model);

- selection of salt exchange coefficients that will be used in the simulation;

- simulation of salt water intrusion for the single-lift lock configuration of Post-Panamax
Locks and analysis of results.
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2 Concept design of CPP for single-lift lock
configuration

2.1 Data provided by ACP

The next reports and drawings have been provided by ACP:

Report

Consorcio Post-Panamax (CPP)

'Disefio Conceptual de las Esclusas Post Panamax.
Conceptual design; Configuration 2: single-lift lock system;
Filling and emptying system'

Draft final report R4-C-420 rev C, 13 January 2003.

Drawings of CPP

Drawing Revision Title

number

D4-A-201 - Single lift configuration. General plan view.

D4-B-205 - Single lift configuration. Cross-section Eastern lock wall.

D4-B-206 A Single lift configuration. Cross-sections Western lock wall.

D4-B-207 - Single lift configuration. Lock head 1. Plan view.

D4-B-210 A Single lift configuration. Lock head 2. Plan view.

D4-B-211 A Single lift configuration. Lock head 2. Longitudinal section.

D4-C-201 - Single lift configuration. Water saving basins, filling and emptying
system, structural design.

D4-C-202 - Single lift configuration. 3D model water saving basins, filling and
emptying system, hydraulic design.

Traffic projections

A document written by ACP concerning Post-Panamax traffic projections for the next 50
years (revision date: 16 January 2003) .

2.2 Description of lock system at Pacific side

The single-lift lock configuration of Post Panamax Locks designed by CPP, connects the
canal entrance at the Pacific side with Gatun Lake (Gaillard Cut). We assume that similar as
in the alternative three-lift lock system design a new channel will be excavated at the west
side of Miraflores Lake, between the new lock and Gaillard Cut. This channel by-passes
Miraflores Lake and forms a part of the new shipping lane. The new, single-lift lock is
situated west of Miraflores Locks. The lock is provided with six water saving basins,
arranged side by side at the east side of the lock.
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The next data was taken by CPP as starting points for their design (all levels refer to PLD):
Hydraulic conditions

Gatun Lake: mean water level +25.91 m, maximum water level +26.67 m, minimum water
level +23.90 m.

Canal entrance at the Pacific side: mean sea level +0.30 m, extreme high tide +3.60 m, mean
low tide —2.32 m, extrem low tide —3.44 m.

Lock chamber

Useful length of lock chambers 426.8 m, useful width 61.0 m, minimum water depth above
sills 18.3 m. Locks can be operated with or without water saving basins; in the latter case
water is directly transferred from forebay to lock and from lock to tailbay. The water saving
rate is minimum 75% when water saving basins are in use. The filling or emptying time is
approximately 35 minutes when water saving basins are in use, and 25 minutes when they
are out of use.

Post-Panamax ships
Dimensions of ships: container ships 105,000 dwt and bulk carriers 140,000 dwt.
Single-lift fock design

The CPP-design for the single-lift lock configuration at the Pacific side of the canal is
schematically shown in Figure 2.1. The new lock has a width of 61 m and the lock chamber
is provided with a double set of rolling gates at both ends. The gates move in recesses,
which are constructed in the floor of the lock chamber; the chamber floor is fully flat
without sills. The nominal length of the lock chambers between the center line of the upper
gates and the center line of the lower gates is about 480 m.

The step in the floor is 26.25 m high. Floor level —20.62 m of the lock is designed starting
from the minimum required water depth of 18.3 m and a mean low-tide water level in the
tailbay of —2.32 m. Floor level +5.63 m of the forebay in Gatun Lake follows from the
minimum lake level +23.90 m and the minimum required water depth of 18.3 m.

Six water saving basins are arranged side by side along the lock chamber (see Figures 2.1
and 3.4). The length and width of the water saving basins differ from the horizontal
dimensions of the lock chambers, but the capacity of the water saving basins is such, that at
least 1/8 of the water exchange volume can be saved in each basin. The six water saving
basins have different bottom levels, the lowest is situated at a level of +0.46 m, the highest
atalevel of +16.81 m.

The filling and emptying system consists of a multiport system. The main water culverts at
both sides of the lock run along the full length of the lock from the intakes in the forebay to
the outlets in the tailbay. The culverts are provided with valves to facilitate a controled flow
of water from forebay to lock, and from lock to tailbay. Square openings (ports) connect the
lock chamber with the culverts. The openings have dimensions of 1.8 m x 1.8 m and are
situated in both lock walls (just above the floor) along the full chamber length, at a center to
center distance of 15 m.
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Each water saving basin (wsb) is connected to the longitudinal culverts by means of two
gated transverse culverts (at about 1/3 and 2/3 of the chamber length). Filling of the lock
chamber starts with emptying of the lowest wsb, and so on till the highest wsb. The
remaining water portion is supplied from the forebay. Emptying of the lock chamber occurs
in a reverse sequence: first the highest wsb is filled, and so on till the lowest wsb. The
remaining water portion is discharged to the tailbay. Filling or emptying of a wsb stops
when an equal water level is obtained in wsb and lock chamber. The same holds for the
transfer of water from forebay to lock chamber and from lock chamber to tailbay.

2.3 Lock system at Atlantic side

Though the single-lift lock system has been designed by CPP for the Pacific side of the
canal, we will assume, for the extension of the salt-water intrusion simulation model, that a
similar lock system will be constructed at the Atlantic side. However, we will adapt the floor
level of the lock because of the much smaller tidal variation at the Atlantic side of the canal
(mean water level in the Atlantic entrance of the canal +0.06 m, extreme high tide +0.56 m,
mean low tide —0.12 m, extrem low tide —0.38 m).

In the existing situation the difference between floor level of the lower locks at the Pacific
side and the lower locks at the Atlantic side is about 2.0 m. When we start from extreme low
tide at the Atlantic side of —0.38 m and a minimum required water depth of 18.3 m, a floor
level of ~18.68 m is found for the new, single-lift lock. In the schematization we assume a
floor level of —18.62 m, 2.0 m higher than the floor level of the new lock at the Pacific side.
The floor level of the forebay is +5.63 m, similar as at the Pacific side, giving a step height
of 24.25 m. All other lock dimensions and the layout of water saving basins are similar as at
the Pacific side, but the floor levels of water saving basins are adapted to the selected floor
level and water levels of the lock chamber. The adopted single-lift lock system at the
Atlantic side is shown schematically in Figure 2.2.

2.4 Post-Panamax ship transits

ACP has set up ship transit predictions for points of time of 1 month, 1 year, 5 years, 10
years, 20 years and 50 years after the start of the exploitation of a third, new lane, which is
provided with Post-Panamax locks at both sides of the canal. The vessels can be charac-
terised as follows:

Panamax-Plus vessels
These vessels have similar dimensions as Panamax vessels, but their draught is greater than
12 m (in tropical fresh water). Maximum dimensions: length 294 m, beam 32.3 m and
draught 14 m.

Post-Panamax vessels
Maximum dimensions of Post-Panamax vessels are: length 386 m, beam 54 m and draught
15.2 m. Initially, the maximum allowed draught in the Panama Canal will be 14 m; after a

period of five years, after deepening of the shipping channel, a maximum draught of 15.2 m
will be admitted.
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The daily traffic intensity (the total number of northbound and southbound ships) in the
existing two lanes and the new lane is assumed to develop as follows after opening of the

new lane:
Vessel Present Month 1 Year 1 Year 5 Year 10 Year 20 Year 50
type Situation
Existing lanes
Panamax | 13 13 13 13 13 13 13
Regular 23 23 23 23 23 23 23
Total 36 36 36 36 36 36 36
New lane
Post- 0 0 1
Panamax’
Post- 2 3 5 10
Panamax”
Panamax- | 0 2 4 4 4 4 5
Plus
Total 0 2 5 6 7 9 15

') Maximum draught of Post-Panamax vessels initially 14 m; from year 5 onwards 15.2 m

Table 2.1  Expected traffic intensities in existing and new shipping lanes
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3 Simulation model

The salt-intrusion process through the locks on the Panama Canal is simulated with a
numerical model. This model has been set up for the existing situation (see description in
Report A, issued June 2003) and is extended and adapted to the situation with a new
shipping lane and single-lift locks. A scheme of the extended model is shown in Figure 3.1.
The model predicts the salt water load on Gatun Lake and Miraflores Lake caused by
locking operations, taking into account water level fluctuations of the lakes, water releases
at Gatun Dam and Miraflores Dam, and tidal variations and salt concentration variations in
the seaside tailbays.

3.1 Concept of simulation model

Essentially, the model consists of a number of separate basins, each having a certain water
level, water volume and salt concentration, and being mutually connected. When a ship sails
from ocean to ocean it passes the various basins, causing a net transport of water from lakes
to oceans and a migration of salt water from basin to basin. Water transport and salt trans-
port are evaluated after each step of the uplockage or downlockage process.

Water from the lakes goes stepwise down during uplockage and downlockage of ships,
mixing up with the water in the lower locks during filling. When water saving basins are in
use water from the lock chamber is temporarily stored during levelling down, together with
a part of the salt content of the lock chamber, and returned into the lock chamber during
levelling up (see Figures 3.5 and 3.6). When lock gates are open and a ship moves in or out,
the ship’s volume is exchanged and density flows occur between basins with different
densities; these are the causes that salt water moves from lower basins to higher basins.

The separate basins of the Panama Canal (lock chambers, wsb's, forebays and tailbays of
locks, lakes and entrances) are regarded as nodes in the numerical simulation model. The
nodes and the hydraulic connections between the nodes are shown in the scheme of Figure
3.1. In the present study we name the locks as indicated in Figure 3.1. Locks in the existing
lanes at the Pacific side are named: A-west and A-east, B-west and B-east, C-west and C-
east; locks in the existing lanes at the Atlantic side are named: D-west and D-east, E-west
and E-east, F-west and F-east. The single-lift locks in the new lane are named lock N at the
Pacific side and lock O at the Atlantic side.

Water levels of the lakes, which vary throughout the year, and fluctuating water levels (tidal
movements) and salt concentrations in the seaside tailbays form input for the simulation
model. The water level variation in the lakes is the result of inflow and outflow of water.
We assume that salt water intrusion in the lakes is only caused by the locking process. The
salt intrusion is the net result of: (i) density currents which occur when the lock gates are
open, (ii) exchange of water when the gates are open and vessels move in and out, and (iit)
filling and emptying of lock chambers. All other water sources (Madden Lake (Chagres
river), creeks and rivers, precipitation, ground water flow) supply fresh water to the lakes.

The outflow of saline water, if any, occurs through the spillways of Gatun Lake (spillage of
surplus water, water for power generation) and Miraflores Lake (spillage of surplus water,
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cooling water). We assume that the outflow of saline water through other offtakes (drinking
water, industrial water, ground water, evaporation) is nill or can be neglected in the analysis.

Ship movements in the simulation model are from Pacific Ocean to Gatun Lake, from Gatun
Lake to Atlantic Ocean, from Atlantic Ocean to Gatun Lake and from Gatun Lake to Pacific
Ocean. Ships in the new shipping lane by-pass Miraflores Lake. When a ship moves up or
down water levels, water depths, water volumes and salt concentrations change in the nodes
of the simulation model. The value of these nodal parameters is evaluated after each step of
the locking process for a single ship movement.

In the nodal-status evaluation is checked whether the maximum or minimum water level in
lock chambers is exceeded. If so, the maximum or minimum water level is selected in the
evaluation. Similarly, for the wsb's is checked whether the maximum or minimum water
storage volume is exceeded.

The subsequent steps of a ship movement are described in a scenario together with other
data relevant to that ship movement, namely shipping lane, dimensions of ship, and duration
of the ship movement. A special scenario is the scenario that describes a ‘turn around’
(change from northbound ship transits to southbound ship transits or reverse), and a water-
release scenario that describes the water spills and water use for hydropower generation and
cooling.

Scenarios are combined in a day pattern. The start time of each scenario is prescribed in the
day pattern. When two scenarios start at the same moment, the simulation model treat them
one by one. A normal day pattern consists of a number of ship-movement scenarios, turn-
around scenarios and water-release scenarios. Different day patterns can be built up, for
example for each day of the week. Subsequently, day patterns are combined in a case (see
scheme of Figure 3.2). A case contains information on start date and stop date of the
simulation. Day patterns are handled one by one in the sequence of input. After the last day
pattern has been handled the simulation model starts again with the first day pattern; this
cyclical process continues until the end of the simulation. The user shall prepare a set of salt
exchange coefficients (see Chapter 4) and define initial values (dimensions of locks etc.,
water levels, water volumes and salt concentrations). The set of exchange coefficients and
the initial values form a part of the case.

At the start of each case nodal status parameters are initialized (see Section 3.10). Computed
values of status parameters are written to a file at the end of each scenario (or as desired:
day, week, month, year). When a case is the continuation of a previous case, end values of
salt concentrations in nodes (except Pacific and Atlantic Entrance) can be used as initial
values in the new case. After the case has been run the value of status parameters can be
presented in tables or graphs as a function of time. The concept of the numerical model is
reflected in Figure 3.3.

3.2 Single-lift locks and wsb's in simulation model

In addition to the two existing shipping lanes a new lane with single-lift locks at both sides
is defined in the simulation model. Each lock is provided with water saving basins (wsb's).
Because the six wsb's of a lock are filled or emptied one after another and the sequence of
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filling and emptying is always the same, the set of six wsb's can for the purpose of salt-
water intrusion simulation be replaced by a single wsb (see Figure 3.4). The storage capacity
of this single wsb is equal to the capacity of the set of six wsb's; also the fill and emptying
time is equal to the fill- and emptying time of the set of six wsb's. The exchange coefficient
in the salt balance is such selected that it is representative for the salt exchange between lock
chamber and all six individual water saving basins (see Chapter 5). The locks in the new
lane can be operated with or without wsb's in the simulation model.

3.3 Nodal status parameters

The parameters that describe the status of nodes in the simulation model are defined in this
section. All input data of the simulation model is in SI units.

3.3.1 Status parameters general

water level: h (in m to PLD)

water depth: d (in m)

water volume: V (in m®)

salt concentration: ¢ (in ppt = parts per thousand; c is averaged value for considered

water volume in node)

The temparature T is not considered as a separate status parameter in the simulation model.

3.3.2 Other parameters general

spillway discharge: Q (in m’ per day)

other water use: P (in m’ per day)

ship volume: S (in m*; water displacement of a ship)

length of lock or basin: 1 (in m)

width of lock or basin: b (in m)

area of lock or basin: A (in m?; area of gate recesses, if any, is included)
maximum water level: maxh (in m to PLD)

minimum water level: minh (in m to PLD)

max. water volume: maxV (in m®)
min. water volume: minV (in m*)
floor level or sill level: f(in m to PLD)
time: t (date, hour)

3.3.3 Status parameters of tailbays in Pacific and Atlantic Entrance

water level: huibay  (is prescribed; input: function (t))
salt concentration: Cuibay (IS prescribed; input: table)

3.3.4 Status parameters and other parameters of Miraflores Lake and

Gatun Lake
water level: hia (is prescribed; input: table)
water volume lake: Vi (is function of water level hyy; input: table)

WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Future Situation: Post-Panamax Locks Report B: Single-lift locks Q3039, September 2003

salt concentration lake: cyy. (is computed)

spillway discharge: Qspin (is prescribed; input: table)
water for hydro power: Py (is prescribed; input: table)
cooling water: Peooling (is prescribed; input: table)

3.3.5 Status parameters and other parameters of tailbays and forebays in
Miraflores Lake and Gatun Lake

sill level: fsn (input: table)

area tailbay: Aibay (input: table)
area forebay: Afgorebay (input: table)
water level tailbay: hyitbay (is equal to hyz)
water level forebay: heorebay (is equal to hyye)

water volume tailbay: Vi (is computed)
water volume forebay: Viyehay (is computed)
concentration tailbay:  cCuinay (is computed)

concentration forebay: Cgyebay (is computed)

3.3.6 Status parameters and other parameters of existing locks and new

locks
water level: hioek (is computed)
water depth: diock (is computed)
water volume: Vieck (is computed)
salt concentration: Ciock (is computed)
max. water level: maxhy (input: table)
min. water level: minhy,e (input: table)
length: Lok (nominal chamber length; input: table)
width: bjoek (width of chamber; input: table)
lock area: Alock & lioek - Brock)
floor level: fioex (input: table)
ship volume: S (is prescribed in scenario)

3.3.7 Status parameters and other parameters of new water saving basins

water volume: Vysb (is computed)
salt concentration: Cwsb (is computed)
max. water volume: maxV, (input: table)
min. water volume: minVg, (input: table)

3.4 Ship movements and turn arounds; vessel classes

Ship movements in the simulation model are from Pacific Ocean to Gatun Lake, from Gatun
Lake to Atlantic Ocean, from Atlantic Ocean to Gatun Lake and from Gatun Lake to Pacific
Ocean. Each ship movement consists of a sequence of steps, which are described in a
scenario together with other data relevant to that ship movement. Ship movements from
Pacific Ocean to Gatun Lake and from Atlantic Ocean to Gatun Lake (or reverse) may start
at the same time; the simulation model treat them one by one. Uplockage from ocean to
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Gatun Lake and downlockage from Gatun Lake to the ocean in the same lane and starting at
the same time is not allowed. The user must insert a ‘turn around’ scenario (see hereafter)
between an uplockage and a downlockage scenario, but this is not required for ship move-
ments in the new lane with single-lift locks.

With the new lane included a total number of 16 different ship movements and 8 turn
arounds can be distinguished. The 1-lift locks in the new lane can be operated with or
without water saving basins. Table 3.1 gives an overview of the various ship movements in
the simulation model.

no ship movement lane up- or remarks
downlockage
1 Pacific Ocean to Gatun Lake west lane Uplockage
2 Gatun Lake to Pacific Ocean west lane Downlockage
3 Pacific Ocean to Gatun Lake east lane Uplockage
4 Gatun Lake to Pacific Ocean east lane Downlockage
5 Pacific Ocean to Gatun Lake new lane Uplockage wsb's out of use
6 Gatun Lake to Pacific Ocean new lane Downlockage wsb's out of use
7 Pacific Ocean to Gatun Lake new lane Uplockage wsb's in use
8 Gatun Lake to Pacific Ocean new lane Downlockage wsb's in use
9 Atlantic Ocean to Gatun Lake west lane Uplockage
10 Gatun Lake to Atlantic Ocean west lane Downlockage
11 Atlantic Ocean to Gatun Lake east lane Uplockage
12 Gatun Lake to Atlantic Ocean east lane Downlockage
13 Atlantic Ocean to Gatun Lake new lane Uplockage wsb's out of use
14 Gatun Lake to Atlantic Ocean new lane Downlockage wsb's out of use
15 Atlantic Ocean to Gatun Lake new lane Uplockage wsb's in use
16 Gatun Lake to Atlantic Ocean new lane Downlockage wsb's in use

Table 3.1  Ship movements in simulation model

A turn around scenario describes the operational steps during a so-called ‘turn around’ (a
change from northbound ship transits in a lane to southbound ship transits or reverse). In a
turn around the water levels in the lock chambers are prepared for the change in ship transit
direction. A total number of 8 different turn arounds for the existing lanes are distinguished
in the simulation model (see Table 3.2). Turn arounds in the new lane with single-lift locks
are not necessary.

no side of canal turn around lane remarks
i Pacific side change from northbound to southbound traffic west lane
2 Pacific side change from southbound to northbound traffic west lane
3 Pacific side change from northbound to southbound traffic east lane
4 Pacific side change from southbound to northbound traffic east lane
S Atlantic side change from southbound to northbound traffic west lane
6 Atlantic side change from northbound to southbound traffic west lane
7 Atlantic side change from southbound to northbound traffic east lane
8 Atlantic side change from northbound to southbound traffic east lane

Table 3.2 Turn arounds in simulation mode!
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Various types of vessels pass the Panama Canal. The ship dimensions are of importance for
the salt water intrusion. Both the quantity of water that is displaced when the ship moves
from basin to basin (e.g. from lock to lock) and the density flows between basins depend on
the ship dimensions. Exchange coefficients which are applied in step II of the lockage
process (movement of ship between two adjacent basins), are defined in the simulation
model as a function of the ratio S/V,s (S = water displacement of ship, V. = reference
volume); in this way the effect of ship dimensions on density flows is included.

The following three vessel classes have been defined in Report A for ship movements in the
existing two lanes:

vessel water beam length draught percentage of
class displacement S number of
transits
I 15,000 m’ 21.3 m (70 ft) 150m (=500 ft) | 47m (154 ft) 45%
I 45,000 m’ 27.4 m (90 ft) 215m (=700 1) | 7.6m (249 ft) 20%
111 90,000 m’ 320m (105 ft) | 275m (=900 ft) | 10.2m(33.5 ft) 35%
Table 3.3  Types of vessels in simulation model (existing lanes)

These vessel classes may represent the different ship types that pass the canal at present. A
special vessel class '0' is available for lockage operations without a ship.

The vessels which use the new shipping lane, are represented by three additional vessel
classes (see Table 3.4). Vessel class IV represents the Panamax-Plus vessels, class VII the
Post-Panamax vessels with limited draught (only applicable in first four years after opening
of the new lane in view of limited depth of shipping channel), and class VIII the Post-
Panamax vessels. Ship classes V and VI are extra classes, which allow for a more detailed
specification of the ship traffic in the new lane. The development of the daily transit
frequency of these vessels over a period of 50 years after opening of the new lane is shown

in Table 2.1.
vessel water beam length draught
class displacement S
v 120,000 m’ 32.3 m (106 ft) 294 m (965 ft) 14.0 m (45.9 ft)
\Y% 145,000 m® 32.3 m (106 ft) 326 m (1069 ft) 15.2 m (49.9 ft)
VI 200,000 m® 54.0m (177 ft) 386 m (1266 ft) 10.7 m (35.1 ft)
VII 260,000 m’ 54.0 m (177 ft) 386 m (1266 ft) 14.0 m (45.9 ft)
VII 285,000 m° 54.0m (177 ft) 386 m (1266 ft) 152 m (49.9 ft)
Table 3.4  Post-Panamax types of vessels in simulation model (new lane)
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3.5 Steps in scenarios for ship movements

In this section the various steps in scenarios for ship movements in the new lane with a
single-lift lock system are described. A distinction is made between locks without wsb's and
locks with wsb's.

3.5.1 Locks without wsb's

Next table shows the subsequent steps in the uplockage scenario 'ship movement Pacific
Ocean — Gatun Lake'":

Low basin High basin Operation

(Remarks)
Tailbay Lock N Lock N Equalize water levels
Tailbay Lock N Lock N Move ship
Lock N Forebay Lock N Equalize water levels
Lock N Forebay Lock N Move ship
Forebay Lock N Gatun Lake (Density flows)

Table 3.5  Uplockage. Pacific Ocean — Gatun Lake. New lane, single-lift locks without wsb.

The subsequent steps in the downlockage scenario 'ship movement Gatun Lake —» Pacific
Ocean' are shown in next table:

High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock N (Density flows)
Forebay Lock N Lock N Equalize water levels
Forebay Lock N Lock N Move ship
Lock N Tailbay Lock N Equalize water levels
Lock N Tailbay Lock N Move ship

Table 3.6 Downlockage. Gatun Lake — Pacific Ocean. New lane, single-lift locks without
wsb.

The steps in the scenarios for ship movements Atlantic Ocean — Gatun Lake en Gatun Lake
—> Atlantic Ocean are similar, apart from the names of the locks (tailbay lock N = tailbay
lock O, lock N = lock O, forebay lock N = forebay lock O).

3.5.2 Locks with wsb's

More steps are required in scenarios for ship movements in a single-lift lock system with
wsb's. As an example next Table 3.7 shows the subsequent steps in the uplockage scenario
'ship movement Pacific Ocean — Gatun Lake' (see also Figure 3.5):
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Low basin High basin Operation

) (Remarks)
Tailbay Lock N Lock N Fill wsb's of lock N
Tailbay Lock N Lock N Equalize water levels
Tailbay Lock N Lock N Move ship
Lock N Forebay Lock N Empty wsb's of lock N
Lock N Forebay Lock N Equalize water levels
Lock N Forebay Lock N Move ship
Forebay Lock N Gatun Lake (Density flows)

Table 3.7  Uplockage. Pacific Ocean — Gatun Lake. New lane, single-lift locks with wsb.

The subsequent steps in the downlockage scenario 'ship movement Gatun Lake — Pacific
Ocean' are shown in Table 3.8 (see also Figure 3.6):

High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock N (Density flows)
Forebay Lock N Lock N Empty wsb's of lock N
Forebay Lock N Lock N Equalize water levels
Forebay Lock N Lock N Move ship
Lock N Tailbay Lock N Fill wsb's of lock N
Lock N Tailbay Lock N Equalize water levels
Lock N Tailbay Lock N Move ship
Table 3.8 Downlockage. Gatun Lake — Pacific Ocean. New lane, single-lift locks with

wsb.

The steps in the scenarios for ship movements Atlantic Ocean — Gatun Lake and Gatun

Lake — Atlantic Ocean are similar, apart from the names of the locks (tailbay lock N =
tailbay lock O, lock N = lock O, forebay lock N = forebay lock O).

3.6 Steps in scenarios for turn arounds

A turn around scenario contains the various steps which are required to prepare the locks for
a change in ship transit direction. However, in the case of a single-lift lock system no special
measures have to be taken when the ship transit direction changes. For a description of turn
arounds in the existing lanes reference is made to Report A.
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3.7 Dimensions of locks, wsb's and forebays / tailbays

The characteristic dimensions of locks, wsb's and forebays in the new shipping lane are
indicated in Table 3.9 (see also Figures 2.1 and 2.2).

basin nominal | width nominal, mean Sflooor level step in coping
length water level = sill level Sfloor level
(mto PLD)
(m) (m) high | low | (mtoPLD) (m) (m to PLD)
Pacific side
Lock N 480 61 +2591 | +0.30 -20.62 26.25 +29.67
wsb's Lock N +0.46
Forebay Lock N +25.91 +5.63 +29.67
Atlantic side
Lock O 480 61 +2591 | +0.06 -18.62 24.25 +29.67
wsb's Lock O +2.46
Forebay Lock O +25.91 +5.63 +29.67
") floor level of lower wsb
Table 3.9 Dimensions of single-lift locks, wsb's and forebays, new shipping lane
3—9
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The characteristic dimensions of locks and forebays / tailbays in the existing lanes are
shown in Table 3.10.

basin nominal | width nominal, mean Sfoor level step coping
length water level / sill level sill - sill level
(mto PLD)
(m) (m) high l low (m to PLD) (m) (mto PLD)
Pacific side
Lock A 3292 335 +7.92 +0.30 -15.54 9.65 +9.75
(A-west & A-east)
/-15.24
Lock B 332.1 33.5 +16.46 | +7.92 -6.20 9.04 +17.88
(B-west & B-east
/-5.59
Forebay lock B +16.46 +3.35
(B-west & B-east) (near intake)
/+3.45
Tailbay Lock C +16.46 +2.59
(C-west & C-east) (near outlet)
/+3.69
Lock C 332.1 335 +2591 | +16.46 | +3.35 7.42 +28.04
(C-west & C-east)
/+3.96
Forebay lock C +25.91 +11.38
(C-west & C-east) (near intake)
/+11.38
Atlantic side
Lock D 329.2 335 +8.54 +0.06 -13.51 8.76 +10.57
(D-west & D-east)
/-12.90
Lock E 329.2 335 +17.38 | +8.54 -4.67 8.71 +19.58
(E-west & E-east)
/-4.14
Lock F 332.1 335 +2591 | +17.38 | +4.17 6.81 +28.04
(F-west & F-east)
/+4.57
Forebay lock F +25.91 +4.27
(F-west & F-east) (near intake)
/+11.38

Table 3.10 Dimensions of existing locks and forebays / tailbays

The dimensions and properties of basins in the simulation model are as follows:
New locks

The nominal lock chamber length is the size between the centre line of the upper gates and
the centre line of the lower gates and equals about 480 m. The nominal length multiplied by
the chamber width and the water-level difference determines the quantity of lockage water.
Also the gate recesses contribute to the lockage water. This is accounted for by increasing
the area of the lock chambers with the area of two gate recesses; doing so the nominal
length of the lock chamber is increased with about 2 x 30 m, giving a total length of 540 m.
This size is used in the numerical simulations. The new locks have flat floors without sills.
Coping level corresponds to the top level of the lock walls.

3—10
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Forebays new locks

The water volume of the forebays in Gatun Lake is arbitrarely computed as the product of
length 540 m (= nominal lock chamber length + contribution gate recesses), width 61 m (=
lock chamber width) and water depth above the adjacent lock floor. In formula form:

Vforebay = Aforebay . (hlake - flmk) =540m.6lm. (hlake - flock)
Water saving basins new locks

The six wsb's of the 1-lift locks are replaced by a single wsb in the simulation model. The
storage capacity of this single wsb is equal to the storage capacity of the six wsb's together.
The salt exchange coefficient in the formulas that describe the exchange of salt water
between single wsb and lock chamber is such selected, that it is representative for the
exchange of salt water between the set of six individual wsb's and the lock chamber.

Existing locks

The nominal lock chamber length is the size between upper gate and lower gate of a lock
This size determines the quantity of lockage water and is used in the simulations. Floor level
corresponds to the flat, deeper part of the lock chambers; the sills protrude 0.3 m — 0.6 m
(1 ft — 2 ft) above floor level. Lock chamber floors are thus at a lower elevation than the
sills. Coping level corresponds to the top of the chamber walls.

Forebays and tailbays existing locks

The water volume of the forebays in Miraflores Lake and Gatun Lake and the tailbays in
Miraflores Lake is arbitrarely computed as the product of length 330 m (= average nominal
lock chamber length), width 33.5 m (= lock chamber width) and water depth above the
adjacent lock sill. In formula form:

V forebay = Avorebay + (Biake — fsin) =330 m . 33.5 m . (hyae — fin)
Viaitbay = Atailbay - (Miake — fsi) =330 m . 33.5 m . (hyae — i)

Function of forebays and taillbays in simulation model

A forebay (or tailbay) functions as a temporarily buffer for salt water between locks and
lakes in the simulation model. Without a forebay (or tailbay) the salt water from the locks
would immediately be distributed over the full lake volume, which is not conform the real
salt intrusion process. A time-dependent function regulates the inflow / outflow of salt water
from forebay (or tailbay) into / from the lake. In this way the intruded salt water remains for
some time in the neighbourhood of the locks and enables the flow back of salt water in the
phase that water is withdrawn from the forebay to level up the adjacent lock chamber.

The forebay (or tailbay) is in open connection with the lake; consequently, the water volume
of the forebay (or tailbay) varies with the water level of the lake. Because of the open
connection the water volume of the forebay (or tailbay) is not effected in the simulation
model by the passage of a ship or withdrawal (or spillage) of water in the water-levelling
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step (contrary to the water volume of a lock chamber). Water that is withdrawn from the
forebay is immediately replenished with water from the lake, and water that is spilled into
the tailbay is immediately compensated by a flow from tailbay towards the lake.

The ship moves from lock to lake and causes a flow from forebay (or tailbay) to lock and
subsequently from lake to forebay (or tailbay). The salt concentration is effected by these
water movements and is computed in the salt balance. The same holds when the ship moves
from lake to lock.

The tailbay at the seaside of the locks does not form a real node in the numerical model. The
salt concentration cyipay in the seaside tailbay of Miraflores Locks and Gatun Locks is input
for the model.

In the simulations we put:

lock chambers:

Viock = liock - Piock - diock = Water volume of lock chamber

liock = nominal length of lock chamber (existing locks see Table 3.10, new locks
540 m)

biock = width of lock chamber (existing locks 33.5 m, new locks 61.0 m)

hyeck = water level (in m to PLD)

flock = floor level (in m to PLD; see above Tables 3.9 and 3.10)

diock = water depth in lock chamber = hyog — fioex

maxh,,x = highest water level in lock chamber = coping level (in m to PLD)

minhya = lowest water level in lock chamber; existing locks: sill level + 10 m (in m to

PLD); new locks: floor level + 10 m (in m to PLD)
forebays (Gatun Lake, Miraflores Lake) and tailbays (Miraflores Lake) existing locks
Vforebay =330m.335m. (hlake - sill)
Vaitbay =330m.33.5m. (hje — fan)

Jforebays new locks (Gatun Lake)
Vforebay =540m .61 m. (hlake - flock)

water saving basins new locks

szb = lwsb . bwsb . dwsb

Lush = length of wsb in simulation = 540 m

buwsb = width of wsb in simulation = 61 m

duwsh = water depth of wsb (total depth of the six individual wsb's)

maxV,s = maximum water volume of wsb =30 m x 540 m x 61 m = about 1000000 m*
minV,y = minimum water volume in wsb = 0.01 * maxV,, (about 0.3 m water depth)
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3.8 Miraflores Lake and Gatun Lake

3.8.1 Water levels and water volumes

Miraflores Lake receives water from Gatun Lake (through the lockages at Pedro Miguel)
and from a few small streams. It looses water through the lockages at Miraflores, evapo-
transpiration, industrial water use, cooling water, ground water flow and spillage of water
through Miraflores Spillway. At present the water level in Miraflores Lake is maintained at
about PLD+16.6 m (+54.4 ft), 0.25 m higher than in the years up to 1965. ACP will
maintain this water level also in the future after realization of the new shipping lane.

A constant water level of PLD+16.58 m (+54.4 ft) is used in the simulation model. The
corresponding water volume amounts to 23.80 x 10° m® (840.65 x 10° ft).

The water level of Gatun Lake fluctuates in dependence of either dry or wet season (maxi-
mum variation about 2.8 m). Water is supplied by Chagres River, Trinidad River and Gatun
River; these rivers drain a watershed of 3500 km?. Water losses occur as a result of lockages,
evapotranspiration, industrial and municipal water use, groundwater flow, hydro power
generation at Gatun Dam and spillage of water (water is spilled through Gatun Spillway
when a water level of about PLD+26.7 m (+87.5 ft) is exceeded). During the last decade the
mean water level of Gatun Lake was about PLD+26.1 m (+85.6 ft); the corresponding water
volume amounts to 5.25 km®.

The daily water level recordings of Gatun Lake have been averaged for all months in the
period 1992 — 2001. The average values of all month-averages (January, February, ....
December) in this 10-year period were used in the validation of the simulation model
(existing situation, see Report A); they were regarded as typical values representing the
water level variation of Gatun Lake throughout the year.

The same water levels are used as input in the simulation model for the new situation, after
realization of the new shipping lane. The average water level values are shown in next table
together with the corresponding water volume.

Month Water level Volume Water level Volume

(m to PLD) (10° m’) (fi to PLD) (10° /)

January 26.47 5407 86.85 190958
February 26.28 5326 86.23 188080
March 26.00 5205 85.30 183804
April 25.66 5062 84.19 178764
May 25.57 5024 83.89 177414
June 25.76 5104 84.52 180256
July 25.94 5179 85.10 182891
August 26.02 5213 85.36 184079
September 26.16 5274 85.83 186235
October 26.29 5330 86.26 188219
November 26.49 5418 86.93 191331
December 26.58 5456 87.22 192686

Table 3.11 Gatun Lake: representative water level and corresponding water volume
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The water levels of Gatun Lake and Miraflores Lake which are used in the simulation model
are shown in Figure 3.7.

3.8.2 Water releases

The water levels of Miraflores Lake and Gatun Lake are controled by spillways. When the
water level exceeds a maximum value, the surplus water is spilled. Water of Gatun Lake is
also used for hydropower generation, water of Miraflores Lake for cooling.

The daily spilled water quantities of Gatun Lake and water quantities used for hydropower
generation have been averaged for all months in the period 1992 — 2001. The average values
of all month-averages (January, February, .... December) in this period were used in the
validation of the simulation model (existing situation, see Report A); they were regarded as
typical, representative values. Since the new shipping lane causes extra water losses, an
additional water quantity has to be supplied to Gatun Lake and / or a lesser water quantity
released at Gatun Dam to maintain the water level.

In a baseline scenario we start from the assumption that all extra water losses from Gatun
Lake are compensated by an equal quantity of fresh water, that is supplied from new water
sources. Consequently, the present water levels and water releases will not change and we
will use the representative water-release quantities presented in Table 3.12 as input in the
simulation model.

Month Spilled water Hydropower Total
(10° m’ per day) (10° m’ per day) (10° m’ per day)

January 2.57 2.04 4.61
February 0.60 0.00 0.60
March 0.20 0.00 0.20
April 0.16 0.00 0.16
May 0.94 0.00 0.94
June 3.63 0.00 3.63
July 5.55 0.00 5.55
August 6.06 0.52 6.58
September 7.49 0.83 8.32
October 7.03 1.20 8.23
November 7.38 422 11.60
December 5.69 6.94 12.63

Table 3.12 Gatun Lake: representative values of daily spilled water quantities
and water quantities used for hydropower (baseline scenario)

In a second scenario we assume that the extra water losses caused by the new locks are
partly or fully compensated by a lesser water release at Gatun Dam; the remaining portion,
if any, is supplied to Gatun Lake from new water sources. The extra water losses of the new
locks are growing when the Post-Panamax shipping intensity increases. Next Table 3.13
presents the extra water losses of the new locks; the values are based on the ship-traffic
projections of ACP for the next 50 years (semi-convoy mode of operation) and on the
assumption of a mean water level difference between Gatun Lake and both oceans of 25.7
m. In that case each transiting ship causes a water loss of 257 m * 540 m * 61 m * 2 =
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about 1.6 * 10° m* (with wsb’s 0.4¥10° m®, 75% water saving). The water loss would be
reduced with a factor 2 when alternate locking of ships (uplockage — downlockage) was
applied, but this is contrary to the starting point that ships sail in semi-convoy mode.

Period after Post-Panamax Extra water losses Extra water losses
opening of new lane ship transits in case of wsb's
(number per day) (10° m*/day) (10° m*/day)
month 1 2 3.20 0.80
year | 5 8.00 2.00
year 5 6 9.60 2.40
year 10 7 11.20 2.80
year 20 9 14.40 3.60
year 50 15 24.00 6.00

Table 3.13 Extra water losses after opening of third, new lane with single-lift locks

In the second scenario the water releases at Gatun Dam are as follows (reduction for extra
water losses of new lane with single-lift locks included):

Month Total water| Total water | Total water | Total water | Total water | Total water | Total water
release release release release release release release
year 0 month | year 1 year 5 year 10 year 20 year 50
(10° m’ per (10° m® per | (10° m’ per| (10° m’ per | (10° m’ per|(10° m* per|(10° m’ per
day) day) day) day) day) day) day)
January 4.61 1.41 0.00 0.00 0.00 0.00 0.00
February 0.60 0.00 0.00 0.00 0.00 0.00 0.00
March 0.20 0.00 0.00 0.00 0.00 0.00 0.00
April 0.16 0.00 0.00 0.00 0.00 0.00 0.00
May 0.94 0.00 0.00 0.00 0.00 0.00 0.00
June 3.63 0.43 0.00 0.00 0.00 0.00 0.00
July 5.55 235 0.00 0.00 0.00 0.00 0.00
August 6.58 3.38 0.00 0.00 0.00 0.00 0.00
September 8.32 5.12 0.32 0.00 0.00 0.00 0.00
October 8.23 5.03 0.23 0.00 0.00 0.00 0.00
November 11.60 8.40 3.60 2.00 0.40 0.00 0.00
December 12.63 9.43 4.63 3.03 1.43 0.00 0.00
Table 3.14 Gatun Lake: representative values of daily released water quantities

(second scenario; single-lift locks without wsb's in new lane)

When the wsb's of the single-lift locks in the new lane are active the water losses are smaller
and the water releases at Gatun Dam become:
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Month Total water| Total water | Total water | Total water | Total water | Total water | Total water
release release release release release release release
year 0 month 1 year | year 5 year 10 year 20 year 50
(10° m’ per | (10° m’ per | (10° m® per | (10° m’ per | (10° m’ per | (10° m’ per | (10° m’ per
day) day) day) day) day) day) day)
January 4.61 3.81 2.61 2.21 1.81 1.01 0.00
February 0.60 0.00 0.00 0.00 0.00 0.00 0.00
March 0.20 0.00 0.00 0.00 0.00 0.00 0.00
April 0.16 0.00 0.00 0.00 0.00 0.00 0.00
May 0.94 0.14 0.00 0.00 0.00 0.00 0.00
June 3.63 2.83 1.63 1.23 0.83 0.03 0.00
July 5.55 4.75 3.55 3.15 2.75 1.95 0.00
August 6.58 5.78 4.58 4.18 3.78 2.98 0.58
September 8.32 7.52 6.32 5.92 5.52 4.72 2.32
October 8.23 7.43 6.23 5.83 5.43 4.63 2.23
November 11.60 10.80 9.60 9.20 8.40 8.00 5.60
December 12.63 11.83 10.63 10.23 9.83 9.03 6.63

Table 3.15 Gatun Lake: representative values of daily released water quantities
(second scenario; single-lift locks with wsb's in new lane)

The daily water-release quantities of Tables 3.14 and 3.15 are used in the simulations.

The daily spilled water quantities of Miraflores Lake and the water quantities used for
cooling at Miraflores are shown in Table 3.16. These values concern monthly averaged

values of the year 2001.
Month Spilled water Cooling water Total
(10° m’* per day) (10° m’ per day) (10° m’ per day)

January 0.25 0.30 0.55
February 0.17 0.30 0.47
March 0.17 0.30 0.47
April 0.10 0.30 0.40
May 0.05 0.30 0.35
June 0.06 0.30 0.36
July 0.12 0.30 0.42
August 0.11 0.30 041
September 0.24 0.30 0.54
October 041 0.30 0.71
November 0.49 0.30 0.79
December 0.36 0.30 0.66

Table 3.16 Miraflores Lake: daily spilled / used water quantities in 2001

The values in Table 3.16 are not suited for use in the simulation model, because they are not
representative for a longer period of time. To get better representative values we have
adapted the water release quantities of Miraflores Lake as follows. Firstly, we have
redistributed the total released water quantity over the year 2001 using the distribution of
averaged monthly values of the ten-year period of Gatun Lake (but, a minimum value of
0.075 x 10° m*/day and a maximum value of 0.3 x 10° m’/day were maintained for water-
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cooling purposes at Miraflores Dam). Than we have corrected the redistributed 2001-values,
because the year 2001 appeared to be a relatively dry year. The correction was made on the
basis of the water-release quantity of Gatun Lake for the year 2001 and the average water-
release quaritity of Gatun Lake for the ten-year period, taking again into account a maxi-
mum value of 0.3 x 10° m*/day for cooling purposes at Miraflores Dam. The obtained values
are shown in Table 3.17; these values are regarded as representative values and are used in
the simulation model. Since the new lane does not effect the water level of Miraflores Lake
the water release quantities are valid both for the baseline scenario and the second scenario.

Month Spilled water Cooling water Total
(10° m’ per day) (10° m’ per day) (10° m’ per day)

January 0.54 0.30 0.84
February 0.04 0.19 0.23
March 0.02 0.15 0.17
April 0.01 0.15 0.16
May 0.07 0.21 0.28
June 0.39 0.30 0.69
July 0.69 0.30 0.99
August 0.85 0.30 1.15
September 1.11 0.30 1.41
October 1.10 0.30 1.40
November 1.62 0.30 1.92
December 1.77 0.30 2.07

Table 3.17 Miraflores Lake: representative quantities of daily spilled water
and water used for cooling (baseline scenario and second scenario)

The daily water releases of Gatun Lake and Miraflores Lake (baseline scenario) are shown
in Figure 3.8.

3.8.3 Effect of water level changes and water releases

Water levels and corresponding water volumes of Gatun Lake and Miraflores Lake are
prescribed for each day of a case in the simulation model. Also the water-release quantities
are prescribed through special water-release scenarios in the daypattern. The effects of water
level changes on salt concentration of the lakes are evaluated at the start of each day; the
effects of water releases are evaluated when the water-release scenarios are executed (see
also Section 4.6).

3.9 Water levels and salt concentrations of seaside tailbays

The tide variation at the Pacific side of the Panama Canal is relatively strong (the sea level
near Balboa varies between the extremes PLD -3.44 m and PLD +3.60 m; mean sea level
PLD +0.30 m, mean low spring tide PLD — 2.32 m).

The tide variation at the Atlantic side is small compared to the tide variation at the Pacific
side (the tide near Colon varies between the extremes PLD -0.38 m and PLD +0.56 m; mean
sea level PLD +0.06 m, mean low tide PLD —0.12 m).

The water level variation in the sea entrances is predicted as a function of absolute time

(date, hour) in the simulation model. To that purpose sinusoidal functions are applied. The
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resultant shape may not fully be conform the real water level fluctuation near the locks, but
in the long run it are the period and the amplitude that count, rather than a full reproduction
of the course of the tidal movement.

The tidal movement in the tailbays at the Pacific side is predicted with:

h iy =0.305+ A.sino,t + B.sinw,t

with:
htaitbay = tidal movement (m to PLD)
A = amplitude 1* component = 1.8 m
B = amplitude 2™ component = 0.575 m
) = frequency 1¥ component = (2rt/44760)
0)) = frequency 2™ component = (21/43233)
t = time (s)

giving a minimum value of PLD -2.07 m and a maximum value of PLD +2.68 m (see
Figure 3.9).

The tidal movement in the tailbays at the Atlantic side is predicted with:

h ey = 0.06+ A.sinm,t + B.sinw,t

with:
htaitbay = tidal movement (m to PLD)
A = amplitude 1* component = 0.16 m
B = amplitude 2™ component = 0.04 m
® = frequency 1* component = (2n/44760)
0)) = frequency 2™ component = (21/43233)
t = time (s)

giving a minimum value of PLD —0.14 m and a maximum value of PLD +0.26 m (see
Figure 3.10).

The salt concentration in the tailbays at the seaside of the locks fluctuates as a function of
the season; this holds in particular for the tailbays at the Pacific side (see also Report A).
The salt concentration in the tailbays at the Pacific side varies between about 28 ppt (wet
season) and 34 ppt (dry season); the effect of a lower temperature in the dry season (21 °C
versus 28 °C in the wet season) is not separately taken into account in the simulation model.
Instead, we have increased the salinity level in the dry season, using the relationships which
exist between temperature, density and salinity. The salt concentration in the tailbays at the
Atlantic side varies slightly about a value of 31 ppt. The following salt concentrations are
used in the simulation model:
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Month Salt concentration Salt concentration
tailbays Pacific side tailbasy Atlantic side
(rp) (ppY)
January 31 30
February 34 31
March 37 32
April 37 32
May 35 32
June 33 31
July 31 30
August 28 30
September 28 30
October 28 30
November 28 30
December 28 30

Table 3.18 Salt concentration in tailbays at Pacific and Atlantic side

The salt concentrations at the Pacific and Atlantic side, which are used in the simulation
model are shown in Figure 3.11.

3.10 Initialization at the start of a simulation run

Water levels of Miraflores Lake, Gatun Lake, and tailbays at the Pacific and Atlantic side, as
well as salt concentrations of tailbays at the Pacific and Atlantic side are prescribed through
input tables or input functions (see preceeding sections).

At the start of a simulation run, however, an initial value must also be given to the water
levels in the lock chambers and the water volumes in the wsb's. In addition, an initial value
must be given to the salt concentrations in the lock chambers and wsb's, Miraflores Lake
and Gatun Lake. To that purpose the user prepares the table 'Initial values'.

We put that the first day of a case starts with uplockage of ships in all shipping lanes, both at
the Pacific side and the Atlantic side. This condition implies that the water level is high in
all lock chambers at the start of the simulation, and the water level of wsb's is low. Initial
water levels in the lock chambers are by default selected from Tables 3.9 and 3.10 (nominal,
mean high water level); initial water volumes of wsb's are by default set to 'minV,' (see
Section 3.7).
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4 Evaluation of nodal status parameters

As explained before, a case in the numerical model is built up of a series of day patterns;
each day pattern consists of a number of scenarios. A scenario describes the different steps
of the locking process of a single ship and contains also other relevant data which is
necessary for the execution of the scenario. Turn-around scenarios describe the steps which
are required to prepare the locks for a change in shipping direction.

The salt concentrations and water levels of tailbays at the seaside of the locks, as well as
water levels and water volumes of the lakes form input for the simulation model. At the start
of a case the initial value of the status parameters of locks, water saving basins, storage
ponds, forebays and lakes are prescribed, see Section 3.10. The effect of lock operations on
the salt concentration of the lakes is analysed at the time that the ship movement or turn
around scenarios are executed.

Salt water may be spilled through the spillways of Miraflores Lake and Gatun Lake. Water
used for hydropower generation or cooling may also contain salt. These different water
release operations form input for the simulation model and are prescribed through special
water-release scenarios. The effect of water releases on the salt concentration of the lakes is
evaluated at the time that the water-release scenarios are executed.

The effect of water level changes of the lakes on the salt concentration is evaluated at the
start of each day.

A scenario is simulated as a series of subsequent steps in the numerical model. The value of
the status parameters of the nodes (water level, water depth, water volume, salt concen-
tration) is computed after each step of the scenario. In the explanation in the following
sections, status parameters are indicated with subscript 1 at the beginning of a step and
subscript 2 at the end of a step. End values of a step are taken as start values for a next step
in the current or in the next scenario. Both the water balance and the salt balance of two
adjacent, mutually connected basins are drawn up in a step. Exchange coefficients e, are
applied in the salt balance; the values of these exchange coefficients (see Section 5) are
prescribed through the input table 'Coefficient Set'.

Salt concentrations are volume-averaged values (in basins). A salt concentration multiplied
by a water volume represents a quantity of salt; salt is transferred from one basin to another.

The equations which are used in the evaluation of nodal status parameters are presented in a
general form in next sections. Subscript ‘high’ refers to the higher basin of two adjacent
basins, subscript ‘low’ to the lower basin. Use is made of a reference exchange volume V.
in the salt balance in combination with the exchange coefficient e,; the latter may be
different in each step. The water quantity that is temporarily stored in the water saving
basins of a lock is referred to as V.

The equations for ship movements and turn arounds in the existing shipping lanes are
explained in Report A; they will not be repeated here.
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4.1 Ship movements new lane, single-lift locks without wsb's

The evaluation of nodal status parameters for ship movements in the new shipping lane
provided with a single-lift lock system without wsb's, is similar as described in Report A.
Reference is made to Report A for a description.

4.2 Ship movements new lane, single-lift locks with wsb's,
uplockage

Two basic steps can be distinguished in the uplockage process:

I the water level in the low basin (with ship) is equalized with the water level in the high
basin (without ship); the wsb's of the lock are emptied or filled; water is transferred
from high basin to low basin

I lock gates are opened and the ship moves from low basin to high basin; a net water
quantity equal to the ship volume S is displaced from high basin to low basin and
density flows develop

The time-dependent exchange of salt water between forebays and lakes is handled in a
'special step'.

For the various combinations of basins (tailbays, locks with wsb's, forebays) the equations
which describe the water balance and the salt balance within a basic step of the locking
process are presented.

The next starting points hold in the set up of the water balance and salt balance in step I:

- the water volume Vg, that is spilled to or supplied from the wsb's is equal to maximum
75% of the water volume V., that would be exchanged between lock and tailbay or
forebay and lock when no wsb's were present

- consequently, the quantity of water that is exchanged between two adjacent basins
amounts to: Vier — Vae

- when wsb's get full or have insufficient water (this is checked in the simulation) a lesser
quantity of water is transferred to and from the wsb's

The exchange coefficient e, used in formulas in step II is dependent on the ship volume S.

Input for the simulationmodel is the value of e, for S = 0. The value of e, applied in the
computation is:

[-5)
e, =1 - —|.¢e,
Vref

with:
€ = value of e, for S=0
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Definition of the exchange coefficient ey:

- apositive value of e, in the formulas of step I means salt transfer from high basin to low
basin, salt feeding to the wsb that is filled, and salt withdrawal from the wsb that is
emptied

- a positive value of e, in the formulas of step II means salt transfer from low basin to
high basin, provided that the average salt concentration of the water in the high basin is
smaller than the average concentration of the water in the low basin; otherwise the salt
transfer is in the reverse direction
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step l: the water level in the low basin (with ship) is equalized with
the water level in the high basin (without ship); the wsb's of the lock
are emptied or filled; water is transferred from high basin to low
basin

low basin = tailbay seaside, high basin = lock

tailbay
seaside

tailbay
seaside

water balance
Known values at the beginning of step: hyign1, dhight, Vhigh Ntaitbay (= input), Visphighi

hhigh2 = htailbay
check: hhith > maxhhigh ?
ifyes: hhith = maxhhigh
check: hhigh2 < minhhigh ?
ifyes: hhith = minhhigh
note: in practice lock operations will be delayed until the tide has sufficiently been
changed
dhith = hhith - fhigh
Vhigh2 = dhigh2 - Anigh
Vit = (Bhigh1 — hiign2) - Anigh

Veave =0.75.V,¢
Vsbhigh?™ Vwsbhight T Vsave
check: szbhighz > mawasbhigh ?
ifyes: Visphigh2= MaxVyshhigh
Viave = Vwsbhighz — Vwsbhighl
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salt balance

Known value at the beginning of step: chighi and Cysphignt

(Vhight - Chight) = (Cwsvint + Vsave - Chighl) = (&g - Vet = Vine) - chighl)

Vhith

Chigh2 =

B (szbhighl . cwsbhighl) * (Cwsvitt - Viave - chigh])
C wsbhigh? =

szbhi gh2
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low basin = lock, high basin = forebay lake side

forebay lake side

water balance

Known values at the beginning of step: hjx. (= input), Vix. (= input), hhighi, dhight, Vhight»
hlowla dlowla Vlowl, szblowl

hiowzs = hiagee
check: hyy, > maxhy, ?

ifyes: hiw; = maxhy,,

note: in practice the water level in the lake shall be lowered
hhighz = hhighl = Diake

dlow2 = hlowZ - f]ow
Vlow2 = (dlow2 . Alow) -S
dhighy = dhignt = dforebay = (hiake — fiin)

Vhignz = Vhight = Viorebay = dhigh2 - Asorebay
Vref = (hlow2 - hlowl) . Alow

Viave =0.75 . Vier

szblowZ = szblowl - Vsave
check: Vispiowz < minVigpiow ?
ifyes: Vispiowz = MinVyspiow
vsave = szblowl - szblow2

salt balance

Known values at the beginning of step: Cpigh1 (= Cforebay1)s> Clowl» Clakels Cwsblow1

_ (Vlowl . clow]) + (ewsbempty . Vsave . cws|>lowl) + (ex . (Vref - Vsave) . chighl)
Clow2 = Y,
1

ow2
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_ (Vhighl . Chighl) - (ex . (Vref - Vsave) . Chighl) + ((Vref - Vsave) . clakel)
Chigha =
Vhigh2
_ (vwsblowl . cwsblowl) - (ewsbcmpty . vsavc . cwsblowl)

C wsblow2 =~ Y,

wsblow2

(Viet = Viave)

Clake2 = Clakel - =S L Clakel
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step ll: the gates are opened and the ship moves from low basin to
high basin; a net water quantity equal to the ship volume S is
displaced from high basin to low basin and density flows develop

low basin = tailbay sea side, high basin = lock

tailbay
seaside

tailbay
sea side

water balance

Known values at the beginning of step: hyigh1, dhight, Vhighi

hhith = hhighl
dhith = dhighl
Vhigha = Vhighi — S
Vit = Vhign

salt balance

Known values at the beginning of step: Cpign1, Ciow1 (= Caiibay)> Crailbay (= input)

. _ (Vhight - Chigh1) + €x - Vg - (Cpoun — Cpign1) — (5. Chight )
high? —

Vhign2
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low basin = lock, high basin = forebay lake side

ship

forebay
lake side

water balance

Known values at the beginning of step: hyignt, dhight, Vhight> Mowt> diowl> View!

hiowz = higwn

dlow2 = dlowl

VlowZ = Vlowl +S
huighs = Duigni

dhigh2 = dhighl = dforebay

Vhigh2 = Vhight = Vorebay
Vit = Viigni

salt balance

Known values at the beginning of step: Chighi (= Ctorebay1)s Clowls Clakel

(Vlowl . clowl) = €5 Vref ‘ (Clowl - Chigh]) + (S . chighl)

Clow2 =
VlowZ
_ (Vhignt - Chigh1 ) T €x - Vier - (Crowt — Chigh1 ) = (S - Cpignt ) + (S € e1) _
Chigha = v = Ciorebay2
high2
Clake2 = Clakel — -Clakel

VI ake
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Special step: exchange of salt water between forebay and lake

The forebay of the single-lift locks is in open connection with Gatun Lake. After an
uplocking ship has passed the forebay the salt concentration in the forebay has changed.
Density differences exist between the water in the forebay and the water in the lake, and as a
result density-driven exchange flows occur. The quantity of salt that is exchanged between
forebay and lake is dependent on the density difference and is also a function of time. Next
formulas are used in the simulation model to describe the exchange of salt water.

low basin is forebay, high basin = lake
salt balance

Known values at the beginning of step: Ciakei, Ctorebay1
cforebayZ = cforebayl - ex'(cforebayl - Clakel)

Vforebay

Vlake

Clake2 = Clakel + €x-(Ctorebayt — Clakel )-

time aspect

The exchange coefficient e, (0 > e, > 1) is a function of the time difference between two
subsequent ship passages in the same lane (ships sail in the same direction, northbound or
southbound). The start time of scenarios is selected to determine the time difference.
Exchange coefficient: e, = 0 means no salt exchange, e, = 1 means full salt exchange (the
salt concentration in the forebay becomes equal to the salt concentration in the lake).

Assuming that the salt exchange process is a linear function of time the following relation-
ship is applied in the simulation:

€x = A - € xfull
T
with:
ex = exchange coefficient used in simulation
exan = 1 (full salt exchange)
At = time difference (s) between two subsequent ship passages
T = exchange time

IfAUT > 1then At=T, and e, = exsn = 1.
A period T = 3600 s is selected for the forebays in Gatun Lake starting from the assumption
that the propagation velocity of a salt tongue is in the order of 0.1 — 0.2 m/s.
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4.3 Ship movements new lane, single-lift locks with wsb's,
downlockage

Two basic steps can be distinguished in the downlockage process:

I the water level in the low basin (without ship) is equalized with the water level in the
high basin (with ship); the wsb's of the lock are emptied or filled; water is transferred
from high basin to low basin

II lock gates are opened and the ship moves from high basin to low basin; a net water
quantity equal to the ship volume S is displaced from low basin to high basin and
density flows develop

The time-dependent exchange of salt water between forebays and lakes is handled in a
'special step'.

For the various combinations of basins (tailbays, locks with wsb's, forebays) the equations
which describe the water balance and the salt balance within a basic step of the locking
process are presented.

The next starting points hold in the set up of the water balance and salt balance in step I:

- the water volume V. that is spilled to or supplied from the wsb's is equal to maximum
75% of the water volume V.. that would be exchanged between lock and tailbay or
forebay and lock when no wsb's were present

- consequently, the quantity of water that is exchanged between two adjacent locks
amounts t0: Vier — Vave

- when wsb's get full or have insufficient water (this is checked in the simulation) a lesser
quantity of water is transferred to and from the wsb's

The exchange coefficient e, used in formulas in step II is dependent on the ship volume S.

Input for the simulationmodel is the value of e, for S = 0. The value of e, applied in the
computation is:

(-
e, =|1- . €y
vref

with:
e, = value of e, for S=0

Definition of the exchange coefficient e,:

- apositive value of e, in the formulas of step I means salt transfer from high basin to low
basin, salt feeding to the wsb that is filled, and salt withdrawal from the wsb that is
emptied

- a positive value of e, in the formulas of step II means salt transfer from low basin to
high basin, provided that the average salt concentration of the water in the high basin is
smaller than the average concentration of the water in the low basin; otherwise the salt
transfer is in the reverse direction
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step |: the water level in the low basin (without ship) is equalized
with the water level in the high basin (with ship) ; the wsb's of the
lock are emptied or filled; water is transferred from high basin to low

basin

high basin = forebay lake side, low basin = leck

water balance

ship

forebay
lake side

Known values at the beginning of step: hy (= input), Viue (= input), hpignt, dhignt, Vhignis

hlowl; dlowl, Vlowb szblowl

Bhighy = hiight = hyae
hlow2 = hlake
check: hygwo > maxhy,, ?
ifyes: hiwy = maxhy,

note: in practice the water level in the lake shall be lowered

Ahigh2 = dhight = dforebay = (Diake — fsitr)
Vhigh2 = Vhight = Viorebay = Ghigh? - Aforebay
diow2 = hiowz = fiow

Vlow2 = dlow2 . Alow

Vref = (hlowl - hlowl) . Alow

Vave =0.75. Vg

Vasplow2 = Vwsblowl = Viave
check: Vispiowz < minVygpiow ?
if yes: Vygiowz = MinVygpiow
Vave = Visblowt = Vsblow?
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_ (Vhighl . Chigh]) - (ex . (Vref - Vsave) . chighl) + ((Vref - Vsave) . clakel)

Chigha = v = Cforebay2
high?
_ (Vlowl . clowl) + (ewsbempty . vsave . cwsblowl) + (ex . (Vref - vsave) 4 chighl)
Clow2 = vV
low2
_ (szblowl . Cwsblowl) B (ewsbempty . Vsavc . cwsblowl)
Cuwsblow2 = vV
wsblow2
_ (vref — Vsave)
Crake2 = Clakel v - Clakel
lake
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high basin = lock, low basin = tailbay sea

tailbay sea side

tailbay sea side

water balance
Known values at the beginning of step: hyigh1, dhigh1> Vhights Nuaitbay (= INPut), Visphight

hpighas = Diaitbay
check: hpigny > maxhyg ?
if yes: hyigny = maxhyg
check: hhith < minhhigh ?
if yes: hyigho = minhyg,
note: in practice lock operations will be delayed until the tide has sufficiently
changed
dhigha = hiigh — fhigh
Vhigiz = dhign2 - Anigh — S
Veer = (hpight — hrigno) - Anign

Vave =0.75.V¢
Vwsbhigh?™ Vwsbhight T Viave
check: szbhith > mawasbhigh ?
ifyes:  Vysphigho= MaxV ysphigh
Viave = Visthigh2 — Vwsbhight
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salt balance

Known value at the beginning of step: Chigh1, Cwsbhigh

(Vhight - €nign1) — (Cwsofin - Vsave - Chignt) = (€x - (Veer = Viye) - Chight )

Viigh

Chigha =

_ (Vausohight - Cwsbhight) T (Cusprin - Viave - Chignt)
C wsbhigh2 ~—

szbhith
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step lI: the gates are opened and the ship moves from high basin to
low basin; a net water quantity equal to the ship volume S is
displaced from low basin to high basin and density flows develop

high basin = forebay lake side, low basin = lock

ship
forebay
lake side

water balance

Known values at the beginning of step: hyign1, dnight> Vhight> iowts diowts Viows

hhigh2 = hhighl

dhigh2 = dhighl = dforebay
Vhigha = Vhight = Vorebay
hlow2 = hlowl

dlow2 = dlow]

Viewz = View1 =S

Vref = Vhith = Vforebay

salt balance

Known values at the beginning of step: Chign1 (= Ctorebay1)s Ciow1, Clakel

(Vhig,hl . chighl) toey. Vig . (Ciom — Chign1) + (S Cony) — (S. Chight ) _
_cforebayz

Chigha =

Vhighz

(Vlowl . Clowl) - €. Vref . (Clowl - Chighl) - (S . Clowl)
V]owZ

Clow2 =
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clakeZ = Clakel + ’Cforebayl
lake

4—17
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high basin = lock, low basin = tailbay seaside

WL,..«_m

ship

tailbay

seaside

water balance

Known values at the beginning of step: huighi, dhigh1, Vhighi

hpighy = hhigm

dhigny = dhight
Vhigia2 = Vhign1 +S
Vit = Vhigh

salt balance

Known values at the beginning of step: Chight, Ciow1 (= Ctailbay)> Cuailbay (= input)

(Vhign1 - Chign1) T €x - Vier - (Clowt = Chign1) + (S Ciop1)
Chigha =

Vhigh
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Special step: water containing salt is exchanged between forebay
and lake

The forebay of the single-lift locks is in open connection with Gatun Lake. After a down-
locking ship has passed the forebay the salt concentration in the forebay has changed.
Density differences exist between the water in the forebay and the water in the lake, and as a
result density-driven exchange flows occur. The quantity of salt that is exchanged between
forebay and lake is dependent on the density difference and is also a function of time. Next
formulas describe the exchange of salt water. They are equal to the formulas which are
applied for uplockage.

high basin = lake, low basin is forebay
salt balance

Known values at the beginning of step: Ciae1, Crorebay
cforebayZ = cforebayl — €. (C forebayl — Cakel )

Vforebay

Vlake

Clake2 = Ciakel T €x+(Corebayt — Ciakel )-

time aspect

The exchange coefficient e, (0 > e, > 1) is a function of the time difference between two
subsequent ship passages in the same lane (ships sail in the same direction, northbound or
southbound). The start time of scenarios is selected to determine the time difference.
Exchange coefficient: e, = 0 means no salt exchange, e, = 1 means full salt exchange (the
salt concentration in the forebay becomes equal to the salt concentration in the lake).

Assuming that the salt exchange process is a linear function of time the following relation-
ship is applied in the simulation:

At
Cx = T -Cxfun
with:
ex = exchange coefficient used in simulation
exan = 1 (full salt exchange)
At = time difference (s) between two subsequent ship passages

T =exchange time

If AT > 1 then At=T, and e, = exq = 1.
A period T = 3600 s is selected for the forebays in Gatun Lake starting from the assumption
that the propagation velocity of a salt tongue is in the order of 0.1 — 0.2 m/s.

4—19
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4.4 Turn arounds new lane, single-lift locks

Turn arounds in the new shipping are not necessary in the case of a single-lift lock system
(with or without wsb's).

4.5 Effect of water level changes of lakes and water releases

The water levels and corresponding water volumes of Gatun Lake and Miraflores Lake form
input for the simulation model. The effect of water releases from the lakes on the water
volumes is implied in the water levels, which are prescribed in the input table. The effect of
water level changes of the lakes on the salt concentration is evaluated at the start of each day
in the simulation.

Water releases (spillage of surplus water through Gatun Spillway and Miraflores Spillway,
water for power generation, water for cooling) are prescribed through the water-release
scenarios. The effect of the water releases on the salt concentration of the lakes is evaluated
in the simulation, at the moment of time when the water-release scenarios are executed.

For a description of the evaluation of the effects of water level changes and water releases
on the salt concentration of the lakes, reference is made to Report A.
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5 Exchange coefficients

As explained in Chapter 4 salt exchange coefficients are used in the formulas that describe
the salt transfer between the various basins. The selection of exchange coefficients for the
existing situation was based on salinity measurements in the locks and canal area in wet and
dry season and on computations with the numerical program Delft3D (see Report A). The
exchange coefficients that will be used in the simulation model for the future situation are
selected on the experiences with the existing situation and on Delft3D density-flow compu-
tations for the single-lift lock.

5.1 Exchange coefficients when wsb's are in use

5.1.1 Delft3D computations

Delft3D computations have been executed for the filling and emptying process in the
chamber of the single-lift lock, and for exchange flows and ship movements between tailbay
and lock chamber and between lock chamber and forebay.

In order to restrict the number of grid cells and thus to keep computation times below
reasonable limits the computation of the filling and emptying process is done for a 15 m
wide section of the lock chamber. The size of 15 m is selected because the fill openings in
both lock chamber walls are placed at a center to center distance of 15 m; the 15 m wide
section thus contains two openings (in the center line of the section). This section model is
regarded as a representative model for the full lock chamber.

In computations for exchange flows and ship movements a 2DV approach has been applied.
Tailbay and forebay are modelled as basins with a length of 1000 m and a unit width; the
lock chamber is modelled as a basin with length of 472 m and unit width. The boundary at
the open end of tailbay and forebay was at first modelled as a full reflecting boundary; later
the properties of the open end boundary were improved and the boundary was modelled as a
non-reflecting boundary.

Lock chamber filling

A series of computations has been done aimed to simulate the filling process and the density
currents in the lock chamber. In these computations the intial water depth was 20 m and the
final water depth 45.5 m. The lock chamber was filled in 35 minutes (2100 s).

In one computation the initial salt concentration was 30 ppt at the floor and 20 ppt near the
water surface (lineair decrease). The lock chamber was filled from six water saving basins,
successively from lower basin, intermediate basins and upper basin with salt concentration
10 ppt, 12 ppt, 14 ppt, 16 ppt, 18 ppt and 20 ppt respectively, each contributing 12.5% to the
the total fill-water volume; the remaining 25% was supplied from the higher lock and had a
salt concentration of 0.5 ppt (these concentration values may be representative for filling of
the lock chamber after opening and subsequently closure of the gates at the sea side).
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The computation was repeated for the situation with the six individual wsb's replaced by a
single one, with salt concentration of 15 ppt. The filling time was kept the same as the total
filling time of the six individual wsb's. The computed volume-averaged salt concentration of
the lock chamber during filling is shown in Figure 5.1 for these two configurations.

The figure indicates that with six wsb's the increase of salt concentration of the lock
chamber is somewhat delayed, but after filling the concentration is equal in both situations.

More important is the comparison of the computed density-flow phenomena in the lock
chamber, but these phenomena can not be read from the figure. The phenomena have been
made visible by displaying the actual salt concentration distribution in the lock chamber at
different moments of time as a series of consecutive 'snap shots'. This movie demonstrates
that the water from the wsb's enters horizontally from both openings in the lock walls; in the
center of the chamber (in between both lock walls) an upward movement develops which is
accompanied by rotations in the vertical plane. The water in the lock chamber is roughly
mixed up. After filling with water from the wsb's, water with a much lesser salt concen-
tration is supplied from the forebay. The resulting upward water movement in the center of
the lock chamber, at the location where the two jets meet, causes a further mixing up of the
water in the lock chamber. As a result, the salt concentration becomes rather uniform at the
end of filling (but the highest concentration is present near the floor).

It appears also that the single wsb causes comparable mixing phenomena in the chamber of
the single-lift lock as the series of six separate wsb's, while also the final salt concentration
distribution in the lock chamber is similar. From this we conclude that the six wsb's can be
replaced by a single wsb in the simulation model, provided that salt-exchange coefficients
are selected well.

When the water in the wsb's has a higher salinity than the receiving water in the lock
chamber the fill water forms initially a lower layer in the lock chamber with higher salinity.
During filling with less saline water from the forebay the entire water body in the lock
chamber is mixed up (see also description in Report C), finally resulting in a rather uniform
salt concentration distribution.

In the case that a ship (draught 14 m, beam 54 m) is present in the lock chamber the fill
water from the wsb's spreads in the space under the ship and causes rotations and turbulen-
ces in the water. Finally, the inflow of less saline water from the forebay causes a full
mixing up of the entire water body under the ship.

When the single-lift locks are compared with the three-lift locks (see Report C) it appears
that the water in the deep chamber of the single-lift lock is mixed up during filling in a
similar way as the water in the shallower lock chambers of the three-lift lock system. The
salt concentration of the water in the chambers of the three-lift locks, however, reduces
strongly after each upward step, which means that the upper lock chamber has a much lower
salinity after filling than the chamber of the single-lift lock. This is an important obser-
vation, because it means that the salt concentration of the water in the single-lift lock is
relatively high compared to the salt concentration of the water in the forebay. For this reason
a much stronger salt water intrusion may be expected for Gatun Lake in the case of single-
lift locks.
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Lock chamber emptying

A series of computations have been made aimed to simulate the emptying process in the
lock chamber. The initial water depth was 45.5 m and the final water depth 20 m. The lock
chamber was emptied in 35 minutes (75% of the water was spilled into the wsb's and 25%
into the tailbay).

In one computation the initial salt concentration in the lock chamber was 25 ppt near the
floor and S ppt near the water surface (lineair decrease). These concentration values may be
representative for emptying of the lower lock chamber after a ship has moved from the lock
chamber to the forebay. The computed volume-averaged salt concentration of the lock
chamber during emptying is shown in Figure 5.2. It appears that the decrease of the salt
concentration is almost lineair. When we compute the quantity of salt that is transferred to
successively upper wsb, intermediate wsb's and lower wsb, we find that these quantities
rather well correspond to the quantities of salt that were present in the respective lower
water layers in the chamber. In other words: during emptying the water is hardly mixed up;
the water is mainly drawn from the lower water area and the vertical salt distribution in the
remaining water volume does not change much. It also means that the upper wsb receives
the water with highest salt concentration and the lower wsb the water with lowest salt
concentration.

The density-flow phenomena have been made visible by means of a 'snap shot' movie.
When emptying starts the water is drawn to the openings in both chamber walls. This
process causes some transverse, internal waves from the center of the chamber to the sides
and back, but the vertical distribution of the salt concentration is not strongly effected.
Apparently, the water is mainly drawn from the lower water area. This withdrawal process is
similar as was earlier found for the locks of the three-lift lock system.

The above computation was repeated with a ship (draught 14 m, beam 54 m) in the lock
chamber. From the movie it appeared that the withdrawal of water from the space under the
ship caused stronger density-flow effects than when no ship was present, in particular at the
end of emptying, causing also some more mixing.

Exchange flows and ship movements

Delft3D computations have been made of the exchange flow between the tailbay and the
lock chamber and between the forebay and the lock chamber in the case that a density
difference is present. Also the effects of a moving ship (moving in 15 minutes from or into
the lock chamber) have been simulated. Dimensions of the ship: ship type VII, Post-
Panamax, draught 14 m, see Section 3.4.

The results of the Delft3D computations are discussed for next configurations:

- Configuration 'tailbay — lock chamber': water depth 20 m; initial salt concentration of
tailbay 30 ppt, initial salt concentration of lock chamber 20 ppt.

- Configuration 'forebay — lock chamber": water depth in chamber 45.2 m, in forebay 20 m;
initial salt concentration in the lock chamber 25 ppt near the floor and 5 ppt near the water
surface (lineair decrease), initial salt concentration in the forebay 0.5 ppt.

The results for the tailbay — lock configuration are shown in Figure 5.3a (no ship), Figure
5.4a (uplocking ship) and Figure 5.5a (downlocking ship). The results for the forebay — lock
configuration are shown in Figure 5.3b (no ship), Figure 5.4b (uplocking ship) and Figure
5.5b (downlocking ship). The figures present the volume-averaged salt concentration in
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upper and lower basin as a function of time. The density-flow phenomena have been made
visible by means of a 'snap shot' movie.

Tailbay — lock chamber:

Exchange flows

Delft3D results are shown in Figure 5.3a. The 'snap shot' movie demonstrates that a salt
tongue enters the lock chamber over the floor while simultaneously a tongue with lesser
salinity and density enters the tailbay near the water surface. The propagation velocity of the
two fronts is about 0.5 m/s. The salt tongue reflects against the closed end of the lock
chamber and returns to the tailbay. It takes about 2000 s (33 minutes) for a full exchange,
but near the water surface some water with lesser salinity remains in the lock chamber. The
salt exchange coefficient e, (indicated in Figure 5.3a) is derived making use of the formula's
of Section 4.2. The value of e, in the case of a full exchange is about 0.9.

Uplockage

The Delft3D computation has been repeated with an uplocking ship (Post-Panamax ship,
ship type VII, results in Figure 5.4a). The 'snap shot' movie shows that a salt water tongue
enters the lock chamber over the floor, but when the big ship enters the chamber the return
current forces the salt water tongue to halt. Only when the ship is fully in the lock chamber,
the salt water intrusion process resumes. The salt exchange coefficient e, (Figure 5.4a) is via
the quantity (1- S/V,) related to the net water volume in the lock chamber (see Section 4.2);
e, is relatively small shortly after the entrance of the ship, but grows as long as the tailbay
gates are open. Due to the 2DV approach the coefficient e, is possibly under-estimated
(water with lesser salinity can not flow to the tailbay along both sides of the ship).

Downlockage

A similar computation has been executed for the case of a downlocking ship (Post-Panamax
ship, ship type VII, results in Figure 5.5a). The 'snap shot' movie shows that the moving ship
causes a salt return flow towards the lock chamber. A density current is generated in the lock
chamber along the floor that reflects against the closed end of the chamber. The salt
exchange coefficient e, (Figure 5.5a) is related to the initial net water volume in the lock
chamber (see Section 4.3; the ship's volume is replaced with salt water from the tailbay); the
coefficient e, has a higher value than in the case of uplockage.

Lock chamber — forebay

Exchange flows

Results of the Delft3D computation are shown in Figure 5.3b. The 'snap shot' movie shows
that mainly the water body in the lock chamber above the level of the step is involved in the
exchange process. A relative thin salt water tongue moves along the floor of the forebay and
the water loss in the lock chamber is compensated by an inflow of less saline water from the
forebay. Internal waves develop in the lock chamber below the level of the step, but mixing
does hardly not occur. The salinity of the lock chamber (Figure 5.3b) decreases because of
the exchange of water, but does not become equal to the lower salinity of the forebay; this is
caused by the upward step, that prevents the salt water to escape from the lock chamber.
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Uplockage

The computation with a Post-Panamax ship (ship type VII, results in Figure 5.4b) moving
from lock chamber to forebay shows that the intrusion of salt water into the forebay is to a
considerable extent prevented by the return current of the ship. From the 'snap shot' movie it
appears that salt water mainly enters the forebay after the ship has exited the lock chamber.
The average salt concentration of the lock decreases during movement of the ship because
of the return current (the ships volume is replaced by water from the forebay with lesser
salinity). The salt exchange coefficient e, shown in Figure 5.4b is related to the volume of
the forebay in the simulation model (see Section 4.2), is small during movement of the ship
and increases to a value of about 0.13.

Downlockage

In the case that a ship moves from forebay to lock chamber the return current sustains the
intrusion of salt water into the forebay. Saltier water from the lock chamber is forced to flow
into the forebay, but the involved water originates for the greater part from the water body
above the level of the step, as is demonstrated by the 'snap shot' movie. Internal waves occur
in the lock chamber, but do not cause important mixing. Figure 5.5b indicates that the
average salt concentration of the lock chamber remains more or less constant, which means
that also some saltier water from the water body below the level of the step enters the
forebay. The exchange coefficient e, shown in Figure 5.5b is related to the volume of the
forebay (see Section 4.3) and increases to a value of 0.12 at the end of the ship movement,
but this may be an under-estimate, due to the 2DV approach.

5.1.2 Selection of exchange coefficients

The hydraulic phenomena in the 1-lift locks of the new shipping lane have a strong
resemblance with the hydraulic phenomena in the 3-lift locks (see Report C). Filling of a
lock chamber through the openings in the chamber walls causes a mixing up of the full
water body, while emptying does not importantly effect the vertical salinity profiles in the
lock chamber. Exchange flows and effects caused by ship movements between tailbay and
lock chamber are comparable because of the identical geometry. Also the exchange flows
and ship movement effects between lock chamber and forebay have a high resemblance.
The main difference is that the deep lock chamber of the 1-lift locks has a much higher
salinity than the shallow upper lock of the 3-lift locks.

The intakes and outlets in forebays and tailbays have a similar location as in the 3-lift lock
design.

On the basis of the results of the Delft3D computations and the insights obtained in the
hydraulic processes, we select next exchange coefficients for step 1 of the lockage process
(‘equalize water levels'"):

uplockage

fill wsb of lock: Cinwse = 1.25

empty wsb of lock: €emptywsb = 1.0

equalize water levels: e, = 1.05 (tailbay - lock)
equalize water levels: e, = 0.95 (lock - forebay)
downlockage

fill wsb of lock: Canwsy = 1.1
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empty wsb of lock: €emptywsb = 1.0
equalize water levels: e, = 1.1 (lock - tailbay)
equalize water levels: e, = 0.85 (forebay - lock)

In the selection of the exchange coefficients for step II of the lockage process ('movement of
ship') the opening time of the gates is of importance. The time required for opening of the
gates, movement of the Post-Panamax ship and closure of the gates amounts to about 25
minutes. The effective opening time for exchange flows is smaller, about 15 - 20 minutes.

In the case of uplockage the gates connecting to the tailbay are, generally, opened far before
the entrance of the ship; a total effective opening time of 25 minutes (1500 s) is a reasonable
estimate. In the case of a downlocking ship the tailbay gates are closed immediately after
exit of the ship. A total effective opening time of 15 minutes (900 s) is estimated.

An effective opening time of 15 minutes (900 s) is also assumed for the gates at the lake
side, in the case of an uplocking ship. In the case of a downlocking ship we assume an
effective opening time of 20 minutes (1200 s).

The exchange coefficients for step II are selected as follows.

Tailbay — lock, uplockage:

We select an exchange coefficient e, = 0.7 for the exchange flows (similar as for the three-
lift locks); this value corresponds to the salt water exchange after an opening time of the
lock chamber of about 25 minutes (1500 s), see also Figure 5.3a.

The exchange coefficient e, = 0.7 leads for the case of uplockage and the example shown in
Figure 5.4a, with the quantity 1-S/V ¢ about 0.5 (see also Section 4.2), to an effective salt
exchange coefficient e, = 0.5 x 0.7 = 0.35. The value of e, directly obtained from the
Delft3D computation (Figure 5.4a) is smaller, about 0.2 after a period of 1500 s, but the
2DV approach is under-estimating e, in this case because the water in the lock cannot flow
along both sides of the ship to the tailbay.

Tailbay — lock, downlockage

An exchange coefficient e, = 0.4 is selected for the exchange flows (similar as for the three-
lift locks); this value corresponds to the salt water exchange after an opening time of the
lock chamber of about 15 minutes (900 s), see also Figure 5.3a.

For the case of downlockage and the example shown in Figure 5.5a we find with 1-S/V ¢
about 0.5 (see also Section 4.3) a value e, = 0.5 x 0.4 = 0.2 for the effective exchange
coefficient. This agrees with the value of e, that is directly obtained from the Delft3D
computation (Figure 5.5a).

Lock — forebay, uplockage

An exchange coefficient e, = 0.05 is selected for the exchange flows. This value is higher
than selected for the three-lift locks (because of the greater density difference between lock
chamber and forebay) and leads for the case of uplockage and the example shown in Figure
5.4b with the quantity 1-S/V,.¢ about 0.5 (see also Section 4.2) to an effective salt exchange
coefficient e, = 0.5 x 0.05 = 0.03. The value of e, obtained directly from a Delft3D
computation for this case (Figure 5.4b) is a somewhat higher, 0.07, after a period of 900 s.

Lock — forebay, downlockage

An exchange coefficient e, = 0.15 is selected for the exchange flows. Again, this value is
higher than selected for the three-lift locks (because of the greater density difference
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between lock chamber and forebay) and leads for the case of downlockage and the example
shown in Figure 5.5b with the quantity 1-S/V, about 0.5 (see also Section 4.3) to an
effective salt exchange coefficient e, = 0.5 x 0.15 = 0.08. An equal value of e, is obtained
directly from a Delft3D computation for this case (Figure 5.4b) after a period of 1200 s.

It will be clear that uncertainties exists in the choice of representative exchange coefficients.
For that reason we have executed a sensitivity analysis, in which we have varied the

coefficients for step I and step II of the lockage process (see Section 7.4).

An overview of selected exchange coefficients for the 1-lift lock with wsb's at the Pacific
side (lock N) is presented in Tables 5.1 and 5.2. Equal exchange coefficients are selected for
the 1-lift lock (lock O) at the Atlantic side.
The combinations of exchange coefficients, which were varied in the sensitivity analysis,
are also shown in the tables under Sens1 — Sens4.

Low basin High basin Operation ey e e ex e
(Remarks) Sensl | Sens2 | Sens3 | Sens4

Tailbay Lock N | Lock N Fill wsb's of lock N 1.25 1.0 1.5

Tailbay Lock N | Lock N Equalize water levels 1.05 1.0 1.5

Tailbay Lock N | Lock N Move ship 07 (05 09

Lock N Forebay Lock N | Empty wsb's of lock N | 1.0

Lock N Forebay Lock N | Equalize water levels 0.95 0.7 1.2

Lock N Forebay Lock N | Move ship 0.05° {0.0" [o0.15

Forebay Lock N | Gatun Lake (Density flows) 107

‘) exchange coefficient is a function of S/V ; value is valid for S/V,=0

™) exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.1  Exchange coefficients uplockage. Pacific Ocean — Gatun Lake. New lane, single-
lift locks with wsb.

High basin Low basin Operation e e, e, e e

(Remarks) Sensl | Sens2 | Sens3 | Sens4

Gatun Lake Forebay Lock N | (Density flows) 1.07

Forebay Lock N | Lock N Empty wsb's of lock N | 1.0

Forebay Lock N | Lock N Equalize water levels 0.85 0.6 1.1

Forebay Lock N | Lock N Move ship 0.15° [0.05 [025

Lock N Tailbay Lock N | Fill wsb's of lock N 1.1 1.0 1.4

Lock N Tailbay Lock N | Equalize water levels 1.1 1.0 1.4

Lock N Tailbay Lock N | Move ship 0.4 0.3 0.5

') exchange coefficient is a function of S/V ; value is valid for S/V =0

") exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.2

single-lift locks with wsb.
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5.2 Exchange coefficients when wsb's are not in use

In the case that the wsb's of the new locks are not in use the full quantity of lockage water is
spilled into the tailbay and in a next cycle replenished by water drawn from the forebay. The
exchange coefficients for spillage are such selected that they have a similar effect on the
remaining water in the lock chamber as in the case that wsb's are in use. For the withdrawal
of water from the forebay we apply an equal exchange coefficient as in the case that the
wsb's are in use. The other exchange coefficients in step I and step II of the lockage process
remain the same.

An overview of selected exchange coefficients for the lock (lock N) at the Pacific side is
presented in Tables 5.3 and 5.4. Equal exchange coefficients are selected for the lock (lock
O) at the Atlantic side. The combinations of exchange coefficients that are varied in the
sensitivity analysis are also shown under Sens1 — Sens4 (see Section 7.4).

Low basin High basin Operation e, e, e e €
(Remarks) Sensl | Sens2 | Sens3 | Sens4

Tailbay Lock N | Lock N Equalize water levels 1.2 1.0 1.5

Tailbay Lock N | Lock N Move ship 0.7 05 |09

Lock N Forebay Lock N | Equalize water levels 0.95 0.7 1.2

Lock N Forebay Lock N | Move ship 0.05" [0.0° [0.15

Forebay Lock N | Gatun Lake (Density flows) 1.07

*) exchange coefficient is a function of S/V ; value is valid for S/V = 0
") exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.3  Exchange coefficients uplockage. Pacific Ocean —» Gatun Lake. New lane, single-

lift locks without wsb.

High basin Low basin Operation e, e, e e, e
(Remarks) Sensl | Sens2 | Sens3 | Sens4

Gatun Lake Forebay Lock N | (Density flows) 1.07
Forebay Lock N | Lock N Equalize water levels 0.85 0.6 1.1
Forebay Lock N | Lock N Move ship 0.15° [ 0.05" [0.25
Lock N Tailbay Lock N | Equalize water levels 1.1 1.0 14
Lock N Tailbay Lock N | Move ship 04 |03 [o05

') exchange coefficient is a function of S/V.; value is valid for S/V =0
) exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.4 Exchange coefficients downlockage. Gatun Lake —» Pacific Ocean. New lane,
single-lift locks without wsb.

5.3 Other exchange coefficients

The exchange coefficients for the locks in the existing shipping lanes do not change after
opening of the new, third shipping lane (for values of the exchange coefficients reference is
made to Report A).
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We also assume that the exchange coefficients related to the release of water at Gatun Dam
and Miraflores are uneffected by the new shipping lane. The values of these exchange
coefficients have been selected on the basis of validation runs for the existing situation (see
report A). Maintaining equal exchange coefficients for the release of water offers also the
possibility of a direct analysis of the third-lane related inflow of salt water into the lakes.
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6 Testing of simulation model

The salt-intrusion simulation model for the existing situation has been extended with the
single-lift locks in the new lane. The extension required the adaptation of formula in view of
the water saving basins of the new locks, the definition of extra scenarios for ship move-
ments, the definition of new Post-Panamax ship types, and the extension of the input tables
'Initial Values' and 'Coefficient Set'. A check of the proper functioning of the extended
simulation model was, therefore, necessary.

Input data
Test cases were such designed that the functioning of in particular the new items could be
checked. Next Day Patterns and Coefficient Sets were used in the test runs:

Day
Pattern

Scenarios in day Pattern

Lane

di

Ship movement Pac. — Atl.; ship type 0

New, third (1-lift locks)

Ship movement Atl. —» Pac.; ship type 0

New, third (1-lift locks)

d3

Ship movement Pac. — Atl.; ship type VIII

New, third (1-lift locks)

d4

Ship movement Atl. — Pac.; ship type VIII

New, third (1-lift locks)

ds

Ship movement Pac. — Atl.; ship type VII

New, third (1-lift locks + wsb's)

do

Ship movement Atl. — Pac.; ship type VII

New, third (1-lift locks + wsb's)

d7

Gatun Spillway; daily discharge = 5.10° m’
Gatun Power Station; daily discharge = 5.10° m’
Mirflaores Spillway (+cooling) ; daily discharge = 5.10* m*

d8

Ship movement Pac. — Atl.; ship type VI

New, third (1-lift locks)

d9

Ship movement Atl. — Pac.; ship type VI

New, third (1-1ift locks)

dio

Ship movement Pac. — Atl.; ship type V

New, third 1-lift locks)

dil

Ship movement Atl. — Pac.; ship type V

New, third (1-lift locks)

di2

Ship movement Pac. — Atl.; ship type IV

New, third (1-lift locks + wsb's)

d13

Ship movement Atl. — Pac.; ship type IV

New, third (1-lift locks + wsb's)

d14

Ship movement Pac. — Atl.; ship type III
Ship movement Pac. — Atl.; ship type VIII
Ship movement Pac. — Atl; ship type VIII

West + East
New, third (1-lift locks)
New, third (1-lift locks + wsb)

dis

Ship movement Atl. — Pac.; ship type III
Ship movement Atl. — Pac.; ship type VIII
Ship movement Atl. —» Pac.; ship type VIII

West + East
New, third (1-lift locks)
New, third (1-lift locks + wsb)

Table 6.1
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cl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
c2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
c3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0
cd 0.1 0.3 0.5 0.7 0.2 0.4 0.6 0.8 1.0 1.0
c5 0.5 0.2 0.5 02 0.5 1.0 0.5 1.0 1.0 1.0
Table 6.2 Overview of Coefficient Sets used in test cases

Test series A

A first series of tests was done with the salt concentration of all basins (including Pacific
and Atlantic tailbays) set on 0. The purpose of these tests was to check the handling of water
levels, water volumes, water displacement of new ship types and the set up of the water

balance when a ship moves from ocean to ocean.

An overwiew of test cases of test series A is presented in Table 6.3.

Test Coefficient Day Period Output Remarks

case Set Pattern interval
1 cl dl Jan 1 —Jan 31, 1970 scenario single ship, S=0
1-R cl d2 Jan 1 —Jan 31, 1970 scenario single ship, S=0
2A cl d3 Jan 1 - Jan 31, 1970 scenario single ship, S = 285000
2A-R cl d4 Jan 1 —Jan 31, 1970 scenario single ship, S = 285000
3A cl ds Jan 1 —Jan 31, 1970 scenario single ship, S = 260000
3A-R cl dé Jan 1 -Jan 31, 1970 scenario single ship, S = 260000
Table 6.3 Test cases series A: initial salt concentration is zero in all basins

Conclusions test series A
Water levels and water volumes, also those of the new basins in the simulation model, are

well computed. Water transfer in the existing locks, new locks and wsb's caused by
uplocking and downlocking ships is correct simulated and the water quantities fulfil the

water balance.

Test series B
The set up of water balance and salt balance, the use of exchange coeflicients, the time-

dependent exchange of salt water between forebays and lakes, the proper functioning of
spillways and the salt-water migration process from the lakes downwards has been checked
in test series B. The initial salt concentration of Miraflores Lake and Gatun Lake was set on
30 ppt, the initial salt concentration of all other basins was set on 0.
An overwiew of test cases of test series B is presented in Table 6.4.
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Test Coefficient Day Period Output Remarks

case Set Pattern interval
4 c2 d7 Jan 1 — Dec 31, 1970 day water releases
SA c3 dl Jan 1 -Jan 5, 1970 scenario single ship, S=0
SA-R c3 d2 Jan 1-1Jan 5, 1970 scenario single ship, S=0
5B c3 ds Jan 1 —Jan 5, 1970 scenario single ship, S = 200000
5B-R c3 d9 Jan 1 -Jan 5, 1970 scenario single ship, S = 200000
6 c4 d10 Jan 1-Jan 5, 1970 scenario single ship, S = 145000
6-R c4 di1 Jan 1 -Jan 5, 1970 scenario single ship, S = 145000
7 c4 di2 Jan 1-Jan 5, 1976 scenario single ship, S = 120000
7-R c4 di13 Jan 1-Jan 5, 1970 scenario single ship, S = 120000
8 c5 di4 Jan 1-Jan 5, 1970 scenario several ships / all lanes
8-R c5 dis Jan 1-Jan 5, 1970 scenario several ships / all lanes
Table 6.4  Test cases series B: initial salt concentration of Gatun Lake and Miraflores Lake =

30 ppt, initial salt concentration of all other basins = 0

Conclusion test series B

The water balance and salt balance are well computed: salt water migrates properly from the
lakes to all lower basins and to wsb's, the time-dependent exchange of salt water between
forebays / tailbays and lakes is correct, the loss of salt water through water releases at Gatun
Dam and Miraflores is well computed.

Test series C

In this third series of test cases the salt concentration of the tailbays at the Pacific and
Atlantic side was set on 30 ppt. The aim of the tests was to check the salt-water intrusion
from the seas into the lakes.

An overwiew of test cases of test series C is presented in Table 6.5.

Test Coefficient Day Period Output Remarks

case Set Pattern interval
9 c5 d3 Jan 1 -Jan 5, 1970 scenario single ship, S = 285000
10-R ¢S dé Jan 1 -Jan 5, 1970 scenario single ship, S = 260000
Table 6.5  Test cases series C: initial salt concentration of Pacific and Atlantic tailbays = 30

ppt, initial salt concentration of all other basins = 0

Conclusion test series C

The water balance and salt balance are well computed: salt water migrates properly from the
tailbays in the sea entrances to all higher basins and to wsb's, the time-dependent exchange
of salt water between forebays / tailbays and lakes is correct.

As a last test the validation case for the existing situation (Case VALI, see Report A) has
been run as Case A-1 with the extended simulation model The extended model produced
fully identical results, see Figures A-1, 1 and A-1, 2.
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7 Salt water intrusion analysis future situation

In this section we present the results of the salt-water intrusion analysis for the future
situation with a new, third shipping lane. Single-lift Post-Panamax locks are built at both
ends of the new lane. The locks are provided with water saving basins (wsb's, see also
Section 2). In the analysis we make a distinction between the situation that wsb's are not in
use and the situation that the wsb's are used to prevent the loss of water from Gatun Lake. A
comparison with the present salt-water intrusion through the existing locks concludes the
analysis.

Starting point for the analysis is that the water levels in Miraflores Lake and Gatun Lake
vary throughout the year as in the existing situation. In the baseline scenario the water
releases (through Gatun Spillway, Gatun Power Station, Miraflores Spillway, Miraflores
Cooling Water Offtake) remain as they are in the existing situation (which means that
additional water is supplied to Gatun Lake to compensate for the extra losses via the new
locks). In the second scenario the water releases at Gatun Dam are reduced with the water
losses caused by shipping in the new lane. In the case that these water losses are greater than
the water releases (this will in particular occur in the dry season) we assume that additional
water supplies are available to replenish the surplus losses. The ship transit prospects for the
next 50 years as given by ACP are used.

7.1 Data used in numerical simulations

The next data is applied in the numerical simulations:

- Dimensions of locks, forebays, tailbays, water saving basins: the dimensions presented
in Section 3.7 are selected.

- Water levels and salt concentrations of seaside tailbays: values presented in Section 3.9
are selected.

- Water levels and corresponding water volumes, water releases of Miraflores Lake and
Gatun Lake: values presented in Section 3.8 are selected.

- Initialization data: see Section 3.10

- Exchange coefficients: see Chapter 5.

7.2 Set up of cases for future situation

We assume that the new lane will come in operation at January 1, 2011. The present salt
concentrations in Gatun Lake, Miraflores Lake and the locks on the existing shipping lanes
are selected as initial salt concentrations. These salt concentrations have been obtained
through numerical simulation of the salt water intrusion during a period of 10 years (valida-
tion run, see Report A), The initial salt concentrations in the new locks and wsb's are set to
zero. This will probably not be conform the real situation, but as is shown the salinity values
in the new locks and wsb's grow fast to an equilibrium value.

The salt intrusion in the future situation is analysed for a period of 1 month, 1 year, 5, 10, 20
and 50 years after opening of the third lane. Various cases have been set up to simulate the
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salt intrusion during these periods. Day patterns which are applied in the various cases, are
such defined that they reflect the development of the ship traffic intensities in the next 50
years. In next table the daily number of transiting ships and the type of ships are presented
for the various consecutive time periods. Panamax vessels are represented by ship type III,
regular ships by ship types I and II, Panamax-Plus vessels by ship type IV, Post-Panamax
vessels by ship type VII (draught 14 m, during first 5 years after opening of the new lane)
and ship type VIII (draught 15.2 m).
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3 N =S I - I I INC A BB IR
Vessel Number of ships
bpe
Existing shipping lane West

Type I 8 8 8 8 8 8 8 8 8 8 8

Type II 4 4 4 4 4 4 4 4 4 4 4

Type III 6 6 6 6 6 6 6 6 6 6 6

Total 18 18 18 18 18 18 18 18 18 18 18

Existing shipping lane East

Type I 8 8 8 8 8 8 8 8 8 8 8

Type 11 4 4 4 4 4 4 4 4 4 4 4

Type 111 6 6 6 6 6 6 6 6 6 6 6

Total 18 18 18 18 18 18 18 18 18 18 18

Future third shipping lane (1-lift locks)

Type IV 2 3 4 4 4 4 4 4 4 5 5

Type VII 0 0 1 2 0 0 0 0 0 0 0

Type VIII 0 0 0 0 2 3 4 5 7 9 10

Total 2 3 5 6 6 7 8 9 11 14 15

Simulations

Period after | 1 0.5 1 2 5 10 15 20 30 40 50

opening of month | year | year | years | years | years | years | years | years | years | years

new lane

Table 7.1  Ship transits in simulation model in existing and new shipping lanes

In the set up of cases a distinction is made between 1-lift locks with and without wsb's, and
1-lift locks with and without wsb's and a reduced water release from Gatun Lake, see

WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Future Situation: Post-Panamax Locks Report B: Single-lift locks Q3039, September 2003

Section 3.8 (water releases from Miraflores Lake remain as in the existing situation). The
various cases are numbered as shown in Table 7.2.

In the baseline scenario we assume that all extra water losses caused by lock operation in the
new shipping lane are compensated by extra water supplies to Gatun Lake, but water spills
at Gatun Dam are not reduced. When the wsb's of the single-lift locks in the new lane are in
use (Case D1) the extra water supply amounts to 0.4x10° m® water per transiting ship
(leading to an extra water supply in year 50 of 6.10° m’ per day). When the wsb's are not
applied (Case D2) the extra water supply to Gatun Lake amounts to 1.6x10° m®> water per
transiting ship (leading to an extra water supply in year 50 of 24.10° m’ per day).

In the second scenario we assume that the water releases at Gatun Dam are reduced with the
water losses caused by the new locks. Consequently, a lesser quantity of fresh water has to
be supplied to Gatun Lake. In the dry season, however, the spilled quantities are small or nil
and extra water supplies are still needed to compensate for the water losses of the new locks
(see also Tables 3.14 and 3.15). When wsb's are used (Case D3) the water loss is 75%
smaller than when the wsb's are out of use (case D4).

For reasons of comparison we have also simulated the salt water intrusion in the period 2011
— 2020 when no new shipping lane is realised. This case is indicated with A-10.

Existing Future Situation | Future Situation | Future Situation Future Situation
Situation 1-lift locks 1-lift locks 1-lift locks 1-lift locks
with wsb's without wsb's with wsb's and without wsb's and
Simulation (baseline) reduced water reduced water
time releases GL releases GL
1 month Di-1m D2-1m
1 year D1-1 D2-1 D3-1 D4-1
5 years D1-5 D2-5
10 years A-10 D1-10 D2-10 D3-10 D4-10
20 years D1-20 D2-20 D3-20 D4-20
50 years D1-50 D2-50 D3-50 D4-50

Table 7.2  Overview of cases

For the new shipping lane with alternative 2-lift locks we reserve the letter C (see Report
D). The alternative 3-lift locks have been discussed in Report C. The simulations for this
alternative design are indicated with the letter B.

7.3 Results of simulations and analysis

The computed salt concentrations (ppt) of Miraflores Lake and Gatun Lake in the period
year 2016 — year 2020 (ending 10 years after opening of new lane) and the period year 2051
— year 2060 (ending 50 years after opening) are shown in Figures D1-10, 1 through D4-50,
2. The results for the existing situation (no new lane) for the period year 2011 — year 2020
are shown in Figures A-10, 1 and A-10, 2. As can be seen the salt concentrations of
Miraflores Lake and Gatun Lake fluctuate as a function of wet and dry season; the salt
concentration levels stabilize within a period of about 1- 2 years after a change in ship
traffic intensity.
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The maximum and minimum values of the salt concentration of Miraflores Lake and Gatun
Lake in the last year of the considered period are presented in Table 7.3.

Case | Considered Salt conc. (ppt) Miraflores Lake | Salt conc. (ppt) Gatun Lake
year minimum maximum minimum maximum

A-10 10 0.64 1.42 0.010 0.027
D1-1month - 0.63 1.01 0.009 0.049
Di1-1 1 0.63 1.66 0.009 0.36
D1-5 5 0.84 222 0.35 0.99
D1-10 10 0.87 2.32 0.42 1.18
D1-20 20 0.97 2.68 0.56 1.53
D1-50 50 1.14 3.56 0.95 2.59
D2-1month - 0.63 1.00 0.009 0.031
D2-1 1 0.63 1.57 0.009 0.18
D2-5 5 0.72 1.81 0.16 0.45
D2-10 10 0.75 1.82 0.19 0.54
D2-20 20 0.79 2.02 0.25 0.67
D2-50 50 0.82 233 0.39 1.02
D3-1 1 0.63 1.87 0.009 0.70
D3-10 10 1.00 2.55 0.65 1.52
D3-20 20 1.22 3.08 0.99 2.13
D3-50 50 2.00 4.80 245 4.17
D4-1 1 0.63 1.65 0.009 0.45
D4-10 10 1.15 2.34 0.92 1.07
D4-20 20 1.31 2.64 1.16 1.30
D4-50 50 1.37 2.88 1.38 1.56

Table 7.3 Maximum and minimum values of salt concentration of Miraflores Lake and
Gatun Lake

The maximum and minimum values are also shown in Figures 7.1 (Miraflores Lake) and 7.2
(Gatun Lake).

From Figure 7.1 it appears that depending on the scenario the salt concentration of Miraflo-
res Lake increases with a factor up to 3.4 in year 50 compared to the present situation
(scenario D3 is most unfavourable). Though Miraflores Lake is by-passed by the new lane,
the new lane with Post-Panamax Locks has still an impact on the salinity of Miraflores
Lake: extra salt water is spilled from Gatun Lake through Pedro Miguel locks into Mira-
flores Lake.

The salt concentration of Gatun Lake (Figure 7.2) changes considerably: the salt concen-
tration increases from the present very low, negligible salinity level to a salinity level that
raises above the fresh-water limit, similar as in Miraflores Lake. Notice that a value of 200
mg/l chloridity is used in the Netherlands as a fresh-water limit value; this corresponds to
about 400 mg/l or 0.4 ppt salinity. In the USA a value of 250 mg/I cloridity (about 0.5 ppt
salinity) is used as an upper limit for drinking water (Environmental Protection Agency
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standard). The fresh-water limit line shown in the graphs is set on a value of 0.45 ppt
salinity.

From Figures 7.1 and 7.2 it appears that Scenario D2 (no wsb's, no reduction of water
releases at Gatun Dam) is most favourable in view of salt-water intrusion. The reason is that
large quantities of fresh-water are supplied to Gatun Lake to maintain the water level of the
lake. When wsb's are in operation (Scenario D1) a 75% smaller fresh-water supply is
required and we see that the salt concentration levels increase. The salt concentration levels
increase further when the water releases at Gatun Dam are reduced (Scenarios D3 and D4).

It should be noted that the computed concentration values are volume-averaged values,
which means that local salt concentration values may be higher.

From the results of the simulations we conclude that the single-lift locks are unfavourable
both from the view point of fresh water supply to Gatun Lake and salt water intrusion.

7.4 Sensitivity analysis

In a sensitivity analysis we have studied the effects of a variation of exchange coefficients
for the single-lift locks in the new shipping lane. Most important coefficients are those
which determine the exchange of salt water in step II of the uplockage and downlockage
process (movement of ship between lock chamber and tailbay or forebay). These
coefficients have been varied in cases Sensl and Sens2. The exchange coefficients which
determine the salt water transfer in step I of the uplockage and downlockage process
(equalize water levels tailbay — lock or lock — forebay) have been varied in Sens3 and
Sens4. For the values of exchange coefficients see Sections 5.1 and 5.2. The exchange
coefficients of the existing locks have been kept constant (they are such selected that the
salinity levels of Miraflores Lake and Gatun Lake in the present situation are correctly
predicted, see also Report A).

The results of the sensitivity analysis are shown in Figure 7.3 (Miraflores Lake) and Figure
7.4 (Gatun Lake). These figures present the salt concentration of the lakes for the base
exchange coefficients and for variations of the exchange coefficients. The figures
demontrate that the salt concentration of the lakes varies with the exchange coefficients, but
this variation is relatively small compared to the effects of the single-lift locks on the
salinity of, in particular, Gatun Lake. The tendency of a much higher salinity level of Gatun
Lake in the case of single-lift locks (with or without wsb's) is therefore reliable.
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Figure A-1,1  Existing Situation. Case validation. Salt concentration Miraflores Lake after 1
year (output interval: day)
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Figure A-1,2  Existing situation. Case validation. Salt concentration Gatun Lake after 1
year (output interval: day)
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Figure A-10,1 Case A-10. Salt concentration of Miraflores Lake after 10 years (output
interval: month)
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Figure A-10,2 Case A-10. Salt concentration of Gatun Lake after 10 years (output interval:
month)
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Figure D1-10, 1 Case D1-10. Salt concentration of Miraflores Lake after 10 years (output
interval: month)
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Figure D1-10, 2 Case D1-10. Salt concentration of Gatun Lake after 10 years (output interval:
month)
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Figure D1-50,1 Case D1-50. Salt concentration of Miraflores Lake after 50 years (output
interval: month)
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Figure D1-50, 2 Case D1-50. Salt concentration of Gatun Lake after 50 years (output interval:
month)
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Figure D2-10,1 Case D2-10. Salt concentration of Miraflores Lake after 10 years (output
interval: month)
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Figure D2-10, 2 Case D2-10. Salt concentration of Gatun Lake after 10 years (output interval:
month)
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Figure D2-50, 1 Case D2-50. Salt concentration of Miraflores Lake after 50 years (output
interval: month)
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Figure D2-50, 2 Case D2-50. Salt concentration of Gatun Lake after 50 years (output interval:
month)
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Figure D3-10,1 Case D3-10. Salt concentration of Miraflores Lake after 10 years (output
interval: month)
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Figure D3-10, 2 Case D3-10. Salt concentration of Gatun Lake after 10 years (output interval:
month)
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Figure D3-50, 1 Case D3-50. Salt concentration of Miraflores Lake after 50 years (output
interval: month)
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Figure D3-50, 2 Case D3-50. Salt concentration of Gatun Lake after 50 years (output interval:
month)
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Figure D4-10, 1 Case D4-10. Salt concentration of Miraflores Lake after 10 years (output
interval: month)
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Figure D4-10, 2 Case D4-10. Salt concentration of Gatun Lake after 10 years (output interval:
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Figure D4-50,1 Case D4-50. Salt concentration of Miraflores Lake after 50 years (output
interval: month)
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Test case 8. Salt concentration of Locks A, B, and C

Test case 8. Salt concentration of Locks D, E, and F

Test case 8. Salt concentration of Locks G H, and J and wsb's

Test case 8. Salt concentration of Locks M, L, and K and wsb's

Case A-10. Salt concentration of Miraflores Lake after 10 years
Case A-10. Salt concentration of Gatun Lake after 10 years

Case B1-10. Salt concentration of Miraflores Lake after 10 years
Case B1-10. Salt concentration of Gatun Lake after 10 years
Case B1-50. Salt concentration of Miraflores Lake after 50 years
Case B1-50. Salt concentration of Gatun Lake after 50 years
Case B2-10. Salt concentration of Miraflores Lake after 10 years
Case B2-10. Salt concentration of Gatun Lake after 10 years
Case B2-50. Salt concentration of Miraflores Lake after 50 years
Case B2-50. Salt concentration of Gatun Lake after 50 years
Case B3-10. Salt concentration of Miraflores Lake after 10 years
Case B3-10. Salt concentration of Gatun Lake after 10 years
Case B3-50. Salt concentration of Miraflores Lake after 50 years
Case B3-50. Salt concentration of Gatun Lake after 50 years
Case B4-10. Salt concentration of Miraflores Lake after 10 years
Case B4-10. Salt concentration of Gatun Lake after 10 years
Case B4-50. Salt concentration of Miraflores Lake after 50 years
Case B4-50. Salt concentration of Gatun Lake after 50 years
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| Introduction

The present Report C deals with the salt water intrusion of the three-lift lock configuration
of Post-Panamax Locks on the future, third shipping lane. The salt water intrusion is
additional to the salt water intrusion through the existing locks. The new three-lift locks may
be provided with water saving basins.

The following items will be adressed in the present report:

- review of concept design of Consorsio Post-Panamax (CPP) for the three-lift lock
configuration of Post-Panamax Locks;

- extension of the salt-water intrusion simulation model built for the existing situation
with a new shipping lane; this new lane is is provided with three-lift locks and water
saving basins at either side of the canal (the use of water saving basins is optional in the
simulation model),

- selection of salt exchange coefficients that will be used in the simulation;

- simulation of salt water intrusion for the three-lift lock configuration of Post-Panamax
Locks and analysis of results.
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2 Concept design of CPP for three-lift lock
configuration

2.1 Data provided by ACP

The next reports and drawings have been provided by ACP:
Report

Consorcio Post-Panamax (CPP)

'Disefio Conceptual de las Esclusas Post Panamax,

Task 4, C — Filling and Emptying System'
Concept report R4-C-402 rev A, 4 September 2002.

Drawings of CPP
Drawing Revision | Title
number
D3-0-003 B Triple lift configuration. Alignment P1: nautical access.
D4-A-003 B Triple lift configuration. General plan view.
D4-B-001 B Triple lift configuration. Eastern lock wall: longitudinal view.
D4-B-003 D Triple lift configuration. Lock chamber 1: plan view.
D4-B-004 B Triple lift configuration. Lock chamber 2: plan view.
D4-B-005 D Triple lift configuration. Lock chamber 3: plan view.
D4-B-006 B Triple lift configuration. Cross sections lock walls.
D4-B-007 A Triple lift configuration. Lock head 2: plan view.
D4-B-010 - Triple lift configuration. Lock head 1: plan view.
D4-B-013 . Triple lift configuration. Lock head 3: plan view.
D4-B-016 - Triple lift configuration. Lock head 4: plan view.
D4-B-020 - Triple lift configuration. Lock head 4: arrangement with pumping basin.
D4-C-001 B Triple lift configuration. 3D-model wsb emptying system.
D4-C-002 B Triple lift configuration. Water saving basins — filling and emptying
system.

Traffic projections

A document written by ACP concerning Post-Panamax traffic projections for the next 50
years (revision date 16 January 2003) .

2.2 Description of lock system at Pacific side

The three-lift lock configuration of Post Panamax Locks designed by CPP, connects the
canal entrance at the Pacific side with Gatun Lake (Gaillard Cut). A new channel between
the upper lock of the three-lock system and Gaillard Cut forms a part of the new shipping
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lane. This channel will be excavated at the west side of Miraflores Lake; the lake itself is
by-passed. The new locks are situated west of Miraflores Locks. Each of three locks is
provided with three water saving basins, arranged side by side at the east side of the locks.

The next data was taken by CPP as starting points for their design (all levels refer to PLD):
Hydraulic conditions

Gatun Lake: mean water level +25.91 m, maximum water level +26.67 m, minimum water
level +23.90 m.

Canal entrance at the Pacific side: mean sea level +0.30 m, extreme high tide +3.60 m, mean
low tide —2.32 m, extrem low tide —3.44 m.

Lock chambers

Minimum utilizable length of lock chambers 426.8 m, width 61.0 m, minimum water depth
above sills 18.3 m. Locks can be operated with or without water saving basins; in the latter
case lock-to-lock water transfer is practised. The water saving rate for each individual lock
chamber is minimum 60% (when water saving basins are in use). The filling or emptying
time is approximately 10 minutes when water saving basins are not in use.

Post-Panamax ships
Dimensions of ships: container ships 105,000 dwt and bulk carriers 140,000 dwt.
Three-lift lock design

The CPP-design for the three-lift lock configuration at the Pacific side of the canal is
schematically shown in Figure 2.1. The new locks have a width of 61 m. Each lock chamber
is provided with a double set of rolling gates at both ends. The gates move in recesses,
which are constructed in the floor of the lock chambers; the chamber floors themselves are
fully flat without sills. The nominal length of the lock chambers between the center line of
the upper gates and the center line of the lower gates is about 472 m.

When going upwards from the Pacific tailbay to Gatun Lake the steps in the floor are
successively 9.95 m, 8.26 m and 8.04 m high. Floor level —20.62 m of the lower lock is
designed starting from the minimum required water depth of 18.3 m and a mean low-tide
water level in the tailbay of —2.32 m. Floor level +5.63 m of the forebay in Gatun Lake
follows from the minimum lake level +23.90 m and the minimum required water depth of
18.3 m.

Three water saving basins are arranged side by side along each of the lock chambers (see
Figures 2.1 and 3.4). The length and width of the water saving basins differ from the hori-
zontal dimensions of the lock chambers, but the capacity of the water saving basins is such,
that at least 1/5 of the water exchange volume can be saved in each basin. The three water
saving basins of a lock have different bottom levels.

The filling and emptying system consists of a multiport system. The main water culverts at

both sides of the locks run along the full length of the locks from the intakes in the forebay
to the outlets in the tailbay. The culverts are provided with valves to facilitate a controled
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flow of water from forebay to upper lock, from lock to lock, and from lower lock to tailbay.
Square openings (ports) connect the lock chambers with the culverts. The openings have
dimensions of 2 m x 2 m and are situated in both lock walls (just above the floor) along the
full chamber length, at a center to center distance of 15 m.

Each water saving basin (wsb) is connected to the longitudinal culverts by means of two
gated transverse culverts (at 1/3 and 2/3 of the chamber length). Filling of a lock chamber
starts with emptying of the lower wsb, than the intermediate wsb and finally the upper wsb.
The remaining water portion is supplied from the adjacent higher lock or forebay. Emptying
of a lock chamber occurs in a reverse sequence: first the upper wsb is filled, than the
intermediate wsb and finally the lower wsb. The remaining water portion is discharged to
the adjacent lower lock chamber or tailbay. Filling or emptying of a wsb stops when an
equal water level is obtained in wsb and lock chamber. The same holds for the transfer of
water from forebay to lock chamber etc.

2.3 Lock system at Atlantic side

Though the three-lift lock system has been designed by CPP for the Pacific side of the canal,
we will assume, for the extension of the salt-intrusion simulation model, that a similar lock
system will be constructed at the Atlantic side. However, we will adapt the floor levels of
the locks because of the much smaller tidal variation at the Atlantic side of the canal (mean
water level in the Atlantic entrance of the canal +0.06 m, extreme high tide +0.56 m, mean
low tide —0.12 m, extrem low tide —0.38 m).

In the existing situation the difference between floor level of the lower locks at the Pacific
side and the lower locks at the Atlantic side is about 2.0 m. When we start from extreme low
tide at the Atlantic side of —0.38 m and a minimum required water depth of 18.3 m a floor
level of —18.68 m is found for the lower lock of the new lock system. In the schematization
we assume a floor level of —18.62 m, 2.0 m lower than the floor level of the new lower lock
at the Pacific side. The floor level of the forebay can be the same as at the Pacific side,
namely +5.63 m. The steps in floor level when going up from the Atlantic tailbay to the
forebay in Gatun Lake are selected as 8.13 m, 8.08 m and 8.04 m successively. All other
lock dimensions and the layout of water saving basins are similar as at the Pacific side, but
the floor levels of water saving basins are adapted to the selected floor levels and water
levels of the corresponding lock chambers. The adopted three-lift lock system at the Atlantic
side is shown schematically in Figure 2.2.

2.4 Post-Panamax ship transits

ACP has set up ship transit predictions for points of time of 1 month, 1 year, 5 years, 10
years, 20 years and 50 years after the start of the exploitation of a third, new lane, which is
provided with Post-Panamax locks at both sides of the canal. The dimensions of the vessels
and the daily traffic intensities can be characterised as follows:

Panamax-Plus vessels

These vessels have similar dimensions as Panamax vessels, but their draught is greater than
12 m (in tropical fresh water). Maximum dimensions: length 294 m, beam 32.3 m and
draught 14 m.
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Post-Panamax vessels

Maximum dimensions of Post-Panamax vessels are: length 386 m, beam 54 m and draught
15.2 m. Initially, the maximum allowed draught in the Panama Canal will be 14 m; after a
period of five years, after deepening of the shipping channel, a maximum draught of 15.2 m
will be admitted.

Traffic intensity
The daily traffic intensity (the total number of northbound and southbound ships) in the

existing two lanes and the third new lane is assumed to develop as follows after opening of
the new lane:

Vessel Present Month [ Year 1 Year 5 Year 10 Year 20 Year 50
type situation
Existing lanes
Panamax | 13 13 13 13 13 13 13
Regular 23 23 23 23 23 23 23
Total 36 36 36 36 36- 36 36
New lane

Post- 0 0 1
Panamax’
Post- 2 3 5 10
Panamax”
Panamax- | 0 2 4 4 4 4 5
Plus
Total 0 2 5 6 7 9 15

') Maximum draught of Post-Panamax vessels initially 14 m; from year 5 onwards 15.2 m
Table 2.1 Expected traffic intensities in existing and new shipping lanes
Lockage times in the three-lift locks of the new lane (with water saving basins) are

estimated as 120 minutes for Panamax-Plus vessels and 150 minutes for Post-Panamax ves-
sels in a relay mode of operation.
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3 Simulation model

The salt-intrusion process through the locks on the Panama Canal is simulated with a
numerical model. This model has been set up for the existing situation (see description in
Report A, issued June 2003) and is extended and adapted to the situation with a new
shipping lane and three-lift locks. A scheme of the extended model is shown in Figure 3.1.
The model predicts the salt water load on Gatun Lake and Miraflores Lake caused by lock
operations, taking into account water level fluctuations of the lakes, water releases at Gatun
Dam and Miraflores Dam, and tidal variations and salt concentration variations in the
seaside tailbays.

3.1 Concept of simulation model

Essentially, the model consists of a number of separate basins, each having a certain water
level, water volume and salt concentration, which are mutually connected. When a ship sails
from ocean to ocean it passes the various basins, causing a net transport of water from lakes
to oceans and a migration of salt water from basin to basin. Water transport and salt trans-
port are evaluated after each step of the uplockage or downlockage process.

Water from the lakes goes stepwise down during uplockage and downlockage of ships,
mixing up with the water in the lower locks during filling. When water saving basins are in
use water from a lock chamber is temporarily stored during levelling down, together with a
part of the salt content of the lock chamber, and returned into the lock chamber during
levelling up (see Figures 3.5 and 3.6). When lock gates are open and a ship moves in or out,
the ship’s volume is exchanged and density flows occur between basins with different
densities; these are the causes that salt water moves from lower basins to higher basins.

The separate basins of the Panama Canal (lock chambers, wsb's, forebays and tailbays of
locks, lakes and entrances) are regarded as nodes in the numerical simulation model. The
nodes and the hydraulic connections between the nodes are shown in the scheme of Figure
3.1. In the present study we name the locks as indicated in Figure 3.1: locks in the existing
lanes at the Pacific side: A-west and A-east, B-west and B-east, C-west and C-east; locks in
the existing lanes at the Atlantic side: D-west and D-east, E-west and E-east, F-west and F-
east, locks in the new lane at the Pacific side: G H and J; locks in the new lane at the
Atlantic side: K, L and M.

Water levels of the lakes, which vary throughout the year, and fluctuating water levels (tidal
movements) and salt concentrations in the seaside tailbays form input for the simulation
model. The water level variation in the lakes is the result of inflow and outflow of water.
We assume that salt water intrusion in the lakes is only caused by the locking process. The
salt intrusion is the net result of: (i) density currents which occur when the lock gates are
open, (ii) exchange of water when the gates are open and vessels move in and out, and (iii)
filling and emptying of lock chambers. All other water sources (Madden Lake (Chagres
river), creeks and rivers, precipitation, ground water flow) supply fresh water to the lakes.

The outflow of saline water, if any, occurs through the spillways of Gatun Lake (spillage of
surplus water, water for power generation) and Miraflores Lake (spillage of surplus water,
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cooling water). We assume that the outflow of saline water through other offtakes (drinking
water, industrial water, ground water, evaporation) is nill or can be neglected in the analysis.

Ship movements in the simulation model are from Pacific Ocean to Gatun Lake, from Gatun
Lake to Atlantic Ocean, from Atlantic Ocean to Gatun Lake and from Gatun Lake to Pacific
Ocean. Ships in the new shipping lane by-pass Miraflores Lake. When a ship moves up or
down water levels, water depths, water volumes and salt concentrations change in the nodes
of the simulation model. The value of these nodal parameters is evaluated after each step of
the locking process for a single ship movement.

In the nodal-status evaluation is checked whether the maximum or minimum water level in
lock chambers is exceeded. If so, the maximum or minimum water level is selected in the
evaluation. Similarly, for the wsb's is checked whether the maximum or minimum water
storage volume is exceeded.

The subsequent steps of a ship movement are described in a scenario together with other
data relevant to that ship movement, namely shipping lane, dimensions of ship, and duration
of the ship movement. A special scenario is the scenario that describes a ‘turn around’
(change from northbound ship transits to southbound ship transits or reverse), and a water-
release scenario that describes the water spills and water use for hydropower generation and
cooling.

Scenarios are combined in a day pattern. The start time of each scenario is prescribed in the
day pattern. When two scenarios start at the same moment, the simulation model treat them
one by one. A normal day pattern consists of a number of ship-movement scenarios, turn-
around scenarios and water-release scenarios. Different day patterns can be built up, for
example for each day of the week. Subsequently, day patterns are combined in a case (see
scheme of Figure 3.2). A case contains information on start date and stop date of the
simulation. Day patterns are handled one by one in the sequence of input. After the last day
pattern has been handled the simulation model starts again with the first day pattern; this
cyclical process continues until the end of the simulation. The user shall prepare a set of salt
exchange coefficients (see Chapter 4) and define initial values (dimensions of locks etc.,
water levels, water volumes and salt concentrations). The set of exchange coefficients and
the initial values form a part of the case.

At the start of each case nodal status parameters are initialized (see Section 3.10). Computed
values of status parameters are written to a file at the end of each scenario (or as desired:
day, week, month, year). When a case is the continuation of a previous case, end values of
salt concentrations in nodes (except Pacific and Atlantic Entrance) can be used as initial
values in the new case. After the case has been run the value of status parameters can be
presented in tables or graphs as a function of time. The concept of the numerical model is
reflected in Figure 3.3.

3.2 Three-lift locks and wsb's in simulation model
In addition to the two existing shipping lanes a new lane with three-lift locks at both sides is

defined in the simulation model. Each lock is provided with water saving basins (wsb's).
Because the three wsb's of a lock are filled or emptied one after another and the sequence of
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filling and emptying is always the same, the set of three wsb's can for the purpose of salt-
water intrusion simulation be replaced by a single wsb (see Figure 3.4). The storage capacity
of this single wsb is equal to the capacity of the set of three wsb's; also the fill and emptying
time is equal to the fill and emptying time of the set of three wsb's. The exchange coefficient
in the salt balance is such selected that it is representative for the salt exchange between lock
chamber and all three individual water saving basins (see Chapter 5). The locks in the new
lane can be operated with or without wsb's in the simulation model.

3.3 Nodal status parameters

The parameters that describe the status of nodes in the simulation model are defined in this
section. All input data of the simulation model is in SI units.

3.3.1 Status parameters general

water level: h (in m to PLD)

water depth: d (in m)

water volume: V (in m®)

salt concentration: ¢ (in ppt = parts per thousand; ¢ is averaged value for considered

water volume in node)

The temparature T is not considered as a separate status parameter in the simulation model.

3.3.2 Other parameters general

spillway discharge: Q (in m’ per day)

other water use: P (in m® per day)

ship volume: S (in m*; water displacement of a ship)

length of lock or basin: 1 (in m)

width of lock or basin: b (in m)

area of lock or basin: A (in m?; area of gate recesses, if any, is included)
maximum water level: maxh (in m to PLD)

minimum water level: minh (in m to PLD)

max. water volume: maxV (in m®)
min. water volume: minV (in m®)
floor level or sill level: f(in m to PLD)
time: t (date, hour)

3.3.3 Status parameters of tailbays in Pacific and Atlantic Entrance

water level: huivay  (is prescribed; input: function (t))
salt concentration: Cuibay  (iS prescribed; input: table)

3.3.4 Status parameters and other parameters of Miraflores Lake and

Gatun Lake
water level: hiae (is prescribed; input: table)
water volume lake: Viake (is function of water level hy,.; input: table)
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salt concentration lake: cjy (is computed)

spillway discharge: Qupint (is prescribed; input: table)
water for hydro power: Ppyar, (is prescribed; input: table)
cooling water: Peooling (is prescribed; input: table)

3.3.5 Status parameters and other parameters of tailbays and forebays in
Miraflores Lake and Gatun Lake

sill level: fiy (input: table)

area tailbay: Ailbay (input: table)
area forebay: Aforebay (input: table)
water level tailbay: hiaitbay (is equal to hyye)
water level forebay: Bforebay (is equal to hyye)

water volume tailbay:  Vyiiay (is computed)
water volume forebay: Viyebay (is computed)
concentration tailbay:  cyipay (is computed)

concentration forebay: Ceorebay (is computed)

3.3.6 Status parameters and other parameters of existing locks and new

locks
water level: hioek (is computed)
water depth: diock (is computed)
water volume: Viock (is computed)
salt concentration: Ciock (is computed)
max. water level: maxh, (input: table)
min. water level: minhy, (input: table)
length: lioek (nominal chamber length; input: table)
width: bioek (Width of chamber; input: table)
lock arca: Alock (= llock . block)
floor level: flock (input: table)
ship volume: S (is prescribed in scenario)

3.3.7 Status parameters and other parameters of new water saving basins

water volume: Vs (is computed)
salt concentration: Cusb (is computed)
max. water volume: maxV,g (input: table)
min. water volume: minV,, (input: table)
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3.4 Ship movements and turn arounds; vessel classes

Ship movements in the simulation model are from Pacific Ocean to Gatun Lake, from Gatun
Lake to Atlantic Ocean, from Atlantic Ocean to Gatun Lake and from Gatun Lake to Pacific
Ocean. Each ship movement consists of a sequence of steps, which are described in a
scenario together with other data relevant to that ship movement. Ship movements from
Pacific Ocean to Gatun Lake and from Atlantic Ocean to Gatun Lake (or reverse) may start
at the same time; the simulation model treat them one by one. Uplockage from ocean to
Gatun Lake and downlockage from Gatun Lake to the ocean in the same lane and starting at
the same time is not allowed. The user must insert a ‘turn around’ scenario (see hereafter)
between an uplockage and a downlockage scenario.

With the new lane included a total number of 16 different ship movements and turn arounds
can be distinguished. The 3-lift locks in the new lane can be operated with or without water
saving basins. Table 3.1 gives an overview of the various ship movements in the simulation

model.
no ship movement lane up- or remarks
downlockage
1 Pacific Ocean to Gatun Lake west lane Uplockage
2 Gatun Lake to Pacific Ocean west lane Downlockage
3 Pacific Ocean to Gatun Lake east lane Uplockage
4 Gatun Lake to Pacific Ocean east lane Downlockage
5 Pacific Ocean to Gatun Lake new lane Uplockage wsb's out of use
6 Gatun Lake to Pacific Ocean new lane Downlockage wsb's out of use
7 Pacific Ocean to Gatun Lake new lane Uplockage wsb's in use
8 Gatun Lake to Pacific Ocean new lane Downlockage wsb's in use
9 Atlantic Ocean to Gatun Lake west lane Uplockage
10 Gatun Lake to Atlantic Ocean west lane Downlockage
11 Atlantic Ocean to Gatun Lake east lane Uplockage
12 Gatun Lake to Atlantic Ocean east lane Downlockage
13 Atlantic Ocean to Gatun Lake new lane Uplockage wsb's out of use
14 Gatun Lake to Atlantic Ocean new lane Downlockage wsb's out of use
15 Atlantic Ocean to Gatun Lake new lane Uplockage wsb's in use
16 Gatun Lake to Atlantic Ocean new lane Downlockage wsb's in use

Table 3.1  Ship movements in simulation model

A turn around scenario describes the operational steps during a so-called ‘turn around’ (a
change from northbound ship transits in a lane to southbound ship transits or reverse). In a
turn around the water levels in the lock chambers are prepared for the change in ship transit
direction. A total number of 16 different turn arounds, including those for the future new
lane, are distinguished in the simulation model (see Table 3.2).

WL | Delft Hydrauics



Salt Water Intrusion Analysis Panama Canal Locks

Future Situation: Post-Panamax Locks  Report C: Three-lift locks Q3039, September 2003

no side of canal turn around lane remarks
1 Pacific side change from northbound to southbound traffic west lane
2 Pacific side change from southbound to northbound traffic west lane
3 Pacific side change from northbound to southbound traffic east lane
4 Pacific side change from southbound to northbound traffic east lane
5 Pacific side change from northbound to southbound traffic new lane wsb's out of use
6 Pacific side change from southbound to northbound traffic new lane wsb's out of use
7 Pacific side change from northbound to southbound traffic new lane wsb's in use
8 Pacific side change from southbound to northbound traffic new lane wsb's in use
9 Atlantic side change from southbound to northbound traffic west lane
10 Atlantic side change from northbound to southbound traffic west lane
11 Atlantic side change from southbound to northbound traffic east lane
12 Atlantic side change from northbound to southbound traffic east lane
13 Atlantic side change from southbound to northbound traffic new lane wsb's out of use
14 Atlantic side change from northbound to southbound traffic new lane wsb's out of use
15 Atlantic side change from southbound to northbound traffic new lane wsb's in use
16 Atlantic side change from northbound to southbound traffic new lane wsb's in use

Table 3.2  Turn arounds in simulation model

Various types of vessels pass the Panama Canal. The ship dimensions are of importance for
the salt water intrusion. Both the quantity of water that is displaced when the ship moves
from basin to basin (e.g. from lock to lock) and the density flows between basins depend on
the ship dimensions. Exchange coefficients which are applied in step II of the lockage
process (movement of ship between two adjacent basins), are defined in the simulation
model as a function of the ratio S/V,¢ (S = water displacement of ship, Vs = reference
volume); in this way the effect of ship dimensions on density flows is included.

The following three vessel classes have been defined in Report A for ship movements in the
existing two lanes:

vessel water beam length draught percentage of
class displacement S number of
transits
I 15,000 m’ 21.3 m (70 f) 150m (=500 ft) | 4.7m( 154 ft) 45%
Il 45,000 m’ 27.4 m (90 ) 215m(=700ft) | 7.6m(24.9 ft) 20%
111 90,000 m’ 320m (105 ft) | 275m (=900 ft) | 10.2m (33.5ft) 35%
Table 3.3  Types of vessels in simulation model (existing lanes)

These vessel classes may represent the different ship types that pass the canal at present. A
special vessel class '0' (ship with zero water diplacement) is available for lockage operations
without a ship.

The vessels which use the new shipping lane, are represented by three additional vessel
classes (see Table 3.4). Vessel class 1V represents the Panamax-Plus vessels, class VII the
Post-Panamax vessels with limited draught (only applicable in first four years after opening
of the new lane in view of limited depth of shipping channel), and class VIII the Post-
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Panamax vessels. Ship classes V and VI are extra classes which allow for a more detailed
specification of the ship traffic in the new lane. The development of the daily transit
frequency of these vessels over a period of 50 years after opening of the new lane is shown

in Table 2.1.

vessel water beam length draught
class displacement S

v 120,000 m® 323 m (106 ft) 294 m (965 ft) 14.0 m (45.9 ft)

\Y% 145,000 m’ 32.3 m (106 ft) 326 m (1069 ft) 15.2 m (49.9 ft)

VI 200,000 m’ 54.0m (177 &) 386 m (1266 ft) 10.7 m (35.1 ft)

VII 260,000 m’ 54.0 m (177 ft) 386 m (1266 ft) 14.0 m (45.9 ft)

VIII 285,000 m’ 54.0m (177 ft) 386 m (1266 ft) 15.2m (49.9 ft)

Table 3.4  Post-Panamax types of vessels in simulation model (new lane)

SRR

3.5 Steps in scenarios for ship movements

In this section the various steps in scenarios for ship movements in the new lane with a Ll
three-lift lock system are described. A distinction is made between locks without wsb's and Yos
locks with wsb's. 7

3.5.1 Locks without wsb's

The subsequent steps in the scenarios that describe ship movements in a three-lift lock
system without wsb's, are similar as described in Report A for ship movements in the
existing three-lift lock system at the Atlantic side. As an example next table shows the steps
which are distinguished in the uplockage scenario 'ship movement Pacific Ocean — Gatun

Lake":
Low basin High basin Operation

(Remarks)
Tailbay Lock G Lock G Equalize water levels
Tailbay Lock G Lock G Move ship
Lock G Lock H Equalize water levels
Lock G Lock H Move ship
Lock H Lock J Equalize water levels
Lock H Lock J Move ship
LockJ Forebay Lock J Equalize water levels
Lock J Forebay Lock J Move ship
Forebay Lock J Gatun Lake (Density flows)
Table 3.5  Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks without wsb's
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The subsequent steps in the downlockage scenario 'ship movement Gatun Lake — Pacific
Ocean' are shown in next table:

High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock J (Density flows)
Forebay Lock J Lock J Equalize water levels
Forebay Lock J Lock J Move ship
Lock J Lock H Equalize water levels
Lock J Lock H Move ship
Lock H Lock G Equalize water levels
Lock H Lock G Move ship
Lock G Tailbay Lock G Equalize water levels
Lock G Tailbay Lock G Move ship

Table 3.6 Downlockage. Gatun Lake — Pacific Ocean. New lane, three-lift locks without

wsb's.

The steps in the scenarios for ship movements Atlantic Ocean — Gatun Lake en Gatun Lake
— Atlantic Ocean are similar, apart from the names of the locks (tailbay lock G = tailbay
lock K, lock G = lock K, lock H = lock L, lock J = lock M, forebay lock J = forebay lock

M).

3.5.2 Locks with wsb's

More steps are required in scenarios for ship movements in a three-lift lock system with
wsb's. As an example next Table 3.7 shows the subsequent steps in the uplockage scenario

'ship movement Pacific Ocean — Gatun Lake' (see also Figure 3.5):

Low basin High basin Operation

(Remarks)
Tailbay Lock G Lock G Fill wsb's of lock G
Tailbay Lock G Lock G Equalize water levels
Tailbay Lock G Lock G Move ship
Lock G Lock H Empty wsb's of lock G
Lock G Lock H Fill wsb's of lock H
Lock G Lock H Equalize water levels
Lock G Lock H Move ship
Lock H Lock J Empty wsb's of lock H
Lock H Lock J Fill wsb's of lock J
Lock H Lock J Equalize water levels
Lock H Lock J Move ship
LockJ Forebay Lock J Empty wsb's of lock J
Lock J Forebay Lock J Equalize water levels
Lock J Forebay Lock J Move ship
Forebay Lock J Gatun Lake (Density flows)

Table 3.7 Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks with wsb.
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The subsequent steps in the downlockage scenario 'ship movement Gatun Lake — Pacific
Ocean' are shown in Table 3.8 (see also Figure 3.6):

High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock J (Density flows)
Forebay Lock J Lock J Empty wsb's of lock J
Forebay Lock J Lock J Equalize water levels
Forebay Lock J LockJ Move ship
LockJ Lock H Fill wsb's of lock J
Lock J Lock H Empty wsb's of lock H
Lock J Lock H Equalize water levels
Lock J Lock H Move ship
Lock H Lock G Fill wsb's of lock H
Lock H Lock G Empty wsb's of lock G
Lock H Lock G Equalize water levels
Lock H Lock G Move ship
Lock G Tailbay Lock G Fill wsb's of lock G
Lock G Tailbay Lock G Equalize water levels
Lock G Tailbay Lock G Move ship

Table 3.8 Downlockage. Gatun Lake — Pacific Ocean. New lane, three-lift locks with wsb's.

The steps in the scenarios for ship movements Atlantic Ocean — Gatun Lake and Gatun
Lake — Atlantic Ocean are similar, apart from the names of the locks (tailbay lock G =
tailbay lock K, lock G = lock K, lock H = lock L, lock J = lock M, forebay lock J = forebay
lock M).

3.6 Steps in scenarios for turn arounds

A turn around scenario contains the various steps which are required to prepare the locks for
a change in ship transit direction. The subsequent steps in turn arounds in the new lane with
a three-lift lock system are described in this section. A distinction is made between locks
without wsb's and locks with wsb's.

3.6.1 Locks without wsb's

As an example we present the steps in the turn around scenario: 'Pacific side, change from
northbound (uplockage) to southbound (downlockage)'.

After the last northbound vessel has passed the locks (uplockage), the water levels in lock
chambers G, H and J are high (see also Figure 2.1). The water levels in locks G and H have
to be lowered. The procedure is similar as described in Report A for the existing three-lift
lock system at the Atlantic side. Three steps are necessary:
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Low basin High basin Operation

Tailbay Lock G Lock G Equalize water levels
Lock G Lock H Equalize water levels
Tailbay Lock G Lock G Equalize water levels

Table 3.9 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage) transits. New lane, three-lift locks without wsb's.

The steps in the turn around scenario: 'Pacific side, change from southbound (downlockage)
to northbound (uplockage)' are shown in next table. After passage of the last southbound
ship (downlockage), the water levels in lock chambers G, H and J are low. The water levels
in locks H and J have to be raised. Water in the forebay of lock J is exchanged with water in

Gatun Lake (density flows).
High basin Low basin Operation

(Remarks)
Forebay Lock J LockJ Equalize water levels
LockJ Lock H Equalize water levels
Forebay Lock J LockJ Equalize water levels
Gatun Lake Forebay Lock J (Density flows)

Table 3.10 Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage) transits. New lane, three-lift locks without wsb's.

Steps in turn arounds at the Atlantic side are similar, apart from the names of the locks
(tailbay lock G = tailbay lock K, lock G = lock K, lock H = lock L, lock J = lock M, forebay
lock J = forebay lock M).

3.6.2 Locks with wsb's

Locks with wsb's require more steps. As an example the steps in the turn around scenario
"Pacific side, change from northbound (uplockage) to southbound (downlockage)' are shown
in Table 3.11. After passage of the last northbound ship (uplockage) the water levels in lock
chambers GG H and J are high and the wsb's are empty. The water levels of locks G and H
have to be lowered and the corresponding wsb's filled.

The procedure shown in Table 3.11 is the formal procedure. As can be seen the wsb's of lock
G are filled and subsequently emptied. In a next step the wsb's of lock G are filled again.
These repeated operations with the wsb's seem unnecessary.

Indeed, in practice a faster method is possible by omitting the steps in which the wsb's of
lock G are filled and emptied for the first time. Instead, about 40% of the lockage water is
discharged directly from lock G into the tailbay. However, this method requires the measu-
rement of the water level in both lock G and the tailbay during discharging of water and
calls for special operation procedures.

The formal procedure that is applied in the simulation model, is safe and independent of
measurements and operation procedures: water between basins is exchanged until the
equilibrium level is reached.

3—10
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Low basin High basin Operation

Tailbay Lock G Lock G Fill wsb's of lock G
Tailbay Lock G Lock G Equalize water levels
Lock G Lock H Empty wsb's of lock G
Lock G Lock H Fill wsb's of lock H
Lock G Lock H Equalize water levels
Tailbay Lock G Lock G Fill wsb's of lock G
Tailbay Lock G Lock G Equalize water levels

Table 3.11 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage) transits. New lane, three-lift locks with wsb.

The steps in the turn around scenario 'Pacific side, change from southbound (downlockage)
to northbound (uplockage)' are shown in Table 3.12. The water levels in lock chambers G, H
and J are low after passage of the last southbound ship (downlockage) and the wsb's are
filled. The water levels in locks H and J have to be raised and the corresponding wsb's
emptied.

The formal procedure shown in Table 3.12 contains steps in which the wsb's of lock J are
emptied, filled and emptied again. Again, a faster method is possible by omitting the first
two wsb actions, and instead discharging about 40% of the lockage water directly from lock
J into lock H. But because this will require the measurement of the water level in both lock J
and lock H during discharging and special operation procedures the safe formal procedure is
preferred in the simulation model.

High basin Low basin Operation

Rremarks)
Forebay Lock J LockJ Empty wsb's of lock J
Forebay Lock J Lock J Equalize water levels
Lock J Lock H Fill wsb's of lock J
Lock J Lock H Empty wsb's of lock H
Lock J Lock H Equalize water levels
Forebay Lock J Lock J Empty wsb's of lock J
Forebay Lock J Lock J Equalize water levels
Gatun Lake Forebay Lock J (Density flows)

Table 3.12 Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage) transits. New lane, three-lift locks with wsb.

Steps in turn arounds at the Atlantic side are similar, apart from the names of the locks

(tailbay lock G = tailbay lock K, lock G = lock K, lock H = lock L, lock J = lock M, forebay
lock J = forebay lock M).
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3.7 Dimensions of locks, wsb's and forebays / tailbays

The characteristic dimensions of locks, wsb's and forebays in the new shipping lane are
indicated in Table 3.13 (see also Figures 2.1 and 2.2).

basin nominal | width nominal, mean flooor level step in coping
length water level = sill level floor level
(mto PLD)
(m) (m) high l low | (mtoPLD) (m) (m to PLD)
Pacific side

Lock G 472 61 +8.83 +0.30 -20.62 9.95 +12.46
wsb's Lock G -1.76'

Lock H 472 61 +17.37 | +8.83 -10.67 8.26 +20.95
wsb's Lock H +8.01°

Lock J 472 61 +25.91 +17.37 | -2.41 8.04 +29.67
wsb's Lock J +16.39

Forebay Lock J +25.91 +5.63 +29.67

Atlantic side

Lock K 472 61 +8.68 +0.06 -18.62 8.13 +12.17
wsb's Lock K +0.24"

Lock L 472 61 +17.30 | +8.68 -10.49 8.08 +20.94
wsb's Lock L +8.19°

Lock M 472 61 +2591 | +17.30 | -2.41 8.04 +29.67
wsb's Lock M +16.39°

Forebay Lock M +25.91 +5.63 +29.67

"} floor level of lower wsb

Table 3.13 Dimensions of locks, wsb's and forebays, new shipping lane

The characteristic dimensions of locks and forebays / tailbays in the existing lanes are
shown in Table 3.14.
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basin nominal | width nominal, mean Sfloor level step coping
length water level / sill level sill - sill level
(mto PLD)
(m) (m) high | low (mto PLD) (m) (mto PLD)
Pacific side
Lock A 329.2 33.5 +7.92 +0.30 -15.54 9.65 +9.75
(A-west & A-east)
/-15.24
Lock B 332.1 33.5 +16.46 | +7.92 -6.20 9.04 +17.88
(B-west & B-east
/-5.59
Forebay lock B +16.46 +3.35
(B-west & B-east) (near intake)
/+3.45
Tailbay Lock C +16.46 +2.59
(C-west & C-east) (near outlet)
/ +3.69
Lock C 332.1 335 +2591 | +16.46 | +3.35 7.42 +28.04
(C-west & C-east)
/+3.96
Forebay lock C +25.91 +11.38
(C-west & C-east) (near intake)
/+11.38

Atlantic side

Lock D 329.2 335 +8.54 +0.06 -13.51 8.76 +10.57
(D-west & D-east)

/-12.90
Lock E 329.2 33.5 +17.38 | +8.54 -4.67 8.71 +19.58
(E-west & E-east)

/-4.14
Lock F 332.1 33.5 +2591 | +17.38 | +4.17 6.81 +28.04
(F-west & F-east)

/+4.57
Forebay lock F +25.91 +4.27
(F-west & F-east) (near intake)

/+11.38

Table 3.14 Dimensions of existing locks and forebays / tailbays

The dimensions and properties of basins in the simulation model are as follows:
New locks

The nominal lock chamber length is the size between the centre line of the upper rolling
gates and the centre line of the lower rolling gates and equals about 472 m for all lock
chambers. The nominal length multiplied by the chamber width and the water-level
difference between adjacent chambers determines the quantity of lockage water that is trans-
ferred in downstream direction during uplockage or downlockage of a ship. Also the gate
recesses contribute to the lockage water. This is accounted for in the simulation model by
increasing the area of the lock chambers with the area of two gate recesses; doing so the
nominal length of the lock chamber is increased with about 2 x 16.5 m, giving a total length
of 505 m. This size is used in the numerical simulations. The new locks have flat floors
without sills. Coping level corresponds to the top level of the lock walls.

3—13
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Forebays new locks

The water volume of the forebays in Gatun Lake is arbitrarely computed as the product of
length 505 m (= nominal lock chamber length + contribution gate recesses), width 61 m (=
lock chamber width) and water depth above the adjacent lock floor. In formula form:

Vforebay = Aforebay . (hlakc - flock) =505m.61m. (hlake - flock)
Water saving basins new locks

The three wsb's of each lock are replaced by a single wsb in the simulation model. The
storage capacity of this single wsb is equal to the storage capacity of the three wsb's
together, as well as the total fill and emptying time. The salt exchange coefficient in the
formulas that describe the exchange of salt water between single wsb and lock chamber is
such selected, that it is representative for the exchange of salt water between the set of three
individual wsb's and the lock chamber.

Existing locks

The nominal lock chamber length is the size between upper gate and lower gate of a lock
This size determines the quantity of lockage water and is used in the simulations. Floor level
corresponds to the flat, deeper part of the lock chambers; the sills protrude 0.3 m — 0.6 m
(1 ft — 2 ft) above floor level. Lock chamber floors are thus at a lower elevation than the
sills. Coping level corresponds to the top of the chamber walls.

Forebays and tailbays existing locks

The water volume of the forebays in Miraflores Lake and Gatun Lake and the tailbays in
Miraflores Lake is arbitrarely computed as the product of length 330 m (= average nominal
lock chamber length), width 33.5 m (= lock chamber width) and water depth above the
adjacent lock sill. In formula form:

Vforebay = Aforebay - (hiake — fsin) =330 m . 33.5 m . (hyye — fin))
Vaitbay = Avaitbay - (Miake — fsi) =330 m . 33.5 m . (hjuke — i)

Function of forebays and taillbays in simulation model

A forebay (or tailbay) functions as a temporarily buffer for salt water between locks and
lakes in the simulation model. Without a forebay (or tailbay) the salt water from the locks
would in the simulation model instantaneously be distributed over the full lake volume,
which is not required. A time-dependent function regulates the inflow / outflow of salt water
from forebay (or tailbay) into / from the lake. In this way the intruded salt water remains for
some time in the neighbourhood of the locks and enables the flow back of salt water in the
phase that water is withdrawn from the forebay to level up the adjacent lock chamber.

The forebay (or tailbay) is in open connection with the lake; consequently, the water volume
of the forebay (or tailbay) varies with the water level of the lake. Because of the open
connection the water volume of the forebay (or tailbay) is not effected in the simulation
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model by the passage of a ship or withdrawal (or spillage) of water in the water-levelling
step (contrary to the water volume of a lock chamber). Water that is withdrawn from the
forebay is immediately replenished with water from the lake, and water that is spilled into
the tailbay is immediately compensated by a flow from tailbay towards the lake.

The ship moves from lock to lake and causes a flow from forebay (or tailbay) to lock and
subsequently from lake to forebay (or tailbay). The salt concentration is effected by these
water movements and is computed in the salt balance. The same holds when the ship moves
from lake to lock.

The tailbay at the seaside of the locks does not form a real node in the numerical model. The
salt concentration Cyiiay in the seaside tailbay of Miraflores Locks and Gatun Locks is input
for the model.

In the simulations we put:

lock chambers

Vioek = liock - block - diock = Water volume of lock chamber

bock = nominal length of lock chamber; existing locks see Table 3.14, new locks
505 m

biock = width of lock chamber (see Tables 3.13 and 3.14)

higek = water level (in m to PLD)

fiock = floor level (in m to PLD; see Tables 3.13 and 3.14)

diock = water depth in lock chamber = hy — fiock

maxhy,c = highest water level in lock chamber = coping level (in m to PLD)

minh;g = lowest water level in lock chamber; existing locks: sill level + 10 m (in m to

PLD); new locks: floor level + 10 m (in m to PLD)

Jorebays (Gatun Lake, Miraflores Lake) and tailbays (Miraflores Lake) existing locks

Vforebay =330m.33.5m . (hje — fiu)

Vtailbay =330m . 33.5 m. (hy — fan)

Sforebays new locks (Gatun Lake)

Viorebay =505m .61 m. (hye — i)

water saving basins new locks

szb = lwsb . bwsb . dwsb

Lost = length of wsb in simulation = 505 m

busb = width of wsb in simulation = 61 m

dusp = water depth of wsb (total depth of the three individual wsb's)

maxVye = maximum water volume of wsb; about 15 m x 505 m x 61 m (450000 m*)
minV,q, = minimum water volume in wsb = 0.01 * maxV,g, (4500 m’ corresponding to

about 0.15 m water depth)
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3.8 Miraflores Lake and Gatun Lake

3.8.1 Water levels and water volumes

Miraflores Lake receives water from Gatun Lake (through the lockages at Pedro Miguel)
and from a few small streams. It looses water through the lockages at Miraflores, evapo-
transpiration, industrial water use, cooling water, ground water flow and spillage of water
through Miraflores Spillway. At present the water level in Miraflores Lake is maintained at
about PLD+16.6 m (+54.4 ft), 0.25 m higher than in the years up to 1965. ACP will
maintain this water level also in the future after realization of the new shipping lane.

A constant water level of PLD+16.58 m (+54.4 ft) is used in the simulation model. The
corresponding water volume amounts to 23.80 x 10° m® (840.65 x 10° ft’).

The water level of Gatun Lake fluctuates in dependence of either dry or wet season (maxi-
mum variation about 2.8 m). Water is supplied by Chagres River, Trinidad River and Gatun
River; these rivers drain a watershed of 3500 km”. Water losses occur as a result of lockages,
evapotranspiration, industrial and municipal water use, groundwater flow, hydro power
generation at Gatun Dam and spillage of water (water is spilled through Gatun Spillway
when a water level of about PLD+26.7 m (+87.5 ft) is exceeded). During the last decade the
mean water level of Gatun Lake was about PLD+26.1 m (+85.6 ft); the corresponding water
volume amounts to 5.25 km®.

The daily water level recordings of Gatun Lake have been averaged for all months in the
period 1992 — 2001. The average values of month-averages (January, February, .... Decem-
ber) in this 10-year period were used in the validation of the simulation model (existing
situation, see Report A); they were regarded as typical values representing the water level
variation of Gatun Lake throughout the year.

The same water levels are used as input in the simulation model for the new situation, after
realization of the new shipping lane. The average water level values are shown in next table
together with the corresponding water volume.

Month Water level Volume Water level Volume

(m to PLD) (10° m®) (ft to PLD) (10°fP)

January 26.47 5407 86.85 190958
February 26.28 5326 86.23 188080
March 26.00 5205 85.30 183804
April 25.66 5062 84.19 178764
May 25.57 5024 83.89 177414
June 25.76 5104 84.52 180256
July 25.94 5179 85.10 182891
August 26.02 5213 85.36 184079
September 26.16 5274 85.83 186235
October 26.29 5330 86.26 188219
November 26.49 5418 86.93 191331
December 26.58 5456 87.22 192686

Table 3.15 Gatun Lake: representative water level and corresponding water volume
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The water levels of Gatun Lake and Miraflores Lake which are used in the simulation model
are shown in Figure 3.7.

3.8.2 Water releases

The water levels of Miraflores Lake and Gatun Lake are controled by spillways. When the
water level exceeds a maximum value, the surplus water is spilled. Water of Gatun Lake is
also used for hydropower generation, water of Miraflores Lake for cooling.

The daily spilled water quantities of Gatun Lake and water quantities used for hydropower
generation have been averaged for all months in the period 1992 — 2001. The average values
of month-averages (January, February, .... December) in this period were used in the valida-
tion of the simulation model (existing situation, see Report A); they were regarded as
typical, representative values. Since the locks on the new shipping lane cause extra water
losses, an additional water quantity has to be supplied to Gatun Lake and / or a lesser water
quantity released at Gatun Dam to maintain the water level.

In a baseline scenario we start from the assumption that all extra water losses from Gatun
Lake caused by the new locks are compensated by an equal quantity of fresh water, that is
supplied from new water sources. Consequently, the present water levels and water releases
will not change and we will use the representative water-release quantities presented in
Table 3.16 as input in the simulation model.

Month Spilled water Hydropower Total
(10° m per day) (10° m® per day) (10° m’ per day)

January 2.57 2.04 4.61
February 0.60 0.00 0.60
March 0.20 0.00 0.20
April 0.16 0.00 0.16
May 0.94 0.00 0.94
June 3.63 0.00 3.63
July 5.55 0.00 5.55
August 6.06 0.52 6.58
September 7.49 0.83 8.32
October 7.03 1.20 823
November 7.38 422 11.60
December 5.69 6.94 12.63

Table 3.16 Gatun Lake: representative values of daily spilled water quantities and water
quantities used for hydropower (baseline scenario)

In a second scenario we assume that the extra water losses caused by the new locks are
partly or fully compensated by a lesser water release at Gatun Dam; the remaining portion,
if any, is supplied to Gatun Lake from new water sources. The extra water losses of the new
locks are growing when the Post-Panamax shipping increases. Table 3.17 presents the extra
water losses of the new locks in this scenario; the values are based on the ship-traffic
projections of ACP for the next 50 years (semi-convoy mode of operation) and on the
assumption of a mean water level difference between Gatun Lake and both oceans of 25.7
m. In that case each transiting ship causes a water loss of (25.7/3)m * 505 m* 61l m*2 =
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about 5.10° m® (when wsb's are in use with 60% water saving rate the water loss amounts to

2.10° m’).
Period after Post-Panamax Extra water losses Extra water losses
opening of new lane ship transits in case of wsb's
(number per day) (10° m’/day) (10° m’/day)

month 1 2 1.00 0.40

year 1 5 2.50 1.00

year 5 6 3.00 1.20

year 10 7 3.50 1.40

year 20 9 4.50 1.80

year 50 15 7.50 3.00
Table 3.17 Extra water losses after opening of third, new lane

In the second scenario the water releases at Gatun Dam are as follows (reduction for extra
water losses of new lane included):

Month Total water | Total water| Total water | Total water | Total water | Total water | Total water
release release release release release release release
year 0 month | year 1 year 5 year 10 year 20 year 50
(10° m’ per | (10° m’ per | (10° m® per | (10° m’ per | (10° m’ per | (10° m’ per|(10° m’ per
day) day) day) day) day) day) day)
January 4.61 3.61 2.11 1.61 1.11 0.11 0.00
February 0.60 0.00 0.00 0.00 0.00 0.00 0.00
March 0.20 0.00 0.00 0.00 0.00 0.00 0.00
April 0.16 0.00 0.00 0.00 0.00 0.00 0.00
May 0.94 0.00 0.00 0.00 0.00 0.00 0.00
June 3.63 2.63 1.13 0.63 0.13 0.00 0.00
July 5.55 4.55 3.05 2.55 2.05 1.05 0.00
August 6.58 5.58 4.08 3.58 3.08 2.08 0.00
September 8.32 7.32 5.82 5.32 4.82 3.82 0.82
October 8.23 7.23 5.73 523 473 3.73 0.73
November 11.60 10.60 9.10 8.60 8.10 7.10 4.10
December 12.63 11.63 10.13 9.63 9.13 8.13 5.13
Table 3.18 Gatun Lake: representative values of daily released water quantities (second

scenario; locks in new lane without wsb's)

When the wsb's of the locks in the new lane are active the water losses are smaller and the
water releases at Gatun Dam become:
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Month Total water| Total water | Total water| Total water | Total water | Total water | Total water
release release release release release release release
| year0 month 1 year | year 5 year 10 year 20 year 50
(10° m’ per| (10° m’ per | (10° m’ per|(10° m’ per | (10° m’ per | (10° m’ per | (10° m’ per
day) day) day) day) day) day) day)
January 4.61 421 3.61 341 3.21 2.81 1.61
February 0.60 0.20 0.00 0.00 0.00 0.00 0.00
March 0.20 0.00 0.00 0.00 0.00 0.00 0.00
April 0.16 0.00 0.00 0.00 0.00 0.00 0.00
May 0.94 0.54 0.00 0.00 0.00 0.00 0.00
June 3.63 3.23 2.63 243 2.23 1.83 0.63
July 5.55 5.15 4.55 4.35 4.15 3.75 2.55
August 6.58 6.18 5.58 5.38 5.18 4.78 3.58
September 8.32 7.92 7.32 7.12 6.92 6.52 5.32
October 8.23 7.83 7.23 7.03 6.83 6.43 5.23
November 11.60 11.20 10.60 10.40 10.20 9.80 8.60
December 12.63 12.23 11.63 11.43 11.23 10.83 9.63

Table 3.19 Gatun Lake: representative values of daily released water quantities (second
scenario; locks in new lane with wsb's)

The daily water-release quantities of Tables 3.18 and 3.19 are used in the simulations.

The daily spilled water quantities of Miraflores Lake and the water quantities used for
cooling at Miraflores are shown in Table 3.20. These values concern monthly averaged

values of the year 2001.
Month Spilled water Cooling water Total
(10° m’ per day) (10° m’ per day) (10° m’ per day)
January 0.25 0.30 0.55
February 0.17 0.30 047
March 0.17 0.30 047
April 0.10 0.30 0.40
May 0.05 0.30 0.35
June 0.06 0.30 0.36
July 0.12 0.30 0.42
- August 0.11 0.30 0.41
September 0.24 0.30 0.54
October 041 0.30 0.71
November 0.49 0.30 0.79
December 0.36 0.30 0.66

Table 3.20 Miraflores Lake: daily spilled / used water quantities in 2001

The values in Table 3.20 are not suited for use in the simulation model, because they are not
representative for a longer period of time. To get better representative values we have
adapted the water release quantities of Miraflores Lake as follows. Firstly, we have
redistributed the total released water quantity over the year 2001 using the distribution of
averaged monthly values of the ten-year period of Gatun Lake (but, a minimum value of
0.075 x 10° m’/day and a maximum value of 0.3 x 10° m*/day were maintained for water-
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cooling purposes at Miraflores Dam). Than we have corrected the redistributed 2001-values,
because the year 2001 appeared to be a relatively dry year. The correction was made on the
basis of the water-release quantity of Gatun Lake for the year 2001 and the average water-
release quantity of Gatun Lake for the ten-year period, taking again into account a maxi-
mum value of 0.3 x 10° m*/day for cooling purposes at Miraflores Dam. The obtained values
are shown in Table 3.21; these values are regarded as representative values and are used in
the simulation model. Since the new lane does not effect the water level of Miraflores Lake
the water release quantities are valid both for the baseline scenario and the second scenario.

Month Spilled water Cooling water Total
(10° m’ per day) (10° n?’ per day) (10° m’ per day)

January 0.54 0.30 0.84
February 0.04 0.19 0.23
March 0.02 0.15 0.17
April 0.01 0.15 0.16
May 0.07 0.21 0.28
June 0.39 0.30 0.69
July 0.69 0.30 0.99
August 0.85 0.30 1.15
September 1.11 0.30 1.41
October 1.10 0.30 1.40
November 1.62 0.30 1.92
December 1.77 0.30 2.07

Table 3.21 Miraflores Lake: representative quantities of daily spilled water and water used
for cooling (baseline scenario and second scenario)

The daily water releases of Gatun Lake and Miraflores Lake are shown in Figure 3.8 (base-
line scenario).

3.8.3 Effect of water level changes and water releases

Water levels and corresponding water volumes of Gatun Lake and Miraflores Lake are
prescribed for each day of a case in the simulation model. Also the water-release quantities
are prescribed through special water-release scenarios in the day pattern. The effects of
water level changes on the salt concentration of the lakes are evaluated at the start of each
day; the effects of water releases are evaluated when the water-release scenarios are
executed (see also Section 4.6).

3.9 Water levels and salt concentrations of seaside tailbays

The tide variation at the Pacific side of the Panama Canal is relatively strong (the sea level
near Balboa varies between the extremes PLD -3.44 m and PLD +3.60 m; mean sea level
PLD +0.30 m, mean low spring tide PLD — 2.32 m).

The tide variation at the Atlantic side is small compared to the tide variation at the Pacific
side (the tide near Colon varies between the extremes PLD -0.38 m and PLD +0.56 m; mean
sea level PLLD +0.06 m, mean low tide PLD —0.12 m).

The water level variation in the sea entrances is predicted as a function of time in the

stmulation model. To that purpose sinusoidal functions are applied. The resultant tide shape
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may not fully be conform the real water level fluctuation near the locks, but in the long run
it are the period and the amplitude that count, rather than a full reproduction of the course of
the tidal movement.

The tidal movement in the tailbays at the Pacific side is predicted with:

hiiay = 0.305+ A.sinw;t + B.sinw, t

with:
huiay = tidal movement (m to PLD)
A = amplitude 1* component = 1.8 m
B = amplitude 2™ component = 0.575 m
W = frequency 1¥ component = (21/44760)
o) = frequency 2™ component = (2n/43233)
t = time (s)

giving a minimum value of PLD -2.07 m and a maximum value of PLD +2.68 m (see
Figure 3.9).

The tidal movement in the tailbays at the Atlantic side is predicted with:

hiibey = 0.06 + A.sinw, t + B.sinw, t

with:
huivay = tidal movement (m to PLD)
A = amplitude 1¥ component = 0.16 m
B = amplitude 2™ component = 0.04 m
o) = frequency 1¥ component = (27/44760)
o, = frequency 2™ component = (21/43233)
t = time (s)

giving a minimum value of PLD —0.14 m and a maximum value of PLD +0.26 m (see
Figure 3.10).

The salt concentration in the tailbays at the seaside of the locks fluctuates as a function of
the season; this holds in particular for the tailbays at the Pacific side (see also Report A).
The salt concentration in the tailbays at the Pacific side varies between about 28 ppt (wet
season) and 34 ppt (dry season); the effect of a lower temperature in the dry season (21 °C
versus 28 °C in the wet season) is not separately taken into account in the simulation model.
Instead, we have increased the salinity level in the dry season, using the relationships which
exist between temperature, density and salinity. The salt concentration in the tailbays at the
Atlantic side varies slightly about a value of 31 ppt. The following salt concentrations are
used in the simulation model:
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Month Salt concentration Salt concentration
tailbays Pacific side tailbasy Atlantic side
(ppY) (ppY)
January 31 30
February 34 31
March 37 32
April 37 32
May 35 32
June 33 31
July 31 30
August 28 30
September 28 30
QOctober 28 30
November 28 30
December 28 30

Table 3.22 Salt concentration in tailbays at Pacific and Atlantic side

The salt concentrations presented in the above table are also shown in Figure 3.11.

3.10 Initialization at the start of a simulation run

Water levels of Miraflores Lake, Gatun Lake, and tailbays at the Pacific and Atlantic side, as
well as salt concentrations of tailbays at the Pacific and Atlantic side are prescribed through
input tables or input functions (see preceeding sections).

At the start of a simulation run, however, an initial value must also be given to the water
levels in the lock chambers and the water volumes in the wsb's. In addition, an initial value
must be given to the salt concentrations in the lock chambers and wsb's, Miraflores Lake
and Gatun Lake. To that purpose the user of the simulation model prepares the table 'Initial
Values'.

We put that the first day of a case starts with uplockage of ships in all shipping lanes, both at
the Pacific side and the Atlantic side. This condition implies that the water level is high in
all lock chambers at the start of the simulation, and the water level of wsb's is low. Initial
water levels in the lock chambers are by default selected from Tables 3.13 and 3.14
(nominal, mean high water level); initial water volumes of wsb's are by default set to
'minVyg' (see Section 3.7).
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4 Evaluation of nodal status parameters

As explained before, a case in the numerical model is built up of a series of day patterns;
each day pattern consists of a number of scenarios. A scenario describes the different steps
of the locking process of a single ship and contains also other relevant data which is
necessary for the execution of the scenario. Turn-around scenarios describe the steps which
are required to prepare the locks for a change in shipping direction.

The salt concentrations and water levels of tailbays at the seaside of the locks, as well as
water levels and water volumes of the lakes form input for the simulation model. At the start
of a case the initial value of the status parameters of locks, water saving basins, storage
ponds, forebays and lakes are prescribed, see Section 3.10. The effect of lock operations on
the salt concentration of the lakes is analysed at the time that the ship movement or turn
around scenarios are executed.

Salt water may be spilled through the spillways of Miraflores Lake and Gatun Lake. Water
used for hydropower generation or cooling may also contain salt. These different water
release operations form input for the simulation model and are prescribed through special
water-release scenarios. The effect of water releases on the salt concentration of the lakes is
evaluated at the time that the water-release scenarios are executed.

The effect of water level changes of the lakes on the salt concentration is evaluated at the
start of each day.

A scenario is simulated as a series of subsequent steps in the numerical model. The value of
the status parameters of the nodes (water level, water depth, water volume, salt concen-
tration) is computed after each step of the scenario. In the explanation in the following
sections, status parameters are indicated with subscript 1 at the beginning of a step and
subscript 2 at the end of a step. End values of a step are taken as start values for a next step
in the current or in the next scenario. Both the water balance and the salt balance of two
adjacent, mutually connected basins are drawn up in a step. Exchange coefficients e, are
applied in the salt balance; the values of these exchange coefficients (see Section 5) are
prescribed through the input table 'Coefficient Set'. Notice that the term 'basin' is used for all
water-containing elements of the simulation model (tailbays, lock chambers, water saving
basins, forebays, lakes). The abbreviation wsb is used for the water saving basins.

Salt concentrations are volume-averaged values (in basins). A salt concentration multiplied
by a water volume represents a quantity of salt; salt is transferred from one basin to another.

The equations which are used in the evaluation of nodal status parameters are presented in a
general form in next sections. Subscript ‘high’ refers to the higher basin of two adjacent
basins, subscript ‘low’ to the lower basin. The subscript 'wsbhigh' refers to the wsb
connected to the high basin, the subscript 'wsblow' refers to the the wsb connected to the
low basin. Use is made of a reference exchange volume Vs in the salt balance in
combination with the exchange coefficient e,; the latter may be different in each step. The
water quantity that is temporarily stored in the water saving basins of a lock is referred to as
Vsave-

The equations for ship movements and turn arounds in the existing shipping lanes are
explained in Report A; they will not be repeated here.
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4.1 Ship movements new lane, three-lift locks without wsb's

The evaluation of nodal status parameters for ship movements in the new shipping lane
provided with a three-lift lock system without wsb's, is similar as described in Report A for
the existing lanes with three-lift locks (Atlantic side of the Panama Canal). Reference is
made to Report A for a description.

4.2 Ship movements new lane, three-lift locks with wsb's,
uplockage

Two basic steps can be distinguished in the uplockage process:

I the water level in the low basin (with ship) is equalized with the water level in the high
basin (without ship); if relevant: the wsb's of the lower lock are emptied, the wsb's of
the higher lock are filled; water is transferred from high basin to low basin

I lock gates are opened and the ship moves from low basin to high basin; a net water
quantity equal to the ship volume S is displaced from high basin to low basin and
density flows develop

The time-dependent exchange of salt water between forebays / tailbays and lakes is handled
in a 'special step'.

For the various combinations of basins (tailbays, locks with wsb's, forebays, lakes) the equa-
tions which describe the water balance and the salt balance within a basic step of the locking
process are presented.

The next starting points apply in the set up of the water balance and salt balance in step I:

- the water volume Vg, that is spilled to and supplied from the wsb's of adjacent locks is
equal to maximum 60% of the water volume V. that would be exchanged between
these locks when no wsb's were present

- consequently, the quantity of water that is exchanged between two adjacent locks
amounts t0: Vier — Ve

- when wsb's get full or have insufficient water (this is checked in the simulation) a lesser
quantity of water is transferred to and from the wsb's

- the same starting points hold when low basin is tailbay and high basin is lock, or when
low basin is lock and high basin is forebay.

The exchange coefficient e, used in formulas in step II is dependent on the ship volume S.

Input for the simulationmodel is the value of e, for S = 0. The value of e, applied in the
computation is:

(-5
e, =|1- . €y
Vref

with: e, = value of e, for S =0
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Definition of the exchange coefficient e,:

- apositive value of e, in the formulas of step I means salt transfer from high basin to low
basin, salt feeding to the wsb that is filled, and salt withdrawal from the wsb that is
emptied

- a positive value of e, in the formulas of step II means salt transfer from low basin to
high basin, provided that the average salt concentration of the water in the high basin is
smaller than the average concentration of the water in the low basin; otherwise the salt
transfer is in the reverse direction
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step I: the water level in the low basin (with ship) is equalized with
the water level in the high basin (without ship); water is transferred
from high basin to low basin; if relevant: the wsb's of the lower lock
are emptied, the wsb's of the higher lock are filled

low basin = tailbay seaside, high basin = lock

tailbay
seaside

water balance
Known values at the beginning of step: hyighi, dhigh1, Vhight> Duitbay (= input), Vusphight

hnigho = Daitbay
check: hyighp > maxhyg, ?

if yes: hhith = maXhhigh
check: hygny < minhyg, ?

ifyes: hhigh2 = minhhigh
note: in practice lock operations will be delayed until the tide has sufficiently been
changed

dhigho = hiigha — Thign

Viighz = dhigh2 - Ahigh
Viee = (hpight — hpign2) . Anigh

Vsave =0.6. Vref
szbhigh2= szbhigh] + Vave
check: Vygphigh2 > MaxVgbhigh ?
ifyes:  Visphighy= MaxXVusbhigh
Vave = Visbhigh? — Vwsbhigh!
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salt balance

Known value at the beginning of step: Cpign; and Cusphigni

_ (Vhighl . chighl) - (ewsbﬁll . Vsave . chighl) - (ex . (Vref - Vsave)' chighl)
Chighz =
Viigh2
_ (szbhighl . Cwsbhigh]) *+ (ot - Vsave - Chignt)
C wsbhigh2 —

szbhi gh2
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low basin = lock, high basin = lock

water balance

ship

Known values at the beginning of step: hhigh]; dhighl, thgm, hlow], d|0w1, Vlowl, szbhighla

szblow 1

hlowZ =h

Ahigh . (hhighl - hlowl)

lowl

hhigh2 = hjowz

check: hyigny < minhyg, ?
if yes: hpigny

hiowz
diowz = hiowz — fiow
Viwr = (diow2 - Ajow) — S
dpigh2 = haigho — fhign
Vhighz = dhigh - Anign

(Alow + Ahigh)
check: hygws > maxhyg, ?

ifyes: hpwy = maxhy,

= minhhigh
= hhighz

Vit = (Bnigh1 — hhign2) - Anign

Vsave =06. Vref

szblow2 = szblowl - Vsave

check:  Vigpiow2 < mMinViyspiow ?
lf yes: szblowz = minvwsblow

Vsave
Vsbhighz™ Vwsbhight T Vsave

szblowl - szblowZ

check: Vishigna > maxVgpigh ?
ifyeS: vwsbhigh2= mawisbhigh

V save

= Viusbhigh2 — Vwsbhigh

szblow2 = szblowl - Vsave
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salt balance

Known values at the beginning of step: Cpigh1, Clow1, Cwsbhight> Cwsblowl

(Vlowl . clowl) + (ewsbempty - Vsave . cwsblowl) + (ex . (Vref - Vsave) . cl'nighl)

Clow2 =
VlowZ
_ (Vhighl . Chighl) - (ewsbﬁll . vsave . chighl) - (ex . (Vref - Vsave) . chighl)
Chigh2 = v
high?
_ (szblowl . cwsblowl) - (ewsbempty 'Vsave . cwsblowl)
Cuwsblow2 = Vv
wsblow2
_ (Vusbhight + Cwsbhight) T (€wspsin - Veave - Chight )
C wsbhigh? =

vwsbhith
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low basin = lock, high basin = forebay lake side

forebay lake side

water balance

Known values at the beginning of step: hixe (= input), Vi (= input), huight, duight, Vhighis
hlowl: dlow]y Vlowla szblowl

hiow: = hjake
check: hywy > maxhy,, ?
ifyes: hygw, =maxhy,
note: in practice the water level in the lake shall be lowered
hhigio = hyigni = Diake
dIow2 = hlow2 - flow
Vlow2 = (dlowz . Alow) =S
dhighy = dhight = dorebay = (Miake — fit)
Vhigiz = Vhight = Vorebay = Ghigh2 - Aforebay
Vref = (hlow2 - hlowl) . Alow

Vsave =06. Vref

szblowZ = szblnwl - Vsave
check: szblow2 < minvwsblow ?
if yes: szblow2 = mlnvwsblow

Vsave = vwsb]owl - vwsblow2

salt balance

Known values at the beginning of step: Chight (= Crorebay1)s Clowl> Clakels Cwsbiow!

(Vlowl . clowl) + (ewsbempty . Vsave . cwsblowl) + (ex . (Vref - Vsave) . chighl)
VIowZ

cIow2 -
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_ (vhighl . chighl) - (ex . (Vref - Vsave) ) chighl) + ((Vref - Vsave) . clakel)

Co =

high2

Vhith
_ (szblowl . cwsblowl) - (ewsbempty . Vsave . cwsblowl)
cwsblow2 - vV
wsblow?2

c =c _ (Vref B Vsave)

lake2 = Clakel —v. Cakel

lake
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step Il: the gates are opened and the ship moves from low basin to
high basin; a net water quantity equal to the ship volume S is
displaced from high basin to low basin and density flows develop

low basin = tailbay sea side, high basin = lock

tailbay
sea side

water balance

Known values at the beginning of step: huigh1, dhigh1, Vhight

hhith = hhighl
dhith = dhighl
Vhigiz = Vhight — S
Vet = Vhign

salt balance

Known values at the beginning of step: Chighi, Ciowi (= Cailbay)s Cuaitbay (= input)

(Vhight - Chight) + €4 - Vier - (Clow1 — Chignn) — (S Chignt)

Vhigh2

Chigha =
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low basin = lock, high basin = lock

ship

water balance

Known values at the beginning of step: huigh1, dhight, Vhights hiow1, diow1s View

hlow2 = hlowl
diow2 = diow
Vlow2 = Vlowl +8S
hhighz = hhighl

dhighz = dhigh]
Vhigz = Vhigh1 = S
Vit = Vhignt

salt balance

Known values at the beginning of step: Chighi, Ciow

(Vlowl . clowl) - € Vref . (clowl - Chighl) + (S . chighl)

clow2 =
Vl0w2
c _ (Vhighl . chighl) T ey Vg Crom — chighl) - (5. Chighl)
e Vhigh2
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low basin = lock, high basin = forebay lake side

ship

forebay
lake side

water balance

Known values at the beginning of step: hyigh1, dhigh1, Vhights hiowt diowts View!

hlowZ = 1'll()wl

diwz2 = diowi

Vw2 =View +8

Bhighy = hhignt

dhighz = dhighl = dforebay
Vhigha = Vhight = Vorebay
Vit = Vhign

salt balance

Known values at the beginning of step: Chighi (= Crorebay1)s Clowl> Clakel

(Viowt - Clom1) = €5 - Vige - (€100 — Chignt) + (S Cpignt)

Clow2 =
VlowZ
_ (Vhight - Chign1 ) T €4 - Vier - (Ciom ~ Chighl )_(S'chighl )+ (S Craer) _
Chigha = v = Cforebay?
high?
Clake2 = Clakel — *Clakel

lake
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Special step: water containing salt is exchanged between forebay
and lake

The forebay of the upper locks is in open connection with Gatun Lake. After an uplocking
ship has passed the forebay or after a turn around the salt concentration in the forebay has
changed. Density differences exist between the water in the forebay and the water in the
lake, and as a result density-driven exchange flows occur. The quantity of salt that is
exchanged between forebay and lake is dependent on the density difference and is also a
function of time. Next formulas are used in the simulation model to describe the exchange
of salt water.

low basin is forebay, high basin = lake
salt balance

Known values at the beginning of step: Ciakei, Corebayl
Cforebay2 = cforebayl —&,. (Cforebayl - Clakel)

_ Vforebay
Crake2 = Clakel + €x-(Corebayl — Claket }-————
lake

time aspect

The exchange coefficient e, (0 > e, > 1) is a function of the time difference between two
subsequent ship passages in the same lane (ships sail in the same direction, northbound or
southbound), or between a ship movement and a turn around in the same lane. The start time
of scenarios is selected to determine the time difference. Exchange coefficient: e, = 0 means
no salt exchange, e, = 1 means full salt exchange (the salt concentration in the forebay
becomes equal to the salt concentration in the lake).

Assuming that the salt exchange process is a linear function of time the following relation-
ship is applied in the simulation:

At
Cx :T'exfull

with:

e = exchange coefficient used in simulation

exann = 1 (full salt exchange)

At = time difference (s) between two subsequent ship passages or between a ship
passage and a turn around

T = exchange time

IfAY/T> 1then At=T, and e, = ey = 1.
A period T = 3600 s is selected for the forebays in Gatun Lake starting from the assumption
that the propagation velocity of a salt tongue is in the order of 0.1 — 0.2 m/s.
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4.3 Ship movements new lane, three-lift locks with wsb's,
downlockage

‘Two basic steps can be distinguished in the downlockage process:

I the water level in the low basin (without ship) is equalized with the water level in the
high basin (with ship); if relevant: the wsb's of the lower lock are emptied, the wsb's of
the higher lock are filled; water is transferred from high basin to low basin

I lock gates are opened and the ship moves from high basin to low basin; a net water
quantity equal to the ship volume S is displaced from low basin to high basin and
density flows develop

The time-dependent exchange of salt water between forebays / tailbays and lakes is handled
in a 'special step'.

For the various combinations of basins (tailbays, locks with wsb's, forebays) the equations
which describe the water balance and the salt balance within a basic step of the locking
process are presented.

The next starting points hold in the set up of the water balance and salt balance in step I:

- the water volume V. that is spilled to and supplied from the wsb's of adjacent locks is
equal to maximum 60% of the water volume V¢ that would be exchanged between
these locks when no wsb's were present

- consequently, the quantity of water that is exchanged between two adjacent locks
amounts t0: Vier — Vaave

- when wsb's get full or have insufficient water (this is checked in the simulation) a lesser
quantity of water is transferred to and from the wsb's

- the same starting points hold when low basin is tailbay and high basin is lock, or when
low basin is lock and high basin is forebay.

The exchange coefficient e, used in formulas in step II is dependent on the ship volume S.
Input for the simulationmodel is the value of e, for S = 0. The value of e, applied in the
computation is:

>
e, =1 - —|.ey,
vref

with: e, = value of e, for S=0

Definition of the exchange coefficient e,:

- apositive value of e, in the formulas of step I means salt transfer from high basin to low
basin, salt feeding to the wsb that is filled, and salt withdrawal from the wsb that is
emptied

- a positive value of e, in the formulas of step II means salt transfer from low basin to
high basin, provided that the average salt concentration of the water in the high basin is
smaller than the average concentration of the water in the low basin; otherwise the salt
transfer is in the reverse direction
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WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Future Situation: Post-Panamax Locks Report C: Three-lift locks Q3039, September 2003

step I: the water level in the low basin (without ship) is equalized
with the water level in the high basin (with ship) ; water is
transferred from high basin to low basin; if relevant: the wsb's of the
lower lock are emptied, the wsb's of the higher lock are filled

high basin = forebay lake side, low basin = lock

ship

forebay
lake side

water balance

Known values at the beginning of step: hie (= input), Viue (= input), hyignt, duight, Vnights
hlowb d]owls Vlowla szblowl

hpighy = hyjght = higge
hiowz2 = hjake
check: hygw > maxhyg,, ?
ifyes: hywy = maxhy,,
note: in practice the water level in the lake shall be lowered
dhighz = dhight = dorebay = (htae — foitr)
Vhigiz = Vhight = Viorebay = Ghigh2 - Asorebay
diow2 = higwa — fiow
Vlow2 = dlow2 . Alow

vref = (hlow2 - hlowl) . Alow

Vsave =06. Vref

Vausiowz = Vuwsblowl — Vsave
check: Visbiow2 < minVggpiow ?
ifye5: szblow2 = minvwsblow
Vsave = szblow] - vwsblowZ
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salt balance

Known values at the beginning of step: Chign1 (= Crorebay1)s Clowl> Clakel> Cwsblow]

_ (Vhighl . chighl) - (ex . (Vref - Vsave) . chighl) + ((Vref

- Vsavc) . clakel) _

Chigh2 = v = Cforebay2
high2
_ (Vlowl . clowl) + (ewsbempty . vsave . cwsblowl) + (ex . (Vref - vsave) . chighl)
Clow2 = Vv
low2
_ (szblowl . cwsblowl) - (ewsbempty . Vsave . cwsblowl)
Cuwsblow2z = Y
wsblow2
_ _ (Vref - Vsave) c
Crake2 = Clakel v + Clakel
lake
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high basin = lock, low basin = lock

water balance

Known values at the beginning of step: hyigni, dhight, Vhights Miowts diowts Viewts Viwsbhights

szblowl

Alow . (hhighl - hlowl)
(Aw + Apign)
check: hhighz < minhh,-gh ?
ifyes: hyigy = minhyg,
hiow2 = hhighl
check: hygyy > maxhy,, ?
ifyes: hiwy = maxhyy,

hhigh2 = hhighl

hhith = hiow2
dnigh2 = hiigh2 — Fhign
Vhighz = (dhigh2 - Anigh) — S
dlow2 = hlowZ - flow

Vlow2 = dlow2 . Alow
Vet = (hnign1 — hpign2) - Aign

Vave =0.6.V,s
Vusbhigh?™ Vwsbhight + Vsave
check: szbhigh2 > mawasbhigh ?
ifyes: Visphigho™= MaxVysphigh
Vave = szbhith - vwsbhighl
szblowZ = szblowl - Vsave
check: Vyspiow2 < minVygiow ?
ifyes: Vispiow2z = MiNVispiow
Vsave = szblowl - szblow2
Vusthigh2= Vwsbhight T Vsave

WL | Delft Hydraulics
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salt balance

Known values at the beginning of step: Chigni, Ciowl, Cwsbhights Cwsblow!

_ (Vhighl - Chight) ~ (Cwsprin - Vsave - Chight) — (€x + Vet = Viae) - Chight )

Chigha = v
high?
_ (Vlowl . clow]) + (ewsbempty . Vsave . Cwsblowl) + (ex N (Vrcf - Vsavc) . chighl)
Clow2 = Y,
low2
_ (szbhighl - Cusbhight) T (€wsvsin - Vsave - Chigh1)
Cwsbhigh? = vV
wsbhigh2
_ (szblowl . cwsblowl) - (ewsbempty 'Vsave . cwsblowl)
C wsblow2 = vV
wsblow2
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high basin = lock, low basin = tailbay sea

tailbay sea side

tailbay sea side

water balance
Known values at the beginning of step: huigni, dhigh1, Vhignt> Neaitbay (= input), Vsbhigh!

hhigha = huaitbay
check: hyigyy > maxhyg ?
ifyes: hhighz = maxhh,-gh
check: hhith < minhh,-gh ?
if yes: hyighy = minhyg,
note: in practice lock operations will be delayed until the tide has sufficiently
changed
dhigh2 = hhigh.Z - fhigh
Vhigha = dhigh2 - Anigh — S
Vet = (hyight — Dhigh2) - Auigh

Viawve =0.6.V
szbhith: szbhighl + Vsave
check: szbhighz > mawasbhigh ?
if yes: Visphighy™= MaxVusphigh
Vive = Visbhigh2 — Vwsbhighi
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salt balance

Known value at the beginning of step: Chign1, Cuwsbhigni

c _ (vhighl . chigh]) ~ (Cwspiitt + Vsaye - Chighl) — (e - Vet = Vine) - Chight )
high? =

Vhigh2

(Visbhight - Cusphignt) + (Cwspfint - Vave + Chight)

C wsbhi gh2 = Vv
wsbhigh2
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step lI: the gates are opened and the ship moves from high basin to
low basin; a net water quantity equal to the ship volume S is
displaced from low basin to high basin and density flows develop

high basin = forebay lake side, low basin = lock

ship
forebay
lake side

water balance

Known values at the beginning of step: hhighls dhighl, Vhigh]a hlowls dlowl: V|0w1

hhith = hhighl

dhighz = dhighl = dforebay
Vhigi2 = Vhight = Viorebay
hlow2 = h]owl

diow2 = digw1

Viwz = Viewi =8

Vref = Vhigh2 = Vforebay

salt balance

Known values at the beginning of step: Chighi (= Crorebay1)> Clowls Ciakel

_ (Vhighl - Chight) t €x - Vi - (Chopn — Chign1) + (S. Clpu1) — (5. Chight )

chith - V. = cfortzbay2
high2
_ (Vlowl . clowl) - & Vref . (clowl - chighl) - (S . clowl)
Clow2 = Vv
low2
clake2 = clake] + 'cforebayl
lake

421
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high basin = lock, low basin = lock

ship

water balance

Known values at the beginning of step: hyigni, dhights Vhights Biowt> diowt> View:

hhighz = hhigh]
dhigh2 = dhighl
Vhigz = Vhignt +S

hlowZ = hlowl
diow2 = diowi
Vlow2 = Vlow] -8
Vit = Vhign2

salt balance

Known values at the beginning of step: Chigh1, Ciow1

_ (Vhight - Chigh1) T €x - Viee - (Coowt — Chignt) + (S Cou1)

Cr:n =
enz Vhith
_ (Vlowl . Clowl) - 6. Vref - (clowl - Chighl) - (S . clowl)
Clow2 = Y,
low2
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high basin = lock, low basin = tailbay seaside

ship

tailbay
seaside

tailbay
seaside

water balance

Known values at the beginning of step: hpigh1, dhights Vhight

hhith = hhighl
dhith = dhighl
Vhigha = Vhight 7S
Vref = Vhighz

salt balance

Known values at the beginning of step: Cpign1, Clow1 (= Ceailbay), Ctailbay (= input)

~ Vhigh - Chign) T € - Vier - (Crom1 — Crign1) + (S Cropp)
Chigha =

vhith
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Special step: water containing salt is exchanged between forebay
and lake

The forebay of the upper locks is in open connection with Gatun Lake. After a downlocking
ship has passed the forebay or after a turn around the salt concentration in the forebay has
changed. Density differences exist between the water in the forebay and the water in the
lake, and as a result density-driven exchange flows occur. The quantity of salt that is
exchanged between forebay and lake is dependent on the density difference and is also a
function of time. Next formulas describe the exchange of salt water. They are equal to the
formulas which are applied for uplockage.

high basin = lake, low basin is forebay
salt balance

Known values at the beginning of step: Ciake1, Crorebayt
cforebayZ = cforebayl - ex .(C forebayl — clakel )

Vforebay

Vlake

Clake2 = Cakel + €x+(Ctorebayl — Ciakel )-

time aspect

The exchange coefficient e, (0 > e, > 1) is a function of the time difference between two
subsequent ship passages in the same lane (ships sail in the same direction, northbound or
southbound), or between a ship movement and a turn around in the same lane. The start time
of scenarios is selected to determine the time difference. Exchange coefficient: e, = 0 means
no salt exchange, e, = 1 means full salt exchange (the salt concentration in the forebay
becomes equal to the salt concentration in the lake).

Assuming that the salt exchange process is a linear function of time the following relation-
ship is applied in the simulation:

At
€x =?'exfull
with:
ex = exchange coefficient used in simulation
e = 1 (full salt exchange)
At = time difference (s) between two subsequent ship passages or between a ship
passage and a turn around
T = exchange time

IfAYT > 1then At=T, and e, = €y = 1.
A period T = 3600 s is selected for the forebays in Gatun Lake starting from the assumption
that the propagation velocity of a salt tongue is in the order of 0.1 — 0.2 m/s.
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4.4 Turn arounds new lane, three-lift locks without wsb's

The evaluation of nodal status parameters in scenarios for turn arounds in the new shipping
lane provided with a three-lift lock system without wsb's, is similar as described in Report A
for the existing lanes with three-lift locks (Atlantic side of the Panama Canal). Reference is
made to Report A for a description.

4.5 Turn arounds new lane, three-lift locks with wsb's

4.5.1 Turn around Pacific side; change from northbound (uplockage) to
southbound (downlockage) transits

After the last northbound vessel has passed the locks (uplockage), the water levels in lock
chambers G, H and J are high (see also Figure 2.1) and the wsb's are empty. The water levels
of locks G and H have to be lowered and the corresponding wsb's filled. The equations
which describe the water balance and the salt balance for these actions are similar as
described in Section 4.2, uplockage, step I (submerged volume S of ship = 0). In next table
reference is made to the relevant cases of this section.

Low basin High basin Operation Section 4.2, uplockage, step I
Case

Tailbay Lock G | Lock G Fill wsb's of lock G low basin = tailbay seaside,

Tailbay Lock G | Lock G Equalize water levels high basin = lock

Lock G Lock H Empty wsb's of lock G low basin = lock ,

Lock G Lock H Fill wsb's of lock H high basin = lock

Lock G Lock H Equalize water levels

Tailbay Lock G | Lock G Fill wsb's of lock G low basin = tailbay seaside,

Tailbay Lock G | Lock G Equalize water levels high basin = lock

Table4.1  Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage) transits. New lane, three-lift locks with wsb.

4.5.2 Turn around Pacific side; change from southbound (downlockage) to
northbound (uplockage) transits

The water levels in lock chambers G, H and J are low after passage of the last southbound
ship (downlockage) and the wsb's are filled. The water levels in locks H and J have to be
raised and the corresponding wsb's emptied. The equations which describe the water balance
and the salt balance for these actions are similar as described in Section 4.3, downlockage,
step I (submerged volume S of ship = 0). In next table reference is made to the relevant
cases of this section. The actions are concluded with the special step described at the end of
Section 4.3.
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High basin Low basin Operation Section 4.3, downlockage, step 1
Case

Forebay Lock J | LockJ Empty wsb's of lock J high basin = lock,

Forebay Lock J | LockJ Equalize water levels low basin = tailbay seaside

Lock J Lock H Fill wsb's of lock J high basin = lock,

Lock J Lock H Empty wsb's of lock H low basin = lock

Lock J Lock H Equalize water levels

Forebay Lock J | Lock]J Empty wsb's of lock J high basin = lock,

Forebay Lock J | Lock J Equalize water levels low basin = tailbay seaside

Gatun Lake Forebay LockJ | (Density flows) special step of Section 4.3

Table4.2 Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage) transits. New lane, three-lift locks with wsb.

4.5.3 Turn arounds Atlantic side

Steps in turn-arounds scenarios for the Atlantic side are similar as steps in turn-around
scenarios for the Pacific side, apart from the names of the locks (tailbay lock G = tailbay
lock K, lock G = lock K, lock H = lock L, lock J = lock M, forebay lock J = forebay lock M)
and the north — south orientation.

4.6 Effect of water level changes of lakes and water releases

The water levels and corresponding water volumes of Gatun Lake and Miraflores Lake form
input for the simulation model. The effect of water releases from the lakes on the water
volumes is implied in the water levels, which are prescribed in the input table. The effect of
water level changes of the lakes on the salt concentration is evaluated at the start of each day
in the simulation.

Water releases (spillage of surplus water through Gatun Spillway and Miraflores Spillway,
water for power generation, water for cooling) are prescribed through the water-release
scenarios. The effect of the water releases on the salt concentration of the lakes is evaluated
in the simulation, at the moment of time when the water-release scenarios are executed.

For a description of the evaluation of the effects of water level changes and water releases
on the salt concentration of the lakes, reference is made to Report A.
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5 Exchange coefficients

As explained in Chapter 4 salt exchange coefficients are used in the formulas that describe
the salt transfer between the various basins. The selection of exchange coefficients for the
existing situation was based on salinity measurements in the locks and canal area in wet and
dry season and on computations with the numerical program Delft3D (see Report A). The
exchange coefficients that will be used in the simulation model for the future situation are
selected on the experiences with the existing situation and on Delft3D density-flow compu-
tations.

5.1 Exchange coefficients when wsb's are in use

5.1.1 Delft3D computations

We have executed Delft3D computations for the filling and emptying process in a lock
chamber and for ship movements from one lock chamber to another.

In order to restrict the number of grid cells and thus to keep computation times below
reasonable limits the computation of the filling and emptying process is done for a 15 m
wide section of the lock chamber. The size of 15 m is selected because the fill openings in
both lock chamber walls are placed at a center to center distance of 15 m; the 15 m wide
section thus contains two openings (in the center line of the section). This section model is
regarded as a representative model for the full lock chamber.

Lock chamber filling

A series of computations has been done aimed to simulate the filling process and the density
currents in the lock chamber during filling. In these computations the initial water depth was
20 m and the final water depth 28.5 m. The lock chamber was filled in 15 minutes (900 s).
As an example, in one computation the initial salt concentration was 12 ppt at the floor and
8 ppt near the water surface (lineair decrease). The lock chamber was filled from three water
saving basins, successively from lower, middle and upper basin with salt concentration 14
ppt, 16 ppt and 18 ppt respectively, each contributing 20% to the the total fill-water volume;
the remaining 40% was supplied from the higher lock and had a salt concentration of 3 ppt
(concentration values may be representative for filling of the lower lock chamber). This
computation was repeated for the situation with the three individual wsb's replaced by a
single one, with salt concentration of 16 ppt. The computed volume-averaged salt
concentration of the lock chamber during filling is shown in Figure 5.1 for these two situa-
tions. The figure indicates that with three wsb's the salt concentration of the lock chamber
increases slower and than more rapidly, but after filling the concentration is equal in both
situations.

More important are the density-flow phenomena which occurred in the lock chamber in the
computations, but these phenomena can not be read from the figure. These phenomena have
been made visible by displaying the actual salt concentration distribution in the lock
chamber at different moments of time as a series of consecutive 'snap shots'. This movie
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demonstrates that the saltier water from the wsb's enters horizontally from both openings in
the lock walls; in the center of the chamber (in between both lock walls) an upward
movement develops but the saltier water spreads from the center to the sides, thus forming a
lower layer with higher salt concentration (this process is governed by internal density
flows, in particular in transverse direction of the lock chamber). The lower layer thickens
and lifts the upper layer with initial lower salt concentration. Mixing up of the upper layer
with the lower layer does hardly not occur in this phase. After filling with water from the
wsb's, water with a lesser salt concentration is supplied from the higher lock. The movie
shows that the inflowing water causes an upward water movement in the center of the lock
chamber, at the location where the two jets meet. This upward flow is able to mix up the
earlier formed upper and lower layer. As a result, the salt concentration becomes rather
uniform at the end of filling (but the highest concentration is present near the floor).

In the case that the initial salt concentration of the lock chamber is ample higher than the
salt concentration of the wsb (this may for example be the case after opening and
subsequently closure of the gates at the seaside), the fill water from the wsb’s will rise to the
water surface and mix up the full water body of the lock chamber. Final mixing will than
caused by the fill water from the adjacent higher lock. Again, the salt concentration in the
lock chamber becomes rather uniform after filling.

When the new 3-lift locks are compared with the existing locks it appears that the vertical
salt distribution in the new locks after filling is more or less similar to the distribution that
occurs in the existing locks with a floor filling system. This is an important observation.
But, transverse density flow phenomena may be stronger in the new locks because of the
wall-filling system with horizontal inflow.

It appears also that the single wsb causes the same density-flow effects as the series of three
separate wsb's. From this we conclude that the three wsb's can be replaced by a single wsb
in the simulation model, provided that salt-exchange coefficients are well selected.

In the case that the Delft3D computation was repeated with a ship (draught 14 m, beam 54
m) in the lock chamber, the saltier water from the wsb's spread in the space under the ship.
Subsequently, the inflow of less saline water from the higher lock caused a somewhat lesser
mixing up than when no ship was present.

Lock chamber emptying

A series of Delft3D computations have been made aimed to simulate the emptying process
of the lock chamber. The initial water depth was 28.5 m and the final water depth 20 m. The
lock chamber was emptied in 15 minutes (60% of the water was spilled into the wsb's and
40% into the lower lock).

As an example, in one computation the initial salt concentration in the lock chamber was 18
ppt near the floor and 8 ppt near the water surface (lineair decrease). These concentration
values may be representative for emptying of the lower lock chamber. The computed
volume-averaged salt concentration of the lock chamber during emptying is shown in Figure
5.2. 1t appears that the decrease of the salt concentration is almost lineair. When we compute
the quantity of salt that is transferred to successively upper wsb, intermediate wsb and lower
wsb, we find that these quatities rather well correspond to the quantities of salt that were
present in the respective lower water layers in the chamber. In other words: during emptying
the water is hardly mixed up; the water is mainly drawn from the lower water area and the
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vertical salt distribution in the remaining water volume does not change much. It also means
that the upper wsb receives the water with highest salt concentration and the lower wsb the
water with lowest salt concentration.

The density-flow phenomena have been made visible by means of a 'snap shot' movie.
When emptying starts the water is drawn to the openings in both chamber walls. This
process causes transverse, internal waves from the center of the chamber to the sides and
back, but the vertical distribution of the salt concentration is not strongly effected.
Apparently, the water is mainly drawn from the lower water area. This process is more or
less similar as was earlier found for the existing locks with a floor emptying system, but the
internal wave phenomena in transverse direction may be stronger.

The above computation was repeated with a ship (draught 14 m, beam 54 m) in the lock
chamber. From the movie it appeared that the constraint space under the ship was the cause
of a somewhat stronger mixing, in particular at the end of emptying.

Ship movement

Delft3D computations (2DV-approach) have been made of the exchange flows between two
adjacent lock chambers when a density difference is present and a ship moves from the one
lock chamber to the other. Dimensions of the ship: ship type VII, Post-Panamax, draught 14
m, see Section 3.4. The water depth in the lower chamber was 28.4 m, in the higher chamber
20.0 m. As an example we show the results for an uplocking ship (Figure 5.4) and a
downlocking ship (Figure 5.5) for the case that the initial salt concentration is 12 ppt in the
lower chamber and 3 ppt in the higher chamber (these concentration values may be
representative for the lower and middle lock). The results for the salt exchange between the
two lock chambers is also shown for the case that no ship is present (Figure 5.3). The three
figures present the volume-averaged salt concentration in upper and lower chamber as a
function of time.

The density-flow phenomena have been made visible by means of a 'snap-shot' movie.
When no ship is present density flows develop fully between the two basins. The movie
demonstrates that a salt tongue enters the upper chamber over the floor while simultaneous-
ly a tongue with lesser salinity and density enters the lower chamber near the water surface.
The propagation velocity of the two fronts is about 0.5 m/s (but the salt tongue propagates at
a somewhat lower speed than the tongue near the water surface). Both tongues reflect

- against the closed end of the respective lock chambers. Mainly the water body in the lower
chamber above the level of the step, is involved in the exchange process. Figure 5.3 shows
that the average salt concentration in both lock chambers becomes equal after a period of
about 1400 s, but than deviate again due to the action of internal waves.

The computation with a Post-Panamax ship moving from lower chamber to upper chamber
shows that the intrusion of salt water into the upper chamber is to a considerable extent pre-
vented by the return current of the ship. From the movie it appears that most salt water
enters the upper lock after the ship has entered. Figure 5.4 indeed indicates that the average
salt concentration of the upper lock chamber remains more or less constant during move-
ment of the ship. The salt concentration of the lower lock decreases during movement of the
ship because of the return current with lesser salinity. The salt exchange coefficient e, is also
indicated in Figure 5.4 and is derived making use of the formula's of Section 4.2. As can be
read e, is a negative during movement of the ship and becomes positive (small value) at the
end of the ship movement.
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In the case that a ship moves from upper lock to lower lock the return current sustains the
intrusion of salt water into the upper lock. Salt water from the lower lock is forced to flow
into the upper lock, but the involved water originates for a great part from the water body
above the level of the step. Figure 5.5 indicates that the average salt concentration of the
upper lock increases when the ship moves to the lower lock, while the concentration of the
lower lock remains more or less constant. The latter indicates that also some saltier water
from the water body below the level of the step enters the upper lock. The exchange
coefficient e, shown in Figure 5.5, has been derived with the help of the formula's of Section
4.3, and is small at the end of the ship movement.

The described phenomena are similar to the phenomena that were observed during measure-
ments in the existing locks on the Panama canal. For a detailed description reference is
made to Report A.

5.1.2 Selection of exchange coefficients

The hydraulic phenomena in the 3-lift locks of the new lane have a strong resemblance with
the phenomena in the existing 3-lift locks at the Atlantic side of the canal. The conditions in
the locks during movement of an uplocking or downlocking ship are more or less similar.
Filling and emptying of a lock chamber through the openings in the chamber walls cause
stronger internal movements in transverse direction of the chamber, but the vertical salinity
profiles change more or less in the same way as in the existing locks with floor filling and
emptying system. Also the location of the intakes and outlets in forebays and tailbays are
more or less similar. The main difference is caused by the action of the water saving basins:
during emptying of a lock chamber the saltier water near the floor is transferred to the water
saving basins and is returned when the chamber is filled again.

On the basis of the results of the Delft3D computations and the insights obtained in the
hydraulic processes, we select equal exchange coeflicients for step Il (movement of ship) as
applied for the existing 3-lift locks at the Atlantic side, both for the new locks at the Pacific
side and the Atlantic side. In the existing situation the gates of the lower lock at the Pacific
side are opened far before the ship, coming from the sea, enters the lock chamber. This is
done to prevent disturbing cross currents between the tailbays of west and east lane (see
Report A for background information). The new locks will have separate entrance channels;
we therefore assume that cross currents in the tailbays caused by density flows are less
important or negligable. For that reason we also assume that the gates of the new, lower lock
at the Pacific side will be opened just before movement of the uplocking ship, similar as in
the existing lower locks at the Atlantic side. Salt exchange coefficients of the existing lower
locks at the Atlantic side (movement of ship) are therefore selected for the new lower locks
at both sides of the canal.

Taking into account the results of the D3D computations the exchange coeflicients used for
step I 'equalize water levels' are selected as:

uplockage

fill wsb of high lock:  egywey = 1.35

empty wsb of low lock: eempywsp = 1.0

equalize water levels: e, = 1.25 (for lock-forebay combination: 0.95)
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downlockage

fill wsb of low lock: Chtwsy = 1.2

empty wsb of high lock: €emptywsp = 1.0

equalize water levels: e, = 1.2 (for forebay-lock combination: 0.85)

The exchange coefficient 'equalize water levels' for the lock-forebay combination and the
forebay-lock combination is equal to the corresponding coefficient for the existing situation.
This coefficient is selected because of the similarity of forebay lay out and location of water
intakes.

An overview of selected exchange coefficients for the locks at the Pacific side is presented
in next tables.
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Low basin High basin Operation Exchange
(Remarks) coefficient

Tailbay Lock G Lock G Fill wsb's of lock G 1.35

Tailbay Lock G Lock G Equalize water levels 1.25

Tailbay Lock G | Lock G Move ship 0.7

Lock G Lock H Empty wsb's of lock G 1.0

Lock G Lock H Fill wsb's of lock H 1.35

Lock G Lock H Equalize water levels 1.25

Lock G Lock H Move ship 0.05

Lock H Lock J Empty wsb's of lock H 1.0

Lock H LockJ Fill wsb's of lock J 1.35

Lock H Lock J Equalize water levels 1.25

Lock H Lock J Move ship 0.0

Lock J Forebay Lock J Empty wsb's of lock J 1.0

Lock J Forebay Lock J Equalize water levels 0.95

Lock J Forebay Lock J Move ship 0.0"

Forebay Lock J Gatun Lake (Density flows) 1.07

') exchange coefficient is a function of S/V ; value is valid for S/V =0
™) exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.1 Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks with wsb.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock J (Density flows) 1.0

Forebay Lock J LockJ Empty wsb's of lock J 1.0

Forebay Lock J Lock J Equalize water levels 0.85

Forebay Lock J Lock J Move ship 0.05"

Lock J Lock H Fill wsb's of lock J 1.2

LockJ Lock H Empty wsb's of lock H 1.0

Lock J Lock H Equalize water levels 1.2

Lock J Lock H Move ship 0.1

Lock H Lock G Fill wsb's of lock H 1.2

Lock H Lock G Empty wsb's of lock G 1.0

Lock H Lock G Equalize water levels 1.2

Lock H Lock G Move ship 0.15°

Lock G Tailbay Lock G Fill wsb's of lock G 1.2

Lock G Tailbay Lock G Equalize water levels 1.2

Lock G Tailbay Lock G Move ship 0.4

') exchange coefficient is a function of S/V ; value is valid for S/V =0
*") exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.2

Equal exchange coefficients are selected for the locks at the Atlantic side.

WL | Delft Hydraulics
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5.2 Exchange coefficients when wsb's are not in use

In the case that the wsb's of the new locks are not in use the hydraulic phenomena in the 3-
lift locks in the new lane are very similar to the phenomena in the existing 3-lift locks at the
Atlantic side (filling and emptying of the lock chambers from both sides result in more or
less equal vertical salinity profiles, but stronger internal transverse waves). For that reason
similar exchange coefficients are selected both for the new locks at the Pacific side and the
Atlantic side (we assume that the lower lock at the Pacific side is operated in the same way
as the lower lock at the Atlantic side; see report A for more background information).

An overview of selected exchange coefficients for the locks at the Pacific side is presented
in next tables.

Low basin High basin Operation Exchange
(Remarks) coefficient

Tailbay Lock G Lock G Equalize water levels 1.3

Tailbay Lock G Lock G Move ship 0.7

Lock G Lock H Equalize water levels 1.3

Lock G Lock H Move ship 0.05°

Lock H Lock J Equalize water levels 1.3

Lock H Lock J Move ship 10.07

Lock J Forebay Lock J Equalize water levels 0.95

Lock J Forebay Lock J Move ship 0.0"

Forebay Lock J Gatun Lake (Density flows) 1.0°

B exchange coefficient is a function of S/V g value is valid for S/V,s=0
**) exchange coefficient is time dependent; final value (full exchange) is shown

Table5.3  Uplockage. Pacific Ocean —> Gatun Lake. New lane, three-lift locks without wsb.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock J (Density flows) 1.0

Forebay Lock J LockJ Equalize water levels 0.85

Forebay Lock J Lock J Move ship 0.05

LockJ Lock H Equalize water levels 1.2

Lock J Lock H Move ship 0.1

Lock H Lock G Equalize water levels 1.2

Lock H Lock G Move ship 0.15

Lock G Tailbay Lock G Equalize water levels 1.2

Lock G Tailbay Lock G Move ship 04"

b exchange coefficient is a function of S/V.g; value is valid for S/V ;=0
™) exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.4

Equal exchange coefficients are selected for the locks at the Atlantic side.
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5.3 Other exchange coefficients

The exchange coefficients for the locks in the existing shipping lanes do not change after
opening of the new, third shipping lane (for values of the exchange coefficients reference is
made to Report A).

We also assume that the exchange coefficients related to the release of water at Gatun Dam
and Miraflores are uneffected by the new shipping lane. The values of these exchange
coefficients have been selected on the basis of validation runs for the existing situation (see
report A). Maintaining equal exchange coefficients for the release of water offers also the
possibility of a direct analysis of the third-lane related inflow of salt water into the lakes.
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6 Testing of simulation model

The salt-intrusion simulation model of the existing situation has been extended with the
three-lift locks in the new lane. The extension required the adaptation of formula in view of
the water saving basins of the new locks, the definition of extra scenarios for ship move-
ments and turn arounds, the definition of new Post-Panamax ship types, and the extension of
the input tables 'Initial Values' and 'Coefficient Set'. A check of the proper functioning of the
extended simulation model was, therefore, necessary.

Input data
Test cases were such designed that the functioning of in particular the new items could be
checked. Next Day Patterns and Coefficient Sets were used in the test runs:

Day
Pattern

Scenarios in day Pattern

Lane

dl

Ship movement Pac. — Atl.; ship type 0

New, third (3-lift locks)

d2

Ship movement Atl. — Pac.; ship type 0

New, third (3-lift locks)

d3

Ship movement Pac. — Atl.; ship type VIII

New, third (3-lift locks)

d4

Ship movement Atl. — Pac.; ship type VIII

New, third (3-lift locks)

ds

Ship movement Pac. — Atl.; ship type VII

New, third (3-lift locks + wsb's)

dé

Ship movement Atl. — Pac.; ship type VII

New, third (3-lift locks + wsb's)

d7

Gatun Spillway; daily discharge = 5.10° m’
Gatun Power Station; daily discharge = 5.10° m’
Mirflaores Spillway (+cooling) ; daily discharge = 5.10* m’

ds

Ship movement Pac. — Atl.; ship type VI

New, third (3-lift locks)

d9

Ship movement Atl. — Pac.; ship type VI

New, third (3-lift locks)

d1o

Ship movement Pac. — Atl.; ship type V

New, third (3-lift locks)

di1

Ship movement Atl. — Pac.; ship type V

New, third (3-lift locks)

di2

Ship movement Pac. — Atl.; ship type IV

New, third (3-lift locks + wsb's)

di3

Ship movement Atl. — Pac.; ship type IV

New, third (3-lift locks + wsb's)

d14

Ship movement Pac. — Atl.; ship type III
Ship movement Pac. — Atl.; ship type VIII
Ship movement Pac. — Atl.; ship type VIII

West + East
New, third (3-lift locks)
New, third (3-lift locks + wsb)

dis

Ship movement Atl. — Pac.; ship type III
Ship movement Atl. — Pac.; ship type VIII
Ship movement Atl. — Pac.; ship type VIII

West + East
New, third (3-lift locks)
New, third (3-lift locks + wsb)

Table 6.1

WL | Delft Hydrautics
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S 8 o | 5 8 | g N a | = < 2 % § y S
S3 |83 |8 |33 |28 |8 |8 |2 |83 ]88
TIPS |IP |85 |85 [PF|PF 8% &85 5|88
S q F <
cl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
c2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
c3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0
c4 0.1 0.3 0.5 0.7 0.2 0.4 0.6 0.8 1.0 1.0
c5 0.5 0.2 0.5 0.2 0.5 1.0 0.5 1.0 1.0 1.0

Table 6.2 Overview of Coefficient Sets used in test cases

Test series A
A first series of tests was done with the salt concentration of all basins (including Pacific

and Atlantic tailbays) set on 0. The purpose of these tests was to check the handling of water
levels, water volumes, water displacement of new ship types and the set up of the water
balance when a ship moves from ocean to ocean. The results of the water-balance compu-
tations have been checked by computations 'by hand'.

An overwiew of test cases of test series A is presented in Table 6.3.

Test | Coefficient Day Period Output Remarks

case Set Pattern interval
1 cl dl Jan 1 —Jan 31, 1970 scenario single ship, S=0
1-R cl d2 Jan 1 —Jan 31, 1970 scenario single ship, S=0
2A cl d3 Jan 1 —Jan 31, 1970 scenario single ship, S = 285000
2A-R cl d4 Jan 1 —Jan 31, 1970 scenario single ship, S = 285000
3A cl ds Jan 1 —Jan 31, 1970 scenario single ship, S = 260000
3A-R cl dé Jan 1 —Jan 31, 1970 scenario single ship, S = 260000

Table 6.3  Test cases series A: initial salt concentration is zero in all basins

Conclusions test series A

Water levels and water volumes, also those of the new basins in the simulation model, are
well computed. Water transfer in the existing locks, new locks and wsb's caused by
uplocking and downlocking ships is correct simulated and the water quantities fulfil the
water balance.

Test series B

The set up of water balance and salt balance, the use of exchange coefficients, the time-
dependent exchange of salt water between forebays and lakes, the proper functioning of
spillways and the salt-water migration process from the lakes downwards has been checked
in test series B. The initial salt concentration of Miraflores Lake and Gatun Lake was set on
30 ppt, the initial salt concentration of all other basins was set on 0.

An overwiew of test cases of test series B is presented in Table 6.4.
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Test Coefficient Day Period Output Remarks

case Set Pattern interval
4 c2 d7 Jan 1 — Dec 31, 1970 day water releases
5A c3 di Jan 1 —Jan 5, 1970 scenario single ship, S=0
SA-R c3 d2 Jan1-1Jan §, 1970 scenario single ship, S=0
5B c3 ds Jan1-Jan 5, 1970 scenario single ship, S = 200000
5B-R c3 do Jan 1 -Jan 5, 1970 scenario single ship, S = 200000
6 c4 d10 Jan 1-Jan 5, 1970 scenario single ship, S = 145000
6-R cd d11 Jan1-Jan 5, 1970 scenario single ship, S = 145000
7 c4 di2 Jan 1 -Jan 5, 1970 scenario single ship, S = 120000
7-R c4 di3 Jan1-Jan 5, 1970 scenario single ship, S = 120000
8 c5 di4 Jan 1 —Jan 5, 1970 scenario several ships / all lanes
8-R c5 dis Jan 1 -Jan 5, 1970 scenario several ships / all lanes
Table 6.4  Test cases series B: initial salt concentration of Gatun Lake and Miraflores Lake =

30 ppt, initial salt concentration of all other basins = 0

Conclusion test series B

The water balance and salt balance are well computed: salt water migrates properly from the
lakes to all lower basins and to wsb's, the time-dependent exchange of salt water between
forebays / tailbays and lakes is correct, the loss of salt water through water releases at Gatun
Dam and Miraflores is well computed. Some results of Test case 8 are shown in Figures
TC8, 1 - TCS8, 8 as an example.

Test series C

In this third series of test cases the salt concentration of the tailbays at the Pacific and
Atlantic side was set on 30 ppt. The aim of the tests was to check the salt-water intrusion
from the seas into the lakes.

An overwiew of test cases of test series C is presented in Table 6.5.

Test Coefficient Day Period Output Remarks

case Set Pattern interval
9 cS d3 Jan 1 —Jan 5, 1970 scenario single ship, S = 285000
10-R cS dé Jan 1 -Jan §, 1970 scenario single ship, S = 260000
Table 6.5 Test cases series C: initial salt concentration of Pacific and Atlantic tailbays = 30

ppt, initial salt concentration of all other basins =0

Conclusion test series C

The water balance and salt balance are well computed: salt water migrates properly from the
tailbays in the sea entrances to all higher basins and to wsb's, the time-dependent exchange
of salt water between forebays / tailbays and lakes is correct.

As a last test the validation case for the existing situation (Case VALI1, see Report A) has
been run as Case A-1 with the extended simulation model. The extended mode! produced
fully identical results, see Figures A-1, 1 and A-1, 2.
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7  Salt water intrusion analysis future situation

In this section we present the results of the salt-water intrusion analysis for the future
situation with a new, third shipping lane. Three-lift Post-Panamax locks are built at both
ends of the new lane. The locks are provided with water saving basins (wsb's, see also
Section 2). In the analysis we make a distinction between the situation that wsb's are not in
use and the situation that the wsb's are used to prevent the loss of water from Gatun Lake. A
comparison with the present salt-water intrusion through the existing locks concludes the
analysis.

Starting point for the analysis is that the water levels in Miraflores Lake and Gatun Lake
vary throughout the year as in the existing situation. In the baseline scenario the water
releases (through Gatun Spillway, Gatun Power Station, Miraflores Spillway, Miraflores
Cooling Water Offtake) remain as they are in the existing situation (which means that
additional water is supplied to Gatun Lake to compensate for the extra losses via the new
locks). In the second scenario the water releases at Gatun Dam are reduced with the water
losses caused by shipping in the new lane. In the case that these water losses are greater than
the water releases (this will in particular occur in the dry season) we assume that additional
water supplies are available to replenish the surplus losses. The ship transit prospects for the
next 50 years as given by ACP are used.

7.1 Data used in numerical simulations

The next data is applied in the numerical simulations:

- Dimensions of locks, forebays, tailbays, water saving basins: the dimensions presented
in Section 3.7 are selected.

- Water levels and salt concentrations of seaside tailbays: values presented in Section 3.9
are selected.

- Water levels and corresponding water volumes, water releases of Miraflores Lake and
Gatun Lake: values presented in Section 3.8 are selected.

- Initialization data: see Section 3.10

- Exchange coefficients: see Chapter 5.

1.2 Set up of cases for simulation of the future situation

We assume that the new lane will come in operation at January 1, 2011. The present salt
concentrations in Gatun Lake, Miraflores Lake and the locks on the existing shipping lanes
are selected as initial salt concentrations. These salt concentrations have been obtained
through numerical simulation of the salt water intrusion during the preceding year 2010. The
initial salt concentrations in the new locks and wsb's are set to the values of the existing
locks. This is not conform the real situation, but as can be seen from the computational
results the salinity values in the new locks and wsb's grow fast to an equilibrium value.

The salt intrusion in the future situation is analysed for a period of 1 month, 1 year, 5, 10, 20
and 50 years after opening of the third lane. Various cases have been set up to simulate the
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salt intrusion during these periods. Day patterns which are applied in the various cases, are
such defined that they reflect the development of the ship traffic intensities in the next 50
years. In next table the daily number of transiting ships and the type of ships are presented
for the various consecutive time periods. Panamax vessels are represented by ship type III,
regular ships by ship types I and II, Panamax-Plus vessels by ship type IV, Post-Panamax
vessels by ship type VII (draught 14 m, during first 5 years after opening of the new lane)
and ship type VIII (draught 15.2 m).

e~
S S |s |8 |§ |8 |8 |8 |8 |8 |8
N N N N N N N N N o~ N
~ 5 S 08 18 |8 |8 |8 |8 |8 |s |s
2 = S Q[ Q| Q QI S Q| Q Q Q
I ! f | I
< = S (3 (2 (2 (2 |5 |8 |5 |s |=g
(=) S 3 D S = S S S S XD
N N N N o~ N N N oN N N
~ ~ ~ ~ ~ ~ -~ ~ ~ ~ ~
= b 2 N N N = I I N N
S S (2 (S IS IS (S |sS [8 |8 |3
Vessel Number of ships
bype
Existing shipping lane West
Type 1 8 8 8 8 8 8 8 8 8 8 8
Type 11 4 4 4 4 4 4 4 4 4 4 4
Type 11 6 6 6 6 6 6 6 6 6 6 6
Total 18 18 18 18 18 18 18 18 18 18 18
Existing shipping lane East
Type I 8 8 8 8 8 8 8 8 8 8 8
Type 11 4 4 4 4 4 4 4 4 4 4 4
Type 111 6 6 6 6 6 6 6 6 6 6 6
Total 18 18 18 18 18 18 18 18 18 18 18
Future third shipping lane (3-lift locks)
Type IV 2 3 4 4 4 4 4 4 4 5 5
Type VII 0 0 1 2 0 0 0 0 0 0 0
Type VIII 0 0 0 0 2 3 4 5 7 9 10
Total 2 3 5 6 6 7 8 9 11 14 15
Simulations
Period after | 1 0.5 1 2 5 10 15 20 30 40 50
opening of month | year | year | years | years | years | years | years | years | years | years
new lane
Table 7.1 Ship transits in simulation model in existing and new shipping lanes

In the set up of cases a distinction is made between 3-lift locks with wsb's, 3-lift locks
without wsb's and 3-lift locks with and without wsb's and a reduced water release from
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Gatun Lake, see Section 3.8 (water releases from Miraflores Lake remain as in the existing
situation). The various cases are numbered as shown in Table 7.2.

In the baseline scenario we assume that all extra water losses caused by lock operation in the
new shipping lane are compensated by extra water supplies to Gatun Lake, but water spills
at Gatun Dam are not reduced. When the wsb's of the three-lift locks in the new lane are in
use (Case B1) the extra water supply amounts to 2.10° m® water per transiting ship (leading
to a water supply in year 50 of 3.10° m® per day). When the wsb's are not applied (Case B2)
the extra water supply to Gatun Lake amounts to 5.10° m’ water per transiting ship (leading
to a water supply in year 50 of 7.5.10° m® per day).

In the second scenario we assume that the water releases at Gatun Dam are reduced with the
water losses caused by the new locks. Consequently, a lesser quantity of fresh water has to
be supplied to Gatun Lake. In the dry season, however, the spilled quantities are small or nil
and extra water supplies are still needed to compensate for the water losses of the new locks
(see also Tables 3.18 and 3.19). When wsb's are used (Case B3) the water loss is 60%
smaller than when they are out of use (case B4).

For reasons of comparison we have also simulated the salt water intrusion in the period 2011
— 2020 when no new shipping lane is realised. This case is indicated with A-10. The results
for year 10 are in fact also valid for year 1, 5, 20 and 50, since these values are stable,
equilibrium values for the given ship traffic intensity in the existing locks.

Existing Future Situation | Future Situation | Future Situation Future Situation
Situation 3-lift locks 3-lift locks 3-lift locks 3-lift locks
with wsb's without wsb's with wsb's and without wsb's and
Simulation (baseline) reduced water reduced water
time releases GL releases GL
1 month Bl-1m B2-1m
1 year B1-1 B2-1 B3-1 B4-1
5 years B1-5 B2-5
10 years A-10 B1-10 B2-10 B3-10 B4-10
20 years B1-20 B2-20 B3-20 B4-20
50 years B1-50 B2-50 B3-50 B4-50
Table 7.2 Overview of cases

For the new shipping lane with alternative 2-lift locks or 1-lift locks we reserve the letters C
and D respectively for designation of the cases.

7.3 Results of simulations and analysis

The computed salt concentrations (ppt) of Miraflores Lake and Gatun Lake in the period
year 2016 — year 2020 (ending 10 years after opening of new lane) and the period year 2051
— year 2060 (ending 50 years after opening) are shown in Figures B1-10, 1 through B4-50,
2. The results for the existing situation (no new lane) for the period year 2011 — year 2020
are shown in Figures A-10, 1 and A-10, 2. As can be seen the salt concentrations of
Miraflores Lake and Gatun Lake fluctuate as a function of wet and dry season; the salt
concentration levels stabilize within a period of about 1- 2 years after a change in ship
traffic intensity.
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The maximum and minimum values of the salt concentration of Miraflores Lake and Gatun
Lake in the last year of the considered period are presented in Table 7.3.

Case Considered Salt conc. (ppt) Miraflores Lake | Salt conc. (ppt) Gatun Lake
year minimum maximum minimum maximum
A-10 10 0.64 1.42 0.010 0.027
B1-1month - 0.65 0.99 0.009 0.011
Bl1-1 1 0.62 1.05 0.011 0.024
BI-5 5 0.63 1.49 0.012 0.032
B1-10 10 0.65 1.43 0.012 0.034
B1-20 20 0.66 1.53 0.013 0.036
B1-50 50 0.61 1.52 0.018 0.044
B2-1month - 0.66 0.99 0.009 0.011
B2-1 1 0.62 1.05 0.009 0.025
B2-5 S 0.63 1.49 0.009 0.026
B2-10 10 0.64 1.42 0.009 0.026
B2-20 20 0.65 1.52 0.009 0.025
B2-50 50 0.61 1.51 0.009 0.026
B3-1 1 0.62 1.48 0.009 0.032
B3-10 10 0.65 1.43 0.015 0.039
B3-20 20 0.66 1.53 0.017 0.042
B3-50 50 0.62 1.53 0.025 0.057
B4-1 1 0.62 1.47 0.009 0.030
B4-10 10 0.65 1.43 0.016 0.035
B4-20 20 0.66 1.53 0.019 0.038
B4-50 50 0.62 1.53 0.032 0.046

Table 7.3 Maximum and minimum values of salt concentration of Miraflores Lake and
Gatun Lake

The maximum and minimum values are also shown in Figures 7.1 (Miraflores Lake) and 7.2
(Gatun Lake). From Figure 7.1 it appears that the salt concentration of Miraflores Lake
remains more or less as in the present situation (in all four cases B1-B4), but the salt con-
centration of Gatun Lake (Figure 7.2) changes. The increase of salt concentration is up to a
factor 3.2 in year 50 for the most unfavourable case B4, but still the salinity level remains
far below the fresh-water limit. (Note: A value of 200 mg/l chloridity is used in the
Netherlands as a fresh-water limit value; this corresponds to about 400 mg/l or 0.4 ppt
salinity. In the USA a value of 250 mg/I cloridity (about 0.5 ppt salinity) is used as an upper
limit for drinking water (Environmental Protection Agency standard)).

It appears that Case B2 (no wsb's) is most favourable in view of salt-water intrusion (a small
reduction of the salt concentration levels is predicted). This is caused by the large fresh-
water supply to Gatun Lake. When wsb's are applied (Case B1) a 60% smaller fresh-water
supply is required and we see that the salt concentration levels increase with a factor 1.7.
The salt concentration levels increase further (factor 2 — 3) when the water releases at Gatun
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Dam are reduced (Cases B3 and B4). Again, the computed salt concentration level of about
maximum 0.06 ppt of Gatun Lake in year 50 is very low compared to fresh-water standards
(see Figure 7.2a)

It should be noted that the computed concentration values are volume-averaged values,
which means that local salt concentration values may be higher.

Conclusions

The main conclusions that can be drawn from the salt-water intrusion simulations are:

- The salt concentration of Miraflores Lake (Figure 7.1) is hardly effected by the new
shipping lane (provided that the water releases at Miraflores Dam will be maintained).

- The volume-averaged salt concentration of Gatun Lake (Figures 7.2 / 7.2a) generally
increases, in particular when wsb's are applied and water releases at Gatun Dam are
reduced, but remains far below fresh-water limit values.
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Figures
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Figure TC8,4 Test case 8. Water volumes of wsb's of locks G, H, J, M, L and K (output
interval: scenario)

Figures Simulations - 3
WL | Delft Hydraulics




Salt Water Intrusion Analysis Panama Canal Locks

Future Situation: Post-Panamax Locks Report C: Three-lift Locks

Q3039, September 2003

32 ‘
28 I st L B
/ e
24 4.4
b AR a
© 20 e —A-west
% — A-east
‘E 16 — B-west
2 —B-gast
3 1 ~ — C-west
12 B / C-east
i /
U.
2Jan70 3Jan70 4Jan70 5Jan 70
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Figure B1-10, 1 Case B1-10. Salt concentration of Miraflores Lake after 10 years (output
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Figure B2-10, 1 Case B2-10. Salt concentration of Miraflores Lake after 10 years (output
interval: month)
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Figure B2-10, 2 Case B2-10. Salt concentration of Gatun Lake after 10 years (output interval:
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Figure B2-50, 1 Case B2-50. Salt concentration of Miraflores Lake after 50 years (output
interval: month)
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Figure B2-50, 2 Case B2-50. Salt concentration of Gatun Lake after 50 years (output interval:
month)
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Figure B3-10,1 Case B3-10. Salt concentration of Miraflores Lake after 10 years (output
interval: month)
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Figure B3-50, 1 Case B3-50. Salt concentration of Miraflores Lake after 50 years (output
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Figure B4-50, 1 Case B4-50. Salt concentration of Miraflores Lake after 50 years (output
interval: month)
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| Introduction

The present Report deals with the salt water intrusion of the two-lift lock configuration of
Post-Panamax Locks on the future, third shipping lane. The salt water intrusion is additional
to the salt water intrusion through the existing locks. The new two-lift locks may be
provided with water saving basins.

The following items will be adressed in the present report:

- review of concept design of US Army Corps of Engineers (USACE) for the two-lift lock
configuration of Post-Panamax Locks;

- extension of the salt-water intrusion simulation model built for the existing situation
with a new shipping lane; this new lane is provided with two-lift locks and water saving
basins at either side of the canal (the use of water saving basins is optional in the
simulation model);

- selection of salt exchange coefficients that will be used in the simulation;

- simulation of salt water intrusion for the two-lift lock configuration of Post-Panamax
Locks and analysis of results.
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2 Concept design of USACE for two-lift lock
configuration

2.1 Data provided by ACP

The next reports and drawings have been provided by ACP:

Report

US Army Corps of Engineers (USACE)

'Panama Canal Concept Design of New Third Lane, Double-lift Design'

Main Report (Executive Summary pp 1-8; Section 5.5.3 Recommended Plan pp39-44;
Appendix A Design Water Elevations pp 7-10; Appendix E Hydraulic Analysis and Designs
pp 1-80 and plates E-1 — E-18), 4 April 2003.

Drawings of USACE
Drawing Date Title
number
ACP-R-20/2 Mar 2003 Alternative 1, bottom interlaced laterals, plan and elevation
ACP-R-20/3 Mar 2003 Alternative 1, filling system 1, lock chamber and water saving basins,
plan and elevation
ACP-R-20/10 | Mar 2003 | Miter gate monoliths, sections A & B
ACP-R-20/11 | Mar 2003 | Miter gate monoliths, section C
ACP-R-20/12 | Mar 2003 | Lock and water saving basins, sections
ACP-R-20/13 | Mar 2003 | Water saving basins, sections
ACP-R-20/14 | Mar 2003 | Lock and water saving basins, sections

Traffic projections

A document written by ACP concerning Post-Panamax traffic projections for the next 50
years (revision date 16 January 2003) .

2.2 Description of lock system at Atlantic side

The two-lift lock configuration of Post Panamax Locks designed by USACE, connects the
canal entrance at the Atlantic side with Gatun Lake. The new locks are situated east of
Gatun Locks. Each of two locks is provided with two water saving basins, arranged side by
side at the west side of the locks.

The next data was taken by USACE as starting points for their design (all levels refer to

PLD):

WL | Delit Hydraulics




Salt Water Intrusion Analysis Panama Canal Locks Future Situation: Post-Panamax Locks Report D: Two-lift locks Q3039, September 2003

Hydraulic conditions

Gatun Lake: mean water level +25.91 m, maximum water level +26.67 m, minimum water
level +23.93 m.

Canal entrance at the Atlantic side: mean sea level +0.06 m, extreme high tide +0.56 m,
extreme low tide —0.38 m.

Lock chambers

Minimum utilizable length of lock chambers between inner gates 426.7 m, width 60.96 m,
minimum water depth above sills 18.29 m, minimum hydraulic freeboard 1.31 m. Locks can
be operated with or without the two water saving basins of each lock; in the latter case lock-
to-lock water transfer is practised. The water saving rate for each individual lock chamber is
minimum 50% (when water saving basins are in use). The target filling or emptying time is
12-15 minutes when water saving basins are not in use.

Post-Panamax ships

Dimensions of design ships: container ships 125,000 dwt (water displacement 209,000 ton)
and bulk carriers 135,000 dwt (water displacement 169,000 ton).

Two-lift lock design

The USACE-design for the two-lift lock configuration at the Atlantic side of the canal is
schematically shown in Figure 2.2. The new locks have a width of approximately 61 m.
Each lock chamber is provided with a double set of miter gates at both ends. Sills are desig-
ned to support the gates; they protude about 0.6 m above the floor of the lock chambers; the
chamber floors themselves are fully flat. The nominal length of the lock chambers between
the center line of the upper gates and the center line of the lower gates is about 515 m.

When going upwards from the Atlantic tailbay to Gatun Lake the steps in sill level are
successively 12.15 m and 12.16 m. Sill level —18.67 m of the lower lock is designed starting
from the minimum required water depth of 18.29 m and a mean low-tide water level in the
tailbay of —0.38 m. Sill level +5.64 m of the forebay in Gatun Lake follows from the
minimum lake level +23.93 m and the minimum required water depth of 18.29 m. Floor
levels are about 0.6 m lower.

Two water saving basins are arranged side by side along each of the lock chambers (see
Figures 2.2 and 3.4). The length and width of the water saving basins differ from the hori-
zontal dimensions of the lock chambers, but the capacity of the water saving basins is such,
that at least 1/4 of the water exchange volume can be saved in each basin. The two water
saving basins of a lock have different bottom levels; in addition, the bottom level near the
water inlet is designed 2 m lower than the bottom level near the sides of a basin.

The filling and emptying system consists of a multiport system. The main water culverts at
both sides of the locks run along the full length of the locks from the intakes in the forebay
to the outlets in the tailbay. These culverts are provided with valves to facilitate a controled
flow of water from forebay to upper lock, from lock to lock, and from lower lock to tailbay.
Lateral culverts, which spring alternately from the main culverts in left and right lock wall,
are designed in the floor of the lock chambers at a center to center distance of about 2 m
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along the full chamber length. Each bottom lateral has six openings in the lock chamber
floor.

Each water saving basin (wsb) is connected to the main, longitudinal culverts by means of
two gated transverse culverts. Filling of a lock chamber starts with emptying of the lower
wsb and than the upper wsb (see Figure 3.4). The remaining water portion is supplied from
the adjacent higher lock or forebay. Emptying of a lock chamber occurs in a reverse
sequence: first the upper wsb is filled, than the lower wsb. The remaining water portion is
discharged to the adjacent lower lock chamber or tailbay. Filling or emptying of a wsb stops
when an equal water level is obtained in wsb and lock chamber. The same holds for the
transfer of water from forebay to lock chamber etc.

2.3 Lock system at Pacific side

Though the two-lift lock system has been designed by USACE for the Atlantic side of the
canal, we will assume, for the extension of the salt-intrusion simulation model, that a similar
lock system will be constructed at the Pacific side. However, we will adapt the floor levels
of the locks because of the much greater tidal variation at the Pacific side of the canal (mean
water level in the Pacific entrance of the canal +0.30 m, extreme high tide +3.60 m, extreme
low tide —3.44 m, mean low tide —2.32 m).

In the existing situation the difference between floor level of the lower locks at the Pacific
side and the lower locks at the Atlantic side is about 2.0 m. When we start from mean low
tide at the Pacific side of —2.32 m and a minimum required water depth of 18.29 m, a sill
level of —20.62 m and a floor level of —21.22 m is found for the lower lock of the two-lift
lock system. The sill level of the forebay can be the same as at the Pacific side, namely
+5.64 m. The steps in sill level when going up from the Atlantic tailbay to the forebay in
Gatun Lake are selected as 13.13 m and 13.13 m successively. All other lock dimensions
and the layout of water saving basins are similar as at the Pacific side, but the floor levels of
water saving basins are adapted to the selected floor levels and water levels of the
corresponding lock chambers. The adopted two-lift lock system at the Pacific side is shown
schematically in Figure 2.1.

2.4 Post-Panamax ship transits
ACP has set up ship transit predictions for points of time of 1 month, 1 year, 5 years, 10
years, 20 years and 50 years after the start of the exploitation of a third, new lane, which is

provided with Post-Panamax locks at both sides of the canal. The dimensions of the vessels
and the daily traffic intensities can be characterised as follows:

Panamax-Plus vessels
These vessels have similar dimensions as Panamax vessels, but their draught is greater than
12 m (in tropical fresh water). Maximum dimensions: length 294 m, beam 32.3 m and
draught 14 m.

Post-Panamax vessels

Maximum dimensions of Post-Panamax vessels are: length 386 m, beam 54 m and draught
15.2 m. Initially, the maximum allowed draught in the Panama Canal will be 14 m; after a
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period of five years, after deepening of the shipping channel, a maximum draught of 15.2 m
will be admitted.

Traffic intensity

The daily traffic intensity (the total number of northbound and southbound ships) in the
existing two lanes and the third new lane is assumed to develop as follows after opening of
the new lane:

Vessel Present Month 1 Year | Year 5 Year 10 Year 20 Year 50
type situation
Existing lanes
Panamax 13 13 13 13 13 13 13
Regular 23 23 23 23 23 23 23
Total 36 36 36 36 36 36 36
New lane
Post- 0 0 1
Panamax’
Post- 2 3 5 10
Panamax’
Panamax- | 0 2 4 4 4 4 5
Plus
Total 0 2 5 6 7 9 15

") Maximum draught of Post-Panamax vessels initially 14 m; from year 5 onwards 15.2 m

Table 2.1
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3 Simulation model

The salt-intrusion process through the locks on the Panama Canal is simulated with a
numerical model. This model has been set up for the existing situation (see description in
Report A, dated June 2003) and is extended and adapted to the situation with a new shipping
lane and two-lift locks. A scheme of the extended model is shown in Figure 3.1. The model
predicts the salt water load on Gatun Lake and Miraflores Lake caused by lock operations,
taking into account water level fluctuations of the lakes, water releases at Gatun Dam and
Miraflores Dam, and tidal variations and salt concentration variations in the seaside tailbays.

3.1 Concept of simulation model

Essentially, the model consists of a number of separate basins, each having a certain water
level, water volume and salt concentration, which are mutually connected. When a ship sails
from ocean to ocean it passes the various basins, causing a net transport of water from lakes
to oceans and a migration of salt water from basin to basin. Water transport and salt trans-
port are evaluated after each step of the uplockage or downlockage process.

Water from the lakes goes stepwise down during uplockage and downlockage of ships,
mixing up with the water in the lower locks during filling. When water saving basins are in
use water from a lock chamber is temporarily stored during levelling down, together with a
part of the salt content of the lock chamber, and returned into the lock chamber during
levelling up (see Figures 3.5 and 3.6). When lock gates are open and a ship moves in or out,
the ship’s volume is exchanged and density flows occur between basins with different
densities; these are the causes that salt water moves from lower basins to higher basins.

The separate basins of the Panama Canal (lock chambers, wsb's, forebays and tailbays of
locks, lakes and entrances) are regarded as nodes in the numerical simulation model. The
nodes and the hydraulic connections between the nodes are shown in the scheme of Figure
3.1. In the present study we name the locks as indicated in Figure 3.1: locks in the existing
lanes at the Pacific side: A-west and A-east, B-west and B-east, C-west and C-east; locks in
the existing lanes at the Atlantic side: D-west and D-east, E-west and E-east, F-west and F-
east, locks in the new lane at the Pacific side: P and Q; locks in the new lane at the Atlantic
side: R and S.

Water levels of the lakes, which vary throughout the year, and fluctuating water levels (tidal
movements) and salt concentrations in the seaside tailbays form input for the simulation
model. The water level variation in the lakes is the result of inflow and outflow of water,
We assume that salt water intrusion in the lakes is only caused by the locking process. The
salt intrusion is the net result of: (i) density currents which occur when the lock gates are
open, (ii) exchange of water when the gates are open and vessels move in and out, and (iii)
filling and emptying of lock chambers. All other water sources (Madden Lake (Chagres
river), creeks and rivers, precipitation, ground water flow) supply fresh water to the lakes.
The outflow of saline water, if any, occurs through the spillways of Gatun Lake (spillage of
surplus water, water for power generation) and Miraflores Lake (spillage of surplus water,
cooling water). We assume that the outflow of saline water through other offtakes (drinking
water, industrial water, ground water, evaporation) is nill or can be neglected in the analysis.
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Ship movements in the simulation model are from Pacific Ocean to Gatun Lake, from Gatun
Lake to Atlantic Ocean, from Atlantic Ocean to Gatun Lake and from Gatun Lake to Pacific
Ocean. Ships in the new shipping lane by-pass Miraflores Lake. When a ship moves up or
down water levels, water depths, water volumes and salt concentrations change in the nodes
of the simulation model. The value of these nodal parameters is evaluated after each step of
the locking process for a single ship movement.

In the nodal-status evaluation is checked whether the maximum or minimum water level in
lock chambers is exceeded. If so, the maximum or minimum water level is selected in the
evaluation. Similarly, for the wsb's is checked whether the maximum or minimum water
storage volume is exceeded.

The subsequent steps of a ship movement are described in a scenario together with other
data relevant to that ship movement, namely shipping lane, dimensions of ship, and duration
of the ship movement. A special scenario is the scenario that describes a ‘turn around’
(change from northbound ship transits to southbound ship transits or reverse), and a water-
release scenario that describes the water spills and water use for hydropower generation and
cooling.

Scenarios are combined in a day pattern. The start time of each scenario is prescribed in the
day pattern. When two scenarios start at the same moment, the simulation model treat them
one by one. A normal day pattern consists of a number of ship-movement scenarios, turn-
around scenarios and water-release scenarios. Different day patterns can be built up, for
example for each day of the week. Subsequently, day patterns are combined in a case (see
scheme of Figure 3.2). A case contains information on start date and stop date of the
simulation. Day patterns are handled one by one in the sequence of input. After the last day
pattern has been handled the simulation model starts again with the first day pattern; this
cyclical process continues until the end of the simulation. The user shall prepare a set of salt
exchange coefficients (see Chapter 4) and define initial values (dimensions of locks etc.,
water levels, water volumes and salt concentrations). The set of exchange coefficients and
the initial values form a part of the case.

At the start of each case nodal status parameters are initialized (see Section 3.10). Computed
values of status parameters are written to a file at the end of each scenario (or as desired:
day, week, month, year). When a case is the continuation of a previous case, end values of
salt concentrations in nodes (except Pacific and Atlantic Entrance) can be used as initial
values in the new case. After the case has been run the value of status parameters can be
presented in tables or graphs as a function of time. The concept of the numerical model is
reflected in Figure 3.3.

3.2 Two-lift locks and wsb's in simulation model

In addition to the two existing shipping lanes a new lane with two-lift locks at both sides is
defined in the simulation model. Each lock is provided with water saving basins (wsb's).
Because the two wsb's of a lock are filled or emptied one after another and the sequence of
filling and emptying is always the same, the set of two wsb's can for the purpose of salt-
water intrusion simulation be replaced by a single wsb (see Figure 3.4). The storage capacity
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of this single wsb is equal to the capacity of the set of two wsb's; also the fill and emptying
time is equal to the fill and emptying time of the set of two wsb's. The exchange coefficient
in the salt balance is such selected that it is representative for the salt exchange between lock
chamber and both individual water saving basins (see Chapter 5). The locks in the new lane
can be operated with or without wsb's in the simulation model.

3.3 Nodal status parameters

The parameters that describe the status of nodes in the simulation model are defined in this
section. All input data of the simulation model is in SI units.

3.3.1 Status parameters general

water level: h (in m to PLD)

water depth: d (in m)

water volume: V (in m®)

salt concentration: ¢ (in ppt = parts per thousand; c is averaged value for considered

water volume in node)

The temparature T is not considered as a separate status parameter in the simulation model.

3.3.2 Other parameters general

spillway discharge: Q (in m* per day)

other water use: P (in m’ per day)

ship volume: S (in m®; water displacement of a ship)

length of lock or basin: 1 (in m)

width of lock or basin: b (in m)

area of lock or basin: A (in m’; area of gate recesses, if any, is included)
maximum water level: maxh (in m to PLD)

minimum water level: minh (in m to PLD)

max. water volume: maxV (in m*)
min. water volume: minV (in m®)
floor level or sill level: f(in m to PLD)
time: t (date, hour)

3.3.3 Status parameters of tailbays in Pacific and Atlantic Entrance

water level: huivay  (is prescribed; input: function (t))
salt concentration: Cuibay (is prescribed; input: table)

3.3.4 Status parameters and other parameters of Miraflores Lake and

Gatun Lake
water level: hjae (is prescribed; input: table)
water volume lake: Viake (is function of water level hy,.; input: table)

salt concentration lake: cy, (is computed)
spillway discharge: Qgpint (is prescribed; input: table)
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water for hydro power: Phyqro (is prescribed; input: table)
cooling water: Peooling (is prescribed; input: table)

3.3.5 Status parameters and other parameters of tailbays and forebays in
Miraflores Lake and Gatun Lake

sill level: fau (input: table)

area tailbay: Aitbay (input: table)
area forebay: Aforebay (input: table)
water level tailbay: hyitbay (is equal to hyy)
water level forebay: Nforebay (is €qual to i)

water volume tailbay: Vi (is computed)
water volume forebay: Viyenay (is computed)
concentration tailbay:  Cuibay (is computed)

concentration forebay: Cgorepay (is computed)

3.3.6 Status parameters and other parameters of existing locks and new

focks
water level: hygek (is computed)
water depth: dioek (is computed)
water volume: Viok (is computed)
salt concentration: Ciock (is computed)
max. water level: maxh,k (input: table)
min. water level: minhy.q (input: table)
length: Liocc (nominal chamber length; input: table)
width: bioa (Width of chamber; input: table)
lock area: Alock (= llock - block)
floor level: fiock (input: table)
ship volume: S (is prescribed in scenario)

3.3.7 Status parameters and other parameters of new water saving basins

water volume: Vwsb (is computed)
salt concentration: Cusp (is computed)
max. water volume: maxV g, (input: table)
min. water volume: minV, (input: table)
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3.4 Ship movements and turn arounds; vessel classes

Ship movements in the simulation model are from Pacific Ocean to Gatun Lake, from Gatun
Lake to Atlantic Ocean, from Atlantic Ocean to Gatun Lake and from Gatun Lake to Pacific
Ocean. Each ship movement consists of a sequence of steps, which are described in a
scenario together with other data relevant to that ship movement. Ship movements from
Pacific Ocean to Gatun Lake and from Atlantic Ocean to Gatun Lake (or reverse) may start
at the same time; the simulation model treat them one by one. Uplockage from ocean to
Gatun Lake and downlockage from Gatun Lake to the ocean in the same lane and starting at
the same time is not allowed. The user must insert a ‘turn around’ scenario (see hereafter)
between an uplockage and a downlockage scenario.

With the new lane included a total number of 16 different ship movements and turn arounds
can be distinguished. The 2-lift locks in the new lane can be operated with or without water
saving basins. Table 3.1 gives an overview of the various ship movements in the simulation

model.
no ship movement lane up- or remarks
downlockage
1 Pacific Ocean to Gatun Lake west lane Uplockage
2 Gatun Lake to Pacific Ocean west lane Downlockage
3 Pacific Ocean to Gatun Lake east lane Uplockage
4 Gatun Lake to Pacific Ocean east lane Downlockage
5 Pacific Ocean to Gatun Lake new lane Uplockage wsb's out of use
6 Gatun Lake to Pacific Ocean new lane Downlockage wsb's out of use
7 Pacific Ocean to Gatun Lake new lane Uplockage wsb's in use
8 Gatun Lake to Pacific Ocean new lane Downlockage wsb's in use
9 Atlantic Ocean to Gatun Lake west lane Uplockage
10 Gatun Lake to Atlantic Ocean west lane Downlockage
11 Atlantic Ocean to Gatun Lake east lane Uplockage
12 Gatun Lake to Atlantic Ocean east lane Downlockage
13 Atlantic Ocean to Gatun Lake new lane Uplockage wsb's out of use
14 Gatun Lake to Atlantic Ocean new lane Downlockage wsb's out of use
15 Atlantic Ocean to Gatun Lake new lane Uplockage wsb's in use
16 Gatun Lake to Atlantic Ocean new lane Downlockage wsb's in use

Table 3.1  Ship movements in simulation model

A turn around scenario describes the operational steps during a so-called ‘turn around’ (a
change from northbound ship transits in a lane to southbound ship transits or reverse). In a
turn around the water levels in the lock chambers are prepared for the change in ship transit
direction. A total number of 16 different turn arounds, including those for the future new
lane, are distinguished in the simulation model (see Table 3.2).
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no side of canal turn around lane remarks
1 Pacific side change from northbound to southbound traffic west lane
2 Pacific side change from southbound to northbound traffic west lane
3 Pacific side change from northbound to southbound traffic east lane
4 Pacific side change from southbound to northbound traffic east lane
5 Pacific side change from northbound to southbound traffic new lane wsb's out of use
6 Pacific side change from southbound to northbound traffic new lane wsb's out of use
7 Pacific side change from northbound to southbound traffic new lane wsb's in use
8 Pacific side change from southbound to northbound traffic new lane wsb's in use
9 Atlantic side change from southbound to northbound traffic west lane
10 Atlantic side change from northbound to southbound traffic west lane
11 Atlantic side change from southbound to northbound traffic east lane
12 Atlantic side change from northbound to southbound traffic east lane
13 Atlantic side change from southbound to northbound traffic new lane wsb's out of use
14 Atlantic side change from northbound to southbound traffic new lane wsb's out of use
15 Atlantic side change from southbound to northbound traffic new lane wsb's in use
16 Atlantic side change from northbound to southbound traffic new lane wsb's in use
Table 3.2  Turn arounds in simulation model

Various types of vessels pass the Panama Canal. The ship dimensions are of importance for
the salt water intrusion. Both the quantity of water that is displaced when the ship moves
from basin to basin (e.g. from lock to lock) and the density flows between basins depend on
the ship dimensions. Exchange coefficients which are applied in step II of the lockage
process (movement of ship between two adjacent basins), are defined in the simulation
model as a function of the ratio S/V,¢ (S = water displacement of ship, Vs = reference
volume); in this way the effect of ship dimensions on density flows is included.

The following three vessel classes have been defined in Report A for ship movements in the
existing two lanes:

vessel water beam length draught percentage of
class displacement S number of
transits
I 15,000 m’ 21.3 m (70 ft) 150m (=~ 500 ft) | 4.7m (154 ft) 45%
il 45,000 m® 274m(90f) | 215m(=700ft) | 7.6m (249 f) 20%
11 90,000 m’ 320m (105 ft) | 275m (=900 ft) | 10.2m(33.5 ft) 35%
Table 3.3  Types of vessels in simulation model (existing lanes)

These vessel classes may represent the different ship types that pass the canal at present. A
special vessel class '0' (ship with zero water diplacement) is available for lockage operations
without a ship.

The vessels which use the new shipping lane, are represented by three additional vessel
classes (see Table 3.4). Vessel class IV represents the Panamax-Plus vessels, class VII the
Post-Panamax vessels with limited draught (only applicable in first four years after opening
of the new lane in view of limited depth of shipping channel), and class VIII the Post-
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Panamax vessels. Ship classes V and VI are extra classes which allow for a more detailed
specification of the ship traffic in the new lane. The development of the daily transit
frequency of these vessels over a period of 50 years after opening of the new lane is shown

in Table 2.1.

vessel water beam length draught

class displacement S
v 120,000m® | 323m (106 ft) | 294m(965f) | 14.0m (459 ft)
v 145,000 m’ 323m (106 ) | 326 m (1069 f) | 15.2m (49.9 f)
VI 200,000 m’ 54.0 m (177 ft) 386 m (1266 ft) 10.7 m (35.1 ft)
VII 260,000 m’ 54.0m (177 ft) 386 m (1266 ft) 14.0 m (45.9 ft)
VI 285000m° | 540m(177ft) | 386m (1266 f) | 15.2m (49.9 ft)
Table 3.4  Post-Panamax types of vessels in simulation model (new lane)

3.5 Steps in scenarios for ship movements

In this section the various steps in scenarios for ship movements in the new lane with a two-
lift lock system are described. A distinction is made between locks without wsb's and locks

with wsb's.

3.5.1

Locks without wsb's

Next table shows the subsequent steps in the uplockage scenario 'ship movement Pacific
Ocean — Gatun Lake'":

Low basin High basin Operation
(Remarks)
Tailbay Lock P Lock P Equalize water levels
Tailbay Lock P Lock P Move ship
Lock P Lock Q Equalize water levels
Lock P Lock Q Move ship
Lock Q Forebay Lock Q Equalize water levels
Lock Q Forebay Lock Q Move ship
Forebay Lock Q Gatun Lake (Density flows)
Table 3.5  Uplockage. Pacific Ocean — Gatun Lake. New lane, two-lift locks without wsb's
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The subsequent steps in the downlockage scenario 'ship movement Gatun Lake — Pacific
Ocean' are shown in next table:

High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock Q (Density flows)
Forebay Lock Q Lock Q Equalize water levels
Forebay Lock Q Lock Q Move ship
Lock Q Lock P Equalize water levels
Lock Q Lock P Move ship
Lock P Tailbay Lock P Equalize water levels
Lock P Tailbay Lock P Move ship

Table 3.6 Downlockage. Gatun Lake — Pacific Ocean. New lane, two-lift locks without

wsb's.

The steps in the scenarios for ship movements Atlantic Ocean — Gatun Lake en Gatun Lake
— Atlantic Ocean are similar, apart from the names of the locks (tailbay lock P = tailbay

lock R, lock P =lock R, lock Q = lock S, forebay lock Q = forebay lock S).

3.5.2 Locks with wsb's

More steps are required in scenarios for ship movements in a three-lift lock system with
wsb's. As an example next Table 3.7 shows the subsequent steps in the uplockage scenario

'ship movement Pacific Ocean — Gatun Lake' (see also Figure 3.5):

Low basin High basin Operation

(Remarks)
Tailbay Lock P Lock P Fill wsb's of lock P
Tailbay Lock P Lock P Equalize water levels
Tailbay Lock P Lock P Move ship
Lock P Lock Q Empty wsb's of lock P
Lock P Lock Q Fill wsb's of lock Q
Lock P Lock Q Equalize water levels
Lock P Lock Q Move ship
Lock Q Forebay Lock Q Empty wsb's of lock Q
Lock Q Forebay Lock Q Equalize water levels
Lock Q Forebay Lock Q Move ship
Forebay Lock Q Gatun Lake (Density flows)

Table 3.7  Uplockage. Pacific Ocean — Gatun Lake. New lane, two-lift locks with wsb.

The subsequent steps in the downlockage scenario 'ship movement Gatun Lake — Pacific
Ocean' are shown in Table 3.8 (see also Figure 3.6):
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High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock Q (Density flows)
Forebay Lock Q Lock Q Empty wsb's of lock Q
Forebay Lock Q Lock Q Equalize water levels
Forebay Lock Q Lock Q Move ship
Lock Q Lock P Fill wsb's of lock Q
Lock Q Lock P Empty wsb's of lock P
Lock Q Lock P Equalize water levels
Lock Q Lock P Move ship
Lock P Tailbay Lock P Fill wsb's of lock P
Lock P Tailbay Lock P Equalize water levels
Lock P Tailbay Lock P Move ship

Table 3.8 Downlockage. Gatun Lake — Pacific Ocean. New lane, two-lift locks with wsb's.

The steps in the scenarios for ship movements Atlantic Ocean — Gatun Lake and Gatun
Lake — Atlantic Ocean are similar, apart from the names of the locks (tailbay lock P =
tailbay lock R, lock P = lock R, lock Q = lock S, forebay lock Q = forebay lock S).

3.6 Steps in scenarios for turn arounds

A turn around scenario contains the various steps which are required to prepare the locks for
a change in ship transit direction. The subsequent steps in turn arounds in the new lane with
a two-lift lock system are described in this section. A distinction is made between locks
without wsb's and locks with wsb's.

3.6.1 Locks without wsb's

As an example we present the steps in the turn around scenario: 'Pacific side, change from
northbound (uplockage) to southbound (downlockage)'.

After the last northbound vessel has passed the locks (uplockage), the water levels in lock
chambers P and Q are high (see also Figure 2.1). The water level in lock P has to be
lowered. Only one step is required:

Low basin High basin Operation

Tailbay Lock P Lock P Equalize water levels

Table3.9 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage) transits. New lane, two-lift locks without wsb's.

The steps in the turn around scenario: 'Pacific side, change from southbound (downlockage)
to northbound (uplockage)' are shown in next table. After passage of the last southbound
ship (downlockage), the water levels in lock chambers P and Q are low. The water level in
lock chamber Q has to be raised. Water in the forebay of lock Q is exchanged with water in
Gatun Lake (density flows).
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High basin Low basin Operation

(Remarks)
Forebay Lock Q Lock Q Equalize water levels
Gatun Lake Forebay Lock Q (Density flows)

Table 3.10 Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage) transits. New lane, two-lift locks without wsb's.

Steps in turn arounds at the Atlantic side are similar, apart from the names of the locks
(tailbay lock P = tailbay lock R, lock P = lock R, lock Q = lock S, forebay lock Q = forebay
lock S).

3.6.2 Locks with wsb's

Locks with wsb's require more steps. As an example the steps in the turn around scenario
'Pacific side, change from northbound (uplockage) to southbound (downlockage)' are shown
in Table 3.11. After passage of the last northbound ship (uplockage) the water levels in lock
chambers P and Q are high and the wsb's are empty. The water level of lock P has to be
lowered and the corresponding wsb's filled.

Low basin High basin Operation
Tailbay Lock P Lock P Fill wsb's of lock P
Tailbay Lock P Lock P Equalize water levels

Table 3.11 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage) transits. New lane, two-lift locks with wsb.

The steps in the turn around scenario 'Pacific side, change from southbound (downlockage)
to northbound (uplockage)' are shown in Table 3.12. The water levels in lock chambers P
and Q are low after passage of the last southbound ship (downlockage) and the wsb's are
filled. The water level in lock chamber Q has to be raised and the corresponding wsb's
emptied. Water in the forebay of lock Q is exchanged with water in Gatun Lake (density

flows).
High basin Low basin Operation

Rremarks)
Forebay Lock Q Lock Q Empty wsb's of lock Q
Forebay Lock Q Lock Q Equalize water levels
Gatun Lake Forebay Lock Q (Density flows)

Table 3.12 Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage) transits. New lane, two-lift locks with wsb.

Steps in turn arounds at the Atlantic side are similar, apart from the names of the locks
(tailbay lock P = tailbay lock R, lock P = lock R, lock Q = lock S, forebay lock Q = forebay
lock S).
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3.7 Dimensions of locks, wsb's and forebays / tailbays

The characteristic dimensions of locks, wsb's and forebays in the new shipping lane are
indicated in Table 3.13 (see also Figures 2.1 and 2.2).

basin nominal | width nominal, mean Sflooor level step coping
length water level / sill level sill - sill level
(mto PLD)
(m) (m) high | low | (mtoPLD) | (mtoPLD) | (mto PLD)
Pacific side

Lock P 515 61 +13.11 | +0.30 -21.22 13.13 +20.15
/-20.62

wsb's lock P -0.99"

Lock Q 515 61 +25.91 | +13.11 | -8.09 13.13 +31.60
/-7.49

wsb's lock Q +12.70°

Forebay Lock Q +25.91 +5.03 +31.60 +29.67
/+5.64

Atlantic side

Lock R 515 61 +12.99 | +0.06 -19.28 12.15 +18.55
/-18.67

wsb's lock R +0.95"

Lock S 515 61 +2591 | +12.99 | -7.13 12.16 +31.60
/-6.52

wsb's lock S +13.65"

Gatun S forebay +25.91 +5.03 +31.60
/+5.64

") floor level (lowest point) of lower wsb

Table 3.13 Dimensions of locks, wsb's and forebays, new shipping lane

The characteristic dimensions of locks and forebays / tailbays in the existing lanes are
shown in Table 3.14.
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basin nominal | width nominal, mean Sfloor level step coping
length water level / sill level sill - sill level
(m to PLD)
(m) (m) high | low (m to PLD) (m) (mto PLD)
Pacific side
Lock A 329.2 33.5 +7.92 +0.30 -15.54 9.65 +9.75
(A-west & A-east)
/-15.24
Lock B 332.1 335 +16.46 | +7.92 -6.20 9.04 +17.88
(B-west & B-east
/-5.59
Forebay lock B +16.46 +3.35
(B-west & B-east) (near intake)
/+3.45
Tailbay Lock C +16.46 +2.59
(C-west & C-east) (near outlet)
/+3.69
Lock C 332.1 335 +2591 | +1646 [ +3.35 7.42 +28.04
(C-west & C-east)
/+3.96
Forebay lock C +25.91 +11.38
(C-west & C-east) (near intake)
/+11.38
Atlantic side
Lock D 329.2 335 +8.54 +0.06 -13.51 8.76 +10.57
(D-west & D-east)
/-12.90
Lock E 329.2 335 +17.38 | +8.54 -4.67 8.71 +19.58
(E-west & E-east)
/-4.14
Lock F 332.1 335 42591 | +17.38 | +4.17 6.81 +28.04
(F-west & F-east)
/+4.57
Forebay lock F +25.91 +4.27
(F-west & F-east) (near intake)
/+11.38

Table 3.14 Dimensions of existing locks and forebays / tailbays

The dimensions and properties of basins in the simulation model are as follows:

New locks

The nominal lock chamber length is the size between the centre line of the downstream
upper miter gates and the centre line of the downstream lower miter gates and equals about
515 m for all lock chambers. The nominal length multiplied by the chamber width and the
water-level difference between adjacent chambers determines the quantity of lockage water
that is transferred in downstream direction during uplockage or downlockage of a ship. This
quantity includes both the volume of two gate recesses in the lock chamber (that has to be
added) and the volume of the step in floor level (that has to be subtracted). Coping level
corresponds to the top level of the lock walls.
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Forebays new locks

The water volume of the forebays in Gatun Lake is arbitrarely computed as the product of
length 515 m (= nominal lock chamber length), width 61 m (= lock chamber width) and
water depth above the adjacent sill of the lock. In formula form:

Vforebay = Afonebay . (hlake - fsill) = 5 1 5 m. 61 m. (hlake - sill)
Water saving basins new locks

The two wsb's of each lock are replaced by a single wsb in the simulation model. The
storage capacity of this single wsb is equal to the storage capacity of the two wsb's together,
as well as the total fill and emptying time. The salt exchange coefficient in the formulas that
describe the exchange of salt water between single wsb and lock chamber is such selected,
that it is representative for the exchange of salt water between the set of two individual
wsb's and the lock chamber.

Existing locks

The nominal lock chamber length is the size between upper gate and lower gate of a lock
This size determines the quantity of lockage water and is used in the simulations. Floor level
corresponds to the flat, deeper part of the lock chambers; the sills protrude 0.3 m — 0.6 m
(1 ft — 2 ft) above floor level. Lock chamber floors are thus at a lower elevation than the
sills. Coping level corresponds to the top of the chamber walls.

Forebays and tailbays existing locks

The water volume of the forebays in Miraflores Lake and Gatun Lake and the tailbays in
Miraflores Lake is arbitrarely computed as the product of length 330 m (= average nominal
lock chamber length), width 33.5 m (= lock chamber width) and water depth above the
adjacent lock sill. In formula form:

Viorebay = Aforebay - (Mtake — fsi) =330 m . 33.5 m . (hyae — fiin))
Vsaitbay = Ataitbay - (Niake — fsin) =330 m . 33.5 m . (hyae — i)

Function of forebays and taillbays in simulation model

A forebay (or tailbay) functions as a temporarily buffer for salt water between locks and
lakes in the simulation model. Without a forebay (or tailbay) the salt water from the locks
would in the simulation model instantaneously be distributed over the full lake volume,
which is not required. A time-dependent function regulates the inflow / outflow of salt water
from forebay (or tailbay) into / from the lake. In this way the intruded salt water remains for
some time in the neighbourhood of the locks and enables the flow back of salt water in the
phase that water is withdrawn from the forebay to level up the adjacent lock chamber.

The forebay (or tailbay) is in open connection with the lake; consequently, the water volume
of the forebay (or tailbay) varies with the water level of the lake. Because of the open
connection the water volume of the forebay (or tailbay) is not effected in the simulation
model by the passage of a ship or withdrawal (or spillage) of water in the water-levelling
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step (contrary to the water volume of a lock chamber). Water that is withdrawn from the
forebay is immediately replenished with water from the lake, and water that is spilled into
the tailbay is immediately compensated by a flow from tailbay towards the lake.

The ship moves from lock to lake and causes a flow from forebay (or tailbay) to lock and
subsequently from lake to forebay (or tailbay). The salt concentration is effected by these
water movements and is computed in the salt balance. The same holds when the ship moves
from lake to lock.

The tailbay at the seaside of the locks does not form a real node in the numerical model. The
salt concentration Cyiay in the seaside tailbay of Miraflores Locks and Gatun Locks is input
for the model.

In the simulations we put:

lock chambers

Vieck = liock - Diock - diock = Water volume of lock chamber

Tiock = nominal length of lock chamber; existing locks see Table 3.14, new locks
515m

biock = width of lock chamber (see Tables 3.13 and 3.14)

hiock = water level (in m to PLD)

fiock = floor level (in m to PLD; see Tables 3.13 and 3.14)

diock = water depth in lock chamber = hj,g — fioe

maxhy, = highest water level in lock chamber = coping level (in m to PLD)

minhy,e = lowest water level in lock chamber; existing locks: sill level + 10 m (in m to

PLD); new locks: floor level + 10 m (in m to PLD)

Jorebays (Gatun Lake, Miraflores Lake) and tailbays (Miraflores Lake) existing locks

Vforebay =330m.33.5m. (hlake - fsil])

Vilbay =330m.33.5m . (hjaxe — fin)

Sforebays new locks (Gatun Lake)

Vforebay =515m.61m. (hlake - flock)

water saving basins new locks

szb = lwsb . bwsb . dwsb

lwsb = length of wsb in simulation =515 m

bust = width of wsb in simulation = 61 m

dusb = water depth of wsb (total depth of the three individual wsb's)

maxV,y = maximum water volume of wsb; about 20 m x 515 m x 61 m (650000 m’ )
minV,s = minimum water volume in wsb = 0.01 * maxV,, (6500 m* corresponding to

about 0.2 m water depth)

3.8 Miraflores Lake and Gatun Lake

3.8.1 Water levels and water volumes

Miraflores Lake receives water from Gatun Lake (through the lockages at Pedro Miguel)
and from a few small streams. It looses water through the lockages at Miraflores, evapo-
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transpiration, industrial water use, cooling water, ground water flow and spillage of water
through Miraflores Spillway. At present the water level in Miraflores Lake is maintained at
about PLD+16.6 m (+54.4 ft), 0.25 m higher than in the years up to 1965. ACP will
maintain this water level also in the future after realization of the new shipping lane.

A constant water level of PLD+16.58 m (+54.4 ft) is used in the simulation model. The
corresponding water volume amounts to 23.80 x 10° m® (840.65 x 10° ft*).

The water level of Gatun Lake fluctuates in dependence of either dry or wet season (maxi-
mum variation about 2.8 m). Water is supplied by Chagres River, Trinidad River and Gatun
River; these rivers drain a watershed of 3500 km®. Water losses occur as a result of lockages,
evapotranspiration, industrial and municipal water use, groundwater flow, hydro power
generation at Gatun Dam and spillage of water (water is spilled through Gatun Spillway
when a water level of about PLD+26.7 m (+87.5 ft) is exceeded). During the last decade the
mean water level of Gatun Lake was about PLD+26.1 m (+85.6 ft); the corresponding water
volume amounts to 5.25 km®,

The daily water level recordings of Gatun Lake have been averaged for all months in the
period 1992 — 2001. The average values of month-averages (January, February, .... Decem-
ber) in this 10-year period were used in the validation of the simulation model (existing
situation, see Report A); they were regarded as typical values representing the water level
variation of Gatun Lake throughout the year.

The same water levels are used as input in the simulation model for the new situation, after
realization of the new shipping lane. The average water level values are shown in next table
together with the corresponding water volume.

Month Water level Volume Water level Volume

(m to PLD) (10° ) (ft to PLD) (10° /)

January 26.47 5407 86.85 190958
February 26.28 5326 86.23 188080
March 26.00 5205 85.30 183804
April 25.66 5062 84.19 178764
May 25.57 5024 83.89 177414
June 25.76 5104 84.52 180256
July 25.94 5179 85.10 182891
August 26.02 5213 85.36 184079
September 26.16 5274 85.83 186235
October 26.29 5330 86.26 188219
November 26.49 5418 86.93 191331
December 26.58 5456 87.22 192686

Table 3.15 Gatun Lake: representative water level and corresponding water volume

The water levels of Gatun Lake and Miraflores Lake which are used in the simulation model
are shown in Figure 3.7.

3.8.2 Water releases

The water levels of Miraflores Lake and Gatun Lake are controled by spillways. When the
water level exceeds a maximum value, the surplus water is spilled. Water of Gatun Lake is
also used for hydropower generation, water of Miraflores Lake for cooling.
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The daily spilled water quantities of Gatun Lake and water quantities used for hydropower
generation have been averaged for all months in the period 1992 — 2001. The average values
of month-averages (January, February, .... December) in this period were used in the valida-
tion of the simulation model (existing situation, see Report A); they were regarded as
typical, representative values. Since the locks on the new shipping lane cause extra water
losses, an additional water quantity has to be supplied to Gatun Lake and / or a lesser water
quantity released at Gatun Dam to maintain the water level.

In a baseline scenario we start from the assumption that all extra water losses from Gatun
Lake caused by the new locks are compensated by an equal quantity of fresh water, that is
supplied from new water sources. Consequently, the present water levels and water releases
will not change and we will use the representative water-release quantities presented in
Table 3.16 as input in the simulation model.

Month Spilled water Hydropower Total
(10° m’ per day) (10° m’ per day) (10° m* per day)

January 2.57 2.04 4.61
February 0.60 0.00 0.60
March 0.20 0.00 0.20
April 0.16 0.00 0.16
May 0.94 0.00 0.94
June 3.63 0.00 3.63
July 5.55 0.00 5.55
August 6.06 0.52 6.58
September 7.49 0.83 8.32
October 7.03 1.20 8.23
November 7.38 4.22 11.60
December 5.69 6.94 12.63

Table 3.16 Gatun Lake: representative values of daily spilled water quantities and water
quantities used for hydropower (baseline scenario)

In a second scenario we assume that the extra water losses caused by the new locks are
partly or fully compensated by a lesser water release at Gatun Dam,; the remaining portion,
if any, is supplied to Gatun Lake from new water sources. The extra water losses of the new
locks are growing when the Post-Panamax shipping increases. Table 3.17 presents the extra
water losses of the new locks in this scenario; the values are based on the ship-traffic
projections of ACP for the next 50 years (semi-convoy mode of operation) and on the
assumption of a mean water level difference between Gatun Lake and both oceans of 25.7
m. In that case each transiting ship causes a water loss of (25.7/2)m *515m* 61l m*2 =
about 8.10° m’ (when wsb's are in use with 50% water saving rate the water loss amounts to
4.10° m®).
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Period after Post-Panamax Extra water losses Extra water losses
opening of new lane ship transits in case of wsb's
(number per day) (10° m’/day) (10° m*/day)
month | 2 1.60 0.80
year | 5 4.00 2.00
year 5 6 4.80 2.40
year 10 7 5.60 2.80
year 20 9 7.20 3.60
year 50 15 12.00 6.00

Table 3.17 Extra water losses after opening of third, new lane

In the second scenario the water releases at Gatun Dam are as follows (reduction for extra
water losses of new lane included):

Month Total water| Total water | Total water | Total water | Total water | Total water | Total water
release release release release release release release
year 0 month | year | year 5 year 10 year 20 year 50
(10° m’ per | (10° m’ per | (10° m’ per | (10° m’ per | (10° m’ per | (10° m’ per | (10° m’ per
day) day) day) day) day) day) day)
January 4.61 3.01 0.61 0.00 0.00 0.00 0.00
February 0.60 0.00 0.00 0.00 0.00 0.00 0.00
March 0.20 0.00 0.00 0.00 0.00 0.00 0.00
April 0.16 0.00 0.00 0.00 0.00 0.00 0.00
May 0.94 0.00 0.00 0.00 0.00 0.00 0.00
June 3.63 2.03 0.00 0.00 0.00 0.00 0.00
July 5.55 3.95 1.55 0.75 0.00 0.00 0.00
August 6.58 498 2.58 1.78 0.98 0.00 0.00
September 8.32 6.72 4.32 3.52 2.72 1.12 0.00
October 8.23 6.63 4.23 343 2.63 1.03 0.00
November 11.60 10.00 7.60 6.80 6.00 4.40 0.00
December 12.63 11.03 8.63 7.83 7.03 543 0.63

Table 3.18 Gatun Lake: representative values of daily released water quantities (second

scenario; locks in new lane without wsb's)

When the wsb's of the locks in the new lane are active the water losses are smaller and the
water releases at Gatun Dam become:
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Month  |Total water | Total water| Total water| Total water | Total water| Total water| Total water
release release release release release release release
year 0 month | year | year 5 year 10 year 20 year 50
(10° m’ per | (10° m’ per|(10° m’ per| (10° m’ per | (10° m’ per| (10° m’ per | (10° m’ per
day) day) day) day) day) day) day)
January 4.61 3.81 2.61 2.21 1.81 1.01 0.00
February 0.60 0.00 0.00 0.00 0.00 0.00 0.00
March 0.20 0.00 0.00 0.00 0.00 0.00 0.00
April 0.16 0.00 0.00 0.00 0.00 0.00 0.00
May 0.94 0.14 0.00 0.00 0.00 0.00 0.00
June 3.63 2.83 1.63 1.23 0.83 0.03 0.00
July 5.55 4.75 3.55 3.15 2.75 1.95 0.00
August 6.58 5.78 4.58 4.18 3.78 2.98 0.58
September 8.32 7.52 6.32 5.92 5.52 4.72 2.32
October 8.23 7.43 6.23 5.83 543 4.63 223
November 11.60 10.80 9.60 9.20 8.40 8.00 5.60
December 12.63 11.83 10.63 10.23 9.83 9.03 6.63
Table 3.19 Gatun Lake: representative values of daily released water quantities (second

scenario; locks in new lane with wsb's)

The daily water-release quantities of Tables 3.18 and 3.19 are used in the simulations.

The daily spilled water quantities of Miraflores Lake and the water quantities used for
cooling at Miraflores are shown in Table 3.20. These values concern monthly averaged

values of the year 2001.
Month Spilled water Cooling water Total
(10° m’ per day) (10° m’ per day) (10° m’ per day)

January 0.25 0.30 0.55
February 0.17 0.30 047
March 0.17 0.30 0.47
April 0.10 0.30 0.40
May 0.05 0.30 0.35
June 0.06 0.30 0.36
July 0.12 0.30 0.42
August 0.11 0.30 0.41
September 0.24 0.30 0.54
October 0.41 0.30 0.71
November 0.49 0.30 0.79
December 0.36 0.30 0.66

Table 3.20 Miraflores Lake: daily spilled / used water quantities in 2001

The values in Table 3.20 are not suited for use in the simulation model, because they are not
representative for a longer period of time. To get better representative values we have
adapted the water release quantities of Miraflores Lake as follows. Firstly, we have
redistributed the total released water quantity over the year 2001 using the distribution of
averaged monthly values of the ten-year period of Gatun Lake (but, a minimum value of
0.075 x 10° m*/day and a maximum value of 0.3 x 10° m’/day were maintained for water-
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cooling purposes at Miraflores Dam). Than we have corrected the redistributed 2001-values,
because the year 2001 appeared to be a relatively dry year. The correction was made on the
basis of the water-release quantity of Gatun Lake for the year 2001 and the average water-
release quantity of Gatun Lake for the ten-year period, taking again into account a maxi-
mum value of 0.3 x 10* m*/day for cooling purposes at Miraflores Dam. The obtained values
are shown in Table 3.21; these values are regarded as representative values and are used in
the simulation model. Since the new lane does not effect the water level of Miraflores Lake
the water release quantities are valid both for the baseline scenario and the second scenario.

Month Spilled water Cooling water Total
(10° m’ per day) (10° m’ per day) (10° m’ per day)

January 0.54 0.30 0.84
February 0.04 0.19 0.23
March 0.02 0.15 0.17
April 0.01 0.15 0.16
May 0.07 0.21 0.28
June 0.39 0.30 0.69
July 0.69 0.30 0.99
August 0.85 0.30 1.15
September 1.11 0.30 1.41
October 1.10 0.30 1.40
November 1.62 0.30 . 192
December 1.77 0.30 2.07

Table 3.21 Miraflores Lake: representative quantities of daily spilled water and water used
for cooling (baseline scenario and second scenario)

The daily water releases of Gatun Lake and Miraflores Lake are shown in Figure 3.8 (base-
line scenario).

3.8.3 Effect of water level changes and water releases

Water levels and corresponding water volumes of Gatun Lake and Miraflores Lake are
prescribed for each day of a case in the simulation model. Also the water-release quantities
are prescribed through special water-release scenarios in the day pattern. The effects of
water level changes on the salt concentration of the lakes are evaluated at the start of each
day; the effects of water releases are evaluated when the water-release scenarios are
executed (see also Section 4.6).

3.9 Water levels and salt concentrations of seaside tailbays

The tide variation at the Pacific side of the Panama Canal is relatively strong (the sea level
near Balboa varies between the extremes PLD -3.44 m and PLD +3.60 m; mean sea level
PLD +0.30 m, mean low spring tide PLD — 2.32 m).

The tide variation at the Atlantic side is small compared to the tide variation at the Pacific
side (the tide near Colon varies between the extremes PLD -0.38 m and PLD +0.56 m; mean
sea level PLD +0.06 m, mean low tide PLD —0.12 m).

The water level variation in the sea entrances is predicted as a function of time in the

simulation model. To that purpose sinusoidal functions are applied. The resultant tide shape
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may not fully be conform the real water level fluctuation near the locks, but in the long run
it are the period and the amplitude that count, rather than a full reproduction of the course of
the tidal movement.

The tidal movement in the tailbays at the Pacific side is predicted with:

ey = 0.305+ A.sinw;t + B.sinw, t

with:
hibay = tidal movement (m to PLD)
A = amplitude 1* component = 1.8 m
B = amplitude 2™ component = 0.575 m
oy = frequency 1% component = (21/44760)
02 = frequency 2™ component = (21/43233)
t = time (s)

giving a minimum value of PLD —2.07 m and a maximum value of PLD +2.68 m (see
Figure 3.9).

The tidal movement in the tailbays at the Atlantic side is predicted with:

h ey = 0.06 + A.sinw,t + B.sinw, t

with:
huibay = tidal movement (m to PLD)
A = amplitude 1* component = 0.16 m
B = amplitude 2™ component = 0.04 m
oY = frequency 1% component = (2n/44760)
®; = frequency 2™ component = (211/43233)
t = time (s)

giving a minimum value of PLD —0.14 m and a maximum value of PLD +0.26 m (see
Figure 3.10).

The salt concentration in the tailbays at the seaside of the locks fluctuates as a function of
the season; this holds in particular for the tailbays at the Pacific side (see also Report A).
The salt concentration in the tailbays at the Pacific side varies between about 28 ppt (wet
season) and 34 ppt (dry season); the effect of a lower temperature in the dry season (21 °C
versus 28 °C in the wet season) is not separately taken into account in the simulation model.
Instead, we have increased the salinity level in the dry season, using the relationships which
exist between temperature, density and salinity. The salt concentration in the tailbays at the
Atlantic side varies slightly about a value of 31 ppt. The following salt concentrations are
used in the simulation model:
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Month Salt concentration Salt concentration
tailbays Pacific side tailbasy Atlantic side
(rpY) (prt)
January 31 30
February 34 31
March 37 32
April 37 32
May 35 32
June 33 31
July 31 30
August 28 30
September 28 30
October 28 30
November 28 30
December 28 30

Table 3.22 Salt concentration in tailbays at Pacific and Atlantic side

The salt concentrations presented in the above table are also shown in Figure 3.11.

3.10 [Initialization at the start of a simulation run

Water levels of Miraflores Lake, Gatun Lake, and tailbays at the Pacific and Atlantic side, as
well as salt concentrations of tailbays at the Pacific and Atlantic side are prescribed through
input tables or input functions (see preceeding sections).

At the start of a simulation run, however, an initial value must also be given to the water
levels in the lock chambers and the water volumes in the wsb's. In addition, an initial value
must be given to the salt concentrations in the lock chambers and wsb's, Miraflores Lake
and Gatun Lake. To that purpose the user of the simulation model prepares the table 'Initial
Values'.

We put that the first day of a case starts with uplockage of ships in all shipping lanes, both at
the Pacific side and the Atlantic side. This condition implies that the water level is high in
all lock chambers at the start of the simulation, and the water level of wsb's is low. Initial
water levels in the lock chambers are by default selected from Tables 3.13 and 3.14
(nominal, mean high water level); initial water volumes of wsb's are by default set to
'minV,g' (see Section 3.7).
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4 Evaluation of nodal status parameters

As explained before, a case in the numerical model is built up of a series of day patterns;
each day pattern consists of a number of scenarios. A scenario describes the different steps
of the locking process of a single ship and contains also other relevant data which is
necessary for the execution of the scenario. Turn-around scenarios describe the steps which
are required to prepare the locks for a change in shipping direction.

The salt concentrations and water levels of tailbays at the seaside of the locks, as well as
water levels and water volumes of the lakes form input for the simulation model. At the start
of a case the initial value of the status parameters of locks, water saving basins, storage
ponds, forebays and lakes are prescribed, see Section 3.10. The effect of lock operations on
the salt concentration of the lakes is analysed at the time that the ship movement or turn
around scenarios are executed.

Salt water may be spilled through the spillways of Miraflores Lake and Gatun Lake. Water
used for hydropower generation or cooling may also contain salt. These different water
release operations form input for the simulation model and are prescribed through special
water-release scenarios. The effect of water releases on the salt concentration of the lakes is
evaluated at the time that the water-release scenarios are executed.

The effect of water level changes of the lakes on the salt concentration is evaluated at the
start of each day.

A scenario is simulated as a series of subsequent steps in the numerical model. The value of
the status parameters of the nodes (water level, water depth, water volume, salt concen-
tration) is computed after each step of the scenario. In the explanation in the following
sections, status parameters are indicated with subscript 1 at the beginning of a step and
subscript 2 at the end of a step. End values of a step are taken as start values for a next step
in the current or in the next scenario. Both the water balance and the salt balance of two
adjacent, mutually connected basins are drawn up in a step. Exchange coefficients e, are
applied in the salt balance; the values of these exchange coefficients (see Section 5) are
prescribed through the input table 'Coefficient Set'. Notice that the term 'basin' is used for all
water-containing elements of the simulation model (tailbays, lock chambers, water saving
basins, forebays, lakes). The abbreviation wsb is used for the water saving basins.

Salt concentrations are volume-averaged values (in basins). A salt concentration multiplied
by a water volume represents a quantity of salt; salt is transferred from one basin to another.

The equations which are used in the evaluation of nodal status parameters are presented in a
general form in next sections. Subscript ‘high’ refers to the higher basin of two adjacent
basins, subscript ‘low’ to the lower basin. The subscript 'wsbhigh' refers to the wsb
connected to the high basin, the subscript 'wsblow' refers to the the wsb connected to the
low basin. Use is made of a reference exchange volume V. in the salt balance in
combination with the exchange coefficient e,; the latter may be different in each step. The
water quantity that is temporarily stored in the water saving basins of a lock is referred to as
Vsave-

The equations for ship movements and turn arounds in the existing shipping lanes are
explained in Report A; they will not be repeated here.
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4.1 Ship movements new lane, two-lift locks without wsb's

The evaluation of nodal status parameters for ship movements in the new shipping lane
provided with a two-lift lock system without wsb's, is similar as described in Report A.
Reference is made to Report A for a description.

4.2 Ship movements new lane, two-lift locks with wsb's,
uplockage

Two basic steps can be distinguished in the uplockage process:

I the water level in the low basin (with ship) is equalized with the water level in the high
basin (without ship); if relevant: the wsb's of the lower lock are emptied, the wsb's of
the higher lock are filled; water is transferred from high basin to low basin

I lock gates are opened and the ship moves from low basin to high basin; a net water
quantity equal to the ship volume S is displaced from high basin to low basin and
density flows develop

The time-dependent exchange of salt water between forebays / tailbays and lakes is handled
in a 'special step'.

For the various combinations of basins (tailbays, locks with wsb's, forebays, lakes) the equa-
tions which describe the water balance and the salt balance within a basic step of the locking
process are presented.

The next starting points apply in the set up of the water balance and salt balance in step I:

- the water volume Vg, that is spilled to and supplied from the wsb's of adjacent locks is
equal to maximum 50% of the water volume V. that would be exchanged between
these locks when no wsb's were present

- consequently, the quantity of water that is exchanged between two adjacent locks
amounts to: Vs — Ve

- when wsb's get full or have insufficient water (this is checked in the simulation) a lesser
quantity of water is transferred to and from the wsb's

- the same starting points hold when low basin is tailbay and high basin is lock, or when
low basin is lock and high basin is forebay.

The exchange coefficient e, used in formulas in step II is dependent on the ship volume S.

Input for the simulationmodel is the value of e, for S = 0. The value of e, applied in the
computation is:

(-5
e, =1 - —].ey
Vref

with: e, = value of e, for S=0

Definition of the exchange coefficient e,:
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- apositive value of e, in the formulas of step I means salt transfer from high basin to low
basin, salt feeding to the wsb that is filled, and salt withdrawal from the wsb that is
emptied

- a positive value of e, in the formulas of step II means salt transfer from low basin to
high basin, provided that the average salt concentration of the water in the high basin is
smaller than the average concentration of the water in the low basin; otherwise the salt
transfer is in the reverse direction
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step I: the water level in the low basin (with ship) is equalized with
the water level in the high basin (without ship); water is transferred
from high basin to low basin; if relevant: the wsb's of the lower lock
are emptied, the wsb's of the higher lock are filled

low basin = tailbay seaside, high basin = lock

tailbay
seaside

water balance

Known values at the beginning of step: hyigh1, dhigh1, Vhight, Duitay (= input), V wsbhight

hhigha
check:

check:

dhigho
Vhigh2
Vrcf

VSBVC

= htailbay

hyighz > maxhyg, ?

ifyes: hyigny = maxhyg,

hipighy < minhygn ?

ifyes: hyigny = minhyg,

note: in practice lock operations will be delayed until the tide has sufficiently been
changed

= hyigna — Thign

= dhigh2 - Aigh

= (hnigh1 — hnighz) - Anigh

=05. Vrcf

szbhigh2= szbhighl + Vsave

check:
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salt balance

Known value at the beginning of step: chighi and Cusphight

c _ (Vhigh1 - chighl) — (ewsvfit - Vave - chighl) = €y - (Veer = Vine) - chighl)
high2 =

Vhith

_ (szbhighl - Cusbhight) T (Cwsofi + Vave Chignt )
C wsbhigh? =

szbhith

45
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low basin = lock, high basin = lock

water balance

Known values at the beginning of step: huigni, dhighi; Vhigni> hiowts Qiowts Viowts Viwsbhighls

szblawl

N Apigh - (hignt = hiowr)
lowl
™ Apw + Apgn)

check: hygws > maxhy,y, ?
ifyes: hywy = maxh,

hlow2 =h

hpignz = hiow2
check: hyighy < minhpigy ?
if yes: hhith = minhhigh

hiow2 = hhighz
dlowZ = hlow2 - flow
View2 = (diow2 - Atow) = S
dhighz = hiigho — Thigh

Viignz = dhigh2 - Anign
Viee = (hnigh1 — hnigh2) - Anigh

Vsave =0.5. Vref
szblowl = szblowl - Vsave
check: Vigpiowz <minVigiow ?
if yes: szblowZ = miansbk,w
Vsave = szblowl - szblowz
Vusbhigh2™ Vwsbhight + Vave
check: Viysphigh2 > MaxVsbhigh ?
if yes: szbhigh2= mawasbhigh
Vsave = szbhith - szbhighl
Viwsbiow2 = Vsblowt = Viave
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salt balance

Known values at the beginning of step: Chighls> Clowls Cwsbhighls Cwsblow!

(Vlowl N clowl) + (ewsbempty - Vsave ‘ cwsblowl) + (ex . (Vref - Vsave) . chigh])

Clow2 =
Vlow2
_ (vhigh] . chigh]) - (ewsbﬁll . Vsave : Chighl) - (ex . (Vref - Vsave) . chighl)
Chigha =
V,
high2
_ (szblowl . Cwsblowl) - (ewsbempty 'vsave . cwsblowl)
Cusblow2 = Y
wsblow2
_ (vwsbhighl . cwsbhighl) + (ewsbﬁll 'Vsave . chighl)
Cwsbhigh? =

szbhighl
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low basin = lock, high basin = forebay lake side

forebay lake side

water balance

Known values at the beginning of step: hjue (= input), Viue (= input), buigni, dhight, Vhight
hlowla dlowla Vlowl, szblowl

hiow? = hiake
check: hygws > maxhy,, ?
ifyes: higw, = maxhgy
note: in practice the water level in the lake shall be lowered
hhigh?. = hhighl = hyae
dlow2 = hlowZ - fIow
Viewz = (diow2 - Aow) = S
dhighz = dhight = dforebay = (hiake — fii)
Vhigha = Vhigh1 = Vforebay = dhigh2 . Aforebay
Vrcf = (hlowz - hlowl) . Alow

Vave =0.5.Ve

szblowZ = szblowl - Vsave
check: szblowl < mlnvwsblow ?
if yes: szblowZ = minvwsblow

Vsave = szblowl - szblow2

salt balance

Known values at the beginning of step: Chigh1 (= Ciorebay1)s Clowls Clakel> Cwsblowl

_ (Vlowl . clowl) + (ewsbcmpty ‘ Vsave M cwsblowl) + (ex . (Vref - Vsave) . Chighl)

Clow2 = vV
low2
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_ (vhighl . chighl) - (ex . (Vref - Vsave) . chighl) + ((Vref - Vsave) . clakel)

chith - vV = cforebay2
high2
. (szblow] . cwsblowl) - (ewsbempty . Vsave . cwsblowl)
Cwsblow2 =
szblowZ

_ (Vref B Vsave)

Clake2 = Clakel — v Clakel
lake
4—9
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step II: the gates are opened and the ship moves from low basin to
high basin; a net water quantity equal to the ship volume S is
displaced from high basin to low basin and density flows develop

low basin = tailbay sea side, high basin = lock

tailbay
seaside

tailbay
sea side

water balance

Known values at the beginning of step: hyigh1, dhigh1, Vnigni

hhigh2 = hhighl
dhigh2 = dhighl
Vhighz = Vhigh1 — S
Vit = Vhighi

salt balance

Known values at the beginning of step: Chign1, Ciow1 (= Cuailbay)s Cailbay (= input)

. ~ Vhignt - Chign1) T €4 - Viee - (Ciowt = Chignt) = (S Cign)
high? =

Vhighz

4—10
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.n = lock, high pasin = lock

water balance

Known values at the beginning of step: hnights dhight> Vhight> Tiowt» Giowts Viow!

howze = hiowt

diow2 T diowt
Vlowz = Vlowl +S
hpgz = Dhight
dhignz T dhight
Vhigze = Vhight — S
Vet = Vhignl

salt balance

Known values at the beginning of step: Chight> Clowl

_ Viowt - Crowt) ~ Cx - Vit - Crowmt ~ chighl) + (S. chighl)
Clow2 — V
fow?2

_ \/ chighl) + ey - Vet (Crowt ~ chigh\) - chighl)
Chigh2 —///V
high?

WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Future Situation: Post-Panamax Locks Report D: Two-lift locks Q3039, September 2003

low basin = lock, high basin = forebay lake side

forebay
lake side

water balance

Known values at the beginning of step: huigh1, Ghignt> Vhight> Diowts diowts Viows

hiow2 = hiowi

dlow2 = cllowl

VlowZ = vlowl +8

hhighz = hhighl

dhighz = dhight = diorebay
Vhigh2 = Vhight = Viorebay
Vit = Vhign

salt balance

Known values at the beginning of step: Chight (= Cforebay1)> Clowts Clakel

(Viowt - Ciow1) = €x - Vit - (Clom — Chigh1) + (5. Chignt)

cl0w2 =
Vlow2
_ (Vhight - Chigh1 ) T €x - Veer -(Cpon1 — Chight ) — (S - Chign ) + (S-Cpaper) _
Chigna = v = Cforebay2
high?
Clakez = Clakel — -Cakel

lake

4—12
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Special step: water containing salt is exchanged between forebay
and lake

The forebay of the upper locks is in open connection with Gatun Lake. After an uplocking
ship has passed the forebay or after a turn around the salt concentration in the forebay has
changed. Density differences exist between the water in the forebay and the water in the
lake, and as a result density-driven exchange flows occur. The quantity of salt that is
exchanged between forebay and lake is dependent on the density difference and is also a
function of time. Next formulas are used in the simulation model to describe the exchange
of salt water.

low basin is forebay, high basin = lake
salt balance

Known values at the beginning of step: Ciaet, Ctorebayt
cforebayl = cforebayl - ex’(c forebayl — clakel)

Vforebay

Vlake

Clake2 = Clakel T €x '(cforebayl ~ Clakel )

time aspect

The exchange coefficient e, (0 > e, > 1) is a function of the time difference between two
subsequent ship passages in the same lane (ships sail in the same direction, northbound or
southbound), or between a ship movement and a turn around in the same lane. The start time
of scenarios is selected to determine the time difference. Exchange coefficient: e, = 0 means
no salt exchange, e, = 1 means full salt exchange (the salt concentration in the forebay
becomes equal to the salt concentration in the lake).

Assuming that the salt exchange process is a linear function of time the following relation-
ship is applied in the simulation:

S
x T Ol
with:
e = exchange coefficient used in simulation
exan = 1 (full salt exchange)
At = time difference (s) between two subsequent ship passages or between a ship
passage and a turn around
T = exchange time

IfAUT > 1then At=T, and e, = eypy = 1.
A period T = 3600 s is selected for the forebays in Gatun Lake starting from the assumption
that the propagation velocity of a salt tongue is in the order of 0.1 — 0.2 m/s.

4—13
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4.3 Ship movements new lane, two-lift locks with wsb's,
downlockage

Two basic steps can be distinguished in the downlockage process:

I the water level in the low basin (without ship) is equalized with the water level in the
high basin (with ship); if relevant: the wsb's of the lower lock are emptied, the wsb's of
the higher lock are filled; water is transferred from high basin to low basin

II lock gates are opened and the ship moves from high basin to low basin; a net water
quantity equal to the ship volume S is displaced from low basin to high basin and
density flows develop

The time-dependent exchange of salt water between forebays / tailbays and lakes is handled
in a 'special step'.

For the various combinations of basins (tailbays, locks with wsb's, forebays) the equations
which describe the water balance and the salt balance within a basic step of the locking
process are presented.

The next starting points hold in the set up of the water balance and salt balance in step I:

- the water volume Vg, that is spilled to and supplied from the wsb's of adjacent locks is
equal to maximum 50% of the water volume Vs that would be exchanged between
these locks when no wsb's were present

- consequently, the quantity of water that is exchanged between two adjacent locks
amounts t0: Vier — Vgave

- when wsb's get full or have insufficient water (this is checked in the simulation) a lesser
quantity of water is transferred to and from the wsb's

- the same starting points hold when low basin is tailbay and high basin is lock, or when
low basin is lock and high basin is forebay.

The exchange coefficient e, used in formulas in step IT is dependent on the ship volume S.
Input for the simulationmodel is the value of e, for S = 0. The value of e, applied in the
computation is:

(-
e, =1 - —].ey
Vref

with: e, = value of e, for S=0

Definition of the exchange coefficient e,:

- apositive value of e, in the formulas of step I means salt transfer from high basin to low
basin, salt feeding to the wsb that is filled, and salt withdrawal from the wsb that is
emptied

- a positive value of e, in the formulas of step II means salt transfer from low basin to
high basin, provided that the average salt concentration of the water in the high basin is
smaller than the average concentration of the water in the low basin; otherwise the salt
transfer is in the reverse direction

4—14
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step l: the water level in the low basin (without ship) is equalized
with the water level in the high basin (with ship) ; water is
transferred from high basin to low basin; if relevant: the wsb's of the
lower lock are emptied, the wsb's of the higher lock are filled

high basin = forebay lake side, low basin = lock

ship

forebay
lake side

water balance

Known values at the beginning of step: hy. (= input), Viu (= input), hyighi, dhight, Vhignt,
hlowls dlowl, Vlowla szblowl

hhighl = hhighl = hjake
hlow2 = hlake
check: hjyw, > maxhyg, ?
ifyes: hiw, =maxhy,
note: in practice the water level in the lake shall be lowered
dhigho = dhight = drorebay = (hiake — f5in))
Vhigiz = Vhight = Viorebay = Ghigh? - Aforebay

dlowZ = hlowZ - fIow
VlowZ = dlow2 . Alow

Vref = (hlowz - hIow]) . Alow

Veave =0.5.V¢
vwsblow2 = szblowl - Vsave
check: szblowz < minvwsblow ?
ifyes: Viglowz = MinVyspiow
Vive = Visblowt — Visblow?

4—15
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salt balance
Known values at the beginning of step: Chighi (= Crorebay1)> Clowls Clakels Cwsblowl

_ (Vhighl . chighl) - (ex . (Vref - Vsave) . chighl) + ((Vref - Vsave) . clakel)

chith - v = cforcbayz

high?

_ (Vlowl . clowl) + (ewsbempty . Vsave . cwsblowl) + (ex . (Vref - Vsave) . chighl)

clow2 - V.

low2

_ (szblowl . cwsb]owl) - (ewsbempty . vsave . cwsblowl)
Csbiow2 = vV
wsblow2
Clake2 = Clakel v * Clakel
lake
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high basin = lock, low basin = lock

water balance

Known values at the beginning of step: huigni, dhight, Vhights Miowt, diowt, Viewt, V wsbhighl>

vwsblowl

A - (hyignt — hygwr)
Apw + Apgn)
check: hyighy < minhyg, ?
ifyes: hyigno = minhyg,

hhigh2 = hhighl

hiow2 = hhith
check: hy,o > maxhyg, ?
ifyes: hyw, = maxhy,
hhigh2 = hjow2
dhignz = hiigna — fhign
Vhigiza = (dhigh2 - Anign) — S
dlow2 = hlow2 - fl()w
Views = diowz . Atow
Vet = (Bhigh1 — hhigh2) - Anigh

Vsave =0.5. Vref
szbhigh2= szbhighl + Viave
check: szbhighz > mawasbh;gh ?
ifyes:  Vigphigha= MaxVysphigh
Vsave = Visbhigh? — Vywsbhighl
szblowZ = szblowl - Vsave
check: Visiowz < MinVgpiow ?
if yes: Vispiowz = MinVygpiow
Vsave = szblow] - szblowZ
Vsbhighz™ Vwsbhight T Viave

WL | Delft Hydraulics
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salt balance

Known values at the beginning of step: Chigni, Clow1, Cwsbhight> Cwsblowl

_ (Vhignt - Chight) — (Cwspin - Vsave - Chight) — (€x - Veer = Vige) - Chight )

Chigha = v
high2
_ (Vlowl . clowl) + (ewsbempty . Vsave . cwsblow]) + (ex . (vref - Vsave) . chighl)
clow2 - V
fow2
_ (Vusthignt - Cwsbhight) T (Cuwspfint - Veave - Chight)
C wsbhigh2 = v
wsbhigh?2
_ (szblowl . cwsblow]) - (ewsbempty 'Vsave . cwsl';lowl)
Cwsblow2 = vV
wsblow2
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high basin = lock, low basin = tailbay sea

tailbay sea side

tailbay sea side

water balance
Known values at the beginning of step: hnigh1, dnigh1, Vhigh1> hailbay (= input), Visphigni

hhighz = htailbay
check: hhighz > maxhhigh ?
if yes: hhith = maxhhigh
check: hhighg < minhh.»gh ?
if yes: hpigho = minhyg,
note: in practice lock operations will be delayed until the tide has sufficiently
changed
dhighz = hhighz - fhigh
Vhigiz = dhigh2 - Abigh — S
Vier= (high1 — Dhigh2) - Anign

Vave =05,V
szbhigl12= szbhighl + Vsave
check:  Vygphigna > maxVysphigh ?
if yes: szbhigh2 = mawasbhigh
Vave = szbhighz - szbhighl
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salt balance

Known value at the beginning of step: Chigh1, Cwsphighi

c _ (Vhignt - Chign1) — (Cwspint - Vaave - Chign1) = (€x - (Vier = Viave) - Chight )
high2 =

Viigh2

(szbhighl - cwsbhighl) + (ewsbﬁll . Vsave . Chighl)

C wsbhigh? = v
wsbhigh?2

4—20
WL | Delft Hydrautics



Salt Water Intrusion Analysis Panama Canal Locks Future Situation: Post-Panamax Locks ~ Report D: Two-lift locks Q3039, September 2003

step ll: the gates are opened and the ship moves from high basin to
low basin; a net water quantity equal to the ship volume S is
displaced from low basin to high basin and density flows develop

high basin = forebay lake side, low basin = lock

ship

forebay
lake side

water balance

Known values at the beginning of step: hyign, dhigh1s Vhight> Niowt> diowt> Viewt

hpighy = hhigni

dhignz = dhight = dorebay
Viigiz = Vhight = Viorebay
hiowzs  =hiow

dlowZ = dlowl

Viewz = View1 =S

Vies = Vhighz = Vforebay

salt balance

Known values at the beginning of step: Chighi (= Corebay1)> Clowls Clakel

_ (Vhign - Crign1) + €5 - Vigr - (Ciowt = Cign1) + (S Cop1) — (S Chight )

chighz - V. = CforebayZ
high?
_ (Vlow] . Clowl) - €. Vref . (clowl - chighl) - (S . clowl)
Clow2 = V
low2
Clake2 = Craker T +C forebay!
lake
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high basin = lock, low basin = lock

i
|
|

ship

water balance

Known values at the beginning of step: hpigh1s dhights Vhignts Niow1s diowls View

hhith = hhighl

dhith = dhighl
Vhigha = Vhign + S
hlow2 = hlowl
diow2 = diow

View2 = View1 - S
Vit = Vhign

salt balance

Known values at the beginning of step: Chigh1, Ciow

_ (Vhignt - Chign1) €5 - Vi - (€01 = Chign1) + (S Clop)

Chighz =
e Vhigh2
_ (Vlowl . clowl) — € Vref . (Clowl - chighl) - (S . Clowl)
Clowz = Y,
low2

422
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high basin = lock, low basin = tailbay seaside

ship

taitbay
seaside

tailbay
seaside

water balance
Known values at the beginning of step: hyigni, dhigh1, Vhign1

hhigh2 = hhighl

dhigh2 = dhighl
Vhigia = Vhignt +S
Ve = Vhign
salt balance

Known values at the beginning of step: Chigh1, Ciowi (= Cuailbay)» Cuailbay (= input)

(Vhignt - Chigh1) T €x - Vier - (Ciow1 = Chign1) + S+ Ciom1)

Chigha = v
high?
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Special step: water containing salt is exchanged between forebay
and lake

The forebay of the upper locks is in open connection with Gatun Lake. After a downlocking
ship has passed the forebay or after a turn around the salt concentration in the forebay has
changed. Density differences exist between the water in the forebay and the water in the
lake, and as a result density-driven exchange flows occur. The quantity of salt that is
exchanged between forebay and lake is dependent on the density difference and is also a
function of time. Next formulas describe the exchange of salt water. They are equal to the
formulas which are applied for uplockage.

high basin = lake, low basin is forebay
salt balance

Known values at the beginning of step: Ciakel, Crorebay1
C forebay2 ™ € forebayl — ©x .(C forebayl — Clakel)

Vforebay

Clake2 = Crakel + €x (Corebayt — Clakel )-
lake

time aspect

The exchange coefficient e, (0 > e, > 1) is a function of the time difference between two
subsequent ship passages in the same lane (ships sail in the same direction, northbound or
southbound), or between a ship movement and a turn around in the same lane. The start time
of scenarios is selected to determine the time difference. Exchange coefficient: e, = 0 means
no salt exchange, e, = 1 means full salt exchange (the salt concentration in the forebay
becomes equal to the salt concentration in the lake).

Assuming that the salt exchange process is a linear function of time the following relation-
ship is applied in the simulation:

e _at e
x =7 Cxdul
with:
e = exchange coefficient used in simulation
exn = 1 (full salt exchange)
At = time difference (s) between two subsequent ship passages or between a ship
passage and a turn around
T = exchange time

IfAt/T>1then At=T, and e, = exeyy = 1.
A period T = 3600 s is selected for the forebays in Gatun Lake starting from the assumption
that the propagation velocity of a salt tongue is in the order of 0.1 — 0.2 m/s.
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4.4 Turn arounds new lane, two-lift locks without wsb's

The evaluation of nodal status parameters in scenarios for turn arounds in the new shipping
lane provided with a two-lift lock system without wsb's, is similar as described in Report A
for the existing Miraflores Locks (Pacific side of the Panama Canal). Reference is made to
Report A for a description.

4.5 Turn arounds new lane, two-lift locks with wsb's

4.5.1 Turn around Pacific side; change from northbound (uplockage) to
southbound (downlockage) transits

After the last northbound vessel has passed the locks (uplockage), the water levels in lock
chambers P and Q are high (see also Figure 2.1) and the wsb's are empty. The water level of
lock P has to be lowered and the corresponding wsb's filled. The equations which describe
the water balance and the salt balance for these actions are similar as described in Section
4.2, uplockage, step I (submerged volume S of ship = 0). In next table reference is made to
the relevant case of this section.

Low basin High basin Operation Section 4.2, uplockage, step I
Case

Tailbay Lock P Lock P Fill wsb's of lock P low basin = tailbay seaside,

Tailbay Lock P Lock P Equalize water levels high basin = lock

Table 4.1  Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage) transits. New lane, two-lift locks with wsb.

4.5.2 Turn around Pacific side; change from southbound (downlockage) to
northbound (uplockage) transits

The water levels in lock chambers P and Q are low after passage of the last southbound ship
(downlockage) and the wsb's are filled. The water level in locks Q has to be raised and the
corresponding wsb's emptied. The equations which describe the water balance and the salt
balance for these actions are similar as described in Section 4.3, downlockage, step I
(submerged volume S of ship = 0). In next table reference is made to the relevant cases of
this section. The actions are concluded with the special step described at the end of Section
43.
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High basin Low basin Operation Section 4.3, downlockage, step |
Case

Forebay Lock Q | Lock Q Empty wsb's of lock Q high basin = lock,

Forebay Lock Q | Lock Q Equalize water levels low basin = tailbay seaside

Gatun Lake Forebay Lock Q | (Density flows) special step of Section 4.3

Table 4.2  Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage) transits. New lane, three-lift locks with wsb.

4.5.3 Turn arounds Atlantic side

Steps in turn-arounds scenarios for the Atlantic side are similar as steps in turn-around
scenarios for the Pacific side, apart from the names of the locks (tailbay lock P = tailbay
lock R, lock P = lock R, lock Q = lock S, forebay lock Q = forebay lock S) and the north —
south orientation.

4.6 Effect of water level changes of lakes and water releases

The water levels and corresponding water volumes of Gatun Lake and Miraflores Lake form
input for the simulation model. The effect of water releases from the lakes on the water
volumes is implied in the water levels, which are prescribed in the input table. The effect of
water level changes of the lakes on the salt concentration is evaluated at the start of each day
in the simulation.

Water releases (spillage of surplus water through Gatun Spillway and Miraflores Spillway,
water for power generation, water for cooling) are prescribed through the water-release
scenarios. The effect of the water releases on the salt concentration of the lakes is evaluated
in the simulation, at the moment of time when the water-release scenarios are executed.

For a description of the evaluation of the effects of water level changes and water releases
on the salt concentration of the lakes, reference is made to Report A.
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5 Exchange coefficients

As explained in Chapter 4 salt exchange coefficients are used in the formulas that describe
the salt transfer between the various basins. The selection of exchange coefficients for the
existing situation was based on salinity measurements in the locks and canal area in wet and
dry season and on computations with the numerical program Delft3D (see Report A). The
exchange coefficients that will be used in the simulation model for the future situation are
selected on the experiences with the existing situation and on Delft3D density-flow compu-
tations.

5.1 Exchange coefficients when wsb's are in use

5.1.1 Delft3D computations

We have executed Delft3D computations for the filling and emptying process in a lock
chamber and for the density-flow phenomena related to ship movements from one lock
chamber to another, from forebay to lock chamber and from lock chamber to forebay and
reverse. This kind of computations was done for locks in the existing situation and for the 1-
lift and three-lift lock configurations of Post-Panamax Locks.

The floor filling and emptying system of the two-lift lock configuration of Post-Panamax
Locks is similar to the floor filling and emptying system of the existing locks. As we have
seen (see Report B and Report C for reference) the hydraulic phenomena during filling and
emptying of the chambers of the single-lift and three-lift locks, which are provided with a
wall filling and emptying system with openings at floor level, have a strong mutual
resemblance, but have also a strong resemblance with the phenomena in the existing three-
lift locks.

The main conclusions are: Filling of a lock chamber through the openings in the lock
chamber walls or through the openings in the lock chamber floor causes a mixing up of the
full water body in the chamber, also when a ship is present in the chamber. After filling the
salt concentration distribution in the lock chamber is rather uniform, but the highest concen-
tration is present near the floor. When the lock chamber is emptied through the wall ope-
nings or through the floor openings, the water is mainly drawn from the lower water area
and the vertical distribution of the salt concentration of the remaining water volume does not
change much; the water in the lock chamber is hardly mixed up during emptying.

From these observations we can assume that the hydraulic phenomena in the lock chambers
of the two-lift lock system will not be different during filling or emptying.

A ship moving from one basin to another causes exchange flows while also density flows
develop. Exchange flows and density flows caused by ship movements between tailbay and
lower lock are similar in 1-lift, 2-lift and 3-lift lock configurations, because of the identical
geometry of tailbay and lower lock. Exchange flows and density flows caused by ship
movements between adjacent locks or between upper lock and forebay have a high
resemblance at all three lock configurations, but, generally, a smaller step in the floor causes
a greater salt water intrusion.
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Delft3D computations (2DV approach) have been made of the density flow between lower
and upper lock chamber in the case of a density difference. The exchange flows and density
flows caused by a moving ship have also been simulated. Dimensions of the ship: ship type
VII, Post-Panamax, draught 14 m, see Section 3.4.

The results of the Delft3D computations are discussed for the configuration 'lower lock —
upper lock'. Water depth in lower chamber 32.6 m, in upper chamber 20 m; initial salt
concentration in the lower chamber 10 ppt, in the upper chamber 2 ppt. Figure 5.1 shows the
results for the density flows when no ship is present; the results for an uplocking ship are
shown in Figure 5.2, and the results for a downlocking ship are shown in Figure 5.3.

The figures present the volume-averaged salt concentration in upper and lower chamber as a
function of time. The density-flow phenomena have also been made visible by means of a
'snap shot' movie.

Exchange flows

Results of the Delft3D computation are shown in Figure 5.1. The 'snap shot' movie shows
that a salt tongue enters the upper chamber over the floor; simultaneously water with lesser
salinity enters the lower chamber near the water surface. Both tongues reflect against the
closed sides of the chambers. The internal waves damp out only very slowly; mixing does
hardly not occur. The volume-averaged salt concentration decreases (lower lock) or
increases (upper lock) lineair as a function of time. Also the exchange coefficient e,
increases more or less lineair as a functio of time.

Uplockage

The computation with a Post-Panamax ship (ship type VII, see results in Figure 5.2) moving
from lower chamber to upper chamber shows that the intrusion of salt water into the upper
chamber is to a considerable extent prevented by the return current of the ship. From the
'snap shot' movie it appears that most salt water enters the upper lock after the ship has
entered the upper lock. This is also shown in Figure 5.2: the salt concentration in the upper
lock remains more or less constant during movement of the ship, while the concentration of
the lower lock decreases because of the return flow of the ship (the ships volume is replaced
by water from the upper lock with lesser salinity). The salt exchange coefficient e, shown in
Figure 5.2 is related to the initial volume of the upper lock in the simulation model (see
Section 4.2), is almost nill during movement of the ship and increases to a value of about
0.10 after 15 minutes.

Downlockage

In the case that a ship moves from upper lock to lower lock the return current sustains the
intrusion of salt water into the upper lock. Saltier water from the lower lock is forced to flow
into the upper lock, but the involved water originates for the greater part from the water
body above the level of the step, as is demonstrated by the 'snap shot' movie. Internal waves
occur in the lock chambers, but do not cause important mixing. Figure 5.3 indicates that the
volume-averaged salt concentration of the upper lock increases during movement of the
ship, while the salt concentration of the lower locks remains more or less constant, which
means that the ship's volume is replaced with saltier water from the lower lock. The
exchange coefficient e, shown in Figure 5.3 is related to the final volume of the upper lock
(see Section 4.3) and increases to a value of 0.10 after 15 minutes.
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5.1.2 Selection of exchange coefficients

On the basis of the results of the earlier Delft3D computations for 1-lift and 3-lift locks and
the insights obtained in the hydraulic processes, we select next exchange coefficients for
step I of the lockage process (‘equalize water levels') in the 2-lift locks:

uplockage

fill wsb of upper lock: Ciwsb = 1.3

empty wsb of lower lock: Cemptywsb = 1.0

equalize water levels: € = 1.15 (for lock-forebay combination: 0.95)
downlockage

fill wsb of lower lock: Cfwsy = 1.15

empty wsb of upper lock: €emptywsb = 1.0

equalize water levels: e, = 1.15 (for forebay-lock combination: 0.85)

The exchange coefficient for step II (' movement of ship') are selected on the basis of the
results of Delft3D computations and after a careful comparison with the exchange coeffi-
cients which were selected for the 1-lift and 3-lift lock configurations. The exchange
coefficients are dependent on the ship volume S (see Chapter 4). Next representative values
of e, are valid for S = 0:

uplockage

movement tailbay — lower lock: e = 0.7 (similar as for 1-lift and 3-lift locks)
movement lower lock — upper lock: e, =0.05

movement upper lock — forebay: e =0.0

downlockage

movement forebay — upper lock: € =0.1

movement upper lock — lower lock: e, =(0.15

movement lower lock — tailbay: ey = 0.4 (similar as for 1-lift and 3-lift locks)

It will be clear that uncertainties exists in the choice of representative exchange coefficients.
For that reason we have executed a sensitivity analysis, in which we have varied the coef-
ficients for step I and step II of the lockage process (see Section 7.4).

An overview of selected exchange coefficients for the 2-lift locks with wsb's at the Pacific
side is presented in Tables 5.1 and 5.2. Equal exchange coefficients are selected for the 2-lift
locks at the Atlantic side.

The combinations of exchange coefficients, which were varied in the sensitivity analysis,
are also shown in the tables under Sens1 — Sens4.
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Low basin High basin Operation e ey e e e
(Remarks) Sensl | Sens2 | Sens3 | Sens4

Tailbay Lock P | Lock P Fill wsb's of lock P 1.3 1.0 1.5

Tailbay Lock P | Lock P Equalize water levels 1.15 1.0 1.5

Tailbay Lock P | Lock P Move ship 07 |05 o9

Lock P Lock Q Empty wsb's of lock P | 1.0

Lock P Lock Q Fill wsb's of lock Q 1.3 1.0 1.5

Lock P Lock Q Equalize water levels 1.15 1.0 1.5

Lock P Lock Q Move ship 005" 00" [o0.15

Lock Q Forebay Lock Q | Empty wsb's of lock Q | 1.0

Lock Q Forebay Lock Q | Equalize water levels 0.95 0.7 1.2

Lock Q Forebay Lock Q | Move ship 00 00" [o01"

Forebay Lock Q | Gatun Lake (Density flows) 1.0

') exchange coefficient is a function of S/V . value is valid for S/V =0

**) exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.1  Uplockage. Pacific Ocean — Gatun Lake. New lane, two-lift locks with wsb.

High basin Low basin Operation e, e e e e
(Remarks) Sensl | Sens2 | Sens3 | Sens4

Gatun Lake Forebay Lock Q | (Density flows) 1.0"

Forebay Lock Q | Lock Q Empty wsb's of lock Q | 1.0

Forebay Lock Q | Lock Q Equalize water levels 0.85 0.6 1.1

Forebay Lock Q | Lock Q Move ship 0.100 |00 |02

Lock Q Lock P Fill wsb's of lock Q 1.15 1.0 1.4

Lock Q Lock P Empty wsb's of lock P | 1.0

Lock Q Lock P Equalize water levels 1.15 1.0 1.4

Lock Q Lock P Move ship 0.15° [0.05 [0.25

Lock P Tailbay Lock P | Fill wsb's of lock P 1.15 1.0 14

Lock P Tailbay Lock P | Equalize water levels 1.15 1.0 1.4

Lock P Tailbay Lock P | Move ship 04 (03 |05

‘) exchange coefficient is a function of S/V ; value is valid for S/V,=0
") exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.2

5.2 Exchange coefficients when wsb's are not in use

Downlockage. Gatun Lake — Pacific Ocean. New lane, two-lift locks with wsb.

In the case that the wsb's of the new locks are not in use the full quantity of lockage water is
spilled from the upper lock into the lower lock and than from the lower lock into the tailbay
and in a next cycle replenished by water drawn from the forebay. The exchange coefficients
for spillage (equalize water levels) are such selected that they have a similar effect on the
remaining water in a lock chamber as in the case that wsb's are in use. For the withdrawal of
water from the forebay we apply an equal exchange coefficient as in the case that the wsb's
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are in use. The other exchange coefficients in step I and step II of the lockage process
remain the same.

An overview of selected exchange coefficients for the 2-lift locks at the Pacific side is
presented in Tables 5.3 and 5.4. Equal exchange coefficients are selected for the 2-lift locks
at the Atlantic side. The combinations of exchange coefficients that are varied in the
sensitivity analysis are also shown under Sens1 — Sens4 (see Section 7.4).

Low basin High basin Operation e e ey ey ey
(Remarks) Sensl] | Sens2 | Sens3 | Sens4

Tailbay Lock P | Lock P Equalize water levels 1.25 1.0 1.5

Tailbay Lock P | Lock P Move ship 077 o5 |09

Lock P Lock Q Equalize water levels 1.25 1.0 1.5

Lock P Lock Q Move ship 0.05" [0.0° [0.15

Lock Q Forebay Lock Q | Equalize water levels 0.95 0.7 1.2

Lock Q Forebay Lock Q | Move ship 00" |00 Jor

Forebay Lock Q | Gatun Lake (Density flows) 107

") exchange coefficient is a function of S/V,g; value is valid for S/V ;=0
™) exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.3  Uplockage. Pacific Ocean — Gatun Lake. New lane, two-lift locks without wsb.

High basin Low basin Operation e e e ey e
(Remarks) Sensl | Sens2 | Sens3 | Sens4

Gatun Lake Forebay Lock Q | (Density flows) 1.0

Forebay Lock Q | Lock Q Equalize water levels 0.85 0.6 1.1

Forebay Lock Q | Lock Q Move ship 01" [00 [o027

Lock Q Lock P Equalize water levels 1.15 1.0 1.4

Lock Q Lock P Move ship 0.15° [0.05" 025

Lock P Tailbay Lock P | Equalize water levels 1.15 1.0 1.4

Lock P Tailbay Lock P | Move ship 04" 0.3 0.5

') exchange coefficient is a function of S/V,.; value is valid for S/Vis=0
™) exchange coefficient is time dependent; final value (full exchange) is shown

Table 5.4 Downlockage. Gatun Lake — Pacific Ocean. New lane, two-lift locks without
wsb.

Equal exchange coefficients are selected for the locks at the Atlantic side.

5.3 Other exchange coefficients

The exchange coefficients for the locks in the existing shipping lanes do not change after
opening of the new, third shipping lane (for values of the exchange coefficients reference is
made to Report A).

We also assume that the exchange coefficients related to the release of water at Gatun Dam
and Miraflores are uneffected by the new shipping lane. The values of these exchange
coefficients have been selected on the basis of validation runs for the existing situation (see
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report A). Maintaining equal exchange coefficients for the release of water offers also the
possibility of a direct analysis of the third-lane related inflow of salt water into the lakes.
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6

Testing of simulation model

The salt-intrusion simulation model of the existing situation has been extended with the
two-lift locks in the new lane. The extension required the adaptation of formula in view of
the water saving basins of the new locks, the definition of extra scenarios for ship move-
ments and turn arounds, the definition of new Post-Panamax ship types, and the extension of
the input tables 'Initial Values' and 'CoefTicient Set'. A check of the proper functioning of the
extended simulation model was, therefore, necessary.

Input data
Day Scenarios in day Pattern Lane
Pattern
d1 Ship movement Pac. —» Atl.; ship type 0 New, third (2-lift locks)
d2 Ship movement Atl. —» Pac.; ship type 0 New, third (2-lift locks)
d3 Ship movement Pac. — Atl.; ship type VIII New, third (2-lift locks)
d4 Ship movement Atl. — Pac.; ship type VIII New, third (2-lift locks)
d5 Ship movement Pac. — Atl.; ship type VII New, third (2-lift locks + wsb's)
de Ship movement Atl. — Pac.; ship type VII New, third (2-lift locks + wsb's)
d7 Gatun Spillway; daily discharge = 5.10° m’ -
Gatun Power Station; daily discharge = 5.10° m®
Mirflaores Spillway (+cooling) ; daily discharge = 5.10* m’
d8 Ship movement Pac. — Atl.; ship type VI New, third (2-lift locks)
d9 Ship movement Atl. — Pac.; ship type VI New, third (2-lift locks)
d10 Ship movement Pac. — Atl.; ship type V New, third (2-lift locks)
d11 Ship movement Atl. — Pac.; ship type V New, third (2-lift locks)
di2 Ship movement Pac. — Atl,; ship type IV New, third (2-lift locks + wsb's)
di3 Ship movement Atl. — Pac.; ship type IV New, third (2-lift locks + wsb's)
di4 Ship movement Pac. — Atl.; ship type III West + East
Ship movement Pac. — Atl.; ship type VIII New, third (2-lift locks)
Ship movement Pac. — Atl.; ship type VIII New, third (2-lift locks + wsb)
dis Ship movement Atl. — Pac.; ship type III West + East
Ship movement Atl. — Pac.; ship type VIII New, third (2-lift locks)
Ship movement Atl. — Pac.; ship type VIII New, third (2-lift locks + wsb)
dié6 Turn around Pacific side, N - S New, third (2-1ift locks)
Turn around Pacific side, S > N
Turn around Atlantic side, S - N
Turn around Atlantic side, N - S
d17 Turn around Pacific side, N —» S New, third (2-lift locks + wsb)
Turn around Pacific side, S > N
Turn around Atlantic side, S > N
Turn around Atlantic side, N - S
Table 6.1 Overview of Day Patterns used in test cases

Test cases were such designed that the functioning of in particular the new items could be
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checked. The above Day Patterns and next Coefficient Sets were used in the test runs:

§ 8 s N s a s g a §°~§ L 8
Q ~ B ~ . oy =~ S B <]
Q N 2

cl 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
c2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
c3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0
c4 0.1 0.3 0.5 0.7 0.2 04 0.6 0..8 1.0 1.0
c5 0.5 0.2 0.5 0.2 0.5 1.0 0.5 1.0 1.0 1.0

Table 6.2  Overview of Coefficient Sets used in test cases

Test series A

A first series of tests was done with the salt concentration of all basins (including Pacific
and Atlantic tailbays) set on 0. The purpose of these tests was to check the handling of water
levels, water volumes, water displacement of new ship types and the set up of the water
balance when a ship moves from ocean to ocean. The results of the water-balance compu-
tations have been checked by computations 'by hand'.

An overwiew of test cases of test series A is presented in Table 6.3.

Test Coefficient Day Period Output Remarks

case Set Pattern interval
1 cl dl Jan 1 —Jan 31, 1970 scenario single ship, S=0
1-R cl d2 Jan 1 —-Jan 31, 1970 scenario single ship, S=0
2A cl d3 Jan 1 —Jan 31, 1970 scenario single ship, S = 285000
2A-R cl d4 Jan 1 —Jan 31, 1970 scenario single ship, S = 285000
3A cl ds Jan 1 —Jan 31, 1970 scenario single ship, S = 260000
3A-R cl dé Jan 1 —Jan 31, 1970 scenario single ship, S = 260000

Table 6.3  Test cases series A: initial salt concentration is zero in all basins

Conclusions test series A

Water levels and water volumes, also those of the new basins in the simulation model, are
well computed. Water transfer in the existing locks, new locks and wsb's caused by
uplocking and downlocking ships is correct simulated and the water quantities fulfil the
water balance.

Test series B

The set up of water balance and salt balance, the use of exchange coefficients, the time-
dependent exchange of salt water between forebays and lakes, the proper functioning of
spillways and the salt-water migration process from the lakes downwards has been checked
in test series B. The initial salt concentration of Miraflores Lake and Gatun Lake was set on
30 ppt, the initial salt concentration of all other basins was set on 0.

An overwiew of test cases of test series B is presented in Table 6.4.

Test Coefficient Day Period Output Remarks
case Set Pattern interval
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4 c2 d7 Jan 1 - Dec 31, 1970 day water releases

SA c3 dl Jan 1-Jan 5, 1970 scenario single ship, S=0

SA-R c3 d2 Jan 1 —Jan 5, 1970 scenario single ship, S=0

5B c3 d8 Jan 1 -Jan 5, 1970 scenario single ship, S = 200000
5B-R c3 d9 Jan 1 —Jan 5, 1970 scenario single ship, S = 200000
6 c4 dio Jan 1 -Jan 5, 1970 scenario single ship, S = 145000
6-R c4 dii Jan 1 —Jan 5, 1970 scenario single ship, S = 145000
7 c4 di2 Jan1-Jan 5, 1970 scenario single ship, S = 120000
7-R c4 di3 Jan 1 —Jan 5, 1970 scenario single ship, S = 120000
8 c5 d14 Jan 1 —Jan 5, 1970 scenario several ships / all lanes
8-R c5 d1s Jan 1 —Jan 5, 1970 scenario several ships / all lanes
Table 6.4  Test cases series B: initial salt concentration of Gatun Lake and Miraflores Lake =

30 ppt, initial salt concentration of all other basins = 0

Conclusion test series B

The water balance and salt balance are well computed: salt water migrates properly from the
lakes to all lower basins and to wsb's, the time-dependent exchange of salt water between
forebays / tailbays and lakes is correct, the loss of salt water through water releases at Gatun
Dam and Miraflores is well computed.

Test series C

In this third series of test cases the salt concentration of the tailbays at the Pacific and
Atlantic side was set on 30 ppt. The aim of the tests was to check the salt-water intrusion
from the seas into the lakes, and to check the turn around scenarios.

An overwiew of test cases of test series C is presented in Table 6.5.

Test Coefficient Day Period Output Remarks
case Set Pattern interval
9 c5 d3 Jan 1 ~Jan 5, 1970 scenario single ship, S = 285000
10-R cS dé Jan 1 —Jan 5, 1970 scenario single ship, S = 260000
11A c4 d1é Jan1-Jan 5, 1970 scenario turn arounds new lane
(2-lift locks)
11B c4 d17 Jan1-Jan 5, 1970 scenario turn arounds new lane
(2-lift locks + wsb)
Table 6.5 Test cases series C: initial salt concentration of Pacific and Atlantic tailbays = 30

PP, initial salt concentration of all other basins = 0

Conclusion test series C

The water balance and salt balance are well computed: salt water migrates properly from the
tailbays in the sea entrances to all higher basins and to wsb's, the time-dependent exchange
of salt water between forebays / tailbays and lakes is correct. Turn around scenarios are
correctly executed.

As a last test the validation case for the existing situation (Case VALI, see Report A) has
been run as Case A-1 with the extended simulation model. The extended model produced
fully identical results, see Figures A-1, 1 and A-1, 2.
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7 Salt water intrusion analysis future situation

In this section we present the results of the salt-water intrusion analysis for the future
situation with a new, third shipping lane. Two-lift Post-Panamax locks are built at both ends
of the new lane. The locks are provided with water saving basins (wsb's, see also Section 2).
In the analysis we make a distinction between the situation that wsb's are not in use and the
situation that the wsb's are used to prevent the loss of water from Gatun Lake. A comparison
with the present salt-water intrusion through the existing locks concludes the analysis.
Starting point for the analysis is that the water levels in Miraflores Lake and Gatun Lake
vary throughout the year as in the existing situation. In the baseline scenario the water
releases (through Gatun Spillway, Gatun Power Station, Miraflores Spillway, Miraflores
Cooling Water Offtake) remain as they are in the existing situation (which means that
additional water is supplied to Gatun Lake to compensate for the extra losses via the new
locks). In the second scenario the water releases at Gatun Dam are reduced with the water
losses caused by shipping in the new lane. In the case that these water losses are greater than
the water releases (this will in particular occur in the dry season) we assume that additional
water supplies are available to replenish the surplus losses. The ship transit prospects for the
next 50 years as given by ACP are used.

7.1 Data used in numerical simulations

The next data is applied in the numerical simulations:

- Dimensions of locks, forebays, tailbays, water saving basins: the dimensions presented
in Section 3.7 are selected.

- Water levels and salt concentrations of seaside tailbays: values presented in Section 3.9
are selected.

- Water levels and corresponding water volumes, water releases of Miraflores Lake and
Gatun Lake: values presented in Section 3.8 are selected.

- Initialization data: see Section 3.10

- Exchange coefficients: see Chapter 5.

7.2 Set up of cases for simulation of the future situation

We assume that the new lane will come in operation at January 1, 2011. The present salt
concentrations in Gatun Lake, Miraflores Lake and the locks on the existing shipping lanes
are selected as initial salt concentrations. These salt concentrations have been obtained
through numerical simulation of the salt water intrusion during the preceding year 2010. The
initial salt concentrations in the new locks and wsb's are set to the values of the existing
locks. This is not conform the real situation, but as can be seen from the computational
results the salinity values in the new locks and wsb's grow fast to an equilibrium value.

The salt intrusion in the future situation is analysed for a period of 1 month, 1 year, 5, 10, 20

and 50 years after opening of the third lane. Various cases have been set up to simulate the
salt intrusion during these periods. Day patterns which are applied in the various cases, are
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such defined that they reflect the development of the ship traffic intensities in the next 50
years. In next table the daily number of transiting ships and the type of ships are presented
for the various consecutive time periods. Panamax vessels are represented by ship type III,
regular ships by ship types I and II, Panamax-Plus vessels by ship type IV, Post-Panamax
vessels by ship type VII (draught 14 m, during first 5 years after opening of the new lane)
and ship type VIII (draught 15.2 m).

~
S S /S |8 |8 |8 |8 |8 |8 |8 |8
N . N ~N N N N N N ~N ~N
~ - ~ ~ ~ ~ ~ ~ ~ ~ ~
T S I T R T I A S I S B
S S
3 § 13 |8 (& 18 |8 18 18 188 |4
5 ! [ | | | I | I
= 3 S |s |8 |8 /S |8 |8 |2 |§ |8
N N N\ N N N N N N N N
~ ~ ~ -~ ~ -~ -~ ~ ~ ~ ~
s A 2 s s s 8 8 = g s
3 S B I R I R O T I O A I
Vessel Number of ships
type
Existing shipping lane West
Type I 8 8 8 8 8 8 8 8 8 8 8
Type II 4 4 4 4 4 4 4 4 4 4 4
Type I 6 6 6 6 6 6 6 6 6 6 6
Total 18 18 18 18 18 18 18 18 18 18 18
Existing shipping lane East
Type I 8 8 8 8 8 8 8 8 8 8 8
Type I1 4 4 4 4 4 4 4 4 4 4 4
Type 111 6 6 6 6 6 6 6 6 6 6 6
Total 18 18 18 18 18 18 18 18 18 18 18
Future third shipping lane (2-lift locks)
Type IV 2 3 4 4 4 4 4 4 4 5 5
Type VII 0 0 1 2 0 0 0 0 0 0 0
Type VIII 0 0 0 0 2 3 4 5 7 9 10
Total 2 3 5 6 6 7 8 9 11 14 15
Simulations
Period after | 1 0.5 1 2 5 10 IS 20 30 40 50
opening of month | year [ year | years | years | years | years | years | years | years | years
new lane
Table 7.1 Ship transits in simulation model in existing and new shipping lanes

In the set up of cases a distinction is made between 2-lift locks with and without wsb's and
present water releases, and 2-lift locks with and without wsb's and reduced water releases
from Gatun Lake, see Section 3.8 (water releases from Miraflores Lake remain as in the
existing situation). The various cases are numbered as shown in Table 7.2.
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In the baseline scenario we assume that all extra water losses caused by lock operation in the
new shipping lane are compensated by extra water supplies to Gatun Lake, but water spills
at Gatun Dam are not reduced. When the wsb's of the two-lift locks in the new lane are in
use (Case C1) the extra water supply amounts to 4.10° m* water per transiting ship (leading
to a water supply in year 50 of 6.10° m® per day). When the wsb's are not applied (Case C2)
the extra water supply to Gatun Lake amounts to 8.10° m® water per transiting ship (leading
to a water supply in year 50 of 12.10° m* per day).

In the second scenario we assume that the water releases at Gatun Dam are reduced with the
water losses caused by the new locks. Consequently, a lesser quantity of fresh water has to
be supplied to Gatun Lake. In the dry season, however, the spilled quantities are small or nil
and extra water supplies are still needed to compensate for the water losses of the new locks
(see also Tables 3.18 and 3.19). When wsb's are used (Case C3) the water loss is 50%
smaller than when they are out of use (case C4).

For reasons of comparison we have also simulated the salt water intrusion in the period 2011
— 2020 when no new shipping lane is realised. This case is indicated with A-10. The results
for year 10 are in fact also valid for year 1, 5, 20 and 50, since these values are stable,
equilibrium values for the given ship traffic intensity in the existing locks.

Existing Future Situation | Future Situation | Future Situation Future Situation
Situation 2-lift locks 2-lift locks 2-lift locks 2-lift locks
with wsb's without wsb's with wsb's and without wsb's and
Simulation (baseline) reduced water reduced water
time releases GL releases GL
1 month Cl-Im C2-Im
1 year Cl-1 C2-1 C3-1 C4-1
5 years Cl1-5 C2-5
10 years A-10 C1-10 C2-10 C3-10 C4-10
20 years C1-20 C2-20 C3-20 C4-20
50 years C1-50 C2-50 C3-50 C4-50
Table 7.2 Overview of cases

For the new shipping lane with alternative 3-lift locks or 1-lift locks we reserve the letters B
and D respectively for designation of the cases.

7.3 Results of simulations and analysis

The computed salt concentrations (ppt) of Miraflores Lake and Gatun Lake in the period
year 2016 — year 2020 (ending 10 years after opening of new lane) and the period year 2051
— year 2060 (ending 50 years after opening) are shown in Figures C1-10, 1 through C4-50,
2. The results for the existing situation (no new lane) for the period year 2011 — year 2020
are shown in Figures A-10, 1 and A-10, 2. As can be seen the salt concentrations of
Miraflores Lake and Gatun Lake fluctuate as a function of wet and dry season; the salt
concentration levels stabilize within a period of about 1- 2 years after a change in ship
traffic intensity.

The maximum and minimum values of the salt concentration of Miraflores Lake and Gatun
Lake in the last year of the considered period are presented in Table 7.3.
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Case Considered Salt conc. (ppt) Miraflores Lake | Salt conc. (ppt) Gatun Lake
year minimum maximum minimum maximum
A-10 10 0.64 1.42 0.010 0.027
C1-1month - 0.63 0.99 0.009 0.017
Cl1-1 1 0.63 1.10 0.009 0.09
C1-5 5 0.66 1.67 0.08 0.24
Cl1-10 10 0.70 1.66 0.11 0.33
C1-20 20 0.75 1.85 0.17 0.47
C1-50 50 0.82 2.30 0.38 1.03
C2-1month - 0.63 0.99 0.009 0.013
C2-1 1 0.63 1.07 0.009 0.05
C2-5 5 0.65 1.55 0.04 0.11
C2-10 10 0.67 1.53 0.06 0.16
C2-20 20 0.70 1.69 0.10 0.26
C2-50 50 0.72 1.94 0.21 0.57
C3-1 1 0.63 1.56 0.009 0.18
C3-10 10 0.74 1.72 0.18 043
C3-20 20 0.83 1.98 0.31 0.66
C3-50 50 1.17 2.83 1.00 1.69
C4-1 1 0.63 1.50 0.009 0.09
C4-10 10 0.72 1.60 0.15 0.27
C4-20 20 0.83 1.86 0.31 0.46
C4-50 50 1.15 2.47 0.98 1.10
Table 7.3 Maximum and minimum values of salt concentration of Miraflores Lake and

Gatun Lake

The maximum and minimum values are also shown in Figures 7.1 (Miraflores Lake) and 7.2
(Gatun Lake). From Figure 7.1 it appears that the salt concentration of Miraflores Lake
increases slowly compared to the present situation (in all four cases C1-C4). Case C4 is
most unfavourable with an increase up to a factor 2 in year 50. Though Miraflores Lake is
by-passed by the new shipping lane, the new lane with Post-Panamax Locks has still an
impact on the salinity of Miraflores Lake because extra salt water is spilled from Gatun
Lake through Pedro Miguel locks into Miraflores Lake.

The salt concentration of Gatun Lake raises considerably: the salt concentration increases
from the present very low, negligible salinity level to a salinity level in year 50 that is above
the fresh water limit (a salinity level of 0.45 ppt can be regarded as fresh water limit). Note:
A value of 200 mg/] chloridity is used in the Netherlands as a fresh-water limit value; this
corresponds to about 400 mg/l or 0.4 ppt salinity. In the USA a value of 250 mg/l cloridity
(about 0.5 ppt salinity) is used as an upper limit for drinking water (Environmental
Protection Agency standard).

It appears that Case C2 (no wsb's, no reduction of water releases at Gatun Dam) is most
favourable in view of salt-water intrusion. This is caused by the large fresh-water supply to
Gatun Lake. When wsb's are in operation (Case C1) a 50% smaller fresh-water supply is
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required and we see that the salt concentration levels increase. The salt concentration levels
increase further when the water releases at Gatun Dam are reduced (Cases C3 and C4).

It should be noted that the computed concentration values are volume-averaged values,
which means that local salt concentration values may be higher.

7.4 Sensitivity analysis

In a sensitivity analysis we have studied the effects of a variation of exchange coefficients
for the two-lift locks in the new shipping lane. Most important coefficients are those which
determine the exchange of salt water in step II of the uplockage and downlockage process
(ship movements between tailbay and lower lock, lower lock and upper lock, upper lock and
forebay). These coefficients have been varied in cases Sensl and Sens2. The exchange
coefficients which determine the salt water transfer in step I of the uplockage and
downlockage process (equalize water levels between tailbay and lower lock, lower lock and
upper lock, upper lock and forebay) have been varied in Sens3 and Sens4. For the values of
exchange coefficients see Sections 5.1 and 5.2. The exchange coefficients of the existing
locks have been kept constant (they are such selected that the salinity levels of Miraflores
Lake and Gatun Lake in the present situation are correct predicted, see also Report A).

The results of the sensitivity analysis are shown in Figure 7.3 (Miraflores Lake) and Figure
7.4 (Gatun Lake). These figures present the salt concentration of the lakes for the base
exchange coefficients and for variations of the exchange coefficients. The figures
demontrate that the salt concentration of the lakes varies with the exchange coefficients, but
this variation is relatively small compared to the effects of the two-lift locks on the salinity
of, in particular, Gatun Lake. The tendency of a higher salinity level of Gatun Lake in the
case of two-lift locks (with or without wsb's) is therefore reliable.
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