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CLIENT: Autoridad del Canal de Panama (ACP)

Salt Water Intrusion Analysis Panama Canal Locks. Future situation: Post-Panamax Locks.
TITLE: Report E. Part I: Effect of water recycling at Pacific side of canal, Part II: Alternative methods to mitigate
salt water intrusion.

ABSTRACT:

The objective of this Consultancy is to provide services to the ACP on the subject of salt water intrusion through the locks of the Panama Canal.
The services are focused on the future situation with Post-Panamax Locks in a third shipping lane and comprise:

e Analysis of the effects of water recycling at the Pacific side of the canal on salt concentration levels of Gatun Lake and Miraflores Lake.

e Identification of alternative methods to mitigate the salt water intrusion through the locks of the Panama Canal.

The recycling system is aimed to compensate for the loss of water caused by the lock operations in the third shipping lane, and may be an
alternative for the supply of fresh water to Gatun Lake from new water sources. At the same time it may cause an extra salt water load on Gatun
Lake, and — indirectly — Miraflores Lake.

Three options for recycling of water are considered by ACP:

Option 1: Water is directly recycled from tailbay to forebay without making use of storage ponds. A pumping station beside the tailbay
returns water continuously to the forebay.

Option 2: The lower lock spills into a lower storage pond. The pumping station returns water continuously from the lower pond to the
forebay.

Option 3: The lower lock spills into the lower storage pond and the upper lock draws water from an upper storage pond. The pumping

station returns water continously from lower pond to upper pond.

The effects of water recycling on the salt concentration levels of Gatun Lake and Miraflores Lake is studied for three-lift Post-Panamax Locks
(all three options), two-lift Post-Panamax Locks (option 3) and single-lift Post-Panamax locks (option 3). Water recycling at the Pacific side of
the canal is only considered for periods when there is a shortage of fresh water and when the water level of Gatun Lake drops below the
minumum required level for navigation. Different scenarios for the control of the water level of Gatun Lake are studied. Main elements in these
scenarios are: the possible use of water saving basins connected to the Post-Panamax Locks and a reduction of the quantities of water that are
spilled at Gatun Dam and / or used for hydropower generation. The existing simulation model for salt water intrusion is extended with options
for water recycling. With the help of this model salinity levels of Gatun Lake and Miraflores Lake are predicted.

The study on mitigation measures focuses on the process of salt water intrusion, measures that can be taken to mitigate the salt water intrusion,
apropriate measures for the Panama canal locks and expected efficiency.

REFERENCES: Contract No SAA-110830, signed by ACP on 3 June 2003
Modification no 1 to Contract SAA-110830, signed by ACP on 9 February 2004
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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 subsequently 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 Panamé4 (ACP) has awarded WL | Delft Hydraulics the contract for
‘Salt Water Intrusion Analysis of the Panama Canal Locks, Water Recycling System for
Post-Panamax Locks’ (contract No SAA-110830, dated 3 June 2003, with extension of
February 2004).

The objective of this Consultancy is to provide services to the ACP on the subject of salt
water intrusion through the shipping locks of the Panama Canal. The services are focused on
the future situation with Post-Panamax Locks in a third shipping lane and comprise:

e Analysis of the effects of water recycling at the Pacific side of the canal on salt
concentration levels of Gatun Lake and Miraflores Lake.

* Identification of alternative methods to mitigate the salt water intrusion through the
locks of the Panama Canal.

WL | Delft Hydraulics
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The study on water recycling is presented in Part I of this Report E and the study on
mitigation measures in Part II; these two parts can independently be read. The studies have
been executed in the period September 2003 — February 2004. The present part of the report
gives an outline of the studies and summarizes the main findings, conclusions and recom-
mendations.

Throughout the report reference is made to previous reports in this series on salt water
intrusion:

e Report A, June 2003 (WL | Delft Hydraulics project number Q3039): presents the results
of the salt water intrusion analysis for the existing situation.

e Reports B, C and D, September 2003 (WL | Delft Hydraulics project number Q3039):
present the results of the salt water intrusion analysis for the future situation with third
shipping lane and 3-lift, 2-lift and 1-lift Post-Panamax Locks.

WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Report E - Summary Q3476, April 2004

2  Effect of water recycling at Pacific side of
canal

2.1 Background and purpose of study

ACP is considering the installation of a water recycling system in the Post-Panamax Locks
at the Pacific side of the canal. This system is aimed to compensate for the loss of water
caused by the lock operations in the third shipping lane, and is used in dry periods, when
there is a shortage of fresh water. In this way, water recycling may be an alternative for the
supply of fresh water to Gatun Lake from new water sources. However, the system may at
the same time cause an extra salt water load on Gatun Lake, and — indirectly — Miraflores
Lake.

Three options for recycling of water are considered by ACP (see also Figure 2.2, Part I):

Option 1: Water is directly recycled from tailbay to forebay without making use of storage
ponds. A pumping station beside the tailbay returns water continuously to the
forebay.

Option 2: The lower lock spills into a lower storage pond. The pumping station returns
water continuously from the lower pond to the forebay.

Option 3: The lower lock spills into the lower storage pond and the upper lock draws
water from an upper storage pond. The pumping station returns water
continously from lower pond to upper pond.
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Recycling option 3: pond to pond recycling (source: Consorcio Post-Panamax)
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The effects of water recycling on the salt concentration levels of Gatun Lake and Miraflores
Lake is studied for three-lift Post-Panamax Locks (all three options), two-lift Post-Panamax
Locks (option 3) and single-lift Post-Panamax locks (option 3). Water recycling at the
Pacific side of the canal is only considered for dry periods when the fresh water supply stops
and the water level of Gatun Lake drops below the minimum required level for navigation.
Different scenarios for the control of the water level of Gatun Lake are studied. Main
elements in these scenarios are: the possible use of water saving basins connected to the
Post-Panamax Locks and a reduction of the quantities of water that are spilled at Gatun Dam
and / or used for hydropower generation.

2.2 Simulation model for salt water intrusion

The salt-intrusion process through the locks on the Panama Canal is simulated with a
numerical model. This model was set up for the existing situation (see Report A, issued June
2003) and has been extended and adapted to the situation with a new shipping lane and Post-
Panamax Locks. Three configurations of Post-Panamax Locks have been modelled: three-
lift, two-lift and single-lift lock systems. These lock systems are provided with water saving
basins (wsb’s) which can either be put in operation or switched off (see Reports B, C and D,
issued September 2003). 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.

In the framework of the present study the simulation model has been extended with a water
recycling system at the Pacific side of the canal. The above mentioned recycling options 1, 2
and 3 have been modelled for the 3-lift lock configuration of Post-Panamax Locks (see red
lines in scheme below). Option 3 has been modelled for the 2-lift and 1-lift lock configu-
rations. When water recycling options are active in the simulation model, recycling actions
are executed each time that a ship passes the Post-Panamax Locks at the Pacific side of the
canal. The quantity of water that is recycled is equal to the quantity of water that would be
spilled into the tailbay when no recycling system was active. When the locks are provided
with water saving basins a smaller quantity of water is recycled. Also the water quantity that
is lost as a result of a turn around operation is recycled at the moment that the turn around
operation is executed. In this way the total quantity of recycled water balances with the total
loss of water caused by lock operations, similar as in the pre-design of the recycling system
made by Consorcio Post-Panamax (CPP).

WL | Delft Hydraulics
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Three water recycling options for 3-lift lock configuration in simulation model

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 actions; water recycling forms the last action. Three basic steps can be distin-
guished in the lockage process:

- Step I: the water levels of two adjacent basins are 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 in the reverse direction and
density flows develop.

- Step III: water that is lost by the operation of the locks at the Pacific side of the canal is
recycled.

The first two steps repeat each time that a ship moves from one basin to another, the last
step is executed when the full uplockage or downlockage operation at the Pacific side of the
canal has been concluded (or after a turn around operation has been executed).

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 Vi In step I the reference
volume Vs 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 V¢ equals the quantity of water in the higher basin. The ship's submerged
volume S plays a role in it. In step III the quantity V . represents the quantity of water

WL | Delft Hydraulics
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that is recycled from tailbay to forebay (direct recycling, option 1), from lower storage pond
to forebay (option 2) or from lower storage pond to upper storage pond (option 3). The
products €,.Ver.c (¢ = salt concentration), €,.Vye.C, €x.S.C, and ey.Viecycie-C all represent a
certain quantity of salt in the salt balance.

Water balance and salt balance equations are extensively treated in previous reports (see
Report A for the existing situation, and Reports B, C and D for the future situation with
Post-Panamax Locks).

As an example we give here the equations which describe the salt balance in step I of the
uplockage process in the case that water saving basins and water storage ponds (option 3)
are applied. Equations are shown both for lower lock and upper lock. Also the salt-balance
equations of step III, in the case that water is recycled from lower storage pond to upper
storage pond, are given. Equations which are used in step II are not effected by the recycling
of water; they are treated in Reports A, B, C and D.

Step 1, tailbay — lower lock, water recycling option 3

[ wsb ]

Vrecycle
to Upper Pond

Salt balance equations:

_(Vhigm < Chign) ~ Comprin - Vame - Chign) ~ ©rprn + Viore - Chignt )-(€ - Ver — Vare = Vo) - Chigni)
S
'high2

(szbhighl . cwsbhighl) + (ewsbﬁll . Vsave . Chighl)

c wsbhigh2 = \Y%
wsbhigh?2

(Vip - Cp) + Copmn - Vaore * Chignt)
Vir

Cirm

Note: subscript high refers to the higher basin of two adjacent basins, subscrift low to the
lower basin, subscript wsbhigh refers to the wsb 's of the higher basin, subscript wsblow to
the wsb's of the lower basin, subscript LP refers to the lower storage pond of the recycling
system, subscript UP to the upper storage pond, subscript / refers to the beginning of the
step, subscript 2 to the end of the step.

WL | Delft Hydraulics
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Step 1, upper lock — forebay, water recycling option 3

forebay lake side

V oovcie from
Lc;%cvyé: Pond

Salt balance equations:

c _ (Vlowl * c]owl) + (ewsbemply ‘ Vsav: i Cwsblow!) + (eUPempty N Vdraw i CUPI) + (cx * (Vr:f - Vsavc B Vdraw) ° chighl
low2 —
V

low2

(Vhighl . chighl) - (ex . (Vref - Vsave B Vdraw) . Chjghl) + ((Vref - Vsave B Vdraw) . clakel) _
Chi gh2 = V. =C forebay2
high?

(szblowl . Cwsblowl) - (e wsbempty * Vsave . Cwsblowl)

c —

wsblow2
szblowZ
¢ =c _ (Vref _Vsave - Vdraw) c
lake2 ~ “lakel V. * Ylakel
lake
_ (VUPI . cUPl) - (eUPemply . Vdraw . CUPI)
Cum = vV

up2

Similar 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 , ewsan and
eLpn 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 with-
drawn 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

WL | Delit Hydraulics
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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 ex , ewspin and eppsy; are 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, D, E-partl for further explanations). The exchange coefficients
Euwsbempty ANA Eypempry are always set to 1 in the present study. We assume that the water in the
wsb's and upper pond 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 and upper pond
prior to the withdrawal.

Step 111, lower storage pond — upper storage pond, water recycling option 3

Salt balance equations:

(VLPI . CLPI) - (eLP-UP . Vrecycle . CLPI)

Cipy =
VLP2
_ (VUPI ¥ CUPl) + (eLP-UP . Vrecycle * cLPl)
Cupz =
VUP2

For the upward transfer of water from lower storage pond to upper storage pond we select a
value 1 for the exchange coefficient e;p.yp. This choice supposes that the water in the lower
storage pond is fully mixed up during filling and has thus an uniform density and salt
concentration.

Step III is executed at the end of uplockage and downlockage operations and after a turn
around. The latter is only required after a change from northbound ships to southbound
ships, since this operation causes a water loss to the tailbay.

2.3 Exchange of salt water between forebay and lake

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

WL | Delft Hydraulics
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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 as a part of the 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.

The salt balance equations for the exchange of salt water between forebay and lake read:

CforebayZ = cforebayl — €4 .(C forebayl — clakel)

Vforebay

Clakez = Crakel T €x (€ forevayt ~ Crake1 )» v
lake
Similar equations are applied between tailbay and lake (Pedro Miguel Locks).

A linear function of time is applied in the exchange coefficient to model the time dependent
exchange of salt water:

At
€x —?'exfull

with:

ex = 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 (s)

IfFAYT > 1then At=T, and e, = exsn = 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.

WL | Delft Hydraulics
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When a water recycling system has been installed, the water lost by operation of the Post-
Panamax Locks at the Pacific side of the canal is either directly pumped back from tailbay
to forebay, pumped back from lower pond to forebay or pumped back from lower pond to
upper pond. In particular when water is pumped into the forebay, the salt concentration near
the locks will rise. For the determination of salt exchange coefficients related to operations
between forebay and upper lock (water levelling, exit or entering of a ship) it is important to
know in which way the salt concentration of the forebay is effected by recycling of water. In
other words when salt water is directly or indirectly (through lower pond operation) pumped
into the forebay, we have to know which portion remains near the locks and contributes to
the salt water exchange between forebay and upper lock (a part of the salt water may flow
back into the upper lock during levelling up or during a ship movement).

Delft3D computations have been made to assess the effect of recycling on salt concentration
levels in the forebay. From these computations it appeared that on the average a higher salt
concentration is present in the forebay. In Swinlocks simulations the effect of recycling can
be obtained when the exchange coefficient ey, in:

At

€y _?'exfull

is set to about 0.9. This choice implies that the water of the forebay has always a somewhat
higher salt concentration in Swinlocks simulations than the water of the lake, as is required.
The salt transfer from forebay to Gatun Lake is a little delayed, compared to the normally
applied value e,qy = 1.0 in simulations, but the final salt concentration of the lake is not
effected (apart from the fact that some more salt water is sluiced back through lock
operations).

2.4 Water control scenarios Gatun Lake

Since the Post-Panamax Locks on the new shipping lane cause extra water losses, the water
balance of Gatun Lake will be changed, meaning that an additional water quantity has to be
supplied to Gatun Lake from new water sources and / or a lesser water quantity released at
Gatun Dam to maintain the water level of Gatun Lake. As an alternative the water that is
lossed by lock operations in the new lane at the Pacific side of the canal may be recycled;
this option is only considered for dry periods when there is a shortage of fresh water. Water
saving basins at the Post-Panamax Locks help to reduce the loss of water.

Different scenarios for the control of the water level of Gatun Lake are considered by ACP.
An overview of scenarios is presented in the table below.

In the baseline scenario (scenario 1) all water losses from Gatun Lake caused by operation
of the new Post-Panamax Locks (the new locks are provided with wsb’s), are compensated
by a supply of fresh water from new water sources. Scenario 2 is like scenario 1, but in
scenario 2 the Post-Panamax Locks have no wsb’s.

In scenario 3 (locks with wsb’s) and scenario 4 (locks without wsb’s) the extra water losses
caused by operation of 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.

WL | Delft Hydraulics
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In scenarios 5, 7 and 9 (locks with wsb’s) and 6, 8 and 10 (locks without wsb’s) the extra
water losses caused by the new locks are compensated by a lesser water release at Gatun
Dam; if insufficient, in dry periods, the water lost by operation of the new locks at the
Pacific side of the canal is recycled; in the case that this is still insufficient the remaining
portion is supplied to Gatun Lake from new water sources.

Scenarios 5 through 10 are applied in the present study. Scenarios 7 through 10 with
recycling from a lower pond to the forebay in Gatun Lake or with direct recycling from the
tailbay to the forebay, are only applied in combination with the 3-lift lock configuration of
Post-Panamax Locks. A scenario with 1-lift locks without wsb’s is not studied since ACP
has disregarded this option.

Scenario

Description

3-lif
locks

2-lift
locks

1-lif
locks

1
baseline
scenario

wsb’s
no reduction of water releases at Gatun Dam
extra fresh water supply to Gatun Lake

Bl

Cl

DI

2

no wsb’s
no reduction of water releases at Gatun Dam
extra fresh water supply to Gatun Lake

B2

C2

D2

wsb’s
water releases at Gatun Dam are reduced
if needed, extra fresh water supply to Gatun Lake

B3

C3

D3

no wsb’s
water releases at Gatun Dam are reduced
if needed, extra fresh water supply to Gatun Lake

B4

4

D4

wsb’s

water releases at Gatun Dam are reduced

if needed, recycling of water; lower pond > upper pond
if needed, extra fresh water supply to Gatun Lake

BS

Cs

D5

no wsb’s

water releases at Gatun Dam are reduced

if needed, recycling of water; lower pond > upper pond
if needed, extra fresh water supply to Gatun Lake

B6

Cé

wsb’s

water releases at Gatun Dam are reduced

if needed, recycling of water; lower pond > Gatun Lake
if needed, extra fresh water supply to Gatun Lake

B7

no wsb’s

water releases at Gatun Dam are reduced

if needed, recycling of water; lower pond > Gatun Lake
if needed, extra fresh water supply to Gatun Lake

B8

wsb’s

water releases at Gatun Dam are reduced

if needed, recycling of water; tailbay > Gatun Lake
if needed, extra fresh water supply to Gatun Lake

B9

10

no wsb’s

water releases at Gatun Dam are reduced

if needed, recycling of water; tailbay > Gatun Lake
if needed, extra fresh water supply to Gatun Lake

B10
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The effects of water recycling on the salt concentration levels of Gatun Lake and Miraflores
Lake have been studied for ship traffic intensities of 1, 5, 10 and 15 Post-Panamax ship
transfers a day in the new shipping lane. The present traffic intensities in the existing two
shipping lanes (36 ship transfers a day for both lanes) were maintained in the salt intrusion
simulations. A traffic intensity of 15 Post-Panamax ship transfers a day is expected for year
50 after opening of the new lane. The mutual comparison of results for different scenarios is
done for year 50.

The quantities of water lost by lock operations, spilled at Gatun Dam, supplied from fresh
water sources, and recycled at the Pacific side of the canal are depending on the number of
ship transits in the new shipping lane, but also on the seasonal variations in rainfall, which
are reflected in the water levels of the lakes and the water release quantities.

In this study we have initially worked with averaged monthly averages of the water levels
and the water release quantities (they have been averaged over a period of 10 years; the data
of the period 1992-2001 was used, see figures below). The extremes in this period (the dry
El Nino year 1997 and the very wet year 1999) were thus filtered off, which is required
when long term predictions of the salt concentration are made. To get insight into the effects
of the extremes in the hydraulic conditions, we have re-run simulations on the basis of the
actual seasonal variations in the period 1992-2001 (monthly averages).

Next figures present the monthly averages of the water level of Gatun Lake and the water
releases at Gatun Dam in the period 1992-2001, and the average values of the monthly
averages. These average values have initially been used in the salt-water intrusion
simulations.

Similar data of the seasonal variations of the water level of Miraflores Lake has been used in
the simulations.

Monthly averages of water level Gatun Lake, perlod 1992-2001
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/\
Monthly averages of total water release Gatun Dam, period 1992-2001
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Monthly averages of water releases at Gatun Dam, period 1992-2001

As an example we present in the next charts the extra quantities of water that are supplied

\ from fresh water sources to Gatun Lake and released at Gatun Dam, in the case of 3-lift
Post-Panamax Locks and a ship traffic intensity of 15 Post-Panamax ships a day (year 50),
for scenarios 1 — 10, initial simulations. The water release values of scenario 1 correspond to
the average values of the monthly averages.

Total water release Gatun Dam for 3-lift Post-Panamax Locks, 15 PP-ships
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Water releases at Gatun Dam in initial simulations, 3-lift locks, 15 PP-ships/day

2—11
WL | Delft Hydraulics




[ Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Report E - Summary Q3476, April 2004

‘ Extra water supply to Gatun Lake for 3-lift Post-Panamax Locks, 15 PP-ships
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Extra water supplies to Gatun Lake in initial simulations, 3-lift locks, 15 PP-ships/day

j From the above figure it appears that extra fresh water supplies are still required when water
‘ is recycled at the Pacific side of the canal (scenarios 5 — 10).
The number of recycling days in scenarios 5 — 10 is shown in next figure for the 3-lift locks,
in the case of a ship-traffic intensity of 15 Post-Panamax ships a day.

Number of recycling days for 3-lift Post-Panamax Locks, 15 PP-ships
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2.5 Effect of water recycling on salt concentration levels

2.5.1 3-lift locks

The effect of water recycling is analyzed for ship traffic intensities of 1, 5, 10 and 15 Post-
Panamax ships a day in addition to the ‘normal’ 36 ship transfers in the existing two
shipping lanes. The salt concentration levels of Gatun Lake and Miraflores Lake appear to
be very sensitive to the number of Post-Panamax ship transfers a day and the water control
scenario practised for Gatun Lake.
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The above charts show the maximum and minimum values of the volume-averaged salt
concentration of Gatun Lake as a function of number of ships and water control scenario (3-
lift locks). From these figures it appears that the salt concentration of Gatun Lake rises
considerably for all ship traffic intensities and scenarios, compared to the present situation.
As may be expected, direct water recycling from tailbay to forebay (scenarios B9 and B10)
is the most unfavourable recycling option, recycling of water from lower storage pond to
upper storage pond (scenarios B5 and B6) is the least unfavourable option. In general, the
use of water saving basins is favourable when water is recycled (scenarios B5, B7 and B9),
since the quantity of salt water that is recycled and intrudes the lakes is smaller. When water
recycling is not practised water saving basins cause a stronger salt water intrusion, because a
lesser quantity of fresh water is involved in the lockage process.

Salt concentration Miraflores Lake (maximum values)
Effect of water recycling, 3-lift Post-Panamax Locks
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The salt concentration of Miraflores Lake rises also for all ship traffic intensities and all
scenarios, as appears from the above figures. Since Miraflores Lake is by-passed by the new
shipping lane the effect of the new shipping lane and recycling is an indirect effect, and is
therefore less markedly.

The results of the present and former simulations (all scenarios B1 — B10, see table on page
2-9) are collected in the figures below. Volume-averaged salt concentrations of Gatun Lake
and Miraflores Lake are shown for a ship-traffic intensity of 15 Post-Panamax ships a day,
which corresponds to the traffic level of year 50 after opening of the new shipping lane.
From the view point of salt water intrusion prevention, the figures clearly demonstrates that
scenarios with water recycling in dry periods of the year (B5 — B10) are a bad alternative for
scenarios (B1 — B4), where fresh water is supplied from new water sources to compensate

\ for the water losses of the Post-Panamax Locks. In all water recycling scenarios the volume-

‘ averaged salt concentration of Gatun Lake rises in year 50 above the fresh-water limit.
(Note: A value of 200 mg/I 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)).
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Salt concentration Miraflores Lake in year 50
3-lift Post-Panamax Locks, 15 PP-ships/day, all water control scenarios
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; Salt concentration Miraflores Lake, 3-lift locks, 15 ships a day, all scenarios

‘ The above figures are valid for averaged seasonal variations. Some simulations for the 3-lift
w locks have been repeated with the actual water levels of Gatun Lake and Miraflores Lake
and the actual water releases at Gatun Dam as input. The actual data of the period 1992-
2001 (monthly averages, see charts on pages 2-10 and 2-11) have been used. This period
includes the dry El Nino year 1977 and the very wet year 1999. Results of the simulations
for a ship traffic intensity of 15 Post-Panamax ships a day (year 50) are shown in next charts
for a period of 10 years, with actual and averaged hydraulic conditions as in the period
1992-2001. The results are valid for scenario B3, no water recycling, see table on page 2-9.

Salt concentration Gatun Lake
Hydraulic conditions 1992 - 2001, water control scenario B3
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Salt ntration Mirafl Lake
Hydraulic conditions 1992 - 2001, water control scenario B3
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Salt concentration Gatun Lake and Miraflores Lake, 3-lift locks, 15 ships a day, scenario
B3 (no recycling), actual and averaged hydraulic conditions

The effects of the dry El Nino year 1997 and the extreme low water level of the lakes in the
first half of 1998 are clearly visible in the results. The salt concentration of Gatun Lake
strongly increases in this period. The salt concentration of Miraflores Lake is indirectly
effected (the new shipping lane bypasses the lake), and increases as well. The next, wet year
1999 causes a strong reduction of the salt concentration in Gatun Lake; the salt concen-
tration of Miraflores Lake follows. As can be seen (compare blue line with grey line) the salt
concentration of Gatun Lake is about twice as high in 1998 when actual hydraulic condi-
tions are taken into account, and in the next wet year 1999 the salt concentration drops much
farther than with average hydraulic conditions. The latter is caused by the heavy rainfall and
spillage of large amounts of water at Gatun Dam in the second half of the wet year 1999.

Similar results are obtained in scenarios B5 (recycling from lower pond to upper pond) and
B9 (direct recycling from tailbay to forebay). As is shown in next figures for scenario BS the
effects of actual hydraulic conditions instead of averaged hydraulic conditions, i.e. stronger

seasonal variations of the salt concentration of the lakes, are somewhat intensified when
water recycling is practised.
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Salt concentration Gatun Lake
Hydraulic conditions 1992 - 2001, water control scenario B5
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2.5.2 2.lift locks and 1-lift locks

A limited number of salt intrusion simulations have been executed for 2-lift locks and 1-lift
locks applying recycling option 3 (recycling from lower storage pond to upper storage
pond), see table on page 2-9. These simulations have been run with averaged hydraulic
conditions of the period 1992-2001, so that the extremes in seasonal variations were filtered
off. In next charts the results of these simulations (volume-averaged salt concentration of
Gatun Lake and Miraflores Lake) are compared with the results of previous simulations
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without recycling. The comparison is done for year 50, with a ship traffic intensity of 15
Post-Panamax ships a day in the new shipping lane.

Results for 2-lift locks:

Salt concentration Gatun Lake in year 50
2-lift Post-Panamax Locks, 15 PP-ships/day, all water control scenarios
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Salt concentration Miraflores Lake in year 50
2-ift Post-Panamax Locks, 15 PP-ships/day, all water control scenarios
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Salt concentration Miraflores Lake, 2-lift locks, 15 ships a day, all scenarios
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Results for 1-lift locks:

Salt concentration Gatun Lake in year 50

1-lift Post-Panamax Locks, 15 PP-ships/day, all water control scenarios
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Salt concentration Gatun Lake, 1-lift locks, 15 ships a day, all scenarios

Salt concentration Miraflores Lake in year 50
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2.6 Conclusions water recycling

A study has been conducted into the effects of water recycling at the Pacific side of the canal
on salt concentration levels of Gatun Lake and Miraflores Lake. Water recycling is consi-
dered by ACP as an alternative for the supply of water from new water sources. When, in
dry periods, the fresh water supply stops and the water level of Gatun Lake drops below the
minimum required level for navigation, water recycling may partly compensate the water
losses caused by lock operations.

The salt water intrusion was analysed for a ship traffic intensity of 1, 5, 10 and 15 Post-
Panamax ships a day. The latter ship-traffic intensity is expected for year 50 after opening of
the third lane. The number of ship transits in west - and east shipping lane was maintained at
the present 18 ships a day in each lane. Different scenarios for the control of the water level
of Gatun Lake were applied, including different options for water recycling. These options
were: (1) direct recycling from tailbay to forebay, (2) recycling from lower storage pond to
forebay, (3) recycling from lower storage pond to upper storage pond. The effects of water
recycling were studied for three-lift Post-Panamax Locks (all three options), two-lift Post-
Panamax Locks (option 3) and single-lift Post-Panamax locks (option 3). The salt intrusion
simulation model Swinlocks has been extended with these recycling options. Main elements
in the water control scenarios of Gatun Lake are: the use of water saving basins for the Post-
Panamax Locks and a reduction of the quantities of water that are spilled at Gatun Dam and
/ or used for hydropower generation.

The general conclusions that emerge from the salt water intrusion simulations are:

e Water recycling at the Pacific side of the canal causes a strong increase of the salt
concentration levels of Gatun Lake and Miraflores Lake. As may be expected, direct
water recycling from tailbay to forebay is the most unfavourable recycling option.
Recycling from lower pond to upper pond is the least unfavourable option; in that case
the salt concentration level of Gatun Lake may be twice as high as in scenarios where
fresh water is supplied from new sources instead of water recycled, provided that wsb’s
are applied. The use of wsb’s is favourable when water recycling is practised, since in
that case a lesser quantity of salt water needs to be recycled.

e From the view point of salt water intrusion prevention scenarios which make use of
water recycling are a bad alternative. This holds for all lock configurations and all ship
traffic intensities.

¢ Despite water recycling at the Pacific side of the canal still additional fresh water from
new water sources is required in dry periods.

Attention has also been paid to the effects of the extremes in seasonal hydraulic variations
such as dry El Nino years or very wet years. In dry years the water level of Gatun Lake
drops to a minimum, water releases at Gatun Dam are stopped, and - as a future option -
recycling of water is started. Heavy rainfall in wet years is the reason that much fresh water
is supplied to Gatun Lake and to limit the rise of the water level a large amount of water is
spilled at Gatun Dam.

The hydraulic conditions of the period 1992 — 2001, including the dry year 1997 and the wet
year 1999, have been modelled in the salt water intrusion simulation model Swinlocks.
Simulations have been executed for 3-lift Post-Panamax Locks (with water saving basins)
for different water control scenarios of Gatun Lake and different ship traffic intensities in
the new shipping lane.
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The extremes in the hydraulic conditions clearly showed up in the results of the salt water
intrusion simulations. A dry year caused a sharp increase of the volume-averaged salt con-
centration of Gatun Lake, while the spillage of huge amounts of water in a wet year caused a
strong drop of the salt concentration. Miraflores Lake is not directly effected by navigation
in the new shipping lane (the new shipping lane bypasses the lake), but the extremes in the
seasonal hydraulic variations showed up as well in the volume-averaged salt concentration
of Miraflores Lake.

When instead of averaged seasonal variations real variations are appplied as input in the
simulation model the maximum salt concentration of Gatun Lake and Miraflores Lake may
be a factor up to about 2 higher in dry years, but may at the same time be much smaller in
wet years (hydraulic conditions as in the period 1992 — 2001 form the basis for this
comparison). This holds for all simulated ship traffic intensities. It appeared also that the
effect of the extremes in hydraulic conditions was intensified when water was recycled.

For the prediction of future salt concentration levels of the lakes, which is aimed to be used
in a mutual comparison of different lock configurations or an analysis of mitigation mea-
sures, the best approach is still to start from averaged seasonal hydraulic variations. For final
design purposes also the effects of the extremes in hydraulic conditions should be taken into
account.
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3

Salt water intrusion mitigation measures

A study has been conducted into the possibilities to reduce the salt water intrusion through
the locks of the Panama Canal. Alternative mitigation systems have been identified,
reviewed and described, and the effectivity and fit for use at the Panama Canal have been
assessed.

3.1

Process of salt water intrusion

In view of an evaluation of the effectiveness of salt water intrusion mitigation measures
insight is required into the most critical moments during uplockage and downlockage
operations. Next phases are identified which are most important:

The phase in which the ship sails from the lower lock chamber to the tailbay is a critical
phase of the downlockage process: the return flow brings a lot of salt water from the
tailbay into the lock chamber, while also a strong density current develops which
propagates at relatively high speed into the lock chamber (caused by the great density
difference Ap between tailbay and lock chamber).

The phase at uplockage, when a ship sails from the tailbay to the lower lock chamber, is
also a critical phase, in particular when the gates of the lock are opened long before the
ship enters. Density flows cause an almost full exchange of water in that case.

Both during downlockage and uplockage the filling jets cause a considerable mixing of
the water in the receiving lock chambers, resulting in a more or less uniform salt
concentration after completion of the water levelling process. This is clearly
unfavourable, in particular at downlockage, since this mixing is the cause that more salt
water migrates to higher locks and forebay.

Generally spoken, downlockage of ships is most critical in view of salt water intrusion.
More salt water is transferred in upstream direction when a ship sails down than when a
ship sails up. This has two major reasons: (i) in the semi-convoy mode of operation the
empty lower lock chamber (downlockage) contains more salt water before the water is
levelled up than at uplockage when a ship is in the lower lock chamber, and (ii) when
after levelling up the next ship enters the lock chamber (downlockage) more salt water
is transferred in upstream direction because of the water displacement of the ship. Mea-
sures to limit or mitigate the intrusion of salt water should therefore preferably optimal
be designed for downlockage operations.

3.2 Mitigation measures

3.2.1 Overview of measures

The methods aimed to reduce the salt water intrusion can be subdivided in three groups,
each group directed on measures or actions in a specific phase of the lockage process. The
next measures are distinguished:
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A Reduce the quantity of salt water that intrudes a lock chamber and subsequently intrudes
the canal:

1. Operational measures
Delay and reduce the exchange of salt water and fresh water between tailbay and
lock chamber or lock chamber and forebay by means of pneumatic barriers (or air
bubble screens)

3. Limit the exchange of salt water and fresh water between lock chamber and forebay
by means of special provisions, like an adjustable sill on the floor

B Remove the salt water that has passed the locks:

1. Flush the area near the locks using the lock filling system or special sluices to dis-
charge the water

2. Drain the salt tongue through a slit in the floor at the upstream side of the lock gates
immediately after the tongue exits the lock chamber and enters the canal

3. Catch the salt water in a pit at the upstream side of the locks and flush the pit

C Prevent the upward migration of salt water from the lower lock chamber:

1. Make use of the density difference between salt and fresh water and the step in the
floor to prevent the migration of salt water from the lower lock chamber to higher
levels

2. Remove the salt water from the lower lock chamber

Special lock systems such as mechanical lifts are not discussed since they have not been
developed so far for large seagoing vessels and are also not considered by ACP as a viable
alternative for the conventional locks.

3.2.2 Feasibility and effectivity of measures

A Reduce the quantity of salt water that intrudes a lock chamber and subsequently
intrudes the canal:

Al Operational measures

Operational measures that are feasible and may lead to a meaningful reduction of the salt
water intrusion are (i) optimize the lockage process (minimize the number of lockages) and
(i) reduce the total opening time of the lock gates, especially the tailbay gates, to a period of
about 15 minutes. Both measures reduce the salt water intrusion caused by density differen-
ces. A minimization of the number of lockages is already practised by ACP for the existing
locks, insofar as safety regulations enable this, and this measure should also be put in
practice when the Post-Panamax Locks have been realised. The dimensions of Post-
Panamax vessels and Panamax Plus vessels are however such that they can hardly be com-
bined with the current Panamax ships in one lock chamber; the effect of this measure will
therefore be limited.

A2 Delay and reduce the exchange of salt water and fresh water by means of pneumatic
barriers

Pneumatic barriers in tailbay and forebay may reduce the total salt water intrusion of Post-
Panamax Locks to maximum 30% (expected upper limit). The ship-bound salt water
intrusion is not prevented. The required air discharge is about 250 m®/s (at atmospheric
pressure) for a barrier in the tailbay; a second barrier in the forebay may require a twice as
little air discharge; this second barrier has a lesser effect. Since pneumatic barriers have not
yet been applied in water with a depth of 20 m or more, a further study into the efficiency is
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advisable. The pneumatic barrier has the advantage that it neither causes an additional fresh

water loss, nor a delay for shipping, but small yachts can not safely pass the pneumatic
barriers.

A3 Limit the exchange of salt water and fresh water between lock chamber and forebay by
means of an adjsutable sill

An adjustable sill at the entrance to the forebay may reduce the salt water intrusion of Post-
Panamax Locks to a maximum of 5%. The ship-bound salt water intrusion is not prevented.
When the adjustable sill malfunctions there is a risk of a collision of a passing ship. The
adjustable sill must therefore be designed in such a way that damage of the ship is
prevented. The sill has the advantage that no extra fresh water is lost. Shipping is not
delayed.
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B Remove the salt water that has passed the locks:

B1 Flush the area near the locks

The direct flushing method may be feasible for Gaillard Cut, not for the area near Gatun
Locks. An effective flushing requires the availability of a large quantity of fresh water
throughout the year, which is however questionable at the Panama Canal. The efficiency of
the flushing method is expected to be relatively small, as far as the full Gatun Lake is consi-
dered. Flushing may help to keep the salinity of the water in the area near the drinking water
intake in Gaillard Cut below the fresh-water limit value, but a better approach would than be
to withdraw the drinking water directly from Madden Lake. To prevent hindrance for ship-
ping, flushing may require a separate flushing channel that bypasses the locks. In general,
flushing will not cause a delay for shipping, provided that hindrance in forebay and tailbay
is prevented and flushing periods are selected well. An intermittent mode of flushing at high
discharge is more effective than a continous flushing with little discharge.

B2 Drain the salt tongue through a slit in the floor

A system that returns the salt water through a slit in the floor at the upstream side of the
locks may be effective in reducing the salt water intrusion (expected upper limit 30% -
60%), but the total water loss (fresh water and salt water) may at the same time be
considerable. The total water loss from the lake is of the same order of magnitude as the
normal loss of a 3-lift Post-Pamamax Lock (without water saving basins). The process of
salt water drainage is difficult to control, also because of the differences between uplockage
and downlockage, which makes that fresh water inevitably escapes with the salt water
through the drain. When the drain water is directly returned into the tailbay ships may
experience some hindrance and as a result shipping may be delayed.

B3 Catch the salt water in a pit at the upstream side of the locks and flush the pit

When a salt water pit is constructed at the upstream side of the locks the greater part of the
salt water that intrudes the forebay can be caught and subsequently be discharged at low
speed into the tailbay (expected upper limit of salt water intrusion reduction 60% - 90%).
The pit should be sufficient deep to minimize mixing of salt water and fresh water when
ships sail over, and have sufficient volume. The loss of fresh water through the drain can be
reduced when a perforated floor is applied in the pit (vertical withdrawal of salt water
similar as in the existing locks). In that case the total loss of water (salt water and fresh
water) will be much smaller than with a slit in in the floor. The risk of hindrance for
shipping caused by the discharge of water into the tailbay is also smaller; a delay for
shipping is therefore not likely.

upper 'Iock forebay

~ salt water pit

perforated floor
et S e e

drain to tailbay

Withdrawal of salt water from salt water pit with perforated floor
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C Prevent the upward migration of salt water from the lower lock chamber:

CI Make use of the density difference between salt and fresh water and the step in the floor
to prevent the migration of salt water from the lower lock chamber to higher levels

A considerable reduction of the salt water intrusion can be obtained with a system that is
designed to keep the salt water in the lower lock chamber during lock operations (expected
upper limit of salt water intrusion reduction 90%). The upward step in the floor at the
upstream side of the lower lock chamber forms a crucial element of this system. In view of
the required step height the system is best suited for a 1-lift lock configuration (with water
saving basins; 1-lift locks without wsb’s are not considered). Another crucial element of the
system is the wall filling / emptying system with openings in both lock walls above the salt
water layer in the lock chamber. By means of a careful filling and emptying, mixing of salt
water and fresh water can for the greater part be prevented. In the case of a 1-lift lock
configuration the salt water remains below the level of the step in the floor, which prevents
an escape of salt water to the forebay, provided that the ship moves slowly without using too
much it’s engine. The system does not cause an additional water loss. Since lock filling and
- emptying as well as ship manoeuvring have to be done very carefully, a delay of shipping
is unevitable. However, the required total lockage time of the 1-lift locks may be smaller
than with a normal 3-lift lock configuration or even a normal 2-lift lock configuration. In
view of the large tidal range it may be necessary to install vertical lifting gates in the lower
fill openings in the walls of the locks at the Pacific side. A thorough study into all relevant
aspects of this system is required when applied to the Post-Panamax Locks.

frorp forebay from forelbay
ship
water saving basins - water saving basins
to tailbay o , to tailbay
ship
fronl') forebay from forelbay
p ...) (— 5
Ed L3
> €
e €
= step in floor 4
o . 9 (— . .
water saving basins B - water saving basins

to tailbay to tailbay

1-lift Post-Panamax Locks with wsb’s and wall filling / emptying system; ship in lock
chamber; uplockage; situation before and after filling
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C2 Partly remove the salt water from the lower lock chamber

Salt water intrusion can effectively be reduced with a system that is designed to exchange
the salt water in the lock chamber with fresh water from the forebay (expected upper limit of
salt water intrusion reduction 90%). The system is only necessary in the lower lock chamber
and is suited for 3-lift and 2-lift lock configurations. The fresh water is supplied through
openings in the lock walls (the lowest openings are located near the initial salt water
surface), while the salt water is simultaneously discharged to the tailbay through openings in
the floor. This is a delicate process since the supplied fresh water and the withdrawn salt
water have to balance, while the supplied fresh water may not mix with the salt water. If
carefully executed, mixing of salt water and fresh water can for the greater part be
prevented. The exchange of salt water is stopped when the salt water — fresh water interface
is ample below the level of the step in the floor at the entrance to the next lock. The step in
the floor prevents an escape of salt water to higher locks and forebay in the phase that lock
gates are open, provided that ships move slowly and don’t use too much the engine. The
system causes an additional water loss. This water loss can be prevented when water storage
basins are applied, but the application of these basins reduces the effectiveness of the
system, since accumulation of salt water in the storage basins will occur. In addition, pumps
are required in the case of water storage basins. Lock filling and - emptying as well as ship
manoeuvring have to be done very carefully, which are the reason that a delay of shipping is
inevitable. The system is rather complex and requires a careful operation, in particular at the
Pacific side, where a large tidal fluctuation occurs. A thorough study into all relevant aspects
of the system is required when applied to the Post-Panamax Locks.
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3.3 Conclusions mitigation measures and recommendations

3.3.1 Conclusions

In the previous sections we have discussed several measures to mitigate the salt water
intrusion. Most of these measures or systems have been applied in existing shipping locks
and / or tested in laboratory conditions. Generally spoken, the mitigation of salt water
intrusion is a delicate matter. The results of measures are strongly dependent on a careful
operation of the locks, the prevailing hydraulic conditions, shipping intensities etc.

The hydraulic conditions at the Panama Canal are favourable in the sense that the canal
water level is always much higher than the sea water level, contrary to for example locks in
low-situated delta areas, where the sea level can be higher and lower than the canal water
level. A complicating factor for salt water intrusion mitigation measures is, however, the
large tidal amplitude at the Pacific side of the canal.

In any case existing mitigation systems, which have proven to be effective, can not simply
be applied to the Post-Panamax Locks. Each measure requires a thorough study on the effec-
tiveness under the conditions that exist at the Panama Canal. This study can partly be done
by numerical simulations, but most measures need a simulation and verification in physical
scale models. Special attention is required for the problem of marine growth and siltation, if
relevant in the Panama Canal area, since they may endanger the proper functioning of some
of the mitigation measures.

In view of a well-balanced selection of mitigation measures it is necessary that the maxi-
mum allowed salt water load through the locks is known for Gatun Lake. This salt water
load should be assessed on the basis of maximum salt concentration levels at sensitive
locations of Gatun Lake. The maximum salt concentration levels of Gatun Lake should
therefore first be defined. The relationship between the salt water load through the locks and
the salt concentration levels at specific locations may be established using a 3-dimensional
numerical flow model of the lake. This relationship is required as a function of ship traffic
intensity and seasonal hydraulic variations, for different configurations of Post-Panamax
Locks. The Post-Panamax lock configuration is of importance since the quantity of water
that is lost through lockage operations, is related to the lock design.

Apart from the analysis of the maximum allowed salt water load, a first selection can
already be made of feasible, effective mitigation measures. These measures should be deve-
loped to an initial, global design level and the effectiveness further studied.

Promising, highly effective mitigation measures are:

¢ Measure CI (keep the salt water in the lock chamber); this measure is suited to 1-lift
locks, does not cause an extra loss of water from the lake, but has the disadvantage that
the operation of the locks is rather complex; the measure causes also a longer lock
operating time, but compared to the total lock operating time of a 3-lift lock this may be
acceptable

¢ Measure C2 (partly remove the salt water from the lower lock chamber); this measure is
suited to 3-lift locks and 2-lift locks; it causes a considerable extra loss of fresh water
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(unless separate water storage basins are applied, which however reduce the
effectiveness); the lock operation is even more complex than with measure C1 and
requires a longer operating time, which is the reason that ship handling is delayed.
Measure B3 (catch the intruded salt water in a deep pit and flush); this measure is suited
to all lock configurations, but causes a considerable extra loss of water (the loss of water
is smaller when a perforated floor is constructed in the pit, which limits the escape of
fresh water)

Pneumatic barriers (air bubble screens) are less effective but may be used together with
other measures to improve the effectiveness.

3.3.2 Recommendations

To solve the problem of a too high salt water intrusion into Gatun Lake we recommend the
following:

[y

10.

Define the acceptable salt concentration levels at specific locations of Gatun Lake
Assess the maximum allowed salt water load on Gatun Lake through the existing and
Post-Panamax Locks. The relationship between the salt water load through the locks and
the salt concentration levels at specific locations of Gatun Lake may be established
using a 3-dimensional numerical flow model of the lake. This relationship is required as
a function of ship traffic intensity and seasonal hydraulic variations, for different con-
figurations of Post-Panamax Locks

Select promising and feasible measures to reduce the intrusion of salt water and develop
these measures to an initial, global design level, appropriate for specific Post-Panamax
lock configurations

Estimate the effectiveness of these measures for the conditions that are present in the
Panama Canal

Make simulations for a longer period of time of the reduced salt water intrusion process,
to assess the effectiveness of selected measures under seasonal hydraulic variations, for
different ship traffic intensities and for specific Post-Panamax lock configurations, and
compare with the allowed salt water load; to that purpose the simulation model
Swinlocks may be used

Evaluate the effectiveness of selected measures in relation to the water loss from the
lake, lockage times, hindrance for shipping, and cost, for different configurations of
Post-Panamax Locks

Decide on salt mitigation measures and select Post-Panamax lock configuration;
develop an apropriate measure or group of measures to a conceptual design level
Thoroughly study all aspects of the conceptual design that may effect the effectiveness,
under relevant operational conditions, by means of numerical computations and physical
scale model studies

Develop to a final design together with the selected configuration of Post-Panamax
Locks

Check the salt water intrusion of the final design for a longer period of time as a
function of ship traffic intensity and seasonal hydraulic variations.

The above activities are reflected in the next schedule:
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| Introduction

Autoridad del Canal de Panaméa (ACP) has awarded WL | Delft Hydraulics the contract for
‘Salt Water Intrusion Analysis of the Panama Canal Locks, Water Recycling System for
Post-Panamax Locks’ (contract No SAA-110830, dated 3 June 2003, with extension of
February 2004).

The objective of this Consultancy is to provide services to the ACP on the subject of salt
water intrusion through the locks of the Panama Canal. The services are focused on the
future situation with Post-Panamax Locks in a third shipping lane and comprise:

e Analysis of the effects of water recycling at the Pacific side of the canal on salt
concentration levels of Gatun Lake and Miraflores Lake.

¢ Identification of alternative methods to mitigate the salt water intrusion through the
locks of the Panama Canal.

The results of the study on water recycling are presented in the present Part I of Report E;
Part II of Report E concerns the study on mitigation measures.

ACP is considering the installation of a water recycling system in the Post-Panamax Locks
at the Pacific side of the canal. This system is aimed to compensate for the loss of water
caused by the lock operations in the third shipping lane, and is used in dry periods, when
there is a shortage of fresh water. In this way, water recycling may be an alternative for the
supply of fresh water to Gatun Lake from new water sources. However, the system may at
the same time cause an extra salt water load on Gatun Lake, and — indirectly — Miraflores
Lake.

Three options for recycling of water are considered by ACP:

Option 1:  Water is directly recycled from tailbay to forebay without making use of storage
ponds. A pumping station beside the tailbay returns water continuously to the
forebay.

Option 2:  The lower lock spills into a lower storage pond. The pumping station returns
water continuously from the lower pond to the forebay.

Option 3:  The lower lock spills into the lower storage pond and the upper lock draws
water from an upper storage pond. The pumping station returns water
continously from lower pond to upper pond.

The effects of water recycling on the salt concentration levels of Gatun Lake and Miraflores
Lake is studied for three-lift Post-Panamax Locks (all three options), two-lift Post-Panamax
Locks (option 3) and single-lift Post-Panamax locks (option 3). Water recycling at the
Pacific side of the canal is only considered for dry periods when the fresh water supply
reduces and the water level of Gatun Lake drops below the minimum required level for
navigation. Different scenarios for the control of the water level of Gatun Lake are studied.
Main elements in these scenarios are: the possible use of water saving basins connected to
the Post-Panamax Locks and a reduction of the quantities of water that are spilled at Gatun
Dam and / or used for hydropower generation.
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The following items are adressed in the present part I of Report E:

review of water recycling system prepared by Consorcio Post-Panamax (CPP)

extension of the salt-water intrusion simulation model with a water recycling system for
Post-Panamax Locks at the Pacific side of the canal (for three configurations of Post-
Panamax Locks: three-lift, two-lift and single-lift lock systems, with and without water
saving basins)

selection of salt exchange coefficients for use in the numerical simulations

simulation of the salt water intrusion for the case that the water recycling system is in
operation

simulation of the salt water intrusion for the case that the water recycling system is in
operation and assuming hydraulic conditions that were present in the period 1992 —
2001.

The studies on water recycling and mitigation measures have been executed in the period
September 2003 — February 2004.

Throughout the present report reference is made to next previous reports:

Report A, June 2003 (WL | Delft Hydraulics project number Q3039): presents the results of
the salt water intrusion analysis for the existing situation.

Reports B, C and D, September 2003 (WL | Delft Hydraulics project number Q3039):
present the results of the salt water intrusion analysis for the future situation with third
shipping lane and 3-lift, 2-lift and 1-lift Post-Panamax Locks.
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2 Design of water recycling system

2.1 Data provided by ACP

ACP is studying the possibilities for recycling of water that is lost by operation of the Post-
Panamax Locks at the Pacific side of the canal. The Consorcio Post-Panamax (CPP) was
asked to develop a preliminary design for the recycling system.

The next data with regards to the water recycling system has been provided by ACP:

Reports

Report of meeting R1 on 28 May 2003 (participants: ACP and CPP), including a hard copy
of powerpoint presentation ‘Recycling Methodology’ of CPP

Anonymous
‘Pump salt water to Gatun Lake’
Section 33 of report ACP, 2000

Anonymous
‘Recycling ponds’
Section 34 of report ACP, 2000

Data of CPP

Documents describing the hydraulic conditions for water recycling simulations (3-lifts with
wsb, 2-lifts with wsb, 2-lifts no wsb)

Speadsheets with results of water recycling simulations (2 chambers — 4 wsb, 2 chambers —
no wsb, 3 chambers — 9 wsb, 3 chambers — no wsb, all simulations for 1, 5, 10 and 15 ships
a day) '

Final version of report ‘Conceptual design to recycle water in Post-Panamax Locks,
Hydraulic Part’
Report R-HY-001, October 03, 2003

Drawings of CPP

Autocad drawings:
D2-0-401-402 (implant and long section), implantation, profil_1, profil 2, profil 3,
profil_4, profil 5, profil 6, profil 7

CW - 001 general layout

CW 002 lower reservoir to upper reservoir pipes : longitudinal profile
CW —003 reservoir to Gatun Lake pipes : longitudinal profile

CW - 004 Pacific Ocean to Gatun Lake pipes : longitudinal profile
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CW —005 2 step lock system filling culverts - longitudinal profile
CW -006 2 step lock system emptying culverts - longitudinal profile
CW 007 3 step lock system filling culverts - longitudinal profile
CW -008 3 step lock system emptying culverts - longitudinal profile

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 water recycling system at Pacific side

Three options for water recycling are considered by ACP:

Option I:  Water is directly recycled from tailbay to forebay without making use of storage
ponds. A pumping station beside the tailbay returns water continuously to the
forebay.

Option 2:  The lower lock spills into a lower storage pond. The pumping station returns
water continuously from the lower pond to the forebay.

Option 3:  The lower lock spills into the lower storage pond and the upper lock draws
water from an upper storage pond. The pumping station returns water
continously from lower pond to upper pond.

The preliminary design of CPP for the recycling system is shown in Figure 2.1 (plan view)
and Figure 2.2 (sketch of recycling option 3)

The lower storage pond is situated in the dredge spoil area, west of the proposed alignment
of Post-Panamax Locks. The water level of the lower pond is always below the water level
of the tailbay; this facilitates a free flow from the lower lock chamber to the lower pond.

The upper storage pond is situated in the lower reach of River Cocoli. A dam will be
constructed in the river and a reservoir will so be formed. The water level of this reservoir
(the upper storage pond) is controled by a spillway in the new dam; this water level is
sufficiently high to facilitate a free-flow filling of the upper lock chamber.

The lower and upper storage ponds are connected to the filling and emptying system by
means of a system of culverts, which are provided with control valves. The flow of water
from lower lock to lower pond is controled in such a way that the water level of the lower
lock equalizes with the water level of the tailbay. Similarly, the flow of water from upper
pond to upper lock chamber is so controled that the water level of the upper lock chamber
equalizes with the water level of the forebay.

The valves may - as an alternative — so be operated that the outflow of water from the lower
lock chamber or inflow of water into the upper lock chamber stops before the water in the
lock chamber has levelled with the water in tailbay or forebay; the remaining water-level
difference is directly levelled. Obviously, this method reduces the recycling efficiency.

In the present study we assume that the first method is applied (full recycling). This
assumption was also made by CPP: the capacity of the pumping station was so designed that
the total pumping flow on a day balances with the total loss of water caused by lock
operations on that day. The water recycling system is only active in dry periods, when the
supply of fresh water to Gatun Lake is insufficient to keep the water level of the lake above
the minimum level that is required for navigation.
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The next data was taken by CPP as starting point for water recycling simulations for two-lift
and 3-lift locks (all levels refer to PLD):
Gatun Lake: stationary water level +26.0 m.
Canal Entrance at the Pacific side: mean sea level +0.30 m, mean high tide +2.40 m,
mean low tide —2.32 m.

Area of lower storage pond 240,000 m’, area of upper storage pond 500,000 m”.

CPP executed recycling simulations for 3-lift and 2-lift Post Panamax Locks with and wit-
hout water saving basins (wsb’s). The simulations showed that next continuous pumping
flows (in m*/s) are required:

no of ships 3-lift locks 2-lift locks 1-lift locks
per day no wsb’s 3wsb’s no wsb’s 2wsb’s 6 wsb’s
per lift per lift per lift
(m’/s) (m’/s) (m’/s) (m’/s) (m’/s)
1 4.7 2.1 49 25 2.5
5 19.0 7.5 243 12.5 12.5
10 345 13.8 49.1 248 24.8
15 50.1 20.0 73.8 36.3 36.3
Table 2.1  Water recycling system Pacific side: continuous pumping flow

Simulations were not done for 1-lift Post-Panamax Locks, but the water losses of 1-lift locks
with 6 wsb’s are equal to the losses of 2-lift locks with 2 wsb’s per lift; the required
pumping flow is thus equal to the pumping flow of the 2-lift lock configuration with 2 wsb’s
per lift.

2.3 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 shipping 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
period of five years, after deepening of the shipping channel, a maximum draught of 15.2 m
will be admitted.
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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 2.2

WL | Delft Hydrautics
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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 was set up for the existing situation (see description in Report
A, issued June 2003) and has been extended and adapted to the situation with a new
shipping lane and Post-Panamax Locks. Three configurations of Post-Panamax Locks have
been modelled: three-lift, two-lift and single-lift lock systems. These lock systems are
provided with water saving basins (wsb’s) which can either be put in operation or switched
off (see description in Reports B, C and D, issued September 2003). 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. 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, water saving basins, forebays and
tailbays of locks, lakes, sea entrances, storage ponds of recycling system) are regarded as
nodes in the numerical simulation model.

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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When water of the Post-Panamax Locks at the Pacific side of the canal is recycled (either
with or without the help of storage ponds) an additional source of salt water is introduced.

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, third 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 and storage ponds of the water recycling system 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. Special scenarios are: (i) the scenario that describes a ‘turn around’
(change from northbound ship transits to southbound ship transits or reverse), and (ii) the
scenario that describes water releases at Gatun Dam and Miraflores Dam (water spilled and
water used for hydropower generation and cooling). As a part of the present study water
recycling options have been put in additional, tailored ship movement scenarios and turn
around scenarios.

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; the
period of the year that the day pattern is active (for example: days 31 through 211) is
prescribed in the day pattern. Subsequently, day patterns are loaded in a case (see scheme of
Figure 3.2). A case contains information on start date and stop date of the simulation. Days
are handled one by one; the simulation model runs the daypattern that is prescribed for the
day that is in execution. After the last day of a year has been handled the simulation model
starts with the first day of the next year; this process continues until the end of the
simulation. The user shall prepare a set of salt exchange coefficients (see Chapters 4 and 5)
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 3.15). 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 3.1.

WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks +  Post-Panamax Locks - Water Recycling - Report E, part | Q3476, April 2004

3.2 Water recycling system in simulation model

When water recycling options are active in the simulation model, recycling actions are exe-
cuted each time that a ship passes the Post-Panamax Locks at the Pacific side of the canal.
The quantity of water that is recycled is equal to the quantity of water that would be spilled
into the tailbay when no recycling system was active. Also the water quantity that is lost as a
result of a turn around operation is recycled at the moment that the turn around operation is
executed. In this way the total quantity of recycled water balances with the total loss of
water caused by all lock operations, similar as in the CPP design of the recycling system.

Each of three configurations of Post-Panamax Locks in the simulation model has been
extended with a water recycling system at the Pacific side of the canal. The extension of the
3-lift lock system is shown in Figure 3.3. Three recycling options have been modelled:

1. direct recycling of water from the tailbay to the forebay in Gaillard Cut
2. recycling of water from a lower storage pond (LP) to the forebay in Gaillard Cut
3. recycling of water from a lower storage pond (LP) to an upper storage pond (UP)

The extensions of the 2-lift lock system and 1-lift lock system are shown in Figure 3.4 and
Figure 3.5 respectively. Only one recycling option has been modelled: recycling of water
from lower storage pond (LP) to upper storage pond (UP).

The nodes and the hydraulic connections between the nodes are shown in the schemes of
Figures 3.3, 3.4 and 3.5 for 3-lift locks, 2-lift locks and 1-lift locks respectively. In the
present study we name the locks as indicated in these figures.

Figures 3.6a and 3.6b present a picture of the transfer of water between the various basins
when water is recycled in the simulation model (Figure 3.6a: direct recycling between
tailbay and forebay, Figure 3.6b: indirect recycling between lower storage pond and upper
storage pond). In Chapter 4 this will be discussed into some greater detail.

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)

WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Water Recycling - Report E, part | Q3476, April 2004

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: Cuilbay (iS prescribed; input: table)

3.3.4 Status parameters and other parameters of Miraflores Lake and

Gatun Lake
water level: hjuke (is prescribed; input: table)
water volume lake: Viake (is function of water level hyy.; input: table)

salt concentration lake: ¢y, (is computed)

spillway discharge: Qspint (is prescribed; input: table)
water for hydro power: Py (is prescribed; input: table)
cooling water: P.ooiing (is prescribed; input: table)

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

sill level: fsu (input: table)

area tailbay: Auilbay (input: table)
area forebay: Aforebay (input: table)
water level tailbay: ~ hyipay (is equal to hy)
water level forebay: hforebay (is equal to hyye)

water volume tailbay: Vs (is computed)
water volume forebay: Viyehay (is computed)
concentration tailbay:  Cuimay (is computed)

concentration forebay: Cgorebay (is computed)

3.3.6 Status parameters and other parameters of existing locks and new

locks
water level: hiock (is computed)
water depth: diock (is computed)
water volume: Vioek (1s computed)
salt concentration: Clock (is computed)
max. water level: maxh,, (input: table)
min. water level: minh,, (input: table)
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length: lie (nominal chamber length; input: table)
width: biock (Width of chamber; input: table)

lock area: Alock (= lloc:k . 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: Cwsb (1S computed)
max. water volume: maxV g, (input: table)
min. water volume: minV g, (input: table)

3.3.8 Status parameters and other parameters of storage ponds of water

recycling system
water volume: Vyond (is computed)
salt concentration: Cpond (is computed)
max. water volume: maxVng (input: table)
min. water volume: minVpeng (input: table)
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3.4 Function of forebays and tailbays 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 or in
the phase that the ship enters of leaves the 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
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 Ceipay in the seaside tailbay of Miraflores Locks and Gatun Locks is input
for the model.

3.5 Ship movements and turn arounds

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 between an
uplockage and a downlockage scenario (this is not required for single-lift locks). For a
further description of scenarios reference is made to Report A (existing situation), Report B
(single-lift Post-Panamax Locks), Report C (three-lift Post-Panamax Locks), and Report D
(two-lift Post-Panamax Locks).

Water recycling in the simulation model is a separate step in a ship movement or a turn
around scenario. In the present study additional scenarios have been developed which
contain a water recycling step. For periods when water recycling is required, the user shall
select these scenarios instead of the normal scenarios.

This section presents an overview of the additional ship movement and turn around sce-
narios. Reference is made to Sections 3.6 — 3.10 for a further description of the separate
steps in the additional scenarios.
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3.5.1 Three-lift locks: additional scenarios for water recycling

The simulation model for the three-lift lock configuration of Post-Panamax Locks has three
options for water recycling at the Pacific side of the canal (Figure 3.3). Twelve additional
ship movement scenarios have been developed, each containing a water recycling step.
Table 3.1 presents an overview of these ship movements scenarios. The shipping locks can
be operated with or without water saving basins.

no | ship movement lane up- or downlockage | remarks

1 Pacific Ocean to Gatun Lake new lane | uplockage no wsb’s, direct recycling
from tailbay to forebay

2 Gatun Lake to Pacific Ocean new lane | downlockage no wsb’s, direct recycling
from tailbay to forebay

3 Pacific Ocean to Gatun Lake new lane | uplockage wsb’s, direct recycling
from tailbay to forebay

4 Gatun Lake to Pacific Ocean new lane | downlockage wsb’s, direct recycling
from tailbay to forebay

5 Pacific Ocean to Gatun Lake new lane | uplockage no wsb’s, recycling from
lower pond to forebay

6 Gatun Lake to Pacific Ocean new lane | downlockage no wsb’s, recycling from
lower pond to forebay

7 Pacific Ocean to Gatun Lake new lane | uplockage wsb’s, recycling from
lower pond to forebay

8 Gatun Lake to Pacific Ocean new lane | downlockage wsb’s, recycling from
lower pond to forebay

9 Pacific Ocean to Gatun Lake new lane | uplockage no wsb’s, recycling from
lower pond to upper pond

10 | Gatun Lake to Pacific Ocean new lane | downlockage no wsb’s, recycling from
lower pond to upper pond

11 | Pacific Ocean to Gatun Lake new lane | uplockage wsb’s, recycling from
lower pond to upper pond

12 | Gatun Lake to Pacific Ocean new lane | downlockage wsb’s, recycling from
lower pond to upper pond

Table 3.1  Additional ship movement scenarios for new lane with three-lift locks (with and

without water saving basins) and recycling systems

A turn around scenario describes the operational steps that are required to adapt the water
levels in the lock chambers for a change in ship transit direction. In the case of water
recycling a separate recycling step has to be performed. Eight additional turn around
scenarios have been developed, which facilitate water recycling during turn around
operations (see Table 3.2). The shipping locks can be operated with or without water saving
basins.
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no side of canal turn around lane remarks

1 Pacific side change from northbound | new lane | no wsb’s, direct recycling from
to southbound traffic tailbay to forebay

2 Pacific side change from northbound | new lane | wsb’s, direct recycling from tailbay
to southbound traffic to forebay

3 Pacific side change from northbound | new lane | no wsb’s, recycling from lower
to southbound traffic pond to forebay

4 Pacific side change from northbound | new lane | wsb’s, recycling from lower pond
to southbound traffic to forebay

5 Pacific side change from northbound | new lane | no wsb’s, recycling from lower
to southbound traffic pond to upper pond

6 Pacific side change from southbound | new lane | no wsb’s, recycling from lower
to northbound traffic pond to upper pond

7 Pacific side change from northbound | new lane | wsb’s, recycling from lower pond
to southbound traffic to upper pond

8 Pacific side change from southbound | new lane | wsb’s, recycling from lower pond
to northbound traffic to upper pond

Table3.2  Additional turn around scenarios for new lane with two-lift locks (with and

without water saving basins) and recycling systems

3.5.2 Two-lift locks: additional scenarios for water recycling

The simulation model for the two-lift lock configuration of Post-Panamax Locks has only
one option for water recycling at the Pacific side of the canal (Figure 3.4). Four additional
ship movement scenarios have been developed, each containing a water recycling step.
Table 3.3 presents an overview of these ship movements scenarios. The shipping locks can
be operated with or without water saving basins.

no | ship movement lane up- or downlockage | remarks

1 Pacific Ocean to Gatun Lake new lane | uplockage no wsb’s, recycling from
lower pond to upper pond

2 Gatun Lake to Pacific Ocean new lane | downlockage no wsb’s, recycling from
lower pond to upper pond

3 Pacific Ocean to Gatun Lake new lane | uplockage wsb’s, recycling from
lower pond to upper pond

4 Gatun Lake to Pacific Ocean new lane | downlockage wsb’s, recycling from
lower pond to upper pond

Table 3.3

Additional ship movement scenarios for new lane with
without water saving basins) and recycling system

two-lift locks (with and

Four additional turn around scenarios have been developed, each containing a water
recycling step (see Table 3.4). The shipping locks can be operated with or without wsb’s.
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no side of canal turn around lane remarks

1 Pacific side change from northbound | new lane | no wsb’s, recycling from lower
to southbound traffic pond to upper pond

2 Pacific side change from southbound | new lane | no wsb’s, recycling from lower
to northbound traffic pond to upper pond

3 Pacific side change from northbound | new lane | wsb’s, recycling from lower pond
to southbound traffic to upper pond

4 Pacific side change from southbound | new lane | wsb’s, recycling from lower pond
to northbound traffic to upper pond

Table 3.4 Additional turn around scenarios for new lane with two-lift locks (with and

without water saving basins) and recycling system

3.5.3 Single-lift locks: additional scenarios for water recycling

The simulation model for the single-lift lock configuration of Post-Panamax Locks has only
one option for water recycling at the Pacific side of the canal (Figure 3.5), similar as for the
two-lift locks. Four additional ship movement scenarios have been developed, each
containing a water recycling step. Table 3.5 presents an overview of these ship movements
scenarios. The shipping locks can be operated with or without water saving basins.

no | ship movement lane up- or downlockage | remarks

1 Pacific Ocean to Gatun Lake new lane | uplockage no wsb’s, recycling from
lower pond to upper pond

2 Gatun Lake to Pacific Ocean new lane | downlockage no wsb’s, recycling from
lower pond to upper pond

3 Pacific Ocean to Gatun Lake new lane | uplockage wsb’s, recycling from
lower pond to upper pond

4 Gatun Lake to Pacific Ocean new lane | downlockage wsb’s, recycling from
lower pond to upper pond

Table3.5  Additional ship movement scenarios for new lane with single-lift locks (with and

without water saving basins) and recycling system

The single-lift locks do not require turn around operations.

3.6 Three-lift locks: steps in ship movement scenarios with

water recycling

Three options for water recycling are available in the simulation model for the three-lift
Post-Panamax Locks at the Pacific side of the canal (see Figure 3.3):

I.
2.

WL | Delft Hydraulics

direct recycling of water from the tailbay to the forebay in Gaillard Cut

recycling of water from a lower storage pond (LP), which is connected to the lower
lock, to the forebay in Gaillard Cut
recycling of water from a lower storage pond (LP), which is connected to the lower
lock, to an upper storage pond (UP), which is connected to the upper lock
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These three options can be combined with ship movement scenarios and turn around
scenarios. Next sections present an overview of the subsequent steps of the ship movement
scenarios with water recycling. A distinction is made between locks without water saving
basins and locks with water saving basins (wsb’s).

3.6.1 Three-lift locks without wsb's

Direct water recycling

Next table shows the subsequent steps (recycle step in bold) 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
Tailbay Lock G Forebay Lock J Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.6  Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks without wsb.
Direct water recycling.

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
LockJ Lock H Equalize water levels
LockJ 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
Forebay Lock J Tailbay Lock G Recycle water

Table3.7 Downlockage. Gatun Lake — Paciific Ocean. New lane, three-lift locks without

wsb. Direct water recycling.

WL | Delft Hydraulics
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2 Recycling of water from lower pond (LP) to forebay

Subsequent steps in uplockage scenario ‘ship movement Gatun Lake — Pacific Ocean’:

Low basin High basin Operation

(Remartks)
Lower Pond 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 LockJ Equalize water levels
Lock H Lock J Move ship
Lock J Forebay Lock J Equalize water levels
Lock J Forebay Lock J Move ship
Lower Pond Forebay Lock J Recycle water
Forebay Lock J Gatun Lake (Density flows)
Table 3.8  Uplockage. Pacific Ocean —» Gatun Lake. New lane, three-lift locks without wsb.

Recycling of water from LP to forebay.

Subsequent steps in downlockage scenario ‘ship movement Gatun Lake —» Pacific Ocean’:

High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock J (Density flows)
Forebay Lock J LockJ 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 ‘Lower Pond Equalize water levels
Lock G Tailbay Lock G Move ship
Forebay Lock J Lower Pond Recycle water
Table 3.9 Downlockage. Gatun Lake — Paciific Ocean. New lane, three-lift locks without

wsb. Recycling of water from LP to forebay.

3—1 1
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3 Recycling of water from lower pond (LP) to upper pond (UP)

Subsequent steps in uplockage scenario ‘ship movement Gatun Lake — Pacific Ocean’:

Low basin High basin Operation

(Remarks)
Lower Pond 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 Upper Pond Equalize water levels
LockJ Forebay Lock J Move ship
Lower Pond Upper Pond Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.10 Uplockage. Pacific Ocean —» Gatun Lake. New lane, three-lift locks without wsb.
Recycling of water from LP to UP.

Subsequent steps in downlockage scenario ‘ship movement Gatun Lake — Pacific Ocean’:

High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock J (Density flows)
Upper Pond Lock J Equalize water levels
Forebay Lock J LockJ Move ship
LockJ 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 Lower Pond Equalize water levels
Lock G Tailbay Lock G Move ship
Upper Pond Lower Pond Recycle water

Table 3.11 Downlockage. Gatun Lake — Paciific Ocean. New lane, three-lift locks without
wsb. Recycling of water from LP to UP.

3—12
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3.6.2 Three-lift locks with wsb's

Next tables show the subsequent steps in uplockage and downlockage scenarios:

Direct water recycling

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
Tailbay Lock G Forebay Lock J Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.12 Uplockage. Pacific Ocean —» Gatun Lake. New lane, three-lift locks with wsb.
Direct water recycling.

High basin Low basin Operation

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

Table 3.13 Downlockage. Gatun Lake — Pacific Ocean. New lane, three-lift locks with wsb.
Direct water recycling.

WL | Delft Hydraulics
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2 Recycling of water from lower pond (LP) to forebay

Low basin High basin Operation

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

Table 3.14 Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks with wsb.
Recycling of water from LP to forebay.

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 LockJ Equalize water levels
Forebay Lock J Lock J Move ship
LockJ Lock H Fill wsb's of lock J
LockJ Lock H Empty wsb's of lock H
LockJ 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 Lower Pond Equalize water levels
Lock G Tailbay Lock G Move ship
Forebay Lock J Lower Pond Recycle water

Table 3.15 Downlockage. Gatun Lake —» Pacific Ocean. New lane, three-lift locks with wsb.
Recycling of water from LP to forebay.

WL | Delft Hydraulics
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3 Recycling of water from lower pond (LP) to upper pond (UP)

Low basin High basin Operation

(Remarks)
Tailbay Lock G Lock G Fill wsb's of lock G
Lower Pond 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 ] 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
LockJ Upper Pond Equalize water levels
LockJ Forebay Lock J Move ship
Lower Pond Upper Pond Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.16 Uplockage. Pacific Ocean —» Gatun Lake. New lane, three-lift locks with wsb.
Recycling of water from LP to UP.

High basin Low basin Operation

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

Table 3.17 Downlockage. Gatun Lake — Pacific Ocean. New lane, three-lift locks with wsb.
Recycling of water from LP to UP.

WL | Delft Hydraulics
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3.7 Two-lift locks: steps in ship movement scenarios with water
recycling

One option for water recycling is available in the simulation model for the two-lift Post-
Panamax Locks at the Pacific side of the canal (see Figure 3.4):

1. recycling of water from a lower storage pond (LP), which is connected to the lower
lock, to an upper storage pond (UP), which is connected to the upper lock

This option is put into additional ship movement scenarios. Next sections present an over-
view of the subsequent steps of the ship movement scenarios with water recycling. A

distinction is made between locks without water saving basins and locks with water saving
basins (wsb’s).

3.7.1 Two-lift locks without wsb's

Recycling of water from lower pond (LP) to upper pond (UP)

Low basin High basin Operation

(Remarks)
Lower Pond 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 Upper Pond Equalize water levels
Lock Q Forebay Lock Q Move ship
Lower Pond Upper Pond Recycle water
Forebay Lock Q Gatun Lake (Density flows)

Table 3.18 Uplockage. Pacific Ocean — Gatun Lake. New lane, two-lift locks without wsb.
Recycling of water from LP to UP.

High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock Q (Density flows)
Upper Pond 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 Lower Pond Equalize water levels
Lock P Tailbay Lock P Move ship
Upper Pond Lower Pond Recycle water

Table 3.19 Downlockage. Gatun Lake — Paciific Ocean. New lane, two-lift locks without wsb.
Recycling of water from LP to UP.

3—16
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3.7.2 Two-lift locks with wsb's

Recycling of water from lower pond (LP) to upper pond (UP)

Low basin High basin Operation

(Remarks)
Tailbay Lock P Lock P Fill wsb's of lock P
Lower Pond 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 Upper Pond Equalize water levels)
Lock Q Forebay Lock Q Move ship
Lower Pond Upper Pond Recycle water
Forebay Lock Q Gatun Lake (Density flows)

Table 3.20 Uplockage. Pacific Ocean — Gatun Lake. New lane, two-lift locks with wsb.
Recycling of water from LP to UP.

High basin Low basin Operation

(Remarks)
Gatun Lake Forebay Lock Q (Density flows)
Forebay Lock Q Lock Q Empty wsb's of lock Q
Upper Pond 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 Lower Pond Equalize water levels
Lock P Tailbay Lock P Move ship
Upper Pond Lower Pond Recycle water

Table 3.21 Downlockage. Gatun Lake — Pacific Ocean. New lane, two-lift locks with wsb.
Recycling of water from LP to UP.

WL | Delft Hydraulics
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3.8 Single-lift locks: steps in ship movement scenarios with
water recycling

One option for water recycling is available in the simulation model for the single-lift Post-
Panamax Locks at the Pacific side of the canal (see Figure 3.5):

1. recycling of water from a lower storage pond (LP), which is connected to the lower
lock, to an upper storage pond (UP), which is connected to the upper lock

This option is put into additional ship movement scenarios. Next sections present an over-
view of the subsequent steps of the ship movement scenarios with water recycling. A
distinction is made between locks without water saving basins and locks with water saving
basins (wsb’s). The subsequent steps in uplockage and downlockage scenarios are shown in
next tables:

3.8.1 Single-lift locks without wsb's

Recycling of water from lower pond (LP) to upper pond (UP)

Low basin High basin Operation

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

Table 3.22 Uplockage. Pacific Ocean — Gatun Lake. New lane, single-lift locks without wsb.
Recycling of water from LP to UP.

High basin Low basin Operation

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

Table 3.23 Downlockage. Gatun Lake — Paciific Ocean. New lane, single-lift locks without
wsb. Recycling of water from LP to UP.
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3.8.2 Single-lift locks with wsb's

Recycling of water from lower pond (LP) to upper pond (UP)

Low basin High basin Operation

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

Table 3.24 Uplockage. Pacific Ocean — Gatun Lake. New lane, single-lift locks with wsb.
Recycling of water from LP to UP.

High basin Low basin Operation

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

Table 3.25 Downlockage. Gatun Lake — Pacific Ocean. New lane, single-lift locks with wsb.
Recycling of water from LP to UP.
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3.9 Three-lift locks: steps in turn around scenarios with water

recycling

Turn around scenarios contain the subsequent steps which are required to prepare the locks
for a change in ship transit direction. Three options for water recycling are available in the
simulation model. Next sections present an overview of the subsequent steps of the turn
around scenarios with water recycling. A distinction is made between locks without water
saving basins and locks with water saving basins (wsb’s).

3.9.1 Three-lift locks without wsb's

| Direct water recycling

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. The water levels in lock chambers G and H
have to be lowered. Two recycle steps (in bold) are required:

Low basin High basin Operation

Tailbay Lock G Lock G Equalize water levels
Tailbay Lock G Forebay Lock J Recycle water

Lock G Lock H Equalize water levels
Tailbay Lock G Lock G Equalize water levels
Tailbay Lock G Forebay Lock J Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.26 Turn around Pacific side. Change from northbound (uplockage) to southbound

(downlockage). New lane, three-lift locks without wsb. Direct recycling.

Turn around scenario: ‘Pacific side, change from southbound (downlockage) to northbound
(uplockage)’. After passage of the last southbound ship (downlockage) the water levels in
lock chambers G H and J are low. The water levels in lock chambers H and J have to be
raised. These lock operations do not cause water losses to the tailbay; for that reason
recycling of water is not required.

WL | Delft Hydraulics
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2 Recycling of water from lower pond (LP) to forebay

Turn around scenario: ‘Pacific side, change from northbound (uplockage) to southbound
(downlockage)’.

Low basin High basin Operation

Lower Pond Lock G Equalize water levels
Lower Pond Forebay Lock J Recycle water

Lock G Lock H Equalize water levels
Lower Pond Lock G Equalize water levels
Lower Pond Forebay Lock J Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.27 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage). New lane, three-lift locks without wsb. Recycling of water from LP
to forebay.

Turn around scenario: ‘Pacific side, change from southbound (downlockage) to northbound
(uplockage)’. No water losses to the tailbay; for that reason water recycling is not required.

3 Recycling of water from lower pond (LP) to upper pond (UP)

Turn around scenario: ‘Pacific side, change from northbound (uplockage) to southbound

(downlockage)’.

Low basin High basin Operation

Lower Pond Lock G Equalize water levels
Lower Pond Upper Pond Recycle water

Lock G Lock H Equalize water levels
Lower Pond Lock G Equalize water levels
Lower Pond Upper Pond Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.28 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage). New lane, three-lift locks without wsb. Recycling of water from LP

to UP.

Turn around scenario: ‘Pacific side, change from southbound (downlockage) to northbound
(uplockage)’. No water losses to the tailbay, but water withdrawal from UP to upper cham-
ber requires an additional turn around scenario:

WL | Delft Hydraulics
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High basin Low basin Operation

Upper Pond Lock J Equalize water levels
Lock J Lock H Equalize water levels
Upper Pond Lock J Equalize water levels
Gatun Lake Forebay Lock J (Density flows)

Table 3.29 Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage). New lane, three-lift locks without wsb. Recycling of water from LP to
UP.

3.9.2 Three-lift locks with wsb's

I Direct water recycling

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 and the corresponding wsb’s are empty. The
water levels in lock chambers G and H have to be lowered and the wsb’s filled. Two recycle
steps (in bold) are required:

Low basin High basin Operation

Tailbay Lock G Lock G Fill wsb's of lock G
Tailbay Lock G Lock G Equalize water levels
Tailbay Lock G Forebay Lock J Recycle water

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
Tailbay Lock G Forebay Lock J Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.30 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage). New lane, three-lift locks with wsb. Direct water recycling.

Turn around scenario: ‘Pacific side, change from southbound (downlockage) to northbound
(uplockage)’. After passage of the last southbound ship (downlockage) the water levels in
lock chambers G, H and J are low and the corresponding wsb’s are filled. The water levels in
lock chambers H and J have to be raised and the wsb’s emptied. These lock operations do
not cause water losses to the tailbay; for that reason water recycling is not required.
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2 Recycling of water from lower pond (LP) to forebay
Turn around scenario: ‘Pacific side, change from northbound (uplockage) to southbound
(downlockage)’.
Low basin High basin Operation
Tailbay Lock G Lock G Fill wsb's of lock G
Lower Pond Lock G Equalize water levels
Lower Pond Forebay Lock J Recycle water
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
Lower Pond Lock G Equalize water levels
Lower Pond Forebay LockJ | Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.31 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage). New lane, three-lift locks with wsb. Recycling of water from LP to
forebay.

Turn around scenario: ‘Pacific side, change from southbound (downlockage) to northbound
(uplockage)’. No water losses to the tailbay; for that reason water recycling is not required.

3 Recycling of water from lower pond (LP) to upper pond (UP)

Turn around scenario: ‘Pacific side, change from northbound (uplockage) to southbound

(downlockage)’.

Low basin High basin Operation

Tailbay Lock G Lock G Fill wsb's of lock G
Lower Pond Lock G Equalize water levels
Lower Pond Upper Pond Recycle water

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
Lower Pond Lock G Equalize water levels
Lower Pond Upper Pond Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.32 Turn around Pacific side. Change from northbound (uplockage) to southbound

(downlockage). New lane, three-lift locks with wsb. Recycling of water from LP to
UP.
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Turn around scenario: ‘Pacific side, change from southbound (downlockage) to northbound
(uplockage)’. No water losses to the tailbay, but water withdrawal from UP to upper cham-
ber requires an additional turn around scenario:

High basin Low basin Operation

Forebay Lock J Lock J Empty wsb's of lock J
Upper Pond 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
Upper Pond Lock J Equalize water levels
Gatun Lake Forebay Lock J (Density flows)

Table 3.33 Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage). New lane, three-lift locks with wsb. Recycling of water from LP to UP.

3.10 Two-lift locks: steps in turn around scenarios with water
recycling

One option for water recycling is available in the simulation model. Next sections present an
overview of the subsequent steps of the turn around scenarios with water recycling.

3.10.1 Two-lift locks without wsb’s

Recycling of water from lower pond (LP) to upper pond (UP)

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. The water level in lock chamber P has to be
lowered. One recycle step (in bold) is required:

Low basin High basin Operation

Lower Pond Lock P Equalize water levels
Lower Pond Upper Pond Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.34 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage). New lane, two-lift locks without wsb. Recycling of water from LP
to UP.

Turn around scenario ‘Pacific side, change from southbound (downlockage) to northbound
(uplockage)’. 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. These
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lock operations do not cause water losses to the tailbay, but water withdrawal from UP to
upper chamber requires an additional turn around scenario:

High basin Low basin Operation
Upper Pond Lock Q Equalize water levels
Gatun Lake Forebay Lock Q (Density flows)

Table 3.35 Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage). New lane, two-lift locks without wsb. Recycling of water from LP to
UP.

3.10.2 Two-lift locks with wsb’s

Recycling of water from lower pond (LP) to upper pond (UP)

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 and the corresponding wsb’s are empty. The water
level in lock chamber P has to be lowered and the wsb filled. One recycle step (in bold) is

required:

Low basin High basin Operation

Tailbay Lock P Lock P Fill wsb's of lock P
Lower Pond Lock P Equalize water levels
Lower Pond Upper Pond Recycle water
Forebay Lock J Gatun Lake (Density flows)

Table 3.36 Turn around Pacific side. Change from northbound (uplockage) to southbound
(downlockage). New lane, two-lift locks with wsb. Recycling of water from LP to
UP.

Turn around scenario ‘Pacific side, change from southbound (downlockage) to northbound
(uplockage)’. After passage of the last southbound ship (downlockage) the water levels in
lock chambers P and Q are low and the corresponding wsb’s are filled. The water level in
lock chamber Q has to be raised and the wsb emptied These lock operations do not cause
water losses to the tailbay, but water withdrawal from UP to upper chamber requires an
additional turn around scenario:

High basin Low basin Operation

Forebay Lock Q Lock Q Empty wsb's of lock Q
Upper Pond Lock Q Equalize water levels
Gatun Lake Forebay Lock Q (Density flows)

Table 3.37 Turn around Pacific side. Change from southbound (downlockage) to northbound
(uplockage). New lane, two-lift locks with wsb. Recycling of water from LP to UP.
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3.11 Available vessel types 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, 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
1 15,000 m’ 21.3 m (70 ft) 150m (=500 ft) | 4.7m (154 ft) 45%
Il 45,000 m’ 27.4 m (90 ft) 215m (=700 ft) | 7.6 m (249 ft) 20%
111 90,000 m’ 32.0m(105ft) | 275m (=900 ft) | 10.2m(33.5f) 35%

Table 3.38 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 lock operations
without a ship.

The vessels which use the new shipping lane, are represented by three additional vessel
classes (see Table 3.39). 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 2.2.
vessel water beam length draught
class displacement S

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

Table 3.39 Post-Panamax types of vessels in simulation model (new lane)
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3.12 Dimensions of locks, wsb's, forebays / tailbays, storage
ponds

The dimensions of locks, wsb's and forebays in the new shipping lane are prescribed in the
simulation model through a table ‘Initial values’. The dimensions which are selected for use
in the simulation model are presented in Report B (single-lift Post-Panamax Locks), Report
C (three-lift Post-Panamax Locks) and Report D (two-lift Post-Panamax Locks). The
selected dimensions of locks and forebays / tailbays in the existing lanes are presented in
Report A.

The dimensions of lower storage pond (LP) and upper storage pond (UP) of the water
recycling system are selected starting from the assumption that the capacity of the storage
pond equals three times the quantity of water that - on the average - is spilled to the tailbay
during uplockage or downlockage of a single ship. Normal high water level of the lower
pond is selected as PLD-2.4 m (pond 2/3 full), normal low water level of the upper pond is
selected as PLD+26.0 m (pond 1/3 full).

Selected dimensions of LP and UP of 3-lift Post-Panamax Locks

basin nominal width bottom normal normal
length level high low
water level | water level
(m) (m) (mto PLD) | (mto PLD) | (mto PLD)
Lower Pond 1000 250 -4.8 2.4 -3.6
Upper Pond 2000 250 +25.4 +26.6 +26.0

Table 3.40 Dimensions of upper and lower pond of 3-lift locks

In the simulations we put for lower pond (LP):

Vip =Arp.dip=lp.bp.dip

le = 1000 m

pr =250m

maxVp = maximum water volume of lower pond =900.000 m’
minVyp = minimum water volume of lower pond = 50.000 m’
and for upper pond (UP):

VUP :Aup.dupzlup.bup.dup

lgp =2000m

bup =250m

maxVyp = maximum water volume of upper pond =900.000 m®
minVyp = minimum water volume of upper pond = 50.000 m’

WL | Delft Hydraufics

3—27



Salt Water Intrusion Analysis Panama Canal Locks

Post-Panamax Locks - Water Recycling - Report E, part |

Q3476, April 2004

Selected dimensions of LP and UP of 2-lift Post-Panamax Locks

basin nominal width bottom normal normal
length level high low
water level | water level
(m) (m) (mto PLD) | (mto PLD) | (mto PLD)
Lower Pond 1000 250 -6.0 -2.4 -4.2
Upper Pond 2000 250 +25.1 +26.9 +26.0

Table 3.41 Dimensions of upper and lower pond of 2-lift locks

In the simulations we put for lower pond (LP):

Vie =Arp.dip=lp.brp.dp

le =1000 m

pr =250m

maxVyp = maximum water volume of lower pond = 1.350.000 m’

minVyp = minimum water volume of lower pond = 75.000 m*

and for upper pond (UP):

VUP =Aup.dup=lup.bup.dup

lup =2000 m

bUP =250 m

maxVyp = maximum water volume of upper pond = 1.350.000 m’

minVyp = minimum water volume of upper pond = 75.000 m’

Selected dimensions of LP and UP of |-lift Post-Panamax Locks
basin nominal width bottom normal normal
length level high low
water level | water level

(m) (m) (mto PLD) | (mto PLD) | (mto PLD)

Lower Pond 1000 250 9.6 -2.4 -6.0

Upper Pond 2000 250 +24.2 +27.8 +26.0

Table 3.42 Dimensions of upper and lower pond of 1-lift locks

In the simulations we put for lower pond (LP):

VLP

Iep

bLP
maxVyp
minVLp

=Arp.dip=1lp.bp.dip

=1000 m
=250m

= maximum water volume of lower pond = 2.700.000 m’
= minimum water volume of lower pond = 150.000 m’

and for upper pond (UP):

VUP

WL | Delft Hydraulics

3—28



Salt Water intrusion Analysis Panama Canal Locks Post-Panamax Locks - Water Recycling - Report E, part | Q3476, April 2004

lup =2000 m

bup =250m

maxVyp = maximum water volume of upper pond = 2.700.000 m
minVyp = minimum water volume of upper pond = 150.000 m’

3.13 Miraflores Lake and Gatun Lake

3.13.1 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, see Table 3.43, have been 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.

Month Water level Volume Water level Volume

(m to PLD) (10°m’) (ft to PLD) (10° f7°)

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 3.43 Gatun Lake: representative water levels and corresponding water volumes
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The constant water level of Miraflores Lake and the fluctuating water level of Gatun Lake
(Table 3.43) are maintained in simulations for the future situation with Post-Panamax
Locks; they are shown in Figure 3.6.

3.13.2 Water releases and water recycling

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.

Miraflores Lake

The daily spilled water quantities of Miraflores Lake and the water quantities used for
cooling at Miraflores are shown in Table 3.44. 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° n?’ 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 0.30 041
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 3.44 Miraflores Lake: daily spilled / used water quantities in 2001

The values in Table 3.44 are not used in the simulation model, because they are not
representative for a longer period of time. To get 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-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 maximum value
of 0.3 x 10°® m*/day for cooling purposes at Miraflores Dam. The obtained values are shown
in Table 3.45; these values are regarded as representative values and are used in the
simulation model (see also Figure 3.7). Since the new shipping lane does not effect the
water level of Miraflores Lake the water release quantities are as well valid for the future
situation.
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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 0.30 141
October 1.10 0.30 1.40
November 1.62 0.30 1.92
December 1.77 0.30 2.07

Table 3.45 Miraflores Lake: representative quantities of daily spilled water and water used
for cooling

Gatun Lake

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, see Table 3.46, have
been used in the validation of the simulation model (existing situation, see Report A); they

were regarded as typical, representative values.

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 3.46 Gatun Lake: representative values of daily spilled water quantities and water

quantities used for hydropower

Since the Post-Panamax Locks on the new shipping lane cause extra water losses, the water
balance of Gatun Lake is disturbed and 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 of Gatun Lake. As an alternative the water that is lossed by lock operations in the new
lane at the Pacific side of the canal may be recycled; this option is only considered for dry
periods when there is a shortage of fresh water.
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Scenarios for the control of the water level of Gatun Lake

An overview of scenarios for the control of the water level of Gatun Lake is presented in
Table 3.47. These scenarios may be applied after the new shipping lane with Post-Panamax
Locks has come in operation; the scenarios in bold are applied in the present recycling
study, the scenarios in italic have been applied in earlier salt-water intrusion simulations

(see Reports B, C and D).

Scenario Description 3-lift 2-lift 1-lift
locks locks locks

1 wsb’s BI Cli D1

baseline no reduction of water releases at Gatun Dam

scenario extra fresh water supply to Gatun Lake

2 no wsb’s B2 C2 D2

no reduction of water releases at Gatun Dam
extra fresh water supply to Gatun Lake

3 wsb’s B3 C3 D3
water releases at Gatun Dam are reduced
if needed, extra fresh water supply to Gatun Lake

4 no wsb’s B4 C4 D4
water releases at Gatun Dam are reduced
if needed, extra fresh water supply to Gatun Lake

5 wsb’s B5 Cs D5
water releases at Gatun Dam are reduced

if needed, recycling of water; lower pond > upper pond
if needed, extra fresh water supply to Gatun Lake

6 no wsb’s B6 Cé6
water releases at Gatun Dam are reduced

if needed, recycling of water; lower pond > upper pond
if needed, extra fresh water supply to Gatun Lake

7 wsb’s B7
water releases at Gatun Dam are reduced

if needed, recycling of water; lower pond > Gatun Lake
if needed, extra fresh water supply to Gatun Lake

8 no wsb’s B8
water releases at Gatun Dam are reduced

if needed, recycling of water; lower pond > Gatun Lake
if needed, extra fresh water supply to Gatun Lake

9 wsb’s B9
water releases at Gatun Dam are reduced

if needed, recycling of water; tailbay > Gatun Lake
if needed, extra fresh water supply to Gatun Lake

10 no wsb’s B10
water releases at Gatun Dam are reduced

if needed, recycling of water; tailbay > Gatun Lake
if needed, extra fresh water supply to Gatun Lake

Table 3.47 Gatun Lake: different scenarios for control of the water level of Gatun Lake

In the baseline scenario (scenario 1) all water losses from Gatun Lake caused by operation
of the new Post-Panamax Locks (the new locks are provided with wsb’s), are compensated
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by a supply of fresh water from new water sources. Scenario 2 is like scenario 1, but in
scenario 2 the Post-Panamax Locks have no wsb’s.

In scenario 3 (locks with wsb’s) and scenario 4 (locks without wsb’s) the extra water losses
caused by operation of 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.

In scenarios 5, 7 and 9 (locks with wsb’s) and 6, 8 and 10 (locks without wsb’s) the extra
water losses caused by the new locks are compensated by a lesser water release at Gatun
Dam; if insufficient, in dry periods, the water lost by operation of the new locks at the
Pacific side is recycled; in the case that this is still insufficient the remaining portion is
supplied to Gatun Lake from new water sources.

Scenarios 5 through 10 are applied in the present study. Scenarios 7 through 10 with
recycling from a lower pond to the forebay in Gatun Lake or with direct recycling from the
tailbay to the forebay are only applied in combination with the 3-lift lock configuration of
Post-Panamax Locks. A scenario with 1-lift locks without wsb’s is not studied since ACP
has disregarded this option.

The extra water losses caused by the new locks are growing when the Post-Panamax traffic
intensity increases. Table 3.48 presents the extra water losses of the new locks for a single
ship transfer from ocean to ocean. These values are based on a semi-convoy mode of
operation and 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 m / n) * ljq * 61 m * 2 * (1-5),
where n = number of lifts, and s = water saving rate of wsb’s each lift. The chamber length
lioek is inclusive the area of the gate recesses. The losses are reduced with a factor 2 when
water is recycled at the Pacific side of the canal. Notice that an uplocking ship causes a
downward water flow (equal to the submerged volume of the ship), while a downlocking
ship causes an upward flow. Since a ship moves up at one side of the canal and moves down
at the other side, the resuiting effect on the water volume of Gatun Lake is zero (apart from
differences caused by tidal movements; in the long run however, the mean value of these
differences is zero).

Post-Panamax Lock Representative Number of wsb’s | Extra water losses | Extra water losses
configuration chamber length each lift and each ship transfer | each ship transfer
(m) water saving rate no wsb’s in case of wsb's
each lift (10° m’/day) (10° m*/day)
3-lift locks / rolling 505 3-60% 0.53 0.21
gates
2-lift locks / miter 515 2 -50% 0.81 0.40
gates
1-lift locks / rolling 540 6—75% 1.69 0.42
gates

Table 3.48 Extra water losses caused by a single ship transfer in third, new lane with Post-
Panamax Locks

The effects of water recycling on the salt concentration levels of Gatun Lake and Miraflores
Lake will be studied for ship traffic intensities of 1, 5, 10 and 15 ship transfers a day in the
new shipping lane. The present traffic intensities in the existing two shipping lanes (36 ship
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transfers a day for both lanes) will be maintained in the salt intrusion simulations. The
results of the simulations will mutually be compared.

A traffic intensity of 15 ship transfers a day in the new shipping lane is expected for year 50
after opening of the new lane (see Table 2.2). The mutual comparison of results for different
scenarios for the control of the water level of Gatun Lake will be done for year 50.

Figure 3.11 presents the mean quantities of water which are daily released at Gatun Dam
(spillway and power station) and the mean extra water quantities a day which have to be
supplied to Gatun Lake from fresh water sources; the water quantities are shown for all
water level control scenarios of Gatun Lake (see Table 3.47). Figure 3.11 is valid for year 50
after opening of the new shipping lane and represents a ship traffic intensity of 15 ship
transfers (Post-Panamax type) a day in the new lane; the values for the 3-lift lock
configuration of Post-Panamax Locks are shown. Figures 3.12 and 3.13 present the same
quantities for the 2-lift locks and 1-lift locks respectively.

From Figures 3.11 — 3.13 it appears that extra fresh water supplies are still required when
water is recycled at the Pacific side of the canal.

The mean daily quantity of recycled water in year 50 is shown in Figure 3.15 for 3-lift, 2-lift
and 1-lift lock configurations (ship traffic intensity 15 Post-Panamax ships a day); the cor-
responding number of recycling days a month is shown in Figure 3.14. Notice that scenario
5 gives almost similar results for 2-lift locks with 2 wsb’s per lift and 1-lift locks with 6
wsb’s.

Tables 3.49 — 3.52 (valid for three-lift Post-Panamax Locks) present the mean quantities of
water that are released each day of a month at Gatun Dam, recycled at the Pacific side of the
canal, and supplied from fresh water sources to Gatun Lake for ship traffic intensities of 15,
10, 5 and 1 Post-Panamax ships a day and various water control scenarios. Also the number
of days in a month that recycling is required is shown. When this number of days is smaller
than the total number of days in the considered month, the real daily recycle quantity is
greater than the mean daily recycle quantity shown in the table (this latter quantity is
obtained by averaging the total quantity of recycled water in the considered month over the
full number of days in that month). The quantities shown in the tables are considered as
representative quantities valid for a long period of time. For reasons of comparison the
water release quantities of the baseline scenario (scenario 1, see Table 3.47) is taken up in
the tables. Notice that the water release quantities of scenario 2 are equal to those of
scenario 1. Similarly, water release quantities of scenario 3 are equal to those of scenarios 5,
7 and 9, while water release quantities of scenario 4 are equal to those of scenarios 6, 8 and
10.

Released water quantities, recycled water quantities and supplied water quantities have also
been computed for 2-lift Post-Panamax Locks and 1-lift Post-Panamax Locks. The results
are presented in Tables 3.53 - 3.60.
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Scenario 1 Scenarios 5, 7 and 9 Scenarios 6, 8 and 10
baseline locks with wsb'’s locks without wsb’s
T O[3 O[3 |3 O[5EYO|To|T |l
N S 9 2 < 3 Q . <
January 4.61 1.44 0.00 0.00 0.00 0.00 3.31 0.00 | 25.90
February 0.60 0.00 1.58 0.98 | 28.00 0.00 3.96 3.36 | 28.00
March 0.20 0.00 1.58 1.38 | 31.00 0.00 3.96 3.76 | 31.00
April 0.16 0.00 1.58 1.42 | 30.00 0.00 3.96 3.80 | 30.00
May 0.94 0.00 1.58 0.64 | 31.00 0.00 3.96 3.02 | 31.00
June 3.63 0.46 0.00 0.00 0.00 0.00 3.96 0.33 | 30.00
July 5.55 2.39 0.00 0.00 0.00 0.00 2.37 0.00 | 18.52
August 6.58 341 0.00 | 0.00 0.00 0.00 1.34 0.00 | 10.49
September 8.32 5.15 0.00 | 0.00 0.00 0.40 0.00 0.00 0.00
October 8.23 5.06 0.00 0.00 0.00 0.31 0.00 0.00 | 0.00
November 11.59 8.43 0.00 0.00 0.00 3.67 0.00 0.00 | 0.00
December 12.64 9.47 0.00 0.00 0.00 4.72 0.00 0.00 0.00

Table 3.49 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m>/day and number of recycling days; 15 ships a day, 3-lift Post-Panamax Locks.

Scenario 1 Scenarios 5, 7 and 9 Scenarios 6, 8 and 10
baseline locks with wsb’s locks without wsb’s

3 T |3 |3 (S8 |3 |3 [T

8 8 g, =2 s 3] o = S

9 3 e |8 |F¢2 g & |§g

X < i & g g N 2 g N
January 4.61 2.50 0.00f 0.00] 0.00]| 0.00 0.67 0.00 | 7.85
February 0.60 | 0.00 1.06 | 045 | 28.00 | 0.00 2.64 | 2.04 | 28.00
March 0.20 | 0.00 1.06 | 0.86 | 31.00 | 0.00 2.64 | 2.44 | 31.00
April 0.16 0.00 1.06 0.89 | 30.00 0.00 2.64 2.48 | 30.00
May 0.94 0.00 1.06 0.12 | 31.00 0.00 2.64 1.70 | 31.00
June 3.63 1.52 0.00| 0.00| 0.00] 0.00 1.65 0.00 | 18.77
July 5.55 3.44 0.00 ] 0.00]| 0.00 0.27 0.00] 0.00| 0.00
August 6.58 4.47 0.00 [ 0.00| 0.00 1.30 0.00{ 0.00| 0.00
September 8.32 6.21 000] 0.00] 0.00| 3.04 0.00 | 0.00| 0.00
October 8.23 6.12 0.00 | 0.00 0.00 | 295 0.00 | 0.00f 0.00
November 11.59 9.48 0.00 | 0.00 0.00 6.31 0.00 0.00 [ 0.00
December 12.64 | 10.52 0.00 | 0.00 0.00 7.36 0.00 0.00 | 0.00

Table 3.50 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m*/day and number of recycling days; 10 ships a day, 3-lift Post-Panamax Locks.
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Scenario 1 Scenarios 5, 7 and 9 Scenarios 6, 8 and 10

baseline locks with wsb’s locks without wsb's

3 Y oIz |3 sy Iz |3 %

<] g K = S 3 g o = S 3

3 3 |8 |§ [Ssls |8 |§F |35

Ny g g & g I = & g2
January 4.61 356 | 0.00] 0.00 0.00 1.97 0.00 | 0.00 0.00
February 0.60 ] 0.00]| 0.45 0.00 | 24.09 0.00 1.32 0.72 | 28.00
March 0.20 | 0.00| 0.53 0.33 | 31.00 0.00 1.32 1.12 | 31.00
April 0.16 | 0.00| 0.53 0.36 | 30.00 0.00 1.32 1.16 | 30.00
May 094 0.00]| 0.12 0.00 6.81 0.00 1.32 0.38 | 31.00
June 3.63 2.57 0.00 0.00 0.00 | 0.99 0.00 0.00 [ 0.00
July 5.55 4.50 0.00 | 0.00 0.00 | 291 0.00 0.00 0.00
August 6.58 5.52 ] 0.00] 0.00 0.00 3941 0.00] 0.00 0.00
September 832 726 0.00| 0.00 0.00 5.68 0.00 | 0.00 0.00
October 8.23 7.17 1 0.00 [ 0.00 0.00 5.59 0.00 0.00 0.00
November 11.59 | 10.54 | 0.00 0.00 0.00 8.95 0.00 0.00 0.00
December 12.64 | 11.58 | 0.00 | 0.00 0.00 | 10.00 ] 000 0.00]| 0.00

Table 3.51 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m’/day and number of recycling days; 5 ships a day, 3-lift Post-Panamax Locks.

Scenario 1 Scenarios 5, 7 and 9 Scenarios 6, 8 and 10

baseline locks with wsb’s locks without wsb'’s

ER - - - A - B B B B

3 18 |8 [£518 |8 |§ |£3

g 2 N 8 g 2 N 3 g2
January 4.61 4.40 0.00 0.00 0.00 | 4.08 0.00 0.00 0.00
February 0.60 | 0.39 0.00 0.00 0.00 0.07 0.00 0.00 | 0.00
March 020 [ 0.00 0.01 0.00 3.49 0.00 0.26 0.06 | 31.00
April 0.16 | 0.00 0.05 0.00 | 13.30 0.00 0.26 0.10 | 30.00
May 0.94 0.73 0.00 0.00 0.00 0.41 0.00 0.00 | 0.00
June 3.63 342 0.00 0.00 0.00 3.10 0.00 0.00 0.00
July 5.55 5.34 0.00 0.00 0.00 5.03 0.00 0.00 | 0.00
August 6.58 6.37 0.00 0.00 0.00 6.05 0.00 0.00 0.00
September 8.32 8.11 0.00 0.00 0.00 7.79 0.00 0.00 | 0.00
October 8.23 8.02 0.00 0.00 0.00 7.70 0.00 0.00 | 0.00
November 11.59 | 11.38 0.00 0.00 0.00 | 11.07 0.00 0.00 0.00
December 12.64 | 12.43 0.00 0.00 0.00 | 12.11 0.00 0.00 0.00

Table 3.52 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
mslday and number of recycling days; 1 ship a day, 3-lift Post-Panamax Locks.
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Scenario | Scenario 5 Scenario6

baseline locks with wsb’s locks without wsb’s

TO|T |3 O|® |38y O|T (T |3

RN N N

3 TS OF 8T ¥ |§ |§¥
January 4.61 0.00 1.44 0.00 | 14.77 0.00 6.05 1.44 | 31.00
February 0.60 0.00 3.03 2.42 | 28.00 0.00 6.05 5.45 | 28.00
March 0.20 0.00 3.03 2.83 | 31.00 0.00 6.05 5.85 | 31.00
April 0.16 0.00 3.03 2.86 | 30.00 0.00 6.05 5.89 | 30.00
May 0.94 0.00 | 3.03 2.09 | 31.00 0.00 6.05 5.11 [ 31.00
June 3.63 0.00| 242 0.00 | 24.03 0.00 6.05 2.42 | 30.00
July 5.55 0.00 0.50 0.00 5.10 0.00 6.05 0.50 | 31.00
August 6.58 0.53 0.00 0.00 0.00 0.00 5.53 0.00 | 28.30
September 832 227 0.00 0.00 0.00 0.00 3.79 0.00 | 18.77
October 8.23 2.18 0.00 0.00 0.00 0.00 3.87 0.00 [ 19.85
November 11.59 5.54 0.00 0.00 0.00 | 0.00 0.51 0.00 2.53
December 12.64 6.58 0.00 0.00 0.00 0.53 0.00 0.00 0.00

Table 3.53 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m’/day and number of recycling days; 15 ships a day, 2-lift Post-Panamax Locks.

Scenario 1 Scenario 5 Scenario6
baseline locks with wsb’s locks without wsb's

% 3|3 (% |SE|Y |% o|® |k

3 3 9 = oSS S Q = R
January 4.61 058] 000| 000] 000 000| 3.46 0.00 | 26.57
February 0.60 [ 0.00| 2.02 142 | 28.00 ] 0.00 4.04 343 | 28.00
March 020] 0.00 | 2.02 1.82 | 31.00 | 0.00 | 4.04 3.84 | 31.00
April 0.16 | 0.00| 2.02 1.85 | 30.00 | 0.00| 4.04 3.87 | 30.00
May 0.94 0.00 2.02 1.08 | 31.00 0.00 4.04 3.10 | 31.00
June 3.63 0.00 0.41 0.00 6.05 0.00 4.04 0.41 | 30.00
July 5.55 1.52 0.00 0.00| 0.00| 0.00 2.52 0.00 | 19.32
August 6.58 | 2.54 0.00 0.00 | 0.00] 0.00 1.49 0.00 | 11.45
September 8§32 | 4.28 0.00 0.00 | 0.00 0.25 0.00 0.00 | 0.00
October 823 | 420| 0.00 0.00 | 0.00 0.16 0.00 0.00 | 0.00
November 1159 756 | 0.00]| 0.00]| 0.00 3.52 0.00 0.00 | 0.00
December 12.64 860 | 0.00] 000| 0.00] 4.57 0.00 0.00 | 0.00

Table 3.54 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m°/day and number of recycling days; 10 ships a day, 2-lift Post-Panamax Locks.
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Scenario 1 Scenario 5 Scenario6

baseline locks with wsb'’s locks without wsb'’s

~ ~ ~ ~ e | ~ ~ ® a

2 § 3 = 5 ~§\ é = = 5 -S

3 18 |§ |5s|3 |98 |§F |35y

g g g 5 § N g ~ 5 g 3
January 4.61 2.59 0.00 0.00 0.00 0.58 0.00 0.00 0.00
February 0.60 | 0.00 1.01 0.41 | 28.00 0.00 2.02 1.42 | 28.00
March 0.20 0.00 1.01 0.81 | 31.00 0.00 2.02 1.82 | 31.00
April 0.16 0.00 1.01 0.84 | 30.00 0.00 2.02 1.85 | 30.00
May 0.94 0.00 1.01 0.07 | 31.00 0.00 2.02 1.08 | 31.00
June 3.63 1.61 0.00 0.00 0.00 0.00 0.41 0.00 6.05
July 5.55 3.54 0.00 0.00 0.00 1.52 0.00 0.00 0.00
August 6.58 4.56 | 0.00 0.00 0.00 2.54 0.00 0.00 0.00
September 8.32 6.30 | 0.00 0.00 0.00 4.28 0.00 0.00 0.00
October 8.23 6.21 0.00 0.00 0.00 4.20 0.00 0.00 0.00
November 11.59 9.58 0.00 0.00 0.00 7.56 0.00 0.00 0.00
December 12.64 | 10.62 | 0.00 0.00 0.00 8.60 0.00 0.00 0.00

Table 3.55 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m’/day and number of recycling days; 5 ships a day, 2-lift Post-Panamax Locks.

Scenario 1 Scenario 5 Scenario6

baseline locks with wsb’s locks without wsb’s

3 HEER RN RN

3 18 |5 €518 |8 |§ |£%

g h ~ >4 § o N N g g o
January 4.61 421 0.00 0.00 0.00 3.80 0.00 0.00 0.00
February 0.60 { 020 | 0.00 0.00 0.00 0.00 0.21 0.00 | 14.25
March 0.20 0.00 | 0.20 0.00 | 31.00 0.00 0.40 0.20 | 31.00
April 0.16 0.00 0.20 0.04 | 30.00 0.00 0.40 0.24 | 30.00
May 0.94 | 0.54 0.00 0.00 0.00 0.13 0.00 0.00 | 0.00
June 3.63 3.22 0.00 0.00 0.00 2.82 0.00 0.00 0.00
July 5.55 5.15 0.00 0.00 0.00 4.75 0.00 0.00 | 0.00
August 6.58 6.18 0.00 0.00 0.00 5.77 0.00 0.00 | 0.00
September 8.32 7.91 0.00 0.00 0.00 7.51 0.00 0.00 ] 0.00
October 8.23 7.83 0.00 0.00 0.00 7.42 0.00 0.00 | 0.00
November 11.59 | 11.19 0.00 0.00 0.00 | 10.79 0.00 0.00 | 0.00
December 12.64 | 12.23 0.00 0.00 | 0.00 | 11.83 0.00 0.00 | 0.00

Table 3.56 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m’/day and number of recycling days; 1 ship a day, 2-lift Post-Panamax Locks.
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Scenario 1 Scenario 5

baseline locks with wsb’s

3 Y I3 |3 %=

S S |3 |§ |23

3 3|8 | § |§8
January 4.61 0.00 1.74 0.00 | 16.97
February 0.60 0.00 3.17 2.57 | 28.00
March 0.20 0.00 3.17 2.98 | 31.00
April 0.16 0.00 3.17 3.01 | 30.00
May 0.94 0.00 3.17 2231 31.00
June 3.63 0.00 2.72 0.00 | 25.71
July 5.55 0.00 0.79 0.00 7.75
August 6.58 | 0.23 0.00 0.00 0.00
September 8.32 1.97 1 0.00| 0.00 0.00
October 8.23 1.88 0.00 0.00 0.00
November 11.59 5.25 0.00 0.00 0.00
December 12.64 6.29 0.00 0.00 0.00

Table 3.57 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m*/day and number of recycling days; 15 ships a day, 1-lift Post-Panamax Locks.

Scenario 1 Scenario 5

baseline locks with wsb'’s

3 3 |3 |3 [Ds

E S 18 |8 |£3

N 2 N 3 g
January 4.61 0.38 0.00 0.00 0.00
February 060 0.00] 2.12 1.51 | 28.00
March 0.20 0.00 2.12 1.92 | 31.00
April 0.16 | 0.00] 2.12 1.95 | 30.00
May 094 | 000} 2.12 1.18 | 31.00
June 3.63 0.00 | 0.60 0.00 8.57
July 5.55 1.32 | 0.00 0.00 | 0.00
August 6.58 | 2.35 0.00 0.00 | 0.00
September 8321 4.09| 0.00 0.00 0.00
October 8.23 4.00 [ 0.00 0.00 | 0.00
November 11.59 | 736 | 0.00] 0.00] 0.00
December 12.64 8.40 0.00 0.00 0.00

Table 3.58 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m’/day and number of recycling days; 10 ships a day, 1-lift Post-Panamax Locks.
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Scenario 1 Scenario 5

baseline locks with wsb’s

3 I |3 |3 |3

g § |3 |% |83

2 =2 e S T

N N N 5 s
January 4.61 2.49 0.00 0.00 0.00
February 0.60 0.00 1.06 0.46 | 28.00
March 0.20 0.00 1.06 0.86 | 31.00
April 0.16 0.00 1.06 0.89 | 30.00
May 0.94 0.00 1.06 0.12 | 31.00
June 3.63 1.51 0.00 0.00 0.00
July 5.55 3.44 0.00 0.00 0.00
August 6.58 4.46 0.00 0.00 0.00
September 8.32 6.20 0.00 0.00 0.00
October 8.23 6.11 0.00 0.00 0.00
November 11.59 9.48 0.00 0.00 0.00
December 12.64 | 10.52 0.00 0.00 0.00

Table 3.59 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m3/day and number of recycling days; 5 ships a day, 1-lift Post-Panamax Locks.

Scenario 1 Scenario 5

baseline locks with wsb’s

3 ¥ |3 |3 |32

2 s |3 |2 5%

2 o~ & N § 9

Ny N N 3 g2
January 4.61 4.19 0.00 0.00 0.00
February 0.60 0.18 0.00 0.00 0.00
March 0.20 0.00 0.21 0.01 | 31.00
April 0.16 0.00 0.21 0.05 | 30.00
May 0.94 0.52 0.00 0.00 0.00
June 3.63 3.20 0.00 | 0.00 0.00
July 5.55 5.13 0.00 | 0.00 0.00
August 6.58 6.16 0.00 0.00 0.00
September 8.32 7.89 0.00 0.00 0.00
October 8.23 7.81 0.00 0.00 0.00
November 11.59 | 11.17 0.00 | 0.00 0.00
December 12.64 | 12.21 0.00 0.00 0.00

Table 3.60 Gatun Lake: mean daily released, recycled and supplied water quantities in 10°
m*/day and number of recycling days; 1 ship a day, 1-lift Post-Panamax Locks.
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3.13.3 Effect of water level changes, water releases and water recycling

Water levels and corresponding water volumes of Gatun Lake and Miraflores Lake are
prescribed for each day of a case in the simulation model; these water levels are inclusive
the effects of water releases, water losses caused by lock operation, and water supplies. The
effect of water level changes on the salt concentration of the lakes is evaluated at the start of
each day. The effect of inflow and outflow of salt water is evaluated when the ship
movement scenarios, turn around scenarios and water-release scenarios are executed.

3.14 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
may not fully be conform the real water level fluctuation near the locks, but in the long run
the tidal period and the tidal amplitude are the quantities that count, rather than the real
course of the tidal movement.

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

hiay = 0.305+ A.sinw,t + B.sinw,t

with:
huibay = tidal movement (m to PLD)
A = amplitude 1¥ component = 1.8 m
B = amplitude 2™ component = 0.575 m
) = frequency 1* component = (21/44760)
®; = frequency 2™ component = (211/43233)
t = time (s)

giving a minimum value of PLD -2.07 m and a maximum value of PLD +2.68 m (see
Figure 3.8).

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

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

tailbay
with:
huiway = tidal movement (m to PLD)
A = amplitude 1* component = 0.16 m
B = amplitude 2" component = 0.04 m
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) = frequency 1* component = (271/44760)
®; = 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 3.9).

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:

Month Salt concentration Salt concentration
tailbays Pacific side tailbasy Atlantic side
(ppY) (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 3.61 Salt concentration in tailbays at Pacific and Atlantic side

The salt concentrations presented in the above table are also shown in Figure 3.10.

3.15 [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 and recycling ponds. In
addition, an initial value must be given to the salt concentrations in the lock chambers and
wsb's, the recycling ponds, Miraflores Lake and Gatun Lake. To that purpose the user of the
simulation model prepares the table 'Initial Values'.
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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. In
addition, the water level of the lower recycling pond is low and the water level of the upper
pond is high. Initial water levels in the lock chambers are selected from the tables ‘Initial
Values’ (nominal, mean high water level in chambers); initial water volumes of wsb's, lower
recycling pond and upper recycling pond are computed from the set initial water levels.
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4 Evaluation of nodal status parameters

4.1 Introductory remarks

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. Water recycling forms a
part of special ship movement and turn around scenarios.

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. The effect of lock operations on the salt concen-
tration 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 Chapter 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, water storage ponds, 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
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low basin. Subscript ‘LP’ refers to the lower water storage pond of the recycling system,
subscript ‘UP’ to the upper storage pond.

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 water
quantity that is recycled is referred to as Vicycie.

The general equations for ship movements and turn arounds in the existing shipping lanes
are explained in Report A; the general equations for ship movements and turn arounds in the
new shipping lane are discussed in Reports B, C and D. In the present report the equations
related to water recycling at the Pacific side of the canal are shown.

4.2 Uplockage of ships

Three 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

Il 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

HI if relevant, water that is lost by the operation of the locks at the Pacific side of the canal
is recycled (three options are available)

The time-dependent exchange of salt water between forebays / tailbays and lakes is handled
in a 'special step'. This holds both for the salt water in forebays and tailbays of the lakes that
is intruded through lock operations, and the salt water that enters the forebay of the Post-
Panamax Locks at the Pacific side of the canal when water is recycled to the forebay.

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

e a water volume V¢ is exchanged between two adjacent locks when wsb’s are not active

e when wsb’s are active a water volume V. is spilled to and supplied from the wsb's of
adjacent locks; V. is equal to maximum s% of the water volume V., (s = 60% for 3-
lift locks with 3 wsb’s, 50% for 2-lift locks with 2 wsb’s and 75% for 1-lift locks with 6
wsb’s); consequently, the quantity of water that is exchanged between two adjacent
locks amounts t0: Vit — Ve

e 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 and a greater quantity of water
exchanged between the locks

e when low basin is tailbay and high basin is lock, Ve or Vier — Ve is transferred from
the lower lock to the tailbay

e when low basin is lock and high basin is forebay, V ¢ or Vet — Ve is transferred from
forebay to lock

e in the case of water storage ponds a quantity Vgee = Vier OF Vgore = Vit — Ve 1S
transferred from the lower lock to the lower pond and a quantity Vaay = Vies OF Viraw =
Vit — Vsave is transferred from the upper pond to the upper lock
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e a quantity Vieeyetle = Vier OF Vieeydle = Vier — Vaave is transferred from tailbay to forebay
(direct recycling), or transferred from lower pond to forebay (pond to forebay recy-
cling), or transferred from lower pond to upper pond (pond to pond recycling), see also
Figures 3.6a and 3.6b

e when the water storage ponds get full or have insufficient water (this is checked in the
simulation) a lesser quantity of water is stored in the lower pond or withdrawn from the
upper pond, or recycled

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:

elel - S J.exo
Vref

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

Step III, recycling of water, is executed at the end of a ship movement or turn around
scenario (see description of subsequent steps in Sections 3.6 — 3.10).

Definition of the exchange coefficient e,:

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 or lower storage pond that is filled, and salt withdrawal
from the wsb or the upper storage pond that is emptied

e 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

e apositive value in the formulas of step IIT means salt transfer from lower storage pond
to upper storage pond, salt transfer from lower pond to forebay or salt transfer from
tailbay to forebay

The equations which describe the water balance and the salt balance in case of water
recycling (three options) are presented in next sections. Only those steps which are effected
by water recycling, are shown.

The equations are equally valid for 1-lift, 2-lift and 3-lift configurations of Post-Panamax
Locks at the Pacific side of the canal.
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4.2.1 Uplockage, locks without wsb's

Option |: Direct water recycling

Low basin = tailbay seaside, high basin = lock; recycling from tailbay to forebay
Step I

to forebay
4

tailbay
seaside

tailbay
seaside

water balance
Known values at the beginning of step: hyigh1, dhigh1, Vhign1, and Biaitbay (= input)

hpignz = haitbay
check: hpign> > maxhyg, ?
if yes, hpigno = maxhygy
check: hpighy < minhygy ?
if yes, hpigno = minhg;g
note: in practice lock operations will be delayed until the tide has sufficiently

changed
dhighy = Dhigh2 - Thign
Vhighz = Ahigh2 - Anigh

Vit = (hhigh1 — Bhign2) - Anigh
Vrecycle = Vref
salt balance

Known value at the beginning of step: chjgn
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(Vhight - Chign1) — (&4 - Vier Chight )

Vhith

Chigha =

Low basin = lock, high basin = forebay lake side; recycling from tailbay to forebay
Step 1

forebay lake side

from tailbay

water balance

Known values at the beginning of step: hiye (= input), Viu. (= input), hpignt, dhight, Vhights
hlowl; dlowl: Vlowl

hlow2 = hlake
check: hygys > maxhy,, ?
if yes, hiuo = maxhy
note: in practice the water level in the lake shall be lowered
hhigho = hpighi = hiake
dlow2 = hlowZ - flow
Vlow2 = (dlow2 - Alow) -S
dhigno = dhight = dforebay = (hiake — fiir)
Viigha = Vhight = Viorebay = Ghigh2 - Aforebay
Vref = (hlowz - hlowl) . Alow

salt balance

Known values at the beginning of step: chigni (= Ctorebay1)> Clowi» Ciakel

Viowt - Clowt) T (€4 - Vier - Chigh1)
Vlow2

Clow2 =
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(Vhight - Chign1) = (€x « Vier - Chignt) + (Veer - Clager) B
- cforebay2

Chigh2 =

Vhighz

— ref
Clake2 = Chaket — -Claket
lake

Low basin = tailbay seaside, high basin = forebay lake side; recycling from tailbay to
forebay
Step I11: Recycle step after the ship has passed the forebay (after step II)

water balance

Known values at the beginning of step: Viiay (N0t a real variable!), Vioebay

Vaibay = Viailbay
Vforebay = Vforebay

salt balance
Known values at the beginning of step: Cuiay (= INPUL), Crorebayi

Ctailbay — Crailbay

_ (Vforebay ‘ cforebayl) + (edired : Vrecycle ‘ C!ailbay)

cforebayZ - V.
forebay
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Option 2:  Recycling of water from lower storage pond (LP) to
forebay

Low basin = tailbay seaside, high basin = lock; recycling from LP to forebay

Step I

to forebay

water balance

Known values at the beginning of step: Vip1, huigh1, dhight, Viign1, and hgitbay (= input)

hpigha
check:

check:

dpign2
Vhigh2

Vref
V store

Vir
Check:

Vrecyc]e
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= htailbay

hpigny > maxhyig, ?

if yes, hhighz = maxhhigh

hign2 < minhpigy ?

ifyes, hhighz = minhhigh

note: in practice lock operations will be delayed until the tide has sufficiently
changed

= hiigna - fhigh

= dhith . Ahigh

= (hhigh] - hhigh2) - Aign

= Vref

=Vip1 + Viiore

VLpz > maxVLp ?

ifyes: Vipp =maxVip
Viore = Vi —Vipi

= Vref
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salt balance

Known values at the beginning of step: Chighls CLPI

(Viigni - Crign) ~ Crpmn - Veore - Chign) = (€, - (Vier = Vyore) - Chigh)

C,. =
high2
Viien2
(Ve - Coo) T Cpan - Veore - Chignt)
Cip =
V.
LP2

Low basin = lock, high basin = forebay lake side; recycling from LP to forebay
Step I

forebay lake side

from Lower Pond

water balance

Known values at the beginning of step: hy. (= input), Vi (= input), hygn, dyign1s Vhight,
hlowla dlowla Vlowl

hiows = hiae
check: howz > maxhyg, ?
if yes, hiwa = maxh,
note: in practice the water level in the lake shall be lowered
hhith = hhighl = hyge
dlowZ = hlowZ = flow
VlowZ = (dlow?. . Alow) -S
dhighz = dhighl = dforebay = (hyake — fan)

Vhigha = Vhight = Viorebay = high2 - Aforebay
Vies = (hlow2 - h]owl) - Ajow
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salt balance

Known values at the beginning of step: Chighi (= Crorebay1)s Clowls Clakel

(Viewt - Clow1) T (€, - Ve Chigh1)

clow2 =
Vlow2
_ (Vhigni - Chignt) = (€5 - Vier - Chign) + (Vier - Craeer) _
Chigha = v = Cforebay2
high?
_ ref
Clake2 = Craket ~ 37—+ Clakel

lake

Low basin = lower storage pond, high basin = forebay lake side; recycling from LP to
forebay

Step I1I: Recycle step after the ship has passed the forebay (after step II)

water balance

Known values at the beginning of step: Vipi, Viorebay

Vi = Vet - Vieeyele
check: Vip; <minVyp ?
ifyes: Vipy =minVp
Vrecyclc =Vip— Vipi
Vforebay = Vforebay

salt balance

Known values at the beginning of step: cipi, Crorebayt

(Vipi - o) - (eLPempty + Vieoyele - Cip1)

Cip = v
LP2
= (Vforebay N Cforebayl) + (eLPempty i Vrecycle ‘ cLP])
cforebay2 - vV
forebay
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Option 3: Recycling of water from lower storage pond (LP) to
upper storage pond (UP)

Low basin = tailbay seaside, high basin = lock; recycling from LP to UP
Step I

to Upper Pond

tailbay
seaside

water balance
Known values at the beginning of step: Vip,, hhighi, dhights Vhignt, and hgibay (= input)

hypighs = hyitbay
check: hhigh2 > maxhh,-gh ?
if yes, hhith = maxhhl-gh
check:  hyigny < minhyg, ?
if yes, hyigna = minhyg,
note: in practice lock operations will be delayed until the tide has, sufficiently

changed
Ghigh2 = Diigha - Fhign
Vhighz = dhigh2 - Anigh

Vet = (Bnight — Dhigh2) . Anigh

vstore = Vref
Viee = Ve + Vioe
check: Vip, > maxVip ?
ifyes: Vipy =maxVip
Vaore = Vipa—Vip
Vrecycle = Vref

4—10
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salt balance

Known values at the beginning of step: Cpign1, Cipi

_ (Vhignt - Chignt) — Crptn - Vetore - Cignt) = (€ - Vier = Vire) - Chight)
Chigh2 = v
high2

- (Vipr - Cp1) + Crpsit - Veore - Chignt)

LP2
VLPZ

Low basin = lock, high basin = forebay lake side; recycling from LP to UP
Step I

Upper Pond

ship

forebay lake side

from Lower Pond

water balance

Known values at the beginning of step: Vyp, iy (= input), Vig. (= input), hnigni, dhigh1,
Vhight> Niowt> diow1> View

hlow2 = hlake
check: hyg,, > maxhygy, ?
if yes, hjw; = maxhy,,
note: in practice the water level in the lake shall be lowered
Bhighy = hpigh1t = hjake
dlow2 = hlow2 = flow
Vlow2 = (dlowz . Alow) -S
dhighy = dhight = diorebay = (Miake — fiir)
Vhigz = Vhight = Viorebay = dhigh2 - Aforebay

Vref = (hlowz - hlowl) . Alow
Vdraw = Vref
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Vurz = Vupi — Vieaw
check: Vyp, <minVyp ?
ifyes: Vyp, =minVyp
Viaaw = Vupa~Vupi

salt balance

Known values at the beginning of step: cupi, Chighi (= Crorebay1)s Clowl, Clakel

(\/]owl . clowl) + (eUPempty . Vdraw . cUPl) + (ex . (Vref - Vdmw) . chighl)

clow2 =
Vlow2

~ Viignt - Chignt) = @4 - (Vi = Vi) - Chignt) + (Vg = Vi) - Cpaeet) _

Chigh2 = v = Ctorebay2
high2

— _ (Vref - Vdraw)

Cake2 = Clakel _—V__ lakel
lake

_ (Vi - Cupr) - (Cupempty - Varaw - Sup1)

Cup =

VUPZ

Low basin = lower storage pond, high basin = upper storage pond; recycling from LP
to UP

Step HI: Recycle step after the ship has passed the forebay (after step II)

water balance

Known values at the beginning of step: Vip;, Vyp,

VLP2 = VLPI = Vrecycle
check: Vip, <minVip?

ifyes: Vip, =minVyp
Vrecycle =Vip2— Vipi
Vurz = Vupt + Vieeyete
check: Vypy > maxVyp ?
ifyes: Vyp, =maxVyp

Vrecycle = VUPZ - VUPI
VLPZ = VLPI - Vrecycle

salt balance

Known values at the beginning of step: cyp), cup;

(Vi - Cp) - €Lpp - Vrecycle - Crpp)

C =
LP2
Vim
Vipr - Copr) T (€ppp - Vieeyele - Crp1)
Cyp =
V,
UP?

412
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4.2.2 Uplockage, locks with wsb's

Option |: Direct water recycling

Low basin = tailbay seaside, high basin = lock; recycling from tailbay to forebay
Step 1

to forebay

water balance
Known values at the beginning of step: hhighh dhighl, Vhighla h[ai[bay (= il’lpl]t), szbhighl

hhigha = hyaitbay
check: hpign> > maxhyg ?
ifyes: hhigh2 = maxhh.»gh
check: hyighy < minhyg, ?
ifyes: hpigny = minhygn
note: in practice lock operations will be delayed until the tide has sufficiently been
changed
dhigh2 = hhighl - fhigh
Viighz = dhigh2 - Anign
Vier = (hpight — nigh2) - Auigh

Vive =5.Vir $=0.6,0.5 or 0.75 for 3-lift, 2-lift and 1-lift locks respectively
Vusohigh2™ Vwsbhight T Vsave
check: szbhith > mawasbh,-gh ?
ifyes: Vysphigno™ MaxVysphigh
Vave = Visbhigh? — Vwsbhight

Vrecycle = Vref - Vsave

4—13
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salt balance

Known value at the beginning of step: Chigh and Cusphigni

c ~ (Vhignt - Chignt) — Cusotin - Vaave - Chignt) — (€x - (Vir = Vigee) - Chight )
high? ~

Viigh2

_ (Vasbhignt - Cushight) + (Cuspiin - Vaave - Chign1)
C wsbhigh? =

szbhi gh2

Low basin = lock, high basin = forebay lake side; recycling from tailbay to forebay
Step I

forebay lake side

from tailbay

water balance

Known values at the beginning of step: hiu (= input), Viue (= input), huigni, dhight> Vhigals
hlowl: dlowla Vlowls vwsblow]

hiowa = hiae
check: hywo > maxhy,, ?
ifyes: hgy, = maxhy,
note: in practice the water level in the lake shall be lowered
hpig2 = Dhight = Njake
ClIowZ = l'llowz - f]ow
Viws = (diowz - Ajow) = S
dhigh2 = dhight = dforebay = (hiake — faint)
Vhighz = Vhight = Viorebay = dhigh - Aforebay
vref = (hlowz - hlowl) . Alow

Vave =5.Vier $=0.6,0.5 or 0.75 for 3-lift, 2-lift and 1-lift locks respectively

szblowZ = szblowl - Vsave

4—14
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check: szblowZ < n"n\/wsb]ow ?
if yes: szblowz = mlnvwsblow
Vsave = szblowl - szblowZ

salt balance

Known values at the beginning of step: Chighi (= Cforebayl)> Clowl Clakel> Cwsblowl

(vlowl . clowl) + (ewsbcmpty . vsave . Cwsblowl) + (ex . (Vref - Vsave) . chighl)

clowz =
Vlow2
_ (Vhighl . chighl) - (ex . (vref - Vsave) ) chighl) + ((Vref - Vsave) : clakel) _
Chigh2 = v = € forebay?2
high2
_ (szblowl . cwsb]owl) - (ewsbempty . Vsave . cwsblowl)
€ wsblow2 = vV
wsblow2
=c _ Ve ~ Vi) ¢
Clake2 = Clakel v * Clakel
lake

Low basin = tailbay seaside, high basin = forebay lake side; recycling from tailbay to
forebay
Step II1: Recycle step after the ship has passed the forebay (after step II)

water balance

Known values at the beginning of step: Vi (not a real variable!), V forebay

Vtailbay = Vtailbay
Vforebay = Vforebay

salt balance
Known values at the beginning of step: Cuiipay (= input), Crorepayi
Ctailbay = clailbay

_ (Vforebay : cforebayl) + (edirect . Vrecycle : Ctailbay)
cforebayZ -

forebay
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Option 2

Low basin = tailbay seaside, high basin = lock; recycling from LP to forebay

Step 1

to forebay

Recycling from lower storage pond (LP) to forebay

water balance

Known values at the beginning of step: Vypy, hyigni, dhigh1, Vhights Neaitbay (= input), Vispnighi

hpighy = huaitbay
check: hhigh2 > maxhhigh ?

if yes: hhith = maxhhigh

check: hhigh2 < minhhigh ?

if yes: hhith = minhh,-gh
note: in practice lock operations will be delayed until the tide has sufficiently been

changed
dhighz = hhith - fhigh
Vhighz = high2 - Anigh

Vit = (Bhight — Dhigno) - Anpign

Vave =8.Vir $=0.6,0.5 or 0.75 for 3-lift, 2-lift and 1-lift locks respectively

Vwsbhigh?™ Vwsbhight T Vsave

check: Visphignz > MaxVysphigh ?

if yes: szbhighl =
VSHVC =

Vstore = Vref - Vsave
Vi =Virt + Viore
Check: Vip, > maxV;p?
if yes: VLpz =
VS‘DI"C =
Vrecyc]e = Vref - Vsave
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maxV ysphigh
Vwsbhigh? — V wsbhight

maXVLp
VLPZ - VLP]
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salt balance
Known value at the beginning of step: ¢ipi, Chigh1 and Cysphigni

(Vhight « Crignt) = Consprin - Veave - Crigni) ~ Crpan - Vitore - Chignt )= (€ - Vit = Ve = Vigre) - Chight)

C,. =
e Vhighz
_ (Vsohignt - Cusohign) T (Cwsbin - Veave « Chight)
Csbhigh? = v
wsbhigh?2
_ (Vipr - Cip) + Copgn - Viore - Chignt)
Cp = v

LP2

Low basin = lock, high basin = forebay lake side; recycling from LP to forebay
Step I

forebay lake side

from Lower Pond

water balance

Known values at the beginning of step: hju. (= input), Vige (= input), huignis dhight> Vhights
hlowla dlnwl, Vlowl; szblowl

hiowz = hyge
check: hjowr > maxhg,, ?
ifyes: hyw, = maxhy,
note: in practice the water level in the lake shall be lowered
bhigha = Bhignt = hjake
diow2 = hiow2 — fiow
Views = (diow2 - Ajow) — S
dhigh2 = dhight = Jtorebay = (Miake — Tsitr)
Vhigh2 = Vhight = Vorebay = higha - Aforebay

Vref = (hlowz - l'llow]) . Alow

Vave =5.Ver $=0.6,0.5 or 0.75 for 3-lift, 2-lift and 1-lift locks respectively
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szblowZ = szblowl - Vsave
check: Vyspiowz < MinVygpiow ?
ifyes: szblow2 = miansblow
Vsave = szblowl - szblowZ

salt balance

Known values at the beginning of step: Chighi (= Cforebay1)> Ciowls Clakel> Cwsblowl

(vlowl . clowl) + (ewsbempty . Vsave . Cwsblow]) + (ex . (Vref - vsave) M chighl)

C =
low2
VlowZ
_ (Vhigh] . chigh]) - (ex . (vref - Vsave) . chighl) + ((Vrcf - Vsave) . clake]) _
Chigh2 = v = Cforebay?
high2
_ (szblowl . cwsl:nlow]) - (ewsbempty . Vsave . Cwsblowl)
cwsblowZ - Y
wsblow2
- _ (Vrcf — Vsave)
Clake2 = Clakel v C fakel
lake

Low basin = lower storage pond, high basin = forebay lake side; recycling from LP to
forebay
Step I1I: Recycle step after the ship has passed the forebay (after step II):

water balance
Known values at the beginning of step: Vip, Vorebay

Viez = Vipi - Veeoyele
check: Vip <minVyp?
ifyes: Vip, =minVyp
Vieeyee = Vip2 — Vip
Vforebay = Vforebay

salt balance

Known values at the beginning of step: ¢1p1, Crorebay1

_ (Vipr - Cp1) = (€ppempry - Vieeyete - Crp1)
Cm = vV
LP2

(Vforebay - cforebayl) + (eLPempty * Vrecycle : cL}"I)

cforebay2 -

forebay
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Option 3:  Recycling from lower storage pond (LP) to upper
storage pond (UP)

Low basin = tailbay seaside, high basin = lock; recycling from LP to UP
Step 1

to Upper Pond

water balance

Known values at the beginning of step: Vipy, hyigh1, dright, Vhignts Duilbay (= input), V wsbhight

hhigh2 = htailbay
check: hyigny > maxhyig, ?
ifyes: hpgno = maxhyg,
check: hpighy < minhyg, ?
if yes: hpgo = minhpg
note: in practice lock operations will be delayed until the tide has sufficiently been
changed
dhith = hhighz - fhigh

Vhighz = dhigh2 - Anign
Viee = (Bhigh1 — Phigh2) - Anign

Vave =5.Ver $=0.6,0.5 or0.75 for 3-lift, 2-1ift and 1-lift locks respectively
Vwsbhigh™ Vwsbhight T Vave
check: szbhighz > mawasbhigh ?
if yes: szbhigh2= mawasbhigh
Vave = V sbhighz — szbhighl

Vstore = Vref - Vsave

VLPZ = VLPI + Vstore
Check: VLpz > maxVLp ?
ifyes: Vip; =maxVip

Vstore = VLPZ - VLPI
Vrecycle = Vref - Vsave
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salt balance

Known value at the beginning of step: ;p1, Chign1 a0d Cysbhign

Chigha =

C wsbhigh? =

Cipp =

(Vhignt - Crign1) ~ (Cusprin - Viave 'chlghl) = oo - Viore - Cpigni ) - (& - (

save Vslore) - chighl)

v,

high2

_ (Vasohignt - Cusbhignt) 1 (Cuspsin - Vsave - Chignt)

szbhigh2

(Vipr - Ceo) + Crpmn - Vigore - Chight)

VLP2

Low basin = lock, high basin = forebay lake side; recycling from LP to UP

Step 1

ship

forebay lake side

water balance

from Lower Pond

Known values at the beginning of step: hi. (= input), Vig. (= input), hyigni, dhignis Vhight,
hlowl, dIowls vlow]a szblowl

hlow2
check:

hipign2
diow2
Viowz
dhigh2

Vhigh2
vref

WL | Delft Hydrautics

= hiake

hiows > maxhy, ?

ifyes: h10w2 = maxhlow

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

= hlow2 - flow

= (dlow2 . Alow) -S

= dhigh1 = forebay = (Miake — fin))

= Vhight = Vforebay = high? - Atorebay
= (hlowz - hlow]) . Alow
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Vave =5.Ver 5=0.6,0.5 or 0.75 for 3-lift, 2-lift and 1-lift locks respectively

vwsblow2 = szblowl - Vsave
check: szblowz < mlnvwsb]ow ?
lf }’CSZ szblowZ = mlnvwsb]ow

Vsavc = szblowl - szblowZ

Vdraw = vref = Vsave
Vurz = Vupi ~ Viaw
check: Vyp, <minVyp ?
ifyes: Vypz =minVyp
Viaw = Vupz— Vyp

salt balance

Known values at the beginning of step: cupi, Chight (= Crorebay1)> Ciowls Clakel> Cwsblow1

(Vlowl * clowl) + (ewsbemp'y * vsave - cwsblowl) + (eUPempty * Vdmw ' cUPl) + (ex * (Vref - Vsave - Vdraw) * chigh])

Clowz =

VIowZ
. (Vhighl . chighl) B (ex : (Vref - Vsave - Vdraw) " chighl) + ((Vref - Vsavc - Vdraw) ¥ Clakel) —
Chigh2 ™ v Cforebay2
high2
_ (szblowl - cwsblowl) - (ewsbempty : vsave . cwsblowl)
C wsblow2 = Y,
wsblow2
C =c _ (Vref — Vsave - Vdraw) c
lake2 ~ “lakel V. *© “lakel
lake
_ (Vi - 1) - Cupempy - Varaw - Cupt)
Cup2 = v
UP2

Low basin = lower storage pond, high basin = upper storage pond; recycling from LP
to UP

Step I11: Recycle step after the ship has passed the forebay (after step II)

water balance

Known values at the beginning of step: Vyp;, Vyp

Vip =Vip - Vrecycle
check: Vip, <minVyp?

ifyes: Vip, =minVyp
Vieeyle = Virz— Vip
VUPZ = VUPl + Vrecycle
check: Vyp, > maxVyp ?
ifyes: Vyp, =maxVyp

Vrecycle = VUPZ - VUP]
Vi = Ve — Veeeyele

4—21
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salt balance

Known values at the beginning of step: crp;, Cup

(Vier - o) = (Crpup + Vieoyele - Cipt)

C =
LP2
Vim
_ (Vpr - Cupr) + (€pp - Vieyele - CLp1)
Cup2 = v
uP2

Q3476, April 2004
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4.2.3 Special step uplockage: 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. In the case of water recycling salt water is pumped into the forebay (recycling
options 1 and 2). 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: Ciake1, Crorebay1

Cforebayz = Cforebayl - ex’(cforebayl - Clakel)

Clake2 = Clakel 1 €x .(C forebayl — 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. These
scenarios may include recycling of water. 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 = T € xhull
with:
ex = exchange coefficient used in simulation
et = maximum value of exchange coefficient (full salt exchange)
At = time difference (s) between two subsequent ship passages or between a ship
passage and a turn around
T = exchange time

If At/T > 1 then At =T, and e, = eyqy-
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—23
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4.3 Downlockage of ships

Three basic steps can be distinguished in the downlockage process:

I

11

11

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

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

if relevant, water that is lost by the operation of the locks at the Pacific side of the canal
is recycled (three options are available)

The time-dependent exchange of salt water between forebays / tailbays and lakes is handled
in a 'special step'. This holds both for the salt water in forebays and tailbays of the lakes that
is intruded through lock operations, and the salt water that enters the forebay of the Post-
Panamax Locks at the Pacific side of the canal when water is recycled to the forebay.

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

a water volume V¢ is exchanged between two adjacent locks when wsb’s are not active
when wsb’s are active a water volume V. is spilled to and supplied from the wsb's of
adjacent locks; V. is equal to maximum s% of the water volume V. (s = 60% for 3-
lift locks with 3 wsb’s, 50% for 2-lift locks with 2 wsb’s and 75% for 1-lift locks with 6
wsb’s); consequently, the quantity of water that is exchanged between two adjacent
locks amounts t0: Vet — Vaye

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 and a greater quantity of water
exchanged between the locks

when low basin is tailbay and high basin is lock, Vi or Ve — Ve is transferred from
the lower lock to the tailbay

when low basin is lock and high basin is forebay, Vs or Vir — Ve is transferred from
forebay to lock

in the case of water storage ponds a quantity Vyoe = Vier OF Vgoe = Vier — Viave IS
transferred from the lower lock to the lower pond and a quantity Vgaw = Vier OF Vaw =
Vet — Vaave 1s transferred from the upper pond to the upper lock

a quantity Vieycle = Vier OF Vieeyele = Vier — Viave s transferred from tailbay to forebay
(direct recycling), or transferred from lower pond to forebay (pond to forebay recy-
cling), or transferred from lower pond to upper pond (pond to pond recycling), see also
Figures 3.6a and 3.6b

when the water storage ponds get full or have insufficient water (this is checked in the
simulation) a lesser quantity of water is stored in the lower pond or withdrawn from the
upper pond, or recycled

The exchange coefficient e, used in formulas in step Il 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:

WL | Delft Hydraulics
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-
€ = 1 - - €%
Vref

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

Step III, recycling of water, is executed at the end of a ship movement scenario (see
description of subsequent steps in Sections 3.6 —3.8.

Definition of the exchange coefTicient 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 or lower storage pond that is filled, and salt withdrawal
from the wsb or the upper storage pond that is emptied

e 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

® apositive value in the formulas of step Il means salt transfer from lower storage pond
to upper storage pond, salt transfer from lower pond to forebay or salt transfer from
tailbay to forebay

The equations which describe the water balance and the salt balance in case of water
recycling (three options) are presented in next sections. Only those steps which are effected
by water recycling, are shown.

The equations are equally valid for 1-lift, 2-lift and 3-lift configurations of Post-Panamax
Locks at the Pacific side of the canal.

4—25
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4.3.1 Downlockage, locks without wsb's

Option I: Direct water recycling

High basin = forebay lake side, low basin = lock; recycling from tailbay to forebay
Step I

ship from tailbay
forebay
lake side

water balance

Known values at the beginning of step: hi. (= input), Viu. (= input), hyigni, dhight, Vhight,
hlowl, dlowla Vlowl

hhith = hhighl = hiake
hiow2 = hiake
check: hjgw> > maxhy,, ?
if yes, hyyy = maxhy,
note: in practice the water level in the lake shall be lowered
dpighz = dhight = Aorebay = (Miake — i)
Vhigz = Vhighl = Vforebay = dhith . Aforebay
diow2 = hiow2 - fiow
Viewz = diow2 - Ajow

Vref = (hIDWZ - hlowl) . Alow
salt balance

Known values at the beginning of step: Chigh1 (= Corebay1)s Clowls Clakel

4—26
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Chigha =

Clow2 =

(Vhigh] - Chign1) — (€ - Vs - Chigh1) + (Ve - Clager) B
— “forebay2

Vhigh2
(Viows - Ciow) T (€5 - Vier - Chigh1 )

_ o Vref
Clake2 = Clakel vV -Clakel

High basin = lock, low basin = tailbay sea; recycling from tailbay to forebay

Step I

to forebay

h

tailbay seaside

ship

tailbay seaside

water balance

Known values at the beginning of step: hyign1, dhight, Vhign1> and hyitbay (= input)

hyigna

check:

check:

dhigh2
Vhigh2
Vref

V recycle

WL | Delft Hydraulics

= huaitbay

hpigha > maxhyg ?

ifyes, hhighz = maxhhigh

hpighz < minhyg, ?

ifyes, hhith = minhhigh

note: in practice lock operations will be delayed until the tide has sufficiently
changed

= hhigho - Thigh

= dhigh2 - Anigh - S

= (hpigh1 — Dnign2) - Anigh

= Vref
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salt balance

Known value at the beginning of step: Cpign;

(Vhight - Chigh1) — (€ - Vit - Chigh1 )
V,

Chigha =
high2

High basin = forebay lake side, low basin = tailbay seaside; recycling from tailbay to
forebay

Step III: Recycle step after the ship has passed the tailbay (after step II)

water balance

Known values at the beginning of step: Vi, (not a real variable!), Vforebay

Vaibay = Viailbay
Vforebay = Vforebay

salt balance
Known values at the beginning of step: Crailbay (= 1NPUL), Chorebay1

Crailbay = Crailbay

_ (Vforebay . cforebayl) + (edirect * Vrecycle ¥ ctailbay)
Cforebay2 - V.
forebay

4—28
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Option 2:  Recycling from lower storage pond (LP) to forebay

High basin = forebay lake side, low basin = lock; recycling from LP to forebay
Step I

—

ship
forebay
lake side

water balance

from Lower Pond

Known values at the beginning of step: hjy (= input), Vi, (= input), hpignt, dhight,; Vhight,

hlowl, dk)wl) Vlowl

hhighy = hnight = hjae
higw = Niake
check: hjoy > maxhy,, ?
if yes, hjow2 = maxhy,

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

dhighy = dhight = forebay = (Miake — i)
Vhigiz = Vhight = Vorcbay = Ghigh2 - Asorebay
dlowz = hlowZ - flow

Vlow2 = dlow2 . Alow

Vref = (hlowz - hlowl) - A]ow
salt balance

Known values at the beginning of step: Cuigni (= Cforebayt)> Clowl> Clakel

(Vhignt - Chign1) — (€5 - Vs - Chight) + (Veer - Claker) _

Chigha = v
high2
(Viow - Ciowt) T (& - Vigs Chight )
Clow2 =
A"
low2
= —ref

Crake2 = Clakel -Clakel

lake

WL | Delft Hydraulics

— “forebay2
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High basin = lock, low basin = tailbay sea; recycling from LP to forebay
Step I

to forebay

tailbay seaside

tailbay seaside

water balance
Known values at the beginning of step: Vipy, hnigh1, dhight, Vhign1> and heiiay (= input)

hhith = htailbay
check: hhighz > maxhhl-gh ?
ifyes, hhighz = maxhhigh
check: hhith < minhhigh ?
if yes, hhighz = minhhigh
note: in practice lock operations will be delayed until the tide has sufficiently
changed
dpign2 = hhigh2 - Thign
Vhighz = dhigh2 - Anigh - S
Veet = (hnigh1 — hhigh2) - Anigh

vslore = Vref
VLP2 = VLP] + Vstore
Check: Vip; > maxVip?
ifyes: Vip, =maxVip

Vslore = VLPZ - VLPI
Vrecycle = Vref

4—30
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salt balance

Known values at the beginning of step: cyigni, CLpi

_ (Vhight - Shignt) — Crpmn - Vaore - Chight) = €4 - (Vier = Vegore) Cpight)

Chigh2 = v
high2
(Vi - o) + Copsin - Veore * Chign)
Cipy =
V.
P2

High basin = forebay lake side, low basin = lower storage pond; recycling from LP to
forebay
Step III: Recycle step after the ship has passed the tailbay (after step II)

water balance
Known values at the beginning of step: Vipi, Viorebay
VLP2 = vLPl = Vrecycle
check: Vip, <minVip?
ifyes: Vip, =minVpp
Vieeyele = Vir2— Vip
Viorebay = Viorebay

salt balance

Known values at the beginning of step: cLpi, Ceorebayi

(Vip - Cp) - (eLPempty - Vieeyele - Cip1)
Vip

Cipy =

_ (Vforebay . cforebayl) + (eLPempty . Vrecycle . cLPl)
cforebay2 -

forebay
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Option 3: Recycling from lower storage pond (LP) to upper

storage pond (UP)

High basin = forebay lake side, low basin = lock; recycling from LP to UP

Step 1

Upper Pond

ship
forebay
lake side

water balance

from Lower Pond

Known values at the beginning of step: Vypy, he (= input), Vi (= input), hhigh1, highi,
Vhigt> hiowt> diowls Viewl

hhigho
hlow2

check:

dhign2
Vhigh?

dlow2
Vlow2

Vref

Vdraw
Vur

check:

WL | Delft Hydrautics

= hpigh1 = iake

= hjaxe

hiow2 > maxhg,, ?

if yes, hyw, = maxhy,

note: in practice the water level in the lake shall be lowered
= dhighl = dforebay = (hlake - sill)

= Vhight = Vforebay = Ghigh2 - Aforebay

= hlowZ = flow

= dlow2 - Alow

= (hiow2 — hiow1) - Alow

= Vref

= Vurt — Viraw

VU'p2 < minVUp ?

ifyes: Vyp; =minVyp

Viaw = Vupa — Vypi
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salt balance

Known values at the beginning of step: cupi, Chight (= Crorebay1 ) Ciowls Clakel

_ (Vhignt - Crignt) = €, - (Veer = Vi) - Chight) T ((Veer = Vigraw) - Claker) _

chith -  “forebay2
Vhith
_ (Vlowl ¢ clowl) + (CUPempty * Vdraw * CUPI) + (ex ‘ (Vref - Vdraw) ‘ chighl)
ClowZ - V
low2
c =c _ (Vref - Vdraw)
lake2 — “lakel vV *~lakel
lake
_ (Vpr - Cypr) - (Cupempty - Varw - Cupt)
Cupz = v
UP2

High basin = lock, low basin = tailbay sea; recycling from LP to UP
Step I

to Upper Pond

tailbay seaside

ship

tailbay seaside

water balance
Known values at the beginning of step: Vip1, huign1, dhight, Vhight, and hiay (= input)

hhith = htailbay
check: hyigny > maxhygp ?
if y€s, hhigh2 = maxhhigh
check: hyighy < minhpg, ?
ifyes, hhigh2 = minhhigh
note: in practice lock operations will be delayed until the tide has sufficiently
changed
dhigh2 = hiigna - fhigh
Vhigh2 = dhigh2 . Ahigh -S
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Ve = (Dhight — Mhigh2) - Anign

Vstorc = Vref
VLP2 = VLPl + Vstore
Check: Vip, > maxVp ?

ifyes: Vipp =maxVip

Vstore =

Vrecycle = Vref

salt balance

Vip: — Vip

Known values at the beginning of step: chighi, Crpi

(Vhight - Chignt) —

Crpmn - Vitore - Crignt) = (€ - (Vier = Vire) - Chight)

Chighy =

V,

high2

(Vipr - Cie) + Crpsn - Vigore - chighl)

Crp2

VLPZ

High basin = upper storage pond, low basin = lower storage pond; recycling from LP

to UP

Step III: Recycle step after the ship has passed the tailbay (after step II)

water balance

Known values at the beginning of step: Vip;, Vyp;

VLPZ = VLP] - Vrecycle
check: Vip, <minVyp ?

ifyes: Vipp =minVip
Vrecycle = VLPZ - VLPl
VUP2 = VUP] + Vrecycle
check: Vyp; > maxVyp ?
ifyes: Vyp, =maxVyp
Vrecycle = VUPZ - VUP[

VLP2 = vLPl - Vrecycle

salt balance

Known values at the beginning of step: cpp;, cup

C =

(Vipr - Crpr) = (Cppp - Vieeyete * Crp1)

LP2
Vie
_ (Vipi - Co) + €1pp - Vieeyete - Cupi)
Cop2 = v
uP2

WL | Delft Hydraulics
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4.3.2 Downlockage, locks with wsb’s

Option |:  Direct water recycling

High basin = forebay lake side, low basin = lock; recycling from tailbay to forebay
Step 1

ship

forebay
lake side

from tailbay

water balance

Known values at the beginning of step: hy. (= input), Viue (= input), highi, dnights Vhignts
hlowla dlowla Vlowls szblowl

hhigh2 = hhighl = Diake
hiow2 = hyake
check: h]owZ > maxhy,,, ?
ifyes: hyw, = maxhy,
note: in practice the water level in the lake shall be lowered
dhighiz = dhign1 = diorebay = (Miake — fiin)
Vhighz = Vhight = Viorebay = high? - Aforebay
diowz = hiowz — fiow
Vlow2 = dlowz . Alow
Vrcf = (hlow2 - hlowl) . Alow

Vave =5.Vee $=0.6,0.50r0.75 for 3-lift, 2-lift and 1-lift locks respectively

szblowZ = szblowl - Vsave
check: Vispiowz < minVyspiow ?

if yes: Vusbiowz = MinVugbiow
Vsave = szblowl - szblowZ

4—35

WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Water Recycling - Report E, part | Q3476, April 2004

salt balance

Known values at the beginning of step: Chight (= Ctorebay1)> Clowl> Ciakel> Cwsblow

(Vhigh] . chigh]) - (ex ) (Vref - Vsave) . chighl) + ((Vref - Vsave) . clakel)

chighz = Vv = cforebay2
high2
_ (Vlowl . Clowl) + (ewsbempty . Vsave . cwsblowl) + (ex - (Vref - Vsave) - Chighl)
Clow2 - V.
low2
_ (vwsblowl . cwsblowl) - (ewsbempty . Vsave . Cwsblowl)
CwsblowZ - vV
wsblow?2
— _ (Vref _ Vsave)
Clake2 = Clakel v * Clakel
lake

High basin = lock, low basin = tailbay sea; recycling from tailbay to forebay
Step I

to forebay

tailbay sea side

ship

tailbay sea side

water balance
Known values at the beginning of step: hhighh dhigh], vhighla htaﬂbay (: input), szbhighl

hhighz = htailbay
check: hhigh2 > maxhhigh ?
if yes: hhith = maxhhigh
check: hhigh2 < minhhigh ?
ifyCSI hhith = minhhigh
note: in practice lock operations will be delayed until the tide has sufficiently
changed
dhighy = higha — fhign
Vhignz = dhigh2 - Anigh — S
Ve = (hpight — hhign2) - Anigh
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Vawe =8.Vee s=0.6,0.5or 0.75 for 3-lift, 2-lift and 1-lift locks respectively
Vusbhigh2™ Vwsbhigh! T Vsave
check: szbhith > mawasbhigh ?
ifyes: Vysphigh2= MaxVysphigh
Ve = Visthigh2 — Vwsbhighl

Vrecycle = Vref = Vsave

salt balance

Known value at the beginning of step: Cpign1, Cwsbhight

c _ (Mhign1 - chighl) = (€ysvitt - Veave - Chight) — (€x - (Vrer = Vipe) - Chigh1 )
high2 =

Viign2

(Visohight - Cwsbhight) T (Cuspit - Vsave - Chight)

C wsbhigh2 = v
wsbhigh2

High basin = forebay lake side, low basin = tailbay seaside; recycling from tailbay to
forebay
Step III: Recycle step after the ship has passed the tailbay (after step II)

water balance
Known values at the beginning of step: Viiipay (not a real variable!), Vgyebay

Viitbay = Viailbay
Vforebay = Vforebay

salt balance
Known values at the beginning of step: Cuiibay (= input), Crrebayi
Ctailbay = Ctailbay

_ (Vforebay . Cforebayl) + (edirect i Vrecycle . ctajlbay)
cforebayZ -

Vforebay
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Option 2:  Recycling from lower storage pond (LP) to forebay

High basin = forebay lake side, low basin = lock; recycling from LP to forebay

Step 1

ship

forebay
lake side

from Lower Pond

water balance

Known values at the beginning of step: hjy. (= input), Viu (= input), huighi, dhight, Vhigh,

hlowls dlowla Vlowla szblowl

hhigh2
hlow2

= hhighl = hyake
= hlake

check: hjowo > maxhyg,, ?

dhign
Vhigh2

dlow2
VlowZ

Vref

Vsave

ifyes: hjuy = maxhyy

note: in practice the water level in the lake shall be lowered
= dhight = diorebay = (hiake — fiin)

= Vhighl = Vforebay = dhith . Aforebay

= hlow2 - flow
= dlow2 . Alow

= (hiow2 — hiow1) - Alow

=8. Ve §=0.6, 0.5 or 0.75 for 3-lift, 2-lift and 1-lift locks respectively

szblow2 = szblowl - Vsave
check: Vyspiow2 < MinVygpiow ?

WL | Delft Hydraulics

if yes: Visplow2 = MinVygpiow

Vave = Visbiowt — Vsblow2

4—38



Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Water Recycling - Report E, part | Q13476, April 2004

salt balance

Known values at the beginning of step: Chigh1 (= Crorebay1)> Clowls Clakels Cwsblowl

_ (Vhighl . chigh]) - (ex . (vref - vsave) . Chighl) + ((Vref - Vsave) . clakel)

Chighz = v = Cforebay2
high?
_ (Vlowl . clowl) + (ewsbempty . Vsave . cwsblowl) + (ex N (Vrcf - Vsave) . chighl)
c|0w2 - V.
low2
_ (szblowl - cwsblowl) - (ewsbempty . Vsave . cwsblowl)
Cwsblow2 = Vv
wsblow2
_ _ (Vref - Vsave) c
Clake2 = Clakel v Skl
lake

High basin = lock, low basin = tailbay sea; recycling from LP to forebay
Step I

to forebay

tailbay sea side

ship

tailbay sea side

water balance
Known values at the beginning of step: Vipi, hyigni, dhignt, Vhights Duibay (= input), Vysohighi

l'1high2 = htailbay
check: hhigh2 > maxhhigh ?
ifyes: hhigh2 = maxhhigh
check: hpighy < minhyg, ?
ifyes: hhith = minhh,-gh
note: in practice lock operations will be delayed until the tide has sufficiently
changed
dhigh2 = hhighz - fhigh
Vhigha = dhigh? - Anigh — S
Viee = (hnigh1 — Digh2) - Anign

4—39
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Vave =5. Ve $=0.6,0.5 or 0.75 for 3-lift, 2-1ift and 1-lift locks respectively
V wsbhigh2= Vwsbhight T Vsave
check: szbhith > mawasbhigh ?
if yes: szbhigh2= mawasbh,»gh
Vive = Visohigh? — Vwsbhight

Vstore = Vref - Vsavc

Virz = Vipr + Vore
Check: Vip; > maxVp?
ifyes: Vip, =maxVip

Vstore = VLP2 - vLP]
Vrecycle = Vref = Vsave

salt balance

Known value at the beginning of step: cipi, Chigh1, Cwsbhight

(Miight -+ Chign1) — Cogpin - Veare - Chigni) ~ Croan + Vetore - Crignt) = (&, - (Vier = Vo = Vi) - Chight)

Chighz =

Viign2
_ (Vushight - Cwshign1) T (Cuspein - Veave - Chign)
C wsbhigh? = v
wsbhigh?2
(Vi - Cio) + Crpan - Viore - Chigh1)
Cip =
V
LP2

High basin = forebay lake side, low basin = lower storage pond; recycling from LP to
forebay

Step I1I: Recycle step after the ship has passed the tailbay (after step II)

water balance

Known values at the beginning of step: Vip1, V torebay

VLPZ = VLPl = Vrecyclc
check: Vip, <minVp?
ifyes: Vip, =minVyp
Vieeyele = Vip2 — Vip
Vforebay = Vforebay

salt balance

Known values at the beginning of step: cLp, Crorebay!

Vip - Cip1) - (eLPempty - Vieeyete - Cip1)

Cp = v
LP2
_ (Vforebay * Cforebay]) + (eLPempty . Vrecycle . CLPI)
CforebayZ - V.

forebay
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3 Recycling from lower storage pond (LP) to upper storage
pond (UP)

High basin = forebay lake side, low basin = lock; recycling from LP to UP
Step I

ship

forebay
lake side

from Lower Pond

water balance

Known values at the beginning of step: Vuypi, hake (= input), Vixe (= input), huighi, dnigh1,
Vhighl, hlowl: dlow]> Vlowla szblowl

hpigny = hpight = hjae
hlow2 = hlake
check: hygwz > maxhy,, ?
ifyes: hyw, =maxhjo,
note: in practice the water level in the lake shall be lowered
dhighr = dhight = orebay = (Miake — i)
Vhith = Vhighl = Vforebay = dhith . Aforebay
diow2 = hiowz = fiow

VlowZ = dlow2 . Alow
Vref = (hlow2 - hlowl) . Alow

Vave =5.Ver 5=0.6,0.50r0.75 for 3-lift, 2-lift and 1-lift locks respectively

szblow2 = szblowl - Vsave
check: szblowZ < mlnvwsblow ?

lf yeS: szblow2 = rninvvwsblcow
Vsave = szblowl - szblowZ

Vdraw = Vref = Vsave
Vurz = Vupi = Vaaw
check: Vyp, <minVyp ?
ifyes: Vypz =minVyp
Vaaw = Vurz— Vupi
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salt balance

Known values at the beginning of step: cupy, Chight (= Crorebay1 ) Clowl> Clakel» Cwsblowl

(Vhighl M chighl) B (ex . (vref - Vsave - Vdraw) N Chighl) + ((Vref - Vsavc - Vdraw) ° C)akcl) _

Chighz = v = Coorebay2
high2
c _ (vlowl . clowl) + (ewsbempty M vsave ° Cwsblcwl) + (eUPcmpty - vdmw ¥ CU'P]) + (ex ¥ (vref B Vsave deaw) ¥ Chighl)
low2 —
\llow2
_ (szblowl . cwsblowl) - (ewsbempty . Vsave . cwsblowl)
cwsblow2 - Vv
wsblow2
c =c _ (Vref _Vsave - Vdmw) c
lake2 — “lakel V. * “lakel
lake
(VUPI * cUI’I) - (eUPempty . Vdraw M CUPI)
Cupr =

VUPZ

High basin = lock, low basin = tailbay sea; recycling from LP to UP
Step 1

to Upper Pond

tailbay sea side

ship

tailbay sea side

water balance
Known values at the beginning of step: Vip;, hhighls dhighls Vhighl, htailbay (= input), szbhighl

hhigha = huailbay
check: hhith > maxhhigh ?
if yes: hyigny = maxhy;g,
check: hhighz < minhhigh ?
if yes: hpigho = minhyg,
note: in practice lock operations will be delayed until the tide has sufficiently
changed
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dhith = hhith - fhigh
Vhighz = dnigh2 - Anigh — S
Vies = (huigni — hnign2) - Anigh

Vave =5.Ver 8=0.6,0.50r0.75 for 3-lift, 2-lift and 1-lift locks respectively
Vysbhigh?™ Vwsbhight T Vsave
check: szbhigh2 > mawasbhigh ?

if yes: szbhith = mawisbhigh

Vive = szbhith - vwsbhigh]

Vstore = Vref - Vsave
VLP2 = VLPI + Vs!ore
Check: Vip; > maxVyp ?
ifyes: Vipp =maxVip
Vstore = VLPZ - vLPl
Vrecycle = Vrcf - Vsave

salt balance

Known value at the beginning of step: cipi, Chighi, Cwsbhighl

Viignt - Chign) — Compin - Veave - Chignt) — Croan - Vetore - Crignt) = (&, - (Ve = Vo

B vstorc) * chlghl)

Chigh =

vhighz
_ (Viwsbhight - Cwsbhight) T (Cwspin - Viae - Chight )
€ wsbhigh? = v
wsbhigh2
(Vipr - Cop) T Cromn - Viore - Chigh1)
Cripy =

VLP2

High basin = upper storage pond, low basin = lower storage pond; recycling from LP

to UP
Step III: Recycle step after the ship has passed the tailbay (after step II)

water balance
Known values at the beginning of step: Vip;, Vyp

VLPZ = VLPl - Vrecycle
check: Vip; <minVp?

ifyes: Vipp =minVp
Vrecycle = VLPZ - VLP]
Vur = Vupt + Vieeyake
check: Vyp, > maxVyp ?
ifyes: Vypz =maxVyp

Vrccyclc = VUPZ - VUPI
VLPZ = VLP] - vrecycle
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salt balance
Known values at the beginning of step: cp;, cup;
_ (Vip - CLPI) - (eLP-UP . Vrecyc]e : CLPI)
Cp2 = v
LP2
~ Ve - Cop) + (C1pip - Vieeyete - Cirt)
Cupz = vV
UP2
444
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4.3.3 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. In the case of water recycling salt water is pumped into the forebay (recycling
options 1 and 2). 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. 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: Ciaei, Ctorebayi
Cforebayz = cforebayl —€x .(C forebayl — Clakel )

Vforebay

Vlake

Ciake2 = Cakel T €x-(Corebayl ~ 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. These
scenarios may include recycling of water. 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 relationship is applied in the simulation:

At
€ :T'exfull

with:

€y = exchange coefficient used in simulation

el = maximum value of exchange coefficient (full salt exchange)

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

T = exchange time

If AT > 1 then At =T, and e, = e
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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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 for the locks on the new shipping lane were selected on the basis of
additional Delft3D density-flow computations, taking also into account the experiences with
the existing locks (see Reports B, C and D). In the present report additional exchange coeffi-
cients are derived for the situation that a water recycling system is in operation at the Pacific
side of the canal.

5.1 Delft3D computations

When a water recycling system has been installed, the water lost by operation of the Post-
Panamax Locks at the Pacific side of the canal is either directly pumped back from tailbay
to forebay, pumped back from lower pond to forebay or pumped back from lower pond to
upper pond. In particular when water is pumped into the forebay, the salt concentration near
the locks will rise. For the determination of salt exchange coefficients related to operations
between forebay and upper lock (water levelling, exit or entering of ship) it is important to
know in which way the salt concentration of the forebay is effected by recycling of water. In
other words when salt water is directly or indirectly (through lower pond operation) pumped
into the forebay, we have to know which portion remains near the locks and contributes to
the salt water exchange between forebay and upper lock (a part of the salt water may flow
back into the upper lock during levelling up or during a ship movement).

It is therefore that a number of computations has been made with the Delft3D numerical
programme. This programme enables the calculation of density-driven flows and advective
and diffusive transport on a three dimensional computational grid. Boundary conditions can
be prescribed in such a way that both a continuous inflow / outflow can be simulated and an
intermittent inflow / outflow. The computations are schematized in the sense that the
bathymetry of Gaillard Cut is not fully reproduced, and the water level is kept constant.

A part of the existing Gaillard Cut up to Pedro Miguel Locks, and the new bypass canal
along Miraflores Lake towards the new locks have been modelled. Water that is recycled
(inflow) and water that is lost by lock operations (Post-Panamax Locks and Pedro Miguel
Locks, outflow) balance in the computations with the inflow of water at the upstream side of
Gaillard Cut. The computations predict the salt concentration level in the forebay of the
Post-Panamax Locks at the Pacific side for various schematized conditions.

5.1.1 Description of model

The modelled part of Gaillard Cut has a length of 6000 m up to the point where the bypass
canal joins Gaillard Cut (hereafter called ‘bifurcation’). The part of Gaillard Cut from the
bifurcation till Pedro Miguel Locks has a length of 2080 m. The new bypass canal has a
length of 3515 m, measured between the bifurcation and the new Post-Panamax Locks. See
also Figures 5.a/ b on page 5-3. The still-water depth is 20 m.
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Grid

The computational grid is curvilinear. The grid was designed using a compound channel

axis; the channel banks are located at a distance of 110 m left and right of this axis. The axis

was obtained from available X,y points at relevant locations of the canal (these points were

read from the satellite image of the canal in which CPP has drawn the new bypass and the

location of the Post-Panamax Locks). The construction of the computational grid was based

upon the following considerations:

e use of adequate cell sizes for a good schematisation of the hydraulic, convective and
diffusive processes

e use of an adequate grid size for reasonable computation times

¢ use of appropriate grid characteristics required for the numerical computation

A top view of the grid is presented in Figure 5.a. Figure 5.b shows a detail of the grid near

the bifurcation.

Cells

From expert judgement it was decided to use 10 grid cells in cross-sectional direction both
in the new bypass and in Gaillard Cut from the bifurcation till Pedro Miguel Locks. The
width of the bypass is approximately 220 m (read from satellite image), which results in a
grid cell width of 22 m in this section. For Gaillard Cut also a total width of 220 m has been
adopted. The number of cells in cross-sectional direction of the upper part of Gaillard Cut is
22 (10 cells from each of the two branches plus 2 cells, which were needed to realise the
bifurcation). The grid cells in the upper part of Gaillard Cut are thus approximately 10 m
wide. For accuracy reasons the ratio grid cell length to width, the so-called aspect ratio,
should be less than about 5. In the two branches an aspect ratio of less than 1.7 was
achieved. In the upper part of Gaillard Cut the maximum aspect ratio is less than 5.5. This is
slightly higher than the criterion, but since the main interest lies in the bypass section and in
view of acceptable computation times, this was accepted.

Grid characteristics

For accuracy reasons criteria related to the grid characteristics should be satisfied:

e Variations in the cell sizes may affect the accuracy of the numerical computation and
cause internal reflections during dynamical computation procedures. In order to reduce
these effects, a smooth transition of cell width and length throughout the grid is
required. The ratio of the lengths of two neighbouring cells, referred to as the non-
smoothness, should be kept below 1.2.

e Another grid characteristic is the grid orthogonality. The numerical discretisation is
based on the assumption that the computational grid is orthogonal (i.e. the grid lines are
perpendicular to each other). The non-orthogonality is defined as the cosine of the angle
between the gridlines. In general, the orthogonality is less important than the
smoothness, especially in steady state computations.

Both the smoothness and orthogonality demands were met in the relevant part of the grid.
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Figure S.a Computational gri

Figure S.b Detail of the computational grid near the bifurcation
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In vertical direction of the grid 10 layers have been chosen. The layer thickness is shown in
next table as a percentage of the water depth (20 m); a decreasing thickness in the direction
of the bottom has been applied. Notice that layer 1 is located just below the water surface,
and layer 10 just above the bottom.

~
S
Q

% of the water depth

—

26.44
19.85
14.90
11.18
8.39
6.30

4.73
3.55
2.66

O | | Q| NN &~ WIN

—
<o

2.00

total 100

The horizontal grid characteristics are summarized in next table.

quantity: value

cell dimensions — upper section: 10 x 50 m?

cell dimensions — lower branches: 22x35m’

grid size: nxmxk=301x23x10

or of active cells 5154 x 10 = 51540

channel width 220 m

non-orthogonality < 0.014 (angle between the gridlines 89° - 91°)
non-smoothness <1.11

Other aspects of the hydraulic model

Besides the computational grid also bed topography, bottom roughness and boundary condi-
tions are important modelling aspects.

A flat horizontal bed was assumed throughout the full model. The water depth of 20 m was
imposed at the upstream boundary (left boundary in Figure 5.a). At the downstream boun-
daries (Post-Panamax Locks and Pedro Miguel Locks) the discontinuous water losses
caused by lock operations was prescribed.

The bottom roughness was estimated with a Chézy-roughness of C = 50 m'?/s.
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The outlet of the pumping station of the water recycling system was assumed just above the
bottom and located 500 m away from the new Post-Panamax Locks. The outflow was
directed perpendicular to the channel bank.

5.1.2 Computations

We have made various computations with different recycle quantities and different shipping
intensities. In the case of 3-lift Post-Panamax Locks the recycle quantity at the Pacific side
varies roughly between 1.15 m*/s (locks with water saving basins, 1 Post-Panamax ship a
day) and 43.4 m’/s (locks without wsb’s, 15 Post-Panamax ships a day). In the case of 2-lift
locks the recycle quantity varies between 2.3 m*/s (locks with water saving basins, 1 Post-
Panamax ship a day) and 69.5 m’/s (locks without wsb’s, 15 Post-Panamax ships a day).
Recycle quantities of single-lift locks are: minimum 2.3 m’/s (locks with water saving
basins, 1 Post-Panamax ship a day) and maximum 138.9 m*/s (locks without wsb’s, 15 Post-
Panamax ships a day).

To get insight into salinity levels in the forebay of the Post-Panamax Locks we have made
the following Delft3D-computations:

Compu- Recycling of water Ship intensity

tation no - - p
quantity salt concentration | continuously P-P Locks P-M Locks
(m’/s) (ppt) or intermittently | (ships/day) (ships/day)

1 1.15 10 continuously no ships no ships

2 434 30 continuously no ships no ships

3 43.4 30 continuously 15 2x18

4 434 30 continuously 1 2x18

5 434 30 intermittently 15 2x18

6 138.9 30 continuously no ships no ships

The recycle quantity was varied between a minimum value of 1.15 m*/s with salt concen-
tration of 10 ppt and a maximum value of 138.9 m*/s with salt concentration of 30 ppt. One
computation (no 5) was done with an intermittent recycling discharge instead of a conti-
nuous discharge: the water loss (in Post-Panamax Locks) caused by an uplocking /
downlocking ship was immediately recycled during a period of 10 minutes.

To check the effect of water losses at the locks and thus the effect of a water flow towards
the locks, computations were done with and without uplocking / downlocking ships. In the
case of ships the water losses caused by operation of Post-Panamax Locks and Pedro-
Miguel Locks (water levelling, water displacement of ship) were effectuated as a concen-
trated outflow during a period of 10 minutes at the lock boundaries. In simulations without
shipping no water losses were imposed at the lock boundaries. In the case of shipping the
present ship traffic intensity of 18 ships a day in both west and east shipping lane was
imposed at Pedro Miguel Locks; at the Post-Panamax Locks 1 ship transfer a day or 15 ship
transfers a day were simulated.

Computations started with zero salinity in Gatun Lake and the forebays of locks. The
simulation period covered three days. In all computations the recycled salt water propagated
over the bottom (density flow) from the outlet of the pumping station into Gaillard Cut. An
equilibrium salt concentration was reached in the forebay of the Post-Panamax Locks within
one day (salt concentration averaged over the water volume of the forebay). The equilibrium
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salt concentration of the forebay appeared not very sensitive to water losses at the locks, but
was mainly a function of the recycle discharge and the salt concentration of the recycled
water. The intermittent recycling method (comp. no 5) caused strong variations of the salt
concentration in the forebay, but the mean value was more or less the same as for conti-
nuous recycling.

Next figures present the computed volume-averaged salt concentration of the Post-Panamax
Lock forebay as a function of time. Results of some Delft3D computations are compared
with the salt concentration of the forebay simulated with Swinlocks (formulas of Sections
4.2.3 and 4.3.3 have been applied, describing the exchange of salt water between forebay
and lake). The upper figure is valid for 3-lift Post-Panamax Locks, the lower figure for 1-lift
Post-Panamax Locks.

Delft3D - Swinlocks

salt concentration forebay, 3-lift Post-Panamax Locks

4.50

4.00

«
o
o

3.00

2.50

salt concentration forebay (ppt)
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Delft3D - Swinlocks
salt concentration forebay, 1-lift Post-Panamax Locks
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The salt concentration values of Swinlocks are similar to those of Delft3D when the
exchange coefficient ey in:

€ _At <]
X T xfull

(see Sections 4.2.3 and 4.3.3) is set to about 0.9. This choice implies that the water of the
forebay has always a somewhat higher salt concentration in Swinlocks simulations than the
water of the lake. The salt transfer from forebay to Gatun Lake is a little delayed, compared

to the normally applied value e, = 1.0 in simulations, but the final salt concentration is not
effected.

In next sections the selection of other exchange coefficients used in Swinlocks is discussed.

5.2 Exchange coefficients Post-Panamax Locks with wsb’s

Most exchange coefficients that are used in simulations for Post-Panamax Locks with wsb’s,
are not effected by recycling actions; these coefficients will remain as they are (they have
been selected in previous studies, see Reports B, C and D). Exchange coefficients that are
effected and additional exchange coefficients are further discussed.

In the case of direct water recycling, water is pumped from the tailbay to the forebay. For
salt water intrusion simulations we assume that the pumped water has an equal salt concen-
tration as the water of the tailbay (volume-averaged salt concentration). Consequently, the
selected exchange coefficient has a value of 1.0, both for uplockage and downlockage of
ships. However, the salt concentration in the tailbay (input for simulations, see Section 3.14)
is corrected for the density effect of a lower water temperature in the dry season. Since this
effect does not occur in direct pumping of water from tailbay to forebay, and recycling is
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mainly practised in the dry season, we reduce the recycle exchange coefficient with 10%
from 1.0 till 0.9.

When a lower pond or a combination of a lower pond and upper pond form a part of the
recycling system, the water that normally would be spilled from the lower lock chamber into
the tailbay, is spilled into the lower pond. Similarly, fill water for the upper lock chamber
that normally would be drawn from the forebay, is drawn from the upper pond. When the
salt concentration of the lower lock chamber is considered, spilling of water to the tailbay
through the lock emptying system is equivalent to spilling of water to the lower pond. Both
actions take place after the wsb’s of the lower lock chamber have been filled, while also the
quantity of spilled water is the same and originates from the same water layer in the lock
chamber. Therefore, there is no need to select a different exchange coefficient for these spill
actions. As a value for the exchange coefficient lower lock chamber — lower pond we thus
select a value of 1.25 for uplockage and 1.2 for downlockage (equal to the exchange
coefficient lower lock chamber — tailbay).

Contrary, when the upper lock chamber is filled, withdrawing of water from the upper pond
instead of the forebay is a different process. The offtakes in upper pond and forebay have a
different geometry and location, while also the salt distributions in upper pond and forebay
are different. For the withdrawal of water from the upper pond we select an exchange
coefficient 1.0, both for uplockage and downlockage (note: the exchange coefficient forebay
— upper lock chamber equals 0.95 for uplockage and 0.85 for downlockage). This choice
supposes that the water in the upper pond is well mixed up during filling and has a more or
less uniform density and salt concentration.

In the case of recycling of water from lower pond to forebay or recycling of water from
lower pond to upper pond, we select an exchange coefficient 1.0 for the upward transfer of
water, both for uplockage and downlockage; this choice supposes that the water in the lower
pond is fully mixed up during filling and has an uniform density and salt concenration.

An overview of selected exchange coefficients for the Post-Panamax Locks at the Pacific
side is presented in next sections. The exchange coefficients for all other locks remain as
they have been selected in earlier studies (see Reports A, B, C and D).

5.2.1 Exchange coefficients for 3-lift locks with wsb’s
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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 Lock J 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 ¥ Forebay Lock J Move ship 0.0"

Tailbay Lock G Forebay Lock J Recycle water 0.9

Forebay Lock J Gatun Lake (Density flows) 09"

Table 5.1 Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks with wsb.

Direct water recycling.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock J (Density flows) 09"

Forebay Lock J Lock J 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 12

Lock J Lock H Empty wsb's of lock H 1.0

LockJ 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

Forebay Lock J Tailbay Lock G Recycle water 0.9

t) exchange coefficient is a function of S/V ¢; value is valid for S/V, ;=0
™) exchange coefficient is time dependent; maximum value is shown

Table 5.2

Direct water recycling.

WL | Delft Hydraulics
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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

Lower Pond / Tailbay 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 Lock J 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

Lower Pond Forebay Lock J Recycle water 1.0

Forebay Lock J Gatun Lake (Density flows) 09"

') exchange coefficient is a function of S/V..g; value is valid for S/V,=0
) exchange coefficient is time dependent; maximum value is shown

Table 5.3  Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks with wsb.
Recycling of water from LP to forebay.

High basin Low basin Operation Exchange

(Remarks) coefficient

Gatun Lake Forebay Lock J (Density flows) 0.97

Forebay Lock J Lock J 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

LockJ 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 Lower Pond / Tailbay G | Equalize water levels 1.2

Lock G Tailbay Lock G Move ship 0.4"

Forebay Lock J Lower Pond Recycle water 1.0

‘) exchange coefficient is a function of S/V ; value is valid for S/V,s =0
™) exchange coefficient is time dependent; maximum value is shown

Table 5.4

WL | Delft Hydraulics

Downlockage. Gatun Lake — Pacific Ocean. New lane, three-lift locks with wsb.
Recycling of water from LP to forebay.
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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

Lower Pond / Tailbay 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 Lock J 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 Upper Pond / Forebay J Equalize water levels 1.0

Lock J Forebay Lock J Move ship 0.0"

Lower Pond Upper Pond Recycle water 1.0

Forebay Lock J Gatun Lake (Density flows) 09"

') exchange coefficient is a function of S/V ; value is valid for S/V,s=0
) exchange coefficient is time dependent; maximum value is shown

Table5.5 Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks with wsb.
Recycling of water from LP to UP.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock J (Density flows) 09"

Forebay Lock J Lock J Empty wsb's of lock J 1.0

Upper Pond / Forebay J Lock J Equalize water levels 1.0

Forebay Lock J Lock J Move ship 0.05

Lock J Lock H Fill wsb's of lock J 1.2

Lock J 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 Lower Pond / Tailbay G | Equalize water levels 1.2

Lock G Tailbay Lock G Move ship 0.4

Upper Pond Lower Pond Recycle water 1.0

)] exchange coefficient is a function of S/V . value is valid for S/V,s=0
") exchange coefficient is time dependent; maximum value is shown

Table 5.6 Downlockage. Gatun Lake — Pacific Ocean. New lane, three-lift locks with wsb.
Recyecling of water from LP to UP.

S5—11
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5.2.2 Exchange coefficients for 2-lift locks with wsb’s

Low basin High basin Operation Exchange
(Remarks) coefficient

Tailbay Lock P Lock P Fill wsb's of lock P 1.3

Lower Pond / Tailbay P | Lock P Equalize water levels 1.15

Tailbay Lock P Lock P Move ship 0.7"

Lock P Lock Q Empty wsb's of lock P 1.0

Lock P Lock Q Fill wsb's of lock Q 1.3

Lock P Lock Q Equalize water levels 1.15

Lock P Lock Q Move ship 0.05

Lock Q Forebay Lock Q Empty wsb's of lock Q 1.0

Lock Q Upper Pond / Forebay Q | Equalize water levels 1.0

Lock Q Forebay Lock Q Move ship 0.0

Lower Pond Upper Pond Recycle water 1.0

Forebay Lock Q Gatun Lake (Density flows) 09"

‘) exchange coefficient is a function of S/V ; value is valid for S/V ;=0
") exchange coefficient is time dependent; maximum value is shown

Table 5.7 Uplockage. Pacific Ocean —> Gatun Lake. New lane, two-lift locks with wsb.
Recycling of water from LP to UP.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock Q (Density flows) 09"

Forebay Lock Q Lock Q Empty wsb's of lock Q 1.0

Upper Pond / Forebay Q | Lock Q Equalize water levels 1.0

Forebay Lock Q Lock Q Move ship 0.107

Lock Q Lock P Fill wsb's of lock Q 1.15

Lock Q Lock P Empty wsb's of lock P 1.0

Lock Q Lock P Equalize water levels 1.15

Lock Q Lock P Move ship 0.15°

Lock P Tailbay Lock P Fill wsb's of lock P 1.15

Lock P Lower Pond / Tailbay P Equalize water levels 1.15

Lock P Tailbay Lock P Move ship 04

Upper Pond Lower Pond Recycle water 1.0

b exchange coefficient is a function of S/V ¢ value is valid for S/V, =0
™) exchange coefficient is time dependent; maximum value is shown

Table 5.8

Recycling of water from LP to UP.

WL | Delft Hydraulics

Downlockage. Gatun Lake — Pacific Ocean. New lane, two-lift locks with wsb.
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5.2.3 Exchange coefficients for |-lift locks with wsb’s

Low basin High basin Operation Exchange
(Remarks) coefficient

Tailbay Lock N Lock N Fill wsb's of lock N 1.25

Lower Pond / Tailbay N | Lock N Equalize water levels 1.05

Tailbay Lock N Lock N Move ship 0.7

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

Lock N Upper Pond / Forebay N | Equalize water levels 1.0

Lock N Forebay Lock N Move ship 0.05"

Lower Pond Upper Pond Recycle water 1.0

Forebay Lock N Gatun Lake (Density flows) 09"

') 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 5.9 Uplockage. Pacific Ocean — Gatun Lake. New lane, single-lift locks with wsb.
Recycling of water from LP to UP.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock N (Density flows) 09"

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

Upper Pond / Forebay N | Lock N Equalize water levels 1.0

Forebay Lock N Lock N Move ship 0.15"

Lock N Tailbay Lock N Fill wsb's of lock N 1.1

Lock N Lower Pond / Tailbay N | Equalize water levels 1.1

Lock N Tailbay Lock N Move ship 0.4

Upper Pond Lower Pond Recycle water 1.0

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

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

Table 5.10 Downlockage. Gatun Lake — Pacific Ocean. New lane, single-lift locks with wsb.
Recycling of water from LP to UP.

WL | Delft Hydraufics
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5.3 Exchange coefficients Post-Panamax Locks without wsb’s

An overview of selected exchange coefficients for the locks at the Pacific side is presented

in next tables.

5.3.1 Exchange coefficients for 3-lift locks without wsb’s

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 0.0"

Lock J Forebay Lock J Equalize water levels 0.95

Lock J Forebay Lock J Move ship 0.0°

Tailbay Lock G Forebay Lock J Recycle water 0.9

Forebay Lock J Gatun Lake (Density flows) 0.85"

") exchange coefficient is a function of S/V. ref; value is valid for S/V,=0
”) exchange coefficient is time dependent; maximum value is shown

Table 5.11 Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks without wsb.
Direct water recycling.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock J (Density flows) 0.85"

Forebay Lock J Lock J Equalize water levels 0.85

Forebay Lock J Lock J Move ship 0.05°

Lock J Lock H Equalize water levels 1.2

LockJ 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 0.4

Forebay Lock J Tailbay Lock G Recycle water 0.9

') exchange coefficient is a function of S/V; value is valid for S/V,.+=0
) exchange coefficient is time dependent; maximum value is shown

Table 5.12 Downlockage. Gatun Lake — Pacific Ocean. New lane, three-lift locks without
wsb. Direct water recycling.

WL | Delft Hydraulics
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Low basin High basin Operation Exchange
(Remarks) coefficient

Lower Pond / Tailbay 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 0.0°

LockJ Forebay Lock J Equalize water levels 0.95

Lock J Forebay Lock J Move ship 0.0

Lower Pond Forebay Lock J Recycle water 1.0

Forebay Lock J Gatun Lake (Density flows) 0.85"

') exchange coefficient is a function of S/V,; value is valid for S/V,=0
) exchange coefficient is time dependent; maximum value is shown

Table 5.13 Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks without wsb.

Recycling of water from LP to forebay.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock J (Density flows) 0.85"

Forebay Lock J Lock J 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 Lower Pond / Tailbay G | Equalize water levels 1.2

Lock G Tailbay Lock G Move ship 0.4"

Forebay Lock J Lower Pond Recycle water 1.0

t) exchange coefficient is a function of S/V,.; value is valid for S/V =0
) exchange coefficient is time dependent; maximum value is shown

Table 5.14 Downlockage. Gatun Lake — Pacific Ocean. New lane, three-lift locks without

WL | Delft Hydraulics

wsb. Recycling of water from LP to forebay.
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Low basin High basin Operation Exchange
(Remarks) coefficient

Lower Pond / Tailbay G | Lock G Equalize water levels 13

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 0.0"

Lock J Upper Pond / Forebay J Equalize water levels 1.0

Lock J Forebay Lock J Move ship 0.0°

Lower Pond Upper Pond Recycle water 1.0

Forebay Lock J Gatun Lake (Density flows) 0.85"

') exchange coefficient is a function of S/V ¢ value is valid for S/V =0
**) exchange coefficient is time dependent; maximum value is shown

Table 5.15 Uplockage. Pacific Ocean — Gatun Lake. New lane, three-lift locks without wsb.
Recycling of water from LP to UP.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock J (Density flows) 0.85"

Upper Pond / Forebay J Lock J Equalize water levels 1.0

Forebay Lock J Lock J Move ship 0.05"

Lock J 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 Lower Pond / Tailbay G | Equalize water levels 1.2

Lock G Tailbay Lock G Move ship 0.4

Upper Pond Lower Pond Recycle water 1.0

‘) exchange coefficient is a function of S/V ¢ value is valid for S/V =0
) exchange coefficient is time dependent; maximum value is shown

Table 5.16

WL | Delft Hydraulics

Downlockage. Gatun Lake — Pacific Ocean. New lane, three-lift locks without
wsb. Recycling of water from LP to UP.
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5.3.2 Exchange coefficients for 2-lift locks without wsb’s

Low basin High basin Operation Exchange
(Remarks) coefficient

Lower Pond / Tailbay P | Lock P Equalize water levels 1.25

Tailbay Lock P Lock P Move ship 0.7"

Lock P Lock Q Equalize water levels 1.25

Lock P Lock Q Move ship 0.05°

Lock Q Upper Pond / Forebay Q | Equalize water levels 1.0

Lock Q Forebay Lock Q Move ship 0.0"

Lower Pond Upper Pond Recycle water 1.0

Forebay Lock Q Gatun Lake (Density flows) 0.87"

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

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

Table 5.17 Uplockage. Pacific Ocean — Gatun Lake. New lane, two-lift locks without wsb.
Recycling of water from LP to UP.

High basin Low basin Operation Exchange
(Remarks) coefficient

Gatun Lake Forebay Lock Q (Density flows) 0.87"

Upper Pond / Forebay Q | Lock Q Equalize water levels 1.0

Forebay Lock Q Lock Q Move ship 0.1

Lock Q Lock P Equalize water levels 1.15

Lock Q Lock P Move ship 0.15

Lock P Lower Pond / Tailbay P Equalize water levels 1.15

Lock P Tailbay Lock P Move ship 0.4

Upper Pond Lower Pond Recycle water 1.0

') 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 5.18 Downlockage. Gatun Lake — Pacific Ocean. New lane, two-lift locks without wsb.
Recycling of water from LP to UP.

WL | Delft Hydraulics
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5.4 Other exchange coefficients

The exchange coefficients for the locks on the existing west and east shipping lanes do not
change (for the values of the exchange coefficients reference is made to Report A). The
same holds for the Post-Panamax Locks at the Atlantic side of the the new shipping lane
(see Reports B, C and D for exchange coefficients).

We also assume that the exchange coefficients related to the release of water at Gatun Dam
and Miraflores Dam are uneffected by the recycling of water at the Pacific side of the canal.
The values of these exchange coefficients have been selected on the basis of validation runs
for the existing situation (see report A).

5—18
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6 Testing of simulation model

The three-lift Post-Panamax Locks in the salt-intrusion simulation model have been provi-
ded with three options for water recycling at the Pacific side of the canal. In addition, the
two-lift and single-lift Post-Panamax Locks have been provided with a single option for
water recycling. These extensions required the formulation of new expressions for water
balance and salt balance, the definition of extra scenarios for ship movements and turn
arounds, the definition of new nodes (Lower Pond and Upper Pond), 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. The results of testing of the new
elements in the simulation model is described in next sections for each Post-Panamax Lock

configuration separately.

6.1 Three-lift Post-Panamax Locks with water recycling

Input data
Test cases were such designed that the functioning of in particular the new items (three
options for water recycling) could be checked. Next Day Patterns and Coefficient Set were
used in the test runs:

Day
Pattern

Scenarios in Day Pattern

Locks / recycling option

dl

ship movement Pac.—»GL, Turn around N—S, ship move-
ment GL—Pac., Turn around S—N; ship type VIII

3-lift locks, water recycling
option: tailbay—forebay

dia

ship movement Pac.—»GL, Turn around N—S, ship move-
ment GL—Pac., Turn around S—N; ship type VIII

3-lift locks, no water recycling

dla-r

ship movement Atl.—»GL, Turn around S—N, ship move-
ment GL—Atl., Turn around N—S; ship type VIII

3-lift locks, no water recycling

d2

ship movement Pac.—»GL, Turn around N—S, ship move-
ment GL—Pac., Turn around S—N; ship type VIII

3-lift locks, water recycling
option: LP—forebay

d3

ship movement Pac.—»GL, Turn around N—S, ship move-
ment GL—Pac., Turn around S—N; ship type VIII

3-lift locks, water recycling
option: LP»>UP

d4

ship movement Pac.-»GL, Turn around N—»S, ship move-
ment GL—Pac., Turn around S—N; ship type VIII

3-lift locks + wsb’s, water recy-
cling option: tailbay—forebay

ds

ship movement Pac.—»GL, Turn around N—S, ship move-
ment GL—Pac., Turn around S—N; ship type VIII

3-lift locks + wsb’s, water recy-
cling option: LP—forebay

dé

ship movement Pac.—»GL, Turn around N—S, ship move-
ment GL—Pac., Turn around S—N; ship type VIII

3-lift locks + wsb’s, water recy-
cling option: LP>UP

déa

ship movement Pac.—GL, Turn around N—S, ship move-
ment GL—Pac., Turn around S—N; ship type VIII

3-lift locks + wsb’s, no water
recycling

Table 6.1

WL | Delft Hydraulics
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Basins involved in exchange up up down down

fill wsb empty wsb Sill wsb empty wsb
Lock G & G-wsb 0.111 0.211 0.311 0.411
Lock H & H-wsb 0.122 0.222 0.322 0.422
Lock J & J-wsb 0.133 0.233 0.333 0.433
Lock K ¢ K-wsb 0.177 0.277 0377 0.477
Lock L < L-wsb 0.166 0.266 0.366 0.466
Lock M & M-wsb 0.155 0.255 0.355 0.455

up up down down

equalize move ship equalize move ship
tailbay G & Lock G 0.11 0.21 0.31 041
Lock G < Lock H 0.12 0.22 0.32 0.42
Lock H & LockJ 0.13 0.23 0.33 0.43
Lock J & forebay J 0.14 0.24 0.34 0.44
Lock M < forebay M 0.18 0.28 0.38 0.48
Lock L < Lock M 0.17 0.27 0.37 0.47
Lock K < Lock L 0.16 0.26 0.36 0.46
tailbay K <> Lock K 0.15 0.25 0.35 0.45

up down

recycling recycling
tailbay G <> forebay J 0.1111 - 0.3111 -
Lower Pond & Lock G 0.1222 - 0.3222 -
Lower Pond < forebay J 0.1333 - 0.3333 -
Lower Pond < Upper Pond 0.1444 - 0.3444 -
Lock J & Upper Pond 0.1555 - 0.3555 -

up forebay- down forebay-

lake exchange lake exchange
forebay J <> Gatun Lake 1.0 - 1.0 -
forebay M & Gatun Lake 1.0 - 1.0 -

Table 6.2 Overview of salt exchange coefficients in Coefficient Set cl, used in test cases,

three-lift locks

The exchange coefficients in the above Coefficient Set c1 have all different values; these
values are not realistic but were selected for the purpose of a fast check of the use of the
various exchange coefficients in the salt balance computations.

Test cases

A series of tests was done with the salt concentration of all basins initially set on 0; the salt
concentration of the Pacific and Atlantic tailbays was prescribed (salt concentration values
of Table 3.49 were selected). Water levels of Miraflores Lake and Gatun Lake, tidal move-
ments in the tailbays, dimensions of locks, water saving basins, lower pond and upper pond
were all prescribed (default values, see extensive discussion in Chapter 3).

The purpose of the tests was to check the set up of water balance and salt balance in relation
to the new water recycling options in the simulation model. The results of the water-balance
and salt-balance computations have been checked by computations 'by hand'. Test Case 7
was set up to check the execution of daypatterns which are prescribed for a few, specific
days in the simulation period.

An overwiew of test cases is presented in Table 6.3.

WL | Delft Hydraulics
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Test Coefficient Day Period Output Remarks

Case Set Pattern interval
1 cl dl Jan 1 -Jan 5, 1970 scenario single ship, S = 285000
la cl dla Jan 1 -Jan 5, 1970 scenario single ship, S = 285000
la-r cl dla-r Jan 1 -1Jan 5, 1970 scenario single ship, S = 285000
2 cl d2 Jan 1-Jan 5, 1970 scenario single ship, S = 285000
3 cl d3 Jan 1 —Jan §, 1970 scenario single ship, S = 285000
4 cl d4 Jan 1 —Jan §, 1970 scenario single ship, S = 285000
5 cl ds Jan 1 —Jan 5, 1970 scenario single ship, S = 285000
6 cl dé Jan 1-Jan 5, 1970 scenario single ship, S = 285000
6a cl déa Jan 1 -Jan 5, 1970 scenario single ship, S = 285000
7 cl di* Jan 1 - Jan 30, 1970 scenario single ship, S = 285000

*) daypattern only prescribed for day 2, 3, 5, 6, 19 and 20

Table 6.3 Test Cases for recycling options of three-lift locks

Conclusions

The water balance and salt balance are well computed within the extended simulation model
for all three options of water recycling at the Pacific side of the canal: salt water migrates
properly from the tailbays in the sea entrances to all higher basins, to wsb's and to lower and
upper pond, the time-dependent exchange of salt water between forebays and lakes is
correct. As an example some results of Test Case 6 are shown in Figures TC6, 1-6 in Figures
Simulations 3-lift locks. Test Case 7 demonstrates that daypatterns are only executed at
prescribed days in the simulation period.

As an extra test the validation case for the existing situation (Case VALI, see Report A) has
been run with the extended simulation model as Case A-1. It appeared that the extended
model produced fully identical results, see Figures A-1, 1 and A-1, 2. Also the earlier case
B1-50 (future situation, 3-lift locks, no recycling, see Report C) has been run with the
extended model; results are shown in Figures B1-50, 1 and B1-50, 2.

WL | Delft Hydraulics
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6.2 Two-lift Post-Panamax Locks with water recycling

Input data

Test cases were such designed that in particular the single option for water recycling (Lower
Pond — Upper Pond) could be checked. Next Day Patterns and Coefficient Set were used in

the test runs:

ment GL—Pac., Turn around S—N; ship type VIII

Day Scenarios in Day Pattern Locks / recycling option
Pattern
d3 ship movement Pac.—»GL, Turn around N-»S, ship move- | 2-lift locks, water recycling
ment GL—Pac., Turn around S—N; ship type VIII option: LP—>UP
d3a ship movement Pac.—GL, Turn around N—S, ship move- | 2-lift locks, no water recycling

d3a-r ship movement Atl.—GL, Turn around S—N, ship move-
ment GL—Atl., Turn around N—S; ship type VIII

2-lift locks, no water recycling

ment GL—Pac., Turn around S—N; ship type VIII

recycling

dé ship movement Pac.—»GL, Turn around N-»S, ship move- | 2-lift locks + wsb’s, water recy-
ment GL—Pac., Turn around S—N; ship type VIII cling option: LP>UP
déa ship movement Pac.—»GL, Turn around N—S, ship move- | 2-lift locks + wsb’s, no water

Table 6.4 Overview of Day Patterns used in test cases, two-lift locks
Basins involved in exchange up up down down
Sfill wsb empty wsb Sfill wsb empty wsb
Lock P & P-wsb 0.111 0.211 0.311 0.411
Lock Q & Q-wsb 0.122 0.222 0.322 0.422
Lock R & R-wsb 0.166 0.266 0.366 0.466
Lock S & S-wsb 0.155 0.255 0.355 0.455
up up down down
equalize move ship equalize move ship
tailbay P < Lock P 0.11 0.21 0.31 0.41
Lock P & Lock Q 0.12 0.22 0.32 0.42
Lock Q ¢ forebay Q 0.13 0.23 0.33 0.43
Lock S < forebay S 0.17 0.27 0.37 0.47
Lock R < Lock S 0.16 0.26 0.36 0.46
tailbay R <> Lock R 0.15 0.25 0.35 0.45
up down
recycling recycling
Lower Pond < Lock P 0.1111 - 0.3111 -
Lower Pond <> Upper Pond 0.1222 - 0.3222 -
Lock Q < Upper Pond 0.1333 - 0.3333 -
up forebay- down forebay-

lake exchange

lake exchange

forebay Q < Gatun Lake

1.0

1.0

forebay S < Gatun Lake

1.0

1.0

Table 6.5
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For the purpose of a fast check of the use of the various exchange coefficients in the salt
balance computations the coefficients in the above Coefficient Set c1 have all different
values; these values are not realistic.

Test cases

Similar as for the three-lift locks a series of tests was done with the salt concentration of all
basins initially set on 0; the salt concentration of the Pacific and Atlantic tailbays was
prescribed as well as water levels of Miraflores Lake and Gatun Lake, tidal movements in
the tailbays, dimensions of locks, water saving basins, lower pond and upper pond (default
values, see extensive discussion in Chapter 3).

The purpose of the tests was to check the set up of water balance and salt balance in relation
to the new water recycling option in the simulation model. The results of the water-balance
and salt-balance computations have been checked by computations 'by hand'.

An overwiew of test cases is presented in Table 6.6.

Test Coefficient Day Period Output Remarks

Case Set Pattern interval
3 cl d3 Jan1—Jan 5, 1970 scenario single ship, S = 285000
3a cl d3a Jan1-Jan 5, 1970 scenario single ship, S = 285000
3a-r cl d3a-r Jan 1-Jan §, 1970 scenario single ship, S =285000
6 cl dé Jan1-Jan 5, 1970 scenario single ship, S = 285000
6a cl déa Jan1-Jan S, 1970 scenario single ship, S = 285000
Table 6.6  Test Cases for recycling option of two-lift locks
Conclusions

The water balance and salt balance are well computed within the extended simulation model
for the single option of water recycling at the Pacific side of the canal: salt water migrates
properly from the tailbays in the sea entrances to all higher basins, to wsb's and to lower and
upper pond, the time-dependent exchange of salt water between forebays and lakes is
correct.

As an extra test the validation case for the existing situation (Case VAL1, see Report A) has
been run with the extended simulation model as Case A-1. It appeared that the extended
model produced fully identical results, see Figures A-1, 1 and A-1, 2. Also the earlier case
C1-50 (future situation, 2-lift locks, no recycling, see Report D) has been run with the
extended model; results are shown in Figures C1-50, 1 and C1-50, 2.
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6.3 Single-lift Post-Panamax Locks with water recycling

Input data

Next Day Patterns and Coefficient Set were used in test cases which were designed to check
in particular the single option for water recycling (Lower Pond — Upper Pond) in the

extended model:

Day Scenarios in Day Pattern Locks / recycling option

Pattern

d3 ship movement Pac.—»GL, Turn around N—S, ship move- | 1-lift locks, water recycling
ment GL—Pac., Turn around S—N; ship type VIII option: LP—»UP

dé ship movement Pac.-»GL, Turn around NS, ship move- | 1-lift locks + wsb’s, water recy-
ment GL—Pac., Turn around S—N; ship type VIII cling option: LP->UP

déa ship movement Pac.—»GL, Turn around N—S, ship move- | 1-lift locks + wsb’s, no water
ment GL—Pac., Turn around S—N; ship type VIII recycling

Table 6.7 Overview of Day Patterns used in test cases, single-lift locks

Basins involved in exchange up up down down
fill wsb empty wsb fill wsb empty wsb
Lock N ¢ N-wsb 0.111 0.211 0.311 0.411
Lock O & O-wsb 0.155 0.255 0.355 0.455
up up down down
equalize move ship equalize move ship
tailbay N <& Lock N 0.11 0.21 0.31 0.41
Lock N ¢ forebay N 0.12 0.22 0.32 0.42
Lock O < forebay O 0.16 0.26 0.36 0.46
tailbay O & Lock O 0.15 0.25 0.35 0.45
up down
recycling recycling
Lower Pond < Lock N 0.1111 - 0.3111 -
Lower Pond < Upper Pond 0.1222 - 0.3222 -
Lock N ¢ Upper Pond 0.1333 - 0.3333 -
up forebay- down forebay-
lake exchange lake exchange
forebay N & Gatun Lake 1.0 - 1.0 -
forebay O < Gatun Lake 1.0 - 1.0 -
Table 6.8  Overview of salt exchange coefficients in Coefficient Set cl, used in test cases,

single-lift locks

For the purpose of a fast check of the use of the various exchange coefficients in the salt
balance computations the coefficients in the above Coefficient Set cl have all different
values; these values are not realistic.
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Test cases

Similar as for the three-lift locks and two-lift locks a series of tests was done with the salt
concentration of all basins initially set on 0; the salt concentration of the Pacific and Atlantic
tailbays was prescribed as well as water levels of Miraflores Lake and Gatun Lake, tidal
movements in the tailbays, dimensions of locks, water saving basins, lower pond and upper
pond (default values, see extensive discussion in Chapter 3).

The purpose of the tests was to check the set up of water balance and salt balance in relation
to the new water recycling option in the simulation model. The results of the water-balance
and salt-balance computations have been checked by computations 'by hand'.

An overwiew of test cases is presented in Table 6.9.

Test Coefficient Day Period Output Remarks

Case Set Pattern interval
3 cl d3 Jan 1 -Jan 5, 1970 scenario single ship, S = 285000
6 cl dé Jan 1 —Jan 5, 1970 scenario single ship, S = 285000
6a cl d6a Jan1-Jan 5, 1970 scenario single ship, S = 285000

Table 6.9  Test Cases for recycling option of single-lift locks

Conclusions

The water balance and salt balance are well computed within the extended simulation model
for the single option of water recycling at the Pacific side of the canal: salt water migrates
properly from the tailbays in the sea entrances to all higher basins, to wsb's and to lower and
upper pond, the time-dependent exchange of salt water between forebays and lakes is
correct.

As an extra test the validation case for the existing situation (Case VAL, see Report A) has
been run with the extended simulation model as Case A-1. It appeared that the extended
model produced fully identical results, see Figures A-1, 1 and A-1, 2. Also the earlier case
D1-50 (future situation, 1-lift locks, no recycling, see Report B) has been run with the
extended model; results are shown in Figures D1-50, 1 and D1-50, 2.
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7 Effect of water recycling on salinity levels

In this chapter we present the results of the salt-water intrusion analysis for the case that
water is recycled. Post-Panamax Locks are built at both ends of the new, third shipping lane.
These locks may be provided with water saving basins (wsb's). In dry periods, when there is
a shortage of fresh water, the water that is lost by operation of the Post-Panamax Locks at
the Pacific side of the canal, is recycled. The effect of water recycling on salt concentration
levels of Gatun Lake and Miraflores Lake is analysed for three-lift, two-lift and single-lift
configurations of Post-Panamax Locks for various recycling options.

7.1 Ship traffic intensities in simulations

The salt water intrusion in the future situation with Post-Panamax Locks and water recy-
cling, is analysed for a period of 2 years with 1 Post-Panamax ship a day, a period of 3 years
with 5 Post-Panamax ships a day, a period of 5 years with 10 Post-Panamax ships a day and
finally a period of 5 years with 15 Post-Panamax ships a day. The latter ship-traffic intensity
is expected for year 50 after opening of the third lane (we assume that the new lane will
come in operation at January 1, 2011). The number of ship transits in west - and east ship-
ping lane is maintained in the simulations at the present 18 ships a day in each lane.

The number of transiting ships a day and the type of ships are presented in next table for the
considered periods. Panamax vessels are represented by ship type III, regular ships by ship
types I and II, Post-Panamax vessels by ship type VIII (see Section 3.11).

Period Jan 1, 2011 - | Jan 1, 2013~ | Jan 1, 2026 — | Jan 1, 2056 —
Dec 31, 2012 Dec 31, 2015 Dec 31, 2030 Dec 31, 2060
Vessel Number of ships
bype
Existing shipping lane West
Type ] 8 8 8 8
Type 11 4 4 4 4
Type 11 6 6 6 6
Total 18 18 18 18
Existing shipping lane East
Type I 8 8 8 8
Type 11 4 4 4 4
Type 111 6 6 6 6
Total 18 18 18 18
Future, third shipping lane
Type VIII 1 5 10 15
Total 1 5 10 15

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

WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Water Recycling - Report E, part |

Q3476, April 2004

7.2 Effect of water recycling, 3-lift locks

7.2.1 Water control scenarios Gatun Lake and set up of cases

The water control scenarios for Gatun Lake as discussed in Section 3.13, form the starting
point in the set up of cases. These scenarios are summarized in next table. Simulation cases
have been built up for ship traffic intensities of 1, 5, 10 and 15 Post-Panamax ships a day in
the new shipping lane, in addition to 18 ship transits a day in both west and east shipping
lane. The various cases are shown in Table 7.2. The table presents also the total number of
recycling days a year for each scenario considered. The number of recycling days is
computed from the water balance of Gatun Lake: water is recycled at the Pacific side of the
canal when the loss of water caused by operation of the Post-Panamax Locks at both sides
of the canal exceeds the quantity of water that can be saved by reducing the water releases
(spilled and used for hydropower) at Gatun Dam.

Water-Control | Description Case Number of
scenario recycling
Gatun Lake days a year
5 e  Post-Panamax Locks with wsb’s B5-1ship 17

e  water releases at Gatun Dam are reduced BS5-5ships 92

e ifneeded, recycling of water; lower pond > upper pond | B5-10ships 120

e ifneeded, extra fresh water supply to Gatun Lake B5-15ships 120
6 e Post-Panamax Locks without wsb’s B6-1ship 61

e  water releases at Gatun Dam are reduced B6-5ships 120

e if needed, recycling of water; lower pond > upper pond | B6-10ships 147

e ifneeded, extra fresh water supply to Gatun Lake B6-15ships 205
7 e Post-Panamax Locks with wsb’s B7-1ship 17

e  water releases at Gatun Dam are reduced B7-5ships 92

e ifneeded, recycling of water; lower pond > forebay B7-10ships 120

e if needed, extra fresh water supply to Gatun Lake B7-15ships 120
8 e  Post-Panamax Locks without wsb’s B8-1ship 61

e  water releases at Gatun Dam are reduced B8-5ships 120

e ifneeded, recycling of water; lower pond > forebay B8-10ships 147

e if needed, extra fresh water supply to Gatun Lake B8-15ships 205
9 e  Post-Panamax Locks with wsb’s B9-1ship 17

e  water releases at Gatun Dam are reduced B9-5ships 92

e if needed, recycling of water; tailbay > forebay B9-10ships 120

e if needed, extra fresh water supply to Gatun Lake B9-15ships 120
10 e Post-Panamax Locks without wsb’s B10-1iship 61

e  water releases at Gatun Dam are reduced B10-5ships 120

e ifneeded, recycling of water; tailbay > forebay B10-10ships 147

e ifneeded, extra fresh water supply to Gatun Lake B10-15ships 205

Table 7.2  Water control scenarios Gatun Lake and simulations for 3-lift locks
7—2

WL | Delft Hydraulics




Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Water Recycling - Report E, part | Q3476, April 2004

Next data is used in the numerical simulations:

e Dimensions of locks, forebays, tailbays, water saving basins, upper pond and lower
pond: see Section 3.12

¢ Tidal movements and salt concentration of seaside tailbays: see Section 3.14

e Water levels, water volumes, water releases of Gatun Lake and Miraflores Lake (water
releases depending on water control scenarios of Gatun Lake), water recycling quan-
tities and number of recycling days: see Section 3.13

e Initial salt concentrations of Gatun Lake and Miraflores Lake: end values of
corresponding simulations for 3-lift locks without water recycling are selected (values
are taken from Report C).

e Exchange coefficients: see Section 5.2.

7.2.2 Results of simulations

The computed volume-averaged salt concentrations (ppt) of Miraflores Lake and Gatun
Lake for a ship traffic intensity of 15 ships a day are shown in Figures B5-15s,1 through
B10-15s,2 in ‘Figures Simuations 3-lift Locks’. As can be seen the salt concentrations of
Miraflores Lake and Gatun Lake fluctuate as a function of wet and dry season and the
scenarios applied to control the water level of Gatun Lake.

The computed maximum and minimum value of the volume-averaged salt concentration of
Miraflores Lake and Gatun Lake in the last year of the considered period are presented in
Table 7.3. For reasons of comparison also the present salinity levels of the lakes are shown

(case A).

Case and Considered Salt conc. (ppt) Miraflores Lake | Salt conc. (ppt) Gatun Lake
no of PP-ships | year minimum maximum minimum maximum
a day

A, existing - 0.64 1.42 0.010 0.027
B5-1ship 2 0.66 1.67 0.068 0.19
B5-5ships 5 0.69 1.75 0.084 0.32
B5-10ships 20 0.78 2.15 0.23 0.93
B5-15ships 50 0.89 2.71 0.50 1.63
B6-1ship 2 0.63 1.64 0.027 0.075
B6-5ships 5 0.66 1.59 0.044 0.22
B6-10ships 20 0.83 221 0.31 1.00
B6-15ships 50 1.22 3.17 1.08 2.20
B7-1ship 2 0.66 1.68 0.069 0.20
B7-5ships S 0.69 1.87 0.095 0.46
B7-10ships 20 0.80 2.36 0.26 1.24
B7-15ships 50 0.93 3.10 0.56 2.09
B8-1ship 2 0.63 1.68 0.030 0.12
B8-5ships 5 0.69 1.88 0.088 0.61
B8-10ships 20 0.96 2.82 0.52 1.87
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B8-15ships 50 1.64 4.44 1.79 3.92
B9-1ship 2 0.66 1.68 0.069 0.20
B9-5ships 5 0.70 1.93 0.10 0.54
B9-10ships 20 0.81 2.40 0.26 1.30
B9-15ships 50 0.93 3.17 0.57 2.17
B10-1ship 2 0.64 1.73 0.035 0.19
B10-5ships 5 0.73 2.26 0.15 1.17
B10-10ships 20 1.07 3.45 0.72 2.67
B10-15ships 50 1.92 5.35 2.28 5.08

Table 7.3 Maximum and minimum values of volume-averaged salt concentration of
Miraflores Lake and Gatun Lake, 3-lift locks

The above maximum and minimum values have been plotted in Figures 7.1 (Miraflores
Lake) and 7.2 (Gatun Lake). From Figure 7.1 it appears that the salt concentration of
Miraflores Lake rises for all ship traffic intensities and all scenarios, compared to the present
situation. Since Miraflores Lake is by-passed by the new shipping lane the effect of the new
shipping lane and recycling is an indirect effect. Contrary, Gatun Lake is directly effected by
the new shipping lane; the salt concentration of Gatun Lake (Figure 7.2) increases
considerably for all ship traffic intensities and scenarios. As may be expected, direct water
recycling from tailbay to forebay (scenarios B9 and B10) is the most unfavourable recycling
option, recycling of water from lower storage pond to upper storage pond (scenarios B5 and
B6) is the least unfavourable option. In general, the use of water saving basins is favourable
when water is recycled (scenarios B5, B7 and B9), since the quantity of salt water that is
recycled and intrudes the lakes is smaller. When water recycling is not practised water
saving basins cause a stronger salt water intrusion, because a lesser quantity of fresh water is
involved in the lockage process.

The results of the present and former simulations (all scenarios B1 — B10, see Table 3.47)
are collected in Figure 7.3. Volume-averaged salt concentrations of Gatun Lake and
Miraflores Lake are shown for a ship-traffic intensity of 15 Post-Panamax ships a day,
which corresponds to the traffic level of year 50 after opening of the new shipping lane (see
Table 2.2). From the view point of salt water intrusion prevention, Figure 7.3 clearly
demonstrates that scenarios with water recycling in dry periods of the year (BS — B10) are a
bad alternative for scenarios (B1 — B4) where fresh water is supplied from new water
sources to compensate for the water losses of the Post-Panamax Locks. In all water recy-
cling scenarios the volume-averaged salt concentration of Gatun Lake rises in year 50 above
the fresh-water limit. (Note: 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/] cloridity (about 0.5 ppt salinity) is used as an upper limit for drinking
water (Environmental Protection Agency standard)).
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7.3 Effect of water recycling, 2-lift locks

7.3.1 Water control scenarios Gatun Lake and set up of cases

Similar as for the 3-lift locks the water control scenarios for Gatun Lake as discussed in
Section 3.13, form the starting point in the set up of cases. These scenarios are summarized
in next table. Simulation cases have been built up for ship traffic intensities of 1, 5, 10 and
15 Post-Panamax ships a day in the new shipping lane, in addition to 18 ship transits a day
in both west and east shipping lane. The cases are shown in Table 7.4, together with the total
number of recycling days a year for the scenarios considered.

Water-Control | Description Case Number of
scenario recycling
Gatun Lake days a year
5 e Post-Panamax Locks with wsb’s C5-1ship 61

e  water releases at Gatun Dam are reduced C5-5ships 120

® ifneeded, recycling of water; lower pond > upper pond | C5-10ships 126

e ifneeded, extra fresh water supply to Gatun Lake C5-15ships 164
6 e  Post-Panamax Locks without wsb’s C6-1ship 75

e  water releases at Gatun Dam are reduced C6-5ships 126

¢ if needed, recycling of water; lower pond > upper pond | C6-10ships 208

e if needed, extra fresh water supply to Gatun Lake C6-15ships 281

Table 7.4  Water control scenarios Gatun Lake and simulations for 2-lift locks

Next data is used in the numerical simulations:

e Dimensions of locks, forebays, tailbays, water saving basins, upper pond and lower
pond: see Section 3.12

e Tidal movements and salt concentration of seaside tailbays: see Section 3.14

e Water levels, water volumes, water releases of Gatun Lake and Miraflores Lake (water
releases depending on water control scenarios of Gatun Lake), water recycling quan-
tities and number of recycling days: see Section 3.13

e Initial salt concentrations of Gatun Lake and Miraflores Lake: end values of
corresponding simulations for 2-lift locks without water recycling are selected (values
are taken from Report D).

e Exchange coefficients: see Section 5.2.

7.3.2 Results of simulations

The computed volume-averaged salt concentrations (ppt) of Miraflores Lake and Gatun
Lake for a ship traffic intensity of 15 ships a day are shown in Figures C5-15s,1 through C6-
15s,2 in ‘Figures Simuations 2-lift Locks’.

The computed maximum and minimum value of the volume-averaged salt concentration of
Miraflores Lake and Gatun Lake in the last year of the considered period are presented in
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Table 7.5. For reasons of comparison also the present salinity levels of the lakes are shown
(case A).

Case and Considered Salt conc. (ppt) Miraflores Lake | Salt conc. (ppt) Gatun Lake
no of PP-ships | year minimum maximum minimum maximum
a day

A, existing - 0.64 1.42 0.010 0.027
C5-1ship 2 0.66 1.67 0.071 0.19
C5-5ships 5 0.73 1.82 0.16 0.53
C5-10ships 20 0.97 2.62 0.54 1.52
C5-15ships 50 1.40 3.78 1.38 298
C6-1ship 2 0.64 1.61 0.045 0.12
C6-5ships 5 0.72 1.76 0.14 0.45
C6-10ships 20 1.30 3.09 1.11 2.12
C6-15ships 50 2.19 4.67 2.80 3.66

Table 7.5  Maximum and minimum values of volume-averaged salt concentration of
Miraflores Lake and Gatun Lake, 2-lift locks

The above maximum and minimum values have been plotted in Figures 7.4 (Miraflores
Lake) and 7.5 (Gatun Lake). Similar as for the 3-lift locks, Figures 7.4 and 7.5 show that the
salt concentration of Miraflores Lake and Gatun Lake rises for all ship traffic intensities and
all scenarios, compared to the present situation.

The results of the present and former simulations (scenarios C1 ~ C6, see Table 3.47) are
collected in Figure 7.6. Volume-averaged salt concentrations of Gatun Lake and Miraflores
Lake are shown for a ship-traffic intensity of 15 Post-Panamax ships a day, which
corresponds to the traffic level of year 50 after opening of the new shipping lane (see Table
2.2). Figure 7.6 shows that scenarios with water recycling in dry periods of the year (C5 —
C6) are most unfavourable.

7.4 Effect of water recycling, 1-lift locks

7.4.1 Water control scenarios Gatun Lake and set up of cases

The water control scenarios for Gatun Lake as discussed in Section 3.13, form the starting
point in the set up of cases. Simulation cases have been built up for ship traffic intensities of
1,5, 10 and 15 Post-Panamax ships a day in the new shipping lane, in addition to 18 ship
transits a day in both west and east shipping lane. The cases are shown in Table 7.6, together
with the total number of recycling days a year for the single scenario considered.
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Water-Control | Description Case Number of
scenario recycling
Gatun Lake days a year
5 e Post-Panamax Locks with wsb’s D5-1ship 61

e  water releases at Gatun Dam are reduced D5-5ships 120

» ifneeded, recycling of water; lower pond > upper pond | D5-10ships 129

e ifneeded, extra fresh water supply to Gatun Lake DS5-15ships 171

Table 7.6  Water control scenario Gatun Lake and simulations for 1-lift locks

Next data is used in the numerical simulations:

¢ Dimensions of locks, forebays, tailbays, water saving basins, upper pond and lower
pond: see Section 3.12

¢ Tidal movements and salt concentration of seaside tailbays: see Section 3.14

e Water levels, water volumes, water releases of Gatun Lake and Miraflores Lake (water
releases depending on water control scenarios of Gatun Lake), water recycling quan-
tities and number of recycling days : see Section 3.13

e Initial salt concentrations of Gatun Lake and Miraflores Lake: end values of
corresponding simulations for 1-lift locks without water recycling are selected (values
are taken from Report B).

e Exchange coefficients: see Section 5.2.

‘

7.4.2 Results of simulations

The computed volume-averaged salt concentrations (ppt) of Miraflores Lake and Gatun
Lake for a ship traffic intensity of 15 ships a day are shown in Figures D5-15s,1 and D5-
15s,2 in ‘Figures Simuations 1-lift Locks’.

The computed maximum and minimum value of the volume-averaged salt concentration of
Miraflores Lake and Gatun Lake in the last year of the considered period are presented in

- Table 7.7. For reasons of comparison also the present salinity levels of the lakes are shown
’ (case A).

Case and Considered Salt conc. (ppt) Miraflores Lake | Salt conc. (ppt) Gatun Lake
no of PP-ships | year minimum maximum minimum maximum
a day
A, existing - 0.64 1.42 0.010 0.027
D5-1ship 2 0.68 1.74 0.11 0.28
D5-5ships 5 0.91 2.40 0.48 1.26
D5-10ships 20 1.44 3.85 1.37 3.12
D5-15ships 50 2.30 5.81 2.97 5.41

Table 7.7 Maximum and minimum values of volume-averaged salt concentration of
Miraflores Lake and Gatun Lake, 1-lift locks
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The above maximum and minimum values have been plotted in Figures 7.7 (Miraflores
Lake) and 7.8 (Gatun Lake). Similar as for the 3-lift locks and 2-lift locks, Figures 7.7 and
7.8 show that the salt concentration of Miraflores Lake and Gatun Lake rises for all ship
traffic intensities and all scenarios, compared to the present situation.

The results of the present and former simulations (scenarios D1 — D5, see Table 3.47) are
collected in Figure 7.9. Volume-averaged salt concentrations of Gatun Lake and Miraflores
Lake are shown for a ship-traffic intensity of 15 Post-Panamax ships a day, which corres-
ponds to the traffic level of year 50 after opening of the new shipping lane (see Table 2.2).
Figure 7.9 shows that the scenario with water recycling in dry periods of the year (DS) is
most unfavourable.
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8 Simulations for 3-lift locks, hydraulic
conditions as in period 1992 - 2001

The Swinlocks simulations reported in Chapter 7 are based on average values of monthly
averages of water levels of Gatun Lake and Miraflores Lake and water releases in the period
1992 — 2001. This period includes the dry El Nino year 1997 and the wet year 1999. The
extremes of the hydraulic conditions in this period do not show up in the results of the
Swinlocks simulations, which have been done for the future situation with Post-Panamax
Locks. After all, the future seasonal variations are not known and the best approach is than
to use averaged seasonal variations of a sufficient long period in the past.

In order to get insight into the possible effects of the extremes in the hydraulic conditions on
salt concentration levels of Gatun Lake and Miraflores Lake, we have re-run simulations for
the future situation on the basis of the actual water levels and actual water releases in the 10-
year period 1992-2001. These additional simulations have been done for the 3-lift Post-
Panamax Locks with water saving basins, for different water control scenarios and different
ship traffic intensities in the new shipping lane.

8.1 Water levels and water volumes of Gatun Lake and
Miraflores Lake in period 1992-2001

8.1.1 Gatun Lake

The monthly averages of the actual water level and the corresponding water volume of
Gatun Lake in the period 1992-2001 have been used in the additional Swinlocks simula-
tions. The water volume of Gatun Lake was derived from the water level data using the
relationship shown in next figure:

Relationship water level - water volume Gatun Lake
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Next tables present the monthly averages of water level and water volume of Gatun Lake in

the period 1992-2001:

Year 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Month
January 26.53 26.49 26.66 26.45 26.74 26.61 25.18 26.70 26.72 26.65
February 26.23 26.23 26.51 26.14 26.66 26.37 25.08 26.49 26.48 26.63
March 25.87 25.97 26.21 25.77 26.49 26.05 24.72 26.25 26.20 26.45
April 25.49 25.82 25.79 25.56 26.08 25.63 24.14 26.12 25.96 26.01
May 25.62 25.94 25.57 25.59 26.03 25.32 24.18 26.13 25.84 25.50
June 26.12 26.00 2591 25.78 26.26 25.30 24.56 26.11 26.16 25.42
July 26.26 26.20 26.12 26.22 26.36 25.38 25.04 26.17 26.16 25.48
August 26.27 26.08 26.14 26.38 26.36 25.21 25.61 26.43 26.00 25.72
September 26.44 26.22 26.28 26.31 26.37 25.17 26.16 26.46 26.07 26.13
October 26.54 26.40 26.34 26.21 26.40 2541 26.49 26.49 26.30 26.34
November 26.53 26.58 26.58 26.65 26.56 25.59 26.53 26.70 26.57 26.65
December 26.59 26.73 26.64 26.73 26.73 25.47 26.75 26.77 26.67 26.76
Table 8.1  Monthly averages of water level of Gatun Lake in period 1992-2001 (in m to PLD)
Year 1992 1993 1994 1995 1996 1997 1998 1999 2000 20071
Month
January 5303 5283 5357 5266 5391 5337 4744 5373 5384 5354
February 5177 5173 5292 5139 5357 5234 4706 5287 5282 5342
March 5027 5065 5167 4986 5283 5101 4561 5185 5163 5267
April 4872 5007 4994 4896 5114 4925 4337 5130 5062 5083
May 4921 5055 4903 4912 5090 4801 4352 5133 5011 4874
June 5130 5077 5041 4987 5189 4792 4501 5126 5146 4842
July 5186 5162 5128 5169 5229 4824 4690 5151 5147 4867
August 5191 5113 5139 5236 5231 4757 4919 5257 5077 4963
September 5265 5173 5196 5208 5235 4741 5145 5272 5107 5132
October 5307 5246 5222 5168 5246 4836 5285 5284 5204 5221
November 5303 5323 5325 5351 5314 4910 5304 5374 5320 5354
December 5326 5387 5347 5385 5385 4863 5395 5405 5363 5401
Table 8.2  Monthly averages of water volume of Gatun Lake in period 1992-2001 (in 10° m®)

The water level of Gatun Lake is also shown in Figure 8.1. This figure indicates that the
year 1997 is a very dry year, which leads to an extreme low water level in the dry season of
1998.

8.1.2 Miraflores Lake

The monthly averages of the water level in the period 1992-2001 and the corresponding
water volume of Miraflores Lake, which have been used in the additional Swinlocks
simulations, are presented in next tables. The mean water level in the period 1992-2001
amounts to about PLD+16.58 m which corresponds to a water volume of 23.8*10° m®. The
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water volume was derived from the water level using the lineair relationship y =
(x/16.58)*23.8*10°, where y = volume, x = water level.

Year 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Month
January 16.55 16.57 16.54 16.56 16.58 16.58 16.58 16.52 16.57 16.61
February 16.56 16.57 16.55 16.56 16.56 16.56 16.57 16.60 16.11 16.63
March 16.58 16.56 16.54 16.58 16.56 16.56 16.40 16.55 16.46 16.60
April 16.56 16.56 16.56 16.56 16.57 16.55 16.24 16.57 16.61 16.71
May 16.54 16.57 16.56 16.56 16.52 16.55 14.99 16.57 16.61 16.39
June 16.54 16.56 16.55 16.56 16.60 16.54 15.92 16.61 16.61 16.50
July 16.56 16.55 16.56 16.59 16.61 16.48 16.48 16.57 16.62 16.56
August 16.57 16.56 16.57 16.58 16.61 16.61 16.57 16.60 16.62 16.59
September 16.58 16.57 16.57 16.61 16.63 16.50 16.54 16.61 16.64 16.58
October 16.58 16.57 16.57 16.63 16.63 16.61 16.63 16.61 16.68 16.61
November 16.58 16.58 16.57 16.62 16.61 16.53 16.62 16.61 16.61 16.59
December 16.56 16.56 16.57 16.59 16.58 16.50 16.61 16.63 16.60 16.58
Table 8.3  Monthly averages of water level of Miraflores Lake, 1992-2001 (in m to PLD)
Year 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Month
January 23.76 23.78 23.74 23.78 23.80 23.80 23.81 23.71 23.78 23.85
February 23.77 23.78 23.76 23.78 23.77 23.77 23.78 23.82 23.13 23.87
March 23.80 23.77 23.74 23.79 23.77 23.77 23.54 23.76 23.62 23.82
April 23.77 23.77 23.77 23.77 23.78 23.76 23.31 23.78 23.85 23.98
May 23.74 23.79 23.77 23.77 23.71 23.76 21.52 23.78 23.84 23.52
June 23.74 23.78 23.76 23.78 23.83 23.75 22.85 23.85 23.85 23.69
July 23.77 23.76 23.78 23.81 23.84 23.66 23.66 23.79 23.86 23.77
August 23.78 23.78 23.78 23.80 23.85 23.84 23.78 23.83 23.85 23.81
September 23.81 23.78 23.78 23.84 23.87 23.69 23.74 23.84 23.88 23.80
October 23.80 23.78 23.79 23.87 23.87 23.85 23.87 23.84 23.94 23.85
November 23.80 23.80 23.78 23.86 23.84 23.73 23.86 23.85 23.84 23.82
December 23.77 23.78 23.78 23.81 23.80 23.69 23.84 23.87 23.82 23.80
Table 8.4 Monthly averages of water volume of Miraflores Lake, 1992-2001 (in 10° m®)

The water level of Miraflores Lake is also shown in Figure 8.2.

The water releases at Miraflores Dam (spilled water and water used for cooling) are not
known in detail for the period 1992 —2001. We have used the representative values of Table

3.45 as input for the additional simulations.
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8.2 Water releases Gatun Lake and water recycling in
simulations

The monthly averages of the water releases at Gatun Dam (the sum of spilled water and
water used for hydropower generation) is shown in next table for the period 1992 — 2001. A
graphical presentation of these data is shown in Figure 8.3.

Year 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Month
January 0.00 0.00 0.00 0.01 23.08 0.11 0.00 3.32 11.10 8.48
February 0.00 0.01 0.00 0.00 1.36 0.01 0.00 1.63 2.94 0.08
March 0.07 0.00 0.00 0.00 1.48 0.00 0.10 0.27 0.02 0.05
April 0.03 0.04 0.00 0.01 0.98 0.01 0.00 0.40 0.08 0.08
May 0.03 2.07 0.01 0.01 2.09 0.01 0.00 5.05 0.07 0.06
June 6.30 3.89 2.44 0.23 8.20 0.02 0.00 7.93 7.22 0.05
July 9.00 9.42 6.60 4.52 11.04 0.00 0.00 3.95 10.96 0.06
August 10.70 8.79 0.03 9.65 11.22 0.00 0.00 14.88 10.47 0.05
September 11.82 10.79 7.84 11.00 12.00 0.00 1.45 16.19 10.62 1.47
October 12.51 15.82 8.83 3.50 13.04 0.00 10.91 10.84 5.30 1.56
November 8.15 17.46 17.48 13.44 20.16 0.00 4.74 22.77 7.15 4.61
December 4.85 5.92 0.37 9.93 15.21 0.00 18.72 44 .45 9.28 17.64

Table 8.5 Monthly averages of water release at Gatun Dam, period 1992-2001 (in 10° m*/day)

In the additional Swinlocks simulations we have applied water control scenarios for Gatun
Lake, in which these water releases are reduced. An overview of water level control
scenarios, which have previously been used in simulations, is shown in Table 3.47.
Simulations for the 3-lift locks are indicated with the capital letter B followed by the
scenario number. Next table presents an overview of scenarios which have been applied in
the additional simulations:

Scenario Description 3-lift locks | Ship traffic
intensity

3 wsb’s B3 5,10 15
water releases at Gatun Dam are reduced Post-Panamax
if needed, extra fresh water supply to Gatun Lake ships / day

5 wsb’s BS 510,15
water releases at Gatun Dam are reduced Post-Panamax
if needed, recycling of water; lower pond > upper pond ships / day
if needed, extra fresh water supply to Gatun Lake

9 wsb’s B9 5
water releases at Gatun Dam are reduced Post-Panamax
if needed, recycling of water; tailbay > Gatun Lake ships / day
if needed, extra fresh water supply to Gatun Lake

Table 8.6  Scenarios for control of water level of Gatun Lake used in additional simulations
for 3-lift Post-Panamax locks with water saving basins
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In all three scenarios water saving basins are used to reduce the water losses (3 water saving
basins for each lock, providing a water saving rate of 60% each lift). The losses at both sides
of the canal caused by the operation of the 3-lift Post-Panamax Locks are compensated by a
lesser water release at Gatun Dam.

If this is not sufficient, the remaining portion of the water losses is in scenario 3 compen-
sated by an extra supply of fresh water to Gatun Lake from new water sources.

In scenarios 5 and 9 the remaining portion of the water losses is compensated by a recycling
of the water lost by the operation of the Post-Panamax Locks at the Pacific side of the canal.
When this is still not sufficient extra fresh water is supplied to Gatun Lake from new water
sources. In scenario 5 water is recycled from lower storage pond to upper storage pond, in
scenario 9 water is recycled from tailbay to forebay (direct recycling), see also description
in Chapters 2 and 3.

The water losses caused by a single ship transfer in the new lane with 3-lift Post-Panamax
Locks provided with 3 wsb’s per lock amounts to 0.21*10° m® (see Table 3.48). The water
release quantities at Gatun Dam, the water recycling quantities at the Pacific side of the
canal and the extra fresh water supplies to Gatun Lake are thus dependent on the ship traffic
intensity. Simulations are executed for 5, 10 and 15 ship transfers per day (see Table 8.6).

As an example next table presents for the first year of the period 1992-2001 and for 5, 10
and 15 Post-Panamax ships a day the daily quantities of water that are relaesed at Gatun
Dam, recycled at the Pacific side of the canal and supplied from fresh water sources. Note
that the released water quantity is similar in scenarios 3, 5 and 9, while the supplied water
quantity in scenario 3 (not shown in the tables) is equal to the sum of the recycled and the
supplied water quantities in scenarios 5 and 9.

S ships / day 10 ships / day 15 ships / day
Scenario 3 5and 9 3 5and 9 3 5and9
S = =
SO0 OIS I3 | SEIY O OIZOIEOISAIYINIZIR |8
$ $ S |’ [ S| 8 S O - A § S | R |7
~ -~ Y ] o -~ ~ Iy RS -~ ~ QU £ O
® SR I - A - - - - - S O
I
w4

January 0.00 0.00 0.53 0.53 31.00 0.00 0.00 1.06 1.06 31.00 0.00 0.00 1.58 1.58 31.00
February 0.00 0.00 0.53 0.53 28.00 0.00 0.00 1.06 1.06 28.00 0.00 0.00 1.58 1.58 28.00
March 0.00 0.00 0.53 0.46 31.00 0.00 0.00 1.06 0.99 31.00 0.00 0.00 1.58 1.51 31.00
April 0.00 0.00 0.53 049 30.00 0.00 0.00 1.06 1.02 30.00 0.00 0.00 1.58 1.55 30.00
May 0.00 0.00 0.53 0.50 31.00 0.00 0.00 1.06 1.02 31.00 0.00 0.00 1.58 1.55 31.00
June 5.24 5.24 0.00 0.00 0.00 4.19 4.19 0.00 0.00 0.00 3.13 3.13 0.00 0.00 0.00
July 7.94 7.94 0.00 0.00 0.00 6.88 6.88 0.00 0.00 0.00 5.83 5.83 0.00 0.00 0.00
August 9.65 9.65 0.00 0.00 0.00 8.59 8.59 0.00 0.00 0.00 7.54 7.54 0.00 0.00 0.00
September 10.76 10.76 0.00 0.00 0.00 9.71 9.71 0.00 0.00 0.00 8.65 8.65 0.00 0.00 0.00
Qctober 11.45 11.45 0.00 0.00 0.00 10.40 10.40 0.00 0.00 0.00 9.34 9.34 0.00 0.00 0.00
November 7.09 7.09 0.00 0.00 0.00 6.04 6.04 0.00 0.00 0.00 4.98 4.98 0.00 0.00 0.00
December 3.79 3.79 0.00 0.00 0.00 2.73 2.73 0.00 0.00 0.00 1.68 1.68 0.00 0.00 0.00

Table 8.7 Hydraulic conditions 1992: released, recycled and supplied water quantities in 10°
m>/day and number of recycling days for 3-lift Post-Panamax Locks with wsb’s.

Similar tables have been prepared for the years 1993 — 2001. The released water quantities
at Gatun Dam and the number of recycling days form input for the simulations. They are

WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Water Recycling - Report E, part | Q3476, April 2004

shown in Figures 8.4 — 8.6 (water release) and Figures 8.7 — 8.9 (recycling days) for the
period 1992-2001.

8.3 Set up of simulations

The salt water intrusion through the 3-lift Post-Panamax Locks with water saving basins is
analysed for a period of ten years; starting point form the hydraulic conditions as in the
period 1992-2001. The water control scenarios and the number of Post-Panamax ships as
applied in the simulations, are shown in Table 8.6. The number of ships in the existing west
and east shipping lanes was kept constant: 18 ships a day in each lane, see Table 7.1. Other
used input data:

* Dimensions of locks, forebays, tailbays, water saving basins, upper pond and lower
pond: see Section 3.12

¢ Tidal movements and salt concentration of seaside tailbays: see Section 3.14

e  Water levels, water volumes, water releases of Gatun Lake and Miraflores Lake, and
number of recycling days: see Sections 8.1 and 8.2

e Initial salt concentrations of Gatun Lake and Miraflores Lake: end values of corres-
ponding simulations for 3-lift locks without water recycling are selected (values are
taken from Report C).

e Exchange coefficients: see Section 5.2.1

8.4 Results of simulations and conclusions

8.4.1 Results of simulations

Results of the simulations are presented in Figures 8.10 — 8.14 and will separately be
discussed for each water control scenario.

Scenario B3
(3-lift locks with wsb’s; water releases at Gatun Dam are reduced; if needed, extra fresh
water supply to Gatun Lake)

Figures 8.10 and 8.11 show the seasonal variation of the volume-averaged salt concentration
of Gatun Lake and Miraflores Lake during a 10-year period with hydraulic conditions as in
1992-2001. Results are shown for 5, 10 and 15 Post-Panamax ships a day. The effects of the
dry El Nino year 1997 and the extreme low water level of the lakes in the first half of 1998
are clearly visible in the results. The salt concentration of Gatun Lake strongly increases in
this period. The salt concentration of Miraflores Lake is indirectly effected (the new ship-
ping lane bypasses the lake), and increases as well. The next, wet year 1999 causes a strong
reduction of the salt concentration in Gatun Lake; the salt concentration of Miraflores Lake
follows.

For reasons of comparison the results of the former Case B3-15ships (see Report C) are also
taken up in the charts (grey line). This simulation is done with average hydraulic conditions
as input (average water level variation in lakes, average water release variation). As can be
seen (compare blue line with grey line) the salt concentration of Gatun Lake is about twice
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as high in 1998 when non-averaged hydraulic conditions are taken into account, and in the
next wet year 1999 the salt concentration drops much farther than with average hydraulic
conditions. The latter is caused by the heavy rainfall and spillage of large amounts of water
at Gatun Dam in the second half of the wet year 1999.

Scenario B5
(3-lift locks with wsb's; water releases at Gatun Dam are reduced; if needed, recycling of
water: lower pond > upper pond; if needed, extra fresh water supply to Gatun Lake)

The computed volume-averaged salt concentrations of Gatun Lake and Miraflores Lake are
shown in Figures 8.12 and 8.13 for 5, 10 and 15 Post-Panamax ships a day. Salt concentra-
tion levels are higher in scenario 5 than in scenario 3, due to the recycling of water at the
Pacific side. The results of Case B5-15ships (see Section 7.2) are included in the charts for
reasons of comparison. The effects of non-averaged hydraulic conditions are similar as in
scenario 3, but are intensified because of the water recycling.

Scenario B9
(3-lift locks with wsb's; water releases at Gatun Dam are reduced; if needed, recycling of
water: tailbay >forebay; if needed, extra fresh water supply to Gatun Lake)

Figure 8.14 shows the volume-averaged salt concentration of Gatun Lake and Miraflores
Lake for 5 Post-Panamax ships a day. Compared to the results for scenarios 3 and 5 salt
concentration levels in scenario 9 are highest due to the direct water recycling method (from
tailbay to forebay). The effects of non-averaged hydraulic conditions are similar as in
scenarios 3 and 5.

8.4.2 Conclusions

A study has been conducted into the effects of the extremes in seasonal hydraulic variations
such as dry El Nino years or very wet years, on salt concentration levels of Gatun Lake and
Miraflores Lake. In dry years the water level of Gatun Lake drops to a minimum, water
releases at Gatun Dam are stopped, and - as a future option - recycling of water is started.
Heavy rainfall in wet years is the reason that much fresh water is supplied to Gatun Lake
and to limit the rise of the water level a large amount of water is spilled at Gatun Dam.

The hydraulic conditions of the period 1992 — 2001, including the dry year 1997 and the wet
year 1999, have been modelled in the salt water intrusion simulation model Swinlocks.
Simulations have been executed for 3-lift Post-Panamax Locks with water saving basins for
different water control scenarios of Gatun Lake and different ship traffic intensities in the
new shipping lane.

The extremes in the hydraulic conditions clearly show up in the results of the salt water
intrusion simulations. A dry year causes a sharp increase of the volume-averaged salt con-
centration of Gatun Lake, while the spillage of huge amounts of water in a wet year causes a
strong drop of the salt concentration (the spilled water carries salt water). Miraflores Lake is
not directly effected by navigation in the new shipping lane (the new shipping lane bypasses
the lake), but the extremes in the seasonal hydraulic variations show up as well in the
volume-averaged salt concentration of Miraflores Lake.

When instead of averaged seasonal variations real variations are appplied as input in the
simulation model the maximum salt concentration of Gatun Lake and Miraflores Lake may
be a factor up to about 2 higher in dry years, but may at the same time be much smaller in
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wet years (hydraulic conditions as in the period 1992 — 2001 form the basis for this
comparison). This holds for all simulated ship traffic intensities of 5, 10 and 15 Post-
Panamax ships a day in the new shipping lane and 18 ships a day in both the existing west
and east shipping lanes. It appears also that the effect of the extremes in hydraulic
conditions is intensified when water is recycled.

For the prediction of future salt concentration levels of the lakes, which are aimed to be used
in a mutual comparison of different lock configurations or an analysis of mitigation mea-
sures, the best approach is still to start from averaged seasonal hydraulic variations. For final
design purposes also the effects of the extremes in hydraulic conditions should be taken into
account.
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| Introduction

Autoridad del Canal de Panama (ACP) has awarded WL | Delft Hydraulics the contract for
‘Salt Water Intrusion Analysis of the Panama Canal Locks, Water Recycling System for
Post-Panamax Locks’ (contract No SAA-110830, dated 3 June 2003, with extension of
February 2004).

The objective of this Consultancy is to provide services to the ACP on the subject of salt
water intrusion through the shipping locks of the Panama Canal. The services are focused on
the future situation with Post-Panamax Locks in a third shipping lane and comprise:

e Analysis of the effects of water recycling at the Pacific side of the canal on salt
concentration levels of Gatun Lake and Miraflores Lake.

e Identification of alternative methods to mitigate the salt water intrusion through the
locks of the Panama Canal.

The results of the study on water recycling are presented in Part I of this Report E; the
present Part II concerns the study on mitigation measures.

The following items are addressed in Part Il of Report E:

- process of salt water intrusion through the shipping locks

- measures that can be taken to mitigate the salt-water intrusion

- appropriate measures for the Panama Canal Locks and expected efficiency
- conclusions and recommendations

The studies on water recycling and mitigation measures have been executed in the period
September 2003 — February 2004.

) Throughout the present report reference is made to next previous reports:

C Report A, June 2003 (WL | Delft Hydraulics project number Q3039): presents the results of
the salt water intrusion analysis for the existing situation.

Reports B, C and D, September 2003 (WL | Delft Hydraulics project number Q3039):
present the results of the salt water intrusion analysis for the future situation with third
shipping lane and 3-lift, 2-lift and 1-lift Post-Panamax Locks.
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2 Process of salt water intrusion

The process of salt water intrusion through the locks of the Panama Canal is discussed in
this chapter. The analysis provides insight into the most critical moments for salt water
intrusion during uplockage and downlockage operations and helps to evaluate the effective-
ness of measures which are aimed to mitigate the intrusion of salt water.

2.1 Salt water intrusion process in existing locks

WL | Delft Hydraulics has undertaken salt concentration measurements in the existing locks,
the forebays and tailbays of the locks, Gatun Lake, Gaillard Cut and Miraflores Lake, both
in the period December 2001 (end of wet season) and the period April 2002 (end of dry
season). From these site measurements and from our knowledge obtained from previous
studies and experiments we could form a good picture of the physical process of salt water
intrusion through the existing locks. The physical process has been described in Report A,
June 2003. As an introduction to the next chapters we present here an overview of the main
characteristics of the salt-water intrusion process. Notice that the general term ‘basin’ is
used for all canal elements containing a certain quantity of water, for example a lock cham-
ber, a lake, a forebay (part of lake), or a tailbay (part of sea entrance or lake). Next two
phases of the lockage process are of importance for the salt water intrusion:

¢ Phase I: Levelling of the water in adjacent basins (lock-lock, tailbay-lock, lock-forebay).
In this phase water is transferred in downstream direction. Filling- and emptying of the
lock chambers occurs through the manifold system in the floor. Water is drawn from the
forebay through inlets in side wall and centre wall, and is discharged into the tailbay
through outlets in side wall and centre wall.

® Phase II: Opening of the lock gates, movement of the ship from one basin to another,
and closure of the lock gates. Due to density differences density flows develop between
the two basins; the moving ship causes a return current and after the ship has entered the
adjacent basin a net quantity of water equal to the ship’s submerged volume has been
exchanged. This water volume is transferred in downstream direction in the case of
uplockage and in upstream direction in the case of downlockage.

The transfer of water in the various phases of the lockage process is the reason that salt
water can move from lower basins to higher basins and reverse.

A brief description of relevant phenomena of the lockage process, experienced during our
site surveys and derived from an analysis of measurement data, is presented in next
paragraphs.

Salt water intrusion process in existing locks of the Panama Canal
The hydraulic processes which govern the intrusion of salt water during uplockage and
downlockage of ships are: density flows between basins, return currents caused by the

moving ship, propellor action of the ship, and hydraulic phenomena during filling and
emptying of the lock chambers.
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Density flows develop between adjacent basins with different densities as soon as the lock
gates are opened. A salt water tongue intrudes the higher basin along the floor while
simultaneously less saline water is flowing out in the upper water region. The front of this
less-saline tongue is visible at the water surface; the propagation velocity u, of the front is
dependent on the initial density difference Ap = p - p and the water depth h:

u =a. gh

a

Ao
P

where a = coefficient (o = 0.5). This relationship can be derived equating potential energy
and kinetic energy of the two-layer system. Typical values of the propagation velocity are in
the range 1,0 m/s (tailbays) and 0,1 m/s (forebays).

— [
salt water fresh water h
Peat=P+4p § Prosn=P
]
A A
P
p=(p+ap)gh Ap=Apgh  p=pgh

a, moment the gates are opened

b, alittle later : Ap = Y2Apgh

Development of density flows

When there is an upward step at the entrance to the higher basin the salt water that intrudes
the higher basin is mainly originating from the water body in the lower basin above the level
of the step. The saltier water below the level of the step remains for the greater part in the
lower basin, and in this way the step in the floor acts as an effective obstacle for salt water
intrusion. However the process of lock filling by means of openings in the floor (which
causes a mixing up) and ship movements between the basins (which cause return currents
and propellor-generated turbulence) are the reason that the favourable effect of the step is
smaller in practice.

The uplockage process starts in the lower lock, that for the greater part is filled with saline

seawater; this holds in particular for the locks at the Pacific side where lock gates are
opened far before the ship arrives. When the ship enters, a quantity of water equal to the
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submerged volume of the ship is pushed away and flows out to the seaside tailbay. Due to
density effects an additional exchange of water between the lock and the seaside tailbay
occurs (less saline water in the lock is replaced by more saline water). The running propellor
of the ship causes mixing in the water area near the stern of the ship.

This process repeats in each higher lock, but the upward step at the entrance of a higher lock
together with the return current along the ship are effective means to limit the salt water
intrusion. After the ship has moved and the gates are closed the water in the lock chamber is
not immediately at rest. Internal density waves occur which dampen out only very slowly.
Before levelling up water with highest density and salinity is near the floor of the lock
chamber. When fill water is drawn from the higher adjacent lock, it is drawn from the saltier
water region near the floor, and in this way some salt water is sluiced back. The withdrawal
of water does not strongly effect the salinity gradient in the remaining upper portion of the
water in the higher lock, meaning that no important mixing occurs during levelling down.
Contrary, the upward filling jets of the floor filling system mix up the entire water body
around the ship in the lock chamber, causing a more or less uniform salt concentration. This
is unfavourable in view of a prevention of salt water intrusion to the adjacent higher basin,
since the saltier water does not remain below the level of the step in the floor.

The adverse effect of the filling jets is especially clear during downlockage of a ship.
Starting with the upper lock (no ship in the lock chamber), water is filled from the forebay.
A relative small part of the earlier intruded salt water is drained back with the fill water. The
receiving water in the lock chamber is diluted by the supply of water from the forebay that,
generally, has a much lesser salinity. Because the filling jets mix up the entire water body of
the lock chamber higher salt concentrations are also present in the region near the water
surface. When the ship enters, a water quantity equal to the submerged volume of the ship is
pushed out to the forebay. This water has it’s origine mainly in the upper region of the water
in the lock chamber, and because of the intensive mixing process during filling it contains
salt. Density differences cause an additional exchange of water between the lock chamber
and the forebay. In this situation the downward step at the entrance to the lock chamber is
less effective in blocking the salt water outflow to the forebay.

The described process repeats in each next lower lock. As an example of the mixing effect
of the filling jets next pictures show the salt concentration as a function of water depth at
one location in the lowest lock (adjacent to the Atlantic tailbay) before and after filling:
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Downlockage: salt concentration lower lock chamber after exit of ship, before filling
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Downlockage: salt concentration lower lock chamber after exit of ship, after filling

In the period between the exit of the ship and filling of the lock chamber there was a pause
of about 1 hour. Next picture shows the variation of the salt concentration at one location as
a function of time. From this figure it appears that internal density waves occur, which travel
in longitudinal direction of the lock and are reflected at upstream and downstream boun-
daries.
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Downlockage: salt concentration lower lock chamber after exit of ship as a function of time

The tide in the sea entrance is in particular of importance for the last phase of the down-
lockage process, when the ship enters the lower lock adjacent to the seaside tailbay. At high
tide the water level in this lock is high and consequently a smaller quantity of fill water is
required to level up. The water in the lower lock is thus less diluted, and water with a higher
salt concentration intrudes in the adjacent higher lock. In the phase that the ship moves from
the lower lock to the tailbay density currents may be a little weaker because of the smaller
density difference, but there is more space under the ship causing a lesser flow resistance
and stronger inflow of salt water. This phenomenon is in particular true at the Pacific side,
where a large tidal fluctuation occurs. Contrary to high tide, low tide in the sea entrance
causes generally a lesser salt water intrusion. In the long run, however, the effects of a large
tidal fluctuation will be small.
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General conclusions

General conclusions based on our salinity measurements and visual observations are:

e the lock filling system with openings in the floor causes a mixing up of the water in the
lock chamber, resulting in a more or less uniform salt concentration after the lock has
levelled up; this is unfavourable in view of a prevention of salt water intrusion

e density flows and the movement of the ship cause an exchange of salt and fresh water
between basins after the gates have been opened; internal density waves and a more or
less layered water system remain after the gates have been closed

o the propellor of the ship causes a local mixing in the area near the stern

¢ emptying of the lock chamber through the openings in the floor does not strongly effect
the vertical salinity gradient in the remaining upper portion of the water (no important
mixing during levelling down); the water is mainly drawn from the region with more
saline water near to the floor

e important transverse density phenomena do not occur in the lock chambers

* average salinity levels decrease in each higher lock chamber; the upward step in the
floor at the entrance to a higher lock acts as a barrier for salt water intrusion, but during
downlockage the return current sustains the inflow of saltier water over the upward step
into the higher lock

* amore or less cyclic pattern of salt water intrusion occurs, which is caused by alternate
periods of uplockage and downlockage of ships

Generally spoken, more salt is transported in upstream direction during downlockage than
during uplockage. Also the semi-convoy mode of operation, practised at the Panama Canal,
is of importance: from salt water intrusion simulations with the Swinlocks model it appears
that the salt concentration of the upper lock rises to a maximum at the end of a period with
downlocking ships, due to salt accumulation effects, while at the end of a period with
uplocking ships a mimimum salt concentration value is found.

The dimensions of the ships are also of importance. Bigger ships cause a stronger return
current and a greater water exchange and are thus unfavourable in the case of downlockage.
Smaller ships cause a lesser return flow (favourable), but this lesser flow is simultaneously
reason that the development of density flows is less hampered (unfavourable). In addition,
smaller ships come in groups, and require more time for operation. As a consequence, gates
may be open during a longer period of time, causing a greater exchange of salt water, in
particular when no step is present in the floor (this holds for locks which connect to the
tailbays).

Measurements have shown that the temperature of the water in the Pacific Entrance is lower
in the dry season than in the wet season and the salinity is higher. As a consequence, more
salt water intrudes in the dry season than in the wet season at the Pacific side. Contrary, the
temperature and salinity of the water in the Atlantic Entrance hardly change during a year.
The salt water intrusion at the Atlantic side, therefore, does not show a similar strong
variation as at the Pacific side.

Due to a lower water level of Gatun Lake in the dry season a lesser quantity of fresh water is
used in lock operations, which has an adverse effect on salt water intrusion both at the
Atlantic and the Pacific side.

WL | Delft Hydraulics




Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Mitigation Measures - Report E, part Il Q3476, April 2004

When salty water has intruded the forebays it propagates as a relatively thin layer along the
bottom (density flow) and follows a path in the deeper shipping channel towards deeper
areas of the lakes. Diffusion occurs under the influence of fresh water currents, but flow
velocities must be relatively high to break up the salt water layer. Since this is generally not
the case the salt water tongue can move in the opposite direction as the prevailing fresh
water currents; Gaillard Cut is an example of a location where such opposed flows may
occur. Also due to sailing ships and wind action diffusion occurs, but this is most probably
of lesser importance for the salt dissimination process in the lakes. Sailing ships may cause
disturbances of the salt water tongue.

At present the salinity level of Gatun Lake is very low. The intrusion of salt water through
Gatun Locks is limited, thanks to the 3-lift lock systems. At the Pacific side Miraflores Lake
forms a buffer, which damps off the intrusion of salt water through Pedro Miguel Locks.
Apart from that, in an average year the inflow of fresh rain water into Gatun Lake is so high,
that in addition to the water that is lost at the locks and the water that is used for the
generation of hydropower, a lot of water has to be spilled at Gatun Dam. The total outflow
(locks, power station, spillway) amounts to about 85% of the volume of the lake, which
means that quite a lot of the intruded and diffused salt water is flushed out. The salinity level
of the small Miraflores Lake is much higher at present, above the fresh-water limit.

With the present operation of the locks, the present ship traffic intensity and the present
water level control measures the salinity levels in the lakes can be regarded as stable (but
they vary as a function of wet and dry season). In the dry season the salinity levels increase;
in the wet season the abundant quantity of fresh rain water is the reason that a part of the salt
in the lakes can be discharged away through the spillways.

2.2 Salt water intrusion process in future Post-Panamax Locks

The above sketched general picture of the salt water intrusion process is as well valid for the
future Post-Panamax Locks, but there are also some differences.

The preliminary designs of the future Post-Panamax Locks have either a floor filling system
or a wall filling system with openings immediately above the floor. The latter system causes
an almost similar mixing effect as a floor fillling system; both variants are comparable with
the floor filling system of the existing locks.

Preliminary designs have been made for one-lift, two-lift and three-lift lock configurations.
From Delft3D simulations it appears that the floor - or wall filling system of 1-lift and two-
lift locks causes a strong mixing up of the water in the receiving lock chamber, similar as
occurs with the floor filling system of a 3-lift lock system.

The future locks may be provided with water recycling basins; their effect is limited to
phase I, when water levels of neighbouring locks are equalized. The water saving basins are
connected to the floor / wall filling system and are always operated in the same sequence.
The initial water level difference between water saving basin and lock chamber is only a
fraction of the total water level difference between adjacent lock chambers; the flow
velocity of the filling jets will thus be smaller when water saving basins are applied. Despite
of the lower flow velocities the filling jets still cause a full mixing of the water in the
receiving lock chamber, as is demonstrated by Delft3D computations. The salt concentration
of the water in the water saving basins is, generally, also higher than the water in the
adjacent higher lock, causing less dilution of the water in the receiving lock chamber. The
effect of water saving basins is thus a greater inflow of salt water in Gatun Lake.
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One difference to be mentioned is also that the future third shipping lane bypasses Mira-
flores Lake. At present, Miraflores Lake acts as a salt water buffer between Miraflores
Locks and Pedro Miguel Locks and damps off the salt concentration variations in Pedro
Miguel Locks. This damping effect will not occur in the future Post-Panamax Locks.

2.3 Important phases in view of salt water intrusion

The phase in which the ship sails from the lower lock chamber to the tailbay is a critical
phase of the downlockage process: the return flow brings a lot of salt water from the tailbay
into the lock chamber, while also a strong density current develops which propagates at
relatively high speed into the lock chamber (caused by the great density difference Ap
between tailbay and lock chamber).

The phase at uplockage, when a ship sails from the tailbay to the lower lock chamber, is also
a critical phase, in particular when the gates of the lock are opened long before the ship
enters. Density flows cause an almost full exchange of water in that case.

Both during downlockage and uplockage the filling jets cause a considerable mixing of the
water in the receiving lock chambers, resulting in a more or less uniform salt concentration
after completion of the water levelling process. This is clearly unfavourable, in particular at
downlockage, since this mixing is the cause that more salt water migrates to higher locks
and forebay.

Generally spoken, downlockage of ships is most critical in view of salt water intrusion.
More salt water is transferred in upstream direction when a ship sails down than when a ship
sails up. This has two major reasons: (i) in the semi-convoy mode of operation the empty
lower lock chamber (downlockage) contains more salt water before the water is levelled up
than at uplockage when a ship is in the lower lock chamber, and (ii) when after levelling up
the next ship enters the lock chamber (downlockage) more salt water is transferred in
upstream direction because of the water displacement of the ship. Measures to limit or
mitigate the intrusion of salt water should therefore preferably optimal be designed for
downlockage operations.
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3 Mitigation measures

Several methods can be applied to mitigate salt water intrusion. An overview of possible and
also realized methods, mainly in the Netherlands, Belgium and France, is presented in
Appendix A. These methods have been developed for single lift locks, but are generally also
applicable to multiple lift locks. They have been designed for water-level differences
between salt water tailbay and fresh water forebay up to about 4 m, which is considerably
smaller than the total lift of about 26 m at the Panama Canal. Consequently, flow velocities
in these lock chambers are generally also smaller than in the Panama Canal Locks (unless
Post-Panamax Locks are provided with water saving basins). Higher flow velocities cause a
stronger mixing of salt and fresh water, which is unfavourable in view of a mitigation of salt
water intrusion.

In low-situated delta areas the sea level rises at high tide above the canal water level; this
complicates the measures aimed to prevent salt water intrusion. Most of the methods
described in Appendix A are adapted to the situation with a temporarily higher sea level.
Because of the high water level of the Panama Canal relative to the sea level the design of
salt water intrusion mitigation measures may be less complicated than for locks in delta
areas.

Copies of key publications on the subject of salt water intrusion mitigation measures are
presented in Appendices B through D.

In this chapter we will discuss the effectiveness and applicability of possible mitigation
measures for the future Post-Panamax Locks.

3.1 Overview of methods

The methods aimed to reduce the salt water intrusion can be subdivided in four groups, each
group directed on measures or actions in a specific phase of the lockage process. The next
measures are distinguished:

1 Reduce the quantity of salt water that intrudes a lock chamber and subsequently intrudes

the canal:

¢ Minimize the number of lockages (optimize the number of ships in the lock cham-
ber)

e Minimize the period that lock gates are open

e Limit lockages to the low tide period

¢ Minimize the gate opening (partly open the gates)

¢ Reduce the water volume of the lock chamber that is involved in the exchange of
salt and fresh water (apply intermediate gates in the case of small ships)

* Apply an alternate mode of operation (alternate uplockage and downlockage; this
mode of operation is only feasible with 1-lift locks)

® Delay and reduce the exchange of salt water and fresh water between tailbay and
lock chamber or lock chamber and forebay by means of pneumatic barriers (or air
bubble screens)
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* Limit the exchange of salt water and fresh water between lock chamber and forebay

by means of special provisions, like an adjustable sill on the floor
2 Remove the salt water that has passed the locks:

® Flush the area near the locks using the lock filling system or special sluices to dis-
charge the water

¢ Drain the salt tongue through a slit in the floor at the upstream side of the lock gates
immediately after the tongue exits the lock chamber and enters the canal

 Catch the salt water in a pit at the upstream side of the locks and flush the pit

3 Prevent the upward migration of salt water from the lower lock chamber:

* Make use of the density difference between salt and fresh water and the step in the
floor to prevent the migration of salt water from the lower lock chamber to higher
levels

¢ Remove the salt water from the lower lock chamber

Each of these groups of measures will be discussed in next sections in coherence with the
extra quantity of fresh water that is needed to effectuate the measures.

Special lock systems such as mechanical lifts are not discussed since they have not been
developed so far for large seagoing vessels and are also not considered by ACP as a viable
alternative for the conventional locks.

3.2 Reduce the intrusion of salt water

3.2.1 Operational measures

The operator of shipping locks has in general some measures available which are useful in
the combat against the intrusion of salt water into the locks. These measures are obvious and
most of them will usually form a part of the standard operation procedures. In short they are:
collect as much as possible ships in the lock chamber (this reduces the number of lockages),
open the lock gates only shortly before the ship sails into or out of the lock chamber and
close the gates immediately (this is in particular important for ship movements between the
seaside tailbays and the lower locks), limit lockages to the low tide period, open the gates
not farther than stricktly necessary for a safe passage of the ship, apply intermediate gates to
reduce the size of the active part of the lock chambers (in the case of small ships), and apply
an alternate mode of operation (applicable to 1-lift locks only). All these measures are aimed
at a reduction of the salt water intrusion caused by density flows. The salt water exchange
that is bound up with the submerged volume of the ship, is not reduced. Obviously most of
the measures do not promote a fast handling of the ship traffic.

The first measure, utilize the locks as much as possible, is already practised by ACP for the
existing locks. When Post-Panamax Locks have been realized, application of this measure
may mean that only ships, which do not fit in the existing locks, are handled in the new
locks. When a number of ships is collected in the lock chamber for a simultaneous locking
up or locking down the total opening time of the lock gates is considerably greater than for a
single ship. This is unfavourable (see hereafter), but the favourable effect of a reduction of
the number of lockages will most probably prevail.
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The second measure, limit the open times of the lock gates, requires some further expla-

nation. As described in Section 2.1 density flows develop when the lock gates are opened.

Now let us consider the density flows between the salt tailbay and the lower lock. For the

tailbay we assume a salt concentration of 30 ppt and a temperature of 30 °C, giving a density

of 1018 kg/m’. For the lower lock chamber we assume a uniform salt concentration of 15
ppt and a temperature of 30 °C, giving a density of 1007 kg/m’. With formula

and p = 1007 kg/m’, Ap = 11 kg/m’, h = 20 m, we find u, = 0.7 m/s. The salt tongue
propagates with velocity u, along the bottom of the lock chamber, reflects against the closed
end and is, in theory, back after a period T, :

T, = 2L ~ 24 minutes
u

a

where L is lock chamber length (about 500 m). The extreme condition with only fresh water
in the lock chamber (Ap = 22 kg/m®) would give: T, = 16 minutes. So, when the lock gates
are opened about 20 minutes before the ship enters (uplockage), the water of the lock
chamber is almost fully replaced with the salt water of the tailbay at the time that the ship
starts moving. Also when the ship has sailed out of the lock chamber (downlockage), and
salt water has taken the place of the ship, density flows may be the cause that within a
period of 20 minutes the remaining fresh water portion of the lock is replaced by salt water
of the tailbay.

The period that the ship moves is also important. During this period density currents are
temporarily slowed down (uplockage) or enforced (downlockage). This holds mainly for big
ships which develop a strong return current. In the case of small ships there is almost no
effect on density currents. It means that big ships cause a forced exchange of salt and fresh
water in addition to the exchange caused by density differences, while with small ships the
exchange caused by density currents is dominant. In general, for the analysis of the exchan-
ge caused by density differences, the full period that the gates are open, including the period
that the ship moves, should be taken into account.

This leads for the Post-Panamax Locks to the conclusion that if the total opening time of the
lock is between 25 and 30 minutes, an almost full exchange of the water of the lowest lock
chamber with salt water is inevitable, both at uplockage and downlockage. If the period that
the ship moves can be limited to about 10 minutes and the total opening time of the lock
gates to about 15 minutes, a meaningful reduction of the salt water intrusion may be achie-
ved.

The third measure, limit lockages to the low tide period, is only relevant for the Pacific side
of the canal, where a large tidal fluctuation occurs. Because of the smaller water depth at
low tide and the greater amount of fresh water used in the lockages, the intrusion of salt
water would be reduced. Such a measure would, however, considerably effect the efficiency
of ship handling and lead to a reduction of the capacity of the canal. The measure may only

3—10
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be feasible shortly after opening of the new shippping lane, when the number of Post-
Panamax ships is still small.

The fourth measure, minimize the gate opening, can be applied when the beam of the ship is
considerably smaller than the width of the lock chamber. This measure is aimed to reduce
the exchange of salt and fresh water caused by density differences; the exchange of water
caused by the water displacement of the ship remains. In the case of miter gates the ship
must sail along the centre line of the lock, with a single rolling gate the ship must sail along
the lock wall. Especially the latter may not be feasible. When a safe ship handling takes
much more time when the gates are partly opened than when the gates are fully opened, this
measure is not having an important favourable effect, since the salt water intrusion is both a
function of time and gate opening. Lock operators do not allow this method in the case of
free sailing ships, because the risk of a collision is considered too high. When the ship is
guided with the help of locomotives, the risk may be acceptable.

The fifth measure, reduce the active part of the lock chamber volume (apply intermediate
gates), may be of interest for the Post-Panamax Locks when short but wide ships with great
draught are expected in the future. This is however doubtful and smaller ships will most
probably have such a width and draught that they can be handled in the existing locks. In
rare cases that short, but wide and deep ships have to be handled in the future Post-Panamax
Locks they can possibly also be combined with other ships (see first measure).

The sixth measure, apply an alternate mode of operation, is only possible for 1-lift locks.
This measure may reduce the salt water intrusion in the phase that lock gates are open. A
ship sails from the lock chamber to the tailbay (downlockage) and the next ship sails in from
the tailbay (uplockage). The quantity of salt water in the lock chamber is, generally, smaller
than with a semi-convoy mode of operation. Consequently, after levelling up the salt con-
centration is also somewhat smaller. Than the ship sails out to the forebay and the next ship
sails in from the lake. After the first ship has moved out, the water in the lock chamber has
become less homogenious (more fresh water is present in the upper layer) than when no ship
had moved out. When the next ship enters the water that is pushed out will therefore be less
saline. Also the salt accumulation effect in the lock and forebay, which occurs in the case of
a semi-convoy mode of operation is reduced.

This measure is probably not feasible since the handling of the ship traffic in Gaillard Cut
does not allow so.

In conclusion

Operational measures that are feasible and may lead to a meaningful reduction of the salt
water intrusion are (i) optimize the lockage process (minimize the number of lockages) and
(ii) reduce the total opening time of the lock gates, especially the tailbay gates, to a period of
about 15 minutes. Both measures reduce the salt water intrusion caused by density differen-
ces. A minimization of the number of lockages is already practised by ACP for the existing
locks, insofar as safety regulations enable this, and this measure should also be put in
practice when the Post-Panamax Locks have been realised. The dimensions of Post-
Panamax vessels and Panamax Plus vessels are however such that they can hardly be com-
bined with the current Panamax ships in one lock chamber; the effect of this measure will
therefore be limited.
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The obtained reduction with these two measures alone, is expected to be only a small
portion of the required reduction, in particular since the ship-bound salt water intrusion is
not effected. The measures may cause some delay of the shipping.

3.2.2 Pneumatic barriers: delay and reduce the exchange of salt water and
fresh water

The exchange of salt water and fresh water caused by density flows can be delayed and
partly prevented with the application of air bubble screens (pneumatic barriers). For a des-
cription of this screens reference is made to Appendix A, Section A3.1.

Air bubble screens are installed at the entrance to the lock chamber. The required air dis-
charge is greater as the density difference Ap and the water depth h increase. Theoretically
the exchange of salt water and fresh water through the air bubble screen can fully be
prevented. In practice, however, it is difficult to limit the exchange to 30% of the exchange
that would occur when no screen was active. Beyond a certain, optimal point the efficiency
reduces, even when the air discharge is increased. This is due to the intensive mixing in the
screen when a large amount of air is blown in.

When the ship passes, the screen is temporarily broken and the return current of the ship and
the propellor action are the reason that a lot of salt and fresh water is exchanged through the
screen. This exchange is inevitable and is of the same extent as when no screen is present.
Clearly, the air bubble screen has almost no effect on the ship-bound salt water intrusion.
When, as an average, ships dimensions are such that the submerged volume of the ship is
large compared to the volume of the lock chamber, the ship-bound salt water intrusion is
dominant and the effect of the pneumatic boundary is only small.

The ratio of the ship volume and the volume of the lock (Post-Panamax Locks) is about
275000 m’ / 600000 m* = 0.45 (low water level in the lock chamber, water depth about 20
m; volume of lock chamber without ship is reference water volume V).

We now consider the movement of the ship between the tailbay and the lower lock. When
we suppose that the gates are open during a period of about 30 minutes, an almost full
exchange of the water in the lock chamber with the salt water from the tailbay may be
expected, both at uplockage and downlockage (we assume 90% salt water in the lower lock;
at uplockage this corresponds to 0.9 x (1 - 0.45) = 50% of V., at downlockage this corres-
ponds to 90% of V., giving an average salt water quantity in the lower lock chamber of
70% of V).

In the case of an optimal pneumatic barrier at the seaside with efficiency of 0.7, the salt
water content of the lower lock chamber can roughly be estimated as:

At uplockage:

Salt water content = (1 - 0.7) x (1 - 0.45) = 17% of V.

At downlockage:

Salt water content = 45% of V. caused by the exchange of the ship volume plus (1 - 0.7)
times the remaining 55% caused by density flows, giving a total salt content of 61% of Viet.

The average salt water content of the lower lock chamber is thus about 39% of V., which,
when compared to the situation without a pneumatic barrier with an average salt water
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content of 70% of V., means a reduction of 44%. Since the quantity of salt water in the
lower lock chamber is the decisive factor for salt water intrusion, one may assume that the
intrusion of salt water into the lake is as well reduced with about 44%. When a second
pneumatic barrier is applied at the upstream side of the locks, the reduction factor may even
rise to about 50% (the salt water exchange between upper lock and forebay is dominated by
the ship-bound water transport and consequently the effect of the second pneumatic barrier
is smaller). The total efficiency can be improved when lock gates are only open during a
period of say 15 minutes.

We expect, however, that the above estimated 50% reduction of the salt water intrusion as a
result of pneumatic barriers at both sides of the locks, is an optimistic estimate. Probably, an
upper limit estimate of 30% is more realistic. This value corresponds to measurements in the
Noordzeekanaal (Netherlands), which were executed before and after the installation of
pneumatic barriers at the sea locks IJmuiden.

Pneumatic barriers have not yet been applied in water with a depth of 18 — 24 m as near the
Post-Panamax Locks (the maximum water depth at locations where a pneumatic barrrier has
been installed in the Netherlands is about 15 m). Before the pneumatic barriers are applied
in deeper water they need a further examination.

For an optimal efficiency the theoretical air discharge q, follows from (see also Figure A3 in
Appendix A):

When we select p = 1007 kg/m®, Ap = 11 kg/m’ (corresponding to a salinity of 30 ppt in the
tailbay and a salinity of 15 ppt in the lock chamber, 30°C) and h = 20 m for a pneumatic
barrier which is installed in the tailbay at the entrance to the lower lock chamber, we find: g,
= 1.3 m’/s per m’ width (the air pressure is equal to the pressure near the bottom of the lock
chamber). With a total width of 61 m the pneumatic barrier requires thus an air discharge of
about 250 m’/s at atmospheric pressure. The required air discharge of a pneumatic barrier in
the forebay may be a factor 2 smaller, since the density difference Ap is smaller.

The air discharge of 250 m’/s means the following. When we roughly assume that the air
bubbles rise with a velocity of 1 m/s and spread over a width of 10 m near the water surface,
the quantity of air in the air-water mixture is about 0.4 m* per m* of mixture. As a result the
den51ty of the mixture drops locally from a value of about 1000 kg/m’ to a value of 600
kg/m’. Post-Panamax vessels will not experience much hindrance when they pass the
pneumatic barrier, but small yachts sink deeper in the water and may become uncontrolla-
ble.

In conclusion

Pneumatic barriers in tailbay and forebay may reduce the total salt water intrusion of Post-
Panamax Locks to maximum 30% (expected upper limit). The ship-bound salt water
intrusion is not prevented. The required air discharge is about 250 m’/s (at atmospheric
pressure) for a barrier in the tailbay; a second barrier in the forebay may require a twice as
little air discharge; this second barrier has a lesser effect. Since pneumatic barriers have not
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yet been applied in water with a depth of 20 m or more, a further study into the efficiency is
advisable.

The pneumatic barrier has the advantage that it neither causes an additional fresh water loss,
nor a delay of shipping.

3.2.3 Limit the salt water intrusion by means of an adjustable sill

An adjustable sill may be applied at the entrance to the forebay. This sill is aimed to
heighten the step in the floor from upper lock chamber to the forebay and to strenghthen the
blocking effect of the step. The crest of the sill is set at such a level that there is still
sufficient keel clearance for ships with maximum draught. Obviously, the sill can not be
applied when the water level of Gatun Lake is at a minimum, but at higher water levels the
adjustable sill may reduce the inflow of salt water.

The sill may be constructed as a vertical lifting gate, rising from a slot in the floor, or as a
flap gate that rotates about hinges onto the floor. Since a visual check of the position of the
gate is not possible the system must such be designed that it is fully secure, can fully be
controled, and causes no damage when it is hit by a ship. A measure to limit the possible
damage in the case of a collision may for example be the mounting of blocks of foam along
the top of the lifting gate. Possibly, also an inflatable rubber dam instead of a lifting gate is
an option, but this dam has only position when inflated.

The floor of the forebay is designed at such a level that ships with maximum draught can
safely pass the locks at the lowest navigable water level of the lake. The difference between
the minimum navigable water level and the maximum navigable water level of the lake
forms the operational range for the adjustable sill. The minimum water depth above the sill
amounts to 18.3 m for the Post-Panamax Locks, which corresponds to a sill level of PLD
+5.6 m at the minimum navigable water level of PLD +23.9 m. The maximum water level
of Gatun Lake is PLD +26.7 m, which means that the range for the adjustable sill is between
0.0 m and 2.8 m. In normal years the water level fluctuates between PLD +25.5 m and PLD
+26.7 m, giving a range for the adjustable sill between 1.6 m and 2.8 m. Since mainly the
water of the upper lock chamber above the level of the sill is exchanged, the maximum
reduction of the salt water intrusion in a normal year caused by density flows can roughly be
estimated as 8% - 13%. The ship-bound salt water intrusion is not reduced, so that the total
reduction of salt water is about 5%.

The effect may be strengthened (a few percent) when adjustable sills are also applied at the
entrance to upper lock and middle lock (but not at the entrance from tailbay to lower lock
where an adjustable sill is almost useless, since gates are open during a long period of time).
However, since the low water level in the lock chambers varies with the tide (in particular at
the Pacific side) there is a somewhat greater risk of a collision.

In conclusion

An adjustable sill at the entrance to the forebay may reduce the salt water intrusion of Post-
Panamax Locks to a maximum of 5%. The ship-bound salt water intrusion is not prevented.
When the adjustable sill malfunctions there is a risk of a collision of a passing ship. The
adjustable sill must therefore be designed in such a way that damage of the ship is
prevented. The sill has the advantage that no extra fresh water is lost. Shipping is not
delayed.
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3.3 Remove the salt water that has passed the locks

In this section we discuss the methods that can be applied to remove the salt water once it
has passed the Post-Panamax Locks.

3.3.1 Flush the area near the locks

When sufficient fresh water is available flushing may be an option to remove a part of the
intruded salt water. The method is aimed to remove in particular the salt water that is
concentrated in a layer near the bottom. The part of the salt water that is diffused is
automatically discharged with the flushing water, but this is most probably only a small
fraction. Flushing can best be applied in channels with a more or less uniform cross section
and flat bottom as in Gaillard Cut; in wide areas with a “hilly’ bottom as near Gatun Locks
this method is hardly effective when the removal of a concentrated salt water layer is inten-
ded.

It is known from experiments that a relatively high flow velocity is required to break up the
salt underlayer and subsequently convey the salt water to the draining station. For that
reason an intermittent flushing at high discharge is more effective than a continous flushing
at little discharge.

When flushing is applied as a method to remove the salt water from Gaillard Cut at the
Pacific side of the canal the required water quantity may be 5 — 10 times greater than the
quantity of salty water that enters the canal as a result of lock operations. The flushing water
can be discharged through the culverts of the lock filling system, but may than cause
hindrance for shipping in forebay and tailbay. To prevent hindrance a separate flushing
channel that bypasses the locks may be advisable. At the Atlantic side flushing of the area
near Gatun Locks is hardly effective without special provisions.

The effectiveness of flushing is expected to be relatively small at the Panama Canal, since
the required fresh water quantity can most probably not made available each day of the year.
In particular the dry season is a difficult period. This may mean that salt water can freely
intrude Gatun Lake during a considerable part of the year. When salt water has reached the
deeper areas of Gatun Lake, it can not longer directly be removed by the flushing method.
Such deeper areas are amongst others located near Gatun Dam (the intruded salt water may
follow the old Chagres River bed).

At present an abundant quantity of water is spilled at Gatun Dam and a similar quantity is
used for hydropower generation, mainly in the wet season. In this way a part of the salt
water is flushed, but since the crest of the overflow spillways and the inlets of the power
station are far above the bottom, it is mainly the diluted fraction of the salt water that is
spilled away. When no new water sources can be explored in the future, a lesser water
quantity will be spilled at Gatun Dam and more water will be lost through the locks. This
will change the dominant flow patterns (for example, more water will flow through Gaillard
Cut to the Pacific side). The effect of this change on salt water dissemination has to be
studied more into detail when the flushing method is considered for a mitigation of the salt
water intrusion.
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In conclusion

The direct flushing method may be feasible for Gaillard Cut, not for the area near Gatun
Locks. An effective flushing requires the availability of a large quantity of fresh water
throughout the year, which is however questionable at the Panama Canal. The efficiency of
the flushing method is expected to be relatively small, as far as the full Gatun Lake is consi-
dered. Flushing may help to keep the salinity of the water in the area near the drinking water
intake in Gaillard Cut below the fresh-water limit value, but a better approach would than be
to withdraw the drinking water directly from Madden Lake. To prevent hindrance for ship-
ping, flushing may require a separate flushing channel that bypasses the locks. In general,
flushing will not cause a delay for shipping, provided that hindrance in forebay and tailbay
is prevented and flushing periods are selected well. An intermittent mode of flushing at high
discharge is more effective than a continous flushing with little discharge.

3.3.2 Drain the salt tongue through a slit in the floor

A more efficient mitigation method is the direct drainage of the intruding salt water tongue
through a slit in the floor at the upstream side of the locks (see also Appendix A, Section
A3.4). The salt water tongue develops immediately after the lock gates have been opened.
The salt water should preferably be drained away before the salt tongue widens in the
forebay.

This direct withdrawal method requires special provisions: a slit in the floor (over the full
width of the lock), a connection to the tailbay (by means of a tunnel or culverts) and water
control valves.

lock canal

...................

gs=(1.2-1.5)q,
SIS + effect of vessels

Direct withdrawal of salt water tongue (Kerstma et al, 1994)

The layout of the slit must such be designed and the valves so far be opened that a minimum
of fresh water is drained together with the salt water. Scale model tests show that a fresh
water quantity equal to 20% - 50% of the salt water quantity may be drained with the salt
water in well controled operational conditions. This finding holds for the situation that no
ship is present.

When a ship moves into or out of the lock chamber the return current and the propellor
cause higher local flow velocities, turbulences and mixing, which are the reason that the
process of salt water drainage is less efficient. For the Post-Panamax Locks this may mean
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that a fresh water quantity equal to the quantity of drained salt water is spilled, even when
the drainage operation is carefully executed, while simultaneously salt water escapes to the
lake.

The total quantity of water to be spilled is dependent on the sailing direction of the ship
(uplockage or downlockage) and the time that lock gates are open. Most salt water flows
into the forebay at downlockage (forced outflow), and the capacity of the drain has to be
designed on this situation. Consequently, the control valves have to be opened wider at
downlockage than at uplockage. As an average, when lock gates are only shortly opened
(see also Section 3.2.1), the total quantity of water (salt water and fresh water) that is spilled
through the slit within a period of about 15 - 20 minutes is roughly estimated as 50% of the
water volume of the lock chamber above the level of the step in the floor. This corresponds
to 10 m water, about 40% of the total water level difference between Gatun Lake and the
tailbay. The estimated water quantity is more or less equal to the normal water loss of 3-lift
Post-Panamax Locks (without water saving basins). The spilled water quantity may even be
greater when the lock gates and the drain are open during a long period of time.

Initially the salt content of the drain water is relatively high but will than reduce, also under
the influence of the passing ship. This makes it difficult to fully control the process, in
particular since differences exist between uplockage and downlockage. Hindrance for ship-
ping may occur when the water is directly spilled into the tailbay.

In conclusion

A system that returns the salt water through a slit in the floor at the upstream side of the
locks may be effective, but the total water loss (fresh water and salt water) may at the same
time be considerable. The total water loss from the lake is of the same order of magnitude as
the normal loss of a 3-lift Post-Pamamax Lock (without water saving basins). The process of
salt water drainage is difficult to control, also because of the differences between uplockage
and downlockage, which makes that fresh water inevitably escapes with the salt water
through the drain. When the drain water is directly returned into the tailbay ships may
experience some hindrance and as a result shipping may be delayed.

3.3.3 Catch the salt water in a pit at the upstream side of the locks and
flush the pit

The above discussed drain system has the disadvantage of a relatively great fresh water loss.
This is caused by the fact that the salt water must be drained at a relatively high speed
during the short period that the lock gates are open and the ship moves into or out of the
lock chamber. The process of drainage can also not fully be controled. It would therefore be
better to collect the salt water and to discharge the salt water at a lower speed during a
longer period of time.

To that purpose a salt water pit can be constructed at the upstream side of the upper locks
(see also Appendix A, Section A3.3). The function of the pit is to catch the salt water that
intrudes into the forebay when the lock gates are open. After being caught the salt water is
slowly discharged from the pit to the tailbay.

This system requires - apart from the construction of a salt water pit - the construction of
return conduits to the tailbay and control valves. The pit should at least have a volume that
is sufficient to store the salt water that intrudes when a ship moves from forebay to upper
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lock chamber (downlockage). This means that with horizontal dimensions of the pit equal to
the dimensions of the lock chamber, the depth of the pit should approximately be equal to
50% - 75% of the water depth above the step of the upper lock chamber (about 10 - 15 m).
In order to prevent a mixing up of salt water and fresh water when ships sail over the pit, the
interface between salt water and fresh water must be kept sufficient far under the bottom
level of the forebay. The pit can alternatively also be situated beside the shipping lane, when
space is available. A part of the salt water is not caught in the pit but escapes since the salt
water is mixed up when the ship sails into or out of the lock chamber.

The lesser fresh water is discharged together with the salt water, the better the results are in
terms of efficiency and fresh-water loss. The drain from the salt water pit must therefore
only be opened when sufficient salt water has been collected in the pit. To that purpose a
monitoring of the salt water content of the pit may be required. On the other hand, when the
salt water is kept in the pit during a long period of time, sailing ships (especially manoeu-
vring ships) may cause a mixing up of salt water and fresh water, which reduces the
efficiency. The salt water should therefore be discharged in a period of 1 —2 hours.

The salt water that has been collected in the pit moves along the floor of the pit towards the
outlet. Especially when the salt water layer is thin, friction forces are the reason that the
flow velocity of the salt water is smaller than the flow velocity of the fresh water in the pit,
and a considerable loss of fresh water may occur.

The loss of fresh water can for the greater part be prevented when the salt water is drained
away through a perforated floor, in a similar way as water is drained through the floor of the
existing locks. This option requires the construction of a floor in the pit with openings and
with transverse culverts underneath. These openings in the floor, which are well distributed,
enable an equally outflow of salt water. When the salt water — fresh water interface is kept
above the perforated floor, the loss of fresh water is limited.

Since the discharge of the drain is relatively small, less hindrance for shipping may occur in
the tailbay.

forebay

\ salt water pit

A

drain to tailbay
Withdrawal of salt water from salt water pit with perforated floor
In conclusion

When a salt water pit is constructed at the upstream side of the locks the greater part of the
salt water that intrudes the forebay can be caught and subsequently be discharged at low
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speed into the tailbay. The pit should be sufficient deep to minimize mixing of salt water and
fresh water when ships sail over. The loss of fresh water through the drain can be reduced
when a perforated floor is applied in the pit (vertical withdrawal of salt water similar as in
the existing locks). In that case the total loss of water (salt water and fresh water) will be
much smaller than with a slit in in the floor (direct withdrawal system, see Section 3.3.2).
The risk of hindrance for shipping caused by the discharge of water into the tailbay is also
smaller; a delay for shipping is therefore not likely.

3.4 Prevent the upward migration of salt water from the lower
lock chamber

When the escape of salt water from the lower lock chamber to higher levels is prevented, a
considerable reduction of the salt water intrusion can be achieved. Hereafter two systems are
described which are aimed to reduce the upward migration of salt water from the lower lock
chamber.

3.4.1 Prevent the migration of salt water from the lower lock chamber

It is inevitable that a large quantity of salt water intrudes the lower lock chamber in the
phase that the lock gates are open and the ship enters from or exits to the tailbay. If it was
possible to keep this salt water in the lower lock chamber during the lockage process (no
mixing with the fresh water, no escape to higher levels), the salt water intrusion to higher
locks and the forebay would be prevented.

A full separation of salt water and fresh water can in practice not be realized, but it is
possible to prevent to a large extent mixing during levelling up or levelling down. As has
been discussed in Chapter 2 the fillling system of the locks with openings in the floor or
openings in the side walls just above the floor is the reason that salt water and fresh water
are almost fully mixed during levelling up. This strong mixing does not occur when fresh
water is supplied to the lock chamber as a separate layer on top of the salt water. This can be
realised when filling and emptying is done through openings in the lock walls above the
level of the salt water. If this process is carefully executed, mixing can be minimized.

In the next phase, when the lock gates of the adjacent higher lock are opened, the salt water
in the layer above the floor of the lower lock will partly escape when the step in the floor is
at a lower level than the interface between fresh and salt water. This is especially true with
the 3-lift locks: when we assume that the salt water layer is as thick as the water height
before levelling up, the thickness of the salt water layer varies between 17.2 m and 24.2 m
when the tidal extremes PLD +3.60 m and PLD -3.44 m at the Pacific side are considered,
which is considerably greater than the step height of about 10 m. Also the step height of the
2-lift locks, about 13.7 m, is not yet sufficient to prevent an escape of salt water. Only the 1-
lift locks, with a step height of about 26.2 m, fulfils this condition. In the case of the 1-lift
locks the ship is lifted spacious above the salt water — fresh water interface, which limits the
intrusion of salt water caused by the ship-bound return currents and propellor action. The 1-
lift Post-Panamax Locks with water saving basins (the design without wsb’s is not
considered) are therefore best suited for this salt-water intrusion mitigation option.
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Next figures show a possible design for 1-lift locks. Fill water is supplied through openings
(long horizontal slits) in both side walls; the openings are provided at various levels,
corresponding to the levels of the water saving basins (wsb’s).

frorp forebay from forelbay
4 ._) e s
b 4
P (3
B> 3
> step in floor <
> 3
water saving basins water saving basins
to tailbay to tailbay
6tm

1-lift Post-Panamax Locks with wsb’s and wall filling / emptying system; before filling

Each of the wsb’s is connected to a separate inflow channel that runs along the full length of
the lock chamber. The openings to the lock chamber enable an equally distributed inflow of
fresh water. The discharge is controled by a valve in the culvert between wsb and inflow
channel. Especially the lowest wsb’s have to be emptied slowly and carefully, so that the fill
water can flow at low speed from the side walls to the centre of the lock chamber, without
mixing too much with the salt water. The upper portion of the lock chamber is filled with
water from the forebay.

fron|1 forebay from forebay

Vb
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|

water saving basins water saving basins

to tailbay to tailbay

1-lift Post-Panamax Locks with wsb’s and wall filling / emptying system; after filling

When a ship is in the lock chamber (uplockage) the fresh water fills up the space at both
sides of the ship and when the ship is sufficiently lifted the fresh water flows also

underneath the ship.
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1-lift Post-Panamax Locks with wsb’s and wall filling / emptying system; ship in lock
chamber; situation before and after filling
To prevent transverse forces on the ship the filling discharge at both sides of the ship must
be equal and the ship must be positioned in the centre line of the lock chamber.

Emptying is in the reverse sequence (the upper wsb’s are first filled, than the second ones

etc.). Again, when a ship is in the lock chamber (downlockage) the water at both sides of the

ship must withdrawn at the same speed. The last portion of the water can not be stored in the

wsb’s and is spilled into the tailbay. Since this portion is most mixed up it is also better not

to store it. Some salt water accumulation occurs in the wsb’s, but at each lockage fresh water
(\ from the forebay is supplied to the lock chamber, which limits the accumulation.

In this system the inflow of water from only one side is not permitted, both in view of trans-
verse forces on the ship and the efficiency of the system. The efficiency is strongly depen-
dent on the way the fresh water is supplied to the lock chamber. The lowest inflow openings
must be located near the salt water surface. When they are deep under the salt water surface
too much mixing occurs and the same holds when they are far above the salt water surface
(plunging of water). At the Pacific side, where large tidal fluctuations occur, vertically
moveable gates may therefore be required to position the lowest flow openings near the salt
water surface.

The openings at higher level discharge into the fresh water layer; generally one may assume
that the higher the level of the fill openings the less mixing will occur with the salt water.
This may mean that the filling discharge can be higher as the lock chamber gets more filled.
It is important that also emptying is done with care since otherwise too much salt water may
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be taken away and stored in the wsb’s. The last water portion of the lock chamber that is not
stored in the wsb’s, can be discharged at normal speed into the tailbay.

Since the interface between salt water and fresh water is below the level of the step in the
floor, the salt water can not escape to the forebay. When a ship sails from the forebay into
the lock chamber, the return current may take some salt water to the forebay. The efficiency
of the system can be improved when a downlocking ship enters the lock chamber slowly
and carefully without using too much it’s engine. In the case of uplockage the return current
is directed towards the lock chamber, which prevents the escape of salt water. But, also in
that case the ship should slowly exit the lock chamber in order not to disturb the salt water
layer by the action of the return current and the screw race of the ship (which would result in
some mixing of salt water and fresh water and storage of salt water in the wsb’s).

The system does not cause an additional water loss from the lake, which is a great advan-
tage. Because filling and emptying of the lock chamber require more time, shipping will be
delayed. However, when the system is applied to 1-lift locks the total lockage time may be
smaller than with a normal 3-lift lock system or even a normal 2-lift lock system.

The system has similarities with the ‘salt-trough’ system, which has been developed in the
Netherlands (see Appendix A, Section A4.3 for a description). This system was not realized,
but from preliminary computations and experiments it was concluded that the efficiency can
be very high (reduction of salt water intrusion > 90%). The application was meant for a
relatively small navigation lock. When this system is considered for implementation in the
much bigger Post-Panamax Locks a detailed study has to be undertaken into all relevant
aspects of the system, such as dimensions and position of fill openings, fill and emptying
discharge, effect of ships and ship movements on the efficiency, transverse forces on the
ship, accumulation of salt water in the wsb’s, operation of the system and lockage time.

In conclusion

A considerable reduction of the salt water intrusion can be obtained with a system that is
designed to keep the salt water in the lower lock chamber during lock operations. The
upward step in the floor at the upstream side of the lower lock chamber forms a crucial
element of this system. In view of the required step height the system is best suited for a 1-
lift lock configuration (with water saving basins; 1-lift locks without wsb’s are not conside-
red). Another crucial element of the system is the wall filling / emptying system with
openings in both lock walls above the salt water layer in the lock chamber. By means of a
careful filling and emptying, mixing of salt water and fresh water can for the greater part be
prevented. In the case of a 1-lift lock configuration the salt water remains below the level of
the step in the floor, which prevents an escape of salt water to the forebay, provided that the
ship moves slowly without using too much it’s engine. The system does not cause an
additional water loss. Since lock filling and - emptying as well as ship manoeuvring have to
be done very carefully, a delay of shipping is unevitable. However, the required total
lockage time of the 1-lift locks may be smaller than with a normal 3-lift lock configuration
or even a normal 2-lift lock configuration. In view of the large tidal range it may be
necessary to install vertical lifting gates in the lower fill openings in the walls of the locks at
the Pacific side.

A thorough study into all relevant aspects of this system is required when applied to the
Post-Panamax Locks.
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3.4.2 Remove the salt water from the lower lock chamber

The above described system can in practice only be applied to a 1-lift lock configuration. If
it was possible to lower the salt water — fresh water interface below the level of the step in
the floor, the system could also be applied to 3-lift or 2-lift lock configurations. A system
that enables the lowering of the interface, that means the removal of salt water and
replacement with fresh water, has been developed for navigation locks in the south-western
delta of the Netherlands. A decription of these locks is given in Appendix A, Section A4.1.
The locks have a combined wall filling and floor emptying system that enables a simul-
taneous withdrawal of salt water through the floor and filling of fresh water through both
lock walls.

When applied to the Post-Panamax Locks the design could be as shown in next figures for a
3-lift lock configuration with three water saving basins per lift. The arrows in these figures
indicate the possible flow direction in culverts. The system is only needed in the lower lock
adjacent to the tailbay.

The wall filling system is similar as described in the previous section. Each wsb is con-
nected to a separate inflow channel with openings in the lock walls; in addition one inflow
channel (the lowest one near the salt water surface) is connected to the forebay. The floor is
provided with an emptying system that is similar to the system in the existing locks.

Levelling up starts with a supply of fresh water from the forebay and a simultaneous with-
drawal of salt water through the perforated floor. This salt water is discharged into the tail-
bay. The replacement of salt water with fresh water is a delicate process: the fresh water
quantity must balance with the salt water quantity, while the fresh water must carefully be
supplied so that the fresh water can form a separate layer on top of the salt water, without
too much mixing up with the salt water. When the salt water — fresh water interface has
lowered below the level of the step, the exchange is stopped. Subsequently the water from
the wsb’s is supplied and finally, in the phase that the water levels of lower lock chamber
and adjacent lock chamber are equalized, water from the adjacent lock chamber is added.

from forebay from forebay
from adjacent from adjacent
lock lock

water saving basins T, e water saving basins

TP s s s s s s, L

to tailbay to tailbay
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from forebay from forebay
from adjacent from adjacent
lock lock

water saving basins water saving basins

step in floor

to tailbay to tailbay
from forebay from forebay
- from adjacent from adjacent
lock lock

water saving basins water saving basins

step in floor

to tailbay to tailbay
from forebay from forebay
from adjacent from adjacent
lock lock

!

n water saving basins water saving basins

step in floor

to tailbay to tailbay

3-lift Post-Panamax Locks with wsb’s and wall filling / floor emptying system; different
phases of levelling up

The replacement of salt water by fresh water from the forebay means a considerable extra
loss of water (this loss can for the 3-lift locks roughly be estimated as a 12 m thick water
layer in the lock chamber).

Emptying of the lock chamber occurs in the reverse sequence. Firstly, the wsb’s are filled
— starting from the upper wsb and than downwards, next the remaining portion is discharged
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through the perforated floor into the tailbay. No extra losses occur when the lock chamber is
emptied.

In the case that a ship is present in the lock chamber (uplockage) there is less water in the
lock chamber, and consequently a lesser quantity of salt water needs to be replaced by fresh
water from the forebay during levelling up (see next figures). For Post-Panamax vessels
(beam up to 54 m, draught up to 15.2 m, length up to 386 m) the replaced water quantity
may be estimated as a 2 m thick water layer in the lock chamber. As an average value (for
uplockage and downlockage operations) the extra loss of water per lockage can roughly be
estimated as a 6 m thick water layer. This value corresponds to about 25% of the total water
level difference between Gatun Lake and the tailbay, and is somewhat smaller than the
normal loss of a 3-lift lock without water saving basins.

from forebay from forebay

from adjacent from adjacent
lock lock

———

water saving basins

==

water saving basins

to tailbay to tailbay
from forebay from forebay
ship
from adjacent from adjacent
lock lock
water saving basins water saving basins
step in floor

I s e s v .

to tailbay to tailbay

3-lift Post-Panamax Locks with wsb’s and wall filling / floor emptying system; ship in lock
chamber; situation before and after filling

The extra loss of water caused by the exchange of salt water in the lower lock chamber with
fresh water from the forebay can be prevented when a separate water storage basin is
applied for temporarily storage of the exchanged water. A possible design for the 3-lift lock
configuration is shown in next figures.
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Levelling up starts with a supply of fresh water from the storage basins instead of the
forebay. This supply of water occurs through the lowest fill openings in the lock walls.
Simultaneously water is withdrawn through the perforated floor and spilled into the tailbay.
After the fresh water — salt water interface has sufficiently sunk below the level of the step,
the exchange of salt water and fresh water is stopped. Next, fresh water is supplied from the
wsb’s. The remaining portion is supplied from the adjacent lock.

from adjacent from adjacent

water saving water saving

water > > water
storage basin basins basins storage basin
to / from to / from
tailbay tailbay
from adjacent from adjacent
lock lock
water water saving water saving water

basins pump

step in floor pump basins

storage basin storage basin

to / from to / from
tailbay tailbay
from adjacent from adjacent

O _ | lock lock

water saving
basins

water saving
pump basins

water
storage basin

water
storage basin

pump

step in floor

to / from to / from
tailbay tailbay
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from adjacent from adjacent
lock fock I

! | J

‘
.E ﬁ
>

water saving
basins

water saving water
um, i .
pump basins storage basin

water

. step in floor
storage basin

to / from to / from
tailbay tailbay

3-lift Post-Panamax Locks with wsb’s and extra water storage basins; wall / floor filling
and emptying system; different phases at levelling up

Emptying is in a reverse sequence. Firstly the wsb’s are filled (from upper wsb downwards),
than the valves in the culverts to the water storage basins are opened and the water in the
lock chamber is equalized with the water in the water storage basins. Subsequently the water
storage basins are further filled using the pumps in the return culverts, while the valves in
the culverts to the tailbay are opened, so that simultaneously salt water can flow into the
lock chamber through the openings in the floor. This exchange of fresh water with salt water
stops when the water storage basins are filled.

The exchange process of salt water in the lock chamber with fresh water from the storage
basins and, reversely, the exchange process of fresh water in the lock chamber with salt
water from the tailbay are the most difficult operations. Fresh and salt water quantities have
to balance and the exchange process must carefully be executed in order not to mix up salt
water and fresh water. The operation is in particular complex at the Pacific side, where large
tidal fluctuations occur. Inevitably, some salt water will accumulate in the water storage
basins, which makes this system less effective. But this is the price that has to be paid for a
lesser loss of water from the lake.

Whether or not water storage basins are applied lock operations require more time than in a
normal lock system. Shipping may thus be delayed.

In conclusion

Salt water intrusion can effectively be reduced with a system that is designed to exchange
the salt water in the lock chamber with fresh water from the forebay. The system is only
necessary in the lower lock chamber and is suited for 3-lift and 2-lift lock configurations.
The fresh water is supplied through openings in the lock walls (the lowest openings are
located near the initial salt water surface), while the salt water is simultaneously discharged
to the tailbay through openings in the floor. This is a delicate process since the supplied
fresh water and the withdrawn salt water have to balance, while the supplied fresh water
may not mix with the salt water. If carefully executed, mixing of salt water and fresh water
can for the greater part be prevented. The exchange of salt water is stopped when the salt
water — fresh water interface is ample below the level of the step in the floor at the entrance
to the next lock. The step in the floor prevents an escape of salt water to higher locks and
forebay in the phase that lock gates are open, provided that ships move slowly and don’t use
too much the engine. The system causes an additional water loss. This water loss can be
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prevented when water storage basins are applied, but the application of these basins reduces
the effectiveness of the system, since accumulation of salt water in the storage basins will
occur. In addition, pumps are required in this system. Lock filling and - emptying as well as
ship manoeuvring have to be done very carefully, which are the reason that a delay of
shipping is inevitable. The system is rather complex and requires a careful operation, in
particular at the Pacific side, where a large tidal fluctuation occurs.

Similar as for the system described under Section 3.4.1 a thorough study into all relevant
aspects of the system is required when applied to the Post-Panamax Locks.
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4 Comparison of mitigation measures

The salt intrusion mitigation measures which have been discussed in Chapter 3, will be
compared on the next items:

1. Effectiveness (to what extent is the salt water intrusion reduced?)

2. Extra water loss (how much water, salt water + fresh water, is lost from Gatun Lake as a
result of the measure?)

3. Delay for shipping

4. Hindrance for shipping

5. Complexity of the system and ease of operation

The cost of the measures do not form a part of this comparison but are of course highly
important in decision making. Next table presents an overview of measures and the score on
the above five items (0 = effect of measure is neutral or no effect, + = moderate positive
effect, ++ strong positive effect, - = moderate negative effect, -- = strong negative effect).
Three groups are distinguished (similar as in the previous Chapter 3): group A: measures
meant to reduce the intrusion of salt water, group B: measures meant to remove the salt
water that has passed the locks, and group C: measures meant to prevent the migration of
salt water from the lower lock to higher locks and forebay.

Mitigation measure 1 2 3 4 5 Reference
A | 1 Operational measures 0/+ 0 - 0 -/0 | Section 3.2.1.
2 Pneumatic barriers + 0 0 -/0 0 | Section3.2.2
3 Adjustable sill 0/+ 0 0 0 - Section 3.2.3
B | 1 Flush the canal (Gaillard Cut) 0/+ - 0 - 0 | Section 3.3.1
2 Drain salt tongue + -- -0 | -0 - Section 3.3.2
3 Flush from pit +A+ | /- 0 -/0 0 | Section 3.3.3
C | 1 Keep salt water in the lock chamber | ++ 0 - - Section 3.4.1 (1-lift locks)
2 Remove salt water from lower lock® | ++ -- -- -/0 -- | Section 3.4.2 (3-lift, 2-lift locks)

*) without water storage basin; ° ) delay may be acceptable when compared to 3-lift locks

Comparison of mitigation measures

Discussion

As can be read from the table measure A1 (operational measures such as: minimize number
of lockages, reduce open times of lock gates, etc) is expected to be at the best only moderate
effective, while delay for shipping may occur and an efficient handling of ships is not
promoted.

Measure A2 (pneumatic barriers) is much more effective, but the expected upper limit of salt
water intrusion reduction is about 30% (compared to the situation that no barriers are
applied), which may not be sufficient. The relative small effectiveness is also caused by the
fact that the salt water intrusion bound up to the water displacement of the ship, is not
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prevented. The pneumatic barriers do neither cause a delay for shipping nor an extra water
loss. Small ships (yachts) can not safely pass the pneumatic barriers. This measure can be
combined with other measures to improve the overall effectiveness.

Measure A3 (adjustable sill to heighten the step in the floor to higher locks) has a relatively
small effectiveness (only a small part of the salt exchange caused by density currents is
prevented, while the ship-bound salt water intrusion is not prevented). This measure does
not cause extra water losses, and shipping is not delayed. The sill has carefully to be
positioned; in the case of malfunctioning of the sill there is a risk of a collision.

Measure BI (flush the canal) is expected not very effective since the required large amount
of fresh flushing water may not be available throughout the year and flushing of the area in
Gatun Lake at the Atlantic side is almost not possible. Some hindrance may occur for ship-
ping when the water is discharged into the tailbay.

Measure B2 (drain the salt tongue through a slit in the floor at the upstream side of the
locks) may be effective in reducing the salt water intrusion (expected upper limit 30% —
60%), but the outflow of salt water is difficult to control, which in practice will mean that a
lot of fresh water is spilled together with the salt water, while also salt water may escape to
the forebay. Sailing ships have an adverse effect on the effectiveness. When directly spilled
into the tailbay, some hindrance for shipping may occur.

Measure B3 (catch the intruded salt water in a deep pit and flush) is a measure that offers a
better control of the salt water drainage than measure B2, resulting in a lesser fresh water
loss and a higher efficiency (expected upper limit of salt water reduction 60% - 90%).
However, the total loss of water from the lake is still considerable. The salt water 1s
continuously spilled at low discharge into the tailbay. A serious hindrance for sailing ships is
not expected so that a delay for shipping is not likely. The loss of fresh water can for the
greater part be prevented when in the pit a perforated floor is constructed that enables an
equally distributed outflow of salt water (similar as in the existing locks), without taking
fresh water.

Measure C1 (keep the salt water in the lock chamber) is expected to be highly effective in
reducing the salt water intrusion (expected upper limit 90%), while no extra loss of water
from the lake occurs. This measure requires the construction of a combined wall and floor
filling/emptying system and can be applied to a 1-lift lock configuration with water saving
basins. The openings in the lock walls have to be provided at both side of the lock chamber,
to ensure a symmetrical inflow. The system is rather complex and needs a careful operation
in view of obtaining an optimal efficiency and preventing transverse forces on the ship in
the lock chamber. The careful operation is the reason that a delay of shipping will occur, but
the total lockage time may still be smaller than the total lockage time of a normal 3-lift lock
configuration or even a 2-lift lock configuration.

Measure C2 (partly remove the salt water from the lower lock chamber) is a measure
comparable with measure C1, but is suited for 2-lift and 3-lift lock configurations. The
initial salt water in the lower lock chamber is partly exchanged with fresh water from the
forebay. The effectiveness can be as high as with measure C1 for the 1-lift locks, but a
considerable quantity of fresh water is required and is lost. The operation of the system is
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even more complex and a delay of shipping is inevitable. The loss of fresh water can be
prevented by application of separate water storage basins, but this reduces the effectiveness.

The measures of group A require the lowest investments, but are least effective. Measures of
group C are most expensive and require most studies, but are also are most effective.
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5 Conclusions and recommendations

In the previous chapters we have discussed several measures to mitigate the salt water
intrusion. Most of these measures or systems have been applied in existing shipping locks
and / or tested in laboratory conditions. Generally spoken, the mitigation of salt water
intrusion is a delicate matter. The results of measures are strongly dependent on a careful
operation of the locks, the prevailing hydraulic conditions, shipping intensities etc.

The hydraulic conditions at the Panama Canal are favourable in the sense that the canal
water level is always much higher than the sea water level, contrary to for example locks in
low-situated delta areas, where the sea level can be higher and lower than the canal water
level. A complicating factor for salt water intrusion mitigation measures is, however, the
large tidal amplitude at the Pacific side of the canal.

In any case existing mitigation systems, which have proven to be effective, can not simply
be applied to the Post-Panamax Locks. Each measure requires a thorough study on the effec-
tiveness under the conditions that exist at the Panama Canal. This study can partly be done
by numerical simulations, but most measures need a simulation and verification in physical
scale models. Special attention is required for the problem of marine growth and siltation, if
relevant in the Panama Canal area, since they may endanger the proper functioning of some
of the mitigation measures.

In view of a well-balanced selection of mitigation measures it is necessary that the maxi-
mum allowed salt water load through the locks is known for Gatun Lake. This salt water
load should be assessed on the basis of maximum salt concentration levels at sensitive
locations of Gatun Lake. The maximum salt concentration levels of Gatun Lake should
therefore first be defined. The relationship between the salt water load through the locks and
the salt concentration levels at specific locations may be established using a 3-dimensional
numerical flow model of the lake. This relationship is required as a function of ship traffic
intensity and seasonal hydraulic variations, for different configurations of Post-Panamax
Locks. The Post-Panamax lock configuration is of importance since the quantity of water
that is lost through lockage operations, is related to the lock design.

Apart from the analysis of the maximum allowed salt water load, a first selection can
already be made of feasible, effective mitigation measures. These measures should be deve-
loped to an initial, global design level and the effectiveness further studied.

Promising, highly effective mitigation measures are:

® Measure C1I (keep the salt water in the lock chamber); this measure is suited to 1-lift
locks, does not cause an extra loss of water from the lake, but has the disadvantage that
the operation of the locks is rather complex; the measure causes also a longer lock
operating time, but compared to the total lock operating time of a 3-lift lock this may be
acceptable

® Measure C2 (partly remove the salt water from the lower lock chamber); this measure is
suited to 3-lift locks and 2-lift locks; it causes a considerable extra loss of fresh water
(unless separate water storage basins are applied, which however reduce the
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effectiveness); the lock operation is even more complex than with measure C1 and
requires a longer operating time, which is the reason that ship handling is delayed.
Measure B3 (catch the intruded salt water in a deep pit and flush); this measure is suited
to all lock configurations, but causes a considerable extra loss of water (the loss of water
is smaller when a perforated floor is constructed in the pit, which limits the escape of
fresh water)

Pneumatic barriers (air bubble screens) are less effective but may be used together with
other measures to improve the effectiveness.

To solve the problem of a too high salt water intrusion into Gatun Lake we recommend the
following;:

10.

Define the acceptable salt concentration levels at specific locations of Gatun Lake
Assess the maximum allowed salt water load on Gatun Lake through the existing and
Post-Panamax Locks. The relationship between the salt water load through the locks and
the salt concentration levels at specific locations of Gatun Lake may be established
using a 3-dimensional numerical flow model of the lake. This relationship is required as
a function of ship traffic intensity and seasonal hydraulic variations, for different con-
figurations of Post-Panamax Locks

Select promising and feasible measures to reduce the intrusion of salt water and develop
these measures to an initial, global design level, appropriate for specific Post-Panamax
lock configurations

Estimate the effectiveness of these measures for the conditions that are present in the
Panama Canal

Make simulations for a longer period of time of the reduced salt water intrusion process,
to assess the effectiveness of selected measures under seasonal hydraulic variations, for
different ship traffic intensities and for specific Post-Panamax lock configurations, and
compare with the allowed salt water load; to that purpose the simulation model
Swinlocks may be used

Evaluate the effectiveness of selected measures in relation to the water loss from the
lake, lockage times, hindrance for shipping, and cost, for different configurations of
Post-Panamax Locks

Decide on salt mitigation measures and select Post-Panamax lock configuration;
develop an apropriate measure or group of measures to a conceptual design level
Thoroughly study all aspects of the conceptual design that may effect the effectiveness,
under relevant operational conditions, by means of numerical computations and physical
scale model studies

Develop to a final design together with the selected configuration of Post-Panamax
Locks

Check the salt water intrusion of the final design for a longer period of time as a
function of ship traffic intensity and seasonal hydraulic variations.

The above activities are reflected in the next schedule:
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Al Introduction

This Appendix A presents the outcome of a literature review on alternative systems to
mitigate salt water intrusion through shipping locks. Most of the literature is based on
studies and experiments, which have been conducted in the Netherlands. A list of relevant
literature is appended.

Mitigation measures and systems to reduce the salt water intrusion through locks are
described and reviewed. All systems are designed for single-lift locks, but may also be
applied to multiple-lift locks. In most of the described systems the sea water level can both
be higher and lower than the canal water level.

There are different types of measures that can be taken to reduce the salt water intrusion in
shipping locks. The following sub-division will be used in the presentation of the measures:

1. Operational measures

2. Mitigation measures meant to reduce the salt water intrusion in the phase that lock
gates are open and ships sail in or out

3. Mitigation measures meant to reduce the salt water intrusion in the phase that lock
gates are closed, the ship is in the lock chamber or waiting outside, and the water
level of the lock chamber is equalized with the water level of the adjacent higher or
lower basin.

The focus is on possible mitigation measures that require special provisions or adaptations
of the locks (measures mentioned under points 2 and 3), but some operational measures are
also described.

A detailed description of measures developed and applied in The Netherlands, Belgium and
France is presented in various papers. Copies of key papers are appended to this report
(Appendices B, C and D).

App. A - |
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A2 Operational measures

The operator of shipping locks has various options to reduce to a certain extent the intrusion
of salt water. No special provisions are needed for these measures, but their application
depends strongly on what is permitted in view of a smooth and efficient handling of the
ships. Generally, however, the available options will somewhat limit the lock operations and
thus adversely effect ship handling. Examples of operational measures are described in next
sections.

A2.1 Short opening time of lock gates

The period that lock gates are open is as much as possible reduced; gates are opened shortly
before entering or leaving of the ships and are next immediately closed. This measure
reduces the quantity of water that is exchanged as a result of density differences, and is in
particular effective in the case of long and shallow locks and small density (salinity) dif-
ferences. In that case the propagation velocity of the intruding salt tongue is small and it
takes a lot of time to exchange the fresh water in the lock chamber with salt water. When the
duration of a full exchange of the lock chamber is about as long as the time required for a
safe sailing into or out of the lock chamber, this measure is not effective.

A2.2 Minimum number of lockages with maximum use of lock capacity

In the case of multiple locks constructed parallel to each other one or more locks may be
used to handle as many as possible vessels at a time in one lock chamber. Besides the fact
that this reduces the number of lockages, the actual water volume of the lock is reduced,
which is favourable in view of a reduction of the salt water intrusion caused by density
differences. There is also more time required to handle a number of ships simultaneously,
meaning that the lock gates are open during a longer period of time. This may reduce the
effect of the measure.

In the case of a lock complex with differently sized locks parallel to each other the smallest
lock may preferably be used. In ship handling it are the dimensions of the ship which are
decisive for the selection of the lock.

In the case of a single lock it is worth aiming at a reduction of the number of lockages by
waiting until the required number of ships has arrived. Normally, this extra waiting time is
only acceptable for yachts.

A2.3 Use of lock partitions

When intermediate gates are available, a lot of fresh water can be saved and salt water intru-
sion can considerably be limited, when lock partitions are made. In that case the water
volumes involved in levelling operations and exchange of water are much smaller. The
intrusion of salt water occurs in the phase that the lock gates are open and salt water is
exchanged with fresh water of the small partition. When the sea water level is higher than
the canal water level, levelling up causes also salt water intrusion, but it is limited to the fill
volume of the partition.

The measure is most effective when ships, which are small enough to be locked using the
partition, are collected and handled in a joined series.

App. A -2
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A24 Opening of a single gate

In the case that small vessels pass the lock, the lock gate(s) may only partly be opened. This
measure reduces the exchange of salt and fresh water, provided that the time required for
ship manoeuvring is not considerably increased.

A2.5 Limiting lock operations to low tide

In the case that the sea water level during a part of the tidal cycle rises above the canal water
level a reduction of the salt water intrusion can be obtained by limiting lock operations
solely to the period of low tide. This measure clearly obstructs a fast handling of ships and
may only be acceptable at low traffic intensities.

A2.6 Flushing

Flushing of the canal is only possible when a sufficient quantity of fresh water is available.
In most cases the intruded salt water is found in a relatively thin layer near the bottom of the
canal. Effective flushing requires than that the flow velocity of the fresh water above the salt
sublayer is high enough to break up the salt layer and mix the salt water with the fresh
water, so that it can carried back. For this reason it is better to flush at high flow velocity
during shorter periods of time than to flush continuously at small flow velocity. When the
salt water in the canal is mixed up as a result of sailing ships and, possibly, the action of
wind, it is easier to flush the canal, but a large quantity of flushing water is still required.
The flushing water may be discharged using the filling/emptying system of the locks or a
separate sluice. Flushing and discharging operations may cause hindrance for shipping, in
particular near forebays and tailbays, and lock operations may not be possible.

Discharging of the water in the forebay may cause a temporarily decrease of the salt concen-
tration of the forebay. This effect may be utilized to reduce the salt water intrusion during
the next lockage operations.

App. A - 3
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A3 Mitigation measures, lock gates open

Mitigation measures aimed to reduce the salt water intrusion in the phase that lock gates are
open and ships move in or out of the lock chamber require special provisions. The operation
of such a lock becomes more complicated than with a conventional lock. Some of the mea-
sures discussed in next sections, cause a greater loss of fresh water during lock operations
and require thus the availability of sufficient fresh water sources.

A3.l Pneumatic barriers

Pneumatic barriers or air bubble screens may be applied both at the downstream and
upstream side of the lock. They are meant to delay and reduce the exchange of fresh water
and salt water at the entrance to the lock chamber, and should be placed near to the lock
gates. They can not fully prevent the exchange of water and are therefore most effective in
combination with short opening times of the gates. The air bubbles rise from perforated
pipes that are constructed in the floor of the lock chamber perpendicular to the axis of the
lock. The rising bubbles generate a vertical flow in the water above the pipe, which is the
reason that the exchange of water through the pneumatic barrier is hampered. The efficiency
is strongly dependend on the quantity of air that is blown into the water. The greater the
density difference Ap between lock chamber and tailbay / forebay and the larger the water
depth, the more air is required.

Flow pattern

In the case that a difference in fluid density (salinity) exists between water bodies with
uniform density at both sides of a lock gate (horizontal bottom), an exchange flow will
occur after opening of the gate (see Figure A1, upper picture). A two layer flow situation
will develop with the fresh water flowing over the salt water. The interface between the two
layers is halfway the water depth.

Now we consider the situation with an air screen at the location of the lock gate, but we
assume that there is no difference in fluid density (homogeneous situation). The air bubbles
generate an upward flow above the perforated pipe and drag the water at both sides in
upward direction in the way as indicated in Figure A1, middle picture. Water is transported
towards the pneumatic barrier in the lower water area close to the bottom and flows away
near to the water surface.

In the third situation a density difference is present between the water bodies at both sides of
the lock gate, and prior to opening a pneumatic barrier is put in operation, see Figure Al,
lower picture. Contrary to the homogeneous situation, an eddy with horizontal axis forms at
the fresh water side of the barrier under the influence of density- and pressure differences
over the screen and the leakage flow through the screen. This leakage flow develops to an
exchange flow, which is stronger as the density difference and the water depth are greater.
The air bubble screen causes also a mixing of the water, which may be unfavourable in view
of additional mitigation measures. In theory the exchange of water can fully be suppressed
by applying a sufficiently large quantity of air.

App. A - 4
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The above considerations hold when no ship is present. When a ship passes the air bubble
screen, the action of the screen is temporarily disturbed, mainly due to the return current of

the ship.
¥ -~ FRESH WATER :
SALT WATER - ; |
7 T
EXCHANGE CURRENTS WITHOUT AIR SCREEN
I
AIR SCREEN: HOMOGENEOUS CONDITIONS
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AIR SCREEN WORKING AS A BARRIER ]
Figure Al Air bubble screen: homogeneous condition and condition with density difference

(Kolkman and Slagter, 1976).

Figure A2 Pneumatic barrier in operation after opening of lock gates, Volkerak locks, Netherlands
(Rijkswaterstaat, 2000).
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Reduction of salt water intrusion

A dimensionless parameter Q has been defined by Abraham and Van der Burgh (1973) that
relates the air discharge q, of the air bubble screen to the propagation velocity of the density
current:

in which: q, = air discharge per m’ width at atmosferic pressure (m*/s.m)
g = acceleration by gravity (m/s?)
h = water depth (m)
Ap = density difference between salt water and fresh water (kg/m°)
p = density of fresh water (kg/m®)

The reduction of the salt water intrusion brought about by a single air bubble screen at the
entrance to a lock with flat, horizontal floor, is expressed in terms of the intrusion factor N:

N — qin
qin,O

in which:  q;, = salt water intruding through air bubble screen (m*/s.m)
Qino = salt water intruding the lock chamber, when no air bubble screen is in
operation (m’/s.m)

With an intrusion factor N = 100% no reduction is achieved.

The theoretical relationship between N and Q has been derived by Abraham and Van der
Burgh (1973) and checked with experiments in the sea locks at IJmuiden (Van der Burgh
and De Vos, 1962). The results were also checked with other theories. The comparison is
shown in Figure A3 for a water depth of 15 m (deepest lock at IJmuiden). The measu-
rements indicate a salt water intrusion which, dependent on the quantity of air used in the
experiments, varies between 40% and 70% of the salt water quantity that intrudes without
an air bubble screen.

Figure A3 shows that the theoretical solutions allow for a full prevention of the salt intrusion
(N = 0), but this zero-intrusion is not proven in practice.

The above relationships for the quantities Q and N indicate that the greater the water depth h
and the greater the density difference Ap the more air is required to obtain a similar result.

App. A - 6
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Figure A3 Comparison of theory and experiments in Lock IJmuiden, h =15 m (Abraham et al., 1973)

The salt water that intrudes through the air bubble screen, propagates along the floor of the
lock chamber (salt water tongue) and reflects against the closed gate at the other side of the
chamber. Simultaneously, a fresh water tongue exits at the open side of the lock chamber
and escapes through the air bubble screen. It is interesting to know to what extent the fresh
water in the lock chamber is exchanged with the salt water as a function of time. To that
purpose Abraham and Van der Burgh (1973) defined the dimensionless time factor T:

in which: = time (s)

t
L = length of lock chamber (m)

In this relationship the propagation velocity u, of the salt tongue is defined as:

App. A - 7
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u,=0.5 —éﬁgh
V p

Theoretically, the salt tongue that propagates along the lock chamber floor, reflects against
the closed gates and returns to the open end of the lock chamber, is back at the entrance of
the lock chamber at time t = T,:

which corresponds to T =1.

The dimensionless, time-dependent exchange rate U(t) was defined as: U(t) = ratio of the
intruded salt water volume and the total water volume of the lock chamber at a certain
moment of time t.

From the experiments in the Northern Lock at IJmuiden with water depth h = 15 m and
chamber length L = 413 m the following exchange rate U was observed at T = 1:

Q (dimensionless Exchange rate U (-)
air discharge) atT =]
0 0.92
0.5 0.59
0.6 0.43
0.7 0.35
Table Al Exchange rate U versus dimensionless air discharge Q at T =1, Northern Lock, IJmuiden

The above table clearly shows that the exchange of water reduces with the quantity of air
that is used in the air bubble screen.

The exchange rate U(t) was also determined from experiments for other sea locks. The
results for different water depths are shown in Figure A4 as a function of the ratio q/qy.
Contrary to the earlier defined quantity q,, the quantity q is the air discharge of the pneu-
matic barrier with a pressure equal to the hydraulic pressure at the insertion level (at the
bottom of the lock). The quantity q is the theoretical air discharge that is required to
prevent any exchange of salt and fresh water through the air bubble screen. As can be read
from Figure A4, the exchange rate U(t) does not drop below a value of about 30%, also
when q/qp > 1. The latter proves that a zero exchange rate is not possible in practice. This is
caused by the mixing effect of the screen. Generally, one may assume that the effectiveness
of the air bubble screen hardly increases above a value qi/q, = 0.8.

All results shown are valid for the situation without a ship. When a ship passes the screen it
temporarily breaks the pneumatic barrier (see Figure AS). The return current and the
propellor of the ship are the reason that more salt water passes the air bubble screen, in
particular when the ship sails to the sea. When the submerged volume of the ship is large
compared to the lock volume the effectiveness of the air bubble screen strongly reduces.

App. A - 8
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Figure A4 The exchange rate U(t), in % Vol, found with experiments (Kerstma et al, 1994).

Figure A5 Northern lock IJmuiden, seaward gate. Ship crossing pneumatic barrier (Abraham et al.,
1973).
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Measurements have been carried out along the Noordzeekanaal in The Netherlands to study
the impact of the pneumatic barriers of the sea locks IJmuiden. The first measurements were
carried out before the pneumatic barriers were installed. The second series of measurements
were carried out two years after the installation of the barriers. Water samples were taken
while the canal was flushed (the canal is also used to drain the rain water from the surroun-
ding area). From the water samples which were taken near the water surface, it could be
concluded that the cloridity (a measure for the salt concentration) was reduced with about
30% at a distance of 3 km to the locks (flushing range 30 m’/s — 80 m’/s). At a greater
distance of 24 km to the locks the reduction was also 30%, but a stronger reduction appear-
ed at a higher flushing discharge. The results demonstrate that pneumatic barriers are
effective and also that diluted salt water can be flushed from a canal. Unfortunately, no
samples were taken near the bottom of the canal, so that information is missing on the
reduction of the salt water that intrudes as a density current along the bottom.

Applicability

Air bubble screens reduce the exchange of salt water and fresh water in the phase that the
lock gates are open. They are switched off after the gates have been closed. Ships that pass
the air curtains cause a temporarily break. The return current imposes inevitably an
exchange of water through the curtain: the exchanged water quantity equals the submerged
volume of the ship. The screens are not tested for water depths greater than 15 m.

The system is especially useful in the case of long lock chambers and small density diffe-
rences, provided also that the ratio of ship volume and lock chamber volume is relatively
small. The best effect is achieved when air bubble screens are used at both sides of the lock
chamber, and when short gate opening times are applied. The system can be installed after
construction of the locks.

The method requires the installation of air compressors with sufficient capacity. Smaller
ships (yachts) may experience difficulties with crossing the air bubble screen. For this
reason, it was sometimes required to reduce the air discharge in locks in the Netherlands.
Larger vessels have less difficulty with crossing the air bubble screen.

Alternatives to air bubble screens are water curtains (water jets from the bottom, which have
a similar effect as rising air bubbles) or curtains of artificial reed (bundles of floating ropes,
‘planted’ in the bottom, which provide hydraulic resistance). The application of these two
systems has major disadvantages, however. They have not been applied in practice.

App. A - 10
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A3.2 Adjustable sill at the bottom of the lock

In case of an adjustable bottom sill in front of the landside gate the exchange of salt water
with fresh water from the forebay takes place above the sill (see Figure A6). The salt water
in the lock chamber under the level of the sill remains for the greater part in the lock
chamber, irrespective of the time during which the gates are open. The reduction of the salt
water intrusion is thus proportional to the reduction of the water depth above the sill. Return
currents of moving vessels and propeller races do, however, have an adverse impact on the
efficiency of the bottom sill.

. 3 AP X
IS/ 777777777

Figure A6 Adjustable bottom sill (Rijkswaterstaat, 2000).

Applicability

For an effective use of an adjustable bottom sill the sill should be placed near to the lock
gates, preferably outside of the lock chamber. The crest level of the sill should, if possible,
be adjustable so that only a small clearance exists between the crest of the sill and the keel
of the vessel, for instance 1 meter. This implies that the system should be very much reliable
and accurately be adjustable to the draught of the ship and the actual water depth.

The adjustable sill can be designed as a vertical lifting gate that slides into a vertical slot in
the bottom, or constructed as a flap gate that rotates about a horizontal hinge on the bottom
(see Figure A6). In small locks the single lock gate itself may be designed as a flap gate.

The largest effect can be expected in deep shipping locks which are designed to handle big
ships with a great draught, but with a low frequency. In the normal situation with regular
ships the sill is in upright position; the sill is lowered when a big ship passes.

The system has not been applied so far because the risk of a collision of the ship with the
adjustable sill is considered too high.

App. A - 11
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A3.3 Withdrawal of salt water from a receptor basin

This system is used with conventional locks. The salt water that intrudes the forebay is
caught in a deep basin adjacent to the lock. The salt water is subsequently pumped back
from the basin or flushed back (when the canal water level is sufficiently high), see Figure
AT.

Figure A7 Continuous flushing from deep receptor basin (Kerstma et al, 1994).

The inflow of salt water into the receptor basin causes some blending with the fresh water,
which is inevitable, but reduces the efficiency of the system.

The most effective way to guide the salt water from the lock chamber into the receptor basin
is to have a short distance between the lock chamber and the receptor basin. In addition, the
width of the salt tongue should not increase too much. This situation can be obtained by
constructing the receptor basin directly adjacent at the landward side of the lock chamber or
by constructing a sloping channel with limited width at the landside of the lock chamber that
leads towards the receptor basin.

The water that is collected in the receptor basin should at low velocity be pumped / flushed
back from the deepest point of the basin. This reduces the loss of fresh water. Most effective
is a horizontal narrow discharge opening that is positioned well below the salt-fresh water
interface.

It may be useful to construct the receptor basin beside the navigation route in order to
prevent mixing by sailing ships.

The dimensions that are required for the receptor basin depend on a number of factors. On
the one side this is determined by the volume of salt water that is caught each lockage in the
receptor basin, the extent of blending between the salt and fresh water, the number of
lockages per day and the possibility that more locks are linked with the same receptor basin.
On the other side this is determined by the available pump capacity or flushing capacity, and
whether it is possible to return the salt water during the period that ships move in and out the
lock chamber. The receptor basin should be large enough to prevent the overflow of salt
water.

Applicability

In the Netherlands the receptor basin is applied at the Terneuzen shipping lock complex and
the shipping lock complex Den Helder.

App. A - 12
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The receptor basin at Terneuzen (Figure A8) has a volume that is twice the lock chamber
volume. The depth is about 3 m (below canal bed level). In the design it was taken into
account that a part of the intruded salt water is directly pumped back (see next paragraph).
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Figure A8 Longitudinal cross-section salt receptor basin Terneuzen lock (Rijkswaterstaat, 2000).

At Den Helder (see Figure A9) a salt receptor basin has been constructed close to the largest
salt water source, the Koopvaarderlock. The salt water that intrudes the forebay flows
through a tilting side channel towards the receptor basin. This receptor basin is constructed
beside the navigation route. The maximum depth of the receptor basin is 3 m. The outlet to
the pump is located behind a vertical screen, that is provided with a slit near the bottom. At
Den Helder a significant sedimentation took place in the receptor basin, which had a
negative impact on the performance of the system. Fortunately, the connecting canal can
also be kept free of salt by a regular flushing.
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Model tests receptor basin Koopvaarder Lock, Den Helder (Blumenthal et al., 1976).

In conclusion: The system with salt water receptor basin is only suitable in case that
sufficient fresh water is available. It requires the construction of a receptor basin, return
conduits and control valves and the installation of a pumping station (in case that the sea
water level can rise above the canal water level). The salt water intrusion can considerable
be reduced but this requires quite a lot of fresh water (the fresh water quantity may be as
high as the salt water quantity). The receptor basin may need a regular dredging.
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A3.4 Direct withdrawal of salt water

As an alternative to the system presented in Section A3.2 the salt water can also directly
pumped / flushed back, without the interposition of a receptor basin (see Figure A10). This
is done through a drain that has its opening in the floor directly at the lock entrance. The
capacity of the drain should be sufficient to drain immediately the intruded salt water and an
additional quantity of fresh water.

The system is most effective with higher density difference between the salt water (under-
layer) in the lock chamber and the water of the forebay. It is therefore that filling of the lock
chamber (prior to opening of the gates) should occur with care, if possible, in order not to
mix up the salt underlayer. A carefull operation will reduce the volume of salt water that
needs to be flushed back, and also the amount of fresh water that will be lost.

The inlet of the drain can be in the floor of the lock chamber, near to the landside gates, or in
the bottom of the forebay adjacent to the lock (Figure A10). When discharging the salt
water, the interface between salt water and fresh water will lower, and fresh water will also
flow into the drain. Also due to blending (Figure A11) a considerable amount of fresh water
may be lost (up to about twice the quantity of intruded salt water). Sailing ships may
temporarily disturb the proper action of the drain. Reversely, sailing ships may experience
hindrance of the flows towards the drain, and special lock operation rules may be required to
prevent unwanted forces on the ships.

lock canal

q,=(1.2-1.5)q,
qs TOOORRY + effect of vessels

Figure A10  Direct flushing of salt water (Kerstma et al, 1994).

Figure A11  Scale model test of salt water drain, Lock Terneuzen (Kolkman and Slagter, 1976).

App. A - |5
WL | Delft Hydraulics



Salt Water Intrusion Analysis Panama Canal Locks Post-Panamax Locks - Mitigation Measures — Report E, part Il Q3476, April 2004

Applicability

At the upstream side of the Zandvliet sea lock (Antwerp, Belgium) a small salt water pit,
connected to a pumping unit, has been constructed that is aimed to return the salt water to
the salt access channel. This pit may also be used to return sediment laden water to the
access channel. The efficiency of this system is not known.

In the Netherlands a salt water drain has only been installed at the Terneuzen lock complex
in combination with a receptor basin. The inlet of the drain has been constructed directly
underneath the floor of the new, big sea lock (see Figure A12).

Figure A12  Inlet of drain at Terneuzen lock (Rijkswaterstaat, 2000).

In order to drain all the salt water and an additional amount of fresh water a capacity of
() about 350 m’/s is required at Terneuzen lock. This spill flow causes a considerable blending
of fresh water and salt water and limits also the navigation. For that reason, in practice only
a 20% fraction of the intruded salt water is directly drained. The remaining portion is caught
in the interception basin and drained back later. To sustain the action of the system air
bubble screens have been installed in the lock chamber.

Measurements have been conducted in the connecting canal at a location 2200 m inland of
the Terneuzen locks. Monthly averaged chloride contents have been analysed, see reference
(Delft Hydraulics, 1988). The chloride content (salinity) in the canal depends on:

1. The drainage of fresh water from the hinterland. A reduction of the fresh water
supply quickly results in an increase of the chloride content. This effect is
’ related to seasonal variations.
2. The number of lockages at the Terneuzen locks. An increase of the number of
lockages leads to an increase of the chloride content in the canal.

App. A - |6
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3. The chloride content in the seaside Westerschelde estuary. The chloride content
of the Westerschelde depends on the discharge of the Schelde River. This varies
with the season.

From the measurements the conclusion could be drawn that the average chloride content of
the canal increased somewhat after the new, big sea lock at Terneuzen came into operation
in 1968. The number of lockages per year in the new and existing locks increased conside-
rable in the period 1974 to 1983. During that period also the fresh water supply increased
and the average chloride content of the Schelde River decreased slightly. It appeared that the
increase of fresh water supply was not sufficient to compensate for the increased number of
lockages.

Although it was observed that the salinity level in the canal increased during time no
adjustments have been made to the Terneuzen system. It was concluded that the installed
salt-intrusion mitigation system worked satisfactory and the increase of the chloride content
of the canal was accepted.
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A4 Mitigation measures, lock gates closed

Systems are described in this section, which are aimed to mitigate the intrusion of salt water
in the phase that the lock gates are closed, the ship is in the lock chamber or waiting outside,
and the water level of the lock chamber is equalized with the water level of the adjacent
higher or lower basin. Special provisions facilitate the drainage of salt water from the lock
chamber and a simultaneous supply of fresh water, meaning that more fresh water is
required for lock operations. In other systems the salt water is not drained but kept in a
separate part of the lock chamber. The operation of locks which are provided with these
facilities, is more complicated than the operation of a conventional lock and requires also
more time.

Next systems are described into greater detail:

¢ System with salt water flow through openings in the floor and fresh water flow through
openings in the lock walls near to the water surface.

¢ Systems with combined transverse outflow of salt water near the floor and longitudinal
inflow of fresh water near the water surface, or reverse.

e Systems with the salt water in a separate part of the lock chamber.

A4.1 System with perforated floor and openings in lock walls

The system with a perforated lock chamber floor and openings in the lock walls is applied in
the sea lock Dunkerque (France) and in the Kreekrak locks and Krammer Locks (Nether-
lands).

Figure A13 presents a longitudinal cross-section of the Krammer locks, Figure A14 presents
a cross section. The several steps of the lockage process are shown in Figure A15 (left
figures: sea level > canal level, right figures: sea level < canal level). During the ‘uplockage’
process (ship sails from sea to canal) the entire volume of salt water inside the lock chamber
is drained and stored in a low reservoir. At the same time this water is replaced by water
from a higher fresh water reservoir. The salt water is drained (or supplied) through the
perforated floor of the lock chamber. The fresh water is supplied (or drained) through
openings in the sidewall, which are constructed at a high elevation near the water suface.
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Figure A13  Longitudinal section of the Krammer locks (Rijkswaterstaat, 2000).

In the first step of the ‘uplockage’ process the water of the lock chamber is levelled with the
canal water. This levelling process is always done with salt water through the lock chamber
floor. Levelling is required because the openings in the lock walls are at an equal elevation
as the canal water level. After levelling the replacement of the salt water with fresh water is
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carried out by pumping salt and fresh water to and from reservoirs. The salt-fresh water
interface is moving downward during the exchange process. The lock gates can be opened
after the salt-fresh water interface is below the floor level of the lock chamber.

] end zoe
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Figure Al14 Cross-section of the Krammer locks (Rijkswaterstaat, 2000).

In the case that a ship sails from the canal to the sea (‘downlockage’) the fresh water in the
lock chamber is replaced with salt water from a reservoir. The salt-fresh water interface is
kept below the keel of the vessels so that the salt water is not drained through the openings
in the lock walls. Than the water in the lock is levelled with the sea water. Consequently,
some fresh water is lost when the lock gates are opened.

In the situation that enough fresh water is available the step in which fresh water in the lock
chamber is replaced with salt water is not necessary. The omission of this step saves some
time.

The required time for levelling and replacement of water is longer than with conventional
locks. Although levelling through the floor of the lock chamber is faster than levelling
through openings in the lock heads, extra time is needed for, in particular, a smooth and
carefull replacement of the salt water with fresh water. This is needed to prevent too a strong
blending of fresh and salt water (which reduces the efficiency of the mitigation system) and
to limit the transverse forces on the ships in the lock chamber.
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Figure A15  Phases in the lockage process, Krammer locks (Rijkswaterstaat, 2000).

Salt water - fresh water interface and blending

More salt water will intrude the fresh water canal when the salt water-fresh water interface
in the lock chamber does not remain horizontal (the exchange flows can not be controled
well) and when blending takes place (the salt water - fresh water interface becomes too thick
and salt water may enter the fresh water reservoir. It is therefore that the exchange process
must carefully be executed.
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Openings in the lock chamber floor are provided over the full floor area. The openings in
both lock walls are equally distributed in longitudinal direction of the lock chamber. The
openings in the floor or the openings in both lock walls are all simultaneously used. As a
result water is mainly flowing in a vertical, transverse plane during levelling and during
exchange operations, not in a longitudinal direction. In this way the salt water - fresh water
interface in the lock chamber can be kept at an equal elevation in longitudinal and transverse
direction of the lock.

Ships inside the lock chamber disturb this horizontal salt water - fresh water interface to a
certain extent. This is especially the case at the beginning of the downward exchange
process.

t o ————
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150 690 0| [150 mm.
Figure A16  Longitudinal cross-section of floor of Krammer locks (Rijkswaterstaat, 2000).

The perforated floor has three main functions: (i) to equally distribute the inflow / outflow
of salt water, (ii) to limit the vertical flow velocity of the salt water that passes the floor (this
reduces blending), and (iii) to form a cover above the salt water - fresh water interface (to
prevent mixing when ships sail in from or sail out to the forbay at the canal side).

The fresh water flows horizontally into the lock chamber through the openings in the lock
walls (Figure A17). With the help of overflow lifting gates the actual flow openings are
positioned just below the water level; the overflow discharge is controlled in such a way that
blending at the water surface is limited and salt water does not flow into the fresh water
culverts. Optimal inflow conditions exist when the so-called internal Froude number F; is 1:

F=———=1

_
P

where: u = flow velocity (m/s)
d = water depth above gate crest (m)
Ap = density difference between salt water and fresh water (kg/m°)
p = density of fresh water (kg/m’)

The fresh water enters the lock chamber in the form of a fresh water wave that moves in
transverse direction along the salt water surface. In the centre the waves from both sides
reflect and return. In this way a fresh water layer is built up on top of the salt water. To
prevent mixing ships are not allowed to use their propellers during levelling and exchange
operations.
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Figure A17  Model test of fresh water inflow (Kolkman and Slagter, 1976).

Supply and drainage system

The openings in the sidewalls of the lock chamber are connected by short culverts with the
fresh water that surrounds the lock chamber. The real lock chamber floor is located at some
distance under the perforated floor. The space between the perforated floor and the actual
floor is connected by culverts with two salt water reservoirs. The reservoir with high water
level is used to supply salt water to the lock, the reservoir with low water level is used for
storage of salt water. The supply and drainage of salt water is controlled with the help of
valves in the culverts. The water levels of the salt water reservoirs are controlled by pumps
which connect to the seaside tailbay, but the tidal movement is optimally exploited so as to
minimize pumping.

Figure A18  Supply and drainage system Kreekrak locks (Rijkswaterstaat, 2000).
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A characteristic property of this system is that the drainage and supply of salt water is the
leading activety, while the fresh water flows follow. A water level difference is maintained
over the fresh water openings in the lock walls, which is sufficient to counteract the
hydraulic resistance losses of the openings.

Fresh water loss

Fresh water losses occur mainly when a ship sails from the canal to the sea. During
‘downlockage’ the salt water - fresh water interface is kept just below the keel of the ship in
the lock chamber. This is done so to prevent the flow of salt water through the openings in
the lock walls to the fresh water basin, which especially may occur when a ship is posi-
tioned near to one lock wall, in front of the openings in the wall.

The fresh water that remains in the lock chamber after levelling with the water in the seaside
tailbay flows out after opening of the gates and is than lost. This loss of fresh water is
accepted as it prevents salt water to enter the fresh water forebay.

Transverse forces on ships
Fenders have been constructed in front of the openings in the lock walls. This is done to

prevent a blockage of the openings by vessels that are positioned beside the openings (see
Figure A19).

Figure A19  Salt-fresh water interface at both sides of a ship (Rijkswaterstaat, 2000).

With an asymmetrical position of the ship and an equal inflow / outflow of fresh water at
both sides, an uneven level of the salt water - fresh water interface results. This occurs
especially in the case of a downward exchange of water (inflow of fresh water, Figure A19).
Due to an uneven water level at both sides of the ship and density differences transverse
forces arise which push the ship away from the lock wall. Additional blending of fresh and
salt water occurs when the fresh water flows underneath the ship towards the side with salt
water. Initially, the exchange operation should therefore carefully be executed.

A contrary situation occurs when the upward exchange is continued too long. At the side
where the ship is positioned the salt water reaches the openings in the sidewalls earlier than
at the other side of the lock chamber. Salt water can thus flow into the fresh water reservoir.
The ship is pushed towards the sidewall in this situation. To prevent these effects the inter-
change operation should be stopped when the salt-fresh water interface reaches the bottom
of the ship.
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Measurements without ships, executed in scale models and in the Krammer locks, have
shown that the thickness of the salt water — fresh water interface generally increases when
the exchange operations are faster executed. Blending occurs mainly when the interface
passes the perforated floor.

Measurements with ships were also carried out in the Krammer locks. It appeared that the
ships in the lock chamber are the cause of mixing, when sailing, and may have some
thickness-increasing effect on the salt water — fresh water interface. Both effects are the
cause of a somewhat reduced efficiency of the mitigation system.

Rijkswaterstaat (1989) carried out salinity measurements in the forebay of the Krammer
locks. The Department concluded that the salinity level in the forebay was almost negligible.
Just above the bottom and within a short distance of the lock small salinity values were
observed. These measurements show that salt water intrusion is for the greater part preven-
ted with the Krammer locks system.

Applicability

This system has been applied at several locations, but some details differ significantly. The
first lock where the system was applied, is the shipping lock at Dunkerque (France). In the
Dunkerque lock the salt water that is drawn from the lock chamber, is pumped back through
salt water culverts towards the salt water tailbay, without making use of salt water
reservoirs. The system at Dunkerque is less expensive than the system of the Krammer
locks; the salt water intrusion is somewhat higher but the loss of fresh water is smaller.

The Kreekrak locks (Netherlands) have a more or less similar system as applied in the
Krammer locks. The salt water that is supplied to the lock chamber is not drained from a salt
water reservoir, but from the salt tailbay. Due to the present small density differences
between forebay and tailbay there is no need to fully utilize the system.

It can be concluded that the system has a good hydraulic performance. The salt water
intrusion is considerably reduced (reduction up to 95%). Fresh water losses are 30% to 80%
of the lock chamber volume per lockage cycle. The system has also several disadvantages: it
is technically complicated, requires a longer lockage time than conventional locks, may
cause transverse forces on the ships, while also the operation is difficult.
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A4.2 Systems with longitudinal and transverse inflow / outflow

This section describes two systems with longitudinal and transverse inflow / outflow. In fact
these systems are simplifications of the system applied in the Krammer locks.

The following two systems can be distinguished in the interchange of water:

System 1: Transverse inflow of fresh water and longitudinal outflow of salt water. Fresh
water enters the lock chamber through openings in one lock wall (near the water surface),
which are distributed over the entire length of the lock chamber. At the same time the salt
water leaves the lock chamber through an opening near the bottom at the sea side of the
lock.

System 2: Longitudinal inflow of fresh water and transverse outflow of salt water. The
fresh water enters the lock chamber through openings just below the water surface, near the
inner lock gates and forms an internal fresh water wave that protrudes in longitudinal
direction. The salt water leaves the lock chamber at the same time through openings in one
lock wall (just above the floor), which are distributed over the entire lock chamber length.

The systems are designed to reduce the salt water intrusion, but are not aimed to reduce the
fresh water loss. In view of the longitudinal flows in the lock chamber the systems can best
be applied in short lock chambers (they are not applicable for large sea locks).

System 2 has been applied in the Hansweert lock and the Bergsediep lock (Netherlands).
System 1 has been applied in Krammer yacht locks. These lock systems will be described
hereafter.

System I: Transverse inflow of fresh water and longitudinal outflow of salt
water (Krammer yacht locks)

Inflow and outflow of the salt water is done through openings near the seaside gates just

above the floor of the lock chamber (see Figure A20). Fresh water is supplied through
openings at high elevation which are distributed along one of the two lock walls.
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Figure A20  Drainage of salt water during downward exchange of salt and fresh water, system 1
(Rijkswaterstaat, 2000).

The subsequent steps of the lockage process are shown in Figure A21 (left figures: sea level
> canal level, right figures: sea level < canal level).
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Figure A21  Lockage steps of the Krammer yacht locks, system 1 (Rijkswaterstaat, 2000).

In order to prevent a strong blending at the salt water - fresh water interface the velocity of
the salt water flowing in longitudinal direction must be small. For that reason the floor of
the lock chamber is designed at a much lower elevation than the bottom of the salt tailbay
(this provides a deep lock chamber basin and facilitates small longitudinal flow velocities).
The process of transverse inflow of fresh water near the water surface should also be carried
out with care (initially a low flow velocity is required).

System 2: Longitudinal inflow of fresh water and transverse outflow of salt
water (Hansweert / Bergsediep locks)

In this system fresh water is supplied through openings in the landside gates; an adjustable
sill in front of these openings (see Figure A22) is used to spread and regulate the inflow of
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fresh water. The fresh water flow forms an internal wave that moves in longitudinal
direction of the lock. The drainage of salt water occurs through openings in one of the lock
walls, close to the floor of the lock. The flow of salt water mainly occurs in transverse
direction of the lock. In the seaside gates normal openings have been constructed for
levelling.

% ﬁ//m " ot

Figure A22  Schematised longitudinal and perpendicular cross-section Bergsediep lock, System 2
(Rijkswaterstaat, 2000).

N\

The salt water is drained through the openings in the lock wall into a reservoir that has been
constructed beside the lock. This reservoir has a volume that is equal to the lock chamber
volume, and has also an equal floor elevation. The water from the reservoir is pumped
continuously at low speed towards the salt tailbay. The system is controlled with valves in
the lock wall openings.

Comparison of systems | and 2

The characteristic properties and the differences between the systems 1 and 2 can be sum-
marized as follows:

e Both systems result in a large reduction of the salt water intrusion in the
landside forebay. Measurements have shown that system 2 facilitates a
reduction of the salt water intrusion up to about 80% at a fresh water loss of
100% of the lock chamber volume. Although the reduction of the salt water
intrusion is smaller than obtained with the Krammer lock system (see Section
A4.1), systems | and 2 are less complicated.

e When a large ship blocks the longitudinal flow in the lock chamber it will have
a negative impact on the reduction of the salt water intrusion. This is especially
true for system 2 (longitudinal inflow of fresh water). In the Netherlands
systems 1 and 2 are used for recreational boats only. In that case blockage rarely
occurs.

¢ Both systems are only effective if the lock is not too long.

¢ System 1 causes transverse forces on the ship and system 2 longitudinal forces.
Moored ships can better be handled in case of longitudinal forces than in case of
transverse forces. This implies that exchange flow velocities can be higher in
system 2 than in system 1, which results in shorter lockage times with system 2.

* The lay out and operation of system 2 is, generally, less complex than that of
system 1. System 2 has been installed in the existing Bergsediep lock; this was
not possible with system 1.

Lock systems with a longitudinal inflow of water are generally not suited for locks that
handle big seagoing ships.
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A4.3 Systems with the salt water in a separate part of the lock chamber

The salt intrusion mitigation system in which the salt water is kept in a separate part of the
lock chamber, has been developed starting from the design demands: (i) minimize the salt
water intrusion and (ii) simultaneously minimize the loss of fresh water. The system was
developed for a fairway crossing of a dam that separates salt water and fresh water
(Netherlands). The system has not been applied in prototype.

The first idea was to construct a lock with a height that was twice the normal height and a
fixed sill in the middle of the chamber (see Figure A23). Salt water is present at the seaside
of the sill, below the crest level of the sill. Fresh water is present in the other lock compart-
ment. By pumping additional fresh water into the fresh water compartment, the fresh water
level rises above the sill, flows over the sill and forms as a fresh water layer on top of the
salt water. When, initially, a ship is in the salt water compartment (‘uplockage’) it is lifted
and can, after some time, sail from the salt water compartment to the fresh water
compartment. The fresh water is now drained and the water in the fresh-water compartment
is levelled with the water of the landside forebay. In the ‘downlockage’ operation the reverse
sequence is followed. The relative high construction costs and the huge amount of water to
be pumped during each lockage, in combination with the long lockage time has led to the
abandonment of this idea.

SCHUTFASEN 1tim 4
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Figure A23  Lock with a high mid-chamber sill (Van der Kuur, 1985).

From this idea the salt lift trough has been developed. In this system a trough with salt water
is moved in vertical direction in a lock that is filled with fresh water, see Figure A24. The
lock chamber is deepened so that the entire salt trough can be lowered below the sill of the
lock. The lock is wider than the salt trough, which enables the flow of fresh water over the
sides of the salt trough during vertical movement of the trough. The length of the salt trough
is equal to the lock chamber length.
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Figure A24  Longitudinal and perpendicular cross-section of salt lift trough (Rijkswaterstaat, 2000).

The different phases of the operation of a lock with a salt lift trough are presented in Figure
A25. From the hydraulic point of view it can be seen that the action of the salt lift trough
system is very similar to the system with the fixed salt compartment. Instead of the fresh
water compartment the salt water compartment is active.

The fresh water can be pumped or drained by gravity to or from the landside forebay, when
levelling. The volume of salt water in the salt lift trough is variable as this depends on the
size of the ship. This variability should be adjusted by pumping salt water from the seaside
forebay to the salt lift trough (or the other way around).

Some blending of salt and fresh water occurs when vessels move over the salt-fresh water
interface. Additional blending occurs during the vertical movement of the salt lift trough.
The ship will experience transverse forces in the case that it is asymmetrical positioned in
the salt lift trough.

This system can at this moment be considered as the most efficient system to prevent salt
intrusion. It hardly requires extra lockage time. With the salt lift through system salt
penetration percentages are expected to be very low. These estimations were assessed on the
basis of results of computations and studies conducted in a scale model. The system has
never been realised due to high construction costs.
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Figure A25
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Operation of a lock with salt lift trough system (Van der Kuur, 1985).
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A5 Efficiency of different mitigation systems

Kolkman (1986) and Kerstma et al (1994) compared the efficiency of different systems to
mitigate the intrusion of salt water at navigation locks in delta areas. These systems have
been developed for single-lift locks; tidal fluctuations occur and are the reason that the sea
water level can temporarily be higher than the canal water level.

The comparison is based on 1) the amount of additional fresh water that is lost during each
lockage cycle (additional to the normal lockage losses) and 2) the salt water intrusion per
lockage cycle expressed as a percentage of the lock chamber volume. The comparison is
presented in Figure A26. The following practical conclusions can be drawn:

e If no fresh water is available to repel salt-water intrusion, air bubble screens combined
with an optimal operation of the locks may be the first option.

¢ If a high reduction of the salt water intrusion is needed, and little fresh water is
available, then a system that replaces the salt water in the lock chamber with fresh water
in the phase that the gates are closed, or a system comparable with a salt lift trough
system, may be a good, but expensive option.

* When adequate fresh water volumes are available good results can be obtained by
draining the salt water tongue after it has entered the canal (system Terneuzen).

These conclusions are valid for delta areas with relative small water level difference
between sea and canal (up to about 5 m), and tidal fluctuations which may exceed the canal
water level. The systems can also be applied to multiple lift locks or high-head locks, but a
further study is needed into the perfomance under these different conditions.

100% § (1 x chamber volume)

e~ no actions
?g flushing only
23 T — _i —_——
Q=
Ex=
23
o " .l -
S air curtain
g. .§ draining salt ‘tongue’ (Temeuzen)
ag
25
: b
% Dutch system variety mum imit a\\om(??‘ .
. ainating Maxy (RARN
Dunkerque \ine \“:(\M‘c‘a“;‘?‘g\ W it
TERNR (AR}
100%
lock featuring salt

lift trough » fresh water supply needed per cycle of operation
(= net water use)

Figure A26  Quality comparison of the various systems (Kerstema et al., 1994).
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Appendix B: Pneumatic barriers to reduce
salt intrusion through locks
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Appendix C: Methods employed to limit salt
water — fresh water exchange in locks
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Methods employed to limit saltwater—freshwater
exchange in locks

Lecture given at Karlsruhe University,
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METHODS EMPLOYED TO LIMIT SALTWATER-FRESHWATER EXCHANGE IN LOCKS. (LECTURE
GIVEN AT KARLSRUHE UNIVERSITY, DECEMBER 1980)
dr. P.A. Kolkman, Delft Hydraulics Laboratory

Various methods have been developed from hydraulic theory for limiting the

saltwater-freshwater exchange in locks. These methods are considered in two

articles.These articles were published (in Dutch language) in PT/Civiele

techniek 37 (1982) 2 + 3. This publication contains both articles.

The methods include:

- return pumping the locking volumé when lowering the water-level;

- keeping the lock gates open for a short period in combination with an air
bubble screen;

- sucking off the saltwater tongue, directly or indirectly;

- exchanging the water in the lock éhamber with the gates closed;

~ using a freshwater outer chamber which contains a saltwater 1ift box.

The efficiency of the methods is compared and the relation with saltwater

control is showed.

With normal locks it is a requirement that ship passages are made with the
minimum loss of water. This loss is equivalent to the locking volume S (the
chamber area multiplied by the difference between the upstream and downstream
water—levels) and if necessary a similar volume of water can be pumped back to
the uppper level. A sSerious problem occurs with locks leading directly into
the sea: saltwater intrusion.Much thought has been given to this problem in
the Netherlands. If, with a normal lock operating with a certain difference in
water-level the loss of the locking volume is important and the solution using
reservoirs expensive then for a lock lying between saltwater and fresh water
which requires even more water, the solution can be much more expensive, Every
time the lock is operated a quantity of saltwater which is considerably larger
than the locking volume penetrates into the freshwater canal. If the saltwater
flows out in a thin layer on to the bed of the canal there are many reasons
for flushing it back. Figure 1 illustrates this situation. If the sluice is
too high (figure 1c) hardly any saltwater is flushed back; if it is too low
then the separation surface would have to have a sufficiently steep slope for-
the underlying salt to flow faster than the average water velocity back into
the lock. This is not possible with a thin saltwater layer, the bed friction

acting strongly against it when the layer is thin.



Eventually the saltwater layer is broken up by mixing, and is ultimately
carried away with water flowing into the lock.

The action of winds and ship movements promote considerable mixing. On what
does the volume of saltwater penetrating into the freshwater in fact depend?
As shown in figure 2 saltwater penetrates the canal with the locking volume
(on the flood tide only) and with what is referred to as the exchange flow.
When the gates at the canal end of the logk chamber are opened the saline
water volume of the chamber flows out forming an underflow with a velocity U,.
A compensating upper flow with the same velocity, Ua, develops.

After a certain period of time the complete chamber volume, Vk (minus the
submerged ship volume, Vg) is exchanged and, together with the locking volume,
has entered the canal. .

The maximum saltwater load = Vk + S - Vs (1)

It should be noted that exchange flow sometimes produces large cross forces

which hinder in coming/outgoing vessels.

Return pumping the locking volume and closing the gates quickly

Two methods for reducing saltwater intrusion come immediately to mind based on

the description of how it takes place:

M; return pumping the locking volume during level lowering operations;

M2 opening the lock gate over a short period

M; speaks for itself; some explanation is required, however, for M2. In order
to get an indicatation of the duration of the exchange process the
situation shortly after the gates have been opened has been
considered. This situation is shown in Figure 3.

For similar water—-levels the pressure gradient in the saltwater is some what

steeper than in the fresh and the resulting shaded pressure difference on the

bed is Ap = Apgh, where Ap is the density difference between salt and

freshwater. In practice the pressure difference is symmetical and on both the

bed and the surface is equal to ¥ Apgh. This situation (figure 3b) develops

from the first situation because the excess pressure due to the saltwater

causes an (external) translatory wave which has no further effect on the

development of a two layer flow. The flow which develops can be caracterized

by,what is referred to as, the internal Froude Number.

Using this number an expression can be obtained relating the flow pressure,

%, pv?, a quantity which, for example, also occurs in the expression for the

resistance of a body in a current, and the above represented pressure



difference of ¥ Apgh. The Froude Number F;, is defined as:

current pressure

Fi = pressure difference due to gravity
l/ 2
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According to Abraham [1 and 2] the value of Fi, can be calculated by relating
the loss in potential energy per unit time (heavier water continually sinks to
the bed) to the increase in kinetic energy.

In this situation F; = 0.5 and, thus, U,= ¥% v Agh (3)

A value of F; 10 % lower is found in practice because of friction on the
saltwater/freshwater boundary. '

.From (3) it follows that the greater the water depth the larger the value of
U,. The exchange process continues as the freshwater tongue reaches the closed
gate at the other end of the chamber and the complete saltwater volume is
discharged out of the lock.

The exchange discharge per unit width is now:
q, = (%h) (% vagh) , (4)

The duration of the exchange process, for a lock chamber of length L is given
by:

T; 2L/U_ = 2L/0.5 v/ Agh = 4L/ Y/Agh (5)
Figure 4 shows the varation in the quantity of saltwater exchanged with time,
according to this theory. If we consider a situation which is not too extreme,
we find T4= 15 min, then in order to prevent complete exchange the gates must
be opened even over a shorter period.

For ships entering/leaving the lock however this period of time is short,
implying that exchange would be complete so that the M2 approach barely has
any effect.

The exchange proces must, therefore, be slowed down.



Application of an air bubble screen

If air is introduced into the chamber via a perforated tube set in the floor,
under still water conditiona, a zone of air/water develops. Above this zone
the water density is less than that of the surroundings. An exchange flow,
therefore, develops with a water discharge of q, which flows sideways. If a
simplified flow mechanism is considered in which it is assumed that this
sideways flow curves upwards with a constant speed then the air-water mixture
forms with a lower density, see Figure 5a. A more comprehensive description of
this mechanism is given in [3]. The density difference, Ap, can be defined in
this situation by:

b= 80/ aper = (979 [U /(U + U )] (6)
The second term, [Uw/(Uw + Ust)] arises because the time in wich the air is in
the water is reduced by Uyt where Ug¢ 1s the rising velocity of the air

bubbles relative to the water. If we now substitute in
q, = % h.U = h (% /hAgh), (7

in which water flows from both left and right sides it can be shown by

calculation that, by approximation, the following relationship is valid

U, * 3/ng » (8)
The variation in the term ({ Uw/ (Uw + Ust)} can be neglected by
approximation because it is only important for small air descharges. Although
application

of Equation(4) (found for a starting exchange flow), is a toss-up for a
permanent steady flow, it appears that the relationship(8) can also be found
in practice. The water discharge in fact only occurs in the upper ¥ of the
depth.

It is possible to use the air bubble screen as a saltwater barrier: if there
is freshwater on one side and saltwater on the other, see figure 5b, and air
can be mixed with the saltwater giving a mixture (density Po” Ap)

If the density of the mixture is similar to that of the freshwater no exchange

flow takes place. There is, however then a density difference and, thus, an
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A = (ql/qw) (m) (9)

in which we find:

Qo = Y h v Agh Vagh (1 + 2 U st//Agh) (10)

o}
The results from a series of full-size tests for different locks with various
air discharges which has been adapted from [2] are shown in Figure 6.

The air discharges are expressed in the figure in terms of the water velocity

produced by the bubble screen. The water velocities are then related to the

velocities which must be formed to resist the salt. '

This gives a parameter v3q l/q10 which by approximation appears to be lineair

with the extent to which the salt tongue is held back. For large values, of

the order of 0.8 to 1, the effect of the bubble screen does not increase
because there is so much mixing that this forms a new source of salt load.

The conclusion from Figure 6 is that the air bubble screen is effective for

increasing the exchange period so that it becomes possible to close the gates

before the complete chamber volume is exchanged. The following points should
be taken into account when considering air bubble screen operation:

- an air bubble screen should be operated at both sets of gates, there is
always mixed water in the chamber, so that Ap across a screen is less than
that wich occurs between fresh water and saltwater.

- gate closure, even with a screen, should be as rapid as possible.

- the locking volume, which is in effect unaltered by the screen(s) still
increases the salt load.

- ships passing through the screen push the water aside, a process which is
unaffected by the screen. )

In practice, see Figure 7:

- hawser forces due to the exchange flow are strongly reduced,

~ small ships have a problem with the disturbance in the water,

-~ air tends to enter the engine cooling system, and the ship's toilét,
producing flow inwards.

= the combination of air and saltwater produces considerable corrosssion.

-~ the energy required for the air bubble system is expensive.

One adventage of the system is that it can be fitted into existing locks.



The Terneuzen System: sucking of the salt tongue, Method M,

It is possible to flush or pump the penetrating saltflow on the bed directly
back, see Figure 8a, or to use a receiving basin set in the canal bed, Figure
8b. With direct back pumping it is possible to prevent almost all the salt
getting into the canal, provided that qsluice=1.25;:;1;5qa where q, is defined
by Equation (4) and there are no ships in the lock.

If ships are entering or leaving the chamber, however, the exchange flow
varies considerably so that, in practice, qpumping must be 1.5..1.8 Q-

This discharge must be maintained for the whole exchange period (Ta) because
this time is so short that the gates cannot be closed early. The factor ‘
1.5...1.8 is, therefore also an indication of the relationship between the
sluiced volume needed to hold back the salt and the volume of the chamber.
From the numerical example given in Figure 8a, it appears that the exchange
discharge is large implying that the pumping discharge to counter the salt
tongue directly must be very large; By using a receiving basin set in the bed
of the canal the return discharge can be spread over the entire emptying
locking cycle. The basin can be located directly outside the lock gates or
aside in order to reduce the mixing effect caused by ships. In order to
prevent the salt tongue being diluted excessively the receiving basin should
always be partly filled with saltwater.

In addition a full receiving basin promotes selective flushing of its
contents, With this system it must be assumed that the volume to be back-
flushed must be 1.5-1.8 times the volume of saltwater coming in. The amount of
flow exchanged is unaffected by the system. Because of the large difference in
velocity, 2U,, between flow at the surface and at the bed, however, the
freshwater in the upper layers does become fairly polluted with salt. Since
this water flows into the chamber the effect is not noticed in the freshwater
canal until a ship enters the chamber forcing freshwater out, causing a salt
load in the canal.

A plan view of the Terneuzen sea lock is shown in Figure 10. Here the intake
for the return flushing system with its mouth immediately outside the lock
gates is incorporated in the filling and emptying system. A description of the
construction of the system is given in [4]. Experience with this lock has not
been so good since during construction it was decided to deepen the canal but
not the receiving basin or the mouth of the flushing system@ As a result the

volume of the basin is too small and the intake is too high relative to the
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bed of the canal. In addition the amount of freshwater available is too small
for back-flushing. Air bubble screens are also used in the Terneuzen lock in
combination with the salt removal system. The screens are positioned at the
gates at both ends of the lock. The air bubble screens certainly reduce the
exchange flow but, at the same time, cause some mixing. This increases the
volume of saltwater to be flushed back and also makes it difficult to remove
out selectively the mixed zone which develops above the saltwater in the
receiving basin. It appears that the air bubble screens are very effective for
reducing hawser forces (because the depth is large, Ua is also large,and sea
going vessels have, in comparision only small allowable hawser forces). Direct
sucking of the salt tongue, using a large discharge, has_not been applied at
the Terneuzen lock because with inflow discharges larger than Qy» extra flows
develop towards the lock and, ships entering the lock will experience loss of
sterage. Investigations still have to be carried out into the allowable inflow

discharge in relation to ship in manoeuvrability.

In the foregoing, measures used to prevent salt intrusion are treated in
which, in principle, the exchange flow when the gates on the freshwater side
are opened is stopped using an air bubble screen or is sucked off directly or
indirectly (Terneuzen system). A combination of both methods can also be used.
These methods have little effect on locking time, because vessels can enter or
leave as soon as the gates are opened.

Air bubble screens can inprove locking operations since they tend to weaken
the exchange flows which hinder ship manoeuvres. There is, however an increase
in the volume of salt water to be flushed back.

The second part of this article discusses measures which are related to
exchanging saltwater in the chamber for freshwater before the doors at the

freshwater side are opened.



The Duinkerken / Kreekkrak / Philipsdam System

The article on measures limiting the salt-freshwater exchange at locks is
continued here with a discussion of measures in which saltwater in the lock is
exchanged more or less completely with freshwater before the gates on the
freshwater canal side are opened. In the early sixties Sogréah developed a new
system [5] known in the Netherlands as the Duinkerken system after the place
where it was first applied. The principle of the system involves draining the
chamber through its perforated floor, and filling with freshwater through wall
apertures at about the water-level while the gates are still closed.

Since ships must not be allowed to stand dry and in order to save time and'to
obtain a lower discharge head for the pump, emptying and filling are carried
out simultaneously and ships stay in their position. This process is referred
to as saltwater-freshwater exchange.

The system can also be used in reverse, freshwater in the chamber being
exchanged for salt, the freshwater draining back into the freshwater canal via
the wall apertures. This process is referred to as freshwater recovery. It is
very important that large scale mixing is not caused by the process. This can
be prevented by correctly shaping the chamber and by using only small
discharges at times which are critical for mixing. From the photograph of a
laboraty test, reproduced in Figure 11, it appears that a layered situation
develops in the process, in which there is, however, some mixing and , in
which saltwater flows out at the bed as freshwater enters the lock chamber,
The advantage of the system is that saltwater is prevented from entering the
canal with little loss of freshwater.

Disadvantages are that extra time is needed for locking, ships are affected by
cross-flows, and a considerable volume of water has to be pumped. Some of the
time lost is recovered because, with a bottom filling system, the levelling
process can be speeded up without large cross-forces acting on vessels moored
in the chamber.

With the Sogréah solution, Figure 12a, there is a freshwater system along each
side of the chamber. When the saltwater in the chamber is higher than the
freshwater outside it is pumped back into the saltwater approaches. When the
level is down to that of the freshwater canal sluices are opened and the
freshwater sewer system is linked up with the freshwater canal. In the
Netherlands variant, Figure 12b, wall sluices are used along the whole length
of the chamber on both sides, water from the freshwater canal surrounding the



chamber on both sides. This variant was applied for the first time in the
Kreekrak lock in the Antwerp/Rhine link canal and is described further in [6]
A saltwater-seal was introduced in the Sogréah solution to ensure that the
freshwater sewer system remains fresh when the water in the chamber is
salt.(see Figure 13)

This operates on the principle that the boundery layer between the saltwater
and freshwater is only stable when there is horizontal stratification in which
the heavier water is below.

To achieve this the saltwater in the chamber must first partly enter the sewer
system to be pushed out again later on when the chamber content has to be
exchanged to the fresh situation. Mixing occurs during this operation. Mixing
also occurs when ships enter or leave the freshwater chamber and a presssure
wave develops in front of the ship. Flow then takes place in the sewer system
and salt is carried from the chamber into the sewers.

This is prevented in the Netherlands variant by using chamber wall apertures
which can be closed. Another problem develops however. Level control sluices
are used between the wall sluices and the chamber, see Figure 14a, to ensure
that, with different water levels in the surrounding freshwater, freshwater
can still be brought into the chamber at the level of the water surface.

When the lock gates at the salt end of the chamber are open the chamber will
be completely filled with saltwater. The freshwater pocket which develops
immediately between the closed wall sluices and the levelling sluices then
rises and the space is filled with saltwater.

The freshwater in the system is, as a result, lost. If freshwater subsequently
flows again from the surrounding water then it must first displace the
saltwater which then contaminates the freshwater. This saltwater volume is 2
to 3% of the volume of the chamber. An improvement is shown in Figure 15. This
has been applied in the Krammer locks of the Philipsdam. In this case the
levelling sluices also have a closure function so that virtually no water is

lost near the wall sluices.

Causes of mixing

The Mu system for preventing saltwater/freshwater intrusion through locks is
based on the replacement of water in the chamber with freshwater and vice
versa while maintaining statification. Mixing must, therefore, be prevented as

much as possible. With saltwater-freshwater exchanges are carried out care



_10_

must be taken to ensure that the speed of the incoming freshwater is as slow
as possible, otherwise the freshwater jet through the wall apertures will suck
a considerable amount of saltwater with it or a kind of internal hydraulic
jump will develop, see Figure 16a. The speed, however, should not be so low
that saltwater gets into the apertures, see also Figure 11. This requirement
can be specified theoretically as Fi = 1, see Figure 16b, where Fi is as
defined in Equation (2). It has also been shown to be this value in tests .
If a ship is lying in front of the apertures there is much less mixing since
the space between the ship and the wall quickly fills with freshwater and
there is hardly any velocity difference between the upper and lower layers., If
the ship lies asymmetrically across the chamber a problem arises because the
space between the ship and the wall fills much more quickly with fresh water
than that on the other side of the ship. This freshwater flows under the ship
to rise to the surface on the other side, through the saltwater, see Figure
16c causing mixing. With rising level exchanges salt can penetrade into the
wall apertures because a freshwater pocket persists for some time under the
ship. This has to flow around the ship and a flow situation develops which is
comparable to a free flow condition on a weir which restricts the discharge.
Because the freshwater stays behind in the pocket under the ship the saltwater
level alongside the ship rises sharply and thus care should be taken to ensure
that not too much "fresh" water is recovered and this not too quickly,
otherwise saltwater will be carried out into the canal, see Figure 17a.

Mixing also occurs with a perforated floor and to prevent jet effects, see
Figure 17b, the discharge through the floor must not be larger than that which
can flow away sideways, Figure 17c. This requirement can also be expressed in
terms of the internal Froude Number. When the freshwater/saltwater boundery is
at the level of critical points in the chamber, which could cause mixing, the
discharge should be reduced temporarily.

A ship lying asymmetrically in the chamber

The assymmetry of the boundery between freshwater and salt near to a ship
lying across the chamber gives rise to problems during filling and emptying.
The rate at which the boundery layer rises or falls should be fairly low, of
the order of 1 cm/s, and the hydraulic resistance of the flow should be
determined for the wall apertures where the velocity is considerably higher,

Figure 18. Initially the flow out is symmetrical and

A h = Sq? (11)
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where S the resistance per unit length of wall apertures,
q = the discharge per unit length of the apertures.
In this case the head drop across the right hand chamber wall equals that

across the left, that is:

AhR = AhL (12)

and, therefore,
a4z = 9, (13)

When the boundary layer reaches the underside of the ship the rate of rise of
the boundary layer becomes asymmetric, which can become an equilibrium
situation in which the rate of rise to the left is similar to that to the
right. This does not occur, however, in all situations.

Because of the difference in level of the boundery layer of z and because the
saltwater pressure is the same on both sides there is a difference in

freshwater level given by, see Figure 19:
z = Ah - Ah = AZ (%)

since for a simular rate of rise on both sides

- q 2 .
q = a5 (15a)

and therefore

b

Ah. can be calculated from:

L
Ah. = Sq? 23— and Ah.= Sq? —2oe

L~ @)z R~ °% (a+p)2 (16)
thus

Sq®> b?-a®* Sq? b-a
A (a*b) A bta (17

zZ =
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From this appears that the effect of asymmetry can be by reducing the
discharge q, through the floor, by aligning the ship more symmetrically and
what is also important, by lowering the resistance of the wall apertures
(although it should be remembered that this resistance naturally helps

to distribute the flow uniformly over the length of the basin). The value

AhR - AhL should ideally be small in view of the transverse forces which can
develop on the ship. In the Netherland$ variant saltwater should not be
allowed to penetrate the wall apertures since it would ultimately be able to
get from there into the freshwater canal. Normaly, therefore, freshwater
recovery is stopped when the boundery layer approaches the underside of the
ship with the largest draught. This means that there is a loss of freshwater
equivalent to 0.3 to 0.4 times the chamber volume. It is bossible to recover
further on at extra low speed.

With the Sogréah solution somewhat higher boundary layer positions are
accepted because salt, in the first instance, enters the freshwater sewer,
from which it is pushed out without too much mixing during the emptying phase,
see Figure 20.

Large pump discharges are needed with large push-tow locks in order to be able
to exchange water in a reasonable locking time. Sometimes it is recommended
that this discharge is spread out over the whole locking cycle by using
auxilliary reservoires. Two auxilliary saltwater reservoirs are needed for the
Philipsdam locks because the salt seawater is sometimes higher and sometimes
lower than the level in the freshwater canal, see Figure 21a. The result is a
complex sewer system, Figﬁre 21b.

A pump station is located in the connection between the low and high level
reservoirs; Figure 22 shows an oblique view of the lock complex. The floor
construction of such a lock, in this case the Kreekrak locks in the Scheldt-
Rhine link canal, is shown in Figure 23.

The lock at Duinkerken, the Sogréah solution, funtions as designed[7]. The
Netherlands variants, however, have not yet been put into operation because
the saltwater-freshwater delta compartimentation works are not ready yet.

(Are planned to be put in operation in 1987)



_1 3_

Salt 1ift lock system

When a somewhat small lock, the Bergsche Dieplock near Bergen op Zoom, had to
be built near to oyster breeding beds it was necessery to provide an
installation in which the freshwater load in the saltwater area seaward of the
lock was kept to a minimum. The various lock systems were re-evaluated and a
number of new ideas were proposed. The idea of pumping the chamber completely
dry was also considered afresh, In the system selected the ships are not
allowed to set dry; a saltwater box is provided in what would be the normal
floor of the chamber. Saltwater and freshwater are pumped in and out of the
chamber via apertures located low down in the chamber walls at the level of
the lock gate tresholds. Discussions were held with nautiéal engineers and
experts to determine whether or not smaller ships and pleasure craft could be
allowed to set dry. The following idea was developed from these discussions.
(It concerns a meeting with mr., R.E.P Vallenduuk of the ANWB (Organisation of
Dutch Tourists)) see Figure 24. The lock chamber is constructed to double its
normal height and with a permanent low level dividing wall across the middle.
When freshwater is pumped into the lock the ship is lifted above the
saltwater, the saltwater behind the dividing wall remaining relatively
undiluted.

When the ship is moved over the dividing wall it can be lowered by draining
out the freshwater back into the freshwater canal.

Some alternatives considered for improving the basic design are shown in
Figure 25. The first aliernative, Figure 25a, involved extending the sidewalls
over which the freshwater flows into the chamber. One of the disadvantages of
this alternative was that the large volume of freshwater had to be pumped
while the head could be some metres. The next alternative to be considered
involved a low level saltwater basin provided with a lift system, reffered to
as a 1ift box. Such a system conserves energy and the ship need not be moved
during the operation, Figure 25b. It is possible to use this system when water
levels at the ends of the lock are different, Figure 25¢. In this situation,
however there is a complication since the saltwater basin box and the 1lift
system must be able to take fairly large water pressure differences. These
results from the differences in level between the freshwater and saltwater
approaches to the lock.

The system ultimately selected has a fixed concrete outer chamber in which the

freshwater outside of the box can be filled up to the level of the freshwater
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canal (this is in fact the levelling process) so that large pressures cannot

develop across the 1ift box.

Figure 26 shows how a concrete lock, with a large additional depth, remains

Tfilled up with fresh water, levels are equalized by pumping water from the

freshwater approaches or by gravity. Inside the permament concrete lock there

is a steel box, filled with saltwater which can be sunk from under the ship.

Ultimately the choice was for a 1ift box with open sides which slides along

the end walls of the outer chamber. The rubber sealing strips are provided

with pressure relief systems. Figure 27 shows the sequence of locking

operations. In the figure the ship is sailing from the saltwater approaches
into the basin which contains saltwater because the 1ift box is raised. Tﬁe
lock gates are then closed and the lift box containing saitwater is lowered.

At the same time the freshwater content of the chamber is adapted to the level

of the freshwater approaches. The gates are opened and the ship then sails

into the canal. This system causes little mixing because freshwater is
introduced effectively along the full length of both sides of the chamber.

Only a small difference, z, in the boundery layer develops across a ship lying

asymmetrically because the resistance S, caused, by the wall sluices is now

low, see Figure 19 and relationship 17, and is similar on each side of the
chamber.

With a 1ift lock very low saltwater loads, of the order of 5¢ maximum of the

volume of the 1ift box, are expected. The freshwater loss will be about 10% of

the volume of the lift box. Two aspects have to be taken into consideration.

- The volume of saltwater required in the box varies with the water displaced
by ships in the box and this must be adjusted for using saltwater from the .
saltwater approaches using a flexible pipework system such as those used by
the dredging industry.

- mixing and internal waves develop because ships above the boundery layer
sail into and out off the freshwater approach. Internal wave crests should
be below the level of the sides of the 1ift box. .

These aspects have been tested in a scale model. Figure 28 shows two cross-

sections of the lock chamber, one filling and one emptying.

Figure 29 shows plan, side and end views of such a lock.
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Method effectivity analysis

A comparison of the various systems for minimising salt and freshwater
exchange, discussed in these articles is given in Figure 30. If the effect of
the locking volume is neglected (or if method M; is applied) and also if the
underwater volume of the ship is ignored, the whole chamber volume (= Mg )
will be exchanged unless special measures are taken. If such an exchange
occurs the volume of water in the freshwater canal, will remain unchanged but
the quality will be reduced. If the freshwater is now used to flush clean the
freshwater canal, many times the volume, M,, will be required. Mys 18 somewhat
less than 100 % of the chamber volume, because the gates are never allowed to
remain open infinitely long and the rate at which the exéhange takes place is
a little less than the theoretical value, see Figure 6., With the air bubble
system (Mz) the situation is the same but the exchange volume rate is limited,
depending on the air discharge. When the salt tongue is sucked off, directly
or indirectly, (M3), about 1.5 to 1.8 times more freshwater is used than the
reduction in the saltwater load on the canal. At the same time freshwater in
the canal is contaminated when ships enter and leave the lock. M2 and M3 can
be apllied in combination. In the Sogréah solution, MN’ the amount of
freshwater used is greatly reduced but mixing occurs when freshwater is pumped
into the chamber and when saltwater is forced in and out of the freshwater
sewers. This effect is reduced in the Netherlands version of M, but less
freshwater can be recovered (in case less freshwater is used the salt load on
the freshwater component is increased). This problem can be reduced a little,
if filling exchanges are carried out more slowly when there are fewer ships in
the lock . It appears that generally M) works more effectively if a lower
discharge is used during exchanges. As stated above very low salt loading can
be expected with solution M5, the 1ift box, even with a small loss of
freshwater.This is also shown in Figure 30. The amount of freshwater used in
system M) depends on whether freshwater recovering is chosen or not and if so,
to what extent. In M5, freshwater is lost if the saltwater volume in the 1lift
box is adjusted to the ship's volume. The choice of a particular system depend
on freshwater availability, while the way of operation can depend on the

season.
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Is the effect worthwhile?

In general it is difficult to say which particular system should be applied to
combat salt intrusion in a particular situation. What is certain is that the
quality of agriculture, drinking water, industrial water, the environment, and
living conditions are all strongly related the amount of salt in the
freshwater system. In the densely populated Netherlands a considerable effort
has to be made in this respect. In order to illustrate how the results of
figure 30 can be applied a situation with a canal, at the end of which there
is a lock and a water intake requiring a certain water quality, see Figure 31,
is considered. The lock, filled with a salt combating system, uses a
freshwater discharge of Q and, at the same time depending on how good the salt
combating system is, also uses saltwater discharge, averaged over the locking
period, Q, (the resulting exchange flow). The freshwater discharge of the
lock, Q is equivalent to the flushing discharge of the canal. The larger the
value of the canal discharge (larger Q available) the larger Q can be, while
maintaining the required quality of the canal water at the inlet of the
flushing dlscharge. This process is repesented graphically in Figure 31 by the
"freshwater needed" line. The lock characteristics given in Figure 30 are
superimposed on Figure 31, the point of intersection giving the discharge
quantity of freshwater needed to flush the canal.

It is obvious that a small improvement in the "lock characteristic" will have
an important effect on the quantity of freshwater needed. Since the freshwater
availability varies over the year the position of the lock characteristic
curve greatly influence the duration of the period in the year when the intake
quality requirement can be satisfied. In addition the results of Figure 30
should be especially assessed for the quantity of freshwater used in relation

to the volume of water exchanged (Volume A)

Closing remarks

From this review it can be concluded that in the last 20 years important
developments have been made in the Netherlands in combating salt intrusion at
locks located on the fresh/saltwater boundary. The results of efforts to
reduce the loss of freshwater are eéven more obvious. If no salt/freshwater
intrusion prevention measures are taken there will be exchange of almost 100%

of the chamber volume with every locking operation. These losses can be halved
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using an air bubble screen. The application of reservoirs in the freshwater
area, in which saltwater is stored initially to be returned to the saltwater
area, is an important step in the prevention of saltwater intrusion. Because
of the mixing which takes place during locking in fact about two times the
chambers volume must be return pumped. This system, therefore, requires a
considerable amount of freshwater. Systems have been developed recently in an
attempt to reduce both salt and freshwater losses. These can be important in
two situations: when freshwater is required (for other purposes) and when
freshwater cannot be allowed in a seawater area.

Of the developments outlined in the article the 1ift lock seems to be the most
succesful (appears to be the most promising)

The Netherlands Ministry of Public Works and Transport ié now seeking the
maximum possible reduction in freshwater/saltwater losses with 1ift locks,¥

In 1 This is because positive decisions have to be taken about the application
of these locks in the Oesterdam at Bergen op Zoom in connection with the
oyster beds in the area.

Since Duinkerken no developments have been published by foreign organizations
related to systems used for preventing salt/freshwater intrusion at locks. The
developments outlined above are very Dutch and can be seen as a very important
contribution by the Netherlands hydraulic engineering sector in this field. It
will be obvious to the reader that the more effective a system is in reducing
salt/freshwater intrusion the greater will be investments in the system. Given
allowable fresh/saltwater losses for a particular project it is now possible
for the designer to chodse from various systms. It appears also that the
"internal Froude number" plays an important role. From this it follows that
the speed at which water flows into or out of the chamber is also important.
Efficient lock mangement is, therefore, essential, for the succesful operation
of a salt/freshwater separation systém and for this reason the relationship
between salt/freshwater losses, schematized in Figure 30, should only be seen

as indicative of the efficiency of particular systems.

Remark: In 1982 the decision was taken to build a very small lock instead of

the 1ift lock.
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23.The Kreekrak locks in the Scheldt-Rhine Link Canal
constructed with a perforated floor for distributing
the saltwater inflow and outflow.
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Appendix D: Water quality control at ship
locks

Book by Kerstma et al (separate)

WL | Delft Hydraulics



Water Quality Control
at Ship Locks

Prevention of Salt- and Fresh
Water Exchange

J. KERSTMA, PA. KOLKMAN & H.J. REGELING
Delft Hydraulics, Netherlands

W.A. VENIS

Department of Public Works and Transport, Road and Hydraulic Engineering
Division, Netherlands

A.A.BALKEMA /ROTTERDAM / BROOKFIELD / 1994



		2006-03-20T14:51:08+0000
	Plan Maestro




