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1. EXECUTIVE SUMMARY

Near field modelling of the effluent outfall for the proposed Bell Bay Pulp Mill has been undertaken to
assess the diffuser performance and to provide coupling boundary conditions of effluent concentration
for the far field model. The modelling was undertaken primarily with a 3D finite difference scheme
computational fluid dynamics (CFD) model validated against an equivalent JETLAG plume trajectory
model. JETLAG is a well used and respected steady state empirical model that has been calibrated
against numerous laboratory and field measurements for a variety of effluent characteristics. The
validation exercise involved adjustments to the CFD parameters governing turbulent mixing and
diffusion processes driven by the jet and buoyant momentum of the plume.

Some limited field data was available for this study including 4 months of ADCP velocity data
recorded at the outfall site in late 2007, and salinity and temperature profiles recorded in the vicinity of
the site during calm periods over a 3 year period from late 2006 and over similar periods in late 2009
and early 2010. The data indicated a 1% exceedance temperature differential of 1.9 °C, equivalent to
a density difference of 0.4 kg/m? in the water column. Considering the calm period bias in the
recorded data and the small probability of sustained stratification events occurring, a conservative
uniform density was used for the receiving water in the near field modelling to slightly dampen vertical
mixing due to buoyancy.

The velocity data presented a harmonic tidal pattern superimposed on a longer irregular period
pattern driven by wind stress and pressure gradients. This irregular underlying velocity pattern has
the propensity to shift the normal tidal pattern at times by amounts roughly equal to the tidal velocity
amplitude. These combined velocity patterns result in lengthy periods of near zero cross flow at the
outfall that can be repeated over several tides leading to the potential for effluent to pool at the
surface above the outfall diffuser resulting in locally high concentrations.

A review of the design configuration for the diffuser using comparative CFD model runs indicated that
single vertical ports performed equivalent to twin ports on ‘T’ risers under the majority of ambient
conditions and that a 5m port spacing was optimal. Setting the diffuser length will require
confirmation with the far field model, but provisional indications are that a diffuser greater than 200m
may be required.

Coupling with the far field model requires effluent loading into a rectangular box covering a number of
3D far field model cells to represent the plume cloud. The simplest approach, one-way coupling,
involves a constant sized cloud or box for all cross flow velocities, but a less conservative quasi two
way coupling involves a variable number of box sizes dependent on several cross flow velocity
ranges.

It is recommended that one way coupling be used initially with a subset of the annual far field model
hydrodynamic results covering the worst period of repetitive low cross flows to confirm an appropriate
diffuser length. Based on resulting effluent concentrations consideration could be given as to whether
quasi two coupling should be applied.
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2. INTRODUCTION

2.1 Project background

Gunns limited (Gunns) has proposed to construct a bleached Kraft pulp mill in Bell Bay, Tasmania. In
October 2007, the Federal Minister for the Environment released his decision to approve the
construction and operation of the mill under the EPBC Act of 1999. This was based on advice from
the Commonwealth Chief Scientist who provided the Federal Minister with advice in relation to
potential impacts of the proposed pulp mill on the Commonwealth marine environment.

The approval is subject to 48 Conditions, the second of which requires Gunns Limited to develop and
submit an Environmental Impact Management Plan (EIMP). The objective of the EIMP is to ensure
that no adverse impacts on matters of national environmental significance will occur as a result of the
construction and operation of the mill.

Approval to commence operations of the mill itself is conditional upon satisfactory completion of a
definitive hydrodynamic modelling study relating to the fate of various contaminants present in the
effluent released by the mill into the waters of Bass Strait.

The proposed mill will have an effluent outfall located approximately 2.7km off-shore at Five Mile Bluff
on the north coast of Tasmania. Previous hydrodynamic modelling exercises that were undertaken for
the proposed mill as part of the assessment process by both State and Commonwealth governments

have been deemed inadequate by both regulators and must be revised.

In response to the requirement for additional studies, Gunns has proposed a Hydrodynamic Modelling
and Measurement Study, to be undertaken in three parts:

Item 1 — Field Measurement
Item 2 — Flocculation Studies
Item 3 — Numerical Modelling
The numerical modelling scope of work is further broken up into four major components:
Far-field Modelling
Near-field Modelling
Sediment Transport Modelling
Wave Modelling

The measurement studies, together with information about the composition and likely settling and

flocculation properties of the fine organic materials in the effluent (Item 2 of the Study), will provide
necessary data for the numerical modelling (Item 3 of the Study) that is required to predict the fate
and likely concentration levels (above background) in both the receiving waters and the sediments.
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The contaminants of concern are stated in Condition 32 to be dioxins and furans, chlorate, total
chloroacetic acids, total nitrogen, total phosphorous, total suspended solids (TSS) and
biogeochemical oxygen demand (BOD).

The Chief Scientist recommended that the measurement program be conducted over a sufficiently
long period to produce concurrent data for model forcing, calibration and validation, with
measurement of parameters such as surface winds, currents, bottom sediment characteristics,
turbidity, ambient temperature and salinity.

The key requirement set by both the Commonwealth and the Tasmanian State is to determine
whether the water and sediment quality guidelines developed specifically for the pulp mill can be met.
The terms of reference for the project include a detailed rationale for and description of the
hydrodynamic modelling and measurement program required. The measurement program is a critical
component of the overall study as it will provide data for model calibration and validation.

Following completion of the hydrodynamic modelling and measurement study, the Commonwealth
requires Gunns to resubmit three yet to be approved EIMP Modules.

2.2 Near-Field Modelling

Initial dilution within the near-field mixing zone is likely to be the most crucial component in achieving
acceptable environmental outcomes. WorleyParsons has followed a traditional approach in using an
empirical buoyant jet plume model (JETLAG) to gain an initial characterisation of the effluent plume.
Computational Fluid Dynamics (CFD) modelling was then utilised to more thoroughly analyse the
effluent discharge at the outfall.

The jet plume model adequately characterises a plume trajectory and its expansion as ambient fluid is
entrained, but is not able to characterise the plume cloud once it has reached the surface. The CFD
model is capable of simulating all stages of the plume’s evolution, including the spatial character of
the plume cloud needed for coupling with the far-field model. CFD modelling can predict more
accurately the dispersion of the effluent from the multi-port diffuser taking into consideration a range
of average ambient conditions, configuration of the outfall and its surrounds as well as any secondary
flow characteristics.

A critical part of the near-field calculation is the assumed concentration of AOX (Adsorbable Organic
Halides) in the treated effluent discharge, which will not be known finally until the mill is operational.
Accordingly a worst case scenario based on a discharge limit on AOX of 8.7 mg/L can be used. (Note
that this limit is different from the limits placed on the individual components of AOX by Tasmania’s
RPDC, notably 2,3,7,8 TCCD (30 pg/L) and 2,3,7,8 TCDF (13pg/L), and later revised down by the
Commonwealth to 2.0 pg/L monthly mean and 3.4 pg/L maximum TEQ).

The near field model results are to be used as input for the far field analysis which is being performed
by RPS MetOcean.

The Scope of Works identified a number of specifications or requirements for the near-field model:

r\301010-00518 - gunns near field modelling\reports\rp001-ed4-3-dmc.doc
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The model must be capable of simulating a multiport diffuser from which the initial effluent jet
trajectory and entrainment, is governed by the momentum flux, buoyancy flux, ambient
conditions and outfall geometry

The model must be capable of simulating a range of discharge geometries including
submerged multiport diffusers

The model must be applicable to buoyant and non-buoyant discharges
The model must include 3-D effects
The model must be applicable to stratified receiving environments

The model must include discharge and ambient flow induced mixing (including ambient flows
that vary vertically obtained from either measurements or far-field model)

The model must include horizontal and vertical dispersion
The model must include surface and bottom interaction
The model must include background concentrations of pollutants

The model must be capable of coupling with the far-field model using known and tested
approaches

These requirements have been met with the combined approach of JETLAG and CFD modelling.
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3. OBJECTIVE AND METHODOLOGY

3.1 Objective

The objective of the near-field modelling distilled from the EIMP (Bell Bay Pulp Mill, Environmental
Impact Management Plan, Module L: Precommissioning Management) was to address three major
aspects:

1. To investigate the distribution of effluent concentrations at the near-field mixing zone
boundaries under a range of ambient conditions,

2. Toinvestigate the tidal excursion of the effluent plume and the potential for concentration
amplification of returning tidal flow, and

3. To generate the distribution of effluent mass across the mixing zone as boundary condition
input to the far-field model.

3.2 Methodology
WorleyParsons carried out the near-field modelling in the following stages:
1. Review the proposed outfall design

All the relevant information relating to the near-field modelling was reviewed. This includes
the dimensions of the multi-port diffuser, their configuration, the bathymetry around the
diffuser, seasonal temperature profiles, current and wave records, and the effluent discharge
properties such as flow rate, temperature and density.

2. Setup a simple trial model in JETLAG and CFD to validate CFD parameters

A trial configuration of a single riser and ports with a simplified surrounding was established in
both the JETLAG and CFD models. The appropriate mesh, fluid properties, turbulence model,
surface roughness, initial boundary conditions and numerical scheme was assigned to the
CFD model. The JETLAG model requires the port diameter and effluent exit velocity as
boundary conditions, whereas the CFD model requires the port diameter and the flow, with
the velocity being calculated. To ensure an equal comparison, the port diameter in the CFD
model was adjusted to replicate the velocity in the JETLAG model (derived from the published
data for the proposed TideFlux valves). Both models were run with flow and effluent
properties similar to those anticipated for the project.

The results computed from the trial CFD model were compared against those obtained from
the trial JETLAG model and adjustments were made to the key CFD parameters until an
acceptable comparison was achieved.
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This process was an important step in establishing the CFD modelling parameters and
approach correctly before running the larger and more complex CFD model.

3. Setup a JETLAG model of the proposed diffuser design

JETLAG is a well-proven robust Lagrangian jet model that predicts the mixing of an arbitrarily-
inclined round buoyant jet in a stratified cross-flow, with a three-dimensional trajectory. It
tracks the evolution of the average properties of a plume element by conservation of
horizontal and vertical momentum, conservation of mass accounting for shear and vortex
entrainment, and conservation of mass/heat.

The proposed diffuser configuration was established in a JETLAG model and run under a
range of ambient cross-flow conditions derived from initial runs of the far-field model and field
data.

4. Setup small 3D models in CFD to perform initial assessment of the proposed design

A small 3D (cross-sectional) CFD model through a single riser was established as a time-
efficient means of identifying any potential problems with the proposed diffuser design. The
same range of cross-flow conditions as used in the JETLAG model was run for individual jets
and the two sets of model results were compared.

These models were further modified to encompass more complicated parameters such as
diffuser spacing, effluent flow rate and concentration. The results were used to compare and
investigate the effects of various diffuser setup and configuration parameters.

5. Adjust the design as necessary

Any obvious improvements were incorporated, in concert with input from Gunns, and the
models were re-run.

6. Undertake an investigation into the possible effects of effluent pooling and re-charging as the
effluent plume cloud passes across the diffuser during tidal excursions.

A review of four months of velocity profile data in the vicinity of the diffuser (GHD 2007)
indicated that the ambient velocity field is not dominated by a normal harmonic tidal pattern,
and thus it was not practical to run the CFD model over a series of tides owing to
unacceptably long model run times. Although this aspect will be covered within the far-field
modelling at a later date, an appreciation of effluent plume performance within the mixing
zone is required as part of this study to inform the diffuser design parameters. An alternate
empirical or parametric approach, using the recorded field velocity data was developed to
explore the issue and assist in refining the diffuser size.

7. Using the 3D CFD results, identify effluent plume cloud concentrations throughout the mixing
zone to form a basis for coupling with the far-field model.

A number of methodologies for coupling near-field plume model concentrations with far-field
advection-dispersion models are discussed in the literature. These methods generally fall into
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either one-way or two-way coupling. Fully dynamic two-way coupling requires both models to
be run simultaneously and integrated at each time step, however this is impractical with CFD
modelling and the preferred approach is a static one-way coupling with a consistent loading
pattern into the far-field model.

This method would be expected to yield upper bound concentrations in the far field model
within the mixing zone under cross-flow conditions since the effluent mass is being applied in
a consistent pattern biased towards the surface layers, rather than being applied along the
plume trajectory.

Thus for the preferred approach the 3D CFD model was run to a state of quasi-equilibrium
with no ambient current conditions (worst case for initial mixing) to establish the near-field
spatial dilution pattern throughout the mixing zone. Coupling the CFD results with the far-field
model can be achieved by mapping the CFD mesh cells to the far-field mesh cells over the
mixing zone identified in the CFD modelling. The mean concentration, so obtained for each of
the mapped far-field cells would be processed to determine a steady state point source load
(mass) as a boundary condition for each mapped far-field model cell.

An alternative approach with quasi two way coupling was also explored. In this case the 3D
CFD model was run to a state of quasi-equilibrium with a range of cross flow velocities.
Mapping the near-field concentrations to point source loads in the far-field cells could then be
prepared for each of these cross-flows to act as a set of boundary condition loading tables. At
each time step of the far-field model the cross-flow velocity would be used to determine which
boundary condition loading table to use. In this manner, the mass is distributed roughly in
accordance with the plume trajectory and the far-field model will identify concentrations within
the mixing zone and at its boundary.

3.3 CFD modelling

Computational Fluid Dynamics is a mature technology that has been widely used in the automotive,
aerospace and maritime industries, and more recently it has been successfully applied to
environmental hydraulics and hydrodynamics problems.

In general, the CFD algorithm solves the governing equations of fluid motion, which consists of:
conservation laws, transport equations, state relations, boundary conditions and turbulence. The
fundamental conservation laws include the Continuity Equation, Momentum Equation (Navier-
Stokes), and Energy Equation. These partial differential equations are discretised into algebraic form
and solved using numerical techniques for the given boundary conditions and fluid properties.

Fluid behaviour such as velocity, pressure and temperature as a function of time is computed
throughout the domain allowing accurate calculation of, in this case, the effluent concentration due to
mixing and dispersion. Ambient effects such as thermal stratification, waves and currents can be
included in the model taking into account the density, enthalpy, viscosity and thermal conductivity that
varies as a function of pressure, temperature and salinity.
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Various meshing techniques are offered by different CFD programs. In general, a finer mesh should
be used in the region of interest and where a large rate of change in hydraulic behaviour is
anticipated. In programs where a free gridding mesh is employed, the use of multiple nested mesh
blocks enables more accurate flow behaviour to be captured.

The CFD modelling was undertaken with the 3D finite difference model Flow-3D, which can
accommodate an increasing mesh size, permitting a fine mesh in the jet momentum zone expanding
to a coarser mesh with distance from the diffuser. Mesh sizes ranged from 3cm to 20cm in the vicinity
of the diffuser grading to elements in the order of 5m at the outer limits.
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4. MODEL CALLIBRATION AND VALIDATION

4.1 Introduction

Mixing in the near field of the outfall is generated by turbulence formed through the interaction of the
effluent with the surrounding fluid. The formation of these turbulent eddies can be separated into two
significant stages, Figure 4-1 .

The first of these stages is generally located in the region very close to the outfall where the velocity
of the discharge is relatively high. In this region, momentum dominates and mixing is related to the
inertia of the turbulent eddies formed.

As the jet moves away from the outfall, it loses momentum and the buoyant forces due to a difference
in the density of the effluent and the surrounding fluid begins to dominate. In this stage, the buoyant
force produces the turbulence leading to mixing.

There are numerous jetting models available to determine the trajectory and dilution of a discharge,
but in all cases, it is only valid for simple geometry and does not take into account second order
effects, interference with close-by jets and other environmental factors such as stratification.

The CFD model would normally be calculated against measured field data, however, in this instance
the model is being used as a predictive tool for the proposed outfall and such calibration cannot be
undertaken. Instead, a validation procedure was undertaken by comparing the CFD results to
calibrated JETLAG results.

JETLAG is an empirical model for jets and plumes that has shown good correlation with experimental
and field data for simple outfall geometry. It predicts the mixing of buoyant jets with three-dimensional
trajectories. The model simulates key physical processes expressed by governing equations and
provides the average properties of a plume element. The theory behind JETLAG will be discussed in
further detail in Section 4.2
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Figure 4-1: Typical CFD plume trajectory - horizont  al jet, zero cross flow

4.2 JETLAG Validation

JETLAG is a Lagrangian model that can be utilised to predict the mixing of buoyant jets with three
dimensional trajectories. The jet trajectory is simulated as a sequential series of “plume elements”
which increase in mass as a result of shear-induced entrainment (due to the jet discharge) and
vortex-entrainment (due to a cross flow), while rising by buoyant acceleration and being sheared over
by a cross flow (Lee and Chu, 2003).
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As Lee and Cheung (1990a, 1990b) and Tong and Cathers (1991) have described, JETLAG
developed from the work of Lee (1986) and Lee et al. (1987), who reviewed some near—field
jet/plume numerical models available at that time and compared them with experimental data. They
found the United States Environmental Protection Agency (USEPA) model OUTPLM performed
consistently well. This USEPA program was a two—dimensional Lagrangian model, transpiring from
the general statements first articulated by Rawn et al. (1960), originally proposed by Winiarski and
Frick (1976), and rigorously derived by Frick (1984).

JETLAG has been developed after extensive testing against laboratory data. As noted by Lee and
Chu (2003), JETLAG reproduces the correct behaviour of:

a round buoyant jet in a stagnant or near-stagnant fluid; and,
an advected line puff/thermal in a bent-over momentum/buoyancy dominated jet.

Horton (1995) also found that JETLAG has been shown to be accurate in simulating the behaviour of
a single jet/plume in a current.

JETLAG has also been validated against experimental data by various investigators for:
straight jets and plumes;
vertical buoyant jets and dense plumes in a cross flow;
oblique momentum jets in a cross flow;
horizontal buoyant jets in a cross flow;
vertical buoyant jets in a stratified cross flow;
coflow and counterflowing momentum jets; and,
buoyant plumes in a weak current.

JETLAG has also been compared with field ocean outfall monitoring results. Prototype outfalls, in
particular multiport diffuser type outfalls, can induce relatively complex jet/plume behaviour. A
multiport diffuser consists of many closely spaced ports or nozzles, usually attached as risers to an
underground pipe. Jets/plumes from individual ports can merge, which can in turn can merge with
jets/plumes from adjacent risers.

Examples of field verification include:

comparison of a number of numerical models to radioisotope tracing measurements at the
Malabar ocean outfall (which generally had 7 ports discharging horizontally on most of the 28
risers) in Sydney as described by Peirson and Chen (1993), for which it was found that JETLAG
was one of the better performing models;

comparison to dye and radioisotope tracing measurements at the North West New Territories
(NWNT) outfall (which had two ports fitted with Tide Flex check valves on each of 30 risers
discharging horizontally in opposite directions) in Hong Kong as described by Horton and Wilson
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(1996) and Horton et al (1996, 1997); see Figure 4-2 for a comparison of measured and
modelled dilutions.
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JETLAG Dilution

Figure 4-2 - Comparison of modelled and measured di  lutions at NWNT outfall, Hong Kong (from Horton
et al, 1997)

It is evident in Figure 4-2 that most model dilutions were within a factor of 2 of the measured
dilutions. Given the measurement uncertainties and model simplifications this is a reasonable match.

In both of the above field verification cases, to apply JETLAG to the multiport diffuser site, each
diffuser head was represented as a merged “super—port” (Cathers and Peirson 1991) with the same
buoyancy flux as the sum of the individual port buoyancy fluxes on a riser, but specified using an
equivalent source diameter, deg, given by:

deg =d,Vn

where dp is the port diameter and n is the number of ports.

This “super—port” approach is a better approximation to real behaviour than treating each port in
isolation, as the port jets were found to merge at these sites. Compared to individual sources, the
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“super—port” method reduces dilution near the outfall due to the dependence of dilution on discharge
(dilution reduces with increasing flowrate), and the flow through the equivalent source is n times
larger.

JETLAG has been further developed in recent years by incorporation of three dimensional computer
graphics, as provided in the software package VISJET. This allows an estimate to be made of the
composite dilution of a group of merged jets. Furthermore, JETLAG was updated in 1999 and 2008
(Lee et al, 2008), after the two field verification studies described above, with revisions including an
improved entrainment computation as supported by turbulence model computations and detailed
laboratory Laser Induced Fluorescence measurements.

4.3 FLOW-3D

4.3.1 Introduction

Fluid motion can be described with non-linear, transient, second-order differential equations.
Numerical solution of these equations involves approximating the various terms with algebraic
expressions. FLOW-3D is a general purpose computational fluid dynamics (CFD) package. It employs
specially developed numerical techniques to solve the equations of motion for fluids to obtain
transient, three-dimensional solutions to multi-physics flow problems. A range of physical models and
numerical options allows users to apply FLOW-3D to a wide variety of fluid flow and heat transfer
phenomena.

In FLOW-3D, a computational mesh is used to discretise the analysis domain. It consists of a number
of interconnected orthogonal cells. These cells subdivide the physical space into small volumes with
several nodes associated with each volume. The nodes are used to store values of the unknowns,
such as pressure, temperature and velocity. It provides a means for defining the flow parameters at
discrete locations, setting boundary conditions and for developing numerical approximations of the
fluid motion equations. The FLOW-3D approach is to subdivide the flow domain into a grid of
rectangular cells, sometimes called brick elements.

FLOW-3D uses a numerical approach based on the finite difference and finite volume methods to
solve the equation of motion for the fluid. The finite difference method is based on the properties of
the Taylor expansion and on the straightforward application of the definition of derivatives. The finite
volume method derives directly from the integral form of the conservation laws for fluid motion and
ensures that these laws are followed.

A number of physical properties can be accommodated by FLOW-3D in the solution of the equations
of motion corresponding to different limiting cases of the general fluid equations, such as,
compressible and incompressible flows. In the latter case, the fluid density and energy may be
assumed constant and do not need to be computed. Additionally, there are one fluid and two fluid
models as well as several turbulence models.

Each of the models consists of a number of different algebraic equations with modifiable coefficients
that are used in the solution of the equations of motion. Some of these variables affect the way
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FLOW-3D estimates dilution, convection, mixing and fluid transport in the mesh cells. By modifying
these variables, FLOW-3D can be calibrated to model certain physical phenomenon. The variables
are further described in Section 4.3.2.

4.3.2 Variables and Models

4.3.2.1. Turbulence Models

Turbulence is the chaotic, unstable motion that occurs in fluid with high Reynolds numbers. Left
undamped, these instabilities initiate eddies of various length and size, and it is the magnitude and
scale of these eddies that contributes to the distribution and mixing of the fluids.

While it is ideal to simulate the full spectrum of turbulent fluctuations, this is only possible if the mesh
resolution is sufficiently refined to capture the smallest details. However, this is unachievable given
computer memory and processing time limitations, and a simplified model that approximates the
effects must be used.

There are five turbulence models available in FLOW-3D for the modelling of Turbulence: the Prandtl
mixing length model, the one-equation turbulent energy model, the two-equation k- model, the
renormalised (RNG) model, and a large eddy simulation (LES) model.

The simplest model, the Prandtl mixing length model, assumes that the fluid viscosity is enhanced by
turbulent mixing processes in regions of high shear, e.g., near solid boundaries. The Prandtl mixing
length model assumes that turbulence production and dissipation are in balance everywhere in the
flow. This is adequate for fully developed, nearly steady flows.

The one-equation turbulence transport model consists of a transport equation for the specific kinetic
energy associated with turbulent velocity fluctuations. The transport equation includes the convection
and diffusion of the turbulent kinetic energy, the production of turbulent kinetic energy due to shearing
and buoyancy effects, diffusion, and dissipation due to viscous losses within the turbulent eddies. The
diffusion is calculated directly from the turbulent viscosity and the turbulent dissipation is related to the
turbulent kinetic energy.

The two transport equation model (k- model) is a more sophisticated and widely used model
consisting of two transport equations, one for the turbulent kinetic energy and one for the turbulent
dissipation. The model has been shown to provide reasonable approximations to many types of flows.

The Renormalization-Group (RNG) methods approach applies statistical methods to the derivation of
the equations for turbulence quantities, such as turbulent kinetic energy and its dissipation rate. It is
very similar to the k- model in that it also uses the two transport equations, but the constants within
the equations are determined empirically rather than set at the beginning of the analysis. Generally,
the RNG model has wider applicability than the standard k- model. In particular, the RNG model is
known to describe more accurately low intensity turbulence flows and flows having strong shear
regions.
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The models described so far are designed to approximate the time-averaged effect of turbulence. The
Large Eddy Simulation model on the other hand directly models turbulence flow and approximates
those too small to be resolved by the grid. The advantage of this is that it can provide information
about the average effects of turbulence but also about the magnitude of fluctuations.

A more detailed description of FLOW 3D'’s turbulence models is provided in the Appendices.

4.3.2.2. Turbulence Length Scale (TLEN)

Turbulence enhances the diffusion of momentum within the flow which in turn affects the rate of
mass, momentum and energy diffusion. The turbulence models provide a mechanism for estimating
the influence of these turbulent fluctuations on the flow quantities. In FLOW-3D, this influence is
expressed by additional diffusion terms in the equations for mass, momentum, and energy transport.

In addition, turbulence increases the viscosity of the fluid, and FLOW-3D estimates this by assuming
that the dynamic viscosity of the fluid is equal to the sum of the molecular and turbulent viscosities.
This is a good approximation when there is a high level of turbulence but is not correct when
turbulence is small and additional changes to FLOW-3D parameters need to be made.

In the turbulence model one significant parameter is the turbulent mixing length. This variable
indirectly describes the characteristic size of the turbulence eddies present in the flow in the
turbulence models. It is used to define the maximum allowed value of the turbulence viscosity
coefficients in the turbulence equations. Additionally, for the two transport equation and RNG
turbulence models, the turbulent mixing length is used to limit the turbulent dissipation so that the
turbulent viscosity does not become excessively large. If the mixing length is too large, the dissipation
will be under-predicted and the turbulent viscosity will be too large. If it is too small, the dissipation will
be over-predicted and turbulence will be excessively damped out.

4.3.2.3. Diffusion Coefficient Multiplier

Internal viscous shear and the diffusion of fluid fractions, fluid density, fluid energy density (heat),
turbulence energy, and turbulence dissipation are all treated similarly by FLOW-3D. The diffusion
coefficient for each process is calculated from the dynamic viscosity of the fluid which varies in time
and space as a result of the turbulence models. The diffusion processes are formulated as the
divergence of a flux rather than the more usual Laplacian form.

In addition, each of the diffusion processes has an additional variable, the diffusion coefficient
multiplier, which is used to adjust the magnitude of the diffusion calculated by FLOW-3D for each of
the processes. In certain models, the diffusion coefficient multiplier is identical for several processes.
E.g. For an incompressible two fluid model with marker scalars added to one of the fluids, the fluid
density, fluid fractions and turbulent diffusion coefficient multiplier is essentially the same and is
augmented by the same variable. In this case, they are all set to equal the fluid fraction diffusion
coefficient multiplier.
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4.3.2.4. Momentum Advection

There are several momentum advection algorithms available for use in FLOW-3D. They are generally
based on an upwind differencing method with varied degrees of order.

The simplest of these is the first-order upwind differencing method. This algorithm is robust and
sufficiently accurate in most situations. It is based on a first-order finite-difference approximation
which is accurate in both space and time increments. The advective and viscous terms in the
momentum equation are all evaluated using old-time level values for velocities.

The second-order monotonicity-preserving upwind differencing method is as robust as the original
first-order advection scheme. It requires slightly more CPU time than the first-order method, although
in most cases the difference is insignificant. This method is derived by using second-order polynomial
approximations to the advected quantity in each of the coordinate directions.

A third-order upwind differencing method can also be employed for an even more increased
accuracy, this method has been designed for modelling swirling flows and has proved itself superior
to other available methods in modelling flow around submerged objects.

4.4 FLOW-3D Validation

4.4.1 Introduction

Numerical modelling necessarily requires a compromise between mesh resolution and runtime, and
as a result the mesh resolution is rarely fine enough to fully resolve the turbulent diffusion of the
effluent. As indicated in the previous section, this mixing process has to be approximated by
approaches requiring calibration against prototype data.

Since the model in this exercise has been established as a predictive tool, classic calibration is not
possible and instead the model was validated against equivalent JETLAG results. A parametric
comparison using a number of different FLOW-3D variables was performed to determine the effects
on modelling a simple discharge configuration. From the comparison with JETLAG, optimal values for
the different variables in FLOW-3D were determined such that a reasonable comparison between the
two models was achieved.

4.4.2 Cases

In order to validate the FLOW-3D setup, four simple cases were chosen for comparison with JETLAG.
These are:

A vertically discharged jet in a stagnant environment
A horizontally discharged jet in a staghant environment
A vertical jet discharging into a 0.135m/s (~60 percentile) horizontal cross flow

A horizontal jet discharging into a 0.135m/s (~60 percentile) horizontal cross flow
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These four cases give the basis for the comparison between the FLOW-3D model and the JETLAG
model.

Each of the variables is checked with five different comparison parameters to determine their effect
on the approximation of diffusion and turbulence of the jet as well as the trajectory of the jet. The
parameters that were chosen were:

Centreline concentration of the jet
Centreline velocity of the jet
Centreline dilution of the jet
Plume radius

Centreline location

These parameters will change depending on the degree of diffusion and the magnitude of turbulence
generation of the jet.

To replicate the round buoyant jet data upon which JETLAG is based, the CFD model was also
configured with circular port openings.

The Tideflex ‘Duckbill’ valves which are proposed for the diffuser ports generate a somewhat flattened
oval shaped opening which varies with the flow rate. This shape has a greater surface area and
consequently has the potential for greater initial jet momentum mixing than a circular jet. However,
initial CFD modeling indicated that this jet tends to circular in a short distance from the port and only
marginally effects the jet momentum mixing phase. The remainder of the CFD modeling was
undertaken with a circular port.

4.4.3 Result Representation in JETLAG and FLOW-3D

4.4.3.1. Time Averaged Data

The cross sectional concentration profile of a turbulent jet constantly varies with time as turbulent
eddies move around the centreline of the jet. This means that no one image of the concentration
profile can accurately depict the overall concentration profile pattern of the jet. In order to effectively
analyse the concentration profile of the jet the time averaged concentration profile must be obtained.

It can be seen below, Figure 4-3, that the time averaged concentration profile provides a clear view of
the jet concentration profile pattern, whereas the instantaneous images are relatively chaotic. It is only
necessary to find the time averaged concentration profile for turbulent jets, where turbulent eddies are
present within the jet itself.
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Figure 4-3: Instantaneous images and time averaged concentration profile of jet (  Chu et al. 1999)

4.4.3.2. Gaussian Profiles

The time averaged concentration and velocity profiles that are created across a jet can be well
approximated by Gaussian distributions (Chu et al. 1999, Lee and Chu 2003). An example of
Gaussian distributions used to describe these profiles can be seen below Figure 4-4 ..
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velocity
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Figure 4-4: Representation of characteristic jet pr ~ operties (Chu et al. 1999)

It has been found that the concentration and velocity profiles along a jet are similar, and as such, the
Gaussian distributions that are used to describe these profiles can be formulated in terms of two
parameters. These parameters are a centreline value (maximum) and a measure of the jet width. The
equations that are used to describe the Gaussian distributions for the concentration and velocity
profiles of a jet can be seen below in Equation 1 and Equation 2.

b, 1)

bge " /by (2)

Where,
U = Velocity as a function of radius (m/s)
Uy = Centreline velocity (m/s)
r = Radius (m)
by = Distance at which U = e™U, (m)
C = Concentration as a function of radius
Cy = Centreline concentration
by = Distance at which C = e™Cy (m)
= by / by

In Equation 2 the variable is used to account for the jet mass diffusing more quickly than the jet
momentum. Typically the value of is taken as 1.2 for a round jet and 1.35 for a plane jet.

As FLOW-3D calculates the result based on the basic fundamental of fluid dynamics, results obtain
from FLOW-3D are generally comparable to this distribution.
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4.4.3.3. Top hat Profiles

In certain environments the concentration and velocity profiles along a jet are not well approximated
by Gaussian distributions. In order to overcome these problems a ‘top hat’ distribution is typically
used to describe the concentration and velocity profiles of a jet. For a ‘top hat’ distribution the velocity
and concentration of a jet are assumed to be constant over the jet cross section. The equations that
are used to describe the top hat distribution can be seen below in Equation 3, Equation 4 and
Equation 5. Results in JETLAG are presented using a top hat distribution.

U g
U=—- ®3)
2
/2
=C,—— 4
9742 (4)
B =+/2b, (5)
Where,
U = Velocity (m/s)
Uy = Centreline velocity (m/s)
C = Concentration
Cy = Centreline concentration
= by / by
B = Jet width (m)
by = Distance at which U = e™U, (m)

4.4.4 Variables

This section provides a summary of the effect of certain variables and parameters on the way FLOW-
3D estimates the diffusion of the effluent and turbulence generation and dissipation within each of the
cells. For most cases, the effect of the variable on the diffusion and turbulence will be discussed in
terms of a vertically discharged jet in stagnant flow and a horizontally discharged jet in cross flow.

The FLOW-3D cross-section primarily follows a Gaussian distribution while JETLAG expresses its
result as a top hat profile. In order to compare the two models, the JETLAG results have been
converted into the Gaussian representation.
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4.4.4.1. Turbulence Models

For practical engineering purposes the most successful computational models have two or more
transport equations. This is desirable because two quantities are employed to characterise the length
and time scales of the turbulent processes. In turn the use of transport equations to describe the
variable coefficients allows turbulence creation and destruction processes to have localised rates.
Most transport models invoke one or more gradient assumptions in which a correlation between the
two fluctuating quantities is approximated by an expression proportional to the gradient of one of the
terms. This captures the diffusion-like character of turbulent mixing associated with many small eddy
structures.

The two equation RNG model was chosen as it generally provides a better approximation through its
use of statistical analysis to determine equation constants and has wider application than the other
two equation turbulent model (k- model).

4.4.4.2. Turbulence Length Scale

From the RNG turbulence model that was chosen, TLEN is used to define the lower limit of turbulent
dissipation. A larger value of TLEN will decrease the lower limit of turbulent dissipation and thus allow
larger eddies to form. It is normally better to use a large value of TLEN such that the generation of
turbulent eddies are not limited.

Different values of TLEN were used in the test model to determine its effect on the five parameters,
variability in the TLEN shows no significant effect on the diffusion of effluent in the model, Figure 4-5
to Figure 4-9 . This provides support that a large TLEN does not affect the turbulent generation and
dissipation for smaller eddies and that a large TLEN can be used without concern that it will adversely
affect the generation and dissipation of smaller eddies. The only obstacle in using an exceedingly
large TLEN is that it causes numerical instabilities in the simulation.

The optimal value of TLEN was determined to be 1 as this minimises the risk that the TLEN will limit
the turbulent generation while keeping the simulation numerically stable.
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Figure 4-5: TLEN parametric study — Centreline Conce  ntration
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Figure 4-6: TLEN parametric study — Centreline Velo  city
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Figure 4-8: TLEN parametric study — Plume Radius
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Figure 4-9: TLEN parametric study —Trajectory

4.4.4.3. Diffusion Coefficient Multiplier

The diffusion coefficient multiplier (RMF) artificially increases or decreases the extent of diffusion of
the entity that is being modelled be it the fraction of fluid, scalar or turbulent dissipation etc. In the
two-fluid model, the diffusion coefficient multiplier is also assigned as the diffusion coefficient
multiplier for turbulence.

The study into this variable shows that as RMF is reduced, the centreline concentration is increased
due to a reduction in the diffusion of the fluid fractions, Figure 4-10. Although the centreline velocity is
not affected significantly, Figure 4-11, this effect also reduces the centreline dilution as well as the
plume radius of the jet, Figure 4-12 and Figure 4-13 .The velocity of the jet is not significantly affected
by changes to this variable.

In terms of the location of the centreline, a smaller RMF will increase the vertical position of the jet
with respect to the horizontal location, Figure 4-14 . This is as a result of the reduction in diffusion of
the buoyant jet which contributes to higher buoyant forces as the density difference between the
effluent and the surrounding liquid remains higher.

Through the parametric study, the optimal value for RMF was determined to be 0.75 of the default
RMF value (default RMF value is 20/14). This is a value which provides a slight conservative
estimation on the dilution of the jet.
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Figure 4-10: RMF parametric study — Centreline Conc  entration
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Figure 4-12: RMF parametric study — Centreline Dilu
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Figure 4-13: RMF parametric study — Plume Radius
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Figure 4-14: RMF parametric study — Trajectory

4.4.4.4. Momentum Advection

The momentum advection model in FLOW-3D affects how the velocity and direction is estimated from
a previous time step, and it can affect the diffusion and direction of the jet. There are several
momentum models provided and these have been tested to determine their effect on the modelling of
the jet.

As shown in Figure 4-15 to Figure 4-19 the results for the second order momentum closely resemble
that of the first order and thus it has been omitted. It shows that in terms of the centreline
concentration, velocity and dilution, there are no significant differences between using the different
momentum models.

In terms of the radius of the plume, the first order momentum model estimates a slightly larger plume
radius. However the main difference comes with the direction of the jet where the first order
momentum equation provides a much better comparison to the JETLAG results than the third order
momentum model. In terms of the initial momentum mixing zone, both models provide similar
estimation of the jet’s direction, but once the initial jet momentum diminishes and the buoyant mixing
begins the third order momentum model estimates a smaller buoyant force on the effluent than the
first order model.

When combined with the other parameters, it is considered optimal to use the first order model as it
also provides a faster analysis time.
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Figure 4-15: Momentum advection parametric study — Centreline Concentration
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Figure 4-16: Momentum advection parametric study — Centreline Velocity
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Figure 4-18: Momentum advection parametric study — Plume Radius
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Figure 4-19: Momentum advection parametric study — Trajectory

4.4.5 Results

The final verification of the model comes from using all the parameters to run the four models. All the
cases shown in this section are run with the RNG turbulence model, TLEN of 1, RMF of 0.75, and first
order momentum advection.

The system was run as a two fluid model with one of the fluids being the effluent with density
997kg/m® discharging from an orifice with diameter approximately 0.05m and velocity of
approximately 2.3m/s. This effluent is discharged into the surrounding fluid with properties of 1024
kg/m3. Table 4-1 summarises the properties of the effluent and surrounding fluid.

Table 4-1: Effluent and seawater properties

Effluent Sea Water
Density 997 kg/m® 1024 kg/m®
Salinity 3 ppt 34.7 ppt
Temperature 30°C 22°C
0.00617 m¥/s/diffuser port
Volume Flow Rate N/A
(Assuming 64ML/day over 120 ports)
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Each of the figures is coloured by the scalar concentration which represents the effluent
concentration, with red being the area with a high scalar concentration while blue indicate areas with
little to no concentration. The predicted result from JETLAG is also shown in each of the figures with
the solid line representing the centreline of jet and the dotted line the approximated jet boundary.

Vertical Stagnant

Figure 4-20 shows the estimated trajectory and spread of a jet discharging straight up in stagnant
condition. The results are similar to that estimated by JETLAG. In addition to the result, second
order effects such as spreading of the effluent along the surface of the water (at z =25m) can be
seen in the analysis. This is a result that cannot be obtained via JETLAG and will affect the
trajectory and diffusion of the jet slightly.

Vertical Jet - Stagnant Receiving Water

Z (m)

Concentration Scale: red= high, blue = low
JETLAG plume: centreline extent

X (m)

Figure 4-20: Jet discharging vertically into stagna  nt conditions (red= high concentration, blue=
low concentration of effluent)

Horizontal Stagnant

Figure 4-21 shows the estimated trajectory and spread of a jet discharging horizontally in
stagnant conditions. The model was setup with the left most boundary set to a symmetry
boundary to simulate the result for a “T” riser style horizontal discharge. The results are slightly
offset to the right compared with the JETLAG model. This is possibly due to a second order effect
in which effluent flowing towards the left and into the symmetry boundary is retained and forces
the jet trajectory slightly further away from the boundary.
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Figure 4-21: Jet discharging horizontally into stag
blue= low concentration of effluent)

Vertical with Cross flow
Figure 4-22 shows the estimated trajectory and spread of a jet discharging straight up into a
cross flow of 0.135m/s. The results are similar to that estimated by JETLAG. From the analysis,
characteristics of vortex entrainment are shown to develop along the trajectory of the jet, Figure

4-23. This characteristic cause slight deviation of the jet's trajectory from the JETLAG estimates.

Vertical Jet - 0.135 m/s Crossflow

Concentration Scale: red= high, blue = low

JETLAG plume: centreline extent

157.2 175.0

86.0 103.8 121.6 139.4

326 .
X (m)

/s cross flow (red= high concentration, blue=

Figure 4-22: Jet discharging vertically into 0.135m
low concentration of effluent)
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Figure 4-23: Cross section through jet trajectory s howing characteristics of vortex entrainment

Horizontal with Cross flow

Figure 4-24 shows the estimated trajectory and spread of a jet discharging horizontally into a
cross flow of 0.135m/s. The results are similar to that estimated by JETLAG. Similar to the
vertically discharge jet, vortex entrainment is observed and explains the variation in the trajectory
of the jet from the estimated JETLAG results

Horizontal Jet - 0.135m/s Cossflow

Concentration Scale: red= high, blue = low
JETLAG plume: centreline extent

Z (m)

-3.0 -0.7 1.6 3.9 6.2 8.5 10.8 13.1 15.4 177 20.0

Figure 4-24: Jet discharging horizontally into 0.13 ~ 5m/s cross flow (red= high concentration,
blue= low concentration of effluent)
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5. FIELD DATA REVIEW

A quantity of field data collected for the earlier studies near the proposed diffuser site was processed
to determine the variance in the ambient receiving water body conditions. The measurements
included the current velocity, height above the bed, temperature, specific conductance, salinity, pH,
oxidation reduction potential, dissolved oxygen and turbidity of the receiving water body.

51 Source

The field data measurements were recorded in two separate data sets. The first data set was
recorded between the 25" of September 2007 and the 30" of January 2008 with an Acoustic Doppler
Current Profiler (ADCP) that was placed on the ocean floor at several sites including the proposed
diffuser site. This data was collected by GHD for the EIS and supplied by Gunns Ltd. The ADCP
recorded the current velocity in east-west and north-south directions over the water column height at
ten minute intervals. The ADCPs also recorded the water temperature at the ocean floor and the
depth of the receiving water body. This data was analysed to determine the variation in current
velocity in the receiving water body.

The second data set was recorded between the 1% of December 2006 and the 1* of August 2009.
The measurements recorded in the second data set were taken by hand with a YSI water quality
meter (maintained and calibrated as per the manufacturers specifications) at predetermined locations
near the proposed diffuser site. This data was collected by Gunns Ltd as part of their Baseline &
Operational Monitoring Program. The locations where the measurements were taken can be seen
below in Figure 5-1 . The measurements that were taken by the Gunns Program included the
temperature, specific conductance, salinity, pH, oxidation reduction potential, dissolved oxygen and
turbidity of the receiving water body. The measurements were only taken on days when conditions
were calm in an attempt to capture potential stratification events, and were taken over the entire
depth of the receiving water body with the depth of the measurements being recorded. This data was
analysed to determine the relative variation in temperature and salinity in the receiving water body.
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Figure 5-1: Locations for water quality measurement

5.2 Velocity

The current velocity in the receiving water body plays an important role in the dilution of the effluent in
the near field region. This is because the current velocity in the receiving water body governs the
mixing in the near field region that is created by the passive advection of the effluent.

Tidal flows dominate the velocity field generating a harmonic pattern equivalent to the tidal period.
Additional factors, such as wind stress at the free surface, and pressure gradients due to free surface
gradients (barotropic) or density gradients (baroclinic) can vary the velocity amplitude with lower
frequency patterns.

Under a normal tidal harmonic variation the rate of change of the current velocity is a minimum when
the magnitude of the current velocity is a maximum and conversely the rate of change of the current
velocity is a maximum when the magnitude of the current velocity is a minimum. This means that the
current velocity in a receiving water body will typically spend proportionally more time closer to its
maximum or minimum value than to zero under a normal tidal variation.
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When the receiving water body has a current velocity that is either zero or very close to zero the
effluent that is being discharged from the diffuser will rise quickly to the surface due to buoyant forces.
Once the effluent reaches the surface it will tend to remain in place as concentrations increase. This
effect is known as effluent pooling and produces the poorest performance for a diffuser.

The ADCP data collected at the proposed outfall site was recorded at 10 minute intervals and
included north and east velocity components at half metre intervals from high tide level to the bed. An
examination of a number of timestep profiles indicated some variability at the bed but more
consistency in the upper two thirds of the water column.

Given that most of the effluent plume’s buoyant phase will occur above the bed, the two velocity
components were averaged over the upper two thirds of the water column height to find an
approximate uniform current vector (magnitude and direction) as input to the near-field modelling.
Whilst the CFD model is capable of accepting a spatially variable velocity boundary condition,
applying such a condition greatly complicates the essence of distilling the characteristic performance
of the plume and the generation of a plume cloud for coupling with the far-field model. Furthermore
the data only represents a single location and simulating the spatial variation of the velocity field and
the advection and dispersion of the plume cloud will be undertaken with the far-field model.

It was seen that the uniform current vector had a typical elliptical travel path with minor axis occurring
at a bearing of approximately 165°true north from the location of the ADCP. It is assumed that the
diffuser will be constructed along this minor axis so that the dilution of the effluent will be maximised.
From this data the uniform current velocity perpendicular to the diffuser was found. This velocity will
henceforth be referred to as the cross flow velocity.

The cross flow velocity was plotted over time to analyse any trends in the data. By inspection of the
plot it was found that approximately 245 tidal periods occurred during the ADCP recording, leading to
an approximate tidal period of 12.3 hours. A plot of the complete data set and a plot of a selected
portion of the data set can be seen in Figure 5-2 and Figure 5-3. It can be seen in Figure 5-3 that
the cross flow velocity follows an irregular harmonic pattern.

There is an underlying offset pattern that is superimposed on the normal tidal cross flow velocity.
Rather than having any simple harmonic structure the underlying offset pattern shows a distinct
randomness with a maximum magnitude of around 0.3 m/s, Figure 5-4. The harmonic cross flow
velocity has an amplitude varying from around 0.25 to 0.35 m/s and can therefore be displaced by the
offset velocity by as much as its amplitude or more. The worst case scenario for the diffusion of
effluent occurs over successive tides when the harmonic tidal velocity is shifted approximately by its
amplitude leading to lengthy periods of low to zero cross flow currents. A number of these periods are
evident in the cross flow velocity data, and an example can be seen in Figure 5-5. This underlying
offset pattern is typically driven by wind stress and pressure gradient fluctuations.
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Figure 5-2: Cross flow velocity (entire data set)
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Figure 5-3: Cross flow velocity (selected data set)
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Figure 5-4: Underlying cross flow velocity offset
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Figure 5-5: Amplitude offset of cross flow velocity
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When the magnitude of the cross flow velocity is offset by its amplitude a problem is created for the
performance of the diffuser. The offset creates a period of low cross flow velocity that occurs when
the rate of change of the cross flow velocity is small. This causes the low cross flow velocity to be
present in the receiving water body for an extended period of time, which in turn causes effluent
pooling and poor diffuser mixing performance.

In order to determine the relative frequency of the periods of cross flow velocity offset and to guide
the near field modelling of the diffuser a cross flow velocity magnitude exceedance probability table
was generated, Table 5-1. Note that these values were derived from the average velocity
magnitudes over the upper two thirds of the water column as noted above.

Table 5-1: Cross flow velocity magnitude exceedance probabilities

Velocity, m/s | Exceedance Probability, %
0.000 100
0.0096 99
0.022 95
0.032 90
0.050 80
0.11 50
0.20 20
0.29 5

The relative frequency of these low cross flow velocities was determined by finding the total number
of tidal periods where the magnitude of the maximum or minimum cross flow velocity was within the
90% exceedance probability. Of the 245 tides in the ADCP data approximately 70 tides satisfied this
criterion. This leads to an expectance probability of approximately 29% or 2 out of every 7 tides. It
should be noted that this expectance probability will not be accurate over a short period of time as
tides that satisfied the above criterion were generally clustered together.

5.3 Temperature

The temperature distribution of the receiving water body plays an important role in the dilution of the
effluent in the near field region. This is because the temperature distribution of the receiving water
body together with salinity governs its density distribution, which in turn governs the mixing in the near
field region that is created by buoyant forces.

The field data was analysed to find the average temperature of the receiving water body and the
relative frequency of temperature stratification occurrences in order to determine the temperature
properties of the receiving water body for the near field modelling of the diffuser. The relative
frequency of temperature stratification occurrences is important because it partly determines the
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relative frequency of thermocline occurrences when the effluent plume can become trapped below the
surface resulting in reduced diffusion.

The data indicates the average temperature of the receiving water body was 14.3<TC with a standard
deviation of 2.3C. Colder water is denser than war mer water and creates a greater density difference
between the effluent and the receiving water body. An increased density difference creates more
buoyant mixing and increases the dilution of the effluent.

An exceedance probability table for the temperature difference between the top and bottom layer of
the receiving water body was generated, Table 5-2. For 40% of the time there is no temperature
difference between the top and bottom layer of the receiving water body indicating there will be no
density stratification during these periods. Conversely the data indicates there will be a density
stratification of approximately 0.4 kg/m? for 1% or less of the time due to a vertical temperature
differential of 1.87 °C or greater.

Table 5-2: Temperature difference exceedance probab ilities

Temperature Difference, <C Exceedance Probability, %

0.0 100
0.0 80
0.01 60
0.16 40
0.50 20
0.86 10
1.06 5

1.87 1

It should be noted that this relative frequency data is based on a limited data set collected during
relatively calm periods and is the best available at this time. When completed, the annual field
program will be better able to inform the frequency and duration of stratification events.

5.4 Salinity

The salinity distribution of the receiving water body plays an important role in the dilution of the
effluent in the near field region because, together with temperature, it governs the density distribution
which in turn governs the mixing in the near field region that is created by buoyant forces.

The field data was analysed to find the average salinity of the receiving water body and the relative
frequency of salinity stratification occurrences in order to determine the salinity properties of the
receiving water body for the near field modelling of the diffuser.

The data indicates the average salinity of the receiving water body to be 37 parts per thousand (ppt)
with a standard deviation of 0.64 ppt. The higher the salinity the greater the density of the receiving
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water and the greater the difference between the effluent and the water body. An increased density
difference creates more buoyant mixing and acts to increase the dilution of the effluent.

An exceedance probability table for the salinity difference between the top and bottom layer of the
receiving water body was generated, Table 5-3. For 70% of the time there is no salinity difference
between the top and bottom layer of the receiving water body at all indicating there will be no density
stratification during these periods. It can also be seen that 1% of the time the salinity difference
between the top and bottom layer of the receiving water body is greater than or equal to 0.48 ppt
which will create a relatively large salinity driven density stratification.

Table 5-3: Salinity difference exceedance probabilit  ies

Salinity Difference, ppt Exceedance Probability, %

0.0 100

0.0 50

0.02 30

0.10 20

0.17 10

0.21

0.48 1

5.5 Stratification Impacts

Stratification is defined as a sudden or abrupt change in density over the height of a water body and it
occurs in an ocean when there is a sudden change in temperature at some level within the water
body (thermocline), a sudden change in salinity (halocline) or a sudden change in both temperature
and salinity. Stratification events can cause poor performance of ocean diffusers discharging buoyant
plumes, by damping the vertical mixing of the plume and potentially causing the plume to become
trapped below the surface.

The above exceedance data indicates that thermoclines are likely to be far more significant than
haloclines and that there is a 20% to 30% chance of a significant temperature differential occurring
over the water column. Such a differential does not necessarily indicate an abrupt change in density
that characterises a stratification event and the likelihood of stratification occurring during the data
record would be less than 20%.

The field data that has been collected as part of the current hydrodynamic assessment (2009 and
2010) indicates some potential for stratification. The data shows a distinct 0.7 °C thermocline coupled
with a 0.21 ppt halocline extending from about 6m to 10m below the surface for the December 08,
2009 profile, Figure 5-6 . This is equivalent to a 0.4 kg/m3 density gradient from the surface to a depth
of 11m. The absolute temperatures in this December profile of approximately 14 °C are considerably
lower than the February 06, 2010 profile, Figure 5-7 , where the water temperature almost reaches
20°C.
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Figure 5-6 - December 08, 2009 Temperature and sali  nity profile

Figure 5-7 - February 06, 20109 Temperature and sal inity profile
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A CFD model run was setup to explore the effects of stratification in the receiving water column on
the mixing process and to compare it to a simpler uniform low density conservative approach. The
CFD modeling has demonstrated that buoyant momentum of the plume is a key component of the
mixing process and rather than use the December 08, 2009 stratification event when water
temperatures have not yet reached their summer peak, an equivalent density difference was applied
to the higher February water temperatures to capture a conservative assessment of mixing under
stratified conditions. The model was thus setup with a vertical density profile having a density grading
from 1025.06 kg/m® at the surface grading to 1025.45 kg/m®at 10m depth and then remaining uniform
for the remainder of the water column, Figure 5-8 . The December and February density profiles
together with the uniform profile used in the overall assessment are also shown for comparison. The
model was run for the 300m diffuser length with zero cross flow.

Figure 5-8 - CFD model density profiles
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The plume performance under the stratified density profile shows some interesting results when
compared with the uniform density case. In both cases the plume rises in a similar manner until it
initially reaches the surface, after which different spreading characteristics become apparent.

In the uniform density case, the plume spreads laterally along the surface normal to the diffuser axis
displacing and mixing with the denser receiving water driven by the density gradient. An eddy forms
at the neck of the plume as it spreads laterally forcing a vertical expansion and additional mixing of
the cloud, increasing its height, Figure 5-9 and Figure 5-11 .

In the stratified case the plume spreads laterally, but is retarded by an inverse density gradient at the
surface where the plume is denser than the receiving water. This situation forces the expanding
plume cloud to a depth below the surface where the densities are similar. An eddy also forms at the
neck of the plume, as for the uniform density case, enhancing the vertical spread of the plume, but it
has a weaker structure, Figure 5-10 and Figure 5-12.
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Figure 5-9 - Uniform density model - plume densitie s after 5 minutes

Figure 5-10 - Stratified density model - plume dens ities after 5 minutes
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Buoyant momentum of lighter plum cloud forces
mixing and expansion along the surface

e

Eddy forces plume to
expand downwards

Figure 5-11 - Uniform density model - plume progres  sion

Lighter surface layer forces spreading to occur at a
layer where densities are similar

.
)

Eddy mixing is Strati_fied
weaker than for dens_|ty
uniform density gradient

Figure 5-12 - Stratified density model - plume prog  ression
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5.5.1 Stratification Outcomes

The uniform density model for the 300m long diffuser with zero cross flow indicates a plume cloud
would form across the diffuser with a width of 48m, a height of 9.4m and an initial dilution of 310,
whereas the stratified density model generates a smaller plume cloud of 46m in width, 9.0m in height
and an initial dilution of 284.

Whilst the CFD modeling indicates that a slightly less conservative situation would exist under
stratified conditions, some mitigating factors should be considered:

The stratified density gradient that was modeled was based on a December event at a
nominal water temperature of 14 °C mapped to a February temperature of 20 °C. The
December event indicated a density gradient of of 0.39 kg/m*® whereas the February event
was weaker with a density gradient of only 0.19 kg/ms. The December profiles would tend to
indicate a distinct 10m deep upper layer of warmer and less saline water existed, whereas no
distinct stratification is evident in the February profiles. Whilst no solid conclusions can be
drawn from this small comparison sample, the propensity for significant stratification events to
occur during the warmer water temperature season may be limited by a propensity for greater
vertical mixing.

Stratified conditions are only likely to develop and persist during periods of low wind stress on
the water surface. Analysis of the field data has shown that the problem periods of low initial
dilution through pooling of the effluent plume occur during prolonged periods of very low cross
flow currents which occur throughout the crest or trough of the harmonic tidal current pattern
when wind generated currents counteract the tidal velocity generating a very low net velocity
lasting for several hours. It is thus unlikely that stratification would occur or persist under
these conditions. The more probable occurrence of stratification events is during calm periods
when normal tidal currents dominate. Under these circumstances, the low velocities only
occur for very short periods as the velocity changes direction at high or low tide.

As an outcome it is suggested that stratification occurrences need not be taken into account in the
near field and far field model coupling methodology based on the low chance of an event occurring
and persisting during sustained periods of low cross flows. It is instead suggested that a conservative
uniform density be used for the receiving water body for the near field model to damp the vertical
mixing of the effluent due to buoyancy, which would otherwise predict greater dilution.

5.6 Field Data Outcomes

The field data review has highlighted some issues that will have an impact on performance of the
diffuser and the resulting effluent concentrations around the boundary of the mixing zone. These are
the likelihood of pooling of the surface effluent plume in extended low cross flow periods and the re-
charging of pooled plumes as tidal excursions bring them back over the diffuser in subsequent low
cross flow periods. The pooling effect was also highlighted by others (Herzfeld 2007).
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To better understand the implications of these issues, a slight modification to the original scope of
work for the near-field modelling is warranted to cover the following aspects:

Undertake a detailed assessment of diffuser port configuration and diffuser length to optimise
the initial buoyant mixing using the validated 3D CFD model,

Revise the modeling approach for assessing the diffuser performance and the coupling
methodology by focusing on the 3D CFD model (fully dynamic solution) rather than the
JETLAG model (steady state solution), and

Revise the approach for assessing tidal excursion effects on the plume within the mixing zone
by developing a mass balance model to explore the pooling and re-charging potential over
the four month period of the field data record. This task would not be computationally practical
with the CFD model, and, although it will be addressed more thoroughly with the far-field
model, it was felt that some initial assessment of the pooling and re-charging issues would be
beneficial to an understanding of dilution in the mixing zone. A mass balance model would
also expeditiously facilitate a relative comparison of diffuser length performance and coupling
methodologies.

r\301010-00518 - gunns near field modelling\reports\rp001-ed4-3-dmc.doc
Page 55 301010-00512 : RPOO1-Final : 13 August 2010



WorleyParsons Nomics

resources & energy

GUNNS
BELL BAY PULP MILL
OUTFALL NEAR-FIELD MODELLING

6. DESIGN REVIEW

A review of the proposed diffuser design was undertaken with the objective of identifying any potential
changes that could be made to the design to improve dilution performance. In order to meet this
objective design parameters for the diffuser were varied and the effect of the variation on the spatial
distribution of the effluent plume was assessed.

The two main design parameters that determine the performance of a diffuser are the diffuser port
configuration, Figure 6-1 and the overall diffuser length. Modelling was undertaken to explore the
benefits of varying the diffuser port orientation and the diffuser riser spacing. Modelling the effect of
altering the overall diffuser length is addressed subsequently in the assessment of diffuser
performance, Section 7.

Diffuser Port

‘T’ Riser
Diffuser Port

Diffuser Pipe

Diffuser Pipe

Figure 6-1 - Typical diffuser configurations

6.1 Design Review Modelling

The modelling for the design review was carried out with the validated 3D CFD model. It was
assumed for the design review that the flow rate through each port on the diffuser was equal. The
overall length of the diffuser used for the design review was 300 m.

The diffuser ports specified in the proposed diffuser design are 100 mm Tideflex duckbill valves.
Given a flow rate a discharge velocity can be found through a duckbill valve using standard tables.
For the design review the diffuser ports were simply modelled as a round orifice with an area that
provided the same discharge velocity as a given Tideflex duckbill valve for a given flow rate. As
indicated in Section 4.4.2, initial modelling indicated that the flattened oval shaped jet produced by
these valves tends to circular in a short distance.

For the design review a conservative uniform density of 1024.0 kg/m3 was specified for the receiving
water body. This density requires the receiving water body to have a temperature of 22 C (high late
summer temperature) and a salinity of 34.7 parts per thousand (ppt). The fluid properties for the
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effluent for the design review were supplied by Gunns. It was given that the effluent had a salinity of 3
ppt, a temperature of 30 T and, a density of 997 k g/m>. The fluid properties for the effluent and the
receiving water body for the design review are summarised below in Table 6-1.

Table 6-1: Fluid properties used for design review

"%

For the design review the effluent discharge from only one or two diffuser risers was analysed. Only
modelling one or two risers allows a higher mesh density to be used for the model and allows more
accurate results to be obtained more quickly. Modelling the entire diffuser for the design review is
neither feasible as the model run times would be excessive, nor necessary as the focus is on an
individual riser configuration and interference from adjacent risers.

A water depth of 25 m was used for the design review. This depth was found from bathymetry data
that was provided by Gunns. The bathymetry data showed that for the overall diffuser length the
average water depth is 25 m with minimal vertical variation. The diffuser risers were positioned at a
height of 0.5 m from the base of the model for the design review, giving them a depth of 24.5 m.

A range of mesh densities and boundary conditions were used for the design review. For the diffuser
port orientation a quarter symmetry model, a half symmetry model and an axisymmetric model were
used. For the diffuser riser spacing a half symmetry model was used. The mesh for the design review
was linearly scaled to provide a higher mesh density closer to the diffuser ports where a large change
in hydraulic behaviour was anticipated.

6.2 Diffuser Port Orientation

The effect of varying the diffuser port orientation was assessed for a ‘T’ bar riser with two ports
discharging opposing horizontal flows, as specified in the proposed diffuser design, and a single
vertically discharging port. The spatial distribution of effluent for both configurations was found for a
stagnant receiving water body and a receiving water body with a uniform cross flow velocity.

There are a number of arguments that can be made for and against the use of ‘T’ bar risers with
horizontal diffuser ports, without CFD analysis. This arrangement requires the use of ‘T’ risers along
the length of the diffuser complicating its overall construction and maintenance. The use of vertical
diffuser ports would eliminate the need for risers, simplifying the overall construction and maintenance
of the diffuser. ‘T’ bar risers have two diffuser ports for every riser, whereas vertical diffuser ports
would halve the total number of ports required but would double the flow rate through each one. ‘T’
bar riser ports discharge horizontally so that the initial momentum of the effluent jet is not directed
towards the surface of the receiving water body. This maximises the effluent rise time and provides
increased overall effluent diffusion. The use of vertical diffuser ports would decrease the effluent rise
time and reduce the overall effluent diffusion.
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6.2.1 Stagnant Receiving Water Body

For the stagnant receiving water body two CFD models were created, a quarter symmetry model and
an axisymmetric model. The quarter symmetry model was used to analyse the spatial distribution of
effluent for a horizontal ‘T’ bar diffuser port while the axisymmetric model was used to analyse the
spatial distribution of effluent for a vertical diffuser port. Each model was run for a period of one hour
to allow the spatial distribution of effluent to reach a quasi steady state.

The difference in the spatial distribution of effluent for a horizontal ‘T’ bar diffuser port and a vertical
diffuser port was found by examining two metrics. These metrics were the surface dilution of the
effluent plume as a function of horizontal distance from the diffuser centreline and the overall size of
the effluent plume in the receiving water body.

A plot of the surface dilution of the effluent plume generated by horizontal ‘T’ bar riser ports and a
vertical diffuser port can be seen below in Figure 6-2 . The horizontal ports of a ‘T’ bar riser generally
provide an increased surface dilution over a vertical diffuser port. The only point where the vertical
diffuser port provides an increased surface dilution is where the effluent plume generated by the ‘T’
bar riser ports initially surfaces. The greater horizontal extent of the effluent plume under a vertical
diffuser port is also evident. This is due to the greater vertical momentum that the vertical diffuser port
generates which is subsequently turned into horizontal momentum upon surfacing.
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Horizontal Distance from Diffuser Centreline (m)
—— Horizontal T Bar Diffuser Port —— Vertical Diffuser Port ‘
Figure 6-2: Surface dilution comparison: horizontal ‘T’ bar ports and a vertical port
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A plot of the spatial distribution of effluent generated by a horizontal ‘T’ bar diffuser port and a vertical
diffuser port can be seen below in Figure 6-3.

20m

Horizontal ‘T’ bar diffuser port

54 m

Vertical diffuser port

Figure 6-3: Spatial distribution of effluent obtain ed in a stagnant receiving water body for a
horizontal ‘T’ bar diffuser port and a vertical dif fuser port - red areas contain a high
concentration of effluent
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The vertical diffuser port generates an effluent plume that travels further horizontally than the
horizontal ‘T’ bar diffuser port. While this was also visible in Figure 6-2 it can be seen more clearly in
Figure 6-3 . The effluent plume that is generated by the vertical diffuser port travels 54 m horizontally
while the effluent plume that is generated by the horizontal ‘T’ bar diffuser port travels 47 m
horizontally, this is a difference of 7 m or 15%. This difference is due to the greater vertical
momentum that the vertical diffuser port generates which is subsequently turned into horizontal
momentum upon surfacing. It can also be seen in Figure 6-3 that the effluent plume that is generated
by the vertical diffuser port reaches a depth of 3 m in the receiving water body as it spreads out while
the effluent plume that is generated by the horizontal ‘T’ bar diffuser port reaches a depth of 2 m as it
spreads out, this is a difference of 1 m or 50%. The same concentration colour scale is used in each
image.

Despite the vertical diffuser port generating an effluent plume that spreads further at a greater depth it
was seen that the horizontal ‘T’ bar diffuser port provided an increased surface dilution. This is due to
the effluent plume generated by the horizontal ‘T’ bar diffuser port having a higher dilution upon
initially reaching the surface and the presence of recirculation zones. These recirculation zones
reached a depth of 20 m and can be seen above in Figure 6-3 and below in Figure 6-4 .

Recirculation zones

bl

Figure 6-4: Recirculation zones obtained in a stag  nant receiving water body for a horizontal
‘T’ bar diffuser port - red areas contain a high co  ncentration of effluent, black arrows are
velocity vectors which indicate the presence of rec irculation zones
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The recirculation zones that can be seen in Figure 6-3 and Figure 6-4 trap a large volume of effluent
below the surface of the receiving water body. This effluent is then diffused so that it occupies a large
volume at a relatively low concentration. By trapping the effluent at a relatively low concentration
below the surface of the receiving water body the horizontal ‘T’ bar diffuser port is able to generate an
increased surface dilution, as such, the presence of a recirculation zone is pivotal to the performance
of a horizontal ‘T’ bar diffuser port.

6.2.2 Receiving Water Body with a Uniform Cross Flo w Velocity

For the receiving water body with a uniform cross flow velocity a half symmetry CFD model was
created to analyse the spatial distribution of effluent for a horizontal ‘T’ bar diffuser port and a vertical
diffuser port. The model was setup with a horizontal length of 175m and a uniform cross flow velocity
of 0.135 m/s and was run until a steady state spatial distribution of effluent was obtained.

The difference in the spatial distribution of effluent for a horizontal ‘T’ bar diffuser port and a vertical
diffuser port was found by examining two metrics. These metrics were the dilution of the effluent
plume as a function of distance along the effluent plume’s centreline and the overall size of the
effluent plume in the receiving water body.

It was found that under a uniform cross flow velocity the formation of recirculation zones was not
possible and as such the horizontal ‘T’ bar diffuser port provided similar performance to the vertical
diffuser port for both performance metrics.

6.3 Diffuser Riser Spacing

The effect of varying the diffuser riser spacing was assessed by comparing the spatial distribution of
effluent for six different riser spacings. The modelling was undertaken with a uniform cross flow
velocity.

There are a number of arguments that can be made for different diffuser riser spacing regimes,
without CFD analysis. For a fixed diffuser length a spacing regime that places risers closer together
produces a lower flow rate per port, this gives less mass and hence less momentum to the effluent
jets discharged from the diffuser ports. Effluent jets that have a reduced momentum will be diffused
more quickly and will have a longer rise time due to increased buoyant energy dissipation. The size of
the effluent plume that is discharged from the diffuser will also be increased due to the increased
number of diffuser ports. For these reasons the use of a riser spacing regime that places risers closer
together potentially produces higher levels of effluent diffusion. The drawback of using a more closely
spaced riser regime is that it requires an increased number of risers and hence complicates the
construction and maintenance of the diffuser. In order to provide a balanced solution the performance
of the diffuser must be weighed against the construction and maintenance costs of a given riser
spacing regime.
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A number of different riser spacings were selected for the design review. In order to provide similar
discharge velocities for each of the different riser spacings the size of the Tideflex duckbill valve used
for the diffuser ports was varied. The selected spacings and diffuser port properties used for the
design review can be seen below in Table 6-2. For each of the spacings a vertical diffuser port
orientation was used, this was based on the recommendations that are made below.

Table 6-2: Riser spacing and diffuser port properti  es used for design review

% | $ & ' ) X

* |

Six half symmetry CFD models were created for the design review of the diffuser riser spacing. The
half symmetry models were used to analyse the spatial distribution of effluent for each of the diffuser
riser spacings. In order to model the interaction of the effluent jets two risers were used for each of
the models. The receiving water body was given a uniform cross flow velocity of 0.135 m/s and a
length of 175 m for each of the models. The boundary conditions that were used for each of the
models can be seen below in Figure 6-5. The models were run until a steady state distribution of
effluent was obtained.

Velocity Boundary  Diffuser Riser x/ Symmetry Boundary ~ Outflow Boundary
\Diffuser Riser Plan View V\ Symmetry Boundary
Figure 6-5: Boundary conditions used for the design review of the diffuser port spacing
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The difference in the spatial distribution of effluent for the different diffuser riser spacings was found
by examining two metrics. These metrics were the path of the centreline of the effluent plume through
the receiving water body and the dilution of the effluent plume as a function of distance along the
effluent plume’s centreline.

The path of the centreline of the effluent plume through the receiving water body can be seen for the
different riser spacings in Figure 6-6 . The rise time of the effluent plume decreases as the risers are
spread further apart. This difference in rise time is due to the increased initial momentum of the
effluent jet and the subsequent decrease in the dissipation of the effluent jet’'s buoyant energy. It can
also be seen in Figure 6-6 that the difference in rise time becomes more pronounced as the diffuser
riser spacing is increased above 7.5 m. It should be noted that the path of the centreline of the
effluent plume that was obtained for the two diffuser risers that were modelled was identical in plan
view for all riser spacings.

The dilution of the effluent plume as a function of distance along the effluent plume’s centreline can
be seen for the different riser spacing regimes in Figure 6-7 . The dilution of the effluent plume
decreases as the risers are spread further apart due to the increased mass of the effluent plume. It
can also be seen in Figure 6-7 that the dilution curves for the 3 m, 4 m and, 5 m riser spacings are
clustered together, the dilution curves for the 7.5 m and 10 m riser spacings are clustered together
and the dilution curve for the 15 m riser spacing is not clustered together with any other dilution curve.
The 3 m, 4 m and, 5 m riser spacings use the same size duckbill valve, the 7.5 m and 10 m riser
spacings use the same size duckbill valve and the 15 m riser spacing uses a duckbill valve size that is
not common to any other spacing, Table 6-2. From this it can be concluded that the centreline dilution
of the effluent plume is primarily a function of the diffuser port diameter and the riser spacing. It
should be noted that the dilution of the effluent plume that was obtained for the two risers that were
modelled was identical for all spacing regimes.

The 4 m riser spacing model was run for two different operating scenarios. In the first scenario the
model was run with only one riser operating, in the second scenario the model was run with both
risers operating. The two scenarios were run so that the effect of the interaction of the effluent plumes
on the diffusion of the effluent could be examined. It was found that the interaction of the effluent
plumes increased the diffusion of the effluent by forcing the effluent to occupy an increased body of
water by the counter rotating currents that were produced by the buoyant mixing of the effluent
plumes. The counter rotating currents prevented the plumes from mixing together and helped spread
the effluent over a greater height of the water column, this can be seen in Figure 6-8 . Placing diffuser
risers closer together increases the interaction of the effluent plumes and hence helps to increase the
diffusion of the effluent. The same concentration colour scale is used in both images.
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Figure 6-7: Centreline dilution of effluent plume f  or different diffuser riser spacing
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(a) (b)
Figure 6-8: Cross section of effluent plume perpend icular to cross flow direction for (a) a
single operating riser (b) two operating risers - r ed areas contain a high concentration of
effluent, black arrows are fluid velocity vectors

6.4 Diffuser Internal Hydraulics

The diffuser’s internal hydraulic characteristics, including headloss, flow and velocity distribution has
been assessed with CORHYD (Bleninger & Jirka, 2005).

CORHYD has been developed for the calculation of velocities, pressures, head losses and flow rates
inside an ocean outfall including the diffuser port orifices. The calculation is based on the application
of the steady continuity and work-energy equations between ambient fluid at the discharge points and
the effluent inside the diffuser pipe. Emphasis is given to the implementation of all occurring losses
especially where high risers, duckbill valves, multiple ports and more complex discharge
configurations are applied.
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The main considerations in the design of the diffuser pipe are :

headlosses through the feeder line,

sizing of the diffuser pipe to optimise uniformity in port flow distribution from proximal to distal

ports,

having sufficient velocity in the feeder and diffuser sections to overcome sedimentation,

having sufficient velocity in the diffuser section to initially purge the line of sea water and to

overcome intrusion through the distal ports when operating at low flows.

The model was setup with the following parameters :

Overall length (feeder + diffuser)

Feeder pipe diameter
Diffuser length
Diffuser pipe diameter
Diffuser ports

Total flow

Water depth @ centre of diffuser pipe

Ambient water density
Effluent density

Pipe equivalent sand roughness
Port equivalent sand roughness

3000 m

0.8m, 1.0m & 1.2m
250 m

0.8m, 1.0m & 1.2m

100 mm Duckbill valves @ 5m centres

64 Ml/day

245 m

1024 kg/m®

997 kg/m®

0.05 mm (HDPE)
0.15 mm

The results of the model runs for the 250m long diffuser are summarised in Table 6-3.

Table 6-3 - 250m Long diffuser pipe characteristics

Diffuser Pipe

Length 250 m 250 m 250 m
Diameter 0.8 m 1.0m 1.2m
Port flow deviation -0.8% to 3.3% -0.2% to 0.6% -0.1% to 0.1%
Proximal velocity 1.47 m/s 0.94 m/s 0.66 m/s
Distal velocity 0.03 m/s 0.02 m/s 0.01 m/s
Feeder Pipe

Diameter 0.8 m 1.0m 1.2m
Velocity 1.47 m/s 0.94 m/s 0.66 m/s
Headloss 4.8m 1.6m 0.64 m
% of relative head 60% 32% - 33% 16%
Pipe System

Head relative to MSL 8.1m 48mto4.9m 39m
Total Head 32.6m 29.3mt029.4m 28.4 m

As evident in the above table, the 0.8m diameter feeder pipe imposes a significant headloss whereas
the 1.2m diameter feeder provides a relatively smaller improvement over the 1.0m diameter feeder
pipe. The variations in the overall system head for the 1.0m diameter feeder reflect small changes
when the feeder is coupled to different diffuser pipe diameters ( the model was run with the 1.0m
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diameter feeder coupled to each of the three diffuser diameters). In a similar comparison the 1.0m
diameter diffuser pipe provides an optimal performance in terms of uniformity of port flow distribution
and velocity distribution along the pipe. A 1.0m diameter feeder pipe coupled to a 1.0m diameter
diffuser pipe is recommended, Figure 6-9.

It should be noted that the relatively uniform distribution in port flows along the diffuser is an outcome
of using Duckbill valves with their variable orifice size, however this benefit comes at the cost of
needing a greater total system head to overcome the increased headloss through the valves.

The model was also configured with the 1.0m diameter feeder and diffuser pipes to compare the

effect of different diffuser lengths, Table 6-4. As the diffuser becomes longer the headloss across the
length of the diffuser pipe increases and results in a poorer distribution of port flows. If necessary, this
situation could be overcome with an increased diffuser pipe diameter at the cost of reduced velocities.

Table 6-4 - Comparative diffuser pipe characteristi  ¢s (200m to 500m lengths)

Diffuser Pipe

Length (m) 200 250 300 400 500
Diameter (m) 1.0 1.0 1.0 1.0 1.0
Port flow deviation (%) -0.3t00.4 | -0.2t00.6 | -0.3t0 1.2 | -0.5t0 2.0 | -0.8t0 3.0
Proximal velocity (m/s) 0.94 0.94 0.94 0.94 0.94
Distal velocity (m/s) 0.02 0.02 0.02 0.01 0.01
Feeder Pipe

Diameter (m) 1.0 1.0 1.0 1.0 1.0
Velocity (m/s) 0.94 0.94 0.94 0.94 0.94
Headloss (m) 1.6 1.6 15 15 1.4
% of relative head 30% 32% 34% 37% 39%
Pipe System

Head relative to MSL (m) 5.3 4.8 4.5 4.0 3.6
Total Head (m) 29.8 29.4 29.0 28.5 28.1

The sea bed at the diffuser site has a uniform bathymetry and a generally rocky substrate, and
together with the use of Duckbill valves and a reasonably uniform effluent discharge rate, there is little
propensity for intrusion of suspended sea bed sediments into the diffuser pipe

The propensity for sedimentation of the effluent, itself is understood from the flocculation studies to be
not significant, and thus whilst velocities at the distal end of the diffuser pipe are low, reduced
performance resulting from sedimentation should not be an issue. The usual approach is to step
down the diffuser pipe diameter at one or more locations to increase the pipe velocity above a critical
scour velocity. These changes in pipe diameter have the negative impacts of creating a poorer
distribution in port flow downstream of any step down and complicate the procedure for maintenance
cleaning of the diffuser with a ‘pig’.

Another major concern of marine outfalls is the ability to completely purge sea water from the diffuser
pipe. Purging is especially difficult for buried and tunnelled outfalls with vertical risers as the head
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required to purge a riser of sea water is a function of the density differential between the effluent and
ambient water, and the riser height. When effluent flow at the distal end of the diffuser is below the
theoretical purging flow, a steady state circulation develops whereby effluent discharges from the
proximal ports while sea water is drawn in through the distal ports creating a salt wedge within the
diffuser pipe and significantly reducing its effectiveness. A Duckbill-fitted diffuser prevents this
circulation from occurring because the check valves prevent any reverse flow. Since sea water cannot
intrude, the buoyant effluent flows along the crown of the pipe to the end of the diffuser, occupies all
of the risers, then entrains and discharges the sea water with the effluent.

The CORHYD model provides an indication of likely sea water intrusion by means of the densimetric
Froude number, which in all cases modelled, far exceeds the threshold.

ME flow properties for Q = 0.741 m¥s (necessary total head Ht = 29.32m)
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Figure 6-9 - CORHYD results: 1.0m feeder and diffus  er diameter

r\301010-00518 - gunns near field modelling\reports\rp001-ed4-3-dmc.doc
Page 69 301010-00512 : RPOO1-Final : 13 August 2010



WorleyParsons Nomics

resources & energy

GUNNS
BELL BAY PULP MILL
OUTFALL NEAR-FIELD MODELLING

6.5 Recommendations

A number of recommendations are made for the diffuser design and the near field modelling for
overall diffuser performance based on the analysis that was carried out for the design review. These
recommendations concern the port orientation and the riser spacing used for the diffuser, and the
boundary conditions to be used in the near field modelling for the diffuser performance and coupling
regime. These recommendations have been adopted for all further modelling work.

Under stagnant receiving water body conditions horizontal ‘T’ bar diffuser ports provide higher levels
of effluent diffusion than vertical diffuser ports, this is primarily due to the formation of recirculation
zones within the stagnant receiving water body. Under non stagnant receiving water body conditions
the formation of recirculation zones is prevented and similar levels of effluent diffusion are obtained
for horizontal ‘T’ bar diffuser ports and vertical diffuser ports. The highly transient and non uniform
nature of the receiving water body conditions makes the formation of recirculation zones unlikely.
Therefore it is recommended that vertical diffuser ports instead of ‘T’ bar risers with horizontal diffuser
ports be used for the diffuser design, as this will reduce construction and maintenance costs for the
diffuser while still providing similar levels of effluent diffusion.

For a fixed diffuser length a riser spacing that places risers closer together produces increased
effluent plume rise time and increased effluent diffusion. This is primarily due to the increased number
of ports that such a riser spacing regime requires and the resulting reduction in mass flow rate that
this produces for each port. Similar effluent plume centreline paths and centreline dilutions were
observed for 3 m, 4 m and, 5 m diffuser riser spacing regimes. Based on this it is recommended that
a 5 m diffuser riser spacing regime be used for the diffuser design, as this will reduce construction
and maintenance costs for the diffuser while still providing similar levels of effluent diffusion.

While carrying out the analysis for the design review of the diffuser riser spacing it was found that the
interaction of two effluent plumes could be captured without modelling two diffuser risers. It was seen
that the counter rotating currents that were produced by the buoyant mixing of the two effluent plumes
produced a natural symmetry plane for the effluent plumes, this symmetry plane can be seen in
Figure 6-8 (b). It is therefore recommended that future modelling work use a symmetry plane to
represent the presence of other diffuser risers, as this will allow an increased mesh density to be used
for the model and subsequently allow more accurate results to be obtained more quickly.
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7. DIFFUSER PERFORMANCE

7.1 Near Field CFD Modelling for Performance and Co upling

Near field modelling of the diffuser performance was carried out with the validated 3D CFD model
with the objective of identifying the initial mixing for a range of diffuser lengths and an associated
coupling methodology. The modelling for this exercise addressed the effect of variation in ambient
receiving water body conditions and diffuser design parameters and identified the distribution of the
effluent plume cloud in the near field region. In order to meet this objective some fifty different CFD
models were setup and run.

The results were analysed and the terminal plume cloud was schematised as a box representing
dynamic equilibrium conditions of the plume at the surface suitable for one way and quasi two way
coupling.

7.1.1 Ambient Receiving Water Body Conditions

As discussed previously, of the different components that make up the ambient receiving water body
conditions the density distribution and cross flow velocity have the largest effect on the distribution of
effluent in the near field region. Stratification events are unlikely to occur during critical low flow
periods and a conservative uniform density has been used for the receiving water body for the near
field model to damp the vertical mixing of effluent due to buoyancy, Section 5.5.1. This methodology
prevents occasional trapping of effluent plumes from occurring, but provides a continuous reduction in
the vertical mixing of effluent.

As a result of using a conservative uniform density it is only necessary to investigate the effect of

altering the cross flow velocity of the receiving water body in the near field model. A distribution of
cross flow velocities were extracted from the exceedance probability curve for cross flow velocity

magnitude and are shown below in Table 7-1.

The cross flow velocities used for the near field modelling are not evenly distributed over the cross
flow velocity magnitude exceedance probability curve, Figure 7-1 and are partially clustered around
0 m/s and 0.06 m/s. The additional detail around zero current was applied to capture the change in
effluent distribution with low cross flow velocities when diffuser performance is generally at its
poorest.

When an effluent plume reaches the surface of a receiving water body its vertical buoyant momentum
is converted into horizontal motion and at low cross flow velocities it is possible for the horizontal
momentum of an effluent plume to overcome the horizontal momentum of the ambient current and
spread in both upstream and downstream directions on the surface of the receiving water body. Once
a critical cross flow velocity is reached the horizontal momentum of the effluent plume is no longer
able to overcome the horizontal momentum of the ambient current and the effluent plume is spread
only in the direction of the cross flow velocity.
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Several cross flow velocities in the distribution are clustered around 0.06 m/s to capture this
phenomenon. The change in diffusion pattern that occurs at this critical cross flow velocity results in
poor diffuser performance,.

Table 7-1: Cross flow velocities and exceedance pro  babilities for near field modelling
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120%

Points represent cross flow velocities used in near-field CFD performance and
coupling modelling
100%

Note: Cross flow velocities sampled from 2007 ADCP data (GHD) as average of
upper two thirds of half metre interval water column readings

80%
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Cross Flow Velocity (m/s)

Figure 7-1: Cross flow velocity magnitude exceedanc e probability curve and cross flow velocities used
for near field modelling

7.1.2 Performance and Coupling Model Setup

As identified previously, under most flow conditions the use of risers with vertical diffuser ports
provides a similar level of diffusion to the use of ‘T’ bar riser horizontal diffuser ports whilst simplifying
the overall construction and maintenance of the diffuser. It was also identified previously that the use
of a 5m centre to centre spacing for risers provides the optimum trade off between maximising riser
spacing and maximising effluent diffusion.

With the variation in diffuser port orientation and riser spacing having been addressed it is only
necessary to investigate the effect of altering the overall diffuser length, and with guidance from the
initial mass balance model results, (Section 7.3 below), diffuser lengths of 200m , 300m, 400m, &
500m were investigated.

The previous validation process established optimum values of the user variable parameters within
Flow3D. The resulting values of the parameters were used for all near field coupling modelling, Table
7-2.
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Table 7-2: Flow3D model parameters used for near fi  eld modelling

Parameter Value
Turbulence Model Renormalisation Group (RNG)
Turbulent Mixing Length 1.0m
Diffusion Coefficient Multiplier 75% of Default Value, 15/14
Momentum Advection First Order

A constant flow rate of 64ML per day was discharged from the diffuser for the near field model. This
flow rate was provided by Gunns and is the design flow rate for the diffuser. It was assumed for the
near field model that the flow rate through each port on the diffuser would be equal. Vertical duckbill
valves with a 5m centre to centre spacing were used for the near field model as recommended by the
design review, Section 5. The size of the duckbill valves was altered based on the length of the
diffuser, as a change in diffuser length creates a subsequent change in diffuser port flow rate.

Given a flow rate, a discharge velocity can be found through a duckbill valve using standard tables.
The ports in the near field model were simply modelled as a round orifice with an area that provided
the same discharge velocity as a specified duckbill valve for a given flow rate. The range of diffuser
lengths that were analysed in the near field diffuser performance model and the associated flow
properties are summarised below in Table 7-3.

Table 7-3: Diffuser lengths and associated flow pro  perties used for near field modelling

Diffuser Port Flow Discharge
Length, m Ol Rate, m®/s PRI, [ Velocity, ?n/s Port Area oy, m*
200 41 0.01807 0.15 2.8 0.00655
300 61 0.01214 0.10 4.1 0.00301
400 81 0.00914 0.10 3.6 0.00262
500 101 0.00733 0.10 3.1 0.00240

The data review indicated the average temperature of the receiving water body to be 14.3C with a
standard deviation of 2.3 and the average salinity to be 37 parts per thousand (ppt) with a standard
deviation of 0.640 ppt. These average values translate to an average density of the receiving water
body of 1027.5 kg/m>. As a conservative assessment, a density of 1024.0 kg/m® was used in the near
field model. Such a density would require the receiving water body to have a temperature of 22T and
a salinity of 34.7 ppt. Both these values are over 3 standard deviations from their respective means
and represent over 99.9% confidence limits.

The fluid properties of the effluent were supplied by Gunns and together with the fluid properties of
the receiving water body are summarised below in Table 7-4.
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Table 7-4: Fluid properties used for near field mod  elling

"%
$ |

The modelling of the entire diffuser’s performance can be simulated through a single riser and the use
of appropriate boundary conditions, as demonstrated above (Section 5). Limiting the model to a single
port allows a higher mesh density to be used for the model, and more accurate results to be obtained
with faster run times. This approach is more conservative than modelling the entire length of the
diffuser as the overall volume of the receiving water body is reduced and end effects that will allow
greater dilution are not considered.

A water depth of 25m was used, as indicated by the bathymetry data that was provided by Gunns.
The variation in depth over the range of diffuser lengths being modelled is 2m with an average depth
of 25m. The single port in the near field model was positioned at a height of 0.5m from the base of the
model, giving the port a depth of 24.5m.

The boundary conditions that were used for the near field diffuser performance modelling were
equivalent to the boundary conditions that were developed previously. A half symmetry model was
used with a symmetry plane boundary passing through the centre of the diffuser port. Another
symmetry plane boundary was horizontally offset from the first and was used to represent the effluent
spreading limit that is created by nearby diffuser ports. Both symmetry boundaries were given a fluid
height of 25m. The upstream boundary was specified as a velocity boundary with a fluid height of
25m, the downstream boundary was specified as an outflow boundary with a fluid height of 25m. The
upstream and downstream boundaries allow fluid to enter the model at a specified velocity and leave
the model downstream at the same velocity while maintaining a fluid height of 25m across the model.
The top boundary was specified as a wall boundary with a uniform cross flow velocity, the bottom
boundary was also specified as a wall boundary but without a uniform cross flow velocity. These
boundary conditions are summarised below in Table 7-5 and shown visually in Figure 7-2 .

Table 7-5: Boundary conditions used for near field modelling
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The size of the mesh in the near field model was altered based on the cross flow velocity of the
receiving water body and the overall diffuser length. The total number of cells in the near field model
varied between 65000 and 210000. The mesh was linearly scaled to provide a higher mesh density
closer to the diffuser port where a large change in hydraulic behaviour was anticipated. A typical
mesh used for the near field model can be seen in Figure 7-2.

Top Boundary
Left Boundary * Right Boundary

N

\ Bottom Boundary
Back Bounda
X Y

Diffuser Port Elevation View

\ Diffuser Port ‘\

Plan View Front Boundary

Figure 7-2: Boundary conditions and mesh used for near field modelling

7.1.3 Duration of Runs

To enable effluent coupling between the near field and far field models, the near field model mixing
processes should achieve a state of quasi equilibrium where the effect of the buoyant momentum has
essentially been expended.

A ten minute duration is considered appropriate for the following reasons:

The ADCP field data (Section 5.1) was recorded in ten minute increments and based on
inspection of this data it is thought that the rate of change of the ambient receiving water body
conditions is well captured by a ten minute time period.

The effluent plume generated by the diffuser will surface and reach a quasi static spatial
distribution for a majority of cross flow velocities in a ten minute time period. For high cross
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flow velocities the plume will not have surfaced within ten minutes, but since such flows occur
infrequently and for short durations, and create high effluent dilutions, they are not considered
critical in assessing concentration targets.

7.1.4 Results

To facilitate coupling with the far field model the quasi equilibrium state of the effluent plume can be
considered as a cloud at the water surface with a width normal to the diffuser line, a length equal to
the port spacing, a height from the surface down into the water column, and a centroid that is offset
from the diffuser in the direction of the ambient current.

Initially a diffuser with a length of 300m was modelled for the range of cross flow velocities listed in
Table 7-1 to ascertain the distribution of these plume cloud parameters. A review of the results
indicated there were linear trends in the distribution of the effluent over a number of cross flow
velocities and as a result the number of cross flow velocities modelled for the other diffuser lengths
was reduced. In all some 50 model runs were undertaken to characterise the effluent plume cloud
across the range of cross flow velocities for the four diffuser lengths.

The results of these runs are presented in Figure 7-3 to Figure 7-6, and Table 7-6.
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Figure 7-3 - Effluent plume cloud width characteris tics
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Figure 7-4 - Effluent plume cloud height characteri  stics
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Figure 7-5 - Effluent plume cloud offset characteri  stics
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Figure 7-6 - Effluent plume cloud dilution characte  ristics

Table 7-6: Summary plume cloud characteristics for coupling
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7.2 Jetlag Modelling

The JETLAG model essentially provides the progressive trajectory, diameter and average dilution of
the plume through the jet momentum and buoyancy phases, until the centreline trajectory reaches the
surface. JETLAG does not model the further progression of the plume as it spreads across the
surface and develops into a cloud, and therefore cannot directly be used to characterise the plume
cloud for coupling with the far-field model. Furthermore, JETLAG identifies the plume radius at a
preset cutoff concentration of 0.036 rather than referencing the radius at zero concentration. Thus, in
the case of the model for this study, the output of a JETLAG run tends to underestimate the mass of
effluent contained in the defined plume by a factor of about 2.

The JETLAG model was setup to replicate the port characteristics of the 300m diffuser for a
comparison with the CFD results across the range of cross flow velocities.

The duration of the JETLAG model runs until the trajectories reached the surface varied from 158
seconds with zero cross flow to 1235 seconds for the maximum cross flow. As indicated above, the
plume cloud characteristics developed with the CFD model were determined for a 10 minute interval,
and the JETLAG dilutions were adjusted to accommodate the conservation of mass and the variable
durations so that they could be compared subsequently with the CFD plume cloud dilutions, Table
7-7. The plume cloud $ ' was estimated from the length of the plume occupying the upper 9m of
the water column for a comparison with the CFD one way coupling methodology (Section 8.2 below).

Table 7-7: JETLAG plume characteristics (300m diffu  ser length)

Cross Flow Trajectory Plume Cloud JETLAG Dilution Dilution
Velocity Offset Dilution adjusted for based on
(m/s) (m) based on 9m mass and 10 minute
depth duration discharge
(m) at 64 Ml/d
0.0 0 5 281 539 30
0.053 12 8 767 972 49
0.073 25 20 1422 1231 122
0.094 44 50 2473 1605 304
0.114 65 75 3540 1895 456
0.135 87 105 4544 2133 639
0.153 108 135 5373 2312 821
0.175 135 170 6361 2500 1003
0.21 182 215 7910 2774 1307
0.25 238 280 9590 3052 1703
0.295 309 365 11511 3334 2220
0.345 394 465 13588 3610 2828
0.4 494 600 15016 3690 3649
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A sampling of the JETLAG plume trajectories, plume diameter and plume cloud schematic is shown
below, Figure 7-7 .
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Figure 7-7: JETLAG plume trajectories (300m diffuse  r length)

7.3 Tidal Excursion Mass Balance Model

7.3.1 Issues

It has been recognised for some time that obtaining sufficient initial mixing would be the key to
achieving the dilution objectives for meeting concentration targets, and that periods of zero or very
low cross flow would be the most critical. The analysis of the available field velocity data indicated
that effluent pooling could occur under near zero cross flow currents at various times.

The terminal condition of the jet momentum and buoyant energy of the plume can be considered as a
cloud of dilute effluent at the surface witha$ ' normal to the diffuser, a length equal to the port
spacing, a depth in the water column, and an offset from the diffuser dependent on the magnitude of
the cross flow current. Pooling occurs under zero to very low cross flow velocities as more effluent
mass is fed into the cloud before the ambient velocity increases and the cloud is advected away.
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Another situation occurs when a previous cloud re-enters the mixing zone and passes over the
diffuser on a subsequent tidal excursion and becomes re-charged with effluent mass.

These pooling effects present the worst case situation in relation to achieving adequate constituent
concentration targets in the far field.

7.3.2 Objectives

As highlighted in the outcomes of the data review (Section 5.6 above) the proposed approach of
modelling the tidal excursion in the CFD model would not be practical (model domain and run-time
considerations). To further explore the issue a simple gridded mass balance model was developed.
The model essentially replicates the coupling mechanism that is proposed for the far field model
based on effluent plume cloud characteristics at discrete time steps.

The objective in establishing a tidal excursion mass balance model was to enable the characteristics
of these issues to be explored expediently and to facilitate a comparison between diffuser lengths and
their relative impact on the target dilutions, and to compare the relative differences between coupling
methods. Although an allowance has been included for diffusion, the limitations of this approach are
understood, and it is not intended that the results should be used to confirm effluent concentration
targets.

7.3.3 Schematisation

In essence, the mass balance model distributes the effluent mass discharged over each time step into
the cells encompassing the effluent plume cloud. The mass in the cells is then advected according to
the velocity data at the next time step and an allowance has been included for diffusion based on
density differences between adjacent cells.

The model was written as a Windows application and operates by processing the time-varying
ambient velocity data as shown below in Figure 7-8.
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Figure 7-8: Mass balance model flow chart

Preliminary results from the far field modelling (MetOcean, Oct 2009) indicate that the ambient
velocity field in the region of the diffuser is quite variable in magnitude and direction and generates
significant turbulent mixing. For simplicity, the mass balance model employs a uniform ambient
velocity field based on velocities recorded or modelled at the diffuser site. As an outcome of this
limitation the model is expected to be conservative.

The spatial framework for the model is a 5m horizontal by 2m vertical grid extending 6km east-west
and 4km north-south, centred over the diffuser. The time-varying ambient velocity is applied uniformly
across the model's domain as x and y components, derived from averaging the recorded x and y
components through the upper two thirds of the water column. The time steps in the model replicate
those of the recorded data. In the case of the ADCP dataset recorded from 25 September 2007 to 30
January 2008 at the diffuser site, these are 10 minute intervals with velocities being recorded at 0.5m
depth increments.

At the start of each time step, the mass of effluent in each cell is diffused horizontally and vertically
simply by a proportion of any positive mass gradient with adjacent cells. The rate of diffusion used is
0.1 for the horizontal component and 0.01 for the vertical. The resultant mass in each cell is then
advected by a discrete number of cells in accordance with the x & y ambient velocity components,
after which new mass is added in accordance with the plume cloud characteristics derived from the
initial diffuser design CFD modelling. These cloud characteristics were subsequently refined through
extensive CFD modelling (above) to provide the boundary conditions for the two coupling
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approaches. The initial plume cloud characteristics for a 300m diffuser are summarised below in
Table 7-8.

Table 7-8: Initial plume cloud characteristics used for mass balance model for a 300m diffuser

# 6 ,

7.3.4 Coupling Comparison

Comparative runs were undertaken with the mass balance model to characterise the conservatism in
using one way as against two way coupling. The runs were configured with a 300m diffuser with the
effluent cloud parameters as shown in Table 7-8 used for the two way coupling and the zero cross
flow parameters used across all velocities for the one way coupling.

The resulting 72 hour running average dilutions (mean and peak values for all affected surface cells
around the mixing zone boundary) for the 4 months of recorded data were compared, the result of this
comparison can be seen in Figure 7-9 . There is a distinct difference in outcomes between the two
coupling methods with the more conservative one way approach delivering 20% to 34% less dilution
on mean values and 17% to 31% on peak values.
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Figure 7-9: One way and two way coupling comparison for 300m diffuser
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7.3.5 Diffuser Performance Comparison

Comparative runs were undertaken with the mass balance model to assess the relative performance
of diffuser length using the effluent cloud parameters as shown in Table 7-8 for the two way coupling.
The results expressed as relative increases in dilution over the 200m diffuser indicate progressive

benefits of the longer diffusers, Table 7-9.

Table 7-9: Effect of diffuser length on dilution pe  rformance

Length 10" Percentile 25" Percentile 50" Percentile
200m 1.0 1.0 1.0
300m 1.05 1.15 1.18
400m 1.22 1.36 1.45
500m 1.37 1.58 1.69
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8. NEAR FIELD / FAR FIELD COUPLING

8.1 Introduction

The hydrodynamics generated by effluent continuously discharging from a diffuser into a receiving
water body can be viewed as a mixing process that occurs in two separate regions, a near field region
and a far field region. In the two regions different physical phenomena are responsible for the different
governing mixing processes that take place.

8.1.1 Near Field Region

The near field region is defined as the area where the trajectory and mixing of the effluent jet
generated by the diffuser is predominantly governed by the jet’s initial momentum and buoyancy flux,
the diffuser geometry and, the ambient velocity and stratification. This region also includes any initial
interaction of the jet with any terminal layer, such as those produced by an internal stratified layer or
either the bottom or surface layers of the receiving water body.

In the near field region mixing is generated by turbulence formed through the interaction of the
effluent with the receiving water body. The formation of these turbulent eddies can be separated into
two significant stages.

The first of these stages is located in the region very close to the diffuser where the velocity of the
discharge is relatively high. In this region, momentum dominates and mixing is related to the inertia of
the turbulent eddies formed.

As the jet moves away from the diffuser, it loses momentum and the buoyant forces due to a
difference in the density of the effluent and the surrounding fluid begins to dominate. In this stage, the
buoyant force produces the turbulence leading to mixing, Figure 8-1 .
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Figure 8-1: Plume energy zones
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8.1.2 Far Field Region

The far field region is defined as the area where the trajectory and mixing of the effluent becomes
governed by the ambient environmental conditions. The mechanisms that are responsible for the
further spreading and subsequent dilution of the effluent in the far field region are buoyant spreading
motions, passive diffusion due to ambient turbulence, and passive advection by the time-varying, non-
uniform, ambient velocity field. Vertical mixing is damped by buoyancy, so subsequent dilution is
primarily due to horizontal mixing.

The ambient environmental conditions in the far field region are governed by tidal action, wind stress
at the free surface and pressure gradients due to free surface gradients (barotropic) or density
gradients (baroclinic). These are the physical mechanisms that in turn govern the further spreading
and dilution of the effluent in the far field region. The far-field modelling is being undertaken by RPS
MetOcean.

8.1.3 Near Field / Far Field Modelling

Numerical modelling of effluent discharge from a diffuser is accomplished through the use of two
separate models. One model is used to analyse the mixing processes that take place in the near field
region while the other is used to analyse the mixing processes that take place in the far field region.
Two models are used for the analysis because no model currently exists that includes all the
important spatial and temporal scales of the dominant mixing processes that are present in the near
and far field regions. This is due to the computational requirements of such a model. These models
are referred to as near field and far field models.

The near field and far field models are coupled so that results can be shared between the two
models. A number of methodologies for coupling the near field and far field models are discussed in
the literature. These methodologies generally fall into either one way or two way coupling
methodologies. There is currently no standard methodology that is used for the coupling of near field
and far field models.

8.1.4 One Way Coupling

In a one way coupling methodology the near field model is run to a state of quasi equilibrium with a
stagnant receiving water condition. This is considered the worst case scenario as increasing velocity
in the receiving water body acts to increase the dilution of the effluent. The spatial distribution of the
effluent is found at the quasi equilibrium state and this distribution is then mapped into the cells of the
far field model as a steady state point source load at each time step regardless of the velocity or
density distributions that may be present in the receiving water body.

A one way coupling methodology is the most commonly applied coupling methodology due to its ease
of implementation, however, it neglects important phenomena such as varying buoyant mixing of
effluent under varying ambient receiving water conditions. One way coupling is a conservative
coupling methodology due to its distribution of effluent in a consistent pattern biased towards the
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surface layers of the receiving water body where vertical mixing of effluent is damped due to
buoyancy.

8.1.5 Two Way Coupling

In a two way coupling methodology the near field and far field model are run simultaneously and
integrated at each time step. This provides the most accurate method of coupling but is quite often
impractical due to the different spatial and temporal scales that are present in the near field and far
field models. One way of overcoming this difference is through the use of a quasi two way coupling
methodology. Under this methodology the near field model is run for a range of ambient receiving
water conditions for a fixed time period. At the end of the analyses the spatial distribution of the
effluent is found for the different ambient receiving water conditions. This data is then used to
generate a set of boundary condition loading tables for the far field model. In this way the distribution
of the effluent in the far field model is determined by the ambient flow conditions without requiring the
results from the near field and far field model to be integrated at each time step. This allows the mass
of the effluent to be distributed in the far field model in accordance with the plume trajectory.

A quasi two way coupling methodology is less commonly applied than a one way coupling
methodology due to the relative difficulty in its implementation. A quasi two way coupling methodology
provides more realistic results than a one way coupling methodology because of its consideration of
varying buoyant spreading of effluent and varying ambient receiving water conditions. The main
source of error in a quasi two way coupling methodology is the assumption that the receiving water
body will have a uniform cross flow velocity for a given period of time. Typically ambient receiving
water conditions are highly variable over time and are not uniform. This variance in the ambient
receiving water conditions can not be taken into account in a quasi two way coupling methodology
because of the number of potential combinations of ambient receiving water conditions that exist. This
error provides a measure of conservatism, as increased variability in the receiving water body will
only create more turbulence and provide more mixing for the effluent.

8.1.6 Coupling and Stratification

The relative frequency and duration of stratification occurrences in a receiving water body must be
assessed when using any coupling methodology. A sustained stratification event can trap an effluent
plume below the surface and reduce the potential vertical mixing afforded by the full water column or
reduce the potential for mixing in the upper layers.

One way coupling, by its nature cannot accommodate the altered distribution of the effluent cloud
under stratified conditions and will reduce the degree of conservatism, especially if the stratified layer
is low in the water column.

Quasi two way coupling can accommodate stratification events generated in the far field model with
additional boundary condition loading tables.
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8.2 Coupling Methodology

As indicated above (Section 8.1), coupling between the near field and far field models is needed for
the purpose of loading effluent mass appropriately into the far field model.

The objective in establishing a coupling methodology is to enable effective effluent constituent
concentrations in the receiving waters to be assessed against the target criteria over spatial and
temporal regimes, whilst simplifying as much as possible, in a conservative manner, the effluent
boundary condition loading patterns for the far field model. The far field model is understood to have a
50m grid size for the finest mesh and the plume cloud characteristics derived from the CFD

modelling, Table 7-6 have been adjusted to accommodate the 50m grid (cloud width must be in 50m
increments) by varying the height (rounded down to the nearest 0.5m) to maintain a similar (slightly
conservative) initial dilution.

One Way Coupling

One way coupling is the easiest method to employ in the far field model with a boundary condition
independent of ambient currents, loading a constant mass into a pre-determined set of cells at each
time step. As demonstrated by the mass balance model (Section 7.3.4), one way coupling is
inherently conservative and selecting the most conservative conditions at zero cross flow is
considered overly conservative.

The objective in selecting plume cloud parameters for one way coupling is to capture representative
conditions for the poorest performance, which occurs when cross flow velocities are near zero for
prolonged periods as a result of the wind induced velocity shift (Section 5.2). An examination of the
occurrences of these events, Figure 5-5, indicates they are typified by residual velocity fluctuations of
0.01 to 0.04 m/s. The 2007 ADCP field data (Section 5.2 and 7.1.1) indicates a cross flow of 0.018
m/s is exceeded 97% of the time, and the 2009/2010 field program and far field modelling indicates
velocities of 0.02 m/s in the upper water column are exceeded 99% of the time.

Thus it is recommended that parameters for one way coupling be derived from the 0.018 m/s cross
flow case for each diffuser length. These values adjusted for the 50m grid are presented in Table 8-1.

Table 8-1: Recommended effluent cloud parameters fo  r one way coupling

Diffuser Length 200m | 2™ | z0om | M | 40om | 4™ | s00m
(est) (est) (est)
Height (m) 13.2 9.9 10 10 9.6 9.5 9.4
(m) 50 50 50 50 50 50 50
Offset (m) 0 0 0 0 0 0 0
Initial Dilution 300 280 340 390 430 480 530
Nom. Port Diam. 150mm | 100mm | 100mm | 100mm | 100mm | 100mm | 100mm

Note: The 250m, 350m and 450m length diffuser values were estimated by extrapolating and interpolating the 300m,
400m and 500m diffuser values. The distinct difference in the 200m diffuser cloud height, relates to the increase from a

100mm to a 150mm duckbill valve
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It is instructive to note the collective comments from discussions with DEWHA regarding effluent
distribution (letter to Gunns from DEWHA dated 21 October 2009 and minutes of meeting of 19 June
2009 at the University of Melbourne). DEWHA's consultant on near-field modelling had suggested a
simple solution to distribute the effluent over a surface depth range corresponding to 30% of the total
water depth at the diffuser location. This suggestion was moderated by the point that the CFD model
may suggest a more precise distribution.

The CFD modelling results for one way coupling essentially confirm this position, especially for the
longer diffusers where the unit effluent flow and consequent unit buoyant energy is less. The
modelling for the shorter diffusers shows less conservatism with effluent plume cloud characteristics
adjusted for the far field model’'s 50m grid, approaching 40% to 50% of the total water depth.

Two Way Coupling

Two way coupling accommodates the enhanced mixing effects of the ambient cross flow current.
However it requires the far field model’s boundary condition to be varied at each time step with the
mass and loading pattern dependent on the average ambient cross-flow velocity at the diffuser.

The recommended effluent cloud parameters for two way coupling can be seen below in Table 8-2.
As indicated above, these values are derived from the CFD results, Table 7-6 to maintain the initial
CFD modelled dilution by adjusting the height values, to the nearest half metre to accommodate the
50m horizontal grid in the far field model.

Table 8-2: Recommended effluent cloud parameters fo  r two way coupling
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Note: The distinct difference in the 200m diffuser cloud height, relates to the increase from a 100mm to a 150mm
duckbill valve
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9. CONCLUSIONS AND RECOMMENDATIONS

Computational fluid dynamics (CFD) modeling has been used successfully to characterise the near
field mixing processes at the proposed Bell Bay Pulp Mill outfall site for a variety of diffuser design
parameters (length, riser spacing and type) and a variety of receiving water conditions (density and
velocity). The use of a 3D CFD model has provided a rigorous assessment of the near field mixing
processes that enhances the results obtained from the traditional JETLAG plume trajectory model.
The CFD model was validated against an equivalent JETLAG model to capitalise on JETLAG'’s
empirical calibration to numerous laboratory and field measurements. The validated model enabled
diffuser port characteristics to be refined for optimal performance.

A degree of conservatism has been included by employing a low uniform density for the receiving
water to dampen vertical mixing due to buoyancy. Stratification events reduce this conservatism,
however they are unlikely to coincide with the physical conditions (high wind stress) conducive to
pooling and the creation of the poorest mixing. Hence stratification will not be a controlling condition
for assessing dilution targets.

Some 50 CFD model runs were undertaken to characterise the plume cloud for a range of diffuser
lengths and cross flow velocities. A 3D mass balance model was created to enable the relative
performance of different diffuser lengths to be explored and to assess the relative conservatism in
using a simple constant or one way coupling with the far field model against a more rigorous quasi
two way coupling where the variation in cross flow velocity is taken into consideration.

9.1 Recommendations

One way coupling provides a simple but somewhat conservative method for loading effluent mass
into the far field model, whereas two way coupling reduces the conservatism at the cost of a variable
loading pattern dependent on the ambient cross flow velocity. A mass balance modelling exercise
indicates that one way coupling reports effluent concentrations in the initial mixing zone that are
approximately 25% over the results reported by two way coupling where the enhanced mixing from
elevated cross flow currents is recognised.

The relative degree of conservatism in using one way coupling identified by the mass balance model
is significant but whether two way coupling is necessary will depend on far field processes, and a
staged methodology is recommended.

The following stages are recommended:

1. From the recorded data currently being collected and the far field model hydrodynamic
results, ascertain the season or period with the poorset conditions for mixing. This is likely to
be periods of consecutive tides with the crest or trough of the harmonic tidal velocity offset by
wind stress and other factors to be close to zero for several hours.
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2. Select a sequence of tides from this period and extract the relevant datasets to cover the tide
sequence and three days prior. Sufficient tides will be required to cover the potential for
higher concentration effluent pools to migrate into Commonwealth waters and sensitive
environmental areas.

3. Run the far-field model with this extracted hydrodynamic dataset and using the one way
coupling pattern for effluent loading.

4. Review the results and ascertain the likelihood for target concentration criteria to be
exceeded.

5. If exceedance of target criteria is considered likely then determine whether the more rigorous
two way coupling would provide satisfactory results or whether the diffuser design requires
modification to improve initial mixing, or both.

6. Re-run the far field model with the altered loading pattern and repeat the review procedure as
required.
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11. APPENDICES

11.1 APPENDIX A: FLOW 3D Turbulence Models

Turbulence is the chaotic, unstable motion of fluids that occurs when there are insufficient stabilizing
viscous forces. At high Reynolds numbers, the natural instabilities that occur within the flow are not
dampened and they manifest in the formation of eddies of various sizes. This behavior is easily
observed in flow out of a faucet or in a fast-moving stream by the striations visible on the free surface.
Less visible are the turbulent eddies swirling around the car during your daily commute. Turbulence
can be important in industrial processes as well: high pressure die casting filling is most certainly
turbulent, as are almost all medium to large scale flow processes.

In short, turbulence is all around us, and cannot be ignored in numerical flow modeling. Ideally, we
would be able to simulate, with the equations of mass and momentum conservation, the full spectrum
of turbulent fluctuations. This is possible only if the mesh resolution is sufficient to capture such
details. However, this is generally not possible because of the computer memory and processing time
limitations. Therefore, we must resort to simplified modeling that describes the effects of turbulence
on the mean flow characteristics.

In FLOW-3D, there are five turbulence models available: the Prandtl mixing length model, the one-
equation, the two-equation k- and RNG models, and a large eddy simulation, LES, model. Our
formulation, however, differs slightly from other formulations in that we have included the influence of
the fractional areas/volumes of the FAVOR™ method and have generalized the turbulence production
(or decay) associated with buoyancy forces. The latter generalization, for example, includes buoyancy
effects associated with non-inertial accelerations.

Turbulence Transport Models

The one-equation turbulence transport model consists of a transport equation for the specific kinetic
energy associated with turbulent velocity fluctuations in the flow (the turbulent kinetic energy)

(3.198)

where u’, v, w’ are the x-, y-, z-components of the fluid velocity associated with chaotic turbulent
fluctuations.

The transport equation for kKT includes the convection and diffusion of the turbulent kinetic energy, the
production of turbulent kinetic energy due to shearing and buoyancy effects, diffusion, and dissipation
due to viscous losses within the turbulent eddies. Buoyancy production only occurs if there is a hon-
uniform density in the flow, and includes the effects of gravity and non-inertial accelerations. The
transport equation is:
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(3.199)

where VF, Ax, Ay, and Az are FLOW-3D’s FAVOR™ functions, PT is the turbulent kinetic energy
production:

(3.200)

where CSPRO is a turbulence parameter, whose default value is 1.0, and R and are related to the
cylindrical coordinate system (if used). The buoyancy production term is

(3.201)

where is the molecular dynamic viscosity, is the fluid density, P is the pressure, and CRHO is
another turbulence parameter, whose default value is 0.0, but for thermally buoyant flow problems
should be chosen to be approximately 2.5. The diffusion term is

(3.202)

where k is the diffusion coefficient of kT and is computed based on the local value of the turbulent
viscosity. The user-defined parameter RMTKE is the multiplier of viscosity used to compute the
turbulent diffusion coefficient (its value defaults to 1.0).

The rate of turbulent energy dissipation, T, in the one-equation model is related to the turbulent
kinetic energy KT :

(3.203)

where CNU is a parameter (0.09 by default), kT is the turbulent kinetic energy and TLEN is the
turbulent length scale.
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By default FLOW-3D chooses a value for TLEN that is 7% of the smallest domain dimension;
however, it is recommended that this value should instead be 7% of the hydraulic diameter [41],
which is a characteristic length scale of the flow. In pipe flow, the hydraulic diameter is equal to the
inner pipe diameter. In stream flows, it is the depth of the stream.

A more sophisticated — and more widely used — model consists of two transport equations for the
turbulent kinetic energy kT and its dissipation T, the so-called k- model [5], thus eliminating the
need for Eq. (3.203) (except at inflow boundaries and in flow regions with near-zero dissipation T).
The k- model has been shown to provide reasonable approximations to many types of flows [6]. An
additional transport equation is solved for the turbulent dissipation, T:

(3.204)

Here CDIS1, CDIS2, and CDIS3 are all dimensionless user-adjustable parameters, and have defaults
of 1.44,1.92 and 0.2, respectively for the k- model. In most of the flow domain, Eq. (3.204) replaces
(3.203) and thus reduces the need for a user-specified value of TLEN throughout the domain.

The diffusion of dissipation, Diff , is:

(3.205)

Another turbulence model is based on Renormalization-Group (RNG) methods [7, 8]. This approach
applies statistical methods to the derivation of the averaged equations for turbulence quantities, such
as turbulent kinetic energy and its dissipation rate.

The RNG model uses equations similar to the equations for the k- model. However, equation
constants that are found empirically in the standard k- model are derived explicitly in the RNG model.
Generally, the RNG model has wider applicability than the standard k- model. In particular, the RNG
model is known to describe low intensity turbulence flows and flows having strong shear regions more
accurately. Also, the default values of RMTKE, CDIS1 and CNU are different than are used in the k-
model; they are 1.39, 1.42 and 0.085, respectively. CDIS2 is computed from the turbulent kinetic
energy (kT) and turbulent production (PT) terms.

In all turbulence transport models, the kinematic turbulent viscosity is computed from

(3.206)
where T is the turbulent kinematic viscosity.

One particular numerical challenge of both the two-equation k- and RNG models is the need to limit
the value of T from below. Equation (3.204) could produce values of T very near zero, and although
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physically kKT should approach zero in such instances as well, it may fail to do so for numerical
reasons, resulting in unphysically large values of T in Eq. (3.204). To deal with this problem, we limit
the value of T such that it cannot fall below

(3.207)

where TLEN is the maximum turbulent length scale. This can be defined by the user or the turbulent
length scale can be limited automatically. Further discussion on this is presented in the following
section.

The principal goal of any turbulence model is to provide a mechanism for estimating the influence of
turbulent fluctuations on the mean flow quantities. This influence is usually expressed by additional
diffusion terms in the equations for mean mass, momentum, and energy transport, Equations (3.1),
(3.96) and (3.124). Because turbulence enhances the diffusion of momentum, it effectively enhances
the viscosity. Wherever the coefficient of dynamic viscosity appears in the equations, we assume that
it is a sum of the molecular and turbulent viscosities,

(3.208)

Strictly speaking, this is not always correct, but it is a good approximation for high levels of
turbulence, i.e., when the turbulent viscosity is much larger than the molecular value. At low levels of
turbulence the k- model is not correct without additional modifications.

Turbulent Scales

Turbulent time and length scales can be formed from turbulent kinetic energy and dissipation

In the equation for T as well as turbulent viscosity the term is replaced by the turbulent time
scale.

In FLOW-3D, TLEN is a user-defined parameter that represents an estimate of the actual turbulent
length scale for the one-equation model, and a maximum value of the length scale for the two-
equation models. Additionally, this maximum turbulent length scale can be computed automatically as
a function of space and time during the simulation.

When the dynamic computation is selected, the model computes the bounded turbulent time and
length scales. The bounded turbulent time scale is
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(3.209)

(3.210)

These limiters originate from the Kolmogorov scales [*] on the lower bound and the rapid distortion
theory on the upper bound [52, 53].

Prandtl Mixing Length Model

The simplest model, the Prandtl mixing length model, assumes that the fluid viscosity is enhanced by
turbulent mixing processes in regions of high shear, e.g., near solid boundaries. However, this is
really only adequate for fully developed, nearly steady flows. More generally, it is necessary to
account for some transport processes (i.e., convection and diffusion) to better emulate the space and
time distributions of turbulence intensity. The Prandtl mixing length model assumes that turbulence
production and dissipation are in balance everywhere in the flow:

(3.211)

where, as above, PT and GT are the turbulence productions due to shearing and buoyancy effects,
respectively, and T is the turbulence dissipation. PT and GT are defined as above. In other words,
advection, diffusion, and the time rate of change of turbulent energy are neglected. The turbulence
dissipation can also be written as

(3.212)

where CNU is a parameter (0.09 by default). Combining Egs. (3.211) and (3.212), kT is computed in
terms of TLEN and the local shear rates and pressure/density gradients. Then kT and TLEN can be
used to compute the turbulent kinematic viscosity T from

(3.213)

It has been shown that this procedure produces a result which is a generalization of the original
Prandtl mixing length model [6]. Because of its restrictive assumptions, this model is less useful than
the one- and two-equation turbulence transport models.

Large Eddy Simulation Model

The Large Eddy Simulation (LES) model of turbulence arose from atmospheric modeling efforts. The
basic idea is that one should directly compute all turbulent flow structures that can be resolved by the
computational grid and only approximate those features that are too small to be resolved [9]. When
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using the LES model, it is important to remember that the model is inherently three dimensional and
time-dependent. Furthermore, fluctuations must be initialized and/or input at inflow boundaries.
Although this requires more effort, and computations can be CPU-intensive due to the finer meshes
than otherwise would be required, LES results often provide more information than that produced by
models based on Reynolds averaging (i.e., the aforementioned models). For example, when LES
models are used to compute turbulent flow around large buildings, one gets not only mean wind
stresses but also an estimate of the magnitude and standard deviation of force fluctuations
associated with the turbulent flow.

In the LES model, the effects of turbulence too small to compute are represented by an eddy
viscosity, which is proportional to a length scale times a measure of velocity fluctuations on that scale.
For the length scale, Smagorinsky [9] uses a geometric mean of the grid cell dimensions,

(3.214)

and scales velocity fluctuations by the magnitude of L times the mean shear stress. These quantities
are combined into the LES kinematic eddy viscosity,

(3.215)

where c is a constant having a typical value in the range of 0.1 to 0.2 and eij denotes the strain rate
tensor components. This kinematic eddy viscosity is incorporated into the dynamic viscosity used
throughout FLOW-3D in exactly the same way as it is for the turbulence transport models (Eq.
(3.208)):

(3.216)
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