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ABSTRACT 

Physical and numerical modelling was undertaken as part of the diffuser design of the Sydney 

Desalination Plant brine multiport outfall.  Subsequent to the construction, field investigations to validate 

the diffuser performance were undertaken with the desalination plant operating at full capacity.  This 

paper presents the laboratory and field methodologies and provides a comparison between the model 

predictions and field performance.  

Laboratory testing of many diffuser configurations were undertaken in a 4.5m x 4.5m x 0.6m tank.  Two 

full days of field dilution testing were undertaken where a known concentration of Rhodamine WT 

fluorescent dye was injected into the seawater concentrate discharge and the concentrations in the 

receiving waters were measured using both diver-held and boat-cast fluorimeters.  Measurements of the 

plume depth and geometry were also derived by analyzing the backscatter from ADCP current meter 

transects. 

The dilutions in the receiving waters were effected by varying currents.  These field observations show 

how actual conditions can vary from laboratory conditions, but also provide reassurance that the 

laboratory and numerical predictions are slightly conservative. 
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1 THE SYDNEY DESALINATION PLANT OUTFALL 

The Sydney Desalination Plant is located at Kurnell towards the southern end of the Sydney coastline.  
The diffuser has two risers each 25m apart and located approximately 500m offshore in approximately 
25m of water (Figure 1).  The risers are located on a gradually sloping rocky seabed.  Each riser cap is 
7m diameter, with four 370mm diameter nozzles angled upwards at 60 degrees from the horizontal. 
 
For a plant production of 250 ML/day, the discharge is 4.0 m3.s-1 and the exit velocity is approximately 
4.8 m.s-1.  The discharge volume and salinity can vary with production, but the brine salinity is typically 
between 58 ppt and 62 ppt whereas the receiving water salinity is 35 ppt. 
 



  

Figure 1.  Location of the Outfall Risers Relative to the Coastline. 

The performance criteria for the diffuser are that the seawater concentrate meets water quality criteria for 
salinity and relevant treatment chemicals by the edge of the near-field and the visual amenity of the sea 
surface is maintained.  The edge of the near field was specified as the impact point where the brine 
returned to the seabed.  At the end of the nearfield: salinity must be within 1ppt of background; and the 
dilution must be at least 30 times (as determined by eco-toxicity testing of other chemicals in the brine 
stream).  The adopted visual amenity criteria was that the maximum plume rise height should be at least 
2m below the water surface. 

 

Due to a change in design during construction, the discharge through each riser nozzle increased and 
there was no opportunity to increase the spacing between risers.  As such the inner jets, being those 
oriented towards the other riser, would interact at the impact point.    

2 LABORATORY TESTING 

Laboratory testing (Figure 2) was undertaken in a 4.5m x 4.5m x 0.6m tank with similitude of the 
densimetric Froude number.  A 10 cm  10 cm grid placed on the marine plywood floor with string lines 
aided in observing and undertaking measurements.  The receiving waters were filled and drained by an 
orifice in the tank floor with the tank cleaned and refilled with mains supply water between each test. 
High definition digital video cameras were mounted to visually record each experiment.  Cameras were 
mounted overhead the tank providing a plan view of the plumes and beside the tank to provide a profile 
view of the plumes.  Brine was mixed into a head tank and discharged into the receiving water tank 
through valves and rotameters. 
 
Twelve monitoring points consisting of a single microelectrodes mi-900 series conductivity electrode 
were available for the model tests.  The electrodes consisted of two small probes and a cylindrical body 
of 30 mm length and 4 mm diameter, hence minimising the potential for disruption to flow.  The 
electrodes measured the conductance across the two probes using the bipolar current technique (Fan and 
Brown, 2006) and have a nominal detection limit of 0.002 volts and WRL in-house testing has confirmed 
that repeat measurements are within this detection limit. 
 
The electrodes were mounted in two array frames of six electrodes.  Each array was mounted on a brass 
base, which was heavy enough to ensure the arrays did not move during the experiments.  Individual 
electrodes were then mounted on aluminium tabs with the electrode sensors offset from the brass base.  
The electrodes were set in line and horizontally spaced at 50 mm, which is equivalent to 3 m at prototype 



scale.  Sensors were set to be 8 mm above the model floor, which is equivalent to 0.5 m above the 
prototype sea bed.  The arrays were designed to allow measurement of EC both longitudinally and 
laterally through the plume at the point of impact. 
Electrical conductivity was related to density through chemistry laboratory tests using the specific 
electodes and pool salt used in the main experiments.  Dilutions were calculated on the basis of density. 

 

The modified gravity (g0’) in the model was kept the same as the modified gravity in the prototype.  As 
such, the density difference between the seawater concentrate and the receiving waters in the ocean were 
the same as in the physical modelling experiments (i.e. the term Δr = 1). 
 
Mixing processes in jets are similar and fully turbulent providing that the Reynolds number (below) has 
a value greater than 2000 (Fischer et al. 1979).   However, it has been reported that this may be as high 
as 4000, so the Reynolds number in the models tests was maintained above 4000. 

 

 
Figure 2.  Laboratory Testing Facility. 

 

Many tests were undertaken and are reported in Miller et al (2009).  Table 1 presents the various rates, 
sizes and parameters from the configuration that was finally constructed (prototype) and the scaled 
model. 
 
Individual jets were found to have impact dilution and height of rise as predicted by Roberts (1999).  
However, the inner jets, being those from each riser that interacted (Figure 3), achieved a lower dilution.  
The combined dilution results of three repeated tests are presented in Figure 4. 

 

 

  



 

Table 1.  Prototype and Model Parameters  

 

Prototype Units Model Units 

Scale 1 

 

59.68 

 Number of risers tested 2 

 

2 

 Number of nozzles per riser 4 

 

4 

 Nozzle diameter 370 mm 6.2 mm 

Nozzle angle 60 degrees 60 degrees 

Volume 16688 m3/h 10.1 L/min 

Water Depth above Seabed 25 m 419 mm 

Salinity of Brine 62 ppt   

Density Brine 1046.4 kg/m3 1018.7 kg/m3 

Nozzle exit velocity 5.4 m/s 0.70 m/s 

Density 1026.2 kg/m3 999 kg/m3 

Density Difference (brine – sea water) 20.2 kg/m3 19.7 kg/m3 

Modified Gravity 0.2 

 

0.2 

 Port Froude Numer 20.1 

 

20.1 

 Reynolds Number 2.00E+06 

 

4.33E+03 

  

 

 

 
Figure 3.  Overhead photograph of laboratory testing of the two risers, showing the four outer jets being separate 

and the four inner jets interacting. 

 



 

Figure 4.  Results of laboratory testing of the constructed configuration showing the decrease in dilution from 

merging plumes. 

With a brine of 62 ppt and receiving waters of 35ppt, a dilution of 26 is required to achieve 1ppt above 
background. This was predicted by the physical modelling to be achieved at the impact point for the 
outer plumes and within 26m for the inner plumes.  The 30 times dilution target was predicted to occur 
within 20m for the outer plumes and 33m for the inner plumes. 

3 FIELD TESTING 

3.1 Methodology 

The technique to measure outfall plume dilution performance was to inject Rhodamine WT (a 
fluorescent tracer dye) into the ocean outfall chamber at the Sydney Desalination Plant at a known rate 
and concentration and then to measure the dye tracer concentration in receiving waters.  Our past 
experience indicated that detailed measurement of the plume in the near vicinity of the outfall risers and 
seabed at 25m depth would be too difficult using instruments cast from a surface vessel.  To enable 
detailed measurement of the plume close to the outfall risers and the seabed, divers were used to swim 
the instruments directly into and around the outfall diffuser jets.  This allowed for direct and targeted 
measurement of the plume dilution at the plume impact point and from the plume impact point through 
the intermediate field into the far-field provides a direct assessment of the increase in plume dilution as 
the plume transitions from the near-field into the far-field.  Rhodamine WT was adopted as it is not 
naturally occurring and detection cannot be confused with a background concentration of any other 
tracer that might be considered.  Experimental dye concentrations of 0 – 5 ppb are safely within the 
adopted instrument detection accuracy (a sensitivity of 0.01 ppb).  
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The first vessel was a dive vessel with a qualified commercial dive team on board.  This vessel was 
moored between the two risers to enable a stable point to conduct the diving.  The second vessel was a 
roving vessel equipped with a surface suspended flourimeter, an Acoustic Doppler Current Profiler 
(ADCP) and a Seabird 19Plus for taking salinity and temperature profiles.   
 
The divers were cabled back to the surface so that engineers could see measurements in real time.  In 

addition to the helmet mounted video equipment, a WetLabs ECO fluorometer was attached to the 

divers’ Buoyancy Control Device (BCD) and was used to sample the dye concentration in the plume.  

The diver was directed by engineers on board the dive vessel to make direct and targeted measurements 

of the plume rise height and plume impact point by swimming into and around the plume jets.  The 

diver’s location at each measurement point was noted using a distance tagged grid line attached to the 

outfall diffuser along with a diver recorded compass bearing and a digital depth gauge.  Plume 

measurements by the diver were focussed on the near-field around the plume impact point.  The diver 

also obtained grab samples as a secondary means to confirm dilution.  Figure 5 shows photographs from 

the field work. 
 

3.2 Results 

Field work was undertaken on the 29th and 30th March 2011.  Although there were some differences in 
the findings, the results were similar on both days.  Due to space limitations in this paper, only results 
from Day 1 are presented here, but the full results can be found in Smith et al (2011). 
 
The desalination plant production rate was set at 250 ML/day.  The discharge to the outfall remained 
constant (within +/- 1.5%) at 4.00 m3/s, 24.1oC and 57.9ppt.   Rhodamine WT was injected into the 
outfall flow at a rate of 7.1 L/h, providing an active Rhodamine WT concentration in the seawater 
concentrate flow of 98 ppb.   Rhodamine WT dye injection at the plant began at 9:16 a.m. and ceased at 
12:39 p.m. (3 hours 23 minutes). 
 
Calm offshore winds prevailed and wave conditions were slight (<0.5m).  The tide fell from +0.9m to 
+0.5m above mean sea level throughout the experiment.  Ocean currents at the site were measured using 
a boat-mounted ADCP as being between 0.16 m/s and 0.30 m/s in a south-westerly direction.  There was 
negligible stratification of temperature or salinity throughout the 25m of water column.  Water 
temperature was 22.7 oC and salinity was 35.0 ppt.  
 
On Day 1, all measurements were taken on the two southern offshore jets (SE and SW) from “Riser 3” 
due to the currents observed onsite and the bottom time limitation of the divers at the outfall depth.  Only 
the two outer risers were constructed for the diffusers, while the other two locations were for potential 
future plant expansion. Figure 6 shows a schematic of the locations. 
 
Concentration readings close to the riser were measured by the diver who was able to safely approach 
the riser structure with the handheld Wet Labs ECO fluorometer.  The diver was also able to visually 
sight individual riser jets issuing from the risers and swim into and around these jets.  Concentration 
measurements further afield from the riser were obtained using the Seabird mounted Chelsea Minitracka 
fluorometer cast from the roving vessel.   

 

Profile plots showing mean concentrations for readings from the diver-held fluorometer from the SE 
offshore merging jet and SW onshore jet are provided as Figure 7 and Figure 8 respectively.  These 
figures show mean measured concentration values plotted at the measured distance and depth relative to 
the riser nozzle, which is represented on the bottom left of the figure.  All depths were obtained from the 
calibrated CTD probe attached to the divers’ BCD unit and cross-checked with WRL staff field notes.  
Figure 4.1 and Figure 4.3 also present an envelope for the 1 ppt within background salinity contour (22 



times dilution) and a contour showing 30 times dilution.  These envelopes have been manually 
interpolated based on the recorded values and the plume behaviour observed during the experiment.  
Solid lines on the contour envelope represent sections of the contour that were directly interpreted from 
the measured data.  Dashed lines on sections of the contour envelope represent sections of the envelope 
that were inferred on the basis of nearby concentration measurements and the observations of the divers 
and the engineers during the experiment.  The observed lack of additional dilution between 0 and 40 m 
for the south west plume can be associated with the likely interaction of plumes issuing from the 
northern side of the riser and folding back with the currents.  Table 2 presents the mean concentrations 
and dilutions with distance from the outfall for both plumes. 

  

 
Figure 5.  (Clockwise from top left) A diver with camera on head and fluorimeter on shoulder; Dye coloured 

brine jet; the Rhodamine WT injection at the Desalination Plant; and the Roving vessel with shoreline in the 

background. 

 

 



 
 

Figure 6.  Schematic showing the SE measurement line (plume merges with the next riser) and the SW 

measurement line (independent plume) along with indicative plume footprint and plume lines. 

 

Table 2 - Mean Concentration and Dilutions with Distance for SE and SW Plumes 

SE Line SW Line 

Distance from 

Riser 3 (m) 

Mean Concentration 

(ppb) 
Mean Dilution 

Distance from 

Riser 3 (m) 

Mean Concentration 

(ppb) 
Mean Dilution 

0 2.3 44 0 2.4 43 

10 3.4 30 10 2.9 35 

30 3.2 32 25 3.3 31 

50 2.8 36 45 4.0 26 

 

 



 
Figure 7.  South East Plume Concentrations of Rhodamine WT.  Dilutions can be calculated by dividing by 98. 

 

 

 
Figure 8.  South West Plume Concentrations of Rhodamine WT.  Dilutions can be calculated by dividing by 98. 

 

 



4 CONCLUSIONS 
 
Physical modelling and field observations can be compared for the same diffuser configuration, flow and 
densities.  The physical modelling was under quiescent conditions whereas the field experiment was 
undertaken with currents approximately 0.23 m.s-1.  The physical modelling predicted the impact zone to 
be 16m from the diffuser with a dilution of 27 times.  The field observations indicated that the impact 
point was approximately 30m from the diffuser but with dilutions of approximately 30 times.    Indeed, 
all observed field dilutions including those before and after the impact point were greater than the 
physical model predicted impact dilution. 
 
Clearly the current has a strong influence on the position of the plume, but it is uncertain as to whether it 
has a significant impact on the dilution.  The plume dilutions in the ocean were always slightly greater 
that the physical modelling indicating that the model was conservative. 
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