A ARCADIS

Central Hudson
A FORTIS COMPANY

Air Diffuser Field Evaluation
Work Plan

May 2026



Air Diffuser Field Evaluation Work Plan

Air Diffuser Field Evaluation Work Plan

North Water Street Former MGP Site, Poughkeepsie New York

May 2026

Prepared By: Prepared For:

Arcadis of New York, Inc. Central Hudson Gas and Electric Corporation
One Lincoln Center, 110 West Fayette Street, Suite 300

Syracuse

New York 13202
Phone: 315 446 9120
Fax: 315449 0017

Mark Gravelding, P.E., Senior Vice President

Nancy Gensky, Vice President

Joe Bistrovich, Senior Environmental Engineer

Jonathon Bruce, M.Eng., P.Eng., PMP, Senior Project Engineer, C-Core
Prem Thodi, PhD, P.Eng., Senior Project Engineer, C-Core

Our Ref:
30328570

This document is intended only for the use of the individual or entity for which it was prepared and may contain information
that is privileged, confidential and exempt from disclosure under applicable law. Any dissemination, distribution or copying of
this document is strictly prohibited.

www.arcadis.com
Air Diffuser Field Evaluation Work Plan.docx



Air Diffuser Field Evaluation Work Plan

Contents
Acronyms and Abbreviations...........coi i ————————————— iv
LI 11114 e o 11 T o o 1
1.1 Site BACKGIOUNM ......coieieiiiceerissrerssssmressssssne s sssssse s ssssmne e ssssms e e ssssnsesssssnsesssssnsessassnnesssssnnesssssnnessassnnesssnsnns 1
1.2 Purpose and ODBJECtiVES..........cccciiiiiiiiicrr s 1
2 Air Diffuser System TeChNOIOQY .......coiiccciiciiiiiiiiicccscrrr e rr s s ssscer e s e s s s sn s s e s s se s s s s mnne e e e e ssssssssmnnseenessnsssnnnnns 3
21 Air Diffuser Upwelling Field Trial .......ccccccciiiieiimmiscsre e srss e s s sse s s e s e s ssme s ssme e s ssmn s s ssme e e s smmnns 3
3 Field Evaluation Plan............ i ms e e 5
31 Pre-Implementation Planning ... eemeememeececeeececemememnmsmnmsmnsnsnmsmsnsmsmsmnnsmsnsnnnsnnnnnnnnnnnnnsnsnsnsnnnnnnnnn 5
3.2 Baseline Monitoring / Site RECONNAISSANCE .........cccceerrieecrrriicre e s e e s sme e s s e e sme e e s sme e e s smnes 5
3.3 Proposed Field ACtiVIties.......ccocuiiiiiiiir s 6
B 70 W I 0 Yo Vo= o1 18 F= 1 J72Y o] o o T T 3 0 SRR 6
BC T 72 o [ 1] ¢ = 1 S 6
B R 20 T 1o o 11 ' o 8
R 2 S =Y [ N g o o= o 10 9
3.3.5 Phased Implementation ... 9
3.3.51 e F= Lo = 9
3.3.5.2 [ 1T 1= = 10
34 a0 o0 == o B Lo 4 1 o1 T o ' R 1
3.5 =Y o X o o 1 1T 12
= o 1= [ N 13
LI =T =T =] T - 14

www.arcadis.com

Air Diffuser Field Evaluation Work Plan.docx 1



Air Diffuser Field Evaluation Work Plan

Figures (In-Text)

Figure 1: Air Diffuser (adapted from CanadianPond.ca 2026). ............cccceurrimmrinnimnnnnmrnnn s 3
Figure 2: SalmoAir® Air Diffuser area of influence (captured by C-CORE) .........cccccevrerrerrerrersnessessessssssesssessnnns 4
Figure 3: SalmoAir® Air Diffuser deployment (captured by C-CORE ............cccecrereerserreerccrrersererseesessessasseens 4
Figure 4: SalmoAir® Air Diffuser operation (captured by C-CORE...........ccccerrrerrersesresesssressessessessssssssesssssssssaes 4
Figure 5: Air Diffuser Deployment CONCEPL..........ccciiiiiiiccccccrir e s e e s smn s e e e e s s s nmn e e e e e e e s nnnnn 6
Figure 6: SalmoAir® (left) and OCtOAIr-60 (FIgNt).....c.cceeeeeoereercrierrce e crrerecre s e e s e sae s e s e e s e s e e saesaeseesaesneesaeennens 7
Figure 7: CFD analysis of diffuser air bubble trajectory in current (left) and illustration of the influence of

current on design decCiSIONS (FIGht) ........ccceiiiceiiiicce e s e e e e e e mn e e e nmn e s 8
Figure 8: Inferred area of concentrated NAPL impacts from PDI Report Figure 2.2 (AECOM 2026).............. 8
Figure 9: Semi-permanent Diffuser Deployment Concept .........ccccviiiimiiiiicnninssn s 10

Appendices

Appendix A Overview of Air Diffuser Use for Upwelling Application and Validation and Verification
Field Trials of Air Diffuser Systems for Upwelling Applications

www.arcadis.com

Air Diffuser Field Evaluation Work Plan.docx 1



Air Diffuser Field Evaluation Work Plan

Acronyms and Abbreviations

ABC Air Bubble Curtain

ADCP Acoustic Doppler Current Profiler
CFD Computational Fluid Dynamics
CFM cubic feet per minute

Central Hudson Central Hudson Gas & Electric Corporation

CTD conductivity, temperature, and depth

ft feet

ft/s feet/second

kg kilogram

Ibs pounds

m meter

m/s meter/second

m3/min cubic meters per minute

MGP Manufactured Gas Plant

mm millimeter

NAPL non-aqueous phase liquid

NOAA National Oceanic and Atmospheric Administration
NWS North Water Street

NYSDEC New York State Department of Environmental Conservation
PVC polyvinyl chloride

SCFM standard cubic feet per minute

UAV unmanned aerial vehicle

USGS United States Geological Survey

WOTH Walkway-Over-The-Hudson
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1 Introduction

This Air Diffuser Field Evaluation Work Plan (Work Plan) presents the proposed deployment and evaluation of air
diffuser technology at the Central Hudson Gas & Electric (Central Hudson) North Water Street (NWS) former
Manufactured Gas Plant (MGP) Site. The activities described herein are intended to evaluate the performance of
air diffuser technology as an in-water sheen dispersal system to; 1) break up ebullition-induced non-aqueous
phase liquid (NAPL) blebs before they reach the water surface creating sheens and/or 2) separate visible sheens
on the water surface.

Arcadis has prepared this Work Plan with our subcontractor C-CORE located in St. Johns, Newfoundland and
Labrador, Canada. C-CORE provides research-based advisory services and technology solutions and has
substantial experience developing oil spill preparedness and response systems that provide effective, practical
solutions for spill clean-up in challenging waters and harsh weather.

1.1 Site Background

The Site is a former MGP in the City of Poughkeepsie, Dutchess County, New York, and is listed as a New York
State Superfund site (New York State Department of Environmental Conservation [NYSDEC] Site No. C314070).
Remediation of the Site is being conducted pursuant to a Decision Document issued by the NYSDEC (NYSDEC
2016). The formal Site boundary, as defined in the Decision Document, includes upland areas associated with the
former MGP operations and adjacent Hudson River sediments.

The in-river portion of the Site includes a contiguous area of MGP-impacted sediments in the Hudson River
extending from approximately 620 feet north of Dutchess Avenue to a point offshore of the electric transition
station just south of the Walkway-Over-The-Hudson (WOTH), a former railroad bridge that spans the Hudson
River and has been repurposed as a state park. The total in-river portion of the Site extends a total distance of
about 1,450 feet along the river.

Ebullition-induced sheens, assumed to originate from MGP NAPL-impacted sediments, appear periodically on the
water surface during low-water and generally warmer conditions (summer months) within the in-water portion of
the Site. Sheens are also observed year-round to varying degrees, though to a lesser extent during winter
months. The following sections describe a field evaluation approach using air diffuser technology to disperse
visible sheens observed on the water surface.

1.2 Purpose and Objectives

Field evaluation activities are intended to assess the application of air diffuser technology under site-specific
conditions and include the following objectives:

e Assess the effectiveness of air diffuser technology in dispersing ebullition-induced sheens to a de minimis
appearance on the water surface.

o Evaluate monitoring techniques to assess effectiveness of air diffuser technology to disperse sheens.

o Characterize conditions during sheen observations, including water temperature, salinity, and tidal conditions.

e Develop a velocity profile for site-specific flow conditions to inform diffuser placement in the water column.

e Evaluate diffuser deployment and stabilization methods under field conditions.
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Results of the field scale evaluation will be used to assess diffuser performance and, if effective, to support

recommendations for air diffuser system configurations and monitoring techniques to be deployed at the NWS
Site.
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2 Air Diffuser System Technology

The operating principle of the air diffuser is similar to an Air Bubble Curtain (ABC) where the rising bubbles induce
a vertical current towards the water surface creating a local upwelling effect.

Air diffuser technology systems were developed by Canadian Pond Products Ltd. for water mixing, aeration, and
upwelling applications. The system consists of a highly flexible polyvinyl chloride (PVC) tubing mounted on a
circular frame as shown on Figure 1 below. The PVC tubing is perforated on both sides to allow emission of small
bubbles when compressed air passes through it. This forms a continuous wall of air bubbles that travel vertically
through the water column.

The rising bubbles, ranging between 1 millimeter (mm) and 10 mm in diameter, induce a vertical current towards
the water surface. The strength of the vertical current depends on the pressure and air flow rate. Overall, the
vertical current causes disturbance/mixing within the water column through aeration and at the water surface
through aeration creating an area of influence proportional to the size of the air diffuser and the selected air flow
rate.

Figure 1: Air Diffuser (adapted from CanadianPond.ca 2026).

The following subsections describe a recent field trial performed by C-CORE to create an upwelling effect using
air diffusers.

2.1 Air Diffuser Upwelling Field Trial

During the summer of 2023, C-CORE conducted field trials of the air diffuser systems (e.g., SalmoAir® and
OctoAir-60) to create a local upwelling effect for potential use in aquaculture operations to bring colder, more
oxygenated water from lower depths to the surface during periods of high sea surface temperature (Thodi et al.,
2025)(Appendix A). The SalmoAir® diffuser system generated an area of influence at the surface approximately
35 feet in diameter shown on Figure 2 below. A 35-foot-long vessel was moored in place to deploy the air
diffusers using a deck mounted crane/hoist which lowered the air diffusers to the desired depth (Figure 3). A
diesel powered 185 cubic feet per minute (CFM) compressor, mounted on the vessel, was used along with a
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simple valve and gauge assembly to control the air flow rate being applied to the air diffusers (Figure 4). During
the field trials the upwelling systems were deployed at 20-meter (m) water depth and tested with 10 to 100
standard cubic feet per minute (SCFM) air flow rates. An electromagnetic current meter was used to measure the
vertical and horizontal velocities generated by the air diffuser systems at various locations underwater within and
outside the bubble plume. A Computational Fluid Dynamics (CFD) model was developed in parallel to assess the
upwelling performance in different conditions and scales.

Figure 2: SalmoAir® Air Diffuser area of influence (captured by
C-CORE)

Figure 3: SalmoAir® Air Diffuser deployment (captured by
C-CORE

Figure 4: SalmoAir® Air Diffuser operation (captured by C-CORE

The field trial concluded that localized upwelling was possible using the air diffusers tested, with effectiveness
varying based on the applied air flow rate (Thodi et al., 2025). The vertical velocity was found to increase as the
air bubbles move towards the surface, before slowing near surface as the energy is translated to horizontal
velocity, with the peak vertical velocity being observed at 5 m below the surface.
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3 Field Evaluation Plan

Field activities will be implemented in two phases gradually increasing in scale and operational complexity. Prior
to implementation planning, baseline monitoring, and site reconnaissance will be conducted to obtain additional
site information and to refine field procedures.

Two phases of field activities are proposed. Phase 1 activities will evaluate the proposed air diffuser deployment
procedures; the ability to relocate diffusers in response to changing river conditions; the ability to stabilize
diffusers in the water current; diffuser placement at targeted distances above the sediment; and the ability of air
diffusers to break up visible sheens on the water surface. If Phase 1 activities indicate that air diffusers are
effective at dispersing sheens on the water surface, Phase 2 activities will be conducted to further refine the air
diffuser system configuration. Phase 2 includes deployment of a larger air diffuser, refinement of deployment
methods, and/or use of an additional (second) air diffuser. An overview of the planning, baseline monitoring and
site reconnaissance, and proposed field activities are provided below.

3.1 Pre-Implementation Planning

Pre-implementation planning activities will be office based and will include:

e Gathering river data from available sources (Hudson River near Poughkeepsie NY United States Geological
Survey [USGS] Gauge-01372043, National Oceanic and Atmospheric Administration (NOAA) tidal charts, and
other sources as available).

e Determining permitting requirements, including the use of unmanned aerial vehicles (UAVs)
e Conducting additional modeling to determine stabilizing weight requirements and to optimize field activities.
¢ Finalizing vessel and equipment requirements.

e Preparing for field implementation (mobilizing and preparing vessels, loading equipment, completing
diffuser/plumbing assembly and integrating diffusers with the valve and gauge assembly and manifold,
reviewing safety procedures for working from vessel, etc.).

¢ Defining qualitative and quantitative approaches for visual observation and documentation (procedures for
describing sheens, photography or videos via drone, observations from WOTH and/or boat).

¢ Planning monitoring equipment deployment procedures to obtain current profile data using Acoustic Doppler
Current Profiler (ADCP), and field measurements using a conductivity, water temperature, and depth (CTD)
Sensor.

3.2 Baseline Monitoring / Site Reconnaissance

Prior to implementing air diffuser field activities, an initial field reconnaissance will be conducted to:

e Assess general site conditions (i.e., visual reconnaissance from shoreline, WOTH, and/or via UAV).
e Evaluate shoreline and in-river receptors (i.e., rowing club(s), other vessels, WOTH, residential areas).

e Attempt to identify sheen source areas and sheen movement or flow path (and record with a GPS-equipped
UAV) to identify optimal vessel locations for diffuser deployment.
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e Deploy an ADCP to record current information to support CFD model development and/or design of a
potential full-scale air diffuser system. The ADCP will be deployed at the start of reconnaissance activities and
recovered immediately prior to demobilization.

e Deploy a CTD sensor from a vessel to periodically record water column data.

3.3 Proposed Field Activities

This section describes the conceptual approach, planned equipment, proposed location(s), and an overview of
field procedures. Procedures and equipment will be finalized during pre-implementation planning with the selected
marine contractor. Activity locations will be refined after completion of reconnaissance.

3.3.1 Conceptual Approach

Field activities will be performed from a vessel (similar to the field trial described in Section 2.1). The vessel(s) will
be staged in the river, and the air diffusers will be deployed from a crane/boom during sheen periods as shown on
Figure 5 below. Note that current/tidal flows are perpendicular to the page.

Support

Cable \

Air Bubble
Plume ——

Air Diffuser ——

Stabilizing
Weight / Sediment Surface

Figure 5: Air Diffuser Deployment Concept

3.3.2 Equipment

Field activities will be conducted from a vessel(s) staged in the Hudson River. Marine and equipment contractors
will be finalized during the pre-implementation planning noted above. The selected marine contractor will provide
final equipment and vessel specifications including a vessel large enough to accommodate the required
equipment and the appropriate crane types and capacities, and any additional equipment rental (e.g.,
compressor, boom/crane, etc.) not supplied by the marine contractor.

The vessel will maintain position at in-river locations identified during the baseline monitoring and site
reconnaissance using spuds to anchor to the river bottom. Vessels currently under consideration include a tug
and barge system similar to the marine equipment used for the recent Pre-Design Investigation (AECOM 2026) or
a jack up vessel with an integrated crane to minimize the vessels influence on floating sheens.
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During field activities, monitoring for NAPL releases will be conducted by an observer stationed on the WOTH and
by a dedicated sheen patrol boat. The sheen patrol boat will be equipped with absorbent boom sweeps,
absorbent pads, and an on-board oil/water separator to respond to and control sheens, if observed.

The proposed air diffusers to be deployed include the SalmoAir® and OctoAir-60, shown on Figure 6. A summary
of air diffuser specifications and air flow rates is provided below.

Specifications SalmoAir® OctoAir-60

Bubble Tubing Diameter 3/4-inch (21 mm) 3-inch (4 mm)
Tubing Length 100 feet (ft) (30 m) 300-ft (90 m)
Diameter 5.8 ft(1.78 m) 8 ft (2.44 m)
Weight 100 pounds (Ibs.) (45 kilograms [kg]) 315 Ibs. (143 kg)
Frame Material Aluminum Stainless steel
Radius of Influence (surface) 351t (10.5 m) 45 ft (13.7 m)
Air Flow (0.28 to (:.gft:ocigizfrr:eters per 30'to 100 cfm

(0.85 to 2.83 m%/min.)

minute[m3/min])

Figure 6: SalmoAir® (left) and OctoAir-60 (right)

Results from ABC modeling efforts indicate that NAPL blebs and associated sheens are emanating from the
sediment surface at various angled paths depending on current and tidal conditions. Preliminary CFD modeling
has been conducted to analyze the effect of a 0.5 meters/second (m/s) (1.64 feet/second[ft/s]) horizontal current
interacting with the air diffuser bubbles.

Depending on the finalized barge orientation and crane location, modeling results will be used to inform the
required boom length for diffuser deployment so that the air diffuser’s area of influence is not interacting directly
with the barge as illustrated on Figure 7. The influence of the current on the ebullition trajectories is expected to
be similar to that acting on the air bubbles as depicted on Figure 7. Following completion of site reconnaissance
activities, the effects of current velocity and stabilizing weight requirements for the air diffuser will be further
evaluated and incorporated into the diffuser deployment design. River velocity and diffuser deployment depth will
be refined using site-specific current and tidal data to adjust diffuser placement within the water column, as
appropriate.
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Current speed 0.5 m/s

(1.641t/s) Current speed 0.5 m/s
(1.64 ft/s)
 — 5m

e et e Ebullition trajectory due to current is
Hn et et ek ez 0.02 expected to be similar to air diffuser

n
P - bubbles

Figure 7: CFD analysis of diffuser air bubble trajectory in current (left) and illustration of the influence of current on design
decisions (right)

3.3.3 Location

Activities will focus on river areas where sheens are observed to originate and move along the water surface
under prevailing current and tidal conditions. Target activity areas are anticipated to be located relative to the
“inferred area of concentrated NAPL impacts” identified as the red and orange areas on Figure 2.2 of the PDI
Report (AECOM 2026) reproduced as Figure 8 below. Final activity locations will be established both upstream
and downstream of these areas based on observations from the baseline monitoring and site reconnaissance,
prevailing river conditions, and modeling results, and may be modified during field implementation based on
actual field conditions.

‘.\-v”‘-s = 44
by 9 A KT ,‘&“J;L
S8

Figure 8: Inferred area of concentrated NAPL impacts from PDI Report Figure 2.2 (AECOM 2026)
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3.34 Field Procedure

The general procedure for conducting the field activities is described below.

1. Load equipment (compressor, manifold, stabilizing weight, air diffuser and supply hose) onto the vessel and
fasten to deck to restrict movement.

2. Navigate vessel from the dock facility to designated activity location, establish position, and anchor or spud in-
place.

3. Connect the compressor outlet to manifold inlet, then connect manifold outlets to respective air diffuser(s)
using a quick connect fittings.

4. Attach stabilizing weight to the air diffuser, lift air diffuser/weight assembly from deck using the crane and
lower it into the water.

Once the air diffuser reaches the target depth, activate the compressor and adjust air flow rate.

Adjust diffuser position (horizontally and vertically) using the crane to allow the diffuser’s area of influence to
intercept the sheen at surface.

7. Deploy monitoring equipment (UAV [i.e., drone], visual monitoring) to assess sheen response (dispersion).

Additionally, a CTD will be deployed periodically to collect conductivity, water temperature, and depth data.

The vessel will be positioned near the identified sheen flow paths and offset perpendicular to those flow paths.
The crane will lower the weighted diffuser into the water and activate air flow prior to the sheen entering the
diffuser’s area of influence. The sheen will be allowed to pass through the area of influence to observe whether
agitation induced by the air diffusers will disperse the sheen.

3.3.5 Phased Implementation

The subsections below provide details of each proposed implementation phase.

3.3.51 Phase 1

During this phase, multiple diffuser deployments will be performed to evaluate the air diffuser deployment
procedures; the ability to reposition diffusers in response to changing river conditions; the ability to stabilize
diffusers in the water current; the placement of diffusers at target distances above the sediment; and the
effectiveness of air diffusers to disperse visible sheens on the water surface. The following deployment scenarios
will be conducted:

e Deployment Activity 1: SalmoAir® diffuser

A single SalmoAir® diffuser will be deployed from the vessel and suspended from a crane or boom, as shown
on Figure 6. Activities will be conducted during favorable river and tidal conditions (i.e., slack to early ebb
tide), to the extent practicable, to evaluate the air diffuser deployment procedures, vessel and diffuser
stability; air diffuser system performance (compressor, hoses, valves); connection integrity; and the ability to
stabilize the system in actual field conditions. Multiple deployments may be required to refine deployment
procedures under actual field conditions.

o Deployment Activity 2: Sheen interception

An air diffuser will be deployed using the optimized deployment procedures identified during Deployment
Activity 1 and will be positioned to intercept ebullition-induced visible sheens on the water surface. Multiple
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deployments may be conducted with modified operational settings (e.g., air flow, depth, etc.) to optimize the
air diffuser performance. If ebullition-induced sheens are not present, other observable sheens (e.g., sheens
generated during vessel spudding) will be targeted.

Deployment Activity 3: Tidal and river flow conditions

In the course of performing Deployment Activities 1 and 2, a range of river and tidal conditions will be
encountered. This deployment activity will target air diffuser deployment during varying hydrodynamic
conditions, including high tide, low tide, and transitional tidal periods (i.e., peak ebb or flood tide).

Visual observations will be recorded throughout Phase 1 activities from the vessel and as described in Section

3.4.

3.3.5.2 Phase 2

Pending the results of Phase 1, the following diffuser deployments may be conducted to support the refinement of
an air diffuser system design:

Deployment Activity 4: OctoAir-60 diffuser

Based on Phase 1 results, a single OctoAir-60 diffuser may be deployed from the vessel, suspended from a
crane or boom, as shown on Figure 5 (above). Activities will focus on diffuser deployment procedures; vessel
and diffuser stability; connection integrity; air diffuser system performance (compressor, hosing, valves); and
system stabilization in actual field conditions. Operational settings (e.g., air flow, depth, etc.) may be adjusted
to optimize sheen dispersion.

Deployment Activity 5: Semi-permanent diffuser configuration

Based on previous deployments and current profile data, a single diffuser may be deployed and anchored to
the sediment surface, as shown in concept on Figure 9. This deployment will be used to evaluate air diffuser
anchoring methods, connection integrity, air diffuser system performance (compressor, hosing, valves), and
diffuser stability to support development of a semi-permanent air diffuser system. Operational settings may be
modified to optimize the air diffuser performance.

Foam Float ~,

Air Diffuser

Anchor/Weight =

Figure 9: Semi-permanent Diffuser Deployment Concept
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o Deployment Activity 6: Multiple diffuser deployment

If observations indicate that sheens are deflected away from the diffuser rather than dispersed, an additional
diffuser (in addition to a semi-permanent [anchored] diffuser) may be deployed from the vessel. The second
diffuser would be positioned approximately one and a half radii of influence from the first diffuser to place
diffusers on either side of the observed sheen to promote dispersion.

Visual observations will be documented throughout the deployment activities from the vessel as discussed in
Section 3.4.

3.4 Proposed Monitoring

Monitoring will be conducted throughout the field activities, including baseline monitoring prior to implementation,
during diffuser deployment activities, and field activities. Proposed monitoring includes:

e Current Profile — An ADCP will be deployed to record data to develop a site-specific current profile.

e Conductivity, Temperature, and Depth — A CTD sensor will be deployed periodically to record water
temperature, salinity and water depth.

¢ Visual sheen monitoring:

- WOTH: Visual monitoring will be conducted from WOTH throughout baseline monitoring and field
activities. Sheens will be described and documented in photographs and videos.

- Vessel-based: Visual monitoring will be conducted from the vessel throughout baseline monitoring and
field activities. Sheens will be described and documented in photographs and videos.

e UAYV sheen monitoring:

- Sheen monitoring may be conducted from a UAV equipped with a camera collecting in the visible range
of the spectrum. Camera and sun angle at collection will be varied, and neutral density or polarizing filters
applied as necessary to optimize sheen visibility. Photographs collected with UAV will retain full exif data
to record position, direction, and angle of camera.

- The use of thermal infrared collection will be considered for sheen detection. A sheen on top of the water
surface will often appear warmer on thermal imagery, because it absorbs more heat from sunlight and
alters radiance. This is balanced by the fact that thermal imagery collects at a lower spatial resolution
than optical imagery, so small areas of sheens may be more difficult to spot or differentiate.

¢ Orthomosaic — A UAV may be used to collect orthoimagery as well as standard visual monitoring.
Orthoimages are photo mosaics that have been photogrammetrically corrected to remove distortion and scale
variation, so the imagery can be used in GIS, and measurements of sheen extent can be performed. While
the creation of orthomosaics over open water is challenging, including the shoreline in the mosaic area should
allow for their creation. Orthoimagery will be collected with both a standard visible camera and a multispectral
sensor. The multispectral sensor is calibrated spectrally and collects in the near-infrared portion of the
electromagnetic spectrum as well as the visible. Both the separation of bands and calibration allow for more
precise manipulation to enhance the visibility of sheens.
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3.5 Reporting

Arcadis and C-CORE will prepare a letter summary report documenting the completed field activities. The letter
report will generally include:

¢ Anintroduction including a description of the completed field activities, including any problems encountered or
modifications to this Work Plan.

o A summary of the equipment, vessel, and field procedures used for air diffuser deployment.

¢ A summary of the visual, semi-quantitative observations, and collected data (i.e., graphs, tables).

e Figures, photographs, and videos, documenting observations.

e An evaluation of data and a summary of observations.

¢ Recommendations for potential semi-permanent deployment design.
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4 Schedule

Preliminary schedule for air diffuser activities is presented below.

Schedule Component ‘ Date | Duration ‘
Final Work Plan / Pre-Implementation April 2026 B
Planning
Baseline Monitoring / Site Reconnaissance June 2026 One week
Field Activity - Phase 1 June 2026 One to two weeks
Field Activity - Phase 2 July 2026 One to two weeks
Summary Report December 2026 --

This schedule is dependent on marine contractor subcontracting, material and equipment procurement, weather,
and modifications between activities.
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Overview of Air Diffuser Use for Upwelling Application

PrepAReD For -~ Arcadis
DocID Arcadis_TM_001 Revision 1.0 Date February, 2026

Technical Note — Overview of Air Diffuser Use for Upwelling Application

During the summer of 2023, C-CORE conducted field trials to evaluate the use of air diffuser systems to
create a local upwelling effect for aquaculture operations. In essence, the air diffusers were used to bring
colder, more oxygenated water from lower depths to the surface during periods of high sea surface
temperature. High sea surface temperature has been linked to large fish kill events in aquaculture
operations.

The air diffusers which were evaluated included the SalmoAir® and OctoAir-60 (see Figure 1),
manufactured by Canadian Pond Ltd, with specifications shown in Table 1. C-CORE chartered a 35 ft
(10.5m) long vessel equipped with a crane which was moored in place at a site in Holyrood Bay, NL with
a water depth of 98 ft (30 m). The vessel was equipped with a crane that was used to deploy the air
diffuser systems over the side of the vessel (Figure 2) and lower it to the desired water depth of 65 ft (20
m). A 20 ft (6 m) long instrumentation frame was used to lower and raise sensors to measure the vertical
and horizontal water velocities and temperature as a function of depth and distance from the center of
the area of influence. This was achieved using an electromagnetic current meter and
temperature/pressure sensor. A diesel powered 185 CFM compressor was used along with a simple valve
and gauge assembly to control the air flow rate being applied to the air diffusers. A summary of the air
flow rates that each diffuser was tested at is provided in Table 2. The SalmoAir® diffuser system generated
an area of influence at the surface with a diameter was is approximately equal to the length of the vessel
(Figure 3). Note the Octoair-60 at 100 CFM was observed to create the largest area of influence at about
45 ft in diameter.

Figure 1. CanadianPond air diffuser systems SalmoAir® (left) and OctoAir-60 (right)

Table 1. Canadian Pond air diffuser specifications

Technical Specifications SalmoAir® OctoAir-60
Bubble Tubing® diameter in inch (mm) 3/4 (21) 3(4)
Tubing length in ft (m) 100 (30) 300 (90)
Diameter in inch (m) 70(1.78) 96 (2.44)
Weight in lbs (kg) 100 (45) 315 (143)
Frame material Aluminum Stainless steel
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Figure 2. Moored vessel with crane used to deploy air diffuser to desired water depth

Table 2. Air diffuser air flow rates

Air Flow Rate in CFM (m3/min)

Air Diffuser System

Low Medium High
SalmoAir® 10 (0.28) 20(0.57) 30(0.85)
OctoAir-60 30 (0.85) 60 (1.70) 100 (2.83)

Figure 3. SalmoAir® air diffuser being used to generate an area of influence with a surface diameter
approximately equal to the length of the 35 ft long vessel.
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C-CORE also conducted Computational Fluid Dynamics (CFD) modeling using Star-CCM+ software. The
multi-phase (water and air) fluid flow dynamics were captured by solving the governing equations
(Reynolds Averaged Navier-Stokes) for a three-dimensional meshed representation of a defined volume
of water body around the air diffuser. The multiphase mixture model was then utilized to simulate the
flow pattern and thermal field. The CFD simulations were performed in two phases, with Phase 1
completed prior to the field trials as a predictive tool to design and optimize the trials. The results of Phase
1 were interpreted qualitatively to better understand the performance of SalmoAir® and OctoAir-60 for
cold water upwelling. Following the completion of the field trials, the project team performed Phase 2 of
the CFD modeling. In this phase, the CFD model conditions and inputs were adjusted according to the
measured environmental parameters and air flow rates during the trials to allow for direct comparison
between the CFD and field results. CFD sample output is shown in Figure 4.

Figure 4. Sample CFD output showing area of influence generated using the air diffusers system

The systems tested were effective in creating a local upwelling effect by bringing water from below the
local established thermocline up to the surface to cool the surface water. More details can be found in
Thodi et al., 2025.
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ABSTRACT

As a consequence of climate change, the ocean surface
temperature is rising. Warmer water has low dissolved oxygen,
which can adversely affect the health of fish and their survival
rates in aquaculture operations. Upwelling is a process in which
deeper, colder water is lifted to the surface providing thermal
mixing and circulation of oxygen-rich water. This paper
discusses the design and execution of field trials to validate the
performance of CanadianPond air diffuser upwelling systems for
use in the aquaculture industry. Field trials were carried out at
The Launch, an ocean innovation hub owned by the Marine
Institute, in Holyrood Bay, NL, Canada. The upwelling systems
were deployed at 20 m water depth and tested with 10 to 100
Standard Cubic Feet per Minute (SCFM) air flow rates. An
electromagnetic current meter was used to measure the vertical
and horizontal velocities generated by the upwelling systems at
various locations underwater. Water depth-temperature profiles
and dissolved oxygen levels were also measured prior to and
during the trials. A Computational Fluid Dynamics (CFD) model
was developed in parallel to assess the upwelling performance
in different conditions and scales. The study concluded that
localized upwelling was possible using the air diffusers tested,
with effectiveness varying based on the applied air flow rate.

Keywords: Aquaculture, upwelling, air diffuser, field trial

1. INTRODUCTION

Climate change and associated surface water temperature
change can be a significant challenge for the marine aquaculture
industry worldwide. The success of marine aquaculture depends
heavily on maintaining favorable conditions for fish health,

St. John’s, Canada
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Mario Paris
Canadian Pond.ca
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Patrick McDonald
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including temperature, dissolved oxygen, pH and nutrient levels
in the water. During summer months, the increase in surface
water temperature may cause metabolic distress and asphyxia,
resulting in mass mortality of fish. In this work, upwelling using
air bubbles is tested as a means of controlling water temperature
and thus creating a more favorable microenvironment within the
cage. Upwelling is a process in which deeper, colder water is
lifted to the surface providing thermal mixing and circulation of
oxygen-rich water. An illustration of an upwelling system
installed in a typical aquaculture cage is shown in Figure 1.

T T e R e

§/ Water surface
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FIGURE 1: UPWELLING SYSTEM IN OPERATION

SalmoAir® and OctoAir-60, developed by CanadianPond
are two commercial solutions to induce upwelling of a large
volume of water to improve seawater quality within cage for
creating optimum conditions for fish growth. The upwelling
system consists of a diffuser ring, which is capable of generating
upwelling and movement of water to the surface (Figure 2).
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FIGURE 2: CANADIANPOND UPWELLING SYSTEMS
(SALMOAIR® (LEFT) AND OCTOAIR-60 (RIGHT))

2. BACKGROUND

Summer mortality of caged fish is a major problem that
affects production at commercial farms [1]. The water column
thermal stratification in summer may be caused by coastal
warming, wind, current, and wave actions [2]. As long as the
surface water is in motion, it reduces still water conditions within
the cage. However, in between tidal cycles and low-wind, there
is a potential for still water condition within cages for an
extended period of time. This warm water at surface would have
low dissolved oxygen, causing stress and asphyxia in fish. Also,
fish may try to swim down towards the lower thermoclines to
secure more favorable health conditions. This clustering could
potentially increase the chances for asphyxia or stress related
issues to fish. When replenished with bottom cold water by the
upwelling system the dissolved oxygen levels increase.
However, it was clear that the technology should be the subject
of future research with an assessment of different air flow rates
and designs related to each geographic site of interest and
targeted species as a countermeasure for global warming and
rising surface water temperature [1]. Artificial upwelling
elevates nutrient rich bottom water to surface, which promotes
food sources for fisheries and aquaculture [3].

3. METHODOLOGY

The tests were completed at The Launch facility, an ocean
innovation hub owned by the Marine Institute, in Holyrood Bay,
NL, Canada [4]. C-CORE contracted a 35 ft vessel (see primary
vessel in Figure 3) with sufficient deck space to conduct the field
trial. The vessel was anchored in-place where water depth was
greater than 30 m (~100 ft) for the duration of the 2-week field
trial program and a fast rescue craft (FRC) was used to commute
people and light equipment to and from the primary vessel. The
primary vessel was equipped with a crane that was used to
deploy the diffuser over the side of the vessel and lower it to a
depth of 20 m. A 6 m long instrumentation frame was designed
and fabricated, and was used to lower and raise sensors to various
depths and distances from the center of the plume. The primary
measurements included the vertical and horizontal water velocity
and temperature as a function of depth and horizontal distance
from the center of the plume (see schematic of sampling
locations in Figure 3, right). The Dissolved Oxygen (DO) level
and water temperature were measured using a DO sensor, and a
temperature data logger, respectively. During testing, the
instrumentation frame was lowered to depths 1, 5, 10, 15 and 19
m below surface for a duration of 5 minutes at each location to

measure the velocities and temperature at these depths. Once a
vertical drop was completed at the center of the plume, the sensor
was moved horizontally at 0.5, 1, 1.5, 2, 3, 4 and 5 m increments
away from the center of the plume to map the vertical and
horizontal velocities generated by the diffusers as shown in
Figure 3.

Water Surface
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-10 X X X X X

E . Instrumentation

‘ frame
‘ -15 X X X X X

Upwelling
svstem

\Lf%.f?l

-19 X X X X X

-20

Upwelling Unit

FIGURE 3: TEST SCHEMATIC (LEFT) AND SAMPLING
LOCATIONS (RIGHT)

In this study, the upwelling rate is defined as the volume of
water uplifted by the air diffuser per unit time. The upwelling
rates are estimated using the vertical velocity and area of plume
at a certain water depth (e.g., 1, 5, 10, 15, 19 m below surface).
That is, the vertical velocity for each horizontal distance
measurement from center at a given depth, and the annulus area
that corresponded to that velocity were combined in the
calculations using the Equation 1 to 4. Thus, for each distance,
the area of ring and velocity are calculated as follows:

A; =7(Rir1 + R)(Rivs — Ry, and Ao = ¥ (A)) (1)
Vi =880 and v, = 3 (V) @
Qi = A; X Vi, and Qror = X (Q1) 3)
Also, Qior = Ator X Vior 4)

where, i = 0.5,1,1.5, 2, 3,4,5 m, horizontal distance from
the plume center, Q; is the vertical flow (i.e., upwelling) rate at
the horizontal distance i, 4; is the area of annulus corresponding
to V;, V; is the associated vertical velocity, Q;,. is the upwelling
rate at each depth (i.e., 1, 5, 10, 15, 19 m below surface). To
smooth the transition between measurements, a linear
interpolation was carried out here between the vertical velocity
values for each horizontal position. Once the vertical flow rates
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are estimated at each depth, these values are summed up to get
an average upwelling rate for the diffuser, using Equation 5,

Qavg = mean (Q¢or) 5

where, Qg4 is the average upwelling rate, considering all
depths (i.e., 1, 5, 10, 15 and 19 m) in m?/s.

Computational Fluid Dynamics (CFD) was used to model
the upwelling process in seawater using SalmoAir® and OctoAir-
60 diffusers. The commercial CFD package STAR-CCM+, a
Siemens product, was utilized to perform the simulations and
post-process the results. The CFD model was initially used as a
qualitative tool to optimize the planning and design of field trials,
and later was validated against the measurements from the field
trials. The validated model can then be used to model the use of
the air diffusers in future field installations.

4. TEST PLANNING AND DESIGN

The Launch facility is equipped with a wharf, jib crane and
a small marina as shown in Figure 4. The project team mobilized
light equipment and sensors from the wharf to the anchored
vessel on a daily basis using the FRC. The test site was located
approximately 555 m from the wharf (coordinates 47° 23' 60" N,
53° 7' 53" W) at 30 m water depth.

FIGURE 4: THE LAUNCH FACILITY, WHARF AND CRANE

The vessel chosen for the field trial was the MV Dalton
Redeemer (Figure 5, left), which is a 35 ft (10.7 m) open vessel.
The deck space was sufficient for housing all test equipment
including compressor, air diffuser and manifold. The Dalton
Redeemer was equipped with a crane to deploy the air diffuser
over the side of the vessel and lower it to a depth of 20 m. An
FRC, shown in Figure 5 (right), was used to commute people and
light equipment and sensors from the wharf to the anchored
vessel. Its length was 20 ft (6.1 m) and has a rated capacity of 6
people.

FIGURE 5: DALTON REDEEMER (LEFT) AND FRC (RIGHT)

Two upwelling systems supplied by CanadianPond, known

as SalmoAir® and OctoAir-60 were tested during the trials.
SalmoAir® is designed specifically for aquaculture aeration,
mixing and upwelling applications and features a smooth surface
without sharp angles protecting salmon from scale damages,
injuries and other accidents (Figure 6). The OctoAir-60 is a high-
performance industrial diffuser designed for aeration, mixing,
upwelling and deicing (Figure 7). In both these diffusers, Bubble
Tubing® was arranged in spiral form, technical specifications of
each diffuser are shown in Table 1.

FIGURE 6: SALMOAIR® READY FOR DEPLOYMENT

FIGURE 7: OCTOAIR-60 READY FOR DEPLOYMENT
TABLE 1: UPWELLING SYSTEM SPECIFICATIONS

Parameter SalmoAir® = OctoAir-60
Tubing diameter in inch (mm) = % (21) ¥ (21)
Tubing length in ft (m) 100 (30) 300 (90)
Diffuser diameter in inch (m) 70 (1.78) 96 (2.44)
Weight in Ibs (kg) 100 (45) 315 (143)
Frame material Stainless steel

Lifting bridle height in ft (m) 4.9 (1.5) 4.9 (1.5)

A Doosan C185 diesel powered compressor was used to
supply air to the upwelling systems. Compressor specifications
are given in Table 2, and a picture of compressor and manifold
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onboard Redeemer is shown in Figure 8. Two flow control For measuring temperature across depth, the HOBO U20L-
valves, 4 pressure gauges and 2 air flow meters (one with 50 02 Logger (with an accuracy of +/- 0.44°C from 0 to 50°C, see
SCFM (Standard cubic feet per minute, 1.42 m3/min) and another Figure 10) from Hoskin Scientific was deployed. The
with 250 SCFM (7.08 m*/min) capacity) were used to control temperature measurement would help provide thermocline
and measure the inlet pressures and airflow rates. information for the effective location of air diffusers.

TABLE 2: COMPRESSOR SPECIFICATIONS

Parameter Specifications

Actual delivery in SCFM (m3*/min) | 185 (5.2)

Rated pressure (psig) 100

Pressure range (psig) 80 - 100

Weight, Ibs (kg) 2,359 (1,070)

Length, in (m) 137.4 (3.490)

Width, in (m) 68.5 (1.740) FIGURE 10: WATER LEVEL AND TEMPERATURE LOGGER
Height, in (m) 67.5 (1.715) For measuring DO levels within and outside the air plume,
Fuel tank capacity (L) and run time | 130.6 at 12.6 hours a Polaris C Oximeter from Oxyguard (with an accuracy +/- 1%)

was deployed (Figure 11). The amount of DO is a good indicator
of water quality.

FIGURE 11: DISSOLVED OXYGEN SENSOR

An instrumentation frame (Figure 12) was designed and

: . S : fabricated to mount the ECM and temperature sensors and lower
FIGURE 8: COMPRESSOR (LEFT) AND MANIFOLD (RIGHT) in a grid pattern within and outside the plume. The frame was 6
m long and was attached to the crane cable through two pulleys.

The following three sensors were used during the trial:
electromagnetic current meter (ECM), temperature and depth
data logger, and DO sensor. For measuring the vertical and
horizontal velocities generated by the upwelling systems, a
MIDAS ECM (having an accuracy of +/- (1% of reading + 0.005
m/s and a resolution of 0.001 m/s) from Valeport (Figure 9), was
attached to instrumentation frame and deployed.

FIGURE 12: INSTRUMENTATION FRAME

The following test parameters were varied during testing.
e Airflow rate through the diffuser as per Table 3
e  Water depth: 1, 5, 10, 15, and 19 m below surface
e Horizontal distance: 0.5, 1, 1.5,2, 3,4, and 5 m

TABLE 3: AIR FLOW RATE VARIATIONS

CanadianPond Air flow rate in SCFM (m3/min)
upwelling systems | Low Medium | High
SalmoAir® 10 (0.28)  20(0.57) 30 (0.85)
OctoAir-60 30(0.85) 60 (1.70) 100 (2.83)
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5. TRIAL PROCEDURE

Shakedown tests were conducted initially to ensure that the
required water depth, temperature profile and airflow rates are
achievable, as well as, to ensure that all sensors are working and
acquiring the targeted data as designed. The following step-wise
procedure was followed during testing [4]:

e  Connected the air diffuser to manifold and tested that it
was functional on the deck of the vessel. Made sure that
there were no air leaks from connections.

e Air diffuser was lifted off deck using the onboard crane
and lowered to position (i.e., 20 m below water surface)
using the vessel crane.

e The ECM and temperature data logger was attached to
the instrumentation frame at desired locations and
secured ECM data cable to avoid snagging. Go pro
camera was attached to the frame facing the ECM.

e Instrumentation frame was attached to the crane cable
at one end through a pulley and lowered to position
manually using two ropes attached at either ends.

e Instrumentation frame was deployed over the side of the
vessel by hand with two field personnel and lowered to
the required depth using two ropes (one on either end).
Markers were added to the rope at 1 m, 5 m, 10 m, 15
m and 19 m to provide indication for how much each
line should be paid out as the instrumentation arm is
lowered. Ropes were tied off to vessel rail to keep its
position when instrumentation arm reached required
depth. That was the beginning of a test.

e Collected required data (i.e., vertical and horizontal
currents and temperature) at defined water depths. The
frame was kept at least 5 minutes at each location to
obtain the stabilized current and temperature data.

e  After data collection, recovered the frame to the deck
using attached ropes. Repositioned the sensors to cover
the horizontal distances (i.e., 0.5 m, I m, 1.5 m, 2 m, 3
m, 4 m and 5 m) and repeated the tests lowering the
instrumentation frame to the required depths.

e  Once the test was over, the diffuser was brought aboard
the vessel using crane.

e The DO sensor was lowered to 2 m depth keeping the
monitor in hand, before testing to monitor the baseline,
and during testing to monitor the DO level changes. The
DO levels were measured at the plume center, as well
as at 3 m and 6 m away from the plume center.

6. COMPUTATIONAL FLUID DYNAMICS MODELING
A CFD model was developed to quantify the upwelling
process in seawater using SalmoAir® and OctoAir-60 diffusers.
The physical process of interest was lifting the colder (and
denser) water from underneath the thermocline towards the
water surface due to the upward flow induced by the rising air
bubbles. The multi-phase (water and air) fluid flow dynamics
were captured by solving the governing equations (Reynolds
Averaged Navier-Stokes) for a three-dimensional meshed
representation of a defined volume of water body around the air
diffuser. A mesh sensitivity study was completed at first to ensure

that the results were independent of the mesh size and
distribution. The multiphase mixture model was then utilized to
simulate the flow pattern and thermal field. The mixture model
accounts for the average performance of the flow system, and
captures the turbulent flow behavior.

The CFD set up is shown in Figure 13. The current direction
is from left to right. The computational domain covers a 60 m by
60 m area of water and has a 30 m depth. The diffuser is placed
at the depth of 20 m and is located towards the inflow (left) in
order to allow for complete capturing of the plume behavior
when there is a strong current tilting the plume. The diffuser is
modeled as a cylinder with the same dimensions as SalmoAir®
or OctoAir-60. The upper and lower sides of the cylinder is
interfaced with the domain so water can transfer from one to
another. A mass source term is defined in the diffuser (cylinder)
area to introduce the air phase in the model. The air bubbles then
start rising due to their small densities, and transfer their upward
momentum to water, leading water towards the surface. Also, the
density of air-water mixture is low due to the presence of large
volume of low-density air bubbles and hence the cold-water
particles tend to move upward due to buoyancy force acting upon
them.

FIGURE 13: COMPUTATIONAL DOMAIN USED FOR CFD

The results such as vertical component of water velocity and
temperature were monitored over several areas such as various
depths within the plume (e.g., 1, 5, 10, 15 and 19 m below
surface), as well as vertical lines starting from the plume center
at 0, 0.5, 1, 1.5, 2, 3, 4, and 5 m horizontal distances from the
plume center. These areas are shown in Figure 14. Table 4
presents the fluid properties used in the CFD models.

FIGURE 14: DATA MONITORING LOCATIONS
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TABLE 4: FLUID PROPERTIES

Type Fluid Dynamic = Specific = Thermal

of density viscosity | heat conductivity
fluid (kg/m®) (Pa.s) (J/kgK) (W/m.Kk)
Water | See below @ 141 ¢? 4003.0 | 0.600

Air 1.216 1.785¢3 | 1003.6 0.026

The water density was set at a constant value of 1026 kg/m?3
in the hydrodynamics only models. The following polynomial
function was programmed in the model for the models with heat
transfer included (see Equation 6). This polynomial function was
derived from a more extended function presented by Lewis and
Perkin (1981) [5], which includes dependency on temperature
and salinity. From field trials, the salinity of water was confirmed
to be around 0.035 kg/kg and stayed relatively constant
throughout the trials.

Pwater = (=5 X 1078)T* + (2 x 1075)T3 + (=5.6 X
1073)T2 + (—4.97 x 1072)T + 1028 (6)

7. RESULTS AND DISCUSSION

Prior to testing each diffuser, the following baseline
parameters were measured and recorded:

e Temperature profile across water depth; and

e Baseline dissolved oxygen level in water.

Once the installation and shakedown tests were completed,
the test parameters were varied by lowering the instrumentation
frame to the desired test location. During each test, the following
test parameters were pre-set:

o Airflow rate through the air diffuser;
e ECM and temperature sensor depth; and
e Horizontal distance from the plume center.

During testing, the following data were recorded:

Vertical and horizontal velocities;
Temperature at each test location;

e DO within the plume (i.e., 0 m and 3 m from center)
and outside the plume (i.e., at 6 m from center); and

e  Test pictures and videos.

7.1 Vertical Velocity

As a sample case, the average vertical velocities measured
with SalmoAir® and OctoAir-60 at 30 and 100 CFMs are shown
in Table 5 and 6, respectively. It can be seen that the vertical
velocity increases as the bubbles rise to surface and the peak is
observed to be at 5 m below surface (0.43 m/s for SalmoAir® and
0.62 m/s for OctoAir-60), after which the velocity begins to slow
as the energy is converted to horizontal velocity near the surface.
Also, it is worth noting that the velocity decreases as the sensor
moves horizontally away from the plume center.

TABLE 5: VERTICAL VELOCITY BY SALMOAIR®

Average velocity (m/s) generated by SalmoAir® at 30 CFM
Depth = Om 0.5m Im I.5m 2m 3m  4m
-1m 0.35 0.27 0.20 0.17 0.27 | 0.19 0.08
-5m 0.43 0.36 0.27 0.16 0.15  0.13 0.10
-10m | 0.40 0.36 0.25 0.19 0.13 | 0.10

-15m | 0.40 0.35 0.16 0.16 0.06 | 0.06

-19m | 0.27 0.13 0.05 0.08 0.07 | 0.05

TABLE 6: VERTICAL VELOCITY BY OCTOAIR-60

Average velocity (m/s) generated by OctoAir-60 at 100 CFM
Depth  Om 05m Im 15m 2m 3m 4m  5m
-1m 043 044 043 0.35 032 026 0.14 0.08
-5m 0.62 0.60 053 044 035 023 0.11 0.05
-10m | 0.62  0.58 0.46 = 0.28 0.17 | 0.08

-15m | 0.62  0.52 0.19 ' 0.05 0.03 | 0.04

-19m | 040 0.22 0.03 ' 0.03 0.03 | 0.04

7.2 Vertical Velocity vs. Air Flow Rate

The vertical velocity vs. air flow rate comparison plot for
SalmoAir® is presented in Figure 15. This is a sample plot and is
developed by using the measured vertical velocities at the plume
center. Similar plots for 0.5 m, 1.0 m, 1.5 m and 2 m horizontal
distances from plume center can be plotted as well. From this
plot, it is evident that the higher air flow rates produced better
vertical velocity, with 30 CFM being the highest. That is, a
moderate air flow rate of 30 CFM or 0.3 CFM/ft (i.e., 30 CFM
over 100 ft tubing) is an efficient option for maximizing vertical
flow.

Average Vertical Velocity Generated at Center with Various Air Flow Rates

Velocity (m/s)
0
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-14 At 20 CFM
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FIGURE 15: VERTICAL VELOCITY CURVES BY SALMOAIR®
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A sample plot of vertical velocity at the plume center for
OctoAir-60 with various air flow rates is presented in Figure 16.
Similar to SalmoAir®, higher air flow rates produced better
vertical velocities for this diffuser as well.
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FIGURE 16: VERTICAL VELOCITY CURVES BY OCTOAIR-60

7.3 Vertical Velocity as Function of Horizontal Distance

SalmoAir® results at 30 CFM are plotted as a function of
horizontal distance from the plume center in Figure 17. It is
evident from this figure that the highest velocity is observed at
the plume center and the velocity decreased as the sensor moved
horizontally away from the plume center.
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FIGURE 17: VERTICAL VELOCITY CURVES BY SALMOAIR®

As a sample, the OctoAir-60 test results at 100 CFM are
plotted as a function of horizontal distance from the plume center
in Figure 18. It is evident from this figure that the highest
velocity is observed at the plume center. Also, the measured
velocity was found to decrease as the sensor moved away from
the center towards outer edge of the plume.
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FIGURE 18: VERTICAL VELOCITY CURVES BY OCTOAIR-60

7.4 Horizontal Velocity

The average horizontal velocity comparison at plume center
and 3 m distance for SalmoAir® is shown in Figure 19. A similar
result was observed for OctoAir-60 as well. At the plume center,
the measured horizontal velocity was less than 0.1 m/s for both
SalmoAir® and OctoAir-60. At 3 m horizontal distance, the
measured horizontal velocity has increased slightly to 0.19 m/s.
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FIGURE 19: HORIZONTAL VELOCITY DATA BY SALMOAIR®
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At all other tested locations, the horizontal velocity was
observed to be insignificant (i.e., less than 0.1 m/s). The data
collection was limited to a depth of 1 m below surface. Actual
surface velocity would likely be higher than that measured at 1
m depth.

7.5 Upwelling Rates

The estimated upwelling rates at measured depths for
SalmoAir® at 30 CFM are shown in Figure 20 as a sample case.
From this figure, it is evident that the vertical flow rate is
increasing as the plume rises towards the surface as the plume
diameter increases. The ambient noise in the vertical velocities
(i.e., <0.05 m/s) is excluded from these calculations.

upwelling rates. This level of upwelling rate (i.e., greater than
20,000 m*/h) means the exchange of a large volume of water
from the bottom to surface to break the still water conditions
within fish cage during summer.

TABLE 7: UPWELLING RATE COMPARISON
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FIGURE 20: UPWELLING RATE FOR SALMOAIR® AT 30 CFM

7.6 SalmoAir® vs. OctoAir-60 Comparison
Estimated average upwelling rates of SalmoAir® and

OctoAir-60 are compared in Table 7 and illustrated graphically
in Figure 21 for SalmoAir® and Figure 22 for OctoAir-60. From
this Table, it is evident that the 30 CFM air flow rate provides
highest upwelling rate for SalmoAir® and 100 CFM air flow rate
provides the highest upwelling rate for OctoAir-60.

It is observed that the upwelling rate increases with
increasing air flow rates at the tested air flow rates for SalmoAir®
and OctoAir-60. Also, it is better to use two SalmoAir® at 30
CFM instead of one OctoAir-60 at 60 CFM to achieve high

Water | SalmoAir®rate (m3/s) at | OctoAir-60 rate (m?/s) at
depth 10 20 30 30 60 100
(M CFM CFM CFM  CFM  CFM CFM
-1 1.36 | 3.95 11.05 | 5.02 12.43 19.38
-5 164 | 357 7.43 2.26 10.98 16.12
-10 143 | 497 451 1.94 7.93 6.25
-15 0.77 | 3.22 3.03 0.63 4.77 1.66
-19 035 | 0.35 1.95 0.16 2.85 0.48
M m
e /s 111 321 5.60 2.00 7.80 8.80
a m
n /h 4,001 11,560 20,138 | 7,214 @ 28,051 | 31,593
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FIGURE 21: UPWELLING RATE FOR SALMOAIR®
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7.7 Temperature

To ensure that the temperature data logger is stabilized
during measurement (i.e., keeping 5 minutes at each test
location) a temperature stability analysis was carried out. Sample
result of the analysis for SalmoAir® at 10 CFM test case with
sensor located at 19 m depth and at 0.5 m horizontal distance
from the plume center is shown in Figure 23. Given that the
temperature vs time plot is fairly flat (especially at the end of the
5 minutes period), it is evident that 5 minutes is sufficient time
for the sensor to obtain the stabilized temperature data.
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FIGURE 23: TEMPERATURE DATA STABILITY CHECK

The baseline temperature — depth profile (i.e., prior to
turning on upwelling systems) measured on September 18%
(before SalmoAir® test) is shown in Figure 24. The temperature
sensor is kept approximately 3 minutes at 1 m depth interval
during the September 18" drop to 30 m water depth. The near
bottom temperature was 2-3°C, whereas at the diffuser location
(20 m depth) the measured temperature was 7°C, 16°C at 5 m

September 18 Temperature Probe Drop

0

Depth (m)

0 5 10 15 20 25
Temperature (°C)

FIGURE 24: BASELINE TEMP-DEPTH PROFILE

and 21°C at 1 m below surface, which means that the ocean water
is well stratified and the water gets colder as the sensor goes
deeper. The upwelling can thus be well quantified by measuring
the thermal profile across depth during testing.

During testing, the temperature sensor was attached to the
ECM, so that the location specific temperature was measured
and quantified. Figure 25 presents a sample temperature
measured during SalmoAir® test with 30 CFM air flow rate along
with the baseline temperature measured on September 18 (i.c.,
dotted line). In this plot, the sensor horizontal distance variation
from 0 to 3 m is illustrated. If no upwelling system in operation,
the baseline profile will be preserved with distinct thermoclines.
With the introduction of upwelling by air diffuser, the
thermoclines get disrupted as the plume tends to mix the water
particles during its upward journey from 20 m to surface
modifying temperature differentials.
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FIGURE 25: SALMOAIR® TEST RESULT AT 30 CFM AIR

7.8 Dissolved Oxygen

The average DO measured using 10, 20 and 30 CFMs are
shown in Figure 26 for SalmoAir®. It was observed that the DO
level increased at the plume center and it was found to decrease
as the sensor moved away horizontally from the center to 3 m
and 6 m away. This may be due to upwelling of deeper, colder
water to surface, and mixing with surface warm water as it moves
away from the plume center. Cold water has higher DO levels.
Similarly, the temperature decreased at the plume center and
increased as the sensor moved away from the plume center
towards the edge (Figure 27). This also indicates that the cold-
water upwelling is happening due to air diffuser operation,
resulting in reduced temperature within the plume.

It is interesting to note that the DO level increased to highest
level (i.e., 13.3 mg/L) with 20 CFM air flow rate while testing
SalmoAir®, and correspondingly the lowest temperature (i.e.,
9.1°C) was observed at 20 CFM air. The minimal increase in the
measured DO levels due to tested ranges of air flow rates (i.e.,
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10, 20 and 30 CFMs) indicates that the increase in DO levels
may be predominantly due to the cold water (having higher DO
levels) upwelling rather than diffuser-induced aeration.

DO Levels due to Air Flow Rate Variations (SalmoAir)
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FIGURE 26: SALMOAIR® DO WITH AIRFLOW RATES
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FIGURE 27: SALMOAIR® TEMP WITH AIRFLOW RATES

7.9 CFD Modeling

The initial simulations covered a range of test parameters
such as the type of air diffuser (i.e., SalmoAir® and OctoAir-60),
air flow rates from 7 to 100 CFM, and water current as a uniform
profile from 0.01 to 0.075 m/s. In the postprocessing, several
parameters were looked at including plume diameter and angle,
as well as vertical velocities within the plume. Table 8 provides
a summary of these models and the main simulation outcomes.

TABLE 8: MODEL CASES AND RESULTS SUMMARY

Air diffuser = Air Plume @ Plume @ Max
Ocean . .
type flow curent dia at dist frm = vert
rate surface = center vel
(CFM)  (m/s)  (m) (m) (m/s)
SalmoAir® 7 0.075 3.6 2.0 0.40
SalmoAir® @ 14 0.075 6.5 2.0 0.55
SalmoAir® | 21 0.075 8.0 2.0 0.65
OctoAir-60 | 20 0.075 7.4 2.5 0.60
OctoAir-60 = 60 0.010 11.5 0.0 1.00
OctoAir-60 | 100 0.075 13.5 2.5 1.20
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The initial models were completed as a pure hydrodynamic
model, and then the heat transfer was added to the model to
provide an opportunity to directly compare the effects of
thermocline and water density as a function of temperature on
the velocity and temperature fields. Figure 28 compares the
plume profile and water flow patterns of SalmoAir® at 14 CFM
air flow rate and 0.075 m/s current with and without thermal
effects. It was observed that the upwelled cold water has the
tendency to sink back to the water column due to its heavier
density than the warm water at the surface. The upwelling
process is a relatively short process with the time magnitude of
a few minutes which is not sufficient for the upwelled cold water
to exchange thermal energy with the surface water and reach an
equilibrium. The phenomenon of cold water sinking into the
water column is expected to scale with the temperature
difference between the water layers. Closer the temperatures,
lower will be the density difference and the “cold” water should
stay close to the surface for a longer period.
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FIGURE 28: PLUME PROFILE AND WATER FLOW PATTERN
WITH (A) AND WITHOUT (B) HEAT TRANSFER

Most of the field trial measurements were performed when
the plume was fairly vertical, suggesting that the current was not
significant such as during tide reversal process. As such, a small
current of 0.01 m/s was applied to all the validation models. The
baseline temperature profile measured on Sep. 18 (Figure 24).
was applied as initial condition to all SalmoAir® validation cases.

The water temperature on the vertical lines (see Figure 14)
and average vertical water velocity within the plume were
compared to the field trial measurements. Figure 29 presents the
velocity and temperature contours for a sample case (i.e.,
SalmoAir® at 30 CFM airflow rate). Figure 30 presents the
comparisons of the average vertical velocity and temperature
between CFD and field trials for the abovesaid test case. Overall
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good agreement was observed in the graphs suggesting the
validity of the CFD modeling. The tested and validated CFD
model can be used as a predictive tool in the future fish farm
installation projects to optimize the design, equipment selection,
diffuser arrangement, and energy conservation. For such
applications, the model needs project specific data such as local
currents including tidal effect, water depth, thermocline
information, and water properties.
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FIGURE 30: VERTICAL VELOCITY AND TEMPERATURE
PROFILE COMPARISONS BETWEEN CFD AND FIELD TRIAL

8. CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

Through field trial and CFD modeling, this study estimated
the performance of CanadianPond upwelling systems. Major
conclusions from this study are presented below.

Upwelling Rate

e The upwelling rates are found to increase with air flow
rates passing through the diffuser, i.e., 30 CFM air flow
rate produced the highest upwelling rate for SalmoAir®
(20,138 m?/hr) and 100 CFM air produced the highest
upwelling rate for OctoAir-60 (31,593 m’/hr).
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e  While comparing the performance of diffusers at the
same air flow rate (for e.g., at 30 CFM), the
performance of SalmoAir® (20,138 m3/hr) was much
better than that of the OctoAir-60 (7,214 m3/hr).

e Depending on the site conditions and cage size, this
study provides a basis for selecting the number and type
of diffusers required for adequate upwelling in the cage.

Vertical Velocity

e  The cold water appears to be lifted to the surface by the
following two processes:

o Kinetic energy - the exiting air bubbles cause
an upward momentum by imparting kinetic
energy to the surrounding water particles; and

o Density change - the presence of air bubbles in
water reduces the density of air-water mixture,
causing the buoyancy force overtaking gravity
leading to an upward motion.

e The vertical velocity increases as the air bubbles move
towards the surface, before slowing near surface as the
energy is translated to horizontal velocity, with the peak
vertical velocity being observed at 5 m below surface.

e  The highest value of average vertical velocity measured
was 0.43 m/s for SalmoAir® with 30 CFM air, and 0.62
m/s for OctoAir-60 with 100 CFM air flow rate.

e The highest vertical velocities were observed at the
plume center. The vertical velocity decreased as the
sensor moved horizontally away from the center.

Horizontal Velocity

e The measured horizontal velocity was insignificant (<
0.1 m/s) for both SalmoAir® and OctoAir-60 at the
plume center. At 3 m horizontal distance, the measured
horizontal velocity was increased to 0.19 m/s at a depth
of 1 m below surface. The horizontal velocity measured
was insignificant at depths measured below 1 m.
Furthermore, the horizontal velocity close to surface
(i.e., from mean sea level to 1 m below surface) was not
measured, which is a limitation of the study.

Temperature

e Prior to starting tests, the ocean water was well
stratified with 21°C at 1 m below, 16°C at 5 m below,
7°C at 20 m below (at diffuser location) and 2 - 3°C
near seabed. During testing, the temperature 1 m below
surface modified from 21°C initially to 7-9°C
demonstrating the system performance.

e The temperature is found to decrease at the plume
center and it was found to increase as the sensor moved
away horizontally from the center. This indicates that
the cold-water upwelling is happening due to the
diffuser operation, resulting in reduced temperature
within the plume.
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Dissolved Oxygen

The DO level was found to increase at the plume center
and found to decrease as the sensor moved horizontally
from the plume center to 3 m and 6 m away,
respectively. This is due to upwelling of deeper, colder
water to surface within the plume, and mixing with
surface warm water as the sensor moved away from the
plume center. The cold water has higher DO levels.

The DO level increased to highest level (i.e., 13.3
mg/L) with 20 CFM air flow rate for SalmoAir®, and
correspondingly the lowest temperature (i.e., 9.1°C)
was also observed at 20 CFM air. The minimal increase
in the measured DO levels due to tested ranges of air
flow rates for SalmoAir® and OctoAir-60 indicates that
the slight increase in DO levels may be predominantly
due to cold water (having higher DO levels) upwelling.

CFD Modeling

The developed CFD model showed an overall good
agreement with the water temperature and average
vertical velocity measured within and outside the plume
during the field trial measurements.

The validated CFD model can be used as a predictive
tool for future projects requiring upwelling to optimize
the design, equipment selection, diffuser arrangement
and energy conservation. For such applications, the
CFD model needs project specific data such as currents,
depth, thermocline information, and water properties.

8.2 Recommendations

The present study has shown that upwelling and
temperature control is possible using CanadianPond
upwelling systems, however integration with the cage,
operational logistics, and the effects on the fish are
unknown. Future studies could be conducted within a
fish cage as a pilot project to study the effect of air
bubbles on fish, temperature/thermocline, and DO and
the resulting expected impact on fish health.

The optimal location (i.e., inside vs. outside) and depth
(i.e., within or below) for upwelling system installation
with respect to the cage is not well studied in this
project. Therefore, a future study including CFD
modeling can help resolve these challenges.

This study didn’t cover the energy requirements for
upwelling projects, therefore, a future study to assess
the energy requirements and potential green sources
(i.e., electrical/solar/wind) of energy to operate these
diffusers should be considered.

Development of a real-time monitoring decision
support system to automatically turn on and off the air
diffuser based on the in-cage temperature and DO level
measurement is recommended.
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