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Section 1 Ballast Management Overview 

1.1 Introduction 
This paper was developed to provide the reader with supplemental background information 
on a proposed series of shipboard field tests.  These tests would use a tracer dye to 
determine the efficiency of novel methods to mix biocides into ship’s ballast water for the 
emergency inactivation of aquatic non-indigenous species (NIS) and harmful pathogens.  
The proposed testing is outlined as a protocol in Appendix A. 

This paper also provides background information for planning the coordination of the field 
tests with numerical modeling and scale testing efforts.  This coordination is outlined in a 
step-wise approach method in Section 4. 

The goal of the overall coordinated effort is to produce an Emergency Response Guide to 
Handling Ballast Water to Control Non-Indigenous Species.  This guide would be 
updated upon completion of each project phase to provide the current best practices for 
responding to ships arriving in port with high risk ballast water, or to the grounding of 
ships laden with high risk untreated ballast water.  Efforts will be made to coordinate the 
development of the guide with marine salvage organizations and regulatory agencies. 

1.2 Statement of Problem 
Merchant ships are a primary vector in the transfer of unwanted aquatic non-indigenous 
species (NIS) throughout the world.  Over 30,000 commercial ships currently ply the high 
seas, carrying cargo between the world’s ports.  They intake ballast water in one aquatic 
ecosystem and potentially transport that water across the globe where it may be discharged, 
in an industrial quantity, in another quite different ecosystem.  Yet in the absence of 
ratifying an international agreement on ballast water treatment standards, there is a gap 
between the protection against NIS that is needed today and the time it will take to 
implement effective multilaterally-accepted NIS management methods.  

This report examines the challenge of biocide disinfection of suspect ballast water under 
two emergency conditions, which occur 

1. on an intervention basis where a high risk ballast water carrier has been 
identified as operating outside basic regulatory compliance prior to making a 
port call; and  

2. on a casualty basis, such as a grounding in a ecologically sensitive area, where 
emergency responders must treat ballast water under difficult salvage 
conditions.  

There is an immediate need to develop a toolkit of response strategies for these emergency 
situations.  It is suggested that there are two primary approaches, which include off-loading 
the ballast water to a third party for treatment, or treating the ballast water onboard the 
suspect merchant ship.  Facilities for pumping ballast ashore may not be available, and 
most ballast pumps are not designed to pump ashore without considerable and expensive 
modifications; additionally, pumping ashore would not be an option in a grounding 



situation.  Consequently, this report reviews the onboard treatment approach, and outlines 
validation through a step-wise approach consisting of numerical simulations, scale-model 
experiments, and field work on actual merchant ships.  Current explorations have 
identified fifteen in-field mixing methods as showing promise in biocide application under 
emergency conditions.  To support later proof of concept testing, a protocol was written for 
the field deployment of these novel mixing methods.  The test protocol not only provides 
the framework for the qualitative evaluation of each method’s practicality, but also details 
in-tank fluorimetric measurements to provide the quantitative data to evaluate the efficacy 
of each method.  

 
Photo Source: National Oceanic and Atmospheric Agency 

Figure 1. Tanker Igloo Moon is shown carrying suspect ballast water shown aground on a 
sensitive coral reef.  The adjacent ship is receiving lightered cargo from the 
casualty vessel.  

1.3 Requirements and Schedule for Ballast Water Treatment 
This introductory section provides a broad overview on ballast water management 
requirements and application.  Worldwide concern for the unintentional migration of 
aquatic non-indigenous species (NIS) by all vessel types is well documented.  In 2004, the 
International Maritime Organization (IMO) adopted the International Convention for the 
Control and Management of Ships’ Ballast Water and Sediments (Convention) for the 
“prevention, reduction, or elimination of the transfer of harmful aquatic organisms and 
pathogens through the control and management of ships’ ballast water and sediments.”   
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Upon ratification of the Convention, vessels that need to discharge while in port must 
either exchange ballast water at sea or treat ballast water.  However, timelines in the 
Convention and Application Resolution A.1005(25) phase out the acceptance of ballast 
water exchange, and require the installation of ballast treatment systems on all newly-built 
and existing vessels that discharge ballast water in port (see Table 1).  These ballast 
treatment systems will need to meet a prescribed performance standard as established by 
Regulation D-2 of the Convention. 

Additionally, various national, regional, and local regulatory bodies are establishing 
requirements for ballast water treatment prior to discharge in local waters.  For example, 
California’s phase-in schedule is more aggressive than the Convention, with treatment 
requirements starting in 2010. 
Table 1.  IMO Ballast Exchange Phase-Out Schedule 

 Vessel Ballast Capacity 
(cubic meters)

Vessel Construction/ 
Conversion Date

Exchange Phase-Out
(Treatment or Retention Only)

Less than 1500 Before 2009 First Survey starting 01-Jan-2016
On or after 2009 2nd Annual Survey no later than 01-Jan-2012

1500 to 5000 Before 2009 First Survey starting 01-Jan-2014
On or after 2009 2nd Annual Survey no later than 01-Jan-2012

Greater than 5000 Before 2009 First Survey starting 01-Jan-2016
2009 through 2011 Immediately starting 01-Jan-2016
On or after 2012 Immediately starting 01-Jan-2012  

1.4 World Merchant Fleet and Phase-In Schedule Challenges 
A closer look at the ballast water treatment phase-in schedule identifies that, in fact, some 
ships may not be outfitted with treatment systems until after their first survey following 
1 January 2016.  This translates into ships outfitted as late as 2018 given that such surveys 
are typically two years, with the possibility of an extension to three years.  Frustration with 
such long phase-in schedules has prompted federal, regional, and local efforts to pursue 
more immediate measures.  An overview of the challenges facing the commercial shipping 
industry provides insight to the reason for such long phase-in periods. 

Ballast water management regulations, according to IMO, apply to all ships in 
international trade whose gross international tonnage is over 300.  The below table 
indicates that over 30,000 such ships are currently in commercial trade, with many 
additional vessels being built every year.  Outfitting such a quantity with ballast water 
treatment systems is a significant challenge.  In general, there is tight competition for 
available dry dock and ship repair spaces.  The world capacity for such modifications 
generally follows classification society requirements for dry docking, and special 
inspections on a five-year cycle.  In other words, it is not practical for the ship repair 
infrastructure to modify the world fleet in a period of less than five years.  In the interim, 
emergency methods to treat suspect ballast water will be needed for ships that have not had 
ballast management systems installed.  Regulatory agencies will be able to use the 
verification of mixing efficacy that this study will offer to evaluate proposed emergency 
treatment methods. 
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Table 2.  “Blue Water Maritime Shipping Market 
Number of Vessels in International Trade Over 1,000 GT

Listed by Controlling Interest (Top 35 Countries/Territories)
Interest Qty Interest Qty Interest Qty

Japan 3,330 Denmark 781 Canada 340
China 3,184 Italy 739 France 309
Greece 3,084 Netherlands 739 Thailand 298
Germany 2,964 Hong Kong, China 689 Philippines 256
Russian Federation 2,203 Taiwan, China 574 Belgium 226
Norway 1,810 India 456 Cyprus 222
United States 1,766 Switzerland 370 Iran, Islamic Republi 184
Republic of Korea 1,041 United Arab Emirates 366 Brazil 151
Turkey 874 Malaysia 357 Saudi Arabia 150
United Kingdom 855 Viet Nam 352 Australia 85
Singapore 794 Spain 347 Kuwait 68
Indonesia 793 Sweden 346
Existing Fleet Total 31,103

New Shipbuilding (Annual Average over Last 7 years) 1,702
Data Source:  United Nations Conference on Trade and Development, Review of Maritime Transport, 2007  

1.5 Treatment System Development Challenges 
The lead time required to develop and manufacture reliable, approved ballast water 
treatment systems is a further limitation to rapidly phasing-in those units.  It is only 
recently that ballast water treatment systems in any quantity are being prototyped on board 
ships.  These prototype efforts, numbering around 20 installations to date, are critical to 
proving that these systems can perform reliably under the rough conditions at sea, constant 
wear and tear of vibration, extreme temperature and humidity, and salt air.  Testing 
protocol, such as that detailed in IMO G8, must be used as an accepted standard to validate 
manufacturers’ reliability and performance claims of any new treatment systems. 

Treatment systems have only begun to pass through rigorous Type Approval processes, 
which certify that they will operate safely and properly in shipboard conditions, meet 
efficacy requirements according to the Convention, and meet toxicity discharge standards 
and review according to a special science panel at the IMO.  To date, only three treatment 
systems have passed through this process for three different panel administrations.  That 
the Convention has not yet been ratified will greatly slow the ability of these Type 
Approvals to be widely accepted.  An additional challenge is that facilities for performing 
the needed testing for these treatment systems are generally booked until 2012, reducing 
the number of candidate systems available for approval.  Availability is also delayed by 
new and developing standards, such as those from California and the United States, which 
are causing treatment systems to be further reevaluated. 

Following the success of prototyping and testing/approval efforts, manufacturers will face 
a significant challenge in engineering, manufacturing, and supporting the installation of 
thousands of such treatment systems.  To frame this challenge, a ballast water treatment 
system (BWTS) can generally be considered significantly more complex than a marine 
sanitation device (MSD).  As there are now companies that are making both ballast 
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treatment devices and MSDs, we will illustrate the challenge using a fictional company 
which serves 5% of the shipping market.  Assuming it received 1,702 new builds from the 
above table, the fictional company would now need to make 85 MSDs and 85 BWTSs, 
which would require a doubling of their current production.  What about the existing ships 
which this company serves?  Assuming 31,103 ships from Table 2, above, and considering 
eight years from the IMO phase in schedule in Table 1, this extrapolation would account 
for an additional 194 units per year.  This would increase the businesses’ production from 
85 units a year (just MSDs) to 364 units per year, and require corresponding increases in 
the supply lines for materials, the size of its manufacturing base, the engineering and sales 
force, and field support. 

1.6 Ballast Water Management Overview 
An overview of the methods available for managing ballast water is provided in Figure 2, 
below.  Methods can be broadly considered in terms of port-based shipboard ballast 
exchange practices, and shipboard ballast water treatment.  It is significant to note port-
based solutions have not evolved in any consequential manner to date.  The shipboard 
methods are discussed in further detail below. 

Since the 1997 IMO Resolution A.868(20) (the old Ballast Water Convention), the 
recognized method of ballast water management for aquatic non-indigenous species (NIS) 
has been ballast water exchange.  Although simple in concept, the additional handling of 
ballast water, either through the pump-out and refill method or the three times overflow 
method, is inefficient, energy wasteful, and time consuming.  Furthermore, ballast water 
exchange was recognized as insufficient for the effective elimination of NIS, which led the 
IMO in 2004 to start phasing in “safer and more effective Ballast Water Management 
options.” 

As such, the current focus has been on onboard treatment methods.  Frequently, such 
methods consist of both primary filtration, and a secondary mechanical or chemical 
process.  In several such developed systems, a combination of secondary methods is used. 

 
Figure 2.  Ballast Treatment Method Overview 
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Table 3.  Ballast Treatment Methods  

Manufacturer Country System Name 
Technology 
Description O

xi
di

zi
ng

 

Approvals 

Alfa Laval Sweden PureBallast 

filtration + advanced 
oxidation technology 
(hydroxyl radicals) x 

IMO Basic and 
Final Type 
Approval 
(Norway) 

ATG Willand 
United 
Kingdom   hydrocyclone + UV    

Ecochlor USA 
Ecochlor™ BW 
Treatment System 

biocide (chlorine 
dioxide) x   

EcologiQ USA/Canada BallaClean deoxygenation    

Electrichlor USA Model EL 1-3 B 

biocide (electrolytic 
generation of sodium 
hypochlorite) x   

Environmental 
Technologies Inc. USA BWDTS ozone + sonic energy x   
Ferrate 
Treatment 
Technologies 
LLC USA Ferrator biocide (ferrate)    

Greenship Ltd Netherlands Sedinox 

hydrocyclone + 
electrolytic 
chlorination x IMO Basic  

Hamann Evonik 
Degussa  Germany SEDNA System 

hydrocyclone + 
filtration + biocide 
(Peraclean Ocean) x 

IMO Basic and 
Final, Type 
Approval 
(Ger.)  

Hi Tech Marine Australia SeaSafe-3 heat treatment  
Queensland 
EPA 

Hitachi Japan ClearBallast 

coagulation + 
magnetic separation + 
filtration  IMO Basic 

Hyde Marine USA Hyde Guardian  filtration + UV  
WA 
Conditional  

JFE Engineering 
Corp. Japan JFE BWMS 

filtration + biocide 
(sodium chlorine) + 
cavitation x   

MARENCO USA   filtration + UV  
WA General 
Approval 

Maritime 
Solutions Inc. USA   filtration + UV    

MH Systems USA BW treatment system 
deoxygenation + 
carbonation    

Mitsubishi Heavy 
Industries Japan Hybrid System 

filtration + electrolytic 
chlorination x   

Mitsui 
Engineering Japan Special Pipe 

mechanical treatment 
+ ozone  IMO Basic 
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Manufacturer Country System Name 
Technology 
Description O

xi
di

zi
ng

 

Approvals 

NEI USA 
Venturi Oxygen 
Stripping (VOS) 

deoxygenation + 
cavitation  

Type Approval 
(Liberia)  

NK-O3 Korea BlueBallast ozone x IMO Basic 
Nutech 03 Inc. USA SCX 2000, Mark III ozone x   

OceanSaver Norway OceanSaver BWMS 

filtration + cavitation 
+ nitrogen 
supersaturation + 
electrodialysis x 

IMO Basic and 
Final 

OptiMarin Norway 
OptiMarin Ballast 
System filtration + UV    

Panasia Co. Ltd Korea GloEn-Patrol filtration + UV  IMO Basic  

Resource Ballast 
Technologies South Africa RBT Reactor 

cavitation + ozone + 
sodium hypochlorite + 
filtration x IMO Basic 

RWO Marine 
Water 
Technology Germany CleanBallast 

filtration + advanced 
electrolysis  x IMO Basic  

SeaKleen USA SeaKleen biocide (menadione)    

Severn Trent 
DeNora USA BalPure 

electrolytic generation 
of sodium 
hypochlorite + 
neutralizing agent 
(sodium bisulfite) x 

WA 
Conditional 

Techcross Inc. Korea Electro-Cleen 

electrochemical 
oxidation + 
neutralizing agent 
(sodium thiosulfate) x 

IMO Basic and 
Final 

Toagosei Group Japan 

TG BallastCleaner 
TG 
Environmentalguard 

filtration + biocides 
(sodium hypochlorite)  
and neutralizing agent 
(sodium sulfite) x IMO Basic  

      Summary 16   

 

 



Section 2 Application of Biocides 

2.1 Filling the Gap with Chemical Biocides 
This section considers typical methods to deploy chemical biocides into ships’ ballast 
water, and the need for novel methods that might be required in cases of regulatory 
intervention or casualty situations.  It recognizes the ease of utilizing permanently installed 
equipment, as well as the significant challenges of implementing emergency measures 
should a ship with full ballast tanks and without an installed or operable treatment system 
require ballast management intervention.  Deploying novel methods that deliver adequate 
biocide mixing is the primary challenge; additional challenges may be imposed by 
damaged or destroyed ship’s infrastructure coupled with an ever shrinking window of 
opportunity to effectively intervene during an emergency event. 

 
Figure 3.  Chemically traced ballast water experiment overflowing on deck of tank ship. 

2.2 Biocide Overview 
The California State Lands Commission, in its Assessment of the Efficacy, Availability 
and Environmental Impacts of Ballast Water Treatment Systems for use in California 
Waters (2007), concludes that 

Many ballast water treatment systems utilize “active substances” (i.e. 
chemicals) to inactivate organisms, requiring an additional level of review 
for potential environmental impacts.....Of the 28 systems reviewed, 18 use 
a chemical oxidant or oxidative process as the primary form of treatment. 
Specifically, six systems use chlorine or chlorine dioxide to treat ballast 
water, four systems use ozone, one uses ferrate, and seven use 
electrochemical oxidation technologies that can generate an array of 
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oxidants including bromine, chlorine, and/or hydroxyl radicals.  Of the 
treatment systems that have received Basic Approval for active substances 
from IMO thus far, all use chemical oxidants or oxidation technology to 
treat ballast water. 

Many of these systems use filtration or other devices in combination with the biocides to 
meet the IMO efficacy requirements.  The efficacy of biocides used alone in ship’s ballast 
water is not discussed here.  This report, however, is mandated with the assumption that 
the ability to apply biocides alone is desired. 

2.3 Typical Ballast Biocide Application Methods (Mixing) 
Typically, biocides are administered during the uptake of ballast water into the ship.  In 
this way the biocide becomes well-mixed both by the turbulence of the water in the piping 
distribution system and by sloshing in the ballast tank as it fills.  One known challenge is 
the heavy sediment load, which can exist in ballast water and affect its ability to attract the 
biocide and effectively weakens the dose which remains in the water column.  Another 
challenge is the reaction kinetics of a reagent such that its effectiveness may diminish 
across the volume, dose and time continuum; dosing may be required beyond uptake just to 
maintain threshold biocide concentrations in the ballast tank.  There are several variations 
in the method, including the direct injection of a liquid into the ballast main, the direct 
injection of a gas into the ballast main, and the use of a slip stream.  A slip stream takes a 
fraction of the ballast water to a reactor for application of the biocide, and then returns the 
treated water back to the main or directly to the tank. 

The simplest application involves a chemical storage tank, metering pump, and distribution 
piping.  In this case, the valves are suitably arranged and the treatment pump meters in a 
designated concentration as the ballast water is taken up into the ship's main for 
distribution to the ballast tank.  Other applications utilize complex machines to 
manufacture gas or liquid biocides on board, thereby avoiding chemical storage and 
handling challenges.  Once manufactured, these are then applied in the same method. 

A notable exception was an ozone system deployed on board the S/T Tonsina.  This system 
included miles of stainless steel tubing distributed throughout the ballast tanks themselves.  
Diffusers were distributed in the tanks such that the ozone gas would percolate throughout 
the ballast tanks.  After extensive testing, the effort was abandoned for one of the more 
typical methods discussed above. 
Table 4.  Mixing Methods 

Disinfecting Agent In-Line Dosing
Full Stream 

In-Line Dosing
Side Stream 

In-Tank 
Diffusion

Chlorine X X  
Ozone X Possible X 
Peroxides X X  
Patented Biocides X X  

 



 
Figure 4.  Typical injection line for biocide into a ballast main. 

2.4 Demand for Novel Methods for Applying Biocides 
The efficiency of typical biocide mixing methods is obvious and well documented.  The 
challenge of biocides clinging to sediment and the challenge of biocide consumption by 
reaction kinetics were noted, but not further addressed here.  However, there remain gaps 
where typical biocide mixing methods cannot be utilized, such as those related to 
emergency regulatory interventions and salvage cases in ecologically sensitive areas.  In 
these dire gap cases, novel methods are needed. 

Specifically, a significant number of ships will not have effective ballast water treatment 
systems installed until 2016.  Until that time, regulators face the possibility that ships with 
high risk ballast water on board will arrive in ports ready to discharge.  Such high risk 
carriers will require novel intervention methods to be applied, either at sea before arrival or 
once they arrive in port.  It is also possible for ships to identify that they need to upload 
high risk ballast water, and deploy novel methods prior to uptake.  The casualty risk was 
demonstrated when the M/T Igloo Moon was grounded and required salvage operations, 
including the emergency treatment of ballast water (Key Biscayne, Florida, 1996). 
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Table 5.  Novel Methods Needed for Biocide Mixing  

  Vessel Position 
Ballast Tank 

Status Ships Power Biocide 
  At Rest Underway Full Partial Empty Available Black Application 

Installed 
Treatment 
System                 
Ready for 
Discharge x x x x   x   Typical 
No Ballast on 
Board x x     x x   None 
Salvage Case, 
Power or 
Pumps Not 
Available x   x x     x Novel 
No Treatment 
System                 
High Risk 
Ballast, Arrival 
in Port x x x x   x   Novel 
High Risk 
Ballast, Before 
Uptake x       x x   Novel 
Salvage Case, 
Power or 
Pumps Not 
Available x   x x     x Novel 

2.5 Neutralizing Treated Ballast Water - Toxicity Concerns 
Mixing of a chemical is not only important in order to introduce a biocide into the ballast 
water; there is also concern to ensure that discharged treated ballast water is not toxic to 
the environment.  In other words, kill everything in the ballast tank but nothing in the 
surrounding harbor. 

Previous work has documented that dilution ratios formed by a plunging ballast water 
discharge stream exceeded 1:20 in close proximity to the vessel hull.  In cases where 
overboard dilution by the receiving body of water is not acceptable, a means of 
neutralizing the biocide before discharge is required.  The novel approaches suggested here 
are also applicable to neutralizing or reversing the toxicity of ‘treated’ ballast water before 
it is discharged to the surrounding environment. 
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Section 3 Novel Biocide Mixing Methods 

3.1 Need for Toolkit of Options 
The purpose of the study’s proposed field work is to further the development of standard 
emergency procedures for managing the spread of unwanted aquatic non-indigenous 
species in critical areas as a result of ballast water discharge.  This study does not address 
either the vessel’s sea chest or hull fouling as an additional vector in the spread of NIS.  
Data supporting the effectiveness of a series of mixing technologies capable of being 
deployed as response interventions will be a deliverable in the final edition of this report.   

The cases which have been identified as needing novel mixing methods consist of 
regulatory intervention to a high risk ballast water carrier, and an emergency response to a 
salvage case.  In both situations, it is likely that there will be little response time, 
aggravating circumstances, and limited resources.  As such, it is proposed that a suite of 
methods should be identified, as well as simple field instructions for their effective 
application.  In this way, the response team can reference and adapt the method most 
applicable to the challenge at hand. 

The effectiveness of flow-through ballast water exchange has been well-studied (Rigby 
and Hallegraeff 1993, Taylor 2000, Villac 2000).  Additionally, studies of chemical 
treatment with ozone (Cooper, Cordell et al. 2002); biocide injection (Glosten, Herbert, 
and Hyde 2002) and the effect of biocide dispersion (Glosten 2004) analyze the application 
of installed shipboard systems to ballast water management.  Absent from the literature is 
the study of intervening methods for treating high risk vessels under emergency conditions, 
although the need for it was documented by Mearns (1999) in the discussion of the Igloo 
Moon grounding.  This report will test mixing technologies for the appropriate application 
within this high risk venue. 

3.2 Emergency Applications 
Two scenarios can be developed for situations requiring emergency ballast water 
interventions, as follows. 

• Regulatory Intervention to High Risk Vessel Arrivals:  Environmental monitoring 
for the distribution of aquatic non-indigenous species (NIS) has led to the 
identification of high risk NIS areas.  Port state control measures can be exercised 
to identify those vessels considered high risk arrivals.  Suspect vessels that fail to 
demonstrate functioning, installed ballast water treatment systems or evidence of 
volumetric open ocean exchange can then be mandated to undergo emergency 
interventions similar to that discussed for ship casualties.  

• Ship Casualty:  This scenario involves a salvage situation where a vessel runs 
aground and cannot be freed without decreasing the ground reaction.  Success in 
most salvage cases is time critical, making the discharge of ballast water a favored 
early response technique.  The risk of discharging suspect ballast water in an 
environmentally sensitive area may be mitigated by directing the salvor to 
introduce, and possibly later neutralize, a chemical disinfecting agent into the 
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casualty’s ballast tanks.  In this case, the deployment of the appropriate mixing 
technology will be critical to the success of the operation. 

In all emergency applications, ballast tank geometry, tank capacity, and liquid levels 
(e.g., the volume of ballast water contained in each tank) will present responders with 
challenges to dosing and mixing.  Baffled tank geometry is complex by design to help 
maintain vessel stability by inhibiting the uncontrolled movement of water within the 
tank.  As ship sizes have increased to leverage economies of scale, ballast tank 
capacities have increased proportionally.  Full tanks are the easiest variables to 
manage, as access to the ballast water is essentially at deck level.  Partially full ballast 
tanks generally mean a confined space entry for the emergency responders and, 
perhaps, a difficult adaptation of the mixing technology.  These variables lead to the 
conclusion that, in emergency applications, no single mixing technology mitigates all 
risks and responders must draw from a variety of mixing tools to achieve the desired 
results. 

Table 6.  Mixing Methods Potentially Suitable for Emergency Response Subject to Field 
Verification 

MIXING METHOD BENEFIT 

Ship's Underway Motion / Filling Empty Tank:  Bulk 
Dye Dose on Bottom 

Can be used in cases where slack tankage exists on 
the casualty and re-distribution of ballast water may 
decrease ground reaction at the impingement point. 

Axial Flow Propeller 

A heavy but still portable unit that is suitable for use 
on pressed-up ballast tanks only. Biocide may be 
metered in by a chemical injection pump or dosed as 
a bulk load that the mixer then disperses throughout 
the tank. 

Venturi Mixing In Tank  
Variation A:  Dye Pumped into Eductor Line 
Venturi Mixing In Tank  
Variation B:  Dye Proportioned by Venturi Effect into 
Eductor Line 
Venturi Mixing In Tank  
Variation C:  Dye Bulk Dosing 

A lightweight portable unit that is suitable for use 
on pressed-up tanks and may also be suitable on 
partially filled tanks. Requires a separate, stand 
alone pump to operate efficiently but it may also be 
possible to utilize the ship’s fire main.  

Air Lift Pumping, Mixing by Compressed Air  
Variation A:  Dye Bulk Dosing 
Air Lift Pumping, Mixing by Compressed Air  
Variation B:  Dye Pumped into Air Lift Tube 

A lightweight portable unit that is suitable for use 
on pressed-up tanks with sufficient head space 
between first landing and access manhole. Requires 
an outside source of compressed air. 

Air Lift Pumping, Mixing by Chemical Agitation  
Variation A:  Liquid Carbon Dioxide 

A lightweight portable unit that is suitable for use 
on pressed-up tanks with sufficient head space 
between first landing and access manhole. Requires 
an outside source of compressed gas. Benefit of 
using CO2 is that the gas also acts as a biocide to 
strip dissolved O2. Drawbacks: 1) CO2 is an 
asphyxiant and therefore hazardous, 2) treated 
ballast water must be re-oxygenated and pH 
moderated before overboard discharge. 
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MIXING METHOD BENEFIT 

Air Lift Pumping, Mixing by Chemical Agitation  
Variation B:  Liquid Nitrogen 

A lightweight portable unit that is suitable for use 
on pressed-up tanks with sufficient head space 
between first landing and access manhole. Requires 
an outside source of compressed gas and an 
independent biocide to achieve mortality. 
Drawbacks: 1) nitrogen is an asphyxiant and 
therefore hazardous, 2) depending on the 
independent biocide, treated ballast water may also 
need to be neutralized before overboard discharge. 

Air Lift Pumping, Mixing by Chemical Agitation  
Variation C:  Dry Ice 

A lightweight portable unit that is suitable for use 
on pressed-up tanks with sufficient head space 
between first landing and access manhole. Requires 
an outside source of dry ice. Benefit of using dry ice 
is that the released gas also acts as a biocide to strip 
dissolved O2. Drawbacks: 1) treated ballast water 
must be re-oxygenated and pH moderated before 
overboard discharge. 

3.3 Ballast Off-Loading Option 
It is typical in salvage cases to off-load harmful liquids to waiting tank barges to prevent 
pollution.  Handling ballast water in the same manner offers the possibility to deploy 
typical methods, or even treat ballast water through an engineered treatment plant.  At 
present, such treatment plants are not part of salvage gear.  The concept of off-loading 
ballast water from ships in emergency situations should be explored further. 

3.4 Ship Ballast Tank Considerations 
Ballast tanks are integral parts of a ship’s structure; though essentially void spaces, they 
still support tremendous loads through a complex geometry of interconnected dimensional 
steel members.  This web of baffles impedes the direct flow of water between a tank’s inlet 
and outlet piping.  Consequently, even though the equivalent volume of the entire tank 
may have been exchanged with “new” water, a certain percentage of the original ballast 
water can be expected to remain trapped within the confines of the tank.  Understanding 
the mixing of ballast water within a tank is critical toward selecting appropriate treatment 
methods.  Because ballast water is an unobserved fluid inside the tank, its mixing behavior 
is difficult to verify.  Numerical modeling is one method used to predict the theoretical in-
tank mixing of ballast water, while dye studies are used to gather empirical data on mixing 
patterns.  All of these factors increase the challenges of access, reliability, and the logistics 
of mixing a biocide into a full- or partially-full ballast water tank. 



 
Figure 5.  Salvaged Section of a Bulk Ship Ballast Tank 

 

 
Figure 6.  Crawling between structure in a ballast tank. 
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Figure 7.  View into a ballast tank hatch that is much larger than a typical tank man-hole 

access point. 
 

3.5 Novel Methods Overview 
The methods identified here are considered promising novel methods.  It is suggested that 
a combination of numerical modeling, scaled bench testing, and field testing for the proof 
of concept will provide further insight into the applicability of these methods to ship’s 
ballast tanks.  In several cases, these methods are common in the potable and waste water 
industry.  The unique challenges with shipboard tank configurations and conditions are 
recognized. 

3.5.1 Passive Mixing 
Mixing methods that are categorized as “passive” use the ship’s incidental energy to 
encourage mixing of the chemical into the ballast water.  Such incidental energy, creating 
movement of water in the ballast tank, is derived from two sources:  1) as the ship heels 
from side to side in a seaway and the force of buoyancy returns the vessel to its upright 
position; and 2) the typical uptake and discharge of the ballast water. 

3.5.2 Active Mechanical Mixing 
Mixing methods that are categorized as “active mechanical” use mechanical devices to 
encourage mixing of the chemical into the ballast water.  These include use of a metering 
pump, axial flow propeller, and venture mixing device. 
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3.5.3 Air Lift Mixing 
Mixing methods that are categorized as “air lift” use either compressed air, the boiling off 
from liquid to gas, or the sublimation of solidified gas to move ballast water by means of 
the lift created when air is entrained in water. 



 

Section 4 Proposed Study Approach 

4.1 Hypothesis 
The hypothesis for the proposed study asserts that, if an emergency situation occurs and 
ballast water needs treatment before deballasting, novel mixing methods may be effective 
in dosing and mixing a biocide into full ballast water tanks. 

4.2 Taking a Stepwise Approach 
The study of novel mixing techniques needs to balance the immediate need for field-trialed 
emergency response methods, with developing optimized methods through successive 
laboratory, scale, and model testing before field deployment is authorized.  It is suggested 
that a stepwise approach may best suit both in gaining near term emergency use guidance, 
as well as working towards optimized approaches.  It is the objective that at the end of each 
phase, a draft of the planned “Emergency Response Guide to Handling Ballast Water to 
Control Non-Indigenous Species” be issued for use in emergency cases. 
Table 7.  Stepwise Approach by Phase 

Phase Stepwise Approach
Performance 

Date

1 Field Verify Methods 4 and 5
(Methods 1-3 additionally, if opportune) Jan - Mar 2009

2 CFD Analysis of Laker Ballast Tank Jan - Mar 2009

3 Scale Test Methods 6 - 15 Jan - Mar 2009

4 Draft 01 of Salvor's Guide
Empty Tank Methods Jan - Mar 2009

5 Field Explore Methods 6 - 15 Apr - June 2009

6 CFD Analysis of Double Bottom Tank Apr - June 2009

7 Scale Test Methods 6 - 15 Apr - June 2009

8 Draft 02 of Salvor's Guide
Full Tank Methods Apr - June 2009

9 Field Test Mature Methods 6 - 15 Jul - Sept 2009

10 Final of Salvor's Guide Oct 2009

PHASE 1   
Feasibility

PHASE 2   
Proof of 
Concept

 PHASE 3  
Results
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4.3 Proposed Exploratory Field Testing 
Appendix A to this report establishes a protocol for a series of tests which can be 
conducted in the near term on a ship of opportunity.  These tests would be conducted with 
a tracer dye identified in the appended protocol; it must be understood that this round of 
testing is preliminary.  However, it has promise to jump start further efforts as per the 
previously outlined, stepwise approach.   
Table 8.  Summary of Proposed Exploratory Field Testing 

Mixing Method 
Class Test Description Mixing Energy Dye Method/Particulars 

Ship's Underway Motion: Ship's Motion   
Variation A: Bulk Dye 
Dose on Top   

Bulk Load Applied at: Tank Manhole 
or Vent 

Variation B: Bulk Dye 
Dose through Sounding 
Tube   

Bulk Load Applied at: Tank Sounding 
Tube 

Variation C: Bulk Dye 
Dose distributed in the 
Vertical Column   

Bulk Load Applied by means of 
perforated tube hung vertically. 

Passive 
Mixing 

Filling Empty Tank: Bulk 
Dye Dose on Bottom 

Hydraulic Energy of Loaded 
Ballast Water 

Bulk Load Applied at Tank Manhole 
or Tank Vent 

In-Line Dye Injection into 
Ballast Main 

Turbulent Flow  of Ballast 
Water in Pipe 

Metering Pump Injection in Ballast 
Main 

Axial Flow Propeller 
Mechanical Device Inserted 
thru Tank Manhole 

Metering Pump Injection behind 
Propeller Blade 

Venturi Mixing In Tank 
Venturi Device Inserted thru 
Tank Manhole   

Variation A: Dye Pumped 
into Eductor Line   Metering Pump Injection into Eductor 
Variation B: Dye 
Proportioned by Venturi 
Effect into Eductor Line   

Venturi Effect Using a Metering Valve 
to Proportion Dye into Eductor 

Active 
Mechanical 

Mixing 

Variation C: Dye Bulk 
Dosing   

Bulk Load Dropped thru Tank 
Manholes 

Air Lift Pumping, Mixing by 
Compressed Air 

Compressed Air Lift Device 
Inserted thru Tank Manhole   

Variation A: Dye Bulk 
Dosing   

Bulk Load Dropped thru Tank 
Manholes 

Variation B: Dye Pumped 
into Air Lift Tube  

Metering Pump Injection into Air Lift 
Tube 

Variation C: Dye Pumped 
into Lateral Intake Line   

Metering Pump Injection into Lateral 
Intake Line 

Air Lift Pumping, Mixing by 
Chemical Agitation 

Rapid Release of Gas into 
Full Tank   

Variation A:  Liquid 
Carbon Dioxide   

Metering Pump Injection into Air Lift 
Tube 

Variation B:  Liquid 
Nitrogen   

Metering Pump Injection into Air Lift 
Tube 

Air Lift Mixing 

Variation C:  Dry Ice   
Bulk Load Dropped thru Tank 
Manholes or Air Lift Tube 

 

Assumptions 

1. A "Typical" Ship is assumed, with available pair of ballast tanks at 270,000 gallons each, ballast pump 
rate of 1,500 gallons per minute 
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2. All test timing assumes 2 hours for test set-up/break-down, 3 hours for filling, 3 hours for discharge.  
Minimum test time is 8 hours. 

3. Although the effectiveness of various in-tank mixing methods may require more/less time, all methods 
will be applied for 8 hours in order to compare efficiency between the methods. 

4. All methods assume that adding one gallon of 20% solution to a 55 gallon drum, then filling the rest with 
ambient water, will approximate the anticipated volume of biocide needed for these cases. 

Particulars 

1. The target Rhodamine WT dye concentration for each tank across all test methods is 100 μg/L.  A guard 
will be provided around each fluid release point such that it can react with the ballast water and warm up 
before reaching steel embrittled by cold temperatures. 

2. In tank dye measurements will be primarily through vertical transects with an electronic sonde.  
Secondary samples will be taken using Niskin bottles for off site processing (QA/QC).  Assuming a 
measurement every 10 feet from the vertical transects, there will be a total of 156 sample points onboard 
the ship. 

3. End of pipe dye measurements will be made during discharge by continually monitoring concentrations 
with an electronic sonde. 

4.4 Site Selection 
The American Steamship Corporation has arranged for access to a “Laker” for field 
testing, and is advising the project team on many shipboard practicalities for 
implementation of the research.  The ship selected, the Indiana Harbor, will be used 
during all three phases of the project to allow for results comparison.  The Indiana Harbor 
has test tanks that are large and complex and, therefore, represents a worst case scenario.  
An advantage of the test tank configuration is that it includes both a “deep tank” section, as 
well as a “double bottom” section, and both sections of the tank will be sampled.  The 
mixing methods that perform well in this testing can be considered solid candidates for 
further evaluation under a variety of tank configurations.   

The ship will be outfitted with eight discrete fixed sample points in four test tanks, and 
seventeen discrete sample points in two additional test tanks.  These are in addition to the 
three vertical transects which are available to all six tanks.  Assuming a measurement 
every 10 feet from the vertical transects, this results in a total of 23 sample points for four 
tanks, and a total of 32 sample points for two tanks – or a total of 156 sample points 
onboard the ship.   

Sampling locations were selected to balance our understanding of both the bulk mixing 
taking place and the smaller volume dead zones.  Refer to the attached ship modification 
plan for identification of these sampling locations. 

4.5 Field Testing Output 
Tubes from 156 sampling points (Section 4.4) will gravity drain to the tank bulkhead in the 
conveyor tunnel (near centerline baseline), so two YSI probes can be used to sample all of 
these points.  Additional measurements will be made in the discharge pipe, as the tanks are 
emptied.  This end of pipe measurement will be particularly relevant to measuring the 
success of any necessary neutralization steps, where the reaction time required is very 
short.  The following figure provides an example of the proposed data output from each 
field test for dye concentration measurements at the end of pipe discharge.   
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Figure 8.  Example of proposed data output gathered from end-of-pipe discharge sampling. 

4.6 Preliminary Data Analysis Approach 
Using the example data illustrated in Figure 8, the efficiency of the mixing technique can 
be evaluated.  Various biocides can then be evaluated to determine if the variations in the 
mixing efficiency can be tolerated.  This example case indicates that a biocide is not 
effective at less than 95 ppb and is toxic for discharge (considering dilution into the 
receiving harbor) at levels higher than 305 ppb.  These example mixing results indicate 
that 5% of the discharge would have exceeded toxicity limits for the harbor.  The example 
also indicates that 32% of the discharge was not adequately treated.  In this example case, 
the mixing method was not efficient enough for the example biocide. 

For the planned tests, the preliminary data analysis approach will consist of assigning a 
representative tank volume to each collection point and determining a mixing efficiency 
for each time set based on the sample deviations.  This collected data will be published so 
that further analysis efforts can be performed beyond this initial scope, including the 
development of numerical and visual models. 
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Section 5 Mixing Techniques Literature List and 
Summary 

5.1 Topic:  Safety of Rhodamine WT Dye 
Rhodamine WT dye is in widespread use as a tracer in water flow studies.  Data on 
chemistry and toxicity has not identified any adverse health or environmental effects 
associated with exposure to Rhodamine WT in concentrations suitable for standard 
scientific and industrial applications. 

Citations for Rhodamine Safety  

Douglas, G. and et al., “Comparative Mammalian In Vitro and In Vivo Studies on the 
Mutagenic Activity of Rhodamine WT,” Mutation Research, Vol. 118 (1983), pp 
117-125. 

Parker, G.G. J., “Tests of Rhodamine WT Dye for Toxicity to Oysters and Fish Journal of 
Research,” U.S. Geological Survey, 1(4):499, 1973. 

Smart, P. and Laidlaw, I., “An Evaluation of Some Fluorescent Dyes for Water Tracing,” 
Water Resources Research, 13(1), 15, 1976. 

U.S. EPA, “Study Plan for Washington Aqueduct Water Quality Studies,” US EPA cover 
letter, pp 5-6, June 24, 1999. 

5.2 Topic:  Application and Measurement of Tracing Dyes 
The use of tracing dyes originally supported potable and waste water industry diagnostic 
tests.  Generally-accepted dye application principles form the basis for their transfer to 
ballast water studies.  Real-time Rhodamine WT dye concentrations can be measured in 
the field using a fluorometer. 

Citations for Application and Measurement of Tracing Dye  

Turner Designs A Practical Guide to Flow Measurement Turner Designs Support 
Application Notes, Sunnyvale CA. 

Turner Designs Preparation of Standards for Dye Studies Using Rhodamine WT Turner 
Designs Support Application Notes, Sunnyvale CA. 

“Dyes for Water Tracers Surface Water Technical Memo No. 86.08,” USGS Programs and 
Plans, July 21, 1986. 

“Readings on the Reactivity and Transport Characteristics of This Tracer USGS,” USGS 
Rhodamine WT Reader, Revised October 7, 2002. 

Wilson, J., “Fluorometric Procedures for Dye Tracing,” Techniques for Water Resources 
Investigations of the U.S. Geological Survey, Book 3, Applications of Hydraulic, 
Chapter A12: VIII, U.S. Government Printing Office, Washington, D.C., 1968. 
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“In Situ Dye Fluorometry and the YSI 6130 Rhodamine WT Sensor,” YSI Environmental 
Water Tracing, YSI Environmental. 

5.3 Topic:  In-Line Injection of Tracer Dye into Ballast Water 
Tanks  

The in-line injection of tracer dye into ballast water tank piping is used to simulate the 
precise metering of a treatment chemical and to verify its uniform dispersion throughout 
the ballast tank.  

Citations for In-Line Injection 

Reynolds, K.J., “Ballast Water Volumetric Exchange Efficiency Testing Protocol and 
Benchmarking,” 23 March 2004. 

Reynolds, K.J., “Ship’s Ballast Discharge Dispersion Benchmark Dye Tracer Test,” The 
Glosten Associates, Inc., 14 January 2005. 

5.4 Topic:  Flow-Through Dilution of Tracer Dye 
The exchange of ballast water at sea is one method for mitigating the spread aquatic 
invasive species (AIS); it is also the most readily practiced method of mitigation in use 
today.  Dye experiments simulating the dilution of source ballast water with mid-ocean 
water have been conducted with the dye slugs introduced to tanks during the filling 
process. 

Citations for Flow-Through Dilution 

Cameron H. and Tanis, D., “Mid-Ocean Ballast Water Exchange: Procedures, 
Effectiveness, & Verification,” Cawthron Report #468, December 1998. 

Parsons, M., “Flow-Through Ballast Water Exchange,” SNAME Transactions, Vol. 106, 
1998, pp 485-490. 

Reynolds, K.J., “Ballast Water Flow-Through Exchange Best Practices Review,” 14 
September 2008. 

Rigby, G. and Hallegraeff, G., “Shipping Ballast Water Exchange Trials and Marine 
Plankton Distribution on the M/V Iron Whyalla,” AQIS, Ballast Water Research 
Series Report No. 2, Part 2, September 1993. 

Rigby, G., and Hallegraeff, G., “Ballast Water Trial and Behavior of Marine Plankton 
Distribution on the M/V Iron Wayalla,” AQIS, Ballast Water Research Series 
Report No. 2, Part 3, September 1993. 

Taylor, M., and Bruce, E. “Mid Ocean Ballast Water Exchange: Shipboard Trials of 
Methods for Verifying Efficiency,” Cawthron Report #524, 2000. 

Villac, M.; Persich, G.; et al., “Ballast Water Exchange: Testing the Dilution Method 
(Petrobras, Brazil),” Proceedings of the Ninth International Conference on Harmful 
Algae Blooms, Hobart, Australia, 7-11 February 2000. 
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5.5 Topic:  Behavioral Models: 1) Chemical Kinetics and 2) 
Computational Fluid Dynamics 

Theoretical models are used to aid visualization and predict fluid behavior inside of ballast 
tanks.  Kinetic models have been used to predict the dispersion of chemicals within a 
ballast tank, while computational fluid dynamic (CFD) models have been used to analyze 
flow patterns within tanks.  CFD models have been particularly useful in illustrating 
potential “dead” zones within tanks where the ballast water can remain trapped until 
pumped out.  Theoretical models are highly tank-specific and predicted results may not be 
replicated in tanks of differing shapes. 

Citations for Effectiveness Models 

Chang, P., “Development of Computational Tool to Simulate Ballast Water Exchange,” 
Presentation at 15th International Conference on Aquatic Invasive Species, 
Nijmegen, The Netherlands, 23-27 September 2007. 

Levenspiel, O., “Chemical Reaction Engineering,” Hohn Wiley & Sons, 1999. 

Parsons, M., “Recent Advances in the Naval Architecture for NIS Control,” Presentation at 
7th Marine Technology Society Research Conference, November 16, 2004. 

Parsons, M., and Kent, C., “Computational Fluid Dynamic Study of the Effectiveness of 
Flow-Through Ballast Exchange,” SNAME Transactions, Vol. 112, 2004, pp 241-
269. 

Reid, D., et. al., “Computational Modeling of Ballast Tanks to Improve Understanding and 
Maximize Effectiveness of Management Practices and Treatment Mechanisms – 
Extension of Laboratory Study,” NOAA Great Lakes Environmental Research 
Laboratory Report, 2003. 

5.6 Topic:  Dispersion  
Dye studies have been used to simulate the discharge of chemically treated ballast water as 
it disperses throughout a receiving body of water.  The significance of these tests is as a 
worst case scenario model for the discharge of un-neutralized treated ballast water. 

Citations for Dispersion 

Reynolds, K., “Ship's Ballast Discharge Dispersion Benchmark Dye Tracer Test,” The 
Glosten Associates, Inc., 14 January 2005. 

5.7 Topic:  Emergency Response  
Regulators with responsibility for natural resource preservation have worried about cases 
of grounded ships where the only means of preventing a total loss is to de-ballast the 
vessel.  At the present time, no universal protocol exists and salvors and incident 
commanders may not be aware of the controversy surrounding ballast water. 



National Park Service TGA-21 The Glosten Associates, Inc. 
Mixing Biocides into Ship’s Ballast Water 25 File No. 05056.21  11 June 2009 
Efficiency of Novel Methods, Rev. A 
 H:\2005\05056_NOAA_OnCall\21_NPS-DyeStudy\Report\Dye_Test_Development_RevA_11June2009.doc 

 

Citations for Emergency Response 
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A.1 Methods Overview 

A.1.1 General Description 
This study involves a series of discrete Rhodamine dye tests performed aboard a 
cooperative vessel.  The Material Safety Data Sheet for Rhodamine WT dye is included as 
Attachment 1.  Each test is composed of three components 

• The introduction of Rhodamine dye into a subject ballast tank(s). 

• Mixing of the dye within the subject ballast tank(s). 

• Fluorimetric measurement of dye distribution and concentration throughout the 
tank(s). 

Since vessel time is at a premium and vessel cooperation is a courtesy of the ship owner, 
the test team will endeavor to complete as many discrete tests as time allows.  Ideally, a 
pair of ballast tanks will be made available for testing.  To flexibly accommodate 
individual ship commitments, multiple vessels may be required to complete the full test 
complement; this can be done without diminishing test results. 

A.1.2 Passive Mixing 
Mixing methods which are categorized as “passive” use incidental energy from the ship to 
encourage mixing of the chemical into the ballast water.  Such incidental energy efforts 
already being expended include the motion of the ship in a seaway, and the typical uptake 
and discharge of the ballast water.  The planned tests in this category are 

• Ship’s underway motion: 

o Variation A:  Bulk dye dose on top. 

o Variation B:  Bulk dye dose through sounding tube. 

o Variation C:  Bulk dye dose through a vertically hung perforated tube. 

• Filling empty tank, bulk dye dose on bottom. 

A.1.3 Active Mechanical Mixing 
Mixing methods which are categorized as “active mechanical” use mechanical devices to 
encourage mixing of the chemical into the ballast water.  The planned tests in this category 
are 

• In-line dye injection into ballast main. 

• Axial flow propeller. 

• Venturi mixing in tank (with three variations on chemical application in process). 
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A.1.4 Air Lift Mixing 
Mixing methods which are categorized as “air lift” use either compressed air, the boiling 
off from liquid to gas, or the sublimation of solidified gas to move ballast water by means 
of the lift created when air is entrained in water.  The planned tests in this category are 

• Air lift pumping, mixing by compressed air (with three variations on chemical 
application in process). 

• Air lift pumping, mixing by gas agitation the reactive by-product of which is a 
biocide (with three gas variations: liquid carbon dioxide, liquid nitrogen, and solid 
carbon dioxide or dry ice). 

 

A.1.5 Methods Summary Table 
The fifteen tests proposed for this study are summarized in a table included as Attachment 
2.  This table serves as a ready reference of abbreviated test information for the 
convenience of participants and regulators.  Among the frequently requested information 
listed in this document are required vessel transit condition, dye concentration and 
discharge volume, ship’s crew involvement, and estimated time to complete each test.  A 
later section in this protocol provides details regarding deployment of these methods. 

A.2 Shipboard Procedures 

A.2.1 Dye Handling and Dilution 
For this test application, Rhodamine WT will be shipped from the manufacturer as a 20% 
dye solution in 5-gallon containers.  To reach a concentration suitable for the execution of 
field tests, the dye will undergo a three-step dilution process.  To efficiently leverage time 
on board the subject vessel, two dilution steps should be completed prior to deployment to 
the field.  The third and final dye dilution step should be made on board the vessel using 
native water as the diluent.  This will assure near neutrally buoyant tracer dye entrainment 
into the ballast system.  Attachment 3 details the tracer dye dilution process. 

Care should be taken when handling the dye solution.  Dye is highly concentrated and will 
stain any porous surface it contacts including concrete, fabric, and some plastics.  Once 
dry, Rhodamine WT can be remobilized when hydrated. 

As cold temperatures can cause embrittlement of the mild steel on ships, guards will be 
provided around fluid release points such that it can react with the ballast water and warm 
up before reaching this steel. 

A.2.2 Vessel Interface 
Vessel Pre-Arrival Information – The following pre-arrival information is required to 
plan the equipment set-up and the analysis of test results. 

• Identification of subject ballast tank pairs and their capacity. 

• Expected ballast system flow rate during test conditions. 
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• Detailed construction drawings (size, orientation, and pipe schedule) of ballast 
overboard discharge. 

• Available dye introduction points in the ballast intake system, tap size, and fitting 
type (i.e., 1-1/4" NPT female coupling). 

• Available discharge sampling points in the ballast overboard system, tap size, and 
fitting type (i.e., 1-1/4" NPT female coupling). 

• Ballast overboard discharge position relative to vessel hull and relative to expected 
waterline during test conditions. 

Vessel Arrival Conditions – The subject vessel should arrive in the following condition. 

• Ballast Tank Status:  One pair of ballast tanks should be designated for testing. 
These tanks may arrive either empty or full but they should be of a capacity such 
that the ballast system can be regulated to discharge these tanks when full in not 
less than 2 hours.  The vessel should be loaded/ballasted in such a manner that this 
tank pair can be utilized without significant counter ballasting or other required 
operations. 

• Ballast Tank Access:  Each of the two ballast tanks should have two separate 
access locations to verify the dye dosing concentration.  Each of these accesses 
should provide a means of ‘sounding’ the tanks in a vertical transect with a 2” 
diameter probe through substantially the full tank depth.  In addition, the ship will 
be outfitted with eight discrete fixed sample points in four test tanks, and seventeen 
discrete sample points in two additional test tanks; these are in addition to the three 
vertical transects which are available to all six tanks.  Ideally the ship’s crew should 
remove sounding port covers such as hatches or manhole covers prior to testing 
day. 

• Ballast System Access:  There should be a single fitting (1/4” or larger) available 
for injecting dye into the ballast water suction main and a single fitting (1/4” or 
larger) available for sampling dyed ballast water pumped overboard through the 
discharge main.  As part of one discrete test, the suction main connection will be 
plumbed with testing gear and injected with dye while the ballast tanks are being 
filled.  Discharge sampling from the overboard will be conducted during all test 
modules. 

• Electrical Dosing Equipment:  The testing equipment runs on 120 Vac, 1 phase, 60 
Hertz, with a full load draw of 5.8 amps.  A standard three prong outlet supplied by 
at least a 15 amp breaker in a safe location is needed to support this equipment.  
The test equipment is also outfitted for a three prong explosion proof outlet suitable 
for connection to a hazardous zone mating connection.  The testing equipment is 
supplied with two lengths of 200 foot armored cable.  All electrical dosing gear is 
manufactured and assembled suitable for Class 1, Division 1 hazardous locations. 

• Electrical Testing Equipment:  A battery powered probe and data logger is used to 
verify the dye concentration of the ballast water after dosing.  This unit has not 
been tested for use in Class 1, Division 1 hazardous locations.  However, we have 
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used this probe and logger in Class 1, Division 1 locations on vessels where a Class 
3 hot work permit has been issued.  We need to know if we can use the probe and 
data logger in way of the ballast tank access.  If not, other less advantageous 
arrangements can be made.  To assist this decision, please consider the following: 

o The National Electric Code Article 504, referred to by Code of Federal 
Regulations, allows use of certain equipment of low power generation in Class 
1, Division 1 locations without being listed as suitable for these locations.  The 
criteria for this states  “…does not generate more than 1.5 volts, 100 milliamps, 
and 25 milliwatts…” 

o The logger, YSI model 650 MDS, runs on 50.5 milliamps, and is powered at 6 
volts.  The logger has an IP67 enclosure (dust proof, protected from temporary 
immersion in water 1 meter deep for 30 minutes). 

o The probe, YSI model 600 OMS-0, is powered by the logger, and is rated to 90 
meters immersion in water. 

A.2.3 Communications Plan 
Alerts and press releases will be provided to local emergency responders, port officials, 
media outlets, and the public, in the area where the rhodamine dye will be discharged. 

Communications among the investigative team and between the team and the ship is vital 
for personnel safety and accurate execution of the tests.  Shipboard communications are 
vessel-specific, dependent upon available equipment, and restricted by hazardous zone 
designations aboard the subject vessel.  The following matrix offers a general template for 
communication considerations, and Attachment 4 provides a sample Communications 
Plan for presentation to the ship’s crew prior to commencement of the test. 
Table A-1.  Communication Types 

Communication Type Vessel Investigator (Deck) 
VHF Channel   
UHF Channel   
Cell Phone Prohibited in Hazardous Locations Prohibited in Hazardous Locations

A.2.4 Safety 
Shipboard testing exposes participants to a variety of unique safety situations in addition to 
the potential to encounter routine industrial hazards such slips, trips and falls, working near 
suspended loads, and contact with energized equipment.  Additionally, three significant 
hazards could be encountered by ballast water investigators and management of these 
hazards must be done in-concert with the subject vessel’s crew. 

• Confined Spaces – Personnel entering ballast tanks are considered to be in a 
confined space.  Appropriate safety procedures must be followed, including 
monitoring for oxygen deficient environments, proper ventilation, and pre-
designation of rescue procedures.  Glosten personnel and associates will not enter 
confined spaces unless certified safe-for-entry.  When at the dock, a marine chemist 
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certification is required.  While at sea, certification by a qualified crew member is 
required. 

• Lock-Out / Tag-Out – In addition to being a confined space entry, entry into a 
ballast tank must involve execution of a lock-out / tag-out procedure to ensure that 
the ship’s crew does not flood the tank while occupants are working inside. 

• Hazardous Environments – The decks of certain vessels, notably tankers and grain 
carriers, may be considered potentially explosive atmospheres.  Electrical 
equipment used in explosive environments must be certified as intrinsically safe.  
Hazard verification and employment of electrical equipment suitable for use within 
hazardous zones must be verified prior to mobilization to the field for testing. The 
use of certain cryogenic fluids as part of these tests may also introduce an 
asphyxiation hazard to specific working spaces. 

A.2.5 Power Requirements 
In addition to restrictions governing electrically-powered equipment used in hazardous 
environments, the line voltage, source location, and connection requirements must be 
verified for all intended electrical equipment prior to field mobilization.  If shipboard 
safety requirements can be met, it may be more efficient to power test equipment with a 
portable generator rather than rely on the ship’s service.  The following table lists the 
power requirements for the key test components. 
Table A-2.  Power Requirements 

Component Voltage Amperage Connection 
Metering Pump 120 Vac, single Φ, 60-Hertz 5.8 amps (15 amp 

breaker required) 
Standard 3-prong 

Axial Flow 
Propeller 
Mixer 

208 - 600 Vac, three Φ, 60-Hertz 19 - 52 amps To Be 
Determined 

Sonde and Data 
Logger 

Rechargeable 6-volt DC battery 
when operating; 120 Vac, single 
Φ, 60-Hertz when charging 

50.5 milliamps when 
operating 

Standard 3-prong 
when charging 

A.2.6 Test Set-Up / Test Break-Down 
Test equipment consists of mobile, skid-mounted assemblies palletized for rapid shipboard 
deployment.  Test set-up commences upon placing equipment pallets on board the subject 
vessel.  Before any work begins, an orientation meeting should be held with the vessel 
operators to review the safety aspects of the tests, to verify a communications plan, and to 
discuss participation of the vessel’s crew with the testing procedures where required. 

Individual test procedures are specific to the mixing methods to be investigated, but 
preparations for them can be generically identified as efforts to 

• Establish the beginning test ballast tank levels. 

• Select a dye feed and mixing method. 
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• Obtain access to two measurement ports in the subject tank. 

• Complete electrical connections. 

• Perform dye concentration measurements. 

• Verify ballast system discharge. 

A detailed checklist for boarding and general set-up has been included as Attachment 5.  

The goal of test break-down is to return the vessel to the condition in which it was found; 
this essentially reverses the set-up procedures and terminates when the equipment pallets 
are removed from the vessel and the test team checks-out with the vessel operators.  The 
test team should be vigilant to recover and isolate any materials contaminated with residual 
dye to prevent unintentional surface coloration.  

A.2.7 Dye Measurement 
The efficiency of the tested mixing methods will be determined through the measurement 
of dye concentrations in the ballast water.  These concentrations will allow determination 
of a quantitative efficiency percentage as a function of time, as well as an ability to 
compare various methodologies.  However, the nature of ship ballast piping systems and 
tank configurations present a significant challenge to gaining such measurements.  The 
methods described below are designed to maximize the reliability of such collected data. 

Primary measurements are conducted with an optical monitoring sonde outfitted with 
sensors for conductivity, temperature, and Rhodamine WT; those values are then recorded 
by a data logger on a one minute interval.  The dosing concentration of the dye has to be 
within the instrument limitations for Rhodamine detection, as well as within the range of 
accuracy desired.  For example, the YSI fluorometers to be used for this test series have an 
upper range of 200 μg/L of Rhodamine WT.  Mixing methods that would be generally 
considered efficient will approach 95%.  However, it is also important to understand the 
time effect of the process.  As such, a final concentration target needs to be carefully 
selected so that dye which has not yet been adequately mixed is within range of the 
instrument.  Target concentration must also be sufficiently high for the instrument to be 
sensitive enough to measure the efficiency of mixing target. 



    
Figure 1.  YSI 650 Multiparameter Display System, YSI 600 Optical Monitoring System 

sonde, and the YSI 6130 Rhodamine sensor. 

 

Secondary bottled ballast water samples, taken with a NISKIN bottle, are sent to an outside 
laboratory for Quality Assurance/Quality Control purposes.  Methods for the measurement 
of dye concentrations are uniform across all the mixing technologies tested in this study.  

Vertical Transect and Fixed Position Sampling 

Vertical transect sampling is achieved by lowering the sonde vertically through the ballast 
tank water column, and recording dye concentrations and supporting data at various depths 
in accordance with the log sheet (Attachment 6).  Generally, two separate vertical transect 
locations in the x-y plane are required to gain adequate data to have confidence in the 
results.  Data from these transects will also be augmented through the addition of at least 
two fixed-location sample points that have been pre-installed inside the subject ballast 
tank. 

Before the dye is introduced to a ballast tank, the instrument zero must be established as 
shown in the Attachment 7 worksheet.  As part of each scheduled test, vertical transects 
are then conducted during dye administration, during mixing application, and after mixing 
is complete.  

End-of-Pipe Discharge Sampling 

End-of-pipe discharge sampling gains a time series sample of the dye concentration, as the 
ballast water is actually discharged overboard.  Because discharging ballast encourages 
mixing, this sampling method does not provide data regarding the amount of contact time 
the chemical has had with the water.  However, the method does provide an accurate 
understanding of concentrations of dye in the ballast water at the exact time of discharge. 

This procedure relies on a small tap in the overboard discharge line that allows a side 
stream of water to constantly flow into a barrel where the sonde is located.  The sonde 
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records the “end-of-pipe” dye concentration over time.  The collection barrel is continually 
pumped out so that the sample is representative of freshly discharged ballast water at that 
particular time.  A discharge sampling log has been included in Attachment 8. 

A.3 Dye Introduction and Mixing Method Descriptions 
This section details the study’s discrete methods for introducing and mixing dye in subject 
ballast tanks.  The purpose of the methodologies is to establish their potential for 
introducing chemical treating agents into ballast water.  Dosing is achieved by 
administering dye into tanks that are either empty or full as dictated by the selected test.  
Methods of dye introduction and mixing will be covered individually in the sectional 
paragraphs below.  The host vessel should only fill the subject tanks during test 
procedures; no other ballast tanks should be filled during the tests.  The purpose of this 
restriction is to prevent the introduction of data errors through ballast system 
misalignment.  

A.3.1 Passive Mixing:  Ship’s Underway Motion, Three Variations of Bulk 
Dosing on Top 

This passive method utilizes the motion of an underway vessel to mix a pre-determined 
dose of dye in a full or partially full ballast tank.  Mixing is achieved by the motion of the 
ship in the seaway.  Vertical transect measurements of dye concentrations will be taken at 
three hour intervals to establish the mixing pattern throughout the tank.  Three variations of 
this test are planned such that the efficiency of each can be compared. 

• Variation A:  Bulk Dosing on Top.  The dye is administered through a tank 
manhole or vent. 

• Variation B:  Bulk Dosing through Sounding Tube.  The dye is administered 
through the tank sounding tube.  It is expected that the dye being neutrally buoyant 
will stay inside the sounding tube and not generally mix within the tank.  If this 
assumption is proven, then compressed air or water will be applied to the sounding 
tube to flush the dye from the sounding tube. 

• Variation C:  Bulk Dosing distributed in the Vertical Column.  The dye is 
administered by means of a retrofitted perforated tube which hangs vertically 
through the full height of the ballast tank.  This allows an initial even distribution 
of the dye in the vertical direction at one location in the x, y plane.  Compressed air 
or water is applied to flush the dye from the perforated tube. 

A.3.2 Passive Mixing: Filling Empty Tank / Bulk Dye Dose on Bottom   
This passive test method can be executed aboard a vessel at rest.  The dye is administered 
to an empty tank through the tank manholes, tank vent, or a sounding tube.  Mixing is 
achieved by hydraulic energy, as the empty ballast tank is filled through the ballast main.  
Vertical transect measurements will be taken at 15 minute intervals as the tank is filled; 
after the tank is completely full, vertical transect measurements will be taken on the hour 
for three hours following completion of filling.  



A.3.3 Active Mechanical Mixing:  In-Line Dye Injection into Ballast Main 
Dosing is achieved by metering in dye while an initially empty pair of tanks is being filled.  
Mechanical in-line dye injection is done by a chemical metering pump that is capable of 
accurately delivering between 0.5 and 20 gallons per hour of tracer dye into the ballast 
main.  A backpressure valve maintains constant system pressure to ensure even metering 
through ballast system fluctuations.  An adjustable relief valve on the discharge side of the 
pump protects the ballast piping from over pressurization.  All connections are rated to 300 
pounds per square inch, the maximum relief valve setting. 

 

     
Figure 2.  Chemical Metering Pump, Adjustable Pressure Spool, and Calibration Column 

Dose tank pair:  Tank pairs are to be filled as per standard vessel practice, allowing only 
the filling of this tank pair.  No other tanks may be filled at this time.  While the tank pair 
is being filled, the dosing system will meter dye into the ballast main on a continuous 
basis, specifically matching the ballasting rate.  The metering rates and log sheets are given 
in Attachment 9. 

Note:  It is important that the injection piping is purged with the tracer dye prior to the 
start of filling the tank pair.  The worksheet in Attachment 10 provides guidance on the 
injection supply line volumes to be displaced.  Additionally, it is important that the ballast 
main is purged with traced dye water prior to filling.  As such, it is desirable that the 
ballast system be aligned to take suction from the sea, and discharge to the sea during this 
purging period.  Should the continuous filling of the subject tanks be interrupted, purging 
the ballast main with traced dye water must be performed again to minimize inaccuracies 
in the test results. 

A.3.4 Active Mechanical Mixing:  Axial Flow Propeller 
Axial flow propellers have been used by the waste water treatment industry for decades to 
mix liquids in tanks and settling ponds.  This simple concept uses a propeller to generate a 
mixing flow.  Changes to the size and pitch of the propeller blades, optimizing the 
horsepower of the motor driving the propeller, and adding a jet ring around the propeller to 
increase thrust are all examples of how this concept can be improved to more efficiently 
mix the contents of a ballast tank.  Consider, as an example, an off-the-shelf mixer 
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manufactured by ITT Flygt Corporation that has a 14-inch propeller which is capable of 
passing 5,530 gpm through a jet ring.  Over a one hour period, that propeller would be 
capable of passing 331,800 gallons of water through the jet ring.  This volume, together 
with secondary mixing energy created by turbulence, makes these units very effective.  It 
would be a matter of minutes for one of these mixers to generate sufficient kinetic energy 
to completely mix a 170,000 gallon swimming pool (personal communication with 
technical representative from ITT Flygt).  Research conducted in 1999 (Darland et al. 
2001) showed that these mixers were effective at generating a relatively large area of 
turbulent flow upstream of a hydroelectric dam.  Based on these results, the axial flow 
propeller method has the potential to effectively mix water in ballast tanks.  What is not 
known without field tests is how the structure inside a ballast tank might affect the mixing 
potential of the propellers. 

Although this mixing method can be effective on a vessel either underway or at rest, the 
proof of concept test will be performed while at rest to limit confounding factors.  The 
flow propeller is only effective on ballast tanks which are full, or have no more than four 
feet of head space above the ballast water level. 

The following photo shows a typical axial flow propeller, which looks similar to a ship’s 
propeller or an outboard motor.  This device will be secured to a plate which will mate to a 
manhole cover opening.  In this way, the device will be bolted to the manhole opening 
such that the propeller extends about six feet vertically into the ballast tank.  Powered by 
an electric motor, the propeller will then establish a circulating water current in the ballast 
tank.  The arrangement will allow rough adjustment of the propeller thrust direction both in 
the x-y plane, as well as vertically. 

 

 
Figure 3.  Axial Flow Propeller 

Mixing of the chemical into the ballast water begins after a current is set-up in the ballast 
tank; the dye is administered by the same chemical metering pump described in the In-Line 
Injection section of this protocol.  The discharge line of the metering pump terminates 
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behind the propeller, so that the metered dye is mechanically pulled through the propeller 
axis and mixed with ballast water in the process.  The dye will be evenly metered over the 
amount of time it takes the propeller to move one full tank volume.  It is expected that 
further distribution will be achieved as the propeller continues to operate.  Operation of the 
propeller is planned to continue until at least three volumes of the ballast tank have been 
moved.  Details of this method can be found in the weblink cited in Reference A, as 
submitted by the U.S. Geological Survey as part of this study. 

A.3.5 Active Mechanical Mixing:  Venturi Mixing in Tank, Three 
Variations on Dye Dosing   

For decades, the dredging and mining industries have used the venturi principal to generate 
flow to remove sediments and gravels from the bottom of rivers and lakes.  In these 
applications, pressurized water is introduced via a hose into the side of a cylindrical nozzle.  
This results in a venture effect in the cylinder and suction is created.  Several years ago, a 
manufacturer modified this principal by reversing the application of the venturi principal to 
generate flow from the end of the nozzle instead of suction.  In this modification, 
pressurized water is introduced into the side of the cylindrical nozzle to generate a venturi 
effect which in turn induces additional water through the back of the nozzle to generate 
flow from the front of the nozzle.  For example, 100 gpm of water at 40 psi inducted 
through the side of a 4 inch cylindrical nozzle will generate about 400 gpm of water 
leaving the end of the nozzle at a velocity of + 12 ft/sec.  Initial feasibility tests showed 
that the flow from this 4 inch nozzle (referred to as an “eductor” and patented by Natural 
Solutions) easily mixed a 170,000 gallon swimming pool in less than 15 minute.  Research 
conducted during 2008 indicated that the eductor is capable of generating a very large 
mixing flow field in the relatively quiescent water upstream of a hydroelectric dam 
(personnel communication, Noah Adams, USGS).  Based on these results, the eductor has 
the potential to effectively mix water in ballast tanks.  What is not known without field 
tests is how the structure inside a ballast tank might affect the mixing potential of the 
Eductors. 

Although this mixing method can be effective on a vessel either underway or at rest, the 
test will be performed while at rest to limit confounding factors.  This method is most 
easily applied in ballast tanks which are full or have no more than four feet of head space 
above the ballast water level.  

Mixing in this method is accomplished by the patented eductor that utilizes a portable 
pump, or possibly the ship’s fire pump, to draw water from the ballast tank and deliver it 
back down the eductor tube.  This device will be secured to a rigid pole that is lowered into 
the ballast tank; the pole will then be attached to the ballast tank structure most likely at 
multiple points along the access ladder.  By keeping the mixing procedure the same, the 
test can be varied to investigate different results achieved through introducing dye to the 
tank in one of three ways as follows. 

• Variation A:  Injected into the eductor by the same chemical metering pump 
described in In-Line Injection section of this protocol.  

• Variation B:  Proportioned by a metering valve between the dye source and the 
eductor using the eductor’s venturi effect to admit dye to the discharge flow. 



• Variation C:  Delivered as a bulk dose dropped through the manhole and mixed by 
the turbulence of the eductor’s discharge energy propagating through the tank.   

Details of this method can be found in the weblink cited in Reference A, as submitted by 
the U.S. Geological Survey as part of this study. 

 

 
Figure 4.  Patented Eductors 

A.3.6 Air Lift Mixing - General Concept 
Airlift pumps and bubble swarms are commonly used in industrial and agricultural 
applications to transfer gases into and out of water and to induce mixing.  Activated sludge 
aeration basins are commonly outfitted with fine bubble diffusers designed to suspend 
biological flocs through establishment of vertical counter-rotating circulation cells in deep 
rectangular basins.  The dispersal of gas bubbles at depth provides the energy required to 
lift and mix the wastewater involved.  Airlift pumps are also prevalent in aquaculture 
applications: 1) to mix and induce currents in a variety of tank types and pond scale 
productions systems, and 2) to move water through water treatment reactors with the 
overall objective of improving and establishing uniform water chemistries. Very large 
airlifts have been used to aerate and prevent stratification of lakes and reservoirs.  Mixing 
results from the acceleration and directed dispersal of water induced by maintaining an 
effective specific weight of the air-liquid mixture within the airlift eductor; that air-liquid 
mixture is less than that of the surrounding water.  Airlift pumps are easy to control, have 
no moving parts, and can be made out of light weight, easy-to-assemble materials that are 
compatible with shipboard environments. 
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A.3.7 Air Lift Mixing:  Mixing by Compressed Air, Three Variations on 
Dye Dosing 

This active test method can be executed aboard a vessel at rest.  The test is performed on a 
full ballast tank accessed through a tank manhole; an air lift assembly consisting of a 
submerged vertical pipe section, compressed air supply, and a relief elbow is used to 
deliver the ballast water to the tank top.  By keeping the mixing procedure the same, the 
test can be varied to investigate different results achieved through introducing dye to the 
tank in one of three ways, as follows. 

• Variation A:  Administered through the tank manholes as a bulk dose and mixed as 
it is drawn and circulated by the hydraulic action of the air lift. 

• Variation B:  Injected into the air lift tube by the same chemical metering pump 
described in In-Line Injection section of this protocol.  

• Variation C:  Injected into a lateral intake line, installed perpendicular to the 
submerged end of the air lift tube by the same chemical metering pump described 
in In-Line Injection section of this protocol. 

Details of this method can be found in the weblink cited in Reference B, as submitted by 
the U.S. Geological Survey as part of this study. 

A.3.8 Air Lift Mixing:  Mixing by Three Variations of Chemical Agitation  
This active test method can be executed aboard a vessel at rest.  The test is performed on a 
full ballast tank accessed through a tank manhole; an air lift assembly consisting of a 
submerged vertical pipe section, a compressed gas supply, and a relief elbow is used to 
deliver the ballast water to the tank top.  By keeping the mixing procedure the same, the 
test can be varied to investigate different results achieved by chemical agitation when the 
rapid release of a reactive gas is used to mix dye in the tank in one of three ways, as 
follows. 

• Variation A:  Dye is injected at the submerged base of the air lift tube by the same 
chemical metering pump described in the In-Line Injection section of this protocol.  
Instead of compressed air, liquid carbon dioxide (CO2) is used to actuate the lift; 
the reaction of the CO2 with the ballast water strips dissolved oxygen from the 
water and lowers pH inducing mortality across a spectrum of resident organisms.  
Prior to overboard discharge, ballast water treated with CO2 would need to be 
aerated to return dissolved oxygen and pH to normal levels. 

• Variation B:  Liquid nitrogen (N) actuates the air lift in this variation.  Nitrogen 
would be used as an air lift pump mixing agent for an introduced biocide, such as 
sodium hydroxide.  The use of nitrogen would eliminate further neutralization of 
the treated ballast water before the safe discharge overboard. 

• Variation C:  A volume of dry ice (liquid CO2) is “dumped” in the tank after a bulk 
dose of dye is administered through the tank manhole.  The dry ice, being heavier 
than water, sinks to the tank bottom where it effervesces; the gas plume imparts 
mixing energy throughout the tank.  While this method can be used to simulate the 
in-situ mixing of an introduced treating agent, a chemical reaction also occurs that 
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induces mortality in aquatic invasive species when the CO2 reacts with water.  
Using the air lift pump will enhance the mixing energy of the dry ice to be more 
effective in baffled tanks. 

It should be noted that Variations A, B, and C utilize cryogenic fluids that are not only 
asphyxiants, but also have the potential to cold fatigue contacted metal.  Adequate 
safeguards to human life and insulative protection of contact surfaces must be followed 
when testing these methods.  

Details of this method can be found in the weblink cited in Reference B, as submitted by 
the U.S. Geological Survey as part of this study. 

A.4 References 

A. For additional information, contact Noah Adams/USGS at nadams@usgs.gov 

B. For additional information, contact Barnaby Watten/USGS at bwatten@usgs.gov 

 



Attachment 1.  MSDS – Rhodamine WT 
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Ballast Water Treatment Mixing Methods
Dye Test Field Study

Vessel Particulars Dye Method/ Particulars Tank Filling Mixing (Post Fill) Discharge

Position

Test 
Starting 

Tank 
Level

Test 
Ending 
Tank 
Level Method Time

In Tank Dye 
Profile 

(interval) Time

In Tank Dye 
Profile 

(interval) Time

Dye End of 
Pipe Profile 

(Interval)

Total 
Estimated 
Test Time

Ship's Underway Motion: Underway Full Full Ship's Motion None None 48-hours 180-minutes 3-hours Continuous 56-hours

1
Variation A: Bulk Dye 
Dose on Top

Bulk Load Applied at: Tank 
Manhole or Vent

2
Variation B: Bulk Dye 
Dose through Sounding 
Tube

Bulk Load Applied at: Tank 
Sounding Tube

3
Variation C: Bulk Dye 
Dose distributed in the 
Vertical Column

Bulk Load Applied by 
means of perforated tube 

hung vertically.

4 Filling Empty Tank: Bulk 
Dye Dose on Bottom At Rest Empty Full

Hydraulic Energy of 
Loaded Ballast 

Water
Bulk Load Applied at Tank 

Manhole or Tank Vent 3-hours 15-minutes 3-hours 60-minutes 3-hours Continuous 11-hours

5 In-Line Dye Injection into 
Ballast Main At Rest Empty Full

Turbulent Flow  of 
Ballast Water in 

Pipe
Metering Pump Injection in 

Ballast Main 3-hours
Upon 

Completion None None 3-hours Continuous 8-hours

6 Axial Flow Propeller At Rest Full Full

Mechanical Device 
Inserted thru Tank 

Manhole
Metering Pump Injection 
behind Propeller Blade None None 8-hours 30-minutes 3-hours Continuous 16-hours

 Venturi Mixing In Tank At Rest Full Full

Venturi Device 
Inserted thru Tank 

Manhole None None 8-hours 30-minutes 3-hours Continuous

16-hours 
per test 
variation

7

Variation A: Dye 
Pumped into Eductor 
Line

Metering Pump Injection 
into Eductor

8

Variation B: Dye 
Proportioned by Venturi 
Effect into Eductor Line

Venturi Effect Using a 
Metering Valve to 

Proportion Dye into Eductor

9
Variation C: Dye Bulk 
Dosing

Bulk Load Dropped thru 
Tank Manholes

Mixing Energy

Passive 
Mixing

Active 
Mechanical 

Mixing

Mixing 
Method 
Class

Test 
No. Test Description

Great Lakes Ballast Water
The Glosten Associates, Inc.

Page 1 of 2



Ballast Water Treatment Mixing Methods
Dye Test Field Study

Vessel Particulars Dye Method/ Particulars Tank Filling Mixing (Post Fill) Discharge

Position

Test 
Starting 

Tank 
Level

Test 
Ending 
Tank 
Level Method Time

In Tank Dye 
Profile 

(interval) Time

In Tank Dye 
Profile 

(interval) Time

Dye End of 
Pipe Profile 

(Interval)

Total 
Estimated 
Test TimeMixing Energy

Mixing 
Method 
Class

Test 
No. Test Description

Air Lift Pumping, Mixing 
by Compressed Air At Rest Full Full

Compressed Air Lift 
Device Inserted 

thru Tank Manhole  None None 8-hours 30-minutes 3-hours Continuous 16-hours

10
Variation A: Dye Bulk 
Dosing

Bulk Load Dropped thru 
Tank Manholes

11
Variation B: Dye 
Pumped into Air Lift 
Tube

Metering Pump Injection 
into Air Lift Tube

12
Variation C: Dye 
Pumped into Lateral 
Intake Line

Metering Pump Injection 
into Lateral Intake Line

Air Lift Pumping, Mixing 
by Chemical Agitation At Rest Full Full

Rapid Release of 
Gas into Full Tank None None 8-hours 30-minutes 3-hours Continuous

16-hours 
per test 
variation

13
Variation A:  Liquid 
Carbon Dioxide    

Metering Pump Injection 
into Air Lift Tube

14
Variation B:  Liquid 
Nitrogen     

Metering Pump Injection 
into Air Lift Tube        

15
Variation C:  Dry Ice     

Bulk Load Dropped thru 
Tank Manholes or Air Lift 

Tube        

Assumptions
A "Typical" Ship is assumed, with available pair of ballast tanks at 270,000 gallons each, ballast pump rate of 1,500 gallons per minute
All test timing assumes 2 hours for test set-up/break-down, 3 hours for filling, 3 hours for discharge.  Minimum test time is 8 hours.
Although the effectiveness of various in-tank mixing methods may require more/less time, all methods will be applied for 8 hours in order to compare efficiency between the methods.

Particulars
Once the test ship is selected, its particulars will be used to adjust test parameters.
The target dye concentration for each tank across all test methods is 100 μg/L
In tank dye measurements will be primarily through vertical transects with an electronic sonde.  Secondary samples will be taken using Niskin bottles for off site processing (QA/QC).
End of pipe dye measurements will be made during discharge by continually monitoring concentrations with an electronic sonde.

Air Lift 
Mixing

Great Lakes Ballast Water
The Glosten Associates, Inc.
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Attachment 3.  Dye Dilution Worksheet 
 

 



DYE DILUTION WORKSHEET
Dilution Step Initial Diluent Working

Gal. Sp.Gr. uG/L Gal. Sp.Gr. Gal. uG/L % Sp.Gr
Intracid 20% 0 #DIV/0! 20 #DIV/0!
First Dilution 0 #DIV/0! #DIV/0! #DIV/0!
Second Dilution 0 #DIV/0! #DIV/0! #DIV/0!
---Final dilution with seawater, prior to injection
Final Dilution 0 #DIV/0! #DIV/0! #DIV/0!
* Fill out only highlighted cells in worksheet
** Gal. is Gallons
*** Entered data is ideal for dosing systems with 750 tons/hour capacity, and suitable up to 1,500 tons/hr.

Conversions
1 Gallon = x liters 3.78541
1 Barrel = x liters 158.987
1 metric ton = x liters 1000 volumetric (sea and fresh)

METER CALIBRATION CHECK
Date/Signature Test Performed Notes

2 Point Rhodamine WT

2 Point Conductivity

* Calibration should be less than 24 hours prior to testing.
* Target Concentration (uG/L) 1.00E+02

Great Lakes Ballast Water
The Glosten Associates, Inc.



Attachment 4.  Communications Plan 
 

 



COMMUNICATIONS PLAN

  SYNCHRONIZATION TO SHIP'S TIME
Comm 
Type Vessel 

Test 
Team

Confined 
Space Contact: __________ Time Piece Time Initials

VHF 
Channel

Lock-out / 
Tag-out Contact: __________ Ship's Time

2-Way 
Talkabout 

Radio 
Channel

Hazard 
Zone Contact: __________ Investigators' Time

Cell Phone   Muster Contact: __________ Data Logger Time
Ship's 
Phone Contact: __________ Sonde Time

Member: ____________________

Primary: __________________Lead:       ____________________
Deputy:   ____________________
Member: ____________________
Member: ____________________

Shoreside: Other:     __________________

EMERGENCY CALL PROCEDURE

DATE: ______________________ VESSEL: __________________ 

Ballast Water Test Team Ship's Contact ListShip:

Second:  __________________

NOTES:

DESIGNATED COMMUNICATION SAFETY PROCEDURES IN-PLACE

Great Lakes Ballast Water
The Glosten Associates, Inc.



Attachment 5.  Boarding and Set-Up Checklist 
 

 



SET-UP CHECKLIST

Team 
Lodging:

Item Status Pallet Item Status Pallet
Rhodamine Dye Stock Discharge Barrel (DB) Pump
50' Water Supply Hose DB Pump Suction Hose

Cone-Bottom Feed Tank  DB Pump Discharge Hose
Calibration Column Spool Eductor
Chemical Metering Pump Trash Pump

Pressure Regulating Spool Trash Pump Suction hose
Spool Piece Hoses Trash Pump Discharge Hose

Dye Discharge Hose Air Lift Assembly
2 X 100' Armored Cables Air Comprssor

2 X Drop Cords CP Hose
GFI Power Strip Liquid CO2

5 kW Generator Liquid N
Sonde No. 1 Dry Ice Pellets

Data Logger No. 1 Strut Kit
Submersible Cable Reel No. 1 Fittings Kit

Sonde No. 2 Tool Kit
Data Logger No. 2 Lock-out / Tag-out Kit

Submersible Cable Reel No. 2 CGI / O2 Indicator
Ballast Discharge Barrel UHF Radios

Discharge Barrel Supply Hose Log Sheets
Oil Spill Kit NISKIN Bottles

Dye Spill Kit Sample Bottles
Small Engine Lube Oil Sample Cooler(s)

Small Engine Fuel Shrink Wrap
Fire Extinguisher

PRE-ARRIVAL SECTION

Ballast Water Test Team
Lead:      ____________________; Cell: ___________________
Deputy:   ____________________; Cell: ___________________
Member: ____________________; Cell: ___________________

Host Vessel:
Vessel Comms:
Vessel Contact Person:
Meeting Location:

____________________________________________

EQUIPMENT MANIFEST

Meeting Date:
Agent:

Launch Service:

Member: ____________________; Cell: ___________________
Member: ____________________; Cell:____________________

Great Lakes Ballast Water

The Glosten Associates
Page 3 of 12



SET-UP CHECKLIST

Date Time

SHIPBOARD SECTION

Pallet Count: ______________________
Pallets Shrink Wrapped: Yes  /  No

Instrument Zero (Calibration)
Final Dye Dilution

Task 

Communication Plan Reviewed
Log Opening Environmental Data

Equipment Pallets Landed
Test Team On-Board Host Vessel

Introductory Briefing with Ship's Crew

Completed

Test-6
Test-7
Test-8

Test-2 
Test-3
Test-4
Test-5

Set-up and Sequence Equipment
Test-1

Test Team Returned Shoreside

Equipment Break-down
Re-palletized & Shrink Wrap Equipment
Clean-up Signed-off
Pallets Off Ship

Test-10
Test-11
Test-12

Test-9

Great Lakes Ballast Water

The Glosten Associates
Page 4 of 12



Attachment 6.  Vertical Transect and Fixed Position 
Sampling Log 
 

 



Vertical Transect Log

Tank Dye Concentration Readings

Tank 1   (            ) Tank 1   (            ) Tank 2   (            ) Tank 2   (            )
Access Point - A (              ) Access Point - B (              ) Access Point - A (              ) Access Point - B (              )

Level uG/L Level uG/L Level uG/L Level uG/L

Average Average Average Average

Target Concentration (uG/L) 1.00E+02

 
* Take two sounding for each tank after dosing ballast water. Readings at least every ten feet.

Date / Time: Date / Time: Date / Time: Date / Time: 

Great Lakes Ballast Water
The Glosten Associates, Inc.



Attachment 7.  Calibration Worksheet 
 

 



QA / QC Worksheet

SECTION 1 - VERIFICATION OF "INSTRUMENT ZERO" Target Concentration (uG/L) 1.00E+02

Vertical Transect 1 Date/Time: Vertical Transect 2 Date/Time:
Depth  Depth

2'  ug/L  ug/L  2'  ug/L  ug/L
10' 10'
20' 20'
30' 30'
40' 40'
50' 50'
60' 60'
70' 70'

Light Bottle Procedure  
Finish Time: ____________ Rhodamine Concentration: _______ ug/L
Start Time:   ____________ Rhodamine Concentration: _______ ug/L
Elapsed Time: __________
 

SECTION 3 - EVALUATION OF SORPTION  

Dark Bottle Procedure  
Finish Time: ____________ Rhodamine Concentration: _______ ug/L
Start Time:   ____________ Rhodamine Concentration: _______ ug/L
Elapsed Time: __________
 

Access Point - A Access Point - BAccess Point - A Access Point - B

SECTION 2 - EVALUATION OF PHOTOCHEMICAL DECAY

Great Lakes Ballast Water
The Glosten Associates, Inc.



Attachment 8.  Discharge Monitoring Log 
 

 



Discharge Monitoring Log

 Target Concentration (uG/L) 1.00E+02

Tank 1   (            ) Tank 1   (            ) Tank 2   (            ) Tank 2   (            )
Time uG/L Time uG/L Time uG/L Time uG/L

Average Average Average Average

Discharge Sampling Barrel Dye Concentration Readings

Date: Date: Date: Date: 

Great Lakes Ballast Water
The Glosten Associates, Inc.



Attachment 9.  Metering Rate Log 
 

 



Metering Rates 

DOSING PUMP SET POINT CHART TOTAL RHODAMINE WT ADDED

Target Concentration (uG/L) 1.00E+02 Target Concentration (uG/L) 1.00E+02

Ballast Pump Rate Dose Pump Rate Ballast Tank Capacity Added
Ton/hr Bbl/hr Gal/min Gal/hr Gal/min Tons Bbls Gallons Liters Grams

200          100 -               
300          200 -               
400          300 -               
500          400 -               
600          500 -               
700          600 -               
800          700 -               
900          800 -               

1,000       900 -               
1,100       1000 -               
1,200       1500 -               
1,300       2000 -               
1,400       2500 -               
1,500       3000 -               

3500 -               
4000 -               
4500 -               
5000 -               
5500 -               
6000 -               
7000 -               
8000 -               
9000 -               
10000 -               

Great Lakes Ballast Water Page 1 of 2
The Glosten Associates, Inc.



Metering Log

DOSING PUMP LOG RECORD
Target Concentration (uG/L) 1.00E+02 Test Date:

Time Tanks Ballast Pump Rate Dose Pump Rate Notes
Dosing Ton/hr Bbl/hr Gal/min Gal/hr Gal/min (Track dye quantities)

Great Lakes Ballast Water Page 2 of 2
The Glosten Associates, Inc.



Attachment 10.  Purge Volumes 
 

 

 



Purge Volumes

Purge Volumes
diameter inch
area inch^2
length feet
volume inch^3

gallons

Great Lakes Ballast Water
The Glosten Associates, Inc.




