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ABSTRACT 

APPLICATION OF AIRLIFT PUMPS IN THE AQUAPONICS INDUSTRY 

 

Thariq Mohammed Advisor: 

University of Guelph, 2018 Dr. Wael Ahmed 

 Committee Member: 

 Dr. Ashutosh Singh 

 

Aquaponics is a combined food production system that cultivates fish and plants in a single self-sustaining 

loop. In this system, Fish waste is broken down by bacteria to be consumed as nutrients by plants. This 

reduces water toxicity due to waste accumulation. Aquaponics has recently gained popularity, but limited 

research and high operating costs have impeded the commercial growth in this field. The goal of this thesis 

is to utilize advanced airlift technology to reduce the overall cost and make this an economically viable 

industry. Traditional aquaponics systems utilize pumps and blowers for water circulation and aeration. In 

contrast, airlift pumps provide water conveyance and aeration thereby combining the two systems into one. 

An experimental study was conducted to evaluate the feasibility of a novel airlift pump in a mid-sized (2700 

L) aquaponics system. Extensive data was collected and analysed including water quality, plant and fish 

health. A mass transfer model was formulated to predict the VMTC (Volumetric mass transfer coefficient) 

of the pump. This can be used as a predictive tool to design aquaponics systems and in the integration of 

airlift pumps in different applications.  
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Chapter 1 Introduction 

Overfishing is one of the main concerns in the modern era, as it is pushing the biological limits of most 

fisheries globally. There are many alternatives to this problem including aquaculture and aquaponics. 

Aquaculture is currently one of the fastest growing industries and shows excellent promise as a solution. 

Aquaponics is a self-sustaining system that combines aquaculture and hydroponics and has received great 

attention in the last few decades. However, there has been limited research done in this industry, which 

when combined with high operating costs, has led to slow growth, mainly due to low economic gains. The 

need to lower the overall costs is a crucial parameter in any industry to reduce barriers to entry. This research 

strives to promote growth in this sustainable approach to food production by bringing technological 

advancements to make it a more attractive industry.  

Airlift pumps are special purpose pumps that utilize the principles of buoyancy to convey water. Injecting 

gas in a submerged pipe creates a gas-liquid mixture that is less dense than the liquid outside the pipe. This 

creates a hydrostatic lift force that moves the liquid along with the gas above the free surface of the liquid. 

These pumps are used in multiple industries such as oil & gas, food, and mining. The desirability of this 

pump in the food industry stems from its ability to simultaneously convey and aerate the water.  

 

Figure 1.1: Air lift pump operation 
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Conventional aquaponics systems operate using a pump (generally a centrifugal pump) for water 

conveyance, and a blower to aerate the water and meet the oxygen demands of the system. Airlift pumps 

have the ability to significantly reduce power consumption by replacing the pump-blower system with just 

a blower. They have been previously utilized in many small-scale aquaponics systems but lacked the 

capacity to be integrated into larger systems. This is due to the limitations associated with these pumps. 

However, newer injection systems have been developed by researchers to overcome the limitations and 

increase performance in airlift pumps. One such airlift pump, called the dual injection airlift pump, 

simultaneously injects gas axially as well as radially in a pipe. This novel airlift pump provides better 

performance while reducing the limitations of traditional airlift pumps, such as the requirement of large 

submergence depths.  

The present work aims to study the feasibility of a dual injection airlift pump for a mid-scale aquaponics 

system. An experimental setup was designed and developed to perform this feasibility analysis. In addition, 

a mass transfer model was developed for the dual injection pump. This is an extremely significant 

development in these pumps as the model can help in future design processes in various systems for 

numerous industries. 

1.1 Thesis Organization 

This thesis consists of six chapters including this introductory chapter. Chapter 2 provides a critical review 

of current research in aquaponics, airlift pumps, multiphase flow models and mass transfer models. This 

chapter provides the necessary background to proceed to the rest of the thesis. Chapter 3 provides the 

concise methodology used to formulate the mass transfer model developed for the dual-injection pump. 

The experimental work done to test the feasibility of the pump is explained in great detail in Chapter 4. 

This chapter includes the design process, the measurement plan and a detailed discussion of the instruments 

used for measurement. Chapter 5 then provides an in-depth analysis and discussion of the collected data 

and the challenges that arose during the experimental period. This chapter also provides the results of the 

formulated model and its validation of the experimental data. The conclusions of this study and 

recommendations for the future are then addressed in Chapter 6.   
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Chapter 2 Literature Review 

Aquaponics is a bio-integrated food production system that is rapidly gaining attention. Aquaponics links 

recirculating aquaculture with hydroponic food production. This highly productive food production system 

reduces waste accumulation from aquaculture while minimizing water usage. The fundamental principle of 

aquaponics is simple; the waste effluent produced by fish is broken down by bacteria culture into useful 

nutrients for plant growth. Otherwise this effluent would be toxic to the fish. Aquaponics practices have 

been traced back to ancient times in different forms – 1500 years ago in China and 500 years ago by the 

Incas in Peru (Jones, 2002). Until the late 1980's, however, there was limited success in integrating 

aquaculture and hydroponics. Technological advancements have made this a viable industry since the 1980s 

(Al-Hafedh et al., 2008; Diver, 2006). The first known closed-loop aquaponics system was developed in 

1986, and used tilapia and tomatoes planted in sand (McMurthy, Nelson, Sanders, & Hodges, 1990).  

Multiple species of fish and plants can be used in such a system. The most popular types of fish currently 

raised in aquaponics are tilapia and ornamental fishes, while the most popular plants grown in aquaponics 

are basil and tomatoes, followed by salad greens and herbs (Love et al., 2014). Currently in Ontario, there 

are only three commercial-sized aquaponics systems to the author's knowledge. 

The aquaculture industry produces enormous amounts of waste that can degrade the production systems 

unless appropriately handled. Solid waste from aquaculture is relatively easy to remove; however, dissolved 

nutrients from aquaculture waste are difficult to control and remove especially in larger systems. 

Aquaponics is one of the techniques used to counter high levels of nutrients that are toxic to fish. The plants 

in the system absorb nutrients that support their growth, thereby keeping the nutrient levels low and  

improving the water quality in the system (Buzby & Lin, 2014).  

Aquaponics systems produce their own ecosystem which goes through the nitrogen cycle. Fish excrete 

ammonia from their gills. This, combined with decomposing excess fish feed and fish waste, results in 

ammonia production within the system. In high quantities, ammonia is toxic to fish. Hence, the excess feed 

and fish waste need to be removed, and this is done in settling tanks. The dissolved ammonia, however, 

cannot be captured in a settling tank and needs to be broken down. Aquaponics systems break down 

ammonia into nitrite with the help of autotrophic bacteria like Nitrosomonas. Nitrites are then converted 

into nitrates by Nitro bacteria (Tyson, Simmone, White, & Lamb, 2004). This water is then cycled through 

the hydroponics setup which then absorbs the nitrates as nutrients (Somerville, Cohen, Pantanella, Stankus, 

& Lovatelli, 2014; Wicoff, 1998).  
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               Nitrosomonas bacteria:              2 𝑁𝐻4
+ + 3 𝑂2 → 2 𝑁𝑂2

− + 4 𝐻+ + 2 𝐻2𝑂 (2.1)  

               Nitrobacteria:                                                   2 𝑁𝑂2
− + 𝑂2 → 2 𝑁𝑂3

− (2.2) 

2.1 Recirculating Aquaculture Systems (RAS) 

Recirculating aquaculture is a well-researched field that has been rising in popularity in the last decade. 

These systems partially reuse water which has undergone treatment (Martins et al., 2010).  The supply of 

fish in the oceans, which was once considered unlimited, is deteriorating in yield due to the overfishing of 

specific species. With the growing demand for consumable fish, the aquaculture industry is booming. 

Recirculating Aquaculture Systems (RAS) are a crucial technology that is considered the solution to 

supplying the world per capita needs for aquatic species. Two of the most successful RAS systems in the 

world use salmon and tilapia. The salmon industry in Chile grew from a $159 million industry to a $1.7 

billion one from 1991 to 2005 (Tidwell, 2012). On the other hand, the demand for tilapia  in the US went 

from virtually nothing to importing 270,000 tons in 2015 (Timmons & Ebeling, 2010). 

Aquaculture systems can be extensive, semi-intensive or intensive. RAS are intensive systems while a pond 

culture is an extensive system and cage culture is semi-intensive. Since RAS systems are a controlled 

environment, the safety and quality of fish being produced can be guaranteed, unlike in other aquaculture 

systems. In comparison, pond and cage cultures do not have a controlled environment.  The water quality 

can therefore deteriorate, and the fish are vulnerable to diseases.  RAS methods also reduce the area 

footprint requirements (1% of that of conventional systems) and are environmentally sustainable, while 

reducing water usage to 1-10% of that of conventional aquaculture systems (Timmons & Ebeling, 2010).  

Numerous warm-water and cold-water fishes are used in RAS, including tilapia, trout, perch, Arctic char, 

and bass. Tilapia is widely used in RAS due to their tolerance to fluctuations in  water conditions, such as  

pH, oxygen, dissolved solids and temperature (Diver, 2006). Trout is widely seen in non-recirculating 

aquaculture systems, especially pond and cage cultures, because it is a cold water fish species with a high 

market value. Each species of fish has different requirements and needs.  

When using RAS systems, multiple parameters need to be controlled for fish health, the most important of 

which is the dissolved oxygen content. Air stones are the cheapest source of dissolved oxygen in a RAS 

system. However, for more intensive systems, liquid oxygen is added to meet the requirements of the 
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system. Most parameters in a RAS system are dependent on each other. The fish reduce their oxygen intake 

during low temperatures by reducing their metabolic rates. Tilapia require an approximate dissolved oxygen 

(DO) content of 4-6 mg/L, while trout require about 6-8 mg/L (Timmons & Ebeling, 2010; Tyson, 2013; 

Wicoff, 1998). The extensive parameter requirements of many species commonly used in aquaculture and 

aquaponics can be seen in Fig 2.1.  

 

Figure 2.1: Water quality requirements of some aquatic species commonly use in aquaponics (Timmons & 

Ebeling, 2010) 

2.2 Hydroponics 

Hydroponics, like aquaponics, is not a new concept. The Hanging Gardens of Babylon (562 BC) and the 

floating gardens of the Aztecs in Mexico were hydroponic. However, not until the 19th century was there a 

scientific basis developed for hydroponics. Hydroponics, often named “soilless” culture, is the cultivation 

of plants using nutrient solutions. Julius von Sachs gave an account of  the first scientific report of 

hydroponics in 1860. In the 1930s, a series of publications by W.F. Gericke at the University of California 

popularized the concept and named it “hydroponics” (Benton Jones Jr., 2004; Stauffer, 2006). Since then, 

hydroponics has been extensively researched, and has grown to be a sizable business worldwide. Its obvious 

application is for arid regions and regions with dramatic climatic changes (Stauffer, 2006). 

There are four types of hydroponics according to literature – Deepwater Culture, Nutrient Film Technique 

(NFT), Media Bed and Vertical Hydroponics (Pattillo, 2017). All of these types, except for Vertical 

Hydroponics, have been seen in aquaponics systems. The media-based grow bed consists of a tank filled 

with an inert media like expanded clay, perlite, and gravel. This serves as the root support and aids in 
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mechanical as well as bio- filtration. The Nutrient Film Technique or the NFT consists of narrow perforated 

channels where the roots are partially submerged in a thin layer of nutrient-rich water. The main advantage 

of this technique is a reduction in water usage (Goddek et al., 2015). There are many advantages to using 

the NFT technique, including low costs and high-density production; however, a disruption in water flow 

can lead to wilting and plant death (J. E. Rakocy, Masser, & Lossordo, 2006). Deepwater Culture (DWC) 

or Standing Aerated Nutrient Solution is the oldest hydroponic technique that started in the mid-1800s when 

researchers were trying to determine which elements were required by plants. These systems usually have 

standing water with an aerator that mixes the solution and adds oxygen to the nutrient solution. One main 

advantage of a DWC system is that a disruption in water flow does not affect the plant’s water supply.  

 
(a) Vertical Hydroponics (Cotton St 

Farms, n.d.) 

 
(b) Media Bed (Scadding Court –Toronto, ON) 

 
(c) Nutrient Film Technique (Mani, 2017) 

 
(d) Deepwater Culture (Epic Gardening, 2014) 

Figure 2.2: Types of hydroponics 

Most crops, with the exception of root crops, are reported to be grown successfully in hydroponic and 

aquaponics systems. Plants require a multitude of nutrients for optimal growth. These nutrients are divided 

into macro and micronutrients; the name indicates the amount of nutrient required by plants. Macronutrients 

required by plants include carbon, hydrogen, oxygen, nitrogen, phosphorous, potassium, calcium, sulphur 

and magnesium, while iron, chlorine, manganese, boron, zinc, copper and molybdenum are required 

micronutrients (Goddek et al., 2015; Pattillo, 2017; Resh, 1989). Most hydroponic solutions contain these 
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required nutrients except C, H, and O, which are available from the air and the water (Benton Jones Jr., 

2004; Goddek et al., 2015).  

Table 2.1: Essential plant nutrient effect on plants 

Nutrient Use for Plants (Benton Jones Jr., 2004; Roberto, 2003) 

Nitrogen1 Crucial for amino acid, coenzyme and chlorophyll production.  N has the most 

influence on plant growth as opposed to the other essential elements.  

Phosphorous1 Production of sugars, phosphate, and energy (ATP). It also aids in root growth and 

fruit & flower production 

Potassium1 Required for root growth, protein synthesis and aids in the generation of sugars 

and starch. 

Calcium1 Cell wall formation 

Sulphur1 Protein synthesis, water uptake, fruiting and seeding 

Iron Chlorophyll generation, energy for growth 

Magnesium1 Enzyme manufacturing and chlorophyll generation 

Boron Cell wall formation 

Manganese The catalyst for plant growth 

Zinc Respiration, nitrogen metabolism and chlorophyll generation 

Molybdenum Nitrogen metabolism and fixation 

Copper Enzyme activation 

 pH is one of the most important parameters to control in hydroponics as it determines the amount of nutrient 

intake by the plants. The optimal pH level for each plant differs but most plants have an optimum pH range 

between 6 and 7 (Benton Jones Jr., 2004; Roberto, 2003). A high pH will reduce the uptake of iron, 

manganese, boron, copper, zinc and phosphorous, while a drastically low pH will reduce the uptake of 

potassium, sulphur, calcium, magnesium and phosphorous, as can be seen in the figure below (Roberto, 

                                                      

1 Macronutrients 
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2003). Another parameter that crucially affects plant growth is the lighting, which will be discussed in later 

sections.  

 

Figure 2.3: Nutrient availability for plants through the pH scale (Roberto, 2003) 

2.3 Aquaponics 

2.3.1 Components 

Aquaponics systems consist of all the individual components of a RAS system plus the hydroponics system 

and a mineralization tank. The mineralization tank is used to break down the micronutrients in the fish 

waste to provide useful nutrients for the plants. A typical aquaponics system consists of the fish tank, a 

mechanical filter, a biofilter, a mineralization tank, a sump tank and the hydroponic setup that hosts the 

plants.   

The fish tanks in aquaponics are usually circular with a flat bottom. This helps to circulate water uniformly 

while the solid wastes are transported to the center of the tank by centripetal forces (Somerville et al., 2014). 

For the most efficient solids removal and mixing, the tank needs to have good hydraulic characteristics. 

The solids need to be removed efficiently and quickly from the fish tank to keep good water quality levels. 

Nongeometric shapes with many curves and bends can create dead spots in the water with no circulation. 

These areas can collect wastes and create anoxic, dangerous conditions for the fish. Stocking density is one 

of the parameters that needs to be considered during the design of an aquaponics system (Timmons & 

Ebeling, 2010).  
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Mechanical filters are the next tank in an aquaponics system line. Some systems also have an extra clarifier 

before the fish tank effluent reaches the mechanical filter. These mechanical filters collect solid wastes and 

uneaten food pellets. This is a crucial process as the solid waste decomposes over time releasing harmful 

gases that are toxic to marine animals. These solid wastes can also clog pipelines in the recirculating system.  

There are numerous types of mechanical filters. The most common types of mechanical settling filters are 

the swirl separators and the radial flow settling units. Swirl separators work by injecting water tangentially 

to the outer radius of the filter causing the water to spin about the tank’s central axis. This causes a radial 

flow towards the center of the tank (centripetal force) which helps in solid capture. However, due to the 

low specific gravity of the suspended solids in aquaculture, some solid particles escape the mechanical filter 

and go back into the system's loop. Radial filters, on the other hand, guides water in the center of the tank 

into a “turbulence-dampening” cylinder. The water flows radially outward reducing the velocity of the 

water, which in turn results in solid capture by gravity. If left in the filter for too long, the waste  can produce 

toxic ammonia gas (Davidson & Summerfelt, 2004). Davidson & Summerfelt (2004) claim that a radial 

filter is twice as effective at removing TSS (Total Suspended Solids) as a swirl filter.  

Mineralization tank: Not all the nutrients can be broken down easily for plant uptake. Mineralization is 

the process in which solid wastes are processed and metabolized by bacteria into plant consumable 

nutrients. Any waste left in the mechanical or biofilter is subjected to mineralization. The longer the solid 

wastes stay in the tanks, the more mineralization occurs, and the more nutrients are retained in the system. 

However, leaving these solids in the aquaponics loop can cause water blockage, consume oxygen, and lead 

to hydrogen sulfide gas production and denitrification, which in turn lead to ammonia spikes. A 

mineralization tank provides a separate container for aerobic or anaerobic decomposition of the solid wastes 

captured by the mechanical filters (Somerville et al., 2014). This reduces the spikes in ammonia levels in 

the aquaponics loop while reducing waste production by converting the waste into useful forms for plant 

intake.  

Bio filter:  Nitrogen is introduced into the water by fish through excretions created by the gills, and through 

urine and feces. Uneaten food also adds to the nitrogen content in the water. The decomposition of these 

nitrogen compounds into ammonia, nitrate and nitrite is an important part of an aquaponics system. 

Ammonia and nitrite are toxic to fish, while nitrates are toxic in extremely large quantities. The process of 

oxidation of ammonia to nitrate is called nitrification, which is the purpose of the bio filter. Bio filters 

provide a habitat for bacteria by providing oxygenation and large surface areas for bio film formation for 

bacterial colonies (Timmons & Ebeling, 2010). Some common bio filter media are gravel, PVC shavings, 

bottle caps, bio balls and K-1 filter media. The dissolved oxygen levels in the bio filter need to be 
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maintained at a minimum level of 2.0 mg/L to ensure proper nitrification for the system (Tidwell, 2012). 

Two phylogenetically different bacteria grow in the bio filter – chemosynthetic autotrophic bacteria and 

heterotrophic bacteria (Ebeling, 2006). Nitrifying bacteria, which feed on inorganic compounds for energy, 

fall in the first category. The second group includes protozoa, micrometazoa, etc. that feed on organic 

compounds (undissolved solid particles). These bacteria fight for space in the bio filter. For this reason, the 

suspended solids need to be completely removed before reaching the bio filter (Ebeling, 2006).  

2.3.2 Parameters and Requirements 

When considering the requirements of an aquaponics system, the first and foremost requirement is the water 

quality. As described by Somerville et al., (2014), water is the life-blood of an aquaponics system. 

Transportation of essential nutrients to plants, and of oxygen to fish is carried out by water. There are five 

key water quality parameters that need to be controlled in an aquaponics system: dissolved oxygen, pH, 

temperature, total nitrogen and water alkalinity. 

Dissolved Oxygen: Dissolved oxygen is the most important parameter in determining water quality in an 

aquaponics system and one that needs to be monitored continuously. Timmons & Ebeling, (2010) claim 

about 5 mg/L is adequate for warm water fishes and any higher concentration of oxygen does not result in 

additional gill uptake by the fishes. For salmonids, a DO level of 6-8 mg/L is required, while catfish and 

tilapia can survive at 2 to 3 mg/L. However, the recommended DO level would be 5 – 6 mg/L. Somerville 

et al., (2014) claim that a DO level of 5-8 mg/L is required for all three organisms in the system to thrive 

(fish, plant, bacteria). A low oxygen level can lead to nitrogen spikes as the bacteria in the bio filter require 

oxygen for nitrifying ammonia.  

Carbon Dioxide: Dissolved carbon dioxide content in an aquaponics system is due to respiration by fish 

and bacteria, and decomposition of organic waste. The carbon dioxide released from these sources is 

converted to carbonic acid on contact with the water, decreasing the pH of the water. Carbon dioxide itself 

rarely causes fish toxicity but this lowered pH can lead to lower oxygen absorption by fish, which can be 

fatal. Dissolved carbon dioxide is a function of pH and inorganic carbon in water (carbon dioxide, carbonic 

acid, bicarbonate ions and carbonate ions). Hence, with a known pH and alkalinity, dissolved carbon 

dioxide can be calculated. It needs to be kept below 20 ppm as any higher level will cause stress in the fish. 

This stress is caused due to carbon dioxide interfering with oxygen uptake (Masser, Rakocy, & Losordo, 

1992a). Tilapia, being a hardy fish, can tolerate up to 60 ppm (Timmons & Ebeling, 2010). The optimum 

level of alkalinity for most plants in any hydroponic setup is <120 ppm. 
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Ammonia, Nitrates and Nitrites (Total Ammonia): Total ammonia refers to any combination of nitrates, 

nitrites and ammonia in the water. Nitrate is the least toxic (about 100 times less toxic) of the three and the 

primary goal of the bio filter is the conversion of toxic ammonia and nitrite to nitrates. Ammonia needs to 

be kept below 0.25 mg/L, and levels of 1.0 mg/L or higher can lead to damage in the central nervous system 

of fish. This can lead in turn to loss of equilibrium, impaired respiration and convulsions. Higher levels of 

ammonia can also lead to the instant death of fish. Ammonia levels of 4 mg/L or higher act as an anti-

bacterial agent and inhibit the activity of the bacteria in the bio filter. This can eventually lead to bio filter 

malfunction and cause deadly ammonia spikes.  

Toxic levels of nitrites (>0.25 mg/L) can prevent oxygen transfer through the blood of fish, which can in 

turn result in death. Nitrate is less toxic, being only toxic to fish at levels above 300 mg/L or in some cases, 

400 mg/L or higher. However, high levels of nitrates (>250 mg/L) have negative impacts on plants. This 

can result in leaves with a high nitrate content, which are then too toxic for human consumption. Hence, 

the recommended nitrate levels in aquaponics systems are between 5 to 150 mg/L, and below 1.0 mg/L and 

0.25 mg/L for  ammonia and nitrite respectively (Somerville et al., 2014)`. 

pH: One of the most critical parameters that can affect the activity of nitrifying bacteria is pH (Tyson et 

al., 2004). The optimal value for the three organisms in the system is different. Between a range of 5 to 9, 

a one unit increase in pH leads to a 13% increase in nitrification efficiency in bacteria (Villaverde, Garcia-

Encina, & Fdz-Polanco, 1997). A recommended pH for bacteria is around 7.5 to 8 for a water temperature 

of 16 degrees Celsius (Kim, Park, Lee, & Park, 2007; Painter & Loveless, 1983). In the case of aquaculture, 

the optimal pH lies anywhere between 6.5 and 9  (Hochheimer & Wheaton, 1998; Losordo, Masser, & 

Rakocy, 1999; Timmons & Ebeling, 2010), while the optimal hydroponic pH is between 5.5 and 6.5 

(Bugbee, 2004; Hochmuth, 1990). Hence, the optimal recommended pH for aquaponics is in the range of 

6.5 to 7 (Tyson et al., 2004). 

Temperature: Temperature needs to be maintained within optimal levels which depend on the fish and the 

plant species. Keeping the temperature at optimal levels will lead to a higher growth rate, better efficiency 

in converting feed and a higher resistance to diseases (Handeland, Imsland, & Stefansson, n.d.; Masser, 

Rakocy, & Losordo, 1992b; Timmons & Ebeling, 2010). Too high of a temperature can lead to lower DO 

levels and higher ammonia levels in the water. For plants, a higher temperature will mean lower calcium 

intake by the roots. A system with warm water fishes, like tilapia, carp or catfish, combined with popular 

vegetables like okra, Asian cabbage or basil, will require a temperature in the range of 22 – 29 degrees 

Celsius.  
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Pumping: Water flow determines the amount of oxygen transported to the fish in the tank as well as the 

amount of waste removed from the tank. The pump should provide the minimum required flow to keep the 

nutrients (TAN, oxygen, carbon dioxide, etc.) in the tank balanced. To maintain fish health, muscle tone 

and respiration, Timmons & Ebeling, (2010) suggests a water velocity of 0.5 to 2.0 fish body lengths per 

second. However, the limiting factor in pumping is the accumulation of toxic nutrients in the fish tank. 

Hussain et al., (2014) found that the optimal flow rate for a lightly stocked system to be as low as 1.5 L/min, 

which equates to a 2 hour turnover period for the fish tank. Somerville et al., (2014) suggest that for a 

densely stocked tank, the approximate flow rate would be  2 times the tank size per hour (a turnover time 

of 30 minutes), and for a less densely stocked tank, the flow rate could be as low as 1 time the tank size per 

hour (a turnover time of 1 hour). Currently, no papers have been written to evaluate the relationship between 

stocking density and flow rates. Most aquaponics systems run on a rule of thumb of a 30 to 60-minute 

turnover time for the fish tanks. 

2.3.3 System Design 

The design of an aquaponics system is complicated due to the sheer number of parameters involved in the 

system. This section will talk about the design of an aquaponics system; namely sizing the tanks, fish 

stocking density, plant to fish ratio and feeding rates. It is a well-known fact in the aquaponics industry that 

the sizing of the tanks and the ratio of plants to fish is crucial for a healthy aquaponics loop. Since plants 

consume the nutrients from fish waste, it is no surprise to see researchers sizing components by finding a 

balance between fish waste and plant intake. However, the amount of nutrients and the fish waste produced 

is directly related to the feeding rate. Hence, the standard practice is to find a balance between feeding rates 

and the planting area. Once the feeding rate is determined, the number of fish required can be calculated 

and the tanks can be sized accordingly.  

One of the most renowned research and commercial facilities is located at the University of Virgin Islands 

(UVI) and is run by Dr. James Rakocy and his team. Dr. Rakocy is arguably one of the most influential 

person in the field of aquaponics. Research by this team found that plant requirements are not met by regular 

feeding rates for the fish. The solution was to push the feeding rates up to a level where all plant 

requirements were met except for potassium, calcium and iron. This, however, resulted in a nitrogen spike 

in the water. To counter this excess nitrogen, the team used a denitrification process by introducing “orchid 

netting” at the bottom of a separate tank to accumulate fish waste. This collected fish waste underwent 

anaerobic decomposition, thus reducing the nitrogen content in the system. Hence, plant requirements were 

met with high densities of fish in the system.  
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Figure 2.4: University of Virgin Island Aquaponics Outline (J. E. Rakocy et al., 2006) 

The UVI system requires the addition of potassium, calcium and iron to the system. Potassium and calcium 

are supplemented by the addition of a base used to keep the pH from dropping, and chelated iron is also 

supplemented. There are multiple papers written on the UVI system which have focussed primarily on 

research involving tilapia and multiple vegetables and herbs (Losordo et al., 1999; Masser et al., 1992a, 

1992b; J. Rakocy, n.d.; J. E. Rakocy, Bailey, Shultz, & Thoman, 2004; J. E. Rakocy et al., 2006). The 

Rakocy/UVI feeding rates are expressed as a ratio between the feeding rates and the plant area. The UVI 

team suggests a feeding rate of 60 – 100 g of fish feed per meter square of planting area per day for tilapia. 

Heavy feeder plants, like tomatoes and peppers, would need a feeding rate of 100g of fish feed per square 

metre of planting area daily, while light feeders like basil would require only 60 g of fish feed per unit plant 

area daily (J. E. Rakocy et al., 2006).  

Most aquaponics facilities use the UVI model to build their systems, while others use different tactics. 

Using a mineralization tank can also reduce the amount of feeding required as more nutrients are extracted 

from the fish waste. Dr. Wilson Lennard is an Australian scientist that is well known in this industry. He 

developed his own model, which uses an offline mineralization tank to reduce the feeding rate. The model 

balanced the nitrates in the system rather than denitrifying the excess nitrates. However, this model is 

species specific and research was done on “Murray Cod” and lettuce. Wilson Lennard (2012) explained the 

feeding rate for tilapia in order to grow lettuce using this model. The model states that 1 kg of daily feed 

supports approximately 1500 lettuce plants. This equates to 16g of fish feed per square meter of lettuce per 

day. This is assuming 30 plants per square meter.  
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The third approach is by Endut, Jusoh, Ali, Nik, & Hassan, (2009). This approach was conducted by a 

Malaysian scientist who studied the plant to fish ratio using African catfish and water spinach. Endut et al., 

(2009) used a different approach from that of Dr. Rakocy and Dr. Lennard; the total available nitrogen in 

the loop was monitored and the TAN removal by the plants was determined. This study found that a fish to 

plant ratio greater than 1:8 resulted in a considerable decrease in water spinach growth. From the data 

collected, Endut et al., (2009) suggested a feeding rate of 15-42 g/day/m2 of plant area. This method is a 

plausible way of determining aquaponics ratios in commercial facilities using raft system hydroponics (or 

DWC).  

Table 2.2: Optimum water quality requirements in aquaponics 

Parameter Fish Plant Bacteria Optimum 

(Tilapia/Basil) 

Dissolved Oxygen (ppm) 5 – 8 mg/L   5-8 mg/L 

pH 6.5 – 8.5 5.5 – 6.5 8.0 6.5-7 

Temperature 22-29   22-29 

Ammonia < 0.25 ppm  -  <1.0 ppm 

Nitrite < 0.25 ppm  -  <0.25 ppm 

Nitrate < 300 ppm <250 ppm -  5 – 150 ppm 

Dissolved CO2 <60 ppm <120 ppm  < 60 ppm 

2.4 Airlift Pumps 

Aquaponics systems provide a sustainable solution to aquaculture by improving nutrient retention 

efficiency and reducing waste while minimizing water usage. The plants act as a secondary source of 

income for farmers (Z. Hu et al., 2015). The aquaponics market relies on the higher quality of the produce 

to sustain itself with marginal profits. Power consumption to keep these systems healthy is the major cost 

in most aquaponics systems. The lighting for the plants, the heating of water, and the pumps used for 

aeration and water transportation are the reasons for high running costs in these systems. For systems in 

locations that receive regular sunlight, the lighting costs can be reduced. Heating costs can be reduced 

through the selection of fish species. Costs resulting from the high power consumption required by aeration 

and water transportation still need to be addressed, as these are two crucial parameters required for a healthy 

aquaponics system.  
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In small scale aquaponics, airlift pumps have been used to transport and aerate the water using one air 

pump.  This greatly reduces power consumption in these systems. However, airlift pumps have their own 

limitations that have stopped them from being a viable option in commercial scale aquaponics. Over the 

past decade technological advancements in airlift technology and increasing research in multiphase flow 

have led to higher efficiency pumps.  

Airlift pumps are innovative pumps that work on the principle of buoyancy. A gas, usually air is simply 

injected into a submerged pipe. The density difference of the gas-liquid mixture to that of the liquid outside 

the pipe creates a hydrostatic lift force that pushes the liquid-gas mixture up the pipe (W. H. Ahmed, Aman, 

Badr, & Al-Qutub, 2016).  Airlift technology dates back to 1797, when a German mining engineer used the 

concept to lift coal slurries from a mine shaft. The concept was not researched further until the late 19th 

century and the early 20th century, when its use in the sewage treatment industry became practical (Castro, 

Zielinski, & Sandifer, 1975) 

 

Figure 2.5: Theory of airlift pumps 

Airlift pumps have many advantages over conventional pumps, like the lack of mechanical parts which 

reduces maintenance costs. Other advantages include a simple design, energy efficiency, low initial costs, 

higher reliability, lack of restriction in depth and an ability to transport solids (Wael H. Ahmed & Badr, 

2012; D. Hu, Tang, Cai, & Zhang, 2012). Airlift pumps are highly desired in industries that already have 

an existing compressed gas source. There are also limits to airlift pumping that have caused this technology 

to be less widely known. The main parameters that affect the performance of an airlift pump are the tapering 

angle of the submerged pipe, submergence ratio, gas flow rate, bubble diameter and inlet gas pressure 

(Hanafizadeh, Karimi, & Saidi, 2011).  
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Submergence ratio is the most crucial operating parameter of an airlift pump. Submergence ratio represents 

the ratio of the static lift to that of the total lift required in an application. Static lift is the length of the riser 

pipe (submerged pipe) from the point of air injection to that of the free surface of water. Many papers in 

literature have noted the importance of submergence ratio and its linear relationship to the performance of 

an airlift pump  (Bukhari & Ahmed, 2017; Castro et al., 1975; D. Hu et al., 2012; Kassab, Kandil, Warda, 

& Ahmed, 2009). The water flow rate pumped by the airlift is greatly reduced with a reduction in the 

submergence ratio. 

𝑆𝑢𝑏𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑒 𝑅𝑎𝑡𝑖𝑜 =
𝑆𝑡𝑎𝑡𝑖𝑐 𝐿𝑖𝑓𝑡 (𝑠)

𝑇𝑜𝑡𝑎𝑙 𝑝𝑖𝑝𝑒 𝑙𝑒𝑛𝑔𝑡ℎ (𝐿 + 𝑠)
 

(2.3) 

Airlift technology is applied in a wide range of industries like nuclear, food, sewage treatment, aquaculture 

and much more (Parker & Suttle, 1987). If an air supply is already available, the airlift pump can contribute 

to many processes in a system, like water transportation, lifting water, mixing, aerating the liquid, 

temperature de-stratification and even carbon dioxide stripping.  

Table 2.3: Airlift applications in different industries 

Industry Use 

Food Industry– Bioreactors Mixing, Aeration 

Sewage Industry Agitation, Pumping, Aeration, Sludge Extraction 

Aquatic Sciences Collecting Seawater Samples 

Oil Industry Pumping Oil 

Aquaculture De-stratification, Pumping, Aeration, Carbon 

Dioxide Stripping 

Pump Performance: Airlift pump performance is dependent on many parameters which have been 

thoroughly researched. The performance of an airlift pump is the relationship between the achieved water 

flow rate to the supplied airflow rate. The major parameters, however, are the submergence ratio, riser pipe 

diameter and air injection methods. Many airlift performance models, both theoretical and experimental, 

have been developed over the years (W. H. Ahmed et al., 2016; Bukhari & Ahmed, 2017; Castro et al., 

1975; Kouremenos & Staïcos, 1985; Loyless & Malone, 1998a). One such experimental model was 

developed by (Castro et al., 1975), and the 5.08-cm model can be seen in Figure 2.6d. (Taleb & Al-Jarrah, 

2017) studied the effect of submergence ratio and diameter of injection on the performance of a 5.08-cm 

pump. In this study, the performance of the pump under five different submergence ratios was studied and 
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the maximum flowrates achieved can be seen in Figure 2.6a. Another model by (Loyless & Malone, 1998a) 

for a 5.08-cm airlift can be seen in Figure 2.6c. The performance model developed by (Wael H. Ahmed & 

Badr, 2012) is shown in Figure 2.6b. These models can serve to estimate water flowrates when designing 

airlift systems. 

 
a.  (Taleb & Al-Jarrah, 2017) 

 
b. (Wael H. Ahmed & Badr, 2012) 

 
c. (Loyless & Malone, 1998a) 

 
d. (Castro et al., 1975) 

Figure 2.6: Performance curves of previous airlift pumps 

Airlift pumps are desirable in numerous industries due to their ability to transport water while 

simultaneously aerating it. Sewage treatment, aquaculture and food industries benefit greatly from this 

added advantage of airlift pumps. The aeration rates of airlift pumps have been researched in great detail in 

the past (Loyless & Malone, 1998b; Mohammed, Ahmed, & Singh, 2017; Reinemann & Timmons, 1989).  



Chapter 2 Literature Review 

18 

Many industries do not use airlifts due to their limits, such as the submergence required, the pumping 

capacity and the limited lift achieved. With technological advancements, there are many designs that strive 

sto increase the performance of airlift pumps. One design that succeeded in this endeavor is the design 

developed by (Wael H. Ahmed & Badr, 2012). The innovative technology used in this design involves a 

change in how air is injected into the riser pipe. This patented injection system involves injecting air radially 

as well as axially into the riser pipe. The radial injection is linked with a higher mass transfer rate (aeration) 

while the axial injection is linked with higher flow rates (W. H. Ahmed et al., 2016). 

 
 

Figure 2.7: Dual injection airlift pump (W. H. Ahmed et al., 2016) 

The airlift pump has many advantages in an aquaponics system. Most commercial aquaponics systems rely 

on air pumps for aerating the water and submersible water pumps to create the flow required in an 

aquaponics system. However, with airlift pumps, the aeration system and the water transportation system 

can be combined into one single system. A conventional airlift with its limited height and water 

transportation capacity can only be used in smaller aquaponics systems. On a commercial scale, 

conventional airlift pumps fail to compensate for the flow rate required. Airlift pumps are, however, 

beneficial as they contribute to aeration and water transportation while keeping maintenance in the system 

to a minimum. Another advantage is that any particulates that might escape the mechanical and biological 

filters will not negatively affect an airlift pump like they would a centrifugal pump. Most aquaponics 

facilities already rely on a compressor or air pump to aerate the water. Hence, maintenance is kept to 

minimum with no moving parts in the water transportation system. The dual injection pump is pushing the 

limits of airlift pumping technology, which could make airlift a viable option for water transportation and 

aeration in a commercial aquaponics system. 
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2.5 Gaps in the Literature 

Since 1990, a lot of research has been dedicated to the collection of data about aquaponics (Endut et al., 

2009; W Lennard, 2012; Love et al., 2014; Masser et al., 1992b; J. E. Rakocy et al., 2004, 2006; Savidov, 

2005). In Canada, one of the main research facilities is found in Brooks, AB. This facility is funded by the 

Department of Oceans & Fisheries and overseen by Dr. Nick Savidov (Savidov, 2004, 2005). Most of the 

research and data collected has been aimed at optimizing aquaponics systems. This has included modelling 

aquaponics ratios, finding optimal nutrient conditions and optimizing flow rates. However, there are limited 

commercial aquaponics facilities in the world due to their marginal profits. Many papers do mention the 

lack of commercial interest in aquaponics due to low economic gains. A big portion of the running cost in 

aquaponics systems is power consumption (Heidemann, 2015). Some researchers have attempted to tackle 

this problem by focussing on growing high profit produce (culinary herbs and profitable fishes). Another 

option is to reduce power consumption by reducing the number of power consuming components – one 

airlift system, for example, could replace the current water pump/air pump systems. Some papers have 

looked at the feasibility of using airlifts in Recirculating Aquaculture Systems. These studies have, 

however, concluded that this is only feasible in smaller systems due to the limits of an airlift system. The 

feasibility of developing a better airlift for this type of system has not been explored.  

There are many different projects being done around the world concerning aquaponics. However, barely 

any studies address the possibility of using a mineralization tank to utilize fish waste, and possibly replacing 

supplements. Dr. Lennard talks briefly about this in (W Lennard, 2012). Another gap in the literature 

concerns  testing the carbon dioxide stripping efficiency of an airlift, which is a crucial factor in aquaponics. 

2.6 Experimental Summary 

A continuous monitoring system would help keep track of important nutrients in the aquaponics loop as 

well as power consumption levels. This would provide researchers with an opportunity to develop models 

for optimizing any aquaponics system. When a dual injection airlift is run at optimal conditions for an 

aquaponics loop in terms of flow rate, this system could check if the supplementary aeration and carbon 

dioxide stripping was sufficient to keep the system healthy. This would benefit an aquaponics system while 

reducing power consumption. Other objectives would include studying the effectiveness of the airlift in 

carbon dioxide stripping and oxygen transfer into the system. This study will focus on tilapia and basil since 

data on these species is widely available due to the popularity of these two crops (Love et al., 2015).  
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2.7 Mass Transfer in Vertical Two-Phase Flow 

The nature of airlift pumps gives rise to the complicated phenomenon of multiphase flow. Multiphase flow 

is the field of fluid dynamics that deals with the flow of multiple phases (liquid, gas, solid) flowing 

concurrently in a channel. In airlift pumps, the phases involved are the liquid and/or solid that is being 

transported and the gas which is injected into the airlift. Like the airlift, this phenomenon is common in a 

wide array of industries like nuclear power plants, wastewater treatment plants, the food industry and many 

others. Multiphase flow is also commonly seen in natural processes, such as in volcanoes, cardiovascular 

systems and capillary transportation in plants (Wael H. Ahmed, 2011).  

Two-phase flow is a complex phenomenon which cannot be summarized by a single principle. It retains all 

the difficulties that are involved in explaining single-phase flow, as well as the additional complexities due 

to parameters that are characteristic of multi-phase flow, such as interfacial boundary locations, interphase 

momentum, etc. (Kleinstreuer, 2003). This dissertation will concentrate solely on two-phase upward flow 

in vertical pipes as this is the major configuration for airlift pumps.  

2.7.1 Flow Patterns 

Flow pattern is the visible distribution of two phases in a conduit. Mathure (2010) describes a flow pattern 

as the “spatial arrangement of two phases within a system” (Mathure, 2010). In single-phase flow, this is 

clearly defined as laminar, transition and turbulent flows. However, in multiphase flow, multiple flow 

patterns are encountered, and they differ for different pipe configurations (horizontal, vertical or inclined). 

Four distinctive flow patterns are observed in a vertical gas-liquid configuration – bubbly, slug, churn and 

annular. However, there are many other intermediate patterns that are not mentioned in detail as the 

distinctions are not clear. 

Bubbly Flow: This flow pattern is characterized by small gas bubbles that are often shaped as distorted 

spheres in a liquid continuum. The bubble sizes range from small to large enough to be almost slug flow 

sized (Collier & Thome, 1994). 

Slug Flow: As the gas superficial velocities are increased, the concentration of bubbles in the bubbly flow 

becomes higher, leading to a coalescence forming bigger bubbles. Further coalescence leads to deformation 

of the bubbles into bullet-shaped pockets of gas that almost fill up the entire pipe cross section. These bullet-

shaped pockets of gas, called Taylor bubbles, characterize the slug flow pattern. The Taylor bubbles are 

separated by bubbly flow zones called slugs. Another noteworthy characteristic of slug flow pattern is that 
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the slugs/plugs are surrounded by a thin film of liquid that flows vertically downwards (Brill & Beggs, 

1973; Mcquillan & Whalley, 1985). 

 

Figure 2.8: Different flow pattern maps in vertical two-phase flow (gas-liquid) (Mcquillan & Whalley, 1985) 

Churn Flow: Churn is an unstable flow pattern that is highly turbulent and often characterized by pulsing 

oscillations. Churn flow is similar to that of slug flow but has major differences such as smaller and more 

irregular slugs that are continuously destroyed by regions of high gas concentration. Churn flow is also 

distinct in the fact that there is no thin falling film surrounding the gas plugs (Ambrose, 2015; Brill & 

Beggs, 1973). 

Annular Flow: The annular flow pattern occurs at high superficial gas flow rates. This flow pattern is 

associated with a central core of gas with liquid travelling in an annular film close to the pipe walls. Some 

literature also defines it as an “Annular misty” flow pattern in which some liquid gets entrained in the gas 

core as droplets, giving it a misty appearance. 

2.7.2 Flow Pattern Maps 

Under low velocity conditions, the flow patterns can be visually observed. However, at higher flow 

velocities other techniques need to be implemented to distinguish the flow patterns. Some techniques that 

are used in the literature are X-radiography and high speed photography. Measurement probes, such as 

optical and electrical probes, are also used to study the flow patterns. The prediction of flow patterns is 

critical in most industries for analyzing and optimizing the flows. Flow pattern maps are one of the tools 

used to predict the flow pattern under specific conditions.  
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Figure 2.9: Flow pattern map by Aziz & Govier (1972)  

There are numerous flow pattern maps for two-phase flow in vertical pipes available in the literature. These 

maps provide transition regions/lines in a two-dimensional coordinate system. These maps can be classified 

into empirically or theoretically derived maps. Most of these maps use dimensional coordinates, such as 

superficial velocities (Taitel, Bornea, & Dukler, 1980)) or superficial momentum fluxes (Hewitts & Roberts 

(Hewitt & Roberts, 1969)), but some use property ratios between the two phases (Aziz & Govier (Aziz & 

Govier, 1972)). In an attempt to apply the results to all pipe sizes and fluid properties, some others use 

dimensionless parameters as co-ordinates for these maps (Griffith & Wallis, 1961) .  

Table 2.4 shows a list of some of the flow pattern maps available in the literature that are specifically for 

gas-liquid two-phase flow in a vertically upward flow. Of the maps shown in the table, the most widely 

accepted flow pattern maps for air-water are those of Hewitts & Roberts (empirical) (Hewitt & Roberts, 

1969) and Taitel & Dukler (theoretical) (Taitel et al., 1980). 
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Table 2.4: Flow pattern maps from the literature 

Flow Pattern Map Conditions 
Co-ordinates 

X axis Y axis 

(Griffith & Wallis, 

1961) 

𝐴𝑖𝑟 − 𝑊𝑎𝑡𝑒𝑟 

𝑑𝑝𝑖𝑝𝑒: 1.27 − 2.54𝑐𝑚 𝐹𝑟𝑇𝑃 =

(
𝑄𝐺 + 𝑄𝐿

𝐴𝑝
 )

2

𝑔 𝑑_𝑝𝑖𝑝𝑒
 

𝛼 

(Hewitt & Roberts, 

1969) 

𝐴𝑖𝑟 − 𝑊𝑎𝑡𝑒𝑟 

𝑆𝑡𝑒𝑎𝑚 − 𝑊𝑎𝑡𝑒𝑟 

𝑑𝑝𝑖𝑝𝑒: 3.18𝑐𝑚 

𝜌𝐿𝑗𝐿
2 𝜌𝐿𝑗𝐺

2 

(Taitel et al., 1980) 2 𝑁/𝐴 𝑗𝐺 𝑗𝐿 

(Aziz & Govier, 1972) 2 
𝑂𝑖𝑙 − 𝑊𝑎𝑡𝑒𝑟 

 
(𝜌𝐺/𝜌𝐴)1/3𝑗𝐺 (𝜌𝐿𝜎𝑊𝐴/𝜌𝑊𝜎)0.25𝑗𝐿 

(Golan & Stenning, 

1969) 

𝐴𝑖𝑟 − 𝑊𝑎𝑡𝑒𝑟 

𝑑𝑝𝑖𝑝𝑒: 3.81𝑐𝑚 
𝑗𝐿 𝑗𝐺 

(Oshinowo & Charles, 

1974) 

𝑑𝑝𝑖𝑝𝑒: 2.54𝑐𝑚 

𝑇𝑒𝑠𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑣𝑎𝑟𝑖𝑜𝑢𝑠 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙  

𝑑𝑎𝑡𝑎 𝑓𝑟𝑜𝑚 𝑙𝑖𝑡𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

𝐹𝑟𝑇𝑃

√𝜇𝐿
𝜇𝑤

[
𝜌𝐿
𝜌𝑤

(
𝜎𝐿
𝜎𝑤

)
3

]
0.25

 

 

√
𝑗𝐺

𝑗𝐿
  

(Spedding & Nguyen, 

1980) 

𝐴𝑖𝑟 − 𝑊𝑎𝑡𝑒𝑟 

𝑑𝑝𝑖𝑝𝑒: 4.55𝑐𝑚 

𝑄𝐿

𝑄𝐺
 (

𝑗𝐺 + 𝑗𝐿

√𝑔𝑑𝑝𝑖𝑝𝑒

)

0.5

 

 

2.7.3 Formulation of Two-Phase Flow 

Two-phase flow is a common phenomenon in many industries and the need to understand the flow 

dynamics is quintessential in many cases. Due to its complex nature, researchers have come up with 

different models using different assumptions to simplify and understand this phenomenon. These 

assumptions might give good or bad results depending on the configuration of different setups in different 

industries. Hence, one needs to be careful about the model and the assumptions being made. The most 

                                                      

2 Theoretical Flow Pattern Map 
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common models used to understand two-phase flow are the homogeneous model, the separated flow model, 

the drift flux model and the two-fluid model.  

Homogeneous Model: This model is the simplest model for studying multiphase flow. The homogeneous 

model replaces the two phases in the flow with a “pseudo fluid” that has the mean properties of the two 

phases. Hence, the basic assumption in this model is that the two phases have the same velocities and that 

they are at thermal equilibrium. The friction factor in this case is replaced by a suitable single-phase friction 

factor (Collier & Thome, 1994; Wallis, 1969).  

Separated Flow Model: This model takes into account that the two phases/fluids are individual 

components with individual properties. The separated flow model assumes the flow to be segregated into 

two streams. Hence, both phases retain their velocities with the assumption that they are constant. Like the 

homogeneous model, the separated model assumes thermal equilibrium. The model also uses a suitable 

multiplier for the friction factor and the void fraction, which is usually based on correlations or on simplified 

concepts (Collier & Thome, 1994; Wallis, 1969).  

Drift Flux Model: This model is similar to the separated flow model. However, the drift flux model 

concentrates on the relative motion of the two phases rather than having two individual velocities. This 

model was developed principally by Zuber & Findlay, as well as Wallis and Ishii (M. Ishii & Grolmes, 

1975; Wallis, 1969; Zuber & Findlay, 1965).  

Two-Fluid Model: The two-fluid model developed by (M. Ishii & Grolmes, 1975) and (M. Ishii & 

Mishima, 1984) is the most complex model of the four presented in this section. This model considers each 

phase separately, thereby having separate governing equations for mass balance, momentum balance and 

energy balance. An additional three interfacial transfer conditions are also included. Due to the inclusion 

of the transfer process, this model predicts phase interactions in much more detail than the other models.  

2.7.4 Mass Transfer Models 

Airlift pumps are predominantly used for water conveyance. However, in the food industry, specifically the 

aquaculture and aquaponics industries, these pumps come with the added benefit of aeration. The oxygen 

mass transfer by the airlift is a complicated phenomenon to capture. This is partially due to the fact that 

these pumps operate under a wide range of flow patterns, which have drastically different mass transfer 

rates as well as mass transfer driving phenomena. In this dissertation, the main focus will be on mass transfer 

in bubbly flow and slug flow. 
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Table 2.5: Diffusion based mass transfer theories to determine  the mass transfer coefficient 

Theory Equation Reference 

Penetration Theory 𝑘𝐿 =
2

 √𝜋
√

𝐷𝐿𝑈𝑠𝑙𝑖𝑝

𝑑𝑏
 (Higbie, 1935) 

Single Film Theory 𝐽 = −𝐷𝐿

𝜕𝐶

𝜕𝑋
 (Nernst, 1904) 

Two-Film Theory 𝑘𝐿 = 𝐷/𝑡𝑐 (Lewis & Whitman, 1924) 

Surface Renewal Theory 𝑘𝐿 = √𝐷𝐿𝑠 (Danckwerts, 1951) 

Graetz-Nusselt Theory 𝑘𝐿 = (
3

1
3

Γ (
4
3

)
)

𝐷𝐿

𝑑
(

𝑑2

𝐷𝐿𝐿
)

1
3

 (Cussler, 2009) 

Boundary-layer Theory 𝑘𝐿 = 0.323
𝐷𝐿

𝐿
(

𝐿

𝜈
)

0.5

(
𝜈

𝐷𝐿
)

1/3

 
(Schlichting & Gersten, 

2016) 

Mass transfer theories have been established since the early 1900s. However, the literature that defines 

mass transfer in airlift pumps is limited. The knowledge of volumetric mass transfer coefficients (𝑘𝐿𝑎) is 

an essential step in designing airlift pumps for aeration applications. However, the current industry relies 

on trial and error rather than optimizing the pump for aeration using fluid dynamics and mass transfer 

principles. Theories like the film theory, the penetration theory, and the surface renewal theory have been 

used for decades with good results. Hence, mass transfer coefficients can be estimated from these models 

with a good degree of accuracy. The penetration theory and the film theory are arguably the most widely 

used theories for diffusion based mass transfer (Van Elk, Knaap, & Versteeg, 2006). 

Mass transfer in bubbly flow is the most researched flow pattern in gas-liquid two phase flow. Bubbly flow 

is widely seen in many industries and is commonly known to have a higher mass transfer rate than other 

flow patterns. In the food industry, bubble columns and bioreactors operate under aerobic conditions that 

require a sparger/airlift to aerate the liquid media. In these applications, the knowledge of the volumetric 

mass transfer coefficient is crucial to maintain a steady supply of dissolved oxygen to the liquid phase and 

thereby avoiding starving cells (Manjrekar, Sun, He, Tang, & Dudukovic, 2017). This is the reason why 

there has been an abundance of research done on mass transfer in bubbly flow patterns in bioreactors and 

bubble columns. Some of these correlations for air-water can be found in Table 2.6.  

 



Chapter 2 Literature Review 

26 

Table 2.6: Volumetric mass transfer coefficient correlations 

Reference Correlation 

(VanKrevelen & 

Hoftijzer, 1950) 
𝑑𝑏 = [

6𝜎𝑑𝑜

𝑔(𝜌𝐿 − 𝜌𝐺)
]

1/3

 

(Godbole, Schumpe, 

Shah, & Carr, 1984) 
𝑘𝐿𝑎 = 0.000835𝑗𝑔

0.44𝜇𝑎𝑁
−1.01 

(Joshi & Sharma, 

1979) 

𝑑𝑏 = 4.15
𝜎0.6

(
𝑃𝑔

𝑉𝐿
)

0.4

𝜌𝐿
0.2

√𝜖𝐺 + 9 × 10−4 

(Pohorecki, Moniuk, 

Bielski, & Sobieszuk, 

2005) 

𝑑𝑏 = 0.289 𝜌𝐿
−0.552𝜇−0.048𝜎0.442𝑗𝐺

−0.124 

(Akita & Yoshidal, 

1973) 
𝑘𝐿𝑎 =

0.6 𝐷

𝑑𝑝𝑖𝑝𝑒
2 (

𝜇𝐿

𝜌𝐿𝐷𝐿
)

0.5

(𝑔
𝑑𝑝𝑖𝑝𝑒

2 𝜌𝐿

𝜎𝐿
)

0.62

(𝑔
𝑑𝑝𝑖𝑝𝑒

3 𝜌𝐿
2

𝜇𝐿
2 ) 𝛼1.1 

(Akita & Yoshida, 

1974) 

𝑑𝐵

𝑑𝑝𝑖𝑝𝑒
= 26 (𝑔𝑑𝑝𝑖𝑝𝑒

2 𝜌𝐿

𝛼
)

−0.5

(
𝑔𝑑𝑝𝑖𝑝𝑒

3

𝜈𝐿
2 )

−0.12

(
𝑣𝑠𝑔

√𝑔𝑑𝑝𝑖𝑝𝑒

)

−0.12

 

 

(Ferreira, Pereira, 

Teixeira, & Rocha, 

2012) 

𝑘𝐿𝑎 = 3.372 × 103√
𝐷𝐿

𝜋
√

𝑗𝑔𝑔

𝜇𝐿
𝑗𝐺

0.87𝜇∗−0.24
 

(Mena, Ferreira, 

Teixeira, & Rocha, 

2011) 

𝑘𝐿𝑎 = 1.01𝑗𝐺
0.82(1 + 𝑑𝑝𝑖𝑝𝑒)

0.97
(1 − 𝑒𝑠)2.73 

(Linek, Kordač, & 

Moucha, 2005) 
𝑘𝐿 = 0.42 (

Δ𝜌𝜈𝑔

𝜌
)

1
3

(
𝐷𝑐

𝜐
)

1
2
 

(Weuster-Botz, 

Altenbach-Rehm, & 

Hawrylenko, 2001) 

𝑘𝐿𝑎 = (2 + 𝑓.
2

√𝜋
 . √

𝑤𝑏𝑑𝑏

𝐷𝐿
)

𝐷𝐿

𝑑𝑏
.
6𝜀

𝑑𝑏
 

(Kang, Cho, Woo, & 

Kim, 1999) 
𝑘𝐿𝑎 = 0.91 × 10−3.08 (

𝑑𝑝𝑖𝑝𝑒𝑗𝐺  𝜌𝐺

𝜇𝐿
)

0.254

 

(Rubio, Garcia, 

Molina, & Chisti, 

1999) 

𝑘𝑙 𝑎 = 2.39 × 10−4 (
𝑃𝐺

𝑉𝐿
)

0.86
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(Schumpe & Deckwer, 

1987) 

 

𝑘𝐿𝑎 = 𝑗𝐺
0.49𝑑𝑝𝑖𝑝𝑒

−0.025𝜎−0.21𝜇−0.70𝐷𝑐
0.50 

(Eickenbusch, Brunn, 

& Schumpe, 1995) 

 

𝑆ℎ = 0.018 𝑆𝑐0.5𝐵𝑜0.20𝐺𝑎0.62𝐹𝑟0.51(1 + 0.12𝑊𝑖)−1 

(Kawase, Halard, & 

Moo-Young, 1987) 
𝑆ℎ = 0.63

1

√𝜋
√1.07 𝑆𝑐0.5𝑅𝑒0.75𝐹𝑟7/60𝐵𝑜3/5 

(Nakanoh & Yoshida, 

1980) 
𝑘𝐿𝑎 = 0.09.

𝐷𝑐

𝑑𝑝𝑖𝑝𝑒
𝑆𝑐0.5𝐵𝑜0.75𝐺𝑎0.39𝐹𝑟1.0 

(Jamialahmadi & 

Müuller‐Steinhagen, 

1993) 

𝑑𝑏𝑡 = 0.45 𝑗𝐺
0.87𝛼0.85 

𝑑𝑏𝑙 = [
6𝜎𝑑𝑜

𝑔(𝜌𝐿 − 𝜌𝐺)
]

1
3

 

𝑑𝑏 = √𝑑𝑏𝑙
3 + 𝑑𝑏𝑡

33
 

(öztürk, Schumpe, & 

Deckwer, 1987) 
𝑆ℎ = 0.62 𝑆𝑐0.5𝐵𝑜0.33𝐹𝑟0.68 (

𝜌𝐺

𝜌𝐿
)

0.04
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Chapter 3 Mass Transfer Formulation 

A rapid increase in consumer demands has pushed most industries to focus on optimization and increased 

efficiency. This has in turn pushed many industries to develop a better understanding of many complex 

processes occurring in their plants, like multiphase flow. As mentioned previously, multiphase flow occurs 

in many industries including the chemical, petroleum and process industries. These industries along with 

many others strive to understand the complex phenomenon known as multiphase flow. The food industry 

is one of the industries which is leading research in the field of mass transfer in multiphase flow. However, 

aquaculture and aquaponics industries rarely rely on mass transfer models and basic principles to design 

their systems. These industries mostly operate through trial and error to determine the requirements of their 

systems. This has proven reliable in the past but could be the reason for current high-power consumption 

rates, which have led to slow growth in the aquaponics industry. With the integration of airlift pumps into 

these industries, it is crucial to develop a model to determine the aeration capacity of the pumps so that 

these designs can be optimized for different aquaculture/aquaponics setups.   

The goal of this model is to predict an accurate volumetric mass transfer coefficient for dual injection airlift 

pumps. The volumetric mass transfer coefficient (VMTC) gives a good indication as to the oxygenation 

capacity of a device, which is crucial knowledge for the use of airlift pumps in various industries. Once the 

kLa (VMTC) of the pump is determined, it can be used in design processes to integrate airlift pumps in 

different applications.  

The movement of bubbles in a vertical pipe constitutes a multiphase problem that can be broken down into 

a one-dimensional problem for this model. This involves solving a general transient two-phase problem, 

which can be conveyed using the two-fluid model or the drift flux model. Since mass transfer is directly 

impacted by the interfacial area between the two phases, a homogeneous model cannot be used for this. 

Two-fluid model is developed in terms of two sets of conservation equations (one per phase), which can 

cause considerable difficulties because of the mathematical complexity and the uncertainties in specifying 

interfacial interaction terms between the two phases (Hibiki & Ishii, 2002). However, the drift flux model 

expresses the motion of the mixture using a mixture momentum equation and a kinematic constitutive 

equation based on the relative velocities of the phases. This makes the drift flux model significantly easier 

even though it is an approximate formulation in comparison to the tedious two-fluid model. As the motions 

of the two phases are strongly correlated in this present study, the author is confident that the drift flux 

model provides an appropriate formulation to the problem at hand. 
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3.1 One-dimensional Drift Flux Model 

After the introduction of the drift flux model by Zuber and Findlay (Zuber & Findlay, 1965), different 

correlations have been proposed by researchers for numerous systems. These previously developed 

correlations for air-water systems can be used to determine multiphase parameters in the system developed 

for this dissertation. In order to understand the drift flux correlations, some parameters need to be 

introduced. One of the most important parameters in multiphase flow is the void fraction. Void fraction is 

the ratio of a single phase in a given cross-section of the pipe. It can also be defined as the volumetric ratio 

of a phase in a given channel:  

𝛼 =
𝐴𝑔

𝐴𝑔 + 𝐴𝑓
=

𝑉𝑔

𝑉𝑔 + 𝑉𝑓
 

(3.1) 

Another important parameter in multiphase flow are the velocities involved: phase velocities or superficial 

velocities. Phase velocity is the mean velocity in one-dimensional flow (ug, uf), while superficial velocity 

(jg, jf) is the velocity of the phase if it occupies the channel by itself. Hence,  

𝑢𝑔 =
𝑄𝑔

𝛼. 𝐴
,          𝑢𝑓 =

𝑄𝑓

(1 − 𝛼). 𝐴
 

(3.2) 

𝑗𝑔 =
𝑄𝑔

𝐴𝑔 + 𝐴𝑓
=

𝑄𝑔

𝐴
,     𝑗𝑓 =

𝑄𝑓

𝐴𝑔 + 𝐴𝑓
=

𝑄𝑓

𝐴
 

(3.3) 

Using these basic definitions, the relative velocity between the phases and the drift flux can be determined 

as shown below:  

𝑢𝑔𝑓 = (𝑢𝑔 − 𝑢𝑓) =
𝑗𝑔

𝛼
−

𝑗𝑓

1 − 𝛼
 

(3.4) 

𝑗𝑔𝑓 = 𝑢𝑔𝛼(1 − 𝛼) = 𝑗𝑔 − 𝛼𝑗𝑔 (3.5) 

Even though this relationship is for a local point in the flow, it is often used without this one-dimensional 

restriction to denote the average properties of the flow. This is then rearranged and divided by void fraction 

by researchers to give a linear relationship, as shown below where j represents the overall mass flux (jg+jf): 

𝑗𝑔 = (𝛼𝑗) + 𝑗𝑔𝑓 (3.6) 
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𝑗𝑔

𝛼
= 𝑢𝑔 =

(𝛼𝑗)

𝛼
+

𝑗𝑔𝑓

𝛼
 

(3.7) 

For convenience and for determining empirical correlations, two parameters are introduced to this equation 

namely, the mean drift flux velocity (ugj) and a distribution parameter (Co): 

𝑢𝑔𝑗 =
𝑗𝑔𝑓

𝛼
  

(3.8) 

𝐶𝑜 =
(𝛼𝑗)

𝛼𝑗
 

(3.9) 

Hence, Equation 4.7 simplifies to a simple linear form as shown below: 

𝑢𝑔 = 𝐶𝑜𝑗 + 𝑢𝑔𝑗 (3.10) 

Dividing this by the average mass flux and rearranging for the void fraction, a relationship for the void 

fraction is determined: 

𝑢𝑔

𝑗
=

𝛽

𝛼
= 𝐶𝑜 +

𝑢𝑔𝑗

𝑗
 

(3.11) 

𝛼 =
𝛽

𝐶𝑜 +
𝑢𝑔𝑗

𝑗

 
(3.12) 

where 𝛽 represents the volumetric quality, which is the fraction of the gas volumetric flowrate in the channel 

(
𝑄𝑔

𝑄𝑓+𝑄𝑔
). 

3.1.1 Drift Flux Correlations 

Numerous drift flux correlations are available in literature from different experiments. A lot of the 

correlations are developed empirically using Equation 4.10. With a known gas flow rate, researchers graph 

the resultant flux with respect to time. This in turn results in a linear curve with the slope being the 

distribution parameter, and the intercept, the average drift flux velocity. Some of the correlations from 

literature are outlined in Table 1. As well, Coddington & Macian, (2002) provides an extensive literature 

survey on the drift flux correlations.  
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Table 3.1: Drift flux correlations 

Literature Bubbly Flow Regime 

(Wallis, 1969) 
𝑢𝑔𝑗 = 1.53(1 − 𝛼)2 [

𝜎𝑔(𝜌𝑓 − 𝜌𝑔)

𝜌𝑓
2 ]

1
4

 

𝐶𝑜 = 1.0 

(Zuber & Findlay, 

1965) 

𝑢𝑔𝑗 = 1.53(1 − 𝛼)2 [
𝜎𝑔(𝜌𝑓 − 𝜌𝑔)

𝜌𝑓
2 ]

1
4

 

𝐶𝑜 = 1.2 

 

(Mamoru Ishii & 

Hibiki, 2006) 

𝑢𝑔𝑗 = √2 (1 − 𝛼)1.75 [
𝜎𝑔(𝜌𝑓 − 𝜌𝑔)

𝜌𝑓
2 ]

1
4

 

𝐶𝑜 = 2 𝑒−0.000584𝑅𝑒𝑓 + 1.2 (1 − 𝑒
−

22𝑑𝑏
𝑑𝑝𝑖𝑝𝑒) × (1 − 𝑒−0.000584𝑅𝑒𝑓)

− [2 𝑒−0.000584𝑅𝑒𝑓 + 1.2 (1 − 𝑒
−22

𝑑𝑏
𝑑𝑝) (1 − 𝑒−0.000584𝑅𝑒𝑓)

− 1] √
𝜌𝑔

𝜌𝑓
 

(Sonnenburg, 

1989) 

𝑢𝑔𝑗 = 1.41 [
𝜎𝑔(𝜌𝑓 − 𝜌𝑔)

𝜌𝑓
2 ]

1
4

 

𝐶𝑜 = 1 + (0.32 − 0.32 √
𝜌𝑔

𝜌𝑙
) 

(Jowitt, Cooper, & 

Pearson, 1984) 

𝐶𝑜 = 1 + 0.796 exp (−0.061 √
𝜌𝑔

𝜌𝑙
) 

𝑢𝑔𝑗 = 0.034 (√
𝜌𝑙

𝜌𝑔
− 1) 

(Bestion, 1990) 
𝑢𝑔𝑗 = 0.188√

𝑔𝑑ℎ(𝜌𝑙 − 𝜌𝑔)

𝜌𝑔
 

𝐶𝑜 = 1 
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3.2 Modelling Pathway 

The development of the model requires an understanding of flow dynamics caused by the dual injection 

airlift pump. As mentioned before, the drift flux model is chosen on the basis of applicability and ease of 

calculation. Using the drift flux model requires knowledge of superficial velocities (Kassab, Kandil, Warda, 

& Ahmed, 2001) or liquid flowrates corresponding to various air flowrates. The pump’s performance model 

can be used to determine these parameters.  

The model by (Kassab et al., 2001) is known to accurately predict the performance of the airlift pump for 

a 50-50 axial to radial injection ratio. This has been determined through extensive experimentation and is 

outlined in (Bukhari, 2018). For a given airlift size, submergence ratio and fluid property, this model is able 

to predict the liquid flowrate for a specific air flowrate. Using this model, the water flowrate for a specific 

air input can be determined, and the superficial liquid and air velocities can be calculated using Equation 

3.3.  

 

Figure 3.1: Performance curve for a 10.16-cm (4”) dual injection pump 

The next step is to use the drift flux model to predict the void fraction using Equations 3.10 and 3.12, as 

well as a correlation for the distribution parameter and the drift velocity. The Wallis correlation is used in 

this model to estimate the void fraction. A simple Matlab code was developed to generate the void fraction 

using this correlation and the pump performance curve (Appendix A). 
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Figure 3.2: Modelling pathway 

Once the void fraction is determined, mass transfer models can be applied to estimate the volumetric mass 

transfer coefficient (VMTC) of the airlift pump. Two different pathways were utilized to determine the 

VMTC.  

Bubble Diameter Correlation Method: The first method involved uses bubble diameter correlations and 

the void fraction to determine the gas-liquid interfacial area. Using the interfacial area and a standard 

diffusion coefficient for air-water, any mass transfer theory can be used to determine the VMTC of the 

pump. The penetration theory is one of the most widely used diffusion-based mass transfer theories utilized 

in vertical pipes for air-water, followed by the surface renewal and the two-film models. Penetration theory 

is applied in this model.  
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𝑘𝐿 =
2

 √𝜋
√

𝐷𝐿𝑈𝑠𝑙𝑖𝑝

𝑑𝑏
 (3.13) 

Direct VMTC Determination Method: This method involves directly applying the parameters obtained 

from the drift flux model and the performance curve to calculate the volumetric mass transfer coefficient. 

These models already utilize the mass transfer theories mentioned in Table 2.5 into a single equation. Some 

researchers have determined the Sherwood number rather than the volumetric mass transfer coefficients. 

However, this can easily be converted to the 𝑘𝐿𝑎 value using Equation 3.14. 

𝑆ℎ = 𝑘𝐿𝑎 𝑑𝑝𝑖𝑝𝑒
2 /𝐷𝐿 (3.14) 

The results were then validated using the experimental data obtained from a simple experiment conducted 

using the pump. However, to solidify this result, three other experimental data sets (Eickenbusch et al., 

1995; Hikita, Asai, Tanigawa, Segawa, & Kitao, 1981; Terasaka, Hullmann, & Schumpe, 1998a) were also 

collected from literature and the results were further validated with these data. 

3.3 Mass Transfer Correlations 

Mass transfer models are abundantly available in literature. Table 2.6 shows all the correlations for an air-

water system that were tested with the dual-injection pump data. The eight models that most closely 

correlate with the present experimental data will be presented in Chapter 5. (VanKrevelen & Hoftijzer, 

1950) and (Pohorecki et al., 2005) followed the first method of the model. These are bubble diameter 

correlations, which are used to determine the volumetric mass transfer coefficient. On the other hand, 

(Ferreira et al., 2012), (Rubio et al., 1999), (Nakanoh & Yoshida, 1980) and (Godbole et al., 1984) directly 

calculated the volumetric mass transfer coefficient. (Kawase et al., 1987) is the only correlation that will be 

used in this paper that uses the Sherwood number method. that developed the mass transfer in the form of 

Sherwood number.  
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Chapter 4 Experimental Work 

An aquaponics system was designed and constructed in collaboration with “Waterfarmers Aquaponics”, a 

prominent aquaponics consulting firm based in Toronto, ON. However, the aquaponics loop was re-

designed to accommodate the airlift pump. A room at the Hagen Aqualab in the University of Guelph was 

rented for the purpose of this research. The 60-day experiment started on January 28, 2018 and finished on 

March 30, 2018.   

4.1 Experimental Setup 

The system used in this experiment was a mid-scale basil-tilapia aquaponics loop built to test the feasibility 

of the dual injection pump in aquaponics. The aquaponics loop utilized a floating bed/deep water culture 

hydroponic system combined with a traditional recirculating aquaculture loop. This mid-scale aquaponics 

loop took up a 2.4 m x 3.4 m rectangular floor space excluding the measurement setup (Figure 4.1). The 

major components in this aquaponics system included the fish rearing tank, the two filters (mechanical and 

biological), the sump tank, the hydroponic grow beds and the mechanical components (pumps and blowers). 

The components of the RAS loop were connected by 5.08 cm diameter piping while the hydroponic loop 

was connected by 2.54 cm piping and tubing. The piping was developed based on a combination of previous 

Waterfarmers designs and fluid dynamic principles to achieve good/optimum flow rates throughout the 

loop.  

 

Figure 4.1: System layout 
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The system was developed with the typical components present in an aquaponics system with the exception 

of a centrifugal/water pump. The installed setup was able to hold ~2700 liters of water, which included the 

~1500 L fish tank and the ~800 L hydroponic grow bed. The fish tank drained into the mechanical and 

biological filters using gravity, while two airlift pumps moved water from the sump tank into the RAS loop 

and the hydroponic loop as shown in Figure 4.1. Two separate airlift pumps were used as the flow rate 

requirements of the two loops were significantly different. The introduction of a valve at the discharge end 

of an airlift pump can have negative impacts on the efficiency of the pump, which is why two different 

pumps were used instead. The grow beds also drained back into the sump by gravity.  

The experimental period was designed to begin with the introduction of fish into the system (Figure 4.3). 

The system was built and “cycled” by operating the loop two weeks prior to the introduction of plants or 

fish. "Cycling of the tank" is a term used to signify the growth of bacteria in the system. A bacteria culture 

needs to be completely established before fish or plants can be introduced. If not, the ammonia or nitrite 

content in the water will increase drastically leading to the death of both fish and plants. To speed up the 

cycling process, a calculated amount of ammonium chloride was added to the system. This ensured fast 

bacterial growth due to the presence of food (ammonia) in the loop. After the fish were introduced, the team 

waited 2-3 weeks before introducing plants into the system to ensure a proper nitrate content in the water 

(from the ammonia break down). Another reason for waiting was due to the high pH of the water which 

would not be ideal for plant growth. Once the pH declined to safe levels, the plants were added.  

 

Figure 4.2: Introduction of plants in the system 

Forty juvenile Nile tilapia were obtained from Sandplains Aquaculture (Middlesex County, ON) at an 

average starting weight of 13.5 grams. The plants were seeded in standard rockwool media to germinate 
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for 2 weeks before they were moved to the aquaponics system, as shown in Figure 4.2. The plants were 

introduced to the system on Day 14 of the experimental period. 

Integration of the airlift pump in a typical aquaponics setup required small design changes. The sump tanks 

are usually shallow long reservoirs or reservoirs placed below ground level. For this setup, the sump tank 

was placed under the grow beds in an 83.82 cm tall tank. This allowed a good submergence ratio for the 

airlift pumps.  

One of the most important parts of an aquaponics system design is the component sizing. Each of the 

components play a crucial part in optimizing the workings of the system, which is usually sized based on 

the most important components – the fish and the plants. The first decision that needs to be made to size 

the system is the choice of plant and fish species. This can depend on the projected capital gain, the profit 

per weight of plants and fish, the ease of availability of fish and plants, etc. However, from a research point 

of view, this decision also needed to be based on the current global or regional industries. For this research, 

the fish and plants were chosen based on the statistics of food production in industrial aquaponics. Basil 

and tilapia are the most common combination in aquaponics production systems in North America (Love 

et al., 2014). Hence, the experimental work was done on tilapia-basil aquaponics with the specific species 

being Blue Nile tilapia and sweet basil due to their ease of availability in Ontario.  

 

Figure 4.3: CAD drawing of the aquaponics system 
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4.1.1 Components 

Fish Tank: A blue polyethylene tank was used to hold the fish in this setup. The tank had a diameter of 

1.543 m and was 0.864 m in height. The overall capacity of the tank was ~1.5 cubic meters and came with 

a viewing panel to monitor fish activity. The fish tank containeds a vertical standpipe located in the center 

of the tank drained into the filters (Figure 4.4). The standpipe was a 5.08 cm (ID) schedule 40 pipe (PVC) 

that gathered water and waste particles from the bottom of the fish tank and drained it into the mechanical 

filter.   

 

Figure 4.4: CAD drawing of the fish tank 

Mechanical Filter: The mechanical filter tank was a white polyethylene tank with a removable lid. The 

tank had a diameter of 40.64 cm and a height of 86.36 cm. The filter used in the system was a radial filter. 

The tank included an inner concentric pipe (15.24 cm), which contained the inlet to the filter (Figure 4.5a). 

The filter was designed so that the water entering the tank needed to travel to the bottom of the tank before 

moving up to the exit. During this process, heavier solid particles settled to the bottom while the rest of the 

liquid moved towards the exit. The exit to the mechanical filter consisted of a 5.08-cm pipe that drained 

into the biological filter.  
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a. Top view b. CAD drawing 

Figure 4.5: Mechanical filter illustration 

Biological Filter: The biological filter consisted of a 40.64 cm diameter tank that had a height of 86.36 cm. 

This white polyethylene tank had an inlet at the bottom of the tank which received water from the 

mechanical filter. The exit of the tank was located at the top of the tank on the opposite side to ensure good 

circulation within the tank. The tank was filled to 60% of its volume with K-1 filter media and also 

contained an air stone to ensure the availability of a sufficient amount of dissolved oxygen for the bacteria 

colony. The air stone also ensured that the K-1 filter media and the water content acted as a fluidized bed 

where old and weak bacteria was removed, giving habitat space for new bacteria.  

  
a. K1 filter in bio-filter b. Inlet-Outlet 

Figure 4.6: Biological filter 
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Sump Tank: The sump tank used in this setup was a 55-gallon tank that acted as an intermediary water 

storage tank, which was fed by the grow beds and the biological filter. The sump tank consisted of two 

exits, a 2.54 cm and a 5.08 cm exit. The 5.08 cm exit acted as the inlet to the RAS circulation airlift pump 

while the 2.54 cm exit acted as the inlet to the hydroponic loop circulation airlift. The sump tank was a 

white polyethylene tank that was 55.88 cm in diameter, and had a height of 83.82 cm. 

Airlift Pumps: The two dual injection airlift pumps used in this research were 3-D printed from a Z Rapid 

SL600 printer using Accura-55 white resin. The 5.08 cm pump provided circulation and aeration to the 

RAS loop while the 2.54 cm pump provided for the hydroponic loop. The RAS system in this setup required 

a flow rate ranging from a 1 to 2-hour turnover time while the grow beds required a turnover time of 10 

hours. The sizing of the airlift pumps was determined using the model developed by Kassab et al., (2009), 

as seen in Figure 4.7. As the required flowrate was known based on the fish tank (~1500 L) and the grow 

bed size (~700L), an estimated flowrate of 4.16 × 10-4 m3s-1 (1500 LPH) and 1.94 × 10-5 m3s-1 (70 LPH) 

was required for the RAS and the hydroponics loops respectively. Hence, the optimal airlift pump sizes 

were determined to be 5.08 cm and 2.54 cm for the RAS and the hydroponic loops respectively. 

  
a. 2.54 cm pump b. 5.08 cm pump 

Figure 4.7: Airlift pump performance curve 

Both airlift pumps drew water from the sump tank as shown in Figure 4.8. The exit of the 5.08 cm pump 

consisted of a 90-degree elbow which guided the water into the fish tank. This airlift pump was designed 

to be at a constant submergence of 40-60%.  
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a. CAD drawing of pump in the system b. Airlift pumps in the setup 

Figure 4.8: Airlift pump illustration 

The 2.54 cm pump provided water conveyance to the hydroponic loop. This airlift drew water from the 

sump tank and distributed it evenly to the two grow beds. In order to distribute water evenly to the grow 

beds, a distribution tank was designed. This tank was simply a 15.6 L cylindrical tank (15.24 cm diameter) 

consisting of one inlet and three outlets. The airlift provided water for the tank through the one inlet located 

at the bottom of the cylinder (2.54 cm inlet). Two ~2 cm outlets were located at the bottom of the tank to 

distribute water evenly to each grow bed. The third outlet was a 2 cm hole located 2.5 cm from the top of 

the cylinder that served as an air outlet to keep the tank from becoming pressurized.  

 

Figure 4.9: 2.54 cm pump distribution tank 
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Blower: Two diaphragm blowers were used to provide the aquaponics system with its required air supply 

for aeration and water circulation. This blower was a 200 W machine that provided an airflow rate of 200 

litres per minute at a pressure of 20 kPa (2 m of water depth). Hence, 60% of the airflow rate provided by 

both the blowers combined should theoretically satisfy the requirements of the system.  

These blowers were also chosen based on their low noise level (50dB). Noise was a key factor in choosing 

the blowers as the system was also displayed at exhibitions for public learning purposes. These blowers 

provided the required flow rates for acceptable power consumption for diaphragm blowers. Regenerative 

blowers are available in the market that are significantly more efficient in terms of power consumption and 

provide much higher airflow rates. However, they have higher noise levels.    

 

 

Air blower used to power the loop Blower manufacturing specs 

Figure 4.10: Air blower information 

The blowers were equipped with 2.54 cm male outlets. The airlift pumps were equipped with 9.5 mm 

barb endings and hence required 9.5 mm airline tubing. Therefore, the tube fittings were used to reduce 

the airline from 25.4 mm to 9.5 mm. The blower air supplies were merged and split using “Y connections” 

to deliver air to the five components (the axial and radial injections for both pumps, and the air stone in 

the biological filter). Each of the five airlines also had ball valves attached to it to control the airflow rate 

to each airline. Figure 4.11 shows the airline configuration for this setup. 
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Figure 4.11: Airline flow diagram 

DWC Grow Beds: The grow beds were manufactured from wood into a 121.98 cm x 101.6 cm rectangular 

container. The inner depth of the container was approximately 45.72 cm and was covered with a plastic 

liner to keep it water secure. The grow beds had a standpipe to keep the water level constant at 25.4 cm. 

The exit of the grow beds drained directly into the sump tank through the 2.54 cm standpipe. Four 

Styrofoam floats were used to hold the plants. These floats had 3.18 cm diameter holes in them, which 

contained hydroponic net pots to hold the plants and help expose the roots to the water beneath. 

 

Figure 4.12: Figure showing the floating Styrofoam platform for the DWC grow beds 
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 The DWC beds were held in place at a height of 92.71 cm above ground level using 2.54 cm hollow iron 

structural pipes. These pipes extended above the grow beds and also acted as a support for the lighting 

system (Figure 4.13a). The lighting was provided by Intravision technologies, which specializes in 

hydroponics lighting. Three 2.4-meter LED light strips were used in this setup. These were spectrum 

variable lights that offered light spectrums in the wavelength range of 360 nm to 730 nm. The lights were 

attached to the grow bed structure and placed 54.5 cm above the floating beds. The lights were connected 

to a smart plug that was programmed to turn on 16 hours of the day. 

 
 

a. Figure showing lighting installation b. Grow beds 

Figure 4.13: Illustration of the DWC grow beds 

4.1.2 Biomass Determination 

It is clear from Chapter 2 that the Rakocy model is the most widely used model for aquaponics. This model 

was used to size the current aquaponics system. In the sizing process, the limitations of the three main 

components were analysed – the oxygenation capacity limits of the dual injection airlift, the available plant 

bed area limits and the Bio filter size limits. The mechanical filter limits were not considered as the 

accumulated feces can easily be removed and recycled at any time.  

A ) Plant Bed Area Limits 

Plant bed area is one of the limiting factors in sizing an aquaponics system. The amount of nutrient intake 

by the plants is determined by the amount of fish feed entering the system. The Rakocy model is currently 

the most widely used sizing tool in aquaponics. This model connects the feeding rate to the plant bed area. 

This ratio of feed mass flow rate to the plant bed area is called the feed ratio. For Deep Water Culture 
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(DWC) aquaponics or raft aquaponics, 60-100 g.m-2day-1 is ideal. Rakocy (J. E. Rakocy et al., 2006) 

recommends 60 g.m-2day-1 for basil, which is a daily feeding weight of 60g per square meter of plant area. 

Since the plants are limited by the room size and the number of grow beds that can be used, the feed mass 

flow rate can be determined:  

𝐹𝑅 =
�̇�𝑓𝑒𝑒𝑑

𝐴𝑝𝑙𝑎𝑛𝑡 𝑏𝑒𝑑
 (4.1) 

�̇�𝑓𝑒𝑒𝑑 = 𝐹𝑅 × 𝐴𝑝𝑙𝑎𝑛𝑡 𝑏𝑒𝑑 

= 60
𝑔

(𝑚2. 𝑑𝑎𝑦)
× (2.48 𝑚2) 

= 148.8
𝑔

𝑑𝑎𝑦
 

The feed ratio can be converted into the number of fish by using a factor called the “Feed Conversion Ratio 

(FCR)”. This is the ratio of the feed mass input into the system to the mass gained by the fish. From the 

literature and industrial practices (El-Sayed, 2013), the feed conversion rate of Blue Nile tilapia is estimated 

to be 1.1. This means that 1 kg of feed will amount to 1 kg of fish growth. Since the feed input and the FCR 

are known, the mass gain can then be calculated:  

𝐹𝐶𝑅 =
𝑚𝑓𝑒𝑒𝑑 𝑖𝑛𝑝𝑢𝑡

𝑚𝑓𝑔
 (4.2) 

Once the mass gain by the fish is determined, this can be used to calculate the number of fish needed, 

assuming the initial mass of the fish is known. This gain is calculated to be 8116.36 g. The initial fish size 

was determined by the availability in the market at the time of experiment. However, the criteria for 

determining the size of the fish used in this experiment also included the fact that if the fish were too small 

(fingerlings), they would be susceptible to diseases. The initial size of the fish at the start of the experiment 

was 13.5 g.  

𝑚𝑓𝑔 = (𝑚𝑓_𝑓𝑖𝑛 – 𝑚𝑓_𝑖)  (4.3) 

Rearranging the above equation, the limiting biomass in this aquaponics system, which had a plant bed area 

of 2.48 m2 is 8129.86 g.  
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B ) Oxygen Capacity Limits 

An airlift pump provides aeration and water conveyance to an aquaponics system. The rate of oxygen 

addition to the water is a crucial factor in determining the biomass that can be sustained in the system. Since 

prior data on aeration by a dual-injection airlift pump was unavailable, a simple experiment was performed 

to examine the oxygen addition rate by the dual-injection airlift. The experiment was comprised of a 210 L 

tank filled with water. The experiment was set up so that it was identical to that of the aquaponics system, 

with a submergence ratio of 50% and a water temperature of 280C.  

 

Figure 4.14: Experimental test to estimate aeration by the pump 

The DO levels in the tank were first measured using a portable OxyPro Dissolved Oxygen meter. Air was 

then injected into the airlift at a rate of 250 LPM and the pumped water was collected. The DO levels in the 

collected water were also measured.  

Table 4.1: Results of pump aeration experiment 

DO in 

Tank (mg) 

DO in collected 

water (mg) 

Mass 

Transfer (mg) 

Time 

(s) 

Rate of Oxygen 

Addition (mg/s) 

Daily Oxygen Addition 

(g/day) 

6.48 14.99 8.51 10.01 0.85 73.45 

6.60 15.43 8.83 10.02 0.88 76.14 

7.00 23.40 16.40 20.00 0.82 70.85 

7.13 17.10 9.97 10.11 0.99 85.20 

7.12 16.52 9.40 10.35 0.91 78.47 

7.92 16.20 8.28 10.08 0.82 70.97 
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The results showed an average DO addition of 75.85 g into the water. These results gave baseline data for 

the oxygen addition rate by the airlift, which could then be used to calculate the maximum biomass that 

could be sustained using the dual-injection airlift. 

Table 4.2: Tilapia growth and feeding rate chart 

Month Start Weight (g) End Weight (g) Growth Rate 

(g/day) 

Feeding Rate (% 

Weight) 

1 5 7 0.2 15-10 

2 7 20 0.5 10-7 

3 20 50 1.0 7-4 

4 50 100 1.5 4-3.5 

5 100 165 2.0 3.5-2.5 

6 165 250 2.5 2.5-1.5 

7 250 350 3.0 1.5-1.25 

8 350 475 4.0 1.25-1.0 

9 475 625 5.0 1.0 

The feeding rates for the fish were to be implemented as per suggestions from a commercial provider of the 

feed (Appendix B - Table 6.1 & Table 6.2). Fish oxygen uptake is directly correlated to the mass of feed 

consumed. Hence, a model could be developed to determine the daily oxygen uptake by the fish based on 

the feeding rates. In order to do this, a relation between the feeding rate and the fish mass was determined 

by a curve fitting the data in Table 4.2, as shown in Figure 4.15. This data could be used to find the daily 

feeding rates since the initial fish mass was known. The feeding rates could then be converted to the mass 

of feed input to the system. With the known feed input and an FCR value of 1.1, Equation 4.6 could be used 

to determine the bio mass gained by the fish. Therefore, the fish mass for Day 2 was determined and by 

repeating this process, the mass of the fish could be calculated for each day.  

The number of fish in the model was a variable that was increased until the oxygen demand on the 60th day 

of the experiment matched the capacity of the dual-injection airlift: 

𝐹𝑅 = −0.22 ln(𝐹𝑀) + 0.1386 (4.4) 

𝑚𝑓𝑒𝑒𝑑 = 𝐹𝑅 × 𝐹𝑀 × 𝑁𝑓𝑖𝑠ℎ (4.5) 
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𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛

𝑚𝑓𝑔
=

𝑚𝑓𝑒𝑒𝑑

𝐹𝐶𝑅
 (4.6) 

 

Figure 4.15: Expected fish gains with respect to feeding rates 

Once the biomass addition was calculated, the model utilized a relation between the oxygen uptake by Nile 

tilapia with respect to fish live mass, retrieved from Chowdhury, Siddiqui, Hua, & Bureau (2013). The data 

provided by this paper was curve-fitted to develop an equation. The equation could then be used to calculate 

the daily oxygen uptake by tilapia.  

 

Figure 4.16: Figure describing oxygen uptake by a fish with respect to its mass 

The model predicted that the airlift could sustain 40 fish with an initial individual mass of 13.5 g until Day 

55 of the experiment. The number of fish was determined so that the airlift would only be able to sustain 

the system until Day 55; thereafter, the dissolved oxygen content in the water would start decreasing as the 
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oxygen uptake would overtake the oxygen added to the system. This was done so it would be evident that 

the airlift limit had been reached. On Day 60, the overall biomass of the system would hence be 6968.4 g:  

𝑈𝑝𝑡𝑎𝑘𝑒𝑂2
=

𝑀𝑜𝑑𝑒𝑙𝑂2
× 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛

1000
 

(4.7) 

The model was developed in Microsoft Excel using Equations 4.4 to 4.7. The following table previews the 

results from the model, and Table 6.1 in Appendix B shows the complete model for the period of the 

experiment. It was noted that on Day 60, the oxygen required by fish was 79.29 g/day, and the oxygen 

addition by the airlift was 75.85 g/day as mentioned previously. 

Table 4.3: Preview of the model used to determine the number of fish in the system (oxygen as limiting factor) 

  Body Weight (g)    Fish 

Day 
Feed 

Mass (g) 
Initial Final Change Fish # 

Biomass 

Change (g) 
FCR 

O2 Required 

(g) 

1 42.85 13.05 14.02 0.97 40.00 38.95 1.10 15.66 

2 45.16 14.02 15.05 1.03 40.00 41.05 1.10 16.53 

. . . . . . . . . 

59 173.60 166.31 170.25 3.95 40.00 157.81 1.10 78.63 

60 174.20 170.25 174.21 3.96 40.00 158.36 1.10 79.29 

C ) Biological Filter Limits 

The limits of the biological filter were also considered. However, this had the least priority of the three 

limits. This was due to the fact that the limits of the biological filter could be further increased if the filter 

size and the amount of K-1 used were increased. The reason for considering this limit was because the filter 

media (K1) could only be inhabited by a limited number of bacteria. If the biomass in the system 

outweighed the nitrification capacity of the bacteria, the ammonia and nitrite in the system would rise to 

toxic levels.  

The biological filter that was in the system had a volume of ~114 litres. The recommended amount of K-1 

media to be placed in a tank is 60% of its overall volume. Hence, 68 litres of filter media was used in this 

tank. From industry standards, this equated to a maximum feed input of 340 g/day. Using the model derived 

in the previous section, the number of fish was increased until the mass of feed on Day 60 reached 340 g. 

This was the limit set by the biological filter; therefore, if the system starts with fish of 13.5 g, the system 

reaches its limit at 78 fish with the final biomass in the system reaching 13588 g. 
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D ) Conclusion 

Of the above limiting components, the airlift oxygenation limit was the most important limiting factor of 

the entire system, permitting a total biomass of 6.97 kg. The number of fish in the system therefore needed 

to be limited to 40 fish starting at an average mass of 13.5 g. 

Table 4.4: Limiting component summary for determining number of fish 

Limiting Component Final Biomass 

Plant Bed Area 8.12 kg 

Airlift Oxygenation 6.97 kg 

Biological Filter 13.59 kg 

 

4.2 Instrumentation 

Table 4.5: List of measurement instruments 

Parameter 
No. of 

Locations 
Instrument Resolution 

Dissolved Oxygen 5 Probe – Atlas Scientific 0.01 

Temperature 3 K Type Thermocouple 0.01 

pH 1 Probe – Atlas Scientific 0.01 

Conductivity 1 Probe – Atlas Scientific 0.01 

Ammonia 2 Calorimeter Test 0.01 

Nitrite 1 Spectrophotography Reagent Kit 0.001 

Nitrate 2 Spectrophotography Reagent Kit 0.01 

Dissolved Carbon 

Dioxide 
3 Titration Test Kit 5 

Potassium 1 Spectrophotography Reagent Kit 0.1 

Calcium 1 Spectrophotography Reagent Kit 0.01 

Power Consumption - Wall Power Meter 0.1 

4.2.1 Dissolved Oxygen 

The dissolved oxygen values were measured using an Atlas Scientific DO probe. The probe is a galvanic 

probe that consists of a polyethylene membrane, an anode submerged in electrolyte and a cathode. The 

output of this probe is a voltage in the range of 0-40 mV. 
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a. Interior b. Dimensions 

Figure 4.17: Oxygen probe 

Initially, the DO probes were connected to a data acquisition device (National Instruments Module 9205) 

and the results were transferred to LabVIEW. However, due to noise from external sources and most likely, 

poor signal processing, the data was fluctuating. The calibration curve was made using a separate 

experiment. A 30-gallon tank was filled with water containing low DO levels with the temperature and 

salinity consistent to that of the aquaponics system. The probe was placed in the water and data was 

collected every second for approximately one minute. The DO value was also measured by an OxyGuard 

portable DO probe. The average of the fluctuating data from the Atlas Scientific probe and the OxyGuard 

DO value was noted. An air stone was used to aerate the water to different DO levels and the procedure 

was repeated. Therefore, a calibration curve was developed in MS Excel. However, it was noticed that there 

was a standard deviation of +/- 0.67 mg/L, which was not ideal for this experiment.  

 

Figure 4.18: DO probe calibration curve (initial) 
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Hence, an EZO dissolved oxygen circuit and an EZO inline voltage isolator circuit were used to collect data 

from the DO probes. The values from the circuits were collected using an analog to serial converter that 

was directly connected to the computer and into LabVIEW. The EZO dissolved oxygen circuit attenuated 

for changes in salinity and temperature. However, temperature was controlled in the system using a 

controller and was not necessarily an issue. 

  
a. Breadboard 1 b. Breadboard 2 

Figure 4.19: Probe wiring 

 

The calibration for these probes was performed using dry probe conditions and is outlined by Atlas 

Scientific. The probes needed to be taken out of the water for approximately 30 seconds, and then a software 

called Termite was used to send the calibration input to the EZO circuits (“Cal”). 

4.2.2 Electrical Conductivity and pH 

Electrical conductivity measurements were recorded using a conductivity probe from Atlas Scientific. The 

probe consisted of two electrodes positioned opposite from each other  

The pH measurements were taken using a pH probe from Atlas Scientific. This is a silver/silver chloride 

pH probe. The probe consists of a glass membrane that allows hydrogen ions to diffuse inside the probe. 

The larger ions are not able to diffuse into the probe, and this difference in concentration leads to a current 

being generated. The pH probes were calibrated using three standard solutions provided by the 

manufacturer. The solutions had a pH of 4.0, 7.0 and 10.0 respectively. The software “Termite” was used 

to send the calibration code to the pH circuit. The pH probe was connected to a pH circuit that in turn was 

connected to an analog to serial converter. The serial values were read into the computer through a USB 

port and inspected through LabVIEW. 
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Figure 4.20: Wiring diagram for the pH probe 

4.2.3 Water Quality Measurements 

Different measuring kits were utilized to measure the water quality throughout the entire system. Nitrate, 

nitrite, carbon dioxide, calcium and phosphorus measurements were performed using a spectrophotometer. 

A Hach DR 2800 spectrophotometer was used for this experiment. Ammonia measurements were 

performed using a hand-held calorimeter from “Hanna Instruments”. Carbon dioxide measurements were 

taken using a titration kit from Hach (Model CA-23). More information on the accuracy of the tests can be 

found in Table 4.6. 

4.2.4 Flow Measurements 

Two different flow measurement devices were used to measure airflow rates in the system. A rotameter 

was used to measure the airflow rate provided to the 5.08 cm pump by the blower.  A Dwyer high range 

rotameter was used for this experiment. However, since it was difficult to measure small changes in airflow 

rate, a custom scale was added as shown in Figure 4.22b. This made it possible to measure small airflow 

rate changes. The rotameter was calibrated to this scale using an OMEGA flowmeter as shown in Figure 

4.22a. An OMEGA FMA6718 flowmeter was used to measure the airflow rate provided to the 2.54 cm 

pump. This flowmeter has a range of 0-100 LPM and has the added benefit of also measuring the pressure.  
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Figure 4.21: Rotameter calibration curve 

 

  
a. Calibration b. Custom rotameter scale 

Figure 4.22: Rotameter calibration 

 

4.2.5 Other Instruments 

Many other instruments were also used during this experimental period and a brief outline of these 

instruments can be found in Table 4.6.  
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Table 4.6: Other measurement instruments 

Measurement Device  Description 

High speed photography Fastec Troubleshooter (Model 

#TS1000ME) 

This camera is used to capture 

the flow dynamics created by 

the airlift pump in this setup. 

Power Consumption MegaPower Plug Power 

Monitor 

Power consumption by the 

blowers were constantly 

monitored and recorded daily. 

Chlorophyll Meter Atleaf Chl Std Chlorophyll 

meter 

Measured weekly to detect any 

nutrient deficiencies 

Temperature K type thermocouple, NI 9205 

Data Acquisition 

Using a national instruments 

DAQ, K type thermocouples 

were used to monitor the 

temperature in the system 

throughout the experiment. 

A LabView file was developed to read all of the measurement probe data (temperature, pH, conductivity 

and DO). The interface displayed live readings on the monitor while saving the measurements to a 

designated folder.  

4.3 Measurement Plan 

Determining the feasibility of an airlift pump in a mid-scale aquaponics system required collecting multiple 

variables throughout the experiment. Some secondary parameters were also measured to check if using a 

dual-injection airlift had more desirable effects on the aquaponics system as opposed to a regular airlift or 

a centrifugal pump. This measurement section was divided based on the parameters. Water quality 

parameter measurements were discussed initially, then the measurements pertaining to plant health, and 

finally the discussion transitioned to fish measurements. The section will end with the measurement 

frequency and the plans for this experiment. Figure 4.23 explains the process diagram, including the 

measurement locations that will be discussed later in this section. 
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Figure 4.23: The aquaponics loop measurement outline (flow diagram for proposed aquaponics system)
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4.3.1 Water Quality Measurements 

Dissolved Oxygen (DO): Dissolved oxygen is of primary importance in this research. Continuous 

measurements of dissolved oxygen were needed throughout the experiment to help develop the solid 

groundwork required to determine the feasibility of using an airlift pump in this system. DO measurement 

probes needed to be placed at the inlets and outlets of each airlift pump to measure the amount of oxygen 

added to the system by the airlift. This could then be used to calculate the mass transfer coefficient of the 

airlift pumps. This data could be used to verify the model developed in Chapter 3. Since the airlift pumps 

drew water directly from the sump, the inlet DO probe of the airlift pumps was placed in the sump closest 

to the airlift pump inlets. Only one DO probe was required as the water drawn by both the airlift pumps are 

the same.  

Attaching an oxygen probe in the discharge pipe of the airlift would have negative effects on the efficiency 

of the pump. Hence, secondary holding tanks were built to measure the dissolved oxygen from the discharge 

end of the pumps. In the case of the 5.08 cm pump, the water from the elbow directly filled up these low 

head holding tanks. The tank overflowed into the fish tank while measurements were taken by placing the 

probe in the holding tank, as seen in Figure 4.23 and Figure 4.24a. The same concept was used in measuring 

the discharge DO level of the 2.54 cm pump. DO was measured from one of the outlets of the distribution 

tank at the exit of the pump (Figure 4.24b). 

  
a. 5.08 cm Pump b. 2.54 cm Pump 

Figure 4.24: Figure showing discharge DO measurement for the airlift pumps 

Dissolved oxygen probes were also placed in the mechanical filter and at the exit of the biological filter. 

This gave an estimate of the fish tank DO levels, which is crucial for aquatic life. The exit of the biological 
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filter gave an estimate of the bacteria air intake. This would be useful information to further develop an 

airlift integrated aquaponics system. The DO at the exit of the biological filter was measured using a third 

holding tank that was located inside the sump tank as seen in Figure 4.23. The measurement was made 

before the water from the biological filter mixed with the water in the sump tank. 

Dissolved Carbon Dioxide (DC): Most biological systems produce carbon dioxide. For systems like 

aquaponics, these levels can accumulate to toxic levels as mentioned in Chapter 2. Most systems use carbon 

dioxide degassers to reduce the dissolved carbon dioxide (DC) to safe levels. Past research has shown that 

airlift pumps can strip carbon dioxide from water (Barrut, Blancheton, Champagne, & Grasmick, 2012; 

Loyless & Malone, 1998a). Hence, measuring the DC at the inlets and outlets of the pumps could lead to 

crucial information regarding the dissolved carbon dioxide degassing capacity of dual injection pumps.  

Electrical Conductivity (EC): The conductivity of water needs to be measured at the sump, which is 

essentially the inlet to the pumps. Electrical conductivity is closely related to the total dissolved solids in 

the water, which can change the density of water. This can also give an indication of the amount of nutrients 

absorbed by the plants.  

pH: pH is one of the most important water quality parameters to monitor. Large fluctuations in pH can 

negatively affect fish health. Fish require particular pH ranges that need to be maintained. This is also the 

case with bacteria and plants. Plant uptake rate is affected by pH and bacteria is most efficient at a high pH 

(Tyson et al., 2004). Many phenomena in aquaponics systems are affected by pH and are therefore crucial 

to monitor. Hence, a pH probe was located in the fish tank (Figure 4.23). 

Biological Water Quality Parameters: Keeping water quality within safe and optimal limits is crucial for 

any aquaponics system. These measurements are taken as secondary parameters to ensure the proper 

working of the system. When mentioning water quality in aquaponics, the most important parameters to 

consider are ammonia, nitrate and nitrite levels. The effect of each of these on aquatic and plant life was 

discussed in Chapter 2. Ammonia levels were therefore measured at the sump tank as well as in the fish 

tank. The ammonia levels in the fish tank are crucial as toxic levels accumulating in the fish tank can lead 

to permanent damage or even death in aquatic life. Ammonia levels in the sump tank were measured to 

ensure that the biological filter was working. This data could also help understand the effectiveness of the 

bacteria under different conditions such as pH, temperature, etc. This data could also be used as a database 

for future projects. The ammonia in the tank should be at low levels if the bio filter is sized properly. If the 

amount of ammonia is still high, this is good indication that the pump is not providing the required flow for 

the system.  
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Nitrite and nitrate levels were measured at the sump tank. The water quality measurements at the sump tank 

were considered to represent the overall system values since the water from both the RAS loop and 

hydroponics loop mixed in this tank. Nitrate and nitrite readings are crucial for maintaining a healthy 

aquatic community as well as plant growth. The nitrate values at the grow beds were also measured to 

confirm that the proper nitrate requirements were met for the plants. Fluctuations in these measurements 

would be the first symptoms noticed in the case of a bio filter failure. It is therefore important to keep track 

of these levels. Potassium and calcium are also important parameters to be measured at the grow beds as 

these are considered macro-nutrients for the plants and need to be present in the water at the required levels.  

These readings were taken from the exit of the right DWC grow bed. 

4.3.2 Fish and Plant Health 

Tracking plant and fish health was a crucial objective in this research. This ensured that the airlift had no 

negative impacts on the overall system. In order to measure plant health, the shoot height was measured. 

Another parameter that was measured was the chlorophyll content in the leaves. These two parameters 

could be used to identify any negative impacts caused by the airlift. Tracking water quality is the best 

method to track fish health. The fish were also weighed every 20 days to track their growth for comparison 

purposes. Fish and plant health were also tracked visually every day. 

4.3.3 Measurement Frequency 

The measurement frequency of each parameter was determined on the basis of its importance to this 

research. However, some frequencies were determined based on the parameter’s expected magnitude of 

change with time. Biological measurement parameters, like nitrate, nitrite and ammonia, change gradually 

when compared to that of dissolved oxygen, pH and temperature in the system.  

Table 4.7: Table illustrating the measurement frequency of each parameter 

Parameter Frequency of Measurement 

Dissolved Oxygen 15 minute interval 

Temperature 15 minute interval 

pH 15 minute interval 

Conductivity 15 minute interval 

Ammonia Daily 

Nitrite Daily 

Nitrate Daily 
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Dissolved Carbon Dioxide Daily 

Potassium Daily 

Calcium Daily 

Magnesium Daily 

Power Consumption Daily (continuous monitoring) 

Leaf chlorophyll content Weekly 

Plant shoot height Weekly 

Flowrate Daily 

Fish weight 20-day intervals 

 

4.4 Mass Transfer Determination Experiment 

A simple experiment was setup to determine the volumetric mass transfer coefficient of the dual injection 

pump. The pumps were installed in a 210 L tank at a 100% submergence ratio. Three galvanic oxygen 

probes were introduced into the tank. The first probe was placed at the midway point of the depth behind 

the pump while the other probes were placed at the suction and discharge ends of the airlift pump. 

The airlift pump was operated, and the dissolved oxygen measurements were collected. Fifteen experiments 

were performed at five different airflow rates and three different air injection ratios (50-50, 25-75 and 75-

25 axial to radial % ratio). The water was heated to a constant 23 degrees Celsius and the oxygen in the 

tank was stripped to approximately 1 mg/L of dissolved oxygen by sparging nitrogen gas before each 

experiment. This was done so that an accurate VMTC reading could be calculated from the dissolved 

oxygen readings. Figure 4.25 shows an illustration of the experimental setup. 
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Figure 4.25: Mass transfer determination experimental setup 

Equation 4.9 was used to determine the VMTC at any instantaneous point in time. The value of C* is 

determined using Henry’s law of saturation as shown in Equation 4.8. Since there were probes measuring 

dissolved oxygen (DO) at the exit and entrance of the pump, these were used to determine the mass transfer 

coefficient. The change in time was determined by calculating the transit time of a control volume at the 

inlet of the pump. Using the pipe diameter and the known flowrates from the model developed by Kassab 

et al., (2001), a continuity equation was utilized to calculate the time (Q=VA, V=L/T). This experiment 

was repeated for five different airflow rates (40, 80, 120, 160 and 200 LPM).  

𝑝 = 𝑘𝐻𝐶∗ (4.8) 

The experiments were also repeated for different air injection ratios. Due to the nature of the dual injection 

pump, the inlet ratios have a substantial effect on the performance of the pump. The author expected a 

variation in aeration for different air injections as well. To test this theory, three injection ratios were used 

(50%, 25% and 75% axial injection).  

𝑘𝐿𝑎 = −
1

Δ𝑡
ln (

𝐶∗ − 𝐶𝑒𝑥𝑖𝑡

𝐶∗ − 𝐶𝑖𝑛𝑙𝑒𝑡
 ) (4.9) 

The VMTC was determined using the inlet concentration at a specific point and the outlet concentration 

one second later (the next reading from the probe) for every data point. The time used in Equation 4.9 



Chapter 4 Experimental Work 

62 

corresponded to the transit time of the liquid in the pipe which was calculated from the known liquid 

flowrate, pipe diameter and pipe length (Q=vA, v=L/ 𝚫𝒕) . The data below 20% and over 90% of the 

saturation concentration were truncated from the regression analysis, as suggested by Loyless & Malone, 

(1998a), to ensure steady state results.  

Table 4.8: Water transit time in the pipe 

Volumetric flow rate (Air): 

LPM (m^3/s) 

Volumetric flow rate (Water) : 

m^3/s 
Transit time : seconds 

40 (0.00067) 0.00540 0.752 

80 (0.00134) 0.00682 0.789 

120 (0.00200) 0.00765 0.848 

160 (0.00267) 0.00822 1.052 

200 (0.00334) 0.00863 1.202 
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Chapter 5 Results & Discussions 

This chapter discusses all the results pertaining to the aquaponics experiment as well as the results from the 

developed model. The aquaponics experiment took into account different aspects of the system's setup 

while studying the effects of the airlift on the system as a whole to ensure that the system's characteristics 

were not compromised with the addition of this type of pump. Due to the importance of water quality in 

aquaponics loops, the results were analyzed for any undesired new characteristics caused by the airlift. This 

included nitrate, nitrite, ammonia, pH and EC. The oxygen addition and carbon dioxide stripping capacity 

of the dual injection pump was also analyzed against the needs of the system. Plant and fish health in the 

system will be discussed in this section along with comparisons to other systems. 

As mentioned in Chapter 3, an experimental setup was built to test the aeration offered by the dual-injection 

airlift pump. The model developed to predict the oxygenation capacity of the pump was validated with 

these results and verified further using experimental data from the literature. Finally, the VMTC result from 

the aquaponics setup was compared to the developed model. 

5.1 Dual-Injection Airlift Pump: 

Two airlift pumps provided the required aeration and flowrates to the experimental setup for a period of 60 

days. During this period, the flowrates were within the requirements stated in Chapter 2 (Table 5.1). The 

flowrates were measured using a graduated cylinder and a stopwatch. Water was collected in the graduated 

cylinder while the stopwatch was used to measure the time. Using the measured volume and the time, the 

flowrate was calculated. The measurement was repeated five times to reduce uncertainty in the results. To 

reduce human error due to reaction time, water was collected for at least 15 seconds. 

Table 5.1: Flowrates provided by the pumps 

 Air flowrate (LPM) Water flowrate (LPM) 

RAS Loop (5.08-cm pump) 124.6 20.8 

Hydroponic Loop (2.54-cm pump) 32 1.2 
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Figure 5.1: Submergence ratio for the 5.08 cm pump through the experiment 

 

Figure 5.2: Submergence ratio for the 2.54 cm pump through the experiment 

The submergence ratios (SR) for both the pumps were kept constant manually by keeping the sump water 

level constant. This was done by performing daily water changes to account for the evaporation and 

evapotranspiration in the system. It can be seen from Figure 5.1 and Figure 5.2 that the 5.08 cm pump had 

a submergence ratio of 42 ± 10% while the 2.54 cm pump had a submergence ratio of 29.2 ± 8.5%. This 

deviation was due to a challenge involving a blockage in the system which will be discussed later in this 

chapter.  
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5.2 Biological Filter Issue  

During the 20th day of the experiment, an accidental addition of Swish quato 44, a disinfectant used on the 

net before weighing the fish, caused a breakdown in the bacteria in the biological filter. This led to a sudden 

increase in ammonia in the system, which in turn led to toxic conditions for the fish. The main ingredient 

in the disinfectant is ammonium chloride which explains the sudden increase in the system's ammonia. 

Regular water changes were performed, and fresh bacteria were added for a week, but the ammonia 

concentration reached critical levels. At this point, it became clear that there were still traces of disinfectant 

in the system since the ammonia levels continued to increase. A full system water change was therefore 

performed on Day 27 to remove any of the excess disinfectant from the system. This, combined with the 

addition of fresh bacteria to the biological filter, quickly stabilized the system.  

5.3 RAS Water Quality 

The flowrates provided by the airlift pump were essential to keep the biological nutrients, such as ammonia, 

nitrite, and nitrate, within safe levels. The flowrates ensured proper transportation of nutrients within the 

loop. Hence, the airlift pump had a direct impact on the nutrients in the system. The three primary water 

quality parameters for aquaculture include ammonia, nitrate, and nitrite, which will be discussed in this 

section.  

 

Figure 5.3: Biological data for nitrification process - Part 1 

Figure 5.3 shows the trend for ammonia, nitrate, and nitrite in the system for the first half of the 

experimental period. It can be noticed that during Days 0 to 5, the system was continuously developing 
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bacteria since the ammonia levels were decreasing with a simultaneous increase in the nitrate levels. This 

is an indication of a healthy biological system. There was a sudden spike in ammonia from Day 20 followed 

by a decline in nitrite and nitrate concentration. This is the period of the biological issues mentioned in 

Section 5.2, in which the filter “crashed,” or bacteria in the filter started dying.  

The complete water change that took place on Day 29 removed the excess disinfectant from the system. To 

speed up the bacterial growth, bacteria was added directly into the biological filter. After approximately 5 

days, the bacteria started to colonize, and the ammonia levels decreased to safe levels, as seen in Figure 

5.4. The ammonia levels in the water started to decline with a simultaneous increase in the nitrite levels in 

the water from Days 35 to 39. This was due to the presence of the ammonia converting bacteria. Once the 

nitrite levels increased, the nitrite converting bacteria started to multiply leading to a sudden spike in nitrate 

in the system. Hence, it can be noted that the system returned to a stable condition and continued in this 

state until the end of the experimental period.  

 

Figure 5.4: Biological data for nitrification process - Part 2 

The fact that the pump provided the required flowrate was a good indication that the system should operate 

properly, maintaining safe levels of nutrients. This was further validated by the experiment and Figures 5.3 

and 5.4.  

5.4 General Water Quality 

The system's pH was monitored continuously and recorded every 15 minutes. The pH of the system was at 

8.5 on Day 1. However, the ideal pH for plants is 6.5 and needs to be lower than 7. Hence, an acid solution 
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(a 17% phosphoric acid solution by “Optimum hydroponix”) needed to be added to lower the pH. The 

solution was added gradually over time to the sump tank until the pH in the system declined to ~6.5. The 

amount of acid added to the system can be seen in the figure below.  

 
Figure 5.5: Acid supplement to the system (phosphoric acid) 

 

 

Figure 5.6: System pH 

In mature systems, a base solution is usually added to reduce the acidity of the system. This is due to the 

nitrification process occurring in the biological filter. As ammonia is broken down into nitrate, [H+] ions 

are released into the water lowering the pH of the system. Guelph has hard water, which led to a higher pH 

when the water was replenished. This is the reason that the system started with a pH of 8.5. It also explains 
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why when a full water change was performed during the biological filter issue period, the pH increased yet 

again. Hence, more acid needed to be added to reduce the pH levels. The system stabilized soon after, and 

additional acid was not required. It can also be seen that after Day 44, the system's pH started to decline 

gradually without the addition of water. This is what is expected in these systems; therefore, using an airlift 

pump does not seem to have any positive or negative effects on the pH of the system. 

5.5 Hydroponic Water Quality 

The main water quality parameters that were measured for the hydroponics were calcium, potassium, and 

nitrate. In this section, the concentrations of calcium and potassium will be discussed.  

 

Figure 5.7: Calcium concentration in the system 

 

Figure 5.8: Phosphorous concentration in the system 

The calcium and potassium concentrations over the period of the experiment are shown in Figures 5.7 and 

5.8. It is clear from the literature that the concentrations of Ca and K are lower in this system than that 
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which the plants require. These nutrients are introduced into the system directly from the feed. This could 

therefore be an indication that the feed had a low Ca and K concentration. However, these nutrients are 

usually deficient in most aquaponics systems and need to be supplemented, using potassium hydroxide or 

kelp meal concentrate for a potassium deficiency, and chelate calcium, calcium carbonate or lime for a 

calcium deficiency.  

5.6 Carbon-Dioxide Stripping 

Dissolved carbon dioxide (DC) increases over time in aquaponics systems due to the increasing biomass in 

the system. The two main sources of carbon dioxide within an aquaponics system are the fish during 

respiration and the bacteria during the nitrification process. The carbon dioxide trend over the period of the 

experiment can be seen in the figure below. The data collected has a fixed error of ±5 mg/L due to the 

titration method used. 

(a) 

 

(b) 

 

 
Figure 5.9: Dissolved carbon dioxide trend during the experiment where (a) shows the first half of the experiment, 

and (b) the second half 
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The DC values showed a steady decline starting on Day 20. This was due to the bio filter issue which 

resulted in a reduction of bacteria in the system, eventually leading to a reduction in CO2. After the water 

change, the amount of carbon dioxide was reduced to the expected levels. As expected, the level then 

gradually increased as the biomass in the system increased. Hence, from this data, the airlift did not have a 

significant effect on the carbon dioxide reduction process. This system, like any other aquaponics system, 

would require a carbon dioxide degasser if it was to be operated on a full harvesting cycle. A similar trend 

was observed in the 2.54 cm pump data, which can be found in Appendix B.  

 

Figure 5.10: Dissolved carbon dioxide stripping capacity of the 5.08 cm pump 

The amount of carbon dioxide stripped by the airlift pump is analyzed further in Figures 5.10 and 5.11. The 

inlet to outlet concentrations of carbon dioxide in the pumps were graphed. The results showed a 3.1% 

reduction in DC by the 5.08 cm pump and a 5.9% reduction by the 2.54 cm pump. However, since these 

results are only accurate to ±5 mg/L, the end results are inconclusive. A better CO2 test needs to be utilized 

in any further experiments to develop a concrete value for the CO2 stripping capacity by the airlift pumps.  
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Figure 5.11: Dissolved carbon dioxide stripping capacity of the 2.54 cm pump 

5.7 System Aeration (DO Addition)  

The entire system was operated by two blowers that powered the two airlift pumps, as well as one air stone 

which was located in the biological filter. The results obtained were promising, and the airlift pumps were 

able to provide the required aeration to the system throughout the experimental period.  

 

Figure 5.12: Dissolved oxygen addition by the 5.08 cm pump for Week 9 

It can be seen from Figure 5.12 that the dissolved oxygen content at the exit of the 5.08 cm airlift pump 

stayed saturated even at low inlet concentrations in the last week of the experimental period. It is interesting 

to note the constant fluctuation of DO in the system. This DO fluctuation occurred due to the pattern of 

feeding. The fish were fed every morning from 9 am to 9 pm. During the feeding period, the fish consumed 
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higher amounts of oxygen, which in turn led to this pattern. The average DO addition by the pump for Week 

9 was equated to 3.02 ± 0.49 mg/L. A summary of the DO addition by the 5.08 cm pump can be found in 

Table 5.2. 

Table 5.2: Average weekly DO addition by the 5.08 cm pump 

Week  DO addition by 5.08 cm pump 

(mg/L) 

DO addition by 5.08 cm pump 

(g/day) 

Week 5 1.42 ± 1.19 42.53 

Week 6 1.77 ± 1.32 53.02 

Week 7 1.55 ± 1.15 46.43 

Week 8 3.79 ± 3.72  113.52 

Week 9 3.02 ± 0.49 90.46 

 

 

 
Figure 5.13: Dissolved oxygen addition by the 5.08 cm pump for March 27 

From Figures 5.13 and 5.14, it is clear that the DO content in the water was within an acceptable range even 

at the end of the experiment. The pump continued to saturate the water that was being circulated in the loop. 

However, the DO levels in the system gradually declined as the biomass in the system increased. This 

particular system was designed for a 60-day cycle. 

The 2.54 cm pump also performed exceptionally in the loop. The pump continuously saturated the water at 

its exit even during the last week when the dissolved oxygen levels at the inlet declined to ~4.5 mg/L. 

Figures 5.15 and 5.16 show the data from the last week of the experiment.  
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Figure 5.14: System DO concentration throughout the experiment 

 

 
Figure 5.15: DO addition by the 2.54 cm pump in Week 9 

 

 
Figure 5.16: DO addition by the 2.54 cm pump on March 27 

The table below shows the DO addition by the 2.54 cm pump during the last weeks of the experiment. The 

values were highly dependent on the inlet values as the pump saturated the water with oxygen. Hence, the 
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magnitude of DO addition was not as high as it could be. The daily mass of oxygen added to the system 

was much lower than that of the 5.08 cm pump due to the lower flowrates at which this pump was running.  

The results collected from the dissolved oxygen probe were not a good indication of the actual capacity of 

the pumps to oxygenate the water. This was the case since the pumps saturated the water that they drew up. 

However, this data is a good indication that the pump was capable of providing for the needs of the system. 

If the submergence of the pumps was increased further, higher flowrates could be obtained which could 

lead to a higher DO addition.  

 

Figure 5.17: DO Addition vs. Tilapia Requirements 

The weekly tilapia oxygen requirement was estimated based on the oxygen model developed and shown in 

Figure 6.1 and 6.2. Using this data and the resultant DO addition provided by the 5.08-cm pump, Figure 

5.17 was developed. It can be seen that the Airlift singlehandedly provides the required aeration for the 

tilapia during the 60-day experiment. However, since airlift exit water was saturated, the addition by the 

airlift was not as high as it should’ve been for Weeks 5,6 and 7. However, it is to be noted that the airlift 

provided the required DO for tilapia for the entire period of the experiment. 
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Table 5.3: DO addition by the 2.54 cm pump in the last 4 weeks of the experiment 

Week  DO addition by 2.54 cm pump 

(mg/L) 

DO addition by 2.54 cm pump 

(g/day) 

Week 6 2.95 ± 1.22 5.10 

Week 7 2.42 ± 1.01 4.18 

Week 8 3.79 ± 3.72 6.55 

Week 9 2.50 ± 0.43 4.32 

5.8 Plant Results: 

Plant health was monitored visually each day, and quantitative measurements were taken weekly, such as 

shoot height and chlorophyll content in the leaves.  

 

Figure 5.18: Average weekly basil shoot height 

 

Table 5.4: Average shoot length data 

  Left Growth Bed 
Standard 

deviation 
Right Growth Bed 

Standard 

deviation 

Week 4 32.44 5.72 31.39 5.65 

Week 5 62.824 9.20 55.415 10.29 

Week 6 101.237 23.89 85.376 15.61 

Week 7 126.302 29.23 97.952 21.86 

Week 8 152.261 41.67 112.501 27.68 
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The comprehensive review done by Saha et al. 2016 found that basil grown through aquaponics resulted in 

taller plants with a higher yield in comparison to those grown in a hydroponic system. That experiment ran 

over twelve weeks, and the aquaponics basil grew to a height of 89.9 cm ± 4.5 cm. To compare those results 

to the data collected in this experiment, linear trend lines were made for each growth bed (left: 𝑦 =

 29.675𝑥 +  35.24, R2 = 0.996; right: 𝑦 =  17.15𝑥 +  40.02, R2 = 0.931), and the expected height was 

calculated for twelve weeks. The basil would have been approximately 39.0 cm and 24.6 cm for the left 

and right grow beds respectively; these values are only 43% and 27% of that of the basil grown by Saha et 

al. The difference in the results could be due to the addition of fertilizer mixes by Saha, Monroe, & Day, 

(2016a), which would promote plant growth. Another reason could be the issues which led to a high pH for 

a significant amount of the experimental period. There were also issues that arose with regards to convection 

for transpiration, which will be discussed later in this section. It is difficult to compare the two setups due 

to the vast number of parameters involved, including the lighting, humidity, convection in the leaves, etc. 

However, the shoot heights in this experiment were reasonable for a system grown indoors with no 

fertilizers.  

 

Figure 5.19: Intermediate container used to measure DO concentration at the 2.54 cm pump exit 

An interesting observation from Figure 5.18 is that there is a statistically significant difference in overall 

shoot height between the two grow beds. The reason for this was not conclusive; however, one of the few 

differences between the otherwise identical grow beds was the oxygen measurement technique. The inlet 

water in the right grow bed was captured in an intermediate container before spilling into the grow bed. 
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This intermediate tank might have obstructed the flow of some nutrients into the grow bed. The 

inconsistency can also be qualitatively observed in the figures below.  

  

a. Right grow bed showing better growth b. Left grow bed showing stunted growth 

Figure 5.20: Inconsistency in basil growth between the two grow beds 

The chlorophyll results from the experiment are shown in Figure 5.21. The results were similar to those of 

the aquaponics study by (Saha, Monroe, & Day, 2016b). The current results indicated a reading of 32.5 ± 

7.5 SPAD while those of (Saha et al., 2016b)’s indicated a reading of 29.3 ± 0.3 SPAD. It is also worthy to 

note that (Saha et al., 2016b) did not find statistically significant differences in the chlorophyll readings 

between their aquaponics and hydroponics basil.  

 

Figure 5.21: Average chlorophyll content per week 
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Table 5.5: Chlorophyll results 

  
Left Growth Bed 

(SPAD) 

Standard 

Deviation 

Right Growth Bed  

(SPAD) 

Standard 

Deviation 

Week 6 34.87 4.45 30.51 5.12 

Week 7 23.69 2.17 25.53 2.68 

Week 8 31.75 5.83 31.17 8.50 

By the start of Week 4, there was a serious issue with the plants. Nearly all the plants were showing severe 

signs of calcium deficiency (Figure 5.22). Action was taken by reading about solutions that had worked for 

other hydroponic growers. It was deduced that the air circulation was insufficient for the basil plants to 

transpire properly. This is the primary mechanism that the plant uses to pull up calcium from the water to 

the new areas of growth as calcium is an immobile nutrient. To address this, a large fan was set up to provide 

an oscillating flow across both grow beds. The relative humidity in the room was about 48% while the room 

temperature was 230C. Dead leaves were then removed from the plant shoots to promote nutrient and energy 

flow towards the viable new leaves. This led to an almost immediate improvement in plant growth, and as 

a result, the plants shot up quickly in height from Week 4 to Week 5. The chlorophyll levels also increased 

and returned to levels seen previously in Week 2. The plants at the end of the experiment can be seen in 

Figure 6. If this had not worked, the other option would have been to completely flush out the water in the 

grow beds and replace it. This would have been time consuming and would have involved lowering the pH 

of the water once more. 

   

a. Interveinal chlorosis b. Necrosis (c ) Severe necrosis 

Figure 5.22: Sweet Thai basil deficiencies 

Figure 5.22a shows the new leaves of one of the basil plants, which displayed interveinal chlorosis during 

Week 2. This condition results in yellowing of the leaf (black arrow), while green coloration still exists 
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around and inside of the veins of the leaf (red arrow). Some basil leaves showed patches of necrosis or dead 

leaf tissue during Week 2, which were removed to promote fresh growth (Figure 5.22b). The severe necrosis 

seen in Figure 5.22c in the shoot apical meristem of the newest leaves is a strong indicator of a calcium 

deficiency. 

The development of a plant was tracked by webcam to capture its growth qualitatively. The results can be 

seen in Figure 5.23. Some darkening of the leaves was captured in these pictures due to the lack of air 

circulation. This was later addressed, and thus any further darkening of the leaves was avoided. 

    
Day 32 Day 33 Day 34 Day 36 

    
Day 37 Day 38 Day 39 Day 45 

Figure 5.23: Qualitatively tracking growth (Plants were introduced on Day 14) 
  

The plants were grown successfully despite the biological filter issues and the circulation issues. About four 

liters of usable basil leaves were grown during the 6-week growth period. The figure below shows the 

progress of the plants from their introduction into the system to the end of the experiment. 
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Day 16 Day 23 

  
Day 36 Day 42 

  
Day 47 Day 57 

Figure 5.24: Tracking basil growth (Plants were introduced on Day 14) 
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5.9 Fish Results 

The fish were weighed individually at each of the samplings (Days 20, 40, and 60). This allowed for the 

tracking of individual weight variations, which increased with time as is seen in regular production systems 

(Figure 5.26). 

 

Figure 5.25: Weighing fish 

 

Figure 5.26: Figure showing the population variation in tilapia 

The process of weighing involved catching the fish using a net and weighing them in a closed container 

with water. The container, water, and lid were initially weighed, and the difference between the two weights 

was the resultant fish weight. The weighing device used was a “Scout Pro” desktop weighing scale with a 

precision of 0.01 g. The weighed fish were moved to an intermediary barrel (~200 L) and moved back to 

the system after the entire weighing process. 
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The amount of feed given to the fish was based on a growth model which assumed a constant temperature 

of 29 °C. The model took into account the feed conversion ratio (FCR), which was set at the industry 

average of 1.1 at the beginning of the experiment. The results from each sampling showed that the FCR 

was lower than the industry average, and so it was adjusted to account for improvement by lowering the 

model FCR so as to feed the fish more. Although the observed weights indicated a constant FCR below 1.1, 

the weights were not significantly different compared to either the model weights or the normal weights 

seen in commercial tilapia production (Figure 5.27), with a p-value of < 0.0001.  

 

Figure 5.27: Comparison of measured fish growth to predicted growth 

5.10 High-speed Results 

      
T=0s T=1.91s T=3.82s T=5.73s T=7.64s T=9.55 

Figure 5.28: High-speed video images from the 5.08 cm pump 
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T=0s T=1s T=2s T=3s T=4s 

Figure 5.29: High-speed video images from the 2.54 cm pump 

High-speed videos were taken to test for any anomalies in mass transfer that might arise. The flow pattern 

was observed from the high-speed video results. Frame-by-frame pictures were analyzed. A sample of the 

analyzed file can be seen in Figure 5.29 The results indicated that both the 5.08 cm and the 2.54 cm pump 

were operating at the churn/transition regime. This result was then compared to flow pattern maps as seen 

below. 

 

Figure 5.30: Flow pattern as predicted by Taitel & Dukler (experimental results) 
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5.11 Other Observations 

5.11.1 Power Consumption  

Power consumption by the blowers was continuously monitored. The overall power consumption remained 

consistent throughout the experiment (316.45 ± 28.59 W). The only noticeable changes in power 

consumption occurred when the water level in the sump declined due to evaporation. 

 

Figure 5.31: Power consumption comparison  

However, the use of a regenerative blower could cut down on power consumption, especially if this system 

was to be scaled up. The Sweetwater regenerative blower by Pentair Aquatic Eco-Systems (Model S31A) 

is a 370 W blower that provides ~450 LPM at 1.3 m of water pressure. The current system only utilizes 

~180 LPM.  

A slightly bigger system (2100L fish tank), built by Waterfarmers and that utilized a centrifugal pump and 

a blower, used approximately 700W (Scadding Court Aquaponics System). This system used a regenerative 

blower that provided more than the required airflow rate to operate the system using an airlift pump. By 

scaling the conventional setup to match the current setup in terms of size (Volume of water), the power 

consumption by the conventional system is estimated and compared with the current system as shown in 

Figure 5.31. This equates to approximately 190W power savings. However, using a much more efficient 

regenerative blower can result in a considerably higher power savings. 
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5.11.2 Water Addition/Evapotranspiration 

Replenishing water is an essential part of an aquaponics system. The need for replenishment is due to 

evaporation from the free surface of the water, as well as evapotranspiration by the plants. The graph below 

gives a summary of the water addition to the system. Daily water addition is crucial, especially for an airlift 

integrated system, since any evaporation directly impacts the sump tank water level which in turn affects 

the performance of the airlift pump. However, daily water addition was not performed during the first half 

of the experiment, resulting in the spikes in the graph below. An average water loss of 18.2 L per day was 

observed in this system based on that which needed replenishment.  

 
Figure 5.32: Water addition to the system 

5.11.3 Challenges 

The high degree of hardness of the water made it difficult for some measurements. Heavy deposits were 

present on the DO probes during the experiment leading to false readings. Hence, all the probes needed to 

be recalibrated and cleaned every week. Substantial deposits started in Week 5 and resulted in a loss of data 

around this period before it was determined that re-calibration needed to be done. 
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a. Probe membrane b. Probe body 

Figure 5.33: Calcification in the DO probes 

Another challenge occurred around Week 4 when the water level in the sump declined. The sump tank level 

did not increase with the addition of new water. The water in the fish tank increased instead which posed 

problems with the flowrates. To trouble shoot this problem, the water levels in the tanks were examined, 

and it was identified that there was an obstruction in the water flow from the fish tank to the sump tank. 

Specifically, the blockage was noticed in the biological filter. The inlet and outlet of the biological filter 

consisted of a pipe covered in netting to prevent K1 filter media from leaving the biological filter. The 

design was changed to a horizontal pipe with slits so that the water could travel radially in and out of the 

pipe as seen in Figure 5.34. This solved the issue, and the sump water level returned to normal. 

  
a. Old design b. New design 

Figure 5.34: Biological filter interior 
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5.12 Modelling Results 

The results from the model that was formulated in Chapter 3 will be presented in this section. The validation 

process for this model involved six sets of experimental data. Initially, the model was validated with the 

three injection data sets from the present work as mentioned in Chapter 3. Three more data sets were taken 

from previous works in the literature, and the model was validated against these data sets as well. Finally, 

the selected model was compared to the aquaponics experimental results for the 2.54 cm and the 5.08 cm 

pumps.   

5.12.1 Validation Using Present Experimental Data 

The present data was collected using the dual injection pump with the conditions shown in Table 5.6. 

Table 5.7 shows a list of liquid and gas properties specific to this system retrieved from the literature.  

Table 5.6: Experimental conditions 

Condition Value 

Submergence Ratio 100% 

Static Lift 0.8 

Airlift Size 4” (0.1016 m) 

Axial Orifice Size (Number) 12 mm (10) 

Radial Orifice Size (Number of holes) 2 mm (930) 

Airlift Injection Ratio      50-50, 25-75, 75-25 (Axial % -Radial %) 

Pipe Length 0.8 m 

Orifice Diameter (Air injection) 0.002 m 

Number of Holes (Air injection) 978 

Water Temperature ~ 230C 
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Table 5.7: Parameters pertaining to the phases from the present work 

Parameter Value Units 

Liquid Density (Water) 996.24 kg/m^3 

Gas Density (Air) 1.23 kg/m^3 

Surface Tension 0.072 N/m 

Liquid Diffusivity Coefficient 2.50 x 10^-9 m/s 

Dynamic Liquid Viscosity 0.00089 N s/m^2 

Dynamic Gas Viscosity 0.00001846 kg/m/s 

Kinematic Liquid Viscosity 8.93 x 10^-7 m^2/s 

Kinematic Gas Viscosity 1.50 x10^-5 m^2/s 

From the mass transfer determination experiment, data was collected for 50-50, 25-75 and 75-25 (axial – 

radial) injection ratios. The raw graphs from these experiments are shown in Figure 5.35 (200 LPM air 

injection). It was noted that the 25% axial injection reached saturation the fastest. Hence, the radial injection 

had a higher effect on mass transfer as opposed to the axial injection. This is expected since the radial holes 

were much smaller compared to the axial holes. Table 5.6 shows the results in tabular form. 

 

Figure 5.35: Raw data from the oxygen probes (200 LPM air injection) 
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Table 5.8: VMTC results from present work 

Volumetric flow 

rate (Air): 

LPM (m^3/s) 

VMTC for 50:50 Axial 

to Radial Injection (1/s) 

VMTC for 25:75 Axial 

to Radial Injection (1/s) 

VMTC for 75:25 Axial 

to Radial Injection (1/s) 

40 (0.00067) 0.1001 0.0990 0.0886 

80 (0.00134) 0.1305 0.1388 - 

120 (0.00200) 0.1905 0.1706 0.1582 

160 (0.00267) 0.2363 0.2048 0.1865 

200 (0.00334) 0.2857 0.2695 0.2199 

Figure 5.37 indicates the theoretical data as a function of the experimental data for a 50% axial injection. 

Since the present experiment was repeated for five different airflow rates, there are five data points or 𝑘𝐿𝑎 

values for each of the models. All of the correlations from Table 2.6 were compared with the experimental 

results. However, only the top seven correlations are shown in Figure 5.37. All of these correlations fall 

within a 50% error, while most of them fall within a 20% error bar as shown in Figure 5.36. The mean 

absolute percentage error (MAPE) was calculated to predict the accuracy of the correlations when compared 

to the experimental results using Equation 5.1. Table 5.8 shows the results of the MAPE analysis. However, 

from Fig 5.36, it is clear that the correlations by Rubio (1999) and Godbole (1984) showed promising 

results.  

𝑀𝐴𝑃𝐸 =
100% 

𝑁
× ∑ |

𝑋𝑒 − 𝑋𝑖

𝑋𝑒
|

𝑁

𝑖=1

  (5.1) 
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Figure 5.36: Validating the model correlations against 50% axial injection data 

 

 

Figure 5.37: Validating the model correlations against 25% axial injection 
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Figure 5.38: Validating the model correlations against 75% axial injection 

The Rubio, Van-Krevelen and Rubio correlations seem to predict the three injection ratios tested here. 

However, there is an obvious distinction between the three injections. This will be further discussed in later 

sections alongside the mean absolute percentage error (MAPE) comparison of different correlations.  

5.12.2 Validation Using Experimental Data from the Literature 

The model was also validated with some experimental data collected from previous works in the literature. 

This was done to solidify the results further and give better credibility to the model. A thorough literature 

survey was performed to find experimental data performed earlier by various researchers. Most of the 

literature contained graphs and not data points, so these graphs were digitized using a graph digitizing 

software. A concise table is shown in Table 5.9, which provides experimental data from the literature for 

an air-water system. The table highlights some of the specifications of these experiments like pipe diameter, 

superficial gas velocity range and the number of experimental points. 
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Table 5.9: Experimental data sets from literature 

Experimental Literature Experimental Conditions 

(Wang & Wang, 2007) 

Data from  

(Terasaka, Hullmann, & Schumpe, 1998b) 

Air – Water 

Exp data from Terakasa 1998 

Pipe diameter: 0.06 m and 0.114m 

Jg Range: 0-0.16 m/s 

No. of points: 8 

(Schumpe & Deckwer, 1987) Diam: 0.14 m 

Air-Water as well as other solutions 

Jg Range: 0-0.07 m/s 

No. of points: N/A 

(Eickenbusch et al., 1995) Diam: 0.19m,0.29m,0.6m 

Air-Water 

Jg Range: 0-0.10 m/s 

No. of points : 7 

(Kawase et al., 1987) Air-Water 

Diam: 0.76 

Jg range: 0-0.05 m/s 

No. of points: TBD 

(Nakanoh & Yoshida, 1980) Air-WATER 

Jg range: 0-0.1 m/s 

No. of points: 5 

(Krishna & Van Baten, 2003) Jg range: 0-0.05 m/s 

No. of points: 7 

(Dhaouadi, Poncin, Hornut, & Midoux, 2006) Jg range: 0-0.07 m/s 

No. of points: 5 

All of the experimental data sets were taken from graphs which had a volumetric mass transfer coefficient 

as a function of superficial velocity. Hence, the correlations in this section utilized these superficial 

velocities and other airlift pump parameters to calculate the mass transfer coefficient from the correlations.  

Terasaka (1998): The first experimental data used to validate the models was (Terasaka et al., 1998b). This 

data was chosen since these experiments were performed using an air-water system with approximately the 

same pipe diameter as the current investigation, and had eight data points. All the correlations showed good 

results when compared with Terasaka’s experimental data, as shown in Figure 5.38.  Van-Krevelen’s model 

seemed to give the best results followed closely by the Rubio and Godbole correlation. It was also noted 

that the range of Terasaka’s experiment fell within the third point of the present experimental work; hence, 

a good correlation was to be expected. The results were tabulated and can be found in Appendix C. 
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Figure 5.39: Validation of correlations against Terasaka's experimental data 

Eickenbusch (1995): The second paper from the literature that was used to validate the correlations was 

the experimental results from (Eickenbusch et al., 1995). This data set was chosen as it had a good amount 

of data points. It was also noted that the superficial air velocity range was similar to that of Terasaka’s and 

hence, it was expected that the correlations would have a good fit with these results. The results showed 

that the Godbole correlation provided the best fit with Eickenbusch’s data, while Ferreira and Rubio's 

correlations provided a good fit as well.  

 
Figure 5.40: Validating model correlations against Eickenbusch's experimental data 
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Hikita (1981): Since two experimental sets provided validation for the first three points of data from the 

present work, it was evident that experimental data spanning a more significant superficial velocity range 

was required. The experimental results from (Hikita, Asai, Tanigawa, Segawa, & Kitao, 1981) were chosen 

based on the excellent range of data provided. The observations from Hikita’s data point showed a worse 

fit than the other low range experimental data sets. The experimental results of Hikita were lower than what 

the correlations predicted for the dual injection airlift pump.   

 

Figure 5.41: Validating model correlations against Hikita's experimental data 

 

Table 5.10: Mean Absolute Percentage Error (MAPE) of the modelling results 

MAPE (Mean Absolute Percentage Error) 

CORRELATIONS 

50% Axial 

Injection 

25% Axial 

Injection 

75% Axial 

Injection 

TERASAKA’s 

Data 

EICKENBUSCH’s 

Data 

HIKITA’s 

Data 

Godbole (1990) 11.30 9.51 12.24 12.88 7.86 28.34 

Van Krevelen (1950) 16.57 12.01 8.47 9.66 14.99 28.97 

Rubio (1999) 10.28 16.36 29.65 12.13 16.48 36.54 

Nakanoh (1980) 19.43 25.90 43.44 17.39 26.92 43.82 

Ferreira (2012) 18.54 27.25 43.95 25.69 40.49 47.87 

Heijnen (1984) 37.81 34.40 25.96 20.10 30.27 43.85 

Pohorecki (2005) 28.91 35.97 51.91 24.59 19.57 48.56 
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The mean absolute percentage error (MAPE) was calculated for the top seven correlations from the graphs 

and a comparison table was developed (Table 5.10). It was noted that no correlations appeared to be the 

best for all the conditions and data sets used. However, the Godbole, Van Krevelen and Rubio correlations 

stayed within a 20% error bar for all the results except one (Rubio correlation for 75% axial injection). 

5.12.3 Flow Pattern 

Theoretically, with changing flow patterns, the interfacial parameters would change considerably, which 

would require different correlations pertaining to the specific flow pattern. All the correlations predict the 

experimental results from the present work except for Hikita’s data. Hence, the flow pattern for each data 

point in Hikita’s data set needs to be identified to theircorresponding flow pattern. This could, in turn, lead 

to possible reasons why the correlations did not predict Hikita’s data set.  

 

Figure 5.42: Testing all experimental data points for flow pattern using Taitel & Dukler's flow pattern map 

Figure 5.42. shows the data points from all the experimental data sets used in this chapter. Taylor & 

Dukler’s well-known vertical flow pattern map was utilized for this analysis. It was noted that all of Hikita’s 

data points, except one, fall within the bubbly flow regime. Two points from the present work (160 LPM 

and 200 LPM) fall in a different flow pattern (churn). This is an indication that the Godbole, Van Krevelen 
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and Rubio correlations provide acceptable mass transfer predictions for the dual injection pump even in a 

different flow pattern.  

5.12.4 Aquaponics Results 

The VMTC of the two pumps used in the aquaponics setup was calculated and compared with the results 

from the model. The pump VMTC was calculated using Equation 4.9, in which the transit time was 

calculated using the known pipe length and flowrate as mentioned previously (Chapter 3). The estimated 

transit time for water in the pipe was calculated to be 4.54 s and 3.28 s for the 5.08 cm and the 2.54 cm 

pumps respectively. 

Since the airlift pump oxygenated the inlet water to saturation or near saturation, the VMTC values for the 

earlier experimental weeks were low. This is because the inlet oxygen concentration was higher and hence 

the results were inaccurate for calculating the VMTC. For this analysis, the first five weeks of data were 

neglected since the inlet concentration was high and the outlet was saturated for the majority of the data 

points. The results are tabulated in Table 5.11, and the model was further verified using this data. Week 6 

for the 2.54 cm pump was omitted as calcification in the probe during this week altered the data (DO 

concentration was much higher than saturation). 

Table 5.11: Aquaponics pump VMTC comparison to the formulated model 

 2.54-cm Pump 
Percentage 

Error 
5.08-cm Pump 

Percentage 

Error 

Godbole 0.47326 - 0.4643 - 

Experimental (Week 9) 0.37634 20.48% 0.4556 1.87% 

Experimental (Week 8) 0.31100 34.29% 0.4991 7.50% 

Experimental (Week 7) 0.45408 4.05% 0.3063 34.03% 

Experimental (Week 6) Probe Error - 0.4258 8.29% 

The Godbole et al., (1984) correlation closely predicted the dual-injection pump's capacity to aerate water. 

The validations showed good results except for a few cases. Even though the aquaponics pump results 

showed a good correlation, it cannot be concluded that there was a complete validation since the pumps 

saturated the water, which greatly affected the VMTC values. 
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Chapter 6 Summary and Conclusions 

This dissertation examined the feasibility of using dual-injection pumps in mid-scale aquaponics systems. 

A 2700 L aquaponics system was designed and built to test this hypothesis. The experiment hosted Blue 

Nile tilapia and sweet Thai basil for a period of 60 days, during which the study monitored water quality, 

plant and fish health, pump performance and aeration, as well as the effect of the pump on the system.  

The experiment ran successfully, obtaining an extensive data base for water quality. Water quality in the 

system did not deviate from scientific expectations and was similar to that found in other RAS and 

aquaponics systems. Two airlift pumps were used to run this system, and operated at the optimal flow 

conditions for the system's size. The RAS and hydroponic loops operated at flowrates of 20.8 LPM and 1.2 

LPM respectively. The oxygen demands in the system were satisfied by the pumps, as the water being 

pumped was observed to have a consistent saturated DO concentration. 

A mass transfer model was developed to predict the oxygenation by the dual injection airlift pump. The 

combination of a drift flux model, pump performance, and mass transfer correlations were utilized to 

develop this model, which predicted the volumetric mass transfer coefficient (VMTC) of the dual injection 

pump. This model could be utilized to design airlift pumps for different applications that require mass 

transfer alongside water conveyance, like in the food industry. The well-known Wallis correlation was 

utilized for the drift flux model, while multiple mass transfer correlations were considered. The developed 

model correlations were tested against the present experimental work for 50-50, 25-75 and 75-25 axial to 

radial injection ratios. The Godbole mass transfer correlation predicted the closest results to those of the 

VMTC for the dual injection pump with a mean absolute percentage error of 11.30% for the 50-50, 9.51% 

for the 25-75 and 12.24% for the 75-25 axial-radial injection conditions. A further validation was performed 

using three experimental data sets from the literature (Terasaka, Eickenbusch, and Hikita’s data sets). The 

results were promising, showing a mean absolute percentage error of 12.88%, 7.86% and 28.34% for 

Terasaka’s, Eickenbusch’s and Hikita’s data respectively. The results also indicated higher oxygenation for 

higher radial injection conditions. 

The carbon dioxide stripping capacity of the airlift pump was studied to determine the magnitude of this 

desirable effect by the pump on the entire system. Even though the results were favorable, a scientifically 

significant quantitative result was not obtained due to a lack of instrument accuracy. 

The integration of these airlift shows great potential in reducing the operating costs. The system was 

compared with a conventional system showing promising results. The pump showed no indications of 
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requiring maintenance even when operating under heavy water conditions, which led to calcium deposition 

throughout the entire system.  

The fish were weighed every 20 days and showed slightly better growth rate than found in the industry. 

The results, however, do not indicate a statistically significant increase from that seen in the industry. In 

comparison, the plants showed about 45% less growth than that seen in similar aquaponics systems, 

although the nutrient content was consistent to that of the other systems. The difference was therefore due 

to effects such as ventilation, air-circulation, humidity and the high hardness of the Guelph water. The 

systems to which the current study was being compared also supplemented their systems with fertilizers, 

which could be the reason for the variations in growth.  

The dual-injection pump satisfied the conditions of a mid-scale aquaponics system by providing the 

required flowrates and oxygenation levels at significant cost reductions, both in operation as well as 

maintenance. During this feasibility test, there were no fish fatalities. A second iteration of this experiment, 

employing an optimized pump built using the model developed in the present work, could make further 

improvements in the operating costs.  

6.1 Recommendations 

 An aquaponics setup for a complete harvest cycle could be developed to further validate the 

feasibility of the pump. Using the aeration model developed in this paper, an optimized aquaponics 

setup could be developed. 

 Flow patterns have a massive effect on the interfacial area in multi-phase flow. A more 

comprehensive mass transfer formulation could be developed to better predict the aeration by airlift 

pumps 
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APPENDIX A 

This appendix gives all the information used in Chapter 3 of this dissertation. 

A1. Matlab Code Used to Estimate Void Fraction  

 
The following code was developed to determine the void fraction using the Wallis drift flux correlation. 

The inputs currently shown in this code are for the experimental conditions mentioned in Chapter 3. The 

airlift performance function used in the code invokes Kassab’s model as developed by Bukhari (2018) to 

obtain the air and water flowrates using the specified input conditions.  

 
%% Inputs 

l=0.8; %Streamline length of pipe 

sr=1.0; % Submergence Ratio 

diam_pipe=0.1016; %Pipe Diameter 

alpha=0; %Void Fraction Guess 

rho_f=996.2365; %Liquid Density kg/cubic meter 

d_o=0.002; % Hole Diameter (Maybe need to do an average) 

Temp_air=21; %Degree Celcius 

p_g =104110.8; %Air pressure Pascals 

g=9.81; %acceleration due to gravity 

st=0.072; %Surface Tension (N/m) 

D=0.0000000025; % Diffusion Coefficient m/s 

visc_l= 0.0008900; % Dynamic viscocity of liquid (N s/m^2) 

visc_g=0.00001846; %kg/m.s 

p_abs=p_g+101325; %abs pressure 

n=278; %No. of holes in airlift 

A=(pi*(diam_pipe)^2)/4; %Pipe Cross-sectional area m^2 

rho_g=p_g/((Temp_air+273.15)*287) %kg/cubic meter 

  

  

[Qg,Qf] =Airlift_performance(diam_pipe,l,sr); %Invoking Kassab’s Model 

 

 

i=1; 

alph=zeros(1000,1); 

bhav=zeros(1000,1); 

vel_g_o=zeros(1000,1); 

Re_o=zeros(1000,1); 

fp=1; 

 

while i<=1000 

    beta=Qg(i)/(Qg(i)+Qf(i)); % Mass Quality 

    %ugj=0; % Mean Drift velocity 

    vel_g_o(i)=Qg(i)/(n*pi*(d_o^2)/4); %velocity of gas through each hole at orifice 

    Re_o(i)=(rho_g*vel_g_o(i)*d_o)/visc_g; %Reynolds number of gas at orifice 

    jg=Qg(i)/A; 

    jf=Qf(i)/A; 

    j=jg+jf; %j=jg+jf 

    alpha=0; 

    %% Modelling 

    %Drift Flux Model 

    diff=1; 

    while diff>0.001 

        diff=1; 

        if(alpha<0.25) 

        Co=1; 
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        ugj = 1.53*((1-alpha)^2)*((alpha*g*(rho_f-rho_g))/(rho_f)^2)^0.25; 

        alpha_temp= beta/(Co+(ugj/j)); 

        diff=abs(alpha_temp-alpha); 

        alpha=alpha_temp; 

        fp=1; 

        else 

            Co=1.2 

            ugj=0.35*((g*(rho_f-rho_g))/(rho_f)^2)^0.5; 

            alpha_temp= beta/(Co+(ugj/j)); 

        alpha=alpha_temp; 

        diff=0.00001; 

        fp=3 

        end 

    end 

    alph(i)=alpha; 

    i=i+1 

end 
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APPENDIX B 

This appendix contains all the data and details pertaining to the instruments and experiments mentioned in 

Chapter 4. 

  
Figure 6.1: Oxygen probe dimensions & details 

 

   
Figure 6.2: pH calibration 
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Figure 6.3: LabView Interface 
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Table 6.1: Oxygen model - Part 1 

  Body Weight    Fish 

Day 
Feed 

Mass 
Initial Final Change Fish # Biomass Change FCR O2 Required Model O2 

1.00 42.85 13.05 14.02 0.97 40.00 38.95 1.10 15.66 401.92 

2.00 45.16 14.02 15.05 1.03 40.00 41.05 1.10 16.53 402.53 

3.00 47.53 15.05 16.13 1.08 40.00 43.21 1.10 17.42 403.18 

4.00 49.96 16.13 17.27 1.14 40.00 45.41 1.10 18.34 403.86 

5.00 52.44 17.27 18.46 1.19 40.00 47.67 1.10 19.29 404.57 

6.00 54.97 18.46 19.71 1.25 40.00 49.98 1.10 20.26 405.32 

7.00 57.56 19.71 21.02 1.31 40.00 52.33 1.10 21.25 406.10 

8.00 60.19 21.02 22.38 1.37 40.00 54.72 1.10 22.27 406.93 

9.00 62.87 22.38 23.81 1.43 40.00 57.15 1.10 23.31 407.79 

10.00 65.58 23.81 25.30 1.49 40.00 59.62 1.10 24.37 408.68 

11.00 68.34 25.30 26.86 1.55 40.00 62.12 1.10 25.45 409.62 

12.00 71.12 26.86 28.47 1.62 40.00 64.66 1.10 26.55 410.60 

13.00 73.94 28.47 30.15 1.68 40.00 67.22 1.10 27.67 411.61 

14.00 76.78 30.15 31.90 1.75 40.00 69.80 1.10 28.81 412.67 

15.00 79.65 31.90 33.71 1.81 40.00 72.41 1.10 29.96 413.76 

16.00 82.53 33.71 35.58 1.88 40.00 75.03 1.10 31.13 414.90 

17.00 85.43 35.58 37.52 1.94 40.00 77.66 1.10 32.31 416.08 

18.00 88.33 37.52 39.53 2.01 40.00 80.30 1.10 33.51 417.30 

19.00 91.25 39.53 41.61 2.07 40.00 82.95 1.10 34.72 418.56 

20.00 94.16 41.61 43.75 2.14 40.00 85.60 1.10 35.94 419.87 

21.00 97.07 43.75 45.95 2.21 40.00 88.25 1.10 37.17 421.21 

22.00 99.98 45.95 48.22 2.27 40.00 90.89 1.10 38.41 422.60 

23.00 102.87 48.22 50.56 2.34 40.00 93.52 1.10 39.66 424.02 

24.00 105.76 50.56 52.97 2.40 40.00 96.14 1.10 40.91 425.49 

25.00 108.62 52.97 55.43 2.47 40.00 98.74 1.10 42.16 427.00 

26.00 111.46 55.43 57.97 2.53 40.00 101.33 1.10 43.42 428.56 

27.00 114.27 57.97 60.56 2.60 40.00 103.88 1.10 44.69 430.15 

28.00 117.06 60.56 63.23 2.66 40.00 106.41 1.10 45.95 431.78 

29.00 119.81 63.23 65.95 2.72 40.00 108.91 1.10 47.21 433.45 

30.00 122.52 65.95 68.73 2.78 40.00 111.38 1.10 48.47 435.16 

31.00 125.19 68.73 71.58 2.85 40.00 113.81 1.10 49.72 436.91 

32.00 127.82 71.58 74.48 2.90 40.00 116.20 1.10 50.98 438.70 

33.00 130.40 74.48 77.45 2.96 40.00 118.54 1.10 52.22 440.53 

34.00 132.93 77.45 80.47 3.02 40.00 120.84 1.10 53.46 442.39 

35.00 135.40 80.47 83.54 3.08 40.00 123.09 1.10 54.69 444.29 

36.00 137.82 83.54 86.68 3.13 40.00 125.29 1.10 55.91 446.22 

37.00 140.18 86.68 89.86 3.19 40.00 127.44 1.10 57.12 448.19 
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Table 6.2: Oxygen model - Part 2 

  Body Weight    Fish 

Day 
Feed 

Mass 
Initial Final Change Fish # Biomass Change FCR O2 Required Model O2 

38.00 142.48 89.86 93.10 3.24 40.00 129.53 1.10 58.31 450.19 

39.00 144.71 93.10 96.39 3.29 40.00 131.56 1.10 59.49 452.22 

40.00 146.88 96.39 99.73 3.34 40.00 133.53 1.10 60.66 454.29 

41.00 148.98 99.73 103.11 3.39 40.00 135.44 1.10 61.81 456.39 

42.00 151.01 103.11 106.55 3.43 40.00 137.28 1.10 62.94 458.52 

43.00 152.96 106.55 110.02 3.48 40.00 139.06 1.10 64.06 460.67 

44.00 154.85 110.02 113.54 3.52 40.00 140.77 1.10 65.16 462.86 

45.00 156.65 113.54 117.10 3.56 40.00 142.41 1.10 66.23 465.07 

46.00 158.38 117.10 120.70 3.60 40.00 143.98 1.10 67.28 467.31 

47.00 160.04 120.70 124.34 3.64 40.00 145.49 1.10 68.32 469.57 

48.00 161.61 124.34 128.01 3.67 40.00 146.92 1.10 69.32 471.85 

49.00 163.10 128.01 131.72 3.71 40.00 148.28 1.10 70.31 474.16 

50.00 164.52 131.72 135.46 3.74 40.00 149.56 1.10 71.27 476.49 

51.00 165.85 135.46 139.23 3.77 40.00 150.77 1.10 72.20 478.84 

52.00 167.10 139.23 143.02 3.80 40.00 151.91 1.10 73.10 481.21 

53.00 168.28 143.02 146.85 3.82 40.00 152.98 1.10 73.98 483.60 

54.00 169.36 146.85 150.70 3.85 40.00 153.97 1.10 74.83 486.00 

55.00 170.37 150.70 154.57 3.87 40.00 154.88 1.10 75.65 488.42 

56.00 171.30 154.57 158.46 3.89 40.00 155.73 1.10 76.44 490.85 

57.00 172.15 158.46 162.38 3.91 40.00 156.50 1.10 77.20 493.30 

58.00 172.91 162.38 166.31 3.93 40.00 157.19 1.10 77.93 495.76 

59.00 173.60 166.31 170.25 3.95 40.00 157.81 1.10 78.63 498.23 

60.00 174.20 170.25 174.21 3.96 40.00 158.36 1.10 79.29 500.71 
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Figure 6.4: System dimensions 

 

APPENDIX C 

This appendix has all the relevant information from Chapter 5, including all the results that were 

discussed in that chapter.  

C1. Electrical Conductivity Data 

 

Figure 6.5: System Electrical Conductivity 
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C2. Plant Data 

Table 6.3: Plant data (Week 4) 

WEEK 4 (22-Feb-18) 

left grow 

bed 

height 

(mm) 

chlorophyl

l 

notes right grow 

bed 

height 

(mm) 

chlorophyl

l 

notes 

1 35.8 x   1 27.6 x   

2 32.2 x   2 31.6 x   

3 41.7 x   3 28.1 x   

4 34.5 x   4 29.1 x   

5 28.5 x   5 41.6 x   

6 29.4 x   6 37.7 x   

7 22.9 x   7 32.2 x   

8 35.8 x   8 29.2 x   

9 37.5 x   9 35.1 x   

10 26.1 x   10 21.7 x   

AVG 32.44 x   AVG 31.39 x   

STD 5.72     STD 5.65     

 

Table 6.4: Plant data (Week 5) 

WEEK 5 (1-Mar-18) 

left grow 

bed 

height 

(mm) 

chlorophyl

l 

notes right grow 

bed 

height 

(mm) 

chlorophyl

l 

notes 

1 69.33 x   1 48.43 x   

2 58.59 x   2 58.09 x   

3 70.98 x   3 43.26 x   

4 67.46 x   4 52.53 x   

5 50.65 x   5 73.08 x   

6 53.5 x   6 69.1 x   

7 51.54 x   7 57.99 x   

8 61.33 x   8 47.7 x   

9 78.13 x   9 60.7 x   

10 66.73 x   10 43.27 x   

AVG 62.824 x   AVG 55.415 x   

STD 9.20     STD 10.29     
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Table 6.5: Plant data (Week 6) 

Week 6 
  

left 

grow 

bed 

height 

(mm) 

chlorophyll 

(SPAD & 

nmol 

chl/cm2) 

notes right grow 

bed 

height 

(mm) 

chlorophyll 

(SPAD & nmol 

chl/cm2) 

notes 

1 114.68 32.4   1 75.34 33.8   

2 79.76 27.7   2 101.47 36.6   

3 132.64 41.3   3 64.89 24.2   

4 105.76 32.4   4 80.52 26.5   

5 80.42 38.3   5 104.84 40.5   

6 72.69 36.3   6 104.61 28.1   

7 79.3 30.1   7 76.73 27.1   

8 89.56 32.9   8 79.44 32.2   

9 121.56 40.1   9 99.08 28.4   

10 136 37.2 signs of Ca/Fe 

deficiencies 

10 66.84 27.7 Ca/Fe 

deficiencies 

AVG 101.237 34.87 28.87 AVG 85.376 30.51 24.51 

STD 23.89 4.45 conversion STD 15.61 5.12 conversion 
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Table 6.6: Plant data (Week 7) 

WEEK 7 (15-Mar-18) 

left 

grow 

bed 

height 

(mm) 

chlorophyll 

(SPAD & nmol 

chl/cm2) 

notes right 

grow 

bed 

height 

(mm) 

chlorophyll 

(SPAD & nmol 

chl/cm2) 

notes 

1 142.8 27.7   1 87.03 21.7   

2 102.92 30.7   2 127.08 25   

3 155.76 33.7   3 69.58 26.2   

4 131.36 29   4 90.04 27.1   

5 103.91 27.9   5 125.39 30.5   

6 93.51 31   6 124.53 23.6   

7 95.79 31.8   7 85.07 23.4   

8 110.85 26.7   8 88.66 28.6   

9 146.77 30.2   9 109.2 25.7   

10 179.35 28.2 signs of 

Ca/Fe 

deficiencies 

10 72.94 23.5 Ca/Fe 

deficiencies 

AVG 126.302 29.69 23.69 AVG 97.952 25.53 19.53 

STD 29.23 2.17 conversion STD 21.86 2.68 conversion 
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Table 6.7: Plant data (Week 8) 

WEEK 8 (22-Mar-18) 

left 

grow 

bed 

height 

(mm) 

chlorophyll 

(SPAD & nmol 

chl/cm2) 

notes right 

grow 

bed 

height 

(mm) 

chlorophyll 

(SPAD & nmol 

chl/cm2) 

notes 

1 176 34   1 99.49 22.5   

2 118.28 39.4   2 131.32 33.1   

3 198.16 27.6   3 75.83 42.7   

4 182.16 31   4 105.73 47   

5 130.96 35.4   5 144.55 31.7   

6 111.97 28.3   6 138.63 20.9   

7 101.51 19.3   7 90.42 28   

8 121.07 36.3   8 96.36 23   

9 157.75 29.9   9 155.75 29.8   

10 224.75 36.3 signs of 

Ca/Fe 

deficiencies 

10 86.93 33 Ca/Fe 

deficiencies 

AVG 152.261 31.75 25.75 AVG 112.501 31.17 25.17 

STD 41.67 5.83 conversion STD 27.68 8.50 conversion 
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C2. Modelling Results – Validation  

Table 6.8: Terasaka's experimental results vs. models 

 Terasaka's Experimental Data 

No. jg (m/s) Experimental 

Ferreira 

(2012) 

Van Krevelen 

(1950) 

Godbole 

(1990) 

Heijnen 

(1984) 

Rubio 

(1999) 

Nakanoh 

(1980) 

Pohorecki 

(2005) 

1 0.0200 0.0220 0.0127 0.0240 0.0292 0.0213 0.0231 0.0175 0.0234 

2 0.0293 0.0336 0.0185 0.0317 0.0370 0.0269 0.0308 0.0245 0.0330 

3 0.0499 0.0452 0.0266 0.0414 0.0465 0.0337 0.0406 0.0337 0.0457 

4 0.0504 0.0522 0.0276 0.0426 0.0476 0.0345 0.0418 0.0349 0.0473 

5 0.0747 0.0609 0.0532 0.0685 0.0722 0.0520 0.0692 0.0627 0.0848 

6 0.0999 0.0819 0.0734 0.0858 0.0885 0.0635 0.0885 0.0836 0.1122 

7 0.1246 0.0918 0.0942 0.1019 0.1037 0.0743 0.1073 0.1045 0.1388 

8 0.1418 0.1046 0.1095 0.1128 0.1141 0.0816 0.1204 0.1196 0.1576 

          

 RMS  0.0133 0.0067 0.0078 0.0148 0.0096 0.0107 0.0286 

 MAPE  25.6915 9.6572 12.8811 20.1026 12.1322 17.3868 24.5918 
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Table 6.9: Eickenbusch's experimental results vs. models 

 Eickenbusch's Experimental Data 

No. jg (m/s) Experimenta

l 

Ferreira 

(2012) 

Van Krevelen 

(1950) 

Godbole 

(1990) 

Heijnen 

(1984) 

Rubio 

(1999) 

Nakanoh 

(1980) 

Pohorecki 

(2005) 

1 0.0180 0.0284 0.0109 0.0212 0.0264 0.0192 0.0204 0.0152 0.0202 

2 0.0280 0.0428 0.0175 0.0305 0.0357 0.0260 0.0295 0.0233 0.0314 

3 0.0367 0.0477 0.0245 0.0391 0.0442 0.0320 0.0382 0.0314 0.0425 

4 0.0481 0.0579 0.0328 0.0483 0.0531 0.0384 0.0477 0.0407 0.0552 

5 0.0551 0.0588 0.0380 0.0538 0.0583 0.0421 0.0535 0.0465 0.0630 

6 0.0733 0.0683 0.0521 0.0674 0.0712 0.0513 0.0681 0.0616 0.0833 

7 0.0914 0.0753 0.0666 0.0802 0.0832 0.0598 0.0822 0.0767 0.1031 

          

 RMS  0.0203 0.0077 0.0048 0.0160 0.0086 0.0137 0.0134 

 MAPE  40.4879 14.9933 7.8590 30.2702 16.4793 26.9187 19.5736 
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Table 6.10: Hikita's experimental results vs. models 

Hikita's Experimental Data 

No. jg (m/s) Experimental Ferreira 

(2012) 

Van Krevelen 

(1950) 

Godbole 

(1990) 

Heijnen 

(1984) 

Rubio 

(1999) 

Nakanoh 

(1980) 

Pohorecki 

(2005) 

1 0.0428 0.1155 0.0286 0.0437 0.0487 0.0353 0.0430 0.0361 0.0489 

2 0.0705 0.1260 0.0499 0.0654 0.0693 0.0499 0.0659 0.0593 0.0802 

3 0.1484 0.1501 0.1155 0.1169 0.1180 0.0844 0.1254 0.1254 0.1647 

4 0.2490 0.1667 0.2058 0.1684 0.1702 0.1211 0.1955 0.2101 0.2612 

5 0.3330 0.1814 0.2849 0.2021 0.2092 0.1483 0.2510 0.2808 0.3308 

          

 RMS  0.0732 0.0455 0.0436 0.0628 0.0551 0.0680 0.0872 

 MAPE  47.8652 28.9661 28.3366 43.8472 36.5357 43.8217 48.5630 
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Table 6.11: 75% axial results vs. correlations 

75 Axial - 25 Radial 

Experimental Ferreira 

(2012) 

Van Krevelen 

(1950) 

Godbole 

(1990) 

Heijnen 

(1984) 

Rubio 

(1999) 

Nakanoh 

(1980) 

Pohorecki 

(2005) 

0.0886 0.0598 0.0744 0.0778 0.0559 0.0757 0.0697 0.0940 

0.1582 0.2033 0.1672 0.1821 0.1201 0.2121 0.2310 0.2587 

0.1865 0.2810 0.2006 0.2073 0.1471 0.2483 0.2774 0.3276 

0.2199 0.3611 0.2097 0.2430 0.1720 0.3010 0.3470 0.3570 

        

RMS 0.0890 0.0121 0.0203 0.0399 0.0580 0.0867 0.1105 

MAPE 43.9500 8.4728 12.2384 25.9622 29.6532 43.4429 51.9071 
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Table 6.12: 25% axial results vs. correlations 

25 Axial - 75 Radial 

Experimental 

Ferreira 

(2012) 

Van Krevelen 

(1950) 

Godbole 

(1990) 

Heijnen 

(1984) 

Rubio 

(1999) 

Nakanoh 

(1980) 

Pohorecki 

(2005) 

0.0990 0.0598 0.0744 0.0778 0.0559 0.0757 0.0697 0.0940 

0.1388 0.1299 0.1263 0.1272 0.0908 0.1373 0.1393 0.1815 

0.1706 0.2033 0.1672 0.1821 0.1201 0.2121 0.2310 0.2587 

0.2048 0.2810 0.2006 0.2073 0.1471 0.2483 0.2774 0.3276 

0.2695 0.3611 0.2097 0.2430 0.1720 0.3010 0.3470 0.3570 

0.4500        

RMS 0.0581 0.0296 0.0169 0.0625 0.0321 0.0562 0.0804 

MAPE 27.2501 12.0114 9.5089 34.3963 16.3597 25.9040 35.9720 
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Table 6.13: 50% axial results vs. correlations 

No. Experimental Ferreira 

(2012) 

Kang 

1999 

Rubio 

(1999) 

Schumpe 

(1987) 

Kawase 

(1987) 

Nakanoh 

(1980) 

Godbole 

(1990) 

Van 

Krevelen 

(1950) 

Akita 

(1974) 

Pohorecki 

(2005) 

Jamial-

ahamadi 

(1993) 

Akita 

(1973) 

Heijnen 

(1984) 

1 0.1001 0.0598 0.0082 0.0757 0.0037 0.1109 0.0697 0.0778 0.0744 0.0041 0.0940 0.0376 0.0007 0.0559 

2 0.1305 0.1299 0.0097 0.1373 0.0052 0.2020 0.1393 0.1272 0.1263 0.0080 0.1815 0.0166 0.0011 0.0908 

3 0.1905 0.2033 0.0111 0.2121 0.0067 0.3131 0.2310 0.1821 0.1672 0.0113 0.2587 0.0094 0.0015 0.1201 

4 0.2363 0.2810 0.0116 0.2483 0.0073 0.3669 0.2774 0.2073 0.2006 0.0143 0.3276 0.0060 0.0018 0.1471 

5 0.2857 0.3611 0.0123 0.3010 0.0081 0.4455 0.3470 0.2430 0.2097 0.0156 0.3570 0.0043 0.0020 0.1720 

               

 RMS 0.0435 0.1900 0.0172 0.1940 0.1121 0.0402 0.0254 0.0407 0.1890 0.0643 0.1907 0.1989 0.0766 

 MAPE 18.5351 93.8803 10.2784 96.5753 48.2165 19.4346 11.2952 16.5715 94.4505 28.9069 88.1504 99.2522 37.8063 
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Table 6.14: Water quality test data - Part 1 

 

  SUMP DWC 

Date Day 
Ammonia 

(mg/L) 

CO2 

(mg/L) 

Nitrate 

(mg/L) 

Nitrite 

(mg/L) 

Potassium 

(mg/L) 

Phosphorous 

(mg/L) 

Calcium 

(mg/L) 

CO2 

(mg/L) 

Nitrate 

(mg/L) 

WEEK 1 

1/29/2018 0  27.5        

1/30/2018 1 0.03 23.75 2.1 0.196      

1/31/2018 2 0.328 17.5 2.5 0.277      

2/1/2018 3 0.34 30 2.3 0.564      

2/2/2018 4 0.14 31.25 2.71 0.537      

2/3/2018 5          

2/4/2018 6 0.05 15 4.3 0.574      

WEEK 2 

2/5/2018 7 0.08 25 5 0.57      

2/6/2018 8 0.03 30 1.3 0.536      

2/7/2018 9 0.04 36.25 7.4 0.506   0.58   

2/8/2018 10 0.11 28.75 2 0.219      

2/9/2018 11 0.34 22.5 11.1 0.054      

2/10/2018 12          

2/11/2018 13          

WEEK 3 

2/12/2018 14 0.26 47.5 4.8 0.39      

2/13/2018 15 0.24  3.1 0.029      

2/14/2018 16 0.44 100 15.7 0.06 3.3  2.38 100  

2/15/2018 17 0.64 260 13.8 0.032 1.8  12.31 90  

2/16/2018 18 0.43 110 3.4 0.064 4.5   100  

2/17/2018 19          

2/18/2018 20 0.65 105 3.8 0.102 4   105  
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Table 6.15: Water quality test data - Part 2 

 

  SUMP DWC 

Date Day 
Ammonia 

(mg/L) 

CO2 

(mg/L) 

Nitrate 

(mg/L) 

Nitrite 

(mg/L) 

Potassium 

(mg/L) 

Phosphorous 

(mg/L) 

Calcium 

(mg/L) 

CO2 

(mg/L) 

Nitrate 

(mg/L) 

WEEK 4 

2/19/2018 21 2.42 95 16.5 0.562 2.1  3.74 90  

2/20/2018 22 2.8 105 21.7 0.544      

2/21/2018 23 4.24 100 16.1 0.564 5.9  2.19  17.9 

2/22/2018 24 5.1 105 3.6 0.565 7.1  6.94 90 3.6 

2/23/2018 25 5.59 75 3.3 0.557 13.8  0.45 80 2.9 

2/24/2018 26 4.92 70 10.3 0.21 3.3  1.62 60 10.3 

2/25/2018 27 5.26 75 10.6 0.105 3.4  0.17 75  

WEEK 5 

2/26/2018 28 5.5 70 2 0.05     1.9 

2/27/2018 29          

2/28/2018 30 1.07 80 1.3 0.005 2     

3/1/2018 31 1.71 55 1.1 0.011 2.5  0.5  1.1 

3/2/2018 32 3.88 35 0.4 0.079 2.2  0.99  0.4 

3/3/2018 33 6.54 15 1.5 0.12 1.4  0.37   

3/4/2018 34 6.58 85 2.5 0.485 2.7  0.09   

WEEK 6 

3/5/2018 35 5.54  1 1.01     1 

3/6/2018 36 2.64 50  2.14      

3/7/2018 37 0.73 75 11.9 3.41 2.1  2.56 75  

3/8/2018 38 0.28 60 - 0.3 3.2  0.35 60 11.8 

3/9/2018 39 0.59 55 12.7 0.089 4.7  1.37 60  

3/10/2018 40 0.21 60 16.4 0.097    55  

3/11/2018 41          
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Table 6.16: Water quality test data - Part 3 

 

  SUMP DWC 

Date Day 
Ammonia 

(mg/L) 

CO2 

(mg/L) 

Nitrate 

(mg/L) 

Nitrite 

(mg/L) 

Potassium 

(mg/L) 

Phosphorous 

(mg/L) 

Calcium 

(mg/L) 

CO2 

(mg/L) 

Nitrate 

(mg/L) 

WEEK 

7 

3/12/2018 42 0.84 60 17.1 0.042 2  0.38 55  

3/13/2018 43 0.39 65  0.039    65  

3/14/2018 44          

3/15/2018 45 0.43 65  0.081 4.2  1.91 60 25.4 

3/16/2018 46 0.21 70  0.032 3.8  0.8 65 23.7 

3/17/2018 47 0.5 75 24.2 0.029    70  

3/18/2018 48 0.78 75  0.038 2.8    28.6 

WEEK 

8 

3/19/2018 49  70 28.8 0.043      

3/20/2018 50 1.21 75  0.041     30.1 

3/21/2018 51 1.05 90 60 0.073 4.7  0.09 85  

3/22/2018 52 0.78 85 60 0.035 4.5  0.25 80  

3/23/2018 53 0.79 80 60 0.03 4.8  0.42   

3/24/2018 54 1 90  0.056 2.8  0.1 75  

3/25/2018 55 1.18 90  0.47 2.9  4.34 85  

WEEK 

9 

3/26/2018 56 1.15 85  0.065      

3/27/2018 57 1.2 95  0.07      

3/28/2018 58 2.14 100  0.028 3.2  0.25 100  

3/29/2018 59 2.04 105  0.029 3.1  2.7 95  

3/30/2018 60 1.69 120 50.7 0.032 5.5  0.77 105 17 

3/31/2018 61     5  0.45   
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Table 6.17: Water quality test data - Part 4 

         Fish Tank Sump 

Water 

Level 

(Inches) 

Power 

(W) 

Water 

Addition 

(L) 

Date Day Avg. Conductivity (μs) Avg. pH Ammonia 

(mg/L) 

CO2 

(mg/L) 

(Litres) 

WEEK 1 1/29/2018 0     0.02 37.5 22 285   

1/30/2018 1 1125.52 8.5 0.1 18.75 21 316   

1/31/2018 2 1048.00 8.5 0.4 22.5 20.25 319.1   

2/1/2018 3    0.33 31.25 20 318.2   

2/2/2018 4    0.27 31.25 19.5 315.2   

2/3/2018 5      11.25 18.25 318   

2/4/2018 6     0.3   20.5     

WEEK 2 2/5/2018 7   7.96   20 20.25 376 149.52 

2/6/2018 8  7.62 0.12 28 20 378   

2/7/2018 9    0.06 28.75 19.75 360.16 68.14 

2/8/2018 10 1074.81 7.65 0.25 32.5 21.5     

2/9/2018 11 1067.53 7.6 0.44 33.75 21.5 329.8 22.71 

2/10/2018 12 1064.08 7.76           

2/11/2018 13 1078.4 7.65           

WEEK 3 2/12/2018 14 1011.17 7.54 0.42 48 17.5 330 45.43 

2/13/2018 15 1059.72 7.34 0.55   20.5     

2/14/2018 16 1068.83 7.13 0.69 95 20.5     

2/15/2018 17 1092.46 7 0.68 95     51.1 

2/16/2018 18 1118.13 6.93 0.58 100       

2/17/2018 19 1142.66 6.79           

2/18/2018 20 1154.4 6.71 0.82 110       
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Table 6.18: Water quality test data - Part 5 

         Fish Tank Sump 

Water 

Level 

(Inches) 

Power 

(W) 

Water 

Addition 

(L) 

Date Day Avg. Conductivity (μs) Avg. pH Ammonia 

(mg/L) 

CO2 

(mg/L) 

(Litres) 

WEEK 4 2/19/2018 21 1093.12 6.72 2.72 90 20   113.56 

2/20/2018 22 1128.76 7.1 3 115 19.5     

2/21/2018 23 1153.85 7.03 4.4 105 20.5 337 52.05 

2/22/2018 24 1119.42 7.25 5.88 90     37.85 

2/23/2018 25 1114.78 7.26 5.9 85       

2/24/2018 26 1104.43 7.6 4.9 60 23 337   

2/25/2018 27    5.35 70 22.75 345   

WEEK 5 2/26/2018 28     6 75 21.5 330   

2/27/2018 29              

2/28/2018 30      70 21.5 346   

3/1/2018 31    1.82 60 21 348   

3/2/2018 32    4.29 30       

3/3/2018 33     6.15 10 22 321 45.43 

3/4/2018 34     6.08   21.5 326 49.21 

WEEK 6 3/5/2018 35     7.27   21.5 335   

3/6/2018 36     3.22 60 20.5 334   

3/7/2018 37     1.07 60 19.5 339 158.99 

3/8/2018 38     0.09 60       

3/9/2018 39     0.29 60     18.93 

3/10/2018 40     0.57 50 20 327   

3/11/2018 41               
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Table 6.19: Water quality test data - Part 6 

         Fish Tank Sump 

Water 

Level 

(Inches) 

Power 

(W) 

Water 

Addition 

(L) 

Date Day Avg. Conductivity (μs) Avg. pH Ammonia (mg/L) CO2 

(mg/L) 

(Litres) 

WEEK 7 3/12/2018 42     0.88 55 22 332 18.93 

3/13/2018 43     0.69 60 22 324   

3/14/2018 44             

3/15/2018 45     0.67 60 20.5 329 34.07 

3/16/2018 46     0.51 70   313   

3/17/2018 47     0.84 70 22 298 22.71 

3/18/2018 48     1.16 70 22.75 277 26.5 

WEEK 8 3/19/2018 49     1.41 70 23 267   

3/20/2018 50     1.35 80 21.5 281   

3/21/2018 51     1.49 80 20.5 279   

3/22/2018 52     1.57 85       

3/23/2018 53     1.65        

3/24/2018 54     1.27 85 22 288   

3/25/2018 55     1.43 85 22 282 26.45 

WEEK 9 3/26/2018 56     1.38 85 21 271   

3/27/2018 57     1.47 100 19 284 37.85 

3/28/2018 58     2.46 100 22.25 280 22.71 

3/29/2018 59     2.34 100 22.5 280 22.71 

3/30/2018 60     2.1 110 21.75 286   

3/31/2018 61               
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Table 6.20: Weekly average data for DO, pH, EC and temperature 

WEEK 
Sump tank 

(DO) 

5.08 cm 

Pump exit 

(DO) 

2.54 cm 

Pump exit 

(DO) 

Mechanical 

Filter 

(DO) 

Biological 

Filter exit 

(DO) 

pH 

(Fish tank) 

EC 

(Sump tank) 

Temperature 

(Fish Tank) 

WEEK-1         

WEEK-2 6.94 ± 4.32 6.53 ± 0.78 5.72 ± 0.66 5.38 ± 0.66 5.87 ± 1.39 7.72 ± 0.08 1070.58 ± 8.39 27.63 ± 0.38 

WEEK-3 5.77 ± 0.93 5.89 ± 0.97 7.89 ± 1.46 2.44 ± 1.84 5.37 ± 3.62 6.96 ± 0.26 1109.08 ± 106.69 27.62 ± 1.07 

WEEK-4 7.46 ± 1.69 7.48 ± 2.77 7.94 ± 0.71 5.96 ± 3.13 6.83 ± 1.89 7.22 ± 0.37 1122.049 ± 24.63 26.24 ± 1.44 

WEEK-5 7.10 ± 0.86 7.57 ± 1.21 6.73 ± 3.05 4.85 ± 1.03 5.12 ± 2.16 7.73 ± 0.13 1001.41 ± 47.86 25.19 ± 0.58 

WEEK-6 5.66 ± 3.16 8.15 ± 0.34 9.00 ± 0.78 5.80 ± 2.15 5.97 ± 2.94 6.87 ± 0.25 1094.55 ± 87.09 27.20 ± 1.37 

WEEK-7 5.59 ± 0.55 7.15 ± 0.74 8.02 ± 0.94 4.84 ± 1.74 6.73 ± 2.97 6.48 ± 0.20 1035.54 ± 275.59 25.52 ± 1.36 

WEEK-8 4.30 ± 3.63 8.10 ± 0.57 6.80 ± 0.75 2.68 ± 1.37 10.34 ± 4.60 5.83 ± 0.13 - 24.37 ± 0.47 

WEEK-9 4.48 ± 0.38 7.51 ± 0.34 6.98 ± 0.20 3.12 ± 0.66 11.69 ±5.40 5.42 ± 0.13 - 26.46 ± 0.38 
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