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DESIGN OF AUTOMATIC FOOD DOSING AND OXYGENATION 

FOR A CARP RECIRCULATING AQUACULTURE SYSTEM (RAS) 

 

Wael El-messery1; Federico F. Hahn Schlam2 

 

ABSTRACT 
 

During the past years the trend to move from conventional open systems to high density and highly 

productive recirculation aquaculture systems (RAS) was observed for its advantages. Recirculating 

aquaculture systems was poorly applied in Mexico, and the majority of its components were 

imported. The main objectives of the present study was to design and evaluate each component of a 

recirculating aquaculture system under local Mexican conditions, solids separator was evaluated 

obtaining optimum operations factors of water level in fish tank 90 cm and 2.54 cm of tank base 

diameter. Four suitable aerators locally designed for RAS was evaluated for choosing the maximum 

aeration efficiency (AAE). Spray column aerator records the highest AAE of 1.075 kgO2/kW hand 

oxygen transfer rate of 23.04 gO2/h. Tezontle (Volcanic sand) as an alternative media for the bio-

strata for its higher cost in biofilters was studied. Total ammonia nitrogen removal efficiency was 

64.5 % and 73.4 % for the Tezontle and Bio-strata respectively, so the Tezontle can substitute the 

biostrata as an alternative media for the biofilter for its lower cost. The oxygen budgets in RAS was 

studied realizing one model to calculate aeration requirements and aerator size for whatever RAS 

producing mirror carp. Recirculating aquaculture system to preserve water; the total water used 

during the growing season to produce 18 kg/tank was 4666.55 liter of water. An automatic feeder was 

designed to provide predetermined amounts of food at controlled feeding times; food conveying was 

studied optimizing energy consumption.An intelligent instrumentation system monitoring and control 

three fish tanks with one galvanic dissolved oxygen probe and its transmitter. Peristaltic pumps 

extracted water from each tank without adding oxygen to the sample and dissolved oxygen 

measurements were auto-calibrated and statistically diagnosed. 

 

Keywords. Recirculating aquaculture system, automatic feeder, oxygenation, monitoring and control. 
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dc/dt Gas transfer rate, mg/L h; 

D Diffusion coefficient; 

∆ Liquid film thickness; 

A Area of gas-liquid interface; 

V Volume of liquid into which the gas is diffusing; 

Cs Saturation concentration of the gas; and 

Cm Measured gas concentration at time t. 

KLa Overall oxygen transfer coefficient, h
-1 

OD1 Oxygen deficit at time 1, 

OD2 Oxygen deficit at time 2, 

t Time. 
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DOb Dissolved oxygen concentration below the aerator (mg/l), 
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0
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OTR oxygen transfer rate in pond water (kg O2 h
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BP Total brake power (kW) for the bump and blower  

uL Hydraulic loading rate (m/s), 
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SOTR Standard oxygen transfer rate (Kg oxygen/ h), 
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1. INTRODUCTION 

 

1.1. General introduction 

The aquaculture industry that began developing in the late 1960s has exploded into a major 

global industry of 60 million tons a year, with huge annual revenues in excess of US$ 70 billion 

(FAO, 2006). With the current increase in environmental awareness and the consequent 

stringency in environmental legislation, a new approach to dealing with the ecological problems 

associated with aquaculture has been developed—recirculating aquaculture systems. This 

approach was originally developed to provide a solution to the environmental problems generated 

by the traditional pond and flow-through aquaculture systems, since it enables the treatment of 

polluted water within a closed loop, offers improved control of effluent discharge, and allows 

complete environmental control (van Gorder, 1994 and Shnel et al., 2002). 

Commercial Recirculating fish culture systems have been developing for decades for various 

purposes in many parts of the world, but the development has largely been delayed due to many 

constraints, including economic setback to produce food fish and technical problems yet to be 

innovated. Nevertheless, feeding aquaculture in inland waters and in the protected coastal seas in 

the culture should be practiced with waste treatment for the reduction of pollution in the 

environment. We therefore need to develop the technology of environmentally friendly 

aquaculture systems as completely as possible not only to preserve our natural environment but 

also to sustain aquaculture production.  

For the success of aquaculture the attainment of profit against invested capital is an absolute 

must like any other business. For the recirculating aquaculture system capital investment for the 

construction of the farm is normally much higher than that of conventional production system, 
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therefore the system should be designed and constructed so as to be able to manage at less 

running cost to compensate the initial capital investment. One must also expect better production 

than that from conventional systems, provided that optimum stable conditions in water quality 

parameters for fish growth is maintained through controlled system management.  

For the growing of fish at high densities some critical factors must be met for the well-being 

of the fish in the system. There are a variety of factors that affect the health of fish leading to the 

performance of fish production business. To meet these factors the strategy must contain both 

hardware structure design and software management technology.  

The following factors are absolutely essential for the management of intensively stocked fish 

ponds either in closed system or in open-air ponds.  

(a) Solid wastes removal  

(b) Removal of dissolved inorganic wastes (ammonia and others)  

(c) Oxygenation to add oxygen and aeration to strip CO2 

(d) Pumping or water movement  

(e) pH correction (for completely closed system especially where make-up water is soft). 

 

1.2. Solid wastes removal 

Innovative solutions to solids capture can further the expansion of recirculating aquaculture 

worldwide, through the reduction of both capital and operating costs. The continuous removal of 

solids is a key factor in the design of any recirculating aquaculture system(RAS) (McMillan et 

al., 2003; Timmons et al., 2001). Suspended solids are generally detrimental as they negatively 

impact the components in a RAS: clogging biofilters, increasing system biological oxygen 

demand (BOD) and, eventually, mineralization and ammonia production. Additionally, fine 
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solids may impact fish health by causing gill damage or harboring pathogens (McMillan et al., 

2003; Timmons et al., 2001; Chen et al., 1993). The rapid and efficient removal of large particles 

(>100 mm) is very important, as large particles will become small particles over time, which are 

much more difficult and costly to remove (McMillan et al., 2003; Timmons et al., 2001). 

McMillan et al. (2003) found pumping to have a significant negative effect on particle size (P 

<0.05) based on differential volume. Therefore, capturing and removing large solids quickly 

(prior to passing through pumps) can reduce the overall effort required for filtration (McMillan et 

al., 2003). 

 

1.3. Removal of dissolved inorganic wastes 

Ammonia is toxic, not only to fish but also to all aquatic animals, especially in pond 

aquaculture at low concentrations of dissolved oxygen. The toxic levels of un-ionized ammonia 

for short-term exposure usually are reported to lie between 0.6 and 2 mg/L, while some consider 

the maximum tolerable concentration to be 0.1 mg L-1. Feed efficiency and body composition of 

fish are negatively affected by ambient ammonia concentration. The production of un-Ionized 

ammonia is related to the quantity of nitrogen supplied by dietary protein. 

Controlling the concentration of un-ionized ammonia-nitrogen (NH3) in the culture tank is a 

primary design consideration in recirculating systems. Ammonia-nitrogen (a by-product of the 

metabolism of protein in feeds) must be removed from the culture tank at a rate equal to the rate 

it is produced to maintain a stable and acceptable concentration. In systems with external 

ammonia-nitrogen treatment processes, the efficiency of the ammonia-nitrogen removal process 

will dictate the recirculating flow rate (e.g., a less efficient removal system will require a higher 

recycle flow rate from the tank through the filter). There are a number of methods for removing 
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ammonia-nitrogen from water: air stripping, ion exchange, and Biological filtration. Air stripping 

of ammonia-nitrogen through non-flooded (no standing water in the reactor) packed columns 

require that the pH of the water be adjusted to above 10 and readjusted to safe levels (7 to 8) 

before the water reenters the culture tank. Ion exchange technology is costly and requires a 

mechanism for “wasting” ammonia-laden salt water. A salt-brine is used to “regenerate” the filter 

by removing ammonia-nitrogen from the resin (filter medium) once it becomes saturated with 

ammonia-nitrogen. Biological filtration is the most widely used method. In biological filtration 

(or biofiltration), there is a substrate with a high specific surface area (large surface area per unit 

volume) on which the nitrifying bacteria can attach and grow. Ammonia and nitrite-nitrogen in 

the recycled water are oxidized (converted) to nitrite and nitrate by Nitrosomonas and 

Nitrobacter bacteria, respectively the nitrification process will discuss in the section 4.2. 

Commonly used biofilter substrates include gravel, sand, plastic beads, plastic rings, and 

plastic plates. The most common biofiltration technologies were discussed in the section 4.3. 

 

1.4. Dissolved oxygen control and aeration  

Dissolved oxygen is the most critical water quality variable and depends on water 

temperatures, stocking and feeding rates and the effectiveness of the aeration installed within the 

recirculation system. Dissolved oxygen concentrations should be kept above 50% saturation to 

ensure the survival and growth of the culture species. The activity of the bacteria within the 

biofilter also depends on the level of dissolved oxygen within the water column and usually 

become inefficient when oxygen levels fall below 2 ppm. Declining oxygen levels can be caused 

by a number of factors such as high stocking rates that occur within the recirculation system and 

the decomposition of organic matter including faces and uneaten food.  
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Low dissolved oxygen can be lethal to the aquaculture species. Some effects include stress 

which brings behavioral (e.g., gasping) and morphological (marked melanin pigment in the skin) 

changes in the fish, increased susceptibility to disease, poor feed conversion, poor growth and  

cause mass mortalities in extreme cases. Signs of low dissolved oxygen can be detected when 

fish are observed rising to the surface and gulping air or gathering around the water inlet. Oxygen 

depletions are often caused by an imbalance in oxygen budgets between the organisms in RAS 

and the aeration equipment. Although oxygen depletion can sometimes be predicted before it 

occurs, it can develop suddenly without warning.  

Phytoplankton produces oxygen by photosynthesis during the day but are the major 

consumers of oxygen at night. The magnitude of daily changes in DO is influenced primarily by 

light intensity and phytoplankton density. 

There is no net transfer of oxygen between air and water if the water is at equilibrium with 

atmospheric oxygen. When water is under-saturated with oxygen, oxygen will transfer from air to 

water, and the reverse is true when water is supersaturated with oxygen. The driving force 

causing oxygen transfer is the difference in oxygen tension in the air and water. At equilibrium, 

the oxygen tension in air and are the same, and there is no oxygen transfer. (Boyd and Watten 

1989; Soderberg, 1982) reported that the net oxygen transfer depends upon oxygen deficit (OD) 

or oxygen surplus (OS), the area of contact of the air-water interface, the temperature, and the 

time of contact. Oxygen enters or leaves water at the interface between the air and water. 

Therefore, for the thin film of water in contact with the air, the greater (OD) or (OS), the faster 

oxygen will diffuse through this interface. Turbulence increases the rate of transfer by increasing 

the contact area of the air and water. Aerators work by increasing the area of contact between air 

and water and let the oxygen to transfer. 
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The objectives of the present study are: 

 

1. Design recirculating aquaculture system under local Mexican conditions by 

a. Choose the aerator (locally designed) that has the highest performance between four 

different aerators that can use in RAS. 

b. Test the performance of Tezontl as an alternative media for the bio-strata for its higher 

cost in biofilters. 

c. Design and study the ideal operating factors for the separator. 

2. Design recirculating aquaculture system to preserve water. 

3. Model to calculate aeration requirements and oxygen budget in RAS. 

4. Study three different oxygen ranges on carp growth rate to choose the lower level that do 

not affect carp growth rate, consequently lower energy consumption. 

5. Design and evaluate the performance of automatic feeder 

6. Intelligent dissolved oxygen control with autocalibration.  
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2. REVIEW OF LITERATURE 

 

2.1 Aquaculture system: 

Aquaculture is the rearing of aquatic organisms under controlled or semi controlled 

conditions, (Pillay, 1990). The word of "Aquaculture" through used rather widely for over a 

decade to denote all forms of culture of aquatic animals and plants in fresh, brackish and marine 

environments, is still used by many in a more restrictive sense, (Stickney, 1994). Aquaculture is 

the cultivation of aquatic animals and plants, (Enga et al., 1999). Aquaculture is the science and 

technology of producing aquatic plants and animals (Lawson, 1995). Jhingran and 

Gopalakrishnam, (1974) listed more than 400 aquaculture species. (Pillay, 1990) named 95 

finfish, 32 crustaceans, 35 mollusks, and 19 aquatic plants commonly used in aquaculture. 

 

2.1.1 Types of aquaculture systems: 

Pond aquaculture is generally the most profitable approach to growing aquatic animals 

because nature provides many of the resources need to grow the crop (Boyd, 1998). Pond 

aquaculture may be classified as species, pond characteristics, and intensity of culture. The 

culture systems may be classified by type of grow-out units (i.e., ponds, cages, pens, raceways, 

tanks, silos, etc). Ponds may be classified according to construction methods as watershed ponds, 

excavated ponds, and levee ponds (Yoo and Boyd, 1994). Ponds can also be utilized for both 

aquaculture and agriculture (rice culture cultivated with fish). 

Egna et al., (1997) classified aquaculture ponds depending upon the intensity of management 

inputs and the amount of production. In extensive aquaculture there are few inputs of nutrients, 

and production is quite low. Larger nutrient inputs are provided and greater production is 

obtained in semi-intensive aquaculture. The greatest inputs of nutrients are provided in intensive 



REVIEW OF LITERATURE 
 

8 
 

aquaculture to achieve very high production. Table (2.1) summarizes the different levels of 

management and amounts of net production that are typical in the culture of marine shrimp, 

tilapia and channel catfish. There are no standard definitions of extensive, semi intensive and 

intensive aquaculture, but reasonable divisions between the three levels of management and are 

as follows:  

1- Extensive-production is enhanced only by manures or chemical fertilizers. 

2- Semi-intensive feeds are used to increase production, manures and chemical fertilizers 

also may be used. 

3- Intensive-large amounts of feed are applied, manures and fertilizers may be used, and 

ponds are aerated by mechanical means. 

Table 2.1: Representative net production (kg/ha) for Channel Catfish, Tilapia and Marine Shrimp 

with different levels of management. 

Management 
Channel 
Catfish 

Tilapia 
Marine  
shrimp 

Stocking only 50-100 200-500 100-200 

Stocking and fertilization 200-300 1000-3000 400-600 

Stocking and feeding 1500-2500 3000-6000 --- 

Stocking-feeding and water exchange ---- ---- 1000-2000 

Stocking-feeding and aeration 2500-5000 6000-10000 ---- 

Stocking-feeding-aeration and water exchange 5000-10000 10000-20000 3000-10000 

 

2.2. Recirculating Aquaculture systems (RAS) components 

Indoor RAS offers the advantage of raising fish in a controlled environment, permitting 

controlled product growth rates and predictable harvesting schedules. RAS conserve heat and 
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water through water reuse after reconditioning by biological filtration using biofilters. RAS allow 

effective economics of scale, which results in the highest production per unit area and per unit 

worker of any aquaculture system. RAS are environmentally sustainable using 90-99% less water 

than conventional aquaculture systems and providing environmentally safe waste management 

treatment. Table 2.2 provides a comparison of water used per kg of fish produced. The RAS 

assumes a tilapia culture system with a density of 100 kg/m3, 1% feeding rate, and a feed 

conversion of 1 to 1 with a system volume discharge rate of 5% per day. Some current 

commercial RAS are using less water (2 or 3% system discharge per day), higher densities and 

similar feed conversion. RAS allow year-round production of consistent volumes of product, and 

complete climate control of the environment (Timmons and Ebeling, 2007). 

 

Table 2.2 Water and land use per kg of production of aquaculture products and a relative 

comparison to an intensive RAS Tilapia farm (RAS assumed to discharge 5% of system volume 

per day) 

System Species 
Production 
intensity 
(kg/ha/y) 

Water 
required 
(L/kg) 

Ratio 

Land Water 

RAS Produced 
O. niloticus 

(Nile tilapia) 
1,340,000a 500 1 1 

Ponds 
O. niloticus 

(Nile tilapia) 
17,400 21,000 154 420 

Ponds 
I. punctatus 

(Channel catfish) 
3,000 3,000-5,000 896 800 

Raceways 
S. gairdneri 

(Rainbow trout) 
150,000 210,000 18 4,200 

Ponds Panaeid Shrimp 4,200-11,000 11,000-21,340 354 320 
a does not account for land used external to building space 



REVIEW OF LITERATURE 
 

10 
 

Indoor aquaculture is probably the only potential method that could be used to ensure a 

100% safe source of sea food, free from chemicals and heavy metals.  The challenge to designers 

of recirculating systems is to maximize production capacity per dollar of capital invested. 

Components should be designed and integrated into the complete system to reduce cost while 

maintaining or even improving reliability. Research and development in recirculating systems has 

been going on for nearly three decades. There are many alternative technologies for each process 

and operation. The selection of a particular technology depends upon the species being reared, 

production site infrastructure, production management expertise, and other factors. Prospective 

users of recirculating aquaculture production systems need to know about the required water 

treatment processes, the components available for each process, and the technology behind each 

component. 

The by-products of fish metabolism include carbon dioxide, ammonia-nitrogen, and 

particulate and dissolved fecal solids. Water treatment components (Fig. 2.1) must be designed to 

eliminate the adverse effects of these waste products. In recirculating tank systems, proper water 

quality is maintained by pumping tank water through special filtration and aeration or 

oxygenation equipment. Each component must be designed to work in conjunction with other 

components of the system. 
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Fig. 2.1. Required unit processes and some typical components used in recirculating aquaculture 

production systems (Losordo et al., 1998). 

 

So the major RAS components that were applied in this study; 

1. Waste solids removal 

2. Biological filtration 

3. Spray column aerator 

4. Automatic feeder 

5. Dissolved oxygen controller 

 

2.2.1. Waste solids removal. 

2.2.1.1. Solids types in the RAS 

There are three categories of waste solids-settable, suspended, and fine or dissolved solids 

(Losordo et al., 1999). Large particles than 100m can be effectively removed by settling basins 

or mechanical screen filtration. However, fine particles cannot be removed effectively by either 
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gravity separation or granular filtration methods. Granular filters are effective only in the removal 

of particles larger than 20 m (Task committee, 1986). 

Settleable solids are generally the easiest to deal with and should be removed from the 

culture tank water as rapidly as possible. This is easiest when bottom drains are properly placed. 

In tanks with circular flow patterns (round, octagonal, hexagonal, square with rounded corners) 

and minimal agitation, settleable solids can be removed as they accumulate in the bottom center 

of the tank, in a separate, small flow-stream of water, or together with the entire flow leaving the 

tank. Center drains with two outlets are often used for the small flow-stream process. This double 

drain divides the flow leaving the tank into a small pipe carrying the settleable solids, and a larger 

pipe with a higher flow rate carrying the suspended solids from the upper water column of the 

tank (Fig. 2.2) 

 

Fig. 2.2. Particle trap is an advanced double drain design that concentrates much of the settleable 

solids in only 5 percent of the water flow leaving the fish culture tank (B). (after Hobbs et al., 

1997). 

Settled solids should be removed from the center of the tank on a continuous or semi-

continuous basis. The settleable solids flow rate will determine the method used to collect and 

concentrate them for further treatment or disposal. In systems with high settleable solids flow rate 

(20 to 50 percent of the total tank flow), swirl separators, settling basins, or drum screen filters 

are used to collect these solids. 
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Suspended solids will not easily settle out of the water column in the fish culture tank. 

Suspended solids are not always dealt adequately in recirculating systems. Most current 

technologies for removing suspended solids generally involve some form of mechanical 

filtration. 

Many of the fine suspended solids and dissolved organic solids that build up within intensive 

re-circulating systems cannot be removed with traditional mechanisms. A process called foam 

fractionation (also referred to as air-stripping or protein skimming) is often employed to remove 

and control the build-up of these solids. Foam fractionation is a general term for a process in 

which air is introduced into the bottom of a closed column of water and creates foam at the 

surface of the column. 

 

2.2.1.2. Removal Mechanisms 

There are three primary methods that are used to remove suspended solids from fish culture 

waters. These are: 

1. Gravity separation (sedimentation). 

2. Mechanical Filtration. 

3. Foam fractionator. 

Gravity separation works on the principle of sedimentation and settling velocities. Unit 

processes in this category include clarifiers (settling tanks), tube settler, and hydro 

cyclones.Sedimentation (e.g., settling basins) is an effective method of solids removal and has 

been applied to aquaculture systems with varying degrees of success (Timmons et al., 2001; 

Metcalf and Eddy, 1991). Sedimentation basin design in aquaculture systems depend upon: (1) 

flow rate, (2) particles specific gravity (density) and (3) the size of particle one wishes to remove. 

Traditional settling basin design from wastewater treatment uses hydraulic retention time to 
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determine the basin volume (Timmons et al., 2001; Metcalf and Eddy, 1991). However, Stechey 

and Trudell (1990) reported an overflow rate (Vo) method, which provides more consistent total 

suspended solids (TSS) removal in aquaculture systems. When applying this method, the 

overflow velocity of the settling basin determines the size of particles that will settle in the basin. 

Any particle with a settling velocity greater than the overflow rate of the basin (Vs > Vo) will 

theoretically settle out of suspension. Settling velocities can be theoretically determined for small 

particles with a low Reynolds number using Stoke’s Law. However, it is best to obtain a sample 

of waste particles to determine settling velocities, as most aquaculture solids are not 

homogeneous and do not meet the assumption of perfect spheres. 

Empirically, a wide variety of derived settling velocities have been reported for fish feces. 

The Vs range for tilapia feces has been reported as 1.7–4.3 cm/s (Timmons et al., 2001). By 

comparison, trout feces have a much lower specific gravity (1.005) and exhibit lower Vs (True et 

al., 2004; Timmons et al., 2001). Settling velocities for solids in flow through commercial 

rainbow trout facilities were reported as 0.16 cm/s and 2.31 cm/s for particles less than and 

greater than 815 m, respectively (True et al., 2004). Wong and Piedrahita (2000) determined the 

median settling velocity, on a mass basis, for manually stripped rainbow trout waste to be 1.7 

cm/s. Stechey and Trudell (1990) recommended an off-line settling basin overflow rate between 

40 and 80 m3/(m2.d) for salmonid culture, which translates to settling velocities between 0.046 

cm/s and 0.092 cm/s, respectively (Timmons et al., 2001). Removal of settable solids was found 

by Mudrak (1981) to be greater than 90% for intensive trout culture off-line settling basins with a 

design overflow rate of 60 m3/(m2.d) (0.069 cm/s) (Timmons et al., 2001). It has been estimated 

that 97% of solids loading could be captured in settling basins if re-suspension is not a problem 

(i.e., good design) (Henderson and Bromage, 1988). The Freshwater Institute (Shepherdstown, 
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WV) successfully applied this technique to solids thickening of drum filter effluents (97% 

removal of solids) using a radial flow clarifier (Timmons et al., 2001). However, traditional 

limitations associated with sedimentation, such as inefficient removal of particles <100 m, 

difficulty in the removal of settled solids (including high water loss) and large space 

requirements, remain (Timmons et al., 2001). 

Static separators, based on swirling flow, are simple and relatively inexpensive to 

manufacture and operate, which accounts for their widespread use, in a wide spectrum of 

industries. These include: storm water treatment (U.S. E.P.A., 1999; Konı´e`ek et al., 1996; 

Villeneuve and Gaume, 1994; Sullivan et al., 1978, 1982), industrial dedusting (Hoffmann et al., 

2001; Hoekstra et al., 1999), powder coating (Thorn, 1998). Much research has been done on the 

solid–liquid hydrocyclone. In the aquaculture industry, swirl separators are sometimes referred to 

as hydro cyclones. However, the swirl separator operated in the aquaculture industry is 

significantly different from conventional hydro cyclones. Though both have a similar structure 

with a cono-cylindrical body, a tangential inlet and bottom and top outlets, they differ in 

dimension. 

Hydrocyclones tend to have a diameter of the order of a few centimeters (Chen et al., 2000; 

Svarovsky, 1984) while swirl separators generally have diameters on the order of a meter. The 

pressure drop across hydro cyclones is also much larger than across swirl separators. The high 

pressure drops in hydro cyclones are achieved by high inlet velocities which give rise to large 

shearing forces. These should be avoided in swirl separators because they break wastes into 

smaller particles that are more difficult to remove. Though the design of hydro cyclones has been 

the subject of several studies (Castilho and Medronho, 2000; Chen et al., 2000 and Svarovsky, 

1984), the differences between conventional hydro cyclones and swirl separators makes it 
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impractical to apply these results to a swirl separator. In particular, swirl separators as considered 

here are dilute systems (<1% volume fraction solids) with more moderate flows than 

conventional hydro cyclones. 

Radial-flow settling units, also called circular center-feed sedimentation basins, are the most 

common settling tank design used in municipal wastewater treatment plants (Metcalf and Eddy 

Inc., 1991). A radial-flow settler is only similar to a swirl separator in that they are both 

cylindrical settling tanks with effluent launders located around the top perimeter of the vessels 

and sometimes with cone bottoms. However, radial-flow settlers have completely different flow 

hydraulics from swirl separators. A radial-flow settler introduces water into the center of the 

vessel, inside a ‘turbulence-dampening’ cylinder, and the water injected into the center of the 

tank then flows outward (in the vessel’s radial direction) to the overflow collection launder that 

surrounds the perimeter of the settler. Radial flow away from the center of the circular tank 

produces a progressively decreasing water velocity along the settling path. In addition, the 

circumference of the circular vessels produces a substantial outlet weir length, providing a low 

weir-loading rate. According to Metcalf and Eddy Inc., (1991), the design of the flow injection 

point within the center of the radial-flow settler is critical to dampen the turbulence created by the 

flow injection at the center of the tank. Therefore, the turbulence-dampening cylinder, located at 

the center of the circular settling tank, should be designed with a minimum diameter that is 25% 

of the tank diameter and should be located well above the maximum depth of sludge to minimize 

re-suspension of captured solids (Metcalf and Eddy Inc., 1991). Johnson and Chen, (2011) 

studied culture tank underflow rates of 5% and 15% to investigate size-up and commercial 

suitability of the design over a range of total culture tank flow rates as shown in the Table 2.3. 
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Table 2.3. Culture unit volume, flow and required clarifier diameter when operated at 15% and 

5% underflow rates.  

15% Underflow 5% Underflow 

Underflow 
rate (LPM) 

Clarifier 
diameterb (m)Culture unit 

volume (L) 

Culture unit 
flow ratea 

(LPM) 

Culture unit 
volume (L) 

Culture unit 
flow rateb 

(LPM) 

600 20 1800 60   

2601 87 7800 260 13 1.0 

16208 540 48600 1620 81 2.5 

64632 2154 193800 6460 323 5.0 

145273 4842 435600 14520 726 7.5 

258329 8611 774600 25820 1291 10.0 
a One turnover/30min. 
b Test conditions of Vs = 0.0274 cm/s (loading rate =0.40 gpm/ft2). 

 

There are two types of mechanical filtration are 

1. Screen filtration, and 

2. Expandable granular media filtration. 

 

Screen filters use some form of fine mesh material (stainless steel or polyester) through 

which effluent passes while the suspended solids are retained on the screen. Solids are usually 

removed from the screen by rotating the clogged screen surface inside high pressure jets of water. 

The solids are carried away from the screen in a small stream of waste water, Fig. 2.3. The 

feature that makes each screen filter different and the challenge in designing these units is the 

process of collecting the solids on the mesh surface. 
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Fig. 2.3. Typical drum screen filter (shown with a cut-away and expanded midsection) for waste 

solids removal from aquacultural recycle flow streams (after Losordo et al., 1999). 

 

Expandable granular media filters remove solids by passing water through a bed of granular 

medium (sand or plastic beads). The solids either adhere to the medium or are trapped within the 

open spaces between the medium particles. Over time, the filters will become clogged with solids 

and require cleaning, or backwashing. Backwashing these filters require that the filter bed be 

expanded (from a compacted state) to release the solids. Floating plastic beds have low density 

trapping and removing suspended solids from the flow-stream as water passes up. 

Foam fractionation removes dissolved organic compounds (DOC) from the water column by 

physically adsorbing DOC on the rising bubbles. Fine particulate solids are trapped within the 

foam at the top of the column, which can be collected and removed. The main factors affected by 

the operational design of the foam fractionator are bubble size and contact time between the air 

bubbles and DOC. A counter-current design (bubbles rising against a downward flow of water) 

improves its efficiency by lengthening the contact time between the water and the air bubbles, 

(Fig. 2.4). In this design, water is injected into the foam fractionator through a venturi or by air 
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compression using an air lift pump. The venturi mixes air with the water and the air/water 

mixture enters the body of the foam fractionator tangentially. 

 

Fig. 2.4. Pump driven by venturi type foam fractionator (Losordo, 1997). 

 

2.2.2. Removal of dissolved inorganic wastes 

There are a number of methods for removing ammonia-nitrogen from water: air stripping, 

ion exchange, and biological filtration. Air stripping of ammonia-nitrogen through non-flooded 

(no standing water in the reactor) packed columns require that the pH of the water be adjusted to 

above 10 and readjusted to safe levels (7 to 8) before the water reenters the culture tank (Losordo 

et al., 1999). Ion exchange technology is costly and requires a mechanism for “wasting” 

ammonia-laden salt water. A salt-brine is used to “regenerate” the filter by removing ammonia-

nitrogen from the resin (filter medium) once it becomes saturated with ammonia-nitrogen 

(Losordo et al., 1992). Biological filtration is the most widely used method. In biological 

filtration (or biofiltration), there is a substrate with a high specific surface area (large surface 

areaper unit volume) on which the nitrifying bacteria can attach and grow. Ammonia and nitrite-

nitrogen in the recycled water are oxidized (converted) to nitrite and nitrate by Nitrosomonas and 

Nitrobacter bacteria, respectively the nitrification process will discuss in the section below. 
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Commonly used biofilter substrates include gravel, sand, plastic beads, plastic rings, and plastic 

plates (Malone and Pfeiffer, 2006) 

 

2.2.2.1. Nitrification processes 

Ammonia is produced as the major end product of the metabolism of protein catabolism and 

is excreted by fish as unionized ammonia from their gills. Ammonia, nitrite, and nitrate are all 

highly soluble in water. Ammonia exists in two forms: un-ionized NH3 and ionized NH4
+. The 

relative concentration of each of these forms of ammonia in the water column is primarily a 

function of pH, temperature and salinity. The sum of the two (NH4
+ + NH3) is called total 

ammonia or simply ammonia. It is common in chemistry to express inorganic nitrogen 

compounds in terms of the nitrogen they contain, i.e., NH4
+-N (ionized ammonia nitrogen), NH3–

N (un-ionized ammonia nitrogen), NO2–N (nitrite nitrogen) and NO3–N (nitrate nitrogen). It 

permits an easier computation of total ammonia-nitrogen (TAN = NH4
+–N + NH3–N) and easy 

conversion between the various stages of nitrification. Biological filtration can be an effective 

means of controlling ammonia; opposed to water flushing control of ammonia levels. There are 

two phyto-genetically distinct groups of bacteria that collectively perform nitrification. These are 

generally categorized as chemosynthetic autotrophic bacteria because they derive their energy 

from inorganic compounds as opposed to heterotrophic bacteria that derive energy from organic 

compounds (Hagopian and Riley, 1998). Ammonia oxidizing bacteria obtain their energy by 

catabolizing un-ionized ammonia to nitrite and include bacteria of the genera Nitrosomonas, 

Nitrosococcus, Nitrosospira, Nitrosolobus and Nitrosovibrio. Nitrite oxidizing bacteria oxidize 

nitrite to nitrate, and include bacteria of the genera Nitrobacter, Nitrococcus, Nitrospira and 

Nitrospina. Nitrifying bacteria consume carbon dioxide as their primary carbon source, and 

obligate aerobes, which require oxygen to grow (Hagopian and Riley, 1998). 
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Nitrification is a two-step process, where ammonia is first oxidized to nitrite and then nitrite 

isoxidized to nitrate. The two steps in the reaction are normally carried out sequentially. Since the 

first step has a higher kinetic reaction rate than the second step, the overall kinetics is usually 

controlled by ammonia oxidation and as a result there is no appreciable amount of nitrite 

accumulation. Equations 2.1, 2.2 and 2.3 (EPA 1993; Ebling et al., 2006) show the basic 

chemical conversions occurring during oxidation by Nitrosomonas and Nitrobacter. 

For Nitrosomonas: 

1.5 2 84             2.1  

For Nitrobacter: 

0.5 17.8                                           2.2  

Overall: 

2 2                                               2.3  

The reaction of nitrification and cell biomass formation can also be written as (Haug and 

McCarty, 1972): 

For Nitrosomonas 

5 76  54 52 109          2.4  

For Nitrobacter 

400 5 195  2 400         2.5  

Overall reaction (Ebling et al., 2006) 

1.83 1.97 

0.0244 0.976 2.9 1.86               2.6  

Two major categories of microbial flocculation systems are found in aquaculture. 

Photoautotrophic systems often referred as green systems, use natural blooms of algae to control 
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nitrogen. The second microbial flocculation system consists of heterotrophic bacteria, where their 

growth is stimulated through the addition of a carbonaceous substrate. At high carbon to nitrogen 

(C/N) feed ratios, heterotrophic bacteria will assimilate ammonia-nitrogen directly into cellular 

protein. 

Conventional aquaculture ponds rely on the use of algal biosynthesis for the removal of the 

majority of the inorganic nitrogen. The major disadvantage of algal based systems is the wide 

diurnal variations in dissolved oxygen, pH and ammonia-nitrogen. Other disadvantages are long 

term changes in algal density and frequent die-offs, (Burford, et al., 2003). Undamaged algal 

populations in conventional ponds typically can fix 2-3g carbon/m2 day. High rate mixed ponds 

that are well managed can yield higher rates of 10-12 g carbon/m2day, (Brune, et al., 2003). The 

biosynthesis of algae was described by Stumm and Morgan (1996). For ammonia as the nitrogen 

source: 

16  92 92  14 106       2.7  

or, for nitrate as the nitrogen source: 

16  124 140  138 18     2.8  

Algalbiosynthesis (Brune et al., 2003) 

16  106 52  106 16       2.9  

C/N = 5.7/1 mg/mg, VS = 50% carbon 8.7% nitrogen 

Ammonia removal by heterotrophic bacteria can be described in general by equation 2.10 being 

ammonia the nitrogen source, (Ebling, et al., 2006): 

1.18 2.06 6.06  3.07        2.10  

This equation predicts that for every gram of ammonia-nitrogen converted to microbial 

biomass 4.71 g of dissolved oxygen, 3.57 g of alkalinity (0.86 g inorganic carbon) and 15.17 g of 
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carbohydrates (6.07 g organic carbon) are consumed (Ebling, et al., 2006). A microbial biomass 

of 8.07 g (2.63 g inorganic carbon) is produced. Oxygen demand is slightly higher being the 

alkalinity requirement about half and the CO2 production almost 75% greater than the 

corresponding reaction for nitrification. 

 

2.2.2.2. Biofilteration in RAS 

Biological treatment in the RAS is the use of bacteria to convert those fish dissolved wastes 

to cell mass and other stable end products. This section will discuss several key issues in 

biological treatment: (1) how wastes, bacteria, and feed are related; (2) why fixed film is the 

predominant biological treatment method in recirculating systems; (3) how biofilter design 

guidelines are derived from the needs of bacteria; and (4) how biofilter reliability is affected by 

the strategy employed to fulfill the design requirements. 

Wastes and bacteria have a complementary relationship. Dissolved wastes generated by the 

fish belong to one of two major categories: organic carbon or ammonia, which are used as energy 

and food by bacteria, Fig. 2.5. Organic carbon is both energy and food for heterotrophic bacteria 

which consume oxygen for respiration. The amount of oxygen used to convert the organic waste 

to cell material is referred to as biochemical oxygen demand (BOD). If the organic wastes are not 

removed by a filter, the BOD can cause that the oxygen concentration in the fish tank declines 

rapidly killing the fish (Golz, 1995). Ammonia is an energy source for autotrophic bacteria which 

use alkalinity to build cell material. Ammonia is first converted to nitrite by one group of bacteria 

Nitrosomnos and then to nitrate by yet another bacterial group Nitrobacter. Nitrate is a stable end 

product with low toxicity and does not harm the fish in the concentrations present, but ammonia 

and nitrite are both highly toxic at low concentrations. 
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Fig. 2.5. Fish excrete dissolved wastes convert to cell tissue by bacteria (Golz, 1995). 

In biofilters, the nitrifying bacteria usually coexist with heterotrophic microorganisms such 

as heterotrophic bacteria, protozoa and micro-metazoa, which metabolize biologically degradable 

organic compounds. Heterotrophic bacteria grow significantly faster than nitrifying bacteria and 

will prevail over nitrifying bacteria in competition for space and oxygen in biofilters, when 

concentrations of dissolved and particulate organic matter are high. For this reason, it is 

imperative that the source water for biofilters be as clean as possible with minimal concentration 

of total solids. 

Heterotrophic bacteria grow very efficiently doubling in population about every 8 hours 

(Golz, 1995). As Fig. 2.5 shows that for one pound of feed, 9/10 of an ounce of heterotrophic 

bacteria is produced, using 3/4 of an ounce of dissolved carbon. Aeration must be sufficient to 

supply the heterotrophs with 9/10 of an ounce of oxygen per pound of feed. Comparatively 

nitrifiers are less efficient requiring24 hours doubling in population (Golz, 1995). As a result of 

the one-pound feeding (Fig. 2.5), the fish excretes 4/10 ounces of ammonia, which yields only 

7/100 of an ounce of nitrifying bacteria. To perform the conversion of ammonia to nitrate, the 

nitrifiers require nearly 3 ounces of alkalinity and 2 ounces of oxygen per pound of feed. When 

water quality is sufficient to meet their environmental needs and they are given enough time to 
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reproduce, the nitrifying bacteria will flourish, producing nitrate as their final end product, Fig. 

2.5. However, if the water quality is allowed to decline or the ammonia loading is suddenly 

increased, ammonia and nitrite levels can raise rapidly. In summary, as with nitrifiers water 

quality demands are stricter and their growth is less efficient than heterotrophs, selecting 

biological treatment on the basis of nitrification will ensure that organic carbon is also removed. 

Biological treatment processes are classified as either suspended growth or fixed film. In 

suspended growth processes, the waste is added to a large aerated tank where it is converted to 

cellular material by suspended bacteria. These suspended bacteria must be removed by a solid 

separation device before recirculation water is returned to the culture tank. Autotrophic bacteria 

time to reproduce requires that a portion of the separated solids is continually monitored and 

recycled to the aeration tank. Because the operational requirements of suspended growth make it 

a large-scale intensive process, it is infrequently employed in aquaculture systems. In contrast, 

fixed-film processes require much less management or maintenance, and bacterial attachment 

(Fig. 2.6) provides sufficient time for the slow-growing nitrifiers to reproduce. Because of its 

advantages biofilm nitrification has become the standard treatment method for re-circulating 

aquaculture systems. 

 

Fig.2.6. Heterotrophs exist on the surface because of their higher growth rates while the slower 

growing nitrifiers become embedded in the biofilm (Golz, 1995). 
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The first juncture separates the two fundamental approaches to bacterial culture: suspended 

growth or fixed film. Suspended growth systems were rarely found in production aquaculture 

with the increased utilization of microbial flocculation systems for the production of tilapia and 

marine shrimp. In these systems heterotrophic bacterial growth is stimulated through the addition 

of organic carbonaceous substrate as molasses, sugar, wheat, cassava, etc. At high organic carbon 

to nitrogen (C/N) feed ratios heterotrophic bacteria assimilate ammonia-nitrogen directly from 

the water replacing the need for an external fixed film biofilter (Avnimelech, 1999; McIntosh, 

2001). 

In traditional intensive recirculating aquaculture production systems, large fixed-film 

bioreactors are used; nitrification of ammonia-nitrogen to nitrate-nitrogen is carried out by 

ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB). 

A common problem in freshwater production systems is nitrite poisoning. This typically 

occurs in newly established tanks systems where the nitrifying bacteria, Nitrobacter, has not 

become established, in tanks that are overcrowded and overfed, and after treating the fish tank 

with antibodies or chemicals that kill the bacteria. In all of these situations ammonia from 

metabolic wastes from the fish and from organic matter (uneaten food, dead plants, etc.) builds 

up. The bacteria Nitrosomonas oxidizes the ammonia to nitrite which is usually further oxidized 

to nitrate which has a low toxicity for fish. The nitrates are then removed through water changes. 

If the Nitrobacter bacteria is not established or becomes overwhelmed by the amount of nitrite 

present, nitrite levels quickly reach toxic levels. 

If nitrite enters as ions primarily through chloride cells, then expected role of pH is 

considerably smaller. This matter will be considered be low in connection with pH. From the 

blood plasma, nitrite diffuses into red blood cells, where it oxidizes the iron in hemoglobin to the 

+3 oxidation state. Hemoglobin that is changed in this way is called methemoglobin or 
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ferrihemoglobin (Kiese 1974), which lacks the capacity to bind oxygen reversibly (Bodansky, 

1951). As nitrite raises the fraction of methemoglobin in the blood, it reduces the total oxygen-

carrying capacity of the blood (Cameron 1971) results in hypoxia severe enough to cause sudden 

death but often the fish will live until they exert themselves. A visible symptom of high 

methemoglobin levels is a brown color in the blood or gills. 

Treatment not only includes decreasing the population to decrease ammonia levels, but also 

adding a chloride salt (in the form of sodium chloride or calcium chloride) to the water. The level 

of salt needed to treat (<50 mg/1) is not toxic to freshwater fish. The chloride ion competes with 

the nitrite ion at the gills. When the chloride ion is present at least three times and not more than 

six times the level of the nitrite ion, it is preferentially transported across the gills. Thus transport 

of the nitrite ion is reduced. Keeping the chloride levels in the water at least 20 mg/1 can prevent 

nitrite toxicities. Additional treatments can include emergency water changes to dilute the nitrite 

problem (Greely, 1994). 

In intensive recirculating systems heterotrophic bacteria growth and organic carbon 

accumulation are minimized intentionally through rapid removal of solids from the system and 

through water exchange. In general fixed film bioreactors are more stable than suspended growth 

systems (Malone and Pfeiffer, 2006). In a fixed film biofilter, a thin bacterial biomass coats the 

filter media and the dissolved nutrients and oxygen are transported by diffusion into the biofilm. 

Numerous types of media have been employed to support this biofilm, including rock, shells, 

sand, plastic, etc. Anything that supports a biofilm having a reasonable specific surface area has 

been used over the years. 

The major drawback to these types of filters is that they can be quickly ‘smothered’ by 

heterotrophic bacteria degrading its performance. Malone and Pfeiffer (2006) subdivided fixed 

film biofilters into four fundamental blocks distinguished by the strategy used to provide oxygen 
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and the techniques used to handle excess biofilm growth (Fig. 2.7). Biofilters employ different 

strategies to fulfill their design guidelines for nitrification. Malone and Pfeiffer (2006) 

established a decision tree with the numerous options available for providing oxygen and bio-

film growth handling. 

 

Fig. 2.7. An organizational tree of Biofilters (Malone and Pfeiffer, 2006). 

 

An ideal biofilter would maximize the media specific surface area and remove 100% of the 

inlet ammonia concentration, generate very little nitrite and maximize oxygen transfer. It will 

also use a small footprint, inexpensive media, and present minimum head loss; require very little 

maintenance without capturing solids. Unfortunately there is no biofilter that meets all of these 

properties. Each biofilter will present its own advantages and weaknesses for a given application. 

Currently large scale commercial re-circulating systems have been moving towards using 

granular filters (expanded beds, fluidized beds and floating bead beds). However, there are many 

types of bio-filters that are commonly used in intensive RAS: submerged bio-filters, trickling bio-

filters, rotating biological contactors (RBC), floating bead bio-filters, moving bed bioreactors, 

fluidized-bed bio-filters and countless others. 
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Emergent biofilters provide biofilm aeration taking advantage of the oxygen in the air. 

Rotating biological contactors (RBC) rotate the media slowly in and out of the water, providing 

both nutrients and aeration. Trickling biofilters allow the water to cascade over the media in a 

column, transporting both nutrients and oxygen towards the media having biofilm growth. These 

types of biofilters are capable of high aerial ammonia conversion rates, but are limited by low 

specific surface area. 

These types of filters also provide some carbon dioxide stripping and reduced system 

aeration requirements. Trickling biofilters consist of a fixed media bed through which a pre-

filtered wastewater trickles down the filter height, Fig. 2.8. Like RBCs, the media is never 

completely submerged so bacteria can get oxygen from both exposures to air and extraction from 

water. Trickling filters like RBCs rely on passive biofilm shedding, so they can become clogged 

with excess heterotrophic growth; it reduces substrate transport and depress nitrification. RBCs 

and trickling filters have very similar nitrification rates. 

  

Fig. 2.8 Trickling filter. 

The wastewater flows downwards over a thin aerobic biofilm diffusing the dissolved 

substrates into the biofilm where they are consumed by the nitrifying bacteria. As it trickles over 

the media, the water is continuously oxygenated and carbon dioxide is removed by the ventilated 

air. Trickling filters have been widely used in aquaculture, because they have a moderate cost, are 
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easy to construct and operate, are self-aerating and very effective at off gassing carbon dioxide. 

Eding et al., (2006) has published an excellent review on the design and operation of trickling 

towers. 

In municipal waste water treatment systems, trickling filters were traditionally constructed of 

rocks, but today most filters use plastic media, because of its low weight, high specific surface 

area (100–300 m2/m3) and high void ratio (>90%). A specific surface area of 150–200 m2/m3 is 

the most suitable for corrugated plastic media applied in wastewater treatment, (Eding et al., 

2006; Boller and Gudjer, 1986). Bionet, Filterpac and Munters specific surface areas for plastic 

media are 160 m2/ m3, 200 m2/m3 and 234 m2/m3, respectively (Kamstra et al., 1998). Rotating 

biological contactors (RBC, Fig. 2.9) have been used in the treatment of domestic wastewater for 

decades (Van Gorder and Jug-Dugakovic, 2005; Brazil, 2006). Rotating biological contactors are 

widely used as nitrifying filters in aquaculture applications. RBC technology is based on the 

rotation of a biofilter medium (bio-discs) attached to a shaft which is partially submerged in 

water. 

  

Fig. 2.9. Rotating Biological Contactor. 

Approximately 40% of the substrate is submerged in the recycled water. In aquaculture 

applications, volumetric nitrification rates of approximately 76 g TAN/m3 per day can be 

expected with this type of biological filter (Wheaton et al., 1994). The discs are rotated slowly at 

1.5- 2.0 rpm to expose the biologically active media to the nutrient recirculated water and to the 
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air providing oxygen to the biofilm. Early RBC designs were fabricated from discs of corrugated 

fiberglass with low specific surface area (164 m2/m3). On average, they convert about 1,250 mg 

of ammonia per cubic foot of media per day to nitrate (Golz, 1995). Media with higher specific 

surface area (258 m2/m3) are utilized in RBC construction, reducing physical size and increasing 

ammonia and nitrite removal capacity. Hochheimer and Wheaton (1998) recommended a 

maximum hydraulic loading design limit for RBCs of 300 m3/ m2 day. Brazil (2006) determined 

an average total ammonia nitrogen areal removal rate of 0.43 ± 0.16 g/m2 day for an industrial-

scale, air-driven RBC used to rear tilapia at 28 °C. Van Gorder and Jug-Dugakovic (2005) 

reported higher rates for multiple commercial scale systems of 1.2 g/m2.day. 

Rotating biological contactors have inherent advantages for aquaculture, because they are 

self-aerating, require little hydraulic head, have low operating costs, provide gas stripping, and 

can maintain an aerobic environment. In addition, they tend to be self cleaning due to the 

shearing of loose biofilm caused by the rotation of the media through the water. The main 

disadvantages of these systems has been the mechanical nature of its operation, the substantial 

weight gain due to biomass loading of the media and the resultant load on the shaft and bearings. 

The first major category of submerged biofilters employ a fixed, static packed bed of media 

that has no active management of either biofilm or solids accumulation. Examples of fixed, static 

packed beds are submerged rock biofilters, plastic packed beds and shell filters. Submerged 

packed beds relay entirely upon endogenous respiration to control biofilm accumulation (Manthe 

et al., 1988). The water can flow either from the bottom up (up-flow) or from the top down 

(down-flow). Hydraulic retention time can be controlled by adjusting the water flow rate. Solids 

from the culture tank can accumulate within the submerged filter, along with cell mass from 

nitrifying and heterotrophic bacteria. 
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This process can eventually block void spaces, requiring a mechanism to flush solids from 

the filter for successful long term operation. Large void spaces prevent filter clogging requiring 

of large size media, such as uniform crushed rock over 5 cm in diameter or plastic media over 2.5 

cm in diameter, Fig 2.10. However, 5 cm diameter crushed rock would only have a specific 

surface area of 75 m2/ m3 and a void fraction of only 40 to 50%. Random packed plastic media 

would also have a relatively low specific surface area of 100–200 m2/m3, but a much higher void 

fraction, greater than 95%. These filter drawbacks are low dissolved oxygen and solids 

accumulation, resulting from heavy organic matter (feed) loading and back flushing difficulty. 

 

Fig. 2.10. Rock packed bed biofilter. 

The Tezontle is an original stone material of igneous rocks formed by solidification of 

molten magma originating from eruptions. Its type is Extrusive or that solidified on the surface 

quickly. Its composition is CaO.Al2O3.(SiO2)2 (Vargas Tapia et al., 2008), the Structure of 

Tezontle present the oxide of Fe giving the red or black color, its characteristics depend on the 

presence of Hematite or magnetite. Table 2.4 shows some of the most important characteristics of 

Tezontle: 
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Table 2.4. Tezontle characteristics. 

Group: Oxides  Brightness: Matt 

Chemical formula: CaO AlO3 (SiO2)2  Specific weight: 2.41 g/MI 

Origin: Volcanic  Porosity: 75.9% 

Hardness: 5 Mohs  Loss by ignition: 0.49% 

Texture: Vesicular, Porous  Solubility in HCl 30%: 0.47% 

Density: From 1.2 to 1.6 kg/m3  Solubility in NaOH 30%: 0.55% 

Color: Red or black  Abrasion loss: 0.60% 

 

The volcanic rock has been tested as filter material for removing suspended solids (Valdivia 

Soto et al., 2000; Vaca Mier et al., 2001, Navia et al., 2005) in wastewater.  In a pilot-filter 

domestic type (Valdivia Soto et al., 2000) reduce chemical oxygen demand, total suspended 

solids, ammonia and nitrates concentration and separation efficiencies of suspended organic 

matter up to74% and a reduction of turbidity, with total elimination of coliform bacteria. (Vaca 

Mier et al., 2001). TSS removals of up to 95% and 80% COD (Navia et al., 2005). 

Recently tested the removal of uranium very low concentrations and ratios have been 

reported for two species Langmuir stable in different pH, even without recommending 

appropriate application or report the removal efficiency obtained (López Muñoz et al., 2009). 

(Ortiz Polo et al., 2007,2009) reported that Tezontle has a very high removal efficiency of Cu(II), 

Cd (II), Co (II), Hg (II), Mn (II), Ni (II), Pb(II) and Zn (II) in water, without showing selectivity. 

Medium sized fluidized sand biofilters (Fig. 2.11) have a surface area to volume ratio of 

2297m2/m3 and will typically convert 17,500 milligrams of nitrogen per cubic foot of media per 

day which is 14 times higher than a RBC or trickling filter. The sand filter has two operational 

modes: filtration and washing. In the filtration mode, the flow rate is controlled to expand the bed 
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by 50%. Flow must be provided at high rates to prevent clogging, but taking care that it will not 

cause media scouring. Over time, when bacterial growth begins to clog the filter, a washing mode 

is initiated by increasing the flow rate to scour the sand. The fluidized-bed biofilter can easily be 

scaled to large sizes, and are relatively inexpensive to construct per unit treatment capacity 

(Summerfelt and Wade, 1997, Timmons, 2000). 

Since this biofilter cost is roughly proportional to its surface area, fluidized-bed biofilters are 

cost competitive and small in size compared to other biofilter types (Summerfelt, 1999).  

Fluidized-bed biofilters are efficient for removing ammonia; typically removing 50-90% of the 

ammonia during each pass in cold- and cool-water aquaculture systems (Summerfelt et al., 2001). 

Nitrification rates for coldwater systems range from 0.2 to 0.4 kg TAN removal per day per cubic 

meter of expanded bed volume (Timmons and Summerfelt, 1998). In warmwater systems, TAN 

removal rates range from 0.6 to 1.0 kg per day per cubic meter expanded bed volume (Timmons 

et al., 1998). 

The main disadvantages of fluidized-bed biofilters are the high pumping water cost through 

the biofilter and lack of water aeration, as do trickling towers and RBC’s. Additional 

disadvantages are that they can be more difficult to operate and can have serious maintenance 

problems, usually due to poor suspended solids control and bio-fouling. 

Microbead biofilteris distinctly different than the more commonly used floating bead filters, 

(Fig 2.11) (Timmons et al., 2006). Floating bead filters work in pressured vessels and use a media 

that is slightly buoyant. The required beads mass for the required volume (~700 kg per cubic 

meter) make the media relatively expensive; Sand or microbead media are less expensive on a per 

volume basis. Microbead filters use a polystyrene bead (microbead, density of 16 kg per cubic 

meter) that has a diameter of 1-3 mm compared to floating bead filters media of approximately 3 

mm in diameter (Greiner and Timmons, 1998). 
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Microbead filters are considered a low-cost design alternative similar to fluidized sand filters 

because of their ability to be scaled to large production systems. A key advantage of microbead 

filters is that their operation cost will be 50% of conventional fluidized sand beds due to their 

ability to use low head high volume pumps (Timmons and Ebeling, 2007). For design purposes 

having influent ammonia-nitrogen levels from 2 to 3 mg/l, microbead filters can be assumed to 

nitrify approximately 1.2 kg of TAN per cubic meter of media daily for warm water systems. For 

cool water applications, rates should be assumed to be 50% lower than warm water rates 

(Timmons and Ebeling, 2007). These rates are similar to those used for fluidized sand beds. 

Floating bead bioclarifiers are fixed expandable beds which utilize floating polyethylene 

beads that have a specific surface area of 350 ft2/ft3, and convert about 8,750 milligrams of 

nitrogen per cubic foot of media per day, (Fig 2.11). When the filter is used for both biological 

treatment and solids capture (Malone and Beecher, 2000) during the filtration mode, water flows 

up through the media where solids, soluble carbon, and ammonia are removed. Bead filters are 

often referred to as bio-clarifiers for their ability to perform both bio-filtration and clarification in 

a single unit. Clarification is the process of removing suspended solids from the water. 

Suspended solids in aquaculture are generally small particles (< 100 micron) of undigested or 

partially digested food, bacteria, algae, clay, and silt, suspended in the water column. The beads 

used are food-grade polyethylene 3-5 mm in diameter with a specific gravity of 0.91; its specific 

surface area is of 1150-1475 m2/m3 (Malone et al., 1993). Floating bead filters are resistant to 

bio-fouling and generally require little water for backwash. 

The bead filter is typically either bubble-washed or propeller-washed during the backwash 

procedure. In this procedure bed expands and separates trapped solids from the beads. Bead 

filters advantages include their modular and compact design, ease of installation, and operation 

Timmons and Ebeling, 2007. In addition, they can be used as a hybrid filter for both solids 
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removal and nitrification. The propeller-washed bio-clarifiers are operated in the filtration mode 

most of the time, (Fig. 2.11). The disadvantage is that solids are held in a place where they can 

degrade and affect system’s water quality.  In general, using these filters will require the designer 

to provide for more oxygenation and biofiltration capacity. 

  

Fig. 2.11. Bead filters are distinguished by the way the beads are washed. The bubble washed 

unit is cleaned by draining and the propeller-washed units are intermittently cleaned by a 

propeller and The Poly Geyser Bead Filter is the next generation in Bead Filter technologies 

primarily through its automatic pneumatic backwash mechanism Microbead Biofilter. 

 

2.2.3. Aeration process 

Gas dissolution in water involves four major steps, and each has the potential of being rate 

limiting, (Fig. 2.12) (Boyd and Watten, 1989). In step 1, oxygen moves from the bulk gaseous 

phase into the gas-liquid interface. In step 2 and 3, the oxygen diffuses through laminar gas and 

laminar liquid films, respectively. In step 4, the oxygen enters the bulk liquid phase. Under 

normal conditions, gas transfer resistance occurs primarily in step 2 and 3. The transfer of highly 

soluble gases, such as ammonia, is restricted to the gas film while the transfer of less soluble 

gases, such as oxygen and nitrogen are restricted within the liquid film. In the latter case, the 

transfer rate is proportional to the differential between existing and saturated of a gas in solution. 
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This relationship can be expressed by the Lewis-Whitman gas transfer model (Lewis and 

Whitman, 1924): 

)( ms CC
V

AD

dt

dc



       2.11 

When (Cs – Cm) is positive (under-saturation), gas will transfer from the atmosphere into the 

bulk liquid. If (Cs – Cm) is negative (super-saturation) gas will transfer from the liquid to the 

atmosphere. It's difficult to measure interface film ∆ and A, therefore the ratios A/V and D/∆ are 

usually combined into a composite term called the overall gas transfer coefficient (KLa) such that 

)( msL CCaK
dt

dc
      2.12 

 

Fig. 2.12. The four-step gas transfer process. 

The overall gas transfer coefficient represents conditions in a specific gas-liquid contact 

system (Boyd 1990).The rate of gas transfer can be increased by reducing the thickness of the 

interface film (∆), by increasing the surface area of contact (A) or by increasing the value of (Cs – 

Cm). Turbulence and/or mixing are required for rapid transfer of oxygen to or from the 

atmosphere. All aerators (except for some pure oxygen aeration systems) increase the rate at 
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which oxygen is transferred to water after creating turbulence and/or mixing. Turbulence is 

difficult to estimate, but it's possible to obtain the KLa value empirically between two points. 

Integration of the previous equation: 

12

21 )ln()ln(

tt

ODOD
aKL 


          2.13 

2.2.3.1. Aerators for aquaculture systems 

There are many different types of aerating devices that are used in aquaculture. These fall 

into the broad categories of mechanical aerators, gravity aerators, and air diffusion systems. 

Mechanical aeration is achieved imparting mechanical energy to water in order to break it up into 

droplets. Oxygen transfer is enhanced by increasing the air-water interface area. Mechanical 

aerator is driven by electric motors or internal combustion engines. Surface aerators are devices 

that break up or agitate the water surface such that larger oxygen transfer rates are achieved. 

Water drawn into the vertical tube by a propeller, is pumped upward, deflected radially, and 

sprayed in an umbrella pattern over the water surface (Fig. 2.13A). Boyd and Martinson (1984) 

stated that in comparison tests, spray type-surface aerator transferred 1.34 to 1.91 kg O2/kW-h. 

Wheaton (1993) reported that the oxygen transfer rate (kgO2/h) depends on different variables as 

(1) depth of submergence, (2) rotor speed, (3) rotor diameter, (4) unit volume of liquid being 

aerated, (5) oxygen concentration gradient, and (6) aerator design. Cancino (2004) designed and 

tested a small surface aerator with propeller having a diameter of 94 mm, an inlet angle of 11° 

and an exit angle of 25° which yielded standard aeration efficiency (SAE) of 1.805 kg O2/kW-h. 

A vertical pump aerator consists of a submersible, electric motor with an impeller attached to 

its shaft. The motor is suspended by floats, and the impeller pushes water into the air to apply the 

aeration. A vertical pump aerator is shown in Fig. 2.13.These aerators are manufactured in sizes 

ranging from less than one kW to over 50 kW, but those used for aquaculture are seldom larger 
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power requirements are on order of 1 kW for each 50 cm of paddle length, (Fig. 2.14A). Ahmad 

and Boyd (1988) stated that the highest oxygen transfer efficiency was achieved with a 

paddlewheel 91cm in diameter with triangular paddles (120 to 135° interior angle) spiraled on the 

hub, (Fig. 2.14B). (Chen et al., 1988; Wyban et al., 1989) used Taiwanese paddle-wheel aerators 

in intensive shrimp culture ponds, (Fig. 2.14C). 

       

Fig. 2.14. (A) floating electric paddlewheel aerator (B) triangular paddles (135° interior angle) 

spiraled on the hub (C) Taiwan paddle wheel aerator. 

Diffuser aerators inject air into a body of water in the form of bubbles, and oxygen is 

transferred from the bubbles to the water by diffusion across the liquid film. Bubbles rise in a 

water column being a relative motion between water and bubbles. This causes water circulation 

and a renewing of the surface area in contact with the bubble, increasing oxygen transfer. Simple 

diffused-air aerators use an air compressor or an air blower to provide air to diffusers positioned 

on the pond bottom or suspended in the water, (Fig. 2-15A). A variety of types of diffusers have 

been used, including ceramic domes, porous ceramic tubing, porous paper tubing, perforated 

rubber tubing, perforated plastic pipe, packed columns, and carborundum air stones. The 

minimum operating pressure increases with increasing water depth above the diffuser, since 

enough pressure must be provided to force air from the diffuser against the total pressure 

(atmospheric plus hydrostatic) at the discharge point (Boyd, 1990). Boyd and Ahmad (1987) 

stated that simple diffused aeration is not efficient in shallow ponds commonly used for fish 

A 
B 

C 
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Parker (1983) designed an air-lift pump which is illustrated in (Fig. 2.16A). The pump is 

constructed with a PVC pipe, termed the eductor and a PVC elbow. Air from an air blower is 

released through a 90° hose adaptor into the PVC pipe. If desired, an air diffuser that releases 

smaller bubbles of air can be placed in the pipe. The rising air bubbles lift water through the 

eductor and discharge it at the surface. A pump holder is attached between the anchor post and 

the pump. This holder contains a flotation device and it permits the pump to pivot. Ballast must 

be provided at the bottom of the pump. Loyless and Malone (1998) developed and evaluated air 

lift-pump capabilities for water circulation, aeration, and degasification (for stripping carbon 

dioxide) for recirculating aquaculture systems. The air-lift was constructed from 2" PVC with a 

double ‘way’ inlet and a combination 90 and 45° outlet. The air was injected through 3/8" tubing, 

either terminating into 6" air stones or open-ended (Fig. 2-16B). 

  

Fig. 2.16. An air lift pump 

Propeller-aspirator aerators function according to the Venturi principle. The primary parts of a 

propeller-aspirator-pump aerator are an electric motor, a hollow shaft which usually rotates at 

3450 rpm, a hollow housing inside which the rotating shaft fits, a diffuser, and an impeller 

attached to the end of the rotating shaft (Fig. 2.17). In operation the impeller accelerates the water 

sufficiently to cause a pressure drop within the hollow tube to force atmospheric air into the tube. 

A B 
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The air passes through the diffuser and enters as fine bubbles that are mixed by the impeller. 

These aerators provide water circulation in addition to aeration. 

  
 

www.aireo2.com 

Fig. 2.17. Propeller-aspirator-pump aerator (A) designed to propel water horizontal to the pond 

surface (B and C) to propel water with angle. 

Propeller-aspirators are manufactured with motor sizes varying from 0.37 to over 11 kW. In 

practice the float supports the motor and shaft at an angle with the water surface and the angle 

can be adjusted to operate in either deep or shallow water conditions. Boyd and Martinson (1984) 

found that 30° was the best angle for maximum oxygen exchange, give SAE averages of 1.73 to 

1.91 kg O2/kW-h. The other type has the entire aerator assembly suspended beneath the water; 

water is directed horizontally to the surface, (Fig. 2.17A). Ruttanagosrigit et al., (1991) indicated 

that the propeller aspirator pump aerator was more efficient than the Taiwan-style paddlewheel 

aerator at salinities of 10-30 PPT (aeration efficiencies averaged 1.2 and 0.85 kg O2/kW-h 

respectively). 

Gravity aerator is the simplest way to aerate in flowing water aquaculture systems like race 

way ponds, if a sufficient gradient exists. Man-made gravity aerators utilize the energy released 

when water loses altitude to transfer oxygen. Gravity aerators consist of weirs, splashboards, 

lattices, and screens. To evaluate the efficiency of a gravity aerator (Chesness and Stephens, 

A B C 
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1971; Tebbutt, 1972) dissolved oxygen concentration is measured in water above and below the 

aerator. 

100x
DODO

DODO
E

as

ab




   (2.14) 

Water may pass over a simple weir, fall onto a splashboard, flow across a screen or an 

expanded metal sheet, flow down an inclined corrugated sheet (with or without holes), flow down 

a stair-step surface with holes called lattice, or pass down a stair-step surface without holes that is 

known as a cascade, Fig. 2-18. They are used individually, or in combination with other devices 

to enhance aeration, such rotors or brushes Fig. (2-18 B). 

 

Fig. 2.18. Various types of gravity aerators, (A) simple weir, (B) weir with splashboard, (C) 

corrugated sheet, (D) corrugated sheet with holes, (E) lattice, and (F) cascade (Soderberg, 1982). 

Examples of gravity aeration combined with other device (G) weir with paddlewheel; (H) weir 

with rotating brush (Wheaton, 1993). 

 

Simple weirs were the least efficient of the aerators tested. A series of screens, perforated 

trays, or expanded metal sheets can be stacked one above the other in a box (Wheaton, 1993). 

Typical spacing between trays is 10-25 cm and 4-10 trays are commonly used. An aerator with a 

height of 1m usually can provide at least 70-80% saturation of water with oxygen. 
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2.2.3.2. Aeration management 

Emergency aeration is commonly practiced in larger ponds of 3 to 20 acres and involves the 

use of splash or spray type aerators typically powered by tractors or electric/fuel driven motors. 

This aeration is used only when dissolved oxygen drops to levels stressful to fish. Inherent in this 

approach is the need to frequently monitor oxygen in the pond to anticipate when crises may 

arise. Maintenance aeration systems are intended to prevent critical low oxygen levels from 

occurring. Aeration systems of this type typically include a low-pressure high-volume blower, 

PVC and/or polyethylene distribution pipe, and air releasers. Often small bubble diffusers are 

used to maximize oxygen transfer from the air stream. Air is released near the pond bottom, 

aerating and mixing water as it rises to the surface. These systems are relatively energy efficient 

and when operated continuously create and sustain an improved environment for fish production. 

Total operating costs may be higher for the maintenance systems, but labor cost of oxygen 

monitoring is reduced. Risk due to low oxygen kills is minimized, and higher production per acre 

realized. Oxygen maintenance systems usually entail higher purchase and installation costs, but 

again the benefits realized can offset the initial expense over a relatively short period of time. 

Standard aerator efficiencies (SAE) for several types of aerators commonly used in 

aquaculture systems are listed in table 2.4. The SAE for all aerators shown ranges from 0.6 to 3.0 

kg O2/kW-h. Paddlewheels, in general, are more efficient at transferring oxygen and circulating 

water than other types of aerators, based on performance in clean water tanks (Boyd and Ahmad, 

1987). 
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Table 2.5. Relative efficiencies of various aeration devices. 

Aeration device 
Standard aerator efficiency 

(Kg O2/kW h) 
Reference 

Gravity aerators   

Cascade weir (45°) 1.5 – 1.8 Colt and Orwicz (1991) 

Corrugated incline plane 1.0 – 1.9 Colt and Orwicz (1991) 

Horizontal screen 1.2 – 2.6 Colt and Orwicz (1991) 

Lattice 1.8 – 2.6 Colt and Orwicz (1991) 

Average transfer efficiencies 1.2 – 2.3 Chesness and Stephens (1971) 

Packed column   

Zero head 1.2 – 2.4 Colt and Orwicz (1991) 

0.5 – 1 m head 10 – 80a Colt and Orwicz (1991) 

Surface aerators   

Low speed surface 1.2 – 2.4 Colt and Orwicz (1991) 

Low speed surface with draft tube 1.2 – 2.4 Colt and Orwicz (1991) 

High speed surface 1.2 – 2.4 Colt and Orwicz (1991) 

Vertical pump 0.7 – 1.8 Colt and Orwicz (1991) 

Pump sprayer 0.9 – 1.9 Colt and Orwicz (1991) 

Paddle wheel 1.1 – 3.0 Colt and Orwicz (1991) 

Subsurface aerators   

Aeration cone 2.5 Colt and Orwicz (1991) 

Air-lift pump 2.0 – 2.1 Colt and Orwicz (1991) 

Air diffuser 0.6 – 3.9 Boyd (1990) 

Air diffuser Fine bubbles 1.2 – 2.0 Colt and Orwicz (1991) 

Air diffuser Medium bubbles 1.0 – 1.6 Colt and Orwicz (1991) 

Air diffuser Coarse bubbles 0.6 – 1.2 Colt and Orwicz (1991) 

Propeller aspirator 1.7 – 1.9 Colt and Orwicz (1991) 

Propeller aspirator 1.3 – 1.8 Boyd (1990) 

Nozzle 1.3 – 2.6 Colt and Orwicz (1991) 

Static tube 1.8 – 2.4 Colt and Orwicz (1991) 

U-tube 0.7 – 2.3 Colt and Orwicz (1991) 

Venturi 2.0 – 3.3 Colt and Orwicz (1991) 
a = doesn't include power to the pump. 
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2.2.3.3. Impact of aeration on fish farms productivity 

In most pond culture operations, aeration offers the most immediate and practical solution to 

water quality problems encountered at higher stocking and feeding rates. The aeration has higher 

effect on fish growth rate than other parameters. Loyacano (1974) reported that channel catfish 

production was increased from 2700 kg/ha in control ponds to 5500 kg/ha in aerated ponds with 

continuous diffused aeration. Parker (1979) used several types of aeration and water exchange to 

increase channel catfish production from 3000 kg/ha in control ponds to 15000 kg/ha in aerated 

ponds. Plemmons and Avault (1980) used a combination of continuous aeration with floating 

electric aerators, emergency aeration with PTO aerators and water exchange producing a channel 

catfish yield of 12800 kg/ha. Maximum net production of 6000 kg/ha, when feeding rates rose to 

168 and 224 kg/ha, feed conversion ratio was 2.5 and 16.5kg fish biomass/kg food, respectively. 

Sandifer et al., (1987) stocked 45 post-larval P. vannanei /m2 having paddlewheel 7.5 kW/ha 

aerators with an average water exchange of 17.5% per day. The production increased to 7500 

kg/ha in 169 days. Chen et al. (1988) indicated that shrimp can be reared in intensive systems 

with aeration producing 12000 kg/ha (Penaeus penicillatus) in 141 days. Ponds were stocked 

initially with 286 post-larval/m2. They used aeration with paddlewheel aerators at 11.7 kW/ha 

and water exchange up to 30% of pond volume per week. Dissolved oxygen concentration 

remained above 3.5 mg/L and the feed conversion factor was 1.7.Wyban et al., (1989) stocked six 

earthen ponds with area of 0.4 ha for each with P. vannanei of 25 post-larval /m2. Three ponds 

were aerated at 3.7 kW/ha with Taiwanese paddlewheel aerators and three ponds were not 

aerated. Water was exchange of 0.8 and 2.2% of pond volume per day in aerated and unaerated 

ponds, respectively. All other management procedures were identical between treatments. 

Average shrimp production was 2852 kg/ha in aerated ponds and 2061 kg/ha in unaerated ponds. 

Feed conversion ratios were 3.2 and 3.8 in aerated and unaerated ponds, respectively. The net 
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value of the shrimp crop of aerated ponds was 42% greater than that of the unaerated ponds. 

Rockey and McGinty (1989) indicated that with continuous use of two to four, one horse power 

paddlewheel aerators per pond at stocking rates of tilapia 12000 to 20000/acre have been used in 

1.2 to 2.5 acre, yields for a single crop range from 6 to 10 ton/acre. 

(Diana et al., 1994; Diana et al., 1995) reported that Tilapia yields of 11,000-15,000 kg/ha in 

5-8 months were achieved in Thailand ponds in aerated, fertilized and fed ponds stocked with 3 

fish/m2. Yi and Lin (2001) stated that nighttime aeration for 5 h enhanced the growth of tilapia in 

the integrated cage-cum-pond system with 4 cages/pond, and increased the carrying capacity. Net 

yield of caged tilapia in aerated ponds averaged 6.92 ± 0.60 t/ha/crop, which was significantly (P 

< 0.05) higher than that (3.65 ± 0.22 t/ha/crop) in unaerated ponds with four cages each. 

2.3. Dissolved oxygen budgets in aquaculture systems 

The oxygen demand varies with fish species, life stage, size, stock health, water temperature, 

feeding regime (time after feeding), ambient dissolved oxygen concentrations, activity or 

swimming. Marvine and Heath (1968) stated that fish also consume less oxygen when exposed to 

low oxygen concentrations for a prolonged period. Channel Catfish subjected to gradual hypoxia 

reduced oxygen consumption from about 100 mgO2/kg/h at 100% oxygen saturation to about 30 

mgO2/kg/h at about 25% oxygen saturation. Willoughby (1968) related oxygen consumption to 

the amount of food fed to trout in hatcheries with the following expression: 

0.0545   (2.15) 

Farmer and Beamish (1969) mentioned that the oxygen consumption increases substantially 

with activity. Nile Tilapia (Tilapia nilotica) forced to swim against a current of 30 cm/s 

consumed 220 mgO2/kg fish/h, and 460 mgO2/kg fish/h swimming at 60 cm/s. Elliot (1969) 

studied the oxygen consumption rate for Chinook Salmon between 1.85 and 17.5g in weight. He 



REVIEW OF LITERATURE 
 

49 
 

measured the DO concentrations above and below groups of fish under hatchery conditions and 

developed an empirical method for estimating their rate of oxygen consumption. 

1- For fish from 1.85 to 5.90 g 

 )85.1)(04544.0001242.0()7718.002420.0(  WgTTSOC BB   (2.16) 

2- For fish from 5.90 to 17.50 g 

 )90.5)(011601.00003676.0()5877.001917.0(  WgTTSOC BB   (2.17) 

Liao (1971) collected oxygen consumption data for trout and Pacific Salmon in hatcheries 

and developed an equation that predicts oxygen uptake when water temperature and average fish 

size are known: 

m
Ib

n
BR WkTSOC    (2.18) 

where m and n are slopes, the following constants were provided: 

Species T, ºF k m n 

Salmon 50 7.20x10-7 - 0.194 3.200 

Salmon >50 4.90x10-5 - 0.194 2.120 

Trout 50 1.90x10-6 - 0.138 3.130 

Trout >50 3.05x10-4 - 0.138 1.855 

 

Andrews and Matsuda (1975) Reported that catfish held under constant environmental 

conditions decreased in respiration rate after feeding as follows: 

Time after feeding Oxygen consumption (mgO2/kg/h) 

Immediately after feeding 520 

1 h after feeding 680 

Fasted overnight 380 

Fasted 3 days 290 

Fasted 9 days 290 
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The increase of oxygen consumption is due to the metabolic demands associated with 

digestion and assimilation of food. Schroeder (1975) gave a general equation for calculating fish 

respiration at 20 - 30ºC, 

.    (2.19) 

Boyd et al. (1978) used data from Andrews and Mastuda (1975) to develop the following 

equation for estimating channel catfish respiration. 


)0000003.00000087.0
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(2.20) 

Muller-Fuega et al. (1978) presented an equation for estimating oxygen consumption by 

rainbow trout: 

 10gI WSOC    (2.21) 

The constants α, γ and β values are as follows: 

Constant 4-10, ºC 12-22, ºC 

α 75 2.49 

γ - 0.196 - 0.142 

β 0.055 0.024 

 

(Jobling, 1981; Wells et al., 1983) indicated that oxygen consumed faster by fish that have 

recently eaten than by fasted fish. The increase in oxygen consumption following the ingestion of 

food (commonly termed specific dynamic action) is greater as feeding rate (FR) rises. Grottum 

and Sigholt (1998) developed a model for estimate oxygen consumption as a function to body 

weight, temperature and swimming speed for Atlantic Salmon (Salmosalar): 

UT
kgI

IBWSOC )10.0(79.1)10.0(03.1)6.6(6.61 )11.0(33.0  

      (2.22) 
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Ali (1999) presented the following equation to estimate oxygen consumption by tilapia, 

IgIgIgI TWTWTWSOC 20.089.30017.03.16133.40.1892 22 
  

(2.23) 

at following constraints 

 Water temperature 24 to 32°C, 

 Tilapia 19 to 203 g average individual fish weight, 

 Feeding rate was according to Rockey, 1989 

Valverde and Garcia (2004) estimated oxygen consumption for Octopus vulgaris with body 

weights between 0.22 and 3.26 kg at temperature of 13.75 – 22.23 ºC; 

Ikgroutine TWMo ln10876ln702.0726.0ln 2           (2.24) 

Ikgsda TWMo ln769.1ln713.0045.0ln 2                 (2.25) 

where, Mo2routine is the routine oxygen consumption, defined as the mean value of individual 

hourly oxygen consumption excluding the specific dynamic action period. 

This represents an estimate of the energy needed for standard metabolism, and Mo2sda is the 

post – prandial oxygen consumption, the value of individual hourly oxygen consumption in the 

specific dynamic action. Respiratory oxygen used in the aerobic decomposition of organic matter 

by heterotrophic bacteria, oxygen used in the oxidation of reduced inorganic substances by 

autotrophic bacteria (such as oxygen consumed in the oxidation of ammonia to nitrate by 

nitrifying bacteria), also oxygen consumed in various chemical reactions in pond soils. (Wang 

1980; Barcelona, 1983) indicated that oxygen used in chemical oxidation reactions may represent 

a significant fraction of the total oxygen used by sediment, such as the sediment at anaerobic 

conditions may contain a high concentrations of sulfides and consequently oxygen use in 

chemical reactions. Boyd (1979) named the amount of oxygen required by microorganisms to 

decompose the organic matter in the water under a specific set of conditions the biochemical 
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oxygen demand. (Sawyer and Mc Carty, 1967; Boyd, 1973) called that is the amount of oxygen 

required to completely oxidize all of the organic matter in a sample to carbon dioxide and water 

chemical oxygen demand. To reduce chemical or biochemical oxygen demand, farmers 

sometimes add calcium hydroxide or potassium permanganate to oxidize the organic matter and 

lower the demand for the dissolved oxygen. Bertholson (1992) Measured oxygen use in 

Mississippi Delta catfish ponds usually ranged between 100 and 200 mg O2/m
2/h.(Schroeder 

1975; Boyd et al., 1978; Costa-Pierce et al., 1987; Teichert - Coddington and Green, 1993) Found 

that sediment oxygen up take in fresh water ponds usually yield lower values, usually between 50 

and 125 mg O2/m
2/h. Phytoplankton is the most photosynthetic organism in freshwater ponds. 

Phytoplankton dynamics tend to dominate the oxygen cycle in most aquaculture ponds. Accurate 

prediction of the rates of phytoplankton growth and respiration is essential to obtain water quality 

in aquaculture ponds. The rates of oxygen production and consumption by phytoplankton vary as 

functions of environmental conditions and other parameters. The phytoplankton primary 

production rate takes into account the effects of light intensity, ammonia nitrogen concentration 

(as a source of inorganic nitrogen), water temperature, and the concentration of chlorophyll a., in 

presence of sunlight phytoplankton tends to release oxygen into pond water by photosynthesis, 

and otherwise at night or on cloudy days, phytoplankton remove oxygen from the water for 

respiration. Normally, phytoplankton produce more oxygen than they consume, thus providing 

oxygen for the fish and other organisms in the pond (Lu and Piedrahita, 1997). 

Low oxygen depletions are often caused by an imbalance in the phytoplankton community. 

Although oxygen depletion can sometimes be predicted before it occurs, it can develop suddenly 

without warning. So Boyd et al., (1978) presented a convenient equation to determine the oxygen 

consumption by planktonic community based on chemical oxygen demand and water 

temperature: 
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1.006 0.00148   

0.0000125 0.0766 0.00144 0.000253    (2.26) 

Lu and Piedrohita (1997) used this equation to simulate the phytoplankton respiration rate: 

DOSOC

DO
tfSphOCPhOC


 )(       (2.27) 

Phytoplankton produces oxygen by photosynthesis during the day but are the major 

consumers of oxygen at night. The magnitude of daily changes in DO is influenced primarily by 

light intensity and phytoplankton density. (Brune et al., 2003) studied photosynthetic 

intensification techniques to use algae for add more oxygen beyond the commonplace practice of 

supplemental aeration for intensive aquaculture ponds. (Steele, 1962; Lehman et al., 1975; 

Welch, 1980; Drapcho and Brune, 2000) Measured algae oxygen production based on Total 

suspended solids (TSS) concentration of the culture water by using the following equation. 

optI
I

opt

e
I

I
PhOPPhOP




1

20max20        (2.28) 

Some farmers add Copper sulfate crystals Copper sulfate liquid to make a control on the 

phytoplankton. 

 

The Solubility of Oxygen 

If air is in contact with water, oxygen will enter the water from the air until the pressure of 

oxygen in the water is equal to the pressure of oxygen in the air. Rather than dealing with the 

pressure of dissolved oxygen depends on its temperature, salinity, gas composition, and total 

pressure as related by Henry's law (Colt, 1984); 

760/)(1000 PwPKDO e             (2.29) 
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The values of water vapor pressure (Pw) and dissolved oxygen solubility 1000ßk can be 

obtained from table 7.1 (Appendix 1) as a function of water temperature to calculate equilibrium 

dissolved oxygen. The solubility of dissolved oxygen in water at different temperatures and 

salinities is presented in table 7.2 (Appendix 1). If water contains the amount of dissolved oxygen 

that it should theoretically hold at a given temperature, pressure, and salinity, it is said to be 

saturated with oxygen. The percent saturation of water with oxygen is calculated as (Lawson, 

1995); 

100x
DO

DO
S

s

m
 

(2.30) 

The oxygen deficit is the difference between the measured DO concentration and the DO 

concentration at saturation. That is 

ms DODOOD   (2.31) 

The solubility of oxygen in water also may be expressed as oxygen tension, the oxygen 

tension represents the partial pressure of oxygen in the atmosphere required to hold a certain 

concentration of oxygen in the water. The pressure or tension of DO in water can be estimated as 

(Boyd, 1998); 

7602095.02 xx
DO

DO
Po

s

m  (2.32) 

 

2.4. Recirculating aquaculture system automation 

The most important parameters to be monitored and controlled in an aquaculture system are 

related to water quality, since they directly affect animal health, feed utilization, growth rates and 

carrying capacities. 
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The primary water quality parameters include temperature, dissolved oxygen (DO), pH, 

ammonia, nitrites, nitrates, suspended solids, salinity, alkalinity, biochemical oxygen demand 

(BOD) and water flowrate. Water levels, availability of electric power, means of detecting fire, 

smoke and the intrusion of vandals should also be monitored. 

Due to the cost and/or unreliability of sensors and associated equipment, most automated 

aquaculture systems do not attempt to monitor and control all of these parameters. It is 

recommended that temperature, DO, pH and water flow rate be monitored directly on a 

continuous basis since they tend to change rapidly and have a significant adverse effect on the 

system if allowed to operate out-of range. Other parameters change slowly and tend to stay in 

range if proper flow rate is maintained. For example, ammonia is usually not a problem if the 

biological filters are properly sized for the loading rate and if adequate flow is maintained. In this 

case, flow rate is the critical parameter that should be monitored continuously, taking only 

periodic measurements of ammonia. 

Recirculating aquaculture systems commonly include controls to monitor the water quality 

parameters of temperature, dissolved oxygen, pH and water flow rate either directly or by 

monitoring equipment which maintains the parameter. In the past, only the most sophisticated 

and expensive instruments were adequate for monitoring and controlling aquaculture systems. 

However, today there are many new developments in solid state electronics which are bringing 

down the cost and increasing the reliability of sensors and instruments. The following is a review 

of several of the sensors and instruments used to monitor some of the parameters of an 

aquacultural system. 
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Fig. 2.19. Microcontrolled aquaculture system (Fowler, et al., 1994) 

 

2.4.1. Dissolved oxygen sensors 

Three different technologies available to measure dissolved oxygen (1) galvanic cell, (2) 

Clark (Polarographic) cell and (3) luminescence based sensing. 

 
2.4.1.1. Clark Cell (Polarographic) 

The Clark cell was discovered byDr. Clark in 1956.And the amperometric cell is polarized 

with 800 mV which is provided externally by a battery source. Reduction of oxygen is achieved 

between 400 to 1200 mV. The Clark cell is built around the popular Ag/AgCl half-cell and a 

noble metal such as gold, platinum or palladium (Eutech Instruments, 1997), Table 2.5. 

 
Table 2.5. Clark cell reaction 

Anode (Ag) reaction 
(with Electrolyte KCl or KBr) 

2Ag +2 Cl- → 2AgCl + 2e- (800mV) 

Cathode reaction 
(Platinum, gold, palladium) 

2e- + ½ O2 + H20 → 2 OH- 

Net result: 2Ag + 2e- + ½ O2 + H20 + 2Cl- → 2 AgCl + 2OH- + 2e- 
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Every time O2 is reduced at the cathode, you get 4 electrons i.e. a current is generated as the 

oxygen is reduced (consumed) at the cathode. 

Assuming a measurement system without any interference i.e. only dissolved oxygen in 

water, the Clark cell has four major problems that limit its use in continuous operation (Eutech 

Instruments, 1997). These four problems are Anode Isolation, Zero Shift, Depletion of Chloride 

and Warm-up Time. 

 

Anode Isolation 

Since the net result of the chemical reaction is AgCl, cover the anode; stopping the reaction 

and its operation. A simple, impractical solution is to clean the anode to remove the AgCl deposit 

and reactivate the probe. 

1.  Sensor cable 

2.  NPT 3/4'' thread 

3.  G 1 thread 

4.  Sensor body 

5.  Protection guard 

6.  Thrust collar 

7.  Trapezoid sealing 
ring 

8.  Anode made of 
Silver/silver bromide 
(OOS 4) or 
silver/silver chloride 
(OOS 4 HD) 

9.  Electrolyte 

10.  Membrane cap 

11.  Gold cathode 

12.  Red color ring(OOS 
4 HD only) 

 

Fig. 2.20. Polarographic dissolved Oxygen sensor OOS 4 / OOS 4HD (http://www.hobeco.com) 
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The OH- ions produced move the pH value of the electrolyte towards the alkaline area. The 

internal electrolyte (normally KCl) at neutral pH value moves into the alkaline range. This shifts 

the electrolyte potential into the negative range and causes a zero shift. This shift is always 

present over time, the electrolyte needs to be changed. 

The net reaction also consumes Cl- ions. With time, the chloride ions are consumed and the 

electrolyte has to be replenished. 

When the probe is disconnected, the power supply is cut off. After connecting the probe 

again, the user must wait for the probe to be polarized i.e. for the current loop to be stabilized. 

This warm up time is approximately 10 minutes. If you measure during this time, there is 

normally a higher value displayed. 

 

2.4.1.2. Galvanic Cell 

The galvanic probe principle was discovered by Macreth in 1964. Since then, there have 

been a few changes. Eutech Instruments is using a modified probe designed by Hoeffner in 1985 

(Eutech Instruments, 1997). 

The idea of the galvanic probe is to avoid the external polarization required by the Clark cell. 

Even though the cell is an amperometric cell and a 800 mV potential difference is required to 

reduce the oxygen at the cathode, this can be accomplished by using two dissimilar metals. In the 

presence of an electrolyte, there is an electromotive voltage produced between 2 metals. If a 

comparison is made between lead and gold or lead and silver, the differential voltage is 

approximately 800 mV. 

Hence, a galvanic probe is really a self-polarizing amperometric cell. The single biggest 

advantage is the fact that the cell is now always ready and there is no warm up time. The cell is 
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also a corrosion cell with the corrosion rate determined by the rate of oxygen consumed at the 

cathode. 

Table 2.7.Galvanic cell reaction. 

Anode reaction 
(material: Zinc or Lead) 

Zn → Zn2+ + 2 e- 

Cathode reaction 2 e- + (½)O2 + H2O → 2OH- 

Net reaction: 

Zn + 2 e- + ½ O2 + H20 → 2 OH- + Zn2+ + 2e- 

Zn + ½ O2 + H2O → Zn(OH)2 (heavily soluble and stable, 
transparent) → ZnO (white precipitate) + H20 

In summary Zn + ½ O2 → ZnO 

 
One molecule of oxygen produces 4 electrons; there is a direct relationship between the 

oxygen consumed at the cathode and the current produced by the cell, Table 2.6. 

H20 is recreated in a galvanic cell as the electrolyte volume is not consumed. Water molecule is 

replenished and electrolyte will go on forever and there is no need to change unless there is a 

problem with the membrane. Typical YSI probes need to be replenishing the electrolyte and rinse 

the anode every 2 weeks. 

Two systems are available. The Macreth electrode uses the lead anode and the Hoeffner 

system the zinc anode. The net result is the formation of either PbO or ZnO. Both are reasonably 

stable but flake off the anode instead of coating it. This increases the life of the anode and 

reduces the anode. If ZnO covers the anode, the process is stopped. There are various oxides 

formed in addition to Zn, so the layer is not uniform and is porous; oxide falls off and exposes 

new Zn metal. 

Theoretical life time of the anode is of 10 years and depends on O2 level and temperature; at 

10 ppm and 25 °C, Probe life is of 5 years. In the Hoeffner cell, the electrolyte is 2M NaCl; The 

Macreth cells use NaOH as the electrolyte. 
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2.4.1.3. Luminescence-based dissolved oxygen sensor 

As shown in Figures (2.21 and 22), the luminescent dissolved oxygen sensor’s active optical 

components consist of a pair of blue and red light-emitting diodes (LEDs) and a silicon 

photodetector. The sensor cap has a coating of a platinum based luminophor that is excited by the 

light from the blue LED. 

    

Fig. 2.21. Luminescence-based dissolved oxygen sensor. Photo by YSI (2008). 

 

The luminophor is coated at the outside layer with carbon black polystyrene for optical 

insulation, providing excellent protection against photobleaching from external light sources 

when the sensor cap is attached to the sensor (Mitchell, 2006). 

 

Fig. 2.22. Luminophor reaction with oxygen molecules with blue light excitation. Photo by 

Jackson and Craig, (2004) 
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The blue excitation LED is sinusoidally modulated at a frequency related to the luminophor’s 

luminescence lifetime and the upper and lower lifetimes of analytical interest. The parameter 

measured from the opted is the phase delay between the exciting blue LED signal and the 

detected red emission from the luminophor. The phase delay is inversely related to the amount of 

dissolved oxygen near the luminophor. 

This phase-modulation technique isused to measure the lifetime of the oxygen-dependent 

quenching of luminescence. The use of the phase-modulation technique means that intensity 

fluctuations of the blue LED or bleaching effects of the luminophor have no discernable impact 

on the lifetime measurement throughout the life of the sensor. In addition, because of the inverse 

relationship between oxygen concentration and phase delay of the emitted red light, the signal-to-

noise ratio is particularly advantageous for measuring very low dissolved oxygen concentrations. 

Finally, the blue and red LEDs are alternatively switched between measurement cycles, allowing 

the red LED to provide an internal reference for the optical and electronic signal paths. This 

internal reference provides measurement stability by correcting for temperature or time induced 

changes in the phase measurement electronics. 

 

2.4.2. Sensor auto calibration 

(Bryan and Cushman, 1991) developed a system having real time, on-line capability for 

continuously monitoring galvanic dissolved oxygen sensor membrane impedance. The sensor 

system response to oxygen was tested by two external electrodes Fig. 2.23(17 and 18). When the 

system is used the two additional electrodes function as an anode and a cathode. A small current 

is passed from anode to cathode through the water. 

The resulting electrolytic action produces a small amount of extra oxygen, so the anode is 

placed so that the oxygen generated will reach the sensor. The test current results in the 
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electrolysis of the process where H2O molecules produce a repeatable quantity of hydrogen and 

oxygen gases. The hydrogen gas is exhausted by the process system and is ignored by the oxygen 

sensor. The effect of the additional generated oxygen of the sensor is monitored and compared 

with previous behavior; the additional oxygen level signal is subtracted from the normal level of 

oxygen. System computer algorithms compare the amplitude response, initial speed of response, 

and decay response to the additional oxygen to detect sensor and system performance (Fig. 2.23). 

Chuang and Arnold, (1998) introduced a mathematical model as a calibration function for various 

optical oxygen sensors based on quenching of ruthenium fluorescence. 

 

Fig. 2.23. Novel dissolved oxygen sensor with auto assesses. 

 
2.4.3. Aeration automation 

After meeting the culture animal's food requirements, low concentration of dissolved oxygen 

is the next major variable limiting the production of fish in intensive and semi-intensive 

aquaculture operations becoming critical in minutes. In addition, the managers of these intensive 

production facilities need accurate, real time information on system status and performance, in 
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order to maximize their production potential. At high production densities, failure of a circulation 

pump or aeration system can result in severe stress to the fish or even significant losses within 

minutes. Appelbaum et al., (1999) constructed an automatic emergency aeration device for use in 

aquaculture facilities. The device consists of a differential switch emergency air pump operated 

from standard vehicle batteries (Fig. 2.24). 

 

Fig. 2.24. Design of the emergency aeration system. 1, Press-differential switch (PDS); 2, 

emergency air pump; 3, batteries; 4, 5, diodes; 6, battery charger; 7, resistors; 8, air diffusers; 9, 

fish tanks; 10, 11, control lamps; 12, air valves; 13, relay; 14, normal aeration; 15, emergency 

aeration. 

Peterson and Ardahl, (1992) presented an electronically controlled system to reduce the 

variation in oxygen concentration to maintain oxygen set point in a flow-through aquarium unit. 

Traoré et al., (2005) applied DO control based on a fuzzy logic strategy, taking into account the 

step and the difference between the measured DO and the setpoint in a sequencing batch reactor 

pilot plant. 
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2.4.4. LabView in Recirculating aquaculture system 

Widmer et al., (2006) built a recirculating aquarium system with computerized temperature 

control to maintain static temperatures, using a LabView program to compare the temperature 

recorded by thermocouples in fish tanks to a desired set temperature and then calculate the 

amount of hot or cold water to add to tanks to reach or maintain the desired temperature. 

Intellifaucet three-way mixing valves controlled temperature of the input water and ensured that 

all fish tanks had the same turnover rate (Fig. 2.25). 

 

Fig. 2.25. Diagram of recirculating aquaria system 

Alver et al., (2007 designed a rotifer counter where the instrument extracted samples 

automatically relying on a digital camera and image processing to measure the rotifer density. 

Due to its autonomous nature, the instrument is suited for use as a component in a process 

monitoring and control system. The imaging box is drawn without its front wall to indicate the 

lights and object glass inside (Fig. 2.26). 



REVIEW OF LITERATURE 
 

65 
 

 

Fig. 2.26. Rotifers counter system. 

 

2.4.5. Dosing automation system. 

Feed wastage affects fish farm production cost, profits, appropriate additive delivery. The 

feed conversion ratio FCR is used as a measure of feed usage and is defined as the ratio of the 

mass of the food ration delivered to the mass gained by fishes, over a given time period. The 

daily ration is judged by observing fish feeding activity at the surface. Feeding is usually 

discontinued when the fish feeding activity greatly diminishes. The optimal feed conversion 

would be the one which produces the biggest fish using the least amount of feed in the shortest 

time period (Foster, 1993). Maximum fish growth cannot be achieved using classic methods of 

feed administration by personnel due to human and logistic limitations as lack of night-shift 

workers. 

There are different techniques used for assuring proper dose delivery according to the control 

system. Different time-automatic feeders design are available as belt feeders that work on wind-

up springs, and electric vibrating feeders that can be programmed to feed hourly for extended 

periods (Saravanan and Santhanam, 2008). Other automatic feeders have been reported for 
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feeding within predetermined time schedules for a certain feeding rate, without a food outlet 

weighting process (Juell et al., 1993, Fast et al., 1997, Fang and Chang, 1999, Fang et al., 2002 

and Yeoh et al., 2010). Timer-controlled automatic feeders with a rotating plate and scrubber are 

widely used in indoor re-circulating eel culturing (Chang et al., 2005),Fig. 2.27. 

 

Fig. 2.27. Timed automatic feeder. 

There are several close loop dosing systems in close loop and demand self feeders depend 

upon the ability of fish to press a lever to obtain food. An electronically controlled self-feeding 

system (Fig. 2.28) consists of a trigger rubber knob, a control unit and a feeder. As the fish 

stretches the knob to eat it, pressure changes are monitored by the microphone which sends a 

signal to the control unit. However, the majority of the fish do not trigger the mechanism and 

food delivery is lost (Alanärä, 1992). Self feeder consists of (Fig. 2.28A) Power source (e.g. car 

battery or transformer), (Fig. 2.28B) Control unit. This unit regulates the running time of the 

feeder, the sensitivity of the trigger, and the hours during which the system operates. The control 

unit also includes a timer function that can be used separately, (Fig. 2.28C) Feeder hopper. 

Various types of feeders are suitable for this system (e.g. large holders that spread the food or 

small holders that give precise food portions) and (Fig. 2.28D) Trigger. The trigger includes a 

rubber knob ended pendulum or a pendulum with a string that ends in a plastic, pellet-like knob. 
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Fig. 2.28. Schematic view of a self-feeding system (Touch-Feed, manufactured by Sterner 

Products, Leksand, Sweden). 

 
In a comparative study between predetermined automatic feeders and self feeder fish growth 

using self feeders was within those fed with low and high energy diets by means of 

predetermined automatic feeders (Paspatis and Boujard, 1996). Some fishes could not learn the 

behavior experience affecting fishing feeding. Manual self-feeders are simple and cheap, but the 

gate mechanism often gets jammed; feeding can easily be induced by accident by fish swimming 

through the gate or by wave action (Shepherd and Bromage, 1989). Food portions are difficult to 

adjust, and it is not possible to spread food over the water surface, (Alanärä, 1996). Changetal., 

(2005) used an infrared photoelectric sensor for starting and stopping feeding depending on the 

gathering behavior under the feeder; this method does not work properly with distributed food or 

with intensive fish tanks (Fig. 2.29). 

 

Fig. 2.29. Schematic diagram of the control and data acquisition systems (Chang et al., 2005). 
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Papandroulakis et al., (2002) implemented an automated feeding system for larvae 

computing the plankton organisms required according to feeding tables; a programmable logic 

controller (PLC) activated a peristaltic pump and a solenoid valves for food distribution to the 

tanks. 

Appelbaum and Birkan, (1999) developed an automated feeding system with a conical feed 

hopper, a control unit and an air-lift pump Fig. 2.30. A plastic funnel with an 18-cm opening, 

tapering to 1.8 cm at the apex, is used as a feed hopper (1). The height of the funnel is 10 cm and 

the volume 1.0 liter. An opening of 0.7 cm is drilled in the wall of the funnel at a height of 1 cm 

from the apex, into which a plastic elbow joint (2) is placed and fixed by hot glue. A U-formed 

pipe (3), 0.8 cm diameter, assembled from a standard elbow (4, 5) and tee joints (6, 7) is 

connected to the elbow (2). The tee connector (6) is connected by a flexible plastic pipe (8) to the 

small, standard, air pump widely used for aeration of aquariums (9). An adjustable air-flow 

restrictor (10) is installed on the pipe (8). The air pump (9) is connected by electric wires (11) to 

the control unit (12). The control unit (12) contains two timing devices: a programmable clock 

switch (13), and an electronic timer (14), (RTB MP 1NU, Izumi, used on electric control boards). 

The device is supported by a wooden bracket (16), resting on the side of the tank containing 

larvae (15). The horizontal part of the tee joint (7) is turned towards the tank (15). A piece of 

open pipe is placed on the top part of the tee joint (7) to prevent water from splashing while the 

device is working, A plastic drain valve (17) is glued by hot glue to the bottom end of the funnel 

(1). An air-diffuser (18) is submerged into the apex of the funnel (1) to provide compressed air 

and also to create gentle water motion, allowing distribution of the nauplii in the water. 
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Fig. 2.30. Automatic feed system with an airlift pump. 

Juell et al., (1993) used a food detector that consist of a cylindrical, steel framed net cage (r = 

60 cm, h = 35 cm, mesh size = 32 mm/stretched mesh) with a 670 kHz acoustic transducer 

mounted in the centre. The transducer emits a 360 ° horizontal sound beam and the echo energy 

obtained between 10 and 50 cm from the transducer was measured, where the net cage prevents 

fish from entering the detection volume. The transducer is connected to a receiver that analyses 

the echo signals and controls the feeder. If the accumulated echo energy corrected for background 

noise measured prior to feeding exceeds a preset threshold, the feeder is turned off. The 

observation period ranged between 10-140 s, while the time interval between meals was 15-360 

min. The echo energy threshold was set on an operating panel (Fig. 2.31). 

 

Fig. 2.31. The hydro acoustic food detector mounted in the sea cage. 

Foster et al. (1995) used an underwater camera with an image analysis tool to detect and 

count left over pellets (Fig. 2.32). Similar system is now commercially available for sea cage 
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applications, sensors used including a doppler pellet sensor, CAS pellet sensor and camera sensor 

(Akvasmart, Norway). 

    

Fig. 2.32. (A) fish feeding behavior in the sea (Don, 2008), and (B) underwater Camera mounted 

in sea cage. 

Kevin and Royann (2003) used the accuracy of a new machine-vision system for the 

identification of feed wastage and the response times were reported. Without using a feedback 

mechanism, an ultrasonic telemetric system was also used for automatic positioning of individual 

salmon in a sea cage (Juell and Westerberg, 1993); Kimura et al., (1993) indicated that one of the 

biggest problems in these farming systems was the problem in transmitting high- quality signals 

from fish finders within the signal transmission band width allowed by the radio wave laws of the 

country. Therefore sizes of schools of fish are over estimated because of significant reduction in 

the signal received. At present, in fish farms, visual observation of fish appetite is often impeded 

by high fish density and water turbidity (Mallekh et al., 2003). 

Fang and Chang (1999) used other method to stop feeding before the water became polluted. 

Fang et al. (2002) used the reflective type photoelectric sensor to detect the gathering behavior of 

the eels, which is incorporated in the feedback concept. Their results showed that stopping a 

feeding cycle before polluting the water is possible using floating feed for eels. Based on their 

previous study, an intelligent feeding controller based on gathering behavior has been evaluated 

in a pilot scale commercial fish farm. 

A B 
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3. MATERIALS AND METHODS 

 

3.1. Recirculating aquaculture system design (RAS). 

The recirculation system aquaculture is located in the experimental facilities of UACh used 

three different biofilters (Fig. 3.1). 

 

Fig. 3.1. Full recirculating aquaculture system that were used in the study. 

The re-circulating aquaculture system consists of a plastic circular tank 1.1 m diameter with 

three water inputs and two outputs. The culture volume is approximately1100L with two 

centrifugal pumps which re-circulates 20-35 l/min of water depending on carp size. The first 

pump (0.75 Hp) returns water to the tank and the second pump (0.5 Hp) is used with the aerator. 

The water is forced by gravity to the separator which extracts the solids generated by the fish 

greater than 80 micrometers. The water from the top of the separator flows by gravity to the 

distributor pushing the water to the bio-strata surface at the biofilter (Fig. 3.2). The water is 

pumped to three fine jet sprayers (SURTEK 130327) mounted at the top of the aerator; an air 

blower is connected at the bottom of the column introducing the air in counter current to the 

water flow aerating it.  
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Fig. 3.4. Algae found in the re-circulating system (RAS) (a) Scenedesmus sp. (b) Chlorella sp. (c) 

Filamentous microalgae. 

 

3.1.2. Separator 

A combination of swirl separator and radial flow settler was developed to maximize the 

sedimentation efficiency. Swirl separators employ the principle of centrifugal sedimentation, i.e., 

the suspended solid particles are subjected to centrifugal acceleration, separating them from the 

water (Timmons and Ebeling, 2007). The suspended particles were concentrated at the center of 

the water and collected along the inside wall of the separator; these particles are yielded by the 

effect of the gravitational forces and then settle at the bottom of the clarifier cone (Veerapen et 

al., 2005). The separator has two inlets, Fig. 3.5: the centrifugal inlet connected at the upper 25 

cm which corresponds to the play area of the fishes, and the center inlet (as radial flow settler) is 

connected to the bottom of the tank to suck all the solids at the bottom inlet. 

(a) (c) (b) 
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Fig. 3.5. Separator with two inlets one from the tank bottom to the separator center and the other 

from the upper part of the tank to the lateral side of the separator. 

 

3.1.3. Emergent Biofilter 

The biofilter consists of a fixed support (packing material) and water enters the culture media 

through a water distributor mounted above the packing material in an open tank. Water 

movement through the biofilter provides additional aeration giving good support nitrifying 

bacteria. Three different biofilters were designed in this study and all of them have a certain level 

of water depending on its retention time, two different materials were used Tezontle (volcanic 

sand) and biostrata (polyethylene) to sustain the nitrifying bacteria on their superficial areas 

forming a suitable biofilm for the nitrification process.  

 

3.1.4. Spray column aerator 

The spray column aerator consists of plastic shells having a volume of 0.4276 m3 (0.55 m 

diameter x 1.80 m height) with two mass transfer units (each 0.9 m long). The two units were 

separated by a water distributor plate having 65 holes (diameter 0.02 m) to allow that air and 

water passes through it. As water flows through the top of the spray tower, three sprays reform 
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the wafer. Three delicate cones increase the solubility of oxygen in water increasing the contact 

surface area between air and water. The distributor plate causes great turbulences between air and 

water enhancing the solubility of oxygen in the water.  

 

3.2. Characterization of each RAS system element. 

3.2.1. Separator theory and design: 

The separator was designed for removing of particles greater than 80 m when operated in 

conjunction with the culture tank. It connects the bottom drain of the fish tank to the separator 

and allows particles to be quickly transported to the separator before pumping breaking them into 

small, hard-to-settle sizes. This provides a reduced flow compared to the system flow, requiring a 

smaller unit. The clarifier was designed with a 60°cone bottom in order to concentrate the solids 

at the bottom of the cone for easy removal with minimal water use. 

The modified settler employs the principle of centrifugal sedimentation, i.e., the suspended 

solid particles are subject to centrifugal acceleration, and separates them from the liquid more 

rapidly by increasing their density. The principle of sedimentation that occurs is due to the 

density difference between the solid particles and water, a V-notch weir of 60° and effluent 

launder circumscribing the tank top perimeter of the tank (Fig. 3.6). The settling tank contained a 

60° cone bottom with an overall height of 0.7 m and a 3.8 cm. diameter drain at its base (Fig. 

3.6). The separator was operated as a swirl separator by introducing the water flow through a 3.8 

cm diameter tube with tangential inlet located 0.25 m below the top (Fig.3.6 A). The other 

separator inlet worked as radial flow settler, where it turned up at a 90° angle at separator's center 

and spilled the waste water out just below the water surface (Fig. 3.6B). A galvanic cylinder (0.1 

m diameter and 0.15 m height) was installed around the radial flow settler inlet tube (Fig. 3.6C) 

to dampen water turbulence at the point of water injection. As waste water entered the separator, 
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it was forced to flow downward the dampening cylinder; after the water returned to flow radially 

to the V-notch weir (separator channel) (Fig. 3.6B and C). The treated water passed through a V-

notch to the separator channel leaving the separator. 

      

      

Fig. 3.6. The separator schematic design (A) centrifugal water inlet (B) Radial inlet, the arrows 

indicate water flow directions inside the separator (C) central galvanic cylinder. 

 

Assuming particles are heavier than water, they will fall through the water with increasing 

speed until reaching its settling velocity. Each discrete particle has an equilibrium settling 

velocity. Assuming spherical particles, the settling velocity can be calculated by the following 

equation (Montgomery, 1985) 

 (3.1) 

A B

C 
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For a small particle having a Reynolds number lower than one, Stocke's law applies, and Eq. 

3.1 can be written as  

  (3.2) 

Both Eqs. 3.1 and 3.2 indicate that denser and larger particles will settle faster than smaller 

less dense particles. The best technique for maintaining large particles sizes is to remove the 

particles as quickly as possible from the fish culture vessel and before pumping. 

Turbulence/falling water situations should be minimized prior to the primary total suspended 

solids (TSS) capture event. 

Settling column of 10 cm diameter and 1.5 m long was utilized to determine the terminal 

settling velocity (Vs) solids. Fresh samples (<24 h) were collected from an existing fish pond, by 

gently siphoning from the center portion of a culture tank. Samples were immediately passed, 

serially, through sieves of 250, 125, 62.5, and 42m (Fig. 3.7a). Samples of particles collected on 

the 62.5 mm sieve (62.5 m < d < 125 m) were rinsed from the sieve to deionized water and 

used for Vs determination. 

Clarifier size was calculated from clarified water production rate, or by influent flow rate to 

the unit, Eq. (3.3). 

Q AV  (3.3) 

where Q is the influent flow rate, A the surface area of the unit and Vo the overflow velocity. 

Equation 3.3 was manipulated to provide the area, and therefore the clarifier diameter, required 

for any flow rate and solids settling velocity. 

Applying Vs 0.0829 cm/s as Vo in Eq. (3.3), the diameter of the separator was obtained. The 

resulting surface loading rate on the clarifier was 0.00082 m/s of settling area. The separator 

presented a 60° cone bottom a circular tank with a diameter of 80 cm, a total height of 130 cm 
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(Fig. 3.6). Influent flow rate to the separator was 25 LPM. The 70 cm long cone section presented 

a 3.8 cm PVC tube and valve for manual draining. The 60° cone bottom was chosen based upon 

recommendations for tube settlers in order to provide the greatest degree of gravity driven self-

cleaning of settled solids with minimal water discharge (Timmons et al., 2001; Metcalf and Eddy, 

1991). Captured solids were flushed daily after sampling all trials. 

 

3.2.1.1. Separator removal efficiency evaluation. 

Tezontle (volcanic sand) was used to evaluate separator removal efficiency under the 

following parameters:(1) Three different bases to suck the solids from the bottom of the tank of 

2.54, 3.8 and 5.08 cm; (2) Two different levels of head of 80 cm and 90 cm (Fig. 3.7b), and (3) 

different weight categories of tezontle particles (Table 3.1). 

 

Table 3.1. Particle weight category 

 Particle weight range, mg. Particle diameter, mm 

1 1.3-10.1 0.5-1 

2 0.745-1.3 0.42-0.5 

3 0.157-0.745 0.250-0.42 

4 0.0333-0.157 0.149-0.250 

5 0.0196-0.0333 0.125-0.149 

6 0.0024-0.0196 0.062-0.125 

7 < 0.0024 < 0.062 

 

The Tezontle density was determined in the soils lab (UACh) to calculate the Tezontle 

particles weight, as other volcanic rockets particles were found with Tezontle particles; particles 

apparent density was of 2400 kg/m3. 
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Fig. 3.7. (a) Sieves used to determine particle size (b) water tank level. 

 

Tezontle apparent density Determination for particles appendix I (7.1).The mean particle size 

distribution for the tezontle that was used in the experiment was illustrated in Fig. 3.8. 

 

Fig. 3.8. Solids analysis for the Tezontle that was used for all the experiment 

(a)

(b) 
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Experimental progress 

The Tezontle particles were used to simulate fish feces generated in fish tank, different 

particles categories were used to study bottom cleanliness and separator removal efficiencies. 

Assuming 25% of food introduced to fishes produce wastes, at higher feeding rations 200 gram 

food was applied per meal, two meals daily. The tezontle applied to the tank in this experiment 

was 50 grams two times daily (100 gram per day), distributed on the water surface, the system let 

to run 20 hours as the time required for water recirculation in RAS system. It was observed that 

tezontle particles weight in water increases 35% of its dry weight.  

After each experiment the water was sampled at the separator inlet, the top outlet, the 

channel and the bottom outlet. Samples were analyzed as TSS to calculate the separator removal 

efficiency for each category; sieves separated the samples in categories (Fig. 3.8, 3.9 and 3.10). 

Fig.3.9 show visually the effect of separator on solids removal. Fig.3.9IV show by naked eye the 

discharged concentrated waste water that captured by the sparator (bottom discharged) (A), the 

separator water inlet at the center from fish tank bottom (B), outlet water that treated by the 

separator (C) and Tap water (D). 

 

Fig 3.9. Samples vision microscoply (I), bottom discharged (II) and Channel captured (III) 

separation and by naked eye (IV). 
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Fig. 3.10. The solids that captured in the channel of the separator and that discharged from the 

bottom. 

The removal efficiency percent for each particle size category was computed as: 

% 100     (3.4) 

where RE, is the removal efficiency (%), Sin is the mean TSS concentration of the inlet sample for 

a specific screen mesh size (mg/L) and SOut is the mean TSS concentration of the outlet sample 

for the specific screen mesh size (mg/L). 

 

3.2.1.2. Effect of tank base diameter and water level in the tank on bottom cleanliness 

The effect of tank base diameter on particles drag forces was studied Fig. 3.11. 

     

Fig. 3.11. Tank base of 2.54 cm diameter, under the effect of water level in the tank (A and B) at 

water level 90 cm and (C) water level 80 cm  

Three different diameters of 2.54, 3.81 and 5.08 cm at the tank base had 6 lateral perforated 

tubes 1 m long with thickness of 1 cm, holes every lateral tube presented 14 holes. 

A C B 
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3.2.2. Biofilters design 

For dimensioning or sizing a trickling biofilter, only limited information is available (Ebling 

et al., 2006). In practice, TAN removal efficiency is often empirically determined for a fixed set 

of successful conditions such as fish species, feed load, filter height, filter media type, hydraulic 

surface load, suspended solids unit, and TAN influent concentration. TAN removal rates were 

determined from empirical relationships (Liao and May, 1974) and from the kinetics TAN 

removal (Bovendeur et al., 1987; Heinsbroek and Kamstra, 1990). The simplest case is when 

TAN removal efficiency for a certain trickling filter influent concentration is known, based on 

data for a fixed filter height, media type, hydraulic surface load, TAN removal rate, and 

temperature. The required total nitrification surface area (Amedia, m2) is calculated from the 

trickling filter TAN load (PTAN, g/day) and the estimated nitrification rate (rTAN, gTAN/m2/day). 

The bioreactor volume (Vmedia, m
3) is a function of the total filter surface area and the specific 

surface area (SSA, m2/m3 biofilter media) of the filter media. The shape of the reactor depends on 

the hydraulic loading surface (HLR, m2/m3/day) (Losordo et al., 2000; Wheaton et al,. 1995). 

The design of a trickling tower follows a simple set of steps with the nitrification rate based 

on the active surface area of the media and since the trickling tower is self aerating, the oxygen 

requirement is limited to fish metabolism.  

Step 1 : Calculate the dissolved oxygen requirement (RDO). 

Step 2: Calculate water flow requirement (Qtank) required for fish dissolved oxygen demand. 

Step 3: Calculate TAN production by fish (PTAN)  

Step 4: Calculate the surface area of media (Amedia) required to remove PTAN from the areal TAN 

removal rate (ATR). 

Step 5: Calculate the volume of media required based upon the required area (Vmedia) and the 

specific surface area (SSA) associated with the media being used. 
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Step 6: Calculate the biofilter cross-sectional area (Abiofilter). 

Step 7: Calculate the biofilter depth from the biofilter cross-sectional area (Abiofilter) and volume 

(Vmedia). 

 

3.2.2.1 Design of the second re-circulating trickling biofilter 

Calculate the feeding regime during the growth period 

First month 

0.09 100 fish 1 tank 25
g

individual
30day 6.75 kgfood 

Second month  

0.06 100 fish 1tank 40
g

individual
30day 7.2 kg food 

Third month  

0.04 100 fish 1tank 100
g

individual
30day 12kg food 

Fifth month  

0.02 50 fish 1tank 400
g

individual
30day 12kg food 

The peak feeding rate per kg carp is 

12 
30

.
.

.

tank
10kg fish

0.04 kg food/kg fish. day  

Step 1: Calculate the dissolved oxygen requirement (calculated) 

RDO aDO r ρ V      (3.5) 

0.376
kg O
kg

0.04
kg

kgf . day
15

kgf
m

1m  

RDO 0.22  
kgO
day

 



MATERIALS AND METHODS 
 

84 
 

Step 2: Calculate water flow requirement (Qtank) required for fish dissolved oxygen demand. 

Assume DOinlet = 6.3 mg/L 

DO tank = 3 mg/L 

Q RDO
DO DO

     (3.6) 

Q
0.22 O

6.7
L

3
L

1 day
1440min

10 mg
1 kg

41.29 L/min 

Tank exchange rate
V
Q

1000L

41.29 L min
24.2 min 

The 24.2 minutes tank exchange rate is adequate, and could be reduced if necessary (i.e. 2 

water exchanges per hour) depending on tank hydraulics and solids removal efficiency.  

Step 3: Calculate the TAN production using an approximation that the ammonia production by 

fish (PTAN) is 3.2% of the feeding rate: 

PTAN aTAN R      (3.7) 

PTAN 0.032
kgTAN
kg

0.4
kg
day

0.0128 kg
TAN
day

12.8 g TAN/day  

Step 4: Calculate the media surface area (Amedia) required to remove PTAN. Assume that the 

superficial TAN removal rate (STR) is 0.45 g TAN/m2.day 

A PTAN
STR

. TAN

. TAN
 

28.4 m .   (3.8) 

Step 5: Calculate the volume required of biostrata media based on its specific surface area (SSA) 

associated with the media being used Bio-Strata of 110 m2/m3 (Fig. 3.12). 

V A

SSA

.   0.2586 m    (3.9) 



MATERIALS AND METHODS 
 

85 
 

Step 6: Calculate the biofilter cross-sectional area (Abiofilter) from required flow for fish oxygen 

demand (Qtank) and hydraulic load; HLR of 255 m3/m2.dayis required to prevent clogging 

of the media bed (Timmons and Ebeling, 2007). 

A Q

HLR

. L  

L

0.196 m   (3.10) 

Step 7: Calculate the biofilter depth (Depthmedia) from the biofilter cross-sectional area (Abed) and 

the volume (Vmedia)  

Depth V

A

.

.  
1.3 m   (3.11) 

 

Fig. 3.12. The Bio-strata used in the nitrification process. 

The second biofilter had biostrata installed beneath water distributor (Fig. 3.13). 

    

Fig. 3.13.The biofilter of Tank 2 

3.2.2.2. Submerged packed biofilter design for the first re-circulating fish system 

Tezontle volume required for the biofilter was calculated. 

Step 1: Calculate water flow rate through the fluidized bed biofilter. Total ammonia nitrogen 

(TAN) production was calculated from (Brunty et al., 1997) 
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TAN 0.604 FEEDN 3.88(3.12) 

where FEEDN is the nitrogen content expressed in grams per kilogram of feed. The feed protein 

content is composed of 35% crude protein, so nitrogen content 55 gram per kg of food. 

The calculation was done for the fourth month, because this month has a high feeding rate of 0.4 

kg feed /day in the system. The amount of feed nitrogen for one day, 

55 0.4 22  /  

TAN production by the carp is: 

0.604 22 3.88 17.17  /  

Water flow rate through the biofilter was calculated using the formula developed by (Liao and 

Mayo, 1972): 

 (3.13) 

where TAN  is maintain constant concentration of total ammonia nitrogen desired in fish tanks  

f  is TAN removal efficiency for packed biofilter (assumed here 60%); rTAN is the average 

daily rate that TAN is produced,  (kg waste per day), and Q  is the water flow rate through the 

biofilter. 

Toxic (un-ionized) ammonia fraction in aqueous solutions at different pH values and 

temperature was calculated from data in (Emerson, et al., 1975) Table 3.2. To determine the 

amount of un-ionized ammonia present, get the fraction of ammonia that is in the un-ionized 

form for a specific pH and temperature from the table. Multiply this fraction by the total 

ammonia nitrogen present in a sample to get the concentration in ppm (mg/L) of toxic (un-

ionized) ammonia. It is necessary to maintain the concentration of un-Ionized ammonia (NH3) in 

Tilapia tanks below 0.05 mg/l to obtain a good growth rate. 
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Table 3.2. Toxic (un-ionized) ammonia fraction in aqueous solutions at different pH values and 

temperature. 

 

Table 3.2 converts un-Ionized ammonia (NH3) to total ammonia nitrogen under pH ranging 

between 7and 7.5 and temperatures varied from (22-28°C). The total ammonia nitrogen value 

was 2 mg/l equivalent to 0.05 mg/l un-Ionized ammonia. Equation 3.13 calculates the water flow 

rate through the biofilter 

2
1
0.6

17.17  10
1440

 

=10L/min 

The superficial TAN removal rate, is 0.06 g/d/m2, and the tezontle specific surface area 1400 

m2/m3, the area required for the biofilter is17.17/0.06 = 286.17 m2, Tezontle volume required is 

286.17/1400 = 0.2 m3. The biofilter with Tezontle installed for the first tank with its water 

distributer for the first tank was shown at Fig. 3.14. 
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Fig. 3.14. First submerged biofilter and its water distributor mounted above the biofilter media, 

Tezontle used as a media for the submerged biofilter with mean diameter 1 cm. 

 

The third biofilter is a submerged biofilter having a different water distributor (Fig. 3.15). 

     

Fig. 3.15. The biofilter of Tank 3. 

 

3.2.3. Biofilter initialization  

The characteristics for bringing a new biological filter system up to full capacity are shown 

below. Water quality sampling three times daily in the fish tank and the inlet and outlet of the 

biofilters, also dissolved oxygen samples were taken from the same positions to investigate the 

oxygen consumptions by carps. Ten milliliters of STRESS ZYME (Fig. 3.16) was added in 38 

liter of water to the three biofilters every 1st, 7th, 14th day. Thereafter, (5 ml/38 liter) was added 

weekly. The bacteria in Stress-Zyme keep proper conditions in the aquarium for the development 
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of the biological filter. Harmful organic pollutants are consumed promoting the heterotrophic 

bacteria growth. This speeds up the development of the biological filter in newly set up 

aquariums. Water quality and living conditions are improved when Stress Zyme is used on a 

regular basis. Each 5 ml of Stress Zyme contains 300 million bacteria. These bacteria are in a 

dormant state and become active when added to the aquarium. Stress Zyme has a five year shelf 

life and does not require refrigeration. Nitrifying bacteria swim through the system until they find 

the biofilter suitable media. The biofilm development on Tezontle surface area during the 

initialization was shown in Fig. 3.17. 

 

Fig. 3.16. Stress Zyme 

Trade marks of Mars 

Fish care North America, 

Inc. 

(www.marsfishcare.com)

. 

 

 

Fig. 3.17. Tezontle (Volcanic sand) biofilm development (A) first 

biofilter after 25 days and (B) after 45 days and the third biofilter 

after 25 days and 45 days. 
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3.2.4. Biofilter measurements. 

Total ammonia nitrogen (TAN) and nitrate nitrogen were measured by a digital ammonia and 

nitrate photometer (low Range) 0 to 3 TAN and 0 to 100 NO3-N mg/L (HANNA 

INSTRUMENTS, HI93700 and HI93828 Romania). The equipment operation is shown at 

appendix I (7.2). TAN and NO3-N were measured daily at inlet (sample point 2) and outlet of the 

biofilters tanks (sample point 1) and for fish tanks (sample point 3) white circles Fig. 3.18.  

 

Fig. 3.18. TAN sampling points on RAS system. 

The sampling points 1 and 2 were used to calculate total ammonia nitrogen produced by fish 

tank and converted by the biofilter. The point 3 was used to show the diurnal changes in TAN in 

the tank. It was observed that there is no differences in measurements for TAN at different tank 

levels for its rapidly diffusion in water body. 
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3.2.5. Biofilter performance indicators 

The reporting standards for biofilter performance as follow (Colt et al., 2006): 

1 Percent TAN removal (PTR %)  (TANin - TANout)/TANin 

2 Filter system ratio (FSR %) 1440 Qfilter(TANin- TANout)/(total TAN removed d) 

3 
Volumetric TAN conversion rate  
(VTR mg TAN/(m3d)) 

1440Qfilter(TANin – TANout)/Vmedia 

4 
Surface TAN conversión rate (STA 
mg TAN/(m2d)) 

1440Qfilter(TANin – TANout)/Amedia 

5 
Volumetric oxygen consumption 
rate (VOCRtot mg oxygen/(m3d)) 

1440 Qfilter(DOin –DOout)/Vmedia 

6 
Volumetric oxygen consumption 
rate for nitrifying bacteria (VOCRnit 
mg oxygen/(m3d)) 

(3.47VTR + 1.09VNR)(0.92) 

7 
Volumetric oxygen consumption 
rate for heterotrophic bacteria 
(VOCR mg oxygen/(m3d)) 

VOCRtot – VOCRnit 

8 
Pumping power (average daily) 
(PtotkW) 

Computed using actual filter head losses, bed 
height, and 70% efficiency 

9 
Ammonia removal efficiency (ARE 
mg TAN/kWh) 

1440Qfilter(TANin – TANout)/24 Ptot 

10 
Oxygen utilization efficiency (OUE 
mg O2/kWh)  

(1440 Qfilter ΔDO)/ 24 Ptot 

 

3.2.6. Aerators used in the RAS system: 

3.2.6.1. Air lift pump. 

Air lift pump aerator is the simplest aerator constructed and consists of a 113 cm long (Z) 

riser tube having a diameter of 10 cm (D) and 90 degree elbow. The air injected at the bottom of 

the riser tube by the compressor (Central Pneumatic 1 HP, 10 Gallon, 115 PSI). The tank was 

filled every 20 seconds and evacuate in 12 seconds through the cruciform base that has holes of 3 

mm in diameter (Fig.3.19). In air lift pump aerators, the length to diameter ratio (Z:D) of the riser 
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tube has a significant effect on air lift pump performance. The length to diameter ratio is defined 

as the length of the riser tube divided by its diameter. When the Z:D ratio is below 50 the two 

phase flow patterns will not have develop fully. It results in increasing (slip) of the water, 

decreasing pumping volume and efficiency. In this study Z:D ratio was set to be 12.5. 

 

Fig. 3.19. Air lift pump aerator A air lift pump at the moment of compressor tank filling (A), and 

evacuating (B), air compressor (C), air bubbles raising inside raiser tube (D), cruciform base (E), 

and lateral view of airlift pump (F). 

 
Three different air inlet pressures were studied to evaluate air lift pump aerator: 80 - 110, 50 

- 80 and 25 - 50 PSI, air pressure inlet was measures by compressor manometer. 

 
3.2.6.2. Diffused aerator. 

This aerator has a diffused perforated circular tube (Fig.3.20B) positioned at the bottom of 

the tank (Fig.3.20A). The air was injected through this circular tube by the compressor. The 

bubbles diameter was differed nearly each 3 seconds due to the effect of air pressure that 
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decreasing during compressor evacuating time, at first three seconds the bubbles diameter ranged 

between 5 to 7 cm at air pressures of 110 to 80 PSI with raising velocity 50-52 cm/s. In next three 

seconds, the bubbles diameter ranged between 2 to 4 cm at air pressures of 50 to 80 PSI with 

raising velocity 39-42 cm/s. In the last three seconds at air pressures of 25 to 50 PSI the bubbles 

diameter ranged between 0.7 to 2 cm with raising velocity of 3-30 cm/s. In the last three seconds 

air pressure ranged between 14 to 25 PSI, and the bubbles diameter from 0.3 to 0.5 cm with a 

raising velocity of 0.5-1.5 cm/s. Three different raising velocities of 0.5-1.5 cm /s, 39-42 cm/s 

and 50-52 cm/s were considered to evaluate the aeration efficiency for this type of aerator.  

Kodak Easy Share camara of M530 (12 Megapixels) was set to take videos, after that the taken 

videos were divided to photos every 0.5 second by the program of Real Player, the photos start to 

cut at the first air bubble realized, the divided photos were analyzed by the program of ImageJ 

(ij124-jdk6) to calculate air bubble diameter and bubble raising velocity for each category. 

       

    

Fig. 3.20. Diffused aerator, diffuser tube (A), compressor hose connection with two PVC valves 

controlling air inlet pressure (B) tank bottom photo (C), air bubbles in movement in the water (D) 

and (E). 

A B C 

D 

E 
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3.2.6.3. Venturi aerator. 

As illustrated in (Fig.3.21.A) a1.9 cm venture (Mazzei) injected air into the water flow, 

inside a tank of 220 liters (Fig. 3.19.B). A PVC valve of 2.54 cm was placed in a by-pass tube to 

control the differential pressure between the water inlet and the venturi outlet (Fig.3.21.C). The 

differential pressure evaluates aerator performance at 14.7 kPa, 9.8 kPa and 4.9 kPa. The 

graduated transparent hose was used to measure the differential pressure. Water flowed at 18 

L/min and air was injected at 25L/min. Turbulence is created in the mixing zone by shearing 

forces and transfer of kinetic energy, (Fig.3.21.E). 

 

Fig 3.21. Venturi aerator, showing (A) venturi; (B) 200 liter tank; (C) lateral view; (D) isometric 

view; (E) aeration by venturi. 
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3.2.6.4. Spray column aerator. 

Spray columns have been used extensively in the chemical process industry for gas-liquid 

absorption and desorption operations. Water is pumped to the top of the tower and through a 

liquid distributor allowed to flow by gravity. At the same time a blower introduced fresh air into 

the bottom of the tower; the air flows counter-current to water, sometimes pure oxygen is used in 

intensive aquaculture ponds. If water contains any volatile contaminant, the air can extract it from 

the water due to a large air-water interface area. Colt and Orwicz, (1991) indicated that the 

technique relay on moving water droplets through the air, as is done with surface aerators and 

packed column aerators. It is more effective than aeration technologies that move air bubbles 

through water. The column aerator consists of two mass transfer units each 0.9 m long, separated 

by a water distributor (Fig.3.22). The water was pumped at the top of the column by a 0.5 Hp 

pump. Water was divided into three cones using sprays (SURTEK 130027). These cones increase 

the solubility of oxygen in the water by increasing the contact surface between air and water. To 

introduce the air at the bottom a blower of 0.5 Hp motor was used. Water and air are introduced 

through the water distributor making a great turbulence between air and water as it passes 

through the plate, increasing oxygen solubility in water. 

 

Fig. 3.22 Spray column aerator, (A) Water sprayer SURTEK 130027; (B) Isometric view; (C) 

Spray column aerator photo. 
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3.2.7. Aerators evaluation calculations:  

These experiments were designed and carried out during May, June and July of year 2010 to 

acquire the most appropriate aerator designed for local RAS. Two important terms were used to 

compare the aerator performance as follow: 

Oxygen transfer rate (OTR) which is the amount of oxygen that the aerator adds to the water 

per hour under standard conditions and is reported as kgO2/hr.  

Aeration efficiency index (AAE) which is the oxygen transfer rate divided by the amount of 

power required and is expressed as kg O2/hr per kW. 

 

Dissolved oxygen corrections  

To correct the solubility at another atmospheric pressure, use the following equation (Boyd, 

1998); 

)
760

( A
tc

P
DODO        (3.14) 

The atmospheric pressure at Chapingo was 550 mmHg by solving the equation above: 

550
760

0.72368  

Table 7.3 and Fig.7.1 (Appendix I) show the effect of the altitude on dissolved oxygen 

saturation and the effect of dissolved oxygen partial pressure on oxygen solubility. The pressure 

or tension of DO in water can be estimated by equation (2.32). 

There are two basic types of aerator performance tests, the steady-state test and the unsteady-

state test. The steady-state tests is conducted by mounting an aerator in a stream of water and 

measuring flow volume and DO concentration before and after aeration. The difference in the 

mass of DO between the inflow and the outflow represents the mass of oxygen transferred to the 



MATERIALS AND METHODS 
 

97 
 

water by the aerator (Watten and Boyd, 1989; Colt and Orwicz, 1991; Vinci et al., 1997 and 

Morchain et al., 2000). The un-steady method of testing aerators in basins of water (American 

Society of Civil Engineers, 1992) is used by several investigators (Boyd and Ahmad, 1987; 

Rutanggorigit et al., 1991; Boyd, 1998; Loyless and Malone, 1998; and Fast et al., 1999). In the 

present study the steady-state test was used to determine the aerator performance and this 

experiment was conducted at dissolved oxygen concentrations ranged between 10% and 70% 

saturation. 

To enhance the reliability of experiment, the liquid was sampled at three different points 

along the path of water. The average mass transfer coefficient kLa in column can be calculated by 

(Linek et al., 1984); 
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The oxygen transfer coefficient is adjusted to 200C with the following equation:  

1.024     (3.16) 

where KLa20 is the oxygen transfer coefficient at 200C (h-1) and T is the water temperature (0C). If 

the test cannot be run in clean water, the α values must be determined for the water in which the 

aerator test was conducted (Boyd & Ahmad, 1987). 

    (3.17) 

The α test can be conducted by using a laboratory-scale aerator to determine KLa20 values for 

small samples of test water tap water (Shelton & Boyd, 1983). 

′      (3.18) 

where KLa'20 is the adjusted KLa20. 

The rate of oxygen absorption can be calculated by (Lewis and Whiteman, 1924) equation: 
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)( mL DODOak
dt

dDO
       (3.19) 

where, DOm is measured dissolved oxygen at first point in (mg/l). The rate of oxygen absorption 

accelerates after increasing the oxygen deficit (DO*-DOm)  

Outlet dissolved oxygen saturation percent can be determined by this formula (Boyd, 1998): 

100)(% 
DO

DO
DO o    (3.20) 

The oxygen-transfer coefficient is used to estimate the standard oxygen-transfer rate for 

aerator: 

)10)()((' 3
2020

 VDOaKSOTR SL     (3.21) 

where, V is tank volume (m3) and 10-3 factor for converting grams to kilograms. The actual 

oxygen transfer rate for an aerator operating in a fish pond can be estimated with the following 

equation: 

XX
DODO

SOTRXOTR Tfs 20024.1
09.9


      (3.22) 

Oxygen transferred per hour can also be computed by the following equation (Wheaton, 

1993), 

)10)()(( 3 VDODOaKOTR mSL     (3.23) 

Aeration efficiency index: 

BP
OTR

AAE      (3.24) 

where AAE is aeration efficiency index, OTR is oxygen transfer rate in gO2/h and BP is the power 

used in kW. 
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3.3. Recirculating aquaculture system operation performance. 

During the experimental running of RAS system some factors were identified such as the 

relationship between aeration level and water temperature, dissolved oxygen level on fish growth 

rate, algae presence and its effect on aeration process and water distributor as an additional 

aerator. 

 

a. The effect of dissolved oxygen concentrations on carp growth rate.  

Three different levels of dissolved oxygen concentration were studied; carp growth rate and 

energy consumption per each 10 gram of growth at three of dissolved oxygen concentrations 

levels. Dissolved oxygen concentration for the first, second and third tank was between, 2.0 - 4 

and 3.5 - 5 ppm respectively. To maintain the dissolved oxygen levels in the tanks, three different 

aeration mechanisms were used: (1) Full capacity of countercurrent spray column aerator for the 

first tank, (2) Gravity aeration by biofilter distribution sprays, and (3) aeration by spray column 

aerator with water pump only as shown in Fig. 3.23. 

 

Fig. 3.23. The three different aeration techniques that were used (1) spray column aerator (i.e. 

water pump with air fan), (2) Gravity aerator, and (3) spray column aerator with water pump 

only. 
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b. The effect of oxygen transfer rate on tank water temperature and its influential on 

carp oxygen consumption. 

At cooler months such as January, February and March the aeration process can effect 

drastically on water tank temperature, at low air temperatures the spray column aerator operated 

as a chiller, for air-water surfaces contacting affecting heat enthalpy gained or lost for the aerated 

water. Carp oxygen consumption was used as an indicator for carp biological activities such as 

digestion, building and maintenance at different water temperatures. 

 

c. The effect of algae presence on spray column aerator operation hours. 

Algae influence the water quality of the pond mainly by affecting the balance among 

dissolved oxygen, pH, carbon dioxide, and nutrients. During photosynthesis, algae produce 

oxygen, remove nutrients, and take up respired carbon dioxide from both the fish and the algae 

itself. According to the amount of ammonia nitrogen and nitrate nitrogen released in the system 

the algae can grow rapidly for example in carp tank 3 the carp grow to be more intensively in 

three weeks as shown in Fig. 3.24. In heavily stocked ponds, the water becomes supersaturated 

with carbon dioxide. High levels of carbon dioxide can quickly depress the pH of the water to 

levels below seven if the operator is not careful to maintain proper alkalinity levels and adequate 

aeration for stripping. During active periods of photosynthesis (during daylight hours), algae can 

quickly strip the carbon dioxide out of the water, and pH levels can rise above nine in a matter of 

hours. Fish not acclimated to such sharp shifts may initially show signs of stress. 

At night, both algae and fish consume oxygen from and exhale carbon dioxide into the 

system. Algae compete with the fish for available oxygen in the water. A potentially serious 

impact of an algae bloom is the risk of an “algae crash” triggered by temperature or barometric 

pressure. When an algae bloom collapses, dead algae cells settle to the bottom of the pond, 
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adding to the decomposing sediment’s oxygen demand. If the crash is severe, the pond’s oxygen 

supply can be quickly depleted, causing spray column aerator to operate more continuously. 

Additionally, as the dead algae cells rupture, they can release organic nitrogen and phosphorous 

back into the water, adding to the system’s nutrient load. The biological cycle starts again with 

bacteria converting the organic nutrients to inorganic elements. Which are then available to be 

recycled, and the algae bloom continues. 

 

Fig. 3.24.Algae growth developing in the Tank 3 was 45, 56, 95, 150 and 420 NTU respectively. 

 
d. The effect of three different water distributors on spray column aerator operation hours. 

Water distributors mounted above the biofilters present as a gravity aerators which utilize the 

energy released when water loses altitude to transfer oxygen. A sprayer SURTEK 130027 was 

used to diffuse the water above the biofilter media, which worked as splashboards in tank 2 (Fig. 

3.25 B); or by water distribution tube (Fig. 3.25A). The efficiency of a gravity aerator was 

calculated by equation 2.14. 

 

Fig. 3.25 Three different forms of gravity aeration through the biofilters. 
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3.4. Dissolved oxygen budget monitoring and sampling system. 

3.4.1. Dissolved oxygen mass balance in RAS. 

A basic task of fish tank management is the maintenance of dissolved oxygen for fish 

survival and growth. The managers can monitor the dissolved oxygen level at a given point in 

time, predicting potential critical periods of low concentration. Dissolved oxygen concentrations, 

are given by chemical, physical and biological reactions. In order to gain a better understanding 

of events which can contribute to low dissolved oxygen concentration, such as heavy 

phytoplankton blooms and high temperature. The parameters under-studies participating to the 

oxygen budget in the recirculating aquaculture system are Phytoplankton, Cultivating Fish, 

Nitrifying bacteria, and Sediments as shown in Fig. 3.26, Eq. 3.25 and Table 3.3 and 3.4. 

   
     

 

(3.25) 

Equation 3.25 can be used to calculate the amount of aeration required to RAS system.  

 

Fig. 3.26. Dissolved oxygen budget in RAS. 
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Table 3.3. Oxygen mass balance equations in RAS. 

Inlet variables Equation R2 

Algae oxygen production AOP 4.5795ln NTU 3.0793 0.894 

Algae oxygen consumption AOC 0.0286 NTU 17.306 0.9782 

Fish oxygen consumption FOC AW BW C Table 3.4 

Nitrobacter 0.1936 2.0174  0.8851 

Sediments 1279.62  0.812 

 
where AOP is accumulated oxygen production per day, AOC is accumulated oxygen 

consumption per day, NTU is water turbidity in NTU units, W is carp mean weight in grams,  

is the biofilter media bulk volume in m3, FOC is carp oxygen consumption, NBOC is nitrobacter 

oxygen consumption, SOC is sediments oxygen consumption. 

 
Table 3.4. Parameter definitions for carp oxygen consumption calculation. 

Water temperature (°C) 0 A B C R2 

18 -0.00001 0.0447 0.4306 0.994 

20 -0.0001 0.0506 0.5103 0.99 

22 -0.0001 0.058 0.523 0.97 

24 -0.0001 0.0635 0.6812 0.96 

 
3.4.2. Dissolved oxygen sampling system. 

Galvanic dissolved oxygen sensor HI 76410/4 (Fig. 3.27C) was connected to the DO 

analyzer HI 8410 (Fig. 3.27D). It was equipped with Novus data logger to save dissolved oxygen 

concentration data every 10 minutes. The output current of the HI8410 was converted to 

dissolved oxygen values (ppm) using the programmed scale equation on the data logger (two 

analogue industrial sensors LOGBOX-AAIP65 electronic data logger, (Fig.3.27E). The 

registered data was transferred to the computer by a wireless interface with USB cable. 
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Fig. 3.27. Dissolved oxygen meters (A) hand meter (HI 9146), (B) controller and data logger, (C) 

DO sensor HI 76410/4, (D) DO analyzer HI 8410 and (E) electronic data logger LOGBOX-

AAIP65 and its wireless interface with USB cable. 

 
HI 76410/4 is a galvanic probe provided with a membrane covering the galvanic sensor and a 

built-in thermistor for temperature measurement and compensation; recommended for connection 

with HI 8410. DO hand meter has a polarographic probe (HI 76407/4F), (Fig. 3.27). Hand meter 

(HI 9146) and dissolved oxygen controller (HI 8410) characteristics illustrated at Tables 3.5, 3.6. 

 

Fig. 3.28. Polarographic probe HI 76407/4F. 
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Table 3.5. Hand meter (HI 9146) 

specifications. 

Table 3.6. Dissolved oxygen analyzer (HI 8410) 

specifications. 
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Fig. 3.29. DO sampling points on RAS system (Orange circles show sampling location points). 

 
The first sampling point was in the Carp tank to monitor dissolved oxygen concentrations 

during 24 hours. Second and third points were positioned at the fish tank inlet (aerator outlet) and 

centre cylinder of the separator where the tank bottom outlet was discharged; these measurement 

points were used (second and third points) to calculate the fish oxygen consumption by the 

following equation; 

.
     (3.26) 

where, SOC is the carp specific oxygen consumption (
.

,  is the dissolved oxygen 

concentration at tank inlet,  is the tank outlet and Q is the water flow rate of the system. 

Dissolved oxygen concentration at the biofilter was measured and sampled at point 4 of the 

biofilter. Oxygen concentrations at the biofilter were higher than at the inlet, as water falling from 

the water distributor mounted over the biofilter increased air-water contact. For this reason the 

oxygen consumed by nitrifying bacteria was measured at the system turning off status. The 

reduction rate in dissolved oxygen calculated oxygen consumption by: 
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       (3.27) 

where, NBOC is the nitrifying bacteria oxygen consumption, is the dissolved oxygen 

concentration at time 1,  is dissolved oxygen concentration at time 2,  is the time 

interval between time 1 and time 2 and  is water volume in the biofilter. The sample point 

(4 and 2) (Fig. 3.24) used as aerator inlet and outlet sampling point to measure the amount of 

oxygen transferred to water stream in the system by following equation. 

      (3.28) 

 

3.5. Oxygenation system automation. 

Effective DO management is a key factor in the operation of commercial RAS. For this 

experiment of automation three tanks were stocked with different sizes of 50 organisms per m3 

the first tank has an average of 198 grams, the second 130 grams and the third of 210 grams to 

optimize each tank control independently. Aeration system automation yielded real time control 

of oxygen levels in the production tank eliminating high oxygen levels during the night and low 

oxygen levels following feeding and temperature raises. 

Dissolved oxygen concentrations from the three tanks measured and stored using only one 

sensor and one controller. A hydraulic head (Fig. 3.30) constructed with an inclination of 5° 

received the water sample from each tank through a hose. Each hose came from a 25W peristaltic 

pump (mod. 41k25GN-AUL-ES, Oriental Motor Co. LTD, Japan) providing a flow rate 0.356 

liter/min. The water passed through the DO probe and returned back to the tank (Fig. 3.30). For 

accurate dissolved oxygen measurements a water flow of at least 5-7 cm/s is required. In this way 

a constant replenishment of the oxygen-depleted membrane surface is ensured. 
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Fig. 3.30. Overview of the peristaltic pumps mounted over the tanks and the hydraulic head 

system. 

 
3.5.1. Data acquisition system installation. 

A galvanic probe (HI 76410/4, Hanna Instruments, USA) was connected to the rear panel 

mounted controller (mod. HI 8410, Hanna Instruments,USA). Dissolved oxygen readings are 

automatically compensated for temperature changes of oxygen solubility and membrane 

permeability. 

 

Fig. 3.31. Acquisition system connection. 
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The dissolved oxygen analyzer (HI 8410) output was considered as a referenced single ended 

analog signal. The positive terminal of the 4-20 mA current signal was connected to the desired 

analog input of NI-USB 6008 (AI) and the negative terminal was connected to ground terminal 

(Figs. 3.31A and C). A variable resistor of 10 k was connected in parallel with the sensor and 

the analog input terminals; the variable resistance was used for manual calibration in the field. 

The default configurations of the NI USB-6008DIO ports are open collector, allowing 5 V 

operations, with an onboard 4.7 k pull-up resistor. An external pull-up resistor can be added to 

increase the source current drive up to a 8.5 mA limit per line. To determine the external pull-up 

resistor an ammeter was connected in series with the load (Fig. 3.31B). A variable resistor was 

placed between the digital output line and the +5 V supply and adjusted until the ammeter read 

the desired current. The current should be less than 8.5 mA, and the resistance of the variable 

resistor was measured. The measured resistance was 340  so six static resistors of 390  were 

chosen, three outputs were used by the relays to turn on the peristaltic pumps and the other three 

to start the aerators (Fig. 3.32). 

       

Fig. 3.32. A central controller PC for dissolved oxygen controller with dissolved oxygen analyzer 

(HI 8410). 
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Table 3.7 NI-USB 6008 port configuration 

 

 
3.5.2. LabView coding 

LabVIEW (short for Laboratory Virtual Instrumentation Engineering Workbench) is a 

platform and development environment for a visual programming language from National 

Instruments. The purpose of such programming is automating the usage of processing and 

measuring equipment in any laboratory setup. 

The graphical language is named "G" (not to be confused with G-code). Originally released 

for the Apple Macintosh in 1986, LabVIEW is commonly used for data acquisition, instrument 

control, and industrial automation on a variety of platforms including Microsoft Windows, 

various versions of UNIX, Linux and Mac OS X (http://en.wikipedia.org/wiki/LabVIEW). The 

version that used in this experiment is LabView 2009 (32-bit).LabView is a widely used 

graphical programming environment which allows designing systems in an intuitive block-based 

manner in shorter times as compared to the commonly used text-based programming languages. 

A closed loop ON/OFF control compared functions between the desired dissolved oxygen (DO) 
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concentrations for the three tanks and the DO concentration actually measured, sending on/off 

signal to each aerator independently (Fig. 3.33). 

 

Fig. 3.33. Close loop control. 

Basically, LabView consists of Front Panel – User Interface and Block Diagram – Compiled 

Code. 

 

3.5.2.1. The user interface (front panel) 

The user interface of the dissolved oxygen controller has three components: 1. Program 

definition, 2. Operation states and 3. Sensor operation.  

The program presents four definitions  

a. Digital output ports definition.  

The digital output ports of the NI-USB DAQ 6008 are used to control the three peristaltic 

pumps and the three aerators.  

b. Data logging timer. 

Data logging timer and measurements interval timer can be timed by the user to take 

measurements from each of the three tanks every 10 min. Peristaltic pump turning on timer was 

programmed to be for the first two tanks at 3.3 m, taking 23.5 seconds to acquire the first water 

sample provided from the pump hose at depth of 80 cm. The third tank located 6.1 m away from 

the hydraulic head required 43.6 seconds in order that the water sample arrived to the DO sensor. 
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c. Data logger path. 

Specific folder path at the PC should be defined, dissolved oxygen readings logged by 

LabView in a Microsoft Excel file with CVS extension. The program automatically generates 

three Excel files, one for each tank to be located in the predefined folder at PC; new acquired data 

was appended to it. LabView acknowledged the acquired data (e.g. if the data received from the 

first, second or third fish tank) according to the assigned peristaltic pump state. The acquired data 

was graphed daily by the user to monitor changes in dissolved oxygen and identify sensor 

problems. 

d. Desired values. 

Identify the maximum and minimum desired values of dissolved oxygen that the controller 

should maintain. Dissolved oxygen concentrations difference between minimum and maximum 

DO should be above 1 ppm.  

The operation status module has some Boolean leds giving the user account about the status 

of the controller components of three peristaltic pumps and the three aerators (Fig.3.34). 

The sensor operation monitoring module has a visual interface for measuring errors. It 

presents a suitable scale equation actually used by the program, a waveform chart for graphing 

the historical measurement. Manual calibration processes interface that require user presence 

replace sensor membrane and electrolyte. It is recommended to change the membrane every 2 

months and once a month change the electrolyte. At the moment of electrolyte or membrane 

exchange if the user did not take a care for air bubbles inside the electrolyte the measurements 

reach higher peaks, LabView program can detect this error immediately the user should gently 

tap the membrane over a surface to ensure that no air bubbles remain trapped. 
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Fig. 3.34. Front panel-User Interface with dissolved oxygen control. 

 

3.5.2.2. Compiled code algorithm. 

At the moment of program starting, is sending true state (on) to the first peristaltic pump and 

its corresponding led at user interface. The elapsed time taken by the peristaltic pump until one 

sample reach to DO probe from each tank is varied and programmed built-in. The program makes 

dissolved oxygen sensor in idle status until 20 seconds before water sample reach, doing auto 

calibration with air, the controller acquires thirteen values of dissolved oxygen after 45 seconds 

(sensor stabilization elapsed time) of water sample reaching. The stored data are averaged and 

compared against a given set point. If the dissolved oxygen measurement is beneath the set point 

the first aerator will turn on simultaneously with its corresponding led at user interface. Once the 

peristaltic pump is turned-off water inside the hydraulic head returns to the tank and air fills the 

sensor head doing sensor auto diagnostic with one point (at saturation status air-membrane 

contact), for membrane antifouling processes see appendix II. The program will start to do the 
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same operation steps with the second tank and the third tank (Fig. 3.35). The RAS aeration 

requirements during the growing season under dissolved oxygen controller were reduced having 

minimum energy consumption; Table 3.8 shows hour's operations requirements for each life 

stage.  

 

Fig. 3.35. Timing signals during system operation. 
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Table 3.8. RAS system aeration requirement in hours during the day and the night at different 

water temperatures for 50 organisms per m3. 

Individual 
fish weight 

Water temperatures, °C 

17 18 19 20 21 22 23 24 

20 0.91 0.97 1.06 1.13 1.19 1.26 1.32 1.38 
30 1.33 1.41 1.54 1.64 1.74 1.83 1.92 2.02 
40 1.74 1.84 2.01 2.13 2.26 2.39 2.50 2.64 
50 2.13 2.25 2.45 2.60 2.77 2.93 3.06 3.23 
60 2.50 2.65 2.88 3.06 3.26 3.45 3.60 3.80 
70 2.86 3.03 3.29 3.49 3.72 3.95 4.12 4.35 
80 3.20 3.40 3.69 3.90 4.17 4.42 4.61 4.88 
90 3.53 3.74 4.06 4.29 4.59 4.88 5.08 5.38 
100 3.84 4.08 4.42 4.67 5.00 5.32 5.53 5.86 
110 4.14 4.40 4.76 5.02 5.39 5.74 5.96 6.32 
120 4.42 4.70 5.09 5.35 5.75 6.14 6.36 6.76 
130 4.68 4.99 5.39 5.67 6.10 6.52 6.75 7.18 
140 4.93 5.26 5.68 5.96 6.42 6.87 7.11 7.57 
150 5.17 5.52 5.95 6.23 6.73 7.21 7.45 7.94 
160 5.39 5.76 6.20 6.48 7.02 7.53 7.76 8.29 
170 5.59 5.98 6.43 6.72 7.28 7.83 8.06 8.62 
180 5.78 6.19 6.65 6.93 7.53 8.11 8.33 8.93 
190 5.95 6.39 6.85 7.12 7.76 8.37 8.58 9.21 
200 6.11 6.56 7.03 7.30 7.96 8.61 8.80 9.47 
210 6.25 6.73 7.19 7.45 8.15 8.82 9.01 9.71 
220 6.37 6.88 7.34 7.58 8.32 9.02 9.19 9.92 
230 6.48 7.01 7.47 7.70 8.46 9.20 9.35 10.12 
240 6.58 7.12 7.58 7.79 8.59 9.36 9.49 10.29 
250 6.66 7.23 7.67 7.86 8.69 9.50 9.61 10.44 
260 7.56 8.15 8.70 9.00 9.86 10.70 10.91 11.77 
270 7.81 8.42 8.99 9.29 10.19 11.06 11.27 12.16 
280 8.06 8.70 9.28 9.58 10.52 11.42 11.63 12.56 
290 8.31 8.97 9.57 9.88 10.84 11.77 11.99 12.95 
300 8.56 9.24 9.85 10.17 11.17 12.13 12.35 13.35 
310 8.81 9.51 10.14 10.46 11.49 12.49 12.71 13.74 
320 9.06 9.78 10.43 10.76 11.82 12.85 13.07 14.13 
330 9.31 10.05 10.72 11.05 12.15 13.21 13.43 14.53 
340 9.56 10.33 11.00 11.34 12.47 13.57 13.79 14.92 
350 9.81 10.60 11.29 11.63 12.80 13.92 14.15 15.31 
360 10.06 10.87 11.58 11.93 13.12 14.28 14.51 15.71 
370 10.31 11.14 11.87 12.22 13.45 14.64 14.87 16.10 
380 10.56 11.41 12.15 12.51 13.78 15.00 15.23 16.50 
390 10.81 11.69 12.44 12.81 14.10 15.36 15.59 16.89 
400 11.06 11.96 12.73 13.10 14.43 15.72 15.95 17.28 



MATERIALS AND METHODS 
 

116 
 

Open loop control as an alternative method for close loop control in emergency situations. 

Due to the the presence of user to change the sensor electrolyte or membrane, LabView was 

programed to operate the control system as open loop during emergency situations (Fig. 3.36). 

Sensor failures resulted in higher frequency values and variation of the saturation point. For a 

given temperature and biomass density calculated according to the age, the program calculates 

aeration time per tank (Equations 3.16 and 3.17). This values were encountered to reach a 

dissolved oxygen set point between 4 and 5 ppm.  

 

Fig. 3.36. Open-loop control system. 

The following equations were used in programming obtained from the model of dissolved 

oxygen balance in RAS, 

A af bf c   (3.29) 

f = 0.0009T2+ 0.0165T + 1.7713  (3.30) 

where A  is the aeration requirement time, f is the carp biomass (kg per m3) and T is fish age 

(day). The equation constants were defined by table 3.9. 

Table. 3.9. Aeration requirements equation constants 

Temperature, °C a b c 

24 -0.0222 1.3879 0.0731 

22 -0.02 1.2564 0.0781 

20 -0.02 1.125 0.0791 

18 -0.0155 0.9636 0.0768 
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3.5.2.3. Environment and dissolved oxygen sensor. 

An important consideration in aquacultural control systems is the environment in which they 

are used. The corrosiveness of the water in which DO probe is placed can rapidly degrade its 

effectiveness. DO probe can also be fouled by microbial growth. A regular schedule of 

maintenance (electrolyte and membrane exchanging every month) and calibration should be used 

to insure that the probe is functioning properly. Program fault detection for DO probe 

determining its status and fouling problems see appendix II (Galvanic dissolved oxygen sensor 

auto-diagnostic monitoring and control during carp cultivation). 

 

3.5.2.4. Signal filtering using LabView for temperature and dissolved oxygen 

measurements. 

Thermocouple readings were recorded by LabView in an Excel file. In order to monitor 

changes in water temperature and identify problems for fish tanks. Water temperatures were 

taken manually twice daily with mercury thermometers to validate thermocouple records. 

Thermocouples were calibrated against the same mercury thermometer. Thermocouples were 

subject to electrical noise and occasionally recorded outlying temperature readings that we 

assumed were false (e.g., -90°C). Four different types of signal filtering were used for dissolved 

oxygen probe and thermocouple signals, Table 3.10. Treated signal by the different filters was 

illustrated graphically at the front panel (Fig. 3.38). Smoothing filter with higher time constant of 

exponential average (40.105) was used to remove the noises of the thermocouples, and 1 for 

dissolved oxygen probe as shown in Fig. 3.37the voltage signals obtained by thermocouples was 

filtered and converted linearly to centigrade; dissolved oxygen probe signals already had linearity 

that done by dissolved oxygen analyzer (HI 8410). 
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Fig. 3.37. Block diagram for thermocouples. 

 

 

Fig. 3.38. Filtered and unfiltered DO signal using a) low pass filter (red line), band stop (blue 

line), high pass filter (green line) and smooth filter (exponential based method) (white line). 
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Table 3.10. Filters characteristics. 

Filtering 
method 

Filter specifications 
Filter type 

Design 
function 

Order High cut off 
frequency 

Low cut 
frequency 

Smoothing 
filter 

‐‐‐  ‐‐‐  Exponential  ‐‐‐  ‐‐‐ 

Low pass  ‐‐‐  1 Hz 
Infinite impulse 

response 
Butterworth  3 

High pass  396 Hz  ‐‐‐ 
Infinite impulse 

response 
Inverse 

Chebyshev 
2 

Band stop  500 Hz  1 Hz 
Infinite impulse 

response 
Butterworth  2 

 

3.6. Water mass balance in RAS. 

The amount of water lost across the system by evaporation, aeration, and discharged water 

by the separator and water exchanged during the growing season can be observed by the amount 

of water required to compensate it. The overall water loss (QT) can be determined by eq.3.31. 

   (3.31)  

where is water loss by aeration effect, is water loss by evaporation effect,  

is water loss by system effluents,  is water loss by exchanging. 

Water loss by aeration effect was determined by covering aerator top (foggy outlet) with 

plastic of polyethylene and measuring the amount of collected water per hour. Water loss by 

evaporation was determined by evaporation pan positioned inside the greenhouse, the amount of 

discharged and exchanged water was measured by a bucket of 20 liter.  

 



MATERIALS AND METHODS 
 

120 
 

3.7. Dosing system automation 

Three food sessions 10:00, 14:00 and 18:00 h were applied per tank with one automated gate 

mounted above the second tank and with another two gates without automation; the three gates 

allowed better food dispersion. The food feeder was installed above the first tank and distributed 

to each tank's gate according to Table 3.11. The first motor (Fig. 3.39a) was connected to the 

outer tube by gear connection to stir the food at the cone bottom (Fig. 3.39f) above the three 

holes of the bottom of the cone (Fig. 3.39d) as shown in (Fig. 3.39c) that lead to the tanks or 

above the holes of weighting mechanism (Fig. 3.39g). 

 

Fig. 3.39. Dosing system (1) lateral view, (2) top view, (3) feeder photo, (4) fan, and (5) feeder 

parts. 
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Table 3.11. Monthly feeding for each tank containing 100 organisms’ three meals daily. 

Time 
Daily feeding 

weight (g) 
per tank 

Meal weight 
(g) 

Feeding (g) per every doses per tank 

1st tank 2nd tank 3rd tank 

1st month 150 50 50 50 50 

2nd month 150 50 50 50 50 

3rd month 300 100 100 100 100 

4th month 300 100 100 100 100 

5th month 450 150 150 150 150 

 

2.1 Feeder operation 

Four sections are encountered at the automatic feeder (Fig. 3.39): food hopper (1), feeding 

management control (2), weighting mechanism (3) and food delivery to tanks (4). The 25 liter 

food hopper was designed for feeding the fishes during two weeks; a capacitive proximity sensor 

detected food absence setting an alarm. The daily food delivered was of 150 gram during the first 

month (Table 3.11), and increased to a maximum of 450 gram on the last month.  

The feeder controls the food delivered to the tanks by moving one motorized plate; when the 

holes (Fig. 3.39) of the two plates coincide the food passes to the weighting mechanism. The 

bottom plate turns around while the fixed top plate avoids excessive load to the motorized plate. 

The bottom plate is turned by a 17.8 W direct current motor supplied by 24 V DC (mod. AST-

G002DC, Geared Motor, USA). The motor rated torque was of 34 Nm and rotated at 5 RPM. 
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Table 3.12. Port configuration 

Port 1 P1.0 P1.1 P1.2 P1.4 

Name TF M1 WMS Gate motor 

Defin 
0- fan cont 

1-coil turn off 
Motors Feeder 

Weight Micro 
Switch 

0-for tank 2 

1-for tank 3 

Port 2 P2.0 P2.1 P2.2  

Name T1 T2 T2  

Defin 
0-1st month 

1-2nd month 

0-3rd month 

1-4nd month 

0-5th month 

1-aut 
 

 

The automated feeder was controlled by an embedded system based on the ATM89C51 

(ATMEL Inc, San Jose, California) microcontroller. The microcontroller port configuration is 

depicted in Table 3.12, and a LUT (look up table) stores the information for food dosing per gate 

during the different months for both rearing and nursing tanks (Table 3.12). Port 1 considers fan 

control, motors control and gate control (P1.4). Manual instructions of the operational status of 

the tanks are provided by external switches in Port 2. 

If all the fishes have the same growth the system can run with an automatic routine by setting 

P2.2 to one. configurating monthly microcontroller Port 2 the appropriate feeding signals are sent 

to the feeder using Port 1.  

 

Fig.3.40. Gate (a) general view and (b) opening or closure (). 
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The weighting mechanism operations (see Appendix III). 

Three output gates deliver the food to each tank by one PVC tube standing over the tanks 

(Fig. 3.40); one automated gate controlled the opening and closing of outlets 1 and 2. A thin 

circular plate rotated inside the gate was derived by a 4.22 W@12 V DC gear motor (model 

EMG30, Technobots Ltd. UK). Gates stayed normally opened allowing food application to gate 

3. The gate motor drivers (Fig. 3.40a and b). Motor drivers activated by P1.4 signal close the 

valves; the gate closes for 12 seconds. 

Feeder performance evaluation and pipe air flow analysis (see Appendix I and III). 

 
3.8. Growth rate indicators 

As fish feed is expensive, the feed conversion ratio (FCR) or feed efficiency (FE) is 

important for the grower, determining if feed is being used efficiently. FCR is calculated as the 

weight of the feed fed to the fish divided by fish growth weight. FCRs of 1.5-2.0 are considered 

good for most species. 

  weight feed/        (3.32) 

FE is simply the reciprocal of FCRs (1/FCR); FEs greater than 50% are considered good. 

Fish are not completely efficient (FEs 100%), because they must use some of the energy in feed 

for metabolic heat, digestive processing, respiration, nerve impulses, salt balance, swimming, and 

other living activities. Feed conversion ratio will vary among species, sizes and fish activity 

levels, environmental parameters and the culture system used. 

Other parameters were used to determine fish growth response were; Mean Weight Gain 

(MWG), Relative Growth Rate (RGR), Specific Growth Rate (SGR), Protein Efficiency Ratio 

(PER), and Mortality and Survival Rate. 

         (3.33) 
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% / 100       (3.34) 

      /      (3.35) 

/ 100        (3.36) 

Survival Rate (%) = (Number of fish that survived / Total Number of Fish stocked) * 100. 

where Wt1 is fish mean weight at time 1, Wt2 is mean fish weight at time 2, Wf is final fish weight 

and Wi is initial fish weight. 

 
3.8.1. Fish weight determination and sampling process. 

The three RAS units were stocked with carp 100 organism/m3. Carp uniformity is fallen into 

four categories (Fig. 3.41). The majorities of carps presented a weight between 15 - 20 and 20 - 

25 grams, corresponding to 38% and 45% of the total stocked fish respectively. Ten percent of 

weighting samples are selected randomly from each tank every week. The overall standard 

deviation for fish weighting was of 3 to 31.5 gram. Initial and final weights were measured to 

determine the final growth rate (Fig.3.41). Webster and Regenstein, (2007) reported that the 

sample size collected determines the accuracy. For example, in the case of 10,000 fish ranging in 

size between 100 and 1000 gram requires a larger sampling than as the same population if fish 

size ranged between 100 and 150 gram. As a rule of thumb for collecting weight data, at least 100 

fish should be sampled being 1% of the entire population. 
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Fig. 3.41. Weight carp sorting at the moment of initial tanks stocking. 

 
Fish sample procedure 

Sufficient water was added from the sample tank to the bucket; the bucket was placed on the 

scale; the scale was tarred, the random sample of (9 fishes) was divided into three categories (Fig. 

3.42), repeating the process three times, the first category was added to the bucket; the scale gives 

the total weight and the average fish weight was calculated as   /      

and the sample repeated three times to get an average. 

 

Fig. 3.42. Sampling process. 
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4. RESULTS AND DISCUSSIONS 

 

4.1 Building automatic aeration and alimentation control system. 

Fig. 4.1 is overall system diagram of automatic aeration control system. It is composed of a 

sensor unit, a managing for extracting samples from the three tanks, monitoring and controlling 

unit. The sensor node installed inside a measurement tube allows dissolved sensor to collect data 

from three different sampling points by peristaltic pumps. The automatic aeration control can be 

applied as an open loop control based on the data collected by evaluating each component in 

RAS system as explained at the section of dissolved oxygen balance in RAS system. 

 

Fig. 4.1. Closed loop control diagram. 

 
The automatic feeder constructed in this experiment was evaluated to introduce a 

predetermined amount of fish food three or two times daily according to fish sizes. 

 
Results ordering 

The results in this chapter were ordered to illustrate each component evaluation, and the most 

suitable operators for each unit; dissolved oxygen balance in the system to clarify oxygen fluxes 

processes in the system obtaining results to open loop control; system performance indicators of 

water and energy consumption and carp biomass gained per m3 water in section (4.6); automatic 

aeration control behavior in the system. 
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4.1. Separator evaluation 

Tank bottom cleanliness and separator removal efficiency were analyzed under the following 

parameters: 

1. Tank water level of 80 and 90 cm; 

2. Tank base diameter of 2.54, 3.81 and 5.08 cm. 

 
4.1.1. The effect of water level in fish tank on separator removal efficiency and tank bottom 

cleanliness efficiency.  

The water flow rate through the separator was 25 Lpm providing a hydraulic retention time 

of approximately 15 min for particle settling resulting in a considerable portion of the large 

particles to be removed. The average TSS of the separator in flow was 8.15 4.3 mg/L and the 

average TSS of the separator out flow was 2.165 0.84 mg/L. The overall average removal 

efficiency for suspended solids removal through the separator was 78.38 and 73 % for 80 cm and 

90 cm of water tank level respectively, (Pfeiffer et al., 2008) showed an average TSS water in 

flow of the bead filter (after the sump) of 6.63 0.44 mg/L and the average bead filter outflow 

TSS was 1.78 0.08 mg/L for an average removal efficiency of 73.1%. The removal efficiency 

for each category is presented in Fig. 4.2. The influent water into the separator from the tanks had 

a majority of particles in the 0.157–0.745 at 80 cm head and 1.3–10 mg at 90 cm head 

respectively.  

The separator removal for the particles larger than 0.033 mg has higher average separator 

removal efficiency of 95.93% due to its higher gravity forces to precipitate in the separator, solid 

removal performance in separators is mainly due to gravity rather than centrifugal forces and 

separation is mainly by sedimentation, (Veerapen et al., 2005). A lower tank bottom removal 

efficiency of 36%, due to their higher weight the suction forces of the base cannot overcome to 
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drag all the particles at the tank bottom, the particles smaller than 0.033 mg has higher tank 

bottom removal efficiency of 90.67% and average separator removal efficiency of 44.33%, the 

lower separator removal efficiency was 15 % for the particles lower than 0.0024 mg at 90 cm 

head due to the ability of these particles to dissolve or suspend in the water. 

 

Fig. 4.2. Separator Removal Efficiency. 

 

 

Fig. 4.3. Tank bottom cleanliness efficiency. 
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Tank bottom cleanliness efficiency per categories of 1.3-10.1, 0.745-1.3, 0.157-0.745 and 

0.0333-0.157 mg has inverse relationship with the base diameter, that increased from 11 to 22, 19 

to 23, 45 to 53 and 74 to 78 % respectively for a 90 cm head. For categories lower than 0.0333 

mg the removal efficiency was similar, so the base diameter had higher suction force that can 

drag a higher amount of solids bigger than 0.0333 mg Fig.4.3. 

Generally at 80 cm head the tank bottom cleanliness is less efficient than the cleanliness 

efficiency at 90 cm head due to lower drag forces generated at tank bottom by higher water level, 

but on the other hand creates higher central damping forces of the separator central that affect 

separator removal efficiency Fig. 4.2. 

 
Table 4.1. Tank bottom removal efficiency. 

 1 inch 1.5 inch 2 inch 

 80 cm 90 cm 80 cm 90 cm 80 cm 90 cm 

1.3-10.1 14.12 22.32 10.87 13.45 5.47 11 

0.745-1.3 20.43 23.35 17.33 20 15 19 

0.157-0.745 38.56 53.55 35.09 47 33 45 

0.0333-0.157 72.67 78 71.89 76 72 74 

0.0196-0.0333 85.3 90.2 85.1 90.63 84.7 90.87 

0.0024-0.0196 93.1 94.32 92.67 94.04 93.92 94 

 0.0024 94.45 95.5 94.2 94.99 94.15 95.1 

 

4.1.2. The effect of tank base diameter on tank bottom cleanliness and separator removal 

efficiency. 

When the tank base having 5 cm of diameter and water level in fish tank was 90 cm, the 

separator effluent flow had less than 10% of the particles lower than 0.0024 mg and the particle 

distribution increased in the other size range categories. Distribution of particles in the 1.3–10.1 

mg group increased to 40, 45 and 50% for tank base diameters of 5.08, 3.81 and 2.54 cm, 
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respectively. Particles within 0.157–0.745 mg increased to 46.03% with a tank base of 5cm, and 

decreased to 36.55% with a tank base of 3.81 cm. The majority of the precipitated particles of the 

separator channel was of 48.78% for particles lower than 0.0024 mg when the water level was of 

80 cm. With a water level of 90 cm particles of 0.0333-0.157 mg increased to 24.6% , 23.6 and 

22.5% for 5.08, 3.81 and 2.54 cm, respectively. For all tank bases the particles within 1.3-10.1 

and 0.157-0.745 mg had the majority separator effluent for water levels of 90 and 80 cm, 

respectively (Fig. 4.4, 4.5 and 4.6). The water level also effect clearly on the majority group that 

precipitate in the separator channel it was found that particles lower than 0.0024 mg and between 

0.0333-0.157 mg had the majority precipitation at water columns of 80 and 90 cm, respectively. 

It is due to the damping forces at the separator center were higher with a water column 90 cm 

than for a column of 80 cm. 

         

Fig. 4.4. Solids distribution in the (a) discharged water and (b) separator channel using a tank 

base of 5 cm. 
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Fig. 4.5. Solids distribution in the (a)discharged water and (b) separator channel using tank base 

of 3.81 cm. 

 

         

Fig. 4.6. Solids distribution in the (a) discharged water and (b) separator channel using tank base 

of 2.54 cm. 

 

The optimum operators for separator removal efficiency and tank bottom cleanliness were 

set to be 90 cm for tank water level and 2.54 cm for tank base diameter. 
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4.2. Biofilters performance  

4.2.1. Biofilter Initialization. 

Total ammonia concentration peaks were found from the 23th to 29th, for biofilter 1 

(Fig.4.7). In biofilter 2, total ammonia concentration peaks were found between the days 19-28. 

And for biofilter 3 maximum ammonia peak were encountered between days 24 to 29. Nitrate 

accumulation starts 15 days after for biofilters (Fig. 4.7d). 

      

      

Fig. 4.7. Biofilter initialization for the first (a), second (b) and third (c) biofilter and the nitrate 

accumulation in biofilter 3 (d). 

 

(a) (b) 

(c) 

(d) 
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Total ammonia nitrogen was monitored during the start up days up to 3.3 ppm, and at this 

concentration 10% of water was exchanged with new fresh water. This process was followed 

until the biofilter reached the full capacity operation in the system 60, 53 and 53 days for biofilter 

1, 2 and 3, respectively. In the biofilter 3 the biofilter was stabilized at the day 53th with the 

presence of microalgae, after that the microalgae was positioned in a competition case with the 

nitrifying bacteria causing all microalgae to die suddenly in the system that affect biofilter 

stabilization and the ammonia start to accumulate due to the ammonia generated by algae cells 

decompositions and still about 10 days to stabilize again. Fig. 4.7d shows microalgae behavior 

that is growing to 420 NTU causes ammonia declining to be minimum that operated 

synchronically with nitrifying bacteria and its disappearing in the system for food competition. 

 

4.2.2. Comparative study among the biofilters 

Three different designed biofilters were used in RAS system.The second biofilter has 

biostrata to cultivate the nitrifying bacteria, the biostrata purchase cost (US$ 50 / panel (9 

panels/biofilter)) is higher than Tezontle (volcanic sand widely available in Mexico), the 

comparative study was done to obtain knowledge about the performance of the three designed 

biofilters in RAS system, if there is no significantly differences between the three biofilters, then 

the Tezontle biofilter is more useful and profitable to use due to its low construction costs. As for 

the other Tezontle biofilters the difference between them only is water distributers that affect 

biofilter gravity aeration. The evaluative performance parameters are used in this study. 

1. Total ammonia nitrogen conversion rate; 

2. Total ammonia nitrogen removal efficiency and index; 

3. Nitrifying bacteria growth rate. 
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4.2.2.1. Total ammonia nitrogen conversion rate. 

Total ammonia nitrogen removal or conversion rate of biofilters was positively affected by 

TAN and temperature linearly, for the nitrifying bacteria and carp activity related to water 

temperature, the amount of the TAN generated by carp increases as water temperature raises. 

Throughout the day, the amount of exerted ammonia was differing due to water temperature 

fluctuation during the day (Fig. 4.9). As the TAN concentration increased, a proportional 

improvement in the conversion ability of biofilters occurred (Fig. 4.8a). Statistical analysis 

(ANOVA) that done with SAS program showed that temperature, ammonia concentration, and 

the interaction between them significantly affected nitrification performance (P < 0.05); Similar 

results have been reported for other types of biofilter (De Los Reyes and Lawson, 1996; Malone 

et al., 1999; Sanduet al.,2002). Other researchers have shown that the specific growth rate of 

nitrifying bacteria and the ammonia removal rate of the biofilm increase as the ammonia level 

increases (Paller, 1992; Zhu and Chen, 1999). The relationship between temperature and TAN 

removal is shown in Fig. 4.8b during the first week of March. 

 

Fig. 4.8. (a) Diurnal changes in TAN removal rates (b) the relationship between water 

temperature and TAN removal rates. 
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Water temperatures variations during one day give a chance studying the effect of water 

temperature for three tanks on TAN removal rate (g/h) (Fig. 4.9). The impact of temperature on 

nitrification performance due to dissolved oxygen limitation is different from that due to TAN 

limitation. When oxygen is limited, the decrease in saturation of dissolved oxygen as temperature 

increases results in a negative temperature impact on the nitrification rate (Tseng and Wu, 2004). 

 

Fig. 4.9. Air and water temperatures for the three tanks at March. 

Because nitrification rates are known to vary over the course of a day, due to fish feedings 

and associated ammonia production, diurnal fluctuations in TAN mass removal rate and percent 

removal values were investigated. Carps normally were fed in the morning around 9 to 10 AM 

and again in the evening around 5 or 6 PM at March. TAN mass removal rates were not 

significantly different among biofilter types at time 0 of feeding (p = 0.01). TAN removal mass 

rates increased gradually as fish activity increased by the effect of water temperature and feeding 

times due the digestive processes (Fig.4.8). However, removal rates increased in all filter types 

between the periods of 4:00 pm and 12:00 am (Fig. 4.8). Tezontle biofilter systems exhibited 

lower TAN mass removal rates which different significantly from these in trickling filters (p = 

0.05); Removal rates among the two tezontle filters were not statistically different (p = 0.95). 
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After peaking at 8 p.m., filter mass removal rates declined in all filter types. Twarowska et al., 

(1997) and Westerman et al., (1996) observed similar results in their filtration studies, where 24 h 

analyses of various biofilters showed TAN removal to increase with increasing TAN 

concentrations before peaking and declining. 

The relationship between the volumetric total ammonia nitrogen removal rate (VTR) (mg 

TAN/m3.day) and TAN concentration produced daily by fish was studied. In the current study, 

TAN concentration significantly affected the VTR (P<0.05). Figs. 4.10 and 4.11 show that daily 

VTR and surface TAN removal was increased as carp size increasing. The amount of TAN 

converted per surface unit (Surface TAN conversion rate) it was observed that the Tezontle 

biofilters had lower surface TAN conversion rate. It is concluded that the biostrata had surface 

conversion rate about 10 times higher than the tezontle (Fig. 4.11). Due to the laminar form of the 

biostrata that give a higher opportunity for nitrifying bacteria to be in contact with atmospheric 

air, but in the case of tezontle particles, the biofilm accumulated or grown on the porous space 

limiting gases exchanges from the bulk to the surface. 

 

Fig. 4.10. Volumetric TAN conversion rate (mg TAN/m3.day) for three biofilters. 
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Fig. 4.11. Surface TAN conversion rate (mg TAN/m2.day) for the biofilters. 

 
4.2.2.2. Total ammonia nitrogen removal efficiency percentage and index. 

The second biofilter can respond quicker to TAN fluctuations in the system (Fig. 4.12). The 

media helped to distribute homogenously the nitrifying bacteria in the entire areal surface. This 

result was similar to the ones obtained by Hall, (1999) in its comparative study between the 

trickling biofilter, the rotating biological contactor and the up flow pulsed bed bead filter. TAN 

removal efficiency for first, second and third tank was stabilized between the 51 and 55th day to 

52.08, 73.7 and 64.7%, respectively. 

 

Fig. 4.12. Total ammonia nitrogen removal efficiency (%) for the biofilters. 
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Ammonia removal efficiency index increased for the biofilters to be 105.6 mgTAN/kW.h at 

the 71th day (Fig. 4.13). There were not significantly difference between the biofilters (p = 0.99) 

due to the higher energy requirement for the second biofilter to lift the water at the media surface. 

The energy consumption for water rising to be distributed above the biofilter media was 

calculated as energy lost by water fallen by gravity, as TAN conversion rate increases ammonia 

removal efficiency index improves (Fig. 4.13). 

 

Fig. 4.13. Total ammonia nitrogen removal efficiency (mg TAN/kW.h) for the biofilters. 

 

4.2.2.3. Total ammonia nitrogen conversion rate and volumetric oxygen consumption rate 

as indicators for nitrifying bacteria growth rate.  

The growth behavior of the nitrifying bacteria for the three biofilters was exponential in the 

first 15, 23, 14 days as shown in the Fig. 4.14b, 4.16a and 4.17a.Nitrifying bacteria growth was 

determined by system TAN consumption. TAN was consumed by both types of nitrifying 

bacteria autotrophic and heterotrophic that can be determined by volumetric oxygen consumption 

rate for water column and biofilter media. Total volumetric oxygen consumption rate (VOCRtot) 

is the sum of volumetric oxygen consumption rate for fixed (nitrifying) (VOCRnit) and suspended 
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(heterotrophic) (VOCRheter) bacteria. In the biofilters 1 and 3 the algae accidently created, but the 

algae in the biofilter 3 (Fig. 4.17a) was more intensive than biofilter 1 (Fig. 4.14a); the algae in 

the biofilter 1 not exceed 45 NTU during biofilter initialization. There are some competitions 

between the microalgae suspended in water column and the heterotrophic bacteria on food at the 

starting up time of biofilters. It is difficult to distinguish the volumetric oxygen consumption by 

microalgae or by heterotrophic bacteria in biofilters 1 and 3.  

 

Fig. 4.14. Total ammonia nitrogen consumed by nitrifying bacteria and algae in the 1st biofilter 

(a) the overall growth of nitrifying bacteria during biofilter initialization (b) the nitrifying bacteria 

growth behavior in the first 15 days and (c). The nitrifying bacteria growth behavior after math 

(d). The relationship between the TAN conversion rate and volumetric oxygen consumption rate 

mg O2 /m
3.day for biofilter 1. 
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Due to the participation of microalgae that is producing oxygen during the day that affect the 

oxygen consumption measurements. The microalgae which appeared accidently accompanied the 

tezontle biofilters represent an effect of effluent treatment. The algae that found in the third 

biofilter consumes at maximum state 1.42 ppm per day (Fig. 4.17), where the first biofilter the 

maximum TAN consumed was 0.6 (Fig. 4.14). Andrade et al., (2009) showed that the microalgae 

removal efficiencies of 94.44% (23.80 mg/L) for ammonia nitrogen that can be used instead of 

biofilters in algal based systems.  

The major disadvantage of algae based systems are the wide diurnal variations in dissolved 

oxygen, pH and ammonia-nitrogen and the long term changes in algal density and frequent (die-

offs) (Burford, et al., 2003); that was observed in the two tezontle biofilters the frequent die off 

for the competition between the bacteria and the algae for the food and dissolved oxygen 

demand. The algae found in the biofilter 3 had higher impact on the nitrifying bacteria 

performance than the algae in biofilter 1. 

Fig. 4.14c shows that TAN consumed by nitrifying bacteria that indicates biofilm grow this 

linearly with time, the amount of algae found in the biofilter1 does not affect significantly on 

nitrifying bacteria growth or biological activity, so that the nitrifying bacteria grow linearly with 

one slope. In biofilter 3 (Fig. 4.17a), the nitrifying bacteria growth behave linearly with two 

slopes, the first slope was followed in the presence of algae (pink square) from the day 27th to the 

day 53rd the TAN consumed by bacteria only increased from 3.79 to 4.32 ppm. After algae die off 

the nitrifying bacteria grow incrementally to compensate the TAN difference, this growth was 

done as a buffering respond to the amount of TAN increased in the RAS system due to algae 

absence (blue square) from the days 53rd to 77th with increasing in TAN consumed by bacteria 

from 4.32 to 6.72. 
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The biofilm growth was measured during biofilter initialization weekly for the three 

biofilters (Figs. 4.15, 4.16d and 4.17c). Fixed or attached biofilm was increased as TAN 

conversion rate developed; the nitrifying bacterial biomass increases for all the biofilters in the 

range of 170 to 190 g per each mg of TAN converted that falls in the range of 170-210 g, 

(Wheaton et al., 1991; Wheaton et al., 1994). 

 

Fig. 4.15. Nitrifying bacterial biomass per stone of Tezontle (mg) for the first biofilter. 

 
It was observed that volumetric oxygen consumption rate was increased by increasing 

volumetric TAN conversion rate due to the nitrification process as shown in Fig. 4.16c for 

biofilter 2. The oxygen consumption rate was used as a measure of microbial metabolic activity 

(Persson et al., 2006) but the oxygen consumption was increased in 15 of February this due to the 

effect of water temperature increasing with difference of 2 to 4°C, in the first 15 days the 

nitrifying bacteria was increased exponentially for the exponential growth of nitrifying bacteria 

until biofilm stabilization, so the (VOCRtot) was increased from 1713 mg O2/m
3.day to 68550 mg 

O2/m
3day, after that the (VOCRtot) was increased linearly up to 146240 mg O2/m

3day in the day 

60, and the 18 days later the (VOCRtot) was also increased linearly with higher slope until 
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237868.5 mg O2/m
3day.Data collected on bead biofilter systems (Wimberly, 1990; Chitta, 1993; 

Sastry, 1995) indicate that bacterial oxygen consumption is roughly 165 g O2 kg-1 feed. 

 

Fig. 4.16. (a) Overall growth rate for the nitrifying as TAN consumption in the tank 2. (b) Overall 

growths of heterotrophic and autotrophic bacteria during biofilter initialization expressed as 

volumetric oxygen consumption rate. (c) The relationship between the TAN conversion rate and 

volumetric oxygen consumption rate for biofilter 2. (d) Nitrifying bacterial biomass growth per 

panel (mg). 
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Fig 4.17 (a) Overall TAN consumption for biofilter 3. (b) The relationship between Volumetric 

TAN conversion rate (mg TAN/m3.day) and Volumetric oxygen consumption rate mg O2/m
3.day 

for the third biofilter. (c) Nitrifying bacterial biomass per stone of Tezontle (mg) for the third 

biofilter. 

 
4.3. Aeration experiments 

The experiments were carried out to choose and evaluate an aerator designed locally to meet 

dissolved oxygen requirements in local intensive re-circulating aquaculture systems; the aerators 

performance indicators are: 1) Change rate in dissolved oxygen (mg/l.min), 2) Outlet dissolved 

oxygen saturation percent (%), 3) Oxygen transfer rate (gO2/h), 4) Actual aeration efficiency 

index (gO2/kW.h). 
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It was necessary to determine the amount of dissolved oxygen required for every fish growth 

stage. Normally the water movement through the biofilters adds some part of aeration named 

gravity aeration. Three different levels of dissolved oxygen and water temperature were analyzed 

to study the effect of dissolved oxygen and water temperature on carp growth rate, and which has 

the priority effect on growth rate. The altitude above sea level of the experimental site is 2400m 

and has an inverse effect on dissolved oxygen saturation and thereby on oxygen tension (Table 

7.3 Appendix 1). 

 

4.3.1. The effect of air inlet pressure on airlift pump aerator performance. 

The relationship between air inlet pressure and oxygen transfer rate, dissolved oxygen 

change rate, outlet dissolved oxygen percentage, and aeration efficiency index are shown in Fig. 

4.18. It's observed that, the oxygen transfer rate increased with air injected between 69.53 and 

758.42 kPa; energy usage increased, yielding a reduction in the actual aeration efficiency index 

(AAE) from 451.7 to 246.12gO2/kW.h. Similar results were obtained by Loyless and Malone, 

(1998), where the outlet dissolved oxygen percentage and the change rate in dissolved oxygen 

raised with the increase of air injection from 53.73 to 62.69 % and from 0.04 to 0.08 mg/l.min. 

 

4.3.2. Effect of air bubbles velocity on diffused aerator performance. 

The relationships between air inlet pressure as air bubbles raising velocity and oxygen 

transfer rate, change rate in dissolved oxygen and aeration efficiency index were shown in 

Fig.4.19. It's observed that, the oxygen transfer rate increased from 1.6 to 3.3 gO2/h as air bubbles 

raising velocities increased from 0.5 to 52cm/s. Energy consumption increased to meet the higher 

air raising velocities requirements needing a higher amount of air injection. It reduces the actual 

aeration efficiency index (AAE) from 271.02 to174.045 gO2/kW.h. 
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Fig. 4.18. Effect of air injection pressure on (a) oxygen transfer rate and change rate in DO and 

(b) Aeration efficiency index and outlet dissolved oxygen percentage (%) for the air lift pump 

aerator. 

 
The standard aeration efficiency index and the standard oxygen transfer rate indicated by 

Boyd, (1998) for a diffused aerator ranged from 0.7 to 1.2 kgO2/kW.h and from 0.6 to 3.9 kgO-

2/h, respectively. The lower values of AAE and OTR compared with the data obtained by 

continuously air feed aerator of Boyd, (1998) was due to the elapsed time by the compressor to 

refill the compressor tank, the change rate in dissolved oxygen normally followed the amount of 
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oxygen transferred to increase from 0.027 to 0.056 mg/l.min. Moreover Boyd and Ahmad, (1987) 

stated that simple diffused aeration is not efficient in shallow ponds commonly used for fish 

production (depth = 1.0-1.5 m) because the contact time of the air bubbles with the water is not 

great enough for sufficient oxygen transfer. 

 

Fig. 4.19. Effect of air bubbles raising velocity on (a) oxygen transfer rate and change rate in DO 

and (b) aeration efficiency index for the diffused aerator. 
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4.3.3. Effect of differential pressure on venturi aerator performance. 

The relationships between the differential pressure and oxygen transfer rate, change rate in 

dissolved oxygen, outlet dissolved oxygen percentage, and aeration efficiency index were shown 

in Fig. 4.20. It's observed that, the oxygen transfer rate increased from 1.75to 3.25 gO2/h as air 

differential pressure increased from 3 to 14.7 kPa. Energy consumption was the same for all 

differential pressures at the by-pass tube, increasing the actual aeration efficiency index (AAE) 

from 356.91 to 622.83 gO2/kW.h, DO change rate and outlet dissolved oxygen percentage 

increased from 0.039 to 0.072 mg/l.min and 52.24 to 61.19 %, respectively. 

 

Fig. 4.20. Effect of differential pressure (kPa) on DO change rate, oxygen transfer rate, outlet 

dissolved oxygen percentage (%) and aeration efficiency index.  
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4.3.4. Spray column aerator performance  

The effect of superficial air velocity, hydraulic loading rate and spray numbers on spray 

column aerator performance was studied. Relationships between oxygen transfer rate, change 

rate, outlet dissolved oxygen saturation percentage and aeration efficiency index, for different 

superficial air-water velocities are shown in Figs. 4.20, and 4.21. With an increase in superficial 

air velocity, and superficial water velocity, both SOTR and AOTR increased. 

The effect of superficial air velocity on aerator performance with two sprayers, and hydraulic 

loading rate of 0.0013 m3/m2.s was analyzed. As superficial air velocity increased from 0.04 to 

0.66 m/s, OTR, ΔDO, %DO and AAE increased from 3.6 to 10.8 gO2/h, 0.03 to 0.1 

mg/l.min,61.19 to 74.63 % and 167.99 to 503.97 gO2/kW.h, respectively. 

The effect of hydraulic loading rate on aerator performance with two sprayers and superficial 

air velocity of 0.04 m/s is illustrated in Table 4.2. As the hydraulic loading rate increased from 

0.0013 to 0.0021. OTR, ΔDO, %DO and AAE increased from 3.6 to 8.64 gO2/h, 0.0033 to 0.08 

mg/l.min, 61.19 to 71.64%, 167.99 to 403.17, respectively. 

The effect of number of water jets on aerator performance at hydraulic loading rate of 0.0013 

m3/m2.s and superficial air velocity of 0.04 m/s was studied. As the column aerator increased 

from two to three sprays, the OTR, ΔDO, %DO and AAE increased from 3.6 to 6.48 gO2/h, 

0.033 to 0.06 mg/l.min, 61.19 to 70.14 % and 167.99 to 302.38 gO2/kW.h. 

The air/water ratio was used as an indicator parameter to obtain a better performance for the 

aerator. The superficial air/water ratio was generated by two hydraulic loading rates (0.0013 and 

0.0021) and four superficial air velocities (0.04, 0.08, 0.37 and 0.66). For each category of 

superficial air velocity marked by a different color (Table 4.2) as air/water ratio decreases AAE 

increases. Therefore, the spray column aerator will need a higher hydraulic rate to give a higher 

aeration efficiency index for each superficial air water velocity. 
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Air/water ratio is proportional outlet dissolved oxygen saturation percent (%DO), as obtained 

by Watten, (1990). 

 
Table 4.2. Effect of hydraulic loading rate and sprayers' number on spray column aerator 

performance. 

Hydraulic 
loading 

rate 

SV 
air 

Air/Water 
ratio 

2 SPRAYS 3 SPRAYS 

OTR ΔDO %DO AAE OTR ΔDO %DO AAE 

0.0013 0.04 30.76 3.6 0.033 61.19 167.99 6.48 0.06 70.14925 302.38 

0.0021 0.04 19.05 8.64 0.08 71.64 403.17 11.52 0.1067 80.597 537.56 

0.0013 0.08 61.54 6.48 0.06 67.16 302.38 8.64 0.08 73.13433 403.17 

0.0021 0.08 38.095 9.36 0.087 73.13 436.77 13.68 0.127 83.58209 638.36 

0.0013 0.37 284.62 7.92 0.073 70.15 369.58 10.08 0.093 77.61194 470.37 

0.0021 0.37 176.19 11.52 0.1067 77.61 537.56 18 0.167 94.02985 839.94 

0.0013 0.66 507.69 10.8 0.1 74.63 503.97 13.68 0.127 82.08955 638.36 

0.0021 0.66 314.29 14.4 0.133 82.09 671.96 23.04 0.213 101.4925 1075.13 

 

Generally, oxygen mass transfer rate (OTR) becomes greater as the hydraulic loading rate 

increases for all air flow rates, superficial air velocity and sprayers number due to the aerator's 

column. Oxygen transferred to the water is proportional to the shearing forces applied of the 

liquid surface as the contact area causes a significant increase in mass transfer. These results were 

also obtained by Morchain et al., (2000) and Yuan et al., (2004). 

From the results obtained the spray column aerator has the highest OTR and AEE at water 

flow rate of 30 LPM and air flow rate of 0.157 m3/s gaining 23.04 gO2/h and 1.075 kgO2/kW.h 

with three sprayers. Spray column aerator was used in RAS now has OTR of 13.68 gO2/h, 

achieved with 0.5 Hp water pump, if the user want higher OTR the pump of 0.5 Hp can be 

changed with water pump of 0.75 Hp obtaining OTR of 23.04 gO2/h. 
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Fig. 4.21. Effect of superficial air velocity on DO change rate and OTR with two sprayers (a) and 

three sprayers (c) and on %DO and AAE for two sprayers (b) and three sprayers (d) at hydraulic 

loading rate of 0.0013 m3/m2.s. 

 

Fig. 4.22. Effect of superficial air velocity on DO change rate and OTR with two sprayers (a) and 

three sprayers (c) and on %DO and AAE for two sprayers (b) and three sprayers (d) at hydraulic 

loading rate of 0.0021 m3/m2.s. 
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4.4. Dissolved oxygen transfer analysis 

4.4.1. Effect of temperature and oxygen deficit on oxygen transfer rate (OTR). 

Fig. 4.23 shows that the temperature affects inversely oxygen transfer rate. As the 

temperature decreased from 24°C to 14°C, the oxygen transfer rate increased from 8.8 to 9.4 

gO2/h with a rate of 0.0547 gO /h/°C, and its regression equation is: 

0.0547 10.224R2 = 0.9635   (4.1) 

where T is water temperature in °C. 

 
Oxygen deficit (OD) is proportional to OTR having an average value of 1.852 gO /h /

 PPM and obtained from the following equation, 

1.852 0.06   R2 = 0.9982       (4.2) 

 
Oxygen moves from the atmosphere to the water and vice-versa by diffusion, and the rate of 

oxygen diffusion depends upon the oxygen deficit. The oxygen deficit is the driving force 

causing oxygen to enter or exit the water surface (Fig.4.23 and 4.24). Oxygen deficit per unit has 

higher effect on oxygen transfer than the temperature effect Boyd, (1998). 

 

Fig. 4.23. Effect of temperature on oxygen transfer rate at dissolved oxygen of 2 PPM. 
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Fig. 4.24. Effect of oxygen deficit on oxygen transfer rate at 20°C. 

 
4.4.2. Effect of oxygen transfer and air temperature on tank water temperature. 

As OTR increases water becomes hotter at higher air temperatures, as a greater superficial 

contact area exists between air and water allowing a better heat transfer given by: 

∆ 0.0003 0.0048R2 = 0.9374       (4.3) 

where ∆  is the enthalpy gained or lost (°C/min). Fig. 4.25 shows that tank 3 has the lowest 

OTR, being its temperature shows the highest.  

 

Fig. 4.25. The effect of air temperature on water temperature and dissolved oxygen 

concentrations at OTR of 26 gO2/day. 



RESULTS AND DISCUSSION 
 

153 
 

Figs. 4.26 and 4.27 show the effect of air temperatures on the tanks water temperature at 

different months applied three oxygen transfer rate (OTR) for each tank affecting dissolved 

oxygen concentrations. 

 

Fig. 4.26. The effect of air temperature on water tanks temperature at December, January and 

February.  
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Fig. 4.27. The effect of air temperature on water tanks temperature at March, April and May.  

 
It was observed that air temperatures were different inside the green house covered with 

shade net Table 4.3 shows the diversity in air temperatures between the indoor and outdoor 

temperatures, affected water temperature; the differences between water temperatures at indoor 

and outdoor illustrated at Fig. 4.26, in January water temperatures for the three tanks recorded 
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water temperatures higher than water temperatures at outdoors, also the effect of three distinct 

aeration processes for three tanks on water temperatures variations. 

 

Table 4.3. Temperature measurements for three tanks at December. 

Month 
Outdoor air temperatures Indoor air temperatures 

Maximum Minimum Maximum Minimum 

December 21 7 26 11 

January 21 6 25 8 

February 22 7 28 8 

March 25 9 30 10 

April 26 10 32 10 

May 27 12 34 13 

 

4.4.3. Dissolved oxygen mass balance in RAS: 

4.4.3.1. The effect of algae on dissolved oxygen demand. 

Planktonic algae (algae bloom) usually occurs as a result of increased levels of nutrients and 

carbon dioxide in water, combined with the energy of sunlight. The nitrifying bacteria compete 

with algae for the nutrient available. As alga blooms grow more intensively in RAS show the die 

off phenomena and nearly disappeared except for some cells that attached to the walls. Fig. 4.28 

shows the effect of algae turbidity in the system on oxygen level. Algae participate during the day 

as an oxygen generator producing at 12:00 pm the higher amount oxygen as gO2 per hour of 7.02, 

5.76, 5.58, 5.4 and 3.6 for 420, 280, 150, 95, 56 and 45 NTU, respectively. 
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Fig. 4.28. The effect of algae density on dissolved oxygen concentration (A) and its effect on the 

amount of oxygen that produced (B) or consumed (C) per hour. 

 
The accumulated oxygen production per day is illustrated at Fig. 4.29. It consumes the 

highest amount of oxygen at 9:00 p.m. and 10:00 p.m. with values of 5.4 and 5.4, 4.266 and 5.4, 

3.78 and 4.14, 3.42 and 3.42, 3.96 and 1.8 and 3.6 and 1.8 for 420, 280, 150, 95, 56 and 45 NTU, 

respectively. The accumulated oxygen consumption per day is illustrated at Fig. 4.29. The 
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amount of oxygen produced or consumed per hour in the RAS can be calculated by the following 

equations: 

4.5795 3.0793R2 = 0.8943       (4.4) 

where AOP is the accumulated oxygen produced during the day. 

0.0286 17.306R2 = 0.9782        (4.5) 

where AOC is the accumulated oxygen consumed per day. 

 

Fig. 4.29. The effect of algae density on the accumulated oxygen production (A) or consumption 

(B) per day. 

 
It was observed that as water turbidity increases in the water the accumulated oxygen 

consumption raises linearly, but the accumulated oxygen production has a logarithmic behavior 

as the water column has higher algal blooms that affect light penetration. Therefore, water levels 

have not sufficient light and consume oxygen. 
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4.4.3.2. Carp dissolved oxygen demand. 

Oxygen consumption by the carps was studied under water temperatures ranging between 17 

and 24°C for different carp sizes. 

 

Fig. 4.30. Diurnal fish oxygen consumption (mgO2/hr) for carp mean weight (A) 200 grams and 

(B) 150 grams. 

 
Carps feeding is often strongly affected by reduced oxygen (Doudor off & Shumway ,1970; 

Carlson et al. 1980, Kramer, 1987). Search, digestion and assimilation are major components of 

the energy budget of many fishes (Brett & Groves 1979). Two daily meals were applied starting 

from carp weight 100 grams at 11:16 and 18:30 hr. with a feed ratio of 5% of fish bio-mass. 

Digestive respiration increases oxygen demand by 0.03 gO2/kg[BM].h during three hours. 
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Growth respiration was recorded for each week of monitoring to be between 9:16 pm and 3:26 

am, the growth respiration detection was as an increment in oxygen consumption for times longer 

than 3 hours if there is no stresses. Maintenance respiration obtained at 17 °C was of 0.32 

gO2/kg[BM].h. Fish respiration varied during the day limited by water temperature decreasing 

from 0.422 to 0.32 gO2/kg[BM].h, Fig. 4.30. As water temperature decreased from 20 to 17 °C 

from 4:26 to 11:16 AM, fish activity decreased as well as oxygen consumption. 

 

Fig 4.31. Effect of water temperature on carp oxygen consumption at different carp mean weight. 

 
It was observed that as food supply numbers increases carp oxygen consumption after 

feeding will be lower in its raising as obtained by Zakes et al. (2006), as shown in Fig. 4.30a. As 

food introduced one time per day, the carps has higher appetite than the food introduced two 

times daily, the mean oxygen consumption for one two times food applications increases from 

0.39 to 0.42 gO2/kg[BM].h (Fig. 4.30B). Due to carp has higher starvation during feeding for 

their activities for searching, eating, and digesting. Therefore, it's recommended to apply the food 

at the highest water temperatures during the day to obtain maximum feed conversion factor (g 

food/ g fish), nevertheless if the food introduced at cooling temperatures, lower number of fish 

will eat and the majority will not, increasing food losses. 
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Temperature has been long recognized as one of the fundamental extrinsic factors affecting 

biologic processes of poikilothermic organisms, such as feeding, respiration, growth, and 

reproduction (Newell and Branch, 1980; Shumway, 1982; Bayne and Newell, 1983). It was 

observed that the rapid shift in water temperatures (according to weather conditions in the State 

Mexico) affects drastically carp oxygen consumption, (Fig. 4.31); similar results were similar to 

(Saucedo et al., 2004). Carp oxygen consumption decreased during the night as water 

temperature cools to 17°C. At places that has lower changes in temperature between day and 

night and in open ponds oxygen requirements increased during night as plants and algae consume 

oxygen (Madenjian et al., 1987). The following regression relationship calculates the oxygen 

demand by the carp at different temperatures and fish size. 

 

Table 4.3. Fish oxygen consumption equation's parameters. 

Water temperature, °C A B C R2 

18 -0.00001 0.0447 0.4306 0.994 

20 -0.0001 0.0506 0.5103 0.99 

22 -0.0001 0.058 0.523 0.97 

24 -0.0001 0.0635 0.6812 0.98 

 
Fig.4.31 shows the effect of water temperature on the carp oxygen consumption. Minimum 

carp oxygen consumption was observed at 7:07 a.m. and started to increase as water heats up 

reaching maximum oxygen consumption at 7:37 p.m. Specific oxygen consumption rise 146.67% 

two hours after feeding at 9:00 a.m. and 137.5% two hours after feeding at 12:00 a.m.  

 
4.4.3.3. Biofilter dissolved oxygen demand. 

The removal of ammonia by heterotrophic bacteria can be described in general by the 

following relationship (Ebling, et al., 2006a) for ammonia as the nitrogen source: 
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1.18 2.06 6.06 3.07           4.6  

This equation indicates that for every gram of ammonia-nitrogen converted to microbial 

biomass consumes 4.71 g of dissolved oxygen, 3.57 g of alkalinity (0.86 g inorganic carbon) and 

15.17 carbohydrates (6.07 g organic carbon). A total of 8.07 g of microbial biomass having 2.63 

g of inorganic carbon will be produced. Fig.4.32 shows the effect of carp mean weight on the 

amount of oxygen consumed by the nitrifying bacteria, due to the direct relationship between the 

amount of ammonia produced by the carp and the nitrifying bacteria growth. It will demand 

oxygen to convert the ammonia to nitrate in the biofilter. 

 

Fig. 4.32. Effect of the carp mean weight on nitrifying bacteria oxygen consumption. 

 
The following equation can be used to calculate the amount of dissolved oxygen 

consumption in the biofilter. 

0.1936 2.0174 R2 = 0.8851  (4.7) 

where W is the carp mean weight in grams and  is the biofilter media volume in m3 and NBOC 

is the biofilter oxygen consumption gO2/hour. 
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4.4.3.4. Sediments dissolved oxygen demand. 

The accumulation of sediments in RAS affects significantly the amount of overall oxygen 

demand by the system to be decomposed by the aerobic bacteria. It is necessary to remove these 

sediments daily by the separator of solids and perform a complete cleaning every week to remove 

all the solids in the separator. Fig.4.33 shows the effect of sediments on overall oxygen 

consumption during the day and the night that ranged from 3.5 to 28.9 gO2/m
3 sediments per 

hour, respectively. Sediment oxygen demand (SOC) in commercial channel catfish ponds was 

determined as oxygen demand per each surface unit. Estimated SOC ranged from 62 to 962 mg. 

m−2 h−1, with a mean of 478 mg. m−2 h−1 (Steeby et al., 2004). 

 

Fig. 4.33. Diurnal oxygen consumption by the sediments. 

 

The accumulative oxygen demand by the sediments per day can be calculated by the 

following equation. 

1279.62     (4.8) 

where SOC is the accumulative oxygen consumption by the sediments per day and VSed is the 

sediments wetted volume. 
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4.4.3.5. Overall dissolved oxygen demand 

The overall dissolved oxygen demand is the main parameter for the RAS designer when 

designing a suitable aerator to meet the dissolved oxygen requirements of the system. It is 

necessary to take into account all parameters that can affect dissolved oxygen requirements as: 

1. Fish weight at harvest, 

2. Maximum algae turbidity in the water, 

3. Effluents management, 

4. Biofilter volume and their parameters, 

5. Water temperature range. 

 

4.4.3.6. Model Expectations  

Depending on the data collected in the experiment we can calculate the overall oxygen 

demand for the system by the following relationship. 

      

     

     

0.0286 17.306 4.5795 3.0793  

24 0.0609 24 0.1936 2.0174 1279.62       (4.9) 

Fig. 4.34 shows the effect of algae turbidity on overall oxygen demand, and can be noted for 

carps weighting 250 grams without algae blooms consume 170.155 gO2/day, and with algae 

blooms consume 167.049, 167.2294, 167.4094, 167.5894 and 167.7694 gO2/day for 100, 200, 

300, 400, 500 NTU, respectively. 
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Fig. 4.34. Effect of algae turbidity on overall dissolved oxygen demand at 20°C and 0.001 m3 

sediments using tezontle of 0.2 m3 as biofilter media. 

 
Fig.4.35 shows the effect of algae of 50 NTU on overall oxygen demand during the day and 

the night. It was observed that the RAS with algae of 50NTU and without algae consume 48.06 

and 61.27 gO2 during the day, respectively. 

 

Fig. 4.35. The effect of algae on overall oxygen demand during day and night. 

 
The model can predict the effect of water temperatures on hourly carp oxygen consumption 

(Fig. 4.36A), as water temperature increases from 18 to 24 °C, carp oxygen consumption 

consequently increases from 5.68 to 8.248 gO2/h. 
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Fig. 4.36. The effect of water temperatures on (A) specific oxygen consumption(mgO2/kg fish.h) 

and (B) Overall dissolved oxygen demand at without algae and 0.001 sediments (gO2/h). 

 

 

Fig. 4.37. (A) The effect of sediments volume on overall dissolved oxygen demand at without 

algae and 20°C. (B) The overall dissolved oxygen demand expected and measured according to 

the diurnal change in temperature at carp mean weight of 70 grams. 
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Fig. 4.37 shows the effect of water temperatures on expected overall dissolved oxygen 

demand it was observed that at carp mean weight of 20 grams the overall dissolved oxygen 

demand was increased from 21.04 to 24.4 to 27.2 and finally to 29.91 gO2/day for 18, 20, 22 and 

24°C, respectively. As carp mean weight increased to 250 gram the overall oxygen demand 

increased to 156.35, 170.16, 205.55 and 225.94 gO2/day, respectively. 

The model can predict hourly overall oxygen consumption according to temperature 

variation in cases of algae presence or not (Fig. 4.37) in compared with oxygen consumption 

measured at fish carp weight 70 grams. 

 

Aeration Energy Consumption 

Daily growth rate as specific growth rate (SGR) was varied between 0.7 to 5.5% of carp 

biomass according to water temperature ranging between 14 and 25°C during the growing season 

from January to June. SGR was highest at 25°C. As obtained by Ruyet et al., (2004) for the eel.  

 

Fig. 4.38. (A) Aeration requirements at different temperatures for different carp sizes; (B) 

Aeration energy consumption per each 10 grams of carp growth. 
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At certain temperatures the SGR did not varied and the daily growth rate (gram 

Biomass/day) between 40 to 60 grams was lower than when the carp was between 200 to 300 

grams. With a 2% of carp growth rate at 20 grams gives a daily increase of 0.4 gram; at 200 

grams gives 4 grams daily (Fig. 4.38B). Aerator energy consumption required to carp grow from 

20 to 30 grams was higher than the aeration required to carp grow from 220 to 230 gram due to 

daily carp growth rate (Biomass/day) was 0.3 gram/day.fish and at 220 grams was 2 

gram/day.fish. 

 

4.4.4. Effect of three different aeration levels on carp growth rate. 

The effect of three aeration techniques was analyzed in the 4.5-6, 2.0-4 and 3.5-5 ppm, 

ranges. No significant difference was found in daily growth rate between the aeration treatments 

of 4.5 to 6 and 3.5 to 5 ppm. The aeration level of 2.0-4.0 ppm registers lower daily growth rate; 

the aeration range of 3.5-5 ppm supports higher growth rate with lower energy consumption (Fig. 

4.39). All the aerators used in RAS had a lower aeration efficiency index at higher altitude above 

sea level due to lower dissolved oxygen saturation (Table 7.3 Appendix 1). 

 

Fig. 4.39. Weekly carp growth rate for three different aeration techniques (AE) and carp growth 

rate under a reduced stocking density of 50 organisms per m3 (SDE). 
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It was observed that the oxygen level in the tank affect on carp appetite due to the stress 

which carps faced to compensate lower aeration (Table 4.4). The mean feed conversion factor 

(FCR) obtained for Tank 1, 2, 3 was 1.78 0.5, 2.14 0.73, 1.6 0.24 g food/g biomass. 

 

Table 4.4. Food supply for different carp sizes under three different aeration levels. 

Time 

4.5-6 ppm 2-4 ppm 3.5-5 ppm 

Weight (g) 
Food 

g/100fish 
Weight (g) 

Food 
g/100fish 

Weight (g) 
Food 

g/100fish 

7 20 50 20 50 20 50 

14 21 50 21 50 22 50 

21 23 50 22 50 25 50 

28 27 50 24 50 28 100 

35 30 100 26 100 33 150 

42 35 150 28 100 40 150 

49 42 150 31 100 47 150 

56 50 200 34 100 54 200 

63 59 200 37 100 62 200 

70 70 250 40 100 70 250 

77 85 250 44 100 80 300 

84 90 300 48 150 91 300 

91 111 300 53 150 104 300 

98 120 300 58 150 119 300 

105 132 300 65 200 132 350 

112 141 350 75 200 144 350 

119 153 350 80 300 156 400 

126 168 400 95 300 172 400 

133 180 400 110 350 190 400 

140 198 400 130 350 210 450 

 



RESULTS AND DISCUSSION 
 

169 
 

4.4.5. Carp sorting based on their size as a percent. 

 

Fig. 4.40. Carp sorting for first, second and third tank at the 140th day, for 100 organisms per m3 

water. 

 

 

Fig. 4.41. Carp physiological changes during the growing season. 

 

4.5. Dissolved oxygen automation. 

The three tanks were redistributed having 50 organism per m3. The first tank had an average 

of 198 g, the second 130 g and the third of 210 g the daily growth rate was increased rapidly in 

three weeks from 198 to 300 g, from 130 to 190 g and 210 to 325 g for the first, second and third 

tank, respectively. The weight increase was attributed to a lower stocking density per m3 
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(Fig.4.39). Feed conversion efficiency was lower in high densities (Siddiqui and Al-Harbi, 1999; 

Al-Harbi and Siddiqui, 2000). Lower stocking densities provide more space and less competition. 

The carrying capacity of the system was 18 kg/m3. Comparatively with open production systems, 

Loyacano (1974) reported that channel catfish production was 5500 kg/ha (0.55 kg/m3) in aerated 

ponds with continuous diffused aeration and 15000 kg/ha (1.5 kg/m3) without air (Parker, 1979). 

 

Fig. 4.42. Dissolved oxygen concentrations for the three tanks under three DO levels. 
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Diana et al., (1994) and Diana et al., (1995) reported tilapia yields of 11,000-15,000 kg/ha 

(1.1 to 1.5 kg/m3) in 5-8 months; these ponds located in Thailand were aerated, fertilized and fed 

with a stock population of 3 fish/m3. Yi and Lin (2001) produced caged tilapia in aerated ponds 

which yielded an average of 6.92 ± 0.60 t/ha/crop. The aeration processes for the three tanks in 

this experiment were modified to be monitored and controlled by LabView program. Three level 

ranges were setting in the front panel to be 4.5-6, 2-4 and 3.5-5 ppm for the first, second and third 

tank respectively (Fig. 4.42). Before controller installation processes starting in the camp, DO 

and thermocouple measurements were checked to be resistant for any electrical noises, the 

difference between filtered and unfiltered measurements are shown in Fig. 4.43.  

 

Fig. 4.43. Filtered and unfiltered dissolved oxygen measurements. 
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The open loop control for RAS system 

To calculate the system operation time two conditions were considered if the RAS system 

has and has not algae. The colors most opacity is the most urgent. As shown in Fig. 4.44 the most 

opacity color indicates highest oxygen requirements during the period (from 7:00 p.m. to 1 a.m.), 

due to two reasons, maximum carp oxygen consumption for highest water temperatures and the 

oxygen demand for algae respiration. As water temperatures decreases carp oxygen consumption 

declines, but algae not yet can produce oxygen until 7:00 a.m. As algae realizes oxygen in water 

body, the total oxygen requirements reduces to be minimum until 1 p.m. as water temperatures 

raises after 1 p.m. Carp oxygen consumption increases until 1 a.m. and coinciding with algae 

respiration after 7 p.m. to 1 a.m. to be very urgent. The aeration requirements for four periods at 

the case of RAS system having algae were illustrated at tables 4.5 and 4.6.  

 

Fig. 4.44. Aeration requirements levels during the day in the case with algae and without algae. 

 

Water movements through the biofilters are participating aeration. The OTR for biofilter 1, 2 

and 3 are 2.87, 2.46 and 2.2 gO2/h respectively. The recirculating pump only can add oxygen to 

water without needing to spray column aerator at first rearing days was shown in the Tables 4.5, 

4.6 and 4.8 until the colored cells, aeration requirements in these was based dissolved oxygen set 

points 3.5 to 5 ppm, 4 to 6 and 2 to 4 ppm. 
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Table 4.5. Aeration requirements (h) when RAS system has algae at period 1:00 am to 1:00 pm. 

  Aeration at 1:00 am to 7 am  Aeration at 7:00 a.m. to 1:00 pm 

Date W TOD 
Aeration by water 

movements through the 
biofilter (h) 

Spray column aerator (h) TOD 
Aeration by water 

movements through the 
biofilter (h) 

Spray column aerator (h) 

  1 2 3 1 2 3  1 2 3 1 2 3 

23-Dec. 20 1.80 3.77 4.40 4.92 0.00 0.00 0.00 0.54 1.13 1.32 1.47 0.00 0.00 0.00 

30-Dec. 22 1.93 4.02 4.70 5.00 0.00 0.00 0.04 0.66 1.39 1.62 1.81 0.00 0.00 0.00 

6-Jan. 25 2.11 4.41 5.00 5.00 0.00 0.03 0.12 0.85 1.77 2.06 2.31 0.00 0.00 0.00 

13-Jan. 28 2.29 4.80 5.00 5.00 0.00 0.10 0.20 1.03 2.15 2.50 2.80 0.00 0.00 0.00 

20-Jan. 33 2.59 5.00 5.00 5.00 0.09 0.24 0.33 1.32 2.77 3.23 3.61 0.00 0.00 0.00 

27-Jan. 40 3.00 5.00 5.00 5.00 0.26 0.41 0.51 1.73 3.62 4.23 4.73 0.00 0.00 0.00 

03-Feb. 47 2.98 5.00 5.00 5.00 0.26 0.41 0.50 1.72 3.59 4.19 4.68 0.00 0.00 0.00 

10-Feb. 54 3.32 5.00 5.00 5.00 0.41 0.56 0.65 2.06 4.30 5.00 5.00 0.00 0.00 0.10 

17-Feb. 62 3.71 5.00 5.00 5.00 0.58 0.73 0.82 2.44 5.00 5.00 5.00 0.02 0.17 0.27 

24-Feb. 70 4.08 5.00 5.00 5.00 0.74 0.89 0.99 2.82 5.00 5.00 5.00 0.19 0.34 0.43 

03-Mar. 80 5.56 5.00 5.00 5.00 1.39 1.54 1.63 4.29 5.00 5.00 5.00 0.83 0.98 1.08 

10-Mar. 91 6.17 5.00 5.00 5.00 1.70 1.81 1.90 4.90 5.00 5.00 5.00 1.10 1.25 1.35 

17-Mar. 104 6.86 5.00 5.00 5.00 1.96 2.11 2.21 5.60 5.00 5.00 5.00 1.41 1.56 1.65 

24-Mar. 119 7.63 5.00 5.00 5.00 2.30 2.45 2.54 6.37 5.00 5.00 5.00 1.74 1.89 1.99 

31-Mar. 132 8.27 5.00 5.00 5.00 2.50 2.73 2.82 7.01 5.00 5.00 5.00 2.02 2.17 2.27 

07-Apr. 144 9.09 5.00 5.00 5.00 2.90 3.09 3.18 7.83 5.00 5.00 5.00 2.38 2.53 2.63 

14-Apr. 156 9.63 5.00 5.00 5.00 3.18 3.33 3.42 8.37 5.00 5.00 5.00 2.62 2.77 2.87 

21-Apr. 172 10.32 5.00 5.00 5.00 3.48 3.63 3.72 9.05 5.00 5.00 5.00 2.92 3.07 3.17 

28-Apr. 190 11.03 5.00 5.00 5.00 3.79 3.94 4.03 9.77 5.00 5.00 5.00 3.24 3.39 3.48 

05-May. 210 12.39 5.00 5.00 5.00 4.38 4.53 4.63 11.13 5.00 5.00 5.00 3.83 3.98 4.08 
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Table 4.6. Aeration requirements (h) when RAS system has algae at period 1:00 pm to 1:00 am. 

  Aeration at 1:00 pm. to 7 pm  Aeration at 7:00 pm. to 1:00 am 

Date W TOD 
Aeration by water 

movements through the 
biofilter (h) 

Spray column aerator (h) TOD 
Aeration by water 

movements through the 
biofilter (h) 

Spray column aerator (h) 

  1 2 3 1 2 3  1 2 3 1 2 3 

23-Dec. 20 0.76 1.59 1.86 2.07 0.00 0.00 0.00 2.02 4.23 4.94 5.00 0.00 0.00 0.08 

30-Dec. 22 0.91 1.91 2.23 2.49 0.00 0.00 0.00 2.18 4.55 5.00 5.00 0.00 0.06 0.15 

6-Jan. 25 1.14 2.38 2.78 3.11 0.00 0.00 0.00 2.40 5.02 5.00 5.00 0.00 0.16 0.25 

13-Jan. 28 1.37 2.86 3.33 3.73 0.00 0.00 0.00 2.63 5.00 5.00 5.00 0.10 0.25 0.35 

20-Jan. 33 1.74 3.64 4.24 4.74 0.00 0.00 0.00 3.00 5.00 5.00 5.00 0.27 0.42 0.51 

27-Jan. 40 2.25 4.71 5.00 5.00 0.00 0.09 0.18 3.52 5.00 5.00 5.00 0.49 0.64 0.74 

03-Feb. 47 2.63 5.00 5.00 5.00 0.11 0.26 0.35 3.89 5.00 5.00 5.00 0.66 0.81 0.90 

10-Feb. 54 3.11 5.00 5.00 5.00 0.32 0.47 0.56 4.38 5.00 5.00 5.00 0.87 1.02 1.12 

17-Feb. 62 3.65 5.00 5.00 5.00 0.55 0.70 0.80 4.92 5.00 5.00 5.00 1.11 1.26 1.35 

24-Feb. 70 4.18 5.00 5.00 5.00 0.79 0.94 1.03 5.45 5.00 5.00 5.00 1.34 1.49 1.59 

03-Mar. 80 5.27 5.00 5.00 5.00 1.26 1.41 1.51 6.53 5.00 5.00 5.00 1.81 1.96 2.06 

10-Mar. 91 6.01 5.00 5.00 5.00 1.59 1.74 1.83 7.27 5.00 5.00 5.00 2.14 2.29 2.39 

17-Mar. 104 6.86 5.00 5.00 5.00 1.96 2.11 2.21 8.12 5.00 5.00 5.00 2.51 2.66 2.76 

24-Mar. 119 7.81 5.00 5.00 5.00 2.37 2.52 2.62 9.07 5.00 5.00 5.00 2.93 3.08 3.17 

31-Mar. 132 8.59 5.00 5.00 5.00 2.72 2.87 2.96 9.86 5.00 5.00 5.00 3.27 3.42 3.52 

07-Apr. 144 9.71 5.00 5.00 5.00 3.21 3.36 3.45 10.97 5.00 5.00 5.00 3.76 3.91 4.01 

14-Apr. 156 10.42 5.00 5.00 5.00 3.52 3.67 3.76 11.68 5.00 5.00 5.00 4.07 4.22 4.32 

21-Apr. 172 11.32 5.00 5.00 5.00 3.92 4.07 4.16 12.58 5.00 5.00 5.00 4.47 4.62 4.71 

28-Apr. 190 12.28 5.00 5.00 5.00 4.34 4.49 4.58 13.54 5.00 6.00 6.00 4.89 4.86 4.98 

05-May. 210 14.08 6.00 6.00 6.00 4.92 5.10 5.21 15.34 6.00 6.00 6.00 5.47 5.65 5.76 
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Table 4.7. Oxygen requirements when RAS system has not algae. 

Date 
Weight 

(g) 

Biofilter oxygen 
demand (gO2/h) 

Tank oxygen demand 
(gO2/h) 

TOD (gO2/h) 

1:00 pm - 
1:00 am 

1:00 am - 
1:00 pm 

1:00 pm - 
1:00 am 

1:00 am - 
1:00 pm 

1:00 pm - 
1:00 am 

1:00 am - 
1:00 pm 

23-Dec. 20 0.30 0.24 0.95 0.80 1.24 1.04 

30-Dec. 22 0.36 0.29 1.04 0.88 1.40 1.17 

6-Jan. 25 0.45 0.37 1.17 0.99 1.62 1.36 

13-Jan. 28 0.54 0.44 1.30 1.10 1.85 1.54 

20-Jan. 33 0.70 0.57 1.52 1.28 2.22 1.85 

27-Jan. 40 0.92 0.74 1.82 1.53 2.74 2.27 

03-Feb. 47 1.13 0.92 1.98 1.35 3.11 2.27 

10-Feb. 54 1.35 1.10 2.25 1.53 3.60 2.63 

17-Feb. 62 1.60 1.30 2.54 1.73 4.14 3.03 

24-Feb. 70 1.85 1.50 2.82 1.92 4.67 3.42 

03-Mar. 80 2.16 1.75 3.59 3.16 5.75 4.91 

10-Mar. 91 2.50 2.03 4.00 3.51 6.49 5.54 

17-Mar. 104 2.90 2.36 4.44 3.91 7.34 6.26 

24-Mar. 119 3.26 2.73 4.93 4.33 8.19 7.06 

31-Mar. 132 3.47 2.76 5.31 4.66 8.78 7.42 

07-Apr. 144 3.74 2.96 6.05 5.20 9.79 8.17 

14-Apr. 156 4.01 3.16 6.39 5.47 10.40 8.63 

21-Apr. 172 4.41 3.47 6.80 5.78 11.20 9.25 

28-Apr. 190 4.86 3.82 7.20 6.08 12.06 9.90 

05-May. 210 5.38 4.22 8.38 6.97 13.76 11.19 
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Table 4.8. Aeration requirements (h) when RAS system has not algae based on DO set point 3.5-

5 ppm. 

 Aeration at 1:00 pm to 1:00 am Aeration at 1:00 am to 1 pm 

Date 
Aeration by water 

movements through the 
biofilter (h) 

Spray column aerator 
(h) 

Aeration by water 
movements through the 

biofilter (h) 

Spray column 
aerator (h) 

 1 2 3 1 2 3 1 2 3 1 2 3 

23-Dec. 5.20 6.06 6.78 0.00 0.00 0.00 4.35 5.08 5.68 0.00 0.00 0.00 

30-Dec. 5.83 6.81 7.61 0.00 0.00 0.00 4.88 5.69 6.37 0.00 0.00 0.00 

6-Jan. 6.79 7.92 8.85 0.00 0.00 0.00 5.67 6.61 7.39 0.00 0.00 0.00 

13-Jan. 7.73 9.02 10.08 0.00 0.00 0.00 6.45 7.52 8.41 0.00 0.00 0.00 

20-Jan. 9.29 10.84 10.00 0.00 0.00 0.00 7.73 9.02 10.09 0.00 0.00 0.00 

27-Jan. 11.44 10.00 10.00 0.00 0.60 0.79 9.50 11.08 10.00 0.00 0.20 0.39 

03-Feb. 10.00 10.00 10.00 0.63 0.93 1.12 9.49 11.07 10.00 0.00 0.19 0.38 

10-Feb. 10.00 10.00 10.00 1.06 1.36 1.55 10.98 10.00 10.00 0.00 0.51 0.70 

17-Feb. 10.00 10.00 10.00 1.53 1.83 2.02 10.00 10.00 10.00 0.56 0.86 1.05 

24-Feb. 10.00 10.00 10.00 2.00 2.30 2.49 10.00 10.00 10.00 0.90 1.20 1.39 

03-Mar. 10.00 10.00 10.00 2.94 3.24 3.43 10.00 10.00 10.00 2.21 2.51 2.70 

10-Mar. 10.00 10.00 10.00 3.60 3.90 4.09 10.00 10.00 10.00 2.76 3.06 3.25 

17-Mar. 10.00 10.00 10.00 4.34 4.64 4.83 10.00 10.00 10.00 3.40 3.70 3.89 

24-Mar. 10.00 10.00 10.00 5.09 5.38 5.57 10.00 10.00 10.00 4.10 4.40 4.59 

31-Mar. 10.00 10.00 10.00 5.60 5.90 6.09 10.00 10.00 10.00 4.42 4.71 4.90 

07-Apr. 10.00 10.00 10.00 6.49 6.79 6.98 10.00 10.00 10.00 5.07 5.36 5.56 

14-Apr. 10.00 10.00 10.00 7.02 7.32 7.51 10.00 10.00 10.00 5.48 5.77 5.96 

21-Apr. 10.00 10.00 10.00 7.73 8.03 8.22 10.00 10.00 10.00 6.02 6.32 6.51 

28-Apr. 10.00 10.00 10.00 8.48 8.78 8.97 10.00 10.00 10.00 6.59 6.89 7.08 

05-May. 10.00 10.00 10.00 9.97 10.27 10.46 10.00 10.00 10.00 7.72 8.02 8.21 
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Table 4.9. Aeration requirements (h) when RAS system has not algae based on DO set point 4-6 

ppm. 

 Aeration at 1:00 pm to 1:00 am Aeration at 1:00 am to 1 pm 

Date 
Aeration by water 

movements through the 
biofilter (h) 

Spray column aerator 
(h) 

Aeration by water 
movements through the 

biofilter (h) 

Spray column 
aerator (h) 

 1 2 3 1 2 3 1 2 3 1 2 3 

23-Dec. 
6.24 7.27 8.14 0.00 0.00 0.00 5.22 6.10 6.82 0.00 0.00 0.00 

30-Dec. 
7.00 8.17 9.13 0.00 0.00 0.00 5.86 6.83 7.64 0.00 0.00 0.00 

6-Jan. 
8.15 9.50 10.00 0.00 0.00 0.95 6.80 7.93 8.87 0.00 0.00 0.00 

13-Jan. 
9.28 10.00 10.00 0.00 0.72 1.34 7.74 9.02 10.00 0.00 0.00 0.47 

20-Jan. 
10.00 10.00 10.00 0.76 1.12 1.86 9.28 10.00 10.00 0.00 0.24 0.46 

27-Jan. 
10.00 10.00 10.00 1.27 1.63 2.42 10.00 10.00 10.00 0.67 0.23 0.84 

03-Feb. 
10.00 10.00 10.00 1.84 2.20 2.99 10.00 10.00 10.00 1.08 0.61 1.26 

10-Feb. 
10.00 10.00 10.00 2.40 2.76 4.12 10.00 10.00 10.00 2.65 1.03 1.67 

17-Feb. 
10.00 10.00 10.00 3.53 3.89 4.91 10.00 10.00 10.00 3.31 1.44 3.24 

24-Feb. 
10.00 10.00 10.00 4.32 4.68 5.80 10.00 10.00 10.00 4.08 3.01 3.90 

03-Mar. 
10.00 10.00 10.00 5.21 5.57 6.68 10.00 10.00 10.00 4.92 3.67 4.67 

10-Mar. 
10.00 10.00 10.00 6.11 6.46 7.31 10.00 10.00 10.00 5.30 4.44 5.51 

17-Mar. 
10.00 10.00 10.00 6.72 7.08 8.38 10.00 10.00 10.00 6.08 5.28 5.88 

24-Mar. 
10.00 10.00 10.00 7.79 8.15 9.01 10.00 10.00 10.00 6.58 5.65 6.67 

31-Mar. 
10.00 10.00 11.00 8.42 8.78 9.86 10.00 10.00 10.00 7.22 6.43 7.15 

07-Apr. 
10.00 11.00 11.00 9.28 9.64 10.76 10.00 10.00 10.00 7.91 6.92 7.81 

14-Apr. 
11.00 11.00 12.00 10.18 10.54 12.00 10.00 10.00 10.00 9.26 7.58 8.50 

21-Apr. 
12.00 12.00 12.00 11.96 12.00 12.00 10.00 10.00 10.00 9.60 8.27 9.85 

28-Apr. 
12.00 12.00 12.00 12.00 12.00 12.00 10.00 10.00 11.00 9.80 9.62 10.10 

05-May. 
12.00 12.00 12.00 12.00 12.00 12.00 11.00 11.00 11.00 10.30 11.00 10.20 
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Table 4.10. Aeration requirements (h) when RAS system has not algae based on DO set point 2-4 

ppm. 

 Aeration at 1:00 pm to 1:00 am Aeration at 1:00 am to 1 pm 

Date 
Aeration by water 

movements through the 
biofilter (h) 

Spray column aerator 
(h) 

Aeration by water 
movements through the 

biofilter (h) 

Spray column 
aerator (h) 

 1 2 3 1 2 3 1 2 3 1 2 3 

23-Dec. 
4.32 5.03 5.63 0.00 0.00 0.00 3.61 4.22 4.71 0.00 0.00 0.00 

30-Dec. 
4.84 5.65 6.32 0.00 0.00 0.00 4.05 4.72 5.29 0.00 0.00 0.00 

6-Jan. 
5.64 6.57 7.35 0.00 0.00 0.00 4.71 5.49 6.13 0.00 0.00 0.00 

13-Jan. 
6.42 7.49 8.37 0.00 0.00 0.00 5.35 6.24 6.98 0.00 0.00 0.00 

20-Jan. 
7.71 9.00 10.00 0.00 0.00 0.00 6.42 7.49 8.37 0.00 0.00 0.00 

27-Jan. 
9.50 10.00 10.00 0.00 0.50 0.66 7.89 9.20 9.00 0.00 0.00 0.00 

03-Feb. 
10.00 10.00 10.00 0.52 0.77 0.93 7.88 9.19 10.00 0.00 0.00 0.32 

10-Feb. 
10.00 10.00 10.00 0.88 1.13 1.29 9.11 10.00 10.00 0.00 0.42 0.58 

17-Feb. 
10.00 10.00 10.00 1.27 1.52 1.68 10.00 10.00 10.00 0.46 0.71 0.87 

24-Feb. 
10.00 10.00 10.00 1.66 1.91 2.07 10.00 10.00 10.00 0.75 1.00 1.15 

03-Mar. 
10.00 10.00 10.00 2.44 2.69 2.85 10.00 10.00 10.00 1.83 2.08 2.24 

10-Mar. 
10.00 10.00 10.00 2.99 3.24 3.39 10.00 10.00 10.00 2.29 2.54 2.70 

17-Mar. 
10.00 10.00 10.00 3.60 3.85 4.01 10.00 10.00 10.00 2.82 3.07 3.23 

24-Mar. 
10.00 10.00 10.00 4.22 4.47 4.62 10.00 10.00 10.00 3.40 3.65 3.81 

31-Mar. 
10.00 10.00 10.00 4.65 4.90 5.05 10.00 10.00 10.00 3.67 3.91 4.07 

07-Apr. 
10.00 10.00 10.00 5.39 5.64 5.79 10.00 10.00 10.00 4.21 4.45 4.61 

14-Apr. 
10.00 10.00 10.00 5.83 6.08 6.23 10.00 10.00 10.00 4.55 4.79 4.95 

21-Apr. 
10.00 10.00 10.00 6.42 6.66 6.82 10.00 10.00 10.00 5.00 5.25 5.40 

28-Apr. 
10.00 10.00 10.00 7.04 7.29 7.45 10.00 10.00 10.00 5.47 5.72 5.88 

05-May. 
10.00 10.00 10.00 8.28 8.52 8.68 10.00 10.00 10.00 6.41 6.66 6.81 
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4.6. Water mass study 

 

Water losses due to the evaporation: 

The water lost by evaporation was determined by calculating the amount of water 

evaporating from an open pan, which ranged between 0.5 to 1.5 liter per day according to 

weather conditions. The water was exchanged with newer fresh water in the system for two 

reasons: 

1. Biofilters initialization from the 23rdof December to the 20thof January. Ten percent of 

total water in the system was exchanged to control the unionized ammonia in the system 

until the biofilters have their capacity to remove all the total ammonia nitrogen produced 

by the system. 

2. Separator cleaning to remove the solids accumulated in the separator channel and inside 

the cone wall each two weeks. 

 

Water exchange strategy followed to control TAN and sediments accumulated in RAS 

system illustrated in Table 4.11, the X symbol indicates that ten percent of water was exchanged 

for tank 1, 2 or 3. 

The mean solids concentrated water (system effluents) from the separator was 2.5 liters per 

day. And the water loss by spray column aerator due to the effect of aeration was 0.479 liter per 

hour. Monthly, water losses for carp production is illustrated in Table 4.12. 
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Table 4.11. Water exchange strategy that applied during the growing season. 

Date Tank 1 Tank 2 Tank 3  Date Tank 1 Tank 2 Tank 3 

21-dec.   X  13- Jan.  X  

22-dec. X    14- Jan.   X 

24-dec.  X   15- Jan.  X  

25-dec.   X  16- Jan. X  X 

28-dec.  X   17- Jan.  X  

29-dec. X  X  19- Jan.  X  

30-dec.  X   20- Jan. X  X 

31-dec.   X  24- Jan.   X 

01-Jan.  X   26- Jan.  X  

02-Jan. X  X  30- Jan. X X X 

03- Jan.  X   14-feb X X X 

05- Jan.  X   28-feb X X X 

06- Jan. X  X  14-mar X X X 

07- Jan.  X   28-mar X X X 

08- Jan.   X  14-abr X X X 

09- Jan. X X   01-may X X X 

10- Jan.   X  15-may X X X 

11- Jan.  X   22-may X X X 

12- Jan. X  X  01-Jun X X X 

 

Table 4.12. Monthly water loss in the system. 

Date 
Water 

exchange 
Water loss by 

aerator 

Water loss by 
separator 
effluent 

Water loss by 
evaporation 

Total water 
losses 

1st month 1400 50 30 21 1501 

2nd month 400 109.6 45 30 585 

3rd month 400 155.63 60 30 645.6 

4th month 400 188.22 60 36 684.22 

5th month 400 154.7 60 36 650.7 

Total 3000 685.15 255 153 4066.55 
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The total water used during the growing season to produce 18 kg/tank was 4666.55 liter of 

water, or about 260 liter of water per kg carp. That can produce 441,000 kg/ha.year compared 

with other systems reported by Timmons and Ebeling (2007) (Table 4.13). 

 

Table 4.13. Water and land use per kg of production of aquaculture products and a relative 

comparison to an intensive RAS Tilapia farm (RAS assumed to discharge 5% of system volume 

per day). 

System Species 
Production 
Intensity 
(kg/ha/y) 

Water   
required 

(Liter/kg) 

Ratio 

Land Water 

RAS Produced O. niloticus (Nile tilapia) 1,340,000a 500 1 1 

Ponds O. niloticus (Nile tilapia) 17,400 21,000 154 420 

Ponds I. punctatus (Channel catfish) 3,000 3,000-5,000 896 800 

Raceways S. gairdneri (Rainbow trout) 150,000 210,000 18 4,200 

Pond Panaeid Shrimp (Taiwan) 4,200-11,000 11,000-21,340 354 320 
a does not account for land used external to building space. 

 

It was observed that our system has lower (about half) use of water consumption, but at 

higher water exchanges has higher production, as daily water exchanges rate increases to 17%, 

the carrying capacity arrives to 137 kg/m3 (Boyd, 1998). 
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5. CONCLUSIONS 

 

The main objectives of the present study was to design a recirculating aquaculture system 

under local Mexican conditions by select the aerator (locally designed) that has the highest 

performance between four different aerators that can use in RAS, study the performance of 

Tezontle as an alternative media for the bio-strata for its higher cost in biofilters, design a suitable 

separator and study its ideal operating factors,model to calculate aeration requirements and 

oxygen budget in RAS, studying water consumption per 1kg carp biomass, study three different 

oxygen ranges on carp growth rate to choose the lower level that do not affect carp growth rate, 

consequently lower energy consumption, design and evaluate the performance of automatic 

feeder and introduce an intelligent dissolved oxygen control system with auto-calibration. The 

obtained results was summerized as follows: 

 

5.1. Separator evaluation 

The effect of water level and tank base diameter in fish tank on separator removal efficiency 

and tank bottom cleanliness efficiency was studied; the overall average removal efficiency for 

suspended solids removal through the separator was 78.38 and 73% for 80 and 90 cm of water 

tank level, respectively. 

Tank bottom cleanliness at 80 cm is less efficient than the cleanliness efficiency at 90 cm 

head due to lower drag forces generated at tank bottom by higher water level. 

The optimum operators for separator removal efficiency and tank bottom cleanliness were 

set to be 90 cm for tank water level and 2.54 cm for tank base diameter. 
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5.2. Biofilters performance  

Tezontle (volcanic sand) biofilters had lower surface TAN conversion ratethan biostrata 

biofilter that has surface conversion rate about 10 times higher than the tezontle andTAN removal 

efficiency for biostrata biofilter was the highest 73.7%, but there is no significant difference 

between biofilters in TAN removal. So the Tezontle can substitute the biostrata as an alternative 

media for the biofilter for its lower cost. 

 

5.3. Aeration experiments  

The oxygen transfer rate of air lift pump aerator was increased from 2.67 to 4.67 gO2/h with 

air injectedbetween 69.53 and 758.42 kPa; energy usage increased, yielding a reduction in the 

actual aeration efficiency index (AAE) from 451.7 to 246.12 gO2/kW.h, and the maximum actual 

aeration efficiency index and OTR obtained by diffused aerator was 271.02 gO2/kW.h and 3.3 

gO2/h. The oxygen transfer rate obtained by venturi aerator was 3.25 gO2/h.with actual aeration 

efficiency index of 622.83 gO2/kW.h. Spray column aerator has the highest OTR and AEE 

among all the aerators at water flow rate of 30 LPM and air flow rate of 0.157 m3/s gaining 23.04 

gO2/h and 1.075 kgO2/kW.h with three sprayers. Spray column aerator was used in RAS now has 

OTR of 13.68 gO2/h, achieved with 0.5 Hp water pump, if the user want higher OTR the pump of 

0.5 hp can be changed with water pump of 0.75 Hp obtaining OTR of 23.04 gO2/h. 
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5.4. Dissolved oxygen transfer analysis. 

Water temperatures affects inversely on oxygen transfer rate that can be calculated by the 

following equation: 

0.0547 10.224 

Oxygen deficit has direct effect on oxygen transfer rate that can be obtained by the following 

equation: 

1.852 0.06 

Due to air temperature fluctuations during the day the amount of oxygen transferred by the 

aerator per hour affect water temperature. 

∆ 0.0003 0.0048 

where ∆  is the enthalpy gained or lost (°C/min). 

 

5.5. Dissolved oxygen mass balance in RAS and dissolved oxygen model. 

In RAS the factors affect oxygen level in the system were algae, cultivated fish, nitrifying 

bacteria and sediments. These factors were studied to introduce one model can calculate aerator 

size need to the system and predict oxygen level at each fish life stage.  

The effect of algae blooms on oxygen level in the system, Algae participate during the day as 

an oxygen generator producing at 12:00 pm the higher amount oxygen as gO2 per hour of 7.02, 

5.76, 5.58, 5.4 and 3.6 for 420, 280, 150, 95, 56 and 45 NTU, respectively. 

The amount of oxygen produced or consumed per hour in the RAS can be calculated by the 

following equations: 

4.5795 3.0793 

where AOP is the accumulated oxygen produced during the day, 
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0.0286 17.306 

where AOC is the accumulated oxygen consumed per day. 

The oxygen consumed by carp (FOC) can be calculated by the following equation: 

 

Water temperature, °C A B C R2 

18 -0.00001 0.0447 0.4306 0.994 

20 -0.0001 0.0506 0.5103 0.99 

22 -0.0001 0.058 0.523 0.97 

24 -0.0001 0.0635 0.6812 0.98 

 

The following equation can be used to calculate the amount of dissolved oxygen 

consumption in the biofilter. 

0.1936 2.0174  

where W is the carp mean weight in grams and  is the biofilter media volume in m3 and NBOC 

is the biofilter oxygen consumption gO2/hour. 

The accumulated sediments oxygen demand (SOC) can be calculated by the following 

equation: 

1279.62  

As every factor was studied, oxygen requirement for RAS system can be calculated by the 

following equation: 

0.0286 17.306 4.5795 3.0793 0.0609

24 0.1936 2.0174 24 1279.62 . 
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5.6. Water consumption 

The total water used during the growing season to produce 18 kg/tank was 4666.55 liter of 

water, or about 260 liter of water per kg carp. That can produce 441,000 kg/ha. 

 

5.7. Effect of three different aeration levels on carp growth rate.  

No significant difference was found in daily growth rate between the aeration treatments of 

4.5 to 6 and 3.5 to 5 ppm achieving carp mean weight after 140 days, 198 and 210 grams, 

respectively. The aeration level of 2.0 - 4.0 ppm registers lower daily growth rate with carp mean 

weight 130 gram after 140 days; the aeration range of 3.5 - 5 ppm supports higher growth rate 

with lower energy consumption. 

 

5.8. Automatic feeder 

See Appendix 3 

 

5.9. intelligent dissolved oxygen control system with auto-calibration 

See Appendix 3 
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A C 

D E 

7. APPENDIX I 

7.1.  Apparent density Determination for Tezontle (paraffin) Method 

: As-06-1998 

 
Three grains of tezontle was selected from the sample as shown in Figure 3.8A,  the 

paraffin was dissolved above the flame till its temperature eaching to (56-60 °C) 

Figure 3.8B, one of three grains selected and holded by a treat  to the arm of balance  

Figure 3.8C and its weight was resigested as grain air weighting  (Pt)a, the grain was 

dipped in the melted paraffin at 60°C to cover it totally and in uniformly suface and 

its weight figure 3.8D was registed as the parafin grain air weighting (Ptp)a, after that 

the grain was weighted immesed in the water (Ptp)w figure 3.8E, finally the 

calculations. 

a) (   )  (   )  (     ) 

b) (   )  (  )  (  )(                   )    

c) 
  

  
  (               )      

d) (     )     (  )                 

e) 
(  ) 

  
   (               ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.1 (A)Tezontle grains that were used to determine the apparent density 

according to the mexican leys to determine the prosity and density for the soils, (B) 

the paraffin used to cover the grains of tezontle, (C) The grains was weighted in 

hanging position without covering with paraffin(D) The grains was weighted in 

hanging position covering with paraffin, (E) The grains was weighted in floating and 

hanging position to determine the amount of water that displaced according to the lay 

of Archimedes.   

B 
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Table 7.1: Water vapor pressure and dissolved oxygen solubility parameters as a 

function of water temperature (Colt, 1984) 

 
T γ Pw ß ß k 1000 F 

5 9.806 6.54 0.04302 26.259 28.937 

7 9.806 7.51 0.04095 58.519 12.989 

9 9.805 8.61 0.03905 55.804 13.621 

11 9.803 9.85 0.03730 53.303 14.257 

13 9.801 11.23 0.03570 51.016 14.895 

15 9.798 12.79 0.03423 48.916 15.535 

17 9.795 14.53 0.03288 46.987 16.175 

19 9.791 16.48 0.03163 45.200 16.812 

21 9.787 18.66 0.03048 43.557 17.446 

23 9.783 21.08 0.02942 42.042 18.076 

25 9.778 23.77 0.02844 40.642 18.699 

27 9.772 26.75 0.02754 39.355 19.314 

30 9.764 31.84 0.02630 37.583 20.218 

 

Symbols  

ß k 1000 = Gas solubility, mgl-1at a partial pressure of 760 mmHg  

γ = Specific mass of water, kN/m3 

T = Water temperature, °C 

F = Gas tension per mgl-1, mmHg 
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Table7.2: The solubility of oxygen (mgl
-1

) in water at different temperatures and 

salinities from moist air with pressure of 760 mm Hg. 

Temperature 

(°C) 

Salinity (PPT) 

0 5 10 15 20 25 30 35 40 

0 14.60 14.11 13.64 13.18 12.74 12.31 11.90 11.50 11.11 

1 14.20 13.72 13.27 12.82 12.40 11.98 11.58 11.20 10.82 

2 13.81 13.36 12.91 12.49 12.07 11.67 11.29 10.91 10.55 

3 13.44 13.00 12.58 12.16 11.76 11.38 11.00 10.64 10.29 

4 13.09 12.67 12.25 11.85 11.47 11.09 10.73 10.38 10.04 

5 12.76 12.34 11.94 11.56 11.18 10.82 10.47 10.13 9.80 

6 12.44 12.04 11.65 11.27 10.91 10.56 10.22 9.89 9.57 

7 12.13 11.74 11.36 11.00 10.65 10.31 9.98 9.66 9.35 

8 11.83 11.46 11.09 10.74 10.40 10.07 9.75 9.44 9.14 

9 11.55 11.18 10.83 10.49 10.16 9.84 9.53 9.23 8.94 

10 11.28 10.92 10.58 10.25 9.93 9.62 9.32 9.03 8.75 

11 11.02 10.67 10.34 10.02 9.71 9.41 9.12 8.83 8.56 

12 10.77 10.43 10.11 9.80 9.50 9.21 8.92 8.65 8.38 

13 10.52 10.20 9.89 9.59 9.29 9.01 8.73 8.47 8.21 

14 10.29 9.98 9.68 9.38 9.10 8.82 8.55 8.29 8.04 

15 10.07 9.77 9.47 9.19 8.91 8.64 8.38 8.13 7.88 

16 9.86 9.56 9.28 9.00 8.73 8.47 8.21 7.97 7.73 

17 9.65 9.36 9.09 8.82 8.55 8.30 8.05 7.81 7.58 

18 9.45 9.17 8.90 8.64 8.38 8.14 7.90 7.66 7.44 

19 9.26 8.99 8.73 8.47 8.22 7.98 7.75 7.52 7.30 

20 9.08 8.81 8.56 8.31 8.06 7.83 7.60 7.38 7.17 

21 8.90 8.64 8.39 8.15 7.91 7.68 7.46 7.25 7.04 

22 8.73 8.48 8.23 8.00 7.77 7.54 7.33 7.12 6.91 

23 8.56 8.32 8.08 7.85 7.63 7.41 7.20 6.99 6.79 

24 8.40 8.16 7.93 7.71 7.49 7.28 7.07 6.87 6.68 

25 8.24 8.01 7.79 7.57 7.36 7.15 6.95 6.75 6.56 

26 8.09 7.87 7.65 7.44 7.23 7.03 6.83 6.64 6.46 

27 7.95 7.73 7.51 7.31 7.10 6.91 6.72 6.53 6.35 

28 7.81 7.59 7.38 7.18 7.98 7.79 6.61 6.42 6.25 

29 7.67 7.46 7.26 7.06 6.87 6.68 6.50 6.32 6.15 

30 7.54 7.33 7.14 6.94 6.75 6.57 6.39 6.22 6.05 

Source (Boyd,1990) notice that the solubility of oxygen in water decreases as water 

temperature and salinity increases 
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Table7.3: The solubility of oxygen (mgl
-1

) in water at different temperatures and 

altitudes above sea level. 

 
 Altitude above sea level (in meters) 

°C 0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600 

0 14.6 14.1 13.6 13.2 12.7 12.3 11.8 10.9 10.2 9.4 8.7 8.1 7.6 

2 13.8 13.3 12.9 12.4 12.0 11.6 11.2 10.3 9.6 8.9 8.2 7.7 7.1 

4 13.1 12.7 12.2 11.9 11.4 11.0 10.6 9.8 9.1 8.5 7.8 7.3 6.7 

6 12.4 12.0 11.6 11.2 10.8 10.4 10.1 9.3 8.6 8.0 7.4 6.9 6.4 

8 11.8 11.4 11.0 10.6 10.3 9.9 9.6 8.9 8.2 7.6 7.1 6.5 6.1 

10 11.3 10.9 10.5 10.2 9.8 9.5 9.2 8.5 7.8 7.3 6.8 6.3 5.8 

12 10.8 10.4 10.1 9.7 9.4 9.1 8.8 8.1 7.5 7.0 6.4 6.0 5.6 

14 10.3 9.9 9.6 9.3 9.0 8.7 8.3 7.8 7.2 6.6 6.2 5.7 5.3 

16 9.9 9.7 9.2 8.9 8.6 8.3 8.0 7.5 6.9 6.4 5.9 5.5 5.1 

18 9.5 9.2 8.7 8.6 8.3 8.0 7.7 7.2 6.6 6.1 5.7 5.3 4.9 

20 9.1 8.8 8.5 8.2 7.9 7.7 7.4 6.9 6.3 5.9 5.5 5.1 4.7 

22 8.7 8.4 8.1 7.8 7.7 7.3 7.1 6.6 6.0 5.6 5.3 4.9 4.5 

24 8.4 8.1 7.8 7.5 7.3 7.1 6.8 6.3 5.8 5.5 5.1 4.7 4.4 

26 8.1 7.8 7.5 7.3 7.0 6.8 6.6 6.1 5.7 5.2 4.8 4.5 4.2 

28 7.8 7.5 7.3 7.0 6.8 6.6 6.3 5.9 5.4 5.0 4.7 4.3 4.0 

30 7.5 7.2 7.0 6.8 6.5 6.3 6.1 5.7 5.2 4.9 4.6 4.2 3.9 

32 7.3 7.1 6.8 6.6 6.4 6.1 5.9 5.5 5.1 4.7 4.4 4.1 3.8 

34 7.1 6.9 6.6 6.4 6.2 6.0 5.8 5.4 4.9 4.6 4.2 3.9 3.7 

36 6.8 6.6 6.4 6.1 5.9 5.7 5.5 5.2 4.8 4.5 4.1 3.8 3.5 

38 6.6 6.4 6.1 5.9 5.7 5.6 5.4 5.0 4.6 4.3 4.0 3.7 3.5 

40 6.4 6.2 5.9 5.8 5.6 5.4 5.2 4.8 4.5 4.2 3.9 3.6 3.3 

42 6.3 6.0 5.8 5.6 5.4 5.2 5.0 4.7 4.3 4.0 3.7 3.5 3.2 

44 6.1 5.9 5.7 5.5 5.3 5.1 4.9 4.6 4.3 4.0 3.7 3.4 3.1 

46 5.9 5.7 5.5 5.3 5.1 4.9 4.8 4.4 4.1 3.8 3.5 3.3 3.1 

 

Instruction manual HI 9146 Portable Waterproof Microprocessor Dissolved Oxygen 

Meter, Man9146 - 10/2005, www.hannacan.com. 
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Fig. 7.2 The solubility of oxygen (mgl-1) in water at sea level and 2100 m above sea 

level. 
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7.2. Ammonia photometer (low range) 0 to 3 mg/l. 

 

The instrument was used firstly by filling the cuvet up to 1.5 cm (¾”) below the rim 

with 10 mL of sample, and replacing the cap. Placing the cuvet into the holder and 

ensure that the notch on the cap is positioned securely into the groove. Pressing 

(ZERO) button and "SIP" appears in the display. Waiting a few seconds and the 

display will show "-0.0-. " The meter is now ready to measure. Remove the cuvet and 

add 4 drops of first reagent. Replacing the cap and swirl the solution. adding 4 drops 

of the second reagent. Replacing the cap and swirl the solution. Reinserting the cuvet 

into the instrument and pressing READ TIMED and the display shows the account 

prior to measurement or wait 3 minutes and 30 seconds and pressing READ DIRECT. 

In both cases the "SIP" during the measurement. The instrument directly on the 

display shows the concentration of ammonia nitrogen (NH3-N). To convert the 

reading to mg / l of ammonia (NH3), multiply the value in the display by a factor of 

1.214. 

 

 

 

 
 
 
 

 
 
 
 

Fig. 7.3.Ammonia Photometer (Low Range) 0 to 3 mg/L HI93700 
www.hannainst.com 

 
 

 

SPECIFICATIONS 
 

Range     0.00 to 3.00 mg/L 

Resolution     0.01 mg/L 

Accuracy     ±0.04 mg/L ±4% of reading 

Typical EMC Deviation   ±0.01 mg/L 

http://www.hannainst.com/
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Light Source Light Emitting Diode @ 470 nm 

Method Adaptation of the ASTM Manual of Water and Environmental Technology, 

D1426-92, Nessler method.  

The reaction between ammonia and reagents causes a yellow tint in the sample. 

Environment   0 to 50°C (32 to 122°F); max 95% RH non-condensing 

Battery Type/Life  1 x 9 volt/40 hours 

Auto-Shut off After 10' of non-use 

Dimensions   180 x 83 x 46 mm (7.1 x 3.3 x 1.8") 

Weight   290 g (10 oz.). 

The REAGENTS 

 

Code Description   Quantity 

 

HI 93700A-0    Second Reagent 4 drops (10 drops in seawater) 

HI 93700B-0    First Reagent 4 drops (6 drops in seawater) 

 

 

7.3. Nitrate Photometer  range 0 to 100 mg/L 
 
Nitrate nitrogen (NO3-N) was measured by a digital Nitrate photometer (low Range) 

0 to 3 mg/L (HANNA INSTRUMENTS made in Romania, Europe) as shown at Fig. 

5.4.  NO3-N was measured daily at inlet and outlet of the biofilters tanks and for fish 

tanks. The instrument was used firstly by filling the cuvet up 6 mL of sample, up to 

about half of its height, and replaces. Placing the cuvet into the holder and ensure that 

the notch on the cap is positioned securely into the groove. Placing the bucket in the 

cuvet holder and ensures top notch securely into the groove. Pressing (ZERO) button 

and "SIP" appears in the display. Waiting a few seconds and the display will show "-

0.0-. " The meter is now ready to measure. Removing the cuvet and add the contents 

of a packet of HI 93728. Place the lid and shaken vigorously immediately the solution 

for exactly 10 seconds. Moving the bucket up and down.  Further mixed by inverting 

the cuvet gently and slowly for 50 seconds, while being careful not to cause air 

bubbles. Reinserting the cuvet into the instrument and press READ and the TIME 

display counts prior to measurement or wait 4 minutes and 30 seconds and press 

READ DIRECT. In both cases the "SIP" during the measurement. The instrument 
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directly displays the liquid crystal display the concentration of nitrate-nitrogen in mg / 

L. To convert the reading to mg / L of nitrate (NO3-N), multiply by a factor of 4.43. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.4.Nitrate Photometer (Low Range) 0 to 100 mg/L HI93828 

www.hannainst.com 

 

SPECIFICATIONS 
 

Range     0.0 to 30.0 mg/L 

Resolution     0.1 mg/L 

Accuracy     ±0.5 mg/L ±10% of reading 

Typical EMC Deviation    ±0.1 mg/L 

Light Source Light Emitting Diode @ 555 nm 

Method Adaptation of the cadmium reduction method.   

The reaction between nitrate nitrogen and the reagent causes an amber tint in the 

sample 

Light Detector Silicon Photocell 

Environment    0 to 50°C (32 to 122°F); 

max 95% RH non-condensing 

Battery Type/Life    1 x 9 volt/40 hours 

Auto-Shut off after 10' of non-use 

Dimensions     180 x 83 x 46 mm (7.1 x 3.3 x 1.8") 

Weight     290 g (10 oz.). 

REQUIRED REAGENTS 

 
Code    Description Quantity 

 

HI 93728-0   Powder reagent 1 packet 

 

 

http://www.hannainst.com/
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7.4. Dosing automation system 
 

1. Microcontroller peripherals  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.5. (A)Convert 120 V AC to 5 V CD, (B) microcontroller signal outlet 

connection to relays 
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2N2222 
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Fig. 7.6. The microcontroller that was used for automatic feeder. 
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Microcontroller codes simulation by Proteuos program. 
 

The Proteuos program is using to show a simulation of the micro codes where D1 is 

feeder motors, D2 is electromagnetic coil and the extractor and D3 is the gate motor 

(Fig. 7.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Fig.7.7. micro codes simulation by the proteuos. 
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Fig. 7.8. Food movement analysis by photos. 

 

 

Air velocity was measured by anemometer EXTECH  

 

 
 

Fig. 7.9. EXTECH anemometer. 
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Fig. 7.10. Food falling in the carp tank using one and two fans 
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1
st
 gate with one fan for Nutripec 4418C 

 

 

 

 

 

 

2
nd

 gate with one fan for Nutripec 4418C 

 

 

 

 

 

3
rd

   gate with one fan for Nutripec 4418C 

 

 

 

 

 

 

1
st
   gate with one fan for Nutripec 3508 

 

 

 

 

2
nd

   gate with one fan for Nutripec 3508 

 

 

 

 

3
rd

 gate with one fan for Nutripec 3508 
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1
st
 gate with two fans for Nutripec 3508 

 

 

 

 

 

2
nd

 gate with two fans Nutipec 3508  

 

 

 

 

3
rd

  gate with two fans Nutipec 3508  

 

 

 

 

1
st
 gate with two fans Nutipec 4418C 

 

 

 

 

 

2
nd

 gate with two fans Nutipec 4418C 

 

 

 

 

3
rd

  gate with two fans Nutipec 4418C 

 

 

 

Fig. 7.11. Food particles movement analysis 
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Fig. 8.1 Thermocouple implement by LabView. 

 

 

 

 



I  XIDAEPAA 

229 
 

8.1. Dissolved oxygen control description 

The program consists of two parallel subprogram are dissolved oxygen 

logging and control Block diagram (compiled code) of dissolved oxygen 

controller was programmed as shown in Fig 8.5. One Excel files with 

extension .CSV for each tank having its name Tank 1, Tank 2 and Tank 3 

saved on specific folder on PC. As shown in Fig. 8.2 the user should 

detail folder location on his PC; for example the folder (Nueva Carpeta) 

was selected to be the container of the three excel files. Naming the excel 

file was divided to two parts. The first part of the excel file was identified 

by the user (e.g. Tank) Fig. 4.000, but the second part of its name will be 

determined by the program according to which one of the three peristaltic 

pumps is turning on and attached the number 1, 2 or 3 to the first part of 

its name, as the three excel files generated to be one for each tank, the 

program will append the new acquired data to its file.   

 

 

 

 

 

 

Fig. 8.2 Data logger files path definition in the program front panel and its 

location in the PC. 
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The program has the ability to run the three RAS units simultaneously or 

independently under closed loop or opened loop control, the control type 

can be selected automatically or manually according to the unit condition 

and fish biomass Fig.8.3.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.3 system front panel for the opened and closed loop control 
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8.1.1.Closed loop control coding 

8.1.1.1. Peristaltic pumps control 

As Boolean control of the one unit is activated the program 

automatically take into this unit to be under control for closed loop 

control the peristaltic pump should be activated primarily, sending the 

TRUE constant to the port specified of the peristaltic pumps (Fig8.4).     

 

 

 

 

 

 

 

8.4. Peristaltic pump control coding. 
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Fig. 8.5 LabView programming flow chart for the controller. 

 

Take water sample from the first, second or third 

tank by its peristaltic pump 

Idle time of the sensor of dissolved 

oxygen until all the previous water in 

the tubes exchanged  

Sensor readings every second 

Save the data in the 

specified folder for the first, 

second or third tank  

If DO ˃ max. DO PPM? 

Comparison function 

If DO˂ min. DO PPM? 

Comparison function 

ON  

True 

False 

False 

Off 

True 

Check the state of the 

aerator if turning 

ON?  

True False 

Start  

Self diagnostic by statistical analysis 

(average and standard deviation) 

If SD ˃ 0.05 PPM? 

Comparison function 

Errors Counter (EC) 

True 

If EC ˃ 3? True 

Error message 

membrane check 

Standard deviation 

Average DO 

Sensor auto-calibration 
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8.1.1.2. Excel files numbering program. 

Three case structures were used sending (1 or 0) to formula node 

through three input ports of X, Y and Z depending on peristaltic 

pumps status acknowledged by three property nodes and one output 

port of A sending 1, 2 or 3 to be the second part of excel file naming 

Fig. 8.6. These numbers should be converting to string by number to 

decimal string.vi. As the number and file extension desired (.CSV) are 

attached to (D:\tesis\dissolved oxygen control\Nueva carpeta\Tank) by 

concatenate strings.vi and converted to path by string to path.vi can be 

connected to write to spreadsheet file.vi  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.6. Attaching the output number of formula node to the first part of the tank  

Property node of 

peristaltic pump 1 

Property node of 

peristaltic pump 2 

Property node of 

peristaltic pump 3 
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8.1.1.3.Logging the acquired data and auto-calibration 

As the user press at the front panel auto-calibration the case structure 

will execute the true case generating newer values of the slope and 

intercept of scale equation. Linear fit.vi requires two points (X1, X2) 

and (Y1, Y2) by Build array X.vi and Build array Y.vi. For example 

the two points used (0.004, signal output at saturation) and (0, 6) 

(Fig.8.7).  

 

 

 

 

 

 

 

 

 

 

Fig. 8.7. Auto-calibration with one point coding  

 

As the sensor was calibrated automatically (Calibration with one point in 

contact with air) (Fig.8.8) by depressing auto-calibration button in front 

panel, the intercept and slop of the scale equation created directly used to 

convert the output signal of (4-20 mA) to dissolved oxygen 

measurements in ppm by the newer scale equation. 

 

 



I  XIDAEPAA 

235 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8.8. (a) The acquired data by DAQ assistant was filtered by smoothing filter. 

(b) auto-diagnostic coding. 

Dissolved oxygen measurements were processed statistically by 

collecting thirteen data, calculating arithmetic mean and standard 

deviation. The standard deviation was compared against 0.03 ppm, 

sending to the front panel the message of (poor electrolyte or membrane 

fail) if the condition case is true. On the other hand the average of thirteen 

data will be recorded to the spread sheet for each tank every 10 min.   

The processed data as mean values will compare against the preset points 

(Max. Dissolved oxygen) and (Min. Dissolved oxygen); the formula node 
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send binary values of 0 or 1 to case structure to convert it to Boolean 

number ( True or False ) turning on or off the aerator (Fig.8.9). 

 

 

 

 

 

 

 

 

 

Fig. 8.9. Aerator control 

8.1.2. Open loop control coding 

For the first and second unit LabView was programmed to make a control 

on whole pumps in the system (ON/OFF), As Fish biomass in the tank 

was set the program through the case structure will recognize directly the 

timing of system operation. The case structure was used as time table for 

each specific carp biomass in the tank that has the time required to turn 

ON/OFF the specified RAS unit (Fig. 8.10).  
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Fig. 8.10.Lab view coding for the first and the third system 
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Fig. 8.11.Lab view coding for the second system 

 

LabView coding for the second system was different due to 

recirculating pump was controlled independently, the coding was dong 

timing the aerator and recirculating pump according to the fish 

biomass in the tanks, the control of aerator take in account the state of 

running of the recirculating pump (e.g. the aerator will not operate if 

the recirculating pump is not) (Fig. 8.11). 
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Fig. 8.12. Provided circuit acquisition system of the NI USB 6008 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.13. Three inputs of the samples of three tank that was extracted by the 

peristaltic pumps.  
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8.1.3. Scales Building for Sensors. 

1. Firstly generate a relationship between the 4-20 mA obtained by 

the sensor and the physical quantity that require to measure, this 

relationship is polynomial. 

2. Secondly Open Measurement & Automation Explorer to build 

the scale, as shown in the following figure.    

 

 

 

 

 

 

 

This scale that was made before for the sensor of temperature. 
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Right click on the NI-DAQmx Scale to Create New NI-DAQmx scale 

and the scale of temperature was made before. 

 

 

 

 

 

 

 

 

 

 

As shown in the figure, there are four types of scales (Linear, Map 

Ranges, Polynomial and Table) the linear equation was selected to set the 

equation of DO                  Where X is the ampere, Y is the 

Dissolved Oxygen. 
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The name of the scale was typed to use later 

 

 

 

 

 

 

 

 

 

Then we can use this scale for DAQ assistant as shown in the figure from 

custom scaling.  
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Table 8.1.Graphical definitions used in programming  

 Create physical channels that specify the name of the 

physical channel (device name, port number, line number)  

to use to create virtual channels. The DAQmx physical 

channel constant lists all physical channels on devices and 

modules installed in the system.  

 

Three of DAQmx Create Virtual Channel. vi was placed in 

the block diagram to create three virtual channel of digital 

input  for the photo optical sensors to use. 

 

Three of DAQmx Start Task.vi was Placed to running state 

to begin the analog measurement.  

 

DAQmx Read.vi was Place and established to read a single 

Boolean from a task that contains a digital input channel 

composed of a single line. 

 

Three case structures were placed to convert three 

Boolean(True, False) that received from the DAQmx 

Read.vi to number (0,1) to send 0 or 1 to the formula node.  

 

Formula Node 

 

The formula node receive through three ports of variables 

(X,Y,Z) to send numbers of (1,2,3) to create the names of 

Tank1, Tank2 or Tank3.

 
 While Loop was placed to repeat the subdiagram inside it 

 The numbers of (1,2,3)that sent by formula node the 

Number To Decimal String.vi convert it to string and send 

it to the Concatenate Strings.vi  

  

Also the file path send the predetermined location 

(D:\tesis\dissolved oxygen control\ )and the name of 

required archive Tank to the Concatenate Strings.vi   

 Send the extension type (.csv) to the Concatenate Strings.vi   

 

The Concatenate Strings.vi collect all the strings of the File 

path, the number (1,2 or 3), and the extension type  

javascript:launchSharedHelp('mxcncpts.chm::/Chans.html');
mk:@MSITStore:C:/Program%20Files/National%20Instruments/LabVIEW%202009/help/lvdaqmx.chm::/mxphyschanconst.html
mk:@MSITStore:C:/Program%20Files/National%20Instruments/LabVIEW%202009/help/lvdaqmx.chm::/mxphyschanconst.html
javascript:launchSharedHelp('mxcncpts.chm::/Chans.html');
javascript:launchSharedHelp('mxcncpts.chm::/taskStateModel.html');
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 Convert the string that sent by the Concatenate Strings.vi to 

path and send it Write To Spreadsheet File.vi 

 DAQ assistant was placed to continuous acquire 

measurements from the dissolved oxygen sensor and insert 

the name of the scale that established before as shown in the 

section ().  

 

 

 

Greater Or Equal?.vi was used to return TRUE if 

the measured data is greater than or equal to 4 

ppm. Otherwise, this function returns FALSE. 

 

Less Or Equal?.vi was used to return TRUE if the 

measured data is less than or equal to 3 ppm. Otherwise, 

this function returns FALSE. 

 
 

Configure Convert from Dynamic Data.vi to convert the dynamic data to floating point number (double)  

 

 

 

 

 

 

 

 

 

 

  

 

 
Configure Convert from Dynamic Data.vi to convert the dynamic data to Boolean number (True or False) 
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Boolean To (0,1).vi was used to convert the Boolean number 

to 0 or 1 to send it to the Formula Node.vi  

 

The Formula Node.vi was programmed by C to send 1 or 2 

to case structure  

 

The case structure was set to send TRUE or FALSE to 

DAQmx write.vi depending the number received (1 or 2) 

 

The case structure was used to send TRUE or FALSE to the specified DAQmx write.vi  that was established 

for one of three tanks as shown in the following figures  
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DAQmx write.vi  was used to write to the channel that connected to 

the water pump of re-circulating tank  

 

Write To Spreadsheet File.vi was used to write the data to the 

predetermined archive append to file was activated by TRUE  

 
 

Compound Arithmetic.vi  or logic between the three inputs of the sensors of photo optical to take time delay 

of 2 minutes to acquire the data from the valve by first stopping the motor and return start it as shown in the 

following figure 
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Aquaculture intelligent dissolved oxygen system for 1 

monitoring, controlling and sensor anti-fouling 2 

Federico Hahn; Wael El messery  3 

Universidad Autónoma Chapingo, km 38.5 Carretera México-Texcoco, 4 

Chapingo 56230, México 5 
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ABSTRACT 7 

Success in designing affordable automated control systems for aquaculture will be 8 

widely applicable as it enhances water management. Intensive recirculation systems 9 

have the potential for increasing fish production per volume of water but require of 10 

dissolved oxygen monitoring and control. An intelligent LabView dissolved oxygen 11 

sensing unit was designed using only one oxygen sensor and its transmitter for 12 

monitoring several tanks.  Peristaltic pumps extracted water from each tank without 13 

adding oxygen to the sample. Measurements were auto-calibrated and statistically 14 

diagnosed using air dissolved oxygen measurements. Dissolved oxygen sensor 15 

membrane fouling from algal blooms, sediments or suspended droplets was analyzed; 16 

the system controlled membrane fouling problems by means of motor vibration and 17 

water jets. An experiment monitored dissolved oxygen changes to determine carp 18 

digestive and growth respiration hours.  19 

 20 
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1. Introduction 32 

Automation of aquaculture systems locates the production closer to markets, improve 33 

environmental control by minimizing effluents, reduce production costs and improve 34 

product quality. Today aquaculture automation has become an alternative to producers 35 

with the decrease of computers & software cost, and off-the-shelf monitoring hardware 36 

cost.  The monitoring required for recirculating aquaculture systems (RAS) depends on 37 

system design, fish life stage and fish density. 38 

Aquaculture managers need accurate, real time information on system status and 39 

performance, in order to maximize their production potential. At high production 40 

densities, failure of a circulation pump or aeration system can result in fish severe stress 41 

or even significant losses within minutes (Appelbaum et al., 1999). LabView is a widely 42 

used graphical programming environment which allows designing systems in an 43 

intuitive block-based manner (Pereira et al., 2008; Bart, 2002); it could acquire 44 

dissolved oxygen (DO) and temperature data, process them to control sophisticated 45 

aquaculture systems. Sensors measuring critical factors can be linked to an automatic 46 

telephone dialer for remote diagnostic and prevention of catastrophic losses (Lee, 2000). 47 

Fish grow quicker with optimum temperature, achieving improved food conversion 48 

ratios; fish feed poorly beneath 16
°
C and death will occur beneath 12

°
C (Chervinski, 49 

1982).  50 

 51 

After meeting fish feed requirements, low concentration of dissolved oxygen is the 52 

major variable that limits fish growth and production in intensive aquaculture and 53 

should be kept above 5 ppm. Although several dissolved oxygen sensors are used in 54 

aquaculture applications, galvanic and luminescence sensors are now-a-days commonly 55 

employed. Galvanic cells avoid sulfide poisoning, reduce anode maintenance and use a 56 

constant pH electrolyte solution; no external voltage polarization is required and it 57 

works quicker as no warm-up time is necessary (Eutech Instruments, 2006). Bryan and 58 

Cushman (1991) developed a real time on-line system for monitoring dissolved oxygen 59 

testing galvanic sensor membrane impedance and studying its response. Luminescence-60 

based devices quantify O2 nondestructively as color changes with oxygen variations 61 

(Evans and Douglas, 2006). 62 

 63 

 64 
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Algae blooms and fine solid particles are identified as water foulants and affect DO 65 

measurements; silica and organic matter become part of the sensor membrane (Howe et 66 

al., 2002; Schafer et al., 2000; Lander et al., 2010). Algae produce oxygen during 67 

photosynthesis and consume oxygen through the process of respiration (Vasile, 2008; 68 

Tafangenyasha et al., 2010); fish die on warm summer nights due to algae blooms 69 

excessive oxygen consumption (Stone and Daniels, 2006). The sensor membrane and 70 

optical path require an effective cleaning system, as the ultrasonic module integrated to 71 

the VisoTurb® 700 IQ (Wissenschaftllch-Technische Werkstatten, 2011).  72 

 73 

In this study, dissolved oxygen was monitored and controlled. The controller was 74 

interfaced to LabView and used one dissolved oxygen sensor and transmitter to control 75 

four fish tanks; the system presented auto-calibration, statistically self-diagnostic and 76 

anti-fouling mechanisms. The choice of the system's architecture was based on price 77 

performance considering labor, product value, environment and vendor support.  78 

2. Materials and methods 79 

The work was divided in four strategic areas: (1) Installation of equipment for DO 80 

monitoring from the four tanks; (2) analysis and detection of different membrane 81 

antifouling problems; (3) development of an alternative energy system to assure fish 82 

survival and (4) development of a LabView program that monitors the data, stores it, 83 

control the aerators and diagnostic sensor status.  84 

2.1. Recirculation aquaculture system 85 

The aquaculture recirculation system (Fig. 1) is located at Tlapeaxco, Chapingo, Mexico 86 

at the experimental camp of the Universidad Autonoma Chapingo. The system installed 87 

within a greenhouse consists of four circular polyethylene tanks having a diameter of 88 

1.1 m and a capacity of 1100 liter. The tanks were positioned within a square area of 10 89 

by 10 m with the monitoring and control unit at the centre. The four tanks were stocked 90 

at different time to obtain one harvest every 37 days being the harvest size of 400 g after 91 

5 cultivation months. Stocking density per tank was of 50 organisms per m
3
, and 92 

cultivated carps presented an initial weight of 25 g. The first tank was cultivated in 93 

December, the second in January, the third in February, and the fourth in March with 94 

mirror carp var. Cyprinus carpio.  95 
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Carps were fed with Nutripec 3508 at 9:00, 14:00 and 19:00 hr. The water from each 96 

culture tank circulated through the solid waste separator before entering to a trickling 97 

biofilter having polyethylene bio-strata as media. A spray column aerator oxygenated 98 

the water using fine jet sprays (mod. 130327, SURTEK, MEX); the conical water spray 99 

increased the oxygenation efficiency as a better contact area between water and air 100 

exists. The column aerator employed an air fan drived by a 1/2 hp induction motor.  101 

The photovoltaic system (PV) stored energy in the batteries, and an inverter converted 102 

DC to AC voltage (Hahn, 2010).  Batteries and solar panels were selected considering 103 

the day having the highest energy consumption (2076.787 W.h/day). During this day the 104 

aerators worked 20 continuous hours oxygenating water for a carp biomass density of 105 

25 kg per cubic meter. A line power failure of 14 continuous hours occurred once a 106 

month; batteries should recharge every two weeks and last for 14 hours.  A line fault 107 

was carried out analyzing dissolved oxygen variations for 200 and 400 grams carps. 108 

Energy saving of the aerators was studied under three on-off periods: 1 hr on-1 hr off; 1 109 

hr on-0.5 hr off and 1.33 hr on-0.75 hr off. As batteries are charged in 14 days by a solar 110 

panel having six irradiance hours over 1000 W.m
2
/day it should provide 57.6 Ah daily; 111 

a 200 W solar panel was selected (mod. ES-A-200, EvergreenSolar, USA). 112 

 113 

2.2. DO monitoring equipment  114 

The monitoring system was designed to measure the four tanks DO using only one 115 

sensor and one controller. A galvanic probe (HI 76410/4, Hanna Instruments, USA) was 116 

connected to a panel mounted controller (mod. HI 8410, Hanna Instruments, USA). A 117 

membrane covered the galvanic probe having a built-in thermistor for temperature 118 

compensation; an electrolyte solution (mod. HI 7041S, Hanna Instruments, USA) 119 

refilled the membrane cap. The probe provided a 0.1 mg/L O2 resolution with a 120 

temperature accuracy of ±0.2ºC. Calibration is performed with HI 7040L zero oxygen 121 

solution while 100% calibration is done when the probe contacts the air. The controller 122 

4-20 mA recording output was connected to a USB acquisition board (mod DAQ NI-123 

USB 6008, National Instruments, USA) and then introduced to the PC computer. 124 

 125 

Water sampling was provided by 25W@0.356 liter/min peristaltic pumps (mod. 126 

41k25GN-AUL-ES, Oriental Motor Co. LTD, Japan). Water samples from each tank 127 

are pumped to the 5° slope hydraulic head (Fig. 1) passing by the DO probe before 128 
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returning to the tank. Peristaltic pump poor suction required to be primed prior 129 

pumping; suction hose inlets were placed below the pumping level, (Fig. 1).  A black 130 

polyethylene U-mounted hose (internal diameter of 0.65 cm) had its input 30 cm 131 

beneath the tank water surface. After adding a 50 cm hose, the input was placed 80 cm 132 

beneath the water surface.  133 

 134 

As the distance between the sampling tank and the hydraulic head varied DO 135 

measurement delay time had to be programmed. The time required for the water sample 136 

to arrive from the first tank (3.3 m away) to the DO probe was of 23.5 or 20.1 seconds 137 

according whether the hose inside the tank was 80 or 30 cm deep, respectively. The 138 

fourth tank (5.2 m away from the hydraulic head) required 33.4 or 37 seconds before the 139 

water sample arrived to the DO probe if the hose was 30 or 80 cm deep, respectively. 140 

The sample taken from one depth was programmed at the user interface by a toggle 141 

switch named peristaltic pump automatic sampling. 142 

 143 

The automated monitoring system starts operating when the peristaltic pump sucks a 144 

water sample from the first tank. Maximum dissolved oxygen values of 6.4 ppm (rose 145 

marks) were measured during the first 20 seconds and within the 100-120 second 146 

interval that starts the new reading cycle (Fig. 2). The galvanic probe measurement 147 

settles down after 60 seconds; the controller acquires thirteen values (green marks) and 148 

stores them in the LabView data logger. The thirteen values are averaged and when the 149 

standard deviation exceeds 0.3 ppm, a fault exists within the monitoring system; another 150 

thirteen measurements should be taken. When the average dissolved oxygen value is 151 

beneath a given set point the first aerator will be turned-on; it could be turned-off after 152 

the next measurement but to avoid excessive motor current peaks it will be disconnected 153 

ten minutes after. Once the peristaltic pump is turned-off, the water remaining within 154 

the hydraulic head returns to the tank and air will fill-up the hydraulic head. This 155 

operation is repeated for each tank being each aerator controlled separately. 156 

  157 

2.3. Acquisition system and LabView interface 158 

A multifunction DAQ NI-USB 6008 acquisition board acquired the DO values from the 159 

controller and its configuration is shown in Table 2.  Port 0 turns-on each peristaltic pump and 160 

every aerator fan. The dissolved oxygen analyzer HI 8410 provided a 4-20 mA output current 161 

connected in single-ended mode between terminals 1 and 2. Digital terminals P1.2 162 
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monitors the electrical voltage status in the system and P1.3 activates the inverter of the 163 

alternative photovoltaic energy during faulty line situations.  164 

The LabView data logger was programmed by the user to control when DO monitoring 165 

start for each tank due to variable distance to the galvanic probe at the hydraulic head. 166 

Data from each tank was saved in a different Excel file and every new reading was 167 

appended. The user interface acknowledges which peristaltic pump is operating and 168 

recognizes which fish culture tank is being sampled. Maximum and minimum dissolved 169 

oxygen set points are introduced at the user interface to control aerator turn-on; leds 170 

indicate aerator operation (Fig. 3). 171 

After plotting daily DO values sensor operation can be diagnosed. P1.0 and P1.1 172 

controlled sensor cleaning during autocalibration when sensor fouling problems were 173 

encountered. After diagnosing a sensor problem, cross sampling between different tanks 174 

verified that the problem exists. The program automatically codified error messages in 175 

the LabView Front panel-User Interface. The code is generated after that the problem 176 

subsists after water jet injection or vibration and sent by phone to a desired cellular. 177 

LabView was programed to execute an alternative program as a fixed timer under 178 

emergency situations when the monitoring system failed. Under a given water 179 

temperature and biomass density the program calculates the required aeration time per 180 

tank to maintain the dissolved oxygen within 4 and 5 ppm, Table 3. When an 181 

intermediate biomass is present, interpolation was used to determine the required 182 

aeriation time; for example, a biomass of 12 kg@ 19°C per m
3
 will require 10.1 hr of 183 

aeration. 184 

 185 

2.4. Sensor calibration and fault analysis. 186 

 187 

The sensor auto-calibration scale equation used the air saturation value (6.3 ppm @ 20 188 

°C @ 2400 m above sea level) as the first calibration point; for the second point a zero 189 

oxygen solution HI 7040 was used once a month. The scale equation used for 190 

calibration depends on the current I given in mA:  191 

   (1)  192 

 193 
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In recirculation aquaculture systems (RAS) dissolved oxygen sensors encounter 194 

periodic problems during carp growth. Solid particle accumulation at the sensor 195 

membrane is encountered for very fine particles below 40 m. Algae blooms also 196 

accumulate on the membrane and affect sensor readings; blooming dinoflagellates 197 

ranging between 10 and 50 m in size pass through inlet screens. Sometimes, after 198 

evacuating the water sample from the hydraulic head, water droplets remain suspended 199 

on the membrane affecting sensor measurements. Another common measurement error 200 

occurs after exchanging the electrolyte or the sensor membrane as air bubbles remain 201 

within the electrolyte if not properly installed. 202 

 203 

The effect of DO variations under membrane sediment accumulation was studied. DO 204 

was measured at air saturation and then 100 ml of distillated water were sprayed to the 205 

sensor head storing the water with particles and measuring its turbidity (DRT-15CE, HF 206 

Scientific Inc., Ft. Myers, FL). Three different algae blooms (Scenedesmus sp., 207 

Chlorella sp. and filamentous microalgae) were reproduced over the galvanic sensor 208 

membrane measuring DO values under air saturation prior to cleaning the sensor with 209 

distillated water to quantify them with the turbidity sensor. 210 

 211 

The hydraulic sensor head was equipped with an automated water spray to clean the 212 

sensor membrane. A 100 W submergible pump (mod. 2480, Kairui Electrochemical, 213 

China) produced a working pressure and flow of 15 kPa and 500 cm
3
/ min, respectively; 214 

the water spray resulted from passing the water through a nozzle having a diameter of 215 

1.7 mm. The water spray operated for 5 seconds to remove algae and suspended solids 216 

adhered to the membrane. A vibrating motor (mod 30827 CRA212-ND, Cramer Co. 217 

Digi-Key, USA) with an eccentric disc removed the droplets; the 18W@ 12 VDC motor 218 

rotated at 60 RPM. The motor turns ten revolutions every five days offering 219 

mantainance to the sensor membrane. 220 

 221 

Another antifouling hydraulic head was designed for cleaning the sensor membrane on-222 

line instead of using a spray nozzle. This system is based on backwash solid removal of 223 

irrigation system filters (Bucks et al., 1979; Gilbert et al., 1981). Three orthogonal water 224 

sample inlets coming from different tanks entered the hydraulic head and left through 225 

the fourth hole after passing through the DO probe (Fig. 4). Algae blooms were grown 226 
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over the membrane and backwash removal was analyzed.  Similarly, the membrane was 227 

covered with fine particles to observe its removal by this method. 228 

2.5. Oxygen consumption and water temperature for carp growth 229 

The system was tested with an experiment where dissolved oxygen was monitored 230 

during all the day to determine digestive and growth respiration hours. During this 231 

experiment two daily meals were applied at 11:16 and 18:30 hr with a feed ratio of 6% 232 

of fish bio-mass. Temperature was also monitored to determine its effect in fish feeding.   233 

 234 

3. Results 235 

 236 

Sampling with peristaltic pumps and dissolved oxygen data management worked as 237 

planned; it could work properly for measuring several tanks at different depths. 238 

Peristaltic pumps as pressurized equipment are not efficient but for sampling without 239 

gaining oxygen are useful. LabView was easy to use, having a simple hardware- 240 

software interaction; for example when the sensor fails the aerator timing table gives 241 

enormous flexibility to the system.  242 

 243 

Energy consumption by the peristaltic pumps, re-circulating pumps and the aerator was 244 

16.8, 907 and 1,153 W.h, respectively. Energy of 807.2 W was consumed per day when 245 

the aerator turned-on for periods of 1.33 h in order to oxygenate the tank with 400 g 246 

carps. A bank of five 12 V@250 Ah rechargeable LiFePO4 batteries (Model OPT-200, 247 

Optimum Battery Co., Ltd, China) was used together with a current battery charger. A 248 

375 W, 12V DC - 120V AC inverter (mod PV-375, Tripp Lite, USA) was selected to 249 

provide AC energy to the aerator and re-circulating pumps. 250 

 251 

During lack of energy dissolved oxygen decreased from 5 to 2.3 ppm for carps 252 

weighting 400 grams in tank 1. At 21:45 hr, batteries were turned on for 1.33 hour 253 

increasing DO to 4.93 ppm. Dissolved oxygen oscillated between 2.3 and 5 ppm until 254 

9:25 AM consuming energy for 8 hours. In tank 2, dissolved oxygen in the water 255 

presented oscillations ranging between 3.33 and 5.2 ppm for 400 g carps; battery 256 

consumption was of 8 hours. For lower size carps (200 grams), dissolved oxygen varied 257 

between 3 and 5 ppm being battery energy consumed in 6 hours (Fig. 5). 258 

  259 
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3.1. DO probe fouling 260 

DO measurement varies as the probe oxidizes (Fig 6a) affecting its response speed; 
261 

although anode corrosion there is enough anode material for many years of use. 
262 

Measurement errors are found during algae (Fig 6c) and colloid (Fig 6d) fouling. 
263 

 264 
 265 

As the electrolyte gets consumed, low level measurements with 1.2 ppm peaks are 266 

obtained (Fig. 7) requiring the addition of the electrolyte solution (Smith et al., 2007). 267 

Membrane is normally replaced twice a year and when damaged a DO saturation value 268 

of 4 ppm is measured followed by a peak which decrements its value to zero; 269 

afterwards, the DO value returns immediately to the saturation value, as shown in figure 270 

7 by the violet line. The user should gently tap the membrane to guarantee that no air 271 

bubbles remain trapped. 272 

 273 

Proper DO saturation values (purple marks) range between 6.1 and 6.5 when the probe 274 

is in contact with air (Fig. 8). Sediment accumulation (SA) over the membrane 275 

presented during DO saturation peaks centered at 5±0.2 ppm. Once the sediments were 276 

removed with distilled water a turbidity of 50 NTU was encountered. When the 277 

membrane is cleaned (TSA) with the water jet, a DO saturation value of 6.2 ppm is 278 

obtained. Algae accumulation (AA) around the membrane produces oxygen increasing 279 

its DO value to 7.5 ppm. Analysis of water samples under super-saturation by 280 

Woodbury (1941) showed excess DO values ranging from 17.74 ppm to 23.14 ppm. 281 

Fish reactions to DO excess were swimming at an angle and then floating up at surface 282 

in a helpless manner. When a biofilm of algae covers the sensor membrane oxygen 283 

diffusion drops-off decreasing DO measurements. After spraying water (TAA) the 284 

probe measured correctly again, and the algae dissolved in water provided a turbidity of 285 

166 NTU. Suspended water droplets (SWD) on the membrane decreased DO values; 286 

measurements returned to normal when the vibrator motor (TSWD) removed the 287 

droplets. 288 

3.2. Antifouling mechanisms 289 

 290 

Self-backwash and nozzle spray for membrane anti-fouling was extremely better than 291 

leaving the probe without any treatment. Dissolved oxygen saturation measurements 292 

decreased to 5.3 ppm after five weeks of operation when no anti-fouling treatment was 293 

employed. The spray nozzle was the most reliable mechanism due to the reduced 294 
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peristaltic pump pressure applied to the membrane. A high water flow of 27 l/min 295 

(velocity=14 m/s) was applied to remove the solids accumulated over the sensor 296 

membrane. In continuous backwash operation, solids and algae were removed from the 297 

membrane surface and dissolved oxygen saturation measurements remained within 6-298 

6.5 ppm range, Fig. 9. It is recommended that under backwash treatment a high pressure 299 

treatment is applied every six weeks. Air bubbles within the electrolyte were removed 300 

by the user meanwhile vibration gets rid of suspended water droplets.  301 

  302 

3.3. Oxygen consumption and water temperature for carp growth 303 

Feeding is often strongly affected by reduced oxygen (Carlson et al., 1980; Kramer, 304 

1987). Search, digestion and assimilation are major components of the energy budget of 305 

many fishes (Brett and Groves, 1979). Digestive respiration increased oxygen demand 306 

by 0.03 gO2/kg[BM].h during three hours. Growth respiration was detected between 307 

9:16 PM and 3:26 AM, being the maintenance respiration at 17 °C of 0.32 308 

gO2/kg[BM].h. Fish respiration varied during the day and was limited by water 309 

temperature decreasing from 0.422 to 0.32 gO2/kg[BM].h, (Fig. 10). As water 310 

temperature decreased from 20 to 17 °C, fish activity decreased as well as oxygen 311 

consumption from 4:26 to 11:16 AM. 312 

 313 

4. Discussion 314 

Pneumatic bladder, submergible pumps or peristaltic pumps are well suited for low- 315 

flow purging and sampling. Low stress purging and sampling is a technique being used 316 

in wells where the flow rate of water being extracted is less than the one entering the 317 

well. However, peristaltic pumps are not suitable for use in wells containing 318 

contaminants or suspended solids. Assuming a static lift of 2 m, the pump suction lift 319 

will be 5 m, resulting in a maximum hose length of about 50 m (Van Rijn, 1979). Hoses 320 

were fixed within the culture tanks in one extreme in order that fishes didn’t move its 321 

position; total length from the largest hose used was 10.5 m.  322 

Output pressure is always an assay on peristaltic pump applications, although some are 323 

used only for sampling. Under different output pressure of two peristaltic pumps the 324 

volume metered per pump revolution remained almost constant, Way et al, 1990. 325 

Temperature was not a factor within the black hoses avoiding algae formation. 326 
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Dissolved oxygen at the water kept within the hose at the middle of the day varied by 327 

3% as water temperature increased by 2ºC. It is recommended to clean the hoses with a 328 

pressurized pump every two weeks to avoid solid deposition inside them.  329 

   330 

A future design should consider a multi-pump module (mod. MD4, DASGIP AG, 331 

Jülich, Germany) where the speed of each peristaltic pump can be controlled 332 

electronically and adjusted individually. The built-in microprocessor and the serial 333 

interface allow straightforward PC support and can be easily managed by the LabView 334 

interface. If the MD4 is fixed at the hydraulic head the variable distances from the tanks 335 

become irrelevant for timing the DO acquisition routine; this operation is possible as 336 

each pump can work at a different speed using the same delay for the four tanks.  337 

 338 

Once that proper maintenance is given to the galvanic probe it sensed accurately with a 339 

good speed response. A galvanic probe let in a pond without care accumulates algae or 340 

solids over the membrane; erroneous measurements are obtained as oxygen diffusion 341 

through the membrane disappears. As a result, the response time is unaffected, but 342 

dissolved oxygen magnitude changes. Very fine particles below 40 m (Glasspool and 343 

Atkinson, 1998) are difficult to extract and accumulate at the sensor. Adhesion forces 344 

attract fine solid particles to the sensor membrane, and after long accumulation time, 345 

nitrification bacteria grow on the membrane affecting measurement readouts (Whelan 346 

and Regan, 2006). Calcium appears to form a bridge between the membrane surface and 347 

the organic foulants (Ahn et al., 2008).  348 

 349 

Algae blooms can accumulate over the sensor membrane and affect sensor readings; 350 

blooming dinoflagellates in a size ranging between 10 and 50 m pass through the inlet 351 

screens. Their neutral buoyancy and ability to swim make them a settling material 352 

(Pierce et al., 2004). As algal bloom life cycle peaks and decays, a significant amount of 353 

organic material is released upon cell death (Whipple et al., 2005). Bacteria feed on the 354 

decaying material and release their own extracellular polymeric substance (EPS) that 355 

has the potential to foul pretreatment and RO membranes (Asatekin et al., 2006; 356 

Rosenberger et al., 2006). It is possible that the material from decomposition fouls the 357 

membrane more than the algal cells themselves.  358 

 359 
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Self-contained air blast cleaning systems clean automatically DO sensors membranes 360 

with a pressurized air jet of 300 kPa (GLI, 2008). Oxyferm, Oxygold and Clark model 361 

5500 DO probes (GLI, 2008) withstand maximum pressures of 400, 1200 and 1000 kPa, 362 

respectively. The backwash cleaner was efficient maintaining a constant value during 363 

five weeks. If a non-maintenance equipment is requested the vibrating motor and the 364 

pressure jet should be applied. 365 

 366 

LabView has become a very useful instrumentation tool, being able to acquire, analyze, 367 

control and activate different fans and pumps. Its application in aquaculture as an 368 

intelligent DO sensor fault detector, can advice the producer when a failure is present 369 

meanwhile it can still oxygenate the tanks. In case that a power failure exists, it is 370 

necessary to optimize the energy saved in the PV batteries; the LabView interface 371 

indicates the amount of energy being available. Two power failures were present one of 372 

5 hours and another of twelve hours one per month and the carps survived with the 373 

alternative energy. During line loss energy an alternative PV system was used and 374 

dissolved oxygen was maintained between set levels allowing fish survival under 375 

optimum energy consumption. For the experiment with longest turn-on time (ton:1.33 376 

hr, toff: 0.75 hr & 400 g carps) only 40% of the time dissolved oxygen was below 3.5 377 

ppm, being its minimum value 2.3 ppm. At this time carps were at the top searching for 378 

air in the atmosphere.       379 

One of the most common sensor errors occurred during membrane exchange when the 380 

user did not take care of air bubble formation within the electrolyte; high peaks were 381 

detected by the LabView program sending a 2-0041 message code, Table 4. Three 382 

additional codes informed about the battery remaining charge to the producer. As the 383 

alternative energy system works, battery gets discharged by 30, 60 or 90% generating 384 

and transmitting 2-0071, 2-0081 and 2-0091 codes, respectively. 385 

 386 

5. Conclusions 387 

Dissolved oxygen in fish production systems should be monitored and controlled as it is 388 

a vital factor for fish production and survival. One galvanic sensor and its controller 389 

were used for managing four culture tanks. The sensor was checked previous to each 390 

measurement when it was in contact with the air. An intelligent instrumentation system 391 

monitored  the tanks, predicted oxygen sensor failures, sending codes to the producer, 392 

controlled the aerators and introduced a PV alternative system in case of a power line 393 
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interruption. The system was capable of detecting algae or solids adhered to the 394 

membrane and could remove them using a water jet or by means of backwashing. The 395 

latter one worked as well as the water jet during one month, but consumed less energy. 396 

The system proposes an alternative timing routine based on biomass and water 397 

temperature to turn on the aerators in case of a sensor failure.        398 

 399 
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FIGURES AND TABLES 490 

Fig.1. Lateral view showing two column aerators, two fish tanks, the hydraulic head, 491 

the PV system and the instrumentation system. 492 

Fig. 2. Dissolved oxygen measurements of the first three tanks being AM (air 493 

measurement) and WM (water measurement). 494 

Fig.3. Front panel-User Interface with dissolved oxygen control. 495 

Fig. 4. Backwash mechanism. 496 

Fig. 5 Dissolved oxygen control with the alternative program for three different aeration 497 

periods during the night. 498 

Fig. 6. Probe with (a) oxidized anode, (b) clean membrane, (c) algae fouling, (D) 499 

colloids fouling (E) and suspended water droplets. 500 

Fig.7. Dissolved oxygen measurement under membrane damage or faulty electrolyte.  501 

Fig. 8. Dissolved oxygen measuring different sensing anomalies. 502 

Fig. 9. DO saturation measurements with nozzle jet spray, backwash and without any 503 

antifouling treatment. 504 

Fig. 10. Dissolved oxygen and temperature measurements during digestive and growth 505 
respiration hours 506 

 507 

 508 

Table 1.  509 

Time delay required to obtain the DO measurements according to the distance from the 510 

tanks. 511 

 512 

Table 2.  513 

Port configuration 514 

 515 

Table 3.  516 

Aeration required for different fish stocking densities (kg biomass) per cubic meter of 517 

water at different water temperatures. 518 

 519 

Table 4.  520 
LabView interface message codes. 521 

522 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 523 

Fig.1. Lateral view showing two column aerators, two fish tanks, the hydraulic head, 524 

the PV system and the instrumentation system. 525 
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 527 

Fig. 2. Dissolved oxygen measurements of the first three tanks being AM (air 528 

measurement) and WM (water measurement). 529 
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 537 

Fig.3. Front panel-User Interface with dissolved oxygen control. 538 

 539 

Fig. 4. Backwash mechanism. 540 
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 544 

Fig. 5 Dissolved oxygen control with the alternative program for three different aeration 545 

periods during the night. 546 

 547 

 548 

 549 

 550 

Fig. 6. Probe with (a) oxidized anode, (b) clean membrane, (c) algae fouling, (D) 551 

colloids fouling (E) and suspended water droplets. 552 
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  557 

Fig.7. Dissolved oxygen measurement under membrane damage or faulty electrolyte.  558 

 559 

 560 

Fig. 8. Dissolved oxygen measuring different sensing anomalies. 561 
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 569 

Fig. 9. DO saturation measurements with nozzle jet spray, backwash and without any 570 

antifouling treatment.  571 

 572 

Fig. 10. Dissolved oxygen and temperature measurements during digestive and growth 573 
respiration hours 574 
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Table 1.  575 
Time delay required to obtain the DO measurements according to the distance from the 576 

tanks. 577 

 Distance Delay time from hose at 

 from tank, m 30 cm, sec 80 cm, sec 

Tank 1 3.3 20.1 23.5 

Tank 2 6.1 40 43.6 

Tank 3 8 53.5 56.5 

Tank 4 5.2 33.4 37 

 578 

Table 2.  579 
Port configuration 580 

 581 

Table 3.  582 

Aeration required for different fish stocking densities (kg biomass) per cubic meter of 583 

water at different water temperatures.  584 

Kg biomass 

per m
3
 water 

Aeration in hours for different water temperatures °C 

17 18 19 20 21 22 23 24 

2 1.83 1.94 2.12 2.25 2.38 2.51 2.63 2.76 
6 5.00 5.30 5.77 6.11 6.51 6.90 7.20 7.60 

10 7.68 8.16 8.85 9.33 10.00 10.64 11.06 11.73 

14 9.87 10.52 11.36 11.92 12.85 13.75 14.21 15.15 

18 11.56 12.38 13.30 13.86 15.06 16.22 16.65 17.85 

22 12.75 13.75 14.68 15.17 16.63 18.04 18.39 19.85 

24 13.15 14.25 15.15 15.58 17.18 18.72 18.99 20.58 

 585 

 Port configuration 

Digital 
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Table 4.  586 
LabView interface message codes. 587 
 588 

Error source Values when contacts 

air 

Behavior Cleaning 

action 

LabView  

codes
 

Algae Higher values during 

day (super-saturation) 

Higher peaks Water-Jet 2-0011 

Solids Lower value than 5.5 

ppm 

Smooth peaks Water-Jet 2-0021 

  Electrolyte Lower value than 1.3 

ppm 

High 

frequency 

signal  

Change 2-0031 

  membrane Values arriving zero Low signal 

with  

negative peaks  

Change 2-0051 

Air Bubbles Values above 15 ppm higher 

frequency 

peaks 

Remove air 

bubbles 

2-0041 

Suspended 

droplets 

Values lower than the 

saturation (in air 

measurements) 

Smooth peaks Motor 2-0062 
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> Automatic system fed multiple tanks at different fish growth stages. > Airspeed flow 

from two fans make pellets float avoiding wall collisions. > The 400 gram weighting 

mechanism proved to be energy efficient. > Airflow turbulence increases occupation 

area and reduces energy consumption. >  

 

 

 

*Highlights



RESPONSE TO REVIEWERS 

As the reviewers indicated the paper required a better structure. With the help of an English 

professor we worked in the paper for two weeks. All the comments and points addressed by 

both reviewers were addressed and some of the questions are now included in the paper as 

it is easier to understand. 

As proposed by the second reviewer the mechanical and control operation were separated 

and a unit was used for the food particle analysis.  

Results of the automated feeder are shown giving the real importance to the paper.  

Nevertheless, turbulence and airspeed analysis were important to know how the system 

operates, and to analyze its energy optimization. 

Two new tables were added, one about dosing results, which simplify greatly the text. The 

second one takes away figure 9 and gives the exact values of energy consumed with one 

and two fans. 

Cost, flexibility and accuracy are addressed in the text. 

The figure proposed by reviewer one is sent in this paper but it is not of great help and it is 

not completely necessary.  

 

 

 

 

 

 

 

 

 

 

 

Figures 6 and 7 had their axes fixed so that can they can be compared. However I find that figure 6 

is not well appreciated. 

*Detailed Response to Reviewers



 

The contribution of this work: 

All the previous automatic feeders did not concern to spread food well over the water 

surface and cannot feed multiple tanks with one feeder, feeding fish tanks that have 

different purposes; one of them was used as nursing tank and the others were for rearing 

tanks. 

Heat transfer was measured by an infrared thermometer. The temperature of food particles 

was measured after the fans and at the gates (Δt), the specific heat for fish food calculated 

based on food components for both types of food (C) and  the amount of food delivered ( m 

), using the following equation  

 

M is the amount of food delivered (kg) 

C is food pellets specific heat (KJ/kg.°C) 

Δt is temperature difference (TF-T0) in °C. 

TF final food temperature 

T0 Initial food temperature 

Q is the amount of heat transferred in kJ. 

 

 

Some other useful comments on questions related: 

Lasers were used as the distance is short and laser pointers are vere cheap in Mexico. Also it avoids 

a problematic wiring if many tanks are fed. As well cables must be placed over the tubes and can 

become wet, and have problems with water evaporation after 2 years. 

The condensed analysis of food particle dynamics was placed in the second paragraph of the 

conclusions. 

The weighting mechanism do not contact the spring with the microswitch. As it goes down due to 

the weight it will activate the microswitch. 

All the word rods were substituted by inner tube as it is clearer. 



The pneumatic transport analysis was done with images. From the video images were taken out in 

order to obtain a value of the occupied space. As a vertical image and a horizontal image are present 

it can be reconstructed. The two fans were used to induce turbulence. 

Calibration of the weighting system is only needed when dosing is not correct. Dosing errors are 

due to lack of spring force or by microswitch damage. 

The important of feeding duration is due to energy optimization. Two fans were used and the 400 g 

weighting system. 

Heat transfer is important to understand if food is being heated. This can increased swelling power. 

The distribution of the food is important so that fish do not compete for food. 
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1. Introduction 30 
 31 

Aquaculture systems represent an important food production system with high-quality protein for 32 

human consumption. Increasing productivity and optimizing energy use are two fundamental 33 

aspects for successful aquaculture. Fish have a low feed conversion rate and in intensive 34 

aquaculture systems food represents approximately 40% of total production costs (Chang et al., 35 

2005). Excess food drops to the tank floor and its decomposition consumes oxygen and produces 36 

ammonia-nitrogen (Chang et al., 2005).  37 

 38 

Pond cultivated fishes consume food in 5-10 minutes; but timer control can lead to overfeeding 39 

(Masser et al., 1999). Feeding rates vary with fish size and water temperature. Fish fed in 2–3 hour 40 

intervals eat more food than their stomachs can hold, resulting in food wastage and an increase of 41 

the production cost. Overfeeding wastes, degrades water quality, and can overload the biofilter. Fish 42 

fed every 4–5 hours eat the feed needed to refill their stomachs (Riche and Garling, 2003). 43 

Ultrasound for monitoring uneaten pellets has shown to be a useful mean to reduce feed wastage 44 

(Summerfelt et al., 1995) increasing by 60%fish growth compared with ration feeding. 45 

 46 

Maximum fish growth cannot be achieved by personnel due to human and logistic limitations as 47 

lack of night-shift workers. Some automatic feeders use belt feeders working on wind-up springs 48 

can employ electric vibrating equipments (Saravanan and Santhanam, 2008). Automatic feeding 49 

systems controlled by predetermined time schedules have been extensively reported in the literature 50 

(Juell et al., 1993; Fast et al., 1997; Fang and Chang, 1999; Fang et al., 2002; Yeoh et al., 2010). An 51 

automatic feeder cultivated eel using a rotating plate and scrubber (Chang et al., 2005). Commercial 52 

fish farming use flexibe and simple pneumatic feeding systems (Chapelle et al., 2004). 53 

 54 

On demand self-feeders depend upon the ability of fish to press a lever to obtain food and can be 55 

manually or electronically controlled. Manual self-feeders are simple and cheap, but the gate 56 

mechanism often gets jammed; feeding can be induced by accident, by fish swimming through the 57 

gate or by wave action (Shepherd and Bromage, 1989). Food portions are difficult to adjust, and it 58 

is not possible to spread food over the water surface (Alanärä, 1996). An electronically controlled 59 

self-feeding system was built with a trigger rubber knob, a control unit and a feeder (Noble et al., 60 

2007). As the fish stretches the knob to eat it, pressure changes are detected by a microphone which 61 

sends a signal to the control unit. However, the majority of the fish do not trigger the mechanism 62 

and food delivery is lost (Alanärä, 1992). Chang et al., (2005) used an infrared photoelectric sensor 63 



for feeding depending on fish gathering behavior, but do not work properly with intensive fish 64 

tanks. Papandroulakis et al., (2002) provided plankton organisms to feed larvae according to tables 65 

stored in the memory of a programmable logic controller (PLC); food was distributed to the tanks 66 

by peristaltic pumps and solenoid valves. 67 

 68 
Fish ponds in Mexico are located in remote areas where electricity is not available so alternative 69 

energies are required; machines can be drived by photovoltaic systems with daily radiation of 4-6 70 

kWh/m². Fullerton et al., (2004) designed a feeding mechanism which uses a small electrical 71 

powered pump to force feed slurry down to a cage. A wind generator and solar panels provided 72 

energy for pumping; the electric power system operation was monitored.  73 

 74 

The present work describes the operation of a PV solar driven automatic feeder for three 75 

commercial rearing tanks growing 7000 tilapias each and one nursing tank. Wireless transmission, 76 

solar energy and precise dosing were used by the automated feeder with optimum energy 77 

consumption. Three feeding gates distributed more evenly the food in the tanks, reducing fish 78 

competition for food. Air-food transport was analyzed with a vision algorithm optimizing pellet 79 

occupation area, floating movement and food degradation.  80 

 81 

2. Materials and methods 82 

 83 

The automatic feeder presents a food hopper, a weighting mechanism and 9 m distribution tubes to 84 

deliver food to the tanks; it was implemented for feeding fishes during one week. An embedded 85 

system controlled accurate tank feeding and its distribution along each tank avoiding fish 86 

competition for food. Air-food particle movement has to be perfectly understood so that turbulence, 87 

temperature and pellet ocupation area can be used to optimize food conveying to the tanks with 88 

energy saving. Laminar food-air flow resulted when one fan worked; meanwhile two fans conveyed 89 

and rotated food at high speed following a turbulent flow. Energy consumption during feeding was 90 

important during the photovoltaic system (PV) operation driving motors, solenoids and controls. 91 

 92 

2.1. Tilapia growing tanks 93 

Tilapia can be produced in four tanks (A, B, C and D in Fig. 1) between March and October. The 9 94 

m diameter concrete tanks located at Atoyac (17°58' N and 101°45' W) in the Pacific coast of 95 

Mexico have a height of 1.5 m. Nursing tank (A) fed 21,000 juveniles during March increasing their 96 

weight from 3 to 40 g; tilapias were then transplanted in April to rearing tanks B, C, and D. Each 97 



rearing tank stocked 7,000 organisms for three months until each tilapia weighted 300 g. The 98 

nursing tank was stocked with other 28,000 organisms in June starting the second growing cycle. 99 

With both growing cycles a double quantity of fish was produced. 100 

Nutripec 4418 C and Nutripec 3508 commercial fish food were dosed by the automatic feeder to 101 

nursing and rearing tanks, respectively. Nutripec 4418 C is a floating food formed by particles 102 

having 1.7 mm diameter and consists of 44% protein and 18% fat with an apparent density of 540 103 

kg/m
3
. Nutripec 3508 is a 3.5 mm diameter floating pellet with 35% protein and 8% fat having an 104 

apparent density of 415 kg/m
3
. 105 

Three and six food sessions were applied per tank at the rearing and nursing tank, respectively; 106 

three gates allowed better food dispersion. The three feeding sessions were applied at 9:00, 14:00 107 

and 19:00 hr meanwhile the six sessions were applied at 7:00, 10:00, 13:00, 16:00, 19:00 and 22:00 108 

hr. The food feeder installed at the center of the four tanks distributed food to the nursing or rearing 109 

tank's gate according to Tables 1 & 2.  The food delivered per week was of 495.6 kg during the first 110 

month (Table 1 and Table 2), and increased to a maximum of 772.8 kg on the last month when the 111 

four rearing tanks fed tilapias five month old, Table 1.  112 

 113 

2.2 Feeder mechanical operation  114 

The 1.5 m
3 
food hopper fed the fishes during one week and its main components are shown in figure 115 

2.a. Food stored in the hopper has to be introduced to the distribution tubes through the weighting 116 

mechanism; a bottom plate is turned 3 cm beneath a fixed surface that avoids excessive loading. 117 

The bottom plate is turned by a 24 V DC direct current motor of 17.8 W (mod. AST-G002DC, 118 

Geared Motor, USA); the motor rotates at 5 RPM and has a torque of 34 N-m. When the holes of 119 

both plates match, food fills the weighting mechanism, Fig. 2. b. The feeder motor turns the bottom 120 

plate until micro switch one acknowledges the first hole and gets synchronized with the top plate 121 

orifice (sync position). The inner tube of the weighting mechanism starts collecting food and the 122 

load causes it to move downwards. The three holes for feeding the other tanks are displaced 90°, 123 

180° and 270° from the sync position; orifice synchrony allows tube filling if the bottom plate is 124 

properly moved. The sync position orifice will dose tank A again. 125 

 126 

The weighting mechanism presents two overlapping PVC (Polyvinyl Chloride) tubes being the 127 

inner tube filled with 100 g of food in 12 seconds; food dosed to each tank will be proportional to 128 

multiples of 100 g, Fig. 3. The internal PVC tube (30 cm long) presented a fixed lever where a 129 

spring having a force of 0.1N/mm was connected; the other side of the spring was fixed to the 130 



external PVC tube. As food fills the inner tube the lever descends until the weight micro switch 131 

(WMS) is activated; food entering the tube is restricted when the motor turns clockwise 10°, Fig. 3. 132 

b. The diameter of the filling tube was studied to optimize the weighting mechanism operation.  133 

 134 

A 24 VDC electromagnetic coil (mod MAGMAX, ALCO, USA) attracts a steel plate attached to 135 

the bottom of the inner PVC tube preventing the inner tube to return until it is empty, Fig. 3. c. Four 136 

air extractors supplied by 24V DC (model KZFF263, Guangzhou Keao Electrical Co., Ltd, China) 137 

were turned-on; one fan applied food to nursing tank A (Fig. 3. d) and three fans fed the rearing 138 

tanks simultaneously.  139 

 140 

2.3 Feeder control 141 

The automated feeder was controlled by an embedded system based on the ATM89C51 (ATMEL 142 

Inc, San Jose, California) microcontroller. The microcontroller port configuration is depicted in 143 

Table 3, and a LUT (look up table) stores the information for monthly food dosing per gate during 144 

fish growth, Tables 1 & 2. Each of the four microcontroller ports have eight digital outputs (eg. Port 145 

2.1, Port 1.3) having the ability to control external devices as solenoids, relays, motors, etc. 146 

Microcontroller port 1 turns on the fan, turns on-off the laser (Port 1.5 and Port 1.6) and controls the 147 

motor that turns the plate. When the weighting limit switch contact closes, the microcontroller port 148 

1.3 gets activated and fires the electromagnetic coil to assure that the 100 grams of food are 149 

completely dosed. Simultaneously the microcontroller turns on the air extractors, conveying the 150 

food to the nursing and rearing tanks using port 1.0 and port 1.4, respectively. 151 

 152 

Instructions for manual feeding of the tanks are provided by the external switches of Port 2. When 153 

all the fishes present the same growth stage, the system can run automatically after setting Port 2.7 154 

to one. Nursing tank A can feed 21,000 or 28,000 fingerlings by switching T1 or T2. If tank A is 155 

converted to a rearing tank and fed 7000 juveniles T3 will be triggered. Manual control of T4 will 156 

feed rearing tanks B, C or D depending if fishes are three, four or five month old.  157 

 158 

The diameter of the distribution tubes were analyzed for proper operation. Three output gates 159 

deliver the food to each tank being the first two automated, Fig. 1. A thin circular plate is rotated 160 

inside the gate by a 12 VDC gear motor (model EMG30, Technobots Ltd. UK); a 12 V rechargeable 161 

battery supplied the motor (model LC-R121R3P, Panasonic, USA) energy. The first two gates stay 162 

normally open allowing food application by gate 3. The accuracy of the dosed food at every gate 163 

was obtained as well as the spreading area over the water surface. 164 



 165 

Four green and four red lasers were fixed at the food distribution tubes establishing wireless 166 

communication between the microcontroller and the gate motor drivers, Fig. 1 & 2. a. Lasers were 167 

activated by microcontroller port 1.5 and port 1.6; the red laser closes gate 1 meanwhile the green 168 

laser closes gate 2. Photo detectors receive the laser light at opposite sides of distribution tubes at 169 

gate 1 and gate 2, avoiding green laser interference on gate1. Twelve seconds after the photo 170 

detector senses the laser light, the gate closes; all the food within the inner tube of the weighting 171 

mechanism will be applied to the tank. 172 

 173 

2.4 Feed conveying performance.  174 

Pipe air flow was analyzed to optime feeding with the lowest energy consumption; two fans were 175 

coupled by a Y- PVC connector introducing different air velocities to the distribution tubes. 176 

Pressure drop between the air flow after the fan and before it exits the gate was measured with a 177 

pair of manometers. The Reynolds number (Re) for laminar or turbulent air flow during food 178 

transport was calculated by Eqn. 1 which depends of air density (ρ) and air dynamic viscosity (µ) 179 

expressed in Pa·s. Air turbulance varies with pipe diameter (D) and mean air velocity (V). 180 

 181 

                 Re =ρVD/                (1) 182 

 183 

Food particles temperature in different sections of the distribution tube was measured with an 184 

infrared thermometer. Heat transfer was calculated by multiplying the temperature difference 185 

between two consecutive sections by the specific heat of the fish food; the result has still to be 186 

multiplied by the amount of food (mass) delivered. The solubility of the food applied to the fishes 187 

tends to increase with temperature as well as it swelling power (Adebowale et al, 2005). 188 

Temperature data was acquired with three thermocouples fixed at the gates and the values were 189 

stored in a datalogger (LabPro, VERNIER, USA). The acrylic tube surface temperature was 190 

measured with an infrared temperature probe (mod. 80T-IR, FLUKE, Germany). Particles rotate 191 

while drifting radially hitting the pipe wall at different locations (Shapiro and Galperin, 2005). Food 192 

particles collisions were monitored by a sound detector (mod. DIGITAL SOUND METER, Radio 193 

Shack, USA). 194 

 195 

Two 10 Megapixel camaras (mod. Cannon Powershot, Cannon, USA) with high focal length and 196 

sensitivity were installed ortogonally over three 0.5 m long acrylic transparent tubes which replaced 197 

the distribution tubes at the three output gates. The videos acquired simultanously by the two 198 



camaras were converted to digital photos every 0.2 second by the RealPlayer software. Images were 199 

segmented and transformed to black and white ones to eliminate tube background and enhanced 200 

pellet positioning using the ImageJ software, Fig. 4. The food conveying videos were taken five 201 

times at 10:00 AM when the air temperature was of 19.5°C; food occupied space values were 202 

averaged. 203 

 204 

3. Results  205 
 206 
As tilapia does not eat at the tank floor, food should be maintained in suspension as long as 207 

possible. The nursing tank was fed every 3 hours from 7:00 to 22:00 hr, finding condensation as the 208 

last application remained floating until the next morning. Therefore, food was applied to the nursing 209 

tank every two hours, starting at 9:00 AM (9:00, 11:00, 13:00, 15:00, 17:00 and 19:00). The optimal 210 

interval used in tilapia rearing tanks was of 5 hours. 211 

 212 
3.1 Automated feeder performance  213 

The inner tube of the 100 gram weighting mechanism provided the best feeding precision for 214 

Nutripec 3508 and 4418C when its diameter was of 5.08 cm; for the 400 gram weighting 215 

mechanism the same precision was achieved with an inner tube having a diameter of 7.62 cm. As a 216 

thicker tube (7.62 cm diameter) was used by the 100 weighting mechanism precision decreased; the 217 

lever vertical movement was smaller. Nutripec 3508 deposition over the tank surface decreased 218 

5.8%; 4.3 % less Nutripec 4418C was deposited to the tank. The inner tube of the weighting 219 

mechanism was filled more efficiently with powder food (Nutripec 4418C) than with pellets, as air 220 

spaces between particles disappeared. The food was accurately applied to the tanks through each 221 

gate presenting R
2
 values over 94%, Table 4. In a Bayesian distribution, 95% of Nutripec 3508 222 

weighted outputs occurred between 99.1 and 100.5 g. At slow air speed, conveying particles 223 

remained trapped at the gate throats and settled at the gate edges. 224 

 225 

If one of the three tanks B,C and D did not grow fishes, the coresponding fan was disconnected 226 

after closing the orifice that fills the weighting tube. Microcontroller port 2 was configurated 227 

monthly and the appropriate signals sent to the feeder through port1. Feeder reliability was studied 228 

based on mean time between failures (MTBF) being the predicted life cycle of 5 years. Micro 229 

switches and springs failed after 20,000 operations; electromagnetic coil, feeder motor and fans 230 

failed after 100,000 operations. The prototype can be constructed with 3,500 US dollars and PVC 231 

tubes exposed to the sun need to be exchanged every two years.  232 

 233 



Time of feeding is important as energy consumption decreases, but feeding location affect both the 234 

quantity of wasted solids and their distribution within the tanks. The inner tubes for  weighting 235 

capacities of 400 and 100 gr were compared to determine the dosing time required for the daily 236 

ration. In March the feeder delivered 16.8 kg of daily food to the nursing tank in 59.5 minutes with 237 

the 400 gr weighting system and consumed 54.2 W.h of energy. The weighting system of 100 gr 238 

dosed the same amount of food in 98 minutes with an energy consumption of 59.3 W.h. In May 239 

each of the three rearing tanks were fed during 63.75 minutes to dose 54 kg with the 400 gram 240 

weighting system; energy consumed per day was 154.11 W.h W.h. The 100 gram weighting system 241 

applied food during 105 minutes along the day, consuming 171.45 W.h of energy. The 400 gram 242 

weighting system is proper for commercial tanks, meanwhile a 100 gram weighting system is ideal 243 

for research purposes were 1000 lt tanks are used. The 400 weighting system was used decreasing 244 

feeding time and energy consumption. Total feeding time for a 4 m
3
 tank ranged from 41-49 min for 245 

stocked eels whose size ranged from 45 to 250 grams (Chang et al., 2005).  246 

 247 

Food dosed with two fans at a gate height of 40 cm felt within a 27 cm diameter circle at the tank 248 

surface. As the gate was positioned at a height of 80 cm, pellets felt inside a 50 cm diameter circle; 249 

this was the height employed by the distribution tubes. The food dosed area decreased by 80% 250 

when only one fan was turned-on. 251 

 252 

The distribution tubes length is short enough to use wired communication, but small photovoltaic 253 

systems can be added for gate control; electric cables should be waterproof and become expensive. 254 

Cheap pointer lasers are reliable communication systems that increase its life cycle with 10 khz 255 

pulse modulation. A RC filter circuit detected the pulse modulated signal and activated the photo 256 

detector. Twelve seconds after the gate was closed, the capacitor was discharged automatically with 257 

a limit switch. PVC tubes bent with heat so laser had to be aligned with the photo detector; both 258 

laser diode and photo detector circuits were fixed to the PTR that hold the PVC tube, eliminating 259 

gate opening problems.  260 

 261 

3.2. Food conveying 262 

Food distribution depends on tube diameter for a given airflow, and as the tube diameter doubles to 263 

5.08 cm outlet air velocity decreases by 56.5%. One fan moved the air inside the distribution tube 264 

(diameter=5.08 cm) at a speed of 14 with a volumetric rate of 0.0097 m
3
/s; after 12 seconds food 265 

was completely delivered to the tank. Two fans increased airflow to 21 m/s and food dosing lasted 5 266 

seconds. Nutripec 3508 pellets arrived at the first gate 0.45 seconds after turning on both fans, 267 



meanwhile it took 2.4 seconds using only one fan. Nutripec 4418C powder was deposited 2.6 268 

seconds after turning-on one fan at the first gate. As each delay corresponds to an application of 100 269 

g, a lower time delay will save energy; the delay does not affect final fish weight or fish eating 270 

behavior. 271 

A Reynolds number (Re) of 55,200 was achieved with the airflow provide by both fans; the Re 272 

number decreased when only one fan was used. Air pressure drops as the air flow impedance 273 

through the tube raises with a higher occupied space percentage. For a Reynolds number of 27,551, 274 

a 10 Pa pressure drop was measured resulting in a laminar food movement, Fig. 5. Food movement 275 

became turbulent at Re=36,800 when air pressure drop increased to 19.6 Pa; with a Reynolds 276 

number to 55,200 the pressure drop increased to 49 Pa.  277 

 278 

Too high airspeed generates turbulent flow, degradates pellets and wears out the pipeline (Aarseth, 279 

2004). Feeding rate control can maintain floating food without excessive pellet damage, so 280 

collisions were analyzed. Air speed of 28 m/s using both fans fed 1.2 kg/min of pellets to the tilapia 281 

tanks without being damaged. With only one fan in operation and gates 1 and 2 open, 72 db 282 

collisions were detected at the first gate; collisions decreased at the third gate with a maximum 283 

sound intensity of 65 db. With both fans working collisions reached 82 db, but impacts were 284 

sporadic. Continuous impacts caused by an excessive turbulence are more dangerous than unitary 285 

collisions of high magnitudes. 286 

 287 

Food particle flow is affected by heat, as particles transfer heat energy in the pipe, Fig. 6.a. Surface 288 

temperature at the acrylic tubes was 5°C hotter than the 19.5°C ambient air temperature; 25.8, 26.5 289 

and 24.8°C were measured at the first, second and third tube surface, respecively. As food particles 290 

were conveyed from the first to the second gate (interval between blue marks) 0.41652 kJ of heat 291 

was transferred, Fig. 6.a. The temperature within the second tube decreased when the fan was 292 

brought to standstill (after the second mark), Fig. 6.a. The highest temperature measured inside the 293 

tubes with both fans working was 21.3°C, being hotter in tube 3 than in tube 2, Fig. 6.b; air speed 294 

incresed twice and the Reynolds shear stress was doubled. Food particles transported from the first 295 

to the second gate by the airflow induced by both fans presented a lower heat transfer of 0.4137 kJ. 296 

A heat gain of 0.51195 kJ explains the temperature raise at the third gate. Food became hotter as the 297 

Reynold number increased; for Re=55,200, Nutripec 4418C powder and Nutripec 3508 pellets 298 

raised their temperature by 1.5 and 2ºC, respectively. 299 

 300 



Every pair of orthogonal images were analyzed by the the vision algorithm to obtain the percentage 301 

of occupied space as food was conveyed. The top image shows spread food when one fan works, 302 

Fig. 7.a. Pellets occupied only 30% of the area carrying dust and residuals (Fig. 7.e.); at the bottom 303 

of the tube pellets moved, Fig. 7.c. Gate 2 occupied space for pellets (Nutripec 3508) was 44.17% 304 

and decreased to 40.09% in gate 3, Fig. 8.a. As turbulence increased to Re= 55, 200 food occupied 305 

more than 80% of the tube area, Fig. 7.e; pellet images prove that food floats, Fig. 7.b & Fig. 7.d. A 306 

higher cross section occupied space of 86.29 and 91.93% was obtained at gates 2 and 3, 307 

respectively, when both fans were turned on, Fig. 8.b.  308 

 309 

3.2. Energy consumption and solar and photovoltaic system 310 

Energy consumption for feeding tanks was analyzed when one or two fans functioned, Table 5. Fan 311 

energy consumption was 15 times higher than the hopper DC motor, and 30 times higher than coil 312 

power consumption. Energy consumption decreased by 83% when the two fans were turned-on, as 313 

the time required to dose the food decreased by 41.66%. July and October were the months with 314 

more daily energy consumption using one fan with 448.73 and 424.58 W.hr; the use of two fans the 315 

energy used decreased to 369.025 and 345.469 W.hr. On March only the nursing tank A was fed 316 

with a power consumption of 67.99 W.hr.  317 

 318 

A photovoltaic system capable of supplying energy during three cloudy days was installed. A 24 V 319 

battery bank discharging 30% should manage 100 Ah for the highest energy consumption (448.73 320 

W.h/day). Two 24 V@50 Ah rechargeable LiFePO4 batteries (Model LF2450, Optimum Battery 321 

Co., Ltd, USA) were used together with a current battery charger. The determination of the 322 

photovoltaic cells was obtained for six irradiance hours over 1000 W.m
2
/day; a 150 W solar panel 323 

(mod. TE1700, GmbH, Germany) provided the energy. When two fans worked simultaneously and 324 

if battery charging is monitored during July cloudy days, a 100W solar panel was able to provide 325 

the required energy.  326 

 327 

4. Discussion  328 
 329 

This pneumatic conveying system used positive pressure with large amounts of transport air and 330 

little quantity of solids conveyed in the suspension (Klinzing, 2001). Pellets pushed by the air 331 

stream in this prototype advanced horizontally but turned around the tube area following a screw 332 

type movement. Nutripec 3508 laminar flow resembles silica particles showing 50 times greater 333 

mass flux at the bottom of the pipe than at the top at Re= 5.4×10
4
; with Re = 1.91×10

5
 particle mass 334 



flux at the bottom of the pipe is only 4 times greater than at the top (Fouad et al., 2010). Air- solid 335 

particle flow turbulence varied greatly with particle size and 3.4 mm plastic particles presented a 336 

higher turbulence than 0-2 mm particles (Tsuji and Morikawa, 1982); a similar behavior was 337 

encountered between Nutripec 4418C particles and Nutripec 3508 pellets. 338 

 339 

Regulated air speed ensures optimal pellet flow; if it is too low the risk for pellet blockage increases 340 

(Sorensen et al., 2008). Nutripec 3508 pellets quality at the tank surface did not show particle 341 

degradation at maximum airspeed (30 m/s) and produced minimum dust. This airspeed was 342 

compared against the maximum airspeed of 35 m/s used by AkvaMarina Feed System (Sorensen et 343 

al., 2008). Pipe blockage can occur under very low conveying airspeed, which never ocurred as the 344 

inner tube of the weighting system controlled food dosage. Pellets were not transported at an 345 

airspeed of 5 m/s and began to move with a laminar flow at 10 m/s, Fig. 7.c.; pellets float when 346 

airspeed flow exceeds 23 m/s. 347 

 348 

One hundred grams were fed in 12 seconds by the system, similar to the time interval response for 349 

self feeders, which varied from 3 s (Yamamoto et al., 2000; Shima et al., 2001) to 15 s (Alanärä, 350 

1992, 1996) and 1 minute (Gėlineau et al., 1998). These response intervals reflect either the time 351 

required for single feeder activation (Yamamoto et al., 2000; Shima et al.,2001) or intervals chosen 352 

to avoid trigger activation during food release by tilapias (Alanärä, 1992, 1996). Maximum weight 353 

at the gate of 103 gram resulted from accumulated food along the tube during previous dosing, Fig. 354 

7.c. The lowest dosage of 95.9 gram only happened once at the third gate of tank A and three grams 355 

remained adhered to the gate circular plates. 356 

 357 

The algorithm informs the user whether the food is floating when pixels nearby the borders 358 

presented zero gray values. As the acrylic tube is thick, transparency was lost using vision software 359 

processing filters; histograms determined the gray value for segmenting the tube contour. Once 360 

segmented the tube, the background was eliminated with exponential enhancement increasing the 361 

color contrast of the pellets. High airspeed blurred the food image but the occupied area was 362 

obtained with a 3.8% maximum error. The vision algorithm provided a higher value than the real 363 

one, when a row containing few pixels was under a row having many pixels. The nearest neighbor 364 

applied to five columns helped to identify profundity with respect to tube span.  365 

 366 

Energy consumption decreased by 11% using the 400 gram weighting mechanism as 25% less 367 

feeding cycles were required; fans consumed 90.5% of the energy. The dosed area by the three 368 



gates was 0.59 m
2
 and should be increased to 9 gates to reduce fish competition for food. In June 369 

during the rainy season four continuous days were cloudy, so two batteries were removed and 370 

charged from the main line during the second night; enough energy was stored for the next two 371 

days. Gate motors consumed energy from batteries before discharging below 70% of its nominal 372 

voltage. When the gate motors were supplied with 7 V batteries recharge was done after 34 days.  373 

 374 

5. Conclusion 375 

 376 

A $3,500 US automatic feeder used a pneumatic conveying system to dose dry pellets to four tilapia 377 

tanks. The system considered time of feeding and feeding location in order to reduce wasted solids 378 

and fish competition for food. An embedded system based on the AT 89C51 controlled the 379 

weighting mechanism and the motorized gates using laser wireless control; it also provided the 380 

monthly food dosed per tank. The photovoltaic system provided three days of autonomy and used a 381 

150 W solar panel to manage 450 W.h per day. 382 

 383 

The dynamics of food particles through pipes analyzed fan energy consumption as airflow became 384 

turbulent, food heat tranfer and occupied space. Food discharge time decreased from 12 to 5 385 

seconds with the use of two fans reducing energy consumption by 86%; tube occupation area was of 386 

91.93%. Energy consumption decreased also with the 400 gram weighting mechanism as 25% less 387 

dosing cycles were required. Pellets screw-type conveying allowed food particles to float avoiding 388 

dust production; powder (Nutripec 4418C) and pellets (Nutripec 3508) occupied more space area 389 

under turbulent airflow. Two fans generated turbulent flow at airspeeds exceeding 23 m/s and food 390 

floated during its transport; sporadic pellet collisions were detected resulting in minimum pellet 391 

degradation and wear out of the pipeline. Heat transfer of food particles during transport increases 392 

food swelling power and solubility; as temperature within tubes should exceed 50ºC heating coils 393 

will be used in future works. 394 

 395 
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Figures and Tables 470 

Fig.1. Automatic feeder and tilapia tanks   471 

Fig. 2. Automatic feeder shows (a) its lateral view, (b) orifices in the bottom plate and (c) its 472 
internal shaft system. 473 
 474 

Fig.3. Weighting mechanism show a) initial position, b) after one hundred grams, c) 475 

electromagnetic coil firing and d) fan configuration. 476 

 477 

Fig.4. Algorithm to obtain the cross section occupied space percentage of the pellets. 478 

 479 

Fig. 5. Air Reynolds number effect on fan operation time and energy consumption for laminar (A) 480 

and turbulent (B) Nutripec 3508 movement. 481 

 482 

Fig. 6 Air temperature measured at the three arcylic tube for fish food Nutripec 3508 transportation 483 

(a) by one fan and (b) by two fans. 484 

 485 

Fig. 7. Effect of using one fan (a, c) and two fans (b, d) on particles movement and flux distribution, 486 

together with cross section images (e, f). 487 

 488 

Fig.8. Food particle distribution along the pipe cross section given as percentage for Nutripec 489 

4418C at each gate using (a) one and (b) two fans. 490 

 491 
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Table 1.  Monthly feeding for each tank containing 7000 organisms with three meals daily 493 

Table 2. Monthly feeding for the nursing tank with six meals daily. 494 
 495 
Table 3. Port configuration 496 
 497 
Table 4. Output food range and R

2
 between food inlet and output obtained per gate using Nutripec 498 

4418C and 3508. 499 

Table 5. Daily energy consumed per month using one or two fans. 500 
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 Fig. 2. Automatic feeder shows (a) its lateral view, (b) orifices in the bottom plate and (c) its 512 
internal shaft system. 513 
 514 

 515 

(b) a 

c 
(a) 

(c) 



 516 

 517 

Fig.3. Weighting mechanism show a) initial position, b) after one hundred grams, c) 518 

electromagnetic coil firing and d) fan configuration. 519 

Start

Cut movie in 0.2 

sec images

Contrast each image to 

eliminate background

Acquire m column 

of lateral image

Convert to gray image 

and count pixels

Acquire n row of 

top image

Convert to gray image 

and count pixels
Inc m & n

Do it 5 

times

No

End

 520 

Fig.4. Algorithm to obtain the cross section occupied space percentage of the pellets 521 
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Fig. 5. Air Reynolds number effect on fan operation time and energy consumption for laminar (A) 524 

and turbulent (B) Nutripec 3508 movement. 525 
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Fig. 6 Air temperature measured at the three arcylic tube for fish food Nutripec 3508 transportation 527 

(a) by one fan and (b) by two fans. 528 
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Fig. 7. Effect of using one fan (a, c) and two fans (b, d) on particles movement and flux distribution, 531 

together with cross section images (e, f). 532 
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 537 

Fig.8. Food particle distribution along the pipe cross section given as percentage for Nutripec 538 

4418C at each gate using (a) one and (b) two fans. 539 

 540 

Table 1.  Monthly feeding for each tank containing 7000 organisms with three meals daily 541 

Time Daily 

feeding 

weight(g) 

per tank 

Meal 

weight 

(g) 

Feeding (g) per 

every doses per tank 

1
st
 gate 2

nd
 gate 3

rd
 gate 

Third month 18000 6000 2000 2000 2000 

Fourth month 18000 6000 2000 2000 2000 

Fifth month 27600 9200 2800 3200 3200 

 542 

 543 
Table 2. Monthly feeding for the nursing tank with six meals daily 544 

Fish 

numbers 

in the 

tank 

Time Daily 

feeding 

weight(g) 

per tank 

Meal 

weight 

(g) 

Daily 

feeding 

weight(g) 

per tank  

Feeding (g) per every doses 

per tank 

1er gate 2nd gate 3rd gate 

21,000 
First month 16800 2800 16800 900 1000 900 

Second month 25200 4200 25200 1400 1400 1400 

28,000 
First month 22800 3800 22800 1200 1400 1200 

Second month 33600 5600 33600 1800 2000 1800 
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Table 3. Port configuration 556 
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 560 

Table 4. Output food range and R
2
 between food inlet and output obtained per gate using Nutripec 561 

4418C and 3508. 562 

 Gate 1 Gate 2 Gate 3 

 Output food (g) R
2
 Output food (g) R

2
 Output food (g) R

2
 

4418C 99.545±3.241 0.9614 99.394±3.239 0.9572 99.33±3.4248 0.9456 

3508 97.35±5.5275 0.9812 96.56±5.606 0.9733 96.298±5.68 0.9816 
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 568 

 Port configuration 
Port 1 P1.0 P1.1 P1.2 P1.3 P1.4 P1.5 P1.6 P1.7 

Name NTF M1 MS WMS RTF Laser 
control 

Laser 
control 

 

Defin 0-Nurse 
fan cont 
1-coil 
turn off 

Motor 
Feeder 
0-cw 
1-ccw 

Micro 
Switch 

Weight 
Micro 
Switch 
 

0-Rear 
fan cont 
1-coil 
turn off 

Green 
laser 

Red 
laser 

 

Port 2 P2.0 P2.1 P2.2 P2.3 P2.4 P2.5 P2.6 P2.7 

Name T1 T1 T2 T2 T3 T3 T4 T4 

Defin 0-finish 
1-1st 
month 
21,000 
 

0-finish 
1-2nd 
month 
21,000 
 
 

0-finish 
1-1st 
month 
28,000 

0- finish 
1-2nd 
month 
28,000 
 
 

0-3rd 
month 
1-4th 
Month 
7,000 
 

0-5th 
month 
7,000 
1- aut. 

0-3rd 
month 
1-4th 
Month 
7,000 
 

0-5th 
month 
7,000 
1- aut. 



 569 

Table 5. Daily energy consumption per month using one or two fans 570 

Month Energy consumption W.h 

One fan Two fans 

March 57.353 67.62 

April 86.03 101.43 

May 171.45 204.45 

June 249.287 296.22 

July 369.025 448.73 

August 232.9 276.9 

September 232.9 276.9 

October 435.469 4214.58 
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