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ABSTRACT 

A COMPUTATIONAL FLUID DYNAMIC ANALYSIS OF ARCHIMEDES SCREW 

GENERATORS 

Scott Christopher Simmons      Advisor: 

University of Guelph, 2018      Professor W. D. Lubitz 

Archimedes screws have gained popularity recently as an eco-friendly, low-cost, and reliable 

hydropower option. Due to their complex geometry, it has been very difficult to measure and visualize the 

fluid properties within a screw during operation. Throughout this thesis two computational fluid dynamic 

models were developed and validated to help fill this void in the literature. The first modelled a single 

screw bucket, allowing for data to be collected from a geometrically perfect screw, with no blade-trough 

gap. The second model was geometrically identical but had a domain of four buckets to include and 

investigate the effects of gap leakage between the blades and the screw’s trough. The effect of the gap 

was investigated with respect to the torque and rotational speed, kinetic energy within a bucket, pressure 

along the screw’s trough, the fill height in a bucket, and the wall shear stress along the screw’s blades. 
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1 Introduction 

The Archimedes Screw is an ancient technology that has seen much use throughout history for 

many different purposes. Traditionally, the device was implemented as a pump, but more recently it has 

been employed as a hydro-electric generator – in this application it is termed an Archimedes Screw 

Generator (or ASG). 

 Archimedes screws consist of a helical array of blades that wrap around a central diameter, 

much like a wood screw. The inner diameter is a cylindrical extrusion that the blades are generally 

welded to. The screw may either be fully encased in an outer cylinder or supported within a fixed trough 

with an open top. When the screw is closed, it is encased in an outer cylinder that is fixed to the tips of 

the blade flights. When the screw is in an open configuration, it is seated in a fixed trough on its 

underside that water, or other media, rest on during its operation. In this open configuration, there is a 

gap between the screw blade ends and the trough, this gap is set to be as small as possible to minimize 

gap leakage, and to ensure there is no grinding of the blades on the trough – which would incur losses 

and wear components in the system. All large Archimedes screws, and most of any size, use the open 

configuration. 

 When implemented as a water pump or hydro turbine, water fills the volumes enclosed by two 

successive screw blades, the trough, and the inner cylinder of the screw to form what have been termed 

“buckets” [1]. This term is applicable to both the open and closed configurations. This paper will provide 

an overview of the history of the Archimedes screw, and then focus on the screw as a hydro-electric 

generator, providing the advantages of its use, and the existing models for the device. 

This thesis focuses on the development of a computational fluid dynamics model for 

Archimedes screw generators. The model was validated against experimental data collected at the 

University of Guelph’s Archimedes Screw Laboratory. It was then used to visualize flow phenomenon 
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that occur within the Archimedes screw that cannot be visualized experimentally. First, the Archimedes 

screw and its existing literature will be introduced, then the experimental device and computational 

fluid dynamics models will be discussed, followed by discussion of the results of the testing and 

simulations. 

1.1 History 

The Archimedes Screw Turbine has been implemented as a hydro turbine since Radlik applied for 

its patent in 1991 [2]. However, before focussing on the device as a turbine, its rich history of various 

implementations as a pump will be reviewed. 

1.1.1 Ancient History 

 The invention of the screw pump is usually attributed to Archimedes of Syracuse (circa 287-212 

BCE), the device’s namesake. Two schools of thought exist with regards to its invention. The first is that 

the device was invented in Assyria in the 7th century during the reign of King Sennacherib (704-681 BCE). 

This theory postulates that the screw pump was used to water King Sennacherib’s garden in Ninevah – 

the Assyrian capital city [3]. Dalley and Oleson also suggest that the gardens at Ninevah (later known as 

“Old Babylon”) were, in fact, the Hanging Gardens of Babylon. It is then suggested that the screw pump 

was used throughout the Assyrian Empire, meaning that the technology would have extended to Egypt, 

which was annexed by the empire in 671 BCE [4]. In this theory, Archimedes was said to have discovered 

the screw pump while studying in Alexandria, Egypt. He then popularized the device after bringing it 

back to Syracuse [1]. 

 The other theory is that Archimedes invented the device during his stay in Alexandria. King 

Ptolemy II Philadelphus asked him to design an irrigation system in the Nile Delta in the mid-third 

century BCE. In this case, it is believed that Archimedes either invented or reinvented the screw pump to 

successfully work the irrigation system [3]. Once back in Syracuse, Archimedes’ near relative, King Hiero 
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II of Syracuse, asked Archimedes to design a system that would remove water from his ships. 

Archimedes designed a tube style screw pump that successfully drained the king’s ship, and is recorded 

as one of the first bilge pumps [1]. Some historical sources even claim that Archimedes utilized the 

screw device in another design; he successfully launched a ship with an Archimedes Screw [5]. 

 

Figure 1-1: Archimedes screw used for irrigation with cut-away to show screw flights inside the outer diameter casing [6]. 

 Dalley & Oleson [3] conclude that, if the device was invented in the 7th century BCE, it must have 

fallen out of use completely until either the reinvention, or reintroduction, of it by Archimedes in the 

mid-third century BCE. Whether the screw pump was introduced to Egypt centuries before Archimedes, 

while under the reign of the Assyrian Empire, or it was an invention of Archimedes himself, the device 

still bears his name due to his importance in the continued use of the device and innovation in 

implementing the device in other ways. 

1.1.2 Middle Ages 

 The Archimedes Screw found great use during the Roman Imperial period; the Roman Empire 

used the device in the Iberian Peninsula (Spain) to drain mines [7]. This usage continued into the late 

Roman Empire, after which the use of the screw pump in the western world seems to be undocumented 

in the existing literature. However, White [8] suggests that it can safely be assumed that mining in Spain 

continued under the Visigoth and Muslim regimes, as well as after the Reconquista (the end of Muslim 
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rule in the Iberian Peninsula); so the technology likely was maintained and kept in use. It is also 

suggested that mining continued throughout the Iberian Peninsula as the Arabs worked and explored 

the mines of Aljustrel, Portugal [9]. Until this point the Archimedes screw was often powered by a mill, 

or by turning a tread mill – a crank mechanism seems to have been deployed on a screw as early as c. 

1405 CE. It is most likely the Portuguese that introduced a cranked Archimedes screw to Japan in 1637 

CE [8]. 

 The early Islamic world, however, saw continued use of the screw pump [7]. The famous work of 

al-Hariri of Basra (1054 – 9 September 1122), the Maqamat al-Hariri, held a collection of 50 poetic 

stories. Various illustrations were drawn for the poetic piece by Yahya ibn Mahmud al-Wasiti, a 13th 

century Arab Islamic artist from the Baghdad School of Illustration. One of the illustrations depicts the 

usage of a garden irrigated by an Archimedes Screw, which demonstrates that the technology had seen 

use in the Islamic World during the Middle Ages [10].  

1.1.3 Renaissance 

 As discussed above, there seemed to be little mention of the screw pump in the western world 

during the Middle Ages; interest in the device seems to have reignited during the Renaissance [5]. 

Konrad Kyser (1366 – 1405 CE) seems to be the first author to illustrate the device in the western world 

since antiquity – he outlines his work on the device in his Bellifortis manuscript [11]. It seems that 

Leonardo da Vinci (1452 – 1512) produced the next notable work on the screw pump. He outlined his 

design of a water pump, an improvement to the Archimedes Screw, in the Codex Atlanticus. The Codex is 

a bound set of drawings and writings by da Vinci, famous for outlining his inventions like the parachute, 

and various war machines. 
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 Koetsier & Blauwendraat [5] also note that a few other notable Italian renaissance authors 

worked on the screw pump. They include Gerolamo Cardano (1501-1576 CE), Agostino Ramelli (circa 

1531-1610 CE), and Galileo Galilei (1564-1642 CE). 

 Perhaps it was Konrad Kyser’s work on the screw pump that spread the use of the screw pump 

throughout the Holy Roman Empire, but whatever the case, the Archimedes Screw saw much use in the 

Netherlands, particularly during the Dutch Golden Age. In the late 16th century through to the 17th 

century, the Noord-Holland Lakes just north of Amsterdam, were drained using a Polder Mill [12]. The 

Polder Mill was a drainage system invented by the Dutch; it utilized a wind mill and Archimedes Screw to 

create polders – pieces of low lying land that are reclaimed through draining [13]. A traditional Dutch 

Polder Mill is pictured in Figure 1-2. 

 

Figure 1-2: Traditional Dutch polder mill – a windmill and screw pump system used for drainage [14]. 

 Interestingly, the Dutch still employ the screw pump technology in the same manner in modern 

times; however, they generally utilize more modern sources of energy such as mains-supplied electricity 

to power the screw pumps. One modern example of a Dutch screw pump system is in Kinderdijk, South 

Holland, Netherlands. Kinderdijk is a UNESCO World Heritage Site, it is one of the best-known tourist 

sites due to its high concentration of Dutch windmills. The heritage site is below the surrounding water 

level, and its collection of 19 Polder Mills originally kept the land drained. Currently, two large diesel-
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powered Archimedes Screws maintain drainage at the site; it is one of the largest Archimedes Screw 

pumping stations in Europe [15]. 

1.1.4 Modern Usages 

Among the pumping station mentioned above, the Archimedes screw pump has many other 

modern uses. The device has been used as a fish ladder, for land reclamation, injection moulding, and 

heart valve replacement [16]. The screw works well for these implementations because it is a robust 

device with a simple design that may transport various media through its flights due to their, generally, 

wide spacing. It is still in use as a pump for grains, water, and sewage. Sewage is pumped at water 

treatment facilities with the screw pump because the pump itself allows debris to flow through it freely 

without clogging  [17].  

As mentioned above, the Archimedes Screw has seen use as a hydro-electric generator in the 

last few decades. Hydropower is one of the oldest energy sources to be exploited; it has been used since 

antiquity, and some sources claim that it originated in India in the 4th century BCE with the invention of 

an early water wheel [18]. Despite water power being harnessed for so many years, nearly as long as the 

screw pump has been in use, there is no evidence that the Archimedes Screw was used to harness 

hydropower until the 1990s. A patent for the Archimedes Screw Generator was filed by Karl-August 

Radlik in 1991 [19]. The patent describes a screw pump that operates in reverse to generate hydro-

electric energy from the difference in head between two water surfaces. It describes and Archimedes 

Screw, with either single or multiple blades, that sits at an inclined angle in a fixed trough [2]. This most 

recent implementation of the Archimedes Screw has been the subject of experimentation and 

simulation since its inception. The device has gained recognition as a practical means of generating 

hydroelectric power mainly due to its three main advantages over rival turbine technologies, which will 

be discussed in the following section. 
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1.2 Archimedes Screw Generator Advantages 

ASGs have three main advantages over other common hydro-electric technologies. They are 

known widely as the most environmentally friendly turbine option [20], they have comparably low 

installation, maintenance, and operating costs, and they operate efficiently over a relatively wide range 

of volume flow rates. 

1.2.1 Ecological Advantages 

 Screw turbines are considered a very environmentally friendly option because they allow fish 

passage and sediment passage through the turbine itself; as well, since the ASG is a run-of-river 

technology, it has significantly less negative ecological impacts generally associated with large, 

conventional hydro-electric installations. 

 In conventional hydro-electric installations, fish, and other marine life, tend to lose access to 

upstream stretches of riverways. This loss of access past hydropower dams and structures has a 

negative impact on riverine ecosystems. One study discussed the wide ranging extinctions in riverine 

ecosystems in the temperate areas of the Americas, and related the extinctions back to the installation 

of a hydro-electric dam in the waterway [21]. The Mobile River basin in Alabama, USA, saw the 

extinction of 38 species and the near extinction of another 71 species by 1997, caused mainly by 

impoundments constricting upstream access of riverine fauna [22]. Essentially, without the aid of other 

installations – like fish ladders – conventional hydro-electric installations block fish passage upstream, 

which is detrimental to the ecological health of a river system. 

 Conversely, Archimedes Screws – when acting as a pump or a turbine – are very successful at 

allowing fish and other aquatic wildlife passage through riverways that they are installed within; marine 

life may pass through the turbine itself with little to no harm. Between 98-99% of all fish passed through 

the Archimedes Screw pump remained unharmed in a study in Red Bluff, California, USA [23]. Fishtek 
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Consulting carried out a study of eel and kelt passage through an Archimedes Screw generator 

installation. They found that both the eels and the fish were bumped by the leading edge of the screw, 

which caused minimal injuries and a low mortality rate. They suggested that the leading edge of the 

screw should be treated with a bumper to minimize entrance damage to marine life. The study was run 

again after treating the leading edge, and less than 1% of eels sustained damage (which was minimal 

and recoverable), and 0% of salmon kelts sustained injuries [24]. This study was used to develop 

guidelines for ASG installations. The United Kingdom Environment Agency now suggests that screw 

turbines with tip speeds equal or higher than 3.5 m/s should have the leading edge treated with 

compressible, rubber bumpers [25]. A more recent study [26] demonstrated that there was a low 

mortality rate of Atlantic salmon smolts that had passed through an ASG power station. The experiment 

started with a control study where pre-killed radio-tagged smolts were passed through the hydropower 

station. The pre-killed smolts were tracked using radio transmitters and released 4.6 km upstream of the 

power station; their movements were determined using a network of stationary receivers and used as a 

baseline to judge the movements of dead smolts. Afterwards, the main study was carried out with live 

radio-tagged smolts released in the same area upstream. It was found that 0 of the 43 smolts that 

passed through the ASG installation were detected dead. The publication concluded that, within a 95% 

confidence interval, there was a less than 10.3% mortality rate of Atlantic salmon smolts that pass 

through ASG installations – noting that 0% were detected dead in the experiments [26]. 

 Along with the screw’s leading-edge treatment, the Environment Agency of the United Kingdom 

has published Hydropower Good Practice Guidelines [25] which outline other key design practices for 

ASG installations. They define a diameter size range for ASGs that do not require a trash rack. 

Essentially, if the screw diameter is too small, larger fish will not fit into the buckets of the screw, and so 

a trash rack is required to divert larger fish. The trash rack also serves to screen material from the water 

entering the screw – it blocks the passage of logs and other large debris that would not pass through the 
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screw. It is important to note that ASG installations can allow the passage of most large material, and so 

they do not require very fine trash racks. With a coarser screen, sediment may more easily pass through 

the system, and hydraulic losses at the inlet will be minimized. 

 On a similar note, most run-of-river installations, like ASGs, have little effect on the ecology of 

riverine systems, because they allow fish passage and sediment passage through the main body of the 

waterway. This is especially evident in ASG installations, because they are often installed as a retrofit to 

an old dam or mill site, meaning that no new upstream reservoir will be formed, and the flow dynamics 

of the river system will not be changed. In fact, the damming of river ways to form new reservoirs for 

conventional hydropower infrastructure is a main cause for the loss of wildlife habitats. Damming of 

water courses affect the downstream floodplain both in flow dynamics (as the floodplain area may 

change) and since it constricts the movement of oxygen, sediment, and nutrients in the flow; the 

sediment and nutrients are vital deposits to the flood plain during a flood event [27]. This affects the 

flood plain as the soil on and around the floodplain will not be as nutrient-rich. Conventional 

hydropower dams change the flow dynamics of the water system, and the reservoir upstream of an 

impoundment causes sediments and nutrients to drop out of the flowing water [28].  

When a reservoir is first flooded mercury (MeHg) is released from the flooded land’s soil and 

flora, and greenhouse gases (GHGs) are released as the flora is decomposed in an oxygen-deprived 

environment [29]. Large amounts of organic carbon are stored in forested areas, so if land is not cleared 

before it is flooded to form a reservoir, large amounts of CO2 and CH4 will be released shortly after the 

flood event [30]. As mentioned above, not only GHGs are released during the flooding of a reservoir, but 

mercury methylation may occur, after which mercury may be diffused into the reservoir system [31]. 

The diffused mercury was found to be prevalent in fish up to 250 km downstream of a recently 

impounded reservoir [32]. A recent study projected a ten-fold increase in mercury levels after the 

flooding of the reservoir for the proposed hydro-electric installation in Muskrat Falls, Labrador, Canada 
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[33]. The study also predicted the mercury exposure for the Inuit communities near the installation will 

double after the reservoir is flooded, demonstrating that mercury exposure will affect the entire 

ecosystem surrounding a large impoundment installation. 

 Since run-of-river installations experience little change to the surrounding water system – 

particularly in the case where an old system is retrofitted – the effects discussed above will be much less 

prevalent in smaller scale systems, when compared to large, conventional hydro-electric installations.  

1.2.2 Costs 

 ASG installations have a lower installation cost when compared to more common turbines that 

operate in similar head and flow regimes. Future Energy Yorkshire recently compared the costs of the 

installation of a Kaplan turbine and an Archimedes Screw Turbine at a specific site. They found that an 

ASG with about a 15% higher energy output could be installed at the site for about 10% less cost than 

the Kaplan turbine. Altogether, the study found that the ASG was 22% less expensive to install per MWh 

[34]. In general, screw turbines are considered to have lower civil construction costs when compared to 

other turbine types. This may be because ASGs are generally designed for existing infrastructure (i.e. 

retrofitting an old mill site, or flood control dam) [35]. 

 Maintenance and operational costs of Archimedes Screw Turbines are also shown to be very 

low, when compared to other hydropower options [36]. To start, the lower bearing design for the 

newest ASGs requires no annual maintenance and is sealed for life, eliminating the need to check grease 

lines and pumps. The lower bearing will essentially run until it requires replacement [37]. There are also 

very few parts that wear in the ASG system, and since the rotational speed of the screw is so low, there 

are less wearing cycles that other turbines will experience. Spaans Babcock Hydro Power suggests a 

lifetime of about 30 years is expected for a singe ASG [35]. As such, the regular maintenance regime of 

an ASG is much less involved than any other turbine technology [38]. Major maintenance on an 



11 
 

Archimedes screw generator involves regular fluid level checks on the gearbox, and grease cartridge 

replacement on the top bearing. After a couple of decades of use, the trough may experience significant 

physical and chemical erosion and require replacement. While the trough is replaced, the upper and 

lower bearings are also replaced and the screw’s flights are refurbished at the same time [38]. 

Essentially, there are scheduled checks for fluid and grease levels, and after 20 or 30 years [35] the 

trough, screw blades, and bearings will be replaced at the same time; which is a relatively low amount of 

maintenance considering the amount of power generated by the system. 

1.2.3 Operational Range 

 The screw has a reasonable large operational range. In its traditional inclined orientation, it 

operates in low head and moderate flow rates, however it may also be implemented in zero head 

scenarios to convert hydrokinetic energy. In the traditional inclined scenario, the screw is installed in a 

similar manner to a screw pump, however water at the upper elevation flows through the screw. The 

water that flows into the screw fills up the screw’s buckets and causes the screw to turn due to the 

static pressure differential due to the difference in water height on each side of a blade surface. The 

operating range of the ASG and other turbines is shown in Figure 1-3.  

 

Figure 1-3: Flow and Head ranges of leading turbine technologies [39]. 
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 Reviewing Williamson et al.’s [39] figure, it can be seen that the ASG operates in a range of flow 

and head not covered by other conventional turbines. On the lower range of flow and the lower range 

of head values, the overshot and undershot water wheels seem to be the only other viable power-

generation options. Denny [40] revisited the maximum efficiencies of these types of water wheels and 

found that the efficiency of the overshot and undershot water wheels are 71% and 30%, respectively 

[40]. Conversely, a conservative range of efficiency values for ASGs is between 60-80% [19]. Therefore, 

within the ranges of flows where water wheel options are viable, an ASG would be a more efficient 

hydroelectric generation installation. The Archimedes Screw has been shown to have high efficiencies 

for a wide range of flow values, and recent research suggests that the adoption of a frequency converter 

can increase screw efficiency, while incurring some additional losses [41]. 

 ASGs may also be installed in a horizontal axis configuration, where they make use of the 

hydrokinetic power of water. In this case, the screw is supported partially immersed at the water surface 

and is not confined within a trough. This implementation operates on the principle that water has a high 

energy density and flow is highly predictable – especially when compared to wind energy technologies 

[42]. An example of a horizontal axis Archimedean Screw Turbine was proposed by Stergiopoulou, and 

was installed for testing at a facility in Vienna [43]. Researchers at Lancaster University investigated the 

zero head implementation of ASGs as well; noting that the UK has a great tidal energy range and that 

ASG technology has less negative environmental impacts than other tidal barrage technologies [20]. 

Researchers at the University of Manitoba have also investigated this implementation of ASG 

technology, they reported success in preliminary investigations and are continue to study the device 

[42]. Altogether, the ASG may be implemented in a wide range of flow conditions at low head and has 

even shown success in zero head implementations; this demonstrates the wide operational range of this 

form hydro power generator. 



13 
 

1.3 ASG Geometry and Definitions 

Figure 1-4 displays the geometric variables that define a screw within a cutaway profile of the 

upper basin, trough, and lower basin. As mentioned earlier, the screw is a helical array of blades 

wrapped around a central cylinder. The diameter of the central cylinder is often called the inner 

diameter and denoted 𝐷𝑖, while the diameter of the blade tips is known as the outer diameter (𝐷𝑜). The 

length of the bladed section of the screw (also called the flighted length) is denoted by the variable 𝐿, 

and the pitch of the screw is given the variable (𝑆). The screw is set at an inclination angle (𝛽) that often 

around 24.5° - however, recent developments in ASG literature suggest that the optimal inclination 

angle may vary depending on a number of factors, including the number of blades (𝑁) of the screw [44].  

 

Figure 1-4: Archimedes screw dimensions; pressure transducer location is shown for the experimental devices. 

A rendered image of one of the laboratory-scale Archimedes screws used in this thesis is shown 

in Figure 1-5. It shows the screw from a side view with a cutaway section of the trough to expose the 

bucket filling patterns. The ASG sits in the trough and rotates freely along its axis due to a small gap 

between the screw blades and the trough; the distance from the blade tips to the trough is called the 

gap width (𝐺𝑤). The gap allows for the screw to rotate with no resistance caused by direct contact with 

the trough itself but will let some water leak past the screw edges. The rate at which water leaks 

through the gap is called the gap leakage flow rate (𝑄𝑔𝑙) and is one of the phenomenon that will be 
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examined in this thesis. It is very difficult to analyse the gap flow rate experimentally [45], and so CFD 

will be employed to visualize and quantify this behaviour. 

 

Figure 1-5: Lab-scale Archimedes screw with cutaway section to expose buckets of water. 

It can be seen in Figure 1-5 that some water may overfill in each bucket in certain flow schemes. 

In this case, the water will drain into another bucket further along the screw’s length. The rate of this 

leakage loss is called overflow leakage (𝑄𝑜) and will be similarly analysed in these experiments and 

simulations. The figure also shows how the water fills the spaces between each successive blade 

surface; such a volume of water a called a bucket volume (𝑉) and the sum of all the bucket volumes is a 

good estimate for the total volume of water in the screw (𝑉𝑡𝑜𝑡) [17]. Since the screw is rotating at an 

angular velocity, denoted by 𝜔𝑠, there is an inherent steady linear motion of the buckets along the 

screw axis. The velocity of the translating buckets is called the transport velocity (𝑣𝑡). To describe the 

transport velocity more clearly, a coordinate system used for Archimedes screw modelling will now be 

introduced; it is shown in Figure 1-6. 

 

Figure 1-6: Archimedes screw coordinate system [46]. 
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As can be seen in Figure 5, the Archimedes screw is modelled in polar coordinates along three 

axes: 𝜃, 𝑟, and 𝑤. The 𝜃-axis describes the angular position of the point from the origin, while the 𝑟-axis 

describes the distance from the central rotation axis. The 𝑤-axis is an extension of the 𝑧-axis. As 

demonstrated in Fig. 5 it is rotated relative to the horizontal by the inclination angle (𝛽) of the 

Archimedes screw (Figure 1-4); this dimension will be discussed shortly. Going back to the transport 

velocity (𝑣𝑡), if a point were selected at the bottom tip of the blade (i.e. 𝜃 = 𝜋, 𝑟 =
𝐷𝑜

2
) the transport 

velocity is the speed at which that point will travel along the 𝑤-axis in the Archimedes screw coordinate 

system. This value can be used to find the flow rate of one bucket of water (𝑄𝑏) in the screw. 

 𝑄𝑏 =
𝑣𝑡 ∙ 𝑁

𝑆
𝑉 (1-1) 

where the flow rate of a bucket in the screw is a function of the transport velocity, number of blades 

(𝑁), screw pitch (𝑆), and the volume of a bucket (𝑉). The geometric parameters of the screw are all 

shown in Figure 1-4. It should be noted that the total volume flow rate of water through the screw (Q) is 

equal to the gap flow and overflow added to Qb  

Figure 1-4 also shows the location of a pressure transducer that is used to experimentally 

determine the depth of the water in a bucket. An important parameter in the Archimedes screw 

literature is bucket fill height (𝑓); the dimensionless parameter that describes how full each bucket of 

the screw is, where the bucket is considered full with no overflow when 𝑓 = 1. Figure 1-7 shows the 

water level in a bucket, and the variables used to quantify it. 
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Figure 1-7: Water level in a bucket [17]. 

As it can be seen in Fig. 1-7, the variables 𝑧𝑤𝑙, 𝑧𝑚𝑎𝑥, and 𝑧𝑚𝑖𝑛 are respectively the height of the 

actual water level, the maximum height of the water before it will begin to overflow the inner cylinder, 

and the minimum height of the bucket. The nondimensional fill height f is then defined as 

 𝑓 =
𝑧𝑤𝑙 − 𝑧𝑚𝑖𝑛

𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛
 (1-2) 

Equation 1-2 was developed to describe the fill height by Lubitz et al (2014) [47]; the original 

model assumed that the fill height was maximum (and minimum) along the 𝜃(0,𝜋)-𝑤 plane (i.e. the front 

plane, or the plane in which the inclination angle is defined). This was later corrected in Songin (2017) 

[48] – the actual maximum and minimum points of the water level of an inclined screw do not actually 

occur at exactly 𝑧𝑚𝑖𝑛 = (𝜋,
𝐷𝑜

2
) and  𝑧𝑚𝑎𝑥 = (2𝜋,

𝐷𝑜

2
) but in practice are slightly offset from those 

points. This is demonstrated in Figure 1-8, where “Point A” is the water level at 𝑧𝑚𝑎𝑥, and “Point B” is 

the corrected maximum water level (𝑧𝑚𝑎𝑥
′ ). 
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Figure 1-8: Corrected maximum fill height [48]. 

The slight change in the maximum value is due to the helical and cylindrical nature of the screw. 

Once the cylindrical body is put on an angle (in this case the inclination angle of the screw), the water 

level required to fill up a bucket and flow into the next is not actually at the polar coordinate (2𝜋, 𝑟𝑖) as 

mentioned previously, but slightly offset. This offset angle may be found as: 

 𝜃′ = sin−1 (
−

𝑆
2𝜋 sin 𝛽

𝑟 cos 𝛽 
) (1-3) 

The offset angle is then added to the original angle of 𝜃 = 2𝜋 in order to find a value for 𝑧1
′  and 𝑧𝑚𝑎𝑥

′ , as 

demonstrated in Equation 1-4. 

 𝑧1
′ = 𝑟 cos(𝜃 + 𝜃′) cos 𝛽 −

𝑆(𝜃 + 𝜃′)

2𝜋
sin 𝛽 (1-4) 

The value of 𝑧𝑚𝑎𝑥
′  is then used to find the corrected fill height 

 𝑓′ =
𝑧𝑤𝑙 − 𝑧𝑚𝑖𝑛

′

𝑧𝑤𝑙 − 𝑧𝑚𝑎𝑥
′  (1-5) 

Songin [48] mentions that there is usually not much difference between the values of 𝑧𝑚𝑎𝑥 and 𝑧𝑚𝑎𝑥
′  at 

a moderate inclination of 𝛽 = 24.5°, but that the small difference between them is compounded when 
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the corrected fill height (𝑓′) is found. More details on the percent change of the new maximum water 

levels can be found in Songin [48]. Fill heights in this thesis will be those calculated using Eqns. 1-1 to 1-5 

unless specifically noted. 

This was used to determine the volume of water in each bucket for each condition set in the lab. 

The volume is an important parameter to have as it relates directly to the static pressure acting on the 

screw’s blades. The pressures on the blade surfaces were found using numerical integration (more 

details in [46]); the pressure was used to find the torque (𝑇) of each blade. This torque was multiplied by 

the number of buckets (𝑛𝑏) of a screw to find the total torque (𝑇𝑡𝑜𝑡) acting in the system.  

 𝑛𝑏 =
𝐿 ∙ 𝑁

𝑆
 (1-6) 

Next, the generated power of a screw (also known as the mechanical power, or power at the shaft, 𝑃) is 

calculated as the product of the total torque and screw rotational speed (𝜔𝑠). 

 𝑃 = 𝑇𝑡𝑜𝑡𝜔𝑠 (1-7) 

The efficiency of the screw (𝜂) is then a function of the mechanical power and the available power in the 

water (𝑃𝑎𝑣𝑎𝑖𝑙). 

 𝜂 =
𝑃

𝑃𝑎𝑣𝑎𝑖𝑙
 (1-8) 

Where the available power in the water is a function of the density of water (𝜌), head difference (ℎ), and 

the total flow rate (𝑄) of water through the screw. 

 𝑃𝑎𝑣𝑎𝑖𝑙 = 𝜌𝑔ℎ𝑄 (1-9) 

The total flow rate is found as follows. 
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 𝑄 = 𝑄𝑏 + 𝑄𝐿 = 𝑄𝑏 + 𝑄𝑔𝑙 + 𝑄𝑜 (1-10) 

where it is the sum of the bucket flow rate and the total leakage flow rate (𝑄𝐿) (the total leakage flow is 

made up of the gap leakage and overflow leakage rates) [17]. 

1.4 Models 

In general, much of the basis of ASG design has come from Nagel’s Archimedes Screw Pump 

Handbook [49], Brada’s work in the 1990’s along with Radlik [2], [50], Rorres – in his paper on design of 

optimal Archimedes Screw Pumps [1], and by Nuernbergk in his book Hydropower screws - Calculation 

and Design of Archimedes Screws used in Hydropower (in German) [51]. Since the use of the Archimedes 

screw as a microhydro generator was so recent, there is a relatively small body of literature on the 

Archimedean screw as a power-generating technology. That said, the existing models for the ASG may 

be split into three main types: Performance Models, Power Loss Models, and Simulations. 

1.4.1 Early Models 

An early ASG performance model is described in Müller & Senior’s [52] paper. It simplified the 

ASG to two dimensions and neglected hydraulic losses and mechanical friction. This model also 

implemented leakage losses by incorporating Nagel’s [49] empirical leakage model. A comparison is 

presented that suggests the model agreed with some of Brada’s experimental measurements [52]. 

However, the model is simplified to a degree (for example, screw most screw geometry is not included 

in the model) that prevents it from being of practical value to designers of ASG systems. 

 The most encompassing work specifically on ASGs was Nuernbergk’s Wasserkraftschnecken 

[51]. It describes the geometry of the screw, the flow into the screw, the leakage flows in the system, 

the outlet conditions and hydraulic losses, and describes to a method to model the power and efficiency 

of ASG installations. The book includes a section on plant operations as well as an analysis of design flow 

and design head. Though it provides a basis for understanding recent developments in Archimedes 
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Screw technology, the text is written in German, which poses a language barrier for English speaking 

audiences. 

 Lyons [53] provides a performance model for a simplified ASG in three dimensions. Similarly, to 

Müller & Senior [52], Lyons neglects energy losses in the system and assumes a quasi-static steady-state 

flow regime. The result is a simplified model that seems to agree with the experiments conducted [53]. 

This model was later modified to incorporate both gap ad overflow leakage losses [47]. Lubitz et al. [46] 

describe a modified version of Lyons’ model that includes a different analysis of geometry and assumes 

that gap leakage is mainly driven by static pressure differences on either side of the gap; this model will 

hereafter be referred to as the Lubitz model. It defines the gap leakage as the flow of a thin film of fluid 

along the screw’s trough. Kozyn [17] provided an amendment to the Lubitz performance model. Kozyn’s 

model uses the Lubitz model to calculate power, then estimates a series of power losses that occur in 

real systems and use these estimates to modify the initial, “ideal” power estimate.  The system losses 

that are quantified include inlet and outlet entrance effect losses, internal hydraulic friction, outlet 

submersion losses, gap leakage verification, overflow leakage verification, and a delivery channel loss 

model. These amendments seem to make the Lubitz model much more agreeable with experimental 

data [17]. 

1.4.2 Recent Models 

Kozyn’s [17] model is a power loss model used to amend an earlier, simpler performance model. 

There exist a few other models that predict different power losses in ASGs. To start, Nagel [49] describes 

a leakage model in his Archimedes Screw Pump Handbook. Rorres [1] later offers an analytical and 

numerical relationship for water levels in buckets, flow rates in the screw pump, and flow leakages 

based on the screw’s geometry. Both models, of course, reflect the losses within an Archimedes Screw 
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pump, but provide a strong basis for further investigations into the losses in an Archimedes Screw 

generator. 

 Zeng et al. [54] explored the energy losses due to the mechanical system in ASGs. They provided 

a model of torque in the screw and modeled the frictional losses and the impact losses in the system. 

They defined impact losses as a loss that takes place at the inlet of the turbine runner, the vortex in the 

turbine’s bucket contributes to the impact loss [54]. Essentially, the impact loss is incurred as water 

impacts the blades of the screw. 

 Nuernbergk and Rorres [55] predicted the hydraulic losses at the inlet of ASGs. They assumed 

the only significant hydraulic loss was at the inlet of the screw turbine, where the rectangular geometry 

of the inlet channel met the circular geometry of the screw’s trough [55]. These power loss models have 

all been built on or used in the literature to try and quantify the losses in ASG installations. 

1.4.3 Simulations 

Simulations have been carried out to investigate flow dynamics and power output of 

Archimedes Screw systems. These simulations may be split into two categories: Design Models, and 

Numerical Simulations. 

1.4.3.1 Design Models 

 A simulation was carried out by Rohmer et al. [56] to determine the power supplied to an 

electric grid from an ASG installation. A preliminary design was first carried out to find the optimal 

design of an ASG based on the design flow, inclination angle, and number of blades. After the 

preliminary design was carried out, the screw, a permanent magnet generator, and a control system 

were simulated to determine how much power the installation could supply to the electrical grid. It was 

found that the screw still had relatively high efficiencies when using the full control system and was a 

viable hydro-generation option. 
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 Original design models for the Archimedes Screw focused on the optimal design of a pump [1], 

[49]. A couple of studies have carried out site-specific designs for ASG installations [36], [57]. Dada et al. 

[36] carried out a simulation to generate the optimal design for an ASG installation for the Arinta 

waterfall in Ekiti State, Nigeria. Similarly, Okamura et al. [57] designed an optimal installation for a rural 

village in southern Tanzania. Both studies mentioned above discuss the importance of site-specific ASG 

design; since the screw turbine may be installed in such a wide range of flow values, it has a nearly 

infinite number of potential orientations and variations on design parameters.  

Lisicki et al. [58] introduce another way to optimize site-specific designs. They used Bayesian 

Optimization (BO) with the amended Lubitz model to find the optimal design parameters of an 

Archimedes Screw Turbine installation. Their proof-of-concept paper demonstrated that the Bayesian 

Optimization techniques used yielded expected results; they note that for each of the seven 

optimization techniques used, they found the optimal ratio of screw diameter to inner cylinder diameter 

to be close to 0.54, a value shown by Rorres [1] to be the optimal diameter ratio [58] for ideal 

Archimedes screw pumps.  

1.4.3.2 Numerical Simulations 

 There has been little investigation into ASGs using numerical simulations [16]. Shimomura & 

Takano (2013) analyzed the interaction between ASGs and open channel flows using the Moving Particle 

Semi-implicit (MPS) method. Their results were validated by comparing the numerical results with their 

experimental results. They investigated torque generation in the system, and concluded that the torque 

is generated by both the static and dynamic pressure of the flow, but that the static pressure is the main 

cause for the screw’s rotation [59]. This study is evidence that the Archimedes screw generator operates 

as a quasi-static system – the dynamic pressure is present, but, in the inclined orientation and typical 

geometries in actual ASGs, it has little effect on power generation. 
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Stergiopoulou et al. (2014) designed a preliminary computational fluid dynamic (CFD) model and 

carried out the simulation to find the optimal inclination angle and corresponding efficiency of the screw 

design. They found that the optimal angle of inclination was 33° for the flow scheme and screw design 

they used [60]. Dellinger et al. (2016) carried out a CFD simulation in order to compare their CFD model 

with existing experimental results and efficiencies reported in the literature; it is discussed in more 

detail in a more recent publication [61], [62]. They set up the model in OpenFOAM CFD software to 

model the system with incompressible, turbulent, and multi-phase flow assumptions. The model used 

the Reynolds Averaged Navier-Stokes (RANS) method with k- turbulence closure. The mesh was 

refined around the screw, however, Dellinger noted that the mesh should be further refined around the 

screw’s blade tips so that there is a better representation of the gap leakage flow and the end effects at 

the blades in the results. The screw was set to have an inclination angle of 24°, and the model used 

three convergence criteria to provide a result: the mass balance averaged on six screw rotations, the 

torque must tend to a consistent value, and the head balance must tend to zero. Dellinger compared the 

results of the CFD simulation to experimental results and noted that the efficiency found in the 

simulation matched the results from the literature [19], [47], [61].  
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2 Computational Fluid Dynamics Modelling 

Computational fluid dynamics (CFD) is a branch of fluid mechanics that studies the dynamics of fluid 

flow through numerical simulation. A CFD simulation uses various methods to solve the transport 

equations. This system of equations was developed by Claude-Louis Navier in France in the early 1800s 

[63], and improved by Sir George Stokes in the mid-1800s in Britain [64]. The Navier-Stokes equations 

for Newtonian fluids add the effects of viscosity on fluid motion to the Euler equations of fluid motion 

[65]. The overall system of equations consists of the continuity equation, momentum equation (in all 

three dimensions) and (if needed) the energy equation. The continuity equation of the Navier-Stokes 

equations is 

 
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
+

𝜕(𝜌𝑤)

𝜕𝑧
= 0 (2-1) 

The continuity equation (Eqn. 2-1) is used to account for conservation of mass and is time 

dependent. It uses the variables for density (𝜌), time (𝑡), velocity in the x-direction (𝑢), velocity in the y-

direction (𝑣), velocity in the z-direction (𝑤), and the x-, y-, and z-direction vectors (𝑥, 𝑦, and 𝑧). Next, the 

Navier-Stokes system accounts for the conservation of fluid momentum in the following three time-

dependent non-dimensional momentum equations (Eqn. 2-2a, 2-2b, 2-2c). 

 
𝜕(𝜌𝑢)

𝜕𝑡
+

𝜕(𝜌𝑢2)

𝜕𝑥
+

𝜕(𝜌𝑢𝑣)

𝜕𝑦
+

𝜕(𝜌𝑢𝑤)

𝜕𝑧
= −

𝜕𝑝

𝜕𝑥
+

1

𝑅𝑒
[
𝜕𝜏𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑥𝑦

𝜕𝑦
+

𝜕𝜏𝑥𝑧

𝜕𝑧
] (2-2a) 

 
𝜕(𝜌𝑣)

𝜕𝑡
+

𝜕(𝜌𝑢𝑣)

𝜕𝑥
+

𝜕(𝜌𝑣2)

𝜕𝑦
+

𝜕(𝜌𝑣𝑤)

𝜕𝑧
= −

𝜕𝑝

𝜕𝑦
+

1

𝑅𝑒
[
𝜕𝜏𝑥𝑦

𝜕𝑥
+

𝜕𝜏𝑦𝑦

𝜕𝑦
+

𝜕𝜏𝑦𝑧

𝜕𝑧
] (2-2b) 

 
𝜕(𝜌𝑤)

𝜕𝑡
+

𝜕(𝜌𝑢𝑤)

𝜕𝑥
+

𝜕(𝜌𝑣𝑤)

𝜕𝑦
+

𝜕(𝜌𝑤2)

𝜕𝑧
= −

𝜕𝑝

𝜕𝑧
+

1

𝑅𝑒
[
𝜕𝜏𝑥𝑧

𝜕𝑥
+

𝜕𝜏𝑦𝑧

𝜕𝑦
+

𝜕𝜏𝑧𝑧

𝜕𝑧
] (2-2c) 

Finally, the non-dimensional energy equation (Eqn. 2-3) is used to account for conservation of energy in 

the fluid system. 
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𝜕(𝐸𝑇)

𝜕𝑡
+

𝜕(𝑢𝐸𝑇)

𝜕𝑥
+

𝜕(𝑣𝐸𝑇)

𝜕𝑦
+

𝜕(𝑤𝐸𝑇)

𝜕𝑧

= −
𝜕(𝑢𝑝)

𝜕𝑥
−

𝜕(𝑣𝑝)

𝜕𝑦
−

𝜕(𝑤𝑝)

𝜕𝑧

+
1

𝑅𝑒
[

𝜕

𝜕𝑥
(𝑢𝜏𝑥𝑥 + 𝑣𝜏𝑥𝑦 + 𝑤𝜏𝑥𝑧) +

𝜕

𝜕𝑦
(𝑢𝜏𝑥𝑦 + 𝑣𝜏𝑦𝑦 + 𝑤𝜏𝑦𝑧)

+
𝜕

𝜕𝑧
(𝑢𝜏𝑥𝑧 + 𝑣𝜏𝑦𝑧 + 𝑤𝜏𝑧𝑧)] −

1

𝑅𝑒 ∙ 𝑃𝑟
[
𝜕𝑞𝑥

𝜕𝑥
+

𝜕𝑞𝑦

𝜕𝑦
+

𝜕𝑞𝑧

𝜕𝑧
] 

(2-3) 

Altogether, the Navier-Stokes equations have the spatial coordinates x, y, and z as independent 

variables along with the time (t). Their dependent variables are pressure (p), density (ρ), temperature (T, 

as part of ET, the thermal energy component), and three velocity vector components u, v, and w. Finally, 

the system includes the Reynolds number (Re), stress (τ), heat flux (q), and Prandtl Number (Pr).  

The Navier-Stokes equations are comprehensive but cannot be reduced to an analytical solution except 

for some very idealized cases; because of this different flow solving approaches must be implemented to 

obtain approximate solutions. There are generally two types of solvers: Eulerian flow solvers, and 

Lagrangian flow solvers. Eulerian solvers are the most common since they are very efficient in accurately 

solving flow near solid boundaries [66]. Their downside is that they are diffusive and will dampen eddies 

and high-intensity vortices close to the boundary. This issue can be alleviated by implementing high 

order methods with a find mesh grid; the diffusion issue may then be resolved at the cost of 

computation time (i.e. the simulation will become rather large and computationally expensive) [66]. 

Lagrangian flow solvers follow an individual fluid parcel as it moves through time and space to devise a 

solution. In practise, this technique is shown to eliminate diffusion in the wake, however, modelling near 

solid boundaries is less accurate, more complex, and much more computationally expensive than 

Eulerian solvers [66]. 
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The specific solvers and methods used in the simulations of this thesis will now be discussed. 

Three different simulations were carried out, named as follows: single bucket, and four bucket 

simulations. Each of the simulations will be discussed in more detail later, at this point it is only 

important to note that both simulations have very similarly constructed meshes, flow regimes, and 

geometries. Therefore, they will all be implementing the same solver. The Archimedes screw 

experiences two-phase flow (water and air) through a complex geometry with unsteady and turbulent 

flow at the free surface of the water [62]. To account for this, OpenFOAM’s interFoam solver was used 

to simulate ASG fluid interactions. Generally, a multi-phase fluid solver is made up of the dynamic fluid 

equations (which is some variation of the Navier-Stokes equations), a turbulence model (for turbulent 

closure), and a free surface model (to model the free surface between the two phases). Each of these 

will be discussed in more detail below, however, to be brief, the interFoam solver implemented in this 

thesis was set up to use the Reynolds Averaged Navier-Stokes (RANS) equations with Menter’s shear 

stress transport (SST) for turbulent closure, and the Volume of Fluid (VoF) method for the free surface. 

2.1 Reynolds Averaged Navier-Stokes Equations 

The Reynolds averaged Navier-Stokes (RANS) equations are a time-averaged variation of the 

Navier-Stokes system of equations developed by Osbourne Reynolds to make it more easily solved [67]. 

To develop the RANS equations, it was assumed that time-dependent, fluctuating flows (i.e. turbulent 

flows) may be separated into two components: the time-averaged, and fluctuating components. Using 

RANS is still computationally expensive, but orders of magnitude less than the Navier-Stokes equations 

themselves [68]. The following equation describes the x-direction vector before Reynold’s 

decomposition is applied to it. 

 𝜌 [
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
] = −

𝜕𝑝

𝜕𝑥
+ 𝜇 [

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
] (2-4) 
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Each of the velocity terms employed above were separated into a time-averaged velocity (�̅�) and a 

fluctuating velocity component (𝑢′): 

 𝑢(𝑥, 𝑦, 𝑧, 𝑡) = �̅�(𝑥, 𝑦, 𝑧, 𝑡) + 𝑢′(𝑥, 𝑦, 𝑧, 𝑡) (2-5) 

The first term of Eqn. 2-4 is the derivation of Eqn. 2-5 itself. It should be noted that since there is zero 

time-variation in the time-averaged velocity term (since this thesis models the screw under steady 

conditions), the derivative of �̅� with respect to time will be zero. Then Eqn. 2-5 is then found as: 

 
𝜕�̅�

𝜕𝑡
= 0 (2-6a) 

 
𝜕𝑢

𝜕𝑡
=

𝜕�̅�

𝜕𝑡
+

𝜕𝑢′

𝜕𝑡
=

𝜕𝑢′

𝜕𝑡
 (2-6b) 

The second term of Eqn. 2-4 is then shown as Eqn. 2-7a and time-averaged to 2-7b: 

 
𝜕

𝜕𝑥
(𝑢2) =

𝜕

𝜕𝑥
[(�̅� + 𝑢′)2] =

𝜕

𝜕𝑥
(�̅�2 + 2�̅�𝑢′ + 𝑢′2

) (2-7a) 

 
𝜕

𝜕𝑥
(𝑢2)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅
=

𝜕

𝜕𝑥
(�̅�2 + 2�̅�𝑢′ + 𝑢′2)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
=

𝜕

𝜕𝑥
(�̅�2 + 𝑢′2̅̅ ̅̅ ) (2-7b) 

The third and fourth terms of Eqn. 2-4 are similarly shown in Eqn. 2-8 and 2-9. 

 
𝜕

𝜕𝑦
(𝑢𝑣)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅
=

𝜕

𝜕𝑦
((�̅� + 𝑢′) × (�̅� + 𝑣′))

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
=

𝜕

𝜕𝑦
(�̅��̅� + 𝑢′𝑣′̅̅ ̅̅ ̅̅ ) (2-8) 

 
𝜕

𝜕𝑧
(𝑢𝑤)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅
=

𝜕

𝜕𝑧
(�̅��̅� + 𝑢′𝑤′̅̅ ̅̅ ̅̅ ) (2-9) 

The right side of Eqn. 2-4 is then: 

 −
𝜕�̅�

𝜕𝑥
+ 𝜇 [

𝜕2�̅�

𝜕𝑥2
+

𝜕2�̅�

𝜕𝑦2
+

𝜕2�̅�

𝜕𝑧2
] (2-10) 
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Brought together into their final form and rearranged, the RANS equation is commonly shown as seen in 

Eqn. 2-11. 

 

𝜌 [
𝜕

𝜕𝑥
(�̅�2) +

𝜕

𝜕𝑦
(�̅��̅�) +

𝜕

𝜕𝑧
(�̅��̅�)] = −

𝜕�̅�

𝜕𝑥
+ [

𝜕

𝜕𝑥
(𝜇

𝜕�̅�

𝜕𝑥
− 𝜌𝑢′𝑢′̅̅ ̅̅ ̅̅ ) +

𝜕

𝜕𝑦
(𝜇

𝜕�̅�

𝜕𝑦
−

𝜌𝑢′𝑣′̅̅ ̅̅ ̅̅ ) +
𝜕

𝜕𝑧
(𝜇

𝜕�̅�

𝜕𝑧
− 𝜌𝑢′𝑤′̅̅ ̅̅ ̅̅ )]  

(2-11) 

Equation 2-11 is then used as the RANS equation in the solver. Some terms arise during Reynolds 

decomposition of the Navier-Stokes equations, like the Reynold’s Stress Tensor (Eqn. 2-12). 

 𝜌𝜏𝑖𝑗 ≡ 𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ = 𝜌 (
𝑢′𝑢′̅̅ ̅̅ ̅̅ 𝑢′𝑣′̅̅ ̅̅ ̅̅ 𝑢′𝑤′̅̅ ̅̅ ̅̅

𝑣′𝑢′̅̅ ̅̅ ̅̅ 𝑣′𝑣′̅̅ ̅̅ ̅̅ 𝑣′𝑤′̅̅ ̅̅ ̅̅

𝑤′𝑢′̅̅ ̅̅ ̅̅ 𝑤′𝑣′̅̅ ̅̅ ̅̅ 𝑤′𝑤′̅̅ ̅̅ ̅̅ ̅
) (2-12) 

Because the RANS system splits the velocity terms into both time-averaged and fluctuating 

components it may be used to accurately approximate time-averaged solutions to the Navier-Stokes 

equations while also describing turbulent flows. The tensor term above (Eqn. 2-12) is used to describe 

the turbulent velocities in the time-averaged system of equations. An equation (or system of equations) 

is needed to solve the stress tensor to close the RANS equations – this is called a turbulence model and 

is used to solve the “turbulent closure problem” with the RANS system.  

2.2 Turbulent Closure 

As mentioned above, a turbulence model is used to close the RANS system and make it solvable; 

this can be done in a few ways. The simplest way to solve the Reynold’s Stress Tensor is to implement a 

“zero equation model” [69]. This model only uses a turbulent length scale to close the system that is 

normally found experimentally. Though this model is very simple and quick to solve, it is not as accurate 

as it does not include any history – essentially all turbulence is assumed to dissipate shortly after it is 

generated [69]. It is more common (and accurate) to implement a turbulence model with one or two 

equations that may account for the deficiencies mentioned above. 
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One- and two-equation turbulence models include a differential transport equation for turbulent 

kinetic energy or turbulent velocity scale [69]. Though most commonly implemented turbulence models 

in CFD are two-equation models, the Spalart-Allmaras model is a very popular one-equation model most 

commonly implemented in aerospace applications [70]. This model solves a transport equation for 

kinematic eddy turbulent viscosity and is currently gaining popularity with turbomachinery applications. 

The most commonly implemented turbulence models are the k-ε (k-epsilon) model [71], k-ω (k-

omega) model [72]–[74], and SST (or Menter’s Shear Stress Transport model) [75], all of which are two-

equation models. The k-epsilon model uses two transport equations; one to describe the transported 

variable of turbulent kinetic energy (k), and the other to describe the rate of dissipation of the 

turbulence energy (𝜖 𝑜𝑟 𝜀) (Eqn.s 2-13 and 2-14, respectively). 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[
𝜈𝑇

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑗
] + 2𝜈𝑇𝐸𝑖𝑗𝐸𝑖𝑗 − 𝜌𝜖 (2-13) 

 
𝜕(𝜌𝜖)

𝜕𝑡
+

𝜕(𝜌𝜖𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑗
[
𝜈𝑇

𝜎𝜖

𝜕𝜖

𝜕𝑥𝑗
] + 𝐶1𝜖

𝜖

𝑘
2𝜈𝑇𝐸𝑖𝑗𝐸𝑖𝑗 − 𝐶2𝜖𝜌

𝜖2

𝑘
 (2-14) 

The k-ε model is perhaps the most widely used turbulence model [68] and has been validated 

for a wide range of turbulent flow problems. The model is at its most accurate while in the free-shear 

layer flow region and with small pressure gradients [76]. It is not as accurate when describing boundary 

layer flow problems, for this a more appropriate solution would be to implement the k-ω turbulence 

model [77]. 

Originally developed independently by Kolmgorov in the USSR [72] and Saffman in the UK [73], 

the k-ω turbulence model has undergone continual improvement since its inception [74], [77]–[79]. This 

model works similarly to the k-ε model in that it uses two equations to describe the transported 
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turbulence variables. In this system, the eddy viscosity (vT) is described as a function of the turbulence 

kinetic energy (k) and specific rate of dissipation of the turbulence kinetic energy (ω) (Eqn. 2-15). 

 v𝑇 =
𝑘

𝜔
 (2-15) 

The turbulence kinetic energy is described in the first transport equation, while the second equation 

describes the specific rate of dissipation (shown in Eqn.s 2-16 and 2-17, respectively). 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
= 𝜌P𝜏 − 𝛽∗𝜌𝜔𝑘 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘

𝜌𝑘

𝜔
)

𝜕𝑘

𝜕𝑥𝑗
] (2-16) 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝜔𝑢𝑖)

𝜕𝑥𝑖
=

𝛾𝜔

𝑘
P𝜏 − 𝛽𝜌𝜔2 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝜔

𝜌𝑘

𝜔
)

𝜕𝜔

𝜕𝑥𝑗
] +

𝜌𝜎𝑑

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
 (2-17) 

Where P𝜏 is shear production of turbulence kinetic energy, 

 P𝜏 = 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
 (2-18) 

The k-ω model works best in the inner region of the boundary layer. It is for this reason that 

Menter’s Shear Stress Transport model was developed. The SST model capitalizes on the on the optimal 

uses of the k-ε and k-ω models. 

Menter’s SST model [75] implements both the k-ε and k-ω models in the regions that they are 

most accurate. The k-ε model is therefore used in the free-shear layer, while the k-ω model is used in 

the inner regions of the boundary layer (Figure 2-1). 
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Figure 2-1: Boundary layer (left) and free-shear layer (right) [80]. 

The Menter model (SST) is currently the most prominent two-equation model used in CFD, as it 

was designed to overcome the deficiencies in both the k-ε and k-ω models [76]. By including transport 

effects into the formulation of eddy-viscosity, it can give very accurate predictions of flow separation. It 

can be used to predict the onset of flow separation as well as the amount of flow separation in a 

simulation with a high degree of accuracy. There are many validation studies that demonstrate the 

accuracy of Menter’s SST model [81]. In order to achieve a high degree of accuracy in boundary layer 

simulations, a resolution of more than 10 points is required in the boundary layer [76]. Often in CFD the 

accuracy of wall functions at the boundary layer may be assessed by examining the dimensionless 

parameter y+. 

This dimensionless parameter is one of the best ways to measure the applicability of wall 

functions [82]. The parameter is defined as follows: 

 𝑦+ =
𝑦 ∙ 𝑢𝜏

𝑣
=

𝜌𝑦 ∙ 𝑢𝜏

𝜇
 (2-19) 

where y is the absolute distance from the wall, 𝑢𝜏 is the friction velocity (sometimes referred to as the 

shear velocity), and v is the kinematic viscosity. The friction velocity is further defined as a function of 

the fluid density (ρ) and wall shear stress (𝜏𝑤), shown in the equations below. 
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 𝑢𝜏 = √
𝜏𝑤

𝜌
 (2-20a) 

 𝜏𝑤 =
1

2
𝐶𝑓𝜌𝑢∞

2  (2-20b) 

The wall shear is described by the skin friction coefficient (𝐶𝑓), fluid density, and free stream 

velocity (𝑢∞). The skin friction coefficient relates the wall shear stress to the dynamic stress in the free 

stream velocity. The coefficient is often found for turbulent boundary layers using empirically based 

approximations [83]. 

At this point, the simulation described in this thesis will be implementing the RANS equation with 

Menter’s shear stress transport turbulence model. All that remains for the solver is to deal with the two 

different fluid phases that exist in open channel flow (i.e. water and air). It is important to be able to 

describe the border between the two fluid phases, and this is accomplished by implementing a free 

surface model. 

2.3 Free Surface Modelling  

In this thesis, the Volume of Fluid (VoF, or sometimes VOF) method will be used to define the free 

surface. The Marker-and-cell (MAC) method [84], [85] is a method developed at the Los Alamos National 

Laboratory to simulate incompressible fluid flow properly without excessive distortion [86]. This was 

used as the basis for fluid phase discretization, and the first account of a volume tracking method is the 

simple line interface calculation (SLIC) used in fluid-surface definitions [87]. The volume of fluid method 

[88] was developed using the principles of the aforementioned methods. It required less storage than 

the previous methods, and quickly found mainstream use [86]. 

The VoF method uses the phase fraction function to define the free surface and handle volume 

tracking (the original paper describes the phase fraction with the variable 𝐶, here it is denoted with 𝛼). 
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The free surface is, in the case of an Archimedes screw generator, the boundary between the volume of 

water in a bucket and the air above it. In this case, when 𝛼 = 1 the fluid in that specific cell is wholly 

water, when 𝛼 = 0 the fluid is completely air, and when for example 𝛼 = 0.5 a free surface exists. 

 
𝜕𝛼

𝜕𝑡
+ 𝛁 ∙ (𝐔𝛼) = 0 (2-21) 

With the constraint that the sum of the phase in each cell (subscript 𝑚) equals 1, and that the volume of 

the fluids is constant (Eqn.s 2-22 and 2-23, respectively). 

 ∑ 𝛼𝑚

𝑛

𝑚=1

= 1 (2-22) 

 𝜌 = ∑ 𝜌𝑚𝛼𝑚

𝑛

𝑚=1

 (2-23) 

Equation 2-23 gives an example of calculating the effective fluid density of a cell. For a cell at the 

free surface, the effective fluid density is a function of both the density of water and the density air. The 

momentum equations are then solved for each specific mesh cell for the effective fluid to find the 

velocity field along the free surface [88].  

 
𝜕(𝜌𝐔)

𝜕𝑡
+ 𝛁 ∙ (𝜌𝐔𝐔) = −𝛁𝑝 + 𝛁 ∙ 𝐓 + 𝜌𝐟𝑏 (2-24) 

Where T is the deviatoric viscous stress tensor, p is the pressure, and fb is the body force per 

unit mass. One of the major drawbacks of the VoF method is that it suffers from an imperfect interface 

description [89]. Meaning that the fluid properties at the free surface are not defined very well, and the 

free-surface is “smeared” due to excessive diffusion of the transport equation. Later improvements to 

the VoF method have solved this problem for the most part, and in conjunction with a fine mesh, the 

free-surface may be simulated with relatively high accuracy. Youngs [90] developed the PLIC-VoF 

method that introduces a Piecewise-Linear Interface Calculation (PLIC) into the original VoF scheme to 
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alleviate this problem; it has become the standard in many modern free surface solvers [91]. The VoF 

method has undergone many different improvements to increase the accuracy of the volume tracking 

model [89], [92]–[94], these improvements have lead to a current iteration that is implemented in 

OpenFOAM’s interFoam solver.  

In interFoam, an additional convective term is added to increase accuracy of the free surface 

[95]. The term helps to provide a sharper definition of the free-surface by modelling velocity in terms of 

a weighted average of the effective fluid. Essentially, the effective fluid of the free-surface is not just 

found as the densities of each fluid multiplied by their phase fractions (as shown in Eqn. 2-23), but it is 

found as a weighted average of the velocities of each respective phase. The interFoam VoF model makes 

use of the two-fluid Eulerian model for 2-phase flow [95]. The equations of the phase fraction then 

become (where the subscripts l and g denote liquid and gas phases, respectively): 

 
𝜕𝛼

𝜕𝑡
+ 𝛁 ∙ (𝐔𝑙𝛼) = 0 (2-25) 

 
𝜕(1 − 𝛼)

𝜕𝑡
+ 𝛁 ∙ [𝐔𝑔(1 − 𝛼)] = 0 (2-26) 

Then, the free surface velocity may be found as follows (Eqn. 2-27a), replacing the older VoF 

equation 2-22 in the interFoam solver. This equation may be rearranged to track the evolution of the 

phase fraction [91] as shown in Equation 2-27b. 

 𝐔 = 𝛼𝐔𝑙 + (1 − 𝛼)𝐔𝑔 (2-27a) 

 
𝜕𝛼

𝜕𝑡
+ 𝛁 ∙ (𝐔𝛼) + 𝛁 ∙ [𝐔𝑟𝛼(1 − 𝛼)] = 0 (2-27b) 

Where Ur is the relative velocity (also termed the compressive velocity) of the effective fluid. 

 𝐔𝑟 = 𝐔𝑙 − 𝐔𝑔 (2-28) 
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The relative velocity is a compression term (a computational term, this is unrelated to 

compressible flow) that is used to provide a sharper definition of the free surface [96]. The new phase 

fraction equation (Eqn. 2-27b) is related to the VoF equation (Eqn. 2-27a) in the interFoam solver, and so 

the classical VoF model is coupled with the two-fluid model [91]. It is important to note that equations 

2-27a and 2-27b only exist in the free surface interface region; the phase term in each equation (𝛼) will 

cause the equations to drop when either phase is entered completely. As mentioned above, the VoF 

method is unavoidably diffusive and will thus have some smearing at the free surface interface region. 

The interFoam solver is able to sharpen this interface region through the discretization of the 

compression term in order to eliminate some smearing [96]. When solving the system of fluids 

equations, the interFoam solver expresses the momentum equation in the following form (Eqn. 2-29), 

offering an improvement to the traditional VoF form shown in Equation 2-24. 

 
𝜕(𝜌𝐔)

𝜕𝑡
+ 𝛁 ∙ (𝜌𝐔𝐔) − 𝛁 ∙ (𝜇𝛁𝐔) − (𝛁𝐔) ∙ 𝛁𝜇 = −𝛁𝑝𝑑 − 𝐠 ∙ 𝐱𝛁𝜌 + 𝜎𝜅𝛁𝛼     (2-29) 

Equation 2-29 uses the continuum surface force (CSF) model to evaluate the pressure gradient 

generated at the gas-liquid interface due to surface tension [91] – this is addressed by the 𝜎𝜅𝛁𝛼 term. 

The stress tensor and a modified pressure term (pd) are then used to close out the equation. 

Altogether, the interFoam solver used in this thesis uses RANS with Shear Stress Transport turbulent 

closure and OpenFOAM’s current implementation of the Volume of Fluid method for free surface 

modelling. The solver uses the continuity equation (Eqn. 1), the phase fraction equation (27a and 27b), 

and the Volume of Fluid momentum equation (Eqn. 29) which simplifies to the traditional momentum 

equation when fully in either phase. 
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3 Experimental Analysis 

This section will detail the apparatus used in the experiments conducted for this research work, and 

provide an overview of the experiments and experimental methods employed in this thesis. 

3.1 Experimental Apparatus 

Archimedes screw generators have been a research focus at the University of Guelph for the last 

few years and experimental methods at the University Guelph have evolved through a few iterations. 

Research started in a fluids laboratory with small-scale laboratory screws. There were five different 

laboratory-scale Archimedes screws, each with an outer diameter of 5.75 inches. The “small screw” 

dimensions are shown in Table 3-1. 

Table 3-1: Small laboratory screw dimensions. 

 

The screws varied in pitch to test the effects of that parameter on performance and power 

generation. Screws A1, A2, and A3 all have the same parameters, but the amount of the screw that is 

flighted varied; screw A1 was fully flighted, A2 was tapered at its bottom, and A3 had shortened flights. 

The apparatus also allowed for variations in the inclination angle of the screws. The first iteration of 

experiments was carried out to develop a basic understanding of screw performance with respect to a 

few design parameters. It allowed for direct comparisons between the effect of pitch, flighting positions, 

and inclination angle. The results of experimentation on the small laboratory screw apparatus can be 

found in the following literature [17], [46], [53], [97], which served as a basis for the University of 

Guelph’s ASG research. 

Screw 

Code
Outer Diameter, Do

(in)

Inner Diameter, Di

(in)

ID/OD ratio Pitch, S

(in)

Number of 

Flights

Flighted Length, L

(in)

A1 5.75 3 0.52 5.75 3 23.0

B 5.75 3 0.52 8.08 3 23.0

C 5.75 3 0.52 4.60 3 23.0

A2 5.75 3 0.52 5.75 3 23.0

A3 5.75 3 0.52 5.75 3 23.0
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Figure 3-1: Small laboratory screw apparatus diagram (left). Front view of system (right). 

The general configuration of the small screw lab is shown in Figure 3-1. Since some observations 

from this experimentation are discussed later a brief system overview will be discussed here. The system 

included an ASG with its inlet end fit to an upper basin and inclination angle set by raising and lowering 

the bottom end of the screw within a lower basin of water. The upper and lower basin water depths 

were controlled with adjustable weirs. This allowed the water level entering and exiting the screw to be 

maintained in order to test desired inlet and outlet conditions. Water was introduced to the upper basin 

through a recirculating pump and flowed through the screw, exiting into the lower basin. The water 

flowed over the adjustable weir in the lower basin and into a v-notch weir (later a water-depth-based 

flow meter) where the flow rate was measured. It finally flowed into a large drainage basin from which it 

was pumped back into the upper basin to finish the cycle. 

Later, a larger laboratory screw apparatus was built by Greenbug Energy Inc. to offer insight into 

scaling effects associated with the small original screws discussed above. The new laboratory featured 

ASGs with outer diameters of at least 12.5 inches – still laboratory-scale screws, but much larger. The 

new experimental system allowed for much more variability in testing at a larger scale. The lab was 

originally designed with 10 different screws all with outer diameters of about 12.5 inches, but later six 
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more screws were added with outer diameters of about 15 inches. Table 3-2 shows the dimensions of 

the screws in the larger screw laboratory. 

Table 3-2: Screw sizes in the larger Archimedes screw laboratory. 

 

As can be seen in Table 3-2, the screws had varying outer and outer diameters, pitch, number of 

flights, and flighted length, and had the capability to be tested at a wider range of inclination angles. 

Screws 11 through 16 were all built later in order to test a larger diameter of screw (potentially offering 

more insight into scaling effects). The larger diameter screws were built in sets of three that had 

common parameters except for their flighted length; this allowed for insight into the effect of screw 

length on performance and power production. In previous testing it was found that the optimal ID/OD 

ratio was somewhere between 0.40 and 0.53, so a ratio of 0.44 was selected to test a point within this 

range. It was also found that 4- and 5-bladed screws performed better, and so the newer screws were 

built with four blades.  

All the screws can be easily installed and removed from the large screw laboratory’s 

experimental system using an overhead winch. The system is shown in Figure 3-2; works carried out 

with this experimental apparatus include [17], [44], [48], [98], [99], [100]. 

Screw 

Code
Outer Diameter, Do

(in)

Inner Diameter, Di

(in)

ID/OD ratio Pitch, S

(in)

Number of 

Flights

Flighted Length, L

(in)

1 12.43 6.625 0.53 17.50 3 48.0

2 12.45 6.625 0.53 12.50 3 48.0

3 12.47 6.625 0.53 10.00 3 48.0

4 12.48 5 0.40 12.50 5 48.0

5 12.46 5 0.40 12.50 4 48.0

6 12.45 5 0.40 12.50 3 48.0

7 12.45 5 0.40 12.50 3 25.0

8 12.43 5 0.40 12.50 3 16.0

9 12.46 4 0.32 12.50 3 48.0

10 12.44 4 0.32 17.63 4 20.5

11 15.00 6.625 0.44 12.00 4 18.8

12 15.00 6.625 0.44 12.00 4 24.3

13 15.00 6.625 0.44 12.00 4 37.5

14 15.00 6.625 0.44 15.00 4 18.8

15 15.00 6.625 0.44 15.00 4 24.3

16 15.00 6.625 0.44 15.00 4 37.5
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Figure 3-2: Large screw lab apparatus. 

This testing system works similarly to the original smaller-scale apparatus. It will be described 

here in more detail since experiments reported later in this thesis was carried out in this system. There 

are three water basins in the system: a weir basin (not included in the schematic in Fig. 3-2 but visible in 

the photograph), upper basin, and lower basin. Taking a similar starting point as before, the upper basin 

is filled with water by means of a recirculating pump. The flow in the system is set by changing the 

frequency setting on the system’s water pump. As the water passes through a flow meter toward the 

upper end of the system, the flow rate is measured through the system. It fills the weir basin first, 

exiting that basin through a pair of Cipoletti weirs in order to manually verify that the flow meter is 

measuring flow rate correctly. The Cipoletti weirs are used to verify flow rate in conjunction with the 

following relationship. 

 𝑄𝑐𝑤 = 3.367𝐿𝑐𝑤ℎ𝑐𝑤
3/2

 (3-1) 

Where 𝑄𝑐𝑤 is the flow rate through a Cipoletti weir, 𝐿𝑐𝑤 is the length of the bottom edge of the 

weir, and ℎ𝑐𝑤 is the height of water above the bottom edge of the weir. Each of the three water basins 

are equipped with Omega PX309-001G5V depth sensors in stilling wells to digitally record the water 

levels of each test – allowing water head in the system to be calculated simply. Manual water level 

readings are also recorded during each test to verify water levels. 
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After filling the upper basin, water flows through the ASG (where data is sampled and collected 

as discussed shortly) and into the lower basin. The depth of the water in the lower basin is controlled by 

a weir system to set the outlet water level to the desired position (i.e. flooding or starving the bottom of 

the screw). The water overflows the weirs in the lower basin and enters the recirculating pump, which 

then restarts the cycle by pumping water into the weir basin on the top end of the apparatus. 

Stepping back a bit, as the water flows through the screw a few parameters are sampled and 

recorded, namely, the rotational speed, torque, and bucket fill height. The screw was mounted to a face 

plate in the upper basin that can rotate along its bottom axis to change screw inclination angles. Once 

set, the water will pass through the screw, cause the screw to rotate, and pass into the lower basin. The 

screw was mounted by a keyed shaft to a variable frequency drive (VFD) motor, which is used to lock the 

screw at a set rotational speed. After the rotational speed is set, it is measured with a non-contact 

magnetic switch-based tachometer that is continuously recorded. Rotational speed measurements are 

confirmed with a handheld optical tachometer.  

To measure the torque, a moment arm is attached to the VFD motor as shown in Figure 3-3. 

 

Figure 3-3: Set up of torque arm off VFD gear motor. 
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As can be seen, one end of the moment arm is fixed to the motor, while the other end is fixed to 

the frame via a strain gauge to lock rotation. The force across the strain gauge is linearly proportional to 

the torque in the system by the following relationship. 

 𝑇𝑡𝑜𝑡 = 𝐿𝑀𝐴 ∙ 𝐹𝑆𝐺 = 0.275 ∙ 𝐹𝑆𝐺  (3-2) 

Where the total torque measured in the system is equal to the product of the length of the 

moment arm (𝐿𝑀𝐴 = 27.5 𝑐𝑚) and the force across the strain gauge (𝐹𝑆𝐺). With the torque and the 

rotational speed known, the mechanical power of the screw can be calculated with Eqn. 1-7. 

The screw also features a pressure transducer along its trough that is used measure fill height as 

shown in Figure 1-4. It measures the pressure of water above it which is proportional to the depth of 

water in the buckets. This depth is then used to find the dimensionless fill height ratio of the ASG as 

discussed in section 1.3 ASG Geometry and Definitions above. This measurement is verified qualitatively 

by observing flow throughout the screw (i.e. the fill height is observed to be 𝑓 < 1, 𝑓 = 1, and 𝑓 > 1 – 

essentially noting if overflow is not occuring, about to occur, or occuring, respectively). 

3.2 Experiments Overview 

A few experiments were carried out to gain insight into ASGs and to validate the CFD model 

presented later. They are as follows: dynamic validation experiments (traditional screw tests), 

inclination angle tests, and static validation experiments (flooded screw tests). 

3.2.1 Dynamic Validation: traditional screw tests 

A large range of experimental data had been gathered for ASGs at the University of Guelph. For 

the puposes of this thesis and validating the CFD model, only the data collected for screw 2 (cf. Table 

3-2) will be utilized. Data for screw 2 was collected for six different rotational speeds (20, 30, 40, 50, and 

60 RPM), five different flow rates (6, 8, 10, 12, 14 L/s), and three different outlet fill heights (0%, 30%, 
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and 60%). For the purposes of these validation experiments, the inclination angle remained constant at 

24.5°.  

As described above, the RPM was set with the VFD gear motor, measured with a magnetic 

switch-based tachometer, and verified with a handheld optical tachometer. The flow rate was set by 

changing the frequency of the pump in the lower basin, measured with a flow meter, and verified with 

Cipoletti weir relationships. The outlet water level was set by adjusting the weir in the lower basin just 

before the feed for pump recirculation. The water level in the lower basin was measured with a depth 

sensor in a stilling well. The depth in the lower basin was then used in the following trigonometric 

relationships to determine the outlet fill height of the screw. 

 𝑂𝑊𝐿 =
ℎ𝐿𝐵 − ℎ𝐿𝐵𝑚𝑖𝑛

ℎ𝐿𝐵𝑚𝑎𝑥
− ℎ𝐿𝐵𝑚𝑖𝑛

 (3-3) 

Where ℎ𝐿𝐵 is the measured depth of water in the lower basin, ℎ𝐿𝐵𝑚𝑖𝑛 is the height from the 

bottom of the lower basin to the bottom of the screw’s trough, and ℎ𝐿𝐵𝑚𝑎𝑥 is the height from the 

bottom of the lower basin to the top of the screw.  

Once a specific setting is made (i.e. a test is carried out at a rotational speed of 40 RPM with 10 

L/s of flow and an outlet fill height of 60%) a data acquisition device (DAQ) sampling program is used to 

read and log the sensors for a period of 60 seconds at a sampling frequency of 1000 Hz. Readings of the 

weir basin depth, upper basin depth, lower basin depth, bucket fill pressure, torque, flow rate, and 

rotational speed are all logged for the sample period. Coupled with the screw’s geometry, these may be 

used to determine the mechanical power of the ASG for the given scheme, the power available in the 

flow, the bucket fill height, bucket flow rate, an estimate of the leakage flows, and the overall screw 

efficiency, as well as many other post processing calculations. Once a run is carried out, the settings are 

changed to map the next required data point. This process was carried out until a comprehensive 
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dataset was acquired. The dataset currently comprises nearly 1500 points, each point is one of the 60 

second runs of unique ASG parameters discussed above. There is a massive amount of data that may still 

be analysed, but for the purposes of this thesis, the data will be used to validate the CFD model, which 

will act as a n extension of the experimental apparatus – allowing for an in-depth visualization of the 

flows in the screw buckets, through the gap, and along the blades themselves. 

3.2.2 Static Validation: flooded screw tests 

The final set of experiments were carried out similarly to those above, however, a new fixture 

was designed and built to carry out testing on a flooded screw with greater accuracy. The flooded screw 

tests are different from the usual testing described above in that they are carried out when the screw is 

locked from rotation such that all flow that enters the screw will pass through as either gap leakage or 

overflow leakage. In this case, the flooded screw experiment was carried out to provide some static 

validation to the CFD models that will be presented later. The CFD simulation can output a pressure 

graph as shown in Figure 3-4 when a sample line is drawn along the bottom of the trough, as shown in 

the left part of the figure. 

 

Figure 3-4: Sample pressure line along bottom of trough in red (left) and pressure with respect to point along the sample line 
(right). 

The plot maps out the pressure in each of the four buckets. The peaks are representative of the 

high pressure at the top of the bucket, and the valleys represent the low pressure through the screw’s 



44 
 

gap (between the blades and the trough). Recalling Figure 1-4, there is a pressure transducer on the 

trough that is used to find the depth of water in each bucket. Since the sensor is installed at a single 

point on the trough, it is only able to find a single point of pressure from the trough pressure line shown 

in Figure 3-4. This is not a problem in a dynamic experiment (like the screw 2 tests and inclination angle 

tests described above) since the buckets will move past the sensor; at a sample rate of 1000 Hz, the 

pressure line shown in the figure above may be easily generated with higher resolution. The problem in 

the static experiments is that the screw is locked from rotation, and so it will only sample one point in a 

water bucket continuously (i.e. since the buckets do not translate past the sensor it will only sample a 

single point along the pressure line demonstrated in Figure 3-4). To sample multiple points in a bucket 

experimentally using the larger screw laboratory equipment, the screw must be able to rotate to a new 

position and re-lock its blades from moving. By moving the blades, the bucket will translate and a new 

point along the pressure curve may be sampled. Therefore, a fixture was designed to allow the screw to 

accurately index to 16 different angular positions and lock from rotating. An assembly drawing of the 

fixture and a picture of the fixture are shown in Figure 3-5. 

 

Figure 3-5: Flooded screw test fixture design. 
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The fixture is comprised of two main components: the sleeve and the moment arm. The sleeve 

has a keyway and set screw that allows it to mount directly to the lab-scale ASGs’ shafts. The sleeve is 

shown in Figure 3-6. 

 

Figure 3-6: Flooded screw test fixture sleeve. 

Once the sleeve is mounted to the screw’s shaft it will rotate along with the screw. The sleeve 

has a hub with a 16-hole circle clearance fit for two locating pins on the moment arm. The 16 different 

holes allow for 16 different angular locations of the screw to be tested. The moment arm component is 

shown in Figure 3-7. 

 

Figure 3-7: Flooded screw test fixture moment arm. 
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The moment arm slides over the sleeve component and its pins engage with the pinholes on the 

sleeve’s hub to lock the arm in rotation with the sleeve and thusly the screw. A jam nut is then threaded 

on to the sleeve to jam the moment arm against the sleeve, locking them together axially and 

rotationally. The end of the moment arm is then fixed to the ASG frame by the strain gauge, allowing the 

torque of the flooded screw, locked from rotating, to be measured.  

For each test, the moment arm is installed, the jam nut is engaged, and the screw flooded. After 

which, the DAQ program is run, and data collected from the apparatus’ sensors. The jam nut is then 

loosened, the moment arm unpinned from the sleeve, and the screw rotated to the next desired angular 

position. After a new position is found, the moment arm is pinned back to the sleeve and the jam nut 

reinstalled. This was repeated until all desired angles were tested.  

This experiment was carried out for flow rates of 0.5, 1, 2, 3, 4, 5, and 7 L/s at 8 different angular 

locations. The test at 2 L/s was carried out at all 16 different angular locations of the fixture to provide a 

higher resolution dataset. The other tests may then be interpolated and compared to the high-

resolution result to extrapolate their other pressure-line values. 

The fixture design discussed in this section is shown in Appendix B. 

The results of this experimentation will be discussed in the validation sections of the following 

chapters (sections 4.2.1 and 5.3.1). 
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4 Single Bucket Simulation 

Two main simulations were carried out in this thesis: the single-bucket simulation and the four-

bucket simulation. This chapter will focus on simulations of a single bucket within an operating 

Archimedes screw generator. The advantage of this single bucket simulation over a full-scale screw 

simulation is that it allows for a detailed focus on the motion of the fluid within a single bucket of a 

screw. In a simulation of an entire full-scale screw, the mesh must remain relatively coarse within the 

buckets to keep the simulation computationally feasible. Full-scale simulations of ASGs, like the one 

presented by Dellinger [62], tend to focus on more macro-oriented perspective of screw performance 

(i.e. the power the screw will generate and how much total torque is on the blades). These simulations, 

however, are generally not detailed enough for investigating the gap flow and kinetic energy losses 

within the buckets themselves, since those details happen on much smaller scales. The single bucket 

simulation allows for a much more refined and detailed mesh structure within the buckets, but in order 

to do this, a few assumptions must be made. It was assumed that no gap flow exists within the bucket; 

the gap was removed to model the single bucket. Removal of the gap and associated flow also 

eliminates any inflow and outflow from the bucket, isolating the turbulent effects caused by the screw 

and trough. This means that any turbulent motion within the bucket is due to the relative motion of the 

blades and trough alone. This isolation of these phenomena allows for the an in depth, isolated analysis 

of wall shear stress and the kinetic energy of fluid within a screw bucket without the effects of gap 

leakage. 

4.1 Model Design 

A model of the simulation domain was developed in SolidWorks (v.26, Dassault Systèmes 

SolidWorks Corp., Waltham, MA) using the dimensions given in Table 3-2 for Screw 2. First, a three-
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dimensional model of the entire screw was drawn, and then the simulation domain for a single bucket 

was extracted from the geometry as shown in Figure 4-1. 

 

Figure 4-1: Screw 2 geometry with single bucket simulation domain shown in red (left) and the domain itself shown with 90% 
opacity to expose the hidden lines. 

The SolidWorks model of the single bucket domain was then used to measure the coordinates of 

important points of the geometry to develop the mesh with the OpenFOAM utility, blockMesh. The 

blockMesh utility is the most basic mesh generating utility in OpenFOAM, and will generate the simplest, 

well-structured meshes from block-like geometries. For complex geometries such as the helical cylinder 

that is the Archimedes screw domain shown above, blockMesh is usually used to define a bounding box 

that will encompass the geometry. Afterwards, the OpenFOAM utility snappyHexMesh is used to snap 

the mesh of the bounding box to an STL file (surface triangulated file) that defines the mesh domain. 

This works well to define the mesh for complex geometries, but often leaves the resulting mesh less 

structured and more complex than it needs to be. As such, the mesh for the single bucket simulation 

was created using only blockMesh. Though it was a very tedious task to create this complex helical mesh 

using only the blockMesh utility, the result was a very well-structured mesh.  

To use blockMesh easily, the geometry was split into four block-like sections. The utility includes 

an arc function that allows a block edge to be rounded. Figure 4-2 demonstrates the blockMesh 

generation for the four sections before and after the edge-arcing was applied. 



49 
 

 

Figure 4-2: Side (left) and front views (right) of the raw blockMesh geometry (top images) and after the arc rounding 
functions are applied (bottom images) 

After the mesh is generated, the internal walls between each of the sections were merged – 

essentially making the mesh one domain, rather than 4 separate sections. Grading was then applied at 

the edges of the mesh to provide greater definition at the walls.  

Figure 4-3 shows the final mesh used for the single bucket simulations.  

 

Figure 4-3: Mesh for single bucket simulation 

The mesh domain has 288000 hexahedral cells with a maximum aspect ratio of 8.69. The mesh 

has a maximum skewness of 1.23, and a non-orthogonality average and maximum of 20.4 and 33.7, 
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respectively. After running a mesh check with OpenFOAM’s checkMesh utility, the mesh was accepted. 

It has a total volume of 0.00584 m3 (5.84 L), with a maximum cell volume of 8.883 × 10−8 m3 and 

minimum cell volumes of 3.813 × 10−10 m3 in the corners. The mesh has its highest refinement in the 

corners and along the blade and trough faces. 

As can be seen, the boundaries are refined due to the grading discussed above. This allows the 

mesh to capture the effects of the moving walls of the screw, and their effect on fluid motion. These 

moving walls and other boundary conditions will be discussed in the next section. 

4.1.1 Boundary Conditions 

Each of the boundaries in the mesh were given a specific set of boundary conditions to 

compliment the k-ω SST solver used for these simulations. Table 4-1 shows the boundaries of the single 

bucket simulation with their field values and field definitions – each will be described below. 

Table 4-1: Boundaries of single bucket simulation with field values and field definitions 

 

Blades Trough

Dispersed phase 

volume fraction
α -

zero-normal 

gradient

zero-normal 

gradient

zero-normal 

gradient with a 

conditional 

uniform value

Turbulence kinetic 

energy
k m2/s2

Neumann 

boundary k-wall 

function

Neumann 

boundary k-wall 

function

zero-normal 

gradient with a 

conditional 

uniform value

Eddy kinematic 

viscosity
νT m2/s2

found based on 

turbulence 

kinetic energy

found based on 

turbulence 

kinetic energy

the boundary 

has been 

calculated 

previously

Specific dissipation 

rate
ω 1/s

Menter's shear 

stress transport

Menter's shear 

stress transport

zero-normal 

gradient with a 

conditional 

uniform value

Dynamic pressure prgh kg/(ms2)

found based on 

velocity 

boundary

found based on 

velocity 

boundary

total pressure 

of 0

Velocity U m/s
rotating wall 

velocity

moving wall 

velocity

zero-normal 

gradient with a 

conditional 

uniform value

Field
Walls

AtmosphereUnitSymbol
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The dispersed phase volume fraction (𝛼) is the variable used by interFoam’s volume of fluid 

method to define the two phases of the simulation. Zero normal gradient conditions are applied at the 

wall surfaces – meaning that the value for the phase at the boundary was taken to be the value of the 

cell centre nearest to the boundary node. For well refined meshes (where the cells nearest the wall are 

small), this is a reasonable assumption since the nearest cell centre is often very close to the boundary. 

For the atmospheric boundary, a hybrid zero-gradient and fixed value condition was applied (called 

inletOutlet in OpenFOAM). Essentially, this definition applies the zero normal gradient condition at the 

boundary in cases of outflow, but when there is inflow it applies the specified value at the boundary (in 

this case 𝛼 = 0). With respect to the phase, this means that both the water and air phase can exit the 

system (under the zero-gradient condition), but if there is inflow from the atmosphere boundary it will 

only be in the air phase (𝛼 = 0). 

The next boundary field is the turbulence kinetic energy (𝑘), as mentioned in Section 2.2, it is 

part of the turbulent closure for the solver. For the walls, a k-wall function that applies the Neumann 

boundary condition was implemented – a pure zero-gradient boundary condition [101]. In OpenFOAM, 

this function is called the kqRWallFunction. Again, the boundaries for the atmosphere are given as the 

inlet-outlet function, applying a zero-gradient in cases of outflow, and a fixed value for inflow. The fixed 

value is equal to the value of the internal fields of the simulation. This is because the atmosphere 

boundary acts similarly to the internal fields of the simulation with respect to turbulence kinetic energy 

(it is a non-confined surface). 

The eddy kinematic viscosity (𝜈𝑇) is a parameter used in modeling turbulent flows and may 

sometimes be called the turbulent viscosity. It is used to represent the transfer of momentum by eddies 

(circulation of fluid brought about by pressure irregularities) which induces an internal fluid friction; this 

internal fluid friction acts similarly to viscosities of fluid in laminar flows, hence its name. The eddy 
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kinematic viscosity of a turbulent flow is generally on the order of about 1 𝑚2/𝑠 in practise, much higher 

than the typical order of the molecular viscosity of the fluid (10−6 𝑚2/𝑠) [68].  

The boundary conditions use OpenFOAM’s nutkWallFunction with a uniform value of 0. This 

function finds the eddy viscosity with respect to the turbulence kinetic energy; essentially tying this 

boundary in to the one previously defined. When using this boundary condition, it is best to have the 

first cell-centre within the logarithmic region of the boundary layer flow [82]. The atmosphere uses the 

calculated boundary condition. This is an internal OpenFOAM callout that essentially means, “this value 

has been calculated already”, and is usually a function of the other initialized boundary fields. 

Next is the specific dissipation rate (𝜔) which can be thought of as the frequency of the 

turbulence. Specifically, it is the rate at which the turbulence kinetic energy is converted into thermal 

internal energy per unit volume and time. The wall boundaries are defined with Menter’s shear stress 

transport system discussed in Section 2.2 is implemented (This is found in OpenFOAM’s 

omegaWallFunction utility). It can switch between viscous and logarithmic relationships according to the 

position of 𝑦+. In the region between the two, it blends both the viscous and log relationships to find 

the value in the sub-layer. This allows the simulation to run with the best possible simulation accuracy 

given that the values of 𝑦+ are not favourable within the gap region. The values of 𝑦+ are very small 

through the gap region because the gap width is only 2 mm and required a high resolution (at least 10 

nodes) to simulate flow through it. So, Menter’s shear stress transport model is the best turbulent 

closure model to apply in this case, since it can deal well with varying values of 𝑦+. For the specific 

dissipation rate field, the atmosphere is defined as an inlet-outlet boundary again, similarly to the fields. 

Conditions on the dynamic pressure (𝑝𝑟𝑔ℎ) field were also defined at the boundaries. Dynamic 

pressure (or velocity pressure), is the pressure on the system as kinetic energy per unit volume of a fluid 

– in other words, pressure caused by fluid motion. The wall boundaries of the simulation were defined 
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with a condition that the dynamic pressure at the walls is a function of the velocity boundary condition 

(described next). Essentially, since the dynamic pressure is a function of velocity, this condition defers 

setting pressure at the boundary in this field and relates it to the velocity value given in the velocity field 

definition to avoid over defining the model (OpenFOAM’s fixedFluxPressure condition). The atmosphere 

was given a total pressure of zero. This means that the total pressure at the atmospheric boundaries 

were set to zero-gauge pressure to simulate a non-confined, open-air environment. 

Lastly, velocity (𝑈) boundary conditions were defined for the geometry (visualized in Figure 4-4). 

For every other field, it didn’t matter if the wall boundaries were moving or not, their definition 

depended on the fact that the walls were solid, and which wall-functions should be used to treat them. 

The velocity field is where the wall boundaries will be split according to their motion (i.e. fixed walls, 

rotating walls, etc.). In the case of this single bucket simulation, the blades and inner cylinder of the 

screw are rotating about the centre axis of the screw with a varying rotational speed. The trough 

boundary is translating along that same centre-axis with the corresponding transport velocity (𝑣𝑡), found 

using: 

 𝑣𝑡 =
𝑆𝜔

2𝜋
 (4-1) 

In the simulation, the transport velocity is applied to the trough as a component vector to 

account for the 24.5° inclination angle. The atmospheric patches are given OpenFOAM’s 

pressureInletOutletVelocity condition with a uniform value of zero. With this condition applied, there is a 

zero-gradient condition applied for outflow, while the component of the internal cell value that is 

normal to the atmospheric boundary is taken in instances of inflow. Seven simulations were carried out, 

one for each rotational speed of 0, 20, 30, 40, 50, and 80 RPM. 
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Figure 4-4: Velocity boundary conditions at the domain walls for the 50 RPM case. The whole domain is shown on the left, 
the right is zoomed in to reveal the direction of the wall’s translational and rotational velocities. 

Details on the OpenFOAM solver implemented and how the simulation was run are shown in 

Section 8.1 of Appendix A. To sum up, OpenFOAM’s interFoam solver was implemented in conjunction 

with the k-omega SST Menter model for turbulence closure and the improved interFoam Volume of 

Fluid method. The solver was run for a domain at an inclination angle of 𝛽 = 24.5° and a range of 

rotational speeds mentioned above. 

4.2 Results 

The model will first be validated by comparing it to experimental data. Afterwards, the results will 

be reviewed to draw observations about how the torque of the screw changes with rotational speed, 

the kinetic energy associated with the moving water within a bucket, pressures along the screw trough, 

fill heights and surface waveforms within a bucket, and the wall shear stress on a screw blade. 
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4.2.1 Validation 

The model was validated using data from both the dynamic and static experiments described in 

sections 3.2.1 and 3.2.2. For this single bucket simulation, the solver was run to solve 120 seconds of 

simulated flow; the last 10 seconds of simulated time was run with extra post processing scripts to 

sample all the desired data fields. Unless otherwise noted, all simulations results discussed in the 

following section are the time-averaged values of the parameters between 110 and 120 seconds. For 

validation purposes, these included the power generated by the screw and the pressure along the 

bottom of the bucket (along the trough) for the dynamic and static validations, respectively.  

The dynamic validation case data was from a very large dataset as described in section 3.2.1; 

this dataset has also been utilized in two published works [48], [98]. It should be noted that all the 

simulated results were designed to run at a fill height of 𝑓 = 1. The experimental data were obtained 

across a wide range of flow rates, rotational speeds, and outlet conditions, and for a specific observation 

the fill height (which is dependent on each of these inputs) may not necessarily have been exactly f = 1. 

Therefore, the experimental results were linearly interpolated to obtain a best estimate of the power 

generated that would have been observed at a fill height of 𝑓 = 1 corresponding to the simulations. A 

comparison between the experimental and simulated results is shown in Figure 4-5. For comparison to 

the experimental results, the results from the single bucket simulations were extrapolated to the entire 

screw assuming identical conditions in all buckets. For example, Screw 2 has an average of 11.52 buckets 

during its operation (nb = L/SN) so the power predicted from a single bucket is multiplied by 11.52 to 

produce the power numbers shown in Fig. 5-7. 
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Figure 4-5: Experimental and simulated power changing with respect to rotational speed 

Figure 4-5 shows that the results of the simulation agree well with the experimental results. The 

simulation predicts a slightly higher power output than observed experimentally, and this difference 

increases as the rotational speed increases. Table 4-2 shows the differences between the simulated and 

experimental results. 

Table 4-2: dynamic validation - comparison of simulated data to experimental data 

 

The simulation over-predicts power up to 9% when compared to the experimental data, with an 

average deviation of 6.8%. This variation can be accounted for by examining the differences between 

the experiment and the model assumptions. The experimental results include several losses not 

considered by the single bucket simulation. Some significant losses in the experimental results include 

the inlet and outlet losses and mechanical losses due to bearing friction.  

(RPM) (%) (W) (%)

40.00 28.38 39.88 27.11 0.125 0.31% 1.27 4.48%

50.00 35.21 50.02 32.91 0.018 0.04% 2.30 6.54%

60.00 41.92 59.98 38.84 0.024 0.04% 3.08 7.35%

80.00 54.11 80.02 49.26 0.021 0.03% 4.85 8.97%

Simulation Data Experimental Data Deviation

Speed

(RPM)

Power

(W)

Speed

(RPM)

Power

(W)

Speed Power
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Also, the simulation is run with the goal of reaching steady state conditions. Experimentally, the 

bucket is not likely to reach steady state since any given bucket of water forms, traverses the screw and 

exits within a few seconds. It is suggested that the kinetic energy within a bucket may be much larger 

when it is not under steady conditions and this will result in some additional losses associated with it 

that are not included in the transient model once steady state is reached. This loss will be termed the 

bucket kinetic energy loss and will be described in more detail shortly.  

The model is also a representation of a geometrically perfect screw and does not include a gap 

between the blades and trough. The experimental apparatus has some imperfections along its blade 

surfaces that may change frictional losses slightly. It also has a gap between the blades and the trough 

with an average width of 2 mm, incurring additional gap leakage losses not accounted for in the single 

bucket simulation. 

It is important to note that the divergence between the model and experimental results 

increases as the rotational speed increases. This should be occurring since most of the losses discussed 

above (e.g. bearing and fluid friction) will increase with the rotational speed. As the rotational speed 

increases so too do the bearing losses in the screw, and the bucket kinetic energy loss, since the 

turbulence in an unsteady bucket will be higher as the blades churn the water faster. Altogether, the 

dynamic results agree well enough to suggest that the model is valid. Another validation check will be 

carried out to compare the model to a static (0 RPM) bucket. 

The static validation experiment was described in Section 3.2.2. This primary purpose of this 

experiment was to measure the static pressure occurring at the bottom center of the screw bucket at 

different angular positions of the screw. In this experiment, the screw was locked in position and 

flooded to measure the pressure of water at the bottom of each bucket. A range of flows (0.85, 2, 3, 4, 

and 5 L/s) were set for the experiment to maintain water within the buckets. If the flow was set to 0, the 
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water would drain out of the buckets through the ASG’s gaps. This range of flows covered the smallest 

flow rate the pump could reliably deliver (0.85 L/s), to a flow rate that overflowed not only the buckets, 

but the screw’s trough as well (5 L/s). At the lowest flow rate, the bucket was still at a fill height of about 

𝑓 = 1.12, while the single bucket simulations were all carried out at a fill height of 𝑓 = 1. So, the 

experimental results were adjusted to change the pressure in the stalled bucket to reflect a fill height of 

𝑓 = 1. This was achieved by calculating the height of water in the experimental bucket, and the 

difference between that and the height at 𝑓 = 1. This was done by manipulating Eqn. 1-2 as shown 

below. 

 𝑧𝑤𝑙 = 𝑧𝑚𝑖𝑛 + 𝑓(𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛) (4-2) 

Since the relationship between static pressure and water depth is linear, the difference in height 

(∆𝑧) between 𝑧𝑤𝑙 when 𝑓 = 1.12 and 𝑧𝑤𝑙 when 𝑓 = 1 was found and converted to a pressure (∆𝑝) as 

shown in the equation below. 

 ∆𝑝 = 𝜌𝑔∆𝑧 (4-3) 

Since there was no rotation in the experimental screw, and the flow rate was low (i.e. 0.85 L/s), 

the system was assumed to operate statically. Thus, the change in water level in the screw was assumed 

to only affect the static pressure in the system. The value of ∆𝑝 (Eqn. 4-3) was then subtracted from the 

pressure determined experimentally to represent the trough pressure of the experimental screw at a fill 

height of 𝑓 = 1. For example, at a fill height of 𝑓 = 1, the corresponding water level is 𝑧𝑤𝑙 = 0.156 for 

screw 2’s geometry, and for a fill height of 𝑓 = 1.12, 𝑧𝑤𝑙 = 0.1747 resulting in ∆𝑧 = 0.0187.  This value 

of ∆𝑧 corresponds to a pressure difference of ∆𝑝 = 183.1 Pa. The results of this are shown in Figure 4-6 

(for static validation) where the experimental results at 𝑓 = 1.12, the adjusted experimental results at 

𝑓 = 1, and the simulated results are shown (the results of the simulated trough pressures are also 

shown later on in Figure 4-14). In Figure 5-8, the angular position of the screw has been converted to a 
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distance along the screw, to reflect that in each case the (fixed) pressure tap is in a different relative 

location within the bucket. 

 

Figure 4-6: Pressure along trough static validation. 

The results agree within an average deviation 21.6% for the experimental results and an average 

of 13.75% for the adjusted experimental results. The pressure transducer was calibrated before the 

experiments were carried out. It was installed in the screw trough and sampled to find an offset value 

when the screw is empty, and when the screw has a bucket fill height of 𝑓 = 1. The deviation in the 

results may be explained by a couple of things. Firstly, the fill height of the experimental data was more 

than 𝑓 = 1 and, even though it was adjusted, the adjusted experimental pressure will not account for 

any dynamic pressure in the bucket, particularly since it was assumed the bucket was static. There will 

still be significant fluid motion in the bucket as overflow and gap leakage are prevalent. It is suggested 

that some of the difference between the experimental and simulated results may be due to the pressure 

transducer experiencing some effects of the dynamic pressures in the system. This is suggested by the 

different relative pressure differences observed at the first and last points in Fig. 4-8 where the pressure 

tap is near or directly under the edge of the screw blade. The single bucket simulation is also slightly 

(radially) shorter than one of screw 2’s buckets because it does not include the gap width in the bucket 

height (i.e. the simulation bottoms out at the tips of the blades rather than at the trough, accounting for 

a few millimeters of height difference). This accounts for some difference in the static pressure of the 
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system. As well, if the screw is not perfectly aligned between the upper and lower bearings, the value of 

𝑧𝑚𝑎𝑥 may be different than the simulation, accounting for some more deviation in the height of the 

domain.  

Overall, the dynamic testing suggests the model is valid, and the trends shown through the 

static testing suggest that the model is valid, but that there is a static offset (incurred potentially during 

calibration) that may account for the difference between the two. Altogether, the evidence shows that 

the model predicts the trends experienced in an Archimedes screw bucket well, and it is proposed that 

the results of the model simulations are valid. These results will be presented below. 

4.2.2 Torque with respect to Rotational Speed 

The first analysis of the simulation data will be examining the relationship between rotational 

speed and torque. The ASG converts the power available in the water into mechanical power that may 

then be converted into electricity. The mechanical power is the product of the torque and the rotational 

speed of the screw, as shown in Eqn. 1-7. In a simulation, the component of total pressure in the 

rotation direction on the blade surfaces is sampled and integrated in polar coordinates along the blade 

surface to yield the torque on the downstream and upstream blades. The pressure on the upstream face 

of the blade is called 𝑝1, while the pressure on the downstream face of the blade is called 𝑝2, as shown 

in the figure. 

 

Figure 4-7: Blade face definition. Trough is cut away to expose the blade faces - the upstream blade pressure (p1) and 
downstream blade pressure (p2) are shown on their respective blade faces. 
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So, the torque is then found as the integral of the pressures over the area, using polar 

coordinates, as shown below. 

 𝑇1 = ∑ 𝑝1𝑛

𝑆

2𝜋
𝑟 𝑑𝑟 𝑑𝜃

𝑛

𝑖=1

 (4-4) 

 𝑇2 = ∑ 𝑝2𝑛

𝑆

2𝜋
𝑟 𝑑𝑟 𝑑𝜃

𝑛

𝑖=1

 (4-5) 

 𝑇 = 𝑇1 − 𝑇2 (4-6) 

 𝑇𝑡𝑜𝑡 = 𝑛𝑏𝑇 (4-7) 

where 𝑇1 is the torque on the upstream face of the blade, 𝑇2 is the torque on the downstream blade 

face, and 𝑇 is the torque of a single blade. The torque on the entire screw (𝑇𝑡𝑜𝑡) may then be calculated 

as shown in Eqn. 4-7; it is a function of the torque of a single blade, and the number of buckets in the 

system (𝑛𝑏). 

The concept being considered is this: if the non-static effects are impacting the torque on the 

screw blades, the total torque should be affected by the rotational speed. As the rotational speed 

increases, the wall shear increases and thus the frictional losses on the blades would be expected to 

increase. It seems that the torque is not greatly affected by the rotational speed, but that a trend of 

decreasing torque with increasing rotational speed is apparent. Moreover, if the torque and rotational 
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speed are scaled and plotted again with a secondary y-axis for the fill height, this effect may be 

explained. 

 

Figure 4-8: Effect of rotational speed on screw torque - scaled to fill height. 

The torque changes as the fill height changes. Though the simulations were carried out to 

maintain a fill height of 𝑓 = 1, overflow leakage was more prevalent at higher speeds. Still, the 

simulations were carried out to have a fill height of 𝑓 = 1 ± 0.015 (i.e. within 1.5%). This demonstrates 

that the torque in a screw bucket is very much a function of the static pressure, and that the dynamic 

pressure is less significant by a large magnitude. The fill height of the bucket corresponds directly to the 

static pressure of the bucket (cf. Eqn. 4.3). Since this is simulated data, the minor differences between 

the fill height data points and torque data points must be due to other phenomenon other than noise. 

That said, the torque is not exclusively a function of the static pressure in a bucket, but it does dominate 

the relationship. To explore this further, the kinetic energy within a screw bucket and the wall shear 

stress on the blades were analysed. 

4.2.3 Kinetic Energy in a Bucket 

The kinetic energy of the fluid in a screw bucket was calculated next. A post processing script 

was designed to use the sampled data in the bucket and find the kinetic energy (𝐸𝑘) of the moving fluid, 
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in a similar approach as done for calculating the torque. The total kinetic energy associated with the 

water in a bucket is 

 𝐸𝑘 = ∑
1

2
𝑚𝑛�̅�𝑛

2

𝑛

𝑖=0

 (4-8) 

where n is the number of cells containing water, each mesh cell’s mass is  𝑚𝑛 and velocity magnitude in 

a cell is �̅�. This method was used to determine the kinetic energy within a bucket for each of the 7 

simulated rotational speeds. Fluid velocities were sampled at specific points throughout the simulation 

domain using OpenFOAM’s “probe” utility. After the simulation time of 110 seconds, the velocities of 

each probed point seemed to converge to a consistent value, and the flow patterns in the bucket 

seemed to reach a steady state condition. 

Figure 4-9 shows values of Ek plotted alongside the total turbulent kinetic energy (𝑘) in the 

bucket. Where the kinetic energy is found as a function of the calculated velocities of each cell, the 

turbulence kinetic energy is found with the implemented turbulence model. Note that the kinetic energy 

and turbulence kinetic energy were time averaged for 10 seconds of the simulation domain operating 

under steady state conditions. They are shown in units of power, allowing for a more direct comparison 

between the power in the fluid motion of a bucket and the total power created by the screw.  
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Figure 4-9: Total bucket kinetic energy (𝑬𝒌) and total bucket turbulence kinetic energy (𝒌) with respect to rotational speed. 

The bucket fluid becomes more turbulent as the rotational speed increases and that the kinetic 

energy of the buckets increases as well. It is important to note that the kinetic energy found with Eqn. 4-

8 is a function of any fluid movement in the screw’s buckets in the steady state cases shown. Since the 

screw is a device primarily driven by static pressure (i.e. converting mainly static pressure into 

mechanical power) any surplus fluid motion in the bucket may be considered a loss. The exception to 

this is if the fluid motion is in the direction positive and normal to the blade face so that it may aid 

rotation as a dynamic pressure. It is also important to note that, though a trend does exist for kinetic 

energy in a bucket, the energy is very small (less than 0.3 J/s for a screw that produces less than 60 W). 

It is theorized that under steady state conditions, the kinetic energy should be smaller than under usual 

operating conditions. This is because the relative velocities of the fluid in the bucket will decrease as the 

blade walls continue to transfer some of their kinetic energy to the fluid as steady state is reached. 

Upon inspecting the fluid motion within the bucket, it seems it is mainly circulated throughout 

the bucket – not necessarily aiding in the rotation of the blades. As a reminder, and to help visualize the 
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flow phenomenon that will be illustrated soon, the velocity boundary conditions are shown on the 

geometry with motion vectors in Figure 4-4.  

The blade walls and screw’s inner cylinder cause the water to move rotationally along with the 

screw adjacent to these surfaces. The translation of the trough forces the water into a pinch-point on 

the upstream edge where the trough meets the blade edge, inducing a flow that pushes up onto the 

upstream blade, and then along the blade wall rotationally (cf. Figure 4-10). 

 

Figure 4-10: Velocity magnitude (colour) and direction (glyph arrows) of fluid within a single screw bucket for the 50 RPM 
case. 

To help visualize the fluid motion within a bucket further, two surfaces were sampled that pass 

through the centre of the domain vertically and horizontally as shown in Figure 4-11. 
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Figure 4-11: Mid-domain vertical (left) and horizontal (right) sample surfaces. 

Figure 4-12 and Figure 4-13 show the velocity profile of the vertical and horizontal sample surfaces. 

 

Figure 4-12: Mid-domain vertical sample surface showing velocity within the bucket 



67 
 

 

Figure 4-13: Mid-domain horizontal sample surface showing velocity within the bucket 

Most of the fluid motion in the bucket is recirculated flow throughout the domain. Therefore, 

the fluid kinetic energy does not act to the benefit of mechanical energy conversion and may be 

considered a loss. In the case of this simulation, the buckets were set to reach their steady state 

conditions; a phenomenon that might only occur in much longer ASGs (if at all) since in actual ASGs, 

water-filled buckets exist for a period proportional to screw length. That said, it is suggested that there 

will be more substantial kinetic energy losses in a screw power plant, since the buckets are likely more 

turbulent. 

4.2.4 Trough Pressures 

The pressure along the screw trough was also investigated; it was found to be very similar 

between each of the simulations, and so, to avoid redundancy, only the 40 RPM case will be presented 
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in this section. Keeping the previous results in mind, it was expected that the trough pressure is mainly 

due to the static pressure of the fluid. As discussed in section 3.2.2 and illustrated in Figure 3-4, the 

pressure was sampled along the center of the screw trough (the bottom of the domain). In the single 

bucket simulation, the pressure of the water will be the highest at the downstream side of the bucket 

and lowest at the upstream side as shown in Figure 4-14. 

 

Figure 4-14: Pressure along the trough (the bottom of the bucket) in units of head. 

The trough pressure has a linear relationship with the distance along the trough. This trend is 

due to the change in head that occurs along the bucket because of the screw’s inclination angle. This 

figure changes with the introduction of a gap, as demonstrated in Figure 3-4. The pressure drops 

significantly through the gap region, since the head of the water is much lower. This phenomenon will 

be explored further with the four bucket simulations. 

In the current gap-less iteration of the simulation, the linear trend of head and trough distance 

may demonstrate more about the system. The slope of the data presented in Figure 4-14 was found as 

shown: 
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 𝑀 =
ℎ1 − ℎ2

𝐿1 − 𝐿2
=

0.156 − 0.113

0.162 − 0.120
= 1.0017 (4-9) 

The result is a slope nearly equal to 𝑀 = 1. Since the pressure is changing with the position 

along the trough, and the trough itself is at a set inclination angle (𝛽 = 24.5°), the head of a purely 

static system should change with a slope of 𝑀 = 1. The slope found for the simulation is very close to 

this value and suggests that the system is dominantly static with some small effects of dynamic pressure 

present. 

4.2.5 Fill Height and waveforms 

The fill height of the bucket was mapped over 10 seconds of simulated time for each of the 

simulations. This data was used for two of purposes. Firstly, it was used to find the average fill height of 

a bucket, since there are some fluctuations an instantaneous measurement would not suffice. Secondly, 

mapping the fill height with respect to time allows for the oscillations (or waves) of the bucket to be 

measured. These fill height fluctuations are shown in Figure 4-15. 

 

Figure 4-15: Fill height fluctuations in a bucket with varying rotational speeds. 
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Waveform patterns seem like they may be present in the simulations, however at a sample 

frequency of 20 Hz (i.e. a time step of 0.05 seconds) a Fourier transform of the results yields the 

following. 

 

Figure 4-16: Frequency of waves within an ASG's bucket at a rotational speed of 40 RPM. In this case, the sampling frequency 
of the simulation was too coarse, and so the frequency was not found correctly. 

Showing that the waves in the simulation might not have a consistent set of standard wave frequencies. 

The timestep used in these simulations was too coarse to provide a detailed answer, however. 

Therefore, an additional simulation was run using a finer time step with the 40RPM case to carry out a 

special “waveform” investigation. The 40 RPM case was selected, since it had the most visible 

waveforms when inspecting Figure 4-15. The sample size was refined to 1000 Hz and run for 5 seconds 

with initial conditions taken from the same starting point as the coarser 40 RPM run; the results are 

shown zoomed in to the first 2.5 seconds to demonstrate the refinement level.  
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Figure 4-17: Magnified image demonstrating refined sampling frequency 

The signal shown in Figure 4-17 is more refined than that used by the main simulation. This was 

passed through a Fast Fourier Transform to find the frequency of the bucket’s surface waves. 

 

Figure 4-18: Fourier transform of refined 40RPM signal. 

Unfortunately, no conclusion could be drawn for the bucket wave frequencies base on Figure 

4-18. However, if the first 50 Hz are magnified the plot can be visualized better.  

 

Figure 4-19: Fourier transform of fill height signal magnified to first 50 Hz. 
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Figure 4-19 suggests that the bucket surface wave signal may not be very consistent and rather 

chaotic. It might demonstrate that there are waveforms with frequencies mainly under 10 Hz, but more 

investigation is required. Two suggestions for future work can be made here, however. Firstly, if the 

bucket fill height were set to a lower value (i.e. 𝑓 = 0.8) for the simulation the oscillations may have less 

noise since there is no potential for overflow leakage if the wave has too high of a magnitude. Next, it is 

suggested that the simulation is carried out for the first 110 seconds with a step size of ∆𝑡 = 0.05 𝑠, and 

then continued for the remaining 10 seconds at a step size of ∆𝑡 = 0.001 𝑠 or smaller. This will reduce 

simulation time and allow there to be a large enough sampling frequency to capture the waveforms. 

4.2.6 Wall shear stress 

When working with two phase flows in OpenFOAM, the wall shear stress is calculated in units of 

m2/s2, or Pascals per unit density (i.e. 𝑝/𝜌 = [N/m2]/[kg/m3] = [m2/s2]). OpenFOAM calculates the 

wall shear stress by utilizing a surface normal function to find the flow velocity gradient normal to the 

walls, multiplies it by the viscosity of the fluid in the cell, and then matches the units to the pressure 

fields of the simulation. In this case, since the interFoam solver was used for multiphase flow of water 

and air, the pressure fields were in units of kinematic pressure (𝑚2/𝑠2), so the wall shear stress utility 

divided the solution by the density of each cell as well. However, since these units remove the density 

term, the wall shear stress of the part of the blade exposed to air has a similar magnitude to that 

exposed to water. For reference, the wall shear stress in units of kinematic pressure results are shown in 

Fig. 4-24.  
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Figure 4-20: Wall shear stress per unit density for the 50 RPM case. 

A MATLAB function was developed to calculate the density of each cell in the mesh volume, 

converting the shear stress values into conventional stress units. This value was then multiplied by the 

wall shear stress values shown in Figure 4-20 to convert them into SI stress units (Pa). The resulting wall 

shear stress distributions are shown in Figure 4-21. 

 

Figure 4-21: Wall shear stress for the 50 RPM case along the blades in SI stress units (Pa). Note: the blades are rotating in the 
clockwise direction. 



74 
 

Figure 4-21 shows the shear stress on the walls as x, y, and z components as well as the overall 

shear stress magnitude. Since the bucket domain is a segment of an inclined cylindrical helix, the most 

valuable plot in the figures above are the wall shear stress magnitude plots. These demonstrate the 

overall shear stress on the blades without the effects of the complex geometry. The other plots still yield 

interesting results, however. After converting the shear stress, the areas exposed to air are on the order 

of 𝜏𝑤 ≈ 0 𝑃𝑎, while the areas exposed to water have values of 𝜏𝑤 ≈ ±2 𝑃𝑎 with larger peaks in the free 

surface region. These peaks are presumably due to the turbulence of the surface waves and the quick 

transition between phases. 

Looking at the y-direction shear stress, it is interesting to note that the wall shear is negative 

when the blade’s component velocity is downward, and positive when the blade is moving upwards in 

the y-direction. This is because it is pushing the water along the blade when moving down the y-axis, 

and pulling water when moving up the y-axis. The y-component wall shear is about 𝜏𝑤𝑦
≈ 0 𝑃𝑎 in the 

middle of the blade, because there is no y-component of the blade’s velocity at that point (all of the 

velocity is in the x-direction at that point). This phenomenon is still present in the x- and z-component 

wall shear plots, except the negative wall shear is not as present since the part of the blade that is 

“pulling” a fluid in that direction is exposed to air.  

The magnitude of the wall shear stress on the blades was integrated to find the torque and, by 

extension, the power loss associated with it on an Archimedes screw. The results are shown in Figure 

4-22. 
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Figure 4-22: Torque and power loss associated with wall shear stress. 

It appears the power loss associated with wall shear stress is quite low in these cases (on the 

order of 10−3 W) which is suggested by the small wall shear stress values (i.e. up to the order of 101 Pa). 

It was expected that the wall shear stress would correspond to a power loss on the order of 100 W. 

Though the simulated values are rather small values, the trend of increasing wall shear with rotational 

speed (and thusly associated torque and power loss) is present. 

Like the rest of the simulation results, these wall shear values are found when the bucket has 

reached steady state conditions. Therefore, there may be different wall shear values as the bucket is 

initially filled, or more turbulent. The wall shear stress magnitudes will be revisited with the four bucket 

simulation results to explore the small magnitude results in better detail as the blade-trough gap is 

introduced. In any case, the wall shear stress is responsible for some frictional losses in the system and 

is another reason for the deviation in the Torque v. Rotational Speed and fill height v. rotational speed 

plot of Figure 4-8. 

After analysing all the results shown in this section, there is one more thought on the torque 

and rotational speed thought that should be mentioned. In Figure 4-8 the torque in the 40 RPM case is 

lower with respect to the corresponding fill height than in the other cases. Since the fill height is a 

dimensionless representation of static pressure, this suggests that there are more dynamic effects on 



76 
 

this case than experienced in the others (albeit, these effects are still on a very small scale). Reviewing 

Figure 4-15, the 40 RPM case also had the most dramatic fluctuations in its bucket fill height. This may 

demonstrate that the bucket is more turbulent and thusly has more kinetic energy losses and wall shear 

losses than in the other simulation cases. 

Altogether, this single-bucket simulation seemed to provide interesting insight into the fluid 

dynamics within a screw bucket. It helped to visualize flow without the effects of gap leakage, measure 

the kinetic energy losses in a bucket, and it suggested that the relationship between rotational speed 

and torque is present but is dominated mainly by the static pressure in the bucket. The following 

simulation (the four-bucket simulation) will simulate four buckets of an Archimedes screw generator 

with gap leakage between each of the buckets. All the ideas in this section will be expanded on shortly. 
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5 Four Bucket Simulation 

This chapter will discuss the four-bucket simulation which was developed to investigate leakage 

flows in Archimedes screw generators (i.e. gap leakage and overflow leakage). This model is also capable 

of visualizing other aspects of flow in high resolution within each of its buckets. As the name suggests, 

this simulation models four buckets of an Archimedes screw generator. This allows for a focus on the 

motion of fluid within a single bucket at steady state, and how it interacts with the fluid in neighbouring 

buckets. 

5.1 Model Design 

As mentioned above, this model was designed to offer a more detailed characterisation of gap 

flow and flow within a bucket than a full-scale simulation of an ASG could provide. Similarly, to the 

single bucket simulation, this model used the dimensions given for screw 2 from Table 3-2. To keep the 

simulation computationally inexpensive, the minimum number of buckets were used in the simulation’s 

domain to approximate the characteristics of an Archimedes screw generator operating at a steady state 

condition. The minimum number of buckets required to achieve this was determined to be four. A one 

bucket simulation was carried out already – it does not include the effects of gap leakage but offers 

great insight on the internal flows in a bucket. A two-bucket simulation would allow for gap leakage to 

be visualized, but the height of water in the buckets needs to be controlled at the inlet and outlet. Both 

buckets would therefore have artificially controlled fill heights, and the simulation would not provide 

any beneficial outputs. Similarly, a three-bucket simulation is inappropriate; though it would have one 

bucket without any artificial controls, gap flow would still be shared with one of the artificially controlled 

buckets. In the end, four buckets were simulated on screw 2. The domain is shown in Figure 5-1. The 

bucket numbers are labelled from top (left) to bottom (right) from 1 through 4. 
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Figure 5-1: Screw 2 with simulation domain superimposed in red (left) and simulation domain with 90% opacity to reveal 
hidden lines (right). 

Bucket 1 of the domain is termed the “inlet reservoir” bucket. It has an inlet flow of water as 

defined by the inlet boundary condition; this condition was set to maintain a fill height of 𝑓 = 1 within 

the bucket. The fill height is artificially maintained in this bucket so that the successive buckets will 

experience the correct upstream conditions of a screw at steady state. However, as previously 

mentioned, since the height and flow of water in this bucket are maintained artificially, it cannot be 

sampled and acts similarly to a reservoir in the simulation.  

Bucket 4 compliments bucket 1 as the “outlet reservoir” bucket. Its fill height is maintained by 

defining the outlet wall as a weir. The water will overtop the weir at the outlet and outflow into a zero-

gauge pressure environment (i.e. essentially flowing into open-air). This bucket is artificially maintained 

like bucket 1 and is designed to allow the immediate upstream bucket to experience the correct 

downstream conditions of a steady state ASG. 

So, the first and fourth buckets control the simulation’s upstream and downstream conditions, 

allowing the central buckets to exhibit the traits of an ASG under steady state conditions. This allows the 

two middle buckets (bucket 2 and bucket 3) to operate as they would in the middle of an Archimedes 
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screw generator’s geometry under steady state conditions. These buckets should simulate flow in a 

bucket, unbiased by any artificial controls or conditions. As such, the gap flow between bucket 2 and 

bucket 3 is the main point of interest in the model, as well as the overflow out of bucket 2, and the flow 

characteristics in the two buckets. 

Just like the single bucket simulation discussed in Chapter 4, a SolidWorks file was generated to define 

the domain and probe the Cartesian coordinate to make the block mesh file. Originally, the OpenFOAM 

utility snappyHexMesh, mentioned before, was used in conjunction with blockMesh to create this mesh. 

This added a lot of unnecessary complexity to the meshed structure, however, and left the mesh looking 

less desirable. Figure 5-2 shows the mesh as generated by using the snappyHexMesh utility alongside a 

rudimentary blockMesh, and the mesh as generated by a highly detailed blockMesh dictionary. To 

reiterate, snappyHexMesh is used to snap the mesh of a generic block mesh boundary onto a surface 

triangulated file, often generated externally in a modelling program like SolidWorks.  

 

Figure 5-2: Section views of snappyHexMesh generated mesh with "squiggles" (left) and a purely blockMesh generated mesh 
(right) 
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Generating a complex mesh for helical and cylindrical domain such as the Archimedes screw is a 

much less involved process if the snappyHexMesh utility is used, but as can be seen in Figure 5-2, it 

often produces a mesh that is lacking in a well-defined structure. Though it saves the user a lot of time 

to design the mesh this way, it is computationally expensive to use snappyHexMesh itself, and since the 

mesh is not as well structured, it will take a long time to solve. It is much more involved, tedious, and 

less user-friendly process to try developing this domain in blockMesh alone, but the blockMesh utility is 

very quick to run, and the result is a well-structured mesh that will be faster to solve. To put it into 

perspective, using the snappyHexMesh utility to generate the mesh shown in Figure 5-2 took nearly an 

hour, while it took only about 5 minutes to generate with the blockMesh utility using the same 

computer. It is well worth the time to create a mesh this way as it also allows the refinement regions 

and gradients at the walls to be highly customizable, and easily changed. 

So, the block mesh utility was used to generate the mesh and again the mesh was generated 

with four equal sections about the x-axis, similarly to the single bucket simulation (cf. Figure 4-2). A 

gradient was then applied to the block mesh that focussed on allowing 10 points through the gap 

between the blades and the trough. Within the buckets, the gradient changed the mesh from a 

relatively coarse centre to a fine mesh around the blade tips. This allows for a refined region around the 

area of interest in the gap. The mesh is shown in Figure 5-3. 



81 
 

 

Figure 5-3: Section view of four bucket mesh. The removed front section is shown with 20% opacity for reference to the 
overall domain. 

The mesh is comprised of four main regions, which as mentioned above, were each partitioned 

into 4 equal sections along the x-axis to run the block mesh utility. The regions include: channel 1, 

channel 2, channel 3, and the gap. Since screw 2 is a 3-bladed screw, channel 1 comprises buckets 1 and 

4. So overflow from bucket 1 will follow along channel 1 into bucket 4. Channel’s 2 and 3 comprise 

buckets 2 and 3, respectively. Finally, the gap region is the 2mm thick cylindrical region that connects all 

of the channels together between the blade tips and the trough. Altogether, the mesh boundaries are 

comprised of an inlet on bucket 1, and outlet on bucket 4, and the atmospheric components at the top 

of the channels, as well as the wall boundaries of the blades, inner cylinder of the screw, and the trough. 

Figure 5-4 demonstrates the boundaries of the screw. 

 

Figure 5-4: Screw domain with various patches highlighted. 
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The conditions of each of the boundary patches will be discussed in the next section. 

5.1.1 Boundary Conditions 

As mentioned above, the major boundaries for the four-bucket simulation were the inlet, outlet, 

atmosphere, the walls of the screw (blades and cylinder), and the trough. Table 5-1 demonstrates the 

definitions of each field at the boundaries similarly to that shown in the previous chapter. Note, the 

boundary conditions for the screw walls and the atmosphere are the same as in the single-bucket 

simulations, and so they were not rewritten in this table, see Table 4-1 for reference. 

Table 5-1: Boundaries of four bucket simulation with field values and field definitions 

 

For a description of each field shown in the table, please review Section 4.1.1. The dispersed 

phase volume fraction (𝛼) has an outlet with a similar boundary condition to the atmosphere. The outlet 

utilizes the hybrid zero normal gradient and fixed value condition as well (OpenFOAM’s inletOutlet 

condition) with a uniform value of 0. To reiterate from before, this means that the system acts as a zero 

Blades Trough

Dispersed phase 

volume fraction
α -

uniform value 

of 1

zero-normal 

gradient with a 

conditional 

uniform value

Turbulence kinetic 

energy
k m2/s2 uniform value 

of 0.05

zero-normal 

gradient with a 

conditional 

uniform value

Eddy kinematic 

viscosity
νT m2/s2

calculated 

based on other 

boundary 

conditions

calculated 

based on other 

boundary 

conditions

Specific dissipation 

rate
ω 1/s

calculated 

based on other 

boundary 

conditions

zero-normal 

gradient with a 

conditional 

uniform value

Dynamic pressure prgh kg/(ms2)
Flux Pressure of 

0

total pressure 

of 0

Velocity U m/s
Inflow rate of 

0.853 L/s

zero-normal 

gradient with a 

conditional 

uniform value

Outlet

Same as single bucket 

simulation

Field Symbol Unit
Walls

AtmosphereInlet
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gradient (taking the value of the nearest cell centre as the value at the boundary) when there is outflow. 

When the condition arises that the cell centre is calling for an inflow through the boundary, the uniform 

value of 𝛼 = 0 (corresponding to the air phase) is applied. This means that both water and air can flow 

out of the system, but only air may flow back in through the outlet boundary; allowing the boundary to 

act like a non-confined system exposed to an open-air environment. The inlet boundary has a fixed, 

uniform value of 𝛼 = 1, meaning that all the flow into the system at the inlet is in the water phase. 

For the turbulence kinetic energy (𝑘) the outlet has the same boundary condition of the 

atmospheric boundaries – essentially applying the conditions of the internal fields to the boundary. For 

the inlet, a fixed condition was defined. In this case, the turbulence intensity was defined for the inflow, 

and the turbulence kinetic energy was calculated thereafter by the solver. Turbulence intensities for 

highly turbulent flows (as are exhibited in Archimedes screw generator buckets during operation) are 

usually between 5% and 20%, and so 5% was selected for the inlet to the top bucket [102].  

For both the inlet and outlet boundaries of the eddy kinematic viscosity (𝜈𝑇) field, OpenFOAM’s 

calculated condition was applied. As discussed in Section 4.1.1, this condition means that the value for 

the boundary has already been calculated by the solver because a solution exists based on the other 

boundary condition definitions.  

The specific dissipation rate (𝜔) at the outlet was again the same as the atmospheric boundary 

conditions; operating with OpenFOAM’s inletOutlet condition as described in the previous fields. For the 

inlet, a fixed value condition was defined at the boundary, however, like the turbulence kinetic energy 

this boundary is given the same values as the internal fields of the cells. 

The outlet’s dynamic pressure (𝑝𝑟𝑔ℎ) field is the same as the atmosphere again. The 

atmosphere and outlet were designed to have a total pressure of 0 – meaning that it acts like a non-

confined, open channel boundary. The inlet was given a zero normal gradient, but the gradient is slightly 
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adjusted according to gravity and surface tensions [82]. This is defined by OpenFOAM’s 

fixedFluxPressure with a boundary condition of 0. 

The final boundary field, velocity (𝑈), again shares the outlet boundary condition with the 

atmosphere; since it is designed like a weir, water will overtop it and spill into open air. The inlet was 

given a fixed flow rate (OpenFOAM’s flowRateInletVelocity) with a constant value of 0.000853; meaning 

a constant inflow of 0.853 L/s at the inlet. It should be noted that this inflow will equal the total leakage 

flow (𝑄𝐿) of the system, since the only water leaving the system is passing as overflow and gap flow (cf. 

Eqn. 1-10). The velocity boundary conditions for the four-bucket simulation are like that of the single-

bucket simulation shown in Figure 4-4. 

5.2 Solving the simulation 

OpenFOAM’s interFoam solver was used as the basis to simulate this four-bucket system, just like 

the single bucket simulation before. The basic interFoam solver was used for the first 20 seconds of 

simulated flow, and a modified version of the solver, called volInterFoam, was used to simulated 10 

seconds of flow under steady state conditions. This modified solver includes some post processing after 

each time step to calculate flow rates and liquid volume within the screw. The modifications were made 

in the solver script and the calculated values were output to the terminal after each time step to help 

verify if the simulation had reached steady state. 

The geometry was again developed using OpenFOAM’s blockMesh utility. A more in-depth 

description of the mesh design in OpenFOAM is given in section 8.2 of Appendix A. Two sampling zones 

were generated as shown in Figure 5-5 to sample the internal fields of both bucket two and bucket 

three. 
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Figure 5-5: Bucket two (top) and bucket three (bottom) cell zones with respect to mesh domain 

The domain was initialized with a fill height of 𝑓 = 1 and the simulation started. Sample lines for the gap 

velocity, trough pressures, and fill height were drawn through the domain as shown in Figure 5-6. 

 

Figure 5-6: Gap velocity sample line (left), pressure sample line (middle), and fill height sample line (right) 

As can be seen in the figure, the gap line is drawn between the tip of the blade and the trough. 

It samples points on the mesh along which it intersects to find and plot the velocity through the gap 

itself, yielding a plot like the one shown in Figure 5-7. 
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Figure 5-7: Sample plot of gap velocity. 

The pressure sample line runs along the bottom of the trough in the mesh domain. It is used to 

sample the pressure induced by the buckets of water on the screw. This line will sample pressure values 

akin to those measured by the pressure transduces installed on the bottom of the ASG apparatus shown 

in Figure 1-4. This sample line will provide a result like the one shown in the middle plot of Figure 5-8.  

 

Figure 5-8: Sample plot of trough pressure. 

The last sample line, the bucket fill height sample line, is used to sample the phase of the fluid 

along the height of the bucket. It will yield a result like the one shown in the rightmost plot of Figure 5-9. 
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Figure 5-9: Sample plot of the bucket fill height. 

With the volume of fluid method, the free surface is defined as the plane when 𝛼 = 0.5. Thusly, 

the fill height of water in a bucket will be where the phase is at this value. So, the data points of Figure 

5-9 were interpolated to find the corresponding height of water. Then Eqn. 1-2 was used to find the fill 

height ratio (𝑓) of water in the sampled bucket. 

The volInterFoam solver was developed for this model specifically. It calls the cell zones of 

bucket 2 and bucket 3 to find the volume of water in each bucket (𝑉𝐵2 and 𝑉𝐵3, respectively). 

 𝑉𝐵𝑗 = ∑ 𝑉𝐵𝑗𝑛

𝑛

𝑖=1

 (5-1) 

It then uses this volume to determine the flow rate of a bucket of water using the following equation. 

 𝑄𝑏 = 𝑉
𝑁 ∙ 𝑣𝑡

𝑆
 (5-2) 

The total volume of water in the screw is calculated in a similar manner. This is an important 

step when verifying the system has reached steady state. If the total volume remains constant, that 

means the same amount of water is entering the screw domain as leaving it. This condition, alongside a 

verification that the bucket water volumes are remaining constant, is a good indicator that the 
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simulated screw has reached an equilibrium point. To ensure only water is included in the calculation, 

the volume of a cell 𝑘 (i.e. 𝑉𝑚𝑒𝑠ℎ𝐶𝑒𝑙𝑙𝑘
) in the mesh is multiplied by the phase fraction within that specific 

cell (𝛼𝑘). Summing this product for all mesh cells gives the total water volume  

 𝑉𝑡𝑜𝑡 = ∑ 𝑉𝑚𝑒𝑠ℎ𝐶𝑒𝑙𝑙𝑛

𝑛

𝑖=1

𝛼𝑛 (5-3) 

The solver also calculates the overflow leakage through the atmospheric boundaries of the domain: 

 𝑄𝑜 = ∑ 𝜙𝑛𝛼𝑛

𝑛

𝑖=1

 (5-4) 

where 𝜙𝑘 represents the volume flow rate of the specific mesh cell centre point and 𝛼𝑘 represents the 

phase of that point (water or air).  

The gap flow rate was calculated as shown in Eqn. 5-5. First, the overflow leakage is calculated in 

Eqn. 5-4, the gap leakage may then be found as follows, where the inlet flow to the simulation (𝑄𝑖𝑛𝑙𝑒𝑡) is 

set as the overall leakage flow (𝑄𝐿). 

 𝑄𝑔𝑙 = 𝑄𝐿 − 𝑄𝑜 (5-5) 

To remove any transient variation that would introduce error into the flow calculations, the data 

from last 10 seconds of the simulation are averaged. 

5.3 Results 

The results of the four-bucket simulation will be discussed in this section, starting with the 

validation of the model. Afterwards the torque, kinetic energy in a bucket, trough pressure, fill height, 

wall shear stress, and leakage flow results will be presented and discussed. 
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5.3.1 Validation 

With the single bucket simulation validated, this model, having the same assumptions and 

general structure, is presumed valid as well. A dynamic and static experiment were carried out and 

compared to the results of the simulation to verify this assumption. These experiments are discussed in 

section 3.2.1 and section 3.2.2.  

For the simulations, the solver was run for 30 seconds. An equilibrium of inflow and outflow was 

reached between 8-10 seconds of simulation time (depending on the simulation). Due to its dynamic 

nature, simulation results were averaged for 10 seconds of simulation (between 20 and 30 seconds) to 

eliminate transient variation that would introduce error into the flow calculations. 

Just like in the validation for the single bucket model (section 4.2.1), the results of the dynamic 

experiments were found through linear interpolation for a fill height of 𝑓 = 1. The fill height is a 

function of the flow rate and rotational speed of the screw, and so it is very difficult to tune it and 

maintain common results throughout each simulation. As well, a fill height of 𝑓 = 1 is a standard value 

to start with for early versions of this model; it minimizes overflow leakage and allows the focus to be on 

power generation, kinetic energy losses, leakage losses, and wall shear stress and its associated power 

loss. 

Bucket 2 of the simulation domain was sampled to compare the simulation results to the 

experimental results (cf. Figure 5-5). Recall that buckets one and four have artificially maintained fill 

heights due to the boundary conditions they are given. Buckets two and three are independent of any 

pre-set boundary conditions, as such they demonstrate the properties of an Archimedes screw bucket at 

equilibrium. Bucket two was specifically sampled for two reasons. Since buckets two and three are 

experiencing the properties of buckets in the centre of a screw at equilibrium, the gap leakage flow 

between the two of them should also be representative of this state. As well, the overflow from bucket 
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two can be measured through the atmospheric patch. Much like in the single bucket simulation, the 

power generated by bucket two was multiplied by 11.52 (the average number of buckets in screw 2) to 

find the power numbers of Figure 5-10. 

 

Figure 5-10: Dynamic model validation comparing simulated and experimentally determined mechanical power generated by 
an Archimedes screw at various fill heights. 

The simulated results agree well with the experimental results. Like the single bucket simulation, 

the model overpredicts power because it is an idealized case. The table below shows the differences 

between the experimental and simulated values. 

Table 5-2: Deviation of experimental and simulated results. 

 

  Some significant losses that are not accounted for include inlet and outlet losses, and 

mechanical losses due to bearing friction. The material properties of the screw are not included in the 

model’s current state, which will affect frictional losses as well. The simulation was run to reach 

equilibrium conditions. So, just like the single bucket simulations it is suggested that there may be more 

turbulent flows exhibited by real world ASG installations than found through simulation. In the 20 RPM 

Exp Sim Exp Sim

20 1.20 1.07 16.864 14.199 18.77%

50 1.00 1.06 32.905 35.226 6.59%

80 1.00 1.07 49.260 57.819 14.80%

Power (W)Fill Height (-)Speed

(RPM)

Deviation

(%)
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case the simulation under-predicts power, however this is because it was very difficult to experimentally 

obtain a fill height of 𝑓 = 1. With this low of a rotational speed the experiment was carried out at 𝑓 =

1.20 and so had more power available for generation. In this case, the model does include a gap region 

much like a real-world screw. It should be noted that the gap region in the simulation is geometrically 

perfect (i.e. it has a gap width of 2mm all around it). In practise, an actual screw will have some 

deflection while operating due to buoyancy and some minor imperfections in fabrication that make the 

gap smaller in some areas and larger in others. This will affect the gap leakage in practise, however, the 

simulation should still be a great indication of flows through the gap region of Archimedes screws. 

The flooded screw tests described in section 3.2.2 and reiterated in section 4.2.1 were used to 

provide an extra step of validation for the model, suggesting it works for a static case as well. 

Simulations were run to match the experimental flow rates of 0.85 L/s, 2 L/s, and 4 L/s. The comparison 

between the results are shown in Figure 5-11, where the total pressure is mapped as a head for the 

length of the trough of buckets 2 and 3. 

 

Figure 5-11: Static validation of model comparing trough pressures of the simulated and experimental results. 
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The trends between model and experiment agree well. The pressure values vary by an average 

of 13.6% for the 0.85 L/s cases, and an average of 12.8% and 15.0% for the 2 and 4 L/s cases, 

respectively. These results are more agreeable than those demonstrated by the static validation of the 

single bucket case. This is likely due to the simulations and experiments sharing similar input values. For 

example, the 0.85 L/s case was used to validate the single bucket model, however the fill heights did not 

match up, so a correction was made. In this case, the four-bucket model was given matching flow rates 

and developed the corresponding fill heights as the simulation was carried out past about 10 seconds 

(the time it took the simulations to reach an equilibrium between flow rate in and out). The four-bucket 

model includes gap leakage, and so the low-pressure region in the gap was measured and simulated as 

well. This aids in the validation since the model exhibited this trait similarly to the experimental results. 

Since the dynamic testing and static testing match well with the simulation it is proposed that this model 

is valid as well. 

5.3.2 Torque with respect to Rotational Speed 

In the single bucket case there was no major trend found in the torque and rpm comparison of 

Figure 4-8. It was suggested that the torque is dominantly caused by static pressure in the bucket since it 

trends alongside the fill height very closely. Any deviation from this trend is likely a product of fluid 

motion in the bucket, but these deviations are very small in comparison. It was predicted that, with the 

introduction of the gap, the fluid dynamics in the bucket may have a larger impact on torque. Figure 

5-12 shows the results of the four bucket simulations for torque versus rotational speed. 
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Figure 5-12: Torque and fill height in an Archimedes screw generated at varying rotational speeds. 

Again, the torque of a bucket trends alongside the fill height very closely. For example, the 

torque is lowest at 50 RPM when the fill height is at its lowest. The values do not trend perfectly with 

the fill heights in this case either, and so some of the minute variation in torque is likely due to fluid 

motion in the bucket. 

With the addition of the gap flow, it was assumed that the torque would exhibit more dynamic 

effects as the rotational speed changed. The results still trend as expected of a static system. So, just like 

the single bucket results, the kinetic energy and fluid motion within the bucket will be explored next for 

the four-bucket simulation to see its effect on the system. 

5.3.3 Kinetic Energy in a Bucket 

A post processing script was developed to sample and calculate the kinetic energy in bucket two 

for the four-bucket simulation. The same script was implemented to do the same function for the single 

bucket simulation and is discussed in section 4.2.3.  

Recall that in section 4.2.3, the single bucket simulation found out the following. Somewhat 

intuitively, the bucket becomes more turbulent as the rotational speed increases. Both the turbulence 
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kinetic energy (𝑘) and the overall kinetic energy (𝐸𝑘) trended positively with rotational speed. It was also 

found that for the 10 second sample time of the single bucket simulation the total kinetic energy in a 

bucket was about 1.4 J (for the 50 RPM case). This means that about 0.14 W of power (i.e. 1.4/10) in the 

water available for conversion by an ASG is converted into fluid motion within a bucket for the 50 RPM 

case. This value is very small when compared to the approximately 32 W of power that screw 2 makes 

while rotating at 50 RPM under these conditions. Without the gap, the fluid formed two circular paths 

which met up in the middle of the bucket (cf. Figure 4-10). It is assumed that the introduction of the gap 

will affect this flow pattern since the bottom layer will be entering and exiting through the gaps at the 

up- and downstream sides of the bucket’s domain. Similar samples were taken through the four-bucket 

simulation domain so that comparisons may be drawn between this model and the gapless single-

bucket simulation. First, the kinetic energy in a bucket with a gap will be explored. The results of the 

simulation are shown in Figure 5-13. 

 

Figure 5-13: Total kinetic energy and turbulence kinetic energy of the simulation for each rotational speed tested. 

Its very interesting to note that the turbulence kinetic energy (𝑘) increases with rotation speed 

in this simulation (similarly to its singe-bucket counterpart) but that the overall kinetic energy (𝐸𝑘) 

decreases as the rotational speed increases. The increase in turbulence kinetic energy is intuitive: as the 
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blades turn faster, there is greater shear at the walls, and more eddies develop. What is interesting is 

that the kinetic energy caused by fluid velocity is decreasing slightly as the rotational speed increases. It 

is suggested that this is because the velocity of fluid through the gap decreases as the rotational speed, 

and thusly the transport velocity (cf. Eqn. 4-1) of a bucket will increase. The Figure below shows the 

velocity through the gap made dimensionless with respect to the transport velocity corresponding to 

the simulation’s respective rotational speeds. 

 

Figure 5-14: Non-dimensional velocity through the blade-trough gap. 

The gap velocity is proportionally largest when the rotational speed is lower. Theoretically, there 

is a rotational speed in which gap flow should not exist since the blades are moving at a transport 

velocity that is faster than the fluid can move through the gap. So, as the rotational speed increases, gap 

velocity and flow will decrease slightly. It is suggested that this is the reason that the total kinetic energy 

in the buckets is decreasing as the rotational speed increases.  

The gap velocity and gap flow rates will be revisited in a later section of these results. For now, 

the flow patterns within the buckets will be visualized. Figure 5-15 shows the flow patterns in a bucket 

with gap flow. 
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Figure 5-15: Bucket fluid motion sampled along three normal planes and the free surfaces. 

The fluid motion is different than in the single bucket simulation. Mainly, there is one dominant 

circular path, rather than the two found in the gapless simulation. A magnified view of the middle 

sample plane is shown in Figure 5-16. 

 

Figure 5-16: Magnified view of the middle sample plane. 
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The figure shows the circulation within the bucket. Moreover, it shows a small layer of fluid that 

forms along the trough and moves through the gaps from upstream to downstream. Again, the 

circulation in the bucket does not seem to aid in rotation, and therefore may be considered a power 

loss. 

Just like the single bucket simulation, two sample planes were cut through the bucket for 

visualization. The sample planes are shown with respect to the simulation domain below. 

 

Figure 5-17: Vertical and horizontal mid-bucket sample planes. 

These sample planes yielded the following results. 

 

Figure 5-18: Vertical mid-bucket sample plane results showing the velocity of fluid parcels in the bucket. 
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Figure 5-19: Horizontal mid-bucket sample plane results showing the velocity of fluid parcels in the bucket. 

It seems that the introduction of the gap has changed the flow patterns in the bucket slightly. 

Now the flow near the gap is drawn out of the bucket and thusly fluid packets nearby will tend to be 

drawn towards the gap as well. The fluid is still pulled in along the walls of the blades, but now it has a 

more aggressive downward velocity toward the gap region. 

5.3.4 Trough Pressures 

Total pressure was sampled along the trough similarly to the single-bucket simulations. The 

single bucket simulations showed that the pressure increased linearly with distance along the trough 

from upstream to downstream. There was no noticeable deviation from the pressure line, and so it was 
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concluded that the system is dominated by static pressure. The four-bucket simulation introduces a gap 

to the system, so the pressure line should be affected. It is shown in the figure below. 

 

Figure 5-20: Trough pressures for each rotational speed. 

The pressure has peaks and valleys in the four-bucket simulation. This is because it increases 

downstream along the trough to the deepest point in the bucket. Once the gap is reached the pressure 

drops drastically through the gap. Through the gap the pressure statically will be very small, any 

variation in the lowest points is likely because the gap is dominated by dynamic pressures. It is 

important to note that the trend along the trough is not as perfectly linear as the single bucket 

simulations were. There is some variation in the line. Since the results are an average of 10 seconds of 

data and any transient variation should be removed, so this is likely because the gap introduces a 

significant amount of dynamic effects into the system. Therefore, the gap causes a larger portion of the 

total pressure along the trough to be dynamic pressure than is experienced in the gapless, single bucket 

model. 
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5.3.5 Fill Height 

Again, just like in the single bucket simulations fill height was mapped for 10 seconds of 

simulation time under equilibrium conditions. The results are shown in Figure 5-21. 

 

Figure 5-21: Fill height fluctuations of each rotational speed during the simulation's sampled time range. 

The waveforms are like those found by the single bucket simulations. The four-bucket simulation results 

seem to exhibit more variation in their fill height oscillations than the single bucket simulation; it is 

suggested that this is due to the introduction of the gap. Though there is a lot of noise, generally the fill 

heights increase in amplitude as the rotational speed increases. This is likely due to the increase in 

turbulence caused by the increased speed of the bounding walls (i.e. screw blades and trough).  

Like the single bucket simulations, a Fourier transform of the fill height was taken. 
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Figure 5-22: Results of a Fourier transform of the fill height fluctuations. 

As can be seen, the Fourier transform yielded similar results to the single bucket simulations. 

Upon reviewing these results, it is suggested that the waves that form in an Archimedes screw bucket 

may not have any dominant patterns. Since the geometry of a bucket is complex and unusual it makes 

sense that there may not be any patterns present. 

5.3.6 Wall Shear Stress 

For consistency, the wall shear stress is shown in the following figures in both units of pressure 

per density (𝑚2/𝑠2) and as a pressure (Pa) like the single bucket simulations. 

 

Figure 5-23: Wall shear stress on blade of the 50 RPM case at equilibrium (in units of m2/s2). 
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Comparing the above to its single bucket counterpart (cf. Figure 4-20), the wall shear patterns 

were found to be very similar. The main difference is that there is an increase of pressure at the blade 

tips near the gap. This is likely due to the change in fluid motion that was introduced with the gap. The 

shear stress of the air phase has also seemed to decrease in magnitude. It is suggested that this is due to 

the gap as well, since the gap connects each of the four regions together in the air phase as well. Below 

is the same plot shown in units of pressure (Pa) 

 

Figure 5-24: Wall shear stress in SI pressure units for the 50 RPM case. 

Again, near the blade tips the pressure reaches much higher values in the four-bucket 

simulation than in the single bucket simulation. The stress reaches about 5 Pa in the magnitude plot of 

Figure 5-24, and the stress of the single bucket simulation reaches only about 3 Pa. This demonstrates 

that the gap will indeed affect the shear stress on the blades, increasing it near the blade tips. Figure 

5-25 demonstrates the effect that the shear stress has on power production and screw performance. 
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Figure 5-25: Torque and power loss associated with wall shear stress for the 20, 50, and 80 RPM simulations. 

The data has a similar trend to the single bucket case, but it seems that the magnitudes have 

changed slightly – they are still much smaller than expected on the order of 10−3 W instead of the 

expected 100 W. The torque and power loss due to the shear stress are lower than in the single bucket 

simulations. It seems that, though the maximum shear stress is higher in the four-bucket simulations, 

the overall shear stress is slightly lower than in the single bucket simulation. This must be in part due to 

the change in flow patterns of the bucket caused by the introduction of the gap. These flow patterns will 

be explored in the following section. 

Again, the wall shear stress values are much smaller than expected. At this time, it is theorized 

that the magnitude of the results is very small because the fluid has reached steady state conditions. 

This means that the relative velocities in the system are very small (nearly the same speed as the walls) 

and shear is therefore minimal. It should be noted that only a no slip condition was applied, and the 

walls were assumed smooth; however, this should not account for a magnitude change of the third 

order. Further investigation into wall shear stresses in the system are suggested before any conclusions 

can be definitively drawn. 
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5.3.7 Leakage Flows 

Leakage flow rate data will be examined in this section. First, the gap leakage velocity will be 

revisited – a plot of the leakage velocity for the 50 RPM case is shown below in Figure 5-26. The 50 RPM 

case was selected since it was the most practical case of the three and because it was the case used in 

the single bucket simulation. Recall that all three cases were demonstrated in dimensionless units in 

Figure 5-14 before. 

 

Figure 5-26: Velocity through the blade-trough gap. 

The velocity in the gap reached values up to about 0.9 m/s under the simulated conditions for 

screw 2. At the top of the gap (i.e. at the blade tips) it has a velocity of 0 m/s relative to the blade tips. 

The velocity of the fluid increases through the gap, reaching its maximum nearly mid-way through the 

gap and bottoming out along the trough at about 0.65 m/s. This value is higher than the transport 

velocity, and so the velocity of fluid along the trough is moving faster than the relative velocity of the 

blade tips. If the transport velocity is faster than the gap velocities, theoretically no gap leakage should 
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occur. The corresponding rotational speed for this phenomenon was not reached for this set of 

simulations, however, so this case was not exhibited. 

As discussed in section 1.3, the leakage flow (𝑄𝐿) is the sum of the gap leakage (𝑄𝑔𝑙) and 

overflow leakage (𝑄𝑜) (Eqn. 1-10). As such, both types of overflow were sampled. As discussed in section 

5.2, the overall leakage flow was set as the input to the system, and the overflow leakage was sampled 

out. The overflow leakage for each rotational speed is shown in the figure below; fill height is also 

included on the secondary y-axis to verify the simulations were run under similar conditions. 

 

Figure 5-27: Overflow leakage and fill height for each rotational speed simulation. 

As suspected, the overflow leakage increased as the rotational speed increased. The blades and 

inner cylinder both increased the turbulence and waves in the bucket and drew water over due to skin 

friction, causing more overflow leakage to occur. Using the overflow leakage for each case and Eqn. 5-5 

the gap leakage was found for the simulation. It is presented in Figure 5-28. 
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Figure 5-28: Gap leakage and fill height per rotational speed. 

The gap leakage decreased as overflow increased since it is a function of the overall leakage and 

the overflow leakage. This makes sense with the theory stated above – the gap flow will reach zero 

when the rotational speed is fast enough that the blades “outrun” the leakage flow rate. Next, the gap 

leakage found in the simulation was compared to the output of the Lubitz model [46] for gap leakage. 

The Lubitz model uses the following equation to calculate gap leakage. 

 𝑄𝑔𝑙 = 𝐶𝐺𝑤 (𝑙𝑤 +
𝑙𝑒

1.5
) √

2𝑔𝑆

𝑁
sin 𝛽 (5-5) 

This equation was presented by Lubitz et al [46] using the geometric variables shown in Figure 

5-29. The wetted length (𝑙𝑤) and the extended wetted length of the upper bucket (𝑙𝑒) are used in the 

function with the screw pitch, number of flights, inclination angle, gap width (𝐺𝑤), and leakage constant 

(𝐶). 



107 
 

 

Figure 5-29: Gap leakage flow model parameter definitions [46]. 

The leakage constant was set to 𝐶 = 0.89 according to Kozyn [17]. And the model was run under the 

same conditions as the simulation. The following is a plot of the results of the simulation compared to 

the Lubitz model calculations for both bucket flow rate and gap leakage. 

 

Figure 5-30: Bucket flow rate and gap leakage flow for each simulated speed. 

The Lubitz model [46] overpredicted both the bucket flow and the gap leakage found in the 

simulation slightly, but it captured the correct trends of the simulation. Kozyn [17] suspected that the 
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model overestimates the gap leakage flow rate slightly, and it seems that his suspicions may be true. It 

overpredicted gap flow of the simulation by about 8%, which is still a relatively accurate model 

prediction. Since the simulation validations (shown in sections 4.2.1 and 5.3.1) have uncertainties on this 

order, this conclusion should be regarded with caution as well. 
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6 Conclusion 

In this thesis two computational fluid dynamic simulations of Archimedes screw generators were 

presented and validated against data collected through experimentation. The first simulation, the single-

bucket simulation, was a model of one ASG bucket. The model contains no inlet or outlet, just bounding 

walls and atmosphere boundaries at the top. The blades were set to rotate at varying rotational speeds, 

and the trough translated at the transport velocity (essentially the relative velocity of the trough with 

respect to the moving buckets).  

The single bucket simulation included all the parameters of a real-world screw but ignored the 

blade-trough gap. This simulation was carried out to see how an ideal ASG would perform without 

leakage losses. It was then compared to a similar simulation that included the gap to draw conclusions 

about the torque of a bucket, the kinetic energy in a bucket, bucket flow patterns, wall shear stresses, 

and leakage flows all with respect to rotational speed. This other simulation included four buckets. 

The four-bucket simulation had four different buckets within its domain: the first and last 

buckets acted as inlet and outlet reservoirs to artificially maintain the fill heights in their respective 

buckets, allowing the two middle buckets of the simulation to behave as the buckets within a real-world 

screw at equilibrium. The second bucket was sampled after the simulation was carried out since the gap 

between the second and third buckets was one of the main regions of interest.  

It was interesting to see the differences between the single bucket and four-bucket simulations. 

The models had geometrically identical meshes – the four-bucket mesh was just a linear pattern of four 

of the single-bucket meshes connected by a 2mm gap. Therefore, the differences in the results were 

because of the introduction of the gap. 
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The first results that were compared for both models were the torque of a screw bucket with 

respect to the rotational speed. It was found, in both simulated cases, that the torque was mainly due to 

the static pressures within the buckets. Slight variations in the torque values indicated that a very small 

amount of the torque was likely due to fluid motion, and thusly, dynamic pressure. As an extension of 

these results, the kinetic energy and fluid motion of a bucket were explored next. 

The kinetic energy of the fluid in the single bucket and four-bucket simulations were similar. The 

gap introduced some differences in the flow patterns of the four-bucket simulation, however, 

particularly near the trough and blade tips.  

It seems that without the gap, the fluid in the bucket moves along the walls of the blades and 

recirculates to fill low pressure areas in the middle of the bucket. Once the gap is introduced, a small 

layer develops along the trough that draws nearby fluid parcels towards it, still causing recirculation, but 

with an overall different flow pattern.  

It is interesting to note that the kinetic energy in a bucket decreases with the introduction of the 

gap as rotational speed increases (when compared to the gapless single-bucket simulation). It was 

suggested that this is because the increased rotational speed will “outrun” some of the gap leakage, 

decreasing the relative motion of the fluid in the bucket. Therefore, the overall kinetic energy of the 

fluid is lessened. 

Next the fill height and fill height fluctuations were examined for the simulations. There were 

two goals in mind for sampling fill height. The first was to determine if the simulations matched each 

other with fill heights so that they could be directly compared. The second was to attempt measuring 

waveforms within an ASG’s bucket.  

First, it was found that the fill heights of all simulations matched up closely enough to allow for 

direct comparisons. Second, it was determined that the fill height fluctuations in the bucket do not have 



111 
 

a consistent, standard waveform frequency, but are much more chaotic in nature. Since the bucket has 

such a complex geometry and is bound by moving and rotating walls it is unlikely that any standard 

pattern exists for the waves in a bucket. Further investigation into this phenomenon seems required 

before this analysis is deemed conclusive, however.  

The pressure along the trough of the screw was then measured next. It was found that the 

pressure of the trough trended rather linearly with the distance along the trough in the single bucket 

case. So much so that the slope of the trough pressure (when cast as a head in metres) and trough 

distance line was nearly 𝑀 = 1, suggesting that all the pressure measured along the trough was due to 

static pressure. Once the gap was introduced, this trend changed drastically. The pressure line had peaks 

and valleys as it was sampled through the buckets and under the blade-trough gaps. In the bucket 

region the line was no longer linear but had some variations throughout it – suggesting that the fluid 

motion had more of an effect on the total pressure sampled once the gap was introduced. 

The wall shear stress was tested next. The wall shear values were integrated along the blade 

surface to find the torque that they induce, and by extension their power loss. The single bucket and 

four-bucket simulations were found to be quite similar. The main differences between the two was that 

the gap decreased the overall wall shear on the blade but increased the maximum wall shear. For 

example, in the 50 RPM case, with no gap (i.e. the single-bucket simulation) the wall shear stress 

corresponded to a power loss of about 0.6 mW per bucket and with the gap (i.e. the four-bucket 

simulation) this value was closer to 0.5 mW. While the maximum stress of the 50 RPM case without the 

gap was about 3 Pa, while the maximum wall shear stress with the gap for the same case was closer to 5 

Pa. 

The power loss associated with the wall shear stress was expected to be much higher (i.e. on the 

order of watts rather than milliwatts). The wall shear of a screw may indeed be this small when the 
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screw is operating under steady state conditions (as the simulation was), but it is suggested that more 

investigation should be carried out into this before drawing any definitive conclusions. Including the 

corresponding surface roughness of the boundaries in the simulation is expected to change the 

magnitude of the wall shear stress, but not by three orders of magnitude. So, it is suggested that future 

work in this regard should include comparisons to similar fluid problems that can be verified analytically 

– such as a steady state pipe flow simulation with a similar mesh scale and structure, or other standard 

fluids problems. 

Lastly, the leakage flows were explored with respect to rotational speed. A theory around gap 

leakage is that it will decrease as rotational speed increases since there will be a point in which the 

blades “outrun” the leakage flow rate. The simulation seemed to demonstrate that this theory holds 

merit since the gap leakage flow rate decreased as the rotational speed increased. More 

experimentation is required to have a decisive answer to this question. It is recommended that these 

simulations be carried out at higher rotational speeds to determine when the gap leakage is “outrun”. 

The iteration of the volInterFoam solver presented in this thesis can only be run in series 

currently. Parallelization will add a lot of complexity in determining the volumes of fluid; this leaves an 

area of improvement for the solver. Another improvement to the solver could be adding a convergence 

condition for equilibrium. At the moment, a lot of time was spent developing the model and current 

iteration of the solver, and the steady state equilibrium point was able to be determined qualitatively. 

Future developments could involve a stop-time condition when certain equilibrium traits are exhibited 

in the simulation for a period of a few seconds – this may be revisited in a PhD thesis. 

Altogether, these simulations provided very valuable insight into the mechanics of an Archimedes 

screw generator bucket and may be a valuable step forward into continued improvement and 

development of ASG performance models. 
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8  Appendix A: OpenFOAM Simulation Descriptions 

8.1 Single-bucket solver and running a simulation 

The interFoam solver was used to simulate this single bucket system. As discussed in Section 2.3, 

interFoam is an OpenFOAM solver that is used for multiphase flow simulations. It has been successfully 

employed in open-channel flow simulations, of which the Archimedes screw shares a lot of similarities – 

so it was deemed appropriate. This solver was used in conjunction with the k-omega SST Menter model 

for turbulent closure and utilizes OpenFOAM’s improved version of the volume of fluid method 

(discussed in section 2.3) to simulate two phase flows. 

The simulation was run through a script called “Allrun”, which calls various commands to 

generate the mesh, define the boundaries, set the internal fields, and initialize and run the solver. First, 

the script calls the blockMesh (block mesh) utility. This utility builds the mesh using a dictionary file 

conveniently termed, blockMeshDict (block mesh dictionary). The following mesh is generated by the 

block mesh utility. 

 

Figure 8-1: Single bucket mesh as generated by blockMesh utility 

Afterwards, the OpenFOAM utility createPatch was used to redefine the blades, trough, and 

cylinder as walls. This is a crucial step in defining the mesh since OpenFOAM will not allow the solver to 

run with wall functions if no boundaries are explicitly defined as walls. It should be noted at this stage 

that the mesh is generated in a horizontal position to make its block mesh dictionary less complicated. 
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The mesh is rotated and then translated into its final position for the simulation based on the inclination 

angle desired – in this case the inclination angle 𝛽 = 24.5° was desired for the simulation. The rotated 

and translated mesh is shown in Figure 8-2. 

 

Figure 8-2: Rotated and translated single bucket mesh 

Next, the “Allrun” script calls a function to set the internal fields of the domain. In this case, the 

function calls a dictionary file that defines the region or the domain that contains the water phase of the 

two-phase system. Figure 8-3 shows the mesh with the water (blue) and air (white) phases applied. 

 

Figure 8-3: Single bucket mesh ready for solver to run. The internal fields for fluid phase are shown - blue representing the 
water phase, and white representing air. 

After the internal phase fields are set, the model is ready to be solved. The last line of the “Allrun” 

script initializes and runs the interFoam solver. In the single bucket simulation, OpenFOAM’s basic 

interFoam solver was used (a modified version will be used for part of the four-bucket simulation). The 
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solver was run for 25 seconds of simulated flow in the bucket; this value was selected so that the 

simulation would have ample time to reach steady state. Afterwards, the solutions were post processed 

to acquire the results shown in the following section. 

8.2 Four-bucket Simulation: solver and running a simulation 

This simulation was carried out with a different “Allrun” script. The script includes all the mesh 

work, patchwork at the boundaries, setting up for post processing, and initializing and running the 

interFoam solver. The script starts by running the block mesh utility to generate the mesh as described 

in the block mesh dictionary (blockMeshDict).  The block mesh dictionary is made up of a few sections, 

namely, defining the vertices, blocks, edges, patches, and merged patch pairs. The vertices section is 

where the vertices probed from the SolidWorks file are input. There is a vertex selected at every 90° 

angle around the z-axis for each of the blades and surfaces, starting at 0°. Alone, this section would 

generate the mesh as a diamond-shaped screw (see top image of Figure 8-4). The edges section that 

follows in the block mesh dictionary is used to give each edge an arc, making the mesh helical like an 

Archimedes screw. 

The blocks section has a few important functions. First, it takes 8 vertices that were defined in the 

vertices section of the dictionary and creates a prism with them. It then adds points along each of the 

edges to generate the 3D mesh. Finally, it applies a specified gradient to the mesh of each block. In the 

end, this section will make the mesh resemble something like that shown in the top views of Figure 4-2 

with meshing and refined mesh gradients applied as well. 

The edges section is where the arced edge treatment points are defined. The point at the top of 

each arc is defined to round the edge. As such, the point along each 90° of the z-axis starting from the 

45° point is defined to change the mesh from its diamond shape to that of a cylinder (Figure 8-4). 
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Figure 8-4: Four bucket mesh with untreated edges (top) and four bucket mesh with arcing along each 45° of edges (bottom) 

The patches section of the block mesh dictionary is where the basic patches of the mesh are 

defined. In this case, the surface that will eventually house the inlet is called the “inletWall” patch, and 

the surface that will eventually house the outlet is called the “outletWall” patch. This is because these 

walls will eventually be partitioned into either the inlet or outlet (respectively) and the remaining part of 

the boundary will be given the blade’s boundary conditions. 

The final section of the block mesh dictionary is called mergePatchPairs. This section is used to 

merge the internal patches that form between adjacent blocks. This is essentially where the quartered 

sections of the domain are merged to form the full sections, as demonstrated in Figure 8-5. 
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Figure 8-5: Quartered mesh before merging patch pairs (left) and after merging (right). 

Once the block mesh command is run, there exist four sections of the mesh still: channel 1, 2, 3, 

and the gap region. These regions are all combined using a utility called stitchMesh. As the name 

suggests, this utility stitches together adjacent patch pairs between the 4 mesh sections. As called out in 

this model, it will remove and merge the patches between the outside of each of the channels, and the 

inside of the gap cylinder. As shown in Figure 8-6, the stitchMesh procedure leaves behind a few 

sections that will act as the tips of the screw’s blades. 

 

Figure 8-6: Stitched four bucket mesh with blade tips shown in magenta. 

After this, the mesh domain is correct, and the boundary patches and sample volumes must be 

created. First the inlet and outlet were created. These were generated using OpenFOAM’s topoSet and 

createPatch utilities. The topoSet command creates different types of surfaces for the geometry. In this 
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case, it was used to divide the inlet wall and outlet wall patches into their respective final patches (i.e. 

inlet and inletWall, and outlet and outletWall). These final sections are shown in Figure 8-7. After the 

topoSet command is run, the createPatch utility was used to change the inlet, outlet, and wall sections 

into their respective patch types. Recall, OpenFOAM defines boundary surfaces as patches. Generally, a 

patch may be an inlet, outlet, or atmosphere. However, if the boundary is a wall, it must be defined 

explicitly as a wall-patch in order for wall functions to apply to it. 

 

Figure 8-7: Screw inlet in brown and inletWall in white (left) and outlet in pink and outletWall in red (right). 

Next, the sample volume for bucket two and bucket three were created. These sample volumes 

were created as STL files and imported into the OpenFOAM directory, where a command was used to 

specify them as cell zones (cellZones). In OpenFOAM, a cellZone is a grouping of cells in the mesh domain 

that may be referenced in a processing script. These sampling volumes (or cellZones) are shown in Figure 

5-5 for reference. It is important to define these regions as cell zones, since that allows them to be 

referenced in the volInterFoam solver to find the volume of water in each bucket, and, by extension, the 

bucket flow rate (𝑄𝑏). 

The internal fields of the phase volume fraction are set while the screw is in the horizontal 

position. Due to its complex helical geometry, it is difficult to initialize the volume of water in the screw 

as each bucket. So, the volume is set along the horizontal orientation with the volume of four buckets at 
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a fill height of 𝑓 = 1. The mesh is then rotated into its correct position with respect to the desired 

inclination angle as shown in Figure 8-8. 

 

Figure 8-8: Four bucket mesh with its volume of water field set (left) and inclined final position of the mesh domain (right) 

The solver is now ready to run. As mentioned above, interFoam will then be run for 25 seconds, 

allowing this water to reach the equilibrium position for each of the buckets when they are full. Before 

the “Allrun” script initializes and runs the interFoam solver, however, the gap velocity, pressure, and fill 

height sample lines were each created (Figure 5-6). 

After the domain was fully defined and the sample lines were created, the interFoam solver was 

called by the “Allrun” script. As mentioned above, the solver is run to for 25 seconds to allow the water 

buckets in the screw to reach steady state since the water and air phases were set before the screw was 

inclined. After steady state was reached, the volInterFoam solver (a modified version of the 

OpenFOAM’s interFoam solver, developed for this thesis) was run for 5 seconds of simulated flow to 

capture the volume of water in each bucket, the bucket flow rate, the total volume of water in the 

domain, and the gap and overflow leakage rates.  

  



127 
 

9 Appendix B 

 



128 
 

 

 



129 
 

 

 



130 
 

 


