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Figure 1. Typical Archimedes screw generator. 
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Abstract—Archimedes screws, long used in pumping 
applications, are increasingly being used as hydroelectric 
power generators. The Archimedes screw generator is 
particularly advantageous for very low head sites (less than 
about 6 m) at existing dams and weirs, where they have been 
found to be an efficient, fish-friendly, aesthetically pleasing 
solution method of producing zero-emission renewable 
electricity. One of the most significant sources of losses in 
practical Archimedes screws is leakage of water between the 
edges of the rotating screw surfaces and the fixed trough 
within which the screw rotates. Typically gap flow leakage is 
modelled using an empirical equation for Archimedes screw 
pumps, or a model based on quasi-static flow through a gap. It 
will be theoretically shown that this results in over-prediction 
of gap flows at high screw rotation speeds in Archimedes 
screw generators. However, gap leakage should increase with 
speed in Archimedes screw pumps.  

Keywords-Archimedes screw; hydrodynamic screw; gap 
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I.  INTRODUCTION 

The Archimedes screw has been for pumping water 
millennia. Archimedes screws driven by wind mills were one 
of the primary means of dewatering the low-lying polders in 
the Netherlands until the advent of practical fossil-fuel driven 
pumps. Variations on the Archimedes screw are also found in 
augers that are used to move granular solids in agricultural and 
industrial applications. More recently, Archimedes screws have 
been adapted as an energy conversion device for microhydro 
electric power generation. Hundreds of Archimedes screw 
generators (ASGs) have been installed in Europe since the first 
practical installation by Brada two decades ago [1]. However, 
the technology is still little used outside of Europe. For 
example, the first ASG was only connected to the North 
American power grid in September, 2013, when Greenbug 
Energy Inc. brought a 7 kW ASG online near Waterford, 
Ontario, Canada. 

An Archimedes screw (Fig. 1) consists of an inner 
cylindrical shaft, around which one or more helical surfaces 
(flights) are wrapped orthogonal to the cylinder surface. The 
resulting geometry is very much like a conventional screw. The 

screw sits in (or in some cases has fixed to it) a cylindrical 
trough. This trough may be a tube that encircles the screw, or it 
may only extend around the lower half of the screw. When 
used as a pump, an Archimedes screw is rotated, which traps 
water between two consecutive flights. One of these bodies of 
water is called a ‘bucket.’ It is translated along the length of the 
screw, from the low end to the high end, as the screw is turned. 
ASGs operate in reverse: water flows into the top of the turning 
screw, forming buckets of water that translate down the length 
of the screw. The hydrostatic pressure that the water exerts on 
the screw surfaces causes it to turn, lowering the buckets in the 
process. This rotation can be used to generate electricity by 
driving a generator from the screw shaft. 

Williamson, Stark and Booker [2] reviewed the wide range 
of microhydro technologies available, and proposed a design 
approach for selecting the most appropriate technology for a 
specific site. Compared to other generation technologies, ASGs 
are most advantageous at low-head sites (less than about 5 m). 
They have the potential for maintaining high efficiencies even 
as head approaches zero [2], in contrast to most impulse or 
reaction turbines where efficiency generally drops rapidly once 
the head recedes below a minimum practical level. 

When designing an Archimedes screw for a specific site, it 
is necessary to optimize over a range of variables, including the 
screw inner diameter Di and outer diameter Do, screw pitch P, 
number of flights N, overall length L and slope  (Fig. 2). The 
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Figure 2. Archimedes screw design variables. 

designer must also select the operating speed of the screw. 
Optimization is complicated because each of the geometric 
variables impacts the costs of the final screw. 

ASGs have low impacts on fish, which generally pass 
through an Archimedes screw unharmed. Conversely, fish and 
small debris can pass through an operating ASG without 
causing damage to the screw. Kibel investigated the impact of 
ASGs on fish and found that almost all fish, including eels, 
trout and salmonoids, passed through the ASG unharmed, and 
that intake screening was not necessary [3,4]. 

II. EFFICIENCY 

The available power Pavail in a water stream is 

  (1)

where  is water density, g is the gravitational constant (9.81 
m/s2), Q is the volume flow rate of water and h is the available 
head (or “drop”). 

This available power can be converted to electricity with 
very high efficiencies in hydroelectric generation. Gigawatt-
scale hydroelectric stations can achieve operational efficiencies 
exceeding 0.9, including all energy conversion losses including 
hydrodynamic, mechanical and electrical between potential 
energy in a reservoir and electrical energy delivered to the grid 
[5]. 

Two decades of experience has shown that ASGs are very 
efficient. Hawle, Lashofer and Pelikan [6] surveyed European 
ASG installations. The mean operational efficiency of the 
surveyed ASGs was 69%, with maximum efficiencies over 
75%. These are very reasonable efficiencies for small scale 
hydro generation. The surveyed ASGs ranged in capacity from 
1 kW to 140 kW, and operated at heads between 1 m and 6 m. 

Theoretically, mechanical efficiencies approaching 1.0 
should be possible in an Archimedes screw, because the energy 
conversion involves converting one form of ordered energy to 
another. However, in a practical system there are several forms 
of energy loss which reduce mechanical efficiency. The most 
significant energy loss mechanisms are: 

1. Gap leakage: water flowing through the gap 
between screw and trough does not contribution to 
power generation 

2. Bearing drag: friction in the bearings that support 
the screw 

3. Inlet and outlet losses: energy is lost through water 
flowing into and out of the screw under non-ideal 
conditions 

4. Viscous drag: energy is lost through shear forces 
between water and interior screw surfaces    

Losses due to bearing drag, and inlet and outlet losses can 
be minimized through careful design of the screw and its inlet 
and outlet. Archimedes screw generators operate most 
efficiently at relatively low rotation speeds. Nagel [7] 
recommended that the rotational speed of an Archimedes screw 
pump in revolutions per minute should be  

50
 (2) 

where Do is the outer diameter of the screw. Nuernbergk and 
Rorres [8] report that Lashofer et al. [9] confirmed that most 
installed European ASGs operate at this speed or less. At 
higher speeds it is known from experience that friction and 
centrifugal forces become unacceptably large in many cases 
[8]. Slower speeds would also be expected to reduce noise and 
prolong bearing life in an ASG. 

Low speed operation keeps bearing friction low. There is 
also little induced motion in the water within the screw, and in 
practice Archimedes screws have been analyzed assuming 
quasi-static conditions in which the water with the screw does 
not move relative to the screw surfaces. At sites with consistent 
water supply, the inlet and outlet losses can be minimized by 
careful design using the approach of Nuernbergk and Rorres 
[8]. However, gap leakage is not minimized by reducing speed, 
and can therefore still have a significant impact on the 
mechanical efficiency of the screw.  

III. GAP LEAKAGE 

The volume flow rate of water through the screw Q can be 
divided into two components  

 (3)

where Qb is the volume flow rate of water within the buckets of 
the screw that actively drives the screw. The distribution of 
quasi-static pressure on the interior surfaces of the screw due to 
this water results in a net torque that turns the screw. However, 
a part of the flow Ql effectively leaks past the screw surfaces. 
The available energy associated with this water is lost as the 
water bypasses the screw through the gaps, instead of 
contributing to turning the screw. 

Neurenbergk and Rorres [8] define several leakage flows, 
including gap leakage, overflow leakage, and leakage due to 
water becoming entrained on the screw flights. The latter 
mechanism is very small in practice, and overflow leakage is 
zero unless the screw is operating in an over-full state (which is 
less efficient than operating full). Therefore, all leakage flow 
will be assumed to be in the form of gap leakage.  

If the other loss mechanisms are minimized, the theoretical 
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Figure 3. A laboratory-scale Archimedes screw. Gap 
leakage is visible across each flight where the lower 

bucket water level is below the leakage point, however 
gap leakage is occurring around the entire wetted 

perimeter of the flights. 
 

efficiency  of an Archimedes screw is 

 
1  (4) 

where Ql is the gap leakage flow rate (or the volume flow rate 
of water through the gap between the screw and the trough). 
Nagel reports leakage can vary from 3 % to 12 % in 
Archimedes screw pumps [7], and experience suggests leakage 
occurs at similar rates in ASGs. 

IV. EXISTING GAP LEAKAGE MODELS 

The most commonly used gap leakage flow model is the 
empirical formula for Archimedes screw pumps reported by 
Nagel (1968), which gives the leakage volume flow rate Ql 
through the screw, in m3/s 

 2.5 .  (5)

where Gw is the width of the gap between the flight edge and 
trough in meters, and Do is the screw diameter in meters. (Note 
that this equation is not dimensionally consistent.)  

Neurnbergk and Rorres [8] utilized a more sophisticated 
relationship attributed to Muysken to predict gap flow leakage 
that includes some additional parameters: 
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where CR is a discharge coefficient (set equal to 1.0), h is the 
difference in water level height between adjacent buckets, and 
3, 4 and 5 are wetted angles around the gap (in radians). 
While potentially more accurate than Eqn. 5, knowledge of the 
angular position of intersections between the water planes and 

the edge of screw () is needed, which must be determined 
from tables or calculated beforehand. 

Both models require the gap width, which is not easily 
measured in practice, since it will usually vary at different 
locations along the screw. It is often estimated using Nagel’s 
empirical relation [7] 

0.0045  (7) 

with units of both variables in meters [8]. 

Neurnbergk and Rorres’ model (Eqn. 6) requires 
knowledge of angular water level positions within the screw, 
which are not easily measured in an operating screw.  

Nagel’s relations were originally derived for screw pumps 
under the assumption that the screw would always be operating 
full. (A screw is full when the water level within the buckets 
cannot be increased any further without water spilling over the 
top of the inner cylinder into the next lowest bucket.) This 
means it cannot be used directly to predict the leakage flow at 
other fill points. 

V. FIRST PRINCIPLES GAP LEAKAGE MODEL 

A gap leakage flow model was needed specifically for use 
in a new Archimedes screw performance model developed at 
the University of Guelph. The model is intended to be used as a 
practical design tool that will allow designers to predict the 
performance of an Archimedes screw, including the option of 
varying fill levels from near-empty to over-full. Since Nagel’s 
model was insufficient, and Neurnbergk and Rorres’ model 
was cast in inconvenient variables, it was decided to derive a 
gap flow model from first principles.  

As the fill level changes, the wetted length of the gap will 
vary non-linearly, as will the pressure head across the gap. 
Since leakage has a significant impact on the performance of an 
ASG, a new leakage model that predicts Ql across the full 
range of fill points is proposed. 

The model will consider the wetted length of a single 
rotation of a flight. Note that for an Archimedes screw, the total 
gap flow through the screw is equal to the gap flow through the 
gap between a single rotation of a flight and the trough. The 
gaps are arranged in series along the length of the screw, with 
similar conditions across each gap, so the flow through a single 
gap equals the flow out of the screw by gap flow.  

The screw will be assumed to be static (as is often assumed 
when modelling the performance of an Archimedes screw). 
Water levels in a bucket will remain constant because the water 
lost to the next lower bucket through gap flow is replaced by 
gap flow entering the bucket from the bucket above. 

 The gap can be divided into two flow regions. The first 
region is the “constant pressure” portion of the gap where both 
sides of the gap are immersed. The pressure head across all 
parts of the gap in this region corresponds to h. At any point 
in this region, the ideal velocity V through the gap based on 
Bernoulli’s equation is 

2  (8) 
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                     Figure 4. Gap length definitions.  
 

Multiplying by gap area gives an estimated volume flow rate 
for this region of 

 2  (9) 

where lw is the length of the constant pressure portion of the 
gap (Fig. 4), and is determined numerically based on the screw 
geometry. 

In the second region of the gap, the upstream side is 
submerged, but the downstream side is above the water level of 
the lower bucket, and therefore exposed to constant 
atmospheric pressure. Note that this region consists of two 
separate parts of the gap, one on each side of the screw, with 
the “constant pressure” region in between (Fig. 4). 

The pressure head will vary along this gap from 0 to h. 
This variation will be assumed to be linear in order to keep the 
number of variables in the final formulation to a minimum. 
This will introduce a small amount of error into the model, 
however, since h is always much smaller than Do, the degree 
of this non-linearity is limited. If the total length of this gap 
region is le (Fig. 4), the volume flow rate through this region of 
the gap Q2 is found by integrating the local pressure-driven 
velocity over the gap area: 

 

2 .  (10) 

which simplifies to 

 
1.5

2  (11) 

Combining Eqns. 9 and 11, noting that h = (P/N)sin and 
adding a discharge coefficient C to account for minor losses 
gives a predicted total gap flow of 

 

1.5
2

sin  (12) 

The value of C is one if there are no minor losses in the gap, 
otherwise it will be less than one. A value of C = 0.9 was 
determined based on measurements of static leakage flow from 
a small laboratory-scale Archimedes screw (Do = 146 mm, Gw 
= 7.6 mm, additional information in Table 1 and [10]). It 
should be noted that this value of C may not be valid for 

different screws, since minor losses will be strongly dependent 
on the Reynolds number, smoothness of the trough, and the 
shape, sharpness and consistency of the flight edges. 

A careful comparison of Eqns. 6 and 12 reveals that if C = 
CR and Gw << Do these two equations essentially represent the 
same model expressed using different combinations of 
variables. This means there are essentially two models for 
comparison: Eqn. 5 and Eqn. 12. 

VI. DISCUSSION 

A. Model Comparisons 

Figure 5 shows the predicted gap leakage flow, as a fraction 
of the total volume flow rate, in a typical Archimedes screw (P 
= Do, Di = Do/2, N = 3, L = 4Do) operating in a full state by 
both models. Gap width is assumed to follow Eqn. 7 and 
rotation speed is the maximum from Eqn. 2. It is apparent that 
the two models predict very similar flow rates across a wide 
range of screw diameters. However, the limitations of Eqn. 5 
become apparent when slope is varied. Eqn. 12 accounts for the 
change in pressure head across the gap as slope varies, while 
the original Nagel model (Eqn. 5) does not. The Nagel model 
also cannot account for changes in pitch, inner diameter or fill 
level within the screw due to its inherent simplicity.  

B. Rotation Speed 

Neither model attempts to account for the rotation speed of 
the screw. The previous discussion of theoretical efficiency 
suggests that efficiency of an Archimedes screw should 
increase as rotation speed increases. However, in practice this 
is not the case. Figure 6 show the measured performance of the 
small, laboratory-scale Archimedes screw with specifications 
in Table 1, across a range of rotations. (Additional information 
on this experiment is given in [10].) The data shows the 
optimum speed of this ASG for a given Q is relatively low. 
Operating at higher speeds significantly reduced power output, 
even though Pavail remained constant (at about 2.75 W). 

Several mechanisms may be responsible for producing 
these greater losses at high speeds, including gap leakage, 
bearing drag, and fluid drag within the screw. Determining the 
relative importance of each is complicated because none can be 
directly measured when the screw is operating. Fluid drag 
within the screw is particularly difficult to quantify. 

Bearing drag can be measured when the dry, unbraked 
screw is rotated to a high speed, and allowed to “spin down,” 
because in this case other losses are minimized and bearing 
drag is the only mechanism to remove momentum from the 
screw. The bearing power data in Figure 6 was derived in this 
manner. As would be expected, the power dissipated by the 
bearings increases as rotation speed increases. However, this 
data cannot be used for more detailed analysis, because the 
bearing loads for a screw spinning in air are different than 
when the screw contains water and is operating under load. 
This data does suggest that while bearing drag increases with 
speed, it may not be completely responsible for the reduced 
efficiency at high speeds.    

The question remains whether gap leakage is a significant 
source of losses at high speeds. Gap leakage can only be 
directly measured in a static screw, because all flow through 
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Figure 5. Ratio of leakage flow rate to total flow rate for typical Archimedes screw generator, as a function of screw 
diameter (left) and slope (right). 
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the screw is by gap leakage. Unfortunately, this information 
was already used to determine the loss coefficient in Eqn. 12, 
so it is not a validation to see that the model agrees with the 
measurements. At present, the lack of data or methods for 
validation a leakage model remains a significant issue. 

While a method of determining gap leakage in an operating 
Archimedes screw remains an open challenge, some useful 
insight can be gained by examining cases of extreme flow 
conditions in an ASG. Figure 7 (center) shows the 
conventional, quasi-static operating conditions within an 
Archimedes screw that is either stopped or operating at low 
speed.  

A flow extreme occurs at a rotation speed that is so fast that 
the speed of the flow down the screw approaches what would 
occur in an open channel with the dimensions and slope of the 
screw trough (Fig. 7; right). In this case, the screw rotates so 
fast that the flights also move at the speed of open channel flow 
and so have little effect. In open channel flow, the speed of the 
water is balanced by viscous drag on the trough surface, and 
the pressure gradient is normal to the trough surface, instead of 
vertical.  This pressure gradient will (ideally) result in equal 
pressure on each side of the gaps. Therefore, it is reasonable to 
expect gap flow to cease at extremely high rotation speeds. 

Figure 6 shows that all power was dissipated (shaft power 
was zero) when the lab ASG reached 30 rad/s. Applying 
Manning’s equation to the ASG trough, the predicted open 
channel velocity is 7.5 m/s, which corresponds to a rotation 
speed of 80 rad/s. Assuming this predicted speed is correct 
(since fairly high uncertainty would be expected for Manning’s 
equation at this small scale), it could be interpreted that shear 
between the trough and the water will result in non-vertical 
pressure gradients, partially reducing gap flow at intermediate 
speeds relative to the gap flow predicted based on quasi-static 
analysis (Eqn. 12) or experience with screws turning at 
relatively slow speed (Eqn. 5). 

Decreasing gap flow with increasing rotation speed is only 
expected in Archimedes screw generators. Archimedes screw 
pumps would be expected to exhibit increasing gap flow with 
increasing rotation speed, because viscous drag between the 
fluid and the trough will be acting in the direction opposite to 
the water motion, instead of in the same direction. At very high 
pumping speeds, the ideal pressure distribution would be 
expected to be similar to Figure 7 (left). 

Table 1. Laboratory screw specifications. 
Parameter Variable Value 

Slope  24.9 
Outer Diameter Do 0.146 m 

Inner Diameter Di 0.55  0.146 m 
Pitch P 0.146 m 

Number of 
li h

N 3 

Screw Length L 4  0.146 m 
Head h 0.25 m 

Gap width Gw 0.762 mm 

 

Figure 6. Measured data from laboratory screw. 
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C. Enclosed Screws 

One suggested approach for minimizing gap leakage losses 
in an Archimedes screw is to enclose the screw within a tube, 
leave no gaps between the screw and tube, and rotate the entire 
screw-and-tube assembly. However, the top of the enclosed 
screw must be free to turn, so a small gap must be left between 
the dam or weir that the screw is placed in, and the rotating 
enclosed screw. This gap will be of similar length to the gap in 
a conventional screw. One side of this gap will be at 
atmospheric pressure, so the pressure difference across the gap 
will be equivalent to local depth at all points along the gap. In a 
fixed trough screw, the maximum pressure head across the gap 
is h, while in an enclosed screw much of the gap will be at 
greater pressure head than h, because the geometry of a 
practical Archimedes screw means h is a fraction of Do/2. 
This reasoning suggests the enclosed screw would be expected 
to have greater leakage than a conventional fixed-trough screw.  

It is worth noting that the gap at the top of the enclosed 
screw remains in a fixed location (unlike the continually 
translating gaps in a fixed-trough screw), so it may be possible 
to achieve a narrower gap, or one with greater resistance to 
flow, and reduce the gap leakage. Another practical issue with 
enclosed screws is that the bearings must support the entire 
weight of the screw and the water inside it, whereas in 
conventional fixed-trough screws much of the water weight is 
supported by the trough, and bearing loads are also reduced by 
the buoyancy of the central cylinder.  

VII. CONCLUSION 

Gap leakage in Archimedes screws has not been extensively 
studied. Current gap leakage models are limited, due to being 
derived based on experience with Archimedes screw pumps, or 
assuming quasi-static conditions within the screw. 
Development of improved models is particularly hampered by 
a lack of validation data or methods for measuring gap leakage 
flow in operating Archimedes screws. 

The commonly cited Nagel model is an empirical 
relationship derived from observations of screw pumps, is 
based only on screw diameter, and should only be used to 
provide a rough estimate of gap flow in full screws with typical 
dimensions and operating parameters. 

The model derived in this paper (and by extension, also the 
model derived by Muysken and reported in [8]) provides 
predicted gap leakage as a function of a range of screw 
geometries, but still assumes static conditions. Current models 
do not provide guidance when the screw is operated at high 
speeds. There is no known data or analysis available on gap 
leakage in screws at high rotation speeds. 

Theoretical arguments suggest gap leakage will decrease as 
rotation speed increases in Archimedes screw generators, but 
will increase with speed in Archimedes screw pumps. 

Accurate models of gap leakage flow are essential to 
accurate modelling of Archimedes screw performance. Current 
gap leakage models should be used with caution, particularly 
when considering atypical Archimedes screw geometries and 
operating conditions. Current models are expected to over-
predict gap flow at high rotation speeds. 
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Figure 7. Idealized pressure distribution within an Archimedes screw operating at high speed as a pump (left), quasi-
static at low speed (center) and operating at high speed as a generator (right). Dashed lines are isobars. 


