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Nomenclature
B Inclination angle (°)
10} Rotational speed (rpm)

Archimedes screw pump (ASP) is a type of positive displacement pump
for transporting water from lower to upper incline elevations. It is a
simple and robust pump widely used for irrigation, flood mitigation, and
in wastewater treatment plants. Although ASPs have been used for
centuries, there is a lack of literature related to the optimal hydraulic
performance and elucidating the underlying flow mechanisms. This
study focuses on numerically evaluating ASP hydraulic performance
across various rotational speeds and inclination angles. Experiments
have also been performed on a laboratory-scale ASP with three flights, a
length of 1500 mm, and an outer diameter of 300 mm for CFD validation.
A computational fluid dynamics (CFD) model was developed to replicate
the experimental setup, performed using the k-¢ turbulence model with
sliding mesh and the volume of fluid (VOF) method, which is suitable
for liquid flow modeling involving combined free surface flow and
rotational motion. The CFD model of ASP was simulated under various
rotational speeds (25, 50, 75, and 100 rpm) and inclination angles (20°,
25°, and 30°). The results showed that flow rate and torque increase when
rotational speed increases for all inclination angles. A maximum
efficiency of 94.4% was obtained at 50 rpm and an inclination angle of
30°. These findings provide a useful reference for identifying optimal
hydraulic performance of ASP using a CFD-based framework.
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k Turbulent kinetic energy (m?/s?)
e Turbulent dissipation rate (m?/s*)
p Density (kg/m?)

g Gravitational force(m/s?)

n Hydraulic efficiency (%)

D; Inner diameter (mm)

D, Outer diameter (mm)

H Head (mm)

hy Upper water level (m)

h; Lower water levels (m)

Gw Gap width (mm)

L Length (mm)

N Number of flight (-)

S Pitch length (mm)

Py Motor power (W)

Py Hydraulic power (W)

T Torque (N-m)

0 Volume flow rate (m®/s or L/s)
t Flight thickness (mm)

Zwl Bucket water level (m)

P Touch point (mm)

FP Filling point (mm)

CcP Chute point (mm)
Abbreviations

ASP Archimedes screw pump

AST Archimedes screw turbine
CFD Computational fluid dynamics
VOF Volume of fluid

BCE Before common era

IFM Integrated flood management

SIMPLE Semi-implicit method for pressure-linked equations
PRESTO!  Pressure staggering option
ANSYS Analysis Systems

1. INTRODUCTION

Archimedes screw pump (ASP) is the oldest type of pump used to transport fluid. It is the earliest hydraulic
machine, which was established in the third century BCE and named after the Greek mathematician
Archimedes in Egypt [1]. Archimedes invented it as a water screw for irrigation fields and for pumping
water out of mines and ship holds [2]. A review paper by Hoofstaedt et al. [3] highlighted that Archimedes
screws can operate effectively at low heads. Given the system’s ability to handle dirty or debris-laden water,
another application of ASP is to improve the drainage of flood areas [4]. Aside from flood mitigation, a
recent study by Llave-Propin et al. [5] found that the Archimedes screw is a fish-friendly pump to transfer
fish compared to a vacuum pump because it significantly reduced stress responses under tested conditions.
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In Malaysia, ASP has been used for flood mitigation because of its ability to remove large volumes
of excess water from flood-prone areas. ASP stations are classified as a structural measure under Integrated
Flood Management (IFM) approaches implemented by the Department of Irrigation and Drainage [6]. To
ensure that the pumping station can discharge floodwater effectively, the ASP should be designed for high
hydraulic performance so it can run at an optimal level. Low hydraulic performance of the ASP will increase
energy consumption and contribute to higher operating cost for discharging water from flood-prone areas.

The hydraulic performance of ASP is measured based on efficiency, which is the ratio of hydraulic
power to the required shaft power. Various geometric and operational parameters have been found to affect
the hydraulic performance of ASP. The geometric parameters of ASP include the outer diameter D,, inner
diameter D;, pitch S, number of flights (or blades) A, screw length L, gap width Gw, and inclination angle
p. The operating parameters of ASP include the lifting head, upper water level (hy), lower water levels
(hy), bucket water level (Z,,), and rotation speed (w) [1,7].

The ASP efficiency typically ranges between 65% and 75% depending on the size of the screw
diameter [8]. Large screw diameters reach approximately 75% efficiency, more than small diameter screw
with an efficiency of 65% [9]. The efficiency of ASP could reach 85% if the screw geometry parameter is
optimized and designed meticulously [10]. Lyons et al. [11] experimentally investigated the efficiency of
a laboratory-scale ASP at different inlet basin water levels and rotational speeds. In their study, optimal
efficiency was achieved when operated at approximately 80% of the lower basin level. Chan et al. [12]
examined ASP efficiency through a series of CFD simulations considering inclination angle, rotational
speed, and number of flights and found that the maximum efficiency was 24.04% obtained by single-flight
operation at a 20° and 40 rpm. Nagel [1] mentioned that a single-flight screw could deliver about 64% and
a double-flight screw about 80% efficiency. According to a theoretical analysis [13], the additional flight
could increase the efficiency of ASP. However, others recommend that two or three flights [14] with single-
flight configuration yield the highest performance [8]. In another aspect, lower inclination angles often
correspond to a longer screw which results in high flow rates and efficiencies but increases the cost of the
installation [14]. According to Muysken [7], the inclination angle used for screw pumps can vary from 26°
to 40°, and the most typical inclination angles are around 30°, 35°, and 38°. Nagel [1] generally
recommends an operating inclination angle of 30°. In terms of rotational speed, both Nagel [1] and Muysken
[7] suggested that the rotational speed of ASP may run from 15 to 60 rpm. Nagel [1] recommended using
Muysken's [7] rotational speed as the maximum speed as a function of the outer diameter. For example, a
screw with an outer diameter of 1 m should have a maximum rotational velocity of 50 rpm [13]. The fill
height gradient in the bucket is also known to impact flow rate due to a small gap between the screw flight
and the trough. Recent experiment on the fill height gradient found that the variation in fill height in the
bucket was greater at low rotational speed, and the different water level in each bucket along the screw was
reduced due to leakage as the bucket translated up to the outlet [15,16].

Design and operation guidance is available through classical handbooks [1,7], while more recent
hydraulic engineering literature has documented ASP performance and operational behavior under
controlled laboratory conditions [9,11]. The current empirical guidelines [9,11] help in designing ASP but
not at an optimal level. It is also important that improving design and operation rules requires knowing why
performance changes with operating conditions. However, these mechanisms are difficult to quantify
experimentally, and the inability to observe internal bucket dynamics is a limiting factor in model
development. Therefore, numerical investigation using CFD offers a pathway to examine internal flow
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patterns that are difficult to measure experimentally and to test operating conditions efficiently. CFD has
been widely used to investigate the hydraulic performance of Archimedes screw turbine (AST) [17-20], yet
validated CFD models of ASP remain limited and underexplored. Simmons et al. [9] were perhaps the first
to introduce a validated CFD model for ASP to evaluate the performance of rotational speed at various
screw sizes. Later, Chan et al. [12] used CFD to investigate the performance of ASP under various numbers
of flights and rotational speeds, but without experimental validation.

Consequently, there is a need to generate more numerical data and gain a deeper understanding to
optimize ASP performance through simulation, where experimental data is lacking. This study aims to
develop a CFD model of the ASP and use it to simulate fluid flow at various inclination angles and rotational
speeds to identify its peak efficiency. Experimental testing is also conducted, and the data are used to
validate the CFD model, ensuring the data are accurate and reliable for use as a guide in engineering design.
Findings of this study will help bridge gaps in ASP design to achieve superior hydraulic performance and
provide a clearer understanding of the internal flow dynamics across the screw flights.

2. METHODOLOGY

2.1 Experimental setup

The experiment was carried out on a laboratory-scale ASP at a rotational speed of 100 rpm and an
inclination angle of 30°, with the flow rate being recorded. However, due to equipment limitations, the
experiment was performed under fixed operating and geometrical conditions. Consequently, the
experimental data were used to develop a reliable and validated CFD simulation. Based on Figure 1(a), the
laboratory-scale ASP consisted of several components, such as a screw, trough, bearings, coupling, and
motor, that work together to transport water from a lower to a higher elevation. The screw was made of
mild steel, and bearings were mounted at both ends of the screw to support the load and reduce vibration.
The screw was driven by a motor and connected by a coupling to allow power to be transmitted effectively.
Water from the inlet basin flowed into the screw and the trough was lifted upward to the discharge basin
due to the rotating motion of the screw. Figure 1(b) shows the detailed geometric dimensional information
of the screw, which includes critical parameters for hydraulic performance. The laboratory-scale ASP was
designed with three flights, a length of 1500 mm, an outer diameter of 300 mm, a pitch length of 300 mm,
a flight thickness of 10 mm, a gap width of 5 mm, and other detailed specifications as shown in Table 1.

The flow rate of the laboratory-scale ASP was measured using sensorless flow rate technology, which
controls and estimates flow without a physical flow meter. This technology features an advanced algorithm
that analyses motor speed, power consumption, and system characteristics with an accuracy of £2%. The
system recorded an ASP flow rate of 10.76 L/s. To validate these readings, a preliminary investigation was
conducted by calculating the flow rate based on the total volume and the time required to fill the discharge
basin. The discharge basin dimensions were 0.79 m (width) x 0.245 m (height) x 0.788 m (length) with a
total volume of 0.153 m? that was fully filled within 14.9 seconds. Thus, the calculated volumetric flow
rate was 0.0102 m?/s (10.2 L/s), which proved that the test equipment is accurate and reliable for estimating
the pump’s flow rate.
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(@) (b)

Fig. 1. (a) Laboratory-scale ASP and (b) Detailed geometric dimensions of the screw

Table 1. Detailed dimensional specifications of ASP

Parameter Value Unit
Inner diameter, D; 100 mm
Outer diameter, D, 300 mm
Length, L 1500 mm
Pitch length, S 300 mm
Flight thickness, ¢ 10 mm
Gap width, Gw 5 mm
Touch point, TP 15 mm
Filling point, FP 200 mm
Chute point, CP 590 mm
Hydraulic head, H 569 mm
Motor power, P, 0.2 kW

2.2 CFD setup

A validated CFD model of the ASP was developed using ANSYS Fluent to replicate the actual
performance of a laboratory-scale ASP and monitor its hydraulic performance through a series of
simulations at various rotational speeds and inclination angles. For a realistic representation of the flow
domain for CFD analysis, the model consisted of two regions; a stationary domain (the trough, inlet, and
outlet) and a rotating domain (the screw). Figure 2 illustrates the defined boundary conditions to ensure
they provide realistic flow behaviour during simulation. For the inlet boundary, it was specified as a velocity
inlet of 0.1 m/s and the outlet boundary was set as a pressure outlet with zero-gauge pressure, allowing the
fluid to exit the domain at atmospheric pressure. All walls of the screw and trough were treated as no-slip
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walls while the rotating region of the screw was defined using the sliding mesh technique with a specified
rotational speed.

The meshing process was carried out to discretize the fluid domain into small finite volume elements,
particularly around the helical flights and the narrow clearance space between the screw and the trough. In
this study, polyhedral mesh was employed to ensure solver stability and suitability for curved surfaces.
Additionally, inflation layers were applied over wall surfaces of the screw flight and trough to accurately
capture flow behaviour and to resolve boundary layer effects, as shown in Figure 3. For accurate results
and to prevent convergence issues during simulation, the maximum skewness and minimum orthogonality
quality were strictly maintained below 0.9 and above 0.1, respectively, throughout the mesh generation
process.

In this study, the k-¢ turbulence model was used to simulate the turbulent flow of ASP to balance
computational cost and predictive capability. Accordingly, a turbulent flow was assumed for the simulation.
This phenomenon can be proven by estimating the Reynolds number for bulk flow in the passage, assuming
the flow passage in the screw as an annular flow region with an outer diameter of 0.3 m and an inner
diameter of 0.1 m. As per our experimental data, the flow rate was 10.76 L/s. So, using standard fluid
properties, this condition corresponded to a Reynolds number of approximately 34,100, exceeding the
conventional turbulent flow criterion for open channel flow, which indicated that inertial forces dominate
viscous effects. It is also worth noting that the free surface flow in an Archimedes screw pump was
geometrically complex, unsteady, and mostly turbulent. Such characteristics has led Simmons et al. [9] to
utilize a turbulence model in their simulation.

Atmosphere ——

\ RN
/ AR

No-slip (basin) Outlet

No-slip (trough)

Inlet No-slip (basin)  No-slip (Screw)

Fig. 2. Boundary conditions of CFD model of ASP
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Fig. 3. Computational domain meshed with polyhedral cells

For the multiphase model, the Volume of Fluid (VOF) method was employed to simulate
incompressible flow involving two immiscible phases, namely water and air [21]. The Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) algorithm was employed for pressure—velocity coupling
as this scheme is widely used in transient and steady-state simulations for its robustness and efficiency in
solving incompressible flow problems. For pressure interpolation, the Pressure Staggering Option
(PRESTO!) scheme was selected as it is particularly suitable for flows involving strong body forces,
swirling flows, and rotating domains [22]. This study used a fully implicit scheme, with a convergence
criterion of 1075 to monitor solution convergence. A fixed time step size of 0.0016 seconds was used for
the transient simulation with a sufficient number of time steps and iterations. For instance, a simulation at
100 rpm using this time step size yields 1° angular displacement per time step. Therefore, to reach a steady-
state flow at 8 seconds requires a total of 4,800 time steps. A series of simulations of the ASP at various
inclination angles (20°, 25°, and 30°) and rotational speeds (25, 50, 75, and 100 rpm) were performed, and
the outputs were monitored in terms of water flow rate and screw torque, which serve as the key
performance indicators of efficiency. The variables were selected within the typical operating ranges
reported in previous studies [7]. The screw configuration at the different inclination angles considered in
this study is illustrated in Figure 4. The figure also indicates the hydraulic head at different inclination
angles.
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320

[All Dimensions in mm]

Fig. 4. Configurations of the ASP screw at different inclination angles

In a rotating system such as ASP, the mechanical power can be calculated using Equation (1),

Pr=Tw W) (1)

where T (Nm) is the torque of the screw while w (radians per second) is the angular velocity of the rotating
screw. Hydraulic power refers to the rate of useful work performed by the screw to lift a certain volume of
fluid. The hydraulic power can be calculated using Equation (2),

P, = pgQH (W) 2

where p (kg/m?) is the density of the fluid, g (m/s?) is the gravitational force, Q (m?/s) is the volume flow
rate, and H (m) is the hydraulic head. After obtaining the mechanical power and hydraulic power, the
hydraulic efficiency can be determined using the following Equation (3),

Pr ) A3)

2.3 Mesh independence study

To verify the accuracy and reliability of the numerical results, a mesh independence study was
performed. The ASP model was meshed at four different levels of refinement, and the sensitivity of the
results to mesh resolution was evaluated before proceeding to simulation at various rotational speeds and
inclination angles. Figure 5 shows the flow rate across various mesh resolutions, and it was found that the
flow rate reached a steady value of 10.43 L/s for the mesh with 1,347,440 cells, having a maximum
skewness of 0.69 and a minimum orthogonal quality of 0.12. Hence, this mesh was selected to perform the
remaining simulations and analysis.
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Experimental Flowrate: 10.76L/s

Flowrate (L/s)
-

Number of Cells (Millions)

Fig. 5. Results of mesh independence study

3. RESULTS AND DISCUSSION

3.1 CFD validation

Experimental data of laboratory-scale ASP was recorded at 10.76 L/s of water flow rate to the outlet
basin at an inclination angle of 30° and an operation rotational speed of 100 rpm. The CFD simulation
produced a corresponding outlet flow rate of 10.43 L/s. The constant flow rate was generated after the flow
achieved a steady-state condition, which was about 6 sec of flow time, as illustrated in Figure 6. The CFD
predictions showed good agreement with the experimental measurements, with a percentage error of
approximately 3.07% or a difference of 0.33 L/s.

Figure 7 demonstrates the visual representation of the water volume fraction at the mid-plane of the
ASP model through time. The two phases are color-coded, where blue regions represent air and red regions
represent water. Figure 7(a) illustrates the initial state of the ASP at flow time = 0 s before the simulation
runs, where water is defined at the inlet basin. Figure 7(b) illustrates the steady-state condition of the ASP
at flow time > 8 s. Here, water is continuously transported from the inlet basin to the discharge basin.

12

Qzxp = 10.76 L/s
Qcen = 10.43 L/s

AQ = 0.33L/s (3.07%)

Flowrate (L/s)

0 2 4 6 8 10

Flowtime (s)

@ Experimental Point (10.76 Lis st 8s)  —— CFD Simulation

Fig. 6. Comparison of flow rate between CFD simulation and experimental data
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Fig. 7. Water volume fraction at mid-section of ASP at (a) initial (flow time = 0 s) and at (b) steady state (flow time >
8s)

3.2 Hydraulic performance

The hydraulic performance of the laboratory-scale ASP was evaluated through a series of simulations
at various rotational speeds and inclination angles. These simulations aim to identify the optimal rotational
speed and inclination angle to achieve peak efficiency of ASP. Figure 8 shows the variation of flow rate
with rotational speed at different inclination angles. Based on Figure 8, the flow rate increased
proportionally with the rotational speed at all inclination angles. At an inclination angle of 20°, the flow
rate increased from 2.9 L/s at 25 rpm to 12.68 L/s at 100 rpm. Similar increasing trends were observed at
inclination angles of 25° and 30°. This situation aligns with the principle that a higher rotational speed
increases the volume of water because a screw transports more fluid upwards per rotation within a given
unit of time at higher rotational speed. However, flow rate becomes less significant at 75 rpm indicating
the beginning of hydraulic losses due to increased turbulence and partial backflow within the screw channel.
Also, flow rate was observed to decrease as the inclination angle was increased at the same rotational speed
influenced by higher gravitational resistance and a reduction in volume caused by leakage at the gap.
Conversely, a lower inclination angle allows for the transport of a greater volume of water at the same
rotational speed.

Torque is generated by the hydrostatic pressure exerted by the weight of the water or buckets on the
surface of the helical flights. Figure 9 illustrates the variation of torque with rotational speed at different
inclination angles. Based on Figure 9, torque increases moderately as rotational speed and inclination angle
increase. At a 30° inclination angle, torque rises from 5.8 N-m to 7.75 N-m due to higher rotational speed
causing high friction and fluid shear forces on the helical flight surface, which requires greater torque to
overcome the resistance. However, the influence of rotational speed on torque magnitude is less dominant
compared to inclination angle.
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Fig. 8. Variation of flow rate with rotational speed at different inclination angles
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Fig. 9. Variation of torque with rotational speed at different inclination angles

Figure 10 illustrates the overall efficiency of the laboratory-scale ASP at various rotational speeds and
inclination angles. The highest efficiency of 94.4% was recorded at a speed of 50 rpm and an inclination
angle of 30°. A downward trend in efficiency was observed at higher speeds. Across all inclination angles,
the peak efficiency was recorded at 90.15%, 91.96%, and 94.40% at 20°, 25°, and 30°, respectively. These
findings are consistent with the data reported by Simmons et al. [9], which indicated that the highest
efficiency for laboratory-scale ASPs occurs within a rotational speed range of 30 to 50 rpm. As the
rotational speed increased, the overall efficiency declined due to water friction against the helical screw
and leakage through the clearance gaps. These results demonstrate that optimal ASP operation is achieved
at moderate screw rotation speeds to balance energy consumption with flow generation.
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Fig. 10. Overall efficiency variation with rotational speed at different inclination angles

3.3 Flow fields

CFD enables a detailed analysis to identify water flow behavior within the screw and regions that are
difficult to capture during experimental measurements. From the simulation, water volume fraction, wall
shear stress, and velocity field were extracted to investigate flow development and energy loss mechanisms
in the region between the screw and the trough. Figure 11 represents the contours of mid-plane water
volume fraction at various rotational speeds and inclination angles. Based on the contour, there was a
thinning layer near the gap clearance due to gap leakage. Also, the bucket at the bottom remained filled
while upper buckets gradually lost water due to clearance leakage, gravity, and reduced hydrostatic support
[9,10] at higher rotational speeds or lower inclination angles. Although there was some leakage at the
clearance space, it became significant when the flow was insufficient to keep the bucket constantly full.
Overall, the numerical model accurately captures free-surface behaviour inside the screw and provides clear
insight into how water leakage could reduce the performance.

Figure 12 illustrates the wall shear stress contours on the screw surface. At a rotational speed of 100
rpm, wall shear stress developed near the flight tip and became more pronounced at low inclination angles
due to centrifugal forces displacing water to intensifies the fluid's resistance against the flight surfaces and
triggers turbulent motion, causing higher energy dissipation. Conversely, lower wall shear stress occurred
at moderate rotational speeds, where frictional losses were minimized. Observations of the wall shear stress
contours on the flight surface confirmed fluid movement across the helical screw surface resulting from
increased flow on the helical flight surface due to high relative velocity between water and flight, leading
to an increase in wall shear stress. Figure 13 shows water velocity contours at mid-plane channel, showing
stable transport of water along the screw. Based on the observation, higher velocities near the discharge
zone are due to flow acceleration results from changes in geometry and boundary conditions. Velocities
increased along the screw channel particularly at the free surface and flight edges due to high rotational
speed which contributed to shear effects on the helical flight and potential energy loss. A uniform
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distribution was observed at the low-velocity setup which resulted in low losses and effective flow
conveyance. To reduce losses and improve efficiency, it is necessary to identify low-velocity zones near
the interface between the screw and the trough to indicate any recirculation or flow slippage.

— Gap leakage Upper bucket water drop
800801 (a) 20° with 25 rpm (b) 20° with 100 rpm

Gap leakage Gap leakage
(¢) 30° with 50 rpm (d) 30° with 100 rpm
Volume fraction contour indication: I Water B Air

Fig. 11. Contours of mid-plane water volume fraction at (a) 20° with 25 rpm, (b) 20° with 100 rpm, (c) 30° with 50
rpm, and (d) 30° with 100 rpm
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Fig. 12. Contours of wall shear stress on ASP at (a) 20° with 25 rpm, (b) 20° with 100 rpm, (c) 30° with 50 rpm, and
(d) 30° with 100 rpm
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Fig. 13. Contours of mid-plane velocity at (a) 20° with 25 rpm, (b) 20° with 100 rpm, (¢) 30° with 50 rpm, and (d)
30° with 100 rpm

4. CONCLUSIONS

This study has successfully developed and validated a CFD model of ASP against experimental data to
evaluate the hydraulic performance and internal flow dynamics of a laboratory-scale ASP through a series
of CFD simulations at various inclination angles and rotational speeds. Based on the simulation data, the
ASP achieved optimal hydraulic performance at 50 rpm rotational speed and a 30° inclination angle with
the highest efficiency of 94.40%. However, beyond 50 rpm, the efficiency began to decline due to friction,
overflow spillage, and leakage at the clearance gap between the screw and the trough. These findings
provide insight into the internal bucket dynamics of the screw and reliable operational limits to optimize
energy efficiency and the discharge capacity of the ASP, specifically to help engineers design optimal
performance of ASP to effectively transfer large volumes of excess water. There are several limitations
worth acknowledging to enhance the hydraulic performance of ASP. First, this study investigated only one
operating parameter (that is, rotational speed) and one installation/orientation parameter (that is, inclination
angle), while the geometric parameters of the screw were kept constant. Second, the optimum condition
and orientation identified in this study were determined from the limited conditions rather than through a
systematic optimization procedure. Third, the experiment was conducted using a laboratory-scale ASP
under a single operating condition. Therefore, future studies should consider systematic optimization
methods that incorporate a wider range of parameters to accurately determine the optimal configuration of
the ASP. Future work should also focus on modifying the existing experimental rig so that the pump
performance can be evaluated across various operating conditions and scales, and the resulting data will
then be used to validate CFD predictions under corresponding operating conditions and scales.
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