Performance Evaluation of an Archimedes Turbine in a Micro-Hydro Power Plant: A Case Study on Irrigation Water Flow with Low Head
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Abstract.  This research aims to evaluate the performance of an Archimedes turbine in converting hydrokinetic energy into mechanical energy in a Micro-Hydro Power Plant (MHPP) using irrigation water flow with a low head. An experimental method was employed on an Archimedes turbine prototype to measure energy conversion efficiency, the effect of submersion levels on RPM, and the impact of heater load on turbine performance. Data collection was carried out by testing the turbine at three different submersion levels (1/3, 2/3, and 3/3) and under varying heater loads (350 watts, 700 watts, and 1050 watts) connected to the generator output. The turbine’s rotational speed was recorded over a one-minute period for each test condition. The results show that at a 3/3 submersion level, the turbine achieved a maximum rotational speed of 208 RPM. With heater loads ranging from 350 watts to 1050 watts, the turbine maintained stable performance, but higher loads resulted in a decrease in efficiency, and the heater did not function optimally. This study demonstrates the potential of Archimedes turbines for efficient energy conversion in low-flow conditions and highlights their applicability for renewable energy generation in Indonesia. Future research is recommended to explore design optimizations and address challenges related to high-load conditions.
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INTRODUCTION
The dependence on fossil energy sources such as diesel, natural gas, and coal, which accounts for 75%, motivates the development of renewable energy to meet the increasing demand for electricity [1]. One widely developed solution is the utilization of energy from water due to its environmentally friendly and cost-effective nature [2]. In Indonesia, the abundance of water resources presents a significant potential for electricity production, one of which is through Micro-Hydro Power Plants (MHPPs). MHPPs are small-scale power plants that utilize water power to generate electricity, with a capacity of less than 200 kW [3] [4] [5]. This technology is known for its simple construction [6], [7], ease of maintenance [8], [9], and environmental friendliness [10] [11] [12].
Various countries have successfully utilized hydro energy for power generation, such as Norway, which produces almost all its electricity from hydropower [13], or Canada, which generates more than 70% of its electricity from hydroelectric power [14]. The Archimedes turbine, one type of turbine used in MHPPs, utilizes the screw principle driven by water flow to produce mechanical power, which is then converted into electricity through a generator [15]. Although this turbine has advantages in terms of efficiency and low environmental impact, challenges include potential negative impacts on aquatic ecosystems and efficiency under low head conditions [16].
This study aims to evaluate the efficiency of the Archimedes turbine in converting hydrokinetic energy into mechanical energy and to identify factors affecting the turbine's performance at various submersion levels and loads.
POWER PLANT DESIGN
This study designs a spiral turbine for a Micro-Hydro Power Plant (MHPP) that can be used in areas with low-head water resources, such as irrigation channels or culverts. With sufficient water flow, the turbine can rotate and generate electricity, even with low water pressure. The spiral shape helps maintain rotational force and allows aquatic life, debris, and sediment to pass through, minimizing environmental impact. FIGURE 1 shows the design of the Archimedes screw turbine used in this study.
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FIGURE 1. Micro-Hydro power plant design

The potential power output from the turbine can be calculated using the following equation (1).


	        	(1)	

where P is the power (kW), ρ is the water density (kg/m³), g is the gravitational acceleration (m/s²), Q is the water flow rate (m³/s), and H is the head (m). 

METHODS
This research employs an experimental method to evaluate the performance of an Archimedes turbine in irrigation water flow with a low head. The study was conducted in May 2024 at Notojoyo Street, Babatan, Tegalgondo, Karang Ploso District, Malang City, Indonesia. This location was selected because it meets the criteria suitable for the Archimedes screw turbine, including a low-head water flow, stable water flow, and sufficient water discharge. FIGURE 2 shows the water flow used in this research along with a river flow diagram.
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FIGURE 2. (a) Water flow used for data collection in this study, (b) river flow diagram

The turbine was designed with a length of 1 meter and a screw diameter of 0.25 meters. These specific dimensions were chosen to optimize the turbine’s performance within the constraints of the site. A length of 1 meter provides sufficient surface area for the water flow to generate mechanical power, while still maintaining a compact size suitable for small-scale micro-hydro power plants. The screw diameter of 0.25 meters was selected to ensure an efficient conversion of kinetic energy from the low-head water flow into rotational energy, considering the dimensions of the irrigation channel and the flow characteristics. 
In this study, the turbine's performance was evaluated using two experimental models. In the first model, the turbine’s rotational speed (RPM) was measured without any applied load at three different submersion levels of the screw: (a) 1/3 submersion, (b) 2/3 submersion, and (c) full screw submersion (3/3). These variations are showed in FIGURE 3.
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FIGURE 3. Variations in turbine submersion levels: (a) 1/3 screw submersion, (b) 2/3 screw submersion, and (c) full screw submersion (3/3)
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FIGURE 4. A 350-watt water heater connected as the output load of the power plant

In the second model, RPM was measured at the same submersion levels with varying loads applied. A water heater with a capacity of 350 watts was used as the load by connecting it to the generator, as shown in FIGURE 4. The use of a water heater as a load was chosen because it is generally an energy-efficient device that produces sufficient heat for daily needs without consuming excessive electricity. Three load variations were tested: 350 watts (one water heater), 700 watts (two water heaters), and 1050 watts (three water heaters). During these tests, observations were made regarding the operation of the water heater, including the indicator light and whether the heater was generating heat. 
The rotational speed of the turbine was measured over a one-minute period for each test condition. Each test was repeated three times to ensure reliability and accuracy of the results. For each load variation, tests were conducted across the three screw submersion levels. The purpose of these tests was to determine how different submersion levels and load conditions affect the turbine's RPM.
RESULTS AND DISCUSSION
FIGURE 5 shows the turbine’s rotational speed at three different submersion levels without any load. The test results indicate that without a load, the Archimedes turbine with full submersion (3/3) achieved a maximum rotational speed of 208 RPM, while at 1/3 submersion, the average rotational speed was 77 RPM. This demonstrates a clear trend where increased submersion leads to higher rotational speeds, likely due to the greater water flow interacting with the screw surface as more of the turbine is submerged.


FIGURE 4. Turbin rotational speed at three different submersion levels without any load

TABLE 1. Observations and experimental results of turbine rotational speed at different submersion levels and loads
	Parameters
	Load 350 watt
	Load 700 watt
	Load 1050 watt

	Turbine speed at 1/3 submersion
	79
	78
	78

	Turbine speed at 2/3 submersion
	143
	145
	143

	Turbine speed at 3/3 submersion
	208
	208
	207

	Heater indicator light
	On
	On
	Off

	Heat generated
	Yes
	Yes
	No



Subsequent tests with a 350-watt heater load, as shown in TABLE 1, yielded similar trends. The turbine maintained stable performance, with average rotational speeds of 79 RPM at 1/3 submersion, 143 RPM at 2/3 submersion, and 208 RPM at full submersion. These results suggest that the turbine operates efficiently under moderate loads, with minimal deviation from its no-load performance. The slight reduction in RPM when the load was applied could be due to the additional resistance imposed by the heater, though it remained within acceptable limits.
The study highlights that the Archimedes turbine operates most efficiently at full submersion (3/3 screw), where the water flow generates the maximum thrust on the screw, optimizing energy transfer. This finding is particularly significant for low-head systems, where maximizing the interaction between the water and the turbine is essential for achieving higher efficiency. The higher submersion level directly contributes to an increase in rotational speed, improving the overall energy output of the turbine.
However, when the heater load was increased to 700 watts, the turbine still functioned effectively, but at 1050 watts, the heater did not operate properly, indicating a decline in performance. The turbine’s reduced ability to handle this higher load suggests that it may have reached its power generation limit. This could be due to several factors, including insufficient water flow, lower hydraulic head, or the increased mechanical resistance at higher loads, which the turbine’s current design may not be able to overcome.
These results demonstrate the importance of considering load capacity and water flow characteristics when designing and implementing Archimedes turbines for micro-hydro applications. While the turbine performs well under lower and moderate loads, further research is needed to explore its capacity under higher load conditions and optimize the design for improved power generation efficiency.
CONCLUSIONS
This study evaluated the performance of an Archimedes screw turbine in a low-head micro-hydro system using irrigation water flow. The findings show that the turbine performs best at full submersion, reaching a maximum rotational speed of 208 RPM. At lower submersion levels, the speed decreases, with a minimum of 77 RPM at 1/3 submersion. The turbine was effective in powering a heater up to 700 watts, but its performance declined at 1050 watts, indicating limitations at higher loads. Factors such as flow rate, water discharge, and turbine inclination were found to affect performance. The results suggest that Archimedes turbines have potential for renewable energy generation in low-flow conditions, and future research should focus on optimizing turbine design, selecting better locations, and implementing regular maintenance to enhance performance.
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