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Abstract

This experimental research looks at the hydraulic performance and efficiency of axial-flow turbines under a range 
of operating situations, with an emphasis on comparing the effects of water and oil as working fluids.  Experiments 
were done with turbines that had 3, 4, and 5 blades at both low (100 rpm) and high (2000 rpm) speeds. We also looked 
at how oil pre-heating affects things by changing the oil temperature up to 98°C. The results reveal that oil improves 
the amount of mechanical power and head generated, especially at higher speeds and blade counts. However, it also 
increases the pressure drop since it is thicker. Pre-heating the oil significantly improves performance, and the 5-blade 
turbine design may get up to 37% better under the best circumstances. Moderate flow rates and higher oil temperatures 
provide the best hydraulic efficiency, which shows how important the qualities of the working fluid and the operating 
conditions are for turbine performance. These results provide useful advice on how to get the most performance out of 
turbines used in industrial energy recovery.
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I.	 Introduction

Renewable energy technologies currently 
constitute approximately 34% of the global installed 
power capacity, totaling around 2,179 GW, with 
hydropower significantly contributing 1,151 GW or 
18% [1, 2]. Given the urgent global challenges related 
to climate change and rising energy demands, it is 
essential to expedite the adoption and expansion 
of renewable energy sources, particularly solar, 
wind, and hydropower, to achieve substantial 
reductions in carbon emissions within the coming 
decade [3]. Additionally, low-head hydropower 
and hydrokinetic (HK) technologies, which capture 
energy from flowing water and waves, represent 
critical components of sustainable energy growth, 
effectively harnessing untapped renewable 
resources [4, 5].

According to the International Hydropower 
Association’s 2022 Hydropower Status Report, 
global hydropower capacity has reached 1,360 GW, 
growing at an annual rate of 1.9% [6]. However, 
traditional hydrokinetic turbines, specifically 

propeller turbines (Kaplan) and Francis turbines, 
while beneficial for energy production, often involve 
significant initial investments and substantial 
civil works. These traditional installations notably 
contribute to carbon and greenhouse gas emission 
reductions but pose considerable environmental 
challenges, such as harm to aquatic ecosystems and 
water quality degradation [7,8]. Consequently, the 
renewable energy sector has increasingly shifted 
focus towards innovative, low-head technologies 
and unconventional methodologies aimed at 
minimizing environmental impacts and effectively 
harnessing very modest head and velocity sources 
[9].

Vertical axis turbines, specifically cross-flow 
turbines, encompass two major types: Savonius 
(drag-based) and Darrieus (lift-based). The distinction 
between these turbine types lies in their rotational 
motion mechanisms. Savonius turbines provide 
significant advantages in low-speed, high-torque 
scenarios typical of low-head conditions, attributed 
to their superior torque generation capabilities even 
at low tip speed ratios [10]. Hybrid turbine models 
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combining Savonius and Darrieus configurations 
successfully integrate the self-starting capability of 
Savonius turbines and the high maximum power 
coefficient of Darrieus turbines, though Savonius 
turbines alone tend to outperform hybrids at very 
low velocities [11, 12]. Furthermore, given the fluid 
density differences, hydrokinetic turbines generate 
significantly higher torque compared to wind 
turbines with equivalent swept areas [13]. Recent 
studies on enhanced Savonius rotor designs with 
aerodynamic improvements demonstrate notable 
efficiency gains, particularly in low-velocity flow 
conditions [14, 15].

The design aspects of renewable energy systems, 
particularly hydrokinetic turbines, require 
special attention to cost-effectiveness, minimal 
environmental impact, and high efficiency. Critical 
design parameters include blade geometry, number 
of blades, overlap ratios, aspect ratios, twist angles, 
and end plates [16-22]. Adjusting blade twist angles 
optimizes three-dimensional flow characteristics, 
enhancing turbine performance. Innovations such 
as high-chambered aerofoil blades and spline-shaped 
geometries further improve efficiency through 
effective utilization of pressure differentials [23-
25]. Additionally, incorporating end plates ensures 
consistent pressure distribution across blade lengths, 
significantly improving turbine performance [26-
29].

This research evaluates structural enhancements, 
specifically secondary guide blades and axial spacers, 
comparing oil and water as working fluids across 
varying rotational speeds (100 RPM and 2000 RPM) 
and temperatures. Key parameters assessed include 
mechanical power output, head increase, efficiency, 
and pressure drop. The study uniquely integrates 
fluid pre-heating for improved performance, 
particularly in industrial applications utilizing 

waste heat. The primary aim is to determine optimal 
turbine configurations and operational strategies 
to maximize efficiency and reduce energy losses. 
Novel contributions include detailed internal flow 
modification analysis, fluid type comparisons, and 
strategic thermal management insights, supporting 
sustainable and economically viable hydrokinetic 
turbine development for low-head and industrial 
energy recovery applications.

II.	 Methodology

A.	 Experimental setup

Figures 1a and b  present the configuration of the 
experimental setup designed to evaluate fluid-
powered electricity generation. As depicted in 
Figure 4.1, the system includes a pump that drives 
the working fluid into a storage tank, where both 
pressure and liquid level are monitored using 
appropriate sensors. From the tank, the fluid is 
directed through a pipeline towards the turbine 
generator, which converts the fluid’s kinetic energy 
into electrical energy. The setup features pressure 
sensors at strategic points before and after the 
turbine to monitor pressure changes. Additionally, a 
current sensor and LED indicator are incorporated to 
detect and display electrical output during operation. 
Figure 1 b provides an actual photograph of the 
assembled apparatus, highlighting the arrangement 
of each major component. The pump is positioned 
at the far left and connected to the vertical storage 
tank. The flow continues through the main pipe, 
which houses the turbine and is instrumented with 
both pressure and electrical measurement devices. 
The LED visually confirms power generation, while 
the current and voltage measurement unit precisely 
records electrical performance. This integrated 
setup ensures accurate data collection for both fluid 
dynamic and electrical aspects of the experiment.

 (a) Experimental rig flow sheet
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(b) photographic view

Figure 1: Experimental setup of a hydrokinetic turbine.

Figure 2 illustrates the integrated turbine system 
used for converting the kinetic energy of fluids into 
electrical energy. The system is primarily composed 
of a large cylindrical tube made from robust, 
corrosion-resistant metal—such as aluminum 
or stainless steel—capable of withstanding high 
pressures and flow rates. Inside this tube is the main 
rotating element, typically a large white sphere or 
disc (the rotor or rotating mass), which is securely 
mounted on a central shaft with bolts or screws. 
The design of this turbine is intended to generate 
flow disturbances as the fluid moves through the 
pipe. The presence of the internal sphere or disc 
causes variations in the flow velocity and direction, 
leading to pressure waves and fluctuations. When 
the system is in operation, the movement of the 

fluid pushes the internal mass, causing vibrations or 
changes in the magnetic field, which are harnessed 
by a connected generator to produce electricity. 
Structurally, the turbine ensures that the internal 
body (either a ball or disc) can move freely or within 
controlled limits and is designed with sufficient 
weight to respond appropriately to fluid movement. 
The internal body is made of materials resistant to 
corrosion and thermal changes, ensuring long-term 
durability and stable performance. The image shows 
a disassembled turbine consisting of four main parts: 
a front cover, a central cylindrical section, a metallic 
rotor housing, and a multi-blade rotor. The turbine 
has a total diameter of 23 cm, with each blade 
measuring 8 cm in length.

(a)  Schematic diagram                                                                                   (b) Photograph view

Figure 2: Turbine impeller and generator.
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B.	 Experimental procedure

 The experimental procedure to assess the hydraulic 
performance and efficiency of 3, 4, and 5-blade 
(3B, 4B, and 5B) axial-flow turbine configurations 
involved a systematic sequence of preparation, 
operation, and data collection steps. Initially, the 
entire system—including pump, storage tank, 
turbine test section, pipes, and measurement 
instruments—was thoroughly inspected, with all 
pipe joints securely sealed using high-temperature, 
leak-resistant insulation tape to prevent leakage. 
The storage tank was then filled with clean water, 
ensuring that no air pockets remained by venting 
the system for continuous, bubble-free flow. All 
measurement devices, including pressure gauges 
(WIKA/Atlas Copco) and electrical meters (ZOYI ZT-
S1, Eterne VC3267A), were calibrated according to 
manufacturer guidelines, and the functionality of 
the LED power indicator was verified. The system 
was powered up by switching on the control panel 
and activating the ABB electric motor-driven 
pump, after which the flow rate was carefully 
adjusted using throttle valves or pump speed 
control. The actual flow rate was verified via sight 
glass or volumetric measurement. After allowing 
the system to stabilize at each set flow rate, all 
relevant parameters—including inlet and outlet 
pressures, tank water level, electrical voltage and 
current, and LED illumination—were measured and 
recorded. Each measurement was repeated three 
times to ensure data repeatability and accuracy. The 

turbine configuration was then swapped between 
Configuration 1 and Configuration 4 under identical 
flow conditions, with all seals and connections 
re-checked after each change. This process was 
repeated incrementally for all designated flow 
rates (0.0049–0.0785 m³/s), with complete data sets 
collected at each stage. Upon completion of all tests, 
the system was gradually shut down, following 
proper safety protocols to ensure safe power-down 
and maintenance of the experimental setup.

C.	 Used Parameters

Table 1  summarizes the key parameters measured 
and controlled during the experimental evaluation 
of the turbine system. It provides an overview of each 
variable, including its symbol, unit of measurement, 
the method or instrument used for acquisition, the 
typical range or set value, and a brief description 
of its role in the study. The parameters include 
primary hydraulic variables such as flow rate, inlet 
and outlet pressure, and hydraulic head, all of which 
are essential for assessing the energy input to the 
turbine. Additionally, the table lists mechanical and 
electrical output parameters, including mechanical 
power, electrical voltage, and current, which are 
crucial for quantifying system performance and 
efficiency. The table also notes operational variables 
such as water temperature and fluid density, which 
can influence measurement accuracy, as well as the 
tested turbine configurations. 

Table 1: Used parameters in Experimental work

Parameter Symbol Unit Measurement Method Range / Value

Flow rate Q m³/s Volumetric (tank method) 0.0049 – 0.0785

Pressure (inlet) P
 inlet

kPa / psi Pressure gauge (WIKA) 0 – 1000 kPa / 0 – 140 psi

Pressure (outlet) P 
outlet

kPa / psi Pressure gauge (WIKA) 0 – 1000 kPa / 0 – 140 psi

Head H m Calculated (Δp/ρg) 8 – 18

Mechanical Power P 
mech

W Calculated (ρgQH) 0 – 7000

Electrical Voltage V V Digital multimeter (ZT-S1) 0 – 600

Electrical Current I A Clamp meter (VC3267A) 0 – 10

Efficiency η % Calculated (output/input) 30 – 95

Water temperature T °C Thermometer (if used) ~20–25

Fluid density ρ kg/m³ Assumed/measured 998 (at 20°C)

D.	 Pre-heater Scenario 

In the experimental setup, the oil pre-heating process 
is implemented by placing a heater directly inside 

the surge tank, allowing precise control of the oil 
temperature before it is supplied to the turbine. The 
heater raises the temperature of the oil to the desired 
set points, and the actual temperature is monitored 
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and verified using a calibrated thermometer 
positioned within the tank. This arrangement 
ensures that the oil enters the turbine at accurately 
controlled temperatures, enabling a systematic 
investigation of the effect of thermal conditioning on 
hydraulic efficiency. By modifying the temperature 
within the surge tank, the experiment replicates 
realistic pre-heating scenarios that can be applied in 
industrial settings, such as refineries, where waste 
heat or dedicated heating systems can be used to 
enhance the performance of hydraulic turbines.

Experimental Procedure: Oil Pre-Heater Scenario

1.	 Preparation of the Experimental Setup:  
Ensure that the hydraulic turbine test rig is 
properly assembled, with all components 
including the surge tank, connecting pipelines, 
pump, flow meter, and the turbine itself 
correctly installed and leak-free.

2.	 Installation of the Heater: Place an immersion 
heater inside the surge tank containing the oil. 
Verify that the heater is compatible with the 
oil and capable of safely achieving the desired 
temperature range (e.g., 50°C to 98°C).

3.	 Temperature Monitoring: Position a calibrated 
thermometer or a digital temperature sensor 
within the surge tank to continuously monitor 
the oil temperature. Make sure the sensor is 
placed at a location that accurately reflects the 
bulk fluid temperature.

E.	 Used Calculations

The analysis of the experimental data relied on 
standard hydraulic and electrical power equations, 
as well as efficiency calculations, as summarized 
below:

•	 Pressure Head (H):

                                                                                                (1)

Where Δp=pin−pout ​ is the pressure difference 
across the turbine (Pa), ρ is water density (kg/m³), and 
g is gravitational acceleration (9.81 m/s²).

•	 Hydraulic Power Input:

                                                                 (2)

Where Q is flow rate (m³/s), H is hydraulic head (m).

•	 Electrical Power Output:

                                                                                  (3)

Where V is the measured output voltage (V) and I is 
the current (A).

•	 Turbine Overall Efficiency (η):

                                                                            (4)

expressing the conversion efficiency from hydraulic 
to electrical power.

F.	 Accuracy test 

Table 2 shows the parameters measured in the 
experiments with their symbols, units, measurement 
methods, ranges, and accuracies. The flow rate Q 
was measured with the volumetric tank method 
between 0.0049 and 0.0785 m³/s with an accuracy of 
about ±0.51%. Inlet and outlet pressures, Pinlet and 
Poutlet, were taken using WIKA gauges (0–1000 kPa, 
1 kPa resolution) with ±0.5% FS (±5 kPa) accuracy. 
Voltage V was measured by a digital multimeter 
ZT-S1 (0–600 V, 0.1 V resolution) with ±(0.5% rdg 
+ 2 dgt) accuracy, and current I by a clamp meter 
VC3267A (0–10 A, 0.01 A resolution) with ±(2% rdg 
+ 5 dgt) accuracy. Temperature T was measured by 
a thermometer (0–100 °C, 0.1 °C resolution) ±0.5 °C 
accuracy, and density ρ was assumed/measured 998 
±0.5 kg/m³ at 20 °C. From these specs, the overall 
experimental uncertainty was estimated using first-
order error propagation, giving:

•	 Head, H = Δp/(ρg): ±6% (dominated by pressure 
gauge accuracy)

•	 Mechanical power, Pₘₑcₕ = ρgQH: ±6% 
(dominated by H)

•	 Electrical power, Pₑₗₑc = VI: ±3.3%

•	 Overall efficiency, η = Pₘₑcₕ/Pₑₗₑc: ±6.9%

Where : “% FS” = percent of full scale; “% rdg” = 
percent of reading; “dgt” = least-significant digits. 
If your device datasheets list different specs, swap 
them in, and the propagated accuracies will update 
accordingly.
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Table 2: Uncertainty values of different parameters

Parameter Instrument (model) Range Resolution Accuracy

Flow rate, Q (tank method) Calibrated tank  stopwatch 0.0049 – 0.0785 m³/s 0.001 m3/ s ±0.5% of reading (volume), 
±0.01 s (time)

Pressure (inlet/outlet) WIKA gauge 0–1000 kPa 1 kPa ±0.5% FS (±5 kPa)

Voltage, V DMM ZT-S1 0–600 V 0.1 V ±(0.5% rdg + 2 dgt)

Currently, I Clamp VC3267A 0–10 A 0.01 A ±(2% rdg + 5 dgt)

Temperature, T Thermometer 0–100 °C 0.1 °C ±0.5 °C

Density, ρ (water) Assumed/measured — — ±0.5 kg·m⁻³ (at 20 °C)

III.	 Results and discussion 

A.	 Comparison between oil and water at 
low rotation speed (100 rpm)

The comparison between oil and water as working 
fluids in turbines reveals that oil tends to enhance 
certain performance parameters, such as mechanical 
power output and head increase, due to its physical 
properties. However, this comes at the cost of higher 
energy losses and pressure drops, suggesting a trade-
off that needs to be considered based on the specific 
operational goals and constraints of the turbine 
system. These insights are crucial for selecting the 
appropriate fluid in applications where efficiency 
and operational cost are critical factors. Figure 3: The 
graph illustrates a distinct advantage in mechanical 
power output when using oil over water across all 
blade configurations. For instance, the 5B model with 
oil reaches up to 140 W at 0.08 m³/s, which is about 
30% higher than when using water. The increased 
viscosity and density of oil likely contribute to better 
energy transfer and turbine performance. Figure 
4, similarly, shows that the head increase is more 
pronounced with oil, particularly noticeable in the 
5B model, which achieves nearly 2 m at higher flow 
rates, compared to 1.5 m with water. This suggests 
that oil’s properties help maintain a higher driving 
pressure across the turbine blades, enhancing 
the hydraulic capabilities of the turbine. Figure 5, 
Efficiency trends show a more complex behavior. 
While oil generally maintains higher efficiencies 
across lower flow rates, the curves converge around 
medium flow rates, indicating that the type of 
fluid becomes less influential as the flow increases. 
At higher flows, all models level off, displaying 

minimal efficiency differences between oil and 
water.     Figure 6, Pressure drop across the turbines is 
higher with oil, which is expected due to its greater 
resistance to flow compared to water. The 5B model 
with oil, for instance, exhibits pressure drops of up to 
20 kPa, whereas with water, the maximum is about 
15 kPa. This indicates higher energy dissipation in 
the system, which correlates with the observed 
increases in mechanical power and head.

Figure 3: Mechanical power output vs. Flow rate for turbine 
models using water and oil, 100 rpm.

Figure 4: Head increase vs. Flow rate for turbine models 
using water and oil, 100 rpm.
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Figure 5: Efficiency vs. Flow rate for turbine models using 
water and oil, 100 rpm.

Figure 6:  Pressure drop vs. Flow rate for turbine models 
using water and oil, 100 rpm.

B.	 Comparison between oil and water at 
high rotation speed (2000 rpm)

The comparison between 100 RPM and 2000 RPM 
illustrates that higher rotational speeds amplify the 
differences between water and oil as turbine fluids. 
At 100 RPM, the performance differences are less 
pronounced, likely due to lower shear forces and 
less impact of fluid viscosity. However, as the RPM 
increases to 2000, oil’s advantages in terms of head 
generation and mechanical power become more 
evident, although at the cost of higher energy losses 
and pressure drops. This behavior underscores 
the need to choose turbine operating conditions 
and fluids based on specific performance criteria 
and efficiency goals, balancing benefits against 
operational costs.

Figure 7, at 2000 RPM, there is a marked increase 
in mechanical power output across all blade 
configurations when using oil compared to water. 
For example, the 5B model with oil reaches nearly 
5500 W at 0.08 m³/s, significantly higher than 

water’s 3000 W, underscoring oil’s superior energy 
transfer efficiency at high rotational speeds. Figure 
8 shows that the increase in head follows a similar 
trend, with oil producing higher heads at all flow 
rates. At 2000 RPM, the 5B model with oil achieves 
over 14 m, compared to just under 10 m with water, 
highlighting the benefit of using a more viscous fluid 
under high-speed conditions, which enhances the 
pressure conversion capability. Figure 9 shows that 
efficiency at 2000 RPM shows oil maintaining higher 
values initially, but converges with water as flow 
increases. Notably, efficiency peaks at around 0.04 
m³/s for all fluids but remains consistently higher 
for oil, suggesting reduced frictional losses relative 
to the energy produced. Figure 10, The pressure 
drop is substantially higher with oil, particularly 
noticeable in the 4B and 5B models, where it exceeds 
120 kPa with oil compared to around 80 kPa with 
water. This indicates that while oil improves certain 
performance metrics, it also requires more energy to 
pump through the system.

Figure 7: Mechanical power output vs. Flow rate at 2000 
RPM for different fluids and blade numbers.

Figure 8: Head increase vs. Flow rate at 2000 RPM for 
different fluids and blade numbers.
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Figure 9: Efficiency vs. Flow rate at 2000 RPM for different 
fluids and blade numbers.

Figure 10: Pressure drop vs. Flow rate at 2000 RPM for 
different fluids and blade numbers.

C.	 Heat map and optimization

Figure 11 presents a heat map of Overall efficiency 
for turbines with 3, 4, and 5 blades (3B, 4B, and 5B) 
across a range of flow rates when water is used as 
the working fluid. The results clearly show that 
increasing the number of blades generally leads 
to higher efficiency, particularly at moderate flow 
rates. The 5-blade turbine consistently achieves the 
highest efficiencies, peaking at 95% at a flow rate of 
0.04 m³/s, which can be considered the optimum 
operating condition for water. At lower and higher 
flow rates, the efficiency for all configurations 
declines, but the 5-blade design maintains a 
significant performance advantage over the 3- and 
4-blade options. This suggests that both the number 
of blades and the flow rate play crucial roles in 
maximizing the hydraulic efficiency of the system 
when using water.

Figure 11: Overall efficiency (%) of turbines with different 
blade counts (3B, 4B, and 5B) operating under varying flow 

rates (Q) for both water.

Figure 12 displays the hydraulic efficiency of 
turbines with 3, 4, and 5 blades operating at varying 
flow rates, with oil as the working fluid. The overall 
efficiency values are slightly lower than those 
observed with water, which can be attributed to the 
higher viscosity of oil and increased flow resistance. 
Nevertheless, the same general trend persists: the 
5-blade turbine achieves the highest efficiency, 
reaching a maximum of 79% at a flow rate of 0.04 
m³/s, indicating this as the optimum operational 
point for oil. At both lower and higher flow rates, 
the efficiency drops for all blade configurations, 
with the 5-blade turbine maintaining the best 
relative performance. These results highlight the 
importance of optimizing both turbine geometry 
and operating conditions to achieve maximum 
efficiency, particularly when dealing with more 
viscous fluids such as oil.

Figure 12: Overall efficiency (%) of turbines with different 
blade counts (3B, 4B, and 5B) operating under varying flow 

rates (Q) for both oil.
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D.	 Pre-heater turbine hydrokinetic

Figures 13-15 clearly demonstrate that oil pre-
heating is a robust strategy for improving hydraulic 
turbine efficiency in refinery scenarios, with 
the effect amplified by higher blade counts and 
optimized flow rates. Integrating pre-heating 
systems using available waste heat is therefore 
strongly recommended for enhancing the efficiency 
and sustainability of energy recovery processes in 
industrial applications.

Across all three figures, a clear trend emerges: 
increasing the oil temperature from 27°C to 98°C 
systematically raises the efficiency curves for 
each blade configuration. This improvement is 
attributable to the reduction in oil viscosity with 
higher temperatures, which decreases internal flow 
resistance and frictional losses within the turbine. As 
a result, the turbines convert a greater proportion of 
the available overall energy into useful mechanical 
work. This finding highlights the value of integrating 
pre-heating systems in refineries, particularly by 
utilizing waste heat streams to elevate the working 
fluid’s temperature before turbine entry.

A closer examination of the blade configurations 
reveals notable distinctions. In Figure 13, 
representing the 3-blade setup, substantial efficiency 
gains are observed as temperature increases, with 
peak efficiency occurring at intermediate flow rates 
(around 0.03–0.04 m³/s). However, the efficiency 
drops sharply at higher flow rates, especially at 
lower temperatures, indicating greater sensitivity 
to viscous and turbulent losses. Figure 14, which 
presents the 4-blade configuration, exhibits similar 
trends but achieves higher peak efficiencies compared 
to the 3-blade design. Here, the rise in efficiency with 
temperature is consistent, and the decline at higher 
flow rates is slightly less pronounced. In Figure 15, 
the 5-blade configuration attains the highest overall 
efficiencies at all tested temperatures. The efficiency 
peak is broader, and the decline at higher flow 
rates is less severe, demonstrating the advantages 
of increased blade count for energy recovery, 
particularly when combined with oil pre-heating.

Figure 13: Overall efficiency (%) of turbines with different 
blade counts 3B operating under varying flow rates (Q) for 

different temperatures (oil).

Figure 14: Overall efficiency (%) of turbines with different 
blade counts 4B operating under varying flow rates (Q) for 

different temperatures (oil).

Figure 15: Overall efficiency (%) of turbines with different 
blade counts 5B operating under varying flow rates (Q) for 

different temperatures (oil).
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Analysis of the heat maps in Figures 16 through 
18 reveals distinct differences in the maximum 
efficiency enhancement achieved for each blade 
configuration under varying flow rates and oil 
temperatures. For the 3-blade turbine (Figure 5.58), 
the highest efficiency enhancement was 22%, 
occurring at a flow rate of 0.08 m³/s and an oil 
temperature of 98°C. The 4-blade turbine (Figure 
5.59) exhibited a significantly higher maximum 
enhancement, reaching 33% at the lowest tested flow 
rate of 0.01 m³/s and the highest temperature of 98°C. 
The most substantial improvement was observed 
for the 5-blade configuration (Figure 5.60), where 
the maximum efficiency enhancement attained 
37% under the same optimal conditions of low flow 
rate (0.01 m³/s) and elevated oil temperature (98°C). 
These results clearly demonstrate that increasing 
the number of blades not only raises the achievable 
efficiency but also amplifies the positive impact of 
oil pre-heating, especially at low flow rates and high 
operating temperatures. This finding underscores 
the importance of both blade design and thermal 
management in maximizing turbine performance 
in refinery applications.

Figure 16: Overall efficiency enhancement (%) of turbines 
with different blade counts 3B operating under varying flow 

rates (Q) for different temperatures (oil).

Figure 17: Overall efficiency enhancement (%) of turbines 
with different blade counts 4B operating under varying flow 

rates (Q) for different temperatures (oil).

Figure 18: Overall efficiency enhancement (%) of turbines 
with different blade counts 5B operating under varying flow 

rates (Q) for different temperatures (oil).
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The  influence  of  flow  rate  is  evident across all 
figures. Efficiency increases with flow rate up to 
an optimal point, after which it declines as flow-
induced losses become significant. Notably, the 
optimal efficiency is achieved at higher values and 
across a broader flow rate range as oil temperature 
rises, underscoring the enhanced operational 
flexibility provided by oil pre-heating. From a 
practical perspective, these results underscore 
the substantial benefits of using pre-heated oil in 
refinery turbine systems. Utilizing available process 
heat to pre-heat oil allows refineries to significantly 
boost the performance of hydraulic turbines and 
increase overall power generation. Moreover, higher 
blade numbers in turbine design further amplify 
the benefits of oil pre-heating, enabling greater 
efficiency and operational stability across a wider 
range of flow rates. Finally, leveraging waste heat 
for oil pre-heating aligns with sustainable energy 
practices and improves the overall energy footprint 
of refinery operations.

The data in Table 3 provide the physical basis 
for the performance trends shown in Figure 18 
as temperature increases from 50 °C to 75 °C, 
the oil’s density changes only slightly, while its 
dynamic viscosity decreases substantially—from 
approximately 3.0 mPa·s to 1.8 mPa·s. This reduction 
in viscosity lowers viscous shear losses and internal 
flow resistance within the turbine passages, resulting 
in less pressure drop and more effective energy 
conversion. In Figure 18, this behaviour is reflected 
in the consistent enhancement in performance (%) 
across all flow rates, with the most pronounced 
gains occurring at low discharges where viscous 
effects are dominant—reaching up to 37% at 98 °C 
and Q = 0.01 m³/s. At higher flow rates, the influence 
of viscosity reduction remains beneficial but is 
moderated by the growing impact of inertial losses. 
Together, Table 2 and Figure 18 demonstrate that 
viscosity reduction with temperature is a key driver 
of turbine efficiency improvements, particularly in 
low-flow operating regimes.

Table 3: Oil temperature-dependent physical properties

Property Average 
Value 
(50–75 °C)

Units Notes

Density 
(ρ)

~820–830 kg/m³ Slightly decreases 
with temperature 
(~0.6 kg/m³ per °C)

Dynamic 
viscosity 
(μ)

~1.8–3.0 mPa·s (cP) Drops significantly 
with temperature; 
actual range depends 
on crude type

IV.	 Conclusions

This study presents a comprehensive assessment 
of axial-flow hydraulic turbines operating with 
water and oil under various conditions, blade 
configurations, and pre-heating scenarios. The 
results reveal several key findings relevant for both 
research and industrial applications:

1.	 Fluid Selection Impact: Oil as a working 
fluid consistently delivers higher mechanical 
power output and head increases compared to 
water, especially evident at higher rotational 
speeds (2000 rpm). However, these advantages 
are accompanied by increased pressure drops 
and energy losses due to oil’s higher viscosity 
and density. Therefore, the choice between 
oil and water should be guided by the specific 
performance priorities—whether the goal 
is maximizing power output or minimizing 
operational losses.

2.	 Effect of Rotation Speed: At low rotation speeds 
(100 rpm), the performance gap between oil 
and water is moderate, but at higher speeds 
(2000 rpm), oil’s superior properties become 
much more pronounced. This highlights the 
importance of matching fluid properties to the 
operational regime of the turbine for optimal 
results.

3.	 Blade Count Optimization:  Across all 
scenarios, increasing the number of blades 
(from 3B to 5B) results in substantial efficiency 
gains, with the 5-blade configuration 
delivering the best overall performance for 
both fluids. This effect is most significant at 
moderate flow rates, where the 5B turbines 
with water achieved up to 95% efficiency, and 
with oil reached up to 79%.

4.	 Pre-Heating Advantages: Pre-heating oil 
significantly reduces viscosity, leading to 
noticeable improvements in turbine efficiency 
and power output. The greatest enhancements 
were observed with high blade counts and 
at higher oil temperatures (up to 98°C). For 
example, the 5B turbine exhibited up to 37% 
efficiency enhancement at optimal conditions 
(low flow, high temperature). This underscores 
the value of integrating waste heat utilization 
systems in refineries for pre-heating working 
fluids.
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5.	 Hydraulic Efficiency Trends: Hydraulic 
efficiency peaks at intermediate flow rates 
and declines at both lower and higher flow 
rates due to increased frictional and turbulent 
losses. However, higher oil temperatures and 
blade numbers expand the range of optimal 
operation, providing greater flexibility and 
performance stability.

6.	 Energy Sustainability Implications: Utilizing 
oil pre-heating by leveraging available waste 
heat aligns with sustainable industrial 
practices. It not only boosts turbine efficiency 
and power generation but also contributes 
to improving the overall energy footprint of 
refinery operations.
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