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Numerical and Experimental Analysis of a Hydro Cyclone 

Separator for Sediment Laden Micro Hydro Francis 

Turbine 

Atmaram Kayastha 

Department of Mechanical Engineering 

Graduate School of Korea Maritime and Ocean University 

Abstract 

Sediment erosion is one of the significant problems in operation of hydro power 

plants. The high presence of solid particles harder than the parent turbine 

material has led to significant reduction in efficiency and loss in economy of the 

country. The rise in concentration of sediment particles in river waters during 

monsoon season reach as high as 25000 PPM and on average 6000 PPM in most 

of the hydro power plants. Similarly, the mineral composition analysis of the 

sediment particles shows high concentration hard materials like Quartz, Feldspar 

etc. These minerals cause erosion in the hydraulic turbines by erosive or 

abrasive behavior when they pass through them. As many measures have been 

taken into action and have brought some reduction in the erosion tendency, a 

general method applicable all types of hydraulic turbines has still been lacking.  

Hydro cyclones are one of the efficient devices for solid liquid separation and 

have been in use for centuries. They have been known to be used for separation 

of particles as small as 5 µm. But they have not been used or rarely been studied 

to be applied for preventing sediment particles from entering the hydraulic 

turbines and reduce sediment erosion. So, this study has been focused on 

numerical and experimental analysis of these devices to stretch forward the 

feasibility of their application to actually tackle the erosion problem. The design 

of the hydro cyclones is quite simple and straight forward. The model developed 

by Bradley and Reitema have been in use in the market as many manufacturers 

have adopted their designs for commercial purpose. Amongst these designs, the 

one developed by Bradley is more famous and highly efficient. Bradley hydro 

cyclone gives a best compromise between separation efficiency, recovery 
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discharge and pressure drop. So, for this study too, Bradley design for hydro 

cyclone separator has been adopted.  

This study has been focused on numerical as well as experimental study of the 

hydro cyclone for hydraulic turbines, specifically for the application in micro 

hydro. Micro hydro is efficient power generating units and their impact to 

environment is significantly less as compared to other sources of energy. 

Another important fact about micro hydro plants is that they provide power to 

remote and isolated regions. But unfortunately, these plants are also vulnerable 

to sediment erosion and the remoteness of the sites that they are installed in, 

make it even more complicated. In the first stage of the study, the numerical 

analysis of the hydro cyclone has been accomplished. The results of the analysis 

showed excellent performance of hydro cyclones in separating sediment 

particles of different sizes and concentration. Under relatively low pressure drop 

across the hydro cyclone, it showed separation efficiency of about100 % for 

critical particle size of 125 µm and above 87 % for the particle size of 50 µm. 

The loss of water through underflow is also less than 5% of the total discharge. 

The experimental setup has been designed with hydro cyclone separator in-line 

with the Francis turbine. The main objective of the setup design was to test the 

performance of the separator at different elevation downstream from the intake. 

From this analysis, a proper elevation of the separator can be determined with 

minimum pressure drop and high separation efficiency. Consequently, the 

separator was operated at elevation of 4.5m, 5 m, 5.5m and 8m, from which 5m 

elevation for separator operation was found to be most efficient. At 5m 

elevation, the pressure drop obtained, i.e. 2.7 m at designed load condition of Q 

1.0, was the minimum as compared to others. With the drop in pressure, the 

consequent drop in performance of the turbine was also measured. The drop in 

mechanical power of the turbine was 145 W; however, there was no significant 

drop in efficiency. The efficiency of the turbine was found to be fairly constant 

at 45%, while operated with and without separator in-line with the separator. 

After the determination of the proper separator location, the sediment separation 

analysis was commenced. The sediment particle sample of 3.5 kg, within the 

size range of 45 µm to 300 µm, was acquired from Kathmandu University, 

Nepal. As the particle sample amount was limited only two cases for 

experimental analysis were done. The concentration of sediment particle used in 

the analysis was 500 ppm. From the analysis, the separation efficiency of the 

critical particle size i.e. 125 µm was found to be 92% and for particle with 55 

µm diameter was 82% at the designed load condition, Q1.0. The analysis of 
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separator at load condition of Q1.1 showed slightly higher efficiency due to 

increase in pressure drop. 

So, from the numerical and experimental analysis, it can be justified that hydro 

cyclone separators can be used as a tool to reduce losses due to sediment erosion 

in hydraulic turbines. As the operation of the separator can be limited to 

monsoon season (2 months), when the sediment concentration is significantly 

high, proper compromise in technical and economic aspect can be achieved.  

 

KEY WORDS: Sediment erosion, Micro-Francis turbine, Concentration, PSD, 

Critical particle diameter, Hydro Cyclone Separator, Turbine efficiency, 

Mechanical power, Separation efficiency 
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Chapter I Introduction 

1.1 Background 

1.1.1General 

Nepal is a Himalayan country blessed with fast flowing rivers spread all around 

the country. It alone has more than 6,000 rivers and rivulets extended to a total 

length of about 45,000 km with 42,000 MW of feasible hydropower potential 

still remain to be harnessed [1]. The water resources of Nepal are regarded as 

one of the principal opportunities for sustainable economic development of the 

country. The major rivers of Nepal are Koshi, Gandaki and Karnali which drain 

about 78% of the melted snow water from mountainous part and about 70% of 

the Nepalese territory [2]. Depending upon the origin Nepalese rivers can be 

broadly categorized into first grade which originate from glaciers, second grade 

which originate from Mahabharat range and third grade which originate from 

the Siwaliks hills [1]. The detailed classification and their flow characteristics 

can be seen in Table.1.  

Table 1 Classification of Rivers in different regions of Nepalese topography 

[2] 

River 

Grade 

Region of Origin Rivers Flow characteristics 

First  Glaciers in ice 

caped mountain 

region 

Koshi, Gandaki, 

Karnali 

Perennial flow regime 

Second Mahabharat Range Mahakali, Babai, 

West Rapti, Tinau, 

East Rapti, Bagmati, 

Kamala, Mechi 

Non-Perennial, 

variation in discharge 

during dry and wet 

seasons 

Third Siwaliks hills Banganga, 

Manusmara, 

Hardinath 

No flow during dry 

seasons, potentially 

devastating during wet 

seasons 

From the rivers mentioned above, the total estimated hydropower potential of 

the country is around 83,000 MW out of which about 43,000 MW is estimated 

to be economically feasible [3]. Till the date, less than 2% of the economically 

feasible hydropower potential has been exploited. The total installed capacity is 

about 680 MW of which about 84% is produced from Run-of-River (ROR) 

hydropower plants [4]. Currently, the annual peak power demand of the 

Integrated Nepal Power System (INPS) in fiscal year 2013/14 is estimated to be 
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1,201 MW where 410 MW of estimated power has not been met. Out of the 791 

MW of power actually supplied, 436.4 MW was contributed by Nepal 

Electricity Authority (NEA) hydro power plants, 22 MW by NEA thermal power 

plants, 216.4 MW by Independent Power Producers (IPP) hydro power plants 

and 116.2 MW was imported from the neighboring countries. And after the 

completion of ongoing projects like Kulekhani III Hydroelectric project (14 

MW), Chameliya Hydroelectric Project (30 MW), Rahughat Hydroelectric 

Project (32 MW) and Upper Trishuli 3 “A” Hydroelectric Project (60 MW) will 

help to meet the current power deficits of the country more efficiently [5]. 

Table 2 Hydropower potential in different river basins in Nepal [3] 

Main river 

basins 

Small river 

power 

potential 

(GW) 

Major river 

power 

potential 

(GW) 

Total power 

potential 

(GW) 

Economically 

feasible power 

potential (GW) 

SaptaKoshi 3.6 18.75 22.35 10.86 

SaptaGandaki 2.7 16.95 20.65 5.27 

Karnali and 

Mahakali 

3.5 32.68 36.18 25.1 

Southern 1.04 3.07 4.11 0.88 

Country Total 10.84 72.45 83.29 42.13 

1.1.2 Micro-hydro Potential 

Micro-hydro is one of the most efficient and cleanest options to utilize the 

potential of run-of-river waters, for it can provide power generation without any 

significant adverse effects to the environment [6]. In the jargon of the industry, 

micro-hydro is typically referred to schemes upto100 kW, although the division 

is quite arbitrary [7].  

 

Figure 1 Graphical representation of installation of different class of hydro 

power plants in Nepal [8] 
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The design of micro-hydro turbines is comparatively very simple and robust and 

can be installed in wide range of operating parameters i.e. head and discharge. 

The hydraulic turbine types especially used in micro-hydro sector are Francis, 

Cross-flow, Pelton and Propeller. In the context of Nepal, the widely installed 

type of turbine is Cross-flow due to its simple design, easy maintainability and 

flexible performance characteristic. Most of the Cross-flow sites in Nepal have 

already been exploited to provide power to isolated rural areas and communities. 

The sites for Francis and Pelton turbine types have been identified in the recent 

surveys but not exploited due to their relatively complex design and operational 

characteristics. The statistics of different classes of hydro power plants installed 

below 1000 kW have been shown in figure 1. 

Unlike Cross-flow, Francis and Pelton don’t have the flexibility in performance 

especially at partial load conditions; it’s a prime concern especially when hydro 

turbines are installed in non-perennial rivers where variation in discharge occur 

during dry and wet seasons. Similarly, during monsoon seasons, the discharge of 

the river increases significantly and also increases the concentration of sediment 

particles washed down from the hilly areas. Thus, the partial load condition and 

high concentration of particles sizes small enough to remain suspended in the 

river water results in cavitation and sediment erosion phenomena. Sometimes 

these two factors combine together to create synergetic effect resulting in more 

severe damage of turbine components and structures.  

1.1.3 Sediment erosion 

Sediment erosion is a problem well known globally due to its severe effect on 

operation and maintenance of hydraulic turbines and very, unavoidable nature. 

The sediment erosion is a result of sediment particles, with sufficient momentum 

and hardness suspended in the water, hitting the turbine surfaces, exposed to 

flow of water, simultaneously for a significantly long period of time.  

 

Figure 2Trishuli HPP's turbine runner under repair (left) and mineral 

composition analysis of different rivers of Nepal (right) [9]. 
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The resulting wear of the turbine components, either abrasive or erosive, leads to 

immense drop in efficiency of the turbine which in turn causes large economic 

deficits. Most of the hydraulic turbines installed in Run-of-Rivers with sediment 

laden water suffer from this problem. The period of overhaul of the power plants 

are shorten down to months while the actual period they are designed for years. 

The resulting consequence is the lack of sufficient power production and thus 

measures like load-shedding and energy import have to be taken into action.  

Figure 2 (left) shows one of the Francis turbine runners from Trishuli HPP under 

maintenance after enduring severe sediment erosion during monsoon period. 

Figure 2 (right) shows the mineral composition percentage in different rivers of 

Nepal according to the technical survey conducted by Turbine Testing Lab, 

Kathmandu University. High concentration of hard minerals like quartz and 

feldspar, over 70% of the total composition, leads to such severe erosion in 

hydraulic turbines.  

 

Figure 3 Spear valve needle of Andhikhola HPP(left), Guide vane face plate 

of Jhimrukh HEC( middle) and runner of Kaligandaki HPP (right) [9] 

 

Figure 4 Sieve analysis graph for JhimrukhHPP [10] 
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Figure 4 shows the particle size distribution of Jhimrukh HPP in headwork and 

downstream. The particle sizes in-between 0.100 mm (100 µm) and 0.200 mm 

(200 µm) constitute to more than 70% of the total particle size distribution. And 

figure 3 shows the erosion in turbine components where middle one shows the 

erosion of guide vane face plate in Jhimrukh HPP. So, the conclusion can be 

drawn by relating figure 3 and 4 that the sizes of sediment particles which are 

responsible such massive erosion lies in-between 0.1 mm (100 µm) to 0.2 mm 

(200 µm). And if sediment particles with these sizes can somehow be prevented 

from entering the turbine then the erosion of turbine components can be 

significantly reduced. 

1.2 Motivation of the Research 

Except from the enormous number of fast flowing rivers available across the 

country, small rivers and rivulets can also be found abundantly, flowing 

alongside small communities in remote places. The hydraulic potential of these 

rivers and rivulets, apart from irrigational purposes, can be harnessed to generate 

electricity especially for those places not connected to the main grid. Due to 

sufficient availability of head and discharge in those rivulets to drive the hydro 

turbines like Cross-flow, Pelton and Francis, many power generating stations 

have been installed at mini, micro and Pico scale. These power stations can 

provide power to places in the country which can be broadly classified into “A” 

class, “B” class and “C” class. C class comprises of VDCs which are very 

remotely located with poor transportation and road facilities. 

As we know, the hydro turbines in Nepalese context face the toughest challenges 

especially the case of sediment erosion. The presence of hard particles with 

critical diameters in the river waters severely erodes the turbine runner and other 

components. This erosion in the turbine components eventually leads to 

significant loss in power and total efficiency of the turbine and in some cases, 

even total shutdown of the power station within few years of installation. The 

researches done previously show leads on severe turbine erosion where the 

maintenance has to be carried out within months of operation. During monsoon 

season, the rain waters rush down from the hilly regions carrying the loose 

sediment particles and drain directly into these rivers which increases the water 

discharge and sediment concentration. The concentration of sediment particles 

in river water accounts to the maximum of 45000 ppm and on average of 6000 

ppm during the monsoon seasons, which is the most significant factor for taking 

the sediment erosion to such heights. The mineral composition analysis of these 

rivers show excessive presence of quartz which constitutes up to 65%, on 
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average of total composition, and are relatively harder than the turbine material.  

Since the successful operation of hydro power plants been accomplished, 

sediment erosion problem has come into existence and severely affected the 

performance of these power plants. In recent years, extensive researches have 

been carried out to mitigate this problem. The protective coatings on surfaces 

exposed to sediments, use of settling basins, reduction of turbine's runner speed 

and modification in design are some of the measures taken into account to tackle 

the problem. But, all of these measures either turned out to be ineffective or very 

expensive to carry on for a long term basis.  

Hydro cyclone is the device which can be used for the separation of solid 

particles from liquid. The principle of operation of the hydro cyclone is based on 

the concept of the terminal settling velocity of a solid particle in a centrifugal 

field. Hydro cyclones can be designed to separate particles as small as 10 

microns in diameter. So, similar to that of settling basin, hydro cyclone can be 

used as a pretreatment plant to separate sediment particle with critical diameters, 

particle sizes with highest eroding potential, before they enter into the turbine. 

Usually these separators are designed to work under 20 kPa to 70 kPa of 

pressure drop, which accounts to 2 m to 7 m of head, and maximum attainable 

separation efficiency of 95%. So, during monsoon seasons when the discharge 

and sediment concentration are higher than nominal condition, hydro cyclone 

separator can be used to separate sediment particles from the water and protect 

the turbine components from excessive erosion.  

1.3 Objectives of the Research 

The main objective of the study is to investigate on the technical feasibility of 

hydro cyclone separator as a pre-treatment plant for separation of sediment 

particles to minimize losses due to sediment erosion, especially for hydraulic 

turbines operating at micro/mini/Pico level. In order to meet the target set for the 

study, the following activities have been accomplished sequentially during the 

period of study. 

 Conduct a review of previous researches done on particle size 

distribution and mineral composition of different rivers to determine the 

critical sediment particle diameter and mineral type with maximum 

erosion potential. 

 Determine the average and maximum concentration of sediment 

particles in hydropower plants with worst cases of sediment erosion 

during the monsoon season. 
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 Conduct a review on types, design and selection criteria of hydro 

cyclone for solid-liquid separation. 

 Design a micro hydro Francis turbine and ahydro cyclone separator for 

the turbine. 

 Conduct CFD analysis of both separator and turbine withdifferent 

particle sizes and concentration and determine erosion tendency in 

turbine and reduced cut size and total separation efficiency of the 

separator. 

 Develop an experimental setup and conduct experimental analysis for 

verification of the results obtained from CFD analysis. 

1.4 Study Methodology 

The actual study methodology adopted for the research is field data 

accumulation, design review, numerical simulation and experimental 

verification, simultaneously. The field data are accumulated on the basis of 

previous researches done on the topic which included Particle Size Distribution 

(PSD) analysis done by Turbine Testing Lab, Kathmandu University and hydro 

cyclone separator lab test by H.P. Pandit at Tribhuwan University. The review 

of PSD analysis provided detail insights on the critical diameters of sediment 

particles which are highly responsible for erosion on turbine components. 

Similarly, the review of paper published on lab test of hydro cyclone by H.P. 

Pandit provided first hand prospect on the possibility of using hydro cyclone for 

preventing sediment particles from entering turbine and reduce the tendency of 

turbine erosion. Initially a micro hydro Francis turbine, with typical operating 

parameters, is designed and numerical analysis is conducted to predict the 

erosion tendency in the turbine components at various concentrations of 

sediment particles with different sizes. According to the data collected on the 

particle size distribution and turbine's simulation results, a hydro cyclone 

separator with suitable size for turbine's nominal discharge and proper reduced 

cut size efficiency is designed to separate the sediment particles with critical 

diameters. The numerical simulation of hydro cyclone separator is carried out in 

ANSYS CFX ver.13. The computational analysis of hydro cyclone is also 

executed at various concentration of sediment particle with specific sizes. To 

justify the numerical results, an experimental setup with hydro cyclone and 

micro Francis turbine is designed and fabricated. With both experimental and 

computational results available, detail comparison is accomplished. 
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Chapter II Hydro Turbines 

2.1 General 

Hydropower is the power extracted from the flow of water under the influence 

of gravity with sufficient difference in elevation. The potential of the falling 

water is converted to mechanical power and eventually to electrical energy using 

turbine and generator respectively, directly or indirectly coupled together 

working as a single unit. The energy producing potential at any site primarily 

depends upon the energy of the water which in turn depends on the height of fall 

of water (Head, H m) and amount of water (Discharge, Q m
3
/s). 

Hydropower machine is the term generally used for machine that directly 

converts the hydraulic energy of the water to mechanical power through the 

machine shaft. This power conversion involves losses that arise partly in the 

machine itself and partly in the water conduits to and from the machine. The 

utilization of the energy from water is evaluated by the term called plant 

efficiency (η) which is the ratio of mechanical power output through the turbine 

shaft and hydraulic power input from the water. The plant efficiency is a 

variable quantity and depends on the design of water conduits and operating 

conditions. The hydro turbine may be operated at variable values of flow rates 

which normally depend on the grid load, alternating heads and fluctuation in 

flow discharge of the river. And the hydro turbine performs at the optimal 

efficiency for only one single combination of flow discharge, head and 

rotational speed.  

The efficiency of the machine and generally expressed by 

 η =  
Mechanical Power Output

Hydraulic Power Input
 (2.1) 

According to the regulation means, another quantity is defined as the admission 

factor, and expressed as 

 k =  
Operating Discharge

Discharge at BEP
 (2.2) 

The efficiency characteristic of a hydropower turbine as a function of the 

admission factor is shown in Figure 5, which also shows the comparison of 

efficiencies for two different turbines. 
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Figure 5 Efficiency of hydro turbine (left) and comparison of efficiency of 

two different types of hydro turbine (right) [13] 

2.2 Arrangement of hydropower plants 

Generally to operate a hydro turbine, water is conveyed from a river through an 

intake and then a conduit connecting down to the turbine. The turbine converts 

the hydraulic energy of water to mechanical energy and then water is passed 

through tail race canal to a downstream course connecting back to the river. 

Figure 6 shows the typical arrangement for a hydro power plant with detail 

components' nomenclature. 

 

Figure 6 Arrangement of a hydropower plant [13] 

2.2.1Water intake 

The water intake is usually constructed in line with the dam along the river. The 

intake system i.e. shallow type and deep type differ according to the size of the 

hydro power plant. The shallow water intake is equipped with a coarse trash 

Trash Rack 

Intake Gate 



 

10 
 

rack which prevents trees, branches, debris and stones from entering the conduit 

system. A gateis placed at the intake to shut off the flow of water into the 

conduit system. In some cases, a small gate is also placed to drain leakagewater 

fromthe main intakegate. A deep water intake takes the water directly from the 

reservoir without a trash rack in-between.  However, a sump is installed below 

the intake to collect and trap stones from sliding into the reservoir close to the 

intake. 

2.2.2 Conduit system 

The conduit system from the water intake to the turbine usually consists of 

either one or combination of open canal, tunnel, penstock and pressure shaft. 

Open canals are usually dug into the ground, blasted in rock or built up as a 

chute of wood or concrete. The pressure shaft may either be lined or unlined 

which usually depends on quality of the rock formation. The shafts in lower 

quality rock are lined either by concrete or by steel plate lining embedded into 

concrete, which reduces the losses but increases the cost. The penstocks 

installed above ground are mounted on concrete foundations or anchoring blocks 

with expansion valves to allow expansion and contraction of pipe. At the upper 

end of a penstock an automatic isolating valve is normally installed which shuts 

off automatically in case of the pipe rupture. 

2.2.3 Turbine 

Turbine is the main component of any hydropower plant which converts the 

hydraulic power of the water to mechanical and electrical energy. The main 

components of the turbine spiral casing, guide vane cascade, runner and draft 

tube. Guide vane cascade is the part of the turbine where adjustment in opening 

can be done according to fluctuation in water flow. It is usually adjustable and 

directs the water flow to inlet of the runner where the hydraulic power is 

transferred to mechanical power on the turbine shaft which the runner is fixed. 

The turbine shaft is guided in aradial bearing and anaxial bearing that is loaded 

with the axial force from the runner, caused by the water pressure and impulsive 

forces of the flow, and the weight of the rotating parts. The spiral casing 

conducts the water flow to the guide vane cascade. The draft tube conducts the 

water flow from the turbine outlet into the tail race canal. 

2.2.4 Closing Valve 

Depending on the head and capacity of the site, a closing valve may be a simple 

gate, butterfly valve, gate valve or a spherical valve. For submerged turbines, a 

closing valve is also installed at the outlet from the draft tube. 
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2.3Turbines 

The use of hydro turbines as a primary means to generate mechanical energy 

from water dates back to thousands of years. With continuous research and 

development, different types of turbines have been developed for sites with 

various operating conditions. In 1750, J. A. Segner invented a reaction runner 

which utilized the impulse force from a water jet, shortly after which Leonard 

Euler developed the turbine theory. Turbine is a designation that was first 

introduced in 1824 in the dissertation of Burdin. Fourneyron, in 1827, designed 

the first turbine and put to operation. The turbine at that time was a revolution 

with power output of 20 – 30 kW and runner diameter of 500 mm. 

 

Figure 7 Radial turbine of Fournevron (left) and Axial section of Francis 

turbine (right) [12] 

Figure 7 (left) shows a sectional view of Fourneyron’s turbine with guide vane 

cascade denoted by "G" and the runner by "R". Due to the flow of water in the 

turbine, it was designated as a radial turbine. However, Henschel and Jonval 

independently developed an axial turbine in 1840 which also used a draft tube to 

utilize the water head through runner outlet to the tail race. 

In the course of time, several designers improved the machines, but the most 

serious breakthrough was made by Francis. He developed a turbine in 1849, 

which was later named after him and was fairly similar to that one Euler had 

foreseen. The sectional view of Francis turbine is shown in figure 7 (right) in 

which water flows radially through the guide vane cascade towards the runner 

and axially out of the runner. In 1870, Fink made an important improvement by 

introducing the guide vanes to regulate the flow discharge. 

A turbine design principally different from the previous mentioned ones, was 

developed by the Pelton in 1890 for utilization of the highest water heads in the 

nature. Figure 8 (left) shows the sectional view of the turbine with water flow 

direction into and out of the turbine runner. The runner buckets are designed to 
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transfer impulsive force from the water jet beforesplitting the jet in two halves 

which are deflected at almost 180
o
 when it leaves the runner.In the field of low 

pressure turbines, a significant accomplishment was made byKaplan, who 

designed a propeller turbine in 1913 for utilizing the lowest water heads with 

fixed runner blades.  Figure 8(right) shows an axial sectional view of a Kaplan 

turbine.Kaplan further developed the turbine with revolving runner blades which 

was an important improvement for an economic and efficient governing of the 

turbine output. 

 

 

Figure 8 Principle of Pelton turbine (left) and Kaplan turbine (right) [13] 

2.4 Energy Conversion 

The flow of water under the influence of gravity from an upper level to a lower 

level represents a hydraulic power potential which can be utilised in a hydro 

power plant to develop mechanical power on the shafts of turbines. However, 

loss ofsmall fractions of the hydraulic potential are incurred in the plant’s 

conduits and in the turbine as well. 

2.4.1 Specific Energy 

The specific energy of a hydro power plant is the quantity of potential and 

kinetic energy which 1 kilogram of water delivers when passing through the 

plant from an upper to a lower level. The SI unit of the specific energy is Nm/kg 

or J/kg and is designated as [m
2
/s

2
]. 

In a hydro power plant as outlined in figure 9, the difference between the level 

of the upper reservoir ZRES and the level of tail water ZTW is defined as the gross 

head 

 HGR = ZRES − ZTW (2.3) 

The corresponding gross specific hydraulic energy  

 EGR = gHG (2.4) 
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When water with discharge value of Q [m
3
/s] passes through the plant, the 

delivered power is  

 PGR = ρgQHGR (2.5) 

 

Figure 9 Definition of gross head (HGR) and net head (HN) in a hydro power 

plant [13] 

The specific hydraulic energy between the sections 1 and 3 is available for the 

turbine. This energy is defined as net specific energy and is expressed by 

 EN = gHN (2.6) 

And the net head of the turbine is given by  

 HN =
EN

g
 (2.7) 

There are generally two ways to express the evaluation of net head which are as 

follows: 

 HN = HP +
c2

2g
 (2.8) 

 HN = HGR −
EL

g
= HGR − Hl (2.9) 

Where,HP is the piezometric head above tail water level measured in section 1 

 
c2

2g
is the velocity head in section 1  

 
EL

g
is specific hydraulic energy loss between reservoir and section 1 

converted to head loss Hl 

Reference Datum 

ZRES

 
 Z tw 

ZTW 

HP 
HN HGR 
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The hydraulic considerations of calculation and design in the sections are based 

on constant values of the acceleration of gravity and the density of water, no 

influence of temperature and the weight of the air column. 

2.4.2 Equations of turbine 

Losses along flow path 

In reaction turbines, the friction in flow and changes in flow directions usually 

occur in guide vane cascade, runner and draft tube mainly which leads to major 

hydraulic losses. According to the turbulent flow conditions these energy losses 

are defined by [14] 

ζ
1

C1
2

2
is the energy losses in the guide vane cascade 

ζ
2

v2
2

2
is the energy losses in the runner  

1 + ζ
3

C3
2

2
is the energy losses in the draft tube 

At favorable operating conditions for a reaction turbine, the estimated values of 

1 and 2 lie in the range of 0.06 - 0.15 and 3 in the range of 0.1 - 0. 3. The 

impact losses at the inlet of the runner, which are designated by EI
2
, are 

introduced when the relative velocity vector of the flow direction differs to the 

actual inlet direction of the blade. 

The total sum of the losses along the flow path is  

 hL =
1

2
[ζ

1
C1

2 + ζ
2

V2
2 + (1 + ζ

3)c3
2 + EI

2] (2.10) 

The available net head for the turbine is designated HN. The specific energy 

head transferred to the runner is then; 

 HR = HN − HL (2.11) 

Main Equations 

The total available power of a plant is expressed as 

 PN = ρQgHN (2.12) 

The power transfer from the fluid to the turbine runner is given by 

 PR = ρQ(u1Cu1 − u2Cu2) (2.13) 

The ratio these powers which is also known as the hydraulic efficiency is given 

by 
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 η
h

=
PR

PN
=

1

gHN
(u1Cu1 − u2Cu2) (2.14) 

The following rearrangement of equation (2.14) is called the main turbine 

equation 

 η
h

HN =
1

g
(u1Cu1 − u2Cu2) (2.15) 

The main turbine equation can also be expressed by values for u1Cu1 and u2Cu2 

from the velocity triangles respectively. 

 HN = (1 + ζ
1)

C1
2

2g
−

C2
2

2g
+ (1 + ζ

2)
V2

2

2g
−

V1
2

2g
+

u1
2

2g
−

u2
2

2g
+ (1 + ζ

3)
C3

2

2g
+

EI
2

2g
  

(2.16) 

The equation (2.16) expresses the total sum of the energy transfer in the runner 

which also constitutes the head losses in the guide vane cascade, the runner and 

the draft tube. For Pelton turbines however, the two last terms in equation (2.16) 

are omitted since these terms do not occur in the energy conversion analysis. 
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Chapter III Francis Turbine 

3.1 Introduction 

The hydro turbines can be most efficiently classified according to their speed 

numbers, and Francis turbines lie in the range 0.2 << 1.5. This wide range 

implies that these turbines can be operated in wide range of operating 

parameters, head and discharge. In general, Francis turbines have a guide vane 

cascade with adjustable vanes encompassing the whole circumference of the 

runner, for regulation of the discharge and flow direction before entering the 

runner.Francis turbines can be divided into two types based on the erection of 

turbine shaft i.e. horizontal and vertical.  In normal practice, the small scale 

hydro power plant use horizontal turbines while for large scale hydro power 

plant vertical turbine issued; this also depends on the availability of space. 

  

Figure 10 Sectional view of horizontal type Francis turbine (left) and 

Perspective view of an axial section through a vertical type Francis 

turbine(right) [15] 

3.2 Main components and their functions 

Figure 10 shows the sectional view of  Francis turbine assembly. A brief 

description of major components of  Francis turbine is as follows: 

3.2.1 Spiral Casing 

Spiral casing distributes the water from penstock to complete circumference of 

the guide vane cascade [15].The spiral casings are normally welded steel plate 

constructions for turbines at low, medium as well as high heads. However, spiral 

casings are also made as a combination of cast steel and steel plates in a welded 
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construction. They are also provided with taps for pressure measurements, drain, 

air vent outlets and manhole for routine inspection and maintenance.  

3.2.2 Guide vanes 

Guide vanes are important component of the turbine which efficiently directs 

water to the turbine runner. The openings of the guide vanes are adjustable by 

the regulating ring, links and levers [16]. They are shaped according to hydraulic 

design specifications and given a smooth surface finish. The bearings of the 

guide vane shafts are lubricated with oil or grease. 

3.2.3 Cover plates 

These plates are bolted to the stay ring of the spiral casing which is supported by 

stay vanes. They are designed for high stiffness to keep the deformations caused 

by the water pressure at a minimum. This is of great importance for achieving a 

minimal clearance gap between the guide vane ends and the facing plates of the 

covers. The clearance between the runner and the covers is also made as small 

as possible to keep the hydraulic losses in check [16]. 

3.2.4 Turbine Runner 

The turbine runner is the component which converts the hydraulic energy of the 

water to mechanical energy. It may either be manufactured by steel casting or by 

welding hot pressed plate blades to the cast hub and ring where manufacturing 

material is usually stainless steel [15]. The manufacture however, may be 

different from one manufacturer to the other and depends on the size and speed 

number. The number of blades depends upon the operating head. Runners with 

higher head will require a higher number of blades; this is mainly because of 

strength consideration [17]. Increasing the number of blades reduce the pressure 

loading on the blade which will help to avoid cavitation and also prevent 

separation at the runner inlet during low loads [17]. An increase in the number 

of blades also leads to more contact surface through the runner and thereby an 

increase in the friction losses [17].The hydraulic forces are the static pressure 

between the pressure and suction side of the blade and the dynamic pulsations, 

the static pressure is the governing force [18]. In high head Francis turbines, the 

main part of hydraulic energy is utilized at the top section of the blade hence 

blade are thicker near the inlet and thinner near the outlet [19].  

3.2.5 Labyrinth Seal 

The water flow through the labyrinth seals is a leakage flow which depends on 

seal clearances and is not utilised by the runner. The seal clearances are small 
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and the leakage flow losses are lower than 0.5 % in newly developed turbines. 

However, during turbine operation the seals are worn due to component 

misalignment or abrasive erosion which increases the leakage and consequently 

decreases the turbine efficiency [15].Usually in sediment laden hydro power 

plants, seals wear out comparative faster and account to increase in leakage 

losses up to 2 - 5% within months of operation. In high head turbines, the 

leakage water is normally utilised as cooling water for the generator, 

transformers and bearings [15].  

3.2.6 Turbine shaft and bearing 

Turbine shaft is manufactured from Siemens Martin steel and has forged flanges 

in both ends [20]. The turbine and generator shafts are connected by a flanged 

joint which may be a bolted reamed or friction coupling where the torque is 

transferred by means of shear or friction. 

Bearing is a rather simple and commonly used design and has a simple way of 

working and a minimal requirement of maintenance. Bearing pad support ring 

consists of two segments bolted together and mounted to the underside of the 

bearing house. The pad support ring has four babbit metal bearing surfaces with 

correctly shaped leading ramps which ensure stable centring of the turbine shaft.  

 

Figure 11 Rotating components of Francis turbine (left) and radial bearing 

of a vertical type Francis turbine (right) [11] 

3.2.7 Shaft Seal 

Shaft seal surfaces are lined with babbit metal, and depending on speed and size 

there are as small radial clearances as 0.2 - 0.4 mm between the surfaces of the 

shaft seal and the sleeve. The sleeve is made of corrosion resistant material and 

fixed to the shaft. 
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Figure 12 Shaft seal of a vertical Francis turbine [11] 

3.2.7 Regulating Mechanism 

The guide vane mechanism provides the regulation of the turbine output and in 

combination with the governor it maintains a stable speed of the unit and the 

frequency in the electrical distribution grid. The turbine governor controls the 

servomotor which transfers its force through a rod to the regulating ring. This 

ring transfers the movement to the guide vanes through a rod, lever and link 

construction. The guide vane exit area in flow direction is varied by an equal 

rotation of each of the guide vanes. 

 

Figure 13 Regulating mechanism of a Francis turbine (left) and guide vane 

regulating system of a vertical Francis turbine (right) [11] 

3.2.8 Draft tube 

In general draft tube consists of the cone and steel plate lining. The draft tube 

cone is a welded steel plate design and consists normally of two parts, the upper 

and lower cone. The inlet part of the upper cone is made of stainless steel. It is 

normally provided with two manholes for inspection of the runner from below.  
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Figure 14 Draft tube of a vertical Francis turbine [11] 

The lower part is designed as a dismantling piece and is mounted to a flange on 

the draft tube bend top. This design is always used for units where the runner is 

dismantled downwards. The draft tube lining is completely embedded in 

concrete. 

The main aim of the draft tube is to convert the retained kinetic energy at the 

runner outlet to pressure energy at the draft tube outlet. This is usually achieved 

by increasing the cross section area of the draft tube in the flow direction. In 

parts of draft tube with bend, the cross sections are decreased in the flow 

direction to prevent separation and loss of efficiency [13].For units being 

dismantled upwards the draft tube cone is made in one piece. 
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Chapter IV Sediment Erosion 

4.1 Introduction 

Sediment erosion is the complex phenomena which results to mechanical wear 

of stationary and rotating components of hydraulic machinery due to the 

dynamic action of sediment particles flowing on the solid surfaces. The 

suspended particles in the fluid are subjected to multiple factors like kinetic 

energy, force of gravity, viscosity, turbulence, centrifuge and cavitation under 

varying velocity profiles and pressure gradients which intensifies erosion 

problem to hazardous level [21]. Erosion can be observed in wide range of 

machineries working with fluids [22]. In case of gas turbines, turbine blades are 

exposed to erosive behavior due to high velocity solid particles and in steam 

turbines liquid droplets act to erode the blade surfaces [23]. From the subject 

point of view of sediment erosion damage caused by the suspended particle in 

hydraulic machinery, solid particle erosion process like abrasive erosion, surface 

fatigue, brittle fracture and ductile deformation are mainly applicable [24]. 

 

Figure 15 Mechanisms of solid particle erosion [24] 

The wear of solid surface due to subject to sediment particles can be mainly 

classified into abrasive and erosive type. Abrasive wear leads to loss of material 

by the grinding effect of passing hard particles over the surface but erosive wear 

leads to loss of material by the impacting solid particles at high velocities. In 

both cases, the hardness of the solid particles has to be higher than the material 

hardness. Erosive wear resembles to abrasive wear when the impingement angle 

is sufficiently low.  
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4.2 Sediment potential 

Sediments are small organic and mineral particles in water, in the form of clay, 

silt, sand and gravels [25] made of fragmentation of rock due to chemical and 

mechanical weathering. The topsoil on earth comprises of more than 80% silt 

which large rivers, originating from Himalayas, carry to the seas each year that 

account to billions of tons. The factors responsible for such extensive soil 

erosion in the Himalayas are tropical climate, young geology, glacial sediment 

unleashed from melting glaciers and degradation of catchment area [2]. 

Table 3 Classification of river sediment [26] 

Particle Clay Silt Sand Gravel Cobbles Boulders 

Sand 

(mm) 

<0.00

2 

0.002-

0.06 

0.06-2 2-60 60-250 <250 

The sediment induced wear in hydraulic turbine is a function of many 

parameters which include sediment particle properties, water flow and turbine 

properties. The sediment properties like size, shape, friability, concentration, 

impact energy, mineral type and hardness are jointly responsible for the intensity 

and quantity of wear [22, 27]. Similarly, the flow and turbine properties like 

pressure differences, relative velocity, angle of attack, wear resistance of turbine 

material and operation regimes are mutually responsible for the subjecting 

sediment wear on hydraulic turbines [25]. Several forces like drag, lift, 

centrifugal, Coriolis and buoyancy, generated from the flow and turbine 

parameters and affected by sediment properties, act on the sediment particles to 

stabilize and destabilize its positions. Laboratory experiments can be carried out 

with few variations in sediment properties while numerical and empirical 

models are limited to specific assumptions. This makes it impossible to derive 

general models for the sediment movement and wear on turbine components. 

The parameters like nature of the suspended particles, velocity, nature of erodent 

particles and mass concentration are difficult to control and assess, and compare 

to each other during laboratory tests [28]. If any of the above parameters is 

changed, the influence of the change on other parameters is hard to assess and 

hence to quantify the erosion on the basis of comparable circumstances, nature 

of erosion and location of erosive wear.  

4.3 Sediment characterization of Nepalese rivers 

In order to reduce the sediment induced problems in hydraulic turbines, it is 

therefore necessary to assess the sediment particles present in the water and a 

sediment exclusion study [29].The study specifically should include the particle 
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characteristics determination such as density, shape and size. All this population 

of particles with diverse sizes and shapes needs to be identified and 

characterized. The frequency of occurrence of particles of every size present 

arranged and presented in a statistical manner which is known as the particle 

size distribution (PSD).  

Most recently, a technical survey was conducted by Turbine Testing Lab (TTL), 

Kathmandu University to analyze sediment erosion potentials of major river 

basins of Nepal as a part of NORAD Feasibility study project. This study mainly 

focused on identifying the concentration of different mineral types and particles 

sizes in those river waters. For the study, different sediment samples were 

collected from headwork, settling basin and downstream of the existing as well 

as proposed hydropower plants with different turbine types.  

Amongst the samples collected from different locations of Hydro-Power Plant 

(HPP), the PSD in downstream side actually provide more specific information 

on particle sizes that have been through the turbine and majorly responsible for 

the erosive wear in the turbine components. So, in order to get a clear insight to 

the PSD of the collected samples, sieving analysis method was used and the 

results were tabulated. The PSD in different HPPs of Nepal can be seen in 

Table. 4. 

For a hydropower plant, the sediment size slowly decreases as the sediment 

flows from headwork to downstream. It was also concluded from the analysis 

that the most common PSD of sediment that reached turbine was in the range of 

0.1 mm to 0.3 mm. In the table given above, we can clearly see that the sediment 

particle size with the highest concentration, in most of the Hydropower Plants, is 

0.125 mm. The sieving analysis of sample collected from Jhimrukh 

Hydroelectric center, which is one of the sites with the worst case of sediment 

erosion, also shows the highest concentration of particle with 0.125 mm 

diameter [10, 29].  

Table 4 Particle Size Distribution at downstream of different Hydro-Power 

Plants in Nepal [9] 
HPP Sediment Percentage retained through each sieve opening (%) 

 1 mm 0.6 mm 0.3 mm 0.2 mm 0.125 mm 0.075 mm 0.065 mm 

Panauti 0.40 2.05 2.40 3.00 81.12 5.58 4.42 

Sunkoshi 0.19 0.29 7.54 16.54 69.26 3.62 1.37 

Jhimrukh 0.00 0.00 0.76 1.36 84.53 6.22 6.14 

Arunkhola 0.06 0.11 8.30 37.23 51.15 1.37 1.18 

Sundarijal 3.85 15.27 63.64 5.88 8.33 0.87 0.58 

Bhotekoshi 0.27 2.84 45.58 32.26 18.19 0.64 0.16 
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Similarly, the mineral content of the sediment was also analyzed in this study. 

The average distribution of mineral content, in percentage, in different Hydro-

Power Plants of Nepal can be seen in Table. 5.  

Table 5 Mineral content analysis in different HPP of Nepal [9] 

HPP Average distribution of  mineral content in different HPPs of Nepal in percentage 

 Quartz Feldspar Muscovite Biotite Tourmaline Garnet Others 

Panauti - - - - - - - 

Sunkoshi 65.69 8.28 12.46 6.18 2.37 2.73 2.29 

Jhimrukh 59.34 5.61 18.18 7.49 2.77 1.86 4.76 

Arunkhola - - - - - - - 

Sundarijal 67.37 8.45 9.15 11.03 0.99 1.62 1.39 

Bhotekoshi 61.70 11.94 8.31 8.60 2.48 2.57 4.39 

Table 6 Physical Properties of different mineral types [9] 

Physical 

Properties 

Quartz Feldspar Muscovite Biotite Tourmaline Garnet Others 

Mohs 

Hardness 

7 6-6.5 2.5-3 2.5-3 7-7.5 6.5-8 4.5-5 

Structure Crystal
line, 

Sharp 

and 
absenc

e of 

cleavag
e 

Cleavage 
of 2 to 3  

 

Perfect 
Cleavage 

 

Basal, 
Perfect 

Cleava

ge 
 

Poor 
Cleavage 

 

Non 
Cleava

ge 

 

Perfect 
cleavag

e in 

two 
directio

n 

Crystal 

Structure 

Hexa-

gonal 

 

Triclinic 

or Mono-

clinic 

Mono-

clinic 

 

Mono-

clinic 

 

Hexa-gonal 

 

Iso-

metric 

 

Tri-

clinic  

 

Specific 

Gravity 

2.65 2.5 - 2.7 2.8 - 3 2.76 - 

3.3 

3 - 3.3 3.5 - 

4.3 

3.5 - 

3.7 

In the table given above, we can see the average content of different mineral 

types in various HPPs of Nepal. Mineral analysis of collected samples is 

performed by physical observation under Trinocular microscope. The analysis 

indicated presence of minerals like Quartz, Feldspar, Muscovite, Biotite, 

Tourmaline, Garnet and other in samples collected from different Nepalese river 

waters.  Amongst these mineral types so analyzed, the highest constituting one 

was found to be “Quartz”. This mineral type i.e. Quartz (7.0>) is actually harder 

than the turbine parts commonly manufactured with stainless steel (5.0>) on 

Moh's hardness scale. So, the turbine parts are easily eroded away in months of 

power plant’s operational time period. The physical properties of the mineral 

types obtained in the analysis can be observed in Table. 6. 
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4.4 Erosion in Micro Hydro Francis turbine 

4.4.1 Model Turbine Design 

A micro hydro Francis turbine is designed and CFD analysis was conducted to 

see the effect of sediment particles at different load conditions. As Jhimurkh 

HEC is one of the power plants with worst case of sediment erosion, it was 

taken as a reference case. A scale model turbine was designed with geometric 

and hydraulic similarity for the numerical analysis. The reference turbine was 

scaled down by a factor of 0.129. The parameters of the reference and model 

turbine are listed in the table 7. 

Table 7 Reference and model turbine parameters 

Parameters Reference  Model 

Discharge 2.35 m
3
/s 0.012 m

3
/s 

Head  201.5 m 10 m 

Speed Number  0.32 0.32 

Efficiency 96 % 96 % 

Power Output 4.35 MW 1.13 kW 

Speed  1000 rpm 2000 rpm 

In the design of the model turbine, only the runner, guide vane and stay vane 

were scaled down by the scale factor. The other components like spiral casing, 

draft tube were designed separately for the operating parameters obtained. The 

3D CAD model of the model turbine designed for the analysis is shown in figure 

16. The dimensions of the model and reference runner are listed in table 8. 

Table 8 Dimensions of Reference and model runner of Jhimrukh HEC 

Dimension Model  Reference 

Scale Factor 0.129 1.0 

Inlet Diameter  0.114 0.864 

Outlet Diameter  0.070 0.540 

Inlet Height  0.015 0.098 

 

Figure 16 CAD model of the Francis turbine for numerical analysis 
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4.4.2 Numerical Analysis 

The geometry of the model turbine was modeled CREO 2.0 and the mesh was 

generated ICEM CFD. The components of the turbine included in the analysis 

were runner, guide vane, stay vane, spiral casing and draft tube. All of the 

turbine components were modeled individually and meshes were also generated 

individually. The element type used for the meshing was tetrahedral and 12 

layers of inflation were added to capture the boundary layer separation. The 

method used for inflation was First Layer Thickness method with initial layer 

thickness of 10
-5

m, number of layers 12 and growth rate 1.25. The average y 

plus values obtained from the mesh so generated was 10 on the walls of the 

domain. The details of the node count and element type for the individual 

component are listed in table 9.  

Table 9 Node Count and Element type 

Component  Element Type  Node Count 

Runner Tetrahedral 677295 

Guide Vane Tetrahedral 796266 

Spiral Casing Tetrahedral 637139 

Draft Tube Tetrahedral 482669 

A two phase numerical analysis of the model turbine was conducted. The 

boundary conditions used in the analysis were mass flow rate at spiral casing 

inlet and average static pressure of 0 Pa at the draft outlet. The turbulence model 

used for the numerical analysis was k-ω based SST model. The fluid pair used in 

the analysis were water and sediment particle (quartz). The concentration of 

sediment particle used for the analysis was 6000 ppm which is the average 

concentration found in ROR power plants. The sizes of particle in the range of 

20 µm to 500 µm were used for the analysis. The material morphology used for 

water and sediment paticles were continous fluid and particle transport solid 

respectively.  

The analysis showed a maximum efficiency of 84% at designed load condition 

and the maximum attained head was 9.34m. The mechanical power output of the 

turbine at the designed load condition was 0.9 kW. The numerical analysis of 

the turbine was conducted at different load condition of Q 0.6 to Q1.2. The 

minimum efficiency of the turbine was obtained at load condition of Q0.6 which 

accounts to 58%.  

From the analysis, a slight glimpse of erosion tendency of the sediment particles 

on the micro hydro turbine runner could be obtained. The minimum particle size 

used in the analysis i.e. 20 µm had no effect on the turbine blades. However, the 
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critical particle sizes 100 µm and 125 µm showed significant erosion tendencies. 

The erosion tendencies were found maximum on the pressure side of the runner 

blades mid span at Q1.0 and Q1.2. While on the suction side of the erosion 

tendency was found maximum at the outlet of the runner. The figure 17 and 18 

can further illustrate the erosion tendency of sediment particles on the turbine 

runner blades. 

  

Figure 17 Erosion tendency on the pressure side of the runner blade at 

designed load condition(Q1.0): left -100 µm and right -125 µm. 

  

Figure 18 Erosion tendency on the suction side of the runner blade at 

designed load condition(Q1.0): left -100 µm and right -125 µm. 

From the analysis we can conclude that the sediment particles with sizes 100 to 

125 µm inflict maximum erosion on the runner blades. Similarly, the particle 

size distribution of different rivers has also the highest content of particle of this 

size category. So, a method to prevent these particles from coming in contact 

with the turbine components must be developed. And then, the sediment erosion 

problem can be mitigated from the ROR hydro power plants and sustainable 

operation of the hydro power plants can be achieved.   
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Chapter V Hydro Cyclone Separator 

5.1 General 

The separation of solid and liquid phases is usually the most common phase 

separation requirement in industrial application and the common methods to do 

are depicted in figure 19. The selection of proper device for separation purpose 

also depends on the required output product like particle free liquid, 

concentrated solid or degree of dryness of solid. 

 

Figure 19 Solid-Liquid separation techniques [32] 

5.2 Hydro cyclone: Introduction 

A hydro cyclone is a device to classify, separate or sort particles in a liquid 

suspension based on the ratio of their centripetal force to fluid resistance [30]. 

Figure 20 shows a typical hydro cyclone setup for solid liquid separation. 

 

Figure 20 Typical setup of a hydro cyclone separator [32] 

The principle of operation of the hydro cyclone is based on the concept of the 

terminal settling velocity of a solid particle in a centrifugal field. It has no 
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moving parts and consists of a conical section joined to a cylindrical portion, 

which is fitted with a tangential inlet and closed by an end plate with an axially 

mounted overflow pipe [30-34]. The end of the cone terminates in a circular 

apex opening. Hydro cyclones are used for solid liquid separations; as well as 

for solids classification and liquid-liquid separation [35, 38, 39, and 40]. Hydro 

cyclones have been in use for more than 100 years but its first industrial 

applications date from late 1940s [31].They are simple and robust separating 

devices, which can be used over the particle size range from 4 to 500 micron 

[32].  

The selection of device from the classification made in figure 20 also depends 

on the separation efficiency of the device on the basis of particle size diameter 

and concentration. Operating rang of different devices as shown in figure 21 

work on the specific limit of particle size and concentration. And the device like 

hydrocyclone is most efficient in separating fine particles with concentration 

lower than 20 % which is well suited for purifying sediment flooded river 

waters.  

   

Figure 21 Solid-liquid separation techniques according to particle size and 

feed concentration (left) [52] and performance of sedimentation equipment 

(right) [53] 

5.2 Particle Separation Theory 

5.2.1 Equilibrium Orbit Theory: 

The classifying action of any hydro cyclone is usually determined by the net 

effect of the two competing forces that act on every particle i.e. the outward 

centripetal force and the inward drag force [33, 34]. Any particle, that 

experiences equilibrium between these two forces inside the hydro cyclone, will 

have an equal chance to exit through either the underflow or the overflow. They 

tend to circulate in a circular orbit inside the hydro cyclone which will move 
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towards either of the outlets due to random impacts with other particles and the 

random eddy motion in the highly turbulent flow field inside. The orbit in which 

a particle experiences the balance between centrifugal and drag forces is called 

equilibrium orbit [33].  

An equilibrium orbit is proposed at a radius position, at which the inward drag 

on the particle due to the inward radial velocity of the fluid counterbalances the 

outward force to the liquid rotation [33], i.e.:  

 
πx3

6
(ρ

s
− ρ)

νt
2

R
= 3πμνrx (5.1) 

Or 

 
x2

18

(ρs−ρ)

μ
=

Rνr

νt
2  (5.2) 

Where x is the particle diameter or size, ρ
s
 is the density of particle, ρ is the 

density of the fluid. 

If νt ~ (
ν

Rn) and νr ~ (
ν

Rm) where ν is the inlet velocity then 

 
x2

18

(ρs−ρ)

μ
= [

K

ν
] R1+2n−m (5.3) 

For the given inlet velocity and liquid, the radius of the orbit is proportional to 

the particle size. If R is greater than the radial position for zero vertical velocity, 

it is assumed that all particles will be collected. If R is less than the radial 

position, all particles will be carried away in the underflow. Thus, a particle will 

have a 50% chance of removal if the radius of its equilibrium orbit is equal to 

that of the zero vertical velocity. Using this approach, Bradley derived a relation 

making assumptions to the position of the locus of zero vertical velocity [31, 32, 

34 - 36].  

5.2.2 Residence Time Theory 

This theory emphasizes on the importance of the time spent by particles inside 

the hydro cyclone. Assuming the spiral has a constant velocity equal to the 

average inlet velocity, and supposing the liquid follows N complete spirals at an 

average radiusRav, the residence time will be [33]: 

 t = [
2πRav

ν
] N (5.4) 

A particle of size “x” will travel a distance “L” in this time “t” where: 

 
L

t
=  ν =  

x2(ρs−ρ)

18μ
[

ν2

R
] (5.5) 
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Combining equations (5.4) and (5.5), the following relationship is obtained: 

 x2 =  
9μL

Nπν(ρs−ρ)
 (5.6) 

This is a form similar to equation (5.3) without the dependence on radial 

positions. 

5.3 Characteristic performance of hydro cyclone 

5.3.1 Separation Efficiency or Cut size 

In solid-liquid separation, it is important to know the particle size distribution in 

order to identify which part of it will be separated, and can be transformed the 

quantity in terms of efficiency. The common way of presenting particle size data 

for solid-liquid separation purposes is in form of a plot. The most common ones 

are equivalent sphere diameters, equivalent circle diameter and statistical 

diameters. The equivalent sphere diameter is the diameter of sphere which has 

the same property as the particle itself. Such a property could be the settling 

velocity. A diameter derived from the settling velocity is known as Stokes 

diameter and is a very useful quantity for solid-liquid separation especially to 

those techniques in which the particle motion relative to the fluid is the 

governing mechanism. 

5.3.2 Capacity and Pressure drop 

The capacity of a hydro cyclone can be evaluated in terms of the volume flow 

rate delivered also known as throughput which depends on the available 

pressure drop [33]. The pressure drop is an important variable and is more easily 

defined than efficiency. The relationship between Q and ΔP can be developed by 

means of established theory for the flow of liquids in pipes. A few of the 

correlations on pressure drop are as follows:  

The relation proposed by Trawinski [41] is as follows: 

 Q = KDiDo [
ΔPg

ρ
]

1
2⁄

 (5.7) 

Where K (0.5) is a factor, which contains diameter ratios, fraction loss, and cone 

angle variables (θ) from 15 to 30 degrees. 

 The relation proposed by Bradley is as follows:  

 
ΔP

ρ⁄

νt
2

2g
⁄

=
α2

n
[(

Dc
Do

⁄ )
2n

− 1] (5.8) 
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Where the left hand side group is the pressure difference in terms of inlet 

velocity heads and α is the inlet velocity loss coefficient 
vc

vi
⁄  whereas n is the 

power. 

5.4 Effect of variables on hydro cyclone performance 

No unified theory has been defined that fully explain the mechanism of flow and 

particle separation inside a hydro cyclone. It is usually accepted that the overall 

behavior of the particles inside a unit depends on factors contributed by the 

liquid, solid and the design of setup as a whole. The factors that affect the 

performance of the device can be divided into two categories namely operational 

variables and design variables. 

5.4.1 Operational Variables 

For the separation of solid particles from liquid, certain amount of pressure drop 

is required. An increment in the pressure drop will decrease the cut size and 

increase the sharpness of separation and flow rate as well. The usual values of 

pressure drop in practice are in the range of 0.34 to 6 bars while for small hydro 

cyclones the suggested upper limit is 4 bar [42]. More importantly, the 

prominent density difference between the phases is required as higher separation 

efficiency can be obtained with high difference in density. The effect of feed 

concentration of solid particles on separation performance is established as 

inversely proportional to efficiency i.e. increment in input concentration 

decreases the total efficiency [43,44] The least understood effect on 

performance of a hydro cyclone is that of the viscosity. Till now very few 

researches have been conducted on this area and it is accepted that viscosity 

plays no role or has very little effect on separation efficiency. The effect of 

viscosity can be accountable if the flow is laminar at low Reynolds number and 

only if flow is forced by static head or in very large units [45, 46]. The effect of 

less common variables like surface roughness of cyclone wall has also been 

studied. The study suggests that rough walled cyclone show lower efficiency 

than the smooth walled due to reduction in rotation force and consequently the 

centrifugal force [47]. 

5.4.2 Design Variables 

Few recommendations on modification of geometry of hydro cyclone have been 

mentioned in literatures especially from the manufacturers. But in practice, the 

standard hydro cyclones such as Reitema hydro cyclones and Bradley hydro 

cyclones have proved to be the most efficient in capacity and separation 

respectively. 
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The most common material for manufacturing of hydro cyclones are steel, 

aluminum oxides, ceramics, polyurethane and other plastics. The inner body of 

the cyclone separator is usually lined with hard materials to prevent or minimize 

any erosive wear from the solid particles above 100 μm in diameter. Soft rubber 

materials are used when the operating temperatures do not exceed 60 ˚C or the 

solvents like hydrocarbon oils are absent. The usual types of effects seen in 

hydro cyclone performance due to different design variables are shown in 

Table10.  

Table 10 Effect on hydrocyclone performance due to different design 

variables [33] 

Variable  Effect 

Increment in cyclone diameter Increment in cut size and decrement in 

pressure drop 

Increment in cyclone inlet 

diameter 

Decrement in gravity force, capacity and 

pressure drop and increment in cut size 

Increment in cyclone overflow 

diameter 

Increment in cut size and risk of coarse 

separation 

Increment in cyclone underflow 

diameter 

Higher loss of liquid  

Increment in cyclone length Decrement in cut size sharpness separation 

Increment in cyclone wall 

roughness 

Increment in capacity but decrement in 

efficiency 

5.5 Selection and Design of hydro cyclone System 

Hydro cyclones differ from other solid-liquid separation devices as they have a 

broad number of variables involved in their operation. The influence of some 

variables, as previously mentioned, is not completely established and might 

differ from one unit to other. So, the selection of a hydro cyclone is a difficult 

task to execute. Generalizations of performance characteristics can be rarely 

made and the choice necessarily requires semi-empirical relationships or models 

which are inevitably of limited application. The general procedure in selecting 

or designing hydro cyclone is by using manufacturers’ catalogue or making 

calculations for cut point and throughputs. 

5.5.1 Analytical Method 

The literatures previously mentioned for the computation of cut points and 

capacities can only be employed for first approximation. The actual choice is 

usually based on the function to be performed by the system. In classification 

applications, the cut size is usually fixed and the design is simply based upon 
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achieving that cut size. On the other hand, in separation, a certain degree of 

efficiency is normally required, and the resulting design must be a compromise 

between technical and economic considerations. 

The adaptability to industrial scale can represent a real problem. Some of the 

correlations for calculating cut points and throughputs for cyclones might not be 

suitable for industrial problems, since they were developed using slurries with 

low solids contents and small units [48]. An alternative to high capacities is use 

of multiple hydro cyclone systems for industrial production.  

5.5.2 Graphical Method 

A series of charts have been also developed for the estimation of effects of 

changes in operating variables on performance of hydro cyclone. The ideas 

include a series of equations incorporated into some nomographs in order to 

make trial-and-error calculations faster and simplification of charts to just one 

nomograph [49, 50]. 

The charts combined with some calculations proved to be a useful tool in 

selecting hydro cyclone for specific duties but application of the technique can 

only be used for guidance purposes only. 

Table 11 Empirical size specifications of some common types of 

Hydrocyclone design [33] 

Cyclone type and size 

of hydrocylone, Dc 

Di/Dc Do/Dc l/Dc L/Dc θ Stk50 

Eu** 

Kp
** np

** 

Rietema’s Design 0.280 0.340 0.40 5.00 20˚ 0.0611 24.38 0.3748 

Bradley’s Design 0.133 0.200 0.33 6.85 9˚ 0.1111 446.5 0.3230 

Mozley cyclone 1Dc = 

0.022m 

0.154 0.214 0.57 7.43 6˚ 0.1203 6381 0 

Mozley cyclone 2Dc = 

0.044m 

0.160 0.250 0.57 7.43 6˚ 0.1508 4451 0 

Mozley cyclone 3Dc = 

0.022m 

0.197 0.320 0.57 7.71 6˚ 0.2182 3441 0 

Warman 3” model 

RDc = 0.076m 

0.290 0.200 0.31 4.00 15˚ 0.1709 2.618 0.8000 

RW 2515 (AKW) Dc 

= 0.125m 

0.200 0.320 0.80 6.24 15˚ 0.1642 2458 0 

5.6 Performance Comparison of Commonly used Hydro 

Cyclones Separator 

Different types of hydro cyclone, as enlisted in table 11, are already in use for 

separation process. Usually, the manufacturers of hydro cyclone limit the 

production to a certain range of cyclone diameters as same cyclone separator is 
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applicable to wide range of cut sizes and flow rates with the use of 

interchangeable inlet and outlet section. These cyclone separators types each 

have some specific characteristics in performance which are applicable to 

specific purposes. In the recent years, two of these cyclone separators families 

which are mostly used are Bradley and Reitema hydro cyclone.  

 

Figure 22 Reduced cut sizes for Bradley hydro cyclone (left) and Reitema 

hydro cyclone (right) [31] 

A simple comparison of performance of Bradley and Reitema cyclone separator 

has been accomplished by [31]. According to his findings, at same pressure 

drop, Reitema hydro cyclones produce flow rates 2 to 3 times higher than 

Bradley's hydro cyclones of the same size. But on the other hand, at same 

conditions, Bradley hydro cyclone produce lower reduced cut sizes and, 

consequently, higher total efficiencies than Reitema hydro cyclones.  

 

Figure 23 Hydro cyclone diameter and reduced cut size as a function of 

number of cyclones in parallel [31] 
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Figure 22 shows the comparison of reduced cut size for Bradley and Reitema 

hydro cyclone. Furthermore, the performance analysis of Bradley and Reitema 

hydro cyclone were accomplished in parallel operating configuration. The 

results of the analysis indicated that Reitema hydro cyclones are high capacity 

separators for they could process same flow rate at a given pressure drop with 

relatively smaller diameter; also shown in figure 23[51]. 

And the lower values of reduced cut size can give higher values of total 

separation efficiency as the hydro cyclone diameter is also reduced. So, although 

Reitema hydro cyclones are smaller, the reduced cut size obtained with Bradley 

hydro-cyclone is always lower, which shows that Bradley hydro cyclone is more 

efficient than Reitema hydro-cyclone.  
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Chapter VI Hydro Cyclone Separator: Design and CFD 

6.1 Empirical Relations 

The nomographs illustrated by Zanker [49] can be used to make a preliminary 

estimate of the size of the cyclone needed. The best arrangement and design for 

particular application can be achieved by following guidelines provided by 

manufacturers. 

 

Figure 24 Bradley's Hydro cyclone proportions 

The empirical relation for reduced cut size d50 developed by Bradley in 1960is 

as follows: 

 d50 = 4.5 [
Dc

3μ

L1.2(ρs−ρL)
] (6.1) 

Where,d50 is the particle diameter (µm) for which the cyclone is 50% efficient 

and Dc is the characteristic diameter of cyclone chamber, cm. The d50 particle 

diameter is the diameter of the particle, 50 % of which will pass through the 

overflow and 50 percent in the underflow. 

Figure 24 shows the empirical relations of different components of hydro 

cyclone separator corresponding to the characteristic diameter.  

The nomenclatures of hydro cyclone separator components with their empirical 

relations are as follows: 

Inlet pipe diameter, 
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 DI =
Dc

7
 (6.2) 

Underflow pipe diameter, 

 Du =
Dc

10
 (6.3) 

Overflow pipe Diameter, 

 Dv =
Dc

3
 (6.4) 

Vortex finder length, 

 l =
Dc

3
 (6.5) 

Cylindrical section length, 

 l1 =
Dc

7
 (6.6) 

Cone angle, 

 θ = 9 − 12 deg 

Total length of separator,Lc 

6.2 Determination of Reduced Cut Size (d50) and characteristic 

diameter (Dc) 

With the major parameters i.e. actual particle size to be separated and the 

amount of separation efficiency required, known, the reduced cut size of the 

particles can be calculated by referring to figure 25; developed from the 

empirical relation in equation (6.1) provided by Bradley.  

The figure represents the values of cut size (d50), particle size (d) and separation 

efficiency (η) on respective scales corresponding to equation (6.1).  The value of 

"d50"can be obtained from the figure by drawing and extending a line connecting 

values of "d" and "η" to the "d50" scale. The values of "d" and "η" taken in this 

study are 20 µm and 95% respectively for which the corresponding value of 

"d50" is 12.75 µm.  
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Figure 25 Determination of d50 from the desired particle separation[49] 

Similar to the previous case, the value of characteristic diameter of the cyclone 

separator can be determined from figure 26.  

 

Figure 26Characteristic diameter (Dc) calculated from flow rate, physical 

properties and “d 50” particle size [49] 

The values of different parameters considered for calculation of characteristic 

diameter of the hydro cyclone separator are as follows: 

1. Dynamic viscosity of liquid, µ = 1.0 mNs/m
2
 

2. Density of liquid, ρl = 1 gm/cm
3
 

3. Density of solid, ρw =  2.65 gm/ cm
3
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4. Flow rate, L = 720 Liters/min 

The value of characteristic diameter of the hydro cyclone separator obtained by 

referring to the values of different parameters mentioned above is 35 cm which 

exhibits 50% separation efficiency for particle size of 12.75 µm. 

By substituting the value of characteristic diameter of separator in equation (6.2) 

to (6.6), the dimension of the respective components can be calculated; the 

calculated dimensions are listed in table 12. 

Table 12 Dimensions of hydro cyclone separator in cm 

Dc Di Do Du l L1 θ  Lc 

35 5 11.67 3.5 11.67 17.5 12 74.1 

Figure 27 shows the isometric CAD model of the hydro cyclone separator with 

sedimentation tank developed for the specific separating operation. The 

separator is modeled in CREO 2.0 Parametric Student Version, according to the 

dimensions obtained from the previous calculation.  

The theoretical separation efficiency of different particle sizes processed 

through the hydro cyclone can be obtained by using equation (6.7) as developed 

by Bennett.  

 η = 100 [1 − e
−(d

d50
⁄ −0.115)

3

] (6.7) 

Where, η is the efficiency of the cyclone in separating any particle of diameter 

"d" in percentage and d is the selected particle diameter in µm. 

Figure 28 shows the calculated separation efficiency of sediment particle sizes 

from 10 µm to 125 µm. For the particle size of 12.75 µm which is the cut size of 

the hydro cyclone separator, 50% separation efficiency is obtained. Meanwhile, 

for the particle size below the cut size, separation efficiency is lower than 50 %; 

in this case 25 %. For the particle size in the range of 20 µm to 125 µm, 

separation efficiency obtained should be higher than 90%. 
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Figure 27 Isometric view of CAD model of hydro cyclone separator with 

sedimentation tank 

 
Figure 28 Separation efficiency of hydro cyclone obtained from eq. (4.7) for 

different particle sizes 

6.3 Mesh Generation 

The generation of domain of the hydro cyclone separator is accomplished in 

CREO Parametric 2.0 (Student Version) and mesh in ANSYS ICEM CFD for 

the numerical analysis. Tetrahedral elements are used for the mesh generation. 

Inlet Pipe 

Separator Body 

Sedimentation 

Tank 

Overflow Outlet 

pipe 
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To capture the boundary layer separation on the walls, 12 layers of inflation are 

added with initial thickness of 10
-5

m at a growth rate of 1.25. The maximum 

value of y plus obtained in the analysis with the above settings of boundary layer 

is 5.15. The total number of nodes obtained for the analysis is2 million and total 

number of elements is 6 million. Figure 29 shows the mesh generated for the 

separator in ICEM CFD. 

 

Figure 29 Mesh of Hydro Cyclone Separator with sedimentation tank 

6.4 CFX Setup 

6.4.1 Boundary Conditions 

The boundary conditions used at the inlet and outlets of the hydro cyclone 

separator are "Mass Flow Rate" ranging from Q 0.8 to Q 1.2 and "Average Static 

Pressure" of 0 Pa, respectively. The Q 0.8 stands for flow rate into the separator 

at 80% load condition of the designed flow rate, 12 Kg/s. The total 5 cases of 

Overflow 

outlet wall 

Inflation 

Layer 

Inlet wall 

Inflation 

Layer 
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flow rates are taken in the analysis i.e. Q 0.8, Q 0.9, Q 1.0, Q 1.1 and Q 1.2. The walls 

of the separator were modeled with sand grain roughness of 0.046mmand no slip 

condition. The interaction of solid particles with wall was to equation dependent 

and the restitution coefficients i.e. perpendicular and parallel, both, were set to 

0.905. The minimum impact angle of solid particles on the separator wall was 

set to 10.0 deg. 

6.4.2 Fluid Pairs Model 

The analysis consisted of two different phases, which are water (liquid) and 

sediment particles (solid) with densities 1gm/cm
3
 and 2.65 gm/cm

3
 respectively. 

Amongst them water was used as Continuous Fluid and the sediment particle 

was treated as Particle Transport Solid. The Particle Size Distribution (PSD) in 

the analysis included 8 different sizes of sediment particle ranging from 10 to 

125 µm with shape and surface area factors set to 1.0. The reference pressure in 

the analysis was set to 1 atm. As buoyancy is also an important factor in analysis 

considering phases with densities, so it was set active with a value of 9.81 m/s
2
 

along z direction. The concentration of sediment particles was chosen to 6000 

PPM which is the average concentration of particle found in the Nepalese rivers 

during the monsoon period. The mass flow rate of sediment particles was varied 

corresponding to the flow rate of water at different load condition.  

6.4.3 Turbulence Model 

Turbulence consists of fluctuations in the flow field in time and space. It is a 

complex process, mainly because it is three dimensional, unsteady and consists 

of many scales. It can have a significant effect on the characteristics of the flow. 

Turbulence occurs when the inertia forces in the fluid become significant 

compared to viscous forces, and is characterized by a high Reynolds number.  

In principle, the Navier-Stokes equations describe both laminar and turbulent 

flows without the need for additional information. However, turbulent flows at 

realistic Reynolds numbers span a large range of turbulent length and time 

scales, and would generally involve length scales much smaller than the smallest 

finite volume mesh, which can be practically used in the numerical analysis. The 

Direct Numerical Simulation (DNS) of these flows would require computing 

power which is many orders of magnitude higher than available in the 

foreseeable future. 

Reynolds Stress Model (RSM) Turbulence Model 

These models are based on the transport equations for all components of the 

Reynolds stress tensor and the dissipation rate. These models do not use the 
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eddy viscosity hypothesis, but solve an equation for the transport of Reynolds 

stress in the fluid. The Reynolds stress model transport equations are solved for 

the individual stress components.  

Algebraic Reynolds Stress models solve algebraic equations for the Reynolds 

stresses, whereas differential Reynolds stress models solve differential transport 

equations individually for each Reynolds Stress component. 

The Reynolds averaged momentum equations for the mean velocity is: 

 
𝜕𝜌𝑈𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗) −

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
)] = −

𝜕𝜌"

𝜕𝑥𝑖
−

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) + 𝑆𝑀𝑖

 (6.1) 

Where 𝜌"  is a modified pressure, 𝑆𝑀𝑖
 is the sum of body forces and the 

fluctuating Reynolds stress contribution is (𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) . Unlike eddy viscosity 

models, the modified pressure has no turbulence contribution and is related to 

the static (thermodynamic) pressure by: 

 𝑝" = 𝑝 +
2

3
𝜇

𝜕𝑈𝑘

𝜕𝑥𝑘
 (6.2) 

In the differential stress model, (𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) is made to satisfy a transport equation. 

A separate transport equation must be solved for each of the six Reynolds stress 

components of(𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅). The differential equation Reynolds stress transport is: 

 
𝜕𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅

𝜕𝑡
+

𝜕

𝜕𝑥𝑘
(𝑈𝑘𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) −

𝜕

𝜕𝑥𝑘
((𝛿𝑘𝑙𝜇 + 𝜌𝐶𝑠

𝑘

𝜀
𝑢𝑘𝑢𝑖̅̅ ̅̅ ̅̅ )

𝜕𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅

𝜕𝑥𝑙
) =  𝑃𝑖𝑗 −

2

3
𝛿𝑖𝑗𝜌휀 + ∅𝑖𝑗 + 𝑃𝑖𝑗,𝑏 (6.3) 

Where 𝑃𝑖𝑗 and 𝑃𝑖𝑗,𝑏 are shear and buoyancy turbulence production terms of the 

Reynolds stresses respectively, ∅𝑖𝑗  is the pressure-strain tensor,  given by 

following equations and C is a constant. 

 𝑃𝑖𝑗 = − 𝜌𝑢𝑖𝑢𝑘̅̅ ̅̅ ̅̅
𝜕𝑈𝑘

𝜕𝑥𝑘
− 𝜌𝑢𝑗𝑢𝑘̅̅ ̅̅ ̅̅

𝜕𝑈𝑖

𝜕𝑥𝑘
 (6.4) 

The production due to buoyancy is  

 𝑃𝑖𝑗,𝑏 = 𝐵𝑖𝑗 − 𝐶𝑏𝑢𝑜 (𝐵𝑖𝑗 −
1

3
𝐵𝑘𝑘𝛿𝑖𝑗) (6.5) 

Where, the second term represents the buoyancy contribution from the pressure-

strain term, and 𝐵𝑖𝑗 is given by 

 𝐵𝑖𝑗 =  𝑔𝑖𝑏𝑗 + 𝑔𝑗𝑏𝑖 (6.6) 
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Buoyancy turbulence terms 𝑃𝑖𝑗,𝑏  also take the buoyancy contribution in the 

pressure strain term into account and are controlled in the same way as for the 

𝑘 − 휀 and 𝑘 − 𝜔 model. 

One of the most important terms in Reynolds stress models is the pressure-strain 

correlation  ∅𝑖𝑗 . It acts to drive turbulence towards an isotropic state by 

redistributing the Reynolds stresses.  

The pressure strain term can be split into two parts: 

 ∅𝑖𝑗 = ∅𝑖𝑗,1 + ∅𝑖𝑗,2 (6.7) 

Where, ∅𝑖𝑗,1 is the slow term, also known as the return-to-isotropy term, and 

∅𝑖𝑗,2 is called the rapid term. 

There are three varieties of the standard Reynolds stress models based on the ε-

equation available. These are known as LRR-IP, LRR-QI and SSG. The LRR-IP 

and LRR-QI models were developed by Launder, Reece and Rodi. In both 

models, the pressure-strain correlation is linear. 

IP stands for Isotropization of Production and is the simplest of the 3 models. 

The two terms are given by: 

 ∅𝑖𝑗,1 =  − 𝐶1𝜌
𝜀

𝑘
(𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ −

2

3
𝛿𝑖𝑗𝑘) (6.8) 

 ∅𝑖𝑗,2 =  − 𝐶2 (𝑃𝑖𝑗 −
2

3
𝑃𝛿𝑖𝑗) (6.9) 

The values of the two coefficients are 𝐶1 = 1.8 and 𝐶2 = 0.6P is given by 0.5𝑃𝑖𝑖. 

QI stands for Quasi-Isotropic and differs from the IP model in the formulation of 

the rapid term: 

 ∅𝑖𝑗,2 =  − 
𝐶2+8

11
(𝑃𝑖𝑗 −

2

3
𝑃𝛿𝑖𝑗) −

30𝐶2−8

55
𝜌𝑘 (

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
) −

8𝐶2−2

11
(𝐷𝑖𝑗 −

2

3
𝛿𝑖𝑗𝑃) (6.10) 

Where 𝐷𝑖𝑗 is given by:  

 𝐷𝑖𝑗 = −𝜌𝑢𝑖𝑢𝑘̅̅ ̅̅ ̅̅
𝜕𝑈𝑘

𝜕𝑥𝑗
− 𝜌𝑢𝑗𝑢𝑘̅̅ ̅̅ ̅̅

𝜕𝑈𝑘

𝜕𝑥𝑖
 (6.11) 

The SSG model was developed by Speziale, Sarkar and Gatski and uses a 

quadratic relation for the pressure-strain correlation. 

In order to compare the pressure-strain correlations for the three models, a 

general form can be derived based on the anisotropy tensor 𝑎𝑖𝑗 and the mean 
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strain rate tensor and vorticity tensor, 𝑆𝑖𝑗 and 𝛺𝑖𝑗 respectively. The general form 

reads:  

 ∅𝑖𝑗,1 = −𝜌휀 [𝐶𝑠1𝑎𝑖𝑗 + 𝐶𝑠2 (𝑎𝑖𝑘𝑎𝑘𝑗 −
1

3
𝑎𝑚𝑛𝑎𝑚𝑛𝛿𝑖𝑗)] (6.12) 

 ∅𝑖𝑗,2 =  −𝐶𝑟1𝑃𝑎𝑖𝑗 + 𝐶𝑟2𝜌𝑘𝑆𝑖𝑗 − 𝐶𝑟3𝜌𝑘𝑆𝑖𝑗√𝑎𝑚𝑛𝑎𝑚𝑛 + 𝐶𝑟4𝜌𝑘 (𝑎𝑖𝑘𝑆𝑗𝑘 +

𝑎𝑗𝑘𝑆𝑖𝑘 − 
2

3
𝑎𝑘𝑙𝑆𝑘𝑙𝛿𝑖𝑗) + 𝐶𝑟5𝜌𝑘(𝑎𝑖𝑘𝛺𝑗𝑘 + 𝑎𝑗𝑘𝛺𝑖𝑘) (6.13) 

Where,  

 𝑎𝑖𝑗 =
𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅

𝑘
−

2

3
𝛿𝑖𝑗  (6.14) 

 𝑆𝑖𝑗 =
1

2
(

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
) (6.15) 

 𝛺𝑖𝑗 =
1

2
(

𝜕𝑈𝑖

𝜕𝑥𝑗
−

𝜕𝑈𝑗

𝜕𝑥𝑖
) (6.16) 

This general form can be used to model linear and quadratic correlations by 

appropriate values for the constants. The constants are listed in the table below 

for each model. 

Model 𝐶𝑠1 𝐶𝑠2 𝐶𝑟1 𝐶𝑟2 𝐶𝑟3 𝐶𝑟4 𝐶𝑟5 

LRR-IP 1.8 0.0 0.0 0.8 0.0 0.6 0.6 

LRR-QI 1.8 0.0 0.0 0.8 0.0 0.873 0.655 

SSG 1.7 -1.05 0.9 0.8 0.65 0.625 0.2 

The exact production term and the inherent modeling of stress anisotropies 

theoretically make Reynolds stress models more suited to complex flows.  

For the initial value, k-ω based SST model with curvature correction was used 

and for the final value, the Reynolds Stress turbulence models were used. The 

numerical simulation of the separator was done for all three types of Reynolds 

stress models for comparison of results with the experimental analysis.  

6.4.4 Coupling Method 

One way coupling method between water and solid particle was used as the 

volume fraction of solid particle was less than 10
-2

 and no collision between the 

solid particles was considered. Schiller Naumann's drag force model was 

selected to model the momentum transfer between solid and liquid particles with 

linearization blend factor of 1.0. Figure 30 shows the hydro cyclone separator 

setup in ANSYS CFX 13.0 with inlet and outlet conditions. 
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Figure 30 CFX setup of hydro cyclone separator 

6.5 Results 

The numerical analysis of the hydro cyclone separator was accomplished at 

different load conditions. The sediment particles comprising of sizes varying 

from 10 to 125 µm were analyzed in the numerical simulation. The results of the 

analysis showed separation efficiency to be directly proportional to increasing 

value of pressure drop corresponding to the increment in load condition. The 

separation efficiency for particle sizes below 20 micron was found less than 

20%, similar in all Reynolds stress turbulence models. The separation efficiency 

of particle size 50 micron obtained with SSG, LRR-IP and LRR-IQ turbulence 

models Q 1.0 were 87.5, 88.5 and 89.3 respectively. Similarly, the separation 

efficiency of particle 100 micron and above in all turbulence model was 100%. 

The plot of separation efficiency versus particle size at different value of load 

condition and different turbulence models can be seen in figure 31, 32 and 33. 

Mass 

Flow 
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Avg. Static 
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Figure 31 Plot of separation efficiency versus particle size with SSG RSM 

turbulence model at different values of load condition 

 

Figure 32 Plot of separation efficiency versus particle size with LRR-IP 

RSM turbulence model at different values of load condition 
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Figure 33 Plot of separation efficiency versus particle size with LRR-IQ 

turbulence model at different values of load condition 

The pressure drop across the separator at different load conditions was also 

monitored in the analysis. The pressure drop in the separator was found to 

increase proportionally to increasing load condition. The pressure drop in the 

separator at designed load condition, Q 1.0, was 3 m. The values of pressure drop 

at different load conditions with the RSM turbulence models were found fairly 

similar. The plot of pressure drop versus load conditions with different 

turbulence models can be seen figure 34. The pressure drop was obtained 

maximum for load condition of Q1.2 which corresponds to flow rate of 14.4 kg/s. 

The pressure drop obtained at this load condition was 4.5 m.   

Similarly, the mass flow rates of water at underflow and overflow of the hydro 

cyclone separator were monitored. The flow rate obtained from overflow of the 

separator is discharge recovered. While, the flow rate obtained from underflow 

of the separator is discharge. The loss in discharge or flow rate from the 

underflow increased gradually with increment in load condition. The values of 

discharge loss, however, were fairly small. The maximum loss in discharge was 

obtained at the load condition of Q 1.2 which is 0.75 kg/s. The losses were fairly 

similar in all turbulence models; also shown in figure 35.   
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Figure 34 Plot of pressure drop versus load condition for different 

turbulence models 

 

Figure 35 Mass flow rate of water at underflow and overflow of hydro 

cyclone separator 

One of the major concerns in operation of the hydro cyclone is the pressure 

drop. Hydro cyclone separators operate at certain amount of pressure drop and 

the separation efficiency increases with increase in pressure drop. More fine 

particles can be separated with higher amount of pressure drop. However, 

increase of pressure drop requires higher input energy and thus compromises the 

cost effectiveness. Thus, it is important to find the proper operating range for 
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pressure drop for which the best compromise between efficiency and cost 

effectiveness can be achieved.  

Figure 36 and 37 shows the pressure distribution and velocity streamlines inside 

the hydro cyclone at respectively at different load conditions. 

Figure 38 shows the circumferential velocity of water inside the hydro cyclone. 

The circumferential velocity near the wall is almost zero which sharply 

increases when moved towards the center and slowly resides. The figure shows 

the circumferential velocity at different locations of the hydro cyclone along z 

axis, where 0.0 m represents the reference location.  

       

Figure 36 Sectional plane showing pressure distribution inside the hydro 

cyclone separator at Q0.9(left), Q1.0(mid)and Q1.1 (right) of load condition 

       

Figure 37 Velocity streamline in the hydro cyclone at Q0.9(left), 

Q1.0(mid)and Q1.1 (right) of load condition 
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Figure 38 Circumferential velocity inside the hydro cyclone at Q0.8 (top) and 

Q1.1 (bottom) of load condition 

The solid particles in the hydro cyclone move in a helical path from the inlet to 

the underflow due to centrifugal force acting on the particle. Figure 39 shows 

the density of solid particles at different locations of the hydro cyclone along z 

axis. The x axis in the figure represents the z values of the hydro cyclone. The 

irregular spikes have been in the figure rather than a gradual increase since the 

density of solid particles was measured on a sectional plane. The density of the 

Circumferential Velocity inside Hydro Cyclone 
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particles has been represented by the number of particles tracked during the 

analysis.  

 

 

Figure 39 Sediment particle density in hydro cyclone at Q0.8 (top) and Q1.1 

(bottom) of load condition 
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CHAPTER VII EXPERIMENTAL ANALYSIS 

7.1 Design Concept 

The experimental setup has been designed primarily to simulate the real case 

scenario of a hydro cyclone separator operation with Francis turbine. After the 

preliminary approximation of the head loss required for the efficient operation 

of the hydro cyclone from computational method, the proper location of the 

hydro cyclone in-line with the Francis turbine can be determined. Usually, the 

hydro power plant sites in Nepal are located in mountainous regions with steep 

slopes because of which adequate amount of head for the hydro turbine 

operation is available. Thus, the small portion of the turbine head can be spared 

for the operation of the hydro cyclone without inflicting severe losses in the 

turbine power and efficiency. Similarly, during the monsoon/ wet seasons, the 

discharge in rivers and rivulets rises significantly and so does the sediment 

concentration. The discharge of those rivers account to 1.5 times or more than 

the one for which the hydro power plants are designed. And the past researches 

suggest that, although, the power output of the turbine increases with increase in 

discharge quite opposite is true when it comes to efficiency of the turbine. The 

loss in efficiency of the turbine due to increase in discharge is primarily due to 

increase turbulence and also the sediment erosion losses. Thus, the hydro 

cyclone separator will act as a sediment as well as discharge limiter while 

operated in-line with a Francis turbine.  

During the monsoon/wet season, i.e. month of July to September, the average 

concentration of sediment particles rises above 6000 PPM with rise in discharge. 

So during this period, the hydro cyclone separator can be operated to limit the 

sediment concentration and discharge to the turbine. By utilizing a small portion 

of the total head of the system, the separation of sediment particles can be 

achieved.  

So, let's say if  

QI is the total discharge at the intake of the plant 

HGr is the gross head available at the plant 

QD is the designed discharge for the turbine  

HD is the designed head for the turbine  

And, 

QU is the discharge loss in the hydro cyclone separator  
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HS is the head loss in the hydro cyclone separator 

 

Figure 40Outline for Francis turbine operation in-line with hydro cyclone 

separator 

Then, the new operating parameters of the turbine will be  

 QT = QO = (QI −  QU ) ≥ QD  (7.1) 

Similarly, 

 HT = (HGr − HS ) < HD  (7.2) 

So, the new power of the turbine after the separation of the sediment particles 

will be 

 PT = ηρg ∗  QT ∗ HT (7.3) 

Where, η is the turbine efficiency, ρ is the density of fluid and g is the 

acceleration due to gravity. 

Where, the actual designed power of the turbine will be  

 PD = ηρg ∗  QD ∗ HD (7.4) 

Due to the head loss incurred in the separator, the obtained power of the turbine 

will be less than the actual designed power of the turbine. The loss in the power 

of the turbine is a compromise made to limit the sediment erosion of the turbine 

components. Figure 40 represents the schematic diagram of the power plant with 

hydro cyclone separator installed in-line with the turbine. 

During the dry season, month of November to June, the average concentration of 

sediment particles falls to 600 PPM or less with discharge less than or equal to 

the designed discharge. So, the turbine can be operated directly without passing 
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the water through the separator which will not incur any losses in discharge or 

the operating head of the turbine. 

 

Figure 41Operation of Francis turbines at site without hydro cyclone 

separator 

So, QT ≤ QD 

Similarly, HT =  HD 

Thus, the power output of the turbine will be  

 PT = (ηρg ∗  QT ∗ HT) ≤ PD (7.5) 

Where, η is the turbine efficiency, ρ is the density of fluid and g is the 

acceleration due to gravity. 

As the turbine will be operated at the designed head and discharge, designed 

power output can be achieved at optimal efficiency and no compromise should 

be made as the erosion in turbine will be minimal during the period. Figure 41 

represents the schematic diagram of the power plant without hydro cyclone 

separator installed in-line with the turbine. 

7.2 Experimental Setup 

The experimental setup designed for this study is a open loop setup which is 

designed primarily to simulate the condition of turbine operation with hydro 

cyclone separator similar to the site. The setup consists of a water tank, Francis 

turbine, hydro cyclone separator, pumps, valves, electromagnetic flow-meter, 

flow straightener, torque transducer, powder brake, VFD, and pipe lines. The 

pumps used in this setup are two identical pumps (pump 1 and pump 2) with 

each rated discharge and head of 1m
3
/s and 29 m respectively at 1750 rpm. 
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Pump 1 and Pump 2 are arranged in a serial connection to provide flow and head 

to the Francis turbine and separator. Sole operation of pump 1 provides the flow 

to the Francis turbine only when the performance analysis of the turbine is 

required to be done. Similarly, to get the performance analysis of the Francis 

turbine with the separator in-line both pumps have to be operated 

simultaneously. The setup consists of two main valves and an auxiliary valve; in 

total three butterfly valves. The main valves are installed right in front of pump 

1 and pump 2 in connection to the water tank. The auxiliary valve is installed in 

between separator and pump 1. Figure 42 shows the experimental setup for the 

analysis and the nomenclatures of the measuring equipment installed in the 

setup. 

There are mainly two operation modes of the setup; turbine mode and separator 

with turbine mode. 

 

Figure 42 Schematic of setup in turbine operation mode 

In turbine mode, only pump 2 is operated so that the water flows directly into 

the turbine and analysis can be done. Figure 43 shows the schematic of the setup 

for operation of turbine. Amongst the three valves, valve 1 and valve 3, colored 

red, are closed while valve 2, colored green, is kept open so that the flow only 

passes through the turbine. The flow path into and out of the turbine has been 

marked with blue arrows.  
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Figure 43 Experimental setup with turbine and hydro cyclone separator 

 

Figure 44 Schematic of setup for operation of turbine with separator 

In separator- turbine mode, both pumps are operated simultaneously, so that the 

flow can be circulated all over the setup. Figure 44 shows the schematic for 

operation of turbine in-line with separator. In this mode, valve 2 is closed and 

valves 1 and 3 are opened. Initially, pump 2 is operated to pump water into the 

separator and then pump 1 is operated to re-pumptheoverflowed water from 

separator to the turbine. Some amount of head loss is incurred, so the pump 1 is 
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operated to add extra head to the water flowing into the turbine and operate the 

turbine at optimal speed and desired head could be obtained.  

7.3 Equipment Specifications 

7.3.1 Torque Transducer 

The torque transducer used in the experimental analysis is a shaft type torque 

transducer. The model number of the torque transducer is SBB-5K. The basic 

features of the transducer include inbuilt RPM and torque sensor. The use of 

strain gauge with brush and slip ring in the transducer produces measurement 

with high accuracy. The applications of the transducer include test of motor 

power, test of load speed reducers, test of brakes and clutches, test of nut and 

bolt tightening torque calculation and also test of brake properties.  

Figure 45 shows the shows the torque transducer used in the experimental 

analysis. The specification of the transducer is illustrated in the table below: 

Table 13 Torque Transducer Specification 

Rated Capacity  5kgfm - 10kgfm 

Rated Output 1.5mV/V  ±1% 

Nonlinearity 0.1% of R.O 

Hysteresis 0.1% of R.O 

Repeatability 0.1% of R.O 

Terminal Resistance Input 350 ± 3.5Ω 

Terminal Resistance Output 350 ± 3.5Ω 

Insulation Resistance  200 M Ω 

Temperature Range Compensated 0.3% R.O/ 10° C 

Temperature Range Safe 0.2% R.O/ 10° C 

Excitation Recommended 10V DC 

Safe Overload 150% R.C 

The schematic diagram and dimension of the torque transducer (SBB-5K) used 

in the experimental analysis have been shown in figure 46 and table 11 

respectively. The torque transducer consists of shaft open at both ends. One end 

of the shaft was coupled to the powder brake shaft while other end was coupled 

to the turbine shaft. A flexible jaw coupling was used to couple the shafts. Jaw 

coupling are designed to transmit torque while damping system vibrations and 

accommodating misalignment which protects other components from damage.  
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Figure 45 Shaft type torque transducer SBB-5K 

 

Figure 46 Schematics of the torque transducer 

Table 14 Dimension of torque transducer SBB-5K 

Capacity A B C D E F I J K L M N Q P 

5 - 10 kgf-m 220 110 130 23 105 85 70 10 120 100 36 7 9 45 

7.3.2 Electromagnetic Flowmeter 

The electromagnetic flowmeter used in the analysis, as shown in figure 44,isa 

combined type flow meter basically because the flow sensor and display unit 

both are embedded together in a single unit. The model number of the flowmeter 

is KTM 800. 

The basic principle behind operation of this type of flow is the measurement of 

fluid flow through the flow meter which generates a magnetic field proportional 

to the flow velocity. The flow meter detects the change in the magnetic field 

which it converts into flow rate through the pipe. The electrode tube installed in 

the flow meter for flow measurement provides instantaneous values as well as 

cumulative values of the flow rate. The signal type used in the flow meter is DC 

4-20mA. This type of flow meter can give highly accurate output. The standard 

specifications of the flow meter are given in table 15. 
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Figure 47 Electromagnetic Flow meter KTM-800 

Table 15 Flow meter Standard Specification 

Connection Standard JIS10K Flange 

Size  10A(3/8") - 2000A(80") 

Measured Fluid  Water 

Flow Range  0.005-112926.96 m
3
/h 

Power AC 110/220V 

Frequency 50- 60 Hz 

Display  LCD Display, Flow rate: 5-digit Display  

Total: 9-digit Display with Backlight 

Output  Analog : 4-20 mA, Pulse : DC16- 30V (Open collector 

Pulse), Digital: RS485(Option) 

Accuracy ±0.5% F.S (Option ±0.2% F.S) 

The electromagnetic flow meter is used to measure the flow rate through the 

pipe to the turbine in the range of 34.56 m3/hr to 51.84 m
3
/hr corresponding to 

the load condition. The operating range of the flow meter and correponding flow 

velocity are shown in figure 48.   

 

Figure 48 Measuring range of flow meter 
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7.3.3 Powder/ Particle Brake 

An electromagnetic braking device also known as powder/ particle brake is used 

in the experimental analysis to apply load on the turbine and dissipate the power 

generated as heat energy. Magnetic particle brakes are unique in their design 

from other electro-mechanical brakes because of the wide operating torque 

range available. Like an electro-mechanical brake, torque to voltage is almost 

linear; however, in a magnetic particle brake, torque can be controlled very 

accurately (within the operating RPM range of the unit).  

Magnetic particles (very similar to iron filings) are located in the powder cavity. 

When electricity is applied to the coil, the resulting magnetic flux tries to bind 

the particles together, almost like magnetic particle slush. As the electric current 

is increased, the binding of the particles becomes stronger. The brake rotor 

passes through these bound particles. The output of the housing is rigidly 

attached to some portion of the machine. As the particles start to bind together, a 

resistant force is created on the rotor, slowing, and eventually stopping the 

output shaft. When electricity is removed from the brake, the input is free to turn 

with the shaft. Since magnetic particle powder is in the cavity, all magnetic 

particle units have some type of minimum drag associated with them. 

 

Figure 49 Powder Brake PRB- 5Y3F 

Table 16 Specification of Powder Brake 

Model PRB-5Y2F 

Torque (Nm) 50 

Voltage (DC V) 24 

Current (A) 3.5 

Power (W) 84 

Powder Quantity (g) 80 

Rev Count (rpm) 800 

Rate of Slip Production (W) 1500 

Bearing Specification #6206 

Weight (kg) 16.5 

The model number of the powder brake used in the analysis is PRB-5Y3F.The 

powder brake was coupled to the torque transducer using jaw coupling. Figure 

49 shows the isometric view of the powder brake used in the analysis and its 

schematic view with nomenclature. The specifications of the device are given in 

the table 16. 
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7.3.4 Pressure Transducers 

The experimental setup consists of four circumferential pressure tapings 

specifically to measure pressure at the turbine inlet, turbine outlet, separator 

inlet and separator outlet (overflow). The SENSYS pressure transducers of 

measurement capacity up to 300 kPa were installed in the setup pipeline. The 

standard specifications of the pressure transducers are listed in the table 17.  The 

calibrations of the pressure transducers were conducted by the supplier and the 

test data have been illustrated in table 18. 

Table 17 Pressure transducer standard specifications 

Model No.  PSHD0300RCPG 

Pressure Range  0 - 300 kPa 

Full Scale Output  1.002 - 5.003 V DC 

Full Scale (FS) 4.001 V DC 

Non-Linearity  0.0037% FS 

Hysteresis 0.000% FS 

Repeatability 0.025% FS 

Accuracy  0.045% FS 

Table 18 Pressure transducer calibration data 

No. Pressure Range  Analog Output 

1 0 1.002 

2 150 3.004 

3 300 5.003 

4 150 3.004 

5 0 1.002 

7.4 Experimental Procedure 

7.4.1 Francis Turbine Performance Analysis 

A 3kW micro Francis Turbine designed and manufactured by Shinhan Precision 

Co., Korea is used in the experimental setup. The turbine operating parameters 

are enlisted in table 19. 

Table 19 Francis turbine operating parameters 

Turbine Operating Parameters 

Head (H) 19 m 

Discharge (Q) 0.03 m
3
/s 

Speed Number (Ω) 0.39 

Speed (n) 1818 rpm 

Efficiency (η) 54 % 

Theoretical Power (P) 3 kW 
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The calculation of the turbine inlet and outlet dimensions are made using the 

turbine equations in MS excel based program which are enlisted in table 20 and 

table 21. 

Table 20 Francis turbine runner inlet dimensions 

Inlet Runner Dimensions 

Reduced Inlet Velocity (U1_red) 0.72 

Peripheral Velocity of Runner (U1) 13.90 m/s 

Meridional Velocity (Cm1) 3.37 m/s 

Reduced Peripheral Velocity of Jet (Cu1_red) 0.375 m/s 

Peripheral Velocity of Jet (Cu1) 7.24 m/s 

Inlet Diameter (D1) 0.146 

Inlet Height (B1) 0.019 

Inlet Angle (α1) 24.96° 

Blade Inlet Angle (β1) 26.84° 

Table 21 Francis turbine runner outlet dimensions 

Outlet Runner Dimensions 

Outlet Angle (β2) 21° 

Outlet Peripheral Velocity (U2) 28 m/s 

Peripheral Velocity of Jet (Cu2) 0 m/s 

Meridional Velocity (Cm2) 10.75 m/s 

Relative Velocity (W2) 29.99 m/s 

Outlet Diameter (D2) 0.059 m 

RPM of the Runner (n) 8970 

Corrected Outlet Runner Dimensions 

Number of Poles Pair (Zp) 1.65 

Corrected RPM (n_corr) 1818.18 

Corrected Diameter (D2_corr) 0.1014 

Corrected Peripheral Velocity of Runner (U2_corr)  9.66 m/s 

Corrected Meridional Velocity (Cm2_corr) 3.71 m/s 

The experimental setup was designed to test a 1 kW Francis turbine with head 

and discharge of 10 m and 0.012 m3/s respectively. But due to the limited time, 

an already manufactured 3 kW Francis turbine has to be installed. So, the best 

efficiency point for the above mentioned condition has to be calculated with a 

Hill chart analysis.  

The turbine was tested at a constant head of 10 m and parameters like guide 

vane angle and speed of the turbine are varied. The guide vane angle variation 

and turbine speed variation are accomplished in the range of 5 to 12.5 degrees 

and 400 to 1200 rpm respectively. The parameters like torque and flow rate are 
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measured in the analysis. The constant parameters like speed factor (NED) and 

discharge factor (QED) are used for analysis of Francis turbine. The Relations for 

NED and QED are as follows: 

𝑁𝐸𝐷 =
𝑁𝐷

√𝐸
 (7.1) 

𝑄𝐸𝐷 =
𝑄𝐷

𝐷2√𝐸
 (7.2) 

Where, N is the speed of the runner, D is the reference diameter of the turbine, 

Q is the discharge and E is the specific energy. 

 

Figure 50 Plot of turbine efficiency versus speed factor at various GV 

angles 

 

Figure 51 Plot of Discharge factor versus speed factor at various GV angles 
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Figure 50 shows the plot of efficiency of turbine obtained when operated at 

various speed and figure 51 shows the plot of discharge factor of the turbine 

versus speed factor. From this analysis, the best efficiency at different operating 

point can be determined. At the chosen operating point ofdischarge, 0.012 m3/s, 

and head,10 m, the best efficiency obtained was 45% at 800 rpm. 

7.4.2 Hydro Cyclone Separator with Turbine Performance Analysis 

7.4.2.1 Experimental Cases 

Initially, the performance analysis of the turbine in stand-alone mode is 

accomplished at different values of load condition (Q/Q*). The analysis 

primarily resulted to the extraction of reference line for performance of turbine 

at different load condition. And then, the performance analysis of the turbine 

with hydro cyclone separator in-line is conducted without including the 

sediment particles. The analysis is mainly focused on monitoring the 

performance of turbine with separator at different values of discharge. The load 

condition (Q/Q*) is varied from 0.80 to 1.2 resulting into corresponding values 

of discharge from 9.6 kg/sto 14.4 kg/s. The pressure drop incurred inside the 

separator and discharge loss at each value of the load conditions is monitored. 

Due to the drop in pressure inside separator and discharge loss, the resulting 

effect on the performance of the turbine is also monitored which mainly 

included the mechanical power output and efficiency of the turbine. The analysis 

is carried out for 4 different cases of hydro cyclone separator being operated at 

elevation of 4.5 m, 5 m, 5.5 m and 8 m downstream from the water intake.  

The experimental setup consists of 2 identical pumps designated as pump 1 and 

pump 2. Pump 1 and pump 2 are arranged in the setup to operate in series which 

will pump water to the separator and turbine respectively. 4 pressure transducers 

are installed at the separator inlet, separator overflow outlet, turbine inlet and 

turbine outlet. The respective number given to the pressure transducers are 3, 4, 

1 and 2 respectively. The desired heads, considered in the cases mentioned 

above, to the hydro cyclone separator is provided by pump 1 and pressure 

measurement at inlet of separator istaken from the pressure transducer 3; 

referred to as separator inlet head. The overflow outlet pressure of the separator 

is measured from pressure transducer 4. The difference of pressure measurement 

between inlet pipe and overflow outlet pipe of the separator is taken as the 

pressure drop inside the separator. Pump 2 is used to pump water recovered 

from separator's overflow outlet to the turbine; with recovered head from the 

separator and remaining head of the system.  
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Test Case 1 Separator at 4.5 m Elevation 

This case is an attempt to simulate the performance of a hydro cyclone separator 

when installed at an elevation of 4.5 m downstream from the intake. The 

consequent effect on the performance of the turbine is also aimed to be 

analyzed. The separator is operated at various load conditions as mentioned in 

the previous sections. The discharge into the separator is controlled by the guide 

vanes of the turbine as done in the real site operation.  

 

Figure 52 Separator at 4.5 m elevation downstream from the intake 

Pump 1, in the system, is operated to create a head of 4.5 m at the inlet of the 

separator by operating the pump at the corresponding speed. As, the net head of 

the system for the operation of turbine has been considered 10 m in the analysis, 

the remaining head of the system results to 5.5 m. And then pump 2 is used to 

pump the recovered water from separator through overflow to turbine with 

remaining system head in addition to the head recovered through the separator.  

The speed of pump 1 and 2 are varied to obtain optimal discharge corresponding 

to various load conditions considered in the analysis. The increment in pressure 

drop inside the separator and loss of discharge through underflow with the 

increase in discharge is measured.  

Figure 52 shows the location of separator at 4.5 m downstream from the intake 

of discharge in the power plant. The separator is operated at 4.5 m inlet head 

from which certain amount of head loss is incurred at each load condition. The 

recovered discharge from the separator through overflow is passed on to the 

turbine with remaining 5.5 m of the system head and recovered head from the 

separator. The power output and efficiency of the turbine is measured, obtained 

4.5 m 

5.5 m 

4.5 m - HL + 5.5 m 
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from the new head and discharge. The comparison of performance of turbine in 

the ideal or normal operation and the condition mentioned is accomplished.  

Test Case 2 Separator at 5 m Elevation 

Similar to case 1, this case is also an attempt to simulate the performance of a 

hydro cyclone separator when installed at an elevation of 5 m downstream from 

the intake. The consequent effect on the performance of the turbine is also aimed 

to be analyzed. The separator is operated at various load conditions as 

mentioned in case 1.  

As in case 1, Pump 1, in the system, is operated to create a head of 5 m at the 

inlet of the separator by operating the pump at further higher speed than in case 

1. As, the net head of the system for the operation of turbine has also been 

considered as 10 m in the analysis, the remaining head of the system results to 5 

m. And then pump 2 is used to pump the recovered water from separator 

through overflow to turbine with remaining system head in addition the head 

recovered through the separator. The speed of pump 2 is lower than case 1 as the 

remaining head to be obtained is lower.  

Figure 53 shows the location of separator at 5 m downstream from the intake of 

discharge in the power plant. The separator is operated at 5 m inlet head from 

which certain amount of head loss is incurred. The recovered discharge from the 

separator overflow is passed on to the turbine with remaining 5 m of the system 

head and recovered head from the separator. The power output and efficiency of 

the turbine is measured, obtained from the new head and discharge. The 

comparison of performance of turbine in the ideal or normal operation and the 

condition mentioned above is accomplished similar to case 1. 

 

Figure 53 Separator 5 m Elevation downstream from the intake 

5 m 

5 m 

5 m - HL + 5 m 
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Test Case 3 Separator at 5.5 m Elevation 

Similar to case 1 and case 2, this case is also an attempt to simulate the 

performance of a hydro cyclone separator when installed at an elevation of 5.5 

m downstream from the intake. The consequent effect on the performance of the 

turbine is also aimed to be analyzed. The separator is operated at various load 

conditions as mentioned in case 1 and case 2.  

 

Figure 54 Separator at 5.5 m Elevation downstream from the intake 

Pump 1, in the system, is operated to create a head of 5.5 m at the inlet of the 

separator by operating the pump at further higher speed than in case 1 and case 

2. As, the net head of the system for the operation of turbine has also been 

considered as 10 m in the analysis, the remaining head of the system results to 

4.5 m. And then pump 2 is used to pump the recovered water from separator 

through overflow to turbine with remaining system head in addition the head 

recovered through the separator.The speed of pump 2 is further lowered than 

case 1 and case 2 as the remaining head to be obtained is lower. 

Figure 54 shows the location of separator at 5.5 m downstream from the intake 

of discharge in the power plant. The separator is operated at 5.5 m inlet head 

from which certain amount of head loss is incurred. The recovered discharge 

from the separator overflow is passed on to the turbine with remaining 4.5 m of 

the system head and recovered head from the separator. The power output and 

efficiency of the turbine is measured, obtained from the new head and discharge. 

The comparison of performance of turbine in the ideal or normal operation and 

the condition mentioned above is accomplished, similar to case 1 and 2. 

 

5.5 m 

4.5 m 

5.5 m - HL + 4.5 

m   
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Test Case 4 Separator at 8 m Elevation 

Unlike case 1, 2 and 3,this case is an attempt to simulate the performance of a 

hydro cyclone separator when installed at an elevation of 8 m downstream from 

the intake which means right in front of the turbine. The consequent effect on 

the performance of the turbine is also aimed to be analyzed and compared with 

the previous cases. The separator is operated at various load conditions same as 

in case 1, 2 and 3.  

 

Figure 55 Separator at 8 m Elevation downstream from the intake 

Similar to previous cases, Pump 1, in the system, is operated to obtain a head of 

8 m at the inlet of the separator by operating the pump at further higher speed. 

As, the total head of the system for the operation of turbine has also been 

considered as 10 m in the analysis, the remaining head of the system results to 2 

m. And then pump 2 is used to re-pump the recovered water from separator 

through overflow to turbine with remaining system head in addition to the head 

recovered through the separator. The speed of pump 2 is further lower than 

previous cases as the remaining head to be obtained is lower.  

Figure 55 shows the location of separator at 8 m downstream from the intake of 

discharge in the power plant. The separator is operated at 8 m inlet head from 

which certain amount of head loss is incurred. The recovered discharge from the 

separator overflow is re-pumped on to the turbine with remaining 2 m of the 

system head in addition to the recovered head from the separator. The power 

output and efficiency of the turbine is measured, obtained from the new head 

and discharge. The comparison of performance of turbine in the ideal or normal 

operation and the condition mentioned above is accomplished, similar to 

previous cases.  

8 m 

2 m 

8 m - HL+ 2 m 
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7.4.2.2 Experimental Results 

The prime objective of the experimental analysis conducted with different cases 

is to analyze the performance of separator at different operating conditions and 

its consequent effect on the performance of the turbine. The output parameters 

of turbine and separator are monitored separately in the analysis. The output 

parameters of the turbine include efficiency, hydraulic power input and 

mechanical power output. The output parameters of the separator include inlet 

head, overflow head, pressure drop, inlet discharge, overflow/recovered 

discharge and underflow discharge.  

Separator’s Head and Discharge 

Figure 56 shows the plot of different separator's inlet and outlet head at 

increasing load conditions. The inlet head into the separator can be seen fairly 

constant at increasing load conditions. On the other hand, the outlet head from 

the separator can be seen decreasing linearly to the increasing load condition.  

 

Figure 56 Plot of separator inlet and outlet head at different elevation 

and load conditions 
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The separator is designed to process a nominal discharge of 720 Lpm or 12 kg/s. 

This discharge has been taken as the designed discharge or in terms of load 

condition as 100%. In the experimental analysis, the separator was operated at 

the 5 different load conditions of Q0.8, Q0.9, Q1.0, and Q1.1andQ1.2; corresponding 

to the designed discharge. In the analysis, separator has been operated at 4 

different cases of inlet head (4.5 m, 5 m, 5.5 m and 8 m) or in case of site 

operation, separator's elevation downstream from the site intake. For each case, 

the inlet head to the separator has been kept constant, measured at pressure 

tapping no. 3, and load conditions has been varied corresponding to different  

guide vane angles of turbine. The outlet head from separator has been measured 

at pressure tapping no. 4 for different load conditions. The difference between 

inlet head of the separator and outlet head from the separator has been taken as 

the pressure drop in the separator.  

Figure 57 shows the plot of head loss inside the separator at different load 

conditions and elevation. The head loss inside the separator can be seen 

increasing linearly with the increase in load condition. The head loss at designed 

load condition and all cases of separator's elevation has been found fairly 

similar.  

 

Figure 57 Head drop inside the separator at different elevations and load 

conditions 

The value of head loss inside the separator at designed load is 2.7 m while 

higher values of head loss have been obtained at higher load condition. The 

maximum value of head loss i.e. 4.1 m has been obtained at load condition of 

120% and separator's elevation of 8 m. Meanwhile, the minimum value of head 
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loss i.e. 3.5 m at load condition of Q1.2 has been obtained at separator elevation 

of 4.5 m. The lowest values of head loss have been obtained at lower values load 

conditions which are fairly similar for all separators’ elevation. 

 

Figure 58 Plot of separator inlet discharge for corresponding head loss in 

separator and at different separator elevation 

 

Figure 59 Plot of separator overflow discharge for corresponding head loss 

in separator and at different separator elevation 

Figure 58 shows the plot of discharge at separator inlet versus corresponding 

head loss incurred in the separator. The plot includes the values of inlet 

discharge at different separator elevation. The figure depicts the head loss to be 
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incurred to obtain the different values of load condition in the analysis. The head 

loss increases linearly to the increasing values of load condition. The plot shows 

that for processing the designed flow rate through the separator, the head loss of 

at least 2.7 m is required. And to process discharge values of lesser than 

designed one, lesser head loss is sufficient while to process discharge values 

higher than designed one, higher head loss is required.  

Figure 59 shows the plot discharge recovered through overflow outlet of the 

separator at different separator head loss. The elevation of separator downstream 

from the intake had a very little effect on the discharge recovery from the 

separator.  

 

Figure 60 Plot of discharge loss through separator at different head loss in 

the separator and at separator elevation 

Similarly, figure 60 shows the plot of discharge loss through separator 

underflow at different head loss in the separator. The loss of discharge through 

the separator was found to be minimal, in the range of 0.2 kg/s to 0.3 kg/s. But 

in the same context, the discharge loss tends to increase with increase in 

separator elevation which implies that the minimum loss was obtained at 4.5 m 

while maximum loss was obtained at 8 m. The discharge loss also tend to 

increase with increase in head loss or in other words to process higher flow rate 

through separator higher loss in discharge and higher head loss have to be 

incurred.  

Turbine Power Output and Efficiency 

The prime objective of developing the experimental setup is to compare the 

performance of turbine in standalone operation and when operated in-line with 
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separator. The designed operating parameters of the turbine considered for the 

analysis, head, discharge and speed, are 10 m, 0.012 m
3
/s and 800 rpm 

respectively. Initially, the turbine was operated in standalone condition without 

separator at different load conditions. From which the turbine's efficiency, 

mechanical power output and hydraulic power input were measured. And then, 

the turbine was operated at different load conditions with the separator placed at 

different elevation downstream from the intake. From which, the parameters like 

turbine's efficiency, mechanical power output and hydraulic power input were 

measured for respective loss of head and discharge in the separator.  

 

Figure 61 Plot of comparison of turbine efficiency at standalone and with 

separator operation modes. 

With the losses in head and discharge incurred through the separator, the 

operating parameters changed from the one considered in the standalone mode. 

Hence, the comparison of performance of turbine at two separate operation 

mode was accomplished. 

Figure 61shows the comparison of efficiency of turbine in standalone and 

separator inline operation mode. The efficiency of turbine in standalone 

operation condition has been taken as the reference value. The efficiency of the 

turbine at designed operating parameters considered in the analysis is 45%. The 

operation of turbine with separator located at 5 m produced similar efficiency at 

designed load conditions. Meanwhile, the operation of turbine with separator 

located at other elevations i.e. 4.5 m, 5.5 m and 8 m showed comparatively 

lower efficiency than at 5 m and in designed load condition. The lowest 

efficiency of the turbine at designed load condition when operated with 

separator was obtained at separator elevation of 8 m. 
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Figure 62 Plot of comparison of turbine hydraulic power input at 

standalone and with separator operation modes. 

 
Figure 63 Plot of comparison of turbine mechanical power output at 

standalone and with separator operation modes. 

Figure 62 shows the comparison of turbine's hydraulic power with and without 

the separator. The inclusion of separator in the turbine operation inflicts losses 

in discharge and head which consequently decreases the hydraulic power of the 

turbine. The loss in hydraulic power seems fairly similar in all separator 

operation cases. But the loss in power is minimum when separator is operated at 

the elevation of 5 m. The increasing load condition drastically affects the 

hydraulic power of the turbine. The linear increment of head loss with increment 
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in load condition seems the prime reason for such drastic decrease in hydraulic 

power of the turbine. On the other hand the loss in discharge of the turbine is not 

so significant in terms of inflicting loss in hydraulic power.  

Figure 63 shows the comparison of turbine's mechanical power output in 

standalone and separator inline operation modes. The power output of the 

turbine at different load conditions in standalone operation mode has been 

considered as the reference values for the analysis. The mechanical power 

output of the turbine obtained at standalone operation and designed load 

condition is 547 W. The power output obtained with separator operated inline 

has been compared with the reference values. The loss in mechanical power 

output has been found minimal at load condition of Q0.8while maximum loss has 

been obtained at load condition of Q1.2.The minimal loss in power output of 

turbine at designed load condition of Q1.0, with separator operated inline, has 

been observed at separator's elevation of 5 m. The power output of the turbine 

obtained with separator at 5 m elevation is 390 W. So, the loss in mechanical 

power at designed load with separator's elevation of 5 m is 157 W.  

Figure 64 shows the plot of turbine mechanical power output at designed load 

condition with inline separator operation at different elevation. As mentioned 

earlier, the mechanical power output is found highest at designed load condition 

and separator location of 5 m. Figure 64 is the extrapolation of plot shown in 

figure 64.  

 
Figure 64 Plot of turbine mechanical power output at designed load 

condition for different separator elevation 
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7.4.3 Hydro Cyclone Separator Performance Analysis with Sediment 

Particles 

Sediment Particle Sieve Analysis 

With the completion of performance analysis of the hydro cyclone separator and 

turbine, the separation performance analysis for sediment particle was initiated. 

For the analysis with sediment particles, the particles with size within the range 

of 45 µm to 300 µm were collected from Kathmandu University, Nepal. The 

sediment particles used in this analysis were extracted from downstream of 

Kaligandaki hydropower plant in Nepal. For the particles so collected, a sieving 

analysis was conducted to distribute the sediment particles according to the 

sizes. The sieve sizes used for the analysis were of 45 µm, 53 µm, 75 µm, 100 

µm, 125 µm, 212 µm, 250 µm and 300 µm. A total of 2.57 kg of sediment 

particles were used in the sieving analysis. The results of the sieving analysis are 

illustrated in the table22. 

Table 22 Sieving analysis of Kaligandaki HPP 

Size (µm) Distribution 

By weight 

(gm) 

Cummulative 

Weight (gm) 

By 

Percent(%) 

Cummulative 

Percentage (%) 

<45 88.74 88.74 3.45 3.45 

45 -53 47.55 136.29 1.85 5.3 

53 - 75 98.38 234.67 3.83 9.13 

75 - 100 160.80 395.47 6.25 15.38 

100 - 125 303.54 699.01 11.81 27.19 

125 - 212 658.83 1357.84 25.64 52.83 

212 - 250 609.53 1967.37 23.72 76.55 

250 - 300 602.56 2569.93 23.44 99.99 

The sieving analysis showed that the particle size constituting most of the 

sample i.e. 25.64% was the size within the range of 125 µm to 212 µm. The 

particle sizes from 45 µm and less which constituted about 3.45% of the total 

particle sample were not dropped for further analysis. And rests of the particle 

sizes from 45 µm to 300 µm were used to determine the separation efficiency of 

the separator at different load conditions. Basically, due to insufficient amount 

of particle sample, only two cases i.e. at load condition of Q1.0and Q1.2 were 

analyzed. The figure below shows the pictorial overview of the sieving analysis.  
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Figure 65 Sediment sample from Kaligandaki HPP (top), sieves of different 

sizes (bottom left) and weighing machine (bottom right) 

 

Figure 66 Percentage finer plot of sediment sample collected from 

downstream of Kaligandaki HPP 

     

   

Figure 67 Sediment Samples of sizes (top left to bottom right) < 45µm, 45 - 

53 µm, 53 - 75 µm , 75 - 100 µm, 100-125 µm, 125 - 212 µm and 212 - 300 

µm. 
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Figure 65 shows the equipment used for the PSD analysis of the sediment 

particle sample collected from Nepal. Similarly, figure 66 shows the percentage 

finer graph plotted for the data obtained from the PSD analysis of sediment 

sample collected from Kaligandaki HPP. And figure 67 shows the pictures of 

sediment samples of different sizes.  

Sediment Particle Injection Methodology 

One of the important parts of the experimental analysis was to determine the 

performance of separator with sediment particles. As all the pipelines in the 

setup were pressurized to at least 0.5 bar, injection of particle into the system 

through tapings in pipeline was not possible. Hence, the particle was injected 

into the system through the inlet of the pump by using a peristaltic pump.  

A peristaltic pump is a type of positive displacement pump used for pumping a 

variety of fluids. The fluid is contained within a flexible tube fitted inside a 

circular pump casing. A rotor with number of rollers, shoes, wipers or lobes 

attached to the external circumference of the rotor compresses the flexible tube.  

 

Figure 68 Working cycle of a peristaltic pump 

As the rotor turns, the part of the tube under compression is pinched closed thus 

forcing the fluid to be pumped to move through the tube. Additionally, as the 

tube opens to its natural state after the passing of cam, fluid flow is induced to 

the pump; the process is called peristalsis. Typically, there will be two or more 

rollers or wipers occluding the tube, trapping between them a body of fluid. The 

body of fluid is then transported, at ambient pressure, toward the pump outlet. 

Peristaltic pumps may run continuously or they may be indexed through partial 

revolutions to deliver smaller amounts of fluid. 

The major advantages of these types of pump include the following: 

No contamination of the fluid since the only part of the pump in contact with the 

fluid being pumped is the interior of the tube which is easy to sterilize and clean. 

 Requires low maintenance due to lack of valves and seals 

Inlet 

Outlet 
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 Ability to handle slurries, viscous, shear-sensitive and aggressive fluids 

 Pump's design prevents backflow and siphoning without valves 

The major disadvantages of these types of pump include the following: 

 The flexible tubing tend to degrade with time and require periodic 

replacement 

 The flow is pulsed, particularly at low rotational speeds. So, these 

pumps are less suitable where a smooth consistent flow is required. 

The figure 69 shows the peristaltic used for the injection of particles and its 

standard specifications are given in table 20. 

The pumping capacity of the pump depends on the speed as well as the diameter 

of the tube used in the pump. At the same speed, the pumping capacity of the 

pump increases with increase in inner diameter of the tube. The relationship 

between pumping capacity and diameter of the tube are given in the table 23. 

The tube size used in the analysis was #25 or with inner diameter of 4.9 mm.  

 

Figure 69 Digital peristaltic pump, EMP 600 

The flow calibration of the pump was accomplished to determine the 

performance of the pump at various speeds. The inlet flow into the pump was 

taken from a 3000 ml beaker containing sediment slurry and the outlet flow was 

collected in a cylindrical measuring flask. The analysis showed the linear 

variation of flow from the pump to the speed of the pump. The figure 70 shows 

the plot of pump flow rate versus pump speed.  
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Table 23 Standard Specification of Peristaltic Pump 

Display Mode  4 digit LED RPM display 

External Interface  8/8, Direction and Speed control, Start/ Stop 

Power  220V AC (±10%), 50Hz/60Hz 

Working Environment  Temperature: 0 - 50°c, Relative humidity < 80% 

Applied Pump Head  H1000, Easy load I, Easy load II, Easy load III 

IP Rating IP31 

Flow Range  0.06 - 2300 ml/min 

Casing  Carbon steel  

Table 24 Standard tube sizes for peristaltic pump model EMP 600 

Tube Size  #13 #14 #16 #25 #17 #18 #15 #24 

Wall Thickness(mm) 1.6 2.5 

Inner Diameter(mm) 0.8 1.6 3.1 4.9 6.4 7.9 4.9 6.4 

Discharge (ml/min) 0 - 34 0 -

120 

0 -

450 

0 -

950 

0 -

1600 

0 -

2190 

0 -

950 

- 

Pressure 

(MPa) 

Continuous 0.17 0.14 0.1 0.07 0.17 

Interval 0.27 0.24 0.14 0.1 0.27 

 

Figure 70 Peristaltic pump's flow calibration 

Sediment Particle Separation Analysis Cases  

A preliminary calculation was done to determine the amount (gm) of sediment 

particles required to conduct the test at various concentration (ppm) and 

separator load condition (Q/Q*). The calculation was done for operation of the 

separator and pump for total time of 1 min. The amount of sediment particles 

required to conduct tests at concentration of 500 ppm, 1000 ppm, 2000 ppm, 

3000 ppm, 4000 ppm, 5000 ppm, 6000 ppm and 7000 ppm at designed load 

condition of Q1.0 are 360 gm, 720 gm, 1440 gm, 2160 gm, 2880 gm, 3600 gm, 
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4320 gm and 5040 gm respectively. Similarly, the calculation for other load 

conditions of Q0.8, Q0.9, and Q1.1and Q1.2 at similar concentrations was also done 

which seem to vary linearly as in designed load condition. The results of the 

calculation are plotted into a graph as shown in figure 71.   

 

Figure 71 Plot of sediment flow rate required at different concentration 

As the sediment particle sample acquired for the experimental analysis was 

small in amount, the test cases had to be limited to 2. And the concentration of 

the particles in the sample slurry in the cases as well had to be limited to 500 

ppm. The sediment particle sizes considered for the analysis were in the range of 

45 µm to 300 µm. The total amount of sediment particles, in the size range, 

obtained from the sieving analysis was 2481.19 gm. From the obtained sediment 

amount, appropriate sediment slurry with desired concentration was prepared to 

conduct the analysis for a total time of 1 min.  

Test Case 1 Load Condition of Q1.0 and Sediment Concentration of 500 ppm 

Initially, the separation efficiency of the separator, at the elevation of 5m, for 

sediment particles in the size range of 45 µm to 212 µm (size group 1) and 212 

µm to 300 µm (size group 2) was tested at the designed flow rate of 12 kg/s or 

load condition of Q1.0. The analysis for the two size groups were conducted 

separately. For each size groups, sediment particle slurry of 1000,000 ppm was 

prepared with 360 gm of sediment particles and 360 ml of water. In the resulting 

slurry, extra 25 gm of sediment particles and 25 ml of water were added, as 

tolerance amount, for size group 1. Similarly, in size group 2, extra 50 gm of 

sediment particles and 50 ml of water was added.  The tolerance amount was 
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added so that the minimum level of slurry is maintained for the peristaltic pump 

to pump efficiently.  

 

Figure 72 Sediment slurry Sample for Test Case 1: Particle size group 212 

to 300 µm (left) and 45 to 212 µm (right) 

The peristaltic was operated at a speed of 360 RPM so that it will pump a total 

slurry amount of 720 gm. And the minimum amount of slurry will be 50 gm 

which was initially added as a tolerance amount for size group 1 and 100 gm for 

size group 2.  

The slurry was prepared so that the final concentration of sediment particles 

when they enter the separator will result to 500 ppm. The details of the sediment 

slurry are illustrated in the table25 and a picture of sediment slurry is shown in 

figure72. 

Table 25 Sample Slurry Details for Test Case 1 

Sample Particle Size 

group (µm) 

Amount 

(gm) 

Required 

Amount 

(gm) 

Tolerance 

Amount 

(gm) 

Amount 

with 

tolerance 

(gm) 

Total 

Amount 

(gm) 

Sediment 1 45 to 53 23.8  

360  

 

25 

 

385 

 

770 53 to 75 49.2 

75 to 100 80.4 

100 to 125 151.8 

125 to 212 54.9 

Water  360 360 25 385 

 Total  720 50 

Sediment 2 212  to 250 180 360 50 410  

820 250  to 300 180  

Water  360  360  50 410  

 Total  720 100 
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Test Case 2 Load Condition of Q1.1 and Sediment Concentration of 500 ppm 

As in previous case, the separation efficiency of the separator, at the elevation of 

5m, for sediment particles in the size range of 45 µm to 212 µm (size group 1) 

and 212 µm to 300 µm (size group 2) was tested at the flow rate of 13.2 kg/s or 

load condition of Q1.1. The analysis for the two size groups were conducted 

separately as well. For each size groups, sediment particle slurry of 1000,000 

ppm was prepared with 396 gm of sediment particles and 396 ml of water. The 

tolerance amount was added so that the minimum level of slurry is maintained 

for the peristaltic pump to pump efficiently same as in the previous case. The 

peristaltic was operated at a speed of 396 RPM so that it will pump a total slurry 

amount of 792 gm. And the minimum amount of slurry will be 50 gm which 

was initially added as a tolerance amount for size group 1 and 100 gm for size 

group 2. The slurry was prepared so that the final concentration of sediment 

particles when they enter the separator will result to 500 ppm. The details of the 

sediment slurry are illustrated in the table 26.  

Sediment Separation Analysis Experimental Procedure 

At first, the setup was operated without sediment particles and the values of 

operating parameter were set to optimal point in both cases. The values 

monitored in the analysis were separator inlet head, flow rate, separator outlet 

head, turbine inlet head and turbine outlet head. The speed of the turbine was set 

to 800 rpm. Figure 73 shows the experimental setup for the analysis with 

particle injection method.  

Table 26 Sample Slurry Details for Test Case 2 

Sample Particle Size 

group (µm) 

Amount 

(gm) 

Required 

Amount 

(gm) 

Tolerance 

Amount 

(gm) 

Amount 

with 

tolerance 

(gm) 

Total 

Amount 

(gm) 

Sediment 1 45 to 53 23.8  

 

396 

 

 

25 

 

 

421 

 

842 53 to 75 49.2 

75 to 100 80.4 

100 to 125 151.8 

125 to 212 90.9 

Water  396 396 25  

421  Total  792 50 

Sediment 2 212  to 250 198  

396 

 

50 

 

446 

892 

250  to 300 198 

Water  396  396 50  

446   Total   792 100 
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Figure 73 Experimental setup with sediment particle injection method 

After the optimal values of the operating parameters have been obtained, the 

sediment particles were injected into the setup. The particles were injected at the 

inlet of the main pump through the peristaltic pump. One end of the peristaltic 

pump was inserted into the beaker with sediment slurry while other end was 

inserted inside the main pump inlet. The peristaltic pump was operated at 

optimal speed in both cases so that uniform injection of particles can be 

achieved at the respective load conditions. The sediment slurry was stirred 

continuously so that the concentration of suspended particles in the slurry 

remains constant. The setup was operated for 60 seconds after the injection of 

sediment particles. And the setup was operated for further 60 more seconds to 

pass the suspended particles in the pipelines into the separator. Figure 74 shows 

the methodology for injection of sediment particles into the setup for the 

analysis.   

  

Figure 74 Sediment Particle Injection Method for the Setup 
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After the completion of the analysis, the operation of setup was stopped and the 

particles were collected from the sedimentation tank and underflow of the 

separator. And then a thorough PSD analysis was done for the particles obtained 

from the separator's sedimentation tank and underflow outlet.  

   

Figure 75 Sediment particles collected from separator's sedimentation 

tank: Size group 212 to 300 µm (mid) and size group 45 to 212 µm (right) 

Figure 75 shows the process of collection of sediment particles from 

sedimentation tank after the completion of each case of the analysis.  

Sediment Separation Analysis Results 

The separation analysis of the sediment particles ofsize45 µm to 212 µm (size 

group 1) and 212 µm to 300 µm (size group 2) were accomplished for 

concentration of 500 ppm and load conditions of Q1.0 and Q1.1.  After the 

collection of sediment particles from the sedimentation tank and separator's 

underflow, the water was removed and dry weight of sediment particles was 

measured. The dry sand particles from inlet leftover and separator outlet were 

processed through post PSD analysis to determine the separation efficiency of 

each particle size group. 

Figure 76 and 77 shows the intended, actual injection and collected values of the 

sediment particles in the test cases. The intended and actual values of the 

sediment particle injection are different which resulted in leftover of sediment 

slurry more than the tolerance amount added. This is primary due to reduction in 

pumping efficiency of the peristaltic pump in processing slurry. Hence, the 

actual concentration of injected into the setup was less than the intended 

concentration. The intended concentration of particle after injection was 

supposed to be 500 ppm but the calculation showed the actual concentration of 

particle was around 475 ppm. 
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Figure 76 Plot of cumulative weight of sediment particles in the test case 1, 

Q 1.0 

 

Figure 77 Plot of cumulative weight of sediment particles in the test case 2, 

Q 1.1 

In figure 76and 77, the yellow markers show the amount of sediment particles 

collected from the sedimentation tank. Similarly, the green markers show the 

amount of sediment particles injected into the setup. The separation efficiency of 

the separator was calculated on the basis of these two values for different 

particle sizes considered in the analysis.  
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 𝜂𝑠 =
𝑀𝐼

𝑀𝐶
∗ 100 (7.1) 

Where, 𝜂𝑠 is the separation efficiency of the sediment particles,  𝑀𝐼 is the mass 

of the particles injected and 𝑀𝐶 is the mass of the particles collected in the 

sedimentation tank. 

The separation efficiency of the different particle size groups were calculated 

using the equation (7.1) and plotted in the graph as shown in figure 78. The 

separation efficiency of particle size 53 µm was obtained to be 82.1% and 

82.5% at load condition of Q1.0 and Q1.1 respectively. The separation efficiency 

of critical particle size i.e. 125 µm was found to be 91.3% and 91.6 % at 

respective load condition of Q1.0 and Q1.1. The separation efficiencies of particle 

sizes from 212 µm to 300 were all above 95 %. The separation efficiency of the 

particle sizes tend to increase with increase in feed rate or inlet flow primarily 

due to increase in pressure drop. The increment in separation efficiency of 

particle size was around 0.4% at load condition of Q1.1 as compared to load 

condition of Q1.0. 

 

Figure 78 Plot of separation efficiency of particle sizes from 45µm to 300 

µm at load condition of Q1.0 and Q1.1. 
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CHAPTER VIII CONCLUSION AND RECOMMENDATION 

8.1 Conclusion 

Hydro cyclone separators are one of the cheapest and simplest means to separate 

solids from liquid and possibly to reduce sediment erosion tendency in hydraulic 

turbines.  The design of hydro cyclones are simple and hundreds of years of 

research have developed them to attain highest of efficiency.  On the other hand, 

the PSD analysis of the different rivers of erosion suffered Nepalese HPPs 

showed the presence of particle with diameter 125µm in excessive amount. 

Similarly, the mineral composition analysis of those particles showed the 

presence of mineral quartz which is significantly harder than turbine material. 

The researches done previously and tools developed have also shown significant 

possibility of their use to tackle the sediment erosion problem. And the study 

made in this thesis has shown the same as well.  

The computational analysis of hydro cyclone separator performed at different 

load conditions showed separation efficiency of 20 to 70 % for particle size 

groups from 10 to 40 µm. Similarly, the separation efficiency of 80 to 100 % for 

particle size groups of 50 µm to 125 µm. Almost 100% of the particle sizes with 

critical diameter of 125 µm can be separated from the water as suggested by the 

computational analysis accomplished. Similarly, the pressure drop incurred in 

the separator was in the range of 0.2 bar to 0.45 bar; respective of increasing 

load condition from Q0.8 to Q1.2. The analysis of the separator with different 

Reynolds Stress Model (RSM) turbulence models showed similar results for 

separation efficiency and pressure drop. Similarly, the recovery of sediment free 

or significantly low concentrated water through the overflow is high; about more 

than 95% of the actual discharge can be recovered from the hydro cyclone's 

overflow pipeline. 

The experimental analysis of the hydro cyclone separator and turbine showed 

significant results as well. The separator was operated at different location or 

elevation downstream from the intake i.e. 4.5m, 5m, 5.5m and 8m. Amongst the 

cases tried, the separator elevation of 5m showed the minimum drop in pressure 

at designed load condition i.e. 2.7 m. And the loss in discharge at this separator 

elevation showed minimum loss in discharge as well; the recovered discharge 

from the overflow was around 98%. The loss in mechanical power of the turbine 

was also minimum in this case of separator elevation. The loss in mechanical 

power was around 145W compared to the turbine standalone operation case. The 

reduction in efficiency of the turbine when operated with separator was not as 

significant as there was proportional drop in hydraulic power input and 
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mechanical power output. The efficiency was obtained fairly constant while 

operated with and without separator at all load conditions. The maximum 

efficiency of the turbine obtained with separator was 45% at designed load 

condition and separator elevation of 5 m. 

The experimental analysis of the separator with sediment particles was carried 

out for two cases; at designed load condition of Q1.0and load condition of Q1.1. 

The respective flow rates for the load conditions were 12 kg/s and 13.2 kg/s. The 

sediment particle size group used in the analysis was from 45 µm to 300 µm. As 

the particles acquired was not enough to carry out for high concentration of 

sediment, a concentration of 500 ppm was chosen. The experimental analysis 

was conducted a total time of 1 min and sediment-water slurry was prepared 

accordingly. The results of the analysis showed separation efficiency of 82.1% 

for particle size 53 µm and 91.3% for particle size 125 µm in case 1. Similarly, 

the separation efficiency obtained for same particle size group in case 2 was 

82.5% and 91.6% respectively. The separation efficiencies of particle sizes from 

212 to 300 µm were all above 95%.  

So, from the computational and experimental analysis, we can conclude that the 

hydro cyclone separator is efficient in separating sediment particles of sizes 

above 45 µm. The hydro cyclone separator can be used as a tool to reduce losses 

due to sediment erosion in hydraulic turbines. And the separator can be operated 

at an elevation of 5 m with minimum losses in head, efficiency and mechanical 

power of the turbine. Furthermore, the technical and economic challenges like 

loss in efficiency and power output, turbine damage and repair cost, turbine 

overhaul period can be mitigated with the use of hydro cyclone separator in the 

turbine setup. 

8.2 Recommendation 

First and foremost, the Francis turbine used in the analysis was operated way 

below its design point so the efficiency obtained was so low. The turbine was 

operated at designed flow rate of the separator rather than its own. So, in the 

future, separator with design flow rate similar to the turbine should be designed 

and tested to get better performance analysis of the separator and turbine.   

Due to limitation of time and resources only a few cases of experimental 

analysis were accomplished in this study. So, in the future, the study should be 

given continuation to achieve comprehensive and reliable results. The main 

limitation to the study was the lack of appropriate amount of sediment particles. 

The actual concentration of sediment particles that should have been tested was 

6000 ppm but the concentration of sediment particle tested was 500 ppm. So, in 
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the future, adequate amount of sediment particles should be acquired with the 

proper physical properties so that desired results can be obtained.  

Moreover, the experimental tests were only conducted for separator elevation of 

5 m and the comparison of performance of separator at others elevation could 

not be accomplished. So, the experimental analysis of the separator for other 

elevation should also be done to further justify the results obtained from the 

analysis.  

The PSD analysis of the sediment particles conducted with sieves was not found 

very efficient. With no other equipment to justify the sieving results, the errors 

in the experimental analysis might be greater than anticipated. So, for proper 

PSD analysis, the equipment like Coulter LS 230, used specifically for PSD 

analysis of particles, must be acquired. And the result obtained from this 

equipment should be verified with sieving analysis. On the other hand, the 

separation analysis of the sediment particle can also be done for individual size 

groups so that the mixing of particles amongst consecutive size groups will not 

occur and errors can be avoided. So, the reliable results for separation efficiency 

of particles can be obtained which can be used in the future for real case 

implications. 
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