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ABSTRACT 

Isolated areas, severely underdeveloped regions, disaster-stricken zones, and remote military 

outposts have one common need: readily available and efficient means of power generation. The most 

effective manner to address these needs involves the use of power generating modules that utilize the 

locally available renewable energy resources. Companies such as Energy Systems and Design address 

this need through the manufacturing of low cost, small output micro hydro-turbines models such as the 

LH 1000. In spite of this, the true potential of this model has not yet been realized; issues regarding the 

efficiency, flexibility, portability, and deployability still remain. This senior design project seeks to carry 

out a full system optimization to streamline the design.  

  Lƴ ƻǊŘŜǊ ǘƻ ŀǘǘŀƛƴ ǘƘŜ ŀŦƻǊŜƳŜƴǘƛƻƴŜŘ ƻōƧŜŎǘƛǾŜǎΣ ǘƘŜ ƛƴǘŀƪŜ ŎŀǎƛƴƎ ǿŀǎ ǳǘƛƭƛȊŜŘ ŀǎ ǘƘŜ ǎȅǎǘŜƳΩǎ 

carrying container as well as for its intended function. Hence, no optimization was applied to its overall 

shape. Rather, the design focus was the micro hydro-ǘǳǊōƛƴŜΩǎ draft tube. Utilizing Multidisciplinary 

Analysis, Inverse Design, Robust Optimization, and Control (M.A.I.D.R.O.C.) LaboratoryΩǎ ¢9{[!-128 

super computer, a computational fluid dynamics simulation was carried out to optimize the pressure 

recovery factor of the draft tube. The simulation results clearly indicated that a wall angle of 5°resulted 

in an optimum draft tube performance. Using this geometry, a fully collapsible prototype, a segmented 

prototype, and a single piece prototype were manufactured and tested. Experimental results showed 

improvements in performance for all prototypes. The two most portable prototypes, the collapsible and 

segmented ones, were chosen and integrated, through targeted packaging, with the intake casing and 

an All-purpose Lightweight Individual Carrying Equipment (A.L.I.C.E.) pack frame. The final product was a 

single operator, fully portable system that was more efficient, flexible, and easier to deploy than the 

original LH 1000 system.   
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INTRODUCTION 

As developed societies attain ever increasing levels of technological advancement, the rift 

between the rich and poor widens every year. Nowhere is this separation as marked as in the access to 

electric power. An estimated 79% of the people in the Third World have no access to electricity (1). This 

number represents about one quarter of the world population. With such a huge gap in the living 

standards of fellow man, this new millennium augurs a desolating picture of war and civil unrest. The 

majority of those lacking reliable electricity live in the isolated areas of Africa, South America and Asia, 

where the distribution infrastructure for conventional fuels, is either too sparse or completely 

inexistent; however, people living in disaster stricken zones, and military personnel assigned to remote 

outposts, also must endure similarly dire conditions.  

Despite the recent expansion of centralized electric grids all around the world many areas still 

remain permanently or temporally unconnected. One of the most effective ways of mitigating this 

problem relies on the localization of the energy generation such that local, renewable sources of energy 

may be employed. By implementing a hybrid platform capable of using hydraulic, solar, or wind-

powered modular components to generate and store energy, the reliance on inconsistent shipments of 

fuel would be greatly reduced while the energy needs of the inhabitants would be satisfied. 

PROBLEM STATEMENT 

This project focuses on the optimization of the hydraulic module for a renewable, hybrid, 

multisource power generating platform. Because of the inherent difficulty of reaching these remote 

areas, the mechanism should be relatively, more efficient, portable, flexible, reliable, easy to deploy as 

well as cost effective. It will employ reaction micro-hydro turbines appropriate for terrains with small 

elevations and rivers with high volumetric flow. 

The flexibility ŀǎǇŜŎǘ ƻŦ ǘƘŜ ŘŜǎƛƎƴ ǿƻǳƭŘ ǇǊƻǾƛŘŜ ǘƻ ǘƘŜ ŀǊŜŀΩǎ ƛƴƘŀōƛǘŀƴǘǎ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ŀŘƧǳǎǘ 

the power output and the overall cost, in relation to their specific requirements, without the need of 

major modifications to the system. In addition, its portability would give the design an edge during 

emergency situations such as hurricanes, floods and earthquakes, when the need is urgent and the 

deployment time is critical. Finally the ease of assembly may significantly reduce the deployment time to 

less than τψ hours. A more efficient system adds a higher reliability on the module while reducing the 

number units deployed to the site. All in all an overall micro hydro-turbine system optimization is 

ensued.  
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MOTIVATION 

The motivation behind this design is multifold as is the case with many engineering projects. As 

a marketable product, an easily deployable, modular, hybrid platform capable of taking advantage of the 

ƭƻŎŀƭ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ ǊŜǎƻǳǊŎŜǎ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ Ƴƻǎǘ ƛǎƻƭŀǘŜŘ ŀǊŜŀǎ ƛǎ ŀ ŎƭŜŀǊ ǿƛƴƴŜǊΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘƛǎ 

design would represent a valuable tool for the military sector as well as private companies whose 

operations involve the exploration of remote regions such as the mining, oil, or lumber industries. 

¢ƘŜ ƎǊŜŜƴ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ŘŜǎƛƎƴ ŎƻǳƭŘ ŀƭǎƻ Ǉƭŀȅ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ŎǳǊōƛƴƎ ǘƘŜ ǇƭŀƴŜǘΩǎ 

dependency on carbon or nuclear based sources of energy. By allowing the inhabitants of the 

undeveloped regions of the world produce their own electricity using renewable resources, one would 

prevent the potential addition of future sources of harmful emissions. 

Moreover, providing clean electricity to these isolated regions has a substantial humanitarian 

dimension. A reliable source of power would represent a radical improvement in the lives of the local 

community. Electricity generation would translate into the capacity of supporting on-site medical 

services, such as vaccinations and treatment of endemic diseases; the powering of running water; the 

preservation of food and medicine by means of artificial refrigeration; and the support of 

communication center to sustain a continuous link between the community and the outside world. 

LITERATURE SURVEY 

HISTORICAL OVERVIEW 

The contemporary water turbine finds its origins in the waterwheel, a simple hydro-mechanical 

device that harnessed the flow of water and transformed it into useful mechanical energy. It is believed 

that the waterwheel was invented in the Hellenic Period sometime during the mid-3rd century BC in the 

Bosphorus region, near Byzantium (modern-day Istanbul). The first reference to such device is made by 

the Greek engineer Philo Mechanicus in his technical treaty Pneumatica ὧὥȢςψπςςπ ὄὅ (2). While 

the earliest applications seemed to have been exclusive to the agricultural setting, for water lifting and 

milling, the water wheel would soon be put to use in the military context. In Paras ceuastica, Philo 

Mechanicus describes it as a useful tool in flooding mines to prevent enemy sapping during siege 

warfare (2). A number of variations in configuration and applications were developed over the centuries, 

where the transition from a horizontal to a vertical wheelτand the attendant introduction of a gear 

systemτwas perhaps the most significant. Evidence to the addition of animal power, and a 
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sophisticated gear system, to the waterwheel was first found in Ptolemaic Egypt circa ςὲὨ ὄὅ (3). It is 

uncertain whether this technology was introduced to the Near East during the Alexandrian conquests or 

whether it was perfected by the Greek scientists and engineers of the successor kingdoms.  

Whatever may have been the case, the advent to power of the Roman Empire in the aftermath 

of the II Punic War ςρψςπς ὄὅ coincided with the adoption of this technology. Furthermore, it was 

Roman engineers who were responsible for the most advanced expression of this technology during 

Antiquity. The Stone Mill at Hierapolis, Asia Minor (modern-day Turkey), which dates back to the 3rd 

century AD, employs a breastshot wheel to power the earliest known crank and connecting rod 

mechanism.  

 

Figure 1: Schematic representation of Hierapolis stone sawmill (second half of 3rd century AD) (4) 

 The disintegration of the Western Roman Empire in the first half of the υὸὬ century AD halted 

further innovation on the Roman waterwheel designs in Western Europe. In the Islamic world, however, 

progress continued unabated. The ψὸὬ century AD would see the introduction in Europe of the noria 

through the Islamic occupation of the Iberian Peninsula. This reliable and relatively inexpensive design 

was integral in the prosperity of the al-Andalus Caliphate for the next six centuries. From this point 

onwards, minor modifications were made to the basic designs until the Industrial Revolution introduced 

new materials and innovations that began to render the waterwheel obsolete.  
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In spite of this, the waterwheel 

remained a useful means of harvesting 

hydraulic power into the twentieth 

century. However, by the άὭὨρωὸὬ 

century, engineers had undertaken the 

study of turbine blades in earnest. One 

of the early pioneers of this field was 

the British-American Engineer James B. 

Francis. Francis, along with Uriah 

Boyden, developed in 1848 what would 

become the most widely used 

hydraulic turbine: the Francis turbine.  

The next breakthrough was the 

brainchild of Lester Allan Pelton, whose 

1880 design is considered to be the 

first modern impulse turbine. The 

Pelton wheel, as it came to be known, 

improved on overshot waterwheels 

and earlier impulse turbines by attaching 

paddle-shaped vanes to the main wheel. This reduced significantly the velocity of the fluid leaving the 

turbine and increased the overall efficiency.     

The Kaplan turbine evolved from the need to generate power from much lower pressure heads 

than are normally employed with the Francis turbine, not to mention the Pelton wheel (5). Developed in 

ρωρσ by the Austrian professor Victor Kaplan this new design featured servo-mechanically controlled 

guide and runner vanes. This revolutionary idea dramatically improved the overall efficiency of the 

system. Although the Kaplan turbine is built around the same reaction principle of high flow and low 

head flow conditions of the Francis, there is one key differing feature. The working fluid is forced to flow 

axially through the runner, much like a propeller, as opposed to a radial to axial scheme as it is on the 

Francis turbine. This configuration further improves the design of the existing reaction turbine system by 

essentially forcing a free vortex flow through the volute and runner, thus adhering more to ideal flow 

conditions.  

Figure 2: FrancisΩ turbine runner being installed at the Grand Coulee Dam 

(circa 1935) (23) 
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CURRENT APPLICATIONS 

According to the net power generated, 

water turbines schemes can be classified as 

industrial hydroelectric  σπ ὓὡ , small 

hydroelectric σπ ɀ ρπ ὓὋ, mini hydroelectric 

 ρ ὓὡ , and micro hydroelectric ρ Ὧὡ  ὼ 

 ρππ Ὧὡ. The latter scheme has been the focus of 

intense interest by development oriented aid 

groups as well as governmental agencies over the 

last decade. This interest stemmed from a 

fundamental shift in the rationale guiding the 

effort to widen access to electricity worldwide. 

Whereas in the past a centralized modelτwhere 

the chief objective was the expansion of the grid 

towards remote and/or undeveloped regionsτwas 

favored, this new line of thinking focuses on 

localized, micro-scale power generation. The characteristics of micro hydroelectric power make it the 

preferred choice for this purpose. 

ELECTRIFICATION OF UNDEVELOPED AND ISOLATED COMMUNITIES 

According to a ςππφ World Bank report, mini-grid, particularly those powered by renewable 

energy, are the most cost effective method of bringing power to underdeveloped and/or isolated 

communities (6). This is due to a number of factors. First, the probability of finding a water stream in the 

vicinity of traditional settlements is, as could be expected, significantly high. Second, these streams are 

likely to have been put in use by the community through waterwheels and other traditional means for a 

variety of purposes; thus facilitating the task of water-source identification and worthiness assessment 

or, in some instances, allowing the conversion of a traditional water wheel into a water turbine (7). 

Third, the use of standard turbine equipment is one of the most cost effective choices in the spectrum of 

power generating devices. Fourth, the very nature of hydroelectric power ensures that there is an 

appreciably consistent supply of electricity independent of atmospheric conditions or time of day. Fifth, 

as Williams and Maher point out, the priority for most rural communities is the provision of lighting, 

Figure 3: Original drawings of Lester A. Pelton presented in support 

of his 1880 patent of the Pelton wheel (22) 
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which micro hydroelectric power, in conjunction with high efficiency lamps, could deliver at a fraction of 

the cost of operating paraffin lamps for a whole community (8). 

The most widespread implementation of micro hydroelectric schemes has taken place in Nepal, 

where this approach is seen as the most viable alternative for rural electrification. Eighty percent of 

bŜǇŀƭΩǎ ǇƻǇǳƭŀǘƛƻƴ lives in rural areas where access to electric power is non-existent (9). It is estimated 

that only ρυϷ of bŜǇŀƭΩǎ ςψ million inhabitants have continued access to electricity; yet, less than ςϷ of 

the viable hydroelectric potential is being put to use (9). In the small town of Salleri Chialsa, 80 km south 

of Mount Everest, the local power station operates two cross-flow turbines servicing ωππ domestic and 

commercial customers. The power plant, which was commissioned and built by the Swiss Agency for 

Development and Cooperation, has revitalized the economy of this remote town and plans are being 

made for its expansion (9). 

A much smaller scheme was installed by Dr. Nagel Smith, from the U.K.-based Sustainable 

Control Systems Ltd., in Kushadevi, Nepal. Using a Pelton turbine with a net head of φψ ά and a 

volumetric flow rate of ρςȢυ to ρσȢυ ὰȾί, the projected scheme output was τȢτ Ὧὡ for a total cost of 

Αρπȟρςπ. This scheme powered a total of ψψ households in a ρ Ὧά radius (10). In order to cut 

installation time and costs, Smith and Ranjitkar report using an external, τππ ά penstock encased in a 

shallow trench. While no indication of the time taken to prepare the trench is given, they do indicate 

that it took an entire two weeks to hot-fuse some χς sections of high density polyethylene tube in order 

to achieve the required length. Though the project was slightly over budget, the total household cost 

was Αρστ, significantly below other micro hydroelectric plants in Nepal (11). 

But Nepal is not the only example of successful implementation of micro hydroelectric schemes. 

Rather, the lessons learned in this country have been exported to other locations around the globe. In 

ςππς, a team led by Dr. P. Maher from the Micro Hydro Centre at Nottingham Trent University, installed 

a reverse pump arrangement (or pump-as-a-turbine) in the town of Thima in the Kirinyaga District, 

Kenya. The Thima scheme produced a total output of ςȢς Ὧὡ for a total of ρρπ households at a cost of 

Αυψ per household. Approximately υπϷ of the costs were covered by a grant from the European 

Commission. The site provided a head of ρψ ά with a volumetric flow rate of ρψ ὰȾί to the turbine with 

a penstock of ωπ ά and ρφπ άά diameter (12). As Maher points out, the mobilization of the entire 

community allowed the project to move quite quickly despite its labor intensive nature. All work was 

completed in ρπ days.  
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This, and other experiences in Kenya, has encouraged further aid to communities in sub-Saharan 

Africa. Most significantly are the electrification projects that Practical Action and Border Green Energy, 

two U.K.-based aid groups, have successfully implemented in Kenya, Mozambique, Malawi, and 

Zimbabwe. These strides for development were recognized in ςππτ and ςππχ with the Ashden Awards 

for Sustainable Energy (13). 

Table 1: Comparison of the case studies analyzed (10) (11) (12) 

 
Total Output 

(kW) 
Project Time Turbine Used Total Cost 

Cost per 
kW output 

Cost per 
household 

Households 
served 

Salleri Chialsa, 
Nepal 

400 
several 
months 

2 cross-flow 
turbines 

$241,700 $604.25 - 900 

Kushadevi, 
Nepal 

4.4 3 weeks 
Pico Power 
Pack (PPP) 

$10,120 $2,300 $134 76 

Kerugoya, 
Kenya 

2.2 10 days 
pump-as-
turbine 

$6,380 $2,900 $58 110 

 

All of the development oriented implementations of micro hydroelectric schemes discussed 

above possess some common characteristics. They all involved the building of earthen works and levees 

either to protect the penstock or to provide appropriate means of water intake. In each case, 

undertaking such construction was labor intensive, costly, and substantially time consuming. 

Furthermore, the schemes put in place were completely rigid. That is to say, once the scheme was 

finalized increase in the net power output and extension of the associated mini-grid were not possible 

without substantial investment in time and money. Throughout the literature review, no evidence was 

found of the existence of modular designs or contingency oriented, fast-deployable micro hydroelectric 

schemes.    

COSTS SURVEY 

The crucial factor in the implementation of micro hydroelectric schemes for development 

purposes is, without a doubt, the cost. Williams estimates the cost range anywhere from Αρȟπππ to 

ΑωπππȾὯὡ of power output. However, for well-designed schemes, where cost-effectiveness is a 

priority, he concedes an average of ΑτυππȾὯὡ. Similar figures are reported for implemented projects in 

northern India, where the average cost per kW output was around ςππȟπππ rupees (7). Costs were 

further slashed to ΑχππȾὯὡ in the case of existing water mills that were modified to produce electricity 
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(7). At the household level, the combination of around the clock electricity production and high 

efficiency compact fluorescent lamps (CFLs) could reduce the total operating cost for a ςπ ὡ CFL to an 

estimated ΑπȢψπ per month. This represents a reduction of τφȢχϷ to χσȢσϷ from the estimated cost of 

operating a kerosene lamp (price range reflects possible fluctuations in fuel price) (7). 

MILITARY APPLICATIONS, DISASTER RELIEF, AND CONTINGENCY OPERATIONS 

The portability, modularity, high deployment flexibility, and ease of assemblage and operation 

make the proposed design ideal for applications other than electrification of undeveloped or isolated 

communities. In particular, powering remote military outposts in situ using the resources of the 

surrounding environment (i.e. available water sources) provides a degree of autonomy and flexibility 

that far exceeds the current, overland capabilities of any branch of the United States armed forces. The 

ongoing military campaigns in Afghanistan and Iraq have highlighted the limitations of the current fossil 

fuel based model prevalent in all branches of the military. Much in the same way as isolated 

communities, powering military outposts with conventional electric schemes involves significant costs in 

transportation and fuel acquisition. Moreover, in the context of asymmetric warfare, the overland 

transport of such fuel poses a significant risk for the personnel in the convoy as well as that in the 

outpost, which is liable to being stranded.  

Top military brass and Pentagon officials have recognized the potential that renewable energies, 

such as micro and mini hydroelectric power, have in the military context. Recently, the Department of 

5ŜŦŜƴǎŜΩǎ ŘƛǊŜŎǘƻǊ ŦƻǊ ŦŀŎƛƭƛǘȅ ŜƴŜǊƎȅ ŜŎƘƻŜŘ ǘƘƛǎ ǊŀǘƛƻƴŀƭŜ ōȅ ŘŜŎƭŀǊƛƴƎ ǘƘŀǘΥ ά¢ǊǳŎƪ ŎƻƴǾƻȅǎ ŀǊŜ ǇǊƛƳŜ 

target for attacks, so if you have fewer convoys it probably makes it safer to fight the wŀǊέ (14). This 

move has come after a significant casualty rate among supply troops in the Afghanistan and Iraq 

theatre. In ςππω, tƘŜ ¦Φ{Φ !ǊƳȅΩǎ Environmental Policy Institute reported that for every two dozen 

convoys delivering supplies to troops in Afghanistan or Iraq one military or civilian casualty was 

sustained (15). In the face of such pressing necessity, it is projected that the Department of Defense will 

invest hundreds of millions of dollars both in research and procurement of renewable energy 

technologies in the coming years.  

Disaster relief is yet another application that could greatly benefit from the characteristics of the 

proposed design. In particular, the installation time, which is dramatically shorter than that of other 

hydroelectric schemes, offers a clear advantage for first responders in the immediate aftermath of a 
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natural disaster. Similarly, the modular aspect of the design could accommodate an increasing demand 

during and after the recovery phases.  

THE MICRO HYDRO-TURBINE SYSTEM  

The first step in any engineering endeavor is to formulate the goals and limitations of the 

design. For this particular case four objectives are paramount. These are, as aforementioned: efficiency, 

flexibility, portability and deployability. 

The overall system efficiency is 

dependent on several factors. These can be 

divided into two main groups: 

environmentally determined and 

geometrically determined. The former is given 

by the deployment site conditions, such as the 

available head and volumetric flow, which 

represent the design constraints that the 

engineer must address. The latter are entirely 

dependent on the dimensions and orientation 

of the intake casing, the guide vanes, the 

runner vanes and the draft tube. The LH 1000 

used in this project has fixed pitch guide and 

runner vanes, thus the only feasible 

dimensional modification that can be done 

are in the intake casing and the draft tube.  

The desire to improve the systemΩǎ ǇƻǊǘŀōƛƭƛǘȅ, 

makes designing a complex shaped intake 

casing an incompatible idea; furthermore, time and budget limitations would preclude its development. 

Consequently, the modification of the stock draft tube represents the most feasible approach in order to 

significantly increase the efficiency of the system. 

CƭŜȄƛōƛƭƛǘȅ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŘŜǎƛƎƴΩǎ ŀōƛƭƛǘȅ ǘƻ ŀŘŀǇǘ ǘƻ ŘƛŦŦŜǊŜƴǘ ŜƴǾƛǊƻƴƳŜƴǘŀƭƭȅ ŘŜǘŜǊƳƛƴŜŘ ŦŀŎǘƻǊǎΦ 

In this project, this is approached in one of the alternate design, in the form of a segmented draft tube. 

Figure 4: Typical LH 1000 system deployment scheme 
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This configuration can be assembled in situ, adapting to different flows by changing the geodetic head of 

the system. 

A different alternate design takes the shape of a fully collapsible draft tube, improving the 

portability of the system. This prototype together with the LH 1000 micro hydro-turbine is placed inside 

the intake casing which acts as a protective shipping container. 

Lastly, the system must be able to be unpacked and assemble within a relatively short 

timeframe. The alternate designs achieve this objective to varying degrees. The single piece draft tube is 

obviously the most deployable option as it does not require any assembly. This is followed by the 

segmented draft tube, in which each section must be bolted to the preceding one. Finally, the 

collapsible model, which requires full assemblage, will have by far the longest deployment time.  

HYDRO-TURBINE THEORY 

There are two main families of hydraulic turbo-machines, namely impulse and reaction turbines. 

The former harnesses the power of water via impulse-momentum while the latter uses the shear 

volumetric capacity of the fluid combined with pressure differentials to operate. However in both the 

power of water is transduced into shaft mechanical work and then electric potential. Ideally the 

hydraulic power delivered should equal that of the mechanical and electrical output in the form of 

Equation 1.  

ὍὨὩὥὰὰώᴼὖ ὖ ὖ 

ὖ ὗὴ ὗ‎Ὄὗ”ὫὌ 

ὖ ‫Ὕ 

ὖ ὺὭ 

Equation 1: Hydraulic, mechanical, and electrical power 

Given the processing nature of the turbine from fluid into mechanical and then electrical power 

the challenge is to find proper sites for the deployment of the turbines. Notice that the hydraulic power 

is only a function of the supplied volumetric flow rate ὗ and the head Ὄ. Thus the flexibility of the 

turbo-machine is important since there are a variety of sites which do not offer the environment 

necessary for both families of hydro-turbines. Reaction turbines operate with very high volumetric flow 

rates and medium heads; while impulse turbines require quite the opposite.  
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There are numerous sites across the globe which cannot offer the minimum head necessary for 

the aforementioned turbines to function. This sparked new design alternatives based on the known 

hydro-ǘǳǊōƛƴŜΩǎ ǘƘŜƻǊȅ ƻŦ ƻǇŜǊŀǘƛƻƴ ǿƘƛŎƘ ƭŜŘ ǘƻ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ YŀǇƭŀƴ ǘǳǊōƛƴŜ ƛƴ ρωρσ by Viktor 

Kaplan. Similar in many ways to the Francis reaction turbine the Kaplan turbine offered a unique feature 

ƻƴ ƛǘǎ ŘŜǎƛƎƴΣ ǘƘŜ ƭƻŎŀǘƛƻƴ ƻŦ ǘƘŜ ǘǳǊōƛƴŜΩǎ Ǌunner. Situated slightly below the guide vanes it allows the 

working fluid to enter and exit the turbine axially. Much different from the Francis reaction turbine and 

the Pelton impulse turbine where the water enters the runner radially and tangentially respectively. 

Figure 5 depicts the main differences on these turbo-machines.  

 

Figure 5: Schematic diagrams of typical hydraulic turbines (16) 

THE PROPELLER TURBINE 

5ŜǎƛƎƴŜŘ ǘƻ ǿƻǊƪ ƭƛƪŜ ǎƘƛǇΩǎ ǇǊƻǇŜƭƭŜǊ ƛƴ ǊŜǾŜǊǎŜ ǘƘŜ YŀǇƭŀƴ ǘǳǊōƛƴŜ ƛǎ ƛǘǎ ƻǿƴ Ŏƭŀǎǎ ƻŦ ǘǳǊōƛƴŜǎΣ 

appropriately named the propeller class. However it is still considered a subcategory of the reaction 

turbines since it also requires high volumetric flow rates to operate. Propeller turbines can be deployed 

on very low head conditions competing with its counterparts due to their high versatility. Table 2 

compares the different turbine classes. 

Table 2: Operating ranges of hydraulic turbines (5)  
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The primary features of the reaction and propeller turbines are as follows 

¶ A main pressure drop occurs at turbine itself with a minor drop at the inlet itself (5). 

¶ Unlike impulse turbines reaction turbines have their runners completely submerged in water (5). 

¶ Guide vanes are used to control the flow (5). 

¶ Used to recover loses in kinetic energy; the draft tube is an integral part of the reaction turbine 

(5). 

Given the design similarity of the Francis and Kaplan turbines most of the equations on their 

theory of operation are similar. The water stream enters the turbine runner via scroll shaped intake 

ŎŀǎƛƴƎ ŘŜǎƛƎƴŜŘ ǘƻ ǘŀǇŜǊ ǘƘŜ ŦƭǳƛŘΩǎ ǾƻƭǳƳŜ ǿƘƛƭŜ Ƴŀƛƴǘŀƛƴing a constant velocity. This ensures highest 

kinetic energy delivery due to an initial spinning motion of the water right before impacting the runner 

blades. A set of guide vanes direct the water to the appropriate angle of impact further increasing the 

operational efficiency of the turbine itself. The angular momentum of the water is reduced and 

converted into shaft work as the fluid passes through the runner. Ideally all of the angular momentum of 

the water is supplied to the shaft with little to no spinning motion at the exit. This ensures a higher work 

output and efficiency as presented in Equation 2. 

Ўὡ Ὗ Ὗ  

Equation 2Υ 9ǳƭŜǊΩǎ ǘǳǊōƛne equation modified 

¢ƘŜ ŀŦƻǊŜƳŜƴǘƛƻƴŜŘ Ŝǉǳŀǘƛƻƴ ǎǘŀǘŜǎ ǘƘŀǘ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ǿƻǊƪ ǎǳǇǇƭƛŜŘ ǘƻ ǘƘŜ ǘǳǊōƛƴŜΩǎ ǎƘŀŦǘ ƛǎ 

nothing more that the difference in internal energy at the inlet and the outlet; where ὧ subscript 

ŘŜƴƻǘŜǎ ǘƘŜ ǎǿƛǊƭΩǎ ǾŜƭƻŎƛǘȅΦ  bƻǘƛŎŜ ǘhat reducing Ὗ  to zero maximizes the amount of energy 

delivered to the turbine blades. The design of a propeller turbine forces the flow of water into a vertical 

direction ridding of the radial component in the swirl. Thus ὶὧ ὧέὲίὸὥὲὸ and the vortex becomes 

essentially free making ὧ ὧέὲίὸὥὲὸ and ὧ π. Figure 6 depicts the velocity diagrams of a Kaplan 

ǘǳǊōƛƴŜ ŀǘ ǘƘŜ ǊǳƴƴŜǊΩǎ ƛƴƭŜǘ ŀƴŘ Ŝxit. 
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Figure 6: Section of a Kaplan turbine and velocity diagrams at inlet to and exit from the runner (5) 

Here the exit velocity of the fluid is essentially vertical with no swirling components ὧ ὧ. 

!ƭǎƻ ǘƘŜ ǎǿƛǊƭƛƴƎ ŎƻƳǇƻƴŜƴǘ ƻƴ ǘƘŜ ƛƴƭŜǘΩǎ ǾŜƭƻŎƛǘȅ ǾŜŎǘƻǊ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴƭȅ ƻƴ ǘƘŜ ŎƛǊŎǳƭŀǘƛƻƴ ŦǳƴŎǘƛƻƴ 

ὑ yielding ὧ ὑὶϳ ὧέὲίὸὥὲὸ consistent with the aforementioned statement on such vector. On 

another note the flow angles relationship is stated in Equation 3. 

ὸὥὲ‍
Ὗ

ὧ
ὸὥὲ‌

ɱὶ

ὧ

ὑ

ὶὧ
 

ὸὥὲ‍
Ὗ

ὧ

ɱὶ

ὧ
 

Equation 3: Flow angles 

aƻǎǘ ƻŦ ǘƘŜ ǿƻǊƪƛƴƎ ŦƭǳƛŘΩǎ ƪƛƴŜǘƛŎ ŜƴŜǊƎȅ ƛǎ ǊŜŎƻǾŜǊŜŘ ǎƻƻƴ ŀŦǘŜǊ ƛǘ passes through the runner 

by a device called the draft tube. It is designed in the shape of a diffuser to essentially reduce the 

velocity of the falling fluid and in turn recover most of the left over kinetic energy. Pressure and velocity 

head differentials work together to provide suction at the runner increasing the total head of the 

system. The fluid then exits through what is known as the tail race. At this point the water is returned to 

the environment with a sufficient amount of energy collected by the turbo-machine.  

!ǘ ǘƘŜ ƛƴƭŜǘ ƻŦ ǘƘŜ ǘǳǊōƛƴŜΩǎ ǊǳƴƴŜǊ ǘƘŜ ŀƳƻǳƴǘ ŜƴŜǊƎȅ ŀǾŀƛƭŀōƭŜ ƛǎ Ŝǉǳŀƭ ǘƻ ǘƘŜ ǎǳƳ ƻŦ ǘƘŜ 

kinetic, potential and pressure energies (5) as stated in Equation 4. 
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ὫὌ ЎὌ
ὴ ὴ

”

ρ

ς
ὧ Ὣᾀ 

Equation 4Υ 9ƴŜǊƎȅ ōŀƭŀƴŎŜ ŀŎǊƻǎǎ ǘƘŜ ƛƴǘŀƪŜ ŎŀǎƛƴƎΩǎ ŎƻƴǘǊƻƭ ǾƻƭǳƳŜ (5) 

More over the energy available across the tǳǊōƛƴŜΩǎ ƛƴƭŜǘ ŀƴŘ ǘƘŜ ǊǳƴƴŜǊΩǎ ƻǳǘƭŜǘ ōƻǳƴŘŀǊȅ ƛǎ 

stated in Equation 5Φ bƻǘƛŎŜ Ƙƻǿ ǘƘŜǊŜΩǎ ƴƻǘ ƻƴƭȅ ŀƴ ŀƳƻǳƴǘ ƻŦ ŜƴŜǊƎȅ ƭƻǎǎ ŀǘ ǘƘŜ ǘǳǊōƛƴŜΩǎ ǾƻƭǳǘŜ ЎὌ   

but also the runner in form friction ЎὌ  and mechanical work Ўὡ. The arithmetic addition between 

Equation 4 and Equation 5 yields the specific work Ўὡ. 

ὫὌ ЎὌ ЎὌ Ўὡ
ὴ ὴ

”

ρ

ς
ὧ Ὣᾀ 

Equation 5Υ 9ƴŜǊƎȅ ōŀƭŀƴŎŜ ŀŎǊƻǎǎ ǘƘŜ ƛƴǘŀƪŜ ŎŀǎƛƴƎ ŀƴŘ ǘƘŜ ǊǳƴƴŜǊΩǎ ŎƻƴǘǊƻƭ ǾƻƭǳƳŜ (5) 

The energy equation for the remaining component of the turbine, namely the draft tube, can be 

as easily formulated by employing a control volume around it. Consequently there will be some energy 

losses attributed to the draft tube ЎὌ . 

ὴ

”

ρ

ς
ὧ Ὣᾀ  ЎὌ

ὴ

”

ρ

ς
ὧ Ὣᾀ 

Equation 6: Energy balance across the ŘǊŀŦǘ ǘǳōŜΩǎ control volume (5) 

Reaction turbines have their runner completely submerged in the working fluid while impulse 

turbines only have about two or three of the buckets at a time are in contact with the water. 

Consequently reaction turbines tend to be more efficient than impulse turbines. Notice in Figure 7 how 

ǘƘŜ YŀǇƭŀƴ ǘǳǊōƛƴŜΩǎ ŜŦŦƛŎƛŜƴŎȅ ƛǎ ƛƴǘŜǊƳŜŘƛŀǘŜ ǘƻ ǘƘŜ tŜƭǘƻƴ ŀƴŘ CǊŀƴŎƛǎΦ YŜŜǇ ƛƴ ƳƛƴŘ ǘƘŀǘ ŀƭǘƘƻǳƎƘ ǘƘŜ 

YŀǇƭŀƴΩǎ ŜŦŦƛŎƛŜƴŎȅ ƛǎ ƴƻǘ ŀǎ ƘƛƎƘ ŀǎ ǘƘŜ CǊŀƴŎƛǎΩǎ ƛǘǎ ǇŜǊŦƻǊƳŀƴŎŜ ƻƴ ƭƻǿ ƘŜŀŘ ǎchemes makes it a highly 

versatile turbo-machine capable of expanding the number of sites in which they can be deployed.   

 

Figure 7: Typical design point efficiencies of Pelton, Francis, and Kaplan turbines (5) 
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The hydraulic efficiency for the Kaplan and Francis turbines is given by Equation 7. Notice how 

the efficiency changes accordingly with zero internal energy dedicated to the exit swirl Ὗ . This is 

especially true for propeller type turbines such as the Kaplan. 

–
Ўὡ

ὫὌ

Ὗ Ὗ

ὫὌ
 

ὭὪ Ὗ πO  –
Ὗ

ὫὌ
 

Equation 7: Hydraulic efficiency 

The total efficiency of the turbine should be a measurement of the total output per input power. 

In this situation it is more important to find the electrical efficiency of the turbine since power 

production is the ultimate goal in this project. This idea is displayed in Equation 8. 

–
ὖ

ὖ

ὺὭ

‎ὗὌ
 

Equation 8: Electrical efficiency 

THE DRAFT TUBE  

Most of the efficiency losses in turbines now days can be accounted for through friction, tip 

leakage, and exit kinetic energy from the diffuser (5). This implies that Kaplan turbines, as well as 

Francis, have been designed to their highest efficiencies and the improvement work remains in its 

constituent components, i.e. the intake casing and the draft tube. 

The draft tube is an integral part of the reaction/propeller turbine system. It is responsible for 

the pressure and velocity head differential as well as the suction power across the system. High velocity, 

low pressure fluid enters the diffuser shaped draft tube 

and exits with high pressure, low velocity. This is easily 

confirmed for an incompressible flow by applying the 

ƭŀǿ ƻŦ ŎƻƴǎŜǊǾŀǘƛƻƴ ƻŦ ŜƴŜǊƎȅ ŀŎǊƻǎǎ ǘƘŜ ŘƛŦŦǳǎŜǊΩǎ 

control volume.  Through the continuity principle it can 

be shown that given constant volumetric flow rate 

through the control volume will yield a lower velocity 

as the diffuser area increases.  

Figure 8: Nozzle and diffuser 
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Equation 9: Energy balance across nozzle & diffuser 

In order to maintain a fully operational hydro-turbine system the draft tube must be full of 

water at all times. Any fluid losses will surely affect the pressure and velocity heads as well as the total 

efficiency. The exit pressure must be very close to ambient, in an ideal situation, and thus only the end 

of the tube may be submerged in the stream. There is a direct connection between the total head of the 

system and the amount of mechanical power extracted from the fluid. Accordingly, the final geometry of 

a draft tube must be a mixture of high performance and innovation if its function is to be optimized. 

DIFFUSER PERFORMANCE 

!ƴ ƛƳǇƻǊǘŀƴǘ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ǿƘŜƴ ŘŜǎƛƎƴƛƴƎ ŘƛŦŦǳǎŜǊǎ ƛǎ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ǘŜƴŘŜƴŎȅ ƻŦ ǘƘŜ ŦƭǳƛŘΩǎ 

boundary layer to separate from the walls. This happens when the draft angle is too great and the fluid 

does not have enough time diffuse throughout the volume. The resultant separation creates very low 

stagnation pressure voids causing black flow regimes and possible cavitation in the fluid. At the opposite 

end of the spectrum a very shallow draft angle creates too much friction between the fluid and the walls 

of the diffuser thereby reducing its efficiency significantly. Consequently an optimized geometric model 

should prevent any of the aforementioned detriments from occurring (5).  

Diffuser performance can be easily calculated through either a ratio of the actual and the 

isentropic enthalpies from inlet to exit. Or a ratio of the actual pressure rise coefficient and the ideal 

pressure rise coefficient (17). However it is customary to ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ŘƛŦŦǳǎŜǊΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ǘƘǊƻǳƎƘ 

a term appropriately named the recovery factor ὅ. Equation 10 accounts not only for the fact that the 

ideal exit velocity of the diffuser is close to zero but also for the amount of fluid head loss. Furthermore 

ǘƘŜ ŘƛŦŦǳǎŜǊΩǎ ŜŦŦƛŎƛŜƴŎȅ Ŏŀƴ ōŜ ǊŜǿǊƛǘǘŜƴ ǳǎƛƴƎ ǎǳŎƘ ǇŀǊŀƳŜǘŜǊǎ ƛƴ ŀ ŎƻƴǾŜƴƛŜƴǘ ŜǉǳŀǘƛƻƴΦ  

ὅ
ὧ ὧ ȾςὫ Ὄ

ὧ ςὫϳ
 

Equation 10: Pressure Recovery factor 
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Ὄ
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Equation 11: Diffuser efficiency 

Notice how by reducing the exit velocity ὧ of the fluid to zero as well as the head loss in the 

drafty tube Ὄ  ƛƴŎǊŜŀǎŜǎ ǘƘŜ ŘƛŦŦǳǎŜǊΩǎ ǊŜŎƻǾŜǊȅ ŦŀŎǘƻǊ ὅ and efficiency  –  to a maximum value of 

unity. However cavitation is likely to occur if the exit velocity is reduced to zero and there will always be 

some friction losses between the fluid and the walls of the diffuser in the form of eddy currents. 

Turbulent flow is typical across diffusers and as such higher head losses can be anticipated from that as 

well. 

When considering ideal flow situations the highest possible values for the recovery coefficient 

can be reached by yielding a different equation for the pressure recovery coefficient, namely Equation 

12. Here the recovery coefficient only takes into account geometric effects in the diffuser, in the form of 

its outlet to inlet area ratio. Incidentally Equation 12 can be used for any fluid since it does not take into 

account any of its parameters. On a similar note an inviscid fluid will also approximate the ideal situation 

just characterized. Remember that inviscid fluids do not take into account any form of viscosity. This 

approach removes ƘŜŀŘ ƭƻǎǎŜǎ ŀŎǊƻǎǎ ǘƘŜ ŘƛŦŦǳǎŜǊΩs control volume, simplifying Equation 10 into 

Equation 13. There is virtually no difference between Equation 12 and Equation 13 since an inviscid fluid 

is an ideal fluid in itself. Furthermore the relationship between the real and ideal pressure recovery 

coefficients can be observed in Equation 14.  

ὅ ρ
ρ

ὃ
ὃ

 

Equation 12: Ideal Pressure Recovery Factor 

ὅ ρ
ὧ

ὧ
 

Equation 13: Inviscid Pressure Recovery Factor 

ὅ ὅ
ɝὴ

”ὧ
ὅ

ɝὴ

ή
 

Equation 14: ╒▬░ ╪▪▀ ╒▬relationship 
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As far as diffuser design is concerned Equation 10 and Equation 11 suggests two different 

criteria to follow. This begs the question which one should be used. Figure 9 shows efficiency, pressure 

loss coefficient, and pressure recovery factor plots vs. draft angle for a fixed diffuser length as well as 

inner diameter. When efficiency is taken to be the design objective a minimum loss in pressure is 

observed for a comparable rise in static pressure (5). Although this is an appropriate diffuser 

optimization approach maximum pressure recovery is often favored. This last design objective forgoes 

any area ratio considerations for a given diffuser length. Counter intuitively the two do not yield the 

same final geometry as supported by Figure 9 and Equation 15. 

 

 

Figure 9: Flow regime chart for a two-dimensional diffuser, with 
╛

◌▫
 (5) 

‏

—‏
ÌÎ –

‏

—‏
ÌÎ ὅ

‏

—‏
ÌÎ ὅ  

Equation 15: Log differentiation of Ɫ╓, ╒╟  and ╒╟░ 
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Notice the differences in both design objectives when the left hand side of Equation 15 is set to 

zero. At this point there is still and appreciable increase in pressure recovery since π even 

though π. Furthermore the fractional rate of increase of ὅ  is equal to the fractional rate of 

change of ὅ for corresponding changes in draft angle — (5). Differentiating Equation 14 and setting the 

left hand side to zero optimizes ὅ. This design objective reveals that as the wall angle of the diffuser is 

increased beyond the efficient maxima point the pressure will continue to rise until the additional losses 

in total pressure is in equilibrium with the ideal gain in pressure recovery created by the area ratio, 

Equation 16 (5).  A closer look at Figure 9 supports these statements as well.  

ὅ‏

—‏

‏
ɝὴ
ή

—‏
 

Equation 16: Differentiation of Equation 14 and setting of left hand term to zero 

 

  

Figure 10: Test data for conical diffusers (17) 
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Diffuser performance may be analyzed by plotting several design pertinent values in a 

ŎƻƳǇǊŜƘŜƴǎƛǾŜ ŘƛŀƎǊŀƳΦ ! ǘȅǇƛŎŀƭ ƻƴŜ ƛǎ ŀ Ǉƭƻǘ ƻŦ ǘƘŜ ŘǊŀŦǘ ǘǳōŜΩǎ ǊŜŎƻǾŜǊȅ ŦŀŎǘƻǊǎ ὅ  as a function of 

the diameter ratio ὈὨ ϳ , or area ratio ὃ ὃϳ , and the length ὰ to inlet diameter Ὠ, or radius Ὑ, ratio 

for constant draft angles. The diagrams suggest high recovery factors at small angles in the order of ςЈ 

for large area ratios. Conversely smaller area ratios require angles in the order of υЈ χЈ for highest 

recovery factors (17). Hence the performance diagram is a fundamental tool for the optimization of a 

hydro-ǘǳǊōƛƴŜΩǎ ŘǊŀŦǘ ǘǳōŜ ǎƛƴŎŜ ƛǘ ǎǳƎƎŜǎǘǎ ŘǊŀŦǘ ŀƴƎƭŜ ǾŀƭǳŜǎ ōŀǎŜŘ ƻƴ ƎŜƻƳŜǘǊƛŎ ǇŀǊŀƳŜǘŜǊǎΦ  

 

Figure 11: Typical performance diagram for diffusers (17) 

Perhaps another useful design tool for draft tubes is the diffuser recovery factor ὅ as a function 

of the length ὰ to inlet diameter Ὠ ratio plot diagram. It suggests recovery factors for any given ideal 

and field tested draft angle value. The data implies a maximum calculated recovery factor ὅ Ȣχυ for 

draft angles between σЈ ρπЈ; while test data specifies draft angles between ςЈ to σЈ for a maximum 

recovery factor ὅ Ȣψσ (17).   

ὅ ρ ‘
—

ὰ

ὰ

Ὠ
ρ Ὄ

ὰ

Ὠ

—

ὰ
‘ 

Equation 17: Recovery factor as a function of the length ■ to inlet diameter ▀▫ ratio 
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Figure 12: Analysis of conical diffuser test data (17) 

Recirculation is known to appear in draft tubes as the fluid tries to diffuse so as to fully occupy 

the entire volume. Eddy currents caused by the boundary layer separation at walls must be minimized if 

not removed altogether when designing diffusers. Several boundary layer separation criteria have been 

determined, namely; άƴƻ ŀǇǇǊŜŎƛŀōƭŜ stallΣέ έǘǊŀƴǎƛǘƻǊȅ ǎǘŀƭƭΣέ άŦǳƭƭȅ ŘŜǾŜƭƻǇŜŘ ǘǿƻ-dimensional stallΣέ 

άfully developed two dimensional stallΣέ ŀƴŘ άƧŜǘ ŦƭƻǿΦέ 5ƛŦŦǳǎŜǊǎ ŀǊŜ ƪƴƻǿƴ ǘƻ ǇŜǊŦƻǊƳ ōŜǎǘ ŀǘ ƴƻ 

appreciable stall conditions where the flow is steady and uniform. Conversely the transitory stall regime 

suggests a highly non-uniform and unsteady flow and the worst diffuser performance of the flow 

regimes mentioned herein. Although the remaining two flow regimes are relatively steady, compared 

with the transitory stall, they are very non-uniform and worse than no appreciable stall. 
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Figure 13: Flow regime stall for two dimensional diffusers. Indicated in the graph are the positions referenced in Figure 9 (5) 

As aforementioned the working fluid leaves the turbine runner with a small swirl component 

that subtracts from the total work performed 

by the turbine. Although very small this factor 

must be considered if high efficiency diffusers 

are to be designed. Figure 15 shows a diagram 

ƻŦ ǘƘŜ ŘƛŦŦǳǎŜǊΩǎ ǊŜŎƻǾŜǊȅ ŦŀŎǘƻǊ ὅ  as a 

function of the swirl angle ‌ and diffuser 

divergence angle — for different distributions 

(17). Notice how the recovery factor is actually 

increases more at the center of the draft 

tube Ὂ  as opposed to the outer wall ὅ for 

increasing swirl angles.  

Figure 14: Flow regimes inside a diffuser 
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Figure 15: Effect on swirl distribution on diffuser performance (17) 

The onset of cavitation is highly detrimental to the turbine creating high efficiency losses as well 

as pitting on many of its components to the point of failure. Cavitation has been shown to arise from 

fluid separation, when it is no longer able to recirculate and occupy space, creating voids. This suggests a 

ǎƛƎƴƛŦƛŎŀƴǘ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ŦƭǳƛŘΩǎ ǇǊƻǇŜǊǘƛŜǎΣ ƴŀƳŜƭȅ ŦǊƻƳ ƭƛǉǳƛŘ ǘƻ Ƴǳƭǘƛ-phase. Local, and instantaneous, 

boiling of the liquid around these voids is triggered by pressure a differential between the two fluids 

ǘƘŀǘ ƛǎ ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŜ ƭƛǉǳƛŘΩǎ ǾŀǇƻǊ ǇǊŜǎǎǳǊŜΦ Cavitation, as it is known, is an unlikely event so long as 

ǘƘŜ ŘƛŦŦǳǎŜǊΩǎ ǿŀƭƭ ŀƴƎƭŜ ƛǎ ƪŜǇǘ ŀǘ ŀ ǊŜŀsonable value such that pressure drops and fluid separation is 

kept at a minimum.  

There are mainly two types of cavitation which are pertinent to turbines. The first can be found 

on the suction, outlet, side of the runner where severe pitting can cause mechanical failure. Also on the 

draft a tube a twist rope type of cavitation can be observed at off-design conditions (5). This 

ǇƘŜƴƻƳŜƴƻƴ ƻŎŎǳǊǎ ŘǳŜ ǘƻ ǘƘŜ ŦƭǳƛŘΩǎ ƛƴŀōƛƭƛǘȅ ǘƻ ŘƛŦŦǳǎŜ Ŧŀǎǘ ŜƴƻǳƎƘ ǘƘǊƻǳƎƘ ǘƘŜ ŘƛŦŦǳǎŜǊ ǘƘǳǎ ǿŀƭƭ 

separation occurs, creating cavitation bubbles. Furthermore the pressure at the suction side of the 

diffuser may fall below that of the vapor pressure of the liquid causing it to evaporate. High draft angles 

are mainly responsible for the two aforementioned cavitation scenarios. In order to prevent cavitation 

some suction head must be present as represented in Equation 18.  
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Equation 18: Net positive suction head (NPSH)  
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Equation 19: Critical cavitation (Thoma) coefficient 

Equation 19 shows what is known as the Thoma coefficient „ which describes the cavitation 

performance of hydraulic turbines. Figure 15 shows the cavitation coefficient „ as a function of the 

ǘǳǊōƛƴŜΩǎ ǎǇŜŎƛŦƛŎ ǎǇŜŜŘ ɱ  for different reaction turbines. The diagram can be used to know exactly 

when cavitation will occur for the specific models shown. 

Cavitation bubbles generate loud noises and flashes of light, called solo-luminescence. This 

actually happens as the cavitation 

bubble turns back into liquid after the 

local pressure is raised once again to the 

working conditions. It releases all of the 

gathered energy collected when it 

vaporized almost instantaneously. This 

results in a propagating shock wave as 

well as flashes of luminescence, which 

can be specially damaging to any nearby 

mechanical components.  The collapse of 

the vapor cavity is so rapid that 

άǘŜƳǇŜǊŀǘǳǊŜǎ ŀǎ ƘƛƎƘ ŀǎ ρπȟπππ ὑ have 

been suggested. Shock waves with 

pressure differences of 4000 atm have 

been demonstrated in the liquid 

following the collapse of a cavity (5)Φέ 

 

 

  

Figure 16: Variation of critical cavitation coefficient with non-dimensional specific 

speed for Francis and Kaplan turbines 
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PROJECT MANAGEMENT 

TASKS MANAGEMENT 

As the theoretical research is concluded and the first stage of the project ends, three equally 

ƛƳǇƻǊǘŀƴǘ ǘŀǎƪǎ ŜƳŜǊƎŜΥ ǘƘŜ ŘǊŀŦǘ ǘǳōŜΩǎ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ŦƭǳƛŘ ŘȅƴŀƳƛŎǎ ŘŜǎƛƎƴ ƻǇǘƛƳƛȊŀǘƛƻƴΣ ǇǊƻǘƻǘȅǇŜǎ 

manufacturing, testing platform construction and field testing.   

A total of τπ man-days are appropriated for one team member to learn and effectively utilize 

hǇŜƴCh!a ŀǎ ǘƘŜ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ŦƭǳƛŘ ŘȅƴŀƳƛŎǎ ǎƛƳǳƭŀǘƻǊ ŦƻǊ ǘƘŜ ŘǊŀŦǘ ǘǳōŜΩǎ ŘŜǎƛƎƴΦ Furthermore, and 

given the short educational timeframe, an additional ρπϷ must be allotted to the design timeline.  

Finally a total of χ man-days are considered for the simulation and design optimization.  

After the geometric parameters of the draft tube are given by the aforementioned simulator 

different prototypes will be manufactured by the team. Each team member will be tasked with the 

successful completion of one prototype. More time will considered to the team members that will be 

constructing their own. Keep in mind that such team members must not only purchase all tools and 

materials required to complete the project but also perform their own laboring hand at an apprentice 

level. Conversely any outsourcing implies a stricter timeline since manufacturers take care of the project 

from then on, depending on the economic investment. 

The physical effort involved in the erection of the testing platform requires two men integrity at 

all times for safety reasons. Nearly four man-days are required for the complete construction of a given 

testing platform depending on the complexity of its design. A ρπϷ learning curve is appropriated to the 

bill of materials necessary for its construction as well as the labor. After a testing platform is complete 

allow one man-day for testing. Thus team members have sufficient of time to familiarize themselves 

with the draft tube and system integration. Furthermore a testing procedure must be developed so as to 

streamline the process.    



P a g e | 27 

 

TIMELINE 

 

Figure 17: Time Management Chart 
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COMPUTATIONAL FLUID DYNSMICS SIMULATION 

The computational fluid dynamics analysis employed in the design of the draft tube was carried 

out with the OpenFOAM 1.7.1 suite. OpenFOAM (Open Field Operation and Manipulation) is C++-based 

open source CFD package developed and distributed by the U.K.-based OpenCFD Ltd. The suite contains 

a number of numerical solvers that are employed in modeling continuum mechanics problems. Since its 

inception in ςππτ, the OpenFOAM suite has enjoyed a wide acceptance by the academic community, 

industry, as well as governmental and private researchers. Much of this popularity is due to the fact 

that, unlike commercial CFD software, OpenFOAM allows the user to access the source code and make 

modifications. In addition to this unprecedented level of flexibility, the entire suite is available free of 

change under a General Public License (GNU).  

In choosing OpenFOAM as the modeling software several considerations were made. First, a 

ǎǳǊǾŜȅ ƻŦ ǘƘŜ ǘǿƻ ƳƻŘŜƭƛƴƎ ǎǳƛǘŜǎ ŀǾŀƛƭŀōƭŜ ǘƻ ǎǘǳŘŜƴǘǎ ǘƘǊƻǳƎƘ CL¦Ωǎ /ƻƭƭŜƎŜ ƻŦ 9ƴƎƛƴŜŜǊƛƴƎ ŀƴŘ 

ComputingτSolidWorks COSMOSFlowWorks and ANSYS FLUENTτwas conducted. Substantial 

drawbacks were encountered in both software packages. ANSYS FLUENT, the industry-leading CFD 

software, was found to be severely restricted in its student version as there exists a limitation in  the 

number of nodes available to the mesh. While no such limitations existed for SolidWorks, only the most 

simplistic results were obtained from this software. As the case complexity increased, the software 

ŘŜƳŀƴŘŜŘ ŜǾŜǊ ƎǊŜŀǘŜǊ ƳŜƳƻǊȅ ŦǊƻƳ ǘƘŜ /t¦ ǘƻ ŀ Ǉƻƛƴǘ ǿƘŜǊŜ ǘƘŜ ƳŀŎƘƛƴŜΩǎ ǘƻǘŀƭ w!a ǿƻǳƭŘ ōŜ 

exceeded. Other options, such as obtaining a temporary license from ANSYS were also explored. 

However, the funding available was not nearly enough to cover such expenses.  

Given these circumstances, it was determined that OpenFOAM was the most viable option 

available. CǳǊǘƘŜǊƳƻǊŜΣ hǇŜƴCh!a мΦтΦм ǿŀǎ ŀƭǊŜŀŘȅ ƛƴǎǘŀƭƭŜŘ ƛƴ a!L5wh/ [ŀōƻǊŀǘƻǊȅΩǎ cluster. This 

ƳŜŀƴǘ ǘƘŀǘ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴ ǘƛƳŜ ŎƻǳƭŘ ōŜ ǊŜŘǳŎŜŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ōȅ ŜƳǇƭƻȅƛƴƎ ǘƘŜ ŎƭǳǎǘŜǊΩǎ ǇŀǊŀƭƭŜƭ 

computing capabilities. However, this software choice did not come without drawbacks of its own. 

These drawbacks took the form of a very steep ƭŜŀǊƴƛƴƎ ŎǳǊǾŜΦ ¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ hǇŜƴ/C5Ωǎ ōǳǎƛƴŜǎǎ 

model is that of using its technical support and educational workshops and materials as its principal 

source of revenue. This way, the software package is available free of charge, according to the open 

source principles, yet the company is able to make a profit. As a consequence of this, learning materials 

available in the World Wide Web and elsewhere were very scarce. All in all, a substantial amount of time 

and effort was invested in learning and utilizing OpenFOAM.  
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As was pointed out earlier, experimental results reported by McDonald and Fox and Sovran and 

Klomp indicate the onset of large transitory stall at wall angles of ς—  ρυЈ for the non-dimensional 

diffuser length, ὔȾὨ of ωȢσω (18) (19). Given that such flow regime is characterized by a dramatic loss in 

pressure, it is of little interest to the designer. Thus, the CFD simulations were restricted to draft tubes 

with wall angles of — ςЈ to — χЈ. After some consideration, it was also agreed that the draft tube 

length should not be modified as a consequence of the design optimization. This decision rested on two 

reasons. First, system portability, which is one of the chief objectives of this project, could be hampered 

if the optimum draft tube length, rather than the present one of ρȢσχρφ ά, were to be chosen. Second, 

since an increase in the draft tube length would automatically increase its head, and the attendant 

system efficiency, one could not compare the stock draft tube to the optimized one through empirical 

testing. Tabulated below are the dimensions of the commercially available draft tube for the LH 1000 

micro hydro-turbine system. These values were used to define the computational domain with the 

exception for the wall angle, — , the design variable. 

Table 3: Dimensions of the stock draft tube 

Inlet diameter di in (m) Length in (m) Wall angle ̒  deg 

5.75 (0.14605) 54 (1.3765) 3.58811 

In order to ensure the reliability of the CFD results, two sets of simulations were run. Each set 

had a different computational domain and boundary conditions. The first set consisted of a mesh 

representing the draft tube alone; while the second set included the accumulator tank in addition to the 

draft tube. This approach further reinforced the validity of the simulation results as it established their 

independence from boundary conditions and mesh geometry.  

OPENFOAM SOLVER 

OpenFOAM is composed of different solvers pertaining to different flow regimes. During the 

first attempts to set up a working simulation, a number of solvers were tried. However, the greatest 

amount of time was dedicated to three in particular: icoFoam , interPhaseChangeFoam , and 

sinmpleFoam . One of the most basic OpenFOAM solvers, icoFOAM, was considered fist. 

Unfortunately, the icoFOAM solver, which was designed to simulate incompressible laminar flow of 

Newtonian fluids in transient conditions, failed to converge to physically relevant results. Similarly, the 

result obtained from interPhaseChangeFoam  showed the onset of flow separation, and an 

attendant extreme unsteadiness, at small wall angles. Since these flow regimes were known to be 

exclusive to much larger divergence angles, the interPhaseChangeFoam  results were considered 
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unsatisfactory. Next, the simulation was carried out using the simpleFoam  solver. simpleFoam  is an 

incompressible, steady-state solver that allows for turbulence modeling. This solver is based on the 

Semi-Implicit Method for Pressure-Linked Equations (S.I.M.P.L.E.) algorithm which solves the Navier-

Stokes equations through an iterative method. It models velocity field and the density normalized gauge 

pressure field across the specified mesh.   

As will be shown in the results section, the results obtained from this solver did conform to 

physical phenomena and were considered satisfactory.   

SIMULATION SET UP: MESH, BOUNDARY CONDITION, AND TURBULENCE MODELING 

Both computational domains were meshed using OpenFO!aΩǎ ƴŀǘƛǾŜ ƳŜǎƘƛƴƎ ǳǘƛƭƛǘȅΥ 

blockMesh . In each case the relative orientation of the domains was the same. The X-direction was 

the streamwise or axial direction, the Y-direction was the radial direction, and the Z-direction was 

neglected due to the two dimensional, axisymmetric nature of the chosen mesh. 

All simulations were allowed to reach ὸ  ρȢπ ί. Given the residuals obtained from each of the 

simulation cases, convergence was reached at an earlier time (for most cases at ὸ  πȢτ ί). However, it 

was concluded that the simulations should be run for an entire second in order to ensure that any 

particular flow regimes would have enough time to appear in the computational domain.   

As was mentioned above two sets of simulations were run. Since each set up was essentially 

independent of the other, they are presented and discussed independently. 

SINGLE-BLOCK MESH 

The first set of simulations conducted was the single-block mesh simulations. The designation 

given to this set of simulations is directly related to the number of partitions that exist in the mesh. The 

blockMesh  utility requires that the computational mesh be divided into units, or blocks, defined by six 

vertices in three a dimensional space. Since only one such block was required to define the 

computational domain, this case was designated as single-block mesh. 
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From a modeling perspective, the 

mesh in the single-block case attempts to 

model the flow field inside the draft tube 

alone. In order to do so, an axisymmetric, 

two dimensional approximation of the 

conical geometry of the draft tube was 

employed. In blockM esh , these types 

of approximations take the form of a 

wedge shaped computational domain 

that straddles one of the coordinate axes 

and whose wedge angle is less than υЈ. A 

schematic representation of the axisymmetric mesh is given in Figure 18. The final mesh generated was 

a structured grid of υππ cells in the X-direction by υπ cells in the Y-direction, and ρ cell in the Z-

direction, with a mesh grading of ρπϷ in the positive Y-direction. 

Table 4, Table 5, and Table 6 present the coordinates of the points employed in the definition of 

ǘƘŜ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ŘƻƳŀƛƴΣ ǘƘŜ ŘƻƳŀƛƴΩǎ ŦŀŎŜǎΣ ŀƴŘ ƳƛǎŎŜƭƭŀƴŜƻǳǎ ƳŜǎƘ ƛƴŦƻǊƳŀǘƛƻƴΦ Lǘ ǎƘƻǳƭŘ ōŜ ƪŜǇǘ 

in mind that a wedge angle of τЈ was employed in the geometry of the computational domain.  

Table 4: Coordinates of points used in the definition of the computational domain in single-ōƭƻŎƪ ŎŀǎŜǎ ŦƻǊ ŀ ǿŀƭƭ ŀƴƎƭŜ ʻ 

Point ID# X Y Z 

0 -1.3716 0 0 

1 0 0 0 

2 0 πȢπχσρȢσχρφ ÔÁÎ — ÃÏÓ ςЈ πȢπχσρȢσχρφ ÔÁÎ — ÓÉÎ ςЈ 

3 0 πȢπχσρȢσχρφ ÔÁÎ — ÃÏÓ ςЈ - πȢπχσρȢσχρφ ÔÁÎ — ÓÉÎ ςЈ 

4 -1.3716 7.298E-02 -2.549E-03 

5 -1.3716 7.298E-02 2.549E-03 

Table 5: Patches employed in the in the single-ōƭƻŎƪ ƳŜǎƘ ŎŀǎŜǎ όǘƘŜ ƴǳƳōŜǊǎ ƛƴ ǘƘŜ άCŀŎŜǎέ ŎƻƭǳƳƴ ǊŜǇǊŜǎŜƴǘ ǘƘŜ L5І ƻŦ ǘƘŜ ŦƻǳǊ 

points used to define that particular face in the computational domain) 

Patch Name Patch Type Faces 

inlet  patch  (0, 5, 4, 0) 

outlet  patch  (1, 3, 2, 1) 

walls  wall  (5, 2, 3, 4) 

bottom  symmetryPlane  (0, 1, 1, 0) 

front  wedge (0, 1, 2, 5) 

back  wedge (0, 4, 3, 1) 

Figure 18: Schematic of axisymmetric mesh in blockMesh (20) 
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Table 6: Summary of mesh parameters for single-block cases 

Number of Blocks 1 

Mesh Type Structured 

Cells in X-direction 500 

Cells in Y-direction 50 

Cells in Z-Direction 1 

Number of Cells 25000 

Mesh Grading 10% Y-direction 

The figure below shows the location of the points used to describe computational domain as 

well as the patches defined in it.   

 

(a) 

 

(b) 

Figure 19: (a) Location of points used to define computational domain and (b) location of patches in the computational domain 

The boundary conditions defined for the single-mesh case conformed to those properties that 

were known to the designer, namely: outlet pressure, inlet volumetric flow rate, and no slip at the walls. 

Given the fact that the average volumetric flow rate was πȢπσχψυ ά Ⱦί and that the inlet diameter of 

the diffuser was πȢρτφπυ ά, the inlet velocity boundary condition was determined to be ςȢςυωυ άȾί.  

The outlet pressure boundary condition was defined as the hydrostatic pressure for a point 

submerged in water by a length equal to ρπϷ of the length of the draft tube (ρσȢχς ὧά). This boundary 

condition was defined as such because the draft tube had approximately ρπϷ of its length submerged 

during testing. Thus, rather than defining atmospheric pressure at the diffuser outlet, it was concluded 

that the present boundary condition would mimic the pressure conditions inside the flow field in a more 

accurate manner. Also, as was mentioned before, the walls  patch was given a fixed value of zero 

velocity at its surface in order to model the no-slip condition.  
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It is important to note that these boundary conditions are, to some extent, arbitrarily set. 

However, this is not to say that they are invalid. Indeed, given the system nature of the draft tube-

turbine-intake casing arrangement of the LH 1000, it was necessary to make an assumption concerning 

the flow conditions in the draft tube. As was pointed out earlier, this assumption was the inlet velocity. 

Nevertheless, for simulation purposes, this assumption w as valid since it was applied uniformly across 

all of the OpenFOAM cases. This ensured that the design objective was properly optimized.      

The reminder of the boundary conditions were left unspecified (denoted by zeroGradient ) 

in order to allow the simpleFoam  solver to calculate their values. The table below presents a 

summary of the pressure and velocity boundary conditions.    

Table 7: Pressure and velocity boundary conditions for single-block case 

Patch Name Pressure Boundary Conditions Velocity Boundary Conditions 

inlet Ux = 2.260 zeroGradient 

outlet P = 1.346 zeroGradient 

walls zeroGradient Ux = 0, Uy = 0, Uz = 0 

bottom N/A N/A 

front N/A N/A 

back N/A N/A 

MULTI-BLOCK EXTENDED MESH 

The second set of simulations carried out was based on the multi-block extended mesh cases. 

The motivation behind this new geometry was multifold. First, a different geometry and boundary 

conditions would allow for the corroboration of the mesh and boundary condition independence of the 

results; and second, an expanded mesh allowed 

for a more complexτand therefore realisticτ

model of the flow field.  

Keeping with the spirit of a more accurate 

modeling of the physical system, the multi-block 

extended mesh was defined to be the draft tube 

along with the accumulator tank. The dimensions 

chosen for the tank addition were identical to 

those of the tank being used to test the 

Figure 20: Mesh blocks that comprise the multi-block computational 

domain 
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prototypes. The depth of the tank from the rim of the draft tube outlet to its bottom and the tank 

diameter both were measured to be πȢφφ ὧά (ςφȭȭ). Also, in a similar way to the single-block cases, the 

outlet of the draft tube was defined to be submerged into the tank by a length equals to ρπϷ of its 

length.  

The increased complexity of the computational domain required for multiple blocks to be 

employed in the construction of the mesh. Figure 20 shows the location of each block in three 

dimensional a space.   

Table 8, Table 9, and Table 10 present the coordinates of the points employed in the definition 

of the computatiƻƴŀƭ ŘƻƳŀƛƴΣ ǘƘŜ ŘƻƳŀƛƴΩǎ ŦŀŎŜǎΣ ŀƴŘ ƳƛǎŎŜƭƭŀƴŜƻǳǎ ƳŜǎƘ ƛƴŦƻǊƳŀǘƛƻƴΦ hƴŎŜ ŀƎŀƛƴΣ ŀ 

wedge angle of τЈ was employed in the geometry of the computational domain. 

Table 8: Coordinates of points used in the definition of the computational mesh in the multi-ōƭƻŎƪ ŎŀǎŜǎ ŦƻǊ ŀ ǿŀƭƭ ŀƴƎƭŜ ʻ 

Point ID# X Y Z 

0 -2.032 0 0 

1 -0.660 0 0 

2 -0.660 πȢπχσρȢσχρφ ÔÁÎ — ÃÏÓ ςЈ πȢπχσρȢσχρφ ÔÁÎ — ÓÉÎ ςЈ 

3 -0.660 πȢπχσρȢσχρφ ÔÁÎ — ÃÏÓ ςЈ πȢπχσρȢσχρφ ÔÁÎ — ÓÉÎ ςЈ 

4 -2.032 7.298E-02 -2.549E-03 

5 -2.032 7.298E-02 2.549E-03 

6 0 0 0 

7 0 3.300E-01 1.152E-02 

8 0 3.300E-01 -1.152E-02 

9 -0.660 πȢπχσρȢσχρφÔÁÎ— πȢππυÃÏÓ ςЈ πȢπχσρȢσχρφÔÁÎ— πȢππυÓÉÎ ςЈ 

10 -0.660 πȢπχσρȢσχρφÔÁÎ— πȢππυÃÏÓ ςЈ πȢπχσρȢσχρφÔÁÎ— πȢππυÓÉÎ ςЈ 

11 -0.523 πȢπχσπȢωϽρȢσχρφÔÁÎ— πȢππυÃÏÓ ςЈ πȢπχσπȢωϽρȢσχρφÔÁÎ— πȢππυÓÉÎςЈ 

12 -0.523 πȢπχσπȢωϽρȢσχρφÔÁÎ— πȢππυÃÏÓ ςЈ πȢπχσπȢωϽρȢσχρφÔÁÎ— πȢππυÓÉÎςЈ 

13 -0.523 3.300E-01 1.152E-02 

14 -0.523 3.300E-01 -1.152E-02 

15 0 πȢπχσρȢσχρφÔÁÎ— πȢππυÃÏÓ ςЈ πȢπχσρȢσχρφÔÁÎ— πȢππυÓÉÎ ςЈ 

16 0 πȢπχσρȢσχρφÔÁÎ— πȢππυÃÏÓ ςЈ πȢπχσρȢσχρφÔÁÎ— πȢππυÓÉÎ ςЈ 

17 0 πȢπχσρȢσχρφ ÔÁÎ — ÃÏÓ ςЈ πȢπχσρȢσχρφ ÔÁÎ — ÃÏÓ ςЈ 

18 0 πȢπχσρȢσχρφ ÔÁÎ — ÃÏÓ ςЈ πȢπχσρȢσχρφ ÔÁÎ — ÃÏÓ ςЈ 

19 -0.660 3.300E-01 1.152E-02 

20 -0.660 3.300E-01 -1.152E-02 
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Table 9: Patches employed in the in the multi-block cases 

Patch Name Patch Type Faces 

inlet  patch  (0, 5, 4, 0) 

surface  patch  (11, 13, 14, 12) 

walls  wall  

(5, 2, 3, 4) 

(2, 3, 10, 9) 

(9, 10, 12, 11) 

(6, 18, 17, 6) 

(18, 16, 15, 17) 

(16, 8, 7, 15) 

(7, 8, 20, 19) 

(19, 20, 14, 13) 

bottom  symmetryPlane  
(0, 1, 1, 0) 

(1, 6, 6, 1) 

front  wedge 

(0, 1, 2, 5) 

(1, 6, 17, 2) 

(2, 17, 15, 9) 

(9, 15, 7, 19) 

(11, 9, 19, 13) 

back  wedge 

(0, 4, 3, 1) 

(3, 18, 6, 1) 

(10, 16, 18, 3) 

(20, 8, 16, 10) 

(14, 20, 10, 12) 
 

 

Table 10: Summary of mesh parameters for multi-block cases 

 
Number of Blocks 5 

 
Mesh Type Structured 

 
Number of Cells 31180 

Block A 

Cells in X-Direction 500 

Cells in Y-Direction 50 

Cells in Z-Direction 1 

Mesh Grading 10% Y-Dir. 

Block B 

Cells in X-Direction 60 

Cells in Y-direction 50 

Cells in Z-Direction 1 

Mesh Grading 10% Y-Dir. 

Block C 

Cells in X-Direction 60 

Cells in Y-Direction 3 

Cells in Z-Direction 1 

Mesh Grading No Grading 

Block D 

Cells in X-rest n 60 

Cells in Y-direction 30 

Cells in Z-Direction 1 

Mesh Grading No Grading 

Block E 

Cells in X-direction 40 

Cells in Y-direction 30 

Cells in Z-Direction 1 

Mesh Grading No Grading 
 

The figure below presents the spatial arrangements of points and patches in the computational 

domain of the multi-block extended mesh.  

 

Figure 21: Location of the points required to define the multi-mesh cases and patches in the computational domain 
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As may be inferred from Table 9, the boundary conditions for the multi-block case are different 

than those of the single-block one. While the inlet velocity condition remains untouched, the pressure 

boundary condition now migrates from the draft tube outlet, which has now become an internal face of 

the computational domain, to the surface patch. At this patch, the pressure is given a value of 

atmospheric. Since the objective of the multi-block mesh is the modeling of the draft tube and the 

accumulator tank, the edges of the tank extension were defined as walls and the no-slip condition was 

applied to them. Finally, it is important to note that this boundary condition arrangement is but an 

alternative and equivalent manner to model the physical system.  Indeed, since the surface patch has 

been placed at a height equal to ρπϷ of the length of the draft tube outlet, the property fields should 

not be significantly different from those encountered in the single-block case. 

Table 11: Pressure and velocity boundary conditions for the multi -block extended mesh 

Patch Name Pressure Boundary Conditions Velocity Boundary Conditions 

inlet Ux = 2.260 zeroGradient 

surface P = 0 zeroGradient 

walls zeroGradient Ux = 0, Uy = 0, Uz = 0 

bottom N/A N/A 

front N/A N/A 

back N/A N/A 

TURBULENCE MODELING 

In both sets of simulations, a Reynolds Average Stress (RAS) Ὧ ‐ model was used to simulate 

ǘǳǊōǳƭŜƴǘ Ŧƭƻǿ ƛƴǎƛŘŜ ǘƘŜ ŘǊŀŦǘ ǘǳōŜΦ ¢Ƙƛǎ ƳƻŘŜƭ ƳŀƪŜǎ ǳǎŜ ƻŦ ǘƘŜ wŜȅƴƻƭŘǎΩ ƴǳƳōŜǊ, ὙὩ, the turbulence 

intensity, Ὅ, and a turbulence constant, ὅ, in order to calculate the turbulent kinetic energy, Ὧ, and the 

turbulent dissipation rate, ‐. The equations for these variables are provided below:  

ὙὩ  
ὨὟ

’
 

Equation 20: Reynolds 

number 

Ὅ πȢρφὙὩ  

Equation 21: Turbulence 

Intensity 

ὒ πȢπχὨ 

Equation 22: Turbulence 

length scale 

Ὧ  
σ

ς
ὟὍ 

Equation 23: Turbulent 

kinetic energy 

‐  
ὅ Ȣ ὯȢ

ὰ
 

Equation 24: Turbulent 

dissipation rate 

For the given inlet velocity of Ὗ  ςȢςυωυ άȾί, and the inlet diameter of Ὠ  πȢρτφπυ m, 

the following turbulence variables were obtained: 

  



P a g e | 37 

 
Table 12: Turbulence modeling variables 

ὙὩ 2.946 · 105 

Ὅ 3.315 · 10-2 

ὒ 1.022 · 10-2 m 

Ὧ 8.415 · 10-3 m2/s2 

‐ 1.241 · 10-2 m2/s3 

SIMULATION RESULTS 

The results obtained from the CFD simulations are presented in Table 13 and Table 14. All fluid 

properties in these tables refer to inlet or outlet conditions. Figure 22 presents the relative location of 

the inlet and outlet for both simulation sets. In addition to this, there are a total of three inlet and three 

outlet pressure terms in these tables. The first term, ὴȟ Ⱦ” corresponds to the density normalized 

gauge pressure. This is the pressure value returned by the simpleFOAM  solver. The next term, ὴȟ , is 

simply the conversion of the first term into absolute pressure in Pascal. The final pressure term, ὴȟ
ᶻ , is 

the gravity-corrected value. All calculations and design considerations were based on this gravity 

corrected pressure term.  

 

(a) 

 

(b) 

Figure 22: Relative location of inlet and outlet in (a) single-block mesh and (b) multi-block extended mesh cases 

The analytical inlet and outlet pressure and velocity were also calculated and are presented in 

Table 15Φ ¢ƘŜǎŜ ǾŀƭǳŜǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ōȅ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ .ŜǊƴƻǳƭƭƛΩǎ Ŝǉǳŀǘƛƻƴ ƻƴ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǘƛƻƴǎ 

equivalent to those employed in the CFD simulation. All analytical and computational data is presented 

graphically in Figure 23. As is evident from this graph, the highest coefficient of pressure recovery is 

obtained for a wall angle of Ᵽ  Ј. Finally, detailed vector, velocity and pressure fields are presented 

for a draft tube of wall angle —  υ° in Figure 24 to Figure 29. The results obtained for these property 

fields for both sets of simulations and for all wall angles are presented in Appendix B: Simulation Results.  
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Table 13: Simulation results for single-block mesh cases 

ʻ 
(deg) 

U1 
(m/s) 

U2 
(m/s) 

p1g/ˊ 
(m2/s2) 

p1a 
(Pa) 

p1* 
(Pa) 

p2g/  ́
(m2/s2) 

p2a 
(Pa) 

p2*  
(Pa) 

Hloss 
(Pa) 

Cp 

2 2.260 0.848 -0.644 100681 87239 1.344 102668 102668 204.0 0.779 

3 2.260 0.595 -0.823 100503 87061 1.346 102669 102669 206.6 0.850 

4 2.260 0.440 -0.884 100442 87000 1.346 102669 102669 226.2 0.873 

5 2.260 0.339 -0.894 100432 86990 1.346 102669 102669 255.5 0.877 

6 2.260 0.268 -0.877 100449 87007 1.346 102669 102669 293.6 0.871 

7 2.260 0.218 -0.843 100483 87041 1.346 102669 102669 340.5 0.857 

Table 14: Simulation results for multi-block extended mesh cases 

ʻ 
(deg) 

U1 
(m/s) 

U2 
(m/s) 

p1g/ˊ 
(m2/s2) 

p1a 
(Pa) 

p1* 
(Pa) 

p2g/  ́
(m2/s2) 

p2a 
(Pa) 

p2*  
(Pa) 

Hloss 
(Pa) 

Cp 

2 2.260 0.825 -1.863 99463 87366 2.15E-02 101346 102691 327.3 0.738 

3 2.260 0.575 -2.062 99265 87167 3.32E-02 101358 102702 292.1 0.821 

4 2.260 0.423 -2.135 99192 87094 3.92E-02 101364 102708 288.8 0.852 

5 2.260 0.324 -2.147 99180 87082 5.05E-02 101375 102720 302.0 0.861 

6 2.260 0.256 -2.131 99196 87098 5.99E-02 101385 102729 328.5 0.858 

7 2.260 0.208 -2.084 99243 87145 7.99E-02 101405 102749 366.6 0.848 

Table 15Υ !ǇǇƭƛŎŀǘƛƻƴ ƻŦ .ŜǊƴƻǳƭƭƛΩǎ Ŝquation for inviscid conditions 

 ̒
(deg) 

R1 
(m) 

R2 
(m) 

U1 
(m/s) 

U2 
(m/s) 

p1a 
(Pa) 

p2a 
(Pa) 

Cp 

2 0.07 0.121 2.260 0.824 87016 102669 0.867 

3 0.07 0.145 2.260 0.574 86842 102669 0.936 

4 0.07 0.169 2.260 0.422 86766 102669 0.965 

5 0.07 0.193 2.260 0.323 86729 102669 0.980 

6 0.07 0.217 2.260 0.255 86710 102669 0.987 

7 0.07 0.241 2.260 0.207 86698 102669 0.992 
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Figure 23: Coefficient of pressure recovery, ╒▬, vs. wall angle, Ᵽ 

 

Figure 24: Vector field for Ᵽ Ј (single-block mesh, velocity is given in m/s) 
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Figure 25: Velocity field for Ᵽ Ј (single-block mesh, velocity is given in m/s) 

 

Figure 26:  Gravity-corrected pressure field for Ᵽ Ј (single-block mesh, pressure is given in Pa) 
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Figure 27: Vector field for Ᵽ Ј (multi-block extended mesh, velocity is given in m/s) 

 

Figure 28: Velocity field for Ᵽ Ј (multi-block extended mesh, velocity is given in m/s) 
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Figure 29: Gravity-corrected pressure field for Ᵽ Ј (multi-block extended mesh, pressure is given in Pa) 

DISCUSSION 

Before engaging in the full analysis of the final simulation results, a brief discussion on their 

correlation to the physical system and fundamental equations employed to describe it is given. As was 

pointed out earlier, simpleFOAM does not take gravity into account. Since the simulation 

undertaken in this project involved vertical diffusers, the data had to be calibrated in order to yield 

meaningful results. After a careful examination of the computational domain and the specified boundary 

conditions, it was established that the density normalized gauge pressure at the draft tube inlet, ὴ Ⱦ”, 

was greater than the actual pressure at that location by an amount equal to the hydrostatic pressure 

term there.  That is to say, since no gravity was assumed, the absolute thermodynamic pressure at the 

draft tube inlet was given by the following expression: 

ὴ

”
 
ὴ

”
 
Ὗ

ς

Ὗ

ς
 Ὄ  

Equation 25: Approximation of pressure at draft tube inlet for ▌  
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YŜǘΣ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ .ŜǊƴƻǳƭƭƛΩǎ Ŝǉǳŀǘƛƻƴ ŀŎǊƻǎǎ ǘƘŜ draft tube inlet and outlet required the 

presence of a hydrostatic pressure term: 

ὴᶻ

”
 
ὴ

”
 
Ὗ

ς

Ὗ

ς
Ὄ Ὣὼ ὼ  

Equation 26: Gravity-corrected pressure at draft tube inlet 

This reasoning was also valid across the computational domain. Thus across any given points in 

the axial direction ὼ and ὼ , the corrected pressure, denoted by ὴᶻ, would take the following form: 

ὴᶻ

”
 
ὴ

”
 
Ὗ

ς

Ὗ

ς
 Ὄ Ὣὼ ὼ  

Equation 27: Gravity-corrected pressure across any two points in the computational domain 

All of the pressure terms discussed above (density normalized gauge pressure, ὴȾ”, absolute 

pressure, ὴ, and gravity-corrected absolute pressure, ὴᶻ) are presented in Table 13 and Table 14 for 

each diffuser geometry.  

 Having corrected the pressure field inside the computational domain, the results were now in 

Ŧǳƭƭ ŀŎŎƻǊŘ ǿƛǘƘ ǘƘƻǎŜ ǇǊŜǎŎǊƛōŜŘ ōȅ .ŜǊƴƻǳƭƭƛΩǎ Ŝǉǳŀǘƛƻƴ ŀƴŘ ǘƘŜ Ŏƻƴǘƛƴǳƛǘȅ ŜǉǳŀǘƛƻƴΦ ¢ƘŜ ŀƴŀƭȅǘƛŎŀƭ 

pressure and velocity values across the diffuser inlet and outlet are presented in Table 15. A quick 

comparison of these values with the ones obtained from the simulation will reveal that the 

discrepancies in absolute pressure between them are equal to the pressure losses. Thus all pressure 

changes are fully accounted for. As will be discussed below, further support for the validity of the 

gravity-correction of the simulation results is given by the comparison of the computational data to 

experimental results available in literature.  

Having addressed the correction of the simulation results, a full discussion of their design 

significance can now be undertaken. As was mentioned before, the design objective chosen for the draft 

tube was the coefficient of pressure recovery ὅ. This value is tabulated in Table 13, Table 14, and Table 

15 for the chosen draft tube geometries and mesh types as well as for the analytical value obtained 

from the inviscid, ideal case. As is evident from these tables and from Figure 23 there is a consistent 

trend in the variation of ὅ with wall angle. As the wall angle increases so does the coefficient of 

pressure recovery. This value attains its maximum at — υЈ. Any further increase in wall angle, 

however, led to progressive deterioration of ὅ.  
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The attainment of a maximum coefficient of pressure recovery for a diffuser of υЈ wall angle is in 

full accord with expectations. Indeed, from Figure 24 and Figure 27 it is clear there is no stall in the 

diffuser. These well-behaved flow fields are in agreement with Figure 13, which indicates that for the υЈ 

diffuser geometry the flow would be in a region between no appreciable stall and large transitory stall. 

As was discussed earlier, this is the locality where one would expect to obtain the greatest pressure 

recovery from the diffuser.  

In addition to this, the data trends shown in Table 13 and Table 14 are entirely consistent with 

these results. By examining the inlet gravity-corrected pressure in these tables, one can see that there is 

a general decreasing trend until the wall angle reaches a value of φЈ. For — φЈ and — χЈ the inlet 

pressure shows an increasing trend. This behavior is in contrast with that shown for the analytical, 

ƛƴǾƛǎŎƛŘ ǾŀƭǳŜǎ ǇǊŜŘƛŎǘŜŘ ōȅ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ .ŜǊƴƻǳƭƭƛΩǎ ŜǉǳŀǘƛƻƴΦ CƻǊ ǘƘŜ ŀŦƻǊŜƳŜƴǘƛƻƴŜŘ ŀƴŀƭȅǘƛŎŀƭ 

values the trend is purely decreasing. This discrepancy is due to the fact that viscous losses become 

predominant beyond a wall angle of υЈ. This clearly indicates that the υЈ geometry is the one that offers 

the greatest pressure recovery without incurring in substantially detrimental pressure losses.      

CORROBORATION OF VALIDITY AND ROBUSTNESS OF COMPUTATIONAL MODEL 

The corroboration of the validity of the results presented in the previous section was 

undertaken through a number of avenues. First, the computational results from the single-block mesh 

cases were compared to those of the multi-block extended mesh in order to determine boundary 

condition independence; second the mesh size was varied in order to determine mesh independence; 

and third, the convergence of the results was determined by examining the residuals. 

¢ƘŜ ŦƛǊǎǘ ōŜƴŎƘƳŀǊƪ ƻŦ ǾŀƭƛŘƛǘȅ ǿŀǎ ǘƘŀǘ ƎƛǾŜƴ ōȅ ǘƘŜ ǊŜǎǳƭǘΩǎ ƛƴŘŜǇŜƴŘŜƴŎŜ ŦǊƻƳ ŎƻƳǇǳǘŀǘƛƻƴŀƭ 

field geometry and boundary conditions. Table 13 and Table 14, as well as Figure 23  display results that 

are consistent in trend as well as maximum value, thus establishing such independence. Moreover, the 

percent difference in ὅ between the single-block and multi-block cases, which is presented in Table 15, 

showed moderate values.  
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Table 16: Comparison of simulation results (results from single draft tube cases taken as reference for % difference calculation) 

ʻ όŘŜƎύ Cp % Difference 

2 5.22 

3 3.39 

4 2.48 

5 1.87 

6 1.43 

7 1.10 

Average 2.58 

Next, the independence of the results from the size of the mesh was determined by varying the 

mesh and analyzing the results obtained. The tables below show the results for both types of mesh with 

ρππϷ of the cells, υπϷ of the cells, and ςυϷ of the cells used in the simulation. 

Table 17: Comparison of results for different mesh sizes for single-block mesh type 

Mesh 
U1 

(m/s) 
U2 

(m/s) 
p1g/  ́
(Pa) 

p1a 
(Pa) 

p1*  
(Pa) 

p2g/  ́
(Pa) 

p2a 
(Pa) 

p2*  
(Pa) 

Hloss 
(Pa) 

Cp 

100% 2.26 0.339 -0.894 100432 86990 1.346 102669 102669 255.5 0.877 

50% 2.26 0.339 -0.901 100425 86983 1.339 102663 102663 254.8 0.878 

25% 2.26 0.338 -0.936 100390 86948 1.339 102663 102663 220.3 0.891 

Table 18: Comparison of results for different mesh sizes for multi-block extended mesh type 

Mesh 
U1 

(m/s) 
U2 

(m/s) 
p1g/  ́
(Pa) 

p1a 
(Pa) 

p1*  
(Pa) 

p2g/ˊ όtŀύ 
p2a 
(Pa) 

p2*  
(Pa) 

Hloss 
(Pa) 

Cp 

100% 2.26 0.324 -2.147 99180 87082 0.050 101375 102720 302.0 0.861 

50% 2.26 0.309 -2.163 99164 87066 0.042 101367 102711 299.7 0.864 

25% 2.26 0.314 -2.244 99084 86986 0.018 101343 102688 241.2 0.886 

As can be observed in Table 17 and Table 18, the coefficient of pressure recovery converges 

towards those values used in the simulation. Thus there is very little variation in the results from the 

ρππϷ mesh to those of the υπϷ mesh.   

Finally, the residuals from the two meshes for the υЈ geometry, presented in Figure 30 (a) and 

Figure 30 (b), show residuals well below υ  ρπ  after ὸ πȢσ ί for both cases. This unequivocally 

suggested a strong convergence of the results. The plots of the residuals for all simulation cases are 

presented in Appendix C: Simulation Residuals.  
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(a) 

 

(b) 

Figure 30: Plot of the residuals for (a) single-block and (b) multi-block meshes for Ј wall angle diffuser 

PROTOTYPES 

In any research and development project prototyping results in one of the most expensive 

endeavors. Not only may the operating environment force the use of high end materials but 

manufacturing the piece itself can also be costly. A fully functional micro hydro-turbine draft tube 

prototype must have many advantages over the competition in order to justify its development. It must 

perform better than its predecessor, be more portable, easier to deploy and highly flexible. As such 

choosing the right material and consequently the right manufacturing process can not only improve on 

the design but also make it cost effective.  

On a micro-scale, the draft tube can be made of plastic and hung from a pipe extending below 

the turbine. However, sheet metal may also be employed as a prime construction material for a draft 

tube. It can be easily formed into the desired shape and additional components can be welded onto it. 

Draft tubes can be bolted, clamped, or welded securely to the intake casing in a micro hydro scheme 

providing for a more compact and portable design. 

Although the use of plastic is highly enticing for the prototype development of this project it is 

hardly the economical solution. As it turns out manufacturing plastic is very expensive due to the 

process itself. An injection mold must be made especially for the geometry specified in the 

Computational Fluid Dynsmics SimulationError! Reference source not found. section. And although the 

aterial must also be melted down, suggesting high energy consumption, the construction of such a mold 

is much lucrative for one prototype. Thus if only one must be made the price tag jumps up to the 
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ΑρȟπππȢππ ballpark. If, however a few more products with the same specifications are made, i.e. uses 

the same mold, then the price drops significantly. So much so that making the second prototype would 

reduce the manufacturing cost to about ΑσππȢππ. As such if this product goes into production the use of 

plastic rather than other materials is highly justified due to its high specific strength. However the 

cardinal goal of this project is not the production of a draft tube but rather is performance and as such 

only one prototype is needed for testing. 

Sheet metal is a great alternate solution to the manufacturing problem mentioned herein. It is 

very strong even when produced from a very thin strip. The main concern when choosing the thickness 

of the sheet metal is the possibility of the piece buckling under operation. Thus the final sheet metal 

prototype must be thin enough to be able to be carried by one person and supported by the hydro-

ǘǳǊōƛƴŜΩǎ ǊǳōōŜǊ sleeve coupler.  On the other hand it must also be strong enough to withstand the 

pressure differential experienced in its internal flow. Sheet metal from ρȾσςȱ to σȾσςȱ wall thickness 

ŀǊŜ ǎŜƭŜŎǘŜŘ ŦƻǊ ǘƘŜ ŘǊŀŦǘ ǘǳōŜΩǎ ǇǊƻŘǳŎǘƛƻƴΦ ¢ƘŜ ŦƻǊƳŜǊ ǘƘƛŎƪƴŜǎǎ ŜȄǇƭores higher portability while the 

latter while thicker and heavier is a lot stronger. By making a prototype out of sheet metal the cost is 

reduced by ρȾυ from the plastic alternative making it feasible to develop other areas of this project.  

Thanks to the economic manufacturing of the draft tube using sheet metal two ideas were 

explored, namely the single piece and the segmented piece. Furthermore the reduction in cost also 

allowed the development of a highly experimental collapsible draft tube. Unlike the segmented one, 

which stores its sections much like a telescope, the collapsible draft tube can be dismantled into its 

constituent pieces allowing very low storage volume. Its components are nothing more than an 

assembled skeleton with an impermeable skin wrapped around it. The materials used here were also 

analyzed in its cost effectiveness and ease of acquisition.  

A prime material for the outer skin of the collapsible draft tube is Gore-Tex, a water-proof 

breathable fabric. It is mainly used for the outdoor enthusiasts and military personnel to protect them 

against the elements. Yet this material is highly lucrative due to its water repellency and breathability 

properties, namely with a price tag of over ΑρȟυππȢππ for the required φπȱὼφπȱ and ρȾρφȱ thick strip. 

Thus it is out of the question to even fathom constructing the collapsible prototype out of this material, 

considering that other areas of the project require monetary funding as well. The collapsible skeleton 

can be made out any tubing material so long as the weight and cost is maintained as low as possible. But 

also the structure must be sturdy enough to withstand the operation conditions in which it will be 

subjected to.  
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An economic solution to the Gore-Tex outer skin, for the draft tube, comes in the form of PVC 

liner. At an outstandingly much lower price this material offers the water impermeability necessary for 

the successful operation of the draft tube. Although PVC liner is much more susceptible to heat and less 

resilient than Gore-Tex it makes up for it in its abundance and workability. It must be noted that if a full 

production of this product is justified then Gore-Tex would result in a higher quality product; however a 

low budget must be maintained in this research and development project without compromising the 

integrity of the prototype in question.  

The skeleton of the collapsible draft tube will be constructed out of copper and plastic rings with 

copper rods as the supporting framework. These materials where chosen because they are highly 

economical, easy to find and work with as well as light weight. If, however more reduction in weight is 

needed more plastic tubing and less copper can be used. In as much as the skeleton supporting rods can 

also be made collapsible with a simple hinge mechanism.  

All in all these prototypes represent the minimum possible requirements for the draft tube to 

successfully operate. This means that the most economic materials and form of manufacturing were 

chosen without compromising the structural integrity and operation of the prototype. This especially 

true since all of the prototypes presented herein were constructed by the team members in order to 

further reduce production costs. Of course skilled labor was appropriately hired for specific 

manufacturing processes where experience and quality are required, i.e. welding.  

PROPOSED DESIGN 

The purpose of the single piece sheet metal prototype is to improve on the total micro hydro-

turbine system efficiency by maximizing the pressure recovery. This can be achieved by simply 

increasing the commercially available σȢυЈ  wall angle to the optimal υЈ found in the CFD analysis. At this 

point no packaging optimization has been conceived in as much as the newly constructed piece has the 

same, if not worse, transportation value. 

All in all, the construction of the single-piece draft tube prototype was a multi-step procedure 

that involved a number of manufacturing processes, such as bending, plasma welding, CNC laser 

machining, and forging. The sheet metal material was first cut into two plane sectors, each equal to half 

of the surface area of the draft tube, by a laser CNC machine. Next, the sheet metal sectors were bent 

with the help of a mechanical press. Care was taken that the desired radius at the outlet and inlet were 

maintained throughout the bending process.  
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Next, any defects or deformities that may have been acquired during the bending process were 

corrected by placing each half of the draft tube across two circular members whose radii were roughly 

those of the inlet and outlet. Employing a rubber maze, the material was forged into the desired shape. 

Even though at this points a number of operations have been performed to ensure that the desirable 

geometry was obtained, when it came time to join the two sides of the cone they did not match up. In 

fact, it was not until the welding of two halves that the draft tube acquired its final shape. However, the 

fact that each piece did not align perfectly presented another layer of difficulty to the overall process.  

Finally, a makeshift workbench was fashioned from a table and a section of pipe of 

approximately υȭȭ diameter available in the machine shop. Since the table was made out of steel 

members welded to a large steel slab, it was possible for the pipe section to be welded onto the top of 

the table. Having secured the pipe, the two halves were brought together and held at a position where 

the edges of each half would be reasonably close to one another so that an initial tacking weld could be 

made. With great care, the two halves were subsequently bent, pulled, raised with a lever, and pushed 

against one another so that both edges would be at roughly the same level, thus allowing for taking 

welds.  

Once both sides of the draft tube halves had been tacked together, the joint between the two 

halves was reinforced by a continuous weld. The final step of the manufacturing process was the 

creation of a lip at the draft tube inlet by welding a thin strip of metal the appropriate size of the inlet 

diameter to the exterior surface of the draft tube very close to the edge of the of the inlet.   

  

Figure 31: The commercially available draft tube (left) made out plastic and the single piece proposed design draft tube (right) made out of 

sheet metal 
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Figure 32: Manufacturing process for the single piece draft tube 

ALTERNATE DESIGNS 

The following designs exploit the packaging idea suggested throughout the project. Although 

some efficiency is sacrificed due to the structure of the draft tubes themselves, the transportation value 

is increased dramatically. For once, these designs address other aspects of the commercially available 

product that can be improved; namely the flexibility, portability, and ease of deployment. Furthermore 
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in order to also have an edge against the stock design these alternate draft tubes were constructed 

using the same wall angle as the single-piece, υЈ 

As such alternate designs were constructed using the same geometric specifications as 

suggested by the simulation results. However the proposed design lacks the packaging enhancement 

provided by the following two designs. The first of the two suggests a high flexible solution if different 

head conditions are available in the same river site. A segmented draft tube has the ability to adapt to 

its ever-changing environment by simply adding or removing its constituent segments. Thus different 

heads can be provided for the LH 1000 micro hydro-turbine scheme. Plus its sections can be easily 

stored inside one another improving also it portability. However no design is as portable as the 

collapsible draft tube. Its light-weight and compact-when-disassembled design highly shaves off 

unwanted weight and volume when needed. This last alternate design is perfect when traveling to 

remote river sites where lightweight and portability are a must. In the end the term alternate design is 

actually a misnomer since these two prototypes may also perform at the same level as the proposed 

design and if so may also turn out to be even better suggestions for a product due to their enhancement 

in packaging.  

THE SEGMENTED DRAFT TUBE 

This prototype was fabricated much the same way as the aforementioned single piece draft 

tube was. One piece of galvanized sheet metal, ρȾσςȱ thick, was marked in the flattened shape of two 

half cones following the directions in Figure 33. Notice that although Figure 33 only portrays one full 

cone the final piece can be easily cut into two thus forming the two half cones. One key difference in 

this design is the addition of four connecting flanges, which allow the final prototype to be dismantled 

into three segments. These sections where then cut out of their respective sheets with a computer 

numerically controlled (CNC) laser.  

Due to the complexity of the conical shape rolling the piece into shape was out of the question. 

Rather a quantized number bends where performed at strategically placed markings on both the inlet 

and outlet arcs. A press brake would bend the metal at approximately φȢφχЈ for each of the ςχ markings 

ensuring a full ρψπЈ closure in the end. Keep in mind that this operation lacks both in accuracy and 

precision, thus the bent pieces must be forged into their final shape to ensure a quality product.  
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The next step in the 

manufacturing process of the 

segmented draft tube involves the 

tacking and welding of the conical 

halves together. Subsequently the 

two corresponding edges must be 

brought together and flushed with 

one another as they come into 

contact; any gapping here will 

surely affect the quality of the final 

piece. Tacking along the entire 

length of the diffuser ensures zero 

shifting of the edges securing the 

two halves together. It should be 

kept in mind that although at this 

point the prototype has taken its 

final shape its yet to be water 

proof, in as much tacking is a 

preliminary step. Finally the entire 

seam is plasma welded together 

closing any gaps that may allow any form of water leakage for the draft tube. All welds where then 

grinded down enhancing the aesthetics of the design.   

Segmenting the now fully constructed and functional draft tube required some ingenuity. The 

flanges were introduced into the newly formed diffuser from the inlet. They were welded to the draft 

tube at the naturally resting point where further sliding was unfeasible. Next a cutting wheel was used 

to separate the lower and upper portions from the flanges. Matching flanges were then welded to the 

rest of the sections ensuring a seamless match between each segment. Four flanges make a connection 

for a total of three segments with appropriately sized fasteners. Furthermore waterproofing is 

conceived in these connections with medium soft gaskets. Lastly and most importantly a lip was welded 

ŀǘ ǘƘŜ ǾŜǊȅ ǘƛǇ ƻŦ ǘƘŜ ŘǊŀŦǘ ǘǳōŜΩǎ ƛƴƭŜǘΦ ¢ƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ǘƘƛǎ ŀŎŎŜǎǎƻǊȅ mitigates any setbacks as far as 

system integration is concerned. 

Figure 33: Development of a cone 
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Figure 34: The segmented draft tube 
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Figure 35: Manufacturing process for the segmented draft tube 

OPERATIONAL ANALYSIS 

This prototype design raises important questions that must be answer and addressed 

accordingly. Will the connections leak during operation? Can the turbine support the weight of the draft 

tube?  
















































































































































































































































