Turbine Design
Abstract
Big water turbines are some of the machines that produce power and we can use
computational fluid dynamics method to design and analyze them. Nowadays
considering finances and also the need of energy in industries, using the whole potential
of a source and getting the most possible energy out of it is considered something
important. After many years of experimenting and experiencing different turbines and
considering the head and fluid rate based on increasing specific speed, the turbine type

for the best performance are respectively impulse turbines, radial turbines, mixed flow

turbines, and at last axial turbines. For heads lower than 5.4 meters, V£ turbines (very
low head)! are used which besides their working conditions, we must consider their
environmental effects and the development plans, and also having in mind that they are
installed on rivers. In this research first we extract geometrical data regarding the head,
output power and desired efficiency and then it will be designed using Solidworks
software and then using numerical analysis in ansys cfx software, we determine the
accuracy of produced geometry. After reaching the desired geometry, cross section of
blades made of NACA standard airfoil which are two dimensional airfoils will be
created. Initial designed geometry of the head is 2 meters, the power is 190 KW and
efficiency is 90%. Also any change in geometrical parameters like Stagger angle (which
determines the blade rotation) and external diameter and their effects on turbine

performance are studied.
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Preface

Advances and developments of a country are critically dependant on power industry. So
paying attention to power industry as one of the infrastructure services in a country is
very important. World wide statistics show an increase in demand to use electricity.
Currently because of increasing oil price in the world and current situation of our area,
the importance of hydroelectric power as a clean energy has increased. Attention and
investment in hydroelectric power plants can help economical development, and also play a
major role in energy development too. Today about one-fifth of produced electricity in the
world is from hydroelectric turbines. This kind of turbine has the lowest pollution and a high
efficiency (up to about 95%). The most common types are Pelton, Francis and Kaplan [25].
Water potential since old times has been one of the noteworthy energy sources. Today
with the significant growth in industry, the need to this energy has increased. In
addition, all big industries use electrical power in their machinery and tools. Knowing
that electrical energy mainly is produced from fossil fuels which are irreplaceable
sources, and the environmental problems that are caused by these sources, has increased
enthusiasm in using water turbines to produce electricity. On the other hand, limited
water potential and also the cost of power plant construction and delivering the electricity

from the plant to consumers has made people turn to local power production in smaller scales.
Using small water turbines can be a solution to achieve this goal. First step in designing turbine
wheels is to determine the original dimensions which in addition to showing total geometry and
size of the turbine, will give a cost estimation of mechanical and structural devices which are

needed. Entry and exit diameters of the design and also the blade profile from hub to tip are




some of the most important dimensions of Francis turbine wheel. To determine the geometry of
the wheel first these dimensions are specified, and then total solitary shape of the wheel is
determined and the layout of the blade will be given. Next this layout will be the base to fully
design the blade profile.

Energy conversion depends on all different parts of turbine consisting of runner, fixed
and moving blades, and wheel. Yet it’s the turbine wheel which has a primary role. The
wheel blades design is important in energy conversion and it must be designed as good
as possible. Although in designing turbines, study of distributor parts is important,
knowing primary characteristics of the wheel is the most important part of the study.
Determining dimensions in old turbines were done using hydraulic calculations and trial
and error method, and then necessary corrections were made in order to optimize the
design. Today main dimensions are extracted based on experimental relations from
working turbines, and then necessary changes will be made to achieve intended results.
So because of different methods of determining the dimensions, different producers use
different sizes and forms of turbines even if they have the same application. The number
of unknown parameters in designing turbines is bigger than the number of known
parameters, and two quantities of height and flow will give many choices for the design
and each design has a primary role in efficiency and output, so we can say that design
process can not be unique. Different methods have common concepts and basically their
difference is because of the experiences that the design is based on.

Water turbines are normally big systems and they’re designed for specific conditions.
So they can’t be mass produced. If these systems are only tested after their production,
then:

- Performing many testes on prototypes would be expensive and time consuming.




- Changing dimensions and turbine size, if test results don’t match the analysis data,
would be very expensive.

- Also prototype tests, have limits like impossibility of changing the head, the need to
apply static speed to the system, possibility of unstable available load based on correct
and precise situation [21].

Because of the reasons mentioned, doing model tests is a definite necessity in order to
predict the main system behavior. These tests have relatively low costs, acceptable
accuracy and ease, and they’re widely and comprehensively achievable and their results
can be extended to the main model using dynamic similarities.

It must be considered that in some cases in which there are many dimensionless
parameters, it would be very difficult to make the system and the model completely
similar. Because it’s necessary that many dimensionless parameters become equal
simultaneously.

In this case, usually they remove some of the dimensionless parameters which have
little effect on the results and only important dimensionless parameters are analyzed.
Then they study the effects of removed parameters using theories or separate
experiments.

Not involving Reynolds effects in relations regarding the behavior and the performance of
turbo machines gives a relatively good estimation; because Reynolds number in most turbo
machines is relatively high and the flow is completely disarranged. So changes in friction
coefficient as a result of changes in Reynolds number are insignificant. Despite this, to study
turbo machines behavior more exactly and to calculate their efficiency it’s necessary to consider

changes in Reynolds number. In cases of high changes in Reynolds number (as in comparison

between model and prototype, which because of big changes in dimensions and fluid velocity,




Reynolds number can be very different), the efficiency can have relatively big changes and so
Reynolds changes must be checked. There are many relations in order to calculate efficiency
changes in turbo machines as a result of friction and we will mention some of them in next
chapters. On the other hand using numerical analysis of full geometry can significantly help us
avoid expensive and time-consuming tests.

In the past, different parts of turbines were studies separately; and there can be many reasons for
this separate analysis of different parts of a turbine. First, for some time the codes were not able
to solve two fixed and moving parts simultaneously; but now this problem is solved and we can
solve the flow of rotating and non-rotating parts simultaneously. Second, it’s because of limited
capacity of computer in solving the full geometry simultaneously; and despite science advances,
this issue still exists. There is no doubt that there is great benefit in simultaneously solving
rotor, stator and suction pipe because this will avoid applying non-exact boundary conditions on
every separately solving part [19].

Because of very small heights in lateral structure of many rivers, they can’t be used to produce
energy. So VLH turbines are used in order to produce hydroelectric energy in such places.

VLH turbine has standard impeller diameter of 3.15 - 5.0 meters. The maximum water that the
turbine can store is between 8.2 m®to 27.1 m®.

Because of VLH turbines being submerged, they have very little noise and they have very small
effects on the environment around them. Also because of placing these turbines in rivers, the
location of their equipments would be near urban areas and these areas wouldn’t be inaccessible
[21].

It’s obvious that despite small height for falling water, if the required water flow is
achieved by a suitable structure, using water turbines to produce electricity would be
possible. But using contemporary common turbines in such conditions require

infrastructures to produce this water flow and because of high costs of construction

research, practically using common turbines is not beneficial.




So practically what’s important is to use the turbine which we don’t need significant
infrastructures for it. In recent decade fluid dynamics method has been used to design
many turbines and energy conversion systems. This method has been used in modeling
Viscous flow around blades. Every method has its own accuracy and costs. To simulate

computational fluid dynamics model we could use a software like Ansys CFX.

If turbine design data are as below, then we would have:

F =190 Kw
H=2.m
n =90 %

P=npgHQ = Q=108 m®/s

d... =19m

tip
Qyup = 0.42d,;, = dyyy, = 0.798 m

Considering these calculations and given steps above, full data for each
section would be as the table below:

Chord |stagger | L/D | Re*10° | Mach | Solidity
r AL | B2 | o

10399 | 321 52'2 522 0329 | 1696 | 9.75 | 1.8372 | 0.0039 | 1.0500

6
2 0'283 15.6 53;'1 455'8 04089 | 2436 | 12.3 | 2.0073 | 0.0035| 1.0773

8

0.554

3| | 21| 493 | 419 | 04754 | 30.67 | 1468 | 22486 | 0.0033 | 10909
4 0'218 8.73 461'2 3i'8 05363 | 3571 | 16.95 | 2.5647 | 0.0034 | 1.1045
5 0'375 1;'2 4::’3'6 3%3 05934 | 39.61 | 19.15 | 2.9374 | 0.0035 | 1.1182
6 | 0.728 | 240 | 415 | 343 | 06477 | 4263 | 21.29 | 3.3530 | 0.0036 | 1.1318




6 7 1 4
7 0'7977 2%'5 3%'6 3?_'6 0.6999 | 4497 | 23.38 | 3.8021 | 0.0038 | 1.1455
8 0'224 34 32'0 3:;'1 0.7504 | 46.82 | 25.44 | 4.2786 | 0.0040 | 1.1591
9 0'8268 31'7 36.6 2%8 0.7997 48.3 2747 | 47781 | 0.0042 | 1.1727
é 0.910 491'8 352'3 2?3'6 0.8479 | 49.51 | 29.47 | 5.2977 | 0.0044 | 1.1864
1 0.950 43;'5 Si'l 275'6 0.8954 | 50.49 | 31.45 | 5.8354 | 0.0046 | 1.2000

Table 3-1 design data of turbine sections

To make it easy to create a 3D geometry and to decrease the number of
sections to be drawn, the design would be done in 4 sections as below:

. a2l o, Chord |stagger | L/D | Re*10° | Mach | Solidity
1 0'3699 -32.16 5%2 5;2 0.3290 | 16.96 | 9.75 | 1.8373 | 0.0039 | 1.0500
o | 0637 | 1180 1 453 1379 | a7 | 3712 | 1789 | 27919 | 0.0034 | 1.1250
9 6 1 6 1
3 0'209 32560 3%5 3%)'6 0.7388 | 46.25 | 24.76 | 4.1454 | 0.0040 | 1.1625
4 O'%SO 43.51 34;1 275'6 0.8954 | 50.49 3145 | 5.8354 | 0.0046 | 1.2000

Table 3-2 design data for decreased sections of turbine.

Drawing blade sections
Several standard airfoils with different numbers and widths were studied and analyzed

and at last they were chosen respectively as NACA4404, NACA4405, NACA4407 and




NACA4412 sections considering NACA width and chord length of each section. Data
for each airfoil was extracted from XFoil software, and after creating Stagger angle for

the section, it will be used in Solidworks software to create 3D geometry. Below you

see some steps of designing a 3D turbine blade:

Figure 3-9 airfoils placed with desired Stagger angle and chord length and their

position in relation to rotation axis.

Figure 3-10 creating 3D blade geometry.

Figure 3-11 complete turbine rotor with 8 blades.




Figure 3-12 entry runner blades.

Figure 3-13 runner blades and their position in relation to fixed turbine chamber.

Numerical analysis and results

Software analysis

Due to current limitations in software analysis of the designed turbine, only one turbine
blade with its flow direction is simulated and different conditions will be applied
periodically to this blade and its surrounding geometry. This geometry is shown in the

figure below:




3.

1.000 ()

Figure 4-1 one-blade view and periodic conditions.

Producing mesh and its related settings
After creating intended geometry, it will be analyzed in Ansys15-CFX software. In the

next sections we will see the produced mesh on the geometry and its settings:




Details of "Mesh”

Physics Preference CFD
Solver Preference CFX
1 Relevance 0
+| Sizing
 Inflation
=l ;‘_F_’Kcﬁ "C_dn_t_c_)_rmlng Optb_n_s

i"l’riangle Surface Mesher l Program Controlled

|| Patch Independent Options

‘Topology Checking

]Yes

| Advanced
#| Defeaturing

&=l
| Nodes 2527941

" Elements
[Mesh Metric

Figure 4-2 the produced mesh and its settings.
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Figure 4-3 boundary layer mesh and its settings

To create boundary layer mesh on the blade wall, the first layer width is considered as

2e-5. This value affects the accuracy of the results and then Yplus value on the wall

must be analyzed and its accuracy must be determined. In the following figures you see

the solutions convergence and convergence of the head and the calculated torque:
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Figure 4-4 convergence charts for numerical solutions.

Drawing the results from the analysis

In this figure you see pressure contours on pressure side and suction side of the blade:

Figure 4-5 pressure contour for suction side




Figure 4-7 ¥~ contour on the blade.
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Calculations sample

All steps in designing turbine blades will be repeated considering Stagger change in a

similar way and the change in tip diameters in two different ways. Then the designed

blade will be analyzed. Below you see a sample of extracted calculations from the

software for the main turbine and other designed turbines (in the software only one

blade is analyzed and it must be considered that we have 8 blades in a turbine, so for

calculating output power and intended flow we must consider all these blades):

Head(m): H=(Total Pressure in Stn frame@inlet- Total Pressure in Stn frame@outlet)

I(p*9)

Power(kw): P=(torque_y()@blade* 8) * w(rad s 1)

Q(m"3/s):

P Total(kw)=p .9.Q.H

massFlow@ inlet) * 8/ (p)

#-=P Total(kw) / Power(kw)

After calculating the above equations and considering p =998, g =9.8 and

w="70mpm =7.33rad /s, we would have:

(%) Q(m~"3/s) Power(kw) Head(m)
Initial turbine | 89.4 11.17 194.6 1.992
Turbine with 86.9 11.17 228 2.406

higher Stagger

Table 4-1 comparison between initial turbine and 4 degree Stagger turn.

Now characteristic curve for this turbine at different rotational speeds is extracted.

Because in these turbines - unlike Kaplan turbines which have adjustable angle for entry




runner blades — angle of incidence for entry runner blades is fixed, synchronous

equipments are used in these turbines in order to connect to electricity network and the

rotational speed can change. In the following sections these charts are shown:
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Figure 4-9 efficient head curve based on rotational speed.
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Figure 4-10 power curve based on rotational speed.
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Figure 4-11 efficiency curve based on rotational speed at different flows for the

initial turbine
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Figure 4-12 power curve based on rotational speed at different flows for the initial

turbine.
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Figure 4-13 efficient head curve based on rotational speed at different flows for the

initial turbine.
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Figure 4-15 power curve based on rotational speed with different tips.

Figure (4-8) show flow efficiency for the initial turbine and the turbine with 4 degree

turning angle. With 11.17m?3s* flow and 70rpm rotation speed, initial and secondary

turbines respectively have efficiency of 89.4% and 86.9% which shows 2.80% relative

decrease in efficiency. As shown in figure (4-11), similar results are obtained in initial




turbine for 14m3s* and 8m3s™ flows which, for example, in initial turbine shows
maximum efficiency of 91.4% at 8mq3s* flow with 60rpm rotational speed. As shown in
the figure it’s completely clear that with increasing flow, we would have optimal
efficiency at higher rotational speeds. Figures (4-9) and (4-13) also show efficient head
(multiplication of head and efficiency) for the initial turbine and the rotated turbine and
also efficient head for the initial turbine at different flows. In the initial turbine with
flow of 11.17, 14 and 8 m%/s we would have maximum efficient head of respectively
2.026, 2.303 and 1.035 meters, and also for the rotated turbine at the design flow it
would be 2.275 meters which happens at 50rpm rotational speed, and this shows
12.23% relative increase. Also in initial turbine, with increasing flow, efficient head will
increase. It must be mentioned that after flow increase, the rotational speed at which
efficient head reaches 0 increases too. Figure (4-10) and (4-14) also show the produced
power for the turbines. As the rotated turbine works at higher efficient head compared
to the initial turbine, its power will be higher than the initial turbine. For the initial
turbine at 11.17, 14 and 8 m®/s flows, optimal power would be respectively 221.4, 315.4
and 81 KW, and for the rotated turbine at the design flow it would be 248.76 KW which
shows a 12.357% relative increase compared to the initial turbine with similar
conditions. Maximum power also increases with the increase in flow, as we saw in
maximum efficient head. Also it’s apparent that maximum power and maximum
efficient head happen when flow and rotation speed are fixed, and this rotational speed
may not be equal to the rotational speed at which we have maximum efficiency. Figures
(4-14) and (4-15) respectively show efficiency and power for the turbines which are

compared based on changes in external diameter. In figure (4-14) it’s obvious that with




changes in tip, maximum efficiency decreases but considering figure (4-15) we can

show that with increasing tip, we would acquire higher power.

conclusion




Based on the extracted charts and the result, we can see that:

e With an increase of Stagger angle in the design, efficient head and output power
Increase;

e With an increase of Stagger angle in the design, efficiency is lowered and
maximum efficiency happens at higher rotational speed,;

e With a decrease of flow, the maximum efficiency point will move to the left
side;

e Always with a specific tip diameter, we would have the best performance and
the design must be edited to achieve this number;

e With an increased change of the flow, the efficiency would be lower than the
design;

e With increasing flow, the efficient head of the turbine would increase;

e With increasing the tip diameter, power and efficient head increase.
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