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ABSTRACT

TITLE : DEVELOPMENT OF LOW SPEED WATER TURBINE FOR
GENERATING ELECTRICITY OF 200 WATTS

BY : PALAPUM KHUNTHONGIAN
. DEGREE : DOCTOR OF PHILOSOPHY
MAIJOR : MECHANICAL ENGINEERING
CHAIR : ASST.PROF.ADUN JANYALERTADUN, Ph.D.

KEYWORDS : FLOW WATER TURBINE / ELECTRICITY GENERATING / WATER
VELOCITY ADDITION / BLADE ELEMENT MOMMENTUM THEORY /
FLOW SIMULATION

Nowadays, searching for alternative energy is really urgent and important. Hydro power is
the one to be considered first. Regarding the strict natural reservation and bounded resource it is not
easy to construct such a huge dam in Thailand. Creating either low-hydrostatic pressure .turbiﬁe or
turbine from the velocity head in order to generate electricity would be possible way or a better
ch(;ice. Concepts of the design are to place turbine into flow water stream, turbine blades will be
rotated and transmit its power to the shaft that coupled v.vith the electricity generator as same was
the wind turbine. Blade element momentum theory was applied in designing of turbine and
computational fluid dynamics for diffuser studying. The researcher studied three blades that was
1.1 in diameter of horizontal axis turbine and to increase water velocity diffuser was installed
,with..In numerical calculation two types of diffaser were studied (1) two shell diffuser with the
 curved surface at the inlet and (2) simple diffuser with fhe‘ﬂat space at the inlet. The study found
that the two shell diffuser would be able to generate the rr;aximum flow water at 2.0 times at the
 inlet and the simple diffuser would merely generate thé flow water at 1.7 times of the inlet. But the
latter type of diffuser was chosen to build because it more casy. In the studying the effect of
diffuser angle. The results revealed that the capacity of flow water would be higher regarding the .
widened angle. At 90 degree the flow water reached the maximum rate at 3.5 times.

The influential factor to the velocity addition are (1) back pressure velocity ratio (}/) or the ratio



v

of outlet velocity and in front velocity of diffuser it found that in between 0-70 degree ¥ would be
increasing regarding it widened angle and would be constant when the angle was between 70-90
degree. When it flowed and recirculated near outlet surface static pressure at the outlet would be
low that helped draw outside fluid to come greater inside diffuser. As a result, inner velocity and
axial velocity at the outlet of diffuser would be higher (2) diffuser area ratio (ﬁ ) or ratio of inner
velocity and at outlet of diffuser that would be increased when angle was between 0 — 20 and kept
constantly when angle was between 50-90 degree. It found that there was no flow separation when
angle was between 0-20 degrees and fiuid distribution was similar to bare ideal diffuser. But, in
between 50-90 degree of angle there found similarly flow separation and inconstant fluid
distribution that caused unchanging of . Considered power coefficient of turbine (C P, R), it found
to reach the maximum rate 2.14 at 90 degree of angle, power coefficient of DAWT (C' .04 WT) was
not more than 0.59 regarding Betz limits and C p.papr Would significantly depend on C, .
When the 20 degree of simple diffuser was installed, (y) (ﬂ) (;/ﬂ) are equal to 1.2, 1.5, 1.86
respectively. It revealed that it was able to ra.ise 53.4% of power when compared to non-diffuser

installation and generate the electricity 301 watts at the inlet velocity 1.8 m/s.
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CHAPTER 1
INTRODUCTION

1.1 Background of the research

While the connection of hurﬁans rapidly expands in this globalization period, man’s
life and business operations have always been based on the competition for the energy to support
and the drive business, Energy comes from natural resources and can be found in some form in
almost all kinds of environment on earth. The more humans, the higher the energy usage
requirements but the natural resources are still without any substitution. So, the rapid depletion of
natural resources and energy is happening,

Information on global ‘en&gy usage shows that fossil fuel (hydrocarbons-- petrol,
natural gas, and coal) are most used representing 95% of usage. Another 2% is from nuclear
power and another 3% is from other sources. Examples of these other energy sources include but
are not limited to hydropower from dams, solar energy, biomass, waves, and underground thermal.
Only in 1997 energy equivalent to 9,371 billion liters of crude oil were used or almost 10,000
billion liters, nuclear encrgy 2%, water; wmd, waves; biomas_s 3%, natural gas 25%, coal 28%,
crude oil 42%. (Energy Policy and Planning Office, 2011: website)

Electrical energy is a major factor in building the economy in a developing country
like Thailand. Requirements for electrical power in Thailand are increasing, The appropriate Way
of using the energy is to be careful about it (which will help lessen the national electrical usage
and individual expenses) and acquirement of additional npatural resources. Saving the energy
effectively; moreover, will reduce the investment cost for: new energy resources that strengthens
the competition competency in the world market and fore%’gn currency in such period of economic
crisis. However, a measure on ¢ost to encourage men$using cnergy efficiently is the first one need
to be operated with energy conservation that are composed of encouragement, building conscious
mind, and giving support for domestic production activity in order to compete with the world -
market, such as supporting investment and making improvements and exceptions on the concerned

regulations; so that, the electrical production business will be able to change its administration



form in order to reduce operation costs and enhance the competition competency. Besides, to be
the fundamental components of the electrical business e.g. using alternative energy by cooperation
of the neighbors, should be supported, since not much reserved energy in Thailand were found.
After surveying energy brought into our country until 1998 was 60% import. By geologist’s report
if there’s no more reserved energy resources and the usage amount is equal to the present, we will
have reserved crude oil 17 billion liters, which certainly are not enough. Natural gas 357 billion
liters (equiv. to crude oil) will be gone Within 22 years. Coal (lignite) is left only 1,676 billion
liters (equiv. to crude oil) and will be gone away within 62 years. (Energy Policy and Planning
Office, 2011: website) Therefore alternative energy/ water power are the best choice at present,
since the clean energy with non-toxic release, water power, help decrease prpduction cost. The
electricity if often generated by water power by letting water flows through turbine, which is
similar to cycling generator. After cycling a dynamo attached with the wheel will be charged, then
we can turn on the headlight. The strengthen of hydropower is whenever water. flows through
turbine then electric | power will immediately be released that is opposite to fuel power plant,
burning fuel at the appropriate temperature first and wait until the generator gets ready to produce
the power. Hydropower plat, thﬁé, suits the electrical requirements during prime time from midday
to midnight. But the power plant from fossil fuel (coal, natural gas, crude oil) cannot be
interrupted bécause it takes time to restart the generator. As such, t_herp’s Ieﬂover‘electrical power
after the power plant continues operating. The left ones are conversely pumped to the reservoir.
When the prime time comes again water from the reservoir is let to generate the. electricity. Such
methodology ‘Reverse Hydropower production’ is now found in Thailand e.g. at Lam Téklong
Dam and Bhumipol Dam. Other positive point of hydropower is a long-lived circulating energy,
it’s not only to generate the electricity but the agriculture and rain for regenerating also. Somehow,
it occupied big space of forest to build the darﬁ for genf:;rating hydropower, which numbers of
forest spaces and wild animals are getting small. Those fcreatures leave their place before it is
flooded and some of them already extinct from earth. Iﬁdigenous people’s life is also changed.
Mainly, fuels for electricity production are from natural gas, coal, co energy, crude oil, water
power, diesel, etc. Though most coal is lignite produced by EGAT, there’s still wasteful i
production costs, There are many concerned points need to be considered well before choosing the

energy;



1.1.1 Fuel resources: numbers of reserved energy; it shouldn’t be chosen if it is not
adequate for the forthcoming future. Once it’s gone the power plant will stop.

1.1.2 Stability is to be able to manage or procure from different places. If it comes
from single or few locations, it unsecured situation because its cost might be put up unreasonably.

1.1.3 Reasonable price; too expensive price is not worth investing. It should comes
along with Ieast environmental effects concerning to poisonous gas or forest intrusion.

1.14 Type of power plant: we sometimes need the power urgently. Hydropower is
the best choice. But, if we want to continue generating power without interruption, the electricity
from coal; natural gas; or crude oil are reasonable. So, the organization in charge of electricity
production should rather be aware and make a capacity survey of water power seriously than any
other resources because it’s last-long energy.

If the EGAT, large arganization implementing electricity production activity, bring the
alternative energyl (Hydropower) to generate the electricity, production costs and natural resources
will be down. Also, making environmental consewatiﬁn and be responsiblg for society will be key
factors -supporting the organization as the leader of electricity production in the South East Asia
Region with the adequﬁte compétcncy to compete in the foreign market. As aforementioned, the
researcher rather realizes the caﬁabﬂity of electricity from water power as the alternative energy
and reserveci power of the nation than any others. |

Nowadays, the discovery of alternative energy is so important and urgent. Through the
study_ the documentation there are many capable water resources to be used for electricity
production. It is not casy, anyway, to build huge dam in Thailand, since there’s strong stream of
environmental conservation and finite resources. It'd better if a small hydro turbine is built with
low pressure water or pressure from water velocity to produce the electricity. Design of this
turbine is the turbine will be put down into the flowing Watcr. Turbines will spin around by the
force of water current that give energy to the gencrator {ria the cdnnected shaft; as same as the
windmill put it the wind current. This concept was studied and applied with the high-speed sea
current. S. Kiho et al. (1996) studied the electrical generating by Vertical Darrieus Turbine and
found the turbine energy when the water velocity is up to 1 m/s with 56% effectiveness. It‘s so _
useful for shipping, fishing and environmental works. Anyway, released energy depends on the

landscape. Other one L.B. Wang et al. (2007) applied the turbine in such similar way via a
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potential flow 2-D vortex model and found the accurate result if compared to the outcome of
W.M.I. Batten et al. (2006); A.S. Bahaj et al. (2006) studied and designed horizontals axis turbine
by the theoretical calculation and set turbine model. To deepen the perception in behavior of
turbine happening when it’s turning into direction of flowing water, force, thrust coefficient at
different level of tip speed ratio and pitch setting were studied thoroughly. Besides, I. G. Bryden
et al. (2000} applied the energy storage mechanisms that are composed of flywheels and battery
with the horizontal axis tidal turbine. It helps improve the capacity of system. ’_Fhe study of
J. VanZieten and Driscoll F. R. (2006) showed design of C-Plane turbine model — y axis tidal
turbine set up under the sea with cable and pegs and is able to adjust the level for generating the
electricity. Besides, the two turbines mentioned above there are different forms of turbines to be
studied; such as Brian Kirke (2005) studied the Ducted Current Turbine, its strengths are high
capacity, safe and minimized size of gear box. J. Bayondor et al. (2001) presented the new rodel
of hydro turbine cailed ‘advanced zero-head hydro-propulsion (HYPS)Y’, which consist of set of
blades connected with shafts. Under the consideration of aero-hydrodynamics those blades were
designed and installed together with different incidence angles; so that, the turbine is able f
receive and spréad the water powér from various water current,

Although there are many concerned studies ¢.g. windmills, high-speed ship blades and
hydro turbine, those three types of technology do not cover all .imp'ortant information of water
current turbiné and hydro turbine. It, tfxus, much information is waiting for the study, for example,
the analytical equation crcated from the understandings towards windmill and hydro turbine.
Those equations can be revised from the test results by repeating and forwarding the information
back for improving the theory; To calculate with Computational Fluid Dynamics (CFD) helps
recheck the accuracy of devices before building and cut down the unnecessary expenses.
To design the windmills can begm with editing and revising the current ones in order to comply
with water qualifications and occurrence. The study shouId cover cavitations background, level of
turbulence, and level of turbine installation. To look for tﬁe capacity of the force toward the hydro
turbine need to study the force and the moment load as well as different flowing forms concerned
to turbine dynamic, gained load comparing to water current and pitch angle change of blade
(A.S. Bahaj and L.E.Myers, 2003) and capacity of turbine. The interesting topic is proper location

of generator and controlling methodology.



The studies above emphasize on application of high-speed sea current. There’s a study
report of applied hydro turbine with rivers or other water resources at the low water velocity like
to study of Peter Fraelkel (2006). He studied the Vertical Darrieus water turbine to pump water
from Nile with the most pumping capacity at 2,000 I/h with 5 meters pressure and water velocity
at 1 m/s. Later on, it’s improved to be the y axis turbine for pumping water generating electricity.

This research aims to study the building and the experiment of hydro turbine installed
inside the Duct to be used in the low water velocity areas, such as Mun River north east of

Thailand that will be able to generate the electricity for either small villages or irrigation.

1.2 Research Objectives

1.2.1 To build and test the water duct model in water flume.
1.2.2 'To design Duct augmented water turbine.

1.2.3 Tobuild and test the capacity of water current turbine in real situation.

1.3 Research Goals

1.3.1 There’s water duct model with up water speed not less than 50%,

1.3.2 There’s design of Duct augmented we;ter,turbine with its estimated capacity
200W and velocity at 1,0 m/s, -

1.3.3 There’s hardware of Duct augmented water turbine and test result with its
estimated capacity 200W at water speed 1.0 m/s. Power coefficient of the system is not less than

2 times of water turbine without duct.

1.4 Expected outcome
.

1.4.1 There will be appropriate design of v'vater turbine with diameter about 1.2
meters 3 blades and tip speed ratio approximate 5 with efficiency of turbine not less than 25%.

1.4.2 There will be appropriate design of water duct.

1.4.3 An expected ratio of maximum water speed in duct model to free stream not

less than 1.5.



CHAPTER 2
THE CONCERNED THEORY

Water current turbines differ from hydro turbines that require the potential encrgy.
Water current furbines use the kinetic energy of the water current. As mentioned in Betz theory
that power extraction from the fluid will be a function of efficiency of turbine and the cube of the
velocity. That is if we need more p.ower we have to get more speed of current. The two
dimensional analysis by Gorlov and Silantyev (2001) presented the turbine energy as the equation

2.1,
P=[lpyn - @2.1)
S

or

pP= %quV;' 2.2)

When 77 is efficiency of the turbine
A is space of the turbine
© s the fluid density

¥, is the fluid velocity before flowing into the turbine

2.1 Blaﬂe element momentum theory (BEM)

BEM is the combination of momentum th;eory with blade element theﬁry. The
fundamental hypothesis of BEM theory is that the forcq‘ on the blade is the change of specific
momentum of the air flowing throughout tﬁe ring, b!;t it does not calculate the fluid result on the
radial span or the interaction of fluid in each ring.

| 2.1.1 Momentum Theory (MT)
It sometimes calls the theory ‘Glauert Annulus Momentum Vortex Theory’. It is

to separate domain of fluid that are flowing through turbine to be the ring on radiance (Strips or



Annular Stream tube). It, then analyze the transformation and momentum in the ring, which _wilI

consist of small theoretical component as below:

Figure 2.1 Axial stream tube around turbine.

Consider the stream tube shown around turbine in figure 2.1. From the
analytical equation of conservative momentum equation of the ring dr’ at density £ connection

of the force F, on axial will be
dF, = 4a(l— a) pV;} mdr - 2.3)

When @ is axial induction factor, velécity ratio at the decreasing speed turbine
at the inlet per inlet velocity (a= (¥, —V,)/V,) p is air density, V| is air velocity at the intet

and V, is the air velocity at the blades.

Figure 2.2 Annular rotating stream tube.”



By the analysis of conservative momentum equation at the angled momentum

of Annular rotating stream-tube in figure 2.2 the relation of Tangential force T will be
dT = 4a'(1-a) pVym*Qdr (2.4)

Q is angled velocity of the blades,a' that was defined as angular induction

factor a'= @/ r(} by wis the angled velocity of wake at the blades turbine.
2.1.2 Blade Element Theory (BET)

BET is considerati-ons of the two-dimensional operating force on the blades.
The blades are lengthwise separated and calculated it values, such as lifting force and drag force as
the results of attack angles. The velocity between each part of blades won’t be considered.
It means the ﬂmee—dir'nenéional results are not concerned.

The released velocity were described as the Axial velocity and Tangential

Velocity if consider the blade element. The axial velocity on blade element is V,=V(l-a) and

1 . .
the Tangential velocity is »Q + Era) ; rQ)  is wake velocity

Figure 2.3 Velocity and the force on chord of windmill,

¥

If considered the vectorial velocity as in Figure 2.3, the relation will be

B A(1+4d)
~ (-a)

(2.5)

tan §



When ﬁr =—
V

From figure 2.3 the follow equation is apparent

_V{l+a)
- cos f

w

(2.6)

The forces on blade element are show in figure 2.3, not that by definition the lift
and drag forces are perpendicular and paraliel {o the incoming flow. For each blade element one

can see
dF, =dLsin f—-dDcos (2.7)

dF, =dLcos f —dDsin ] (2.8)

Where dL, dD are the lift and drag forces on blade element respectively.
dL,dD can be found from definition of the lift and drag coefficient as follow.

dr =1 oW cdr
2 (2.9}

dD =% S PW cdr (2.10)

If there are N blades, combining equation (2.7) (2.8) (2.9) and (2.10) it can be
k|

shown that

drF, =N%pW2(CLsinﬂ+CD cos f)cdr (2.11),

dF,=N é— PW(C, cos B—C,sin f)cdr (2.12)
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The Torque on an element d7 is simply by the tangential force multiplied by

the radius,
ar =N%pW2(CL cos ff — Cpysin fcrdr (2.13)

B, W can be expressed in term of induction factors etc.(Equation (2.5) (2.6)).

Substituting and carrying out some algebra yields

dF, = o'npV? (- z (C, sin f+C,, cos f)rdr (2.14)
cos’

dT = azrpVZ( ; (C,cos 8~C, smﬁ)rzdr (2.15)
cos’

Where o’ is called the local solidity and is defined as

, Nc
o =—
27

(2.16)

Define (J as tip loss correction

0= %cos"l[exp[— (——-—AE : /212);;/;) DJ (2.17)

The tip loss correction is applied to equation 2.3 and equation 2.4 which become
1
dF, = 4Qp¥; a(l - a)mrdr ‘ (2.18)

ar = 40pVa' (1 — a)Qr* mdr (2.19) .
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2.1.3 Blade Element Momentum Theory (BEM)
We now have four equations; two derived from momentum theory which axial

thrust and the torque in terms of flow parameters.
dF, = QpV;* (4all ~ a)rdr (2.20)
dr = QpV 4d'(1 - a)pVQur’ mdr (221)

We also have two equations derived from consideration of blade forces which

‘express the axial force and torque in term of the lift and drag coefficients of the aero foil

dF, a:rsz - Z (C, sin B+, cos Byrdr (2.22)
cos’

dT = O'ﬂ'pVZ( ;)6 (C, cos B—C, sin Byr’dr (2.16) (2.23)
cos’ :

To calculation rotor performance equation and from a momentum balance are

equate with equation. This is done the following useful relationships atise

a o' (Cysinf+C,cosf)

= (2.24)
l-a 4Qcos’ B
f ! _ :
a _o(Cycosf Cz'D sin f3) 225)
I-a 40QA,.cos” B
.
Two equation above are used in blade désign procedure
b
Power output from each annulus is
dP = QdT (2.26)

The total power from the rotor is
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P = Qdrdr .27)

¥, is the hub radius, The power coefficient C, is calculated from:

R
faar
P ; ‘
C,= =—* 2.28
PP, 05pnRV’ 228

Using equation it is possible to develop and integral for power coefficient

directly. After some algebra:

L 8% o, C,tan 8
C, -;D;;[Q/ﬁa (lma{l-DC—]dﬂr (2.29)

L

2.2 The equation of flow conduction of fluid

The conduction of fluid flow can be explained by mathematical equation that consist
of the equation of mass conservation, momentum conservation, the model of turbulence, and the
Computatioﬁai Fluid Dynamics (CFD)to be used as the study tools water fluid through the hydro
turbines, The conservative equation of fluid: The fluid equation is the relation of fluid flow that
can be figured out in differential equation, in terms of any quality changes of the fluid. Those
equations are from the rules of mass and momentum conservation as explained below.

2.21 The équation of mass conservation -

It’s considered when the fluid gets through a small frame at drand dy
dimension as in figure 2.4, By the fact that mass can’t be v;anished; so, both inletting mass and out

.
letting mass at the ratio area will not be different.
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Y4 {pw-%":‘llddex

{pu)dy  ——ip —b{pu +§%§)~zﬁ£:'¢b}

-
(P")dx 1 X
Figure 2.4 Mass forms through a small frame.
: LICOFRFeS _ o)

X: [pu-i— . dx}dy {ouldy 3 dxdy (2.30)

PO C.) } , opw)
Y: +——=dy |dx— =—"dhdh (2.31)

[pu o e[l 230

u and v respectively are the subordinate velocity in x and y, which will

depend on location of x and y. That is u = u(x, y,t) andv = v(x, ¥, t), as the mass inside a small

' 7,
frame is pdxdy . So, the ration of reduced variable mass is — ~c§ dxdy ; the increasing mass equals

the decreasing ones inside a small frame. The equation 2.32 is the mass conservation equation

explaining the first equation.

o, [___.6(!9”) 22 )] =0 (232)
ot ox ay
o .. = .* |

or 5 +div(pVy)y=0 . (2.33)

¥

2.2.2 The equation of momentum conservation

Considering the mass of little fluid with d and dy dimension as in figure 2.5.
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Y or, |
A 3
T, +——dy tdx
%
.
op
‘ & o
S 2
{er,
S gy
o dy g [cr + P dx]d
. Bamet ¥ x
C 8r
[Tw'ﬂ'"gy"”dy dX

Figure 2.5 The force effects mass of small fluid.

From the 2" tules of Newton F =ma when it considered the cooperative

force on X the result will be

~9p 0o Ot _
F =| —+—~+—% |dxdy + of .dxd 2.34
« {Gx e 8y:’ ly + gf dxdy (2.34)

The mass of this fluid is m = p(dxdy) and the acceleration force on X is

u | Lo . . ,
= if mand a_ were substituted in the second rules of Newton, the equation 2.34 will be

Du 6p oo, ©O1,
— oy Ty 2.35
P T e Ty T (235

Whereas the acceleration force on y willibe

]

Dy ﬁp éoc, Ot o ’
o, | 2.36
P o ay » o +pf, (2.36)

By equation 2.35 and 2.36 are the absolute value of the differential equation that
can be arranged in simple differential equation as in (2.37) and (2.38).

On X axis
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opw)  pu") pw) _ dp, 2 [sz(V)+2pa”J+3[ [@ a“Hﬂy (2.37)
ot Ox oy ox o 5 ay| \ox oy

. On 'Y axis

) ) Apwy p Bf,. - | ouj 0| [
5 + Y L ay+ay(ﬂdzvV+2yay] ax[ (Bx ay)]-i—pf (2.38)

(2.37) and (2.38) show the conservative momentum equation of the fluid mass.

2.3 The model of fluid turbulence

_ The ﬂuid ai high Reynolds’s number will be in turbulent form, which the quality of
fluid will not in order To find solutions of fluid mathematical problem, thus, will be d1g1t methods
that take times and is uneasy Some people try to set the disorderliness model of fluid due to be
used for calculate the fluid mass. Before that it needs to know the turbulent conduction of fluid
and the average equation of Reynolds, as it’s the fundamental concept based on turbulent fluid
model. |

2.3.1 The average equation of Reynolds;
- The velocity and all qualities of turbulent fluid disbrderly will depend on time

as in figure 2.6; 4 = u(x, Y, z,t) is the quality of fluid and the function of location and time.

4

Figure 2.6 Disordered changes of variation fluid.
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To be easier to solve the system of Navier-Stokes, Osbomne Reynolds the

average u is set from
A= I udt (2.39)

At is the average of time. The wider space is the more accurate value. Mostly,

its set A —> 00, with quality of fluid will be #, =i, +w; U =U+U as in the vector form and
will be replaced in Navier-Stokes equation.

Mass conservation equation
p .., 5 '
o +div(pU)=0 (2.40)

The equation of three dimensional momentums

dpu™) _ (puv) _ a(pu'_w'} of. aD)

Now)y ., — oP —
Py iv( pul + div(ugradu) + |: %

AN pu'v') a(PV a(PW:'Jr of, (2.42)

(P )—!-d v pu U__%+d1v(ﬂgradV)+|: e d Oz

ot

(p)

— NTETY ]
a(;;z; w) a(p;} W) 5!;;” ]+ of, (2.43)

oP
= dtv(puU = o + dzv(ygradw) +]i
Above equations called Reynolds’s ,‘ or Reynolds-Average Navier-Stokes
equation (RANS). Those are similar to the former Navier-Stokes equation, but the stress on the
right hand side parenthesis is added. All three dimensions will be six terms all together. Those
stresses are called Reynolds stresses. By the experiment of Boussineq presented the relation of _

stress towards the average velocity of fluid by the transformation ratio of fluid element as:



17

oz, ox; ) 3 ox

J i

Reynolds stresses, pu u; = {% + %} - g( Pk + 1 —ai}ij (2.44)

£ is Turbulent viscosity; a necessary variation that needs additional equation
in order to enable the equation solves the problem. This equation is the model of turbulent fluid.
2.3.2 Standard £ — & turbulent model
Standard £ — & turbulent model is what the turbulent viscosity works as the
function of turbulent kinetic energy, k, and the dissipation of turbulent kinetic energy, £ with the

two set of transferring equation of £ and £ each

(p ) +dzv(pkU )= dzvl:(,u + )gradk] +G, +G,+p, -1, +85, (2.45)

Oy

' 2
i )gradé:] +C, % +(G, +C,,G,)~C,, p% +S,  (246)

8

a(p ) + dzv(psU )= dzv{(,u +

G, is the befallen kinctic energy. The average velocity G, is the kinetic
energy from the reaction of Buoyancy; Y,, is the reaction of the compress per the fluid turbulent
viscosity (C,, +C,, +C,, ), dk and o respectively is the Prandtl number of k andé& .

Turbulent viscosity Model or £, is

kZ

=pC, (2.47)

When C,, =144, C,, =1.92, C, =0.09, o, =10, o, =13
2.3.3 &k —¢& RNG turbulent Model: i
k —& RNG is the invented turbulent model from the Navier-Stokes equation
with the methodology called ‘Renormalization Group’ (RNG). Its turbulent viséosity is different

and some terms are added from Standard % — & model. The transferring equation is;

—Qgﬁ + div(pkT) = divl, i,y gradk |+ G, +G, + p, — ¥, + 5, (2.48)
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— 2
% +div(psU) = divlar s, grads |+ G, % +(G+C,,G,) —C,, p% ~R +S,  (2.49)

G,,G, and ¥, similarly mean standard k —¢& transferring equation; while
a, and a, respectively are the verse effective Prandtl numbers of k& and £. Through the

differential equation of the turbulent viscosity of RNG % — & model is

2 ., Fa
d(flEJ::L72—:;JL——~
‘/a 1}v-1+Cv

V=41 /p and C, =100

(2.50)

By the equation 2.50 it will work well when the fluid is at low Reynolds
number. If the fluid conducts at high Reynolds number, the equation 2.48 will be replaced with

C, =0.0845. The calculation for- &z, and e, solution is as below

0.3679

la-1.3929 " & 23929 0,

lor, 13929 la, —2.3929) 1ty @.51)

R, in equation 2.49 can be solved from the relation blow; in case the high

Reynolds number &, and o, =1.393

301 2
Re = CuP ;7/ Mg & (2.53)
1+ Bn k

The viscosity of equation 2.48 and 2.49 wiltbe C,, =1.42, C,, =1.68
2.3.4 k — g Realizable turbulent model '
Realizable turbulent model is invented t;y the Shih research group. It dissimilar
from the two models mentioned above. The eddy—visc‘osit)lr relation is invented in equation 3.18 by
solving C o as recommended by Reynolds’s and build the equation of & from dynamics equation

model. The transferring equation of Realizable k& — & model is

k

a%‘l +div(pkT )= div[(u + ii)gmdk] +G,+G,-p, - ¥, +8, (2.54)
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dpe . — .
fa—f +div(pel) = dzv[(,u +m£_-[‘;)gradg] +pCS, — pCy —p— P \/— CagG S, (2.55)
when
c, max[O 43 L] | (2.56)
n+5
p=sk @57
€

As same as standard £ — £ model the relation used for turbulent viscosity in is

from equation 2.49, but C, will be used from

C,= ﬁ | (2.5_3)
&
Here U’ is from U’ Em (2.59)
An Qy =Q, 2,0, | (2.60)
Q, =Qy - £,0, | (2.61)

In which 5; definite mean rate-of —rotation tensor with the viscosity value

at A, =4.04, 4, = /6cosy ; anyway

S8,y —
$= é—cos"! W) = %""S =/S,8, (2.62)

Vo2l oy, ox

i J
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The viscosity value of transferring equation will be

C, =144,C,=19,6, =1.0,6, =1.3

2.4 Continuity equation in an uninstalled air-propeller diffuser

According to momentum theory, the pressure and the velocity will be concerned to
ditfuser figure that will be changed as per space of the surface. In figure 2.7, the reference point
will be the space at the diffuser outlet. The pressure at the back and the front of the diffuser equals

atmospheric pressure, F,. Bernoulli’s continuity equation shows the total pressure as:

1 1
P, =P9+%PV02 =F +"2"PV12 =P3+EPV33 :Po"'%pyez (2.64)
inlat gt
g [P ] P3
%’ I
§ Uﬁ v3

Figure 2.7 The relations between the pressure and the velocity inside diffuser.

According to the continuity equation, the relationship between the velocity at the

nozzle and velocity at the diffuser outlet will be 1

b

= B, 265

[ is the diffuser area ratio

From equation 2.64, the total pressure at the nozzle equals:
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By = B+ plB7,Y 2.66)

If there is no back pressure at the diffuser outlet (P; = Py and ¥, = %), the pressure

equation at nozzle will be:
_ 1 2 2
1DI ——Pﬁ"i'-z—l—ﬁ pI/O (2.67)

Itis bbvious that the pressure at the nozzle will be reduced when the diffuser area ratio
(f)is more than land the diffuser outlet pressure will be less than the inlet velocity. The

relationship between the inlet and the outlet velocities can be represented as:
Vi=pVy (2.68)

where Y is the back pressure velocity ratio. The pressure at the nozzle then equals:
P =P +~(1- g2 oW 2
1—0'2"_?’90 ('69)

Hence, if the Diffuser arca ratio 3 is more than 1 and back pressure equals naught or
less, the pressure at nozzle will be lower that inlet pressure. To calculate the outlet velocity of
Diffuser V; will be easier if we know the @ometric configuration of Diffuser. Also, the velocity
at other locations can be calculated with continuity and under the assumption of a uniform velocity
distribution at each diffuser section.

Through the force of the axial flow in the ;lminstalled turbine diffuser, when the
conservation of momentum was applied with the circular—Pipe shape air inlet, the total axial force
on diffuser equals zero. Bernoulli’s equation can be élpplied to all streamlines by using the same
calculation. The unchanged velocity and pressure of the streamlines can be shown from the front
and the back far away of the diffuser.

Without the turbine, the velocity ratio in the nozzle and the flow velocity before

getting to the diffuser (V) always causes an error in air propeller energy prediction. If equation
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2.65 is combined with equation 2.68, the velocity at the nozzle equals Sy¥,; but the maximum
energy is unequally 33y? Comax Where Ly gy defines the coefficient for the maximum energy
obtained from the air propeller. If it is without a diffuser, the maximum will be much lower. This

will be discussed later on,

2.5 Continuity equation inside Diffuser augmented wind turbine (DAWT)

When the diffuser comes with a turbine installed inside, the system study will not be
easy. Using the one dimensional theory, the velocity is set from the diffuser configuration, though
the configuration at the inlet is flat to protect the separation of fluid flow, The configuration
sometimes is not important to be unders.tand process of the DAWT function. Generaily, the
velocity ét the outlet (%) is lower than at the inlet one that can be lower until reaches the wake
velocity (V) at the étmosphere pressure ( F, ). The location of the turbine is unimportant to the
study df the ‘energy transformation topic in momentum theory. Turbines will lower .the total
pressure inside the diffuser, which obviously leads to decreasing total pressure at the outlet. The
nozzle is the most appropriate location for the turbine because the lowest chord can build the
smallest turbine.

Developed by Van Bussel, the one dimensional theory for an air propeller comes with
the hypothesis that the wind at the outlet of the diffuser has the samie status as the wind from a

simple air propeller (without back pressure).
Vv, ={1-al, (2.70)

The axial induction factor (&) will be specified for the outlet of diffuser the same as
the general air propellers. This inducﬁon factor will be héxff of the one found in thé wake of the
DAWT (V, = {1 — 2a)}¥,). According to the continuity equation, the velocity at the nozzle of

b

the internal turbine equals ¥; = B%;

vi=Q-apr, | @7
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For the cases of the velocity at other locations inside a non-turbine diffuser, it can be
calculated using the continuity equation, when the back pressure at the outlet of diffuser is prsent.

Ther? the velocity will equal

V, =({1-a)¥, (2.72)
The velocity at the nozzle will equal

v, =(1-a)ypv, (2.73)

The relationship of the pressure is from Bemoulli’s theory when the location of furbine is at

nozzle. The front pressure of the turbine equals

P =P, +.[1—ﬁ2r2(1—a)2]%p%2 | (2.74)
The back pressure of the turbine is

B =P+ [1-20f - gy (=P Lo 2.75)
The differex-lce in pressure equals

P,— P, =44(1 —a)% oV, (2.76)

1

These are the old equations for straddling pr?ssure of general turbines. On the other
hand, the straddling pressure will not depend on the diffuser area ratio and the back pressure ratio.
The location in the diffuser means that the gained energy per unit of air volume will equal that in a
non-diffuser turbine. If compared to a simple furbine, the air flowing through the turbine in the .
diffuser case will be increased by a factor of By.

Force and Trust for a DAWT
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From equations 2,73 and 2.67, the power coefficient of the turbine will equal
2
CP,ro!or = ﬁ}/4a(1 - a) (277)
and the power coefficient at the outlet of the diffuser equals

Cp o = ydall —a) | (2.78)

As mentioned above, the trust of the turbine in the diffuser will equal the frust of a
non-diffuser turbine. The equation for the conservative of momentum combined with the fluid ina

DAWT wilt be
Cr 1o = Brdall —a) 2.79)

. Where, for the present purpose, the rotor area is used for non-dimensiona! the total
thrust. This leads to the conclusion that the thrust on the diffuser is dependent upon the thrust of

the rotor:

CT.DI' ser CT,Toml - CT,Roror = (ﬁ]’ - 1)40(1— a) (2'80)

The diffuser thrust coefficient is non-dimensional with the rofor area. Diffuser trust
coefficient is not concerned to space of turbine. That is the trust on diffuser will be the

proportional of increasing mass in DAWT; whereas, the trust on turbine is not.



CHAPTER 3
LITERARY OVERVIEW

The DAWT will be installed inside a duct with turbines. Iis function is to broaden the
air space before it reaches the turbines; this means that much more air will flow through the
turbines with less internal pressure and result in a higher energy when compared to non-diffuser
turbines. Therefore, there are many people interested in further studying the advantages of

a DAWT and the application to a water current turbine that will be discussed later on.

3.1 Diffusers and windmills

D. G. Phillips et al. (2002) from the University of Auckland, New Zealand studied and
developed a DAWT pilot model called Vortec7 using the concepts of Foreman and Grumman
(1999). The external air jets are used to prevent fluid separation and control the boundary layer in
the diffuser. Through studying an actual built model using CFD and flow visualization techniques,
it was shown that there is fluid split at the back of the nacelle, and at the diffuser outlet flange, and
there is reverse fluid around the inlet ring that causes a lowering of the effective flow area. It was
also discovered that the velocity at the blade plane is changed, depending on blade radiance, aﬁd,
if the value of disc loading is high, the fluid will be pushed fo the diffuser, which causes a
lowering .on the capacity of the fluid split and the wall decrease; but the unwanted reverse fluid
will happen around the naceile widely. D. G. Philips, therefore, installed an elliptical nosecone
with nacelle and bull nose at the inlet slot in order to protect against the fluid reversal. He also
improved the diffuser outlet flange and secondary irﬂet slot in order to improve the flow
effectiveness by directing the flow tangentially to the éiffuser wall. Moreover, it increases the
velocity at the inlet boundary control slot 67%, on the biade plane 10%, and at the blade tip 20%.
If it is compared to the former model, it increases the power coefficient factor four times.

D. G. Phillips et al. (2008) also designed a new diffuser using the Vortec7 as the

model. The inner inlet and the diffuser exit flange were cut off. He lengthened the primary
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diffuser, revised the area ratio, and the diffuser angles such that the effectiveness is two times
better than the first revision.

Toshio Matsushima et al. (2006) studied the results of frustum-shaped diffuser that
effects to capacity of small air propeller. From the system model by I-DEAS software, he found
the more length is the more air velocity at the inlet. The air velocity will increase with the increase
in the expansion angle until it reaches 6°. Then the air velocity will be lower and the height of the
flange (not over 0.2 m) affects the air velocity. A fiustum-shape diffuser will increase the specd
1.7 times if the appropriate diffuser is chosen. The highest velocity at the inlet from the field test
showed that the system is able to release the 2.4 times the energy of the equivalent non-diffuser
turbine. -

Yuji Ohya et al. (2008) studied and developed the installed-diffuser turbine. He has
studied nozzle, cylindriéai, and diffuser type turbines. The latter model is able to increase the
velocity 1.8 times whefeas the nozzle type reduces the sped and the cylindrical type maintains the
speed. The properly developed diffuser is when L/D is more than three. In this case the velocity
willAbe faster; In practice, the researcher has replaced L/D < 3 by L/D = 2 because its effectiveness
is not significantly different,“ the ‘diffusers are easy to instzill, and the diffﬁser open angle (D) is 4°,
In addiﬁon_, the researcher has instaIIe.d' an inlet shroud and ring type flange WD=0.25) at the
outlet of the diffuser, that help augment the air velocity by 1.6-2.4, Installation of a smooth curved
inlet shroud helps smooth the fluid and control the fluid split at the inlet.

Setting up the ring type flange at the outlet of the diffuser causes a vortex with less
static pressure at the outlet. ‘The base pressure coefficient (C,,) at the outlet (E = 1)=-0.75 and
equais -0.2 if the flange is not installed. Vortex and the fluid split at the back of the flange bring
more air into diffuser. Ohya then built the turbine and diffuser models and tested them in the lab.
The 1/D was overhauled to 1.25 to be a well-proportioned figure. The turbine will resist the air
fluid if it is installed inside. Therefore, to control the inter:lai fluid (P was revised to 12° and /D =
0.5. Other revised proportions were the hub ratio to ‘Dh/i)‘—"22 and the center body length to Ls =
0.75L. The results show that installing the turbine inside diffuser releases 4-5 times the amount of
outlet power over other uninstalled ones.

K. D. Visser (2009) reports on studying the Wind Tamer turbine. The concept of this

turbine is to utilize a diffuser to increase the power produced by an open rotor wind turbine. The
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configuration combines the concepts into a functionaily attractive design that eliminates the need
for furling and reduces noise. The WindTFamer turbine has produced a power coefficient based on
rotor area of twice of current small turbines. Visser also estimates for the WindTamer turbine that
span a generator range of 1-15 kW with varying rotor diameters of 52-172 inches . Power ratings
are defined at 11 m/s wind speed based on assumptions of an augmentation factor of 2, no furling
of turbine, and a maximum continuous generator output at 33% above the stated generator value.
It was observed from the numerical estimations that the Wind Tamer can produce approximately
twice the annual energy output for a given swept rotor area as a conventional open rotor design.

Juma Yousuf Alaydi (2010) presents a theoretical demonstration of a DAWT. They
studied the DAWT using one-dimension analysis, mathematical models, assumptions, estimations,
and maximization of power coefficients and augmentation ratios. With momentum theory, it was
show- that power augméntation is proportional to the mass flow increaééd in the throat of the
DAWT. He also stated that increasing the diffuser area as well as the negative pressure at the
diffuser exit was profitable. The rotor power coefficient values of Cpppppe = 2.3 might be
achievable according to theory. An optimal exit-area-ratio depend upon economic arguments
however the exit-area-ratio wouid not likely exceed a value of around three,

‘Yuji Ohya and Takashi Karasudani (2010) have developed a ‘wind turbine that consists
of a diffuser shroud with a broad-ﬁﬁg brim at exit periphery and.a wind turbine inside. In a long
diffuser (Length = .1.47 * diameter) the output power of a micro scale wind turbine was increased
4-5 times that of a conventional wind turbine, This was due to the low pressure region created due
to a strong vortex that was formed behind the broad brim and caused more mass to pass through
the diffuser. At the same rated power, a compact brimmed diffuser wind turbine is two-third the
size of a bare turbine. { . _

Ken-ichi Abe and Yuji Ohya (2004) inveétigated for flow fields around flanged
diffusers to develop small-type wind turbines under 1.5 l;;W. Comparison of the computed results
and experimental data shows the performance of‘a ﬂ[anged diffuser strongly depends on the
loading coefficient as well as the opening angle because it affects the nature of the separation
appearing inside the diffuser, The investigation suggests that the loading coefficient for the best

performance of a flanged diffuser is considerably smaller than that for a bare wind turbine.
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3.2 A diffuser and a water carrent turbine

The resuits of diffuser per energy obtained from hydro turbine by the system model
was studied by D. L.F. Gaden and Eric L. Bibeau (2008) under the steady state, inlet water

velocity at 3.0 m/s and 2.4 meters of turbine diameter as fig 3.1

Ly =0.8M

Dpyo=24m (o T D,,=0.4m

Lu=2.2m—

Figure 3.1 Hydro turbine under the coﬁcept of David L. et al. (2008).

If the shroud is installed without the diffuser, the output power will be 16.4 kW when
the Betz limit is 34.9 kW (only 46.9% of the maximum theoretical output.)

‘When the diffuser is instalied inside the hydro turbine area ratios.>1 and < 1.56 will
have the effect of augmenting the velocity or increasing the energ.y glenerated while the drag force
will increase with the area ratio. The net result is that the energy generated will be at its maximum
at a diffuser angle of 20-30" and then will decline. When the diffuser angle on the model was 45°
there was a vortex at the outlet of the diffuser. From this study the well proportioned diffuser
angle is 20°, with an outlet diameter at 3.0 meters. The generated energy will be 3.1 times that of a
turbine with no diffuser installed. ‘

By Brian Kirke (2005) is the study of setting 1.2*1.2 meters slot duct that consist of 2-
sided airfoil section slats with the cross flow hydro, turbine with the velocity test at 0.5-0.9 m/s.
The capacity of Cp system will triple increased or be able to augment the water velocity 43% of
the uninstalled diffuser ones. Somehow, it doesn’t mention any information concerned to diffuser.

The study of F.L. Ponta and G. S. Dutt (2000); F.L. Ponta and P.M. Jacovkis (2008)7.

- reported on the development of a hydro turbine using a chanmeling device as shown in figure 3.2.
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Figure 3.2 F1-UBA Vertical axis water current turbines by Ponta and Dutt.

In the study of 5 forms of channeling devices, the output velocity was augmented 25-
80% over the input velocity. When the external water velocity is higher than 2.0 m/s the

channeling device has little effect on the augmentation of water velocity.

3.3 The particular study of diffaser

Karanja Kibicho and Anthony Sayers (2008) studied the fluid in wide angle diffuser,
since the dispersion of pressuré inside wide angle diffuser is irregular. There is a split of the fluid
fro?n wall but the fluid remains attached to the other side. This is called stalling. Stalling effects
the overall fluid behavior inside the diffuser and makes the flow very inefficient. Kibicho and
Sayers' measured the complete velocity and static pressure fields and pressure recovery data for
diffusers in fully stalled regimes with the Reynolds numbers between 1.07x10°-2.14x10° and

diffuser divergence angles between 30°- 50°. The Reynolds number did not significantly effect the
velocity and pressure profile but rather effected the pgessme recovery when the velocity was
increased from 10 m/s to 20 m/s increasing the wall static1 pressure recovery 8.32%. If the diffuser
angle is increased, the percentage of pressure recovery is also raised by a similar increase in the
Reynolds number.

R. K. Suﬁerey et al. (1983) conducted a comparative study between the capacity of
straight and curved diffusers at Reynolds numbers between 7.8x10’ - 1,29x10°, The fluid behavior

in the diffuser depends on the divergence angle, the ratio of the wall length to the throat width and
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the turbulence of the inlet free strcam. The study said that higher pressure coefficients are
attainable with straight diffusers. Increasing stream turbulence has a favorable effect on diffuser

performance.

3.4 The particular study of a horizental axis water current turbine

In 2006 W. M. J. Batten et al. (2006) presented the methodology for the design of
horizontal axis marine current turbines. They investigated the performance of 2D section shapes
both experimentally in a cavitation tunnel and with numerical simulations. A numerical model of a
typical 3D rotor is used to demonstrate parametric variations of the desigﬁ parameters and the use
of alternative blade sections. The results show that the narrow blades and near 2D flow, the
turbine can be modeled successfully using blade element momentum theory. The investigation
also demonstrates that the 0 degree pitch angle blades of the NACA 63-2xx and NACA 63-8xx
series gave higher perﬁ-).xmance thén the 8 degree pitch angle. It was rep(;ited that the NACA 63-
2xx section blade at 0° pitch suffered some cavitation on the blade, while the NACA 63-8xx
section was cavitation free. The cavitation can be avoided or minimized by suitable pitching of the
blades or the use of a section with higher camber. 7

"W. M. J. Batten et al. (2007) reported test results on 1/20th scale model of a 16m
diameter horizontal axis tidal turbine. Cavitation tunnel expeﬂhehts for different blade pitch
settings were compared with simulations based on a blade element-momentum theory they
developed. The results showed good agreement with theory. Then this numerical method was used
as a tool for designing a turbine and optimizing the energy output with tidal data of Portland Biit,
The results showed that there was a balance between design loads and energy yields.

D. P. Coiro et al. (2006) presented the numerical and experimental investigations of a
scaled model of a horizontal axis turbine which was desiéned to hamness energy from marine tidal
currents, based on standard Gluert’s blade element th‘eory' and modified Prandt!’s theory. The scale
model turbine was tested in a towing tank reproducing the same cavitation number and tip speed
ratio (TSR) expected for the real scale turbine which is expected to produce 300 kW of electrical
encrgy. The experiment data showed 45% efficiency and the turbine has good performance at

design TSR and higher.
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Danny Sale, Jason Jonkman and Walt Musial (2009) presented the adaptation of a
wind turbine performance code for use in the development of a general use design code and
optimization method for stall-regulated horizontal-axis hydrokinetic turbine rotors. This code
couples a miodern genetic algorithm and blade-element momentum performance code. They stated
that this method calculates the optimal chord, twist, and hydrofoil distributions and rotor speed
which maximize the hydrodynamic efficiency and ensure that the rotor produces an ideal power
curve and avoids cavitation. They also verified the hydrodynamic model using an array of 6 35-
kW, 5 m diameter turbines in the East River of New York. They found that the errors of

prediction of mechanical power were +-15%.

Figure 3.3 The 35-kW hydro turbine of Danny Sale et al. (2009).

Ju Hyun Lee at al. (2011) reported on studying horizontal axis marine current turbines
using computational and experimental methods, For the computational analysis, two methods were
utilized: the blade element momentum theory (BEMT) and the computational fluid dynamics
(CFD) method, based on the Reynolds-averaged Navier-Stokes equations, For the experimental
analysis, open water tests were carried out in a’ towin:g tank. The comparison of CFD and
experimental results showed that the results of BEMT and CFD were close to each other around
the design TSR. The peak power was predicted arounii the design TSR of 0.46 for both cases. The
differences between the experimental and computational results are considered mainly as

Reynolds number effects. Due to the friction loss in the gear, the torque was slightly under- -

measured.
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X. Sun, I. P. Chick and L. G. Bryden (2008) reported the establishment of a laboratory-
scale model, by using the commercial computational fluid dynamics {CFD) code Fluent, in order
to predict local-flow consequences resulting from the extraction of energy in a tidal flow. The
CFD model simulates the operational conditions for tidal energy extraction in a channel, A wake
region is formed behind the tidal energy converter, which is characterized by reduced velocity due
to energy loss. The velocity however, recovers gradually with downstream distance. Since the
mean velocity in the wake is lower than the free stream velocity, the velocity outside the wake in
the channel must be higher than the free stream in order to maintain continuity of flow rate.
Because of the blockage effect, the water speed is accelerated around the tidal energy converter
and also along the downstream wake. The CFD results also demonstrated that the distortion of the
free water surface will distort the wake and influence the performance of a turbine. Hence, the use
of theoretical methods for wind turbines would cause fundamental errors, when applied to tidal
current devices, .

T. O’Doherty et al. {2009) studied and described in their paper using CFD and
laboratory tests undertaken on a 0.5 meter diameter horizontal axial tidal turbine (HATT). The
viscous models all performed Well at predicting the power characteristics, but the higher order
tarbulence models captured }.he full operational range of the measured power and torque curves
better, with the Reynolds Stress Model (RSM) being the preferred model. The predicted €,  for
this blade design of ~0.4 was confirmed by the experimental study which also confirmed the
relative insensitivity to the blade pitch angle within the discussed range of 3° — 9°,

Chris Ggrret and Patrick Cummins (2007) report on the maximum efficiency of
turbines in a tidal channel. In order to achieve the upper limit the turbines should be deployed
uniformly across the channel, with all the flow through th@m. An isolated turbine is more effective
in a channel than in an unbounded flow, but the current Zdovmstream is non-uniform between the
wake and the free stream. Hence some energy is lost whe;n wake and free stream merge as occurs
in a long channel. For the ideal turbine, the fractionhl p(;wer loss increases from 1/3 to 2/3 as the

fraction of the channel cross section spanned by the turbine increases from 0 to 1.



CHAPTER 4
RESERCH METHODOLOGY

4.1 Research Methodology

In the study the important tool is Computational Fluid Dynamics (CFD) Program that
will be able to show the virtuzal flow that occurred inside diffuser and turbine. The fundamental
turbine design was applied with Blade element momentumn (BEM), then created the flow

simulation by CFD that would probably be revised its design if necessary. Designed by CFD, the

authentic.

Figure 4.1 Research methodology
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In this study the important tool is the Computational Fluid Dynamics (CFD) Program
that will be able to show the virtual flow that occurs inside diffuser and turbine, The fundamental
turbine design was applied with Blade Element Momentur (BEM), then the flow simulation was
created by CFD that would probably be revised its design if necessary. Designed by CFD, the
authentic figure would be simulated to compare its result and chose the proper design to be built in
reality. To examine power generating, it would be tested in a current during the last stages

Sirindhorn Dam, Ubon Ratchathani.

4.2 Computational Fluid Dynamics (CFD)

CFD (Computational Fluid Dynamics) is the fluid system analysis using numerical
methods to determine the solution. In this process, a computer is used to do the calculations by
iteration., Thefe are three main processing methodology that consist of

| (i) The pre—processof is to define the physicﬂ domain, split the domain problem into
small cells, and define fluid properties and characteristics of flow such as laminar or turbulent
flow and the boundary conditions.

(2) The processor calculation will solve the problem using the numerical method in
order to determine the solutions. There are three popular processing methods at present: (1)The
finite difference method; (2) The finite element method; and (3) The finite volume method. Their
details will be discussed later on.

~ (3) The post-processor shows the solutions to the problem, which are generally the
contour, graph, or vector.

The analysis of fluid dynamics problems will be concemned with partial differential
equations that explain the properties of fluid related to mass, momentum, and energy conservation.
Their details are 2. The finite volume method will iae discussed in the report, since this
discretization was applied in the FLUENT 6.3. ['

4.2.1 Finite volume method

In this case, the technique in the CFD calculation will mainly the finite invent
volume method to invent fluid calculation program because it’s particularly created for fluid flow.

The method will be able to integrate the problem equation throughout the controlled volume, such

as setting heat conduction in one dimension as Figure 4.2
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After the integration completes Equation 4.1 throughout, the controiled volume will be

df dr dT
Afvdx( dedV+ISdV (KAdx]e+(K4dew +8AV =0

The estimation of linear change (k) will be

Figure 4.2 Finite volume methods in I dimension.

The heat conduction will be
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After combining with Equation 4.2 the value will be
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Equation 4.5 is the estimation equation to solve heat Equation of 4.1 using the
finite voluine method. Next, it is the mathematical calculation continuously towards circumference
areas. At the end of the calculation the residual fraction will be compared to the satisfaction value,
If the residual is too large, the iteration needs to be continued until it converge.

As aforementioned, the problems become more complicated when there are
more differential equations. It is tough work and needs high accuracy. It’s necessary to set the
equation process of the finite volume method in order to arrange the priority of the equation sets
before being processed computationally.

4.2,2 Solution methods:

The mathematical fluid solution will use all three types of conservation
equations and others, such as the turbulent model, the fluid equation (if there are several types of
fluid), and other scalar équations. The solution methods of each will affect the keys and average
values. Generally, the computation will be comprised of two solution methods, which depends on
the type of problem as follows:

4.2.2.1 The methods of solving momentum equation prior to others is to répeat
the method of equation sets, as the conservation equation will not be a linear type. So, the

segregated solver methods will be as in Figure 4.3

Update properties

|

Solve momannun aquation

'

Selve presswwe-correction {continuity) equation.

l u

Solva energy, Species, turbulencs, and odyer scalar

1

Converged?

Figure 4.3 The Segregated solver computation graph.



37

(1) The updated properties will be input into the equation at the
beginning of the method. The updaic properties will be improved every time when the
computation methods start.

” (2) All three conversation equations will be computed to find out the
pressure and fluid ratio of fluid velocity.

(3) As the fluid velocity in the previous iteration probably doesn’t
match the conservation of mﬁss equation, in this iteration it needs to be revised by the pressure —
correction cQuation, which is combined from the conversation of mass equation and the
momentﬁm; so that, the pressure value, the fluid ratio, and the velocity will be more appropriate.

(4) This iteration is used to solve other additional equations of each
problem, such as the energy equation, the turbulence model, and other scalar equations by using
the values obtained from previous turbulence model, and other scalar equations by using the
values obtained from previous. ‘-

(5) The acceptance of computation results from the residual fraction
will be set in this iteration. If the obtained value is too high to be acceptéd, it needs to be
recomputed (repeat the iteratior}) until it will be less than or equal to the acceptable point.

4.2.2.2 The coupled solver method seems to be new for coinputation. Both
conservatioﬁ equation and the fluid equation (in case there are several fluid types) are operated

together before solving other scalar equations. To calculate these equations mathematically needs

the circular operation as demonstrated in Figure 4.4

Update properties

l

Sofve continnity, nromentum, enargy, and species

T ‘,

Solve turbulence, and otlies sealdr equations

Figure 4.4 Coupled solver graphs of computational method.
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(1) As in the previous method, the updated properties will be input
into the equation at the beginning of the method. The updated properties will be improved every
time when the computation methods start.

) T_he next step is to calculate the conversation equation and the
fluid equation (in case there’re several fluid fluid types).

(3) Then, the equation of turbulent model and other scalar equations
will be computed the obtained value froni previous method.

| (4) Last, there’s a residual fraction evaluation to determine if the
solution is acceptable. If the obtained value is too high to be accepted, it needs to be recomputed
(turh back to step 1) until the residual fraction is less than or equal to the acceptable point.

4.2.3 Computation methods:

There are two methods of solving differential equations in numerical analysis;
the explicit method and the implicit method. What makes them different is the way of setting the
linear equation of the relation between node and element in order to replace in the relation of
differential unknown value. But the implicit method will be used together with segregated solver
computation because such calcufation type will calculate the single variation of all elements at the
same time. The coupled solver method is able to use either the explicit or implicit method or both.

4.2.4 Solution methods of the near-wall model and the near-wall function:

It’s so important to the mathematical fluid model. The wall of fluid velocity will
be close to naught or be naught because the fluid viscosity will be so effective. Besides, the wall
friction is the key factor that causes circulation and fluid turbulence. Thus, it’s necessarf to find
out the solutions of these problems by mathematical methods.

There are two options in the FLUENT{ progtam to solve those two mentioned
problems; the near-wall function and near-wall model, w1th different compﬁtation methods. The
near-wall model will be in the terms of the turbulent nlodel in order to particularly solve this
problem by decreasing the near-wall elements and éonti!nue calculating each element until stick
the wall. Meanwhile, the near-wall function will set the separating function from the turbulent
model to calculate the properties of the fluid at the near-wall clement. The standard near-wall
function and non-equilibrium near-wall function are the types handled by FLUENT. The

limitation of both near-wall functions is that they are not good at calculating the fluid at low Re



39

value and its hypothesis doesn’t cover all problems. As such, fo solve the problem of the
uncertified near-wall function model, the capable model that can be used with such a turbulence
model has been built It’s called the ‘enhanced near-wall model’. The concept of function setting is
used to improve the turbulence model that brings the effectiveness to the solution of wall function
problems and be able to use it widely and thoroughly.
4.2.5 Dimensional simulation setup

Two types of diffuser were studied 1) a 2-shell diffuser with a curved space at

the inlet and 2) a simple diffuser with a flat space at the inlet. The boundary of simulation is show

in Figure 4.5 and calculation conditions in Table 4.1.

Slip wall

Uniform
velocity inlet
Outflow

_|Wels

pOFOUS jump

Simplc diffuser

Axisymmetric

Slip wall

Uniform
velocity inlet

Wall
Axisymmeitric ?‘/
X 7L | 8T,
2 Shell diffuser

351, Outflow

Figure 4.5 Domain the 2 D problems. '

¥
The domain of the fluid model problem would include the diffuser and the

turbine area which are specified as the wall and the porous jump condition respectively. Tnlet
boundary use of uniform flow velocity, outlet boundary use of outflow, top wall use of slip wall
and bottom wall use of axisymmetric boundary as indicated in Figure 4.5. Figure 4.6 show the
dimension and angle a simple diffuser when a, b, equals 0.5 L, ¢ equals 0.05 L and d equals 0.25 L.
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(L is a total length of diffuser). Before using Fluent 6.3 to solve the problem, the domain would
be divided with a quadrilateral grid of approximately 11,000 cells; there was more density in the

grid at the diffuser wall and the turbine area.

Figure 4.6 Diffuser angle,




Table 4.1 Fluent set up for 2D diffuser simulation.
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Condition

Type

Solver

Solver: pressure base
Formulation: implicit
Space: axisymmetric
Time: steady
Velocity formulation: absolute
Gradient option: green gauss cell based

Porous formulation: superficial velocity

Viscous model

Model: K-e epsilon (2 eqn.)
K-¢ epsilon model: RNG
Model constant: default

Near wall treatment: standard wall functions

Solution controls

Under-relaxation factors: default
Pressure- Velocity couplingﬁ simple
Discretization, Pressure: standard
Momentum: first order upwind
Turbulent kinetic enc::rgy'r: first order upwind

Turbuient dissipation rate: first order upwind

Convergence criteria

le-6

In this study the flow was set as axisymmetric steady flow. The segregated

solver was employed as the solution method. When' the turbulence model was the RNG
k — £ model, the standard near- wall function was used for the near-wall treatment method with a

convergence criterion of 10°. The size of the diffyser would remain the same, except that the

diffuser angle (as shown in figure 4.6) changed from 0-90 degrees, and the pressure of the porous

medium could be found from Darcy's Law and an additional inertial loss term as in the equation.
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Ap = ~’£~t—v+(f2l,cfv:2 Am (4.6)
o 2

Where g is the laminar fluid viscosity, & is the permeability of the medium,

C, is the pressure-jump coefficient, v is the velocity normal to the porous face, and Am is the

thickness of the medium.

4.2.6 3-Dimensional simulation setup

BV#A
XA
Bt f‘V.l,.l
x’l“t‘fV#F oo,
%

Figure 4.7 Domain of 3 D problem.
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Table 4.2 Fluent set up for 3D diffuser simulation.

Condition Type

Solver Solver: pressure based
Formulation: implicit
Space: 3D
Time: steady
Velocity formulation: absolute
Gradient option: green gauss cell based

Porous formulation: superficial velocity

Viscous model Model: K-e epsilon (2 eqn.)
) K-e epsilon model: RNG
Model constant: default

Near wall treatment; standard wall functions

Solution controls Under-relaxation factors: default
Pressure- Velocity coupling: simple
Discretization, Pressure: standard
Momentum: first order upwind
Turbulent kinetic eﬁer.gy: first order upwind

Turbulent dissipation rate: first order upwind

Convergence criteria ‘1e-5

The fluid model would cover the diffuser and the turbine areas that were
specified as wall and porous jump conditions. The inlet béundary was indicated as havihg uniform
flow velocity, the outlet boundary was indicated as outﬂbw, the top wall was indicated as a slip
wall, and the bottom was indicated as the wall of both sides of the boundaries as in Figure 4.7. The
domain was separated into a quadrilateral grid of 400,000-800,000 cells.

4.2.7 Simulation of a diffuser augmenied water current turbine (DAWT)

To be convenient and accurate, the axis would be rotated and the turbine leftﬁ

still, its answer would be proceeded with CFD that would cause relative velocity when facing

headwind as same as when the turbine is rotating through fluid. Therefore, the relationship
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between relative velocity and absolute speed would be U, =U —(@xr) that would cause two
terms for acceleration in the momentum equation,

a%gr‘+v.(pU,Ur)+2pme, +pox(oxr)=Vo “.7

Conservation of momentum rotated the frame of reference in the form of
relative velocity without calculating gravitational force;

Where 2pwxU is the Coriolis force and pa)k(a)xr)is centrifugal force.
On the other hand, the momentum equation for the frame of reference would be written in the
form of absolute speed as follows: | '

dplU

a—t+V.(pUrU)+ p(a)x U)zV.O' 4.8)

When o was the tensor of the Newtonian fluid stress and would be as follows

if combined with mrﬁulent fluid simulation by the Eddy viscosity tensor;
| When g, =g+, whereyiis the fluid viscosity and g is the virtual
viscosity géined from turbulent viscosity simulation {(eddy viscos'ity). which needs to found from
the turbulence equation. In the study 2, would be from £ —& where #4, = pc, (k/ 8), ¢, =0.09,
and kand &£need to be calculated from the Law of the Conservation of Momentum which was

not mentioned here.
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4.2.8 Compuiational conditions

Al 2%, 2814
FUSENT &3 (30, plns. roabe)

Figure 4.8 Domain of bAWT Simulation,

The domain be divided into a grid 415,000 and 517,000 cells that covered and
set diffuser, turbine blade and. The inlet boundary was specified as having uniform flow velocity
and the outlet boundary was specified as outflow, diffuser, turbine blade and hub was set as
stationary wall and moving wall respectively. Only one third of ali scope would be calculated,
since it was period repeating as in Figure 4.8 , the fluid on turbine surface was set {o rotate when

compared to the absolute axis; the turbine blade was not moved.



Table 4.3 Fluent set up for DAWT Simulation.
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Condition

Type

Solver

Solver: pressure based
Formulation: implicit
Space: 3D
Time: steady
Velocity foﬁnulation: absolute
Gradient option: green gauss cell based

Porous formulation: superficial velocity

Viscous model

Model: K-e epsilon {2 eqn.)
K-e epsilon model: RNG
Model constant: default =

Near wall treatment; standard wall functions

Solution controls

Under-relaxation factors: default
Pressure- Velocity coupling: simple
Discretization, Pressure; standard
Momentum: first order upwind

Turbulent kinetic enérgy: first order upwind

Turbulent dissipation rate: first order upwind

Convergence criteria

le-5

4,3 Blade element momentum theory: BEM

To design a turbine blade, the researcher éhose the airfoil model fx63-317 that

functioned well in giving a high lif¥ force in low veiocitglr conditions. The attack angle was set at

[

7 degrees where the ratio of C,/C,, force was highest at the Reynolds number 300,000. This was

acsimilar Reynolds number as in Figures 4.9 and 4.10.



47

Ro 300000 » - Ao 4AGHHD @ —rerciimna

FX §3.137 13.7% smoothed Ro 200000 » —
M thishneny K3.67% 8l DO.8% of the chond
Max cambor §.954 9150.0% of the clisrg

T T T

Gitotpha): Cdtalphay

Lo
ipaEEREE T

80 S

(C

a5 . 060 - i
-1 -5 L] 5 10 1% Rl &5 ¢ 3 1% 1%
atpha ajpho

Pago20f3 - Dravm by Protsi 2.15b on davs procassod by XFok - Copyoighl (G) 1985-2004 - Al righls retorved.

Figure 4.9 Lift and drag coefficient of the FX 63-317.
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Figure 4.10 The ratio of lift to drag coefficient and moment coefficient of the FX 63-317.
Designing a turbine blade includes consider.g{tion of size, twist angle, and capability.
This could be done by iterating until the optimum answer was found. Here, prediction of ¢ and

a-C »= and tip loss correction = 1, would yield the following equations:

tan f§ = ’1—(1@:“7‘;) 4.10)

-
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a _ a'(C,sin g) @11
l-a  4cos* B

- @a___0C @.12)
l-a 44 cospf

The calculation process and iteration were:

(1) Calculate g and a . -

(2) Calculate 4 and S.

(3) Examine C,and C,, to find proper incidence angle.

4 Againfind g and a by calculating and comparing to 1.

When getting results of the blade size and twist angle, it would be written by Gambit
software, then caIcul'atea with the Fluent commercial code to find the ability of the turbine and

finally examined to generate electricity.

4.4 Experimental set up

4.4.1 Diffuser model test
4.4.1.1 Install the diffuser model in the water flume.
-4.4.1.2 Measure the pressure at difference point of &uct and free flow,
4.4.1.3 Calculate velocity from at water level.

4.4.1.4 Calculate the augmentation factor of the duct model from velocity at
the duet throttle divided by inlet free flow.

4.4.2 Diffuser test
4.4.2.1 Install the diffuser model in the iwater ﬂume.
4.4.2.2 Measure the water speed in the §1iffuser and at the free flow inlet.
4.4.2.3 Calculate the augmentation factor of the diffuser from the velocity at the
duct throttle divided by the inlet free flow.
4.4.3 Electricity generating test
4.4.3.1 Assemble and set all systems.
4.4.3.2 Test the system.
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4.4.3.3 Record the free flow speed and released energy that come from the
generator on the Data logger, then transfer it into the laptop computer in order to calculate for the

next step.

4.4.3.4 Calculate the power coefficient of the turbine from equation below.

_r
1
3 ApVy

When P is the electric power divide by generator efficiency

Cp=

A is the swept area of the turbine
£ is the density of the fluid
V, is the free flow velocity

4.5 Summary and Report

Collecting information/ Information sources

4.5.1 Reference sources: all researches was found in energy journals, papers from _
meetings or seminars or ‘www;scienedirect.com, www.gooogle.com, wWww.eppo.go.th,
www.egat.co.th, etc.

4.5.2 Collecting data was from the test will be from the individual or autoinatically
saved with the memory of the measurement tools. After the tests welle complete all collected data
was transferred into the laptop computer in order to process forwards,

4.5.3 Processing methods / analysis / and synthesis have been computed by the Fluent
commercial code program and have been designed and compared to the test results by the Gambit
program. The basic design of the water current turbine is from Blade element- Momentum Theory.

4.6 Required tools and appliances for research !

¢
4.6.1 TFluent commercial code program.

4.6.2 Laptop computer.
4.6.3 Water speedometer.
4.6.4 Digital data logger,

4.6.5 Power meter,



CHAPTER S
RESULTS AND DISCUSSIONS

5.1 2 Dimensienal simnlation results of the diffaser

5.1.1 2-Shell diffuser simulation results
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Figure 5.1 Velocity contour of 2 shell diffuser.

Figure 5.1 shows the velocity contour of 2-shell diffuser simulation, From the
figure, the velocity contour was faster at the inlet and reached the maximum rate at the half way
point of the diffuser, it then slowed down little by little. The maximum velocity was 1.98 m/s;
while the water velocity at the inlet was 0.9 m/s or the water velocity at the inlet was increased 2.2
times by the 2-shell diffuser. In addition, it found that thereiwas a swirl flow at the cutlet as can be
seen in Figure 5.2 when static pressure was getting down1 while the velocity inside the diffuser

increased. ¢
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Figure 5.2 Velocity vector of 2 -shell diffuser.

5.1.2 Simple diffuser simulation results
Regarding the s_tudy -of flow in the simple diffuser at the steady state as in
Figure 5.3, the velocity contour was faster at the inlet and reached the maximum rate at the half
way point of the diffuser. Initially, the water velocity at the inlet was high and changed from 1.0

m/s to 1.9 m/s. This was lower increase when compared to the 2-shell diffuser in Figure 5.1.
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Figure 5.3 Velocity contour of simple diffuser.

Figure 5.4 shows the velocity vector of the simple diffuser that was recognized 7

regarding the color of water velocity. It resulted that water direction swayed at the inlet to diffuser

-
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as indicated in the black line that caused the velocity inside diffuser higher. Then, at the outlet of

diffuser water direction swayed out of the line, velocity was getting slow, while the pressure was

higher.

348000
Téhery
20400 7
212450
418166
3820000
7501
£.28508
7 32001
£ 3Dk
EREEH
440201
REER
250691
SRl

TR

oI ——

Velsciy Vectors Coloned By Valotity legnituite (rs) Apr 13, 2032 :
FLUENT B.3 (ai, pbns, mghe) [

Figure 5.4 Velocity vector of the simple diffuser.

5.1.3 The comparative of simulation results of simple diffuser and 2 shell diffuser

Figure 5.5 compared the pressure coefficients between the 2-shell diffuser and

the simple diffuser. The pressuré of both types of diffuser was similar but the minimum pressure.
The 2-shell diffuser came with lower pressure inside diffuser, when the pressure at the surface of

outlet was higher x/L=0 was at the inlet and x/L=1 was the outlet.

¢

~===2 shell diffuser

——Simple diffuser |-

i0 15

Figure 5.5 Pressure coefficients comparative.
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Figure 5.6 Compared the axial velocity of the 2-shell diffuser and the simple
diffuser. It shows that the velocity change was similar but not the maximum velocity. The 2-shell
diffuser was able to increase the velocity 2.2 times, while the velocity in the simple diffoser

increased only 1.9 times. At the outlet point (x/L=1) the velocity of both types of diffuser was the

same
28 ﬁ e = 2shell diffuser [T
AT — Simple diffuser -
= 4
§ A N
- ] =
1.0
1 -
1 -
el .
- B o
8 I X
30 Bk A S
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Figure 5.6 Shows ratio of diffuser velocity to free water velocity The simple and 2-shell diffuser

are on the same axis,

5.1.4 2-shell diffuser model testing resulis
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Figure 5.7 CFD and testing velocity of the 2-shell diffuser,
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According to the test results for the 2-shell diffuser as shown in Figure 5.7, it
was found that the 2-shell diffuser could double the velocity, while the simulation was anticipated
to be 2.2 (10% error), The simulation of the simple diffuser predicted the velocity would increase
1.9 times at the maximum velocity. The researcher decided to choose the simple diffuser because
of its more simple construction and the expectation increase of 1.8 times of velocity.

5.1.5 Results of studying the diffuser angle effect

Y" check

500

400 r;; ——————————————————————————————————————

Wall Y*

Position

Figure 5.8 Y of the simple diffuser wall values from 26 to 398.

To set the detail of the grid, the refinement factor equals 1, when Re>100,000,
the flow regime is turbulent, with standard wall functions. An Y™ is >30 and from F igure 5.8, Y
values of the diffuser wall varied from 26 to 398. i

The evaluation of the grid and the Reyné)lds number toward domain caiculation
was separated into 11,000 and 7,100 quadrilateraf cells reqbectively and the Reynolds number was
calculated at 1,800,000 and 2,400,000. The followinig outcomes were velocity ratio (V/V,)) and

pressure coefficient (Cp) as indicated in figure 5.9 and 5.10 that will be cited later.
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Figure 5.10 Shows C, on the diffuser axis.
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Figure 5.11 (a) Results of the 2D simulation showing the pressure contour, {b) Showing the

velocity contour when the diffuser angle was at 0, 20, 40, 60, and 80 degrees.

Figure 5.11 shows that the difference in pressure between upstream (in front of
the diffuser) and downstream (at the end of the diffuser) increases when the diffuser angle is
increased as shown in Figure 5.11(a). The velocity of the water at the throat therefore is increasing
with the increased diffuser angle as shown in Figure 5.11(b). However, the flow pattern can be
divided into two cases. The first case is when the diffuser angle is 0 and 20 degrees. In this case,
the increasing velocity at the throat causes the pressure at the back of the diffuser fo become
negative. The fluid flow at the throat will try to maintain its flow condition and is accelerated
through the diffuser and the maximum speed is in diffuser as shown in Figure 5.11 b. The other
case is the case of wider angles {40, 60 and 80 degrees) Even though the axial exit velocity does
not decrease but the recirculation occurred at the exit of the diffuser. This récircuiation also caused
a lower pressure, then the fluid in the diffuser tries to de?rease the pressure to the exit value and
the fluid is speeded up inside. All of these results agree wifh Ken-ichi Abe, Yuji Ohya (2004).

The relationship of the velocity inside the diffuser also shows in the results of
the velocity plot on the x -axis with different diffdser angles as shown in Figure 5.12. These
results confirm all previous results that the velocity inside the diffuser increases when the diffuser
angle increases. Moreover, it was found that the wider the angle, the higher the velocity at the .

outlet (x/L~1) where it nearly reaches the maximum velocity.
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Figure 5.12 The relation betaween V,/V,, at different points on the x-axis direction and the angle

of the empty diffuser.

Diffuser augmentation factor, (£y)

& Y, 6y

OAO - 1 T T T T 3 T ¥

Diffuser angle, Deg'ree
3

Figure 5.13 The relationships of the diffuser area ratio (£}, back pressure velocity ratio () , and

the diffuser augmentation factor { #¥) to the diffuser angle.
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Figure 5.14 The relationship of the back pressure velocity ratio () and the exit pressure

coefficient C o, to the diffuser angle.

Figure 5.13 sho*;vs the diffuser rarea ratio (), the back pressure velocity
ratio () , the diffuser augmentation factor (5y), and the VS diffuser angle. 7 Increases if the
angle of the diffuser is increased. This means that there is negative back pressure at the exit of the
diffuser as seen in Figure 5.14. From Figure 5.14 the angle of the diffuser can be separated into
four phases: 1) 0-20 degrees, 2) 20-50 degrees, 3) 50-70 degrees, and 4) 70-90 degrees. In phase
one, both £ andy increase. In phase two, f° looks to decreas.e but By values increase, In
phase 3 f° is constant but yand By are increasing. In the last phase, B, ,and By are all
- unchanged. When the angle is greater than 20°, the maximum velocity on axis of the diffuser is
increasing, and the radial diffuseness of the velocity is sparse. This results in the ratio of ¥, /¥,
(f ) being lower and the value of ¥ (¥, /¥,)being higher but the product of £ andy is up.
Therefore, it can be said that y significantly effects the diifﬁJser augmentation factor (/) while
/3 alone will be important if the diffuser angle is less than'20°.

¥
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Comparison of flow in the diffuser with and without 0.59 Cp of rotor turbine

(a) (b)

Figure 5.15 The comparison of velocity contours between (a) an empty diffuser and (b)

a diffuser with a 0.59 Cp rotor.

Figure 5.15 shows the velocity contours of an empty diffuser and a diffuser with
a 0.59 Cp rotor. In the case with the installed rotor , the maximum velocity was decreased at every
angle for the diffuser compared to an empty diffuser. This resulted because the rotor created an

axial inductioen factor which caused the water speed in front of the rotor to decrease.

(@) ®)

Figure 5.16 Water streamlines of diffuser (a) without and (b) with 0.59 Cp of rotor turbine at 0,
20,80 degrees.



60

The results of the 2D simulation show streamlines, for the diffuser at angels of
0°, 20°, and 80°, for an empty diffuser and a diffuser with a 0.59 Cp rotor turbine as shown in
Figure 5.16 (a) and 5.16 (b), respectively. The increasing angle of the diffuser shows the effects of
the increasing effective area resulting in more recirculation.

This resulted even though when the rotor was installed, this area was not much
changed. This is because the velocity increased in the diffuser, However when the rotor turbine is
installed, the flow shows the increasing recirculation with increasing diffuser angle.

The results from Figure 5.17 also show that the water speed up strike to rotor
with diffuser compared to the 0 degree diffuser with the rotor uninstalled or installed of installed
of. When V,/V increased according to angle of diffuser, the pressure drop across the rotor of the
turbine increased as well. This shows that the system can produce more power when the angle of

diffuser is increased with‘the installed rotor.,
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Figure 5,17 (a) Velocity and (b) Pressure coefficients at the axis of the diffuser with and without

the rotor turbine at 0, 20, 80 degree diffuser angles.
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Figure 5.18 Relationships of the disk loading coefficient, C; 1., » Cp y, Cp 5, and Sy to

diffuser-anglo in degrees.

Thrast loading coefficient

Figure 5.18 shows that increasing the angle of diffuser causes the diffuser
augmentation factor be 1_1igher; ‘while the thrust toward the diffuser is obviously increasing
between the phase of 0-207° and 50-70° there is only a slight influence on the thrust coefficient of
the rotor, It -can be seen that if we build the diffuser with a larger angle in order to generate the
energy'that we require, we will need to build a durable structure to compensate for the increasing
thrust.

Power coefficient of diffuser augmentation water turbine (DAWT)

Reference plane
V(1-b)

Far wake

Freestream V(1-2b)

!

Energy extraction plane
V{1-a)

Figure 5.19 Flow fields regions (P.M. Jamieson, 2009).

-
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Wind turbine theory defines the axial induction factor of turbine as
il

&

, where V, is free stream wind velocity, and V, use of blade velocity or energy

extraction plane. In this study, the scope of study comprises the turbine and the diffuser (DAWT).
So, the reference plane is set as shown in Figure 5.19 to find the axial induction factor of the
system (b) and the power coefficient(C}). that the results for the axial induction factor and the

power coefficient are shown in Figures 5.20 and 5.21.

Axial induction factor

- N
—o—amax \

25 71 —e-at | N Vat—
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i 10 20 30. 40 50 60 70 80 60

Diffuserangle, Degree

Figure 5.20 The axial induction factor (b) at the reference plane of the system, of the turbine
(@), of the turbine at the maximum power coefficient (a__, ), and of the non-

turbine diffuser (g, )

Figure 5.20 indicates the axial induction, factor at the reference plane (b) of the
system, of the turbine (a), of the turbine at the maximuré} power coefficient (a_,_), and of the
non-turbine diffuser (a,) respectively, Without the turbine installed inside the diffuser, the value
of the axial induction factor(a,) is minus and low régarding increasing the angle of the diffuser
that shows capacity of additional velocity of the diffuser regarding increasing the angle of the
diffuser. When the turbine was installed inside, the energy of the fluid flow would be extracted -

that decrease capacity of velocity of fluid flow. The value of the axial induction factor (a) will be
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higher than @, . The value of the axial induction factor that causes the maximum power coefficient

_1+2a,

max

(Jamieson P., 2009). In the study, the power coefficient of the turbine was

is a
maximum set but the axial induction factor took place on turbine was higher than g___that reduce
capacity of turbine, particularly between 0-40 degree of angle. It was likely to find that the study
of parameter of diffuser by one dimension theory without considering perpendicular direction and
match ideal fluid flow inside diffuser was different from the simulation results because it found in
the simulation that fluid flow was perpendicular, particularly when angle was between 0-40
degree; meanwhile, there was slightly ﬁerpendicular flow when angle was between 40-90 degree
and found there was a separation of .

The axial induction factor (b) of the system that refers to the reference plane
gave positive rates between 0.34-0.45. It means the fluid energy would be extracted that reduce
velocity at the Iast sfages of tide and efficiency of system would be less than Betz limits as in

Figures 5.20 and 5.21.

4.0
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Figure 5.21 Indicates the power coefficient (C),) and diffuser augmentation factor (fy).
,
From Figure 5.21 the power coefficient of the DAWT (C,,, pr ) assumed
values between 0.59 when the angle was at 0 degrees and 2.14 when the angle was at 90 degrees. -

Whereas the power coefficient of the system showed (Cp, ., ) values of 0.57 and 0.59, when the
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angle was at 0 degree and 90 degree respectively. The ability to increase the capacity of the
diffuser (Diffuser augmentation factor) Sy is about 1.0 when the angle was at 0 degrees and
reached a maximum of 3.5 when the diffuser angle was at 90 degrees. When the diffuser angle

was between 0-40 degrees, C,,. 4y, was lower than the maximum rate as mentioned in the

previous paragraph.

5.1.6 3 Dimensional simulation results of the diffuser
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Figure 5.22 The contour of the water velocity in the 3D diffuser.
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Figure 5.24 (a) The 3D water velocity on the diffuser axis; mesh 400,000; 600,000; and 800,000;

and 21 axisymmetric respectively.
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Figure 5.24 (b) The static pressure on the diffuser axis in 3D; mesh 400,0(_)0; 600,000; 800,000;
and 2D axisymmetric.
The outcomes of the 3D modeling with:the mesh’s details at 400,000; 600,000;
800,0600; and 2D axisymmetric as in Figure 5.22 (a) and '5.22 (b) demonstrated that both the 3D
velocity and pressure in the diffuser (positions 0-{) did not differ much. The lowest rate of
maximum velocity occurring for the cases where the mesh was at 600,000; 800,000; and 2D

axisymmetric were 1.93, 1.92, and 1.94 m/s respectively. For the case of the pressure coefficient -
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(Cp), setting the scope of the problem in 2D axisymmetric style gave the lowest Cp value that
maiched the maximum velocity; meanwhile, details of the mesh only slightly influenced Cp.

Validation of the model

To validate the model simulation, a 1.1 meter diameter, 20 degree diffuser was
constructed and tested in a natural flow channel. The velocity of the free upstream flow and the
flow in the middle of the diffuser was collected every 2 seconds using a paddlewheel flow sensor,
1P101 series. In the Figure 5.25 we showed the average velocity every a minute. It was found that
with a mean free stream velocity of 0.90 m/s (in front of the diffuser) we got 1.55 m/s inside of the
diffuser. We can say that the diffuser angmentation is 1.72 as seen in figure 5.23 whereas the
maximum velocity in the diffuser was predicted to be 1.86, 1.93, 1.92, and 1.94 by 2D and 3D
simulation with mesh at 400,000; 600,000; and 200,000.
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Figure 5.25 The diffuser without the rotor turbine test resuits.



5.2 Design results of turbine biade

Figure 5,26 Design result for the turbine blade based on blade element momentum theory.

Table 5.1 Blade design results based on blade element momentum theory.,

67

Radius Cherd Twist angle Attack angle Twist angle
m m degrees degrees degrees
0.05 0.1 25.00 13.15 64.19
0.10 0.095 48.00 10.60 43,28
0.20 0.090 72.00 6.98 18.36
0.25 0.085 71.00 6.94 12.25
0.30 0.080 80.20 7.04 8.94
0.35 0.075 82.50 i 7.05 7.38
0.40 0.070 84.20 . 701 6.51
0.45 0.065 8560 | 704 5.26
0.50 0.060 86.70 | 7.05 5.00
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5.3 Simulation resulis of 2 diffuser angmented water current turbine
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Figure 5,27 Water flows via turbine blade.
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Figare 5.28 The velocity contour on the turbine blade. ,‘
¥
Figure 5.27 shows the water flows over the turbine blades, the water surrounding the
turbine rotated in the opposite way with the turbine. And velocity would be higher in regard to a

radial turbine as indicated in Figure 5.27 and 5.28.
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Figures 5.29 and 5.30 show the pressure contours on the pressure side and the suction’

side. The pressure on the suction side was lower than the pressure side that caused the lift force in
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rotating the turbine; it a principal of the horizontal axis turbine. It was noticed that the pressure at

the blade tip on the suction side is higher than other areas due to tip loss.

There were two designs of the turbine, a straight blade and a twisted blade. The

simulation results were as below;

Figure 5.2 Simulation results with the turbine installed inside the diffuser.

Types of Numbe Water Tergue | Rotorspeed | Power Power

turbine blade rof speed . {N*m) rpm, rad/s Wait coefficient

Twisted blade | 517,000 1.0 29.5 58,6.1 180.2 38.6

5.4 Examination of genéraﬁng power
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Figure 5.31 Power (walts) vs velocity (m/s). :

1

¥
Figure 5.31 shows the electric power generated per unit of water velocity when the

angle of blade was 35 degrees. The bold line and dotted line show the trend of the calculations and
experiment data. At the average velocity of 1.1 m/s the experiment shows that the output power

varied between 100-125 watts. If the efficiency of the permanent magnetic generator is 0.9, the
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power will 140-160 watts Figure 5.30 shows that the experimental power coefficient or system
coefficient at PMG efficiency 0.4 was 0.20 when the water velocity equaled 1.2 m/s and the
average coefficient was 0.15 between 1.0-1.8 m/s, The calculated results for the power coefficient
and average eocfficient at PMG efficiency (.9 were 0.28 and 0.33 respectively.

Figure 5.32 shows the power coefficient of the tip speed ratio (TSR) between 3.5 —
4.5. The power coefficient would increase to TSR but the study equipment had limited ability to
collect the information when TSR greater than 4.5. If the trend lines were considered, it is possible

to expect that the maximum coefficient of the turbine would be 15% when the TSR equaled 5.5.
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Figure 5.32 The power coefficients at different velocities.
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From Figure 5.34, whgn the diffuser was instalied, the diffuser turbines generated

167.75 watts but the turbines could generate 257,43 watts (53.41% more) at a water velocity of 1.7

m/s. It can be said that the power coefficient of the diffuser augmentation turbine is 1.53 ties that

of a conventional water turbine, while the augmentation factor test of the diffuser showed a

difference of 1.72 (12.4%).




CHAPTER 6
CONCLUSIONS

6.1 Result of design and examination of diffuser

6.1.1 The two types of diffuser were modeled and examined, two types of diffusers: a
2-shell diffuser and a simple diffuser. The maximum velocity of the 2-shell diffuser appeared to be
2.1 times the velocity at the inlet but the simple diffuser had only 1.9 times (simulation results).
What enabled the 2-shell diffuser to be faster was the curved inner space that was modified from
the airfoil FX63-137. But the simple diffuser was chosen for construction instead because the
construction was not so édmplicated and the capital cost was lower. The test of the simple diffuser
" indicated that it was able to increase the velocity 1.7 times or 9.5% error compare to simulation

. result.

6.1.2 Regafding to the angle of simple diffuser, the wider the diffuser’s angle, the '

larger the increase in velocity inside the diffuser. The maximum value affer calculating is at 3.5
when the angle is about 90 . That is similar to the value. of the 70° angle and the 80 angle.

Meanwhile, the designed 20 angle was able to increase velocity By a factor of 1.9. The factors

influencing the capability of the diffuser were the diffuser area ratio (/) and the back pressure
velocity ratio (¥). f Would increase when the diffuser angle was less than 20 , decreased when

the angle was between 20—50o , and remained constant when the angle was between 50-900.

¥ Would be increase in relation to the angle of the diffuser until it remained constant when the

angle was about 70-90 . This would lower in pressure coefﬁcient at the outlet of diffuser. Though

a wider angle on the diffuser distinctively caused the veioc,'ity inside diffuser to increase, when the
' b

angle was at 0-20 and 50-70 . it was found that the diffuser disk loading coefficient and total
oading coefficient would quickly increase the as same as the power cocfficient. Thus, to consiruct
a diffuser depended on several componenis: the required maximum velocity, the construction cost,

the stability of the material, etc.
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6.1.3 When the diffuser angle increased, more recirculation was found that at outlet.
This recirculation caused lower pressure at outlet, and that resulted in an increase in the velocity at
the inlet. In addition to the ratio of the inlet area to the outlet, designing the diffuser with
recirculatiori-at the outlet is significant in order to augment the velocity in the diffuser.

6.14 .In studying system performance, it indicated that when the turbine was set as a
bare ideal turbine with an axial induction factor of 1/3 or power coefficient of (.59, we found that
the power coefficient of the system was close to 0.59 at any size angle on the diffuser. This
probably said that the performance of the diffuser augmentation water turbine (DAWT) depends
greatly on efficiency of the turbine and would not be over the Betz limit. The power coefficient of
the turbine would be 1 and 3.5 if the angle was at 0 degrees and 90 degrees respectively when

compared to the non-diffuser turbine,

6.2 Electricity generating test

6.2.1 Based on Blade Element Momentum Theory, the turbine was designed and
employed as a fluid model with numerical calculations, which enabled us to know the capability
of the system and the fluid behavior inside the turbine. As such, its design was revised
appropriatély before construction. After calculating at 1.0 m/s speed of water, it provided 180.2
watts and a power coefficient of 38.6%. But after examination at 1.1 m/s, it provided only 112.5
watts with a power coefficient of 17.8% and an average power coefficient of 15% which was
lower than the specific target. So, it came to the following factors:

6.2.1.1 The blade surface was rough and malfunctioned because of indelicate
molding. As for that reason, the blade was bent by the water pressure.

6.2.1.2 The turbine’s blade weighed too much because it was molded from
ﬁ’;)erglass reinforced plastic (FRP) and strengthened with a ,%;teel plate.

6.2.1.3 With regards to the numerical !éalcuiation results system fluid model,
the trash strainer, chain bumper, and turbine suplgortive structure were not applied in the

calculation in order to reduce the complication of the simulation.

16.2.1.4 This research mainly focused on the turbine and diffuser design but did -

not studied in detail of Permanent Magnetic Generator (PMG). The 3 phase motor was modified to
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a Permanent Motor Generator (PMG) type. After examining the efficiency at 115-278 rpm. It had
average efficiency of 40% which meant that the efficiency of the turbine and diffuser to transform
kinetic energy from hydropower to mechanical energy was 37% (15*100/40). If considering only
the efficiency of the non-installed diffuser turbine, it would be 37%/1.7 (1.7 was defined as the
diffuser’s value that increased the velocity 1.7 times that of the incoming water stream.) or 22%
that was similar to specified value, 25%.

6.2.2 In the test of power generation of the installed diffuser type and non-diffuser
one, with a water velocity of 1.7 m/s when the diffuser was not installed, the turbines generated
167.7 watts and 257.4 watts with diffuser installing, It can be said that the power coefficient of the

diffuser augmentated turbine is 1.53 times that of the non-diffuser water turbine.

6.3 Application

After configuring the diffuser, it was constructed in a metal forming process using
steel plate strengthened with Stiffeners-type steel. It was then painted with coal tar epoxy to
withstand rust when using it in water.

The model of the turbine blade was wooden set up by a CNC machine, then molded
with fiberglass reinforced plastic and internal strengthened with a steel plate. After revising the
plastic admixture it was found to be well-functioning, durable, dand with a decreased cost
(important when making a lot of blades). For long-term application and in a high velocity context
other lighter and more dufable materials need to be investigated.

Chain transmission gave high efficiency, but its disadvantages were noisiness and rust
formation on the chain.

To apply this hydro turbine for commercial purposes, its effectiveness, strength, and
construction cost will need to be improved. Through this r;:search it was anticipated to be able to

apply this model with continued development in forthcomilﬁg commercial applications.
: ¢
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6.4 Suggestions

To summarize the obstacles mentioned above, development of a hydro tarbine for low
speed water will require finding out how to make the turbine blade lighter but stronger. The
materials might be changed to molded aluminum or aluminum milling by a CNC machine.
Additionally, appropriate formation of the generator needs deep studying order to generate the
most efficient electricity. |

Since rivers and canals in geﬂeral are not wide enough or deep enough, it will be
impossible to construct such huge turbine to generate electricity. The practical way would be
increasing the number of turbines, set and installed like a tidal fence that will allow convenient

passer-by travel.
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-Abstraet

“The. water-prreit.hay vised as the ene:gy resontize for lpng fime However its. velooity is vory: ]ow therefote there are
‘not fhmid in wide'range of ises. This stady purposes-aceeletate water velocity by matalling diffuser. The problems were
analyzed by one dimeensicis spatysis and. computahom.l flnid dynamics (CED); the domain covers the diffuser: and turbine
whick mzbst}tuéed by poro&sgump condltlon 15 mstall msuie The ﬂow was jdentlfied ag axtsymmefrm stendy ﬂ(JW, the. mlei

Keywords: water current turbine, diffuser; compuiational fluid &mamics, power augmentation, ducted water turbine

I, Fatrodugtion

Thedses 0T kiietic engigy ofiwater oritrent fof genet-
ating: electncltyorpumpiug Hagbsen studied:-for a-long Hmes,
‘whighn 5&-in reémote-areas (Fraeniel, 2006;
Ponta andFasovki, 2{198 ‘Ponta:and Dutt, J000; Myyers rnd
Ba_haj,Z()' ; Bihaj and?v{yemmﬂ?x Kian et af., 2008; Kiho
et al,199%; G MacPherson-Grant, 2005). According to the
Kinetic EBRTEY use - ot water current, commercial -wind

-turhme, ageil’ Imewledgecan appmpnatelybe apphed where_

eﬁ‘eeiweness

* Cenﬂspoudmg o

A setiip of diffiser is-a choice- 1o intsense the effi-
ciency that can be with both: wifid and water firbings as
tound in the wind tirbine study by Philfips erof. (2002) ffom
thig University of Anskland, New Zeatand, Toshiio Matsn-
shinea erai. (2006 and Wik Qhyier ol (2008), The study of
Crerald and Van Bessel (2007) however indicates nor eny
power angmerntation factor-was move than 3, while as in-the
theory the power cosfiicient probably wes 2.5; but the price
of'a.diffuser is somewhat high.

David et al. (2008) were spplying diffusers to water
turbine that points to 2 1.5 times incrense: ofthe: ‘output power
of the bare furbing by ingtalling a duct. Kirle (2005} -shows.in
the: examma’tmn of fhe axial flowturbine that:a slotted duot

L mstﬁ]led na to‘mng tanictelsto: mm'case’[l)% of the: ontput

power-if compared-to-a bare turbine. Grant (2005) reported
thiat the:duoted torbine was cppable to pay o dowble load of
the duet mlmsta]]ed mbme

Te addition, several countries, Cenada, Ireland,

England U8.A,, Australia, and Portugal, have been. develop- .

mgwater turbines for eledtricily, which, areallin process, for



85

62 P Kharithongjan & A: Fentyalertadun /Songklanakarin J, Sei. Technel. 34 (13, 61-67, 2012

exarnining the modelmechanics, and for commercialuse.

Although the capaoity of water turrent at low flow
velociy, 1o be used as-the energy senrpe, is seldom applied.
10 a water turbine, this article means tostidy fnctionsand
performance of a:diffiser-agto be the output power accelers:
X horlzunml axis water current i
city, in-order o be apphed inthe Northenst of Thailand that
has twe main rivers, the Moon and the Chii. The velooity of
the water current is between 0-1.3 m/s; which is transformed
into-a two-dimensional system ‘bycomputational fluid dyna-
trifo-(CFDY). The sttiactive. factors are the effect of diffiser
angle, maximim augmentitiofr factor, and:rotor pewer co-
gificiedit-due Yo the vise of the. diffuser design fora water
currentisrbitie.

ZMaterialyandMethods
2.1 Ofiedimensfonil daslysis

Thenne dimensional.analysis-is based on- van Bassel

2007

1:Empty diffuser case

From Figure. [ thesurfaee ofthe ditfuseroutlet willbe
g referance point
atmpsphericpressirg ®. ’ﬂleBemoulli equation shows that
i total pressure equals:

NS U 1
Aff?,j,x=r,f-’o;,+§;ﬁ¥$’:=H,+-EPP§‘-==rl$fzpsz;’wﬂﬂngpﬁ‘-
m

Vol ®

2yInterms of installed ihevotor tuxbine:
=y{i~a¥; @)

" Rigured. Relativnship:between pressure and. velovity veititin, the
empty- diffuser-

-zotorpower coefficient £
“power sogfficient at dszhser exit Cp .y ds: defined as C et
bime at-low flow velo-

. fhout: and back space of diffuser equpls

Vo=py(l-ay, &)

The axial induction factor 4 is defined &s a —(V, ~ ¥ }/¥;,
i defined as.C, =Pydall - a)z

ha(l—aY’, total thmst coefficient C} 5 isdefined as Cpp —
Byda(l — @), gzl {hmst coefficient of diffuser Cr p isdefined
88 Cp p =Cpy — Crp = By —Ddall - a).

2.2 Computational fddynanics

Computational Fluid Dynamios (CFD),is a'branch of
fuid medianiosthatuses namerical meth ods and algorithma

‘toosolve and m:,ajyme preﬁtem,s that ipvolve fhuid flavws.

Camyutels are used to-perforny the oelelations: required- to

siomilate the interaction of lignids or gases with surfaces

defined by boundery conditions: 'Ihere are three main

processes ~ pre-processing; caloulation processing, and post-

processing. Here the Fluent 6.3 commereial code 2 dimensions
with the finite volume method was used.

Goverrnilng equations
In this smdy, the Rzyno]ds—Average*Namaers—Smkes
(RANSYequation iz considered with iénommalization group.

k—g-turbuilence model, which areindicated in Bquation Gto
11
Continuity:

2 (pu)=0 ©
axl

bl bl

Tn E'quations 6and7 p isthe mean pressire; ¥ is ﬁiemean
velooity,-u is.the moleeylar, viscosity, and —pu, denoles

ithe Reynolds stress. To correstly acoount. for tusbulem;e,
‘Reynolds stress-is- modeled utilizing the Bousmneq hypo-
‘hesis o relate the Reynolds stress-to mean velogity gradi-

entswithin: ?he ﬂow “Fhe Reynolds:stress is-defined; 881

Bu, Ou,| 2 &,
pﬁ’ﬂ' _p'z[aj ax[] 3( ic+pz . ]a (3)

where ,u is the turbulent viscosity and k is the turbulent

kinetic energy For k-sinthe turbilence model the mrbulent

viscosity-ik computed through the solution of two- transport
equations'for turbiilent kinetic cnergy and lurbulence dissi-
_pan?nrate £, The BNGtranspott equations are.

(pku,} i [:x,,pﬂa }»G,( #Gy=pa—Ty +8,
1)
—{pg)-{- (ps{i-)—m[u‘pg&‘ ]-H:"'E(G +C3,’GJ) ﬁp? R+ 8

a0
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Cp’ (l-nin,) &

& - If“ﬂ,;} mle a

Contputational conditions

Thie domain of the flow prablem will cover diffuser
and turbine:ares:that are spemﬁt'd a5 well and porusfimp.
“gondition. "The inlet boundary is set as the miform. fow.
“velovity: the ontlet houndaryis set'as eutiliow,: top all 158
‘woving (3lip)-wallinstead of volume offlixid {(VORY miode,
beoanse of less time.for calénlation and acceptableaconracy,
arid Fhe bottom wallis set. as axigyiumetricshown in Figare 2
and 3. Domains will be drawn inthe Gandbit:progragwbefore:
heen compmierized by Fluent 6.3: Problem domains-will be
separated by quadsilateral grids:into: approxlmatefy 11,000
olls: Anyhow, grids will be-dense-around diffiserwall aod
urliinesrea,

‘The: smdy setsithe Howasaxisymmetiic steady flowit
is segregated solver, whf:reas the mrtiulence mpdé] i5aRNG
g model. The standard near wall I‘uactou was-chosen, for
thie niear wall treitment igthod with 10 of the convirgence
«otiferion. Sizes of the diffser are unchenged but the diffiser
-anglestown in FigureSwais changed fom 0:90°, Theporeus
migdinm will be from Darey’s Law and an additienal inertiat
losstermwith: the, eqnatmn a5 follows:

pv"] @

Where iy t‘ue Tapainar flid vrscomty, wigthe pem:ea.bi}ity
‘oftlig medlum, C, i the presstire: sjump ;:oeﬁ‘icleut, © isthe
velopity normsl fo the porous face; and A is the thickness
of themedinm.

3. Resultsanif Discussion

31 Simulationxesnliz

Y*'eheck;

refiietat factcr sguals and when Re:‘leD Dﬂo Lhe ﬁow
Tegime is turbilent and-fov the standard: well fithetiong the
proper Y valiizis 30 Brom Figire4 ¥ of the diffuser wall
vnlues are ﬁ'om 26“50 398

et 2 it m/s, Bristhe dmmetcr of the
alfﬁlser B s the kir[emat);: viscosity of water. s result
are ey inereased velogity (V, Nﬂ) and 2 pressure coefficient
tC ¥ that is sllghtly different as shown in Rigure 5-and. 6,

wmcll will be cited Jafer.

Flﬂwmsxdethe]?iffnser

atthe.end of the diffuser, increase when the diffuser angleis
increased as shown in Pigiwe 62. The velosity of the water 4t
the throat therefose is inoreasing varving with-an increase of

BBp walt
1507 unifom ‘ it ottt
T PV
ugp. s mp Aslatnse
Figure 2. Domain of the: problem
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L) St pressiove: fpnsent)

F:gun: 6, Volosity-(z} and prossurs contaur {b) of the empty dif-
Fitke!

hiediffiser asgle as shown.in Figure b Hmawcﬂ.req:é thetlow
patterit can'be divided inito two casesr the fifst grong is-when
{herdiffiizer anplesare between 0’ and 20 degrees, witich- are
thievedsoris for this inprease i velocity at the throat becduse
A uf the dtfﬁzser beeomes egatwe-.

fh‘" pressu:e at-thig: b

; .en iy ormrbine AVAS! liismlled ‘in-dififiser: Equation
j used to ﬁnd O‘L’E Iead of rottir The f“term i assumed

was: installed, this area is not mpeh changed. This is the
reason the velocity increased in the diffuser and there was
‘more recirerdation at exit of duct. However when the rotor
turbine is installed, the flow shows the increase of: Teeironla-

“ton with i ereasing diffiser angle.

The relation. of velocity inside diffuser also show in
the results of velocity plot ona -axis with different diffuser
angle as shown in Figure 8. These results:.confirm aflprevious
tesults that the velocity inside diffiser increases wien the
diffuserangle increases.

-3y Diffuser augtaentation, By

The resylis show diffuser arenratio, () Back pressure
velocity ratie, (1), Diffiser augmentation (), VS Diffuser
angle. fincreasesupto approximately 1.75.at20 depree amd
then decreases to 1.0 at 50 degree, while 7 gets: increpsing
when fhe angle of diffiser inorenses as shown in Figare 9:
seans that there is negative back pressure at the.exit of the

diffiisest as seert-in Fignre 10, But the multiplicatios.of fand

g t5up. Thereftre, i can be defined sy significantly effects
i diffuser-anginesitation {8y) while Bwill beitiporimatifits

-angle is Iéhs than 20°

@ Co 1

Figure 7. Waterstreanilines of diffuser () withott and (b) with .59
' Cp-oFrstor turbinie 40, 205 and 30 degres.

Figure & Relation between V /V at difforent points on the-x.axiy
divection. to: ang]e of e Empty diffuser
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Figure 12, R;clmmn of disk loading: eosfficient; €,

o
and Fy o diffiser arigle, dcgmc L

- 6 Rofor power :cop’fﬁéiﬂa‘;

oF atBDde:gree, and the minimiriis 059t 0 degree (we
snpposed it is'the-ideal turbine). We can sdy that the diffiser
apmeited fotor power 3.62'timés compared-to the system
without the ditfisser

i} Wkdaﬁonofmﬂdﬂl

Tovalidate themadel sfomitation, 11 meter dipmeter:
M degres of’ﬂlfﬁlser “WaS canstr&ct@d andtestinnatival fow

chtatinel, Velogity of free: upstreanrand middfe of diffiser was

coltected every 2D second by padillewheel flow sensor IP101
seties: It was féiund that at meae free stream-in front. of
diffser 080 rafs we got 155 m/s:inside of ditfiser. We can.
eayi st Diffuseratigmentation is 1.72 compate tothe simu-
Tation restlt 196 or 14% different.

4. Coniclyditig véninrks

0P, I£1 edegfee apprmtmiaxelyqquaisz'_. SBQ'
: i-not cha.nge m&ch Whlle; the:a.ngle is

aecordnigto éegree of diffuser-which is- goodtﬁ perfoiiance
ofditfaser.anple. At the same time il belover if the angle
ciegme’ismure Tran20°and will 1-as approxitnation when the
ivup t0:50°%. Vid thestidy the diffuser apgmentativn.
wilkzesch the mixinhrirate at 3.62 % Hten the angle degree
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gquals 50° and when the angle degree is about 20°- 509 the
maxirn roter power cogfficienttwill be about 2,14.
Theabove study-aims at studying single factor that is

-diffaser angle, Still, there arem any important factors needed

farther studying such estheipht of flange, length of diffuser
and installing technigue and etc.
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Abstract

The water turbine is the mechanical tool that changes the kinetic energy of water current to be useful
- with environmental influence slightly, since it’s unnecessary to build a dam. Somehow, water current in rivers
probably was not about to use as the energy resource because its velocity wa;quite slow. This research, so,
studied and designed duct worked as Diffuser in order to be the augmentation factor and CFD Simulation for the
water diffuser with Fluent commercial code program. The Field test resulted that they were consistent each other

well and the designed diffuser was able to two times increase velocity of water.

Keyword: Water duct, Diffuser, Duct, Augmentation factér, CED Simulation

1. Intreduction

. The function of water turbine is similar to wind turbine that is it gets the kinetic energy of fluid and
lower its velocity as said by Betz that if we want to maintain the energy capacity while the velocity is lower, we
have to broaden space of the water duct (the limitation of kinetic energy usage from fluid is the speciﬁc energy
per unit of fluid will be function of velocitya) Anyway, if the velocity of fluid is lower, the more complicated of
usages its energy. In order to maintain the power it’s either need bigger size of turbine or add number of turbine
or can be both, If we decide to increase size of the turbine the speed of blade tip may cause the Cavitations and
-aiso the location problem. Adding number of turbine was other alterhative but it came together with high cost of
the project in the inefficient way or the system would be more conl'lplicate if we tried to connect several sets of
Impeller to the single shaft. Therefore, the possible way of k‘inetic energy usage from fluid with low velocity
was to use Diffuser in order to widen Effective area of the duct; meanwhile, it’s to speed up inlet water current,
There are some diffuser application with windmill, for example, D.G. Phillips and others (1,2) from the
University of Auckland, New Zealand stadied and revised DAWT model called Vortec 7 that was built and

designed by Foreman and Grumman. The External air jet was used to prevent fluid disperse and control the

I
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Boundary layer in Diffuser from building model by CFD method and Visualization test and found that the Power
coefficient factor was four times increase. Toshio Matsushima et al.(3) studied the Frustum-shape Diffuser that
was incentive capacity of small windmill from the model system by I-DEAS Frustum-shape Diffuser program
and found Power coefficient factor was 1-7 times increase. Yuji Ohya et al.(4)studied and developed Diffuser-
installed win(i}niil. It’s basically studied Nozzle type, Cylindrical type, and Diffuser type and found the latest
one came with 1.8 times as the maximum speed. Not only the windmill, diffuser was applied with the water
current turbine, David L.et al.(5) studied result of Diffuser of the energy from water turbine by the model system
with the program of ANSYS CFX-5.7 Brian (6) installed 1.2*1.2 meters slot duct (2 sides Airfoil section slats)
with the Croés flow turbine type. However, other additional details of diffuser were not mentioned. Karanja
Kibicho and Anthony Sayers (7) studied the fluid flow in Wide angel diffuser since the disperse of pressure in
Wide angel diffuser was irregular; one found it’s flowing while another one not that called Stalling. It effected to
overall flow in Diffuser and without efficiency. R. K. Sullerey et at. (8) had the comparétive study the capacity
between Straight and Curve and diffuser at Reynolds number 7.8x10°-1.29x10% The fluid flow in Diffuser
depended on Divergence angie, lcngfh and width Throat and the vicissitudes of Inlet free stream.

This study aimed to design diffuser using Computatiqnal Fluid Dynamics {CFD) Flueat commercial
code for horizontal axis water turbine application and also proposed the field test result at different

circumsiance.

2. Material and Method
Water speed simulation in diffuser would use the program of Fluent commercial code. The simulation
would regularly-set the speed of fluid flow from the inlet boundary to the outlet (Fig.1) Domain was separated

into quadrilateral cells total 30,194 cells as in Table 1

Wali

188

£ ISl Y
JBno-aInssaky

. N N A 8L

Fig.1 Boundary condition
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Table. 1 Computational parameters

Solver Axisymmetric, steady

Viscous model K-epsilon RNG, Standard wall function
Turi)ulent kinetic energy k(m'/s’) 0.5

Turbulent dissipation rate (m2/s3) 0.5

Pressure velocity coupling simple

Under relaxation factor ‘ (0.3 for pressure, 0.7 for momenturm
Discretization

Pressure standard

Convergence criteria 10"

Duct would be set with a rafting and was pulled with a small boat and test in a reservoir. The pressure
of inlet boundary, nozzle, and external of Diffuser would be measured by Manometer principal, using 3 mmn

diameter transparent plastic pipe.

3. Result and Discussion

Fig.2 Velocity contour

1

Fig.2 showed Velocity contour of the simulation. Diffuser effected water speed if the inlet velocity was
set at 0.9 m/s, the maximum velocity in diffuser was 1.8 (a double increase) that was happened around the

nozzle and lower part, in particular, behind Flange and came about the whirlpool as in Fig.3
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Fig.4 Velocity rate change
4

Fig.4 at the-inlet velocity between 0.7 to1.2 found thg velocity at in front of diffuser (x/L=-0.5) started

to increase, at the entrance(x/L=0) velocity was 1.3 times and at the exit was 1.0 time of velocity at inlet

boundary. At

the nozzle of diffuser (x/L=0.3) maximum velocity increasing 2.2 times. Considering effect of

velocity inlet to local velocity rate change, from inlet boundary(x/L=-7) to exit of diffuser, there were no effect.

From exit (x/L=1) to pressure outlet boundary (x/1.=9) inlet velocity was a little effect on the rate change of

local velocity.
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The fig.5 showed Pressurt? coefficient on the Diffuser axis. At the inlet (x/L=0) and outlet of Diffuser
(x/1.=1) the pressure cocfficient was lower than zero, which the fluid flow through the Diffuser was higher and
not differ even the infet velocity change.

Fig.6 Velocity iine g-raph. from the water speed simulation. It shows three different speed exf:erimcntal
at three different pointé, external side, inlet and at the nozzle of the Diffuser. Bernoulli’s equation was used to
calculate the v_elocify. Experimental velocity at the inlet of diffuser (x/L=0) was faster than the-.e?(temal one

{x/L=-7) same as situlation.
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Fig.6 Simulation and Experimental results
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4. Conclusions

1. The simulation result with Fluent commercial code program was consistent with Field test
result, the diffuser designed doubled velocity of inlet water. Somehow, the case of the internal turbine installed
in the Diffuser needs additional study,

2 The hypothesis of simulation was that the velocity was stable and regular. The test get done at
deep water if compared (o size of diffuser. If the diffuser designed was used or tested in different circumstance,
such as shallow water, strong wind and wave etc., probably the results would be different.

3. The installment of duct with water turbine in order to increase velocity of fluid flow was
another alternative of water turbine application, particularly in the area of low velocity of water e.g. rivers and

canals in Thailand.
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Table C1 Electricity generating test results at vary water speed

Water speed m/s RPM(Rotor) | Power, watts Power cocfficient, Cp
1.08 98.29 104.36 0.18
130 112.94 145 0.14
1.32 168.32 212 0.18
1.37 186.01 225.11 -0.19
1.31 195.23 - 248.06 0.24
1.32 200.13 271.46 0.25
1.10 95.01 124.1 0.2
1.36 125.81 185.2 0.16
1.77 139.35 229.8 0.09
1.73 " 142,66 288 0.12
L5 7 152;37 , 309.9 0.12
1.81 161.61 301.7 0.11
Table C2 Test results at water speéd L1 m/s
MM/DD/YY  24/6/2011
Amp.,
RPM (PMG) | RPM (Rotor) | Voit,V A Power, Watts “Power coefficient, Cp
198 92.4 18 8 144 0.23
191 89.13 16 7 112 0.18
175 31.67 17 7 119 0.19
- 233 108.73 17 7 119 0.19
181 34.47 18 7 126, 0.2
229 106.87 17 7 1 19: 0.19
201 93.8 le 7 11; 0.18
221 103.13 18 7 Y126 0.2
198 92.4 17 8 136 0.22
209 97.53 16 8 128 0.21
Average 95.01 17 7.3 124.1 0.2
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Table C3 Test results at water speed .36 m/s
MM/DD/YY 24/6/2011
RPM Amp.,

(PMG) | RPM (Rotor) | Volt,V A Power, watts Power coefficient, Cp
289 | 13487 21 8 168 0.14
286 133.47 20 9 1830 0.15
277 129.27 22 9 198 0.17
267 124.6 21 8 168 0.14
288 134.4 21 8 168 0.14
265 123.67 20 8 160 0.14
254 118.53 28 9 252 0.21
243 113.4 21 8 168 0.14
225 105 241 8 192 0.16
302 140.93 22 9 198 0.17

Average 125.81 22 8.4 185.2 0.16
Table C4 Test results at wéter speed 1.77 II‘]/S
MM/DD/YY 24/6/2011

RPM Amp.,

(PMG) RPM (Rotor) | Volt,V A Power, watts 'Pm;ver coefficient, Cp
289 134.87 24 10 240 0.09
311 145.13 23| 10 230 0.09
292 136.27 20 10 200 0.08
296 -138.13 20 16 200 6.08
288 1344 24 10 240, 0.09
301 14047 26| 10 260 0.1
312 145.6 20 10 ZOQ' 0.08
278 129.73 20 10 ‘ 200 0.08
310 144.67 26 11 286 0.11
309 144.2 22 11 242 0.09

Average 139.35 22,50 10.2 229.8 0.09
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Table C5 Test results at water speed

MM/DD/YY 24/6/2011

173 mfs

RPM Amp.,
{(PMG) | RPM (Rotor) | Volt,V A Power, watts Power coefficient, Cp
310 | 14467 25 11 275 0.11
296 138.13 24 11 264 0.11
288 134.4 31 11 341 0.14
286 133.47 28 12 336 0.14
322 150.27 25 10 250 0.1
279 130.2 20 12 240 0.1
295 137.67 30 9 270 0.11
329 153.53 27 12 324 0.13
318 1484 31 10 310 0.13
334 155.87 30 9 270 0.11
Average 142,66 271 | 107 288 0.12
Table C6 Test resdlts at witer speed 175 m/s
MM/DD/YY 24/6/2011
RPM Amp.,
{(PMG) RPM (Rotor) | Volt,V A Power, watts 'Poxiver coefficient, Cp
332 154.93 30 12 360 0.14
341 159.13 31 12 372 0.15
304 141.87 31 11 341 0.14
315 147 30 11 330 0.13
328 153.07 28 11 308, 0.12
360 168 29 10 290 1 0.12
302 140.93 27 10 270" 0.11
308 143.73 26 0] ‘260 0.1
340 "158.67 28 11 308 0.12
335 156.33 26 10 260 0.1
Average 152.37 28.6 10.8 309.9 0.12
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Table C7 Test results at water speed
MM/DD/YY 24/6/2011

1.81

m/s

RPM Amp.,

(PMG) | RPM (Rotor) | Volt,v A Power, watts Power coefficient, Cp
373 | 17407 25 12 300 0.11
382 178.27 29 12 348 0.12
321 149.8 28 1 308 0.11
345 161 23 10 230 0.08
297 138.6 23 10 230 0.08
304 141.87 26 11 286 0.1
353 164.73 30 11 330 0.12
362 168.93 35 11 385 0.14
365 170.33 33 10 330 0.12
361 168.47 27 10 270 0.1

: Averag;: 161.61 26 11 301.7 0.11
‘Table C8 Test resulﬁ at water speed 1.08 m/s
MM/DD/YY 22/6/2011

RPM Amp.,

{(PMG) RPM (Rotor) | Volt,V A Power, watts .Pm'nfer'coeﬁicient, Cp
251 117.26 33 99 0.17
229 106.66 33 3 99 0.17
209 97.72 37 3 11 0.19
202 94,37 36 3 108 0.18
217 101.07 39 3 117, 0.2
196 91.58 36 3 108 0.18
190 88.79 38 3 14 0.19
209 97.72 35 3 108 0.18
207 96.6 31 2 62 0.1
239 111.68 37 3 111 0.19
167 77.78 38 3 114 0,19

Average 98.29 35.73 2.9} 104.36 0.18
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Table C9 Test results at water speed 1.3 m/fs
MM/DD/YY 22/6/2011
RPM Amp.,
(PMG) 3 RPM (Rotor) | Volt,V A Power, watts Power coefficient, Cp
240 111.88 36 5 180 0.17
259 120.83 32 6 192 0.19
253 118.28 27 6 162 0.16
204 95.26 31 s 155 0.15
240 111.88 26 5 130 0.13
247 115.08 24 5 120 0.12
266 | 124.03 26 5 130 0.13
219 102.29 26 6 156 0.15
269 12531 | 25 6 " 150 0.14
288 112.99 30 6 180 0.17
289 113.09 25 5 125 0.12
301 112.38 25 6 " 150 0.14
271 111.85 4 6 24 0.02
273 113.36 25 5 125 0.12
256 113.49 25 6 150 0.14
Average 112.94 26.06 | 5.59 145 0.14
Table C10 Test resulis at ﬁater speed 132 m/s
MM/DD/YY ~ 22/6/2011
Amp.,

RPM (PMG) | RPM (Rotor) | Voit,V A Power, watts Power coefficient, Cp
399 186 26 8 203; 0.19
355 165.62 27 8 216 0.2
382 178.36 35 8 280 0.26
368 171.57 2 8 184 0.17
357 166.47 29 7 203 0.19
360 168.17 28 8 224 0.21
357 166.47 29 8 232 0.21
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Table C10 (Cont.) Test results at water speed 132 m/fs
MM/DD/YY  22/6/2011
Amp.,
RPM (PMQ) RPM (Rotor) | Volt,V A Power, watts Power coefficient, Cp
349 163.07 25 8 200 0.18
335 156.28 25 6 150 0.14
360 168.17 25 7 175 0.16
335 16832 3 ] 9 270 0.25
26 7 182 0.17
22 7 154 0.14
32 | 8 256 0.23
30 7 210 0.19
Average 16832 | 2756 | 7.67 212 0.19
Table C11 Test results at water speed 137 m/s
MM/DD/YY — 22/6/2011
Amp.,
RPM (PMG) | RPM (Rotor) | VoltV| A | Power, watts | Power coefficient, Cp
424 197.89 26 8 208 0.17 '
340 158.57 27 8 216 0.18
423 197.25 35, 8 280 0.23
462 215.62 23 8 184 0.15
317 147.94 29 9 261 0.22
541 252.36 28 8 224 0.19
- 358 167.27 29 8 232, 0.19
332 154.83 25 8 200 0.17
477 22239 28 8 224 0.19
326 186.01 30 9 " 270 0.22
26 9 234 0.19
- 25 8 200 0.17
25 8 200 017
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Table C11 (Cont.) Test results at water speed

1.37 m/s

MM/DD/YY  22/6/2011
Amp.,,
RPM (PM(}:} RPM {Rotor) | Volt,V A Power, watts | Power coefficient, Cp
31 8 248 021
32 8 256 0.21
30 8 240 0.2
Average 186.01 27.72 811 225,11 0.19
Table C12 Test results at water speed .31 m/s
MM/DD/YY . 22/6/2011 |
Amp.,
RPM (PMG) | RPM (Rotor) | Volt,V A Power, watts Power coefficient, Cp
376 175.47 25 10 250 0.24
382 178.04 24 12 288 0.27
352 164.34 28 -| 10 280 0.27
398 185.74 21 i1 231 0.22
405 189.16 21 10 210 0.2
440 205.43 25 10 250 0.24
47 - 210.98 20 8 160 0.15
387 180.6 25 9 225 0.21
| 24 11 264 0.25
20 10 200 0.19.
25 10 250 024
26 10 260; 0.25
26 11 286: 0.27
22 11 242 0.23
26 9 ' 234 0.22
25 9 225.11 0.21
Average 195.23 2437 | 10.16 248.06 0.24




Table C13 Test results at water speed 148 m/s
MMDDIYY  22/6/2011
Amp,,
RPM (PMG“) RPM (Rotor) | Volt,V A Power, watts Power cocfficient, Cp

374 | 17453 31 279 0.26

408 190.24 25 9 225 0.21

355 165.81 24 7 168 0.15
380 177.15 30 9 270 0.25

333 155.33 27 9 243 0.22

520 2426 30 10 300 0.28

563 262.67 30 11 330 0.3

449 209.44 34 10 340 031
638 297.58 27 1 297 0.27
350 163.19 33. 13 429 0.39
342 159.7 21 11 231 0.21
436 203.33 30 10 300 0.28

33 9 297 0.27

30 9 270 0.25

20 10 200 0.18
28 10 280 0.26
25 12 300 0.28

22 10 220 0.2

24 9 225.11 0.21

30 9 225.11 0.21

Average - | 20013 2717 | 9385 271.46 025

4
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Table C14 Water speed data at Sirindhorn hydropower operation 10 mw

MM/DD/YY 24/6/2011

Average water speed 1.10m/s

Flow rate Speed Flow rate Speed
Time Time

m3/hr m/s m3/hr m/s
12:07:02 451.61 177 12:08:07 255.27 ‘ 1
12:67:07 2553 1 12:08:12 255.27 1
12:07:12 2553 i 12:08:17 255.27 1
12:07:17 439.46 1.73 12:08:22 279.57 11
12:07:22 439.46 1.73 12:08:27 279.57 1.1
12:07:27 439.46 1.73 12:08:32 205.61 0.81
12:07:32 363.22 143 12:08:37 205.61 0.81
12:07:37 363.22 143 | 12:08:42 205.61 0.81
12:07:42 235.65 0.93 12:08:47 471.23 1.85
12:07:47 235.65 0.93l 12:08:52 471.23 1.85
12:07:52 28472 1.12 12:08:57 147.24 0.58
12:07:57 284.72 1.12 - 12:09:02 147.24 0.58
12:08:02 284.72 112 12:09:07 206.15 0.81
12:09:12 206.15 0.81 12:10:37 21096 0.83
12:09:17 206.15 0.-81 12:10:42 210.96 0.83
12:09:22 3234 1.27 12:10:47 166.89 0.66
12:09:27 " 3234 1.27 12:10:52 166.89 0.66
12:09:32 3234 1.27 12:10:57 382.88 L5
12:09:37 343.56 135 12:11:02 382.88 L5
12:09:42 343.56 1.35 [2:1507 '382.88 1.5
12:09:47 373.02 1.47 12:11:12 ;165.44 0.65
12:09:52 373.02 1.47 12:11:17 !{ 165.44 0.65
12:09:57 186.58 0.73 12:11:22 165.44 0.65
12:10:02 186.58 0.73 12:11:27 103.37 0.41
12:10:07 186.58 0.73 12:11:32 103.37 0.41
12:10:12 443.01 1.74 12:11:37 323.97 1.27
12:10:17 443,01 1.74 323.97 127

o 12:11:42
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Table C14 (Cont.) Water speed data at Sirindhorn hydropower operation 10 mw

MM/DD/YY 24/6/2011
Average water speed 1.10m/s
Flow rate Speed Flow rate Speed
Time | Time
m3/hr m/s m3/hr m/s
12:10:22 288.29 113 12:11:47 323.97 1.27

Table C15 Water speed data at Sirindhorn hydropower operation 15 mw

MM/DD/YY 24/6/2011
Average water speed 1.36 m/s
Flow rate Speed Flow rate Speed
“Time Time
m3/hr m/s m3/hr m/s
11:50:02 353.64 _ 139 11:51:52 417.15 - 1.64
11:50:07 353.64 1.39 11:51:57 417.15 1.64
11:50:12 43391 1.7 11:52:02 172.24 0.68
11:50:17 | 433.91 1.7 11:52:07 172.24 0.68
11:50:22 433.91 S 17 11:52:12 172.24 0.68
' 11:50:32 33745 1.33 11:52:22 450.02 1.77
11:50:37 - 14107 | 055 11:52:27 . 417.93 1.64
11:50:42 141.07 0.55 11:52:32 417.93 1.64
11:50:47 141.67 0.55 11:52:37 417.93 1.64
11:50:52 259.08 1.02 11:52:42 417.82 1.64
11:51:17 510.76 2.01 11:53:07 192.56 0.76
11:51:22 510.76 2.01 11:53:12 192.56 0.76
11:51:27  |° 28931 1.14 11:53:17 i 53031 2.08
11:51:32 289.31 1.14 11:53:22 1 530.31 2,08
11:51:37 $289.31 1.14 11:53:27 .' 530.31 2.08
11:51:42 - 626.82 2.46 11:53:32 b . 15799 . 0.62
11:51:47 626.82 246 | 11.53:37 157.99 0.62
11:53:42 191.51 0.75 11:54:12 322.81 1.27
11:53:47 19i.51 0.75 11:54:17 322.81 1.27
11:53:52 - 19151 0.75 11:54:22 358.12 1.41
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Table C15 (Cont.) Water speed data at Sirindhorn hydropower operation 15 mw

MM/DD/YY 24/6/2011

Average water speed 1.36 m/s

—

Flow rate Speed Flow rate Speed
Time Time

m3/hr m/s m3/hr m/s
- 11:53:57 265.19 1.04 11:54:27 358.12 141
11:54:02 265.19 1.04 11:54:32 515.51 2.03

11:54:07 322.81 1.27 11:54:37 515.51 2.03
11:54:42 51551 203 11:55:37 193.7 0.76
11:54:47 306.99 1.21 11:55:42 193.7 0.76
11:54:52 306.99 1.21 i1:55:47 188.38 0.74
11:55:07 530.33 2.08 11:56:02 350.75 1.38
11:55:12 257.12 1.01 - 11:56:07 350,75 1.38
11:55:17 257.12 101 - 11:56:12 498.22 1.96
11:55:22 336.52 132 . 11:56:17 498.22 1.96
11:55:27 336.52 1.32 11:56:22 40632 1.6
11:55:32 193.7 0.76 11:56:27 406.32 1.6
11:56:32 406.32 1.6 ‘ 11:57:37 185.31 0.73
11:56:37 414.44 1.63 11:57:42 185.31 0.73
11:56:42 414.44 1.63 11:57:47 185.31 0.73
11:56:47 560.84 - 22 11:57:52 609.55 239
11:57:12 30533 1.2 11:58:17 337.59 1.33
11:57:17 305.33 1.2 11:58:22 337.59 1.33
11:57:22 305.33 1.2 11:58:27 433.91 1.7
11:57‘?:277 183.75 0.72 11:58:32 433,91 L7
11:57:32 183.75 0.72 11:58:37 453.18 1.78
11:58:42 453.18 1.78 11:59:47! 32145 1.26
11:58:47 453.18 1.78 11:59:52 530.35 2,08
11:58:52 328.77 1.29 11:59:57 530.35 2.08
11:58:57 328.77 1.29 12:00:02 530.3l5 2.08
11:59:02 328.77 1.29 11:59:22 385.69 1.52
11:59:07 380.33 1.49 11:59:27 145.44 0.57
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Table C15(Cont.) Water speed data at Sirindhom hydropower operation 15 mw
MM/DD/YY 24/6/2011

Average water speed 1.36 m/s

Flow rate Speed Flow rate Speed
Time 1| Time
m3/hr m/s m3/hr m/s
11:59:12 380.33 1.49 11:59:32 145.44 0.57

Table C16 Water speed data at Sirindhorn hydropower operation 20 mw
MM/DD/YY 24/6/2011
Average water speed 1.77 m/s

Flow rate Speed Flow rate Speed
Time Time

m3/hr /s m3/he m/s
10:42:02 49093 | 193 | 104352 | 46676 1.83
10:4207 | 4669 | 183 | 1043:57 454.8 1.79
10:42:12 4669 | 183 | 10:44:02 4548 | 179
10:42:17 466.53 183 | 10:44:07 342.92 1.35
10:42:22 466.53 183 | 104412 4292 | 135
10:42:27 | 46653 | . 183 | 10:44:17 342.92 1.35
104232 | 4207 | L66 | 10:44:22 481.13 1.89
10:42:37 217 - | 166 | 104427 | 48113 | 189
10:42:42 234.64 092 | 104432 481.13 1.89
10:42:47 | 23464 | 092 | 104437 |  383.02 L5
10:42:52 234.64 092 | 10:44:42 383.02 15
10:42:57 435,76 L7 | 104447 | 466.59 1.83
10:43:02 43576 L7 | 104452 | 466.59 1.83
10:43:07 517.24 203 | 104457 | 48433 1.9
10:43:12 51724 | 203 | 1045:02 | 48433 1.9
10:43:17 517.24 203 | 10:45.07 484.33 19
104322 | 4594 L8 | 104512 42624 1.67
104327 | 459.24 18 | 104517 426.24 167
10:43:32 4602 | 181 | 104522 451.84 L7
10:43:37 | 4602 181 | 104527 | 45184 | 17



Table C16 (Cont.) Water speed data at Sirindhorn hydropower operation 20 mw
MM/DD/YY 24/6/2011

Average water speed 1.77 m/s

Flow rate Speed Flow rate Speed
Time Time

m3/hr m/s m3/hr m/s

10:43:42 460.2 1.81 10:45:32 451.84 1.77
10:43:47 466.76 1.83 10:45:37 452.67 1.78
10:45:42 452.67 1.78 10:48:02 524.02 2.06
10:45:47 465.87 1.83 10:48:07 388.06 1,52
10:45:52 465.87 1.83 10:48:12 388.06 1.52
10:45:57 465.87 1.83 10:48:17 471.16 1.88
10:46:02 568.5 2.23 _ 10:48:22 477.76 * 1.88
10:46:07 568.5 | 2.23 10:48:27 462.99 1.82
10:46:12 379.01 1.49 10:48:32 462.99 .1.82
10:46:17 379.01 1.49 10:48:37 462.99 1.82
10:46:22 370.01 1.49 10:48:42 568.07 223
10:46:27 477.51 1.88 10:48:47 568.07 2.23

: 10:46;32 477.51 1.88 10:48:52 438.5 1.72
10:46:37 - 441.06 L73 10:48:57 438.5 1.72
10:46:42 441.06 1.73 10:49:02 438.5 1.72
10:46:47 441.06 1.73 10:49:67 398.04 1.56
10:46:52 568.52 223 10:49:12 398.04 1.56
10:46:57 568.52 2.23 10:49:17 408.64 1.61
10:47:07 458.7 1.8 10:49:27 408.64 1.61
10:47:12 482.51 1.9 10:49:32 " 402.2 1.58
10:47:17 482.51 1.9 10:49:37 1402.2 1.58
10:47:22 482.51 1.9 10:49:42 :410.66 1.6l
10:47:27 502.1 1.97 10:49:47 410.66 161

10:47:32 5021 1.97 10:49:52 410.66 1.61
- 10:47:37 502.1 1.97 10:49:57 431.28 1.69
10:47:42 479.44 1.88 10:47:52 524.02 2.06

- 10:47:47 47944 .88 |, 10:47:57 524.02 2.06

111



Table C17 Water speed data at Sirindhorn hydropower operation 25 mw
MM/DD/YY 24/6/2011

Average water speed 1.73 m/s

Flow rate Speed Flow rate Speed
Time Time

m3/hr m/s m3/hr m/s

11:02:22 388 1.52 11:04:12 469.22 _ 1.84
11:02:27 431.98 1.7 11:04:17 469.22 1.84
11:02:32 431.98 1.7 11:04:22 511.95 2.01
11:02:37 431.98 L7 11:04:27 511.95 2.01
11:02:42 343.49 1.35 11:04:32 523.34 2.06
11:02:47 343.49 1.35 11:04:37 523.34 2.06
11:02:52 451.86 L7 11:04:42 523.34 2.06
11:02:57 451.7861 ) 177 11:(_)4:47 511.59 2.01
11:03:02 451.86 1.77 11:04:52 511.59 2.01
11:03:07 5324 2.09 11:04:57 505.32 1.98
11:03:12 5324 2.09 11:05:02 505.32 1.98
11:03:17 496.6 195 | 11:05:07 569.57 2.24
| 11:03:22 496.6 1,95 11:05:12 569.57 2.24
11:03:27 496.6 1.95 11:05:17 569.57 2.24
11:03:32 352.81 1.39 11:05:22 494.26 1.94
11:03:37 352.81 1.39 11:05:27 . 494.26 1.94
11:03:42 "381.09 1.5 11:05:32 344.71 1.35
11:03:47 381.09 1.5 11:05:37 34471 1.35
11:03:52 484.74 1.9 11:05:42 344.71 1.35
11:03:57 484.74 1.9 11:05:47 '501.79 1.97
11:04:02 484.74 1.9 11:05:52 ;501.79 1.97
11:06:02 180.5 0.71 11:08:22 .' 34221 1.34
11:06:07 180.5 0.71 11:08:27 439.17 1.73
11:06:12 306.84 1.21 11:08:32 439.17 1.73
' 11:06:17' 3_06.84 1.21 11:08:37 416.36 1.64
11:06:22 449.5 1.77 11:08:42 416.36 1.64
11:06:27 449.5 17T |, 11:08:47 | 416.36 1.64.
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Table C17(Cont.) Water speed data at Sirindhorn hydropower operation 25 mw
MM/DD/YY 24/6/2011

Average water speed 1.73 m/s

Flow rate Speed Flow rate Speed
Time - Time

m3/hy m/s m3/hr m/s
11:06:32 449.5 1.77 11:08:52 445.84 175
11:06:37 532.55 2.09 11:08:57 445.84 1.75
11:06:42 532.55 2.09 | 11:05:02 279.76 1.1
11:07:07 306.82 1.21 11:09:27 451.16 1.77
11:07:17 385.34 1.51 11:09:37 451.16 L.77
11:07:22 385.34 i.51 11:09:42 550.46 2.16
11:07:27 434.15 1.71 11:09:47 550,46 2.16
11:07:32 434,15 | 1.71 11:09:52 514.33 2.02
11:07:37 295,53 1.16 11:09:57 514.33 2.02
11:07:42 295.53 1.16 11:10:02 514.33 2.02
11:07:47 295.53 1.16 11:10:07 459.39 1.8
1'1:.07:52 564.26 2.22 11:10:12 459.39 1.8
11:07:57 564.26 222 11:10:17 568.47 223
11:08:02 397.57 1.56 11:10:22 56847 223
11:08:07 39757 1.56 11:10:27 568.47 2.23
11:08:12 _ 342.21 1.34 11:10:32 285.06 1.12
11:08:17 34221 1.34 11:10:37 285.06 1.12
11:10:42 532.4 2.09
11:10:47 532.4 2.09
11:10:52 5324 2.09 i
11:10:57 4873 1.91 1
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Table C18 Water speed data at Sirindhorn hydropower operation 30 mw

MM/DD/YY 24/6/2011

Average water speed 1.75 m/s

Fiow rate Speed Flow rate Speed
Time - Time

' m3/hr m/s m3/hr m/s
11:15:22 252.42 0.9% 11:17:12 43725 1.72
11:15:27 421.84 1.66 11:17:17 318.64 1.25
11:15:32 421.84 1.66 | 11:17:22 318.64 1.25
11:15:37 475.67 . 1.87 11:17:27 318.64 125
11:15:42 475.67 1.87 11:17:32 504.82 1.98
11:15:47 475.67 1.87 11:17:37 504.82 1.98
11:15:52 456.6 1.78 11;17:42 582 2.29

11:15:57 456.6 | 1.79 11:17:47. 582 2.29

11:16:02 312.08 £.23 11:17:52 582 229
11:16:07 312.08 1.23 11:17:57 475.65 1.87
11:16:32 ~ 203.86 0.8 11:18:22 339.79 1.33
11:16:37 203.86 0.8 11:18:27 335.79 £33
11:16:42 436.89 172 11:18:32 640.69 2.52
i1:16:47 '- 436,89 1.72 11:18:37 640.69 2.52
11:16:52 413.77 1.63 11:18:42 44277 1.74
11:16:57 413.77 1.63 11:18:47 442.77 1.74
“11:17:02 413,77 1.63 11:18:52 442,77 174
11:17:07 437.25 172 11:18:57 262.14 1.03
111:19:02 262.14 1.03 11:21:22 611.59 2.4
11:19:07 572.74 2.25 11:21:27 '558.71 2.19
11:19:12 572.74 2.25 11:21:32 ;558.71 2.19
11:19:17 572.74 2.25 11:21:37 : 485.33 1.91
11:19:22 25241 0.99 11:21:42 48533 1.91
11:19:27 252.41 0.99 11:21:47 349.51 137
11:19:32 431.82 . 17 11:21:52 349.51 1.37
11:19:37 431.82 1.7 11:21:57 349.51 1.37
_ 11:19:42 431,82 1.7 o 11:22:02 281,53 i1
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Table C18(Cont.) Water speed data at Sirindhom hydropower operation 30 mw

MM/DD/YY 24/6/2011

Average water speed 1,75 m/s

Fiow rate Speed Flow rate Speed
Time Time
m3/hr m/s m3/hr m's
11:19:47 232.99 6.92 11:22:07 281.53 1.11
11:19:52 - 232.99 0.92 11:22:12 320.32 1.26
11:19:57 467.65 1.84 11:22:17 320.32 1.26
11:20:02 467.65 1.84 11:22:22 320.32 1.26
11:20:07 467.65 1.84 11:22:27 433.88 17
11:20:12 495.08 1.94 11:22:32 433.88 1.7
11:20:17 495.08 1.94 11:22:37 454.16 1.78
11:20:22 331.16‘ 13 11:22:42 454.16 1.78
1£:20:27 | 331.16 1.3 . 11:22:47 454.16 178
11:20:52 592.17 233 | 112312 611.58 24
11:20:57 592.17 233 11:23:17 - 475.71 1.87
11:21:02 47225 1.86 11:23:22 475.71 1.87
11:21:07 472,25 1.86 11:23:27 610.81 24
112612 611.59 24 11:23:32 610.81 24
11:21:17 611.59 24 11:23:37 610.81 2.4
11:23:42 368.88 1.45 11:23:52 436.87 1.72
11:23:47 368.88 1.45 11:23:57 436.87 1.72
11:24:02 436.87 1.72 11:25:07 519.01 2.04
11:24:07 479.64 1.88 11:25:12 -519.01 2.04
11:24:12 479.64 1.88 11:25:17 '446.37 1.75.
11:24:17 495.04 1.94 11:25:22 ;446.37 175
11:24:22 495.04 1.94 11:25:27 : 446.37 1.75
11:24:27 495.04 1.94 11:25:32 489.08 1.92
11:24:32 25244 6.99 11:25:37 489.08 1.92
11:24:37 252.44 0.99 11:25:42 489.08 192
11:24:42 563.04 2.21 11:25:02 621.28 2.44
563.04 2.21 , 11:25:47 563.53 2.21

11:24:47
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Table C18(Cont.) Water speed data at Sirindhorn hydropower operation 30 mw

. MM/DD/YY 24/6/2011

Average water speed 1.75 m/s

097

Flow rate Speed Flow rate Speed
Time ~ Time
' m3/hr m/s m3/hr m/s
11:24:52 621.28 2.44 11:25:52 563.53 221
11:24:57 621.28 244 11:25:57 271.82 1.07
+ Table C19 Water speed data at Sirindhorn hydropower operation 35 mw
MM/DD/YY 24/6/2011
Average water speed 1.81 m/s
Flow rate Speed Flow rate Speed
Time Time
m3/hr m/s m3/hr m/s
11:32:22 574.28 226 11:34:12 614.36 241
11:32:27 574.28 226 11:34:17 | 614.36 241
11:32:32 347.25 1.36 11:34:22 681.11 2.68
11:32:37 347.25 1.36 11:34:27 681.11 2.68
11:32:42 353.2 139 | 11:3d:32 414 | 163
11:32:47 - 3532 1.39 11:34:37 414 1.63
11:32:52 3532 1.39 11:34:42 414 1.63
11:32:57 624.87 2.45 11:34:47 414.07 1.63
11:33:02 624.87 245 11:34:52 414.97 1.63
11:33:52 314.22 1.23 11:35:42 494,08 1.94
11:33:57. 614.29 241 11:35:47 427.35 1.68
11:34:02 614.29 241 11:35:52 427,35 1.68
11:34:07 614.29 241 11:35:57 _ ;'427.35 1.68
11:36:02 160.37 (.63 11:38:22 ‘383.66 1.51
11:36:07 160.37 0.63 11:38:27 240.4 0.94
11:36:12 160.37 - 0.63 11:38:32 240.4 0.94
11:36:17 291.66 1.15 11:38:37 240.4 0.94
11:36:22 291.66 1.15 11:38:42 587.62 231
11:36:27 247.94 11:38:47 587.62 2.31




Table C19(Cont.) Water speed data at Sirindhorn hydropower operation 35 mw

MM/DD/YY 24/6/2011
Average water speed 1.81 m/s
Flow rate Speed Flow rate Speed
Time ~ Time
m3/hr m/s m3/hr m/s
11:36:32 247.94 0.97 11:38:52 908.11 3.57
11:36:37 483.81 1.9 11:38:57 908.11 3.57
11:36:42 483.81 1.9 - 11:39:02 908.11 3.57
11:36:47 483 .81 1.9 11:39:07 414.1 1.63
11:36:52 3884 1.53 11:39:12 414.1 1.63
11:36:57 388.4 1.53 11:39:17 414.1 1.63
11:37:02 307.13 121 11:39:22 293,79 1.15
11:37:07 307.13 121 11:39:27 293.79 115
11:37:12 307.13. 1.21 11:39:32 400.61 1.57
11:37:17 367.35 1.44 11:39:37 400.61 1.57
11:37:22 367.35 1.44 11:39:42 454.02 178
11:37:27 . 400.75 1.57 11:39:47 454.02 1.78
11:37:52 625.76 2.46 11:38:17 383.66 1.51
11:37:57 625.76 2.46 11:38:07 454.03 178
11:38:02 - 62576 2.46
Table C20 Water speed data at Sirindhom hydropower operation 11 mw
MM/DD/IYY 22/6/2011
" Average water speed 1.08 m/s
' Flow rate Speed ; Flow rate Speed
Time Time
' m3/hr m/s ‘ m3/hr m/s
14:31:32 214.83 0.84 14:41:37 208.29 0.82
14:31:32 214.83 0.84 14:41:37 208.29 0.82
14:32:17 226.38 0.89 14:41:42 208.29 0.82
14:33:12 204,75 0.8 14:41:52 324.87 1.28
14:33:17 204.75 0.8 14:41:57 378.99 1.49
14:33:42 204.75 0.8 14:42:02 243.6 0.96
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Table C20(Cont. Water speed data at Sirindhorn hydropower operation 11 mw

MM/DD/YY

22/6/2011

Average water speed 1.08 m/s

Flow rate Speed Flow rate Speed
Time™ | Time
m3/hr m/s m3/hr m/s
14:34:52 312.81 1 14:42:22 243.6 0.96
14:35:07 199.8 0.78 14:42:27 243.6 0.96
14:35:17 292.47 1.15 | 14:42:42 335.19 1.32
14:36:27 242,97 0.95 14:43:02 292,71 1.15
14:36:57 270.69 1.06 14:43:12 243.69 0.96
14:37:42 313.53 1.23 14:43:17 243,69 0.96
14:37:52 374.28 1 14:43:22 379.02 1.49
14:37:57 - 37428 1.47 14:43:27 210.03 0.83
14:38:17 270.69 - 1.06 14:43:32 335.25 132
14:38:22 270.69 1.06 14:43:37 290.73 1.14
14:39:02 206.76 0.81 | 14:43:42 214.92 0.84
- 14:39:47 206.76 0.81 14:43:47 214.92 (.84
14:40:32 206.76 0.81 14:43:52 514.95 2.02
14:41:02 206.76 0.81 14:43:57 313.62 1.23
14:44:02 364.74 143 14:47:27 438.12 1.72
14:44:07 364.74 1.43 14:47:32 438.12 1.72
14:44:12 363.03 1.43 14:47:37 314.76 1.24
14:44:27 243.6 0.96 14:47:42 . 348.12 1.37
14:44:42 406.02 1.59 14:47:47 270.3 1.06
14:44:47 199.8 0.78 14:47:52 270.3 1.06
14:45:02 215.07 0.34 14:48:02 297.36 1.17
14:45:07 - 280.59 1.1 14:48; 1% 514.29 2.02
14:45:12 270.43 1.06 14:48:17 514.29 2.02
14:45:17 460.17 1.81 14:48:22 311.67 1.22
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Table C21 Water speed data at Sirindhorn hydropower operation 15 mw

MM/DD/YY 22/6/2011
Average water speed 1.3 m/s
Flow rate Speed Flow rate Speed
Time ~ Time
m3/hr m/s m3/hr m/s
15:20:17 481.48 1.89 15:22:02 337.92‘ 1.33
15:20:22 481.48 1.89 15:22:07 236.75 0.93
15:20:27 341.55 1.34 15:22:12 275.09 1.08
15:20:32 341.55 1.34 15:22:17 275.09 1.08
15:20:37 150.51 0.59 15:22:22 576.96 2,27
15:20:42 269.45 1.06 15:22:27 195.64 0.77 |
15:20:47 269.45 1.06 15:22;32 260.25 1.02
15:20:52 271.‘18 1.07 15:22:37 260.25 1.02
15:20:57 - 271.18 107 | 15:22:42 260.25 1.02
15:21:02 42478 1.67 15:22:47 152.74 0.6
15:21:07 - 31442 . 1.24 15:22:52 '259.85 1.02
ﬁ5:21:12 339.7 1.33 15:22:57 - 506.67 1.59
15:21:17 3359.08 1.41 15:23:02 506.67 1.99
15:21:22 251.19 0.99 15:23:67 422.19 1.66
15:21:27 251.19 0.99 15:23:12 422.19 1.66
15:21:32. 3067.56 1.21 15:23:17 378.25 1.49
15:28:37 251.99 0.99 15:23:22 372.47 146
15:21:42 422.44 1.66 15:23:27 324.74 1.28
15:21:47 422.44 1.66 15:23:32 324.74 1.28
15:21:52 464.65 1.83 15:23:37 © 2731 1.07
- 15:21:57 267.09 1.05 .15:23:42 1 258.75 1.02
15:23:47 21341 0.84 15:26:02‘ | 256.06 1.01
15:23:52 394.61 1.55 15:26:07 283.38 1.11
15:23:57 394.61 1.55 i5:26:12 280.36 1.1
-15':24:02 349.46 137 15:26:17 280.36 1.1
15:24:07 378.57 1.49 15:26:22 485.83 181
274.58 1.08 . 15:26:27 485.83 1.91

15:24:12 i
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Table C21(Cont.) Water speed data at Sirindhorn hydropower operation 15 mw

MM/DD/YY 22/6/2011
Average water speed 1.3 m/s
- Flow rate Speed Flow rate Speed
Time ™ | Time
m3/hr m/s m3/hr m/s
15:24:17 654.82 257 | 15:26:32 485.83 1.91
15:24:22 654.82 257 | 15:2542 364.28 143
15:24:32 297.68 117 | 15:25:52 302.17 1.19
15:24:37 183.82 072 | 15:25:57 302.17 1.19
15:24:42 236.65 093 | 15:26:37 528.04 2.07
15:24:47 236.65 093 | 152642 | 27034 | 1.06
15:24:52 " 311.16 122 | 15:26:47 27034 1.06
15:24:57 315.98 124 | 15:26:52 24688 | 097
L 1525007 | 244.08 096 | 1527:02 | 27125 1.07
15:25:12 244.08 0.96 | 15:27:07 281.04 1.1
15:25:17 377.15 1.48 ' '
- . 15:25:22 37715 | 148
15:25:27 296.63 1.17
. 15:25:32 296.63 1.17
15:25:37 359.03 141

Table C22 Water speed data at Sirindhorn hydropower operation 20 mw
MM/DD/YY 22/6/2011

Average water speed 1.32 m/s

. Flow rate Speed Flow rate Speed

Time Time ,.
m3/hr s , m3/hr m/s
15:35:22 533.92 2.1 15:37:12 : 462.42 1.82
15:35:27 309.63 122 15:37:17 ‘ 354.96 1.39
15:35:32 309.63 1.22 15:37:22 372.67 1.46
i 15:35:37 - 438.34 1.72 15:37:27 272,16 1.07
15:35:42 406.95 1.6 15:37:32 | 59198 233
15:35:47 388.56 - 1.53 15:37:37 591.98 2.33



Table C22 (Cont.) Water speed data at Sirindhorn hydropower operation 20 mw

MM/DD/YY 22/6/2011
Average water speed 132 n's
Flow rate Speed Flow rate Speed
Time - Time

m3/hr m/s m3/hr m/s

15:35:52 388.56 1.53 15:37:42 295.1 1.16
15:35:57 219 0.86 15:37:47 307.38 1.21
115:36:02 351.41 138 | 1537:52 185.18 0.73
15:36:07 150.08 0.59 | 15:37:57 185.18 0.73
15:36:12 333 131 15:38:02 326.36 1.28
15:36:17 333 131 | 15:38:07 371.91 1.46
15:36:27 355.78 1.4 15:38:17 250 0.98
15:36:32 - 269.33 106 | 153822 285.52 1.12
15:36:37 261.72 1.03 15:38:27 285.52 1.12
15:36:42 257.46 1.01 15:38:32 343.13 1.35
15:36:47 257.46 1.01 | 15:3837 335.79 1.32
15:39:02 172.55 - 0.68 15:41:22 351.45 1.38
15:39:07 156.66 0.62 15:41:27 293.83 1.15
15:39:12 156.66 0.62 15:41:32 17025 0.67
15:39:17 443.97 1.74 15:41:37 304.84 1.2
15:39:22 358.4 141 | 154142 304.84 1.2
15:39:27 198.09 0.78 15:41:47 278.57 1.09
15:39:32 246.64 0.97 15:41:52 301.99 1.19
15:39:37 274 1.08 15:41:57 751.76 2.98
15:39:42 274 1.08 15:42:02 " 440.48 173
15:39:47 417.89 1.64 15:42:07 , 440.48 1.73
15:39:52 272.63 1.07 15:42:12 | 54838 2.15
15:30:57 425.44 1.67 15:42:17 | 22646 0.89
15:40:02 425.44 1.67 15:42:22 259.04 1.02
15:40:07 0.81 15:42:27 418.06 1.64

205.49
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Table C22(Cont.) Water speed data at Sirindhorn hydropower operation 20 mw

MM/DD/YY 22/6/2011
Average water speed 1.32 m/s
Flow rate Speed Flow rate Speed
Time ~ Time

m3/hr m/s m3/hr m/s

15:40:12 434.54 171 | 15:42:32 316.83 1.24
15:40:17 389.73 153 | 15:42:37 316.83 1.24
15:40:22 329,52 129 | 15:42:42 306.13 12
15:40:27 337.12 132 | 15:42:47 266.58 1.05
15:40:32 337.12 132 | 15:42:52 138.05 0.54
15:40:37 332.94 131 | 15:42:57 138.05 0.54
15:40:42 554.91 218 | 1543:02 369.94 145
15:40:52 162.09 064 | 154312 | 21945 | 086
15:40:57 $223.53 0.88 | 1543:17 42671 1.68
15:41:02 480.95 189 | 15:43:22 406.95 1.6
15:41:07 278.7 109 | 154327 406.95 1.6
15:43:52 14653 | 058 | 154502 192.74 0.76
15:43:57 406.82 16 | 154507 307.15 121
15:44:02 316.15 124 | 154512 31445 1.24
15:44:07 399.32 157 | 15:45:17 37236 1.46
15:44:12 18645 | . 0.73 | 154522 573.45 2.25
15:44:17 186.45 073 | 154527 573.45 225
15:44:22 302.17 119 | 154532 | 2311 0.92
15:44:27 3314 13 15:45:37 296.04 1.16
15:44:32 3314 13 | 154542 | 28149 1.11
15:44:37 1308.62 514 | 154547 | 144096 1.73
15:44:42 51791 203 | 154552 | 440.96 1.73
15:44:47 428.76 1.68 | 15:45:57 260.19 1.02
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Table C23 Water speed data at Sirindhorn hkydropower operation 25 mw

MM/DD/YY 22/6/2011
Average water speed 137 /s
Flow rate Speed Flow rate Speed
Time Time

m3/hr ms m3/hr /s

15:52:22 297.81 117 | 15:53:37 318.14 1.25
15:52:27 297.81 117 | 15:5342 218.37 0.86
15:52:32 253.09 099 | 15:53:47 21837 0.86
15:52:37 253.09 0.99 | 15:53:52 218.37 0.86
15:52:42 - 253.09 0.99 | 15:53:57 4963 1.95
| 15:52:47 278.01 .09 | 15:54:02 416.86 1.64

15:52:52 337.44 133 | 15:54:07 416.86 1.64
15:52:57 337.44 133 | 15:54:12 281.41 111
15:53:02 - 347.84 137 | 15:54:17 337.46 1.33
15:53:07 - 435.71 LT | 155422 337.46 1.33
15:53:12 263.14 103 | 15:54:27 226.2 0.89
15:53:17 263.14° 1.03 | 15:54:32 3262 1.28
15:53:22 37532 147 | 15:54:37 2262 0.89
15:55:02 595.56 234 | 15:56:07 225.7 0.89
15:55:07 496.28 195 | 15:56:12 325.7 1.28
15:55:12 418.02 1.64 | 15:56:17 485.45 191
15:55:17 358.67 141 | 15:56:22 35732 14
15:55:22 358.67 141 | 15:56:27 47637 1.87
15:55:27 714.65 281 | 15:56:32 278.01 1.09
15:55:32 45087 L77 | 155637 | 25808 1.01
15:55:37 436.7 172 | 155642 | 125808 1.01
15:55:42 436.72 L72 | 15:5647 ' 201.08 0.79
15:55:47 222.09 0.87 | 15:56:52 574.02 2.25
15:55:52 222.09 087 | 15:56:57 258.06 1.01
15:57:02 258.06 1.01 | 15:58:32 271.41 1.07
15:57:07 396.84 156 | 15:58:37 276.01 1.08
0.81 | 15:58:42 3777 1.48

15:57:712

205.39
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Table C23(Cont.) Water speed data at Sirindhom hydropower operation 25 mw

MM/DD/YY 22/6/2011
Average water speed 1.37 m/s
5 Flow rate Speed Flow rate Speed
Time Time
m3/hr m/fs m3/hr m/s
15:57:17 205.39 0.81 | 15:58:47 377.7 1.48
15:57:22 423.94 1.67 | 15:58:52 377.19 148
15:57:27 398.46 1.57 | 15:58:57 377.19 1.48
15:57:32 398.46 157 | 15:59:02 297.75 1.17
15:57:37 416.88 1.64 | 15:59:07 297,75 1.17
15:57:42 446.32 175 | 15:59:12 258.17 1.01
15:57:47 158.86 0.62 | 15:59:17 399.19 1.57
| 15:57:52 158.86 0.62 | 15:59:22 258.81 1.02
15:57:57 297.84 17 | 155927 | 364.12 143
15:58:02 297.84 LI7 | 15:59:32 232.76 0.91
15:58:07 354.82 139 | 15:59:37 232.76 0.91
15:59:52 170.83 0.67 | 16:00:52 575.65 2.26
15:59:57 170.83 0.67 | 16:00:57 496.3 195
16:00:02 170.83 0.67
16:00:07 218.48 0.86
16:00:12 241,96 0.95
16:00:17 24196 0.95
16:00:22 416.01 1.63
16:00:27 416.01 1.63
16:00:32 285.52 1.12 "
16:00:37 694.83 2.73 «
16:00:42 694.83 2.73 ~
16:00:47 454.65 1.79
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Table C24 Water speed data at Sirindhorn hydropower operation 31 mw

MM/DD/YY 22/6/2011
Average water speed 1.31 m/s
Flow rate Speed Flow rate Speed
Time ~ Time
m3/hr m/s m3/hr m/s
16:15:22 433.47 1.7 16:16:27 567.89 2.23
16:15:27 248.15 0.97 16:16:32 289.1 1.14
16:15:37 379 1.49 16:16:42 268.8 1.06
16:15:42 324.04 127 16:16:47 340.72 1.34
16:15:47 183.01 0.72 16:16:52 318.25 1.25
16:15:52 183.01 072 | 16:16:57 127.62 0.5
- 16:15:57 586.43 23 16:17:02 127.62 0.5
16:16:02 231.93 0.91 16:17:07 363.92 1.43
B 16:16:07 - 231.93 0.91 16:17;12 152.31 0.6
16:16:12 454.38 1.78 16:17:17 340.76 1.34
16:17:42 492.119, 1.93 16:19:07 511.09 ' 2,01
16:17:47 511.05 2.01 16:19:12 511.09 2.01
16:17:52 511.05 2.01 16:19:17 189.32 0.74
16:17:57 - 378.61 1.49 16:19:22 34745 1.36
-,16:18:02 214.35 0.84 16:19:27 347.45 1.36
16:18:Q7 171.6 0.67 16:19:32 302.87 119
16:18:12 1716 0.67 16:19:37 155.06 0.61
16:18:17 490.13 1.93 16:19:42 302.87 1.19
16:18:22 336.67 1.32 16:19:47 752.59 2.96
16:18:27 . 96135 3.78 16:19:52 ‘ 752.59 2.96
16:18:32 200.9 0.79 16:19:57 1174.47 0.69
16:18:37 611.84 24 16:20:02 E | 279.56 1.1
16:18:42 611.84 2.4 16:20:07 246.1 0.97
16:18:47 374.79 1.47 16:20;12 154.27 0.61
16:18:52 170.42 0.67 16:20:17 154.27 0.61
16:20:22 386.24 1.52 16:21:47 461.94 1.81
- 16:20:27 549.05 2.16 244.08 0.96

16:21:52
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Table C24(Cont.) Water speed data at Sirindhorn hydropower operationt 31 mw

MM/DD/YY 22/6/2011
Average water speed 131 m/s
_ Flow rate Speed Flow rate Speed
Time 7 . Time
m3/hr m/s m3/hr m/s
16:20:32 646.52 2.54 16:21:32 318.06 1.25
16:20:37 162.72 0.64 16:21:37 318.06 1.25
16:20:42 397.53 1.56 16:21:42 362.53 1.42
16:20:47 397.53 156 | 16:21:17 316.5 1.24
16:20:52 340.86 1.34 16:21:22 200.3 0.79
16:20:57 170.46 0.67 16:21:27 204.66 0.8

Table C25 Water speed data at'Sirindhorn hydropower operation 35 mw

MM/DD/YY 22/6/2011
Average water speed 148 m/s
Flow rate - Speed , Flow rate Speed
Time : Time
_ m3/hr Comfs . m3/hr m/s
16:30:27 288.71 . i.13 16:31:32 | 340.77 1.34
16:30:32 851.83 335 163137 | 37528 | 1.47
16:30:37 851.83 335 16:31:42 289.6 1.14
16:30:42 605.22 2.38 16:31:47 528.11 2.07
| 16:30:47 - 21485 0.84 16:31:52 528.11 2.07
16:30:52 233.21 - 0.92 16:31:57 528.11 - 2.07
16:30:57 206.45 0.81 16:32:02 255.64 |
16:31:02 359.06 1.41 16:32:07 1 293.26 1.15
16:31:07 359.06 1.41 16:32:12 :4E3.76 1.63 .
16:31:12 . 6l0.14 24 16:32:17 !' 494.05 - 1.94
16:31:17 248.5 098 | 163222 |  494.05 1.94
16:31:22 258.52 .02 16:32:27 213.78 6.84
16:31:27 | - 340.77 134 16:32:32 408.85 .61
- 16:32:37 300.06 1.18 16:34:02 44296 1.74
16:32:42 300.06 1.18 16:34:07 415.21 1.63




Table C25(Cont.}) Water speed data at Sirindhorn hydropower operation 35 mw

MM/DD/YY 22/6/2011
Average water speed 1.48 m/s
5 Flow rate Speed Flow rate Speed
Time Time
m3/hr m/s m3/hr m/s
16:32:47 476.46 1.87 16:34:12 169.11 0.66
16:32:52 | 272,08 LO7 | 16:34:17 ‘ 386.44 1.52
16:32:57 579.22 2.28 16:34:22 238.57 0.l94
16:33:02 562.23 221 16:34:27 238.57 0.94
16:33:07 238.53 0.94 16:34:32 562.19 221
16:33:12 238.53 0.94 16:34:37 363.27 1.43
16:33: 17 498.96 1.96 16:34:42 1138.88 4.47
16:33:22 148.06 0.58 16:34:47 249.8 0.98
16:33:27 388.1 1.52 16:34:52 249.8 0.98
Table C26 Water speed data at Sirindhorn hydropower operation 35 mw
- MM/DD/YY ‘ 22/6/2011
Average water speed | 148 m/s
Flow rate Speed Floﬁ rate Speed
Time . , Time :
m3/hr n/s m3/hr m/s
16:33:32 388.1 1.52 16:34:57 365.14 143
16:33:37 243.04 0.95 16:35:02 190.08 0.75
16:35:27 213.97 0.84 16:36:52 352.85 1.39
16:35:32 270.06 1.06 16:36:57 352.85 1.39
16:35:37 - 270.06 1.06 16:37:02 | 45539 1.79
16:35:57 341.48 1.34 16:37:22 1 255.56 1
. 16:36:02 409.41 1.61 16:37:27 : 379.15 1.49
16:36:07 409.41 1.61 16:37:32 ‘ 374.96 1.47
16:36:12 494.01 194 | 16:3737 442.89 1.74
16:36:17 459.97 | 1.81‘ 16:37:42 340.56 1.34
16:36:22 415.78 1.63 16:37:47 340.56 1.34
16:36:27 ~ 415.78 1.63 16:37:52 271.59 1.07
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Table C26 (Cont.) Water speed data at Sirindhorn hydropower operation 35 mw

MM/DD/YY 22/6/2011
Average water speed 148 mfs
B Flow rate Speed Flow rate Speed
Time Time
m3/hr m/s m3/hr m/s
16:36:32 303.02 1.19 16:37:57 187.5 0.74
16:36:37 272.61 1.07
16:36:42 242.15 0.95
16:36:47 476.98 1.87
Table C27.1 Power coefficient at 82.6 RPM
Water speed 1.29 m/s
Load ‘ -
_ ‘ RPM(PMG) RPM(Rotor) | Volt,V | Amp., A Power, Watts
Level 1 ' '
1 189 88.2 15 2 60.0
2 173 80.7 18 3 108.0
3 177 82.6 19 3 1140
4 186 86.8 | 16 3 96.0
5 188 87.7 21 3 126.0
6 187 873 17 3 102.0
7 204 95.2 16 3 96.0
8 189 882 17 3 102.0
9 146 68.1 20 4 160.0
10 187 87.3 21 ‘. 4 168.0
11 163 - 76.1 20 ¢ 3 120.0
12 196 91.5 19 ‘1 3 114.0
13 177 82.6 20 3 120.0
14 167 719 20 3 120.0
15 179 83.5 14 i 28.0
16 167 71.9 19 3 114.0
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Table C27.1 (Cont.) Power coefficient at 82.6 RPM

Water speed 129 m/s
Load
RPM(PMG) RPM(Rotor) | Volt,V | Amp, A Power, Watts
Level 1.
17 188 87.7 16 2 64.0
18 164 76.5 15 3 90.0
19 176 82.1 i5 3 %0.0
Average, RPM 82.6 1053
TSR 3.6
Cp 105
Table C7.2 Power coefficient at 93.3 RPM .
| - Water speed | 129 m/s
foad
' RPM{PMG) RPM(Rotor) | Volt,V | Amp., A Power, Watts
Level 2 :

1 183 85.4 14 3 84.07
2 207 96.6 15 3 90.0
3 200 93.3 13 3 78.0
4 192 89.6 18 3 1080
5 179 83.5 20 4 160.0
6 192 89.6 18 4 144.0
7 195 91.0 18 4 144.0-
8 186 86.8 19 4 152.0
9 188 87.7 4. 3 84.0
10 271 126.5 16 4 128.0

11 179 83.5 15 3 990.0
12 193 90.1 14 3 84.0
13 203 94.7 18 4 144.0
i4 223 104.1 15 3 90.0
15 1908 o924 ‘16 3 96.0
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Table C27.2 (Cont.) Power coefficient at 93.3 RPM

Water speed 129 m/fs
Load
RPM{PMG) RPM(Rotor) | Volt,V | Amp., A Power, Watts
Level 2

16 | 209 97.5 18 4 144.0
17 198 924 17 4 136.0
18 201 93.8 19 4 152,0
19 198 92.4 24 5 240.0
20 205 95.7 16 4 128.0
Average, RPM 93.3 1238

TSR 4.0

Cp 123

Table C27.3 Power coefficient at 102.8 RPM

Water specd 129 m/s
| Load _ _ Amp.,
RPM(PMG) | RPM(Rotor) | Volt,V Power, Watts
Level 3 . : . : A

1 215 100.3 17 4 | 1360
2 : 191 89.1 21 | 3 126.0
3 220 102.7 24 4 192.0
4 256 119.5 19 4 152.0
5 207 96.6 17 | 3 102.0
6 . 210 98.0 20 |, 4 160.0
7 213 99.4 18 | 3 108.0
8 196 91.5 25 |4 200.0
9 217 101.3 ' | 4 152.0
10 257 119.9 18 4 144.0
1 255 119.0 15 3 90.0
12 233 1087 19 3 114.0




Table C27.3 (Cont.) Power coefficient at 102.8 RPM
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Water speed 129 m/s
Load Amp.,
RPM(PMG) | RPM{Rotor} | Volt,V Power, Watts
Level3 A

B3 243 113.4 18 3 108.0

14 218 101.7 23 4 184.0

15 230 107.3 i8 4 144.0

16 199 92.9 20 4 160.0

17 195 91.0 20 3 120.0

Average, RPM 102.8 i36.1

TSR 44
Cp 13.5
Table C28 Efficiency of Permanent Magnetic Generator
No load | On load |
Pin | Vout | fout | Pout Efficiency,%
RPM | Watts | IL Load | Watts | IL

115 1260 | 6.8 4x2 1 1400 | 6.6 | 140 64 | 46 | 58.88 42.06
154 1360 | 6.8 4x2 1600 | 6.8 | 300 98 | 59+ 1156 38.55
207 1320 | 6.8 4x2 2000 | 7.1 | 68O § 157 | B2 1 2573 37.86
278 1420 | 6.8 4x2 1 2500 | 7.4 | 1080 | 232 | 93 | 431.5 39.96
Average 39.61
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