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Part 6-2 Appendix 1-1

Appendix 1-1": Layout of Powerhouse for Small Hydroelectric Power Generation

The space of powerhouse of small hydroelectric power generation is determined according to
each size of hydroelectric power plants and also is subject to the penstock and the conditions of
powerhouse.

Fundamental Rules of Power house L ayout

Fundamental rules (guideline) to determine the powerhouse layout of small hydroelectric power
generation are as follows:

(1) Such rooms as operation rooms, office rooms, etc. of operators are not necessary to be
provided for hydroelectric power facilities under unmanned regular services, which are
covered by this Technical Guideline.

(i) Also, tool rooms, rooms of machine tool, storage rooms of spare parts , etc. are not necessary
to be particularly provided due to utilisation of unused space of floor.

Those fundamental rules are aimed to reduce spaces for hydroelectric power facilities for
improvement in economy.

® [t is noted that the powerhouse does not need to include temporary spaces for assembling and
dismantling of hydroelectric power plants due to utilisation of space outside the powerhouse.

Layout Plan
Basic Items of Layout Plan

L ocations of Facilitiesin Waterway

The layout plan is to be studied in due consideration to the locations and dimensions of the
penstock and the tailrace. Even in the case when such locations and dimensions are not decided,
temporary decisions for those locations and dimensions are indispensable for implementation of
the layout plan and the temporary decisions which are to be reviewed according to the progress
of layout plan.

A centerline of hydraulic turbine is determined based on the centerline of penstock line. In
addition, such a layout as plan the powerhouse above the tailrace has to be avoided.

Transportation Plan

The layout plans is to be studied in due considerations to the entrance of powerhouse and the
transportation route of power plants as well, in particulars its width and its height. In the study, it
is a principle that each of a turbine and a generator will be transported in assembled conditions.

*1: Source from “Technical Guideline for Plan and Design of Steel Structures (Part of Small Hydroelectric
Power Generation), Ministry of Agriculture, Forestry and Fisheries”
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Part 6-2 Appendix 1-1

In the case of small hydroelectric power generation, allmost all hydraulic turbines and
generators will not have so much different sizes for the both cases in assemling and
disassembling conditions. Also, it is advised to avoid their transportation under the conditions
of disassembling in view of quality control and economical procurement. The minimum
disassembling unit of control equipment is at a board of equilment.

Arrangement Plan of Equipment

The procedure to arrange the equipment based on this guideline is to be in reference to Figure
1: Procedure to Proceed Layout Plan.

Notes of Layout Plan

(1) Itis desireable to take an allowance until the final determination of specifications.

(i) It is necessary to implement the layout plan, taking into account the working space
required for assembling, and maintenance and inspection. Even in the case of no specific
descriptions in this guideline, it is indispensable to secure the space more than 800 — 1000

mm surounding hydroelectric equipment.

(iii) It is necessary to plan the plumbing (for oil, water, etc.) and the electrical wiring so as not
intermingle the pipes and the electrical cables.

(iv) It is necessary to include the study of arrangement of exhaust ducts in the case when the
cooling system of generators is based on the exit pipe ventilation system.

Procedureto Proceed Layout Plan

Refer to Figure 1.
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Conditions to Be

Determined by Planner Specifications of Dimension Determination of Dimension Plan of Layout
Basicitems
° Fr.equency [A] [B] [G]
® Discharge Deter mination of Deter mination of Deter mination of
® Head hydraulic turbine dimension for dimensionsin
.| type and its model _ hydraulic turbine - combination of
g 7”1 & inlet valve ”| hydraulic turbine
and generator
Drainage
facilities :
® Required e L 1 | seerecerneni]ecnnnns :
®Not required : + .[ D ] :
[C] Deter mination of
Determination of dimension of
necessary auxiliary > auxiliary e
equipment eguipment l v
> [J]
Study on layout
Generators v "
® Synchronous Lp> [E]
generator Determination of [F]
® Induction > generator type » Determination of |-
generator and its model dimension of v
generator L ayout drawing
System
® Systematic voltage v
o S [HT [
Deter mination of single Deter mination of
lines diagram dimension of
> control equipment
Main transformer [, and main
® Required transformer
® Not required
Conditions of waterway,

transportation, etc.

Figure1l Procedure of Layout Planning
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3 Dimension of External Form in Combination of Hydraulic Turbine and Generator

The dimension of the external form in combination of hydraulic turbines and generators is
determined as follows, depending on the type of hydraulic turbines:

(Note: The marks of O and mean each dimension of a generator and a speed increaser
respectively.)
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(iii)  Crossflow Turbine

(iti-1) Direct Coupling of Turbine and Generator
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(iv) S-type Unit

(iv-1) Direct Coupling of Turbine and Generator

(iv-2) Gear Coupling to Increase Revolution Speed

|_|

2.3 Example of Layout Plan

In the case of the following conditions, the layout plan is determined as follows based on the

procedure shown in Figure 1:
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[Assumed Conditions]

(a) Basic items:
Frequency: 50Hz, Maximum plant discharge: 1.0 m3/s, Effective head: 70.0 m(which is
also for the maximum head and the rated head)

(b) Drainage facilities:
It is a condition that the drainage water in the powerhouse is able to be drained directly to
the tailrace and consequently there is no need to provide pumping drainage facilities after
the result of study on the water level conditions of hydraulic facilities and the flood water
lecels.

(c) Generator type:
The powerhouse is located at the end point of the transmission line system and the
synchronous generator is adopted based on the conditions of the transmission line system.

(d) Voltage of transmission:
To be connected to the 11 kV distributioon line.

(e) Main transformer:
To be provided with the main transformer in due consideration to its connection conditions
with the transmission line system.

(f) Waterway/ transportation:
The powerhouse branches off from the facilities of water utilisation and the tailrace is
connected with the river to return the used water to the river.

(g) Other condotions:

The powerhouse has an independent building with a surface type powerhouse and it has no
externally restricted conditions.

11 kV Distribution line

Penstock

D = 500ms

Powerhouse -—-'.'.._H"‘---___
Tailrace \
[ - \ Transportation road

Access road

[

| "~ River Flow

Facilities of Water
Utilisation

Figure 2 Concept for L ocation of Power house
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The layout is planned as follows in accordance with the descriptins in this guideline:

[A]

Determination of Type and Model of Hydraulic Turbines

In reference to Figure 3 Selection of Hydraulic Turbine, it is clear that the applicable turbine is
a horizontal Francis turbine or a cross flow turbine. In this example, the layout plan is prepared
in application of a horizontal Francis turbine.
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Figure 3 Selection of Hydraulic Turbine
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In reference to Figure 4: Selection of Horizontal Francis Turbine (50 Hz), the model of
horizontal Francis turbine is decided to be ‘H500” where is at the cross point of Q (= 1.0 m*/s)

and H (= 70.0 m).

Also, in reference to the same figure it is read that the turbine output is at about 550 kW and
the rotation speed is at 1000 rpm.

Effective Head (m)
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Source: See the footnote on Page Al-1-1.

Discharge Q (m°/s) >
Figure4 Selection of Horizontal Francis Turbine

[B] Determination of Dimensions of Hydraulic Turbine and Inlet Valve

The model of ‘H500’ means the diameter at 500 mm and accordingly each dimension of
turbine is determined as follows in reference to Table A2.1.1-1:
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Table1 Coefficients*1 for Approximate Dimension of Horizontal Turbine

Symbol
B C D E F G H I J K L
Ny
Dimension 266 236 209 186 165 146 130 115 102 90 80
D, 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 | 1000

2880 2620 2420 2220 2060 1960 1820 1710 1640 1560 1450

2600 2390 2210 2040 1920 1830 1710 1600 1540 1470 1430

2000 1860 1730 1610 1520 1470 1380 1300 1270 1220 1190

A
B
C 2320 2160 2010 1850 1740 1670 1560 1470 1420 1360 1320
D
R

2090 1880 1730 1630 1530 1460 1390 1290 1250 1200 1180

Ds 1630 1500 1350 1230 1110 1010 930 840 770 720 700
h; 1800 1630 1550 1490 1410 1360 1310 1260 1230 1200 1180
H 7100 6800 6480 5970 5540 5140 4810 4520 4350 4040 3830
J 3280 3130 2910 2600 2540 2440 2160 2030 1850 1740 1640
CL 3600 3500 3460 3390 3340 3290 3250 3200 3180 3160 3160
Dp 2730 2640 2510 2320 2150 1990 1870 1750 1690 1570 1360
0 0.93 1.07 1.03 1.06 1.02 1.00 0.97 0.99 0.95 0.90 0.90

~139 | ~136 | ~136 | ~136 | ~127 | ~1.27 | ~0.18 | ~1.18 | ~1.11 | ~1.05 | ~1.00

Source: See the footnote on Page Al-1-1.

ote: *: e coefficient means a coefficient relevant to determination on the dimension of eac
Note: *': Th fficient fficient relevant to det t the d f each
portion of turbine in the case of the diameter of inlet of Runner = 1000 mm.

*2: The dimension of ‘€’ is shown with a proportion to the diameter of runner: D inclusive of
the min. one and the max. one in due consideration to some range of rotation speed.

The butterfly valve is selected in this case in reference to Table 2. Following the precedents, the
diameter of inlet valve (Dv) is in 1.1Dg ~ 1.2Dx.

Accordingly, it is calculated as follows: Dv = 1.1 x 465 ~ 1.2 x 465 = 510 ~ 560 mm. However,
taking into account the condition that the diameter of penstock is 500 mm in reference to
Figure 2, Dv is selected at 500 mm and the inlet valve is determined as shown in Figure 4.
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Table2 Typeof Inlet Valve

Type of Valve Applicable Head Seal Method Head Loss
(i) Butterfly valve Less than 150 m Rubber seal is generally applied for the valve body. Slightly large
(ii) Double leaves valve Less than 200 m Rubber seal is generally applied for the valve body. Middle
(iii) Partition valve Less than 200 m Metal seal is applied for the valve body. Small

[:01]

Figure6 Dimension of Inlet Valve (unit: mm)

[C] Determination of Necessary Auxiliary Equipment

There are oil pressure supply systems, lubricating oil system, plumbing equipment, etc. as
auxiliary equipment of hydraulic turbines and generators and such necessary auxiliary
equipment are determined as follows:

(1) In respect of the oil pressure supply system, it is a principle to use an electric motor-
driven type servomotor and an electric motor-driven type inlet valve except S-type units,
accordingly it is not necessary to use auxiliary equipment.

(i1) As to the lubricating oil system, it is a principle to use a self-feeding system as much
as possible. In the case of the location for this example, it is considered possible to
apply a self-feeding thrust bearing, and accordingly the layout plan is proceeded under
the condition of no need of lubricating oil systems.

It is noted that the application of self-feeding thrust bearing is not always general and
therefore it will be necessary to re-consider the application of self-feeding thrust
bearing according to the progress of the layout plan.

Nippon Koei / IEEJ
Volume 6
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(iii)  As to the drainage system of plumbing equipment, the application of the
drainage system is not necessary as decided in [Assumed Conditions]. On the
other hand, the water supply system is necessary for sealing of spindle units
and cooling for lubricating oil of bearing as well in the case of the horizontal
Francis turbines. In the case of the location for this example, assuming that the
head is rather high and the water quality is good, it is determined to apply the
direct water intake from penstock.

Determination of Dimension for Necessary Auxiliary Equipment

Based on the result of the study above in [ C ] Determination of Necessary Auxiliary Equipment, it
is concluded that only the water supply system is required as an auxiliary equipment and its
method is the direct water intake from penstock. Acoordingly, such an auxiliary equipment of
water supply system is provided in the pit of inlet valve. In this case, it is necessary to proceed
the layout plan in consideration of such conditions as application of a manual atraner or a slf-
feeding strainer, etc. and consequently the necessary space is subject to the conditions.
However, an appropriate space is prepared for the overall layout plan as it is too hard to study
such conditions in this example.

Determination of Generator Type and Its Model

As assumed in [Assumed Conditions], the generator is a synchronous generator. In reference
to Figure 7: Selection of Synchronous Generator for Horizontal Francis Turbine (50 Hz), the
generator model is decided to be ‘model 506075 from the cross point by H = 70 m and Q =
1.0 m*/s. It is noted that in the case of the horizontal turbine, the turbine is directly connected
with the generator and therefore it is not necessary to study the necessity of auxiliary
equipment. Also, it is clear that the capacity of generator is at about 560 kVA.
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Figure7 Selection of Synchronous Generator for Horizontal Francis Turbine (50 HZ)

[F] Determination of Dimension of Generator

In reference to Table 3, the dimension of generator for the model: 506075 is determined as

follows:
[ L
!
A =
Y
=
D= 1300 C =400 H =850 L =3120
Figure 8 Dimension of Generator
_ _ Al-1-14 _ _
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Table 3 Deter mination of Approximate Dimension and Approximate Weight for
Synchronous Generator (50 Hz) in The Case of Francis Turbine Use
Model Weight (kg) D H C L Pull-out
Number Dimension*

1 506020 1700 770 1010 375 2250

2 506030 2100 850 1010 425 2530

3 506040 2550 900 1080 425 2800

4 506050 3400 1150 1080 450 2930

5 506075 4100 1300 950 400 3120

6 506100 5100 1300 1200 450 3660

7 506150 5670 1140 1130 450 3860

8 506200 7080 1350 1200 450 3990

9 508020 2700 850 1010 425 2530

10 508030 3400 1060 1010 490 2680

11 508040 4100 1150 1130 540 2970

12 508050 4300 1140 1130 540 3510

13 508075 5000 1300 1200 450 3730

14 508100 6240 1500 1270 450 3940

15 508150 7600 1650 1510 560 4030

16 508200 8240 1650 1510 560 4180

17 510020 2800 900 1010 450 2600

18 510030 3400 1150 1010 490 2780

19 510040 4500 1140 1130 540 3530
20 510050 5400 1350 1240 600 3710
21 510075 5900 1500 1270 450 3840
22 510100 7280 1650 1510 560 3960
23 510150 8270 1700 1450 560 4060 2350
24 510200 9570 2000 1610 560 4110 2400
25 510250 6100 1500 1370 560 3880
26 512100 8320 2200 1770 560 4110 2250
27 512200 11250 2500 1720 560 4430 2400
28 514050 5800 1700 1450 500 3650 1950
29 514100 9050 2200 1770 560 3980 2350
30 514200 13100 2500 1720 560 4530 2550
31 516100 9830 2200 1770 560 4060 2400
32 516200 13750 2500 1720 560 4600 2600
33 518100 10950 2500 1720 560 4360 2400
34 518200 15400 2590 1800 560 4660 2600
35 520200 16050 2590 1800 560 4720 2650

Note:
o The type of generator is a pedestal type in the case of provision of figures in this column. In
the case of no provision of figures in this column the type of generator is a bracket type.

Source: See the footnote on Page A1-1-1.

Nippon Koei / IEEJ

Volume 6

Appendices to Manuals

_49 =
H

Center Line of Turbine

Al-1-15

The Study on Introduction of Renewable Energies

in Rural Areas in Myanmar



Part 6-2 Appendix 1-1

[G] Determination of Dimension of Unit in Combination of Both of Hydraulic Turbine and
Generator

In reference to [ B | and [ F ], the dimension in combination of both of the hydraulic turbine
and the generator is determined as follows:

L ] | Ir
£ P —| | —(
f’ﬁ:‘—] l | - g
| N 1.
\/
[ en : 3120

Figure9 Dimension of Unit in Combination of Both of Hydraulic Turbine and Generator

[H] Determination of Single Line Diagram

According to [Assumed Conditions] described in the above, the generator is a
synchronous generator and it is decided to apply a main transformer. Consequently,
the single line diagram is as shown in Figure 10.

[I] Determination of Dimension of Control Equipment and Main Transformer

The dimension of control equipment panel and main transformer is determined as shown in
Figure 11 by use of the standard control equipment panel. It is noted that the direct current
power source is to be provided and its dimension is V900 x "2350 x ®1200 (mm).

As the provision of electric motor-driven type servomotor is decided, the size of speed
governor is V700 x 1950 x 700 (mm). As to the remote monitoring control device, following
the use of cyclic method, its dimension is determined as shown in Figure 12.
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Figure 10 SingleLine Diagram
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Figure 11 Dimension of Control Panel

|

2300

=

Mobile Unit

Figure 12 Remote Monitoring Control Device
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The power output of generator is estimated at about 560 kVA and accordingly it need the main
transformer having capacity at 750 kVA (50 Hz) as shown in Figure 13, in reference to Table

4.
L 1585 1120
¥ A3 .
=
&
L
[ — I |
Ll | I . | q I [ ]
Figure 13 Dimension'of Main Transformer
Table4 Approximate Dimension and Approximate Weight of Oil Type Transformer
(For 3 Phase 11 kV Class Transmission)
Capacity Frequency Approximate Dimension Appr. Weight
(kVA) (Hz) X Y z (kg)
S0 1250
A0 a0 1325 B5D 1240 1750
50 N 1700
a0 &0 1460 g 1410 1600
S0 1585 1120 2400
T 1580
ol 60 1565 1075 2300
B0 | 173D 1270 | 285D
1000 1680
&0 | 1770 1210 | | 2700
50 | 1873 1670 | 4550 |
1500 1 1855 4'
&0 1975 1610 | 4100 |
ol | as0o |
2000 ED i 2410 1680 1ESS _—5-1 0
| B0 | ' 5800
500 2410 2550 2550
S0 e 5600
Source: See the footnote on Page Al-1-1.
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[J] Determination of Layout Plan of Equipment

The layout plan of each equipment is determined, taking into account the results of study
carried out in [ A ]~[ I ]. In this case, it is necessary to consider the basic items of layout plan
described in 2.2 and the location relationship in Figure 2 as well, for the purpose of setting up
the layout plan of equipment.

The following Figure 14 is a layout plan of equipment such a study as carried in the precedent
sections. Each dimension of the layout plan for equipment is necessary for its finalization after
considerations of the arrangement of auxiliary equipment, the dimension of powerhouse, etc.

“Pit of inlet valve
(To provide water supply device)”

T |
“Operation and open space |

—a—
T“Adjusting sho: 1

L4 .
= “Power Jource of dirg Tt current”

A e
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|
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- “Generator panel Protgetion relay panel”
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_l_
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of transmission” ”

1ta

<

eed governor” A “Circuit breaker panel [gf generator”

| 5 —_———

“Space for electric
motor -driven

L ‘Remote monitoring “MOF Panel’
servomotor| -, .
ontrol device

| B . »
| } Passage of rear ma![)tenance

A— - ———— S =

“Maintenance space to secure 2000 mm
in front of circuit breaker”

Figure 14 A Layout Plan of Equipment

In respect to the above figure, it is noted that;

(1) in the upstream of inlet valve, it is necessary to secure the space of welding between
the penstock and the adjusting short pipe,

(i1) the length of adjusting short pipe is to be longer than the diameter of inlet valve,

(ii1) the space of welding is to be more than 300 mm long, and

(iv) the adjusting short pipe is provided to adjust the installation errors which may occur
in between the penstock and the inlet valve.
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Appendix 1-2 Nomograms. Sructural Analysisfor Concrete Slabs
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Figure 1 Sress Distribution of Slab Fixed along 4-Sides & Displacement )
d3Y v at Center of Slab against Uniformly Distributed L oads

Source: 1) Youich Azuma & Seiji Komori: Sab Sructure, Vol.11 of ‘Outline of
Architectural Sructure’ Published by Shoukokusha, Nov.1970
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Source:1) Yoshitaka Dobashi: ‘Bending Moment of Sguare-Shaped Sab with
Opening, Sudy Report No.12 of Japan Society of Architecture, Feb. 1958
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Appendix 1-3 Penstock Diameter

Power tunnels and penstocks:
the economics re-examined

By F, Fahilbusch

Frincipal Engines"

blam of determining the cotimum diameter of power tunnals and penstocks for hydro planis fs
eyamingd and a formula derived which circumvents the laborious numerical caleulations involved in &

:;,:m gnelysis,

EpURES FOR delermintip the oplimum or the maost
pomicil diameter of power tenncls and penstocks arc
i lrdﬁﬂ"-'ﬂdir'mﬂ“"“ and can therefone be reparded
~ ctnblished. Depending on the degree of accuracy
gired in @ particular case. establishang the optimun
m:lﬂl:“” may be labersous apd require purmeriesl
chAigues in cembinnibon with & high-speed computer,
Eﬂ the procedure is generally straightorsard. Models
been formulated wathout difficully, even in-
rating hydroukic (ransient sspecis. turbise gove
erump requirements, and ywheel effscis In contrast 15
spaorzizcal snalyeis, the numencal approach, althougs
competent in deaking with & paricular case, usually has
1he ,j-,urmlnml;.g ol mot prowiding Information which con
gralized.
Hll| camplecely dilferem approach fo delermining the
goonomical dizmeter, 'llud% _demands not mare than o
fewclementary calculutions, is by application of empirical
foymulee, such as those Empmd for P:M-I.ME- by
Lodin', Surkara®, and Fah useh”, These regaire know-
jodge of the rafed capacity and head, but, despite their
gmplicity, perlormanc s is gemerally within ao ascuracy of
§0 #o 13 per cent, Theme are circumsiances where 1ha
gealiestionof an empirical formula s mare rational than a
flect sudy, which is the cose when too many arbitrary
gssuruphiors are unnveidable. Although the arguments
pnderlying the derivalion and streciure of these formulse
are ";l.nnal;ﬂ_l.r walid, occasionally thene ix dioubl a8 10
whether they are applicabde. Successlul application of the
erpleical formulae, thercfare, requires soma d-uErr
grdemsdanding of the peceliaries of o prablem 5o thot
excepbions can be recogrized.
Hall way berween detailed numerical stisdy ancd
lrﬂ-piliﬁﬂ formulos i theoretical analyis, which is the
mige of this paper, in allempling [0 combine 1he
advaninges of both theoretical rigour nad saempliciy
To keep the complexities mathematically tractabde, o
fow sxpedient sssumptions are delierately made, ba
these o nol &eeim to diminish the sccurcy of the resulis
In the loflowing formuleiion, the efflr.'m of hwdraulic
tramsien @nd Turbine governing reguircmeepls on the
daamebss pre dicrepardad, To meel these reguirements,
adjusime s m.ghlg;rtnmn.- neerssary which will bnve 1o
te determined on zn imdividaal basie

Foremulethon

With iner easing dismeier, the head [oses aind conseyvent
energy bosest i o power tunnel or penstock decrense,
while eonstruetssn cosis increase. The ohjeclive of the
eemoamnic oy 15 thusladatenmineg tee diameter sehich
mEnimizes e ot amngal costs, comisiing of the anrual
charpes from the iovestmenl s e monelsry villse of
the Inst energy. The objective can be stuted alternalively
i lenms of the amoant of mvested capstal, ard the

—
T TR st g Th o, e Frarcmso. Callo e, BE

Wer Fowss & Damn Corstruciion  Jano TRE]

k
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capitalived value of the bost energy, which will achisve the
Exfie pedill.

Inflow into & reservodr, nelease, water level, amawnt of
waber in storage, and e aulput from the powerplant are
bazically eontinuoes time [URCLORAY OF, EVER MAOTE
precisely, stochastic processes with defermindstic com-
panests Far the [resent purposo, these [unctions ars
congidered af discrere, wilh ane day being taken as the
lasic time mterval. 1t b 2l sesumed 1hat "c:h:_plml et 2
pulsz-shaped cutpul of darston A, implying inssan-
tanenus stepetsp 15 full eapabibiey, operation ai full
capability for the time A2 and rerurn 1o complere
standstill once the bydio enerey avallable on 3 particalar
day & delivered.

e interval At which i o fraction of a day, dopends
explicitly oo the availeble energy apd capability on the
specilic duy and, implicitly, on the raled capacity, roeed
head, and ihe actual besd ynder wheth ihe plant B
momeniarily operating.

With these definitions and assemptions, the energy loss
during the particelnr day, £ s given by:

A E={. {0 DA N |

where £ = energy loss, | = Darcy-Weishach friction
foctor, @ = dischnsge throogh the turbine, Ay = time
interval specified above, and D = dinmeter. Undeslying

index desipaimng s par < sy de

duration of piani epssatianin ¥l
crengy ko dermg @ pas Gk iy

dizme ior

Diarcy- Wieaborh [riction fooior
Hi:h.'lrFIIlqullh-hlfrﬂ aH (B prstiendar
der dursag duration 31, (m)

hemdl oo pai ikulid &y lin

v bary valkic ol Gae KW ol 65 ekl iy
srivpge anrupl e sy s
r|||l']u'ri|[];.r5.m|pri'§:|'u= flanning Barizsa
il numbar pl dope of planrisg horgoa
s e EEar = A

liimais per day = 34
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Eq. (1) is the Darcy-Weikhach friciion formula and an
everall efficiency of the electrical end mechanical equip-
menl of B5 per cenl. The monetary loss ineurred during
the dev is obtained by muliplying Eg. (11 by an
appropriale unil ensrgy value, e, and the averape anmeal
manetary ess (ML) = obizined by summing up the daily
losses and dividing the 101al by the aumber of years
comprising the planning hormon.

ML=0.7(0D NE 0 At
=1
where N denoves the toin] number of days With the

relationshin of M, the hours per year, T, and the hours per
day, k, E.u?[i] cai e wrten:

{2

ML=0 T A5 (0 ar k)

[3)

The quotient AL% in Eq. (3] represents the deily plam
factor, n the dscharge doss nol vary explizitly with
the head, the tum on the nght becomes simply the

roduct " muliplied by the average Iong-term plant

“10IF-

The two relationships:
Ci=hlly e (4]
T =aMh -1 |

where T equals the hours o plant is in operation during
the planning horeon and & 15 the everage plent {sctor,
transtorm gam ta the right of Eg. (1) nta a puse
"number smalber than, & equil 1o, uaiy:

e
MLl T Tdi DY EL N &/ T )

o

[B)

The dimensioniess quuntity, k, which is also restricted 1o
values smallér than onity, fallows (rom kioon functions
of the ratio between the head, H, under which o plant is
operating on a specific doy and the rated bead, Ay, In the
ppecial case that b & constant and onity . implying conmstiang
£:|.|‘:'|'|urgn equal to the rated discharge, 1he sum in Eq. (&)
tukes on the aumericn] vilue 1. The fnal expression or
the sverage anmual monetary [osses covsed by fricthon (n 3
power unnel or pensiock of given dizmeien is oboined by
considecing the reladionship between ruted capaciry,
discharpe, nnd hesd. Assuming again an overallefiicwncy
of &5 per cent and inserling for T = 5760 b, Eq. [8) then
becomes

ML=106[(efgk iy J(may L

where the subscripts refercing o the rated varinkie are
dropped lor convenience. The leiter k stands for the sum
on the right of Eg. [6).

The second term in the ohpeenve lunetssn 18 the
fumctsom relatimg the annual cof o the diametsr. In
priclics, coml [upciinng are nol necessonly contnwouos,
becauss the mot appropriale consifwclion equipenl
miay chan af discrere didamigler e Actiual st
sitimates, an il sthar hand, ndiesie than the gueadeanie
pedynomind, Eq, (B represents o reasonable appiosine-
(KTale]

7

C=CRFalr

[

where CRF desipnates the eapital recovery factor end the
coelficent, w. & o ecopome scaling faciar af 0 pawer

L]
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rennel or penstock of woi length which hes jo
determined hy fitting Eq. (B 1o sctoal cost estimatey,
Methematically, the problem of determining i,
optimum diameisr can now be stated a5 an unconirsg
optimization problem with the following objective fiyn,,
{01
Teazl annual com

= 1. Gefa PFHY D + CRFnl’ (%)

and the oplimum diameter & obained by application of
standard calouhes methads o1 hﬁmlmtm programming,
Geametrie programming applicd io the current preblen,
nal only resulis in o satement of ihe solution smplhy
inspection, but shows that, at the optimum design, ik
ratin between Lhe second and first 1erm on the fghtof Eq
[¥] is constant, having the numerical value 1.5, that ig:

(CRFaD MI0.6el6ki PIHP BT =25 .. {1y
which eveniually vields:
D=1 6{elek/CRFn ) {PiHPT {11y
Eq. [11) applies 10 bath power tunnch and penstocks,
SIMCE B fiz assupapeians were made in the derfeg.
ticmy, which weuld cesrict it to erther funciion,

Validation of equation for the optimum dismate
The comparisen 1o be discusssd next, though BOL ety
rigorous can, nevertheless, be rephrded 25 a0 acospiabls
prool of the theory. For thie purpose, two daln seis
compiled and published by Sarkaria” from exi
perslocks were used, which cover Lhe whaols specirum o
perstacks encountered in praciice. The sets escempas
pstocks from 1.5 m e 12°2 me=diameter, 20 m 1o almos
000 m hewd ood 2 MW to 700 MW capacity.

In comgaring the formulaz of the opimum dlamere
with iock data, i i3 expedient o modify clightly the
col fonction o accownt explicitly for the head whick
vanes within a very wide range. In the case of power
tunnels, the variations of the head are wswally within
norrow Himits and non 23 [mporiant a5 in perstocks.
Elzmeznlary mechimucs pod economic  consiceration
sugpest a form as indicated by Eq.{12)

C=CRFaHF {12}

where (he mated head, M, is used a3 the wvurinble
representing the internal water preszure and & is again a
scaling factor for cost. With Eg. (12) insiead of Eq(.‘afé:
the formula for the optimum dizmeter of pensiocks

on the form:

D=1 6leibk/CRE) " H™ AT
which differs only slightly from Eqg. (11}

[13)

The fest, a used herein, compares the diameter of he
cxEling pinildcks apainet the quantity M- (PrH)"
Corresponding pairs are photted on InE-InF pager on ihd
Figiife whhch show, in accord with Eqg. llﬂ-rd lreas
rekntban
A marinieal analyais ol the guontily
Ko DiPHATHY i1
the result of which s summaresed in e following ke,
daselosed an overall average K = 0,52 and a cocfficient
of variation Cv = (L, 11, Thss witlin 2 aceutzcy of 11 per
cent. Eq. (15) can be used fora quick determination of the
mesl cconommical dime ler

¥utur Porertr & Dom Congruction  Sune 1852
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L:::’m o
! '

i mﬂrrui'uﬂﬂ'wmm'h rird
I'-""!lp.'. HEET AT The

: ELUTARR
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=100
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I e
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D= 520V (BH {15)
Relattarships of © and L: see Eg, [14)
K Cu
16 dula sl =82} an
B0 aar
ﬂ'ﬂ:mm 057 B

Both Fig. 1 and the values listed in the Notstions sensd
po indicate that the dinmeter of the more recant penstocks
are, on avefage, 10 per cenl smaller than those af the
corfier penatocks, Althouph the difference i significant
statistizally, this observation is of linle pracneal uee, pnes
ihe cavne of the difference esnna be Bolated nad allowed
far im Eg. (15).

The formulac for penstocks suggested by Sorkana and
Fahilbsch stated in the metric syslem are, respectively:

D=, {02 prH) %+ {16)
and:
D=k H" T {PH am

which are both guite similur (o the theoretscal expesssion
in Eg. (13} and Eg. (§5}, for the mosl economical
asock diameters. While there i3 a slight dillerence
tween the exponents of the variable £, ihe exponents
of the quotient, 043, [ownd by curve filting. ugrees fully
wilth the theoreticnl value 37,

Conclusian
As far ay penstocks nee concerned, poquick estmnse of the
dinmeter oam be obtained fom the empirical focnuilne of
Sarkaria snd Fohfvusch ag well o8 from Eq. (15). Their
e may aleo be consdered in cases where it s dillouli 1o
abxiain reasonabdy reliable estnmunes al the techinieal and
economic parameters invalved in Eq. [13), or where on
cximate estimale suffices. o thie case, Fig |
priviglas additional guidamce Far judpment and adjust-
menl
In gereral, however, ihe formutn, Eq. (11). for the
aptimiem dinmeier of both power wnaels and pensrocks
pagpesied] in this arlicle B recommendled, Determination
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of the parameter valwes enlais o wenewhat greeter effort,
which i« table and jusufiable congdering the
imwemmenl ateaeinted with 1he construction of ‘e
tunaelz snd peaseccks. Slnce the sensichviny af he
dinmeter wiith respect 1o the fiest term on the right of Eg.
{11, & modermte, becawss of the small exponent, even
rough estimates of the porameicr values are comglerely
adequane,

Evalustions of eperation swelies of swomge peojects
tend to imdicnte & bower value of kol aliowt 0.7, which may
be applied withour pradasing emoes of moe than 3 pet
ceni. Cenerally, it would seem appropriain 1o compdust
few gimple aperafion stodies io obin & more accurniz
eatimate of the value k.
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