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t==0Vahe suddenly closed

= %p,RMw wane( negatie)

t=p,Nomal pressure

t = %p,&mmvmal pressure

t = %p,Wa'.ev expanded

t = % , Restoration of nomal pressure

t=2u Ongnal state
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51 L = H o=
V o= t =
a =
h max =
( h = aVv /g ; Joukow sky )
1) 1(0=t=L/a, 5.1 (b), (c)
5.1(a)
a
() h max
2) 2(L/a=t=2L/a, 5.1 (d), (e))
a
()
3) 3(2L/a=t=3L/a, 5.1 (f), (9))
()
1 h max
4) 4(3L/a=t=4L/a, 5.1 (h), (i)

()

4 /a
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100m,
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(2)
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b) 2 ( 1 ) )

0
c) 3 ( )
60 80%,
110 130%
2)
a) 2
1
( )
( 0)
b)
( )
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3) ( )

1) : , :
2)

3) :
4)

(Air Chamber), One- Way Surge
Tank,
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( )
Flyw heel (GD? )
.31 )
Flywheel
(A ir
Chamber)
.31 )

31 )
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8 One-Way Surge
T ank (One- Way),
(31 )
9
10 By -
Pass By-
, Pass , By- Pass
Dash- Port
By- Pass
(32 )
n
12 ,
(32 ) )
13

, Sluice,
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Butterflly
(3.2 )
14
15
3.1 ( )
1) Flywheel
(GD? )
Flywheel
a) ( 53 L
(A) L=50 200mm
(B) L=800 2000mm
b) (Flywheel GD?
GD
)
c) (Flywheel



208
d) (
GD?

e) Flywhee ( ) (GC:40m/s, SC:50m/s,
SF:60m/s)

AL

5.3 Flywheel

2) (Air Chamber)
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Pressure
Meastrement

tve Level

/ — N

4 Measuring Electrode

% Level 5
1 Lled 3

5.4

. Level 1 : Lowest Level Indication
-Leve 1

. Level 2 : Compressor Switch- off Level

. Level 3 : Compressor Switch-on Level

e.

-Leve

-Level3

2

Level 1

Level 4 : Compressor Back-up Level

W arning

Level4

, Level2

Level 5 : High Level Indication

Level5

Level la

Level5

Level la : Air Release Value Open

’

Warning

Level2

L evel3

Levelda
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b)
46
1T Minimum pressure without
additional protection
2 2 Minimum pressure with air vessel
1
WWI_@_ Pipe profile
5.5
3)
56 ,
4) One- Way Surge T ank
5.7
( One-Way )
a)
b)



d)

3.2

1)

2)

One- Way

5.6 Surge Tank

( 5.8
(Dash- Port)
( 59

5.7 One-Way Surge Tank
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3)

4.1

4.2

1)

: P(x,t)
V(1) H(x.t) Q(xt)

510 A, o X

PA - [PA+ (PA),&]+ (P+ Pxi)A i -z aDEX - #ASXSing= oA X v



;o (8x)?

T

P A+ g,8D+ pgAsing+ pA V =0

To
Darcy- Weisbach f
_ oV V]
£y= 8
(5.1) Vv
v =V Vit VvV,

(52) (5.3 (5.1)

P
PX+VVX+ Vl+gsina+f—vlﬂ=0

2D
. Z
P=pg(H- 2)
Py=09(H,- Z,)=pg(H .- sing)
) H Z

gH,+V V , + vt+f_V2|DiL:0
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(5.1)

(5.2)

(5.3

(54)

(55)
(5.4)

(56)
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b)

511
[£A(V - U)] 8 = S (oA &)

pr_ o ., * D
Dt YA T H X = Ui

(5.7
(8AV)+ (8A) =0
PAV  +V (gA),+ (A), =0

D

1 _
;EA Dt(-.ﬂA)+VX_O
D _, 2,
SRR U

(5.7)

(5.9

(5.9

(5.10)

(511)
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(5.10)
A, o _
At P+VX_O (5.12)
K
& _ P
P i (5.13)
D, e , Poisson
A PD D _ _PD
A 2E 2 A = €E (514)
, E Young's modulus . (513 (514 (5.12)
P }
+a V,=0 (5.15
)
_ Klg
® =TT (KIE)DIe)] (516)
, P H ,
p =890 - Z)=2eg(VH+ H-VZ,- Z) (5.17)
(5.15)
VH,+ H,- Vsing+ V,=0 (5.18)

2)

(5.6) (5.18) V a
, (518 Vsina

f
Li =gH,+ V + 55 VIV[=0 (5.19)
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(5.19)

(5.20)

(Characteristic method)
A
L= L]_ + -"ELZ
_ g ¥ #H a2 v LAY fV|V] _
’a[,é I R I+ [ g rali >
A (5.19)
A (5.21)
dH _ dx dv_ _ _dx_
a - Mgt Ho a - Vgt Ve
dax _ g _ _de?
dt A g
A (5.21)
, dH dv fVIV] _
9 T Td T T 20
_..a: :I:_g_ ﬁ: j:a
a’ (o §
a
(5.24)
(5.19) (5.20)
g dd , dv . fVIV] _ :
a d  dt 2D 0 :|C
ﬁ: j:a

dt

(5.20)

(5.20)

(5.21)

(5.22)

(523

(5.24)

(5.25)

(5.26)

(527)



217

g dH v fVIV] _
a dt T dt " 2D :I (528)
dx _
g (529)
5.12 c* cC-
a
t
p
ct c-
A B
(0] —
5.12 x-t
3)
X
t= x/a , 513 c” (5.27)
V H A (526) AP
C, BP (5.29) (528) BP
(5.26) (alg)dt=dx/g
A V Q
Hp a Qp f Xp _
L OB [ Qs g JrXAQ|Q|dX—0 (5.30)
Q A
Q AP . c BP
(526) (529 A, B, P H, Q
Ho- Hat=2-(Q,- Qu)+—>=2—0Q,1Q.l=0 (5.31)
P AT gA P A 2gDA?2 Al A '
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a f x _
Hp' Hs'ﬁ(Qp' QB)+_29DA2 QBlQBl_O

] ' 1 [

24t & : : ; —
1 1 1 [l
1 ! 1 1
Il 1 ] I P i

ot . . o NG

t=0 A 8

1 I-Zx-l e AT A N+1

5.13 x-t Grid

C+:HP: Ha-B(Qp- Qa)- RQA| Qal
C :Hp= Hg+B(Qp- Q)+ RQ;| Qs

B=a/gA, R=f x/(2gDA? )

t=0 H Q
H Q t= t
(5.33) (5.34)

C+:Hpi: Cp' BQpi
C :Hiz=Cy+BQg

Cp= H, ;+BQ, ;-RQ, ,| Q. 4l
Cu= Hit1+B Q- RQius| Qivil
Hi=12(Cp+ Cy)
Q. H. (5.35) (5.36)

(532

(5.33)
(5.34)

(5.35)
(5.36)

(537)
(5.38)
(5.39)
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4)
(5.35) (5.36) Q H
514 C’ c”
: Q H
Q H
H H g H o1 = Hx
H (5.36)

Qplz (H pL = Cw)/B (540)

: Q

Qpl (536) H pl
Huy= Hs+ Qpy (a +a Q pl) (5-41)

N @
x

5.14

Hs Q 2
(5.41) (5.36)

Qu= %[B- a -y (B- &) +4a (Cy- Hy)] (542

. Qu (5.36) H o
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Qo= (CdAG)OVZQHo

QO! HO

Q,= C4 A/ 2gaH

NS

(5.45)

(5.35)

Qms=-BCy+y (BC,)?+2C, C,
Cv= (Qo)?/2H,

5)

Qprins= Qpzs

HPNS

Hpins= Hopoa

(5.35)

(5.36)

Cyq

(5.35)

515

(543

(5.44)

(5.45)

(5.46)

(5.47)

(5.49)



_ _Cei- Cwo
Qen= =5 78,
t
t J N |
L,
at = a, N,
1 J t N J
a, t N ,
1% 616 A A@F
5.16
1 2
Q£
= = H - H
Qr21 Qpins VTOV P1,NS P21
H, T =1, Qo
(5.36) 2 (5.35)

Qpins=- Cy(B: +Bz )+\ Cy2 (Bi +B2)2 +2C ( Cpy- Cyp)
Cyv= Qo2 2 [2H,

V Qo
Qpr1= Qpyns=- VTO_\/ Hpoi- Hopins
0

Qpins= Cy(Bi +Bz )-y Cy2 (Bi +B2)2 - 2Cy(Cpy- Cyp)
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(5.49)

(5.50)

(551)

(5.52)

(553)

(554)
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)
i e

R
_ [ 4 =5 — e
§ _______ Erergy grade e f Ve
l-— Hydrauic grade line ‘a
e
c %
h
C
' \ .'\
Hpp jF=— [ S—
i —_—— 1 -—
1 1
-
7 Datrn

a2l 6517 RA 41 2F ofuiX|

Ha= Hp + (14 K)2%+:
(5.36)

Hp= Hg

6)

3) (56)  (5.18)

(518 A

Li +4dlo =4[ HX(V+—3-)+ H U+ [V, (V+ a; A+ V]

- AVsing + f—VlelL: 0

517

(5.55)

(5.56)

., (56)

(557)



ax _ 9 _ a2
m V + A"VJ’ 3 A
(5.57)
dH = dv . sVIv] _
A et AV sin g+ 5 -0
AN togla
dx
a -V *a
(559 (5.60)
g dH  dv g fVIV] _ .
—— " —a V singr + D 0 c
d—;(:V+a
9 dH dv_ . g fVIV
a d T a TaVsnatTop ‘O}C
ax _
T CV-oa
(561 (5.64)
5.18 X t
(5.64) dt
a Q tp- t
Hop- HR+g_AR( Qp- Qr)- a AP e)
Xp- Xg=( Vg+ ag)(tp- tg)
a Qs(tp-t
Hp- H - g_AS(QP' Qs)- s AP 2
Xp- Xg=(Vg- ag)(tp- ty)
Xp,tp, Hp, Qp

223

(5589)

(5.59)

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

(5.62) (5.64)

(5.61)

. a gf
SIn&'+29TQR| Qrl(tp- tg)=0

(5.65)
(5.66)

. asf
sing - —ZosaT Qs|l Qsl(tp- tg)=0

(5.67)
(5.68)
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. A, B, C H Q
5.18 R S H Q P
518
Xc- Xgp  Qc- Qg
Xc- Xa  Qc- Qa (569)
(5.66) Xp= X¢, Xcg- Xp= &X
Q.= Qc- IEIé:-'R(Qc- Qa) (5.70)
1+—2 (Qc- Qu)
QS! H Ry HS
Q.= Qc- IEI-i's(Qc' Q) (5.71)
1- 2 (Qc- Q)
r
Hg= Hc- (QT"' ER)(Hc- H,) (5.72)
Hs= Hc+( (?A\SH' Es)(Hc- Hyp) (5.73)
t L‘—AX—»‘—AX—’
t+ At P
ct Cc-
A B
1 4 C S X
18 518 X|HEl AlZte) 2HeY
at &t
a= Tax E= i da . (5.65), (5.67), (5.70) (5.73)
Q. H, . (5.65)  (5.67)  (535) (5.36)
. f ot
Cpr= Hzg+ Qg( BR"'%tS'n"-T' ggR—sz| Qrl) (5-74)
fant
Cu= M Qo(Bs- “Jhsing- —5250—1 Q) (5.75)



t(V a) < X

VVy,y VH
Vv a
t a

Qr= Qc¢- Ii-R( Qc- Qa)
Qs= Qc- £s(Qc- Qp)
Hgr= Hc- Er(Hc- H,)
Hs= Hec- Es(He- Hy)
4.3

H Q, T
a.
b.

D
Hi _ H> o)) _ Q>

(N, D; )2 (N2D: 2 ' Ni:D:3 ~ N;D;3
(5.81)

D. = D

Courant

(5.77)
(5.78)
(5.79)
(5.80)
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Hi — H> Q- _Q T: Ns T2 N»
N:L 2 N2 2 ! N1 Nz ! Ql H1 QZ H2
(5.82
T. _ T2 Hi H> T. _ T
N; 2 N, 2 ' Q2 Q2" Q? Q2
__H _ T _ 0 _ N
h_ H - YV_ 1 a_
HR T R QR NR
, R H T, Q N
h vs.l, —Lvs l, h vs. & —Lvs.—a
P < P < v? v v2 v
h vs. tan ~ L — st L
a tov? & vz
a v
5.19 WH(x) WB(x)
519
- h __L - 1.V
WH(X)_{]-2+—V2’ WB(X) = 7+ v X= I+ tan a
=0 a=0
g
V<o V<o VYO0
a0 a’o ayo :zg
0 n? n ‘ In2 bl
" N

(5.82)

(5.83)

(5.84)

(5.85)

(5.86)

(5.87)
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a)
520
Hs+ HRh' h@: Hp (5.88)
H zh ( ) h,

Hrh= Hg(e? + V2 )WH(X) (5.89)
h, = fi‘-_H::/ILL (5.90)
, T t H QR y

_ WRy? dau
T=. 5 - (591)
. To To t
_ 2x __Te o, _Te
= N R 60 '::ry IEO_ T R 1 IE_ T R (5.92)
(5.92) (5.91)
_ WR,? Nrg = (o <)
g s et S
) "-TO t
_ WR,2 Ny g
Ca g T . I5at (599
A S o~ P B
——— (Pump
\//
Als Vahe | AL

12 520 Tjlo|= 2ieloM Bl E& Wy
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A+ Ko-

o +ov?

Caul #o-a0=0

= WB(x)

(5.95 B

(¢ + V2 )WB(X)+ fo- Cy( - @)=0

(5.89), (5.90), (5.96), (5.97)

b)

521

T 7T
—%

H S H Pahyayvyﬁy h@

(5.95)

(5.96)

(5.97)
(5.35), (5.36), (5.89),

CHECK VALVE

ALTTTUDE VALVE ’———/
e— GATE VALVE
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PARLIRAN

gy .

Zoa N

T2l 521 siata Moix| 32 TAIN 1F
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C':Vp= Cs- C, Hp (5.98)
C :Vpg= C,+ C,H,p (5.99)
Viea Aat Qs= Vg Ag (5.100)
Qs= Co A W29(Hs+ Zng- Hp) (5.101)
A, Orifice , Hg Surge Tank
Time Step
_ at
Hs(t+ at)= Hg(t)- AL Qs(t) (5.102)
, Ag Surge Tank , Qs (t) . Qs
(5.98)  (5.101) Qs
4Cg,
Qs=05C(- 1+)[1+ o (5.103)
5
29 CO2 An2

» CsT T C. A.+ CLA.L

CGZ CS[ClAB_ CBAA+(C2AB+ C4AA)(HS+ ZAB)]
Cs O , Qs=0 . , Check Value

c)
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27 522 @o|Meiet 0 FHEX|e| TAN 12

Upper Emergency 1

Shutof Level

Aron Ll

- e e e - o

Aot Leved —

Sohtgoss,
Adt relase.
Vahe Opers —— &
Lower Emergency
Shutoft Leved

A%

Vahe
Q

T ¢ Recener
OmyXesy
7} Gae —

7
e N
(N0
? ﬁ~—» Ppese \ +Vp Hp B—’

Polytropic

Polytropic

CcC’ V= C,+ C,H,
NpyQ+ Qc= VA
( ) tH oyt Homp= Hoe
() :Qc¢=CoAW2g(H.- Hp)
" Hpume= NZNst(C7%+Cs)
1 HT 1 An ’ QC
, H ump
P _ Py
" Fo
1P01 TO 3 n
(Hei+ Hain- Zp) *uro (Hy + Han- Z5) ¥uo
" *o
CT1 CT
C-, ¢
H:= Zp- Hyn+t(H: - Zp+ Hun)( )

C,

(5.104)
(5.105)
(5.106)

(5.107)

(5.108)

(5.109)

H am

(5.110)

(5.111)
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Cr(t+at)= Co(t)+ &t Qc(t)

Qe (5104)  (5.105)

4 C,
c=05C(1- 9 1- ?) (5.112)
5

c 29 C,> A,°NN, C,
’ " "N, - NN,AC,C,
N N4
, i Hst—g—(CiCA+N N, Cy
— _ pu
Ce=29 C,° A,%[- H + NN AC . ]
. N
(5.105) (5.112) Q
Q= —L—[A C,+A C,(H,- Qc’ )- Q] (5.113)
Npu 1 2 T 29 COZ Anz C .
QO Check Value Q=0
Q
4 C,
Qc=05C (- 1+ 1+ c =) (5.114)
5
29 C,%> A, °?
C5: g 0 n
C,A
2 2 Cl
Ce=29 Cy° A, (H.+ C )
2
Check Vaue Check Value
C- :Ve= C,+ C, H, (5.115)
VeA= Q¢ (5.116)
( ):Qc=- C;AV29(Hp- Hy) (5.117)
, C, . Q (5.115) (5.117)

, 4C,
Qc=05C(1-1- 7) (5.118)
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4.4
0
| Read and write Data | Locate maximum and minimum
heads and H- values
| Compute steady state discharge | No
Il = 10UT . |
| Compute minimum delta T | Yes
Set up conditions for Write out H, V and Head values
steady state (T=0) and test for TMAX
\ 4
| Write out steady state conditions | | Prepare for next time step computation I—
\4 No
_ le _
T=T T 1< T =TMAX
\
| Compute H and V at intenor nodes Yes

Write out maximum and minmum
Compute H and V AT intenor juctions heads and H- values
one- way surge tanks

A 4

| Compute H and V_at downstream end I

Y
( STOP }
Boundary conditions at the pump

Air chamber with pump still operating
Air chamber with pump check value closed
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4.5

1) — ; : :
2) — :

4) :

6) , (GD? )

7) ; :

4.6

4.3 ,

()BASIC DATA

)  PUMP
PUMP SERVICE - INTAKE PUMP
PUMP TYPE : HDR 400- 540A
NUMBER INSTALLED . 8 UNITS
NUMBER OPERATING . 6 UNITS
RATED PUMP CAPACITY © 31.83 /min
RATED PUMP TOTAL HEAD  : 46 m
RATED SPEED OF ROTATION : 1160 rpm

) MOTOR AND VALUE OF GD?
MOTOR OUTPUT 450 HP
MOTOR VOLTAGE : 3300 \%
MOTOR FREQUENCY 1 60 Hz
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NUMBER OF POLES : 6 P
MOTOR GD?2 D44 Kg.
PUMP GD2 2 17.9 Kg.

) PIPELINE
DIAMETER . 1650 mm
VALUE OF K/E : 0.01087
WAVE SPEED . 964 m/sec
LENGTH : 1256.5 m
FRICTION FACTOR : 0.0203
HEAD LOSS . 1.748 m

(2) CALCULATING RESULTS WITHOUT PREVENTION DEVICES

©)

DISTANCE ELEVATION
MINIMUM PRESSURE 1 -1066 kgl 0m 817 m
MAXIMUM PRESSURE A (o]} *rEkE *Ekk

WATER COLUMN SEPARATION WILL OCCUR. PREVENTION DEVICES ARE
NECESSARY. EXTREME PRESSURE LINES ARE SHOWN BELOW/(FIG.00).

THE SIMULATION DATA OF PREVENTION DEVICES AGAINST WATER
HAMM ERING
ADOPTION OF AIR CHAMBER

LOCATION FROM PUMP STATION 00 m
INSTALLED ELEVATION » 817 m
TOTAL AIR CHAMBER VOLUME 1 27127
INITAL AIR VOLUME : 15.00
POLYTROPIC EXPONENT © 120

CONNECTING PIPE DIAMETER : 050 m
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(4) CALCULATING RESULTS AFTER PREVENTION DEVICES ARE INSTALLED

®)

DISTANCE ELEVATION
MINIMUM PRESSURE : 0.396 kg/ 1256.5 m 4213 m

MAXIMUM PRESSURE 1 7.259 ka/ 3433 m -213 m
OCCURRANCE OF WATER COLUMN SEPARATION IS NOT ANTICIPATED.
EXTREME PRESSURE LINES ARE SHOWN BELOW(FIG.01).

RECOMMENDED PREVENTION DEVICES DATA
ADOPTION OF AIR CHAMBER

NO. INSTALLED D2 SETS
LOCATION FROM PUMP STATION 00 m
INSTALLED ELEVATION : 817 m
EACH AIR CHAMBER VOLUME : 15.0

CONNECT ING PIPE DIAMETER 1 05 m

ABOVE RECOMMENDED DATA WERE SELECTED CONSIDERING STEADY
STATE FLUCTUATION CONDITIONS AND DESIGN SAFETY FACTORS.
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* * THE RESULTS OF WATERHAMMERING ANALYSIS * *

HGL(m) (SYSTEM WITHOUT PROTECTION DEVICES)
60 Attt
I 2
1 T o T
40
1 Y I
201 / I
:‘ﬁ[ . /] I
0 I T —— T
T [ T
~20] - 1
—_40 L L I
1 ]'% T
—60 L 3
1 1: PIPING PROALE T
-80 2 : STEADYSSTATE HGL L
3:MIN PRESSURE LNE T
- 100 L B B et o o B TR I o SN S ]
0 150 300 450 600 750 900 1050 1200 1350 1500
LENGTH(m)
FIG. 00. EXTREME PRESSURE LINES
(SYSTEM WITHOUT CHAMBER)
* % THE RESULTS OF WATERHAMMERING ANALYSIS * *
HGL(m) (SYSTEM WITH PROTECTION DEVICES)
90 :Hér:::-,i:wﬁﬂu o e e o
3 T
757 —] T
o] -~ 1
I 2 : I
— +
45 N—— — 1
+
I I
30:: 4 ,———‘;"/ T
I | ot ‘ T
3 1 | T
154——- 1 - - . 7
1 | / | 1
1 1 | | T
0] e — S e "'*."’* T
. 1 : PIPING PROPLE T
] f | 2:STEADYSTATE HGL _+
—151 —T | T 3:MAX PRESS UNE T
1 | 41 MIN. PRESS. LINE ¥
VS SRNUUNS U RS SRS ST I DU BN U DU
) 150 300 450 600 750 900 1050 1200 1350 1500
LENGTH(m)

FIG. 01. EXTREME PRESSURE LINES
(SYSTEM WITHOUT CHAMBER)
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