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STUDIES ON THE WATER HAMMER OF THE AIR-ENTRAINED
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Fig5+:9(B) 1.76 0.019 3.2 30.0 0.05
Fig5-10 2.12 ~ 0.019 2. 4 20.0 0.05
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4 (7{;03%22 2OV T B R ARBYE (kg en)*

(sec) M aHerit

1 30.0 2.5 3 54 3.72
2 30.0 3.6 2.23 2.10
3 30.0 3.9 1.79 1.74
4 300 32 2 60 2.67
5 30.0 3.5 2.12 2.24
6 20.0 2.7 1.58 1.62
7 20 0 2.8 1.52 1. 46
8 20. 0 32 1.08 1.01

M OBEKGHERIZ00002 & L7z,

FEHMoin <HEX, ENEBICHEST, KECERL, Z ORFEHEISRARE N L0ELL EICE L T p 2 T
Wo2THD, KESHEZE ) KEERAOBEHO 121, AETEB W TENRNME EEIEHL CHBITHE
LT, NATETREOENIZ, BETICHIHHEIEETICASHMLIIRENI L THE, ZnHNF
BLBc KRR IS5, £, Figd-9(A), Fig 4 -9(B), Fig.4-103% X vrTable 425 & Kk KIEEIZD



——ae
. . 1
R :
b !
] 1
' 1
1 J
[}
[}
t
L 1 1
[5¢] [a] — o ] (]
g % 8
0
(-am,/8%) Vs
(99s swn)

FHEHIOMUH

(sec)

R

BUKESHEEL b4 S ENIRE

(S 7RSI 355,

SITET R

Fig. 4+ 9 (A)

Hok s ;30m)



— S

------ BHorfE o
: :m

[l

]

R71 (kg o)

- .

Pl
g

600 ¢

400

200

ET BT HE
(m/sec)

0 3 1
iR (sec)
Fig 4-9(B) ~“ALT7ETRIES3KESEL L bA 5 EHRD
(A7 BGEERT ;3 28, o fE & ;30m)
L IO e, AR BV TRRE L HEC &0 BkoRE
SRR T AT Y ROREANE AR
R AE DR D TRETH B = & 5 &

VT, FREME L ERE L ZEWERTRL TS
OREDPTRTHDL I EE2RTLINTHD, Thbb,

IRDOWMABEASEE LRI L RL, WELLE) RRIBRTE,

PThB,
%B, BRIEET 5 BIORAZA L EEL,
WA — L) LR R Figd-11I2RT, s bMbhrot S L7HE
2 IR E ST, ARTUICBVWTHNFEICLEY, B

~E®W@%ﬁ%%0W%tﬁ%(T&b%,Eﬁmwﬁﬂ
THREBOENIZEAE

DTOEIZEL, Zok ) %@L wEaEks i



—_ 45.._.

3 |
— FElifE
""""" Ep Al
2
i i
- ]
i
: ;
) i
1
1 H
]
E
]
i
1
]
1
1
1
1
]
]
. l
I
0 ]
1
i
1
[1
lk‘
-1
600 [
i
52wl
p&’; 400
S
= &
R 200
1H
0 . . b
0 ) - :

B (sec)

Fig.4+10 U TETHES B KESBEL L b4 T EDIRE -
LTSRN 2 485, FOLEE 20m)

WERALZERKD 1 O»HEEE 4 5,

4.3 % & ®

AAEF S FET BKEERICBNT, ZOFHOBELI/DECHEITE, BROBRARKOFELEZFE TR
TS T, Ko bNELADEE, KORMFEOEEEM I WHLBHTEI LML, Thabb,
FERCHMDBAERYEET 556, IAVRELRENERT 2o, R TEIRBRLMELEH ) SR
RICANDT %L, AREDEE A KIEEBOBNI»TREL 5.



BEWRAKROMBLELIL, EHPEIEMEIC
ETDE, TOERBSIELSKRE SRS, L
T, BRI RSB M D KIEERICIIX
X WEERITT.

(kg )

E7)

..................

—0.5 >

—-1.0

—15

—2.0

—2 5t
. 3 4
1 2 R (sec)

Fig 4 +11 MBEROHE FER L TKOBEREE
—E & LIEHRBOEN
(FOL 7GR 38, WO ;30m)

53 BRIGDIEANIC & 5 KEE ORISR

5.1 Bt

FomoBLTHRRIESIT, V\]«TUKDP BAZSRPEEN TV HBANENRAOE GHEIR, BEITE
NTWEWBAOZF SN, 25210/ T3, FECEWUL, JORREEHL T, ERIRAKPIZER
WEEAL, TN EBKBENEHMBROBE RSB,

EHOBFICBEL, KEECHEL2EOMELRATS L0 L, BOBRERENENCHES ¢, KEED
RECBL T, TApELLWE I ABEREHT 2 H0RENLHEAL SV, 0L ) B AL LKREED
BRASRICBIT AR L S NTE .

Z BRI I BRI ST S L RN 2O R B,

O FEHEDG SHER WD S5 FHE

@ ENEHLBEUTICHBTIZHOICZNY P e —LENERETSHE

BRI BWTRYES ) ELTw3 TERNICEBRAEEFEALKRE 2RSS HE, 3, dtoQBEYT S
FEThs, T0EPQRBTILNELT, 7V XS TNRL 7O 2 RATIFELENH S, Uk, QILE
THREMLFUIT - F > 7 ERBERI 7V LB HETHS,

Ltk HEEE, SAT7OLRMICRET S KEERORMICKESFST S, ZoFEHRE, KPicdEnrE
HKonto, FROKEERAORGHOWEFRLEn /NS LY, (2.0 24)RTE 2 LN ETBOGR GHEH



— 47 —
KIBICIERRT 272D TH B,
T8, TOEICANVTERUOENERMEE LG, BROWIICHIBEEAL 254, $I3TTHENLE
IS, SATTHRAOKBEERZRFRT 22 0HE20T, THICHTI2EBLALECLETH S,
BETIE, "N 7OLRMICEBT KRR LT, BRIEFEALLEAD -V EHEMNICET 5 K
ENKEELEAZRTRR EDHERORF KA.

5.2 BRADEACLST, BRINIKREDHET
521 HEBEHFER

EHAERNELT, F2R|ICBVTHERNLE (2 -39) KBLU (2 -40) REHWS, 272, EHOPFELL
TiE, B2HEIIB TR FEERNS,

522 HAREH . .

SEakih & —HMTE OB KBEIHBHRL C0 2 HRRTREKELELE,. ZOBAEREFEIROLIICE S,
5.2-2(1) Limsogst

FARMOME L EHORAD EDBIC NNV X —A DEBEFBATLERNEIICL S,

_ Vacr,1) 2 C Vedi, 1 2 .
Hoe=Ho (1,10 + o + f o (5 1)

=2, Hu; Wkt KEE, feo; WATRERK,
ks, EHRmSEROBEX % Figb-1ioRd, —F, AoElsuikotiicszons,

g In
VP(I,I)—‘VR'l'a_l{HP(I,l)_HR}‘*‘%)VRIVRlDT:0 (5:2)
v ‘ V. 2 14 2
Y P (1, 1) » (1,
= o + f. T

Fig.5+1 LispBERist

(5 1) K& (5-2) RepLFELHERELT, Voan BEU Hpan £KH S,



5.2+-2(2) TR FRE
T 7o, FTREICSVI—4 OEMEERT S LROR> B LN S (Figh -2 M),

Vv 2
He (v, x +1) = Jfy PN, x+D 7 (5+3)

e

2
VP(N,K+1)

f'v‘ e
g% N
- L
>
Fig.5+2 TiRiGEHEREGE
T, fv;/\1b77)¢n%1+%'( N; THRmOEHEEES, K; FRIEEHOS M,
—F, EOREHBIERNLIICE LN,
Vo (n,k+1) -*Vs—a—N {HP(N, x +1)—Hs }f%VS Vs [Dr= 0
(5-4)

5-3) K& (5-4) RepoBEIHERE LT, Hpwken WKED,

BB, SAUTHEKTRIZOVWTE (5 - 4) KiZ BV, Vewgsn =08 THUE vk WRKES, 22
T(5-2)YRBLU (5-4) AP Vi, Vs, He 8L Hs 32Nz, (2 -63) R~(2 - 66) RTH2
HEitb., k

5.3 EIRERrFE
AN & 2R B ORI AT b b2 B il TR E AT - 72

SR OME £ Fig 5- 31077, BRI 20m, KOS 3300m, FEIE5L0mTHE, ¥
B, BOMILEWELY =~ 1 Th B,
@3,:@ﬁﬂummﬁémtr%mmﬁﬁmncxﬁé@mﬁwmﬁumeamuimﬁvé5

Fig 5+ 310 & 3 12 Liisin b 2Ai0 5 B @xta(%mu&xu;aa¢a§ﬁ¢@¢mﬁgﬁﬁ%
Wt kT, EUOREICHEEKENG. 8510, WAL T, ZOWMAWES Al BRICEALL,
B, ZRKEROREEHIZ=—FA AT L - TTo 72,

RIRTIE, EWROTHRE A VT 5 BHEUS & - TRRE L & L 307,

nB, THEm ALTOBSIZBWTL, Y~ OB THFE#HE L LI IE—22FRALL, ZRINNT



AVA - ; . '
= 1 B KA 5 EEREED 9 g IE B
2 % % 6 ZREHFER LT 10 & #% &t
3 ~n7 7 i %G
4 a7V oyt 8 FENEHER
1 .
- 30m - :}
&
~
Il -6
as v
EREAY
—e=—e——
J 8
10
9] #oE FH

 Fig.5-3 RERZEBOBE

BSUC X 2ENERORE R ZFDELFEBICE W TIT» 72

54 HEHIUER

541 BAAKRENEHEMES LURAE :

2 5T L RAT RIS & B EH BRI oM RER X REER & £ Fig5-4(A) 5 £ U Fig 5-4(B)a T, %
72, ZOOEAICEV 3R % Table 5-11C579. M 5H LN L JICEH B L OERMIC & 3 BAKBEIZIT
AERLEETRL T3, '

Table.5+1 BIFICHEUVWEXKESMNER

%iﬂ%)ﬁ& BPUFAWE i gz 2317 PSR

% (m,/ sec) (sec)
Fig.6 - 4(A) 0.8 1 74 0.019 2.0
Fig.6-4(B) 0.8 174 0 019 3.2

Table.5+2 ZREFHFL /L THAMEIC L 3 ZAXKBRENEE

TG , 2L 7 B ] , e RAUKEE (kg om )

%) (sec) ' Wt L
1 1.0 T 44 0.91 0 97
2 1.0 3.2 141 1.47
3 10 3.4 1.29 1.35
4 1.3 3.9 1.17 1.12
5 1.3 4.8 0.80 0.87 -
6 13 3.5 1.33 1.31
7 13 3.8 1.19 1.16
8 1.8 3.1 1.46 153




3 1
— ERE
----- st
2
®
2
R
H o1 /
0 E
-1
1 2 3 4

| (sec)

Fig.5+4 (A) “SAL7OBELHENICET 3EHRS
(< 7EAGEREI ; 280, ZRAEAE;08%)

IO &R, B2RWTHRNLFHREN AL & ERACERERAENZRNOENRE ORI BT EE

THHI EZRL TV D,
LB MRDOEREHEB LUV THSRMEEZ L b EBRERA D, TofRE Table5-2 127RY, =

by, MEEEANEIL-BLTVwEZLOEDHLNS,

5¢4.2 TRERE, S“L7HERES L URAKRE L OBE

EHREERY—ELL, NV THERHE R LERI N2 OBREEERICHL TITH v, RRKREEL
THBRE, EREEFEOMMRE RS, ZofRE Fig5 5105,

SOV BRI LBt Lo T, BREBFENGEIC L BENBENE SEEDOENRENKRE (L
D, 2R LT, EREHEOME & 2 HKIKBEEDHEEI AT 5.
WA E S L BRSO NE, =

T

SOLT SIS RIART U, ROKIREC 5 2 B BREHEOMEO
DT rid, MBHOT ) ZEORPHABO XV ORBEZT LI L rhbeE LY, THBETEEILT

55,



E7 (kgstar)

wAKEE (kg/ar)

I
— KIfHE

----- e

2 4
B (sec) >
Fig.5+4(B) SNT7OELRRICET 3EDRE
(FOU TG ; 3280, BASHE;0.8%)
1.5
©
]
[«]
° o ©
PY -
L ]
(<]
10 ®
©
o
oo ®
o
2 FIR AR
05 °© 0 %
e 02
[} 2.4
0 \ 1 —
3 4 5

B (sec)
Fig. 55 /<)L 7 BASHRSRT & B AKEE OB (EH1E)



Rk iz, Fig5:512B0C, <A 7SI SHEETE, ERETHEN02%0%A L 0%OBAICE
3 X NENORAKKEOMICIE, kEXEIRDLNL V. AV THBHMEIE X B LI T, 20
LOENKEL HBLOLTHENS, |

IOBRGEINVHBCT A LS 2 3L — e XICL BRI ERZL, 2OREREFigh 612y, Zhuc
;nw,NwV%ﬁ%%wEwtécu,%ﬁ%ﬁ&ﬁﬁk*%&n&w?%@u¢éwﬁ,5»?%%%@#
< H BT Lo T, BASHESRAKBER RITIHEAYHL 5T Lo BHLIL,

10 r
e EREHE
) 0 %
. 05
© 1.0
@;75 o [ 20
<
&
= °
1 .
%
s ¢
3
-
-
o
°
2.5 F ° o ©
°
0 L (| 3 J
0 0.5 10 1.5 2.0

ST B (sec)
Fig. 5+ 6 s<JL 7EASHRRE & BRAKEE

55 % & ®

RIECIE, ZREZENDORIVCEAL, IS L > TV T7 R ORI ENE GRE 2 W &8, KEE
PEHMERD I EOMBICOVTRE ZRAL,

BONLBEROVEHEZDENEBY TH S,

OF 2 EDBIFHICL » TN TOERMICEET 2 BRBEARORAKBEDHAITRETHSEZ LB &
U@ THIBISRIDE T Y, BRAMIER RIZT BREARKOWEHRE LI LWL D L ko 12,



¥6E ZREFET HWERDEIRED

61 # B
%1ﬁfu,mwu%%w@&#&%%tLf%ﬂﬁ*¢uﬁ~u%ﬁ¢é%&tﬁ&?é%ﬁ&ﬁ%é:&
BTz, |

F 7, TEIUSATARICH— oL, EBRERESKEBL TeREAE, WKPIZERRE LT, HE
L, Z0OBBSEAEMC L » TESICELT 254 L1, EARGOBHICHL T, FALMRELDZ &HE
2ETH e‘bw: Snsz,

AT TIE, BREYAETLIRERLER L AT LCHE L 2BE0KBENRE ORI T 5 571l, R
HER2SL, HORBEROBMEL Fig6- 1Ry,

=—FnHh
AL —F

sefay MR

T F a2 N | Xt

Ho

Fig.6+1 ERICERA LAV TOBRER

- A, MBMROWER TR, KRB L BRASHIRORATOEAR L AFORHERL To
BLOE LTRSS = L2 TED. .

6 -2 RBRERE

ez 9,000 R Ak H 2 b DIEE5,000m, 1,000 ~ 300 mmod 4 K B o> A ERIC 0142 300 mm ) B B NG AR
(L) 27— 47) ORERPBELCEREM -2, &b, YHMEAMBMEBLUS 77 A VHERELE
&Kmtf,%ﬁﬁé&tm&t&ofwé.ME#tﬁ%,%ﬁ?étm,%mL,Tﬁ%m%*%m,%n
?ﬂmeEU.EQNMMmm%%,m?ﬂoﬁﬁﬁmﬁtfsn,ﬁTﬁﬁu*ﬁn@%waé"m%m



WE% Fig.6-2(cRL, 20#T% Table.6-11c#81F5, /2, HEHD % Fig6-312R T,
Figb6-LIZRT L IICEREBEZAHL TWAI EDNZDONNANTDREULHFEHRTH S,

AV
o2
K
it
93m
' 6 7 =1
— 2 3 1 5 B 1m
o —
[ a8
#,
Fig.6+2 BIFICBWESLTSLCDEFL
Table. 6« 1 EERICHA L -EDET
BE i BORS B8 WE o WK AR 2R 1
= *1 (m) (m) (mm)) (kg /o) (mm)
1 SP 2039 1.0 79 21,106 0.4
2 Sp 1630 08 60 21,106 04
3 DCP 1273 0.6 85 16,108 06
4 DCP 864 0.5 8.0 1.6, 106 06
5 DCP 350 04 7.0 16,106 06
6
. } sp 85 03 84 21, 106 04
*1 SPia#isy, DCPiz 7 7 7 A N8k 2 1T,
| 20D | 100D 5D, 10D 102D | 12D
& T
2 T T i
}7[\/ 2 Ew £ + z
3 hOE b2 D) .
1 v L H % 7 I
i‘ | # i 4 2
o T & = A o
o Vi
7 >
D = 300mm

Fig.6 -3 REBSOLLT7



6 +3 XN

gy PREEAFE (HB5VIREFE) ICEBEL, BEROBEELLLERIZEINE-T, BEFLE
ROWND 2 KE L DEICENEEERER, ZOBEZRETLHMCMER L ESHI D, kS 28k
BIC BT BENREIH L T, MEROBHERICOWTRI 21T 72, EHORERREROE L, THicE
WlATo %2, ERRBEOBEICIEIA Y 74 AEHEEL 2.

64 ENRBOTBLEREEELLVEDL LB

641 fBKE

SNTDLRMIEBNT, WELLZEAIRBOEEZ BT, V7D 2RUDEN:HET S, BHCEWS
HeEHERIE (2-1) K, (2-2) XNThs,

WNATTA DL, THRICBUT BMAEFHEHE 4 TCBLGLS, T4bb, BN E —HEES %S
LTWEBALARTHEDOTI I TIRERT B,

SNTOMBICB TS, ROFRFEERCTENET ). &8, SATIRERL TWBERIC OV,
Fig.6 - 210R§ & ) IcF B 2447,

Vo (jon+1) =C3—CyX Ho¢j, nu1) ' (6 -1)
Ve GG+, 1) X485 (v 1) = Vo, n+1) X Ar () (6 -2)
Ve 41, 1)=Cs+C6 X Hy(5 44 1) (6-3)

(6 1) RBREOWHEMMERL, (6 3) RIZAVEEBETL T2 27 (6 - 2)RIE—kM &=
KAORESE LV Z LR THRL T3, Thbb, ZCTHY 2t b—b 3 > ERERRE~O KDL,
BHEREEEL ZWLNLLTCwR I Eizh ), BERDYF—TF o 7 : LTOBBEFEEL W EEEL T
WBIEED,
22T, Ar ; EOWERH
i BORBFAICL2ES
n ; BENEOHESK

A g g £
- — T — L __J‘
Cs VR+a,«HR Py Ve AT sing@ 2D; AT Vi |Val (6 -4)
- &
C4 = a, (6 ° 5)
Cs=Ve— —& Hs+ -5 Vi AT sing
aj +1 aj+1
_ fi+ .
TM-AT Vs |Vs | (6-6)
~- & '
Ce = Py (6 -7)
a E S5 i
D : &E#&
f PEBRILIAR S

ThH5.



73, PEEEISEHUT Colebrook-White R & BRIZ T » 7HICHHAL T 5,

FR
_ Ve—6Fa(Ve—Va) »
| R E T eV - (6-8)
— Vc—ﬁa(Vc—Va)
Ve = =5 (Ve—75) (6-9)
He = He— 0 (Va+ va)(Hc—HA’) ‘ ) (6 +10)
Hs = He+ 6 (Vs— a) (Hc— Hs) (6 +11)

THp 52
T 8= AT/AX
WRIC BT ey Fig6-4 1Ry, BEAT Y TIZEERIE & o TBLL W,

cr c-

AR C : S B

e

Fig. 6«4 BRICEAT 24508

6-4-2 MITHBRCER

QKRENBEBHETERZEA, Thbb, WERZBEAMICENSRLLHENL 2V —La v OERE
Fig.6 - 5(A)~ Fig.6-5(C) =RT. ‘ |

$7, 2REOEZEEY LRI E, Tibb, HERLHAFTEICIEDE¢LHENHER% Fig6-6(A)
~ Fig.6-6(C) 25/,

IALNY 2 IL—Ya VERPLRDI LML P TH D,

D vaiv—vzritlkd 2 KEQENREG I RENRY & AR—EL T35,

@ 2REEBNE, IS B 2REZBICHAKE LREEEL T3,

® oty BEHROEROGER 2KERHOBMPRELEMITHEILERLTWELNLETET

EHTED,



payr}

NQ

At

At

JKEH  (m)

(1/sec)

KEE  (m)

(1/sec)

80

60

40

0
4
0
4

a. HHEF—KRMEN

c .
b, BERZKRHES (FR@, =)

——

— 87 —

¢ HWEAZKMEN (Fz3iv— 7>, HifR)

4 .
32 Kef (sec)

i 1 ' i 3 i i 3
FAW.N //\’\'L P
2 i 1 i [ 1 d
0~ 4 g - 12 --- 16 20 24 - - 28

Fig 6.5 (A) BEFOTRAUDEDRE S & VBREFAKOEREEE

80

60

40

(HEROBE AR, == FA 70 ; 460)

B H—RBESD

o=
- -
2

WES T KBIES (R, %4

BESFZKMED (b2 iv—ar, G#)

32 BB (sec)

0 i’ F 1 i a L 1 d
4
o N - e N
w P W J
0 4 8 12 16 20 24 28
Fig. 6+5(B) REAOTHMUMOEHRD S LUBRERAKOHEEELLE

GRERDIES ; BHIN, =— FA V7 OB ; 2ml)



AL

AL

At

80 ¢
g
=
¥
601 a RER—KHED
wl
. b .
i PR —— :
b WERTAMES (FHE, EH)
2 > c. WERZKMEN (bziv—iad, A#)
0 i i i i3 1 1 i H
—~ 4 - - N )
g Y YAV. VN S :
<y w . w 3
0 4 8 12 16 20 24 28 32 B (sec)
Fig 6+ 5(C) BREROTHRADEHRE S L URERAKOEEBELE
GRIEROIBE  BH®, =— FAssn7oRiE;05[8)
80 2 a WER—KHESD
E
=
%
601
‘\-_”\'f‘-;—-- — !
b BERTKMES (ER, FM)
20k e WERIKEEHN (vaiv—v3>, H#)
0 i '] L 1 i . I J
- )
TAVAY Ittt VR . - -
I A=~ AR
: — 4 i [] [} 1 1 1 SR}
0 4 8 12 16 2 24 28 32 BEE (sec)
Fig.6+5 (A) BEROTHRENENRE S & CBRERAKDOEFRETILE

(REROEE B HH, =— FL 70l 4E)



AL
ANy A

AR

JKEH  (m)

(1/sec)

JKEA  (m)

(1/sec)

40

a WER—KHESD

el N -

b WERFKMES (FEH, EK)

201 C. iﬁSZE_#-:#UEUEJ‘J (y=iv—¥avr, B
0 i 2 i i ] i L 3
e "
0 \UAVAVMAWAV’\VAVA .
4 1 i L 1 g g ! 2
0 4 8 12 16 20 24 28 32 ﬂ#rﬂ (sec)
Fig.6+6 (B) BEROTREANPENRES & URERRKOGERE(LE
(REHR OGS ; BHM, =—FAs 7O ;2H) :
80 ¢
a. WER—RKWES
WNM—/EW
60
- b
0 JRRS
b, EWERSKWES (EN, FEH)
c. WERSTKHEEN (y23v—rar, 5K)
200
0 1 2 1 2 1 [ § §
ir
0 MWWAAMWW—
4 1 1 [ L b 1 i N |
0 4 8 12 16 20 24 28 32 R (sec)
Fig. 66 (C) BEFOTHREOEARES & RERAKOETBREE

E RS W HIB, =— FAssu 7ol 058)



VEDE g L AW

§+35
651 IRHE o
Fig6-2n&F Nz L ComAH (2 - 1), BLU (2 - 2) REMBWCHNS
KB CIRMERDOY—2 7> 7EEEERT 20 THERVE CORREHFTRNOL LY
Ve(iyneiy = Cs5+ Cs © Hy(i+1, 1) (6-12)
(6-.13)

Ve G,n+1> =C3— C4 + Hy(i,n+1)
(6 <12) BL (6 -13) KRicBIT 2 Hegern LU Heps n+1)&L’Cli%iﬂ’]ﬁ’%‘fy}:ghtfﬁ—y%%ﬁ:tL
Th52 %, WERME kb”éﬁ:ffﬁtm%#ﬂi S‘Ef&a%fﬂﬂ,‘ﬁréﬂﬁ‘f—/y/7#% B2 5L CnBNT
Ay = Ve(i+1,1) Ar(i+1) -%é& (6 +14)

Velivn+1)
HIE LT a0/

WERMTE D 1 KM B &L U2 K oifiE
HIZBITBKD

E%B. Thbb (6 14) RTRENE L) IZHE

ALIZAEST 2 HRBVRERICE » TRE (A2 WIEHE) ENsZ itk b, ZITRIEFHE
HERTH), LEdoTAQ/ AtRFEROENLETHE, A, (6« 14) RFD AL/ AtOFSWESR
=y P IR ERETRHELD T
12) XB L (6 -13) RicH 2,
I &I L TE L NIZIRE
~Fig.6-6(C)icH bt

G542 E: 3

EGy LB LNIHERO— km,dxm
#HEEHBER (2 - 1) ABLV (2 ) REBWZ 2 IL—L 3 ¥ 2RAT,
RRNOEFBBROBEIEALAQ/ Nt OEE) % Fig6 - 5(»A) ~Fig 6-5(C) B LU Fig.6-6(A)

THRT, INLDBEREZLDILRDEBNTH S, :
HFHRADKDOEREEAL /Nt DOEEHIL ~ 2HREORIEAMZ L » LREZL T3, 2

@

FEhfEiltenen (6

sedm oy PVT Oy VRILRBBICE > TET B LNEZEZ LN S,
~Fig.6-6(CYIzBWVTi3, RERADOEEIREEE Vi SBAMIZER L T

@ Fig.6-6(A)
Z AR
tz a
A .
‘ S D0 (6 +15)
t
1
ZIT b REROER YA E B
t, 1 WEROERISRT T B
L7zdto T, WERDIGERTRICIE, BEARNOKOIFHERIEMML T3
@ Fig.6-5(A)~Fig6-5(C) icBWTid, WEHDEEIIRE) 2 F Wb SEHFIICERHL Tw Z DY
Azl
(6 +16)

Zé&& <0

L7z2dio T, MWERDICERTRICE, RERROKOEZRIZHIL T3



5.3 & LB
SYYIHNTHOER L > DRI & » CET BIRERADKDFRIRELLOBIAK % Fig 6-7 12577,

P25
S QN A o]
"""" 4
AS
I i SR y
17 ﬁ“\»//\
mmmmme sy JAY AQ
{ H AS
| NN |
EZFTHE
ARe

Fig.6+7 RE #Wkﬁﬁ%*@ﬁ@i%ﬁﬁﬁ@

1R LD ) T NADKDBAIZ L » THEMER AU A CREPASKEF T BE5 2% 5,
WEARNICEE SN KROMEMEIZ, RORTEZ LS,

AQ: AQe

At Y A()"‘ (6 -17)

IIT A ¢ ERZOKER
AR 1 P FRITHEAL 2RO AL
AR. : BALOWEICL ST, BESRD P S L KO EKE
TH5,

Tubb (6 -17) RIZWERFISIFR ENLKOMME (WA R) EHFLOEEEIEE (PH5HBA) &4
I EEVBRLTVS, W23 EBERRNDS Y Y IBIUVELREL LER S NG R0~ 50 7 0B
FRLTWDIEIELS, ZLTIOBEICEL - T, LRENVEWHICH2H LT 2 RENEDH»EFLENTY
HIENKRMNERE L »TndinEZLNS,

66 F & &



LR, MM A > A KRB, REMILLOOH5, ZIUH ST, EROENEET LI EPRELH
BDLIDEL>TWS,
ZRELETLHMEEROMER 2EH L AT AZREL 28546, ZORERVENORERERICVW2L S
BEZRL T 222BEL2ICLL, BONLBRREPENTS JW) EBNTHS,
© EHREBDOEBIERZEEL LV 0 e LTENL 2R, BEROEBRDOEER 2 KEIRE) ORI
REMATVBZENRBLIEL -T2,
@ WERHRNL Y > BLVEREL LWMRENLJOF—D 7> 7OBREE R L TR I e AL

o7z,

FETE B ~ &

S, BEAHOSE T, MEANE Y LT, BEOVIS  UREr— Tt C ARSI % <
LB EIIEo, Lo L=, TABORERL, KOEELLFCHELE L bayv, 4%, BHoR
RTFME AL R REN B ETBICE -, BREARNOKEIEL 2012THY, &I, 2274
BKBE, FOMBHEL, KASEAZRALEC, ORRORYE L KBRAFEOMLY, BABOEE
WAL, BEARELL TS, ' _

ERRTIE, & 12 h s 74 RS E MBI EROBIMEEHRT 22 & 2 B : L CFRICHEL 2.

BT, T, Ao A REAROREE L ROBHII o TRBEL 7.

28T, HOKBRIS A E GA L RAOEHARAS L SEROBERF L, L OREREROE
TRADADE—FHEOBEDHERE AL LS, LiztiaT, §bntERIERAZRDOHRERTHS.
Larl, ZREAROHEI, HERBOENEDE EEABIS § CHEOBEE % 520, ERHER
b B IR OB H R & % B

2 bisKIE T, KT ORI 5 2o, BIEIEES & 5 LROBRARROEMLET- 17,

533 T, WNHKRIC AN E N T HA, ZOEREHEIRAABE RIZTHED £ ORI
K BEDBARIDEAT B & 5 DXOERES L RAKE £ OBF RN L7,

FOMBD LTI E L L s 5, EARBARLKE % BAGHENFET B, 12, 20
SHEG T OB < 2 BI LTz hio TINE (% B, O L THBIME —EE Lk &, ENIKD
DR E 7 BRI AERE AT B, 272, VT OB < & 12 & b % > TRKEAIRME 5 2
B I AR % B

ok, EAREE OLTHEGSE, BASHES EUERRARREI L > THEENS L L H
oz,

$ 45T, BEOBAZROGAELZEL T, KESME M KEER 2RI L, RAKIREORE R
P, TR, KESEATAT BAMERIL BT, OREORENNE B, BEORAEROF
B BT IETA T, Kb DERNES, KOG & ORE(IC £ 2 WHEERTE ST Ld Wb 2%
stn. LitioT, MIROBAZAE FURA TR, Bk CERBRIBELEHE BB AR INE I 2%
< KRESYE % B 5 AUHER OB A RTHE & % o 72

5T, BABEFNOWAICEAL, SIS > T L7 ERMOENE DR EE LR &8, K



EEBEREEE DRI OWTHRE £ EAL, T LU, 7RI R W E &1, BROEEY
BAMIE 12 RTINS W, oL TSRS C 4 310 & L% 5> TRRDSHE I RAAEEC RITT
%%#@%t&&.:@iitéﬁhﬁmewf%ﬁﬁ%#ﬁw%é,ﬁkﬂ%E@Wﬂu%Lf%%mT%
3%, —H, TOLIICLTHRAUCEASALZERE, £3, BLBTER LI AT T RIMOKEE 2 8
KIEBUWEMELH 2O TEROFBICEL UL TEMOEIREICOWTES, $4ENRIFLHETITI Z
EDPLBETH B,
%6&?@,gﬁi%ﬁTéaﬁmgﬂmm5#%%%yx%An$ﬁLt%%,:mm&#w&ﬁm&ﬂﬁ
Bllwh L REEXRLTWE2 WL L, HREDEDEBY THE., OENREDOFEHLIEE 2 HE
L&wﬁmttfﬁﬁttﬁ%,m&#m%%mm%uszmmmﬁﬂ%%Qﬁifwéztﬁ%%#t&o
2. QEREHFWNL ) > FBLUEREY GMRENERPY—V 5> 7OBEERRL TW B I e Hbr &l
-7z,

Pl ki, hoTABEKBIIBYTE ROLNIERIBATICEL €, BARDOMERBOLEH & % ic ik
SEHNEOGE SEENOEICHE L, FREEDHEREMC Ik - T, BRENRE & 2 HAKIRE D
WENARE LB EEB LI LR,

& E X B

1) . Abbott, M. B. : An Introduction to the Method of Characteristics, American Elservier, pp.8-15 (1966).

2) Allievi, L. : Air Chambers for Discharge Pipes, Trans. A. S. M. E. HYD-59-7, pp. 651-659 (1937).

3) Angus, R. W. : Air Chambers and Valves in Relation to Water Hammer, Trans. A. S. M. E. HYD-59-
8, pp. 651-668 (1937).

4) Babb, A. F. and W. K. Johnson : Performance Characteristics of Siphon OQutlet, Proc. A.S.C. E, HY.
6, pp. 1412-1437 (1968).

5) Baltzer, R. A. : Column Separation Accompanying Liquid Transients in Pipes, Jour. Basic Engineering,
Trans. A. S. M. E. Vol. 89, pp. 837-846 (1967).

6) Brown, R J. : Water-Column Separation at Two-Pumping Plants, Jour. Basic Engineering, A. S M.
E., Vol 90, pp. 521-530 (1968).

7) Carstens, M. R. and T. W. Hagler, Jr.: Waterhammer Resulting from Cavitating Pumps, Proc. A. S.
C. E., HY. 6, pp. 161-183 (1964).

8 Contractor, D. N.: The Reflection of Waterhammer Pressure Waves from Minor Losses, Jour. Basic
Engineering, A. S. C. E. Vol. 87, pp. 445-452 (1965).

9) Courant, R. and K. O. Friedrichs : Supersonic Flow and Shock Waves, Interscience Publishers, pp. 37-
78 (1948). :

10) Dejuhasz, K. J. : Hydraulic Phenomena in Fuel-Injection Systems for Diesel Engines, Trans. A. S. M.
E. HYD-59-9, pp. 669-677 (1937). :

11) Digman, H. K M and C. B. Vrengdenhil. : The Effect of Dissolved Gas on Cavitation in Horizontal
Pipelines, Jour. Hydraulic Research, Vol..7, pp. 301-314 (1969).

12) doRFES  KBELRY, LARFE, P68 (1963)

13) Goldberg, G. E. and M. A. Stoners : Water Hammer in P. V. C. and Rein Forced Plastic Pipe, Dis-
cussion, Proc. A. S. C. E. HY. 6, pp. 672-674 (1977). .

14) Haindle, K. : The Protection of Low Head Irrigation Pipenetworks against Waterhammer Effects, Le-
nergia Elettrica N 6, pp. 410-415 (1969).

15) #H  #5% ook E I BEE R R 7 AR5, X8, BILEER, 49(5),pp.26-32(1967).



16)

17
18)

19)

20)
21)

22)
23)

24)
25)

26)
27)
28)
29)
30)
31

32)

33)
34)

35)

36)
37
38)
39)
40)
41)

42)
43)

44)
45)

Hsieth, D. Y. and M. S. Plesset : On the Progagation of Sound in Liquid Containing Gas Bubbles,
The Physics of Fluid 4(8), pp. 910-975 (1961). .

H UL, D% RKEROEKOMEICI OV, B, 42(3), pp. 153-156 (1974)
BAE—TH L T XTI FERIIC & B Waterhammer OB 55, B3, 45(8), PP.535-538
1977). ) :

Kalkwizk, J. P.-Th and C. Kranenburg : Cavitation in Horizontal Pipelines due to Waterhammer,
Proc. A. S. C. E. HY. 10, pp. 1585-1605 (1971)

SR, WSS KRR O KEEB O, BRRE, 34 (263), pp. 1209 1216 (1968)
Kephart, J. T. and K. Davis : Pressure Surges Following Water-Column Separatlon Jour. Basic En-
ginéering, Trans A. S. M. E. Vol. 83, pp. 456-460 -(1961). :

Knapp, R. T. : Operation of Emergency Shut-off Valves in Pipe Lines, Trans. A. S. M. E. HYD-59-
10, pp. 679-682 (1937).

Knapp, R. T. : Complete Characteristics of Centrifugal Pump and Their Used in the Prediction of
Transient Bihavir, Trans. A. S. M E. HYD-59-11, pp. 683-689 (1937).

AR BRI A KIS RER RO EDY) EEIC oW, BaFER, 37 10), pp. 33-37 (1955).
Kranenburg, C. : Gas Release during Cavitation in Pipes, Proc. A S. C. E. HY.10, pp. 1383-1398 (19-
74)

Leconte, J. N. : Experimental and Calculations on the Resurge Phase of Waterhammér, Trans. A
S. M E. HYD-59-12, pp 691-694 (1937).

Li, W. H. : Mechanics of Pipe Flow Following Column Separation, Proc. A. S. C. E. EM. 4, pp. 97
118 (1962).

Li, W. H. and James, P. Walsh : Pressure Generated by Cavitation in a Pipe, Proc. A. S. C E. EM.
6, pp. 113-133 (1964).. -

Lin, P. N. : Discussion of “Unsteady Flow in Open Channels”, by H. J. Putman, Trans. A. G. U. 30
(2) pp. 302-306 (1949).

#HORRERIIA  THIRFOENEROGE, BHHSE, 37(317). pp-305-312 (1973). :
HOERIES  CHERTOENENEE (F28, HHBEIK), HHHRE, 42(355), pp.877~884(1975).
il — : Waterhammer |2 BT Z2ANDBEIIOWT, —REFE 7K%0)9L§E‘*H’Jﬁﬁn(1) ;B IRE,
39, 34-38 (1972).

P —, HEEERE L L TEISNC & A RENEITICOWT, R4k, 43(3), 152-154 (1975)
BEUE—I3 D - ST OTRICHEET 5 Waterhammer &, ZHUS KT TRAZR O, BLHRE, 77,
pp. 21-26 (1978).

B3 0 284 794 > D—IIR ABREDHELET 556, *O&L Waterhammer i I3 § %,
Bk, 82, pp. 32-39 (1979).

L —13 L RABRIC & 2 BEES LR 2449 KEER OB, B4, 48(6), pp. 23-28 (1980).
KERES, WMEXE | RBBOFRICBIT 555, WAL T HEMHEHS, Vol 28, pp. 213-216 (1969).
WIFRES | K SEAT OB RO, BISEUKBEEIH SR, pp 127-132 (1974).

WIEREE T BEERTE & 4749 BkBaiin, WEKETERIFRME, Vol 28, pp. 31-36 (1977).
Putman, H. J. : Unsteady Flow in Open Channels, Trans. A. G. U. 29(2), pp. 227-232 (1948).

Report of the Task Force on Flow in Large Conduits of the Comittee on Hydraulic Structure : Fac-
tors Influencing Flow in Large Conduits, Proc. A. S. C. E. HY. 6, pp. 123-152 (1965).

Richards, R. T. : Water-Column Separation in Pumps Discharge Lines, Trans. A. S. M. E. Vol. 98,
pp. 1297-1304 (1956). )

Richards, R. T., Air Binding in Water Pipelines, Jour. A, W. W. A. Vol 54, pp. 719-730 (1962).
e RKFEIZD D LNT 74 12 VBRI OWT, UK TR eME, $20%, pp. 217-225 (1965).
Schnyder, O.: Comparisons between Culculated and Test Results on Water Hammer in Pumping
Plants, Trans. A. S. M. E. HYD-59-13, pp. 695-700 (1937).



46)

47)

48)

49)
50)

51)
52)
53)

54)

Seipt, W. R. : Waterhammer Considerations for P. V. C. pipes Line in Irrigation Systems, Trans. A.
S. A E. Vol. 17, pp. 417-423 (1974).

Sharma, H. R.: Air Entrainment in High Head Gated Conduits, Proc. A S. C. E. HY. 11, pp. 1629-
1645 (1976).

Siemons, J. : The Phenomenon of Cavitation in a Horizontal Pipeline due to Sudden Pumps Failure,
Jour. of Hydraulic Research, 5 (1), pp. 135-152 (1967). ,

Streeter, V. L. : Handbook of Fluid Dynamics, McGraw-Hill Chap. 20, pp. 2-3 (1961).

Streeter, V. L. and C. Lai : Waterhammer Analysis Including Fluid Friction, Proc. A. S. C. E. HY.
3, pp. 79-112 (1962). .

Streeter, V. L. : Waterhammer Analysis of Pipelines, Proc. A. S. C. E. HY. 4, pp. 151-172 (1964).
Streeter, V.'L. and E. B. Wylie : Hydraulic Transients, McGraw-Hill, pp. 13-52 (1967).

Streeter, V. L. : Waterhammer Analysis of Distribution Systems, Proc. A. S. C. E. HY. 5, pp. 185-201
(1967)

Streeter; V. L. : Waterhammer Analysis, Proc. 'A. S. C. E. HY. 6, pp. 1959-1973 (1969)

55) Streeter, V. L. : Fluid Mechanics, McGraw-Hill, pp. 595-599 (1970).

56)

57)

58)

59)

60)

61)

62)

63)

Strowger, E. B. : Relation of Relief Valve and Turbine Characteristics in the Determination of Wa-
terhammer, Trans. A. S. M. E. HYD-59-14, pp. 701-705 (1937).

Suzuki, S.: Experimental Investigation of Waterhammer in Steel Pipe, Jour. of the Faculty of En-
gineering, Tokyo Imperial University, Vol. XXI, pp. 43-75 (1937).

Swaffied, J. A.: A Study of the Influence of Air Release on Column Separation in an Aviation Ker-
osine Pipeline, The Institution of Mechanical Engineers, Thermodynamics and Fluid Mechanics Gr-
oup, Proc. Vol. 186, pp. 693-703 (1972).

Tarantine, F. J. and W. T. Rouleau : Waterhammer Attenuation with a Tapered Line, Trans. A. S.
M. E. Vol. 91, pp. 341-352 (1969).

Thorley, A. R. D. : Pressure Transients in Hydraulic Pipelines, Jour. Basic Engineering, A. S. M. E.
Vol. 91, pp. 453-461 (1969).

Wisner, P. E. et al : Removal of Air from Waterlines by Hydraulic means, Proc. A. S. C. E. HY. 2,
pp. 243-257 (1975).

Wood, D. J. and S. E. Jones : Waterhammer -Charts for Various Types of Valves, Proc. A. S. C. E.
HY. 1, pp. 167-179 (1973).

Wood, F. M.: The Application of the Operational calculus to the Solution of Problems in Water-
hammer, Trans. A. 8. M. E. HYD-59-15, pp. 707-713 (1937).



Studies on the Water hammer of the
Air-entrained flow in Irrigation Pipe lines

Souichi Nisuryama

Summary

Recently, agricultural pipe lines have been used for carrying and distributing water, because they are
very easy to control and to operate in the utilization of water. .

On the other hand, since the recently used pipes are becoming longer, and w1th larger diameter and
higher water pressures, many phenomena concerning those occured agricultural pipe lines, which had not
been considered at the planning stage are occuring. .

The water hammer problem and the air bubbles in the flowing water is another example.

Air entrained flow in agricultural pipe lines occures frequently.

In this paper, the water hammer problem with air bubbles in the flowing water are clarified, and an
analytical method is proposed. .

In chapter 1, the peculiarity of the air entrainment in an agrlcultural pipe line as well as the motives
to start this research are described.

In chapter 2, the basic equation of a water hammer with air bubbles in a pipe line is derived..It was
the same type of equation as in the case of water flowing alone.

Accordingly, the basic equation type of a water hammer with air bubbles in the flowing water is wave
equation,

But in the case of pipe flow with air bubbles, the speed of the pressure wave -in the equation of con-
tinuity, changes with time and distance. )

Further more, a differential analysis for the basxc equation using the characteristics method is given.

In chapter 3, water flowing inside a pipe line, the effect of air bubbles in an ultimate water hammer
pressure is discussed, as well as the relation between the length of the pipe in which the air bubbles are
flowing and the ultimate water hammer pressure.

As a result it is shown that: (1) if the closing time of a valve inserted inside the pipe is constant,
there will exist a value of air content which will cause a maximum pressure variation. And the air cont-
ent will change in proportion to the closing time of the valve. (2) If the closing time of the valve is con-
stant, there will exist a length in which air bubbles mixed in the flowing water will give rise to a max-
imum pressure variation. And, furthermore, the shorter the valve closing time, will be the shorter the
length in which mixed air bubbled producing a maximum pressure will become.

As was stated above, it is clear that the pressure variation is effected by the closing time of a valve,
the air content and the length of the pipe through which the liquid disperses.

In chapter 4, there is a try to analyze the case of a water hammer accompanied by a column sepa-
ration, while taking into account very small amount of entrained air.

As a result, it is shown that if the volume of the column separation is very small compared to the
total water volume in the pipe, a very small amount of entrained air will act an important role in the
water hammer accompanied by the column separation.

The gas produced by the phase change can be neglected.

Accordingly, we can omit the contribution of the unclarified phase change and are able to analize the

water hammer accompanied by the column separation.



In chapter 5, the effect of air bubbles injected into the flow at the upstream of the valve in order to
reduce the velocity of the pressure wave is discussed.

Concerning the effect of air on the water hammer, the shorter is the closing time of the valve, the
more profound will be the effect of air on the water hammer pressure.

As was mentioned above, when closing the valve quickly, the injection of air bubbles into the pipe
line’s flow in front of the valve is very effective in reducing the water hammer pressure.

On the other hand, injection of air into the flowing water behind the valve increases the water ham-
mer pressure at the down-stream. For practical uses, the analysis of the water hammer, occuring at
the down stream of a valve, is necessaty.

In chapter 6, setting an automatic pressure-reducing valve with an air chamber along the pipe line is
discucced. By using this valve, the mechanism of absorbing the pressure variation is clarified ;

1. When using an automatic pressure-reducing valve, the variation of pressures at the down stream of

the valve is diminished

2. It is clarified that a system, composed of a cylinder and an air chamber in the valve, acts a role

in the mechanics of a surge tanks.

As above mentioned, an air entrained flow usually occures in the irrigation pipe line.

The variation of bulk modulus of elasticity and the speed of pressure wave are considered by the solu-
tion of non lineation

The estimation of the pressure variation, especially estimation of the ultimate water hammer pressure

is clarified.
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