49 7 Journal of South China University of Technology Vol.49 No.7
2021 7 ( Natural Science Edition) July 2021

doi: 10.12141/j. issn. 1000-565X. 200674

( 730050)
1035971 1 1000-565X(2021) 07-0134-08
» Tanaka 3
N N /
o » Adamkowski
o ()

() ’

o Joukowsky 6

Baltzer ' ~ Adamkowski o
: 2020-11-06

(52009051) ; (2020A-024)

Foundation items: Supported by the National Natural Science Foundation of China for Youths ( 52009051) and the University In—
novation Fund Project of Gansu Province ( 2020A-024)

(1989-) o E-mail: fuyou_894513@ hotmail. com



7 _ 135
o 1.2
. 1012 .
pk +7k7rk
e, =+ 7
L(pk pk) pk('yk_l) qk ( )
Y Y. =Cpk/cw- Cok
- ° Cyp , T
1 0; =,
T, :Pz( T.) ( Y, ~ ey, T _Psa[( T.) (8)
- Tref psat °
. . LSS
79
° S (R) M
(1)
1
5 5 Fig. 1  Schematic diagram of structure between gas and liquid
S =u(p, -p,) (1) phases
ot ox 1 2
Ja da,p, u
kpk+ Iupk -0 (2) 2
dt ox
apu opii’ . d(a,p, +ayp,) ) (3) 2.1 Godunov-HLL
a - ox dx (1) -(4)
aa/cPkEk N a( akPkUEk + akPku)
at ax - da, da,
o oo » T 0 (9)
pu——xu p, -p
ox 9
U IFT) _ () 2% (10)
k=1 k=2 . ot ox ox
D« L P P U=(ap, ap, pu apE; ap,E,) F(U) =
) E=e+u’/2 e (alplu P, pu2 tap, +ap, ( ap E, + alpl) u
u e ° (p,Ey +ayp,)u)  Q(U) =(000 pU -pU) .
1.1 HLL o
HLL :
( ) o s _STF =STF +8"S7(Uy - U)) (1)
. HLL S*_§-
M Fiv Fes U~ Uy i (i=
0 Zwp, +2Zop, £1/2) . ;ST ST
E)I Z, +7, 713
Pr =P =p, toup, (5) S* =max(0 u +e; ug +cy) (12)
EZI =cip, S”T =min(0 u;, —¢; uy —cy)
DZZ :CZPZ !
, [p, Ode, de, U =U; -At/Ax(Fy L, - F) ) +AQ(U) A
G =l—5-— k=12 (6)
pA apA apk ( 13)



136

Fion= ShanF! =S nFl +

H  SLaSin(UnL, -U) /S5, =500,
EF?,W = S, F'_ =S, F'+
U St .8 (U =U") /(S .,-5"15)

+ n - n + n -
_1(Si+l/2ai —Sian®ia Silipoio — S

(14)

_Ax Si++1/2 _Si7+]/2 Si+—1/2 _Sii—l/z
(15)
Godunov
- . Al np oot " - n
Q; lzaj _E{ u (S ipaf =S5 pa,,) +
Si++1/25i_+1/2(a?+1 —a?) /( Si++1/2 _Si_+l/2) -
u:l( Si+—1/2a;l—l _Si_—l/za?) +
Si+—l/25i_—l/2( a; —a?fl) /( Si+—l/2 _Si_—l/z) }
(16)
2.2
oUu +Bw =D B
ot ax
T A T o T
U, Ay Yorp (17)
Jat ox
T At =T D at—)to
P
T"L Udt = T(U, -U,) (1, - 1,) =
T7(U, - U,) At (18)

,
T’ILDdt =T'D,(t,-t) =T'D,A (19)
P. AL B 2 .

T

t+At

Fig. 2 Distribution trend of eigenvalues and characteristic line

in spatial coordinates

(18) . (19)

T'(U,-U)At=T"'D,At ( 20)

3
Uy,=U,+At/Ax(c-u) (U, -U,)
U,=U.-At/Ax(c+u) (U, -U,)
U,=U,.-At/Ax(u) (U, -U,)

U,
U, A B
14-15
16
P —2S/R (S
R )
o 10 pm
14 kPa ",
-2S/R
Ja
=, =w(p —py +28/R)
ap
(T;=(71—1)u(p2 -p) —=2S/R) -
P+ (P +y, ) /o
ap
= =(v =D ulp] =py +28/R) -

P+ () +y, ) /a

0‘? —a? = Au( p? —pg +2S/R)

p. =p) =AMy, = 1) u(p) -p) —2S/R) -
P? +(P(1) +y, 1) /o)

p, —py =At(y, =1) u(p) -p) +2S/R) -

P+ (p) +y,m) /o)
* 0
717
pr —p; = -2S/R

* s

p, -p, =p, —=ps +(p, —p| +25/R) Aty *
{(y, =) p)+(p+y,7) /o -
(v,-0)  -p)=(p)+y,7) /a3}

(21)

(29)



Py —p| =2S/R=(p) -p) =2S/R) Atp *
{(y, =) p+(p)+y,7) /d)-
(v,=0)  =-p=(p; +y,m) /ab} (30)
p=A"{(y, =) p)+(p] +y,x) /o) +
(v, =0 p)+(py +y,m) /gy (31)

(31)
u(p) —p) +
2S/R) At o
3
3.1
;
0~0.7 0.7~1.0
10°°
o 1 o
t=2.29ms 3
CFL 0.8,
t=2.29 ms N
0.8~0.9
1
Table 1  Parameters of air-water two-phase shock tube
71'2/ (Xl/ OLZ/
x Py Py P Pyouw T oM 9 92
108 1081073
<0.710°10° 50 10° 0 1.4 4.4 0 6 1 0 0
>0.710° 10° 50 10> 0 1.4 4.4 0 6 1 0 0
3.2 -
5
4 : N N
o 36m 0.01905 m
0. 001588 m. 12.5m 90° o

36m

1m 3

_ 137
1000
o800
g
2 600
i
4@3 400
4z o HUEM
B 200 — AT
O 1 1 Il 1 1
0.0 02 04 06 08 1.0
AN B
(a) BEEE
1000
800
@
[=W
= 600 o KfE R
@ — IR
du 400
s
200
0 L |
0.0 02 04 06 08 1.0
AN BE
(b) REKEH
500 -
2400
g 3000
= o HftfR
w200 7ﬁ{§ﬁ
4o
2 100
0 1 1 1 £g |
0.0 02 04 06 08 1.0
AR B
(c) IRAHE
3

Fig.3  Comparison between the numerical solution and the ana—

lytical solution of the air-water two—-phase shock tube

9. 27 36m 1280m/s.
4 :
0.332m/s 34.54m 0.33m
0.0315 43.332m
0. 03608 s.
0 .
2
(32)
. 0



138 ( ) 49

125 36 mib
> m JE A5 % 58
A o Piks
B
9 mit E%gﬁﬁ
A% )
AR ok i
1 m¥% &
ok RE
TRER A
4

Fig. 4 Schematic diagram of the experimental system

2 ’ 6.7 .
Table 2 Modified thermodynamic parameters in the equation of
0r 5
SH{H
state
c, /(1 cpl(Je /
n/MPa ' y ¢ £ 60
(kg+K) ™) (kg+K) ") (MJ - kg™") j
719.7 4183 1840.48 227 -1.142 =
@ 30F
0.0 1881 1344. 06 1.40 2.010
AH = —a/gAV 0
AV=", -V (32) BTl
V=V, +gAH/a (a) TE5ZE O m 4b
2
100 - 7
2L/ i
( ) sol — I AHE
o \E N
X 60
¥
o = 40
&
20
5 \ {
0 .
o (0.155) 0.0 0.1 0.2 0.3 0.4
° i )/
(b) 7EEL 27T m &b
720 1077 s, 100
3.3 -
£
X
%
=
60.32 m., 5 g
60. 32 m. = .
0.2 . 0.4
i ) /s
o (c) EEL 36 m b
> 5
Fig.5  Water head change information in Simpson water
0 1 o hammer experiment

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



139

7
0.5
/017 S
031 % 0.245
o o /
s z 0.1
L) -
= B 0.1
B = s
~03 T~ i
i 0225 021 0.20s
-0.5 1 L 1 -0.5 1 L I L 1 -0.5 1 1 1 1 |
00 02 04 06 08 1.0 0.0 02 04 06 08 1.0 00 02 04 06 08 1.0
ARXF BE FAXHCE ARXF B
(a) 0.01~0.08 s [ Bt (b) 0.09~0.16's [ B (c) 0.17~0.24 s Bt
6
Fig. 6 Variation trend of internal flow velocity of pipeline
100 - 100 100
80 80
0.15s
g g E
_ﬁ .ﬁ 60 0.16s P R 60
i 4 j f i
= ' a0t [ 0.13s 10.14 s =y 40
8 ® b Jo e
20 " 0.09 s 20
0 1 L I 1 1 [ i g 0 /
0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0
AHX B ARXF K BE ARXS & BE
(a) 0.01~0.08 s B BX (b) 0.09~0.16 s BrEk (c¢) 0.17~0.24 s frBt
7
Fig. 7 Variation trend of pressure of pipeline
7 (b) 0.4~1.0
(0.01 ~0.08s) . (0.09 ~ .
0.165) . (0.17 ~0.245) . 0.12 ~0. 14
1) .
0 ( ) 0.9~1.0 0. 145
6 (a . 7 (a) 0.01 ~
0.055 (0.332m/s)
; 0.06 ~0.08s o
0.15~0.16s
2) 0.09 ~0. 11 .
0 o
0
« ) 6 (b)

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

http://www.cnki.net



140
. 7 (b)
3) 6 (c)
0.17 ~0.20's
) o
0.21 ~0.24s
4
(1)
(2)
(3)

(

60.32 m
77.87 m

0.20s
7 (¢)

34. 54 m)

90 m

0.09 ~0.12s

10

11

BALTZER R A. Column separation accompanying li—
quid transients in pipes J . Mechanical Engineering
1967 89(4): 837-344.
ADAMKOWSKI A LEWANDOWSKI M. Investigation
of hydraulic transients in a pipeline with column separa—
tion J . Journal of Hydraulic Engineering 2012
138( 11) 1 935-944.
TANAKA T TSUKAMOTO H. Transient behavior of a
cavitating centrifugal pump at rapid change in operating
conditions—Part 1: transient phenomena at opening/
closure of discharge valve ] . Journal of Fluids Engi—
neering 1999 121(4): 841-849.
ADAMKOWSKI A LEWANDOWSKI M. Consideration
of the cavitation characteristics of shut-off valves in nu—
merical modelling of hydraulic transients in pipelines
with column separation J . Procedia Engineering
2014 70: 1027-1036.
SIMPSON A R. Large water hammer pressures due to
column separation in sloping pipes ( transient cavitation)
D . Ann Arbor: University of Michigan 1986.
AUTRIQUE R RODAL E SANCHEZ A. Physical
model studies of water column separation C // Pro-
ceedings of 2012 IOP Conference Series: Earth and En—
vironmental Science. S.1. : 1OP Publishing Ltd.
2012: 022014/1-8.
SAUREL R ABGRALL R. A multiphase Godunov
method for compressible multifluid and multiphase flows
J . Journal of Computational Physics 1999 150
(2): 425-467.
FURFARO D SAUREL R. Modeling droplet phase
change in the presence of a multi-component gas mixture
J . Applied Mathematics & Computation 2015 272
(P2): 518-541.
KUNZRF COPE W K VENKATESWARAN S. De-
velopment of an implicit method for multifluid flow si-
mulations ] . Journal of Computational Physics
1999 152(1): 78-101.
SAUREL R GAVRILYUK S RENAUD F. A multi-
phase model with internal degrees of freedom: applica—
tion to shock-bubble interaction J . Journal of Fluid
Mechanics 2003 495: 283-321.
GHALANDARI M KOOHSHAHI EM MOHAMADI-
AN F et al. Numerical simulation of nanofluid flow
inside a root canal J . Engineering Applications of
Computational Fluid Mechanics 2019 13(1): 254-
264.



7 . - 141

12 CROUZET F DAUDE F GALON P et al. Valida— L. Pressure relaxation procedures for multiphase com—
tion of a two-fluid model on unsteady watervapour pressible flows J . International Journal for Numeri—
flows J . Computers & Fluids 2015 119: 131- cal Methods in Fluids 2010 49(1): 1-56.
142. 16
13 DAVIS S F. Simplified second-order Godunov-type J .
methods M . Philadelphia: Society for Industrial ( ) 2020 48(4): 95-98.
and Applied Mathematics 1988. YING Rui JIANG Jin LI Yanhui et al. Analysis
14 JIANG]J FUY ZHANGL etal. The investigation of flow filed characteristics and particle classification
of gas-iquid two-phase transient flow based on Steger— performance of inner cone hydrocyclone J . Journal
Warming flux vector splitting method in pipelines ] . of South China University of Technology ( Natural Sci—
Advances in Mechanical Engineering 2016 8( 10) : ence Edition) 2020 48(4): 95-98.
1-5. 17 BRENNEN C E. Cavitation and bubble dynamics M .
15 LALLEMAND M H CHINNAYYA A METAYER O New York: Cambridge University Press 2014.

Relaxation Calculation Method and Analysis of Jet-Buffer
Mechanism in Water Hammer with Liquid Column Separation

FU You NIU Xuetian MIN Zheng
( College of Energy and Power Engineering Lanzhou University of Technology Lanzhou 730050 Gansu China)

Abstract: A multiphase relaxation calculation method with the adaptive process was established to analyze jet—
buffer mechanism in water hammer with liquid column separation. The rationality and stability of this calculation
method were verified by air-water two—phase shock tube. The internal flow mechanism of water hammer with liquid
column separation was analyzed. The results show that for water hammer with liquid column separation whose seco—
ndary pressure variation value is higher than the theoretical ones it can be divided into the direct water hammer
the buffer water hammer and the jet water hammer. In the stage of buffer water hammer the presence of bubbles
reduces the pressure impact on the boundary causing the water hammer wave appear buffered and the change of
pressure value is smaller than the theoretical ones. In the stage of jet water hammer the jet acceleration generated
during void compression and collapse does not directly affect the pressure impact on the boundary but it causes a
secondary pressure change accumulation in the initial value after back propagation and the change value is higher
than the theoretical calculation value. The occurrence of jet water hammer affects the accuracy of value calculated
by direct water hammer method so this is the most noteworthy part of water hammer with column separation calcu—
lation.

Key words: water hammer with liquid column separation; relaxation model; two-phase flow; transient flow; jet—

buffer mechanism



