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Abstract

Abstract

For pipeline system, due to accidental stopping of pumps and quick closing of valves lead to
rapid changes in pipeline pressure, transient cavitation flow will be happened, which is a
greater threat to the safe operation of pipeline system. In recent years, the wide application of
plastic pipe, because of its viscous and elastic mechanical properties, so that in accordance with
the classical elastic pipeline transient cavitation flow model calculations of the results of the
actual deviation is large, and its calculation results by the water temperature and velocity etc.,
so the accurate calculation of the pressure fluctuations of transient cavitation flow in
viscoelastic pipelines is the key problem to be solved in the project needs. Therefore, this paper
establishes a transient cavitation flow model of viscoelastic pipelines based on the intrinsic
model of viscoelastic pipeline and combines the one-dimensional steady state friction model
and the quasi-two-dimensional model, carries out the parameter calibration and accuracy
analysis, and builds a test platform of transient cavitation flow of viscoelastic pipelines, which
reveals the influence of the pressure fluctuation of the transient cavitation flow in viscoelastic
pipelines by the different water temperatures and flow rates.

Firstly, this thesis establishes a transient flow with cavitation model based on the intrinsic
model of viscoelastic pipe and the discrete vapor cavity model (DVCM) combing with a one-
dimensional (1D) steady-state friction model and quasi-two-dimensional (2D) friction model,
and this thesis solves the model by using method of characteristics (MOC).

Secondly, based on the established model, the influence of the number of grids, weighting
coefficients calculating the volume of the cavity and the friction model on the calculation
results are investigated. And the integrated energy analysis method is used to study the
influence of the cavity on the energy transfer and dissipation of transient flow in viscoelastic
pipes at different water temperatures. The results show that the radial grid number and the
weight coefficient have little influence on the calculation results. The difference between the
calculation results of 1D-DVCM and 2D-DVCM is less than 3% in formation time of cavity,
therefore, the 1D-DVCM is able to replace the 2D-DVCM model for the numerical calculation
of the transient cavitation flow in viscoelastic pipes. The conversion ratio between the
maximum values of elastic energy and kinetic energy is proposed, and the ratio decreases with
the increase of the water temperature. The generation of cavity makes the integrated energy of
the pipeline attenuate rapidly, and the conversion ratio decreases rapidly, and when the volume
of the cavity increases, the conversion ratio becomes smaller, and the energy attenuation will
increase.

Thirdly, this thesis designed a HDPE (High Density Polyethylene) transient cavitation flow
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test platform to study the influence law of water temperature and flow rate on the pressure
fluctuation of transient cavitation flow. The experimental results show that, with the increase of
flow rate, the pressure peak of HDPE and the duration of the cavity increases continuously, and
the duration of the first cavity increases about 60% at 1.68m/s~2.83m/s. With the increase of
water temperature from 20°C to 40°C, the pressure peak gradually decreases, the duration of
the cavity decreases about 15%, and the growth of the cavity becomes slower.

Finally, based on the experimental data, a numerical study of the transient flow with
cavitation in viscoelastic pipelines is carried out to propose a method for calibration of the
parameters of the transient cavitation flow in viscoelastic pipelines, and the maximum
calculated volume of the cavities is investigated under different water temperatures and flow
velocities. The results show that in the process of transient cavitation flow calibration, the
accuracy of the calculation results of the cavity duration should be prioritized, then the
calculation error of the maximum peak value should be considered, and finally the overall
pressure decay and phase should be considered; the maximum calculated volume of the cavity
increased by about 120% at 1.68m/s~2.83m/s, and the maximum calculated volume of the
cavity decreased by 10% at 20°C~40°C.

In summary, the study of this thesis clarifies the influence of water temperature and flow
velocity on the pressure fluctuation of transient cavitation flow, enriches the theory of transient
flow with cavitation in viscoelastic pipelines, and provides a reference basis for numerical
calculation of transient cavitation flow in viscoelastic pipelines.

Keywords viscoelastic pipes; transient cavitation flow; water temperature; numerical

simulation; energy analysis
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. GRS AL BT A G EE  TEER AN AN K e & 55 N 3 i 43t
e fOKE SRR R . W LB RLE TEH I & (Polyethylene, PE) | ZE A M
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AIRERS, e SRR DA T, AIEETIE R A, T SR AH
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B, HFEAHESE R KIRAVE M2, g b T F SRS 31 A T SR AR R AR T
) A TR Hh A AR R PR O B ) R

ol SR T Mk A IR S T R DO T R R TE R AR R A VB, SRR E I )
5 MNAR 2 [ R R OC R, R O E . SRR R 1 e 2 H LN AR REIR IR, B
AL S BRI A RIE 5 BEAN RS P s 0%, AER SRR B AR A A T, SN
[k I 182 A 5 SR AR 2 R AERG SRV E bR AR R A R, 3 ATTE )T X Kelvin-Voigt
775 R ALK B R B R TR T IR R AR E DG R . | X Kelvin-Voigt 15578 ) 45 32 bR
KRE S BHERA I RN B T I LSRRI R o R T8 AR PR 27 N KL B i
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SRR s B ERE R, T AR — RN R I B AR IR, AR, H
TRV R R, R E IR KE WS L2 B, BRLE TE £ 52 21
JIIE s AN AL RS, AR I 23 77 A2 GE IS N ARBY,  pl -RG s A R s v, DR
B TR b GG e 7 T B AR A A 1, R A ) O AR R A S N — B 3B B AR TR
FNE BRI, Covas 25D Pezzinga S5 03@ i AN[E] 77 o #r 17 K-V Jo N0t
HERES ARG B . 45 REK M K-V oA E0h 3 A KB EINA] DAAS S A 1 e
U ST BUE RS B . Javadi ZFEUW T T ANEE KT K-V oA BOM R AT 9
JIEEN IR . ARFH: X TEKKT 1000m 1K EEHKEE, 384KV T
B AERR I B 57 o Ferrante S5 B13E T- Akaike #E AR T K-V Joth AN BRI ALRS BE 1) 9¢
R, IR BB RS AT TR, RS SRS 0 S R OIRE SR B AT T
XPE . G REW, 2 K-V oty 3 AT LS T S5 K A 1 A T (S, 3 AT DU SR
SECPE RS R AE g A o A v B0 BEAEL ) R

FERAKEEILRIN, e a] Dol BN TE AL 1, 8 208 R Gk 77 it SR A
FIRIR, B ATURAN I8 R G 1) 2 s AT R B Y. e 2 AR B T R G is AT — L
FeEf B, BRI NG, 22 W5 RN 77 A B I sy ™ o R i 3 1) 22
IEAT, HA TERIBES AT, AT 7S EBUERA, Bz R s i A
LEZSVRIEAETY, A B iz VR AR B N FH B DRy iz DO o R 2 s A 7R a0, i 2
VR EFL AL (Discrete Vapor Cavity Model, DVCM ) 1 & 5 A I B A ( Discrete Gas
Cavity Model, DGCM) . HA EHZEA R — NS MR HAHR R, wr A
TR B A A A BURAE, BT TR SR A 028,

TES TR AR BE R SR, 6T 1 7 B AER AL 0 oo . T IR IR R BR T
JERDRL A TE ORGSR, I RE IR AR R I BE A U, SR, DVCM 5 fEfa 25 BE
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1) P BRI 32 B AR S AL RE BE T e, AU RE RO, S A B 1) I P i
Pezzingal?V 2275 8 A5 T8 Hh AN [R] 1) 2 AR Y 5 — 4 (1D) D08 248 JBE BELBSE Y A 7f — 4 (2D)
PEMHRL ARG &, FEX HIAT WA EOT 8. 5 RR, PR EERE A B A BRI TR N 3 B
RGP IR R J13 . (EREE I R HERE, 2D RS 1D B 7 B4 i &5 2R, [R) i
DVCM # A BEE ] TR LR 56— Br BL. Wei £B5E 5T 1 54 MOC (The Method
of Characteristics ) A& 4 F1 NI 4 7K A (RWC, Rigid Water Column ) A5 7R A5 f5i 1) 55 44 7K A
(EWC, Elastic Water Column) #&%8, 45530 EWC BIAE KA WK T35 ARG
HiE, RS R Seck FPME L 1 AR A BEBH I AH O¢ R HOR$E =1 JE S 28 R FH A%
RIRKE R, PR 5 S AR AR S BE PHBL A RORG 3 11 T W AR U 7 AR AR 5 & S BBUE R EAT L
B, SERRIN, RS IR RS AS BE BRI 5] AN AE AT 5 I B0 45 SR A S i 24 W)
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B LA SR B2, 25 7 e A& BSORT A% ) A KR B LU AL RIS, BEE SR
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AR AR 81 g SOV X i S5 BOLEE T TRAR ARV — [ Godunov 3K fig g 2X00f b 3 1
R 7KE T8 KA B R G I ST BB U 7T . SRR, SESEIRHEL T
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R, Martin S B2000 i 4R (T H B R I BLEAT TR T, JREET = 4Er ERAE
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M5 R SIA B SCI B R diAT 1R, SRR =R ARFEER, ERNER
EE SR DL T 155 R B BUE 45 R 5 Se e 80 2 TR B AR I A& . Zho SEBUEE T SEEGH s
F|F CLSVOF (coupled level-set and volume of fluid) A% %Y #1417 A e & 77 £ B URANS
(unsteady Reynolds-averaged Navier - Stokes) 77 F&XJ S P4 AH B A I3 A2 i HH /K S A8 S THI
b B R TR G DUREAT T LS W A, A5 RARWIAE e J MK A AE F T A 1R 0 42 R 7 T
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PR HEAT T HUEIE . 25 R R A BN AT DA B ), 3k AT DUER FU 0 P AR AU
H KB IR AR S AE

FESEIGHE ST T, FRUREECOLEZE TS P AR I (O BUE AR 3 A 5 1k DA B 5
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IR T/ 6 HR T R R0 25 i TR SR T A 2 AT T DR A IR R, R 31 6T il o A
W, ARG AR, Bl KSR 2 sk AR 285 04 B o R T
A BT, 382 R RL SR T I A R SR L KRR R, R SR T R S IR AL
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PEEIE AR =R 2 i 2 AR AR AR . ARG, R B SRR R (DVCMD
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2.1 MM EERTRER

5 T AR AR A L, ORGSR AR AR R 2 AR T, B R ESE
G BEAE R AR I SRh N PR A A REIR N AR RIS o DA T VR R S A T AR N - AR AR A,
KR, AWFFCRAT X Kelvin-Voigt (K-V) BEAIBY, 2R GEf% 45 i 3t 55 S206 i 25 il 28
W6, PRSI b T BORS S A A AR AR A, AT AR S T AR R R T
PR HLA
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A4 — FEsEmmA (m?)
X —— WEERMAEE (m)
T —— BEMYING (Pa) ;
ro—— FREEROCRAREE (m)
u —— FEEE (m/s) ;

v —— REEE (m/s)

g, —— JEIBNAR;

0 —— WiE (m¥s) ;

t —— WA () s

P —— FRE (kg/m?) ;

g —— HEIMEE (m/s?) .

1 B IR A A K (2-3) 1 (2-4) T VIR FIAE IR B AR AR L HEOR Y, HRE#E—D
HIBUE B U i g BE T A R Y TE B A [r) BEAT AR 20, (S AT DA 31— 40 R
BB AR R I SR T AR AN Bl R T RS,

0H a’ 0Q ,a’ 0, _

—t——+2——2L=0 (2-3)
ot gA ox g ot

OH 0Q 7D
A—+—+—1,=0 2-4
84T pfw (2-4)

2.1.2 MM EEAGER

il A T L PR AR T ) DX AE T A B ORGSR o B PRRG I SR IO AE Y
TEAT, HEERILHSYE 54T N, R R 12247 8. AR X Kelvin-
Voigt (K-V) FERURR ARG 3% E & N N AR R R, K-V AR D3RG 5
IR AR M 2RI I — B, AEECE AR R R0 Ry R R SRURG S 1 R AR AR A
7 X Kelvin-Voigt 775 BRI U1E] 2-1 Frow, AR ZBA o oo e (B3 Rk
ot CRERE) Ak, Hm—ANEE S 2 A K-V ot B, H R K-V o2 i
TERURG A7 FH o 2H 1T B o

I Kelvin-Voigt /757158 1 A7 bR BN P
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J(O)=Jy+ Y J,(1- e%k ) (2-5)
AF J, — BERE (Pah)

g, — VKV BB & A RN R R (Pa);
r, — ] UKV BRRIES kA TCi R SERTAEIR ) Cs)
N ——K-V et

F F Iy

T
E, E, E,

K 2-1 |7 X Kelvin-Voigt 7!
R 5 A N R L FR RN N AR ¢ AIIEIR AR ¢ PR 73, RIBWIR:

e()=¢,(t)+¢.(2) (2-6)

VB FFERG S0 T8 W 22 8 T o, IRFE 3 /R 242 (Boltzmann superposition principle )
SIMEH, RNAR e FIBER NAR ¢ P1A:

£(t)=Jy0(0)+ [ o(t - z)a‘] ©) 4 2-7)
, - aPD o)
2E.e
X o —— FRARKRE
P —— &7 (Pa) ;
D —— FHEHNZ (m) ;
E, —— #IEEE (P ;

e

EEJE (m) .

FrbL 2R N AN K-V e, BESLARQ-5)MARQ-7), RN LR LIERN
ARQ-9), IRJE KA ER AR, B HAREERIE LA A K (2-10)
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o&, _ i 08 1)
ot o Ot
(2-9)
N t
=z i o ar
k=1 2 k
%O _ prix,n-v, (2-10)
ot
N
Ve=Y [B.H,+(4, —B)H(X,t—At)+C,é,, (x,t — At)] (2-11)
k=1
aD J =
=P8 (1 “) 2-12)
2e
—At
= pgaD Ji (2-13)
2e At
;N
O (2-14)
Tk
N
F=) 4, (2-15)

k=1

2.2 EEERER
KA AN T — YEFRSAS BE R A R A — 4 PR T A R i 30 R A B 2

X —4E (1D) MASASEMRARREEm PN I8, B RSy . &1
Darcy-Weisbach 2230, HAJR /AT LA A :

axn=§§V«mVa> 2-16)
Aot f 28
Vo —— WEEERE (m/s) .

2.2.2 4 EEIR SR
STl 4 LR 0 O BT T S 9 ) 223 glo),

ou ou
T, :_'DVTEZ_'D(KJFV)a_r (2-17)
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:—Et':':‘: S I*IJJ-E (m%s) ;
K —— WA REL (m?/s)
vV —— BERE R (m¥s) .

Xt FBET V)N F A, R B IX IR (five-region turbulence, FRT) At %55 Y
(521, ZAE ALK TE A R 0 Oy TN I s X SEITBE ARG M JE  (viscous layer) , [7)
Bl ORZEMNZL (buffer I layer)  ZEM)Z11 (buffer 1T layer) . X#{[X (logarithmic
region) FZ0[X (core region) , FZHRNF H AT R BAK KRB

Yr oy
; (2-18)
0<y. Sl
a
1%
—=ay.
y (2-19)
lSy* <2
a CB
V_T:CBy*
y (2-20)
i<y < d
C, T C,+x’/4C R
VVT = Ky*[]—(l('/4cm)(y* /R*)]
2-21
K 2C,R. (1+1-C./C,), o
C,+x>/4C R, SRETT
=C,R.
(2-22)

1%
26K L iccic )<y <R.
K

AH: =019, Cs=0.011, k=0.41, C,=0.077, C~=0.06;
y»=U,ylv;
R.=U,R/v;

R=D/2;
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y=R-r;

2.3 HEMEESAMERERERE

FEESZUERA (DVCMD WA an B, =710 mAC N S 77 B 40 5 i 5 (1
ANZVUEI A 2T, Z RUB R, BRI BRI, 2 SR A
TR o AR QTS A 8] B AV B B E B e, Y AL A AR R AR A SN AT
THZT SRR ZE R, DVCM BADR Z BT 2-2 7R

P ./I/z* T

K] 2-2 DVCM 7n & |24
TP SR, SRR LX) & s B NS TR R E T

H=H, (2-23)
Refe H, —— WIRIRALE S (mH0) .
2 R RE A A A AR R R TR, Wa(2-24):
av; Q-0 =AV. - AV, (2-24)
dt
A V) —— FRAER (m)
0, — T EFRE (m¥s)
O, —— FETIHFRE (m¥s)
Vi —— 2 BIFRIE (m/s)

N

—— T RURE (m/s) .
W i R(QR-24)TEFETE WA AT BB AR 5, AT A5 21 (m+ D) Ae B Z0 1755 55 A 1 X A A
L, A RQ-25R:

V;*,H.l V + At I:l//(Vn+1 Vn+1)+(1 l//)(Vn V )] (2—25)
n+l1
o =G =1, (2-26)
ut BP
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o =——m=n (2-27)

Cpv Cyu~ BpHl B, HITHHE AT -

C,=H +BQ, (2-28)
C =H 1,11 -B Qui+1 (2-29)
B,=B+R (2-30)
B B+R Qul+1 (2_31)

A B HHEHKB =

gA

R R =LA
2gDA*

2.4 $5{EZE KRR
2.4.1 $3¥MEHE 1D-DVCM 1E8R 7

Xt — e RS 3 A — A R T LUR IS (4% (MOC) SR,
2-3 FRAELIEAE R AR LHIERoR, B m bl TR A O W Ry TR . — 4R T 4E R
I HTREUR

_+id_Q a 4r 2a os,

+ = w22 T8 (2-32)
dt gAdt gpD g ot

d_Hiﬁd_qua_a(rv)_i_a 1 6(}’2’) 2a° Oe, _0 (2-33)
dt gdt gr oo gpr or g o

4%&(2-32%;.5#%@%%:10! 7E nAe B (n+ DA TG E PSR, H B BOB AT 2
Hu@—H@—mn—mﬁlapuﬁ—gu—mu—mﬂ
&g

2 (2-34)
+4_az'w(x,t)+2a Ggr(x,t)zo
g pD g
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H@@—H@+N¢—N%¢%puﬁ—gu+mu—mﬂ
g

_4azt,(x0) N 2a* og,(x,t) B

0
g pD g o
LA
(n+DAr | P
o C
At [ ¢
n y B
| | | »
g xi—l xl xi+]

K 2-3 FRRLZEAE RIS B IR

A RARQ2-1D)~2-15), w15

2a2At n+l n+l
(1+ FYH!" +BQ"" =C,
2
(1+ 2a At F)HinJrl _BQiI‘lJrl — Cm
2
Cﬁ = Hin—l +BQ£1 _%Tv’:i—l + 2a A VE
pgh g
4aA 2a°A
Cm = Hi}il _BQ:A +a—t7vnv,i—1 @ o Vi
pgD g

A A2~ INIATARHUESE, RIF T

Hn+1 Cp + Cm
i 2
21+ 24A by
Q_n+l — Cp - C'm
' 2B

(2-35)

(2-36)

(2-37)

(2-38)

(2-39)

(2-40)

(2-41)

A R AL PSR, BRI B AR Q-23) 1, AR R ARKQ2-24)THH,

Hoby N E R SRR E R, WUEVEE DN 0.5~1. TR, EAMRETT

/N W/
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2a:At 4alt
2
1+ 2aAt F)H’Hl _ BQ-'HI _ 4alt ' =C (2-43)
’ " opgD T
dal 2a*A
Cp = Hirl_1 +BQin—1 - ac TZ i1 ? tVE (2-44)
pgh 4
daAt 2a°At
C =H" _BQ”A +a_z'", +a—V (2'45)
m i+l ui+l1 pgD w,i+1 g E

W H = H AR, BIESRE 0 RO
2.4.2 ¥ MEIE 2D-DVCM R R 2

TERIR Sy i 2, A RUQ-33), SR T e B A0 A2 1) 22 40 WA, o ) 22 4
X 4 55— o PR BELABE 280 () 22 40 WU R AL ], 0 R T 5 3 K B L3 P4 40 N B (i
B 2-3 FioR) . RIAIZED K ISR A Ny B, W 2-4 B, T4 i
FEBRRER, TR OB BE ST T SR IN 38 (4% [ P

v
V(HJ)
S L e
_AriArqI Uiy —Hiy Haviy B
I N Y s 9]
. r .
J ¢
I I |
0 Xi-1 X; Xi+] X

K] 2-4 1 YEAR m) 22 3 I A 124
Hrj & TR, RaBRMERS: AR MR REEH ORRMEER: ry
NIAE ;O B TE P O AR R BEBS  7E nAe T (n+ 1)Ae BRI, 9 5 RRAE 280 2 20
(2-33) 7, HEBEREAN:

2612At n+ n+ n+ n+
[1+ F]H '-0C, 4" +0C, q" —eC, ul +

i q./9i.; ut i j—1

g (2-46)
(a 1g+&C,,, )uzn;l - gCu.’),jui’j;—-l#l =K,
2a2At n+l n+l n+l n+l
1+ . F] H!™-0C, q;, ,+0C, q' +&C, u " — (247)
(a /g+eC,,, )u:;l + 8Cu3,jui’?;'—-l+l =K, ;
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Kpi,j =H + (1_ G)Cq]' (qinfl,jfl _qiril,j )+ (1_ € )Cul,juinfl,jfl +
2-48)
. . 2a°At & (
[alg—(1-£)C,,, Juls,+(1-€)Cpy ]y u+ —— DV,
k=1
Km',j = H;Zl + (1_ Q)qu (qi’irl,j—l _qin+1,j )_ (1_ € )Cul,j irirl,j—l -
2-49)
. ) 2a°At & (
[a /g— (1 - S) Cuz,_j] Uiy — (1 - )Cu3,jui+l,j+1 + ZVE
k=1
X ¢ —— RBEEg=r;
& —— FEVEIURCE REL
0 —— RIIEENERL.
Kpi,j ﬂ] Kni,j EXH%:‘F‘ H, u ﬂ] q j'i’ EA%DIE’ ﬁq:'/%iﬁ qu ’ Cul,j ’ Cu2,j ’ 74‘:[] Cu3,j ﬁj\%”
TR
___aA’ (2-50)
Y &7y (I"/ _rj—l)
CuZ,j = Cul,j + C’u3,j (2_51)
alitv,. r.
Cu, = L (2-52)
87, (rcj - rcjfl)(rj - rj—l)
alAtv,.r.
Cps, = v (2-53)

T g =) =)

2D FEFAAR A R SR TR B R R AT AN S TR S 1D BERHAR AR —2, B}
A (2-22) 1E nAt Fl(n+1) At B SRR 53, Cp 1 Co tHHEA N:

2
1429 gy 4 port o 284 i _ (2-54)
g i i pgD wi P
2
1+ 2LF)H B — dealy e (2-55)
g i i pgD wJ m
n+l
ntl __ i,Npy
TW,[ - pVT D (2-56)
(5 - rcN,_H)
13D P W =W RS )\ i = = 7= w1
Cc +C
H"=—t "
i (2-57)
21+ 24A by
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n+l __ Cp _Cm _ 4£aAt n+l1

= T 2-58
o 2B pgDB " (2-58)

>N qjﬁéﬁjé%y\j:
g7 =UK,,+K, )/ 2=H"1/(6C,)+q}, (2-59)

A R AR, BRI h A RQ-23) 1, AR R A (Q2-24)THH,
FAEZ RS, R E T AW

24° 4
A+ 2y 4 ot 4 289N i _ o (2-60)
g ' Y pgD 7
2
(1 + 2a F)Hi”*l _BQ[”H _ﬂgrﬁw -1 = Cm (2_61)
Pg
2
Cp =H +BQ" —(1-¢) dalt Tt 2a A Ve (2-62)
pgh g
2
C —H' —BQ" +(1- )94 o+ 2a7At,, (2-63)
pgD g

2.5 WA EY

KT RSP ESE DVCM B, 88 S R At AR R A, Tix T . F
W R, AL M SO R, PR AN R R, AR
BEST, SRR SR S, B AIGEIR RS,

2.5.1 Lk fEF Tk
¥ EWKA LTS, KALREE R, U e TE BT A Y Kk
H'=H, . &aHEEITEC, KitEAR, FIREREQ) -
Q1:H§(1+F—Cm) (2-64)
1 B
LKA NIFIARR, EENERG T H), = H,,, WNESHEETTEC, BitH
~3, AR E Q)

n+l *

Ql = Hr11+1(1 + CP —F) (2-65)
n+ B

2.5.2 BiimiR IR i )]
St RIS I T R, SRR AL I R s A S LIS R 7K e

0l =—BC,+4/(C,) +2C,C, (2-66)
1
H = G, ~BOw (2-67)
e 1+F
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— (QOtau)z (2-68)
" 2H,(1+F)

MR TIAL T B RGN ey, g5 b e KA R J17K Sk H o 15 201 T T AR 1
==/ (I

0l =-BC,+,(BC,) +2C,(C, +(1+ F)H,,) (2-69)
C, =H!~BQ, +(1-¢) Ao 2N S, (2-70)
pgbh g

2.6 KENGE

A EE B TR A T A T FE RN IR AR 1, S TR SRR T B A A
K. ARG, BTBEEBESEER (DVCM) AR E AR, 5—4:fas
JEE LR ok BE PR RS RU AR 45 7, @RS T — 4R R S SR A B AR AR A (1D-
DVCM) FlI#E 4R M B SR PI AR (2D-DVCMD , IR FRFIE 2R v xf FL 47
Ko BeJa, FR 7 KFAIE SR EA .
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12 DAEIKEE, 3 DIFBRIIRIBAR KSR, 1 ANmETE, 1 AMROCHEI, 3 &k
FETE JIAE %A (o nlhr T B E AT o . o AR u) A1 ANE AN EEEN
HDPE, WM& [ARSRIETE, S0 E N HDPE, 428 DN20, B4 30m, HEJE
3mm. EEARAEKLN 37.8m.

. 9
7 Nen e Dad %
—E KH K gomap 1 W AR
X i

Il I

o —
LT Bt

B 4-1 RGP TE R AR TS 65 i 2]

5 SLIG B TE 2R G0 00 1 i A AR o 43 B EDK AR, PN KAE BRI 3508 1.2m X 1.2m X
1.2m, ALK 1.7m3, MBCAANEN, KA HKOFAK D& %%5 DN50. £
G KA v B A INAGE AR T, I BN, R, AR, A5
PR, A B A NE L BB B N, Tl i & s AR rn
PR RCRKAEAETE RGP AR, MR T SE AT I K A A AR, AR
AR TE S B LB 4-2(h) . AN /KA 2 a)3d I AR A7 42 DNSO A7 ik i 4, T EH
FKFE AR AT 3, M PR$F P S K FE R I KA 58 K — 80 K FE S B n ] 4-2
(g) Fimmo

TESRRE B R G, HARMUKE AT ARG S 7, RIS — iR
#2759 DN50 [ B 5K AR, /KR H B4y DN32, J i #2628 7K 252 1 A3 5 A
I % 1) RGP VG TR MY AE TR /1. MK/ T4h S0Hz, FEHREN
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57mH,0, LIS AR ELE 3.2~3.5m%h Z [i] . (HAETR TR SUR R ER, Bhia =
AR, CHRAEREGL TN, PR E I E, XRE R RAE BB & ™ H 5
Wi, DRIHGAE SR AR R AR it b A B DRI 2 B DAYl /D AR A28 6f Pl A SR () s, 7K SR SEA K]
LK 4-2(a).

(c) MG (d) s AREscYE
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& 42 S B SemE
TREETES B THAE /)48 I8 T R AR 1) Se 3o B i v LA i . SRR vdE
WRHERCARA R A /A7 1) USB-1252 R&EFR, ZKERAE 16 MM EE, &
R ZRIE 500kS/s. 5258 & RS BE R 71 AR R EE AL 508 HM90-H1-2-V2-F2, %A 5K
JE AR IR WA AR, WA v, B ETRRRT AR, WA TESE. T4, we
5 . S I0  ER AR AE D B R
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ARV R T A Y B 2 A T M I O IR, il e A ) 6 R R S R 1T B R A O
P, ARG ik P oc LR, BROCHE B A iZ IR T AP B A w AR, SR
EV210B, M[TH4228 DN20, 78R P A BE A2 I S50 A o¢ IS (8] 20 9 0.4~0.7s,  1RTTHI
& LY EILE 4-2(c) (D). HALR E& LB SHE 42, LK ETTEA S
WM 4-1 Fioss

® 41 WRSH

ULhs) ZH

% EAs HE
=

1 KA 2 - 1.2mx1.2mx1.2m
2 I 2 EEREER B % kW
M LI R
3 KR 3 FIEK YS3-90S-  AiiEThE 1.5kW,
2 RE LR 4m/h
4 T 1w I 0-2m3/h, 1%
STLD25031111  FKH§E+0.25%FS
GCB
5 EImPRK R 1 FHE DN20, fx K&
EV210B %4  30bar, & [H
Fay 0.4s
6 EEEEES 2 HMO90-HI-2- I
Ak A V2-F2 10~120(240)mH20,
H LR 0~5V DC
I FTHNEE0.25 %
FS
7 JE 71 1 - &334 500L

i K& JE 0.8MPa

42 IWHR

AR SEEG £ 0] DU I B R G R TR P, SR SE RO R SRR AR
PR AR B AR I S

THL 1, ATHFKER, KIEMKFERKSEIA MK, W11, 3FFE, ®{i12, 4%
i, BEKEEEBBAKE, ERERER, EIIT 1, (8 sediKE-/]-K5E
S5

T2, ATHKIE, KEMOKFEHKSEIA RAK, W1, 298, 3, 4 KM,
S K R -1 1] - P 3 6 S 7 A A I S

T3, EEIIFEAKAGRIRET, JFEEIT L, 3, 4, SEUUEJI6E-1R1 - /KA S
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PR AR B AR I S

I A K RIS AT IR, 9 WILE 30 364 42, AL (50Hz) K58 A [A)9#
TR0 BRI P AR B A I S DA L0 %o T 25 s R 8 B ) A g WAL PR 520 o

T A O TE RGN IR IR L, i SR KR 8 20, 25, 30, 35, Fl
40°C [P AF IR AR 0 S50 DA 23 BT 7R X Rl i 1 A 3 A R A R ) B s R . S ORAE
IRFEIEE, fEEE &KAE B RiR =, ISR KA N e i R iR 5
FAASIZAT 30 405l FPEAEIE RGN R FERE 5 EATHRR I SL 5K .

42 FIKFETHUT 20 CARIWIGIE I SLIG A S5

THFS HIUE 7 (m) i (m/h) MIE (m/s) R
1 15.85 1.9 1.68 33366
2 24.7 2.3 2.03 40317
3 34.7 2.7 2.39 47467
4 50 32 2.83 56206

R 4-3 FEOKFA T A AR SR A S H

KR by AL BRI (LAY I
°C (m/s) (x10°m?/s) (x10°pa) (kg/m?)
20 1.68 33366 1.02 2.22 999.3
25 1.68 37484 0.91 2.24 997.1
30 1.68 41795 0.78 2.25 996.4
35 1.68 46226 0.71 2.27 994.2
40 1.68 50810 0.65 2.29 992.1

T I Y LR R B I G P 9 R AR IR, SE R T HDPE 873 1)U 9 AH I A2 i 5%
5. # 4-2 J HDPE BB A R #E T MR AHBE R R LB IEARSH., K43 H
HDPE & B EAN R TSR EAR S -/ KL & R, 78 Bk 5 4R
FE N SERL 4 IR SR AE AT O OC IR S0 58, R SRIRE A 3 IR, fEIR-IR JIHERT, [
RIE MRS, WE/AREOLT, R 760 K B A R, Bk KR E
40Hz F1 A, %FH A @ErP WK S s AR 40N, BB AR 1 A8k . 72 16°CHI
18°CHf K 40Hz A THiph L, 7E25°C. 30°C. 35°C. 40°CHHMeE I THiph &, AR S5
HE 3 IR ERHRE-IE G R 45K 5 0] 58 o - /K FE L5, s & 77 SE A K g
ey, BEZ R, BERAFESASE, FEGHLIREE =R
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4.3 ENEORMAETR

AR P A 3 P 5 VR A A T i % R I AR AT S B 500, 0 A AN ) 00 T R S 78
2o WIAEANFLLN, REAKEX A, A 6, SRR EEL
SR TT RIS

431 SEEBTHENEENZHAE

DT TR B TSR A B A U S B8 R AN TR AL R S IS W B AR L, R
FHIEAE (P33 K % (Average Growth Rate) 7, SKRIFATEAL, P KRR IR T

R

u %x100% (4-1)

vl

A A, A v, WV (mHEa0)
Hy,  — kA v i (mLo) .

P 4-3 NTE KR A 20°CHS R [A] Y38 R (1) HDPE 38 4000 95 AR 5% A2 7 1 52 536 & 7 i
2. & 4-4 y 20°CH} HDPE &8 1.68~2.83m/s IS ALK . MK 4-3, K 4-4 draf L)
B2, FEAEREAEM, EJEENEEEARAE K. 7E 1.68m/s N %E 2.83m/s I,
B AL B 3G, O 2.83my/s I IR AR LU IE A 1.68my/s IS IN T 37.3% A 4. 1
1.68m/s , 2.03m/s, 2.39m/s B B AN & 7 W fH 4 7 9 23.45mH.0 ,  25.34mH.0 H
29.53mH,0, AHECHIIRIEE Y 1.68m/s H)JE JJUEAE, 7E 2.03m/s, 2.39m/s I HUE(E 7 7
B¥InT 3.97mH,0 A1 4.05mH,0. 1M MK 4-3 (b) F 4-4(a)F T LA H, 10 48T 4E M
2.39m/s #E 0 A 2.83m/s B, & JJUEE EI M 29.53mH0 Ft = & 30.44mH0, AXIEN T
0.91mH,0.

—2.39m/s

40 |

30

JE /7(mH,0)

1 1 L 1 !
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
B 1F(s) 1 (s)

(a) 1.68~2.83m/s (b) 2.39~2.83m/s
K 4-3 AS[A]JHE (1] HDPE 18 1% 73 5 S 56 $ e
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4 OS5 B (A S R AR SRR AT

ZHBEE IR, /£ HDPE & 18 B, i MR 1] 9C PN R % 7= A 1Y
$5 R s T WEEAE AN A2 B A T )38 K — B3 A0 3G 0, A2 S I S PR B i 1 s
FERER G, JOHREIRKE TR, &R JEAER N5y 5818, IF HaZ#iie e e
30mH0 4. MK 4-4 (b) 10 LA F HDPE 18 2 # F 2.03m/s~2.39m/s i}, &
WA 188 K B R PR B i, BEIRFIEAE IEK T 16.6% 7245« PR LTE SEBRES M s 47 1 A dh 7= A K
HE KT, TS IR TR B R ME— R R

Ak, MK 4-4 FTDUE B LRGN, B ANEERETIE K, B AN A B AR
A%, DR 0 5 VR I A A T K T M G ) . CEAH RIS Y, 1.68m/s, 2.03m/s,
2.39m/s, 2.83m/s IR 38 (38— NMEE 558 = MEERZED 70512975 8mH,0.
15mH,0. 20mH,O0. 25mH,0. MK 4-4 FaJLUEH, 2B = MEEREE 14mH0, JLF
AN O G INAR A, S SEE I B AEAS R IE T R IR AL, T A =0
(R AE S AN it K Ja I, 3 3 B AR P AH 1R R B s 70 36 sk P DX 1) 32 AR B A
O~1s MIBTIRI Y, HELREA SRR KR B, SEAEA )G, K1 shET
FHABL

20

WEfE 1 [ e 5
“r W3 16.6

=N

w
S
T
)
T

J£ /1(mH,0)
1,(100%)

8.1

©
T

=)
T
IS

3.1

0 L— — | L — 0 ].6812,03 2.0312,39 2.3912.83
1.68 2.03 2.39 2.83 - /s)
ik (m/s) e (m
(a) AN[FLE T H A AR 1k (b) AN A IE 1 B R 3 K

P 4-4 HDPE & 18 72 A R E T # R J70E{E

BR 170 B WA e o R R AR AT L, o225 s PR 4 52 I 1) il 5 A 4 K ) AR A i 35
VW IT . N R RN (A ORI AR, SR s KR L S, HR
FORA FIWIIETE T 15— A7 s (4 B2 i () BB 00 . S I G AR i3 2 At 2 (4-
)N

tb _ta
t

a

TN b 2 B EES ] (s)

L= x100% (4-2)

t

X o,
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t, —— WEA a B ERRRSERT (8D .

P 4-5 4 20°C '~ HDPE 5318 7 i (1 5 SR 18] B 5 il 3 K i A fb ke sh. B 4-6
HDPE 38 7 Ji () R S () B G i K e . B 4-5 AT LG, B S 1 3 i,
BN s RO AN s () R I R BT AE RGN, E R B — A 2 s 110 e S5 B () o o o Y
I RIR FE B R LU AR AN 4-6 WLUEH, BRE —DMHE AT
RRELI [A] #RBE 25 O S ORT A In, RS — AN RS (B B 1.68my/s IS 34 1ms 140
K2 2.83m/s I 1) 548.5ms, 75 BERFEET ] IR K% 60.85%, T 8 AN 2% i g L I (1]
i 1.68m/s I ) 105ms 1% 2.83m/s I K] 199ms, %5 fis RS20 8] (148 KR N 89.52%,
TEYLIR 1.68m/s~2.83m/s B, ELIREE — A28 s I R ) () B 5 U 3 K sE £, =
B AT IR (A R TR

800

600

111!

it 3% (m/s)

25 Y RE 2 8] (ms)

20

S

o

K 4-5 HDPE & 38 (AN [RIEE T 1) 22 i 15 2 ) 1)

40

1
35t 2 35.1
20l 29.5
27.4
25t
X
% 20 20.3
I 15.5
15}
10.4
10}
5 -
1.68-2.03 2.03-2.39 239-2.83
JiE (m/s)

K 4-6 HDPE &8 £E A FIE T 22 1 4o

WCESCAMT R, 2 e i B K T, S B 4 4 7
AT RRIZ, FEXWE, REMEIMAESE, BT, &8RRG AL
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4 OS5 B (A S R AR SRR AT

22 PLRN 2897 X B TR S 2 Jias = AR AR R B 1A, B 4-3 () WAL T HESS 7. 45
R, HWEM 1.68m/s BN E 2.83m/s B, 2557 A R A B 7 10 & B B 1) 43 ) R
86ms. 73.5ms. 59ms I 49ms, AT 14.5%, 19.7%, 17%, X3 2 RFS2 ]
AMYBEE RCEIG K, i HLA e AR R K B I TR, Wt s e AR R B R,
T8 ¥ 77784k B BE R 2

100
REE R VG
80
76 73.5
— 60 59
& 49
E ol
20
0 1 1 1 1 1 1 1
1.6 1.8 2.0 22 24 2.6 2.8 3.0
L (m/s)

K 4-7 ASRIREIE T 1R 22 M 7 A R 3T 7 I 1)

4.3.2 AEPKRTREIEhELE

&) 4-8 LN 1.68m/s 1 T AS[F I 1) HDPE 4838 S 0 W3 A A5 7 52560 16 A7 il
LRI, IR TR, A R E SRR A IR R, RS RIS,
LR TR BRI, B A B R R IR B R PR AR A R /. % 4-4 4y HDPE %
A [FIGL FEE M AN 2895 b TR 2 S A 205K, IR TR, K IR 28R
R4, s LI R D P e N, BRIk S T 2 R A 1 7 A 5 R i )
S )7 THAT ELHERS I,

3 4-4 HDPE “& T8 A [A) i B RN 25950

7K IR 257U
°C) (mH0)
20 -9.89
25 -9.82
30 -9.71
34 -9.57
40 -9.40
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40

,:Ti pal (m?

30

m*«.wv—w*‘
;

H“H (s) ﬂ%{gl

J& F3(m)

0.0 0.5 1.0 1.5 2.0

i E] (s)
K] 4-8 HDPE & 18 A [R5 11 & 77 ith 28 &

K 4-9 Jy HDPE & IEAEHIE A 1.68m/s 500 F 5 10 E B /KR A2 e i 2k . AR
TR R U R A AN T I O, AR R 1 T B RN, A 4-9 R BLE
t, = AR R E KR 2 AL N EES, XEERBTRET &, EER
FRYEREIN, B AR RE RGN, DS EI TR .

28
o

o UEfH2
24 : AT IS

20 25 30 35 40
R CC)

Kl 4-9 HDPE ‘&3 W8 I 7 Bl I P 22 4k
] 4-10 2y HDPE & &L IE Ay 1.68m/s 1510 T WA H 3 [A] bl i 22 224 . AAIA] 4-
10 el DL Rt B I B M SE RS St 88 im, WA 1 S BN ) 3 ) 1.21s,
1.27s, 1.3s, 1.31s, 1.34s, JEJ7i0AE B (BRI 5,  FLBEAE I R 30, W5
(B Tl B, BRI G ARTE N R . WA 2 FOUEAE 3 tBEAE KRG, SRR

A, JEEE 4-10 FATLUEH, =AM EE I IERI G EEA [
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2.0
m U1
o UEfE2
1.6 A IEfH3
Ll A H i A 'Y
£
S o ° o ° .
T 08
n- [} [ L "
04
00 1 1 1 1
20 25 30 35 40
I (°C)

P& 4-10 HDPE & 18 & 77U AR HH B0 s 6] Bt iR 2 i A8 4k

400 | I R 1) . R
5.18
2 300
g
E I4r
4 8
pa 200 3 2.68
o 2k 1.75
U 1 1 1 1 1 0 1 1 1 I
20 25 30 35 40 20-25 25-30 30-35 35-40
e AKICC)
(a) R 02 TR i ) (b) RV 2 I K

K] 4-11 HDPE 18 2% [l RF 22 i 1] i i 52 1 A2 4k

K] 4-11 Jy HDPE & 1B EIIE Y 1.68m/s 17 L T 75 i FF S I 18] il 25 I B2 138 4 . AIA
4-11 FJLAE H, IR 20°C~40°CIT, 75 JE 22T (8] 73731 9 347ms, 342ms, 336ms,
327ms, 310ms, KRB 5°C, 25 s RRERI (AR B 1 43 B> T 1.44%, 1.75%,
2.68%, 5.19%, W] LA H 2 s 45 42 N 6] B 5 iR P Th s g o AN 4-11 A K] 4-5 %f
Lenf DA, 2 st IR I AR A 3R Bzt iz /N T B 5 O AR 2, T H M KiR &
T 35°CHy, KiRXT T Ersm A < g, HXiREE R 35°CH, BN EE
ANFEFAAE, R AN H S 2 R SR I TR, IR 2 P AR AN B, BRI T
B, MURIZREIG R, HR B G = A S .

] 4-12 HDPE ‘& 75 Ji Bt 75 & & B[R] B IR )28 4k, B (1) % & B[R] 7E 20°C~40°C
I, 435109 71ms. 82.5ms. 86.5ms. 89ms. 99.5ms, F*HIFEEREANIN 5C, Tk
AL HT AR 75 K B I T LERT — IR 3G N T 16.2%, 4.85%, 3.13%, 11.80%, Fit, B
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FKIRATT R, ETERREBVERT N, Pl sk ke .

i

120

RE
100 99.5
89
825 86.5
80 76
g
i; 60
40
20 H
0 1 1 1 1 1
20 25 30 35 40

I (CC)
I 4-12 HDPE & 22 I T it & 1 I 1] B FZ 1 324

4.3.3 AEIFRmKETHEEDTLME

K] 4-13 &7 HDPE & i&E £ /KR 20 CIf /KR - 7o T T B s . A 4-13
ATUVE M, R s A AEANW BT, TR R o e 18 T, S 2 A X A B
N TR 4-5 T LLF HH R g 7K ASE E A0S B 4R B2 I TR] 52 M 4R K, 24 R 3 7K A2 4 2mHL0
i), 25 R R IR 296ms, A UGK AL N SmH0 B, 25 i FREERS [A] 4 233ms, Ak
BLZ14 10mHL0 I, %5 Hr 8 18]y 159ms, SRR EABIR /N, B2 ikt ) )1
AR, IXTEHAD TN AR I B

At AL AN 23 oM 25 i (I RE S 8], IE 252 JE J1 i s IRk . R 4-5 AT LR
B A it KL Bk, i A R i PR ZE B N, RN, R A A A
AW E, 5TE IR K AR I VAR R ) AR YR o R RN T ek b R AR I, HL B
FHEERY, 1 H S TROKFE R KRN R IJEE. —BIEN T, SR
I (RIS 77 AR R s g AR A K, AT ARG I 2% s R 2 N TRT IS gl /N (), 2 s it
K ) e e AE e T

b5 AR /KAL) BT, B — AN IR AT S8 —ANGAE ) 5 ) 22 W oK, g Ik 7
TEVREHTIE R, =M E T, RS2 4mH,0. 6mH,0 F1 16mH,0. iX
FKUHESEBRA B WIEAT B WOR S 0 SR s 1&g 0, 0 7K B T 1 22 b FL A 17 0 5
K BN R HL AN A Sty 7K AL AN AR B 068 L o 3 Sl A A (P R A s, LT I 4 R B 9 735 R i
ot e, 5 D) 2 5 0 I 1) 22 408 AT
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HF1(m)
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rluJ b L
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1.5 2.0 25 30 35 4.0 4.5
s 8] (s)
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(¢) HKifg7KAL 10mH,0

K 4-13 HDPE & 18 42- 5 /1t T R & 72k

& (8] (s)

(b) RufiZKAL SmH20

%% 4-5 HDPE & 18 A 3t 7K 457 £5038 B 1 e i 0 2% i AR 4
A it KA U3 7K AL UEAH 1 UEAH 2 75 i RS ]
(mH>0) (mH»>0) (mH>0) (mH»0) (ms)
2 22 27 23 296
5 24 30 24 233
10 26 40 24 159

4.4 XEIG

ARSI IR RGP TS R AR AR S &, A FKIRANE
WP ARBE AR R SE R, AITFT T KR A AR i 1) A2 A
J 3 BN S U A B 2 s i

W& O 4T 1 HDPE &
X R P PR % A U s i Bl R A

E ARG

MR . FEELERUTR:

(1) FEE R

HIEhn, HDPE &8
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Kb, WK EN 16.6%, FEFEN 2.39m/s~2.83m/s if, HKZLH 3%,

(2) A EJ5H, FEEFREB N, HDPE &4 Wi am a K, SBEEE
P, HE AT EREEREN A, TRRreLn RN 89.5%, 15— A28 I Rr ki (6]
MK T 60%, 5 /N7 Fs FE SN [A) Bl s 28 A R ZE S T E AT

(3) BEAEKIET: S, TR AR IR PG, AN E0RD, 28 B RS (a5,
TR ELE.

(4) AR ZKALANE 3G e, A g K AL 52 e B Tt B s, e e, SR
ST IR AN B AR 52 AR H] o B A KA AW T R, R, BN E
JIVEAEIR, WA RE R X, 2 s Rt (R 0 /)N
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7RI AT AR R
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AZFET 1D-DVCM FAY,  0FAS [R] 7K R I 3 0k e A 18 =0 R A B A L s
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ELI AR, RN A SE, el ESBE LS R, wRAEHE
Wz (BFSER. | FZRRNS . SOREEE) AN ] e I — E TR 1)
7, Jt U D ZEAE S AT B AR IR B AT SR e g T % . S8 B R T

(D FRALIREERERK (L) « E/% (D)  BE (o) F#E (V) , WKL
(Ho) SFHAYF S .

(2) NGl e] PR O 2 IS AR AR RS BRI 28, — IRAE DT, Bl A %
X AR F R /)N, AR Bergant A1 Simpson® 18, 25 s B B KK B ROZAK TR
FEERII) 10%, Bt CARAS B RIS R, DA I il 2 s e R P il 1+ R8BI 10%, —
AL, A e R B ELAE 20 B 50 Ao, AR EE BT AR HR 0 Fl ) A% R B
20 AR EACE REUR R0 R RS R A, BUEVE AR 0.5~1, ASCHL
B 1.

(3) FET-E T8 BR AR s 77 i sh B 40 1 o AN AR 4, R BUE AR
IR S A M HHORE SR A8 A VBURH I A I e 0 i s B s L (R E 1)

(4) BTSRRI E 4, AL BEAT B BB AT SE 560 BB N EE IS, AS
REAXAX DA AT AR A7y, LR 87 22 8 2 2% 18 A 2 I IR R 2 N 1) () SRR,
RO ERIEE RN 2, B e N I 3 IR ANAR AL .

(5) ARZTIN NN FREL N TR AL BE N AE 80% e A die R UGAE B A4 R 2 B KA
R 10%, HAZERAAHALH RMSE B VFH, B4AE 10 DL, BLEIR 9 PH bR,
RV H B AR AU R A 1

(6) 4n 5 I B0 45 FERN S a6 i 2 R 7545 22 53, DUVl 26 - T I A i s 0 50
Bamf o I, JABEEE, NMAE BR 20% VeI N, REREE, B2 EERNE
BOR, M RAZ 5T G
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