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Fig. 1 Comparison between the test results” and the fitting results of DM model
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et W D S i X T P S e TS

261

S
2 Eghin iR

VR S HTE N S 51 0 B BE IR s 5 SR i
AN DAL 75 45 BRI I 25 A5 DA 1 31
BT RN, HER IR ERERES; EX
BRI AR BN A IE KT H AR

B E A S ALy B AR S R
iy R TR Horh i Sy R AN Bl Ry
= (7) M 8) i, A T R A 58 e Y
DM A, L (4)~(6)

oP  1oW . 0P

— +W—=0 (7
ot «a oz Oz

o(pWw o°P 2t

B Ry ®
A, A S, my WOREEPEYEEE, m/s; 1,
FASRERYIN F), Pa; RAEEFAR, m.

W B N 7 WA ) S A A O RARAEGHE JE Y
DM #EAY, AR AR Sy .

r . n
_Tw = ﬂ‘ry,cl + (/1’7751,0 + 7700))/

R
or el ot el k4 7

o G e ) O)
oA 04 1

—+w—=(—)[-kAy" +k(1-4
o WaZ (1+}/ﬂ)[ 4 3( )]

F B Iy AT IR AL

. T z N t
ro=— =— 1

R R R/W,
W*=% W*zg p*zﬁ

0 0 pO (10)
_ P o T

R(AP/ L) R(AP/L)
n*—l a’ =aAP

s

®1 EERUIRPESRILENY

K, P RHIBIALE, my wRHIR S, m/s; o8
FWFEE, Pass; Wy hZ % W E, We=APR/(nl),
m/s; po MIMERTER K TR R, kg/m®; no NSHE
BE, ne=n=(WYR)Y™, Pas, WIJGH L5 B B2 AR AL
M

&z*(—afi +W*—6P*)+6W* =0 (11)
ot 0z 0z

Re2LW) O 5. (12)
ot Oz

r*rfV = /11;61 +(AS+1)y™
or. W 62';31 K

s =(—*r'c, I, —t.7, 13
8t 62* (1+}/ﬂ )(I" W y.ss ss y,el) ( )
oL .04 1

o T o = B =2) = BdA"]

T A R b R B Jo i W EOE gk 1
No

NFFAWMTE . BRI AT, BN RIS
B RS BE IR, B EE w2, £=0)=0, & 1P,
1=0)=0, ZSHZSHI, 2, (=0)=1; A BIITIRI %,
AL RN BRRE 2 PY(2'=0, £)=1/0, H K P (Z'=1/0,
£)=0; EEEALTICHER, Biw'('=1,2, )=0,

3 PIREHEE

R BE TSRS 5 AR OO, B8 T A%
BE XSGR, K28 5 A M 5T,
L EE 116=0.0001, o"=0.005, Re=100, I,=0.3. $=3,
K=1. Bu=0.05. Bd=1, n=0.8. =0.5. m=0.8 Jy ffi] ik
(I

& 3 A =170 F1 =600 s 2| A [F] 42 ) A% B 251
T, Ryt mEE G . ATLAE AR PR AL
N=30 FIN=50 i 45 S e o225, s 2t At
HUN,=50, (&l 4 42 ] AS £ — 5 (N,=50), AN [R] i m)

Table 1 Dimensionless numbers in the dimensionless governing equations

ZFR e Fik=
AL Re PR/,
HiERK L P R/L
Sy AL Tys 7, L/(RAP)
IVERG L LL N Moo/ =
SRR b R K, ko
SERRIZEL Bu ksRIW,
LEFIIREL Bd ky(RIW,)' ™"




262

FIMELEER 201746 H 2 &5 2 )

x2 HENEE N, MEEDMEH N, HEE

Table 2 Combinations of axial grid number /V; and radial grid

number N,
P& 2H N. N,
1 500 10
2 500 30
3 500 50
4 300 50
5 100 50
0.08
< t*=600
E 0.06 [
R e

R oo0al =170
B —&— N_xN=500%10
=]
i —a— N xN =500x30
3E 002t 2
K —v— N_xN=500x50
0.00 . . . .
0.0 0.2 04 06 08 1.0

EIE A= Tad

B3 AREZEENEEEGETEERRNEES S
Fig. 3 Radial distribution of velocity at pipeline outlet for different

radial mesh sizes

IEW

7

%

4

Al
ity

S B R S E s

B5 BB AR T iR I e T AR BB 2K (6=0.000 1,
Re=100, $=3, K,~=1, Bu=0.05, Bd=1, n=0.8, =0.5, m=0.8)

Fig. 5 Steady-state velocity at pipeline outlet versus steady-
state yield stress number (0=0.000 1, Re=100, S=3, K,~1,
Bu=0.05, Bd=1, n=0.8, =0.5, m=0.8)

o A% 5 V. T 1] o7 2 2°=1 000 F1 z"=9 000 &b & J3 P* ()
ARG, FTLAE Y, MRS LR RR BRI, P iRl
o2 BRI = IR, N K (F0)300 J5 B fiF
A, PRS2 T B i S £k V=500,

4 JEEBEB il Mg P S R

() F/NEBhE T
fe/NA B R e TR O RS B R a2
10000
8000 - 2*=1000
—— N,xN,=100x50
& 6000 |
2 +  f - N,xN,=300x50
H 4000 | == N,xN,=500x50
2000 - 2*=9000
0
100 101 102 108

BENESE)t
Bl 4 REHE FESEET 2=1000 71 7=9000 A E B2

Fig. 4 Time evolution of pressure at the axial positions z'=1 000

and z'=9 000 for different axial mesh sizes

1.0

08

06

RSN

04

02

0.5 0.6 0.7 0.8 0.9 1.0
T R R F1E s

o RHTFEHEEERKLFEMELMSHNEEDH
(0=0.000 1, Re=100, I',,=0.4, S=3, K,=1, Bu=0.05, Bd=1, n=0.8,
p=0.5, m=0.8)

Fig. 6 Radial distribution of structural parameter of crude oil
at pipeline outlet when the steady state is reached (6=0.000 1,
Re=100, I',,=0.4, S=3, K,=1, Bu=0.05, Bd=1, n=0.8, }=0.5, m=0.8)



et W D S i X T P S e TS

263

. B S RRIRGET , AP, BT
TR J T, S A AT 0 S 2 e O
BRI T BN IR, 5 S 1) I,
L KEERE R S E G, P S ATLIAH, BEZEIE
SRR, B NE B IE SIS, R 3 E S R R
ST, SRR b TEAR PSR R B B R
BRI PR BV L3k, 3T S B A HY DY b A
FH, A e IS S MR AR I K. [l 6 K R IR
GPET L R A IR K A T A S
Brste, AU, BEZEGPERIRR, — 7%
PR BB RUS) BN B,
BN (A< 1) WAV F R A 2 g BB . 45K
SRR SECR AT, MR e
NP7 B, RN B0 9 T 5 0 FE
It T P PE R AR LS A IR

(2) IR 4 9

e AU ST PR B R, o T
FRAFPERITEAE , AE IO - IER] F I 20 2 R
Eh, WAk TR A, S AR E G
RGBS R IR TR R8T, R
SEURA AL ROREI B0 P T PRI, 7 LAt

0.08
L N
\.
0.06 - \
_____________________ \
3 T LT Tl T I \
= &‘} \
i &N
+B$J \.
& 004 '\
E a =0 \ \.
_ﬁ_ \ \.
a'=0.0005 \
\
002 | —— a=0.001 \
————— a'=0.01 X
\
————— a'=0.1
0 00 1 1 " 1 1
0.0 0.2 0.4 0.6 0.8 1.0
REfLEr”

B 7 RBHhFEREERRGEES (0=0.0001, Re=100,1,,~04,
8=3, K=1, Bu=0.05, Bd=1, n=0.8, /0.5, m=0.8)

Fig. 7 Radial distribution of steady-state velocity at pipeline
outlet (6=0.0001, Re=100, I',,=0.4, S=3, K.=1, Bu=0.05, Bd=1,
n=0.8, f=0.5, m=0.8)

Jiin e iy P A (] (7 3 e=1/(poe)) o TT LA H,
Fr 9 B e I T LA P S 1) A, T B S Sl
FOHEAT , el TR 4 SR T e e, ELRS Bl )
(V- e e 1o 7 50BK ) ,  Je I v  k EE F)  DaR JEE
R

P 9 Sy AR RIS T ANTRDEZR T T i
e A E T Ol T RIR Y, RIS IRAE TR Aot
P e Rk . SRR T e (1) i P o
TG D PP RS ), B AR IR ) B A 2 ) A i
FEU/N s (2) K B 9 v A AAF R T A A i WL IR IR] ) 5
XA E T P B 1 — A A I TR I ] 2, R4 708 e
(ULIEN 10y, AT A& BEAEAR ) S 30 1R 3 (R ]~ Jet i
BLNET ) T, BEE RAE TR, o /o {EIE R, R
JoE I R AP e v P P S R TR

(3) 8 TE A i UL o [

JiE e TR A T 38 A0 T (L B e il e 2 P AN [ S U
fyit A A TE AR I DL S TSR] o PBT 11 AN ) s e
& AR S DL 3 P ] B B s T (SF A S IR S T T )
Mk ATLAZR Y, ARTRD R4k T AR UL it s ] B RS
IESIRIFRARTAE RS ani& 12 fros, ARlEE 3
T CP AR IRBE TR ), A UL AE S 11 i s 1

10°
— — =0 - [}6=0.2
—-—- =04 —--—- [,,=06
—————— [1=0.8

BEhEtiE)t”

100 . 1 . 1 . 1 . 1

0 2000 4000 6 000

ERR OBz

B8 AT E R T if 12 & & W Bt 1 (6=0.0001,
a'=0.005, Re=100, S=3, K,=1, Bu=0.05, Bd=1, n=0.8, =0.5, m=0.8)
Fig. 8 Restart times at different axial positions for different
steady-state yield stress number (6=0.0001, &"=0.005, Re=100,
§=3, K~=1, Bu=0.05, Bd=1, n=0.8, =0.5, m=0.8)

8 000 10 000



264 fimBkeAE 20174F 6 A 52 55 2 )
10¢ f 6
' a'=0.0005 — — — a'=0.001
----- o =0.005 — - —-- a'=0.01
——— a=0.05 «  ------ a =0.1 PPt
108 F -
/””/’ //’—/— 4 B
T o102 | e T e =
ﬁ - -~
10
5 b
10" |
HA
’i,l
100(../. | ) | ) | ) | P . A | . Ll
0 2000 4000 6 000 8 000 10000 10- 10-2 10~
EREHHENEZ EREREC

B9 A[EESME TR &4 i E 0=0.0001, Re=100,
I,=0.4,5=3, K~=1, Bu=0.05, Bd=1, n=0.8, f=0.5, m=0.8)

Fig. 9 Restart times at different axial positions for different
compressibility of gelled oil (6=0.0001, Re=100, I',,=0.4, S=3,
K=1, Bu=0.05, Bd=1, n=0.8, =0.5, m=0.8)

AR ity DL BY (8]t

10° —+H— a'=0.0005 —6— a'=0.001
—A— a' =0.05 + a’=0.01
—&— a'=0.05 —3&— a'=0.1
100 R 1 R 1 R 1 R 1
0.0 0.2 0.4 0.6 0.8 1.0

155 B AR F1E s

B 11 AEESET &8 R ok i B 8 b e AR R 15
B 25 1K (6=0.0001, Re=100, S=3, K,=1, Bu=0.05, Bd=1, n=0.8,
p=0.5, m=0.8)

Fig. 11 Total restart times versus steady-state yield stress
number for different compressibility of gelled oil (0=0.0001,
Re=100, $=3, K,~1, Bu=0.05, Bd=1, n=0.8, =0.5, m=0.8)

B 10 AERIEDEME T AR R B 5338 E 5 T EiRE R
— AN EKETEREEE (0=0.0001, Re=100, I,,=0.4, S=3, K,~1,
Bu=0.05, Bd=1, n=0.8, =0.5, m=0.8)

Fig. 10 ¢ /¢, versus compressibility of gelled oil (6=0.0001, Re=100,
I=0.4, 5=3, K~=1, Bu=0.05, Bd=1, n=0.8, =0.5, m=0.8)

104

= =0 —O— =01

—A— =03 —F— =05
—&P— =07

10°

AR WL B [E)

10%

10" L A | A
1073 1072 10~

EHEHT
B 12 AEFEERR 7T S8 5K 0w I B i8] BEIE 46 1%
B 25 14 (6=0.0001, Re=100, S=3, K,=1, Bu=0.05, Bd=1, n=0.8,
=0.5, m=0.8)

Fig. 12 Total restart times versus compressibility of gelled

oil for different steady-state yield stress number (6=0.0001,
Re=100, S=3, K,~=1, Bu=0.05, Bd=1, n=0.8, =0.5, m=0.8)



et W D S i X T P S e TS

265

SRIMAER . PRI, M TE R S DL RN (8] B F 2, T
Ao R IE PSRRI R R . (HEET TRSEER
e R R SIZ RO NE SR T, TR 4P
s o (A3 d /A SR S REA, SRR L Sehif e 207
JE B BRI PR A e R R A TR Bl A
S8

4 g
A 1 X DM 8 58t — fl AR AR (R Bk, AR SR AR

RSB W D Rk g — A R R R TR R Y
DM Zh i — ful AR AR, 3 o BT AT 1 e B

FRAEVER A TE R SRR, ERAEE

(1) BEE EAREpses,, h5 sl 72 et 22
BT U I AR BE IS S A A R, T
(A de /N Bl D RREAR, ARTR) R 3l T ) T 48 T AR S
(LR PN

Q) shad R, S A 1) e A b
ST EBE I P B, TS BRI B S B
JIREAR, e I i R ) SRR B A, A
AR DL FE I TR o B e B i s A P 5, e i
TE [ I 9 PR E (4200 R /N, A AR v
FEDFESE N, Py TR I3 [R] S S5OR S UL IS 8] 22
K.

RPN

[1] VISINTIN R, LAPASIN R, VIGNATI E, et al. Rheological behavior and structural interpretation of waxy crude oil gels[J]. Langmuir,
2005, 21(14): 6 240—6 249.

[2] BAO Y Q, ZHANG J J, WANG X Y, et al. Effect of pre-shear on structural behavior and pipeline restart of gelled waxy crude oil[J].
RSC Advances, 2016, 6: 80 529—80 540.

[3] PHILLIPS D A, FORSDYKE I N, MCCRACKEN I R, et al. Novel approaches to waxy crude restart: Part 1: Thermal shrinkage of waxy
crude oil and the impact for pipeline restart[J]. Journal of Petroleum Science and Engineering, 2011, 77: 237-253.

(4]  JEhb, B E R R4S HEORIFSE (D). A iheEdR, 1985, 6(2): 99—107. [FAN Z, ZHAO Y H. Compressibility study of Chinese
crude oils[J]. Acta Petrolei Sinica, 1985, 6(2): 99—107.]

[5] HENAUT I, VINCKE O, BRUCY F. Waxy crude oil restart: mechanical properties of gelled oils[C]. SPE annual technical conference,
Houston, 1999.

[6] LIU G, CHEN L, ZHANG G Z, et al. Experimental study on the compressibility of gelled crude oil[J]. SPE Journal, 2014, 20(2): 248—
254.

[7] VINAY G, WACHS A, AGASSANT J F. Numerical simulation of non-isothermal viscoplastic waxy crude oil flows[J]. Journal of
Non-Newtonian Fluid Mechanics, 2005, 128: 144—162.

[8] VINAY G, WACHS A, AGASSANT J F. Numerical simulation of weakly compressible Bingham flows: The restart of pipeline flows of
waxy crude oils[J]. Journal of Non-Newtonian Fluid Mechanics, 2006, 136: 93—105.

[9] VINAY G, WACHS A, FRIGAARD 1. Start-up transients and efficient computation of isothermal waxy crude oil flows[J]. Journal of
Non-Newtonian Fluid Mechanics, 2007, 143: 141—-156.

[10] WACHS A, VINAY G, FRIGAARD I. A 1. 5D numerical model for the start up of weakly compressible flow of a viscoplastic and
thixotropic fluid in pipelines[J]. Journal of Non-Newtonian Fluid Mechanics, 2009, 159: 81-94.

[11] NEGRAO C O R, FRANCO A T, ROCHA L. A weakly compressible flow model for the restart of thixotropic drilling fluids[J]. Journal
of Non-Newtonian Fluid Mechanics, 2011, 166: 1 369—1 381.

[12]  AHMADPOUR A, SADEGHY K. Start-up flows of Dullaert-Mewis viscoplastic—thixoelastic fluids: A two-dimensional analysis[J].
Journal of Non-Newtonian Fluid Mechanics, 2014, 214: 1-17.

[13] AHMADPOUR A, SADEGHY K, MADDAH-SADATIEH S. The effect of a variable plastic viscosity on the restart problem of
pipelines filled with gelled waxy crude oils[J]. Journal of Non-Newtonian Fluid Mechanics, 2014, 205: 16—27.

[14] KUMAR L, ZHAO Y, PASO K, et al. Numerical study of pipeline restart of weakly compressible irreversibly thixotropic waxy crude
oils[J]. AIChE Journal, 2015, 61(8): 2 657-2 671.

[15] KUMAR L, PASO K, SJOBLOM J. Numerical study of flow restart in the pipeline filled with weakly compressible waxy crude oil in
non-isothermal condition[J]. Journal of Non-Newtonian Fluid Mechanics, 2015, 223: 9—-19.

[16] DE OLIVEIRA G M, NEGRAO C O R. The effect of compressibility on flow start-up of waxy crude oils[J]. Journal of Non-Newtonian
Fluid Mechanics, 2015, 220: 137—-147.

[17]  DULLAERT K, MEWIS J. A structural kinetics model for thixotropy[J]. Journal of Non-Newtonian Fluid Mechanics, 2006, 139: 21-30.

[18] ik, S E I S MM, ARE P E A R 1 R4, 2006. [YANG X H. Oil pipeline design and management[M].



266 Rk AER 20174E6 A 2552

Dongying: China University of Petroleum Press, 2006.]

[19] TENG H X, ZHANG J J. Modeling the thixotropic behavior of waxy crude[J]. Industrial & Engineering Chemistry Research, 2013,
52(23): 8 079—8 089.

[20] &, TRANAE . S TRE T E AT S5 5 IO A AR PRI (], AR A2 (A ARBRERR), 2005, 29(4): 84-86, 94. [HOU L, ZHANG
J J. Study on thixotropy of waxy crude based on viscoelasticity analysis[J]. Journal of the University of Petroleum, China, 2005, 29(4):
84-86, 94.]

[21]  HOUSKA M. Engineering aspects of the rheology of thixotropic liquids[D]. Prague: Czech Technical University of Prague, 1981.

[22]  FEJEER4L. s DR 8 o — Ak AR AR PEAF 5T (D). db T v B A il K 2= (dE 5T, 2014, [TENG H X. Study on viscoelastic-thixotropic
behaviors of waxy crude[D]. Bejing: China University of Petroleum (Beijing), 2014.]

[23] MUJUMDAR A, BERIS A N, METZNER A B. Transient phenomena in thixotropic systems[J]. Journal of Non-Newtonian Fluid
Mechanics, 2002, 102: 157—-178.

Effect of compressibility of gelled waxy crude oil on pipeline restart

BAO Youquan, ZHANG Jinjun

National Engineering Laboratory for Pipeline Safety/ Beijing Key Laboratory of Urban Oil & Gas Distribution Technology/
China University of Petroleum-Beijing, Beijing 102249, China

Abstract Waxy crude oil in pipeline becomes gelled and more compressible because of temperature reduction after prolonged
shutdown of the heated oil pipeline. The combined effect of both elasto-viscoplastic thixotropic behavior and compressibility of
gelled crude oil plays a critical role on pipeline restart. In the present work, an elasto-viscoplastic thixotropic model was modified
to better describe the elasto-viscoplastic thixotropic behavior of gelled waxy crude oil. Then numerical simulations were carried
out to investigate the effect of compressibility of gelled crude oil on the restart time and the minimum pressure difference
required for successful restart, both of which are of prime importance in engineering practice. The results show that a high
compressibility of gelled oil will reduce the minimum pressure difference required for successful restart, and increase the steady-
state velocity under given restart pressure. In the initial stage, the propagation velocity of the yield cross-section is equal to the
sound speed in gelled crude oil, then gradually decreases during the restart process. With the increase of compressibility of gelled
crude oil, the initial propagation velocity of the yield cross-section decreases, while the attenuation of the propagation velocity of
the yield cross-section increases. Under this action, the restart time increases.
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