ISSN1346—-7832

I TBUE AR BRI AT

72 5 2Rt ST PR
RS

REPORT OF
THE PORT AND AIRPORT RESEARCH
INSTITUTE

VoL.52 No.4 December 2013

NAGASE,YOKOSUKA,JAPAN

INDEPENDENT ADMINISTRATIVE INSTITUTION,
PORT AND AIRPORT RESEARCH INSTITUTE



B S W H AN 2R T 2 (REPORT OF PARI)

=
% 52K 4 5 (Vol.52, No.4) , 2013412H (December 2013)

=] X (CONTENTS)

1. T8 - WikifpE OB ARE MR BRI ] 7 T R SR R D 7% &
—ZTELRRAEWEREZMT v — N & LZEMIE O KR —
....................................................... Von B, JEREE— WRIEY, ZJTEIS - 3
(Role of Geoenvironment in the Benthic Ecology and Morphodynamics of Intertidal Flats and Beaches
-Ecohabitat Chart and Optimal Design of Dynamically Stable Sandbars-
................................................. Shinji SASSA, Yoichi WATABE, Soonbo YANG, Tomohiro KUWAE)

2. FHAE A [ D TIE ORI R B9 D 5
.......................................................... SR, AT, B, SEEE - 45
(The effect of compaction grouting as a countermeasure against liquefaction
------------------------- Daiki TAKANO, Satoshi NISHIMURA, Yoshiyuki MORIKAWA, Hidenori TAKAHASHI)

3.WIO ==V a v ZJERL LT /K- R OBV RrIE & A8 EE R I O fil i FIEIZ B9 2 AF5E
....................................................................................... E%EEI%, *gm%%% ceeeee 75
(Rheological Behavior of W/O Emulsion of Water-Heavy Oil System and
Friction Loss Reduction Methods for its Flow in a Pipe
..................................................................................... Isamu FUJITA, Yoshitaka MATSUZAKI)



PR 22 PR AR SE TR
5 52 & 4 5 (2013, 12)

W/O =~ )V g U ETERL L T2 /K-E M % O B i &
B R R L O HI ) iR B9 A FSE

wH B
N

2 F

FEHIRITHEAK EIRA S, WOz~ LY a V2R T D2 LT, EFICHIEOZ LI E=a—
bR R AL SR B 72, HEIGBIEI I F OB OBEBBICBWTESE L 225, KT
BEER BRSO TRKRARENREEZ A U SMEIXELA TH D, AR TIEZ 5 LEZREO MR
WM Tme Y a e LEMOENEREZE D . 1T LD, =<y a Lo FEEBRRLERZ
EWL, TOMEEv LY arobtduV—fEESE LEEBEERLONX L LTEHET 5. KIC
BEEBREIRET 2 Fike LTHEKICL 2B IEEZ#HFd 5. CAF (Core Annular Flow) &7 /L
PRGE L, BEEALEZFKEORM CEHET I FEAIRET D, ET ML 3R EFKEIC
DNWTELET L. i\, AW L=<V a U aRIZB L TEBRERZITV, =v LY a Vi
HEOXELERIZOW TR L, MEBPREELZ AW, VT4 v LY 3 VB OV T
U2, SOIEBAPEEZ AWV RWERIRING X 2 BEBREBTEEZHR D . MA T, EAER IO
FIRINE O E LB 2 RN T 5.

F——F W, WIO =~wvyay, Loy —, EEEES &K, 1K, CAF, K|,

T g R

* R JR BN TR S IRARRAIIE T — & BRI ZE B S R XA — & (BHE) U ——
0 R BRBIVTIE SR IR — & BRI e S AR B AT e T — & (PFE)  BFYEE

T239-0826 MAZAETTRMAS-1-1 HEIE 2R E AN 20 T
FE % : 046-844-6065 Fax : 046-844-0575 e-mail:fujita@pari.go.jp



REPORT OF THE PORT AND
AIRPORT RESEARCH INSTITUTE
\Vol.52, No.4 (Dec.2013)

Rheological Behavior of W/O Emulsion of Water-Heavy Oil System
and
Friction Loss Reduction Methods for its Flow in a Pipe

Isamu FUJITA*
Yoshitaka MATSUZAK I **

Synopsis

Spilled oil takes sea water as small droplets inside it and forms W/O emulsion due to mixing effect of
turbulence of ocean wave. The resultant W/O emulsion has very high viscosity and changes its
rheological behavior to cause various difficulties encountered in oil spill response fields such as
clogging of pipe line due to too much friction. This paper mainly focuses on pipeline flow of W/O
emulsion made of C heavy oil and water to resolve the high-viscosity problem. Firstly, experimental
measurements of friction loss of W/O emulsion in a pipe are given and a prediction formula considering
the W/O emulsion’s rheological character is proposed. Secondary, water injection is experimentally
studied for reducing the friction loss. A simple physical model is proposed to predict the friction loss
based on a CAF model. The optimum water injection rate is discussed. Thirdly, emulsion breaking using
chemical agents is studied. Fundamental experiments are conducted to know the key factor to promote
emulsion breaking and also inline agitator is tested for enhancing emulsion breaking. Fourthly, chemical
agent injection system without agitator is experimentally studied for reducing the friction loss and
compared to the water injection system. Finally, some practical implementations of the water injection
and chemical agent injection are shown.

Key Words: Spilled oil, W/O emulsion, Rheology, Friction loss, Pipeline, Water injection, CAF,
Chemical agents, Emulsion breaking
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KFEEICHELIEGAEDO LD TH Y, Z OER L IT5M403 R

o TWAh., ZIZTEHBEBEOAIZKIIRLTWA. Ak
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4.1 EERXMEFFZRAVER
REFEMEAZRNT D2 EIckpEBT LY 3 0D
Bal I N ST RS A RS i i 3 N SR B Rl S SN = et
L CEREIT o7 19 FmiGIEA O & A, 15E,
BOF O EEDEBIZONWTHRF L. ==Y a D4y
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A RV RO RO BE G 2 F O RS EE D IRe TR 28
{bZBFT 5 Z LIk o T, USOMEITEHEE ST 2 Hik%x
Loz,

(1) FEBFiE

FRIIEE-2 1R L RS #H 2 FVWCTR-25 12
AN R T FIETIT o 2. R 2 GG O WE S 7 A
WZFHE LATEDIREIZ /2D £ THRo 7o, A L&
E LB CREE Lz, D XA I U ZIZBW CHRImE
PR 2D BRI L, 22 RAOREEICET S R L7 Oy
FHN ARG Lo, RN C Bl & AKE K RS LI
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ToAYa FROKRGEIII VT 4 v —IEITLY
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BB O R A M DI IcBE L L TR T,

&1 i L7385

Ingredients
# Products or Description
name
full name
a MYL-10 PEG-10 laurate HLB 12.5
b SL-10 Sorbitan laurate HLB 8.6
Diethylhexyl sodium
¢ OTP-75 sulfosuccinate
DRIMAX Sodium dlls_ooctyl 3
d sulfosuccinate Demulsifier
1235
| proplylene glycol/water
e NEOS Unkown Oil dispersant
] ) Surface
f SC-1000 Confidential washing agent
g Kerosine Light fuel oil
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(d), @©KUMIFA—DICLDHET, =LY a5
WHGET 2B N REEERSE EORESH L
TVWEDERHATH LD T, im OMEHZ LI TR & 5.
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Case Agents Index g
a MYL-10 2.004
c OTP-75 2.039
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%

d

U

A
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4.2 42542V 3 UnfRE

4.1 TR, =~V b ﬁ%iké‘iﬁﬁ‘@ R
BHZDZETRESND Z L b - IlEI#IC X
Doy a Az EIT 2RI, FRFIc=< /vy g v
IRZAT D T E N TEIUL, BRI R S M & ik ¢ &
LETREMEA EV. 2 2 CRlER E M fE A (Taylor-Couette
X)) BPEELARIEL, K-31 R THEK T, Bl
P a v OO IRRBR AT o 72 . SHRIEEL Y OB E
ZBE-3 IR T. ERRITMES Y o F—IC X0 ST
LY a AGEAERE, FUrE A é)fﬁfﬁﬁ‘éiﬁiﬁ‘/
TRORIGE L VBRSNS RICEHRITHAFEETH Y,
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W/O ==V g & TR L 7= /K-EE I R O FiREh e &
BB R OSIEFEICRE T 5%

5 L, [BlRF- & SME & OAESHEEE kiR 2 SIATE & 5-
DT ENTEHEL > TS, =LY g IR
Z WAL 5 BUCIRO BRI IC @D Z &2 0, FmiE
HHIOHBEIZ IV P a URSRENS. Bl FDE
£01% 47mm, BRI 1mm, El#zFO&K £ 100mm TH 5.
EFRTlX=~ LY 3 ViR 170ml/min, S S AT &
6.8ml/min & L, N ElERF DOE#EEE % 10,100,200rpm & 2
b8, BEICX D L, FmiEHERZ2 it 3B+
ZEEESEEAICIE, =Yg CORGICIERICR X
TR BB B 07, FETEEAIRINE O FF UIARE 71X
SFEREL Do Tz, ==V a » OSRITEE S KitED
KTFoMETHS LEBbND. EE, LAEEZOT v LY
a TR S TR S MR E DRV F A R LT
Wel (B LKA O BRI B I IFBE S e o 7o, %
D7 DI S T- 3B & iE D BRI T CHREE %
TFol-. REIEMERIE L TALRINI BB TF LT
T hU A (OPT-75) % MW T-3 Bk o O 7B DR
BEEBEE-4 (RT. EWSAERTOT LY g VU EED
DEESRICHENT T2 b O T, WMAKHOSHET R O Tz,
AR OB X D2 B DO TITENZ L3 bnd. —F
FEEVEA 2 RN U2 35A iy o [EfSEEE 2 B 0
THHMAKDOSHENF I CBE SN, BE-S 1ZR-1 D0
WCRTHEREHOTZIBATH D, SEObLVEAETE
PERI 2 RN L 727200 ¢, B E1Th T, EOomMLeb
DERLTHD. REESEAIZRNLIZ7Zg v %box
NNV arTL—23RELIN, TV EEX-E T
B EZDERWINR D /INENE S Z 5. BRI
720 DWGWGEL, BEORHERE LTI ENTD. 7
BifE X U7z I AE O RE FE RN 2 B-32 (2o, ALERRFTTL CHREEE
BDBBLZ 110D LTHhDEZ ERNbD.

Emulsion Hydraulic motor|:|

e Rotary reactor Treated
Metering pump oil

Piston feede

K-31 Taylor-Couette Fl =~ )L a L4y fif BRI L

Hydraulic mi

(a) Without surfactant nor agitation

(b) With surfactant and agitated at 10rpm

(c) With surfactant and agitated at 100rpm
(d) With surfactant and agitated at 200rpm
Additive : Diethylhexyl sodium sulfosuccinate

BEE-4 AT VBRI E D~ g VR
(ANRANTEEZF AT F R L)

(a) Without surfactant nor agitation

(b) With surfactant but no agitation

(c) With surfactant and agitated at 10rpm
(d) With surfactant and agitated at 100rpm
(e) With surfactant and agitated at 200rpm
Additive : Surface wash agent

BE-S AV T4 BEKICID~ Ly a o
(Beis#A)
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Product | Dilution Surfacta | Ethan
Case ) Water
name ratio nt ol
a MYL-10 5 1 1 8
b SL-10 6 1 5 0
c-1 5 1 1 3
c-2 OTP-75 11.7 3 8 24
c-3 50 1 6 43
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NEA DNTRYTDNE D DEFHRNDERER-33 Tx
THBZAOTEGLZ Y. RBRMImE Ly F2—7
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5. m—Z—%, WEE—F—|ZXVE#ET 5. HOAD
& H A OEREE 450mm TH 5. FEHIOHRIMTITMET Y
U H—THRENT 5 B A b RO IERIRINEEE 2 A, 52
BRI -3 BRIMIE, TR C i L AEKEZREEE S
DTHDH. KRBEAEIAIE, CEMAK=1:1L1L7%. &
MAENEFR-1 D(a),(b).(c).(e), (DX N ZFH L7=. (a)(b)
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FBUTZ, @& OWVWTIE, =& ) — LRk, FiC
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HEAET DD ) — VDR THR L.

Reservoir

n n
I\\I/x [l E%
W/0 Emulsion

Syrfactant
injector

Surfactant

Treated Oil

Emulsion
{1

T

@Pa P2
<
th i |—||!|||||- I

BE-33 w~ v a AR O O R R

Hyd rau lic motor

2

| e
r& Al
outlet "',7,

32A LR

®-34 fRFRIEE OIS &ML




W/O =~ )V a v &R L 7o K-F R OiREN R &
EEEBHK ORI TR D5

[l !
0 1000 2000 3000 4000 5000
Surfactant concentration [ppm]
(@) MYL-10 gD
1
09
.08 P1
& oz
= 06
05
Ry — P2
3
@03
002
Q o1
0 oo . . .
0 1000 2000 3000 4000 5000
Surfactant concentration [ppm]
(b) SL-10 WINEEDE )
1
09
= 08
a o7 P1
=
— 06
o 05 LPZ
5 04
ﬁ 03
T [Fee
'0 oo O o
0 1000 2000 3000 4000 5000
Surfactant concentration [ppm]
(c) OTP-75 USINEF DL 7]
1
09
< 08
g 07 Pl
=
= 06 &
o 05 f 3
5 04 {1
» 03 0o
<02 P ©
0.1 i} ]
0 o
0 10000 20000 30000 40000 50000
Surfactant concentration [ppm]
(&) THABRAITANKE D7)
1
0.9
E o8 P1
g o7 P1
= 06 &
o 05 f p2
> 04
® 03 e
3 ©
i 0.2 >
0.1 O
0 o]
0 1000 2000 3000 4000 5000
Surfactant concentration [ppm]
(f) LerAIEINREDIE )
®-35 FEANUSINEFOE K

P1

o

.

a 24 0—py

g 03 S
1.

o

o o

0 L L L L L n
0 0.02 0.04 0.06 0.08 0.1 0.12

Kerosine/Oil [-]

B-36 ATIZIINEEOES (ERA)

0.14

o

Pressure [MPa]

0 L L L L L o

0 0.02 0.04 0.06 0.08 0.1 0.12
Kerosine/Oil [-]

®-37 AT A RINEFOES ()

0.14

0.9 P
\ 2 Nosurfactant added

Pressure [MPa]

100 150
Revolution [rpm]

B-38 R DAl & 1) D BLR

200 250

MYL-10 % R\ 72356 OJE ) 0284k 2 B-35(@)i2 75
WOFET 6.5/min T—ETH Y, BEHEORIEREIT
190rpm 7>5 200rpm T o7z, P1 IO A Ol D)E
HTHY, P2 IIBHEHAODEATHS. EHIZTML
WS (77 70—FKE) 1%, PL 2% 0.78MPa, P2 A
0.56MPa & FEHIZ@mWIE S &R Lz, FAuTx L CHAE
WML 7=854, % 700ppm ¥RAIC P1 1% 0.2MPa, P2 (%
0.05MPa, & 5 IZHSINED N 2 T 1700ppm i f: DRI
VT P12 0.09MPa, P2 73 0.01MPa (2 THE S Dffib 3
BE SN, ®-35(b)iE, SL-10 #WRIL7=BETH 5.
Z OH4A 1000ppm LA T oS EORAFMZ LY PL X
0.9MPa 7% 0.2MPa LA T2, P2 i 0.45MPa 75 7 /L K
BTIHHETE RN LV ETEAORTRRD BN
7. B-35(c)iX, OTP-75 DA TH HA3, #EH ppm DI
MMTEAPMET L, ZRULEOFTNTIXIZIE—E LEE
~LT=.

R IEPERE AR b o THAABEEF 2 75 L7255 0
£ 4% B35\ T, MAHEKIOEA, "inTicEEh
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5 REIEWAIR S OBRER ENRHTH DD, BiO 3
AL EBENIZIIRTE 20N, b ARBREOEE IR
THZETENRREBPOT I ENTELI NN,
B-35 (f) IZFR i eie FH O A 2 W T BETH LD, 20
BA 12T 1000ppm FREDOFEAITIMNTEN 2 /NS TH T
ENRTET.

WICHEIEMER S 2 H LEERFACHD O EEE LTo
NRDND D IT AN L T2356 OFRERZB-36 1277, AT
WMETIM U T=54E, TR O L 5 Db EORINC LY
BIMNCE BT 2 6 O TixZe <, BNt > Tk
WZIEI OB PEE SN, B-371%, K-36 Rk H %
WML TWAH, ez EL W ReWEETHE., Z0
BA, IO RINEIA S 0.09 2R £ TIIBEE L %
TOENT, WA 011 WAL L ZATRAaMARE
TR TRBEREINT-. 202 L LV E-36 2B 5%mM
HE 012 TORENBITEBERIC L 2R TITRWE S
5.

41 i CRARFFERS, T~ g VAR E IR
WRERRE VN, BN TRAET 2 EBIB RIS T S
DEBIZONTE 2 5. FEIEMR 2 RN LR omE
TR E BL S - EROFE R 2 R-38 12T, HEANT
(©)TH Y IRNIELEE 1L 166ppm T 5. Z DL, 18R AT
DN —ATHEIRRIOBOBEEINE. 20 L)
IR LR WIEETHL B DBELE D TN 5O, B
Z WA T A 2RI - TR DTk L
T, B L2 WA THEBLMICB WO CREGERNC &
LN a L ORREPEE D0 LRSS,

5. RELEAICK B EZRBRIER

AT T, R AR U V¥ —% 5252 LT
WIO ==Ly a v aNT 52 ENTE, BERRKE
3 A = R 1100 Y (=Sl AR | 8 I a1 EZoX  NOD)
SRAEATO 2 L A BRI E LIZBA IS I TR R & 23 4
T EBEZ N — T, EEERL AT 57200
THIZL, BEELFEORFTR~Ya U ofRICE Y B
MR ZEEONDAREENH D Z 2R LT, B-39 3==
— bR & BT IR (M=0.225) D & N O JE it 0 3
SR LW N3 AR LT b O THBA, Mo@IcRT
FRICHEEARITEBEISELS 22 BATHY, BIZKO(Db)
WOR & D ICHIET AT b BT VVRRE S 2D AT
FOMEIE=2— M UIRIZERTw LY a AE LTz
D LD REPERARO TN RE N, ZDH, =v LT a
DN R oMK 2 T LY a  OENTRICD BTN
T 5L, BRI OTINEROKE R THRICT v L

Ta UROIR LT, EBEBHERNNESL D T EBHIGS
nad. ZoX 2 #8ENS, KEEENOSIET LY
a ALHOFRIUCK LT, D mo S mEiErER 280 L 0 B
HUCTENT % EBRAR L L, WEEEHEL OB 4 E '
WCHIE L.
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X-40 EERLEE O

5.1 ERZEBEEFE

FRREE O 2 K-401~ T, SRR A2 E ISR 72
DORy FINIEBUR L OB THDHEL B —R
TERER L. oL, Era—Rr FoEiEg sy
AA—HFIZEDFHIL, 52 CORIE LB K-S
EEH L EROEANCETL AT 77 2XOEER T
ZRERH L7z, HEAITA0ADELE BICNER3MMO B 24 L
T—HFrbiTo7e (BEE-6).
EABEBESIIARKEOBESE & L, &ICITSGPE
15A,20A,25A K% O'32A% HIE L7c. JEJIHRICHIERRIZ 1X1m
OERE BV C2H T, EAMERICERT —TROES
B AR E LT VAR OE 1T v 7 & Licik,
FI30MSFHICAIDEW AT, 2 B a—XIZT VX IVET
o8k L 72 EE OB &2 B4R, 3F Tk 7=k #E
BT Fa—TRUT 2R ETRERIREN 234
LTV, 22 TCOERTIE Ty n—FRr 7% A0
7eDT, WELIENRFHI S Tz, R ZEAT 5 ER

WCBWTIEERIGR DO E AT 75 LR T O HE A YU (3R
FEAR) #—EICL, HomMEZE (bW, HHALE
T Y a ALHIEE-HR L O L R—Th D . i H
L 723650 & & EBREAT 2 R-M R, RIS NEA & e
FIOEBRIZINZ T, 7r—A1011& L THEA DRV 12k
N Z 5 FEKEERER b o4 & L CEE L.

-4 EBREM
Oil flow | Injection Additive
Case | Additive | Pipe rate rate Concentration
[/min] [I/min] [%]
1 c-2" 20A | 0.68-13.92 | 0.03 0.21-4
2 b” 20A | 0.95-37.7 0.05 0.13-5.2
3 - 20A | 2.74-37.0 0.05 0.14-1.8
4 e 20A | 1.86-39.8 0.1 0.25-5.3
5 e 20A | 2.88-13.2 0.18 1.36-6.25
6 e 20A | 1.86-21.4 | 0.28 1.3-15.0
7 e 20A | 1.73-33.8 0.51 1.5-29.5
8 e 25A | 0.98-17.3 0.1 0.57-10.2
9 S-77 | 20A | 1.89-245 0.1 0.36-4.76
10 water | 20A | 1.74-10.8 0.1 0.92-5.7
11 water | 20A | 2.14-59.5 0.69 1.2-32

* defined in Table 3
**defined in Table 1
***self-mixing dispersant
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Case 1~9 DOFEHZ2E-42 (R, F25r TI3EEA O RN &
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T2 D IHN O FINEIT—E TRV DT, & R DA M 5
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(a) Case 1

Chemical agent concentration [%]
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FTNOr—ATHZw /LY a Aiiicxr U CTEEEKD
BOBNEEI N, (©)~(QIEHEA L L TR0 ihLEE
F &AW, EROWMEEZEX T BEOERERTHS.
FIETEPEAI O D 0 I HTIR G O AL 2 3R LT b R
BIREEZBL ST ENTAERZ EN/DNS. (h)ixE
MEREZEZT-HETHY, ()T R EAN % T
B B B A 2 TG A Th D.

HNFEAC L BBEAN CORERB SN 0 E#R
T, WHFEAROE R E =~ LY 3 ABOET
I CRR U7l & PRI SRR & B 285 5 . Al & 3K
AR, fithhz BRI R E L CEH L 02K
43 (R AR SRR O BRI A O ARRIC B K
FT 5728, —TIRFER I LS, MO LA
DNWTIT %R EORINTC, K% 110 H 5\ EEh
LRICETE D Z LB bh 5.
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W oT2, KEOERIZL Y, B THERA 2 88 21T
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KB T&E 52 EBbnolz.
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(b) Case 2
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(h) Case 8
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(c) Normal oil dispersant
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(d) Self-mixing oil dispersant (S-7)

E-43  SAEMIC & 5 FER R O IR

— 100 —

1| Chemical : SL-10
Pipe:20A
o
Pohoopp /P o
0.10 1.00 10.00
Chemical agent addition ratio [%]
(b) SL-10
100
90 1 Chemical : S-7
80 - Pipe:20A
70
60
50
40
30
20
10 QOO &y
0 T
0.10 1.00 10.00



W/O =~ )V a v &R L 7o K-F R OiREN R &
EEEBHK ORI TR D5

1000
o
) \<>
A
OAQ J
100 A4 s
E‘ o /I -
w 3’@}\ y2 &
& X // ‘@‘0
" N \ﬂ\“‘%o
2 10 & N9
-— ra
g Q\\Il, o° ?/
3 «\-,’ <><> ’
E // .\Q\/’ O&
1 . Nl
s L
’ S ,@K
’ & 7%
& N
Pipe diameter:20A |
0.1 T T
0.1 1 10 100

Oil flow rate [I/min]

E-44 [FKiZRT DEIEK

BEITINNTHIAKIC L DB AW - 7223, FEHRIN & K
W RDRDOENERFET 5. F—OFEBREEIZIBNT
RN o TKRETEAT 2ERETo 7. FEBRSMEZ
WY, 100ml/miniE A & 690ml/miniE A (FR-4DCase 10,11)
& L7 ERERER-4UTTT. KR OBRIZCAFO B
BPRT 2K EARBICB T DEARLETHD. ERICE
HHEEMIL, HEAEA690mI/min& KX WIREITIE, FIRD
JENBRARB R BTSN D & & bic, FHimo PRlfEE b
HES A - TS —J7, HKEA100mI/min& /NS WA
121, T~ AYa r ERIBEOEIEREKE R L, HfF
THENBEROEBFIIHE N2 o7, ZOEWIT
CAFBRAET DRMIEF L TVND Z N TRENDS. K
~15[FERIC B G 2 BRI 7 e > b9 5 & E-45
BHD. 2 TITo K FEROEEE @, FEAIEANER
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