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Analysis of Wax Deposition Behavior in Oil Flowline
for Flow Assurance

Jl Yu Hwang

Department of Ocean Energy & Resources Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Solid deposits can be accumulated in different environment between
petroleum reservoir and production system. Wax is one of the deposits which
cause flow assurance problems in flowline, surface equipment and topside
facilities. If oil temperature falls below the Wax Appearance Temperature
(WAT), wax begins to be accumulated in the inner wall of the flowline. Wax
deposits lead to decreasing oil production rate and interrupting oil
transportation by reducing the cross-sectional area of the flowline. To predict
the wax deposition, experimental and simulation studies are being conducted

with fluid characteristics.

In this study, wax experiment has been performed by flow loop system to
measure the fluid pressure and temperature which are the main influential
factors of wax deposition. In addition, wax modeling has been conducted using
the experimental results, experimental conditions, fluid composition and fluid
properties. As a results, pressure and temperature are compared using the

experimental and modeling results by adjusting the uncertainty of parameters
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in wax deposition model. Also, wax deposition behavior in field scale has been
confirmed with tuning wax parameters by PIPESIM for the extension of the

field applicability.

KEY WORDS: Flow Assurance +%<%H4A4 &x; Wax €2; Flow loop System 4 A

A 5 EA A A 2H; Wax deposition model 22~ & =4,

Vil
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Al1d A &

A FANA AHE A4 D o] Fdt= A 2EH L AL 7 (subsea welD),
3 | Y 4FE 2] (subsea x-mas tree), 5@ (flowline), o] A (riser) S o.2 T4 5
of Jom(Fig. D, ¥ FESHH & 25 ¢ ¢ggo= ¢

sl 2Rl £5
Bol HHE A4S FHAL AfANe PAHDE f5

A g H(flow

=
S, 2012). &
2} ¥ (normal paraffin), ©] /\J}E}Jﬂ(lso paraffm) M}O]iiﬂra}ﬂ(cyclo paraffln)
o2 FAE HEFAE ou|dt. Sxas a0 ARToAA Mol &aE &
e  ESAsitrl Ao Y8 AFe =7 22 E(Wax
Appearance Temperature, WAT) ©]3t2 "ol A o] A 53 W
A& 7] AAdThFig. 2). AEd &= 22 Yok A olsstH &2 AR
7F ME At Age) FHY &2~11¥ E(wax deposits)S A A FTHSingh et
al., 2000; Singh et al, 200D). #2311 EL 34 HEYT 7= :c‘s"%oﬂ A
F, *34’\ g A(resin), =, o}~FHE(asphaltene) 5& EH3HH, &y
HAA o FEdHades S2A71L AF =S S7HA A0 A O/‘@/‘L%
e gkt o]& Alostr] 918 dAoi¥(thermal management system), £2-¢]
A Al(wax inhibitor) =4, U8 Z®(internal coating)¥, 37 (pigging)S #-&
St (YEA 5, 2013), o]= &< n]&(Operating Expense, OPEX)S Z7}A]17]&=
Aol A,
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Flowline

) Umbilical line

Subsea
X-mas tree

Fig. 1 Petroleum production system(ABB, 2013)

Fluid flow in a Wax crystals combine to High Temperature
pipeline form wax deposit

The wax deposit I
when the temperature is deposits increases with time
below the WAT

Low Temperature

Fig. 2 Wax deposition mechanism
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Fig. 32 #A]=Z THKleinhans et al., 2000), North slope(Ashford et al., 1990),
E-3ll(Labes Carrer et al., 2002; Ronningsen, 2012), &-o}x&]7HBarry, 197D, &
FolAloHDing et al., 2006), ‘FolAloR(Agrawal et al, 1990, Suppiah et al,
2010), 18] dobwlgl7KGarcia, 2001 5 AAIFHSZ d2HAH EA7F SA
X5 UetY, AFAA 2" T AARAY ol s ATt F4 kmel o2&
fFredolA F2 g2 EAVE FASAT ol#d £AE aAsH] sk
AAoNA = JAE Bl fFesdol JHE Sd2=E AAst= WHE FE &3t
= (StatoilHydro, 2008), ¥4 & Fqhst= 3o wet &Fnl&o] AA EopA7]
o fFred W SRS dFeta Aojstes A7 IAPHIT A

Fig. 3 Areas reported to have wax deposition problems(Huang et al., 2015)
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AFAA 2" FEd W FAATE BASEY 2P AE fFE&)
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et al., 1998), Matzain == (Matzain et al., 2003 #Zo] &4~ A WAYZE
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==
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o}. Goncalves et al. (2011)2 ohgst FEF=olA SA4T 43 245 st
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HH 2l Wieg =3stus e, @
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Productivity problems due to reduced cross-sectional area

v

@ Analysis of the fluid characteristics

- Analysis of fluid components, fluid properties,
wax accumulated properties

@ Experiment of the wax deposition

- Performing experiment of the wax deposition using
flow loop system

- Measurement of temperature and pressure data in flowline
i History matching
(® Modeling of the wax deposition(Lab scale)

- Modeling of the wax deposition by reflecting fluid
characteristics and experimental results :

- Calculated of temperature and pressure in flowline

IS Ak’ 0 =k 1

@® Deduction of major variables of the wax model

- Molecular diffusion multiplier, ambient temperature, heat
transfer coefficient, ratio to oil thermal conductivity

v
® Identification of oil production conditions

- Flowline conditions
(Inner diameter, thickness, length, roughness, thermal
conductivity, flow rate, insulating material)

- Producing conditions
(Temperature, pressure, water production)

v

® Modeling of the wax deposition(Field scale)

- Prediction of wax deposition behavior considering with
fluid and field conditions

Fig. 4 Work flow of predicting the wax deposition
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A2 A G423 wAYE 2 2l

2.1 &2FA vHAYS(wax deposition mechanism)

g5 Aojstr] fsiME 2o Sddds E4%e Aol Fastth
A2 A mdo] ute] HE WAYUESL ExpgAKmolecular diffusion), e+
4Hshear dispersion), HAT-&8 & 3(shear stripping reduction), Bz}&H4k
(brownian diffusion), %2 %A &3 gravity settling), 227 3}(aging & 7
F Ao BAEsl, AGEst AGeY BHE gxFHd FdFS A= F
HA MAUES Ao=m 4HA Ao, Bepedih FEHAHNaH, S2Hs=
e HAaAdE o wet A2HH nAe Sl 21 I IO
Zpol FEA|E 4= QltHBurger et al, 1981; Azevedo and Teixeira, 2007; Olusiji
and Oyekunle, 2013).

2.1.1 EA-&4Hmolecular diffusion)

A o8 T ASA R 8 Fred WHe 257 Yold 5 ©
A T¢I FAY 2EAolE 2ETHE B 0}71] He, f5 9¥H TEFEY
A =7}

o & 2
?Hﬂﬂ 2 a7l Bt} Fig 59 2o] Sagie) $E7) £& f5 ©
G

of AT Ao o]%swaxa AR Addn) oled BRI

_Lu

P_Eﬂ(Bern et al., 1980; Burger et al., 1981, &% uH e 2= uj7}
83 Hx= AoE dHA dtHRosvold, 2008).
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(@ Temperature gradient (:—f)

@® Concentration gradient (5°)

$ & & 3 I

Heat loss

Fig. 5 Wax deposition by molecular diffusion
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EAE4E A4S A4Abst] 8 A3} 71%01 AAH Fick’'s laws $do] =}
Zhewit g Eo] AFATE 7 Stoll frEd WEdA §3lE &2t olF
Ste £=E5 4 & F9 Ag-"oHRosvold, 2008).

dC dC dT )

n:pwax DA[ d pﬂ(]T ‘Djﬂﬁﬁ

: mass flux of dissolved wax molecules to the pipe wall (kg/sm?)

n

Puwax . density of solid wax (kg/m®)

dc : concentration gradient of dissolved wax in the laminar sub-layer with
dr respect to distance (1/m)

dC . solubility of wax components as a function of the temperature of the
T bulk oil (1/C)

% : radial temperature gradient close to the wall (°C /m)

Dy : molecular diffusion coefficient of dissolved wax molecules (m?/s)

T

22184 Alg(molecular diffusion coefficien)e= AdES &3] 4A&5H= A3

FrEA 2de FHEe 54 Ao HE yeld 4 lemn, Hayduk and

Minhas (1982)= 2/(2)~3)3 2 A4 AASAH. °l &
3

a4
TE AT g 9l kEEie] FAAE 24l A8 Thestth

B T1.47 'l
D,,=133x10 ?—t (2)
7
10.2
y— O_V— 0.791 (3)
T . temperature (C)
1% - molar volume of solute (m®/mol)

: viscosity of solution (Pa-S)
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q+&xKshear dispersion)
q

i
z3NA HEd 4224 T

stHA FA AekE(shear rate)e] & w

FEEE A7 5T UH AHTFE “HA = FAe JEE Qs g~
AR “HF FF5L FH G2xAAHo| Y& Fo 2T WIdsle FEHO=R
28354 Hoh. 1 gxF Ao o) £EUF yR gxdALe dF AR
O £57F B f4d EFHEZ, 42A4HHLe fFA9 £ M e A
fF&5d Ugoz olFstr] AFST. o]y Addite Hf F5H Uy
Ads, g2 g~ 9] odeksS w=rkBern et al.,

1980; Rosvold, 2008). &
AWk 2o PR S ANFA

2
a~vyC
D - T (4)
S 10
a : particle diameter (m)
C, : volume fraction of wax out of solution at the wall (dimensionless)
v : oil shear rate at the wall (s~ 1)

2.1.3 A+-88 FE}(shear stripping reduction)

Aibo] Mol et MfF FE5d W olFFHol SUFeHHA FAY £57}
Wl HF FE5d gug faAAbold TAYsHE AH-8-H(shear stress)o] F
7VsHAl Bk AdgE S AEd 2FAZ S o|FAA S2uFEH} AFste
s Wafsta, 2P ES FESY o]ForE AetgHo] &L A HfF
Fred o JA9 d2uFPES A TE2A FoEH A FS i
N7 292o] & 4 AdttUessen and Howell, 1958; Bott and Gudmundsson,
1977). ASgE a7} 2R Aol nAE S 2P 257 42PN E
ojgte] =AY A FFREY deSHo] AA B dF{ A AT
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2.2 &332 wd(wax deposition model)
grqd wde AT gE 423F dAUSRS Jves ANHw
ofgfoll AAISF Hydro =2, RRR 22, Matzain =g

o
AUZES 2AE & gom, FaAHd Fass] 9L nAs AAYES
Aeretaba AeY T3E MY = o

t:op

2.2.1 Hydro =4

Majeed et al. (1990)& E%}3

A WlAYZ3 asymptotic fouling ©] &< whgh
o7 HAH g7t AAHE A

A7) S8 HEANDS Agstel 4®)
& AN A7A fe fA EHe et 43E %2 FHE b B
Ag oustd f,E fA9 BgoR Qs G2/t ARHE W A
@k AT o] Ao AusE % A

AT,

¢ = 7857 O3 (5)

f1 — 2><107 ];:*4.6868 (6)

( wan 0] )0'93 <3P

fo=1\ 3Fa (7
1 Toan = 3P0

d_ 1, dCdT_ ) @®

dt 1—& v dT dr  f,

10
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4o growth of the deposition layer (m/s)

dt
& : porosity of the deposit (dimensionless)

7 : shear stress (Pa)

wo © diffusion coefficient (m?/s)

% . concentration gradient depending on the temperature (1/m)
daT . .
gl temperature gradient at the wall (C/m)

§ : thickness of wax layer deposited on the wall (m)

2.2.2 RRR =3

Rygg et al. (1998)2 &7} A== HAUEY EASFAH (Vo )& mALS}
E AO9 ABHAI(Voll)e BHYse A0S o gste] PR, )
A% 5 dE 2ADF 2 RRR 41S AASAoL, o|&FFoz 2lshe
A" 27t AAHE A4S BAS £ glong AAF R o Zgko] &

97 gths @7 e

o NwAX D (CP—- ") S MW,
Volf%g{ = Z L (; wet “omrl 9)
i=1 Pi
kC ~A
Volier = =t (o
) p’UJllI
dif f shear
l — VOlw(w + VOlwaz (1 1)
waz (1—®)2mrL
11
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b . porosity of the deposit (dimensionless)

r . current inner pipe radius (m)

L : length of the pipe section (m)

D . diffusion coefficient (m?/s)

& : molar concentrations of the wax component i dissolved in the oil phase

at the wall (mole/m?)

Spet . fraction of the wetted circumference (dimensionless)
NW, : the molar weight of wax component i (kg/mole)

NWAX : the number of wax component i (dimensionless)

Pi . density of wax component i (kg/m®)

0 . thickness of the laminar sub-layer (m)

k' : shear deposition rate constant (kg/m?)

Coatl . volume fraction of precipitated wax in the oil at the inner wall

temperature (dimensionless)
Ay . shear rate at the wall (s~ 1)

Puwar . average wax density (kg/m?®)

2.2.3 Matzain 29

Matzain et al. (2001)-& Fick’'s lawoll A o]kl thst &S EASHA &
H

to ™
2
>
ol
ol
2
v

At e west] BRI W Avgd mAE WA A

A& B3l olsfe] ZrhGol weh dxPAFol FhHE RRUNE =
Aste A(3en fagAgel Fasts AAILE AT & Utk =@ 2
Aol Fad GFS WAL EASA ARD,) EF 1T 5 o} 4

12
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__ (12)
I, == C.,/100
03
II, =GNy, (13)
do I, [dww dT}
@ _ at 14
dt 1+H2DM dT dr (1

% . growth of the deposition layer (m/s)

d;”]‘: . concentration gradient of wax in solution (1/°C)
% . temperature gradient at the wall (°C/m)

Dy, . diffusion coefficient (m?/s)

Gy, Gy, Gy - empirical constant (dimensionless)

- oil trapped in wax deposit (%)

Ngp . flow regime dependent Reynolds number (dimensionless)

13
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A3 HAF 758 AUAT A AE

Q—Jri A T olangid ) AolF RS HHstA] gi Frde AE
¢l A (flexibility)e] w3 AA =77t Ze A A(microcrystalline) <22
Aol vk W euEid e Aol Eof &2 AAHY A7 F AR
Z(macrocrystalline) €28 EFH0 5% U FIAHHE HA 225z
%7 Wl AR Al FEdAA FH EAE EAANTE G FE =
gt o2 A tiNghiem et al.,, 2006; Bacon et al., 2010). mebA o] <A
TolAE g2 FAEAR] =i dFS sy sl 4P ANRE A
Z A (kerosene), A 3}k (paraffin solid), @] = 2 Y(white mineral oiD& &%
stof mhebd ghEFo] Swt%dl B A Y-S AxES

LUAHR BAS 93l Fig. 63 S Gas chromatography Agilent 7890AE
5 8319 Th B2 A 271 dead oile]7] W&o Fig. 77 Zo] @AM E 7} 2L 7

A “Hgas phase)S 7135 o] HA AHiquid phase)? EA3IE AL & 5 YA
o =3 g0 FAER =g A(Co~Col HEHE S gRlstATh
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Fig. 6 Gas chromatography for measuring the oil composition

0.180

0.160

0.140

0.120

0.100

0.080

Mole fraction

0.060

0.040
0.020

0.000 — A I I‘ I‘ ‘ ‘ ‘I II II -

12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Carbon number

Fig. 7 Composition of the sample oil measured by gas chromatography
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@ LAz 4 &4

fFred Ul LYAEY BAS FAIASH G2 F FFE HA7]
EANE 299 =4e Fdste Zo] FR3th Yo EAHCRE HEE
Density meter (Mettler Toledo DM40), &t %= DSC (SETARAM Instrument
131 EVO), f-&Z(pour point)2 Pour/cloud point testers (Tanaka Scientific Ltd.

Ho

MPC-102L), %+ Rheometer (TA instrumnets DHR-1)& &&3te] =AHsl3ch
(Fig. 8.

(c) Pour/cloud point tester (d Rheometer (TA instrument DHR-1)
(Tanaka Scientific Ltd. MPC-102L)

Fig. 8 Instrument for measuring the oil properties
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1,000.00
] — 205"
] —_ G0l
1 — 100s"
7 —_— 14051
100.00 - 18051
= ] 220 51
E ]
g ]
2 l
1000 1
] e
] T
1.00 T T T T T T T T T
10 20 30 a0 50
Temperature(°C)
Fig. 9 Viscosity of sample oil depending on shear rate
Table 1 Properties of the sample oil
Density Wax appearance temperature Pour point Viscosity @15.5C
[API°] [C] [C] [cP]
40.47 24.85 16.00 32.15

17
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Fig. 10 Front view of the cold finger apparatus(Jung et al., 2014)

Cold water circulation
Rotational movement
of sample

Movement of wax
component

Cold finger

iagnetic stirrer
e e e = J
I

Oil sample chamber

Hot water circulation Water Bath

Fig. 11 Schematic diagram of the cold finger apparatus(Jung et al., 2014)
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32 43 Wy

o] AH|E= Fig. 133 o] QAN FE 7}dst= 3]E(heater), LYABE B
A3 /\]EO L2E FAAT7] Y3 DA (oil chamber), AL H S =
AbsE7] 9%k Z(water bath), @90l fr&ste S ZASH] A% a5

(flowline)o.2 5o ot fE@e] 74L& F o] 20m, 97 025
inch(0.635cm), W7 0.1846inch(0.4689cm)o] ™, &L |2l # A7 (stainless
stee) 0.2 dAEEE= 40W/mK s 717

AZ7 E AAte R &4 9 7] 50
= T2 o d<E4(heat loss)o] HAT
s70] 9o -i—%/\liﬁél(circulator)% o] &3le] oYl L2 FAAZITH 1
20

ool AdAZ FFOE FE5d T
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Sampie off vessel

® : Pressure transducer &Themmocouple

A 4

® P,

= = = : Circulation line <
— : Fluid flow line m
[ > P.‘T;
<
;
I PI‘TI =
<
I > Flow Loop
4 )
S (20m) A
I >
<
»
l Palls - <

Fig. 13 Schematic diagram of the flow loop system
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Table 2 Experimental results of the pressure and temperature in 7,200 seconds

Pressure Temperature
[KPa] [C]
P, 434.37 T 38.04
P, 368.18 7 15.72
Case 1 P, 222.70 Ty 8.86
P, 179.95 Ty 8.77
P; 114.45 15 7.70
P 583.98 T 39.29
P, 541.24 T, 18.98
Case 2 Py 331.64 T; 10.71
P, 210.98 T, 9.47
P, 126.17 T 9.43
P, 710.16 T, 40.18
P, 686.03 T, 20.13
Case 3 P, 555.03 7y 13.23
P, 313.71 T, 9.05
P 148.93 15 9.03
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Fig. 14 Experimental results of pressure drop and temperature variation
depending on the flow rate
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Table 3 Results of inlet pressure and temperature using the flow loop system

Inlet pressure Inlet temperature
[KPa] [C]
Case 1 434.37 (63.0 psi) 38.04
Case 2 583.98 (84.7 psi) 39.29
Case 3 710.16 (103.0 psi) 40.18

. 8V
Y= f (15)
4 : shear rate (s V)

VvV velocity (m/s)

D : diameter of the flowline (m)
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Table 4 Converting results of flow rate to shear rate

Flow rate Shear rate
[m3/s] [s 1
Case 1 4.17x1077 41.17
Case 2 8.33x1077 82.33
Case 3 16.67x1077 164.67

olFfFd wg tE2A Yetvde #fAe HF= ®stE ddstax TA
instrument DHR-1 A=AE ©] &3t A4St dohg 2 A 250 2 2
dol A=E SAHsIATHEE. 16). 29 H] 2z E%

2)
5% ZANN FAYHLT o)A HE 9do] eT

=
¢

7} gasteins Hsgol
P asA F7hstt Sag SRR e P e HEsk AR S}
St AL X 5 Atk EF A2AHLE olstel TN o) & fTe] FAE
2 BYT =M odo PEs} HasE A & 5 Ao
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Fig. 16 Viscosity of the sample oil depending on the flow rate

Table 5 Input data of viscosity from the sample oil

Temperature Viscosity [cP]
[C] Case 1 Case 2 Case 3
42.00 3.79 3.57 3.31
38.00 4.21 3.99 3.89
34.00 4.67 4.29 4.20
30.00 5.06 4.73 4.64
26.00 5.87 5.21 5.11
22.00 17.34 14.46 10.51
18.00 46.39 30.78 17.62
14.00 67.12 42.60 23.25
10.00 88.39 54.38 29.12
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ou ov dw (16)
or o0y 0z
0 0 0 0 I 0P 0 0
u u(_u_v) ou_ o LoP ( Sy
at oxr 9y 0z Py 0xr 0z 0z v

17
ov ou v ov _LopP b

0 0 0 ou . o
P QAM_UF_[AM(_U _v)
T ox oxr oy oy ox
(18)
Fyi[QAM@ L0 Aﬂ/(a_u ﬂ)
oy oy ox oy ox

x,y,z : increasing in the eastward, northward, and vertically positive upwards direction
(dimensionless)

U - horizontal components of the velocity (m/s)
w . vertical component of the velocity (m/s)

- reference density (kg/m?)

Po

I : macroscale (dimensionless)

P . pressure (Pa)

K,, . vertical eddy diffusivity of turbulent momentum (dimensionless)
: Coriolis parameter (dimensionless)

. general forcing terms (dimensionless)

Ay - horizontal diffusivity (m?/s)
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Q=(m,C,+m,C AT, (19)
_ Q
T WL)AT,, (20)
r.or T
L1 ey L0 2D

U h—TP k:p T; h_.r

: total heat loss between the inlet and outlet of the measurement interval (.J)
. mass flow rate of liquid (kg/s)

- mass flow rate of gas (kg/s)

- heat capacity of liquid (J/kgK)

. heat capacity of gas (J/kgK)

. difference in bulk temperatures of the two-phase mixture between inlet

and outlet (X)

- overall heat transfer coefficient of the system (kg-s/m*K)
: pipe diameters (m)
: pipe length (m)

. logarithmic mean temperature difference between the two-phase mixture

and glycol (K)

. average convective two-phase heat transfer coefficient (kgs/m*K)
: convective heat transfer coefficient of glycol (kg's/m*K)

. pipe radius of inlet (1m)

. pipe radius of outlet (1)

- thermal conductivity of pipe (kg's/mK)
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Fig. 18 Work flow of wax deposition modeling
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Fig. 19 Experimental and modeling results of the pressure
depending on the flow rate

35
Collection @ kmou



50

——Simulation data
402 ¢ Experimental data
%i )
T 30 -
=1
]
o
o 20 A
o
5
= 10 1 0 7e) O
0 T T T T T T T T T T T T T T T T T T T
0 5 10 15 20
Pipe distance(m)
(a) Case 1
50
—— Simulation data
. 40¢ < Experimental data
2
o 30
=
]
i
g 20 A
g ]
10 - < o
0 T T T T T T T T T T T T T T L T T T T
0 5 10 15 20
Pipe distance(m)
(b) Case 2
50
—— Simulation data
. 40 ¢ Experimental data
2
2
=
]
o
Q
o
£
T
-
0 T T T T T T T T T T T T T T
0 5 10 15 20
Pipe distance(m)
(c) Case 3

Fig. 20 Experimental and modeling results of the temperature
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Table 6 Variables of the wax deposition model for history matching
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Fig. 26 Simulation model for field scale of the flowline

Table 7 Input parameter for field scale of the flowline

Flowline Flowline Flow Thermal Oil Sea
LD. length rate conductivity | temperature | temperature

[m] (m] [(BPD] [W/mXK] [C] [C]

0.305 23,000 55,000 44 73.89 4.00
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Table 8 Viscosity parameter for field scale of the flowline

Temperature Viscosity
[C] [cP]
42.00 4.58
38.00 5.16
34.00 5.89
30.00 6.42
26.00 7.02
22.00 71.58
18.00 200.42
14.00 412.74
10.00 612.13
43

Collection @ kmou



Rem o]

tol Algdeld 3 71e

<}

=
=

52 2FAATF 4

Time(days)

44

Fig. 27 Simulation result of wax deposit volume

T oAl oMW N T
ERS N Y.
I, N N
%ﬂi%ﬂﬂlﬂfﬂ
e o i
mﬂxﬂaﬁ%%iﬁ%
T T
ﬁﬂwﬂiwﬂ%%
T o= ° 2 R
e 2w w
o uhm_.mox]uijl
=S ®® Lo g
%w,wwﬂ.om%mq
___,._okﬂoWA_Mm 3
O_HO va.ﬁl_x ‘Nﬂw_u
1) of Mo
T wﬁx
Woa o Bow m g o
Eﬁmd#ﬁouﬁi
ﬂumumMA_nmoﬁ/‘_t
< X Jo® o M
1ﬂ$ﬂﬂmn_d..w_u
OL.L.LI]rO
@%%%MWM%&
el <7 o
Woar = AR o
R BB o
. oM
— o o ol > ofp o ! o ) ~ n — n
o X 0RO gom " (wjounmoy a
. w)aulmoj ul awnjoa yisodaq
mzaewﬂwmb%%ﬁ@ swjaumoy _
Py EJFEER
Tog A o ROR L o
il R 1 G ~EoRE K
o 7:ﬁ X
wor N M X T o . M

Collection @ kmou



— 7days
o~ 2.5 - 6 days
S —— 5 days
= —ad
E 2 o
o 3 days
& d
2 2
~ 1.5 4 ave
.g 1 days
=
=
a1 4
o
O |
[M]
[l

0.5
D - T 1 T T ] 1 " " " " ' " " " v 1 v 2 —r
0 5000 10000 15000 20000 25000

Pipe distance(m)

Fig. 28 Simulation results of the wax deposit thickness depending on the
production time

80 -
] Fluid temperature
70 1 — - — Pipe inside temperature
@ 7days
g
(1]
ol
S
-
°
a
£ WAT : 24.85°C
S S, N SO U U SO
—
0 ] T T T T T T T T T T T T T T T v T T T T T T T v
0 5000 10000 15000 20000 25000

Pipe distance(m)

Fig. 29 Simulation results of the fluid and pipe inside temperature

45

Collection @ kmou



4 &

A6 7

wK

il

2 Sg2HHAE

o

35171

SchlumbergerAte] PIPESIMS &85l AFRAY SAHAAS

R

<
T

o
=

HAFEE  upscale

=3

Aot

Sl

A

o

H

o

7

wr

XI
XA

o

o

wK

%
R

+

L

_To:._
o

o]

il

K
Go
N

BH

o

ﬂ

el

wr

IS
oF

T AFol ndy A} FAS FFES

o}

o
o
o

A1

o
)
——
o)
N
NJo
o]
K
I

<]
or

v

SFRAA R

gt

1—0]

»AO
B

sp27} WeE

o]

& AT

RSICES PR

o
O
o
o
X

~

B

Al

[e)
AL 59

49

h=|
=

FaTth 29

S

i=] O =
4L 79

46

Collection @ kmou



el

A el AlEE ol

ol

w=o Egsts AFFEH 27t J2H7] A

%
R

do
o W

47

Collection @ kmou



Ao PoE WA A Y
® T ﬂmmmwﬂﬂ%
R o o <o B
_ o . m o B
P weFlet
I R
op M W ow X
B o of W WoT B
2 cﬁ o va % M Ww =
it -~ © = O
Ho T e ¥ m T
udmm T g F R
2”1_ od_lo_a_ln_wwwul
T ~~
% B R mru 1y pyoar
AN B o Moo 9
Nrmw Nﬁﬁ_.ﬂ.,lﬂmo&ol
I N Uy
ﬂ'arumll
Ealty ﬂ.ﬂ@dqﬁlv.
L TNEmn
GARR TR P o
o o B
e o B ook P
=5 R PE T8
1Z_.U,m ]%K‘UIHATMOW_”E
<y Hey"E
. a_u\l_l_ﬂ__lm
mﬂmﬁwdr%ﬁouwl%
o R T N T N
oo T P <
I B R B
I R S B R
X AR ECE B -

< w3}

]

2] 7}l

okl A vt
=

| .

3}

=
)

]_

[¢)
A

A
pa

2 o]Fzt

48

SESSIRSIETE R

Aoz Holrt

Ao 2 AFE FolA

S
=
L

Collection @ kmou

2 A4 PIPESIM

[e]
=

o}



338, 2012. 7k Fel=dolE o] §r]E. SetFeaAdTHRLAME, 14),

pp.1-5.

AFA, 2010 A4 F-7kad FEAgdSE 71E M4, 26, pp.68-85.

AEAH 5, 2012. A AfF AIA=E Y
9

olo _g}v/:}\gxég_c %z

AFAl, A2, 52, 2013 A HFALA =N FEeAddd FHRE

g g A Aojr% FEAULSE A, 50(2), pp.278.296.

[

ABB, 2013, ABB and Statoil to develop deepwater subsea power and control

technologies, [Online] (Updated 6 September = 2013) Available at:
http://www.abb.com/cawp/seitp202/63c9625605648331c1257bde00414034.aspx
[Accessed 29 November 2016].

Agrawal, K.M., Khan, H.U., Surianarayanan, M., and Joshi, G.C., 1990. Wax
deposition of Bombay high crude oil under flowing conditions. Fuel, 69,
pp.794-796.

Alana, J.D., 2003. /[nvestigation of heavy oil single-phase paraffin deposition
characteristics. Master Thesis. USA: University of Tulsa.

Ashford, J.D., Blount, C.G., Marcou, J.A., and Ralph, JM., 1990. Annular
packer fluids for paraffin control: Model study and successful field

application. SPE' Production Engineering, 5, pp.351-355.

Azevedo, L.F.A. and Teixeira, A.M., 2003. A Critical Review of the Modeling
of Wax Deposition Mechanisms. Petroleum Science and Technology, 21(3),
pp.393-408.

49

Collection @ kmou



Bacon, M.M., Romero-Zeron, B.L., and Chong, K.K., 2010. Determining Wax
Type: Paraffin or Naphthene?. SPE Journal, 15(4), pp.963-968.

Barry, E.G., 1971. Pumping non-Newtonian waxy crude oils. Journal of the
Institute of Petroleum, 57, pp.74-85.

Bern, P.A., Withers, V.R., and Cairns, R.J.R., 1980. Wax Deposition in Crude
Oil Pipelines. European Offshore Technology Conference and Exhibition,
London, UK., October 21-24.

Bott, T. and Gudmundsson, J., 1977. Deposition of paraffin wax from kerosene
in cooled heat exchanger tubes. Canadian Journal of Chemical Engineering,
55(4), pp.381-385.

Bruno, A., Sarica, C., Chen, H., and Volk, M., 2008. Paraffin deposition during
the flow of water-in-oil and oil-in-water dispersions in pipes. SPE Annual

Technical Conference and Exhibition, Denver, USA, September 21-24.

Bukkaraju S.K. et al, 2016. Practical Guidelines for the Diagnosis and
Remediation of Pipeline Blockages. Offshore Technology Conference, Texas,
USA, May 2-5.

Burger, E.D., Perkins, T.K., and Striegler, J.H., 1981. Studies of Wax Deposition
in the Trans Alaska Pipeline. Journal of Petroleum Technology, 33(6),
pp.1075-1086.

Ding, J., et al., 2006. Flow behavior of Daqing waxy crude oil under simulated

pipelining conditions. Energy&Fuels, 20, pp.2531-2536.

Garcia, M.C., 2001. Paraffin deposition in oil production. SPE International

Symposium on Ollfield Chemistry, Texas, USA, February 13-16.

Gonccalves, MA.L. et al.,, 2011. A case study of scale-up of wax deposition
model predictions using flow loop wax deposition data for pipeline design.
15th International Conference on Multiphase Production Technology, Cannes,

France, June 15-17.

50

Collection @ kmou



Hayduk, W. and Minhas, B.S., 1982. Correlations for Prediction of Molecular
Diffusivities in Liquids. Canadian Journal of Chemical Engineering, 60,
pp.295-299.

Hoffmann, R., and Amundsen, L., 2010. Single-phase wax deposition

experiments. Energy&Fuels, 24, pp.1069-1080.

Hernandez, O.C., 2002. Investigation of single-phase paraffin deposition

characteristic. Master Thesis. USA: University of Tulsa.

Hernandez, O.C. et al., 2003. Improvements in single-phase paraffin deposition
modeling. SPE Annual Technical Conference and Exhibition, Denver, USA,
October 5-8.

Huang, Z., Zheng, S., and Fogler, H.S., 2015. WAX DEPOSITION: Experimental

characterizations, theoretical modeling and field practices. CRCpress:NewYork.

Jessen, F.W., and Howell, J.N., 1958. Effect of Flow Rate on Paraffin
Accumulation in Plastic, Steel and Coated Pipes. Petroleum Transactions,
AJME, 213, pp.80-84.

Jung, S.Y., Kang, P.S., and Lim, JS., 2014. An Experimental Study on the
Effects of Internal Tubular Coatings on Mitigating Wax Deposition in
Offshore Oil Production. [nternational Society of Offshore and Polar
Engineers, 38(10), pp.133-1339.

Kleinhans, J., Niesen, V., and Brown, T., 2000. Pompano paraffin calibration
field trials. SPE Annual Technical Conference and Exhibition, Dallas, Texas,
October 1-4.

Labes-Carrier, C., R @ nningsen, H.P., Kolnes, J., and Leporcher, E., 2002. Wax
deposition in North Sea gas condensate and oil systems: Comparison between
operational experience and model prediction. SPE Annual Technical

Conference and Exhibition, San Antonio, Texas, October 27-29.

Majeed, A., Bringedal, B., and Overa, S., 1990. MODEL CALCULATES WAX

51

Collection @ kmou



DEPOSITION FOR N. SEA OILS. [Online] (Updated 18 June 1990) Available at

‘http://www.ogj.com/articles/print/volume-88/issue-25/in-this-issue/pipeline/model

-calculates-wax-deposition-for-n-sea-oils.html [Accessed 17 October 20161.

Manabe, R., et al.,, 2003, A Mechanistic Heat Transfer Model for Vertical
Two-Phase Flow. SPE Annual Conference and Exhibition, Denver, Colorado,
USA, October 5-8.

Matzain, A. et al.,, 2001. Multiphase flow wax deposition modeling. E7CE 2001:
Petroleum Production Technology Symposium, Huston, Texas, USA, February
5-7.

Nazar, A.R.S., Dabir, B., Vaziri, H.,, and Islam, M.R., 2001. Experimental and
mathematical modeling of wax deposition and propagation in pipes
transporting crude oil. SPE Production and Operations Symposium, OKlahoma,
March 24-27.

Nghiem, L.X., Kohse, B.F., Fanchi, JR., and Lake, L.W., 2006. Petroleum
Engineering Handbook : Volume 1 General Engineering. SPE, Texas, USA,
pp.397-453.

Olusiji, A.A., and Oyekunle, L.O., 2013. Experimental Study on Wax Deposition
in a Single Phase Sub-cooled Oil Pipelines. SPE Nigeria Annual International

Conference and Exhibition, Nigeria, Lagos, August 5-7.

Pan, S. et al, 2009. Case Studies on Simulation of Wax Deposition in
Pipelines. /nternational Petroleum Technology Conference, Doha, Qatar,

December 7-9.

Ron, D., 2001. Chemical Engineering Fluid Mechanics. 2™ ed., CRC Press:
Newyork.

R @ nningsen, H.P., 2012. Production of waxy oils on the Norwegian continental

shelf: Experiences, challenges, and practices. Energy&Fuels, 26, pp.4124-4136.

Rosvold, K., 2008. Wax Deposition Models. Master Thesis. Norway: Norwegian

52

Collection @ kmou



University of Science and Technology.

Rygg, O.B., Rydahl, AK., and Ronningsen, H.P., 1998. Wax deposition in
offshore pipeline systems. I North American Conference on Multiphase

technology, Banff, Canada, June.

Semenov, A., 2012. WAX Deposition Forecast. North Africa Technical
Conference and Exhibition, Cairo, Egypt, February 20-22.

Siljuberg, M.K., 2012. Modeling of paraffin wax Iin oil pipelines. Master thesis.

Norway: Norwegian University of Science and Technology.

Singh, P., Venkatesan, R., Fogler, H.S., and Nagarajan, N., 2000. Formation
and Aging of Incipient Thin Film Wax-Oil Gels. AJChE Journal, 46(5),
pp.1059-1074.

Singh, P., Venkatesan, R., Fogler, H.S., and Nagarajan, N.R., 2001
Morphological Evolution of Thick Wax Deposits during Aging. AJChE Journal,
47(1), pp.6-18.

Singh, A., Lee, H., Singh, P., and Sarica, C., 2011. SS: Flow Assurance:
Validation of Wax Deposition Model Using Field Data from a Subsea Pipeline.

Offshore Technology Conference, Houston, Texas, USA, May 2-5.

StatoilHydro, 2008, Statoilhydro governing document, [Online] (Updated 19 May
2008) Available at: http://www.prosjektnorge.no/PUS/files/pages/20/wr2365.pdf
[Accessed 17 October 2016].

Suppiah, S. et al.,, 2010. Waxy crude production management in a deepwater
subsea environment. SPE Annual Technical Conference and Exhibition,

Florence, Italy, September 20-22.

Zhang, H., Madsen, O.S., Sannasiraj, S.A., and Chan, E.S., 2004. Hydrodynamic
Model with Wave-Current Interaction in Coastal Regions. Estuarine Coastal
and Shelf Science, 61(2), pp.317-324.

53

Collection @ kmou



	제 1 장  서  론 
	제 2 장  왁스집적 메커니즘 및 모델 
	2.1 왁스집적 메커니즘(wax deposition mechanism) 
	2.1.1 분자확산(molecular diffusion) 
	2.1.2 전단확산(shear dispersion) 
	2.1.3 전단응력 효과(shear stripping reduction) 

	2.2 왁스집적 모델(wax deposition model) 
	2.2.1 Hydro 모델 
	2.2.2 RRR 모델 
	2.2.3 Matzain 모델 


	제 3 장  석유 유동관 생산거동 모사 실험 
	3.1 유체 특성 분석 
	3.2 실험 방법 
	3.3 실험 결과 

	제 4 장  석유 유동관 내 왁스집적거동 분석 
	4.1 모델 구성요소 
	4.2 왁스집적 실험 및 모델링 결과 

	제 5 장  현장조건에서의 왁스집적거동 예측 및 분석 
	5.1 시뮬레이션 모델 구성요소 
	5.2 왁스집적거동 예측 결과 

	제 6 장  결  론 
	감사의 글 
	참고문헌 


<startpage>12
제 1 장  서  론  1
제 2 장  왁스집적 메커니즘 및 모델  6
  2.1 왁스집적 메커니즘(wax deposition mechanism)  6
   2.1.1 분자확산(molecular diffusion)  6
   2.1.2 전단확산(shear dispersion)  9
   2.1.3 전단응력 효과(shear stripping reduction)  9
  2.2 왁스집적 모델(wax deposition model)  10
   2.2.1 Hydro 모델  10
   2.2.2 RRR 모델  11
   2.2.3 Matzain 모델  12
제 3 장  석유 유동관 생산거동 모사 실험  14
  3.1 유체 특성 분석  14
  3.2 실험 방법  20
  3.3 실험 결과  23
제 4 장  석유 유동관 내 왁스집적거동 분석  26
  4.1 모델 구성요소  26
  4.2 왁스집적 실험 및 모델링 결과  33
제 5 장  현장조건에서의 왁스집적거동 예측 및 분석  41
  5.1 시뮬레이션 모델 구성요소  41
  5.2 왁스집적거동 예측 결과  44
제 6 장  결  론  46
감사의 글  48
참고문헌  49
</body>

