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Q  oF: M43t FAAA fouling@Are dwEr|, Bade, desalter 5 F2 Aze] A4 2 FAo| polymer, heavy
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of $tolA dlA|e) chEFanl 9 product yield?) 4 =E 3A 9} Foho 2 Lvlgrel YA Ao dtd] Atz &
G otk 2 ATolAE Aas THA foulantss) RHHE FE AT, AT £ 2 models] AL sAsto
fouling &4}l i3 modelings 3444983 Peng-Robinson Ate] WhAAl 72} &ol o] 2, tlA A dds o] &
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Abstract: Fouling is cau
asphaltene, etc. in the entire
operating problem which re:
products yields, and increase
fouling process, the predictiy
EOS, BWR EOS, and contin

e ol EF s BdEe s

ted by sedimentation and corrosion of polymer, heavy paraffine, chemicals, heavy organics,

chemical process of heat exchanger, boiler, desalter, etc. Fouling phenomena remains a serious

ults in increased energy consumption, increased pressure drops, reduction or complete loss of

d maintenance costs. In order to calculate the separated amounts of foulants and to control the
e model is developed which is based on Scott & Magat polymer solution theory, Peng-Robinson
hous and multicomponent thermodynamics.

.M =2 of2] 7}A chemical Fo] vM-E9 FA, xodzAd
Ev Aol EEEE0] TAERY #te 34

Afrshet Aol A AF AREEE 23159 el T A9 2E o Ao} HAAo] oA
foulingi’— A 2 FAA AL P& E714)7] 2D B&E FaAIAY, 4PY FHabaeg Ak
= depositsg 53}, fodling P4 heat exchang o2 =29 '}]'01] o 7]%] 92 shutdowng& Qo 7}A
er, reboiler, furnace, reagtor, Z+& wi# S 79 m ). o9} o}&-7 foulingo|L} scalinge #x o =
= Bolod o] H1| glee B3 £ 4 olch A operatingel]l ZAA < qgE v]X7] W e
o] A& Ufol TFo] =Hp Udx heavyd AHE, A Ao dide] sleJex ik 2, o)edt foul
2|57 e Wzbpo] TEEoiglE salts, polymer ing A& o8] 717 e (polymerization, chemical

443



444 ole % - FA4d - 3

reaction, crystallization, corrosion 5)¢} d|7}UZ 9]
7233} heat, mass, momentum transfer2}¢] 23gh3
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2. 1. Fouling Process

Fouling #|7}4 &l = reaction, corrosion, crystal-
lization, sedimentation, biological growth o] ¢l
o, Ao E fouling HA4L oleldt o2 szhy

T EgAA 242 o]FoAn(5]. Fig. leye
7% 3sh3d 244 SAEE fouling d4be] E
A, TR, 98 9wk AA4EY B4, T4 29
27 ol g2} w4 2 e B3 BelFD
9ok Foulingo 2 <Igh 2g19) oz A1g A
zqe AL A% 9% 02 5 0 9E
o olF A7lo) Folo] Lele FHsn HAY T
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shsle Aol 28tk Fig. 2004 foulingtAjo)
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Fig. 1. Effect of Process Parameters on Fouling.
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~ Induction — Diffusion — Adhesion
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— Surface changes — Biological growth
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4) Removal 5) Aging
— Erosion — Changes in struc-
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— Dissolution

Fig. 2. Fouling ®4e) A= 1%,

tH[13, 14].

2. 2. Fouling Factor2} Fouling Curves
foulingZ9] ¢l TW WAY solid deposite] o}
23 2ol Ede] Fr}.
m= ox= ok R (1)

714, m &g BHA
(kg/m?)
o © density of fouling layer (kg/m?)

% deposit® solid mass

x; . thickness of fouling layer (m)

k; . thermal conductivity of fouling layer
(W/mK)

R; ! fouling factor (m?K/W)
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Fig. 3. Al 7}A 3=} 2] Fouling Curves.
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. growth rate constant

: growth rate decrease with time
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2.3. LutE 9l Fouling Models

Fouling &4tell &k model& 19243 McCabe
¢} Robinsonol 93 o2 Ak =glen, 1959
o] Kern-Seatono] &lsjA 4 (3)7 & A
4l fouling modelo] &=t}

=t (3)

3714 my=deposition rate
m,=removal rate

Fig. 404 B u}e} o] deposit rate(my) & &

Table 1. dulAql Fouling Models [5, 15-21]
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Fig. 4. Temperature vs. asymptotic fouling resist-

ance.
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Author Deposition Term Removal Term System
McCabe & Robinson | my=a, q Not considered oA T4 Z57]9 Precipitation
Kern & Seaton mg=au,Cy b,7,X Particulate
Parkins my=aexp(—E/RT,) Not considered | Particulate
Hasson my=as/(as+m)" Not considered dA Tej4 CaCO,8 A
Reitzer my=a/(C,—C,)" Not considered | E3 542 Add g ZF9} IA
Watkinson & Epstein| my=a,o(C,—C,)rsexp(—E/RT,) bir.X 3}3hk-S-. Particulate
Beal my=a,,Cp Not considered | Particulate
Taborek my=a,, Qexp(—E/RT,) b, X/¥ P45 g
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3. 1. Polymer Solution 0|2
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<mH>=f:m.F(Mi) am, (22)
7+ A 2, Total phase(T), F&AHH AH(S), A A}
(L)OHK{-—] foulants® EALAAL H$d thex
Zt}
dnf=dn{+dn} (23)
FT(M)NE=FS(M)N§+F-(M)Nk (24)
o} 7} 4
dnf=V"dof/V, (25)
dnf=VSdo§/V, (26)
dnF=Vt doL/V, 27)
VT VS+VL (28)
V=W /<> (29)

Wi = 98%9 total foulants®] oFolm V™, VS,
Vie A4, AA" Ab 49 AboA] total volumed-
27t 2yt
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&L o5 2ol Jehd 4 gl

T
_ © M. H
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1714
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0= (<ML> <MS Hl-HEs)
O —1H(04)? (32)

aebA AAEHA ¢ Fotsle foulants 9] k2
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Wy o=Wy T_PH@{-‘IVL (33)
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F(M) =[—————Jexp[ ~ (M/M,.)/B] (34)
My =[ o # Jexp[ / B
o 7] 4]
a=(<M,> — M,)/p (35)
B: 77/(<Mn> — M) (36)
Ia)= f W ep(—) (37)
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PR EOS + VLE for Oil+ Solvent Table 2. Composition of the Petroleum Oil
Cavett, Katz - + Characterization of
Fouling Components compound mole %
ethane 1.86
+ propane 1.20
BWRS EOS - Properties of Liquid iso-butane 0.53
Lee-Kesler - Mixtures Cs* Cuts 94.35
Correl. (4U, 8 xs, vo+) Cut A 29.44
CutB 15.90
* Cut C 18.29
+ Characterization of CutD 30.72
. Fouling Components .
Polymer Solution . API Gravity 26.6
Theory (Scott-Magat) i I(fgp}g]tenev Wax, ) Density 0.8954g/ml
Continuous Thermo. - Amount for the Fouling AT A% 279.76g/ml
of Petroleum Components Total amount of Possible Foulants (Wt %) 4.2
!
{ Characterization and Phase Behavior of Fou]antq Table 3. Properties of C;* Cuts
Fig. 5. Procedures for phase behavior calculation on Boiling Density Weight % Volume %
fouling phenomena Range () (g/ml)
’ A C5-149 0.738 10.45 12.65
B 149-232 0.810 10.60 11.70
€ dFedxMe dAHe®  pseudoization tech- C 232-342 0.867 20.00 20.65
niques o|& T, P, A4kl Cavett correlation] 28] D Residue>342  0.924 58.95 55.00
S AF88F9 T acentric factor A|AFl Edmister cor-
M +
relation[29]& o]-&3t9dt}. CorrelationA}-&4] boil- Table 4. Properties of C;* Cuts
ing-point data® 7% 4 ¢1& 7-¢o& University Cuts A B IS D
of Michiganel] 4 7§25l A& o]& MW 2 HA & Critical Temp.(K) 564.72 652.61 750.53 935.44
2 A4rslgdz 77 pseudo-componentel g §] o] Bubble Point Temp.(K) ~ 387.52 463.50 560.00 782.00
2 A8 782 2% gol= Katz9} Firoozabadi Mc?lgcular Weight 99.14 186.23 305.42 529.00
Wl ) . Do ola d-bP Critical Pres.(atm) 28.76  25.01 1857 8.6
[30)7h 74 estimation g o] mid-bP, Acentric Factor 0281 0469 0598 1.036
MW, liquid density 5& F3}ich. Density(g/cc) 0.738 0.810 0.867 0.924
£ AFoAE vapor-liquid H3 AAbel] thez}
22 Peng—Robinson 49| ¥4 AL8ah9ick. ton[311% AH&staich. Fig. 5ol & 7oA of
43 fouling &Aboll g A AA HXE 4
g PV __ v a(T) (38) 4
RT (v=b) RT[v(v+b)+b(v—b)] A2 veric.
1
772 4 N
aM=a[1+61-(0) 1] o) 4 EM A 0F
Foulants 45¢ 44 447t 34 2 4
4714 FHETASAN Teished 24T 0] 2 LaiA 9l
a.=0.4752R?T”, /P, (40) A $oBE tfs7} wl$ ojgdm Ho] He Ax
£ o237y L EZE AR e we A
+0=0.37464+1.54226w—0.26992¢> 41) 58717} o5t ' o i
A A% 9] ohaleldh weby olele 4S9
Liquid Aol de] £4 9 EA3gH Aabo) vz A AL MR 43 3 $ g Ao s F a3
88t Benedict-Webb-Rubin (BWR) 4+e) Hp A A} o} &)
B EFEl g EAA A= Lee-Kesler correla- dubdo 2 Zdo4 7|&g vle} o] ojadE,

of
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Table 5. Composition and Properties of Antifoulants 500
|
Component Moles 4| \
Benzene 19.09 @ 400 WW *  Propane
Toluene 43.50 5 4 Butane
o-Xylene 5.56 2 : A Pentane
(=3
m& p-Xylene 15.82 = |I
Ethylbenzene 1.23 T 300 ~| MMA
dimethyl Naphtalene 1.20
methyl Naphtalene 4.20 !
Naphtalene 3.94 200 ‘ ‘ ‘ ‘ S
; i ! !
n-Nonane 4.92 240.00 280.00 320.00 360.00 400.00
Temp.(K)
Critical Temp.(*K) 610.305 L
Critical Volulr)ne( cc) 342.087 Fig. 6. Amounts of Foulants Due to Miscible Sol-
Molar Volume(cc/mol) 114.959 vent in Mixture A,
Molecular weight 98.4693
Critical pres.(atm) 39.050 »
Acentric factor 0.2795 1 propane
Density at 22°C (g/cc) 0.85656 . W .
Solubility parameter 57.4253 : utane

Table 6. Composition of Mixtures of Oil & Anti-

foulants
Component Mole % -
Mixture A Mixture B Mixture C

ethane 1.86 1.58 143
propane 1.20 1.02 0.92
iso-butane 0.53 0.45 0.41
n-butane 2.06 1.75 1.58
C;* Cuts 94.35 80.15 72.54
Cut A 29.44 25.01 22.64
CutB 15.90 13.50 12.23
Cut C 18.29 15.54 14.06
CutD 30.72 26.10 23.62
Antifoulants 0.00 15.05 23.12

Molecular Weight ~ 276.76 257.78 237.77

Table 7. Effect of Antifoulants on Amount of Foul-

ing Deposition due to Miscible Solvents

Weight % of Fouling Deposition(298K)

Solvent Mixture A Mixture B Mixture C
Propane 4.063 4.063 4.061
Butane 3.475 3.473 3.468
Pentane 2.884 2.859 2.766
Hexane 2.263 2.251 2.238
Heptane 1.395 1.338 1.321
Octane 0.865 0.608 0.591

M A pentane
3.00 — M

200 T T T T

240.00 280.00 320.00 360.00 400.00

wt% of Foulants
L

Temp. (k)
Fig. 7. Amounts of Foulants Due to Miscible Sol-

vent in Mixture B.
#A, &£ 59 $23 & GPC, HPLC 502 3}
27] FE #3 bloly °é% T %E | Table 2,
Table 32] assay data$} oil data &
o]-g-3fof ool A A3t 74]*1} g "333}934 Peng
-Robinson AMeju}A Al Cavett, Katz correlation© 2
Be] Table 49} 7242 47} 9} pseudocomponents<
propertiesE AAFstelch. 23] BWRS AreubaiAl
3} Lee-Kesler correlation© %€ Table 59} 22
aromatic A& 7}Z antifoulants® {-§o) Table
63} o] o2 v &= E¢E st4E o oilF} anti-
foulants EFEd] gt EAHAE A4tsle] TAHY
9] flash A4+& stodch. Table 73} o] antifoul-
ants®] ofo] Z7}8lHA foulantse] HAe] FH& oF
o] 5% ¥ F7 UL, solvents] ool w2
FAEE &9 WstE 72 + A9tk Fig. 6, 7,82

i
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i
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r°"

J. of Korean Ind. & Eng. Chemistry, Vol.7, No.3, 1996



450 JE - BAE AT - 24 RS

500 . N
i o gt foulingdAH$ izés}é -E'—Xé‘ﬂﬁ‘—%

400 — 7 : ¢ butane

Nomenclature
4 pentane
300 M a,~ay, . fouling parameter
b, . fouling parameter

wt% of Foulants
\

C, . bulk particle concentration
200 — ———————— E . activation energy
24000 2000 T::l%_o? o 360.00 400.00 F . distribution function of foulants
k¢ . thermal conductivity of fouling layer
Fig. 8. Amounts of Foulants Due to Miscible Sol- M . molecular weight
vent in Mixture C. m . segment number
my . solid mass deposit rate on unit area
o] 7}A] LulloA] Lo WE A ok HWEH m;  : solid mass deposited on unit area
Z Jde dataZH 257} 2718FE T 9fo] FrlE) m, . solid mass removal rate on unit area
= A& Bzt Lo 4 foulinge] tj2r % N : total number of moles
ofo] wAFE o F gt & solventd BAFr} n : number of moles
271842 foulants?] AAEHE ofo] FojES ¢ P . pressure
$7F ¢ ‘31_‘_ 2 kol 3 Wisle o9& 3 $r) 9l R . gas constant
9}, R; : fouling resistance or factor
oubd o 2 or# Al foulantsd] AEEL v|TA t} u . molar internal energy
F oA TAEEA EAge] 493 A FiAe u, . bulk flow rate
2L 220 AYE HE-gdo Baxojglm X X . deposit thickness of foulants
= e Ao 8 9 HgAARRE FE X : mole fraction
gojxz: glth. o]lgl foulantsd] T Roljr AtelZ X . thickness of fouling layer
o AT E 49 P HAFEEEY] 5 25 ¥ : temperature
Bt JE3HA FHedl aromatic 4EEo] ek 17} » . wall temperature
gl d&

= etherAl7} @o] £A& A%+ foulantsy} A
<A L7t A oAl "o[32-35].
A4 d% 2 HREetTAdae ofagH, #Al

. molar volume

T
T
e Z2A F FAse|AY, Fdetd ® V. volume
\4
Z

. Compressibility factor

heavy paraffine £¢] 22l¢} dwg7|, slo]x, Bal Greek letters
3, HZ Zd foulantsd] AL =7 g3 Lofe} § r . gamma function
A 9] antifoulants?] F4& 34 Hey o= é > solubility parameter
F A9 shut-down4] 7= A& HiFH3ty d& f : density of fouling layer
HoZ AAA TALLE 715A F& Yot o : chemical potential
AEAoR B R4 Aodx mele H4 2 A r. - wall sheer stress
F3st Aol o) olxmEl, #HA % heavyd AE o - volume fraction
59 £33E9 25, ¢E, 24 WY wE FT ¥ deposit strength or toughness
A AA Y 8o LT 5 AT o} TR £  water quality factor
H-’*‘ZJZ] dugy], Bnde, HZ S Al ) : acentric factor

=
= foulingdArs £43% 4 9= anti-foulantsE

Zgsis, A 74 A 3%, 1996



X,

Superscripts

T : crude oil

L > liqud

0 . standard

S - solid

Subscripts

B - solution except foulants
b - bulk

d - deposit

c : critical

f : foulants

H - heavy foulants

1 . i-th fraction of foulants
mix . mixture

r : removal
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