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Abstract:

Fouling thickness progress can bepredicted by maheal models
when dealing with thermal equipments where previcalgration can be
easily obtained. In case of heat exchangersthibradbn is obtained
byevaluating temperature and mass flux that rasuft specific thermal
resistance. However, some other process equipnsmatsn oil industry
like distillation columns and reactorsdo not allsuch required calibration
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parameters.Thiswork presents anew mathematical Itoodeedictthe
growthofcokefoulingspecifically for these types efjuipments when
working at sufficiently high temperatures to produmternal thermal
cracking and consequently, coke fouling. This madddased on thermal
cracking chemical analysis but also considershimesting effectof the
fluid turbulence as a probabilistic mitigation fact The first simulated
application was done on a distributor of a heawgogaection of a vacuum
distillation unit.The obtained results are preseénie a graphical form
showing the effect of various parameters such agpeeature and fluid
flow velocity on the coke fouling growth rate. Thenitial
evaluationsshowed promising results, but additionestswould be
neededtofurther validate the model effectiveness

Keywords Coke, Thermal cracking, Fouling, Mathematical rabd

1. Introduction:

The first fouling prediction models emerged in agéc form and
they do not include any specific mechanisms forfthiing process. They
relate the fouling rate of change in function ofi¢i only. The first model
was suggested by Kern and Seaton [2],which wasdbais¢he hypothesis
of the existence of two independent processes, Igardeposition and
removal, both depend on the shear stress provoketebflow, followed
by the models of Konak[3] and Epstein [4].

Recently, the basic fouling models have turned tmutbe less
common, since each individual mechanism of foulilegnands a specific
model. Therefore, the phenomena of deposition ambval are difficult to
be predicted simultaneously. According to Taborekle[5], this fact can
be understood under two point views: removal ofadly deposited
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materials or suppression of the deposition mechaniBoth of the
deposition and removal processes or even the ssgpneof the deposition
process are complex physic-chemical phenomena.

A good revision of the main existing mathematicadels of the
fouling phenomenon permits better correlation ef¢tharacteristics of each
one and determines the more adequate for eachfispgtuation, for the
preheating or even for the distillation steps. Besithe basic models, a
classification of the main models specific for fagl caused by chemical
reactions can be found in Bott[6], which contaiesails and restrictions of
application.

Mechanicist mathematical models are based on faposition
mechanisms: chemical reaction, mass transfer, rsadsnentation and
evaporation. The four mechanisms can occur simedtasly, but in the
major part of the coke fouling models, only thestfitwo can be considered
to occur in two or three steps[5]. Thus, the mosidets describe the
fouling by difference between two terms: a ternt th&es in consideration
the involved physic-chemical reactions and anothat takes into account
the fluid hydrodynamic.

Among the simpler mechanicist mathematical modelBarnandez-
Baujin[7] which is developed from a material balarbat consider all
reactant precursors that enter the control voluymemass transfer and
suffer reaction generating the fouling agent. Towetiol volume is assumed
to be the film formed on the fouled wall. The modekults in the
differential expression and its application is bed to plane surfaces, but it
can be considered as one of the fundamental mexiamodels, from
which the others were derived. This model depemda diffusion process
and on a chemical reaction. The slower would detimeefouling velocity.
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The diffusion can be neglected if the diffusion stamt was very high in
comparison to chemical reaction. The same reasaasw applies to the
chemical reaction. The estimation of the diffusiphenomenon is a
complex task. The limitation can be overcome bysstuiing the diffusion
by a probability parameteR, transforming the expression of Fernandez-
Baujin [7]as it was done by Paterson e Fryer [&sdciating the diffusion
of adhesion to the flow conditions, Paterson angkiFf8] showed that
fouling is inversely proportional to the mean floelocity.

Crittenden and Kolaczkowski[9] also have improvied tmodel of
Fernandez-Bauijin[7]. They included the fouling ageonvection back to
the fluid medium by introducing the part relative the removal
phenomenon. The diffusion in the removal process a@dmitted to be
independent of deposition and that the fouling agemcentration in the
fluid medium was nil.

Another model was suggested by Takatsuka et aJ, §p@cifically
for coke fouling due to petroleum cracking in fuzesa. It was observed that
in different types of furnaces, the coking rate efefs on temperature,
pressure, fluid velocity and processed oil propsrtiThe effect of all of
these variables can be foreseen, using this mattelg the whole piping
length. The fouling products are adhered to thepipternal walls causing
a reduction in the internal diameter.

The coking rate results in a series of complex ph@mon, but it can
be assumed in a simplified form as being propodida the cracking of a
hypothetical component present in the fluid con@mn. The deposition
rate is explicit through a material balance betwsen diffusing processes
and a process of cracking chemical reaction whéee reactants are
exclusively of the soluble in n-heptane type (mad®. The insoluble
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products in n-heptane (asfaltenes) were obserwgdhby were considered
to be of a negligible order.

Besides the complexity, the model of Takatsuka leffl®] was
criticized by Wiehe[11], who demonstrated that batialtenes and
asfaltenes suffer decomposition and showed thatlleenical mechanism
adopted by Takatsuka et al. [10] does not agreb vineé experimental
results.

Briefly, the major part of the existing models mriged, with small
modifications, from the model of Crittenden e Kdkowski[9], attributing
the physical meaning to the constants of depositiod removal. The
model of Polley et al. [12] ranks among the mosen and consistent of
refinements applied to the model of Ebert e Panid#l Theoretically, all
these mathematical models can be used to predectfahling in well
calibrated oil processing equipments. That is gasibne in heater
exchanges, but not so simple when occurs in tlegiantof large equipment
like reactors and distillation columns.

This work overcomes the above mentioned lack adrmation by
suggesting an alternative model based on the anafurdke obtained at
very high temperature which is taken as a condiiiort in which all fluid
volume reacts completely to produce coke and VefatiThe action of
turbulence bursting effect is taken as a mitigatector. The main aim of
this work is to solve an estimation of the foulogp@wth in internal pipes of
oil process distillation units. The fouling is comnly found as coke type
that comes from thermal decomposition of the petno heavy fractions
and cause economical and environmental problems sighificant
impact[1].
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2. Mathematical Modeling:

The complexity of the mathematical modeling is @tliby adopting
the following simplifications:

The model is applicable to heavy hydrocarbon flultg present
thermal cracking when submitted to high temperature

The coke is originated in the entire fluid when tledainto high
temperatures, but fouling occurs by chemical reactinly at the
wall-fluid interface. As the fouling layer growshe interface
reaction moves up creating a fresh coke and inicrgihe top of
the fouling layer and turning the deeper layersvsianto hard
coke;

The reaction volume would be determined throughtus

analyses of the velocity profile of the flow, edisio the point
where the velocity of the fluid implies a residericee greater
than the time necessary to complete the conversibrthe

hydrocarbon material to coke and \volatiles. As

simplification,the film thickness to be considersalresponds to
the viscous sub layer which is a function of thaidfl flow

Reynolds number. Above this point, the fluid haghhvelocity

and there is no sufficient time to complete therttad reaction to
produce adherent materials. But, if occurs, theaaparticulates
produced will remain immersed in the fluid and vk carried
out. Within the viscous layer, it is assumed thatftuid has a low
velocity and therefore, it has enough time to steetmal reaction
producing adherent solids that increase its owidleas time.

Due to the low velocity, the viscous sub-layersswuaned to be a
batch closed thin thermal reactor where the whadled fis
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converted by cracking into two fractions: parafbih and solid
coke. The oil is slowly carried out by the fluiddatine solid coke
remains as fresh coke fouling. As the time goestlo@,fouling
layer grows as a result of this deposition. Thelarey reaction is
governed by a first order kinetics, and the timedss to be
completed is given by

kt = lﬂim 'tim (1)

The chemical constant ratejs a temperature dependent that varies
according to the Arrhenius Equation. In Eq. K1) represents the value for
this constant at high temperature (~550 °C) where thermal
decomposition demands a timg,to crack all fluid in the reactor to
basically only solid coke slightly covered by anthilm of heavy paraffin
oil. The rest of the oil leaves the reaction astr@s products. At this high
temperature, the amount of obtained cokerepresents the maximum
guantity produced by the fluid by complete reactioAt others
temperatures, the time for complete reaction iensely proportional to
the constant rate. This hypothesis admits the us@ublayer to be the
reactor which is only valid when the resident tiofethe fluid is much
lower than the time for the complete conversionhedwise, the whole
volume in the tube would be in reaction and thishmanatical model turns
out to be inadequate. By definition, the depositeding thickness at each
period of time necessary to complete the reactaraiculated by

Ax :A—m:aEeEO—fEILEIt— (2)
Ap A kn tn

where Ax is the fouling thickness increase ]| developedat the time
intervaldetermined by the quotient formed amoagd,  ; o, andowhich
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are the specific mass of the fluid and the foulikg/ n?], respectively;a

represents the base of the volume of the reaotdr[in whicheis its
thickness in], amis the amount of mass deposited on the aplay].For

an infinitesimal time, the expression of Eq. (2¢drmes

o _ aEeGO—f [—lk—
dt 2 K-t (3)

Applying the Arrenhius Law on bothandk;.,, we obtain

d_)g =a @Elo—f K. exp(—ij
RT

wherek is a constantd*], defined Eq. (5), wittE as the activation
energy for the cracking reactioR, is theideal gas constant aidis the
absolute temperature at which the reaction ocches.ieciprocal dfis
assumed as equal to the adhesion time at work tamope, i.e., the
necessary time to rich the reaction’s end with detepconversion of the
fluid to volatiles and solid coke.

e

The expression of Eq. (4) is valid for linear fogji
growthdueconstant thicknessand temperaturd.In the case of nofluid
flow, the static fluid has no implications in theufing increase anais
adopted as the thickness of the oil film of theinal surfaces.

K=

If the fresh coke (porous coke) stay adherent enftuling layer
during the necessary time to reach the maturatie, stddecomes solid (hard
coke) as a real part of the fouling layer. Durihig time, the coke is tied to
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the layer by weak forces that increase with tirheurbulent flow condition
was considering, a probability facter,is necessary to express the fluid
mitigation action while the coke maturates.As ssgge by Vatistas[14]
during the maturation time, the turbulent actionbafsting effects of the
fluid has great influence on the fouling mitigatiofallun-maturated parts
of the coke. Assuming total adherence when the maatis completely
reacted, and in this case the adherence time e dgy

I

The adherence is also a function of the fluid flomndition, and
therefore, the quotient among the adherence tindetla® period between
two burst events gives the dimensionless titnéhat provides the adhesion
probability [14].

1.9 ( E j T p( E j
tr=—0 exp = Y — ex
K 100v RT) 100K u RT 7)

In whichgis the wall-friction velocity fr/s] andvis the kinetic
viscosity Jr’/s]. With thisVatistas’probabilistic concept[14], tfi@al form
becomes

L =all-B)" recfr D(.exp{—ij
dt Jo) RT (8)
In Eq. (8)eis the viscous sublayerthicknessn][ andkis the
timeconstant of reactions[], correlates to the conversion at limit
conditions. All other terms are dimensionlegss the fraction of coke
obtained at complete reaction of the hydrocarbocote and volatilesp
Is a factor correlates the mitigation efficiencytbé bursting effect action
andt* is the dimensionless time [14]. Both, the dimenkass time,*, and
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the viscous sublayer thickness depend on the tetyerand velocity of
the fluid, which inturndepend onthe diameterof tpepnd the fouling
thickness.

Comparing with others, this model is similar to thedel presented
by Paterson and Fryer (1988). The two model difterty on the physical
significance ofa. When all parameters are considered to be cossthat
model becomes a basic one as in E@BIdineering Sciences Data Ufltd].
The flow influence given by the viscous sublayerckhess and the
probabilistic factor suggest by Vatistas[14]whilatétson and Fryer model
[8] use the mean velocity of the fluid.

Theadvantage of the proposed model is the means
adoptedtoimplementtheconstantvalues:t@ andK. K and aare obtained
via chemical analysis, anfl is adjustedby hypothesis assuming that the
generated coke is all deposited when there isave. fTheng is attributed a
value that makes an adhesion probability of 0.98wihe fluid velocity is
minimal, about 0,InVs. This generate a value of Xx50’.As all other
models, this is also presented as adifferential atom
whosesolutionisobtainedvianumerical integratioseduential time steps.

3. Numerical Solution:

Considering a turbulent flow in a pipe with diamet@and a
homogeneous distribution of the deposited coke lom pipe internal
surfaces, the small amount deposited after eagh rsidifies the pipe
diameter and therefore changes the flow velocitypasing new flow
conditions for the next time interval. For a givaeavy hydrocarbon
sample, we can get via chemical analysithe amount of coke produced
by the oil when suffers thermal cracking; andt;,, the values that define
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theK constant, and finally the respective activatiorrgg for the cracking
reactiongs. The workingtemperatuif@etermines the dynamic viscosity of
the fluid.So, with a predetermined floW, the sequential steps of
calculations are:

Step 1 - The mean flow velocity,by::;sz; (9)
Step 2 - The ReynoldsNumber, giverlaleypf ':f D us'D; (10)
Step 3 - The friction factdr,normally calculated with

thetranscendental Colebrook equation, with a carafgd solution. In this
case, a first value obtained by Miller equation EdL), which presents a
deviation of about 10%, givinga satisfactory redatlt initial evaluations

[16];
f =0, 2{ Io{%+—5’ 74}]2
37 R&
(11)

Step 4 - The shear stresgs is a function of the fluid nature and the

flow profile, as shownby EQq.(12). In this case, fomulation purposes
only, it is approximatedby Eq.(13), attributed teofnaning et al [17];

d(u,)
dy (12)
_(f) .2

T, —( Zj P.U; 13)

Step 5 - The viscous sublayeiis calculated by Eq. (14) attributed to
Kay andNedderman(18);

T, =U
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SU
Pi Ty (14)
Step 6 - The wall-friction velocity, given byEq. (15):

-6
f (15)

Step 7 - The dimensionless time is given by Eq. (7)

e=

:

Step 8 - And finally, the fouling incremeYS is calculated by Eq.
(8). As the thickness increasing reduces the eé¥fecflow diameter
imposing new conditions to the flow.Then, the newnditions are
iteratively recalculated by returning to step 1.

3.1 Model Validation:

This mathematical model was applied to simulatefdliéng process
in an internal pipe of oil distributor, Fig. 1, kted at a vacuum oil
distillation column with a heavy gasoil as a fluorking normally at
385%C. By simplification, the quotient among the spexifnass of fluid
about to 79Rg/n? and the coke that vary from 670 to 8§0m[19]was
unconsideredby resulting in a factor close to dree fouling deep in this
distributor was evaluated by a qualitative and aiscraping at some and
random points.
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Figure 1 —Heavy gasoil distributor of a vacuum distlation unit.

The numerical integration for all simulations wasond in
EXCEL™(2007) for a campaign period of 6 years (2ti8¢s). This period
iIs used because the refinery takes out the pipesnéntenance each 6
years. As the fouling in oil process is a long pgrmphenomenon, the time
step was considered as a day. All necessary knatanisl shown in Table
1.

The activation energy of 1BJ/mol the Arrenhius linear constakg

equal to 514808" and the amount of coke at limit conditiorsof 25%
over the oil mass sampled was established by clatemalysis.The energy
activation was coherent to other authors ([20], ],[22],[23] ).
Althoughthese  experimental resultsneedbetterevahlat  making
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alargernumberoftests,thevalues here applied amrabktobeappliedas a
simulation example.

The wall roughness was considered asndjlas normally applied to
stainless steel pipes. All simulations took intcamt the mean fluid
velocities to be 0j4ys, 0,251/s 0,5m/s, 1,0n/s, and 1,2vVs, complemented
with further speeds of 0,8ds and 1,5V as lower and upperlimits,
respectively.

Table 1 —Input data for model validation.

Variable Value Dimension
Activation energyE 137 kJ/ mol
Start pipe diametéd, 0,254 m
Wall roughnessg 1x10* m
Viscositypl 1,14x10° Pas
Specific mass of oil o, 749 kg/ v
Constanta 0,25 -
Constantf3 1,5x10" -
Time reaction at limit conditiortym 2 H
Constant rate at limit conditiokyn, 0,9836 h™
Ideal gas constan® 8,314x10° kJ/(mol K)

4. Results and Discussion:

The conversion rate velocity is implieddirectly the fouling layer
growth even if the fluid is subjected to milder &iits conditions. This
produces the same results of complete reactiort tomditions, that is,
sufficient time forthe reaction to be completed. 380°C the complete
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conversion needsonly several minutes while at 386 same reaction
requires 84 hours.

Fig. 2 presents the effect of the mean fluid vé&yoand temperature
on the coke fouling thickness. As can be shown fiiw@ figure, the
influence of fluid velocity on the fouling thickregrowth is less evident
for lower temperatures that permit to the fluid manitigatedaction due to
the longer adhesion time. All curves tend to getimmal fouling thickness
with velocity increase, and become negligible foffedent velocities
depending on temperature. For example, the inflxasfcvelocity on the
fouling thickness would be negligible after 1.2 rfus temperatures below
39C°C.

0,13
0,12
0,11 4
0,10 4\
0,09 4
0,08
0,07 4
0,06
0,05
0,04
0,03—-
0,02 -
0,01 4

0,00 : —
0,0 0.2 04

Coke fouling deep after 6 years campaign, x [m]

T J T )
0,6 0,8 1,0 12 1.4 1,6

Mean fluid flow velocity, u, [1m/5]

Figure 2—Fluid flow influence on the fouling thickress after a 6 years processing
campaign.
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The fluid flow influence is more visible in Fig. tBat correlates the
fouling thickness with temperature.
Assumingamaximumacceptablefoulingdefinedthroughaeths line as
shown in the Figure, states the same fouling tlesknto each fluid
velocity, but that occurs to different temperatur&pproximately 405°C
for 1mv/s, 409°C for 1,2vs and 424°C for 1%/s. The dashed line was
purposely assumed as an exaggerated fouling afrfd,5or a better view,
when we desire a less thick incrustation we caarggelthe graphic on Fig.
3a showing only the interesting parts as shownigy 8b. The threshold
condition to each flow case is determined whenifguhpproaches zero.

u: 0,1 m/s

u: 0,25 m/s

u; 0,5 m/s

u: 1,0 mis
u; 1,2 m/s
u: 1.5 mls

T T T T T 1
380 390 400 410 420 430 440 450 460

Temperature, 7 ['C]

0,025
u,= 1,0 m/s

0,020

0,015
7 =1,2 m/s

0,010

Coke fouling thickness, x, [m]

0,000

T T T T T T T T T T T 1
380 385 390 395 400 405 410 415 420 425 430 435 440

Temperature, 7 ['C]
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Figure3—a) Temperature influence on the fouling thikness after a 6 years
processing campaign; b) Enlargement of the graphishown in Fig. 3a

As we can see from Fig. 3b, the horizontal lineedeines a
temperature to each fluid velocity. Thus, this neathtical model also
provides a way to establish the temperature ofctheking reaction start,
knowing asthreshold conditiofi3]. Analytically this point could be
reached by making the mathematical expression of(8gequal to zero
which can be solved to find correspondent tempezatblowever, this
procedure is complicate and difficult, it is betber solved by associationof
allthe pointsobtained from the numerical threshmioducing a new chart,
Fig. 4. This chart suggests that any point below thirve of5mm is
considered to be an acceptable fouling.

460 —

Equahbn y=A1 ‘exp{—xm )+y0

Value Standard Error
temp y0 478,21 5753
temp Al 11377 4,391
|temp t1 0,498 0,053

450 | |Ad). R-Square 0,999

440 -

%0 ] Fouling region

420 -

Acceptable fouling region
after 6 years campaign
deep = Smm

Temperature, 7' (°C)

410 -
400 -

390

T T T T T T T T T T [ T T T T T T T T T T
0,0 0,2 0.4 0.6 0.8

Mean fluid velocity, uf(m/s)
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Figure4 — Dependence of fluid velocities and thergeratures of start cracking
reactions.

As a validation procedure this model was appliedvénify the
fouling in the main distributor branch shown in thEig. 1,
assuminganinflowof0.0754m%sand the reductionin the flow due
todischarge after eachderived sectionextensionsin @atio
0f0.0014%n’/sforeachexistingsprinkleralongsecondarybranches.The
simulations also considered six years of operdtine at 385 C providing
the results of internal fouling thickness showngbithatshows an increase
of fouling as the fluid flow decreases from theeinlQ;) to the final
extremity Qo) of the manifold. As we can see in this graphie thuling
thickness rise continuously at each branch reacbusy 4 cm in the last
branch.

In Fig. 1, point Qycorrespondsto the entryofthe fluidin the
manifoldand the point Qo istheopposite extreme,or the closed
end,whereflowsonlythedischargeofthelastfoursprirskfoulingofthe
orderof£mat point Qgistoo close to thethicknessqualitatively observed
duringthemaintenance shutdown, bothinsizeandpasiiothis stage the
sprinklers were blockedbycokein  just the lastexters
thedistributorside,a total ofsevensprinklersfulbs#d.The foulingwas
morepronouncedat thefinal stage becausethedigiribas simplified
builtwithasinglediameterat every derivation when siiouldbe reduced
ateach nodetomaintainanaveragespeedinorder ofatll@e/s The same
way the model was appliedto themain extension cookd applied
tothesidebranches.
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0,04
Coke fouling after 6 years campaign

(m)

"~ 0,03

o

o
N
1

0,01

Fouling thickness, x

0,00 ' T I Ll I' L ] L}
0 1 2 3 4 5 6 7 8 9

Main branch section

Figure5 — Calculated fouling depth after 6 years oprocessing campaign at the
main branch manifold, shown in Fig. 1

5. Conclusions:

All mathematical models for fouling prediction havgreat
similarities.Any of them can be applied in coke lfiog prediction if its
constants were well adjusted. The main factor th#icult the fouling
prediction in distillation process is the lack afarmation about adjusting
constants of the mathematical models at each phaticsituation.
Techniques and methods that insure the obtainnfethisodata by precise
experimental form do not exist. In part the higmperatures involved in
the fouling process in the petroleum industry, idift experimental
processes. In case of fouling in heat exchangesdatk is less, because of
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the data can be obtained indirectly through theptatures and the flow
rates. With respect to the rest of the processpeagnts, the techniques
knowledges are still insufficient. The model sudgdsn this work is an
alternative to overcome the difficulties presentethe other models when
used in distillation processes. The presentedtsesuthe real case showed
satisfactory results compared with observed foulingindustrial scale
equipments.

Althoughthe resultswere madeina qualitative way tvjasally
evaluatingthe depthofinlay andthe simulation resudre consistentwith
theobservation madeinthe distributor.In orderto eaaneffectivevalidation
of themodel, newsituationsmust be studied anddeste
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Nomenclature:

A Superficial areanff];

D Piping diameterr];

E Reaction activation energy [mol];

e Viscous sub layer thickness or thermal boundayeg [m];
f Friction factor [nondimensiondt

K Global reaction constan{];

Kim Reference chemical reaction constast$; [

m Deposited mass per unit surfaee fif];

P Probability of adhesiompndimensiondj

R Universal ideal gas constant [8,314molK)];

T Medium absolute temperature

T, Absolute temperature atlimit operating conditipkk
t, tat,, Time [s];

u, Fluid velocity [m/s];

X Fouling thicknessn];
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Greek

a, B, Constants;

0. Fluid specific masskp/ ni];

o Fouling specific mas§/ ni];
r Shear stress\[ m];

7 Fluid dynamic viscositydg/(m3];
9 Friction velocity n/s];

% Kinematics viscositydr/s];
o Wall roughnessnj]
Subscripts

a Adhesion;

f Fluid,

i Fouling;

w Wall;
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