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Modelling of crude oil fouling in heat exchangers has been traditionally limited to a description of the deposit as a thermal
resistance. However, consideration of the local change in thickness and the evolution of the properties of the deposit due to
ageing or changes in foulant composition is important to capture the thermal and hydraulic impact of fouling. A dynamic,
distributed, first-principles model of the deposit is presented that considers it as a multicomponent varying-thickness solid
undergoing multiple reactions. For the first time, full cleaning, partial cleaning, and fouling resumption after cleaning can
be simulated in any order with a single deposit model. The new model, implemented within a single tube framework, is dem-
onstrated in a case study where various cleaning actions are applied following a period of organic deposition. It is shown
that complete mechanical cleaning and chemical cleaning of different extent, according to a condition-based efficacy, can be

seamlessly simulated. © 2015 American Institute of Chemical Engineers AICKE J, 62: 90-107, 2016
Keywords: crude oil, fouling, mathematical model, cleaning, simulation

Introduction

The preheat train (PHT) of crude distillation units is a key
facility for the energy efficiency of refineries. The deposition
of unwanted material from crude oil on heat transfer surfaces
of PHT heat exchangers has a dramatic effect on heat recov-
ery, leading to substantial energy losses, fuel consumption,
operating difficulties, and CO, emissions.! The hot end of the
PHT is typically the section more severely affected by fouling.
Studies suggest that mitigation of fouling in these facilities
could lead to significant fuel and energy savings.> As a result,
research has traditionally focused on this section,” with fouling
from organic materials as the main mechanism.

Traditional heat exchanger design and monitoring method-
ologies rely on fixed fouling factors to describe the additional
resistance to heat transfer generated by the presence of fouling
(i.e., fouling resistance, Ry). However, fouling is an intrinsi-
cally dynamic process which leads to a gradual degradation of
the thermal performance of heat exchangers. The study of the
dynamics of crude oil fouling, that is, fouling rate, has tradi-
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tionally focused on the development of expressions to capture
the change in thermal resistance over time. The most widely
used models to quantify crude oil fouling in refineries are the
semiempirical “threshold” models, such as the one originally
proposed by Ebert and Panchal.* These models are based on
the approach first introduced by Kern and Seaton,” which rep-
resents fouling rate as the difference between two processes,
deposition and suppression (or removal, depending on the
author). Threshold models represent a pragmatic approach to
capture the influence of the main variables affecting crude oil
fouling (flow velocity and temperaturez’6’7) and provide a use-
ful tool to study the basic effects of fouling on design and
operations.® More rigorous mechanistic models have been pro-
posed considering kinetics® and mass transfer” as the limiting
steps, but the complexity of the process makes a complete
mechanistic description of the fouling process a still unre-
solved challenging problem. An aggregate, average fouling
resistance is typically used (i.e., a single value for a whole
heat exchanger). Conversely, it is well known that different
deposition occurs in various parts of a heat exchanger, and
capturing the (local) resistance accurately is clearly important.

The local resistance to heat transfer offered by the deposit
depends not only on the (local) fouling rate, but also on the
(local) evolution of the physical properties of the deposit (in
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particular, its thermal conductivity). This is neglected in the
previously cited fouling models, as are pressure effects. The
deposit layer is the actual entity that represents the entire dif-
ference between a fouled and clean exchanger and its thermal
and hydraulic performance (and, in fact, is the nexus between
those two). As a result, it is important to differentiate between:
(1) modeling of the fouling rate (addition or removal of mate-
rial to the existing layer) and (2) modeling of the deposit itself.
Table 1 shows the evolution over the past 10 years of models
used to describe crude oil fouling deposits in shell-and-tube
PHT heat exchangers. Gradual additions to traditional
R¢-based methodologies include representation of: (1) deposit
thickness; (2) ageing of the organic material; (3) spatial distri-
bution; (4) deposit composition and reactions (including
ageing).

Fouling has a significant hydraulic effect as it gradually
reduces a tube cross-sectional area, restricting flow, and
increasing pressure drop, and can even lead to complete block-
ing of the tubes. The reduction in flow area also leads to
increase of shear forces which, in turn, reduce the net deposi-
tion rate. Therefore, it is important to consider this aspect in
crude oil fouling modeling. One way to capture the hydraulic
impact of fouling (pressure drop) is by relating the overall Ry
to an average thickness of the layer (J;) through an average
thermal conductivity (4;) according to the thin-slab approxi-
mation (R; ~ d)/4)). By coupling this expression with a thermal
fouling model, the average growth of the layer can be esti-
mated.>'® This assumption, however, is only valid if the thick-
ness of the layer is less than about 10% of the inner diameter
of the tube, which is vastly exceeded in common practice in
PHT tubes. It also requires having a correct thermal conductiv-
ity, which is neither constant nor uniform across and along a
tube.

Significant progress in the description of crude oil fouling
deposit was achieved by including ageing. Ageing of crude oil
organic fouling deposits is defined as the gradual degradation
of “fresh” organic deposit into coke at high temperature.'’
These changes in the microstructure of the deposit affect the
physical properties of the layer:'*'® thermal conductivity,
which increases over time affecting heat transfer; and mechan-
ical properties, with gradual hardening of the deposit making
it more difficult to remove. To account for ageing, Crittenden
and Kolaczkowski'® included a term in the expression for
fouling rate to account for the reduction in fouling resistance
as a result of coking of the organic layer, based on pioneering
work for coking in crude oil furnaces.'>'*!'? This work still
views the deposit layer as a single thermal resistance. More
recently, Ishiyama et al.'* proposed an Arrhenius-type kinetic
model for ageing of fouling deposits. The model describes
ageing as the evolution from the low conductivity of fresh
organic deposit (“gel”, 4; =~ 0.1-0.2 W/mK), to the enhanced
conductivity of “coke” (4; = 1 W/mK) as a function of tem-
perature. The ageing kinetics is expressed in terms of a
“youth” variable that varies from 1 (fresh deposit) to 0 (com-
pletely aged deposit). This kinetic model was combined with a
(still lumped for an entire exchanger) deposit model that con-
sists of multiple thermal resistances in series that start ageing
at fixed time intervals, each according to a first-order kinetics
scheme. Later work'' tested alternative formulations, such as
zero-order kinetics, and simplified versions of the deposit
model, such as a double fouling resistance model (gel-coke).
The multilayer and the simplified two-layer model were com-
pared for fouling build-up at various ageing rates. Due to dis-
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agreement in the calculated fouling resistance under some
operating conditions, the paper’s authors recommended cau-
tion when using a double-layer approach to extract model
parameters, confirm ageing effects and predict fouling impact
under conditions different to those used in the estimation. The
kinetic ageing model was refined by Coletti et al.'® within a
more rigorous dynamic, continuous, and (axially and radially)
distributed model, overcoming the many assumptions in the
above fixed, multilayer approach. These studies, which capture
ageing as a change in layer conductivity, highlighted its poten-
tial impact over long operation periods and the importance of
coupling this effect with appropriate deposition models for
correct interpretation of experimental and operational data."®
Due to a lack of available measurements, it has not been possi-
ble to formally validate this kinetic ageing model'*!® against
experimental data.

Coletti et al.'® replaced the simplified lumped thermal
description of the layer as Ry with a first principle dynamic
and distributed heat balance. It includes a moving boundary
formulation to capture the growth of the deposit, which, at the
same time, eliminates the need of the thin-slab assumption.
The model was implemented within a dynamic, distributed
shell-and-tube heat exchanger software where various single
and multipass configurations are easily defined, was tested
against plant data showing excellent prediction capabilities2
and is now available commercially.”® A number of instances
of the heat exchanger model can be linked to simulate entire
sections of a PHT and study the effects of fouling network-
wide.?'?? This work showed the importance to the overall
thermal performance of a heat exchanger of capturing the full
local thermal conductivity profiles as a function of the distinct
temperature history of each point in a deposit layer, and in par-
ticular the increase in thermal conductivity over time due to
ageing. However, the model still presents some limitations,
such as the inability to simulate partial removal and subse-
quent redeposition on an old layer. This is relevant, for
instance, when trying to describe various deposition-limiting
mechanisms and partial cleaning activities.

A modified version of the previous model®> was recently
developed by Diaz-Bejarano et al.'” for inorganic as well as
organic deposits and shown to explain plant data in a field
study of the Esfahan Refinery (Iran).> A weighted average of
the conductivity between the inorganic and the organic portion
was proposed. This formulation limits its applicability to
deposits with two pseudocomponents (not genuine multicom-
ponent) in fixed proportions, and is still not able to cope with
concentration changes over time. However, this work showed
the need to consider the effect of composition (other than gel-
coke) on the thermal properties of deposits and its important
role in explaining both thermal and hydraulic performance of
a heat exchanger.

Using an altogether different approach, advanced simulation
techniques, such as computational fluid dynamics®*2° or
direct numerical simulation,>* have been proposed to develop
highly detailed mechanistic deposition models including effect
of oil composition and phenomena such as diffusion, adhesion,
chemical reaction, and sophisticated rheology. For instance, in
Ref. 25 the deposit is conceived as a distinct fluid phase with
high viscosity, rather than as a solid, interacting with a bulk
crude oil liquid phase. The ageing process affects its conduc-
tivity and rheology, making it more conductive and viscous
over time. These models are still under development, are lim-
ited by a lack of fundamental understanding to the level of

DOI 10.1002/aic 91



XY (N1 (za)x

N
X N

(0, 8) ¢ (291

(Ay¢ (DL

(uoneWLIOJSURL],

ueidueide])

Krepunoq
SurAoN

C Py u sy

J1sodop

Jo a3e [eo0]

10J UOI}OA1I0))
‘A1epunoq SuIAOIN

surewop
[eIpEI puE [eIXe
ur pamnqrusiq

surewop
[eIpeI puE [eIXe
ur pamnqrusiq

surewop
[eIpel pue [erxe
ur pamnqnsiq

urewop
[RIpBI UT UoTRW
-1xoldde 1ofeg

SUOI}ORAI [BIJUID)
‘uonisodwod
wordxyg
*90uR[Rq SSRIA]
soruegiour
10 JUNOJOE
01 payrpowt
¢ Py usy

uonisodwod
oruegio
(Kreurq) yrorpduy

uonisodwod
oedio

SUOTIORAI
[eorwoy)

¢ Py U sy

‘WoISAs panqLyy
-SIp 0] PapUIXd
Pl 7§y Ul sy

(ty swape)
£, yno£ ur

et}

Qouereq J1eOH

Qouereq J1eOH

Joue[eq JeSH

paInquiysip ‘d[3urs

panquiysip ‘d[3urs

panqrusip ‘d[3urg

aponIe sIyL

¢ 'Te 10 ourrelog-zeiq

LONRIYIIEIN PUE 110D

AIChE Journal

January 2016 Vol. 62, No. 1

qefs ury, ordnnuw ‘padwng (Areunq) jrorduy 9SBAIOAP [enprIn) SQLIOS UI S Yy ToKemnn R LRERI AT |
s1oAe] UdaMmIaq
a3ueyox?
¢ se payIpow (¢1-¢{UOSION UO paseq)
qels ury, padwin - 1 “JoY Ul sy SALIAS Ul S Jy 19ke] 9[qnoq 11 T8 30 ewekiys|
qe[s uy, padwin - - Y4 wojiun ‘9[3urg JTe 1 deog
A~
N - padwn-g - - Y uLojIun ‘o[3uIg o6, TEUODIPRI],
uonejuasaIdoy dnewayos (sorneIpAH) uonnqLIsIq uonisodwo)) Suredy $100JJH [euLIy], uonduosoq 1o4e QOURIRJOY
¢ ur a3uey) renedg

SIedX (] ISed 9y} 1940 spisoda( Surmoy 10 Iapna) s1Sueydxy JedH LHJ 10J SIPPOIA JO uonn[oAy T dqel,

Published on behalf of the AIChE

DOI 10.1002/aic

92



detail demanded, and in most cases are unable to simulate
industrially relevant equipment and time scales.

Despite mitigation actions fouling eventually builds up and
periodic cleaning is required to restore the performance of heat
exchangers.”® Cleaning is usually carried out either mechani-
cally with high pressure water jet or by circulating chemicals
through the heat exchanger.” A mechanical cleaning requires
taking the heat exchanger offline for up to a week and typically
results in a complete removal of deposits. Chemical methods
have a smaller impact on operations (i.e., it can be done in situ,
in some cases without requiring to dismantle the unit) thus have
a quicker turnaround time. The efficacy of the treatment
depends on a number of factors (e.g., choice of chemicals with
respect to deposits’ composition31) and in many cases not all
the deposit is removed from the tube surfaces.

The use of optimization to assist in the complicated task of
scheduling cleaning activities in PHTs (which units to clean
and when) has attracted the attention of many researchers over
the past years.*” The decision is ultimately based on an eco-
nomic trade-off between (mainly) the energy losses due to
fouling, the cost of cleaning, and loss of production, and on
the other hand increased throughput and energy recovery after
a cleaning. Models normally used in these studies treat the
fouling deposit as a simplified thermal resistance (at best) and
ignore any changes in the physical properties over time.
Cleaning is generally assumed to completely restore the heat
exchangers to the original performance (total cleaning) and
cleaning times are fixed. In reality, the effectiveness of the
cleaning depends on the cleaning method and on the properties
of the fouling layer produced thus far. Ishiyama et al.>* used
their simple double-layer deposit model and considered two
types of cleaning: (1) total cleaning, associated to mechanical
methods and assumed to completely restore performance; and
(2) partial cleaning, associated to chemical methods and
assumed to remove only the gel layer. The partial cleaning
time is fixed and independent of the coking state of the
deposit. Due to its simplicity, this model could be used to opti-
mize cleaning schedules.*>> Albeit in a simplified way, this
is the first attempt to include both types of cleaning.

The goal of this work is to tackle all the above issues in a
comprehensive, unified way, overcoming current limitations
and expanding the range of model applicability to include
fouling, cleaning (partial and total), and resumption of fouling
from a partially cleaned surface, all within the same model.
First, a deposit layer model is presented that extends and gen-
eralizes the work by Coletti and Macchietto? and Diaz-
Bejarano et al.'> The new model describes the deposit as a
multicomponent system undergoing multiple reactions (such
as ageing) in a varying-thickness solid layer. Appropriate for-
mulation of boundary conditions and solution method are pre-
sented allowing for the seamless transition between operating
modes. In the section Deposition, ageing and cleaning models,
some classical deposition and ageing models are recast in this
reaction engineering framework. In addition, models for
chemical and mechanical cleaning methods are proposed. The
new deposit model, implemented within a previously devel-
oped software framework for a single tube, is then demon-
strated in the section Application: Fouling-Cleaning Cycle
through a case study where full and various types of
condition-dependent partial cleaning actions are applied, fol-
lowing and followed by periods of organic deposition. The
implications of the new approach and future prospects are dis-
cussed in the last section.
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State variables

¢ (zr)Vi=1..NC F=1
X znVi=1..NC \ ra ¢
Ti(zr)
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r‘j{z,r);f(r.',_,(z,i‘), T, (z,1)) Ty (z.r) ¢ z.r)
Vi=1.. NR

Figure 1. Schematic representation of the model for a
single tube.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Multicomponent Model of Fouling Layer
Undergoing Chemical Reactions

The system considered is a single tube with crude oil flowing
inside the tube, depicted in Figure 1. Consistently with previous
work,2 it is modeled in cylindrical coordinates with distributions
in both the radial domain (r) and the axial domain (z) including
three domains: tube-side flow domain (Q, V r <RI — ¢,(t)), tube
wall (Q,, V r € [RI, RO]), and fouling deposit domain (€, V €
[RI — 6,(¢), RI]), where RO and RI are the outer and inner tube
radius, respectively, and d,(¢) is defined below.

The equations for the tube-side flow and tube wall domains
(including boundary initial conditions and solution scheme)
were reported in previous work'® and are not repeated here.
However, a new model for the fouling deposit layer is defined
in the following. As indicated, the fouling layer domain is
denoted by (€;), where subscript 1 stands for layer. At each
coordinate z, the radial domain is defined for r between the
inner tube wall radius (RI) and the surface of the fouling layer
of thickness (9;), located at (Rgow(z) = RI — 0,(¢,2)). The layer
thickness varies with time due to deposition (e.g., during nor-
mal operation) or removal (e.g., during cleaning). It is
assumed that the layer behaves as a solid and that oil and
deposit are homogeneous in the angular direction.

As in previous work,'® assuming negligible heat transfer in
the axial direction and negligible heat of reaction, the tempera-
ture at each point in the deposit layer is defined by the conduc-
tive heat balance equation

aT 10 oT,
e o) PR =L (”‘(27 ) 2 r)) M

where T is temperature, p; density, C,,; specific heat capacity,
and 4, thermal conductivity at each point (z, ). The boundary
condition for the layer at RI is

T — (@3]
Tl =ri=Til, =gt 3)

At the surface, Ry, (moving boundary)
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qi, |Rnow = _h(T] |Rflow _Tf) “)
where ¢” is the heat flux, 4 the heat-transfer coefficient, and T,
the bulk oil temperature.

Unlike previous work,'® it is assumed each point of the
layer is also characterized by the mass concentration c¢;; (z, r)
and volume fraction x;; (z, r) of a number i = 1, ... NC of
components (e.g., gel, coke, inorganic salt 1, inorganic salt 2,
etc.). Mass concentration and volume fraction of each species
i are linked via their density as follows

=pixi(z, 1) ©)

Furthermore, it is assumed that at each point the components
in the layer may undergo a number NR of reactions between
them (e.g., conversion of gel to coke), where r; is the reaction
rate of reaction j (j =1, ... NR) and vj;; is the stoichiometric
coefficient of component i in reaction j. The mass conservation
law for the ith component in cylindrical coordinates is

devi(z,r) _ 12(rn,-(z a“’zr)) va” ©

alz, r)

ot ror

where D; is the diffusion coefficient of component i in the mix-
ture. Diffusion might be important in some cases,’® and if so
Eq. 6 should be used. If diffusion through the solid layer is neg-
ligible and the concentration at a given point r is assumed to
only change due to chemical reaction, Eq. 6 can be simplified to

Z v,jrj z,1) (@)

The deposit has been assumed to be nonporous. Further
modification could be also considered to include this feature.

At each point (z, r), the physical properties of the layer (p),
Cp1, A1) depend on the local composition. Density and heat
capacity are defined as the mass weighted average of those of
the components (Eqs. 8 and 9). The effective conductivity of
heterogeneous materials depends on the number of phases,
internal structure, degree of mixing, and porosity. A number
of models considering various structures can be found in liter-
ature.>” Unless such information is available, the local effec-
tive conductivity at each point (z, r) is calculated as the
volumetric weighted average of the conductivities of the indi-
vidual components (4,) (Eq. 10).

3c],zr

NC
=3 cuzr) ®)
i=1
CPJ(Z r)= Z r Dy 9
NC
r)= leﬁ,-(z, r)A; (10)
i=1

Lagrangian transformation: Variable grid

To more easily solve an equation system with a moving
boundary condition, a Lagrangian transformation of the coordi-
nate system is proposed, moving from a fixed grid (with a mov-
ing boundary) to a variable grid (with fixed and normalized
boundaries). A schematic representation of this change in coor-
dinates is shown in Figure 2, which shows the layer on the left
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¢ ([fi=1)= Cliesh,i

(b)

Figure 2. Schematic representation of fouling layer
growing between times t, (left) and t, (right)
undergoing reactions, in dimensional coordi-
nates (a) and equivalent layer after Lagran-
gian transformation (b).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

at time #; and on the right at a later time ¢, when it has grown
deeper. The composition along the radial dimension may vary
over time due to chemical reactions, in particular closer to the
tube wall. This is represented as a gradual darkening in the fig-
ure. In dimensional coordinates (top part of Figure 2), a differ-
ential element of fouling material located at a distance (RI — r)
from the wall has a composition which is only affected by the
chemical reactions. In dimensionless coordinates (bottom part
of Figure 2), however, the element both “moves” through the
dimensionless domain to account for the growth (or reduction)
of the layer thickness and, simultaneously, undergoes chemical
reaction as in the dimensional case.

In general terms, a variable F' can be expressed in two coor-
dinate systems using alternative formulas

F(t,r) = F(i(t),7 (1)) (11)

By applying the multivariate chain rule

dF(t,r) _OF (1,7 (1)) | OF (t,7 (1)) dr(t)
a o o a (12)
The partial derivative with respect to r is
0 0 oF
o oror 1

In the specific case of the solid layer, the interval [RI, RT —
d1(2)] is rescaled by introducing a dimensionless variable

- _RI=r
I‘](l‘)- 51([)

7; is defined for the closed interval [0,1]: at » = RI, 7/, =0;
and at r = RI — 6,(r), 7/; =1. By applying the above transfor-
mation to Egs. 1 and 7 yields

(14)

p1(z,71)Cpi(z, 1) (% B 5:7(12) () %)
1 i (15)

- s —F 6T1(z rl)
 (RI=710(2))d1(z)* O <(RI O )

January 2016 Vol. 62, No. 1 AIChE Journal


http://wileyonlinelibrary.com

qu,‘(z,ﬁ) }71 aC“ Z I’l
( or 51(2)5() o, ) ZV“”Z”) (16)

where §,, the rate of change in thickness of the fouling layer
d;, is actually a volumetric flux of material (net flux)

5l:d_51 [ﬁ}:[ﬂ} (17)

dt |m3s s

The second term on the left-hand side of Egs. 15 and 16 ena-
bles conveying information through the radial dimensionless
domain as the layer thickness changes. This formulation links
the heat and mass balances to the variation of the thickness of
the layer and also relates the inside of the layer to the processes
(deposition, removal, or reactions) occurring at the boundary.
As a result, it is possible to represent, if so wished, the inde-
pendent deposition of individual components (e.g., salts or
asphaltenes) on the top layer, changes in fouling behaviour
(e.g., further to an oil blend change or operations malfunction),
and local composition-temperature-based changes within the
deposit layer. Any assumptions on the age of the different sub-
layers of the deposit'® become unnecessary, and the entire pre-
vious history at each point (e.g., of concentration, temperature)
is reflected by the state variables describing it.

This kind of transformation was used elsewhere for the
single-component mass balance applied to growth of wax
deposits undergoing ageing, modeled as a gradual change in
porosity by diffusion.****" Here, it is applied both to a gen-
eral multicomponent mass balance and to the dynamic heat
balance for the deposit layer. It is highlighted that this model
is not only valid for layer growth, but also permits describing
a thickness reduction without loss of composition information.
The variation of the deposit thickness is given by the net com-
bination of fouling deposition rate and any other mechanisms
that promote deposition or removal, such as cleaning.

Boundary condition for deposit mass balance

The concentration at the surface is determined by the net
effect of the deposition and removal processes taking place at
each time and location. When the deposit grows, a particle just
deposited is immediately covered by new deposit. The net
effect is that fresh deposit is seen at the boundary. When the
deposit is reduced, as the top layer is removed, it uncovers the
immediately underlying material; the net effect is that fresh
deposit is not seen at the boundary.

The boundary conditions are evaluated locally for each z
along the tube, although this is not shown explicitly in the fol-
lowing. clv,-(t,1+) is defined as the concentration of component
i just inside the layer boundary, ¢;,(f,1 ) as its concentration
just outside of the layer, and ¢ as the distance between those
two points. In general, the mass balance for component i at the
boundary of the dimensionless domain is

= [Ocy
prea(5)....

- [27'U~'1AZC1,1'5L} .

=

- [an'lAchSL} )

=

NR
+ 277 EAz Z Vil
Jj=1

F=1"

(18)

Two cases are distinguished. First, if the rate of change in
thickness is substantially different from zero at the boundary,
then &/6; — 0 (where & is a small number) and
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[Cll]/l 1~

The final formulation of this boundary condition depends on
the rate of change in deposit thickness: )

a. If the thickness increases over time (6; > 0), that is,
fouling builds up, the concentration of each species i at the
deposit boundary is the concentration of the fresh material
being deposited, Cfresni. As a result, Eq. 19 becomes

1 =Cresh,i (1) (20)

=[1.];,-.- (19)

The concentration of the fresh material is determined by the
net deposition of the different fouling species

nfi @1
Cfresh,i — Ni
Zi nf,i/pi

where n¢; is the net deposition rate of species i (a mass flux,
with units [kg/m?s]).

b. If there is a net flux of material leaving the fouling
layer and its thickness decreases over time (i.e., §; < 0), the
value of ¢,(¢,1 ) is the composition of the material leaving
the layer. Equation 19 becomes

8c171~(t)
or

=0 22)

=1

Second, if the rate of change in thickness is negligible, that
is, 0./ — 0, Eq. 18 becomes

86“' o MR )

=1

Therefore, the mass balance (Eq. 7) applies at the boundary.
This assumes that the surface of the layer is unaffected by
shear forces and deposition. Other scenarios could apply, such
as balanced deposition and removal.

All three situations given by Egs. 20, 22, and 23 may be
encountered at different times. In practice, the transition
between boundary conditions could be difficult to solve
numerically. Alternatively, by combining the above boundary
conditions equations, a single set of equations that describe all
cases can be devised

(28] ~(ewma], o [iBon] vizo
- " =1
(24)
dcyi ey NR .
: 2
o [z {5101 8}1]]] . {Z"u’j h_lV 51<0 (25

When the rate of change in thickness is significant 6,>0
or §; < 0), the terms multiplied by ¢ are negligible and Egs.
24 and 25 become Egs. 20 and 22, respectively. Conversely, if
d; — 0, the term multiplied by J; is negligible and the top
layer behaves just as the rest of the deposit. In that case, the
boundary condition becomes Eq. 23. As a result, the proposed
boundary conditions (Eqgs. 24 and 25) enable a numerically
smooth transition between net deposition, removal, and the
case in which the deposit thickness barely changes. A second-
ary consequence of this formulation is the ability to simulate
abrupt changes of composition at the boundary, which might
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happen when deposition restarts following removal, the type
of foulant or (or antifoulant) changes, and so forth. The value
of &, the discretization and the numerical solution scheme
must be fine-tuned so as to give stable numerical results and,
at the same time, permit a smooth transition between the vari-
ous cases. Further details are given in Appendix A.

This new model for the deposit layer domain was imple-
mented within the overall model for a heat exchanger tube
developed in previous work (i.e., with the same tube wall and
tube-side flow equations), however, with the new layer domain
equations and boundary conditions described in this section.

Two operation modes for the tube were considered: uniform
heat flux and uniform wall temperature (UWT). Alternatively,
a tube bundle could be considered, with the boundary condi-
tion at the outer surface of the wall connected to a shell-side
domain to form a shell-and-tube heat exchanger.>?® While this
is the final application envisaged, the scope of this article is
restricted to a single tube.

Deposition, Ageing, and Cleaning Models

In this section, first some classic deposition and ageing
models are recast in the new multicomponent, reaction engi-
neering framework presented here. Second, fouling and clean-
ing are defined within an overall rate of deposition model and
some rate- and state-dependent models are presented for the
cleaning operations.

In this work, organic fouling is considered as the only foul-
ing mechanism, thus the deposit is simply composed of two
pseudocomponents (NC = 2), gel and coke, and ageing of gel
to produce coke is the only reaction (NR = 1). An example of
deposits formed by organic and multiple inorganic species is
presented elsewhere.*’

Fouling deposition model

In the approach presented, fouling rates are defined as mass
fluxes of material into or leaving the deposit. Consequently,
classic fouling rate equations based on thermal resistance are
not directly applicable. An example of a classic fouling equa-
tion for organic fouling is the “threshold”” model introduced by
Panchal et al.*!

dRy

= —oRe 6Py 03 exp <

>
YTy (26)

where o, Ep, and y are adjustable parameters dependent on the
crude type. The general functional form of the threshold model
is adopted and used here to estimate the /ocal fouling net

deposition
' ~0.66 ~0.33 —E¢ ’
n, et (z) =0 Re(2) Pr(z) exp m =7 1(2)
27)

where n; 4. is the net mass flux of freshly deposited gel (at
each z coordinate). Coke is assumed not to deposit at the layer
boundary, hence

Nf coke (Z) =0 (28)

There is a formal equivalence to Eq. 26 parameters

k
o =gl et [mffs} (29)
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s k
,yl = Agelpgely [nga} (30)

The new parameters have units of mass-transfer coefficients
or surface reactions, which is coherent with the overall reac-
tion engineering approach used here. However, there is no rea-
son why numerical values of parameters calculated from
overall thermal resistance should translate into appropriate
values for a deposition model of the same form. In practice,
parameters in Eq. 27 should be re-evaluated by fitting primary
data to the full dynamic model described. Ideally, this semi-
empirical approach should be substituted by more fundamental
mechanistic models relating deposition rate to the local operat-
ing conditions, concentration of foulant (or precursor), and
crude oil physical properties.

Kinetic ageing model for organic deposits

High temperature ageing of hydrocarbons has been
observed to involve changes in chemical composition.*> This
is represented as a single first-order chemical reaction by
which gel is transformed into coke

e ) =l P2 )= ) (70 |5
(31)
where
ko(z, 71)=Aqexp (— E7> [s7'] (32)
R, Ti(z,7)

The stoichiometric coefficients for the ageing reaction are
+1 for coke (formation) and —1 for gel (consumption), and O
for any other components.

If there are no other species than gel-coke present, Eq. 10
simplifies to

Az, 7)) =X g1 (2, 1) gt T (1= X101 (2,71) ) Acoke  (33)
Solving the equation for the volume fraction of gel gives

_ /ll(Z,f])*/l coke

Agel —A coke

xlﬁgel(z F) (34)
The relationship above is the definition of “youth” variable

in previous works,'*'® hence Xige0 =y and the equivalence

between Eq. 31 and the ageing kinetics in those references is

rﬂ/pgel:kay:_g [s_l} (35)
1

Due to a lack of experimental data, values for the kinetic
constants A, and E, have been proposed based on parametric
studies, defining three degrees of ageing according to the rate
of change: slow, intermediate, and fast. As the kinetic model
is the same, those parameter values can be reused.

Modeling fouling-cleaning processes

The thickness of the deposit layer at each point z along the
tube will change according to the mass of material either
depositing or leaving the fouling layer. During normal refining
operation, the processes affecting the layer will be related to
fouling mechanisms, such as deposition and suppression/
removal. Conversely, during cleaning the processes affecting
the layer are related to chemical or mechanical removal. In
this section, a general formulation is proposed to simulate
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(b)
Figure 3. Schematic representation of complete (a) and
partial (b) cleaning of a fouling deposit under-
going ageing.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

fouling-cleaning cycles using the modeling framework pre-
sented in the previous section.

Obviously, fouling and cleaning processes do not happen
simultaneously. However, a continuous transition between
fouling and cleaning periods is desirable in a dynamic simula-
tion. For this purpose, a formulation using binary variables to
select between operation (fouling) or cleaning is introduced.
In general terms, the rate of change in thickness is defined as

NC NCI

. 1 1
01(z)=(1—bcean) Z ;nf,i(z) - Z by mna,k(z) (36)
7 Pi =1 )

where ng; is the net mass flux of species i deposited, nc; is
the cleaning rate for method k (in terms of mass flux
removed). biean, @ 0-1 variable indicating whether any clean-
ing is active and by is a binary variable which defines whether
the cleaning action & is taking place (b, = 1) or not (b, = 0).
NCI indicates the number of cleaning methods considered,
of which at most one at a time is used, that is,
belean = 1,\V=CI] by < 1. During a cleaning period, fouling and
other physical-chemical transformations (such as ageing) are
stopped, and the cleaning rate is activated. To stop any internal
reactions in the model, the right-hand side in the mass balan-
ces (Eq. 16) is multiplied by (1 — b¢jean)-

As noted in the Introduction, cleaning of fouled heat
exchangers is usually carried out either mechanically or with
the use of chemicals. A mechanical cleaning normally but not
always produces a complete cleaning, while a chemical clean-
ing can produce a complete cleaning if applied early enough,
as shown later in the case study. This is schematically repre-
sented in Figure 3, where each cartoon from left to right repre-
sents the layer depth at successive times.

Rate models are proposed for chemical cleaning and com-
plete mechanical cleaning. The extent of cleaning depends on
the cleaning method, the properties of the layer at that particu-
lar time, and the time allowed for cleaning. This is captured
by defining a termination condition that depends on the clean-
ing method and a rate constant.

The duration of the cleaning can be either fixed or
condition-based. With fixed time, the duration of the cleaning
is externally imposed by an operation schedule. To simulate
this cleaning mode, the rate constant is chosen a priori as a
sufficiently high value that ensures reaching the termination
condition within the specified time in all cases to be encoun-
tered, but not so high that it would create numerical issues.
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Figure 4. Deposit thickness reduction for fixed time (a)
and condition-based (b) cleaning.

The vertical lines indicate the start and end of the clean-
ing period.

The evolution of deposit thickness for fixed-time cleaning is
shown in Figure 4a. Conversely, with condition-based mode
the cleaning period lasts until the termination condition is
reached, within certain absolute tolerance, as shown Figure
4b. This modeling approach for cleaning has the advantage of
allowing seamless simulation of fouling-cleaning periods. In
addition, the same cleaning rate models can be used to simu-
late both fixed-time and condition-based cleaning modes.

A chemical cleaning method k (referred to with subscript
Ck) is defined by two characteristic parameters: a cleaning
rate constant, kc; [in units of kg/mzs], and the maximum frac-
tion of coked deposits, Xc coke, that can be removed by the
cleaning method. The cleaning rate, ncy . is defined as

neyck=kcr (XCk,coke —X1,coke7, = 1) 37)

Xcr.coke Tepresents the efficacy of method & in removing the
deposits and X .ok (7;=1) is the local concentration of coke at
the surface of the deposit. The above model assumes that the
presence of coke is the main factor limiting the cleaning effi-
cacy. The condition may vary for distinct types of cleaning
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Table 2. Parameters for Single Tube Geometry, Operating
Conditions, Crude Oil, and Fouling/Cleaning Models

Parameter Value Parameter Value
Tube Oil Physical Prop.

RI (mm) 9.93 API 37
RO (mm) 12.70 MeABP (°C) 350
L (m) 6.1 Vagee (mm?/s) 4
Operating conditions Fouling

UWT (°C) 270 o (kg/m?/s) 0.54
Ty (°C) 200 y” (kg/m*/s/Pa)  3.45-x 107
Flow rate (kg/s) 0.3 E; (kJ/mol) 28
Cleaning Ageing

XC1,coke 0.5 Ea (kJ/Il’lOl) 50
ker (kg/m™2/s) 32 X-107* A, (s7Y) (fast) 0.01
tc) (days) 1 Aget (W/m/K) 0.2
knt (kg/m*/s) 0.027 Jcoke (W/m/K) 1.0
ty (days) 5

agents. The value of the characteristic parameters (Xcx coke and
kcy) is to be calculated from measurements, when available.
The above model is a first-order model with respect to compo-
sition. The cleaning rate smoothly tends to zero as the termina-
tion condition Xcycoke 1S approached due to the increased
difficulty in removing the remaining material. Once the condi-
tion is reached, with certain tolerance, the cleaning rate stays
at a value of approximately zero until the end of the period. If
the fixed time specified is longer than required, more cleaning
fluid and time than necessary are used leading to additional
cost, but no further cleaning is achieved. If the specified fixed
time is too short, the opportunity to remove some more deposit
is lost. Alternatively, if the ageing process and cleaning
method are well characterized, it is possible to define a sched-
ule with a condition-based termination of the cleaning interval.
The chemical cleaning will be stopped as soon as the condition
is reached, or even earlier if that entails an economic benefit.
Other condition-based models, considering for instance
zeroth-order Kkinetics (constant rate) or additional features
(e.g., initiation period), could be considered.

For complete mechanical cleaning (subscript M), the clean-
ing time, ty;, is typically fixed. A rate of cleaning is defined to
ensure full cleaning is achieved in that time as

ncim :kCI,M51 (38)

where ky; is a rate constant [in units kg/m3 s]. The model is first
order with respect to the thickness. As the deposit becomes
smaller it becomes more difficult to remove (cleaning rate
decreases with thickness). Once the deposit is completely
removed, the cleaning rate becomes essentially zero and stays
at that value until the end of the allocated fixed cleaning time.
In the case of mechanical cleaning, the cleaning time #y; would
include operations such as dismantling, transportation (if car-
ried out off-site), and reassembling the exchanger, for which a
fixed time is required irrespective of fouling state. More
sophisticated models, combining fixed time for operations and
condition-based time for cleaning, are easily considered. For
particular cases in which mechanical cleaning might only par-
tially remove the layer, an expression of the form of Eq. 37
would be more appropriate. The advantage of a rate-based
model is that incomplete cleaning could then be modelled
even for a mechanical cleaning, if too hurried.

It should be noted that the framework allows for any combi-
nation of fixed time or condition based cleaning. The pre-
sented models are just examples.
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Application: Fouling-Cleaning Cycle

Among the potential applications of the novel model, a case
study is presented for fouling and cleaning processes. Organic
fouling is considered as the only fouling mechanism. The
parameters for the tube geometry, operating conditions, crude
oil physical properties, fouling rate, ageing rate, and cleaning
rates are shown in Table 2. These parameters are representa-
tive of typical refinery exchangers.'® UWT operation mode is
assumed. The conductivities of gel and coke are also reported
in Table 2. Cleaning constants and a value of Xcycoke are
assumed for illustration purposes (Chemical method C1). A
fixed time is specified for a mechanical cleaning, with both
fixed and condition-based time for chemical cleaning.

First, a single chemical cleaning of an organic fouling
deposit is simulated. The concentration profiles and conse-
quent thermal and hydraulic effects at key times are discussed.
The importance of the timing of the cleaning is highlighted.
Finally, different types of cleaning methods are simulated in
an example of cleaning cycle.

Chemical cleaning: Concentration profile and thermal
impact

An operation is considered consisting of three periods: (i) 6
months of operation starting from a clean tube during which
fouling occurs and the layer builds up; (ii) a single chemical
cleaning (fixed time), with layer thickness reduction; and (iii)
subsequent operation for another 6 months during which foul-
ing resumes. The fouling layer thickness at the midpoint of the
tube (z=3.05 m) evolves over time as shown in Figure 5,
where a number of key times (A . .. F, discussed later) are also
indicated. Time A was chosen so that the deposit thickness is
the same as that left after cleaning is completed at time C. The
gel and coke concentration profiles through the layer (again at
tube midpoint) at the above key times are shown in Figure 6,
for periods (1), (ii), and (iii) (left to right). The thickness is rep-
resented on the vertical axis and the volume fraction on the
horizontal axis.

At time zero (beginning of period i/, labeled “s = 0” in Fig-
ure 6), the deposit thickness is zero and the initial deposit has
volume fractions of gel and coke equal 1 and 0, respectively.
During period (i), organic material builds up on the inner

1.8
16 I M (ii1)

1.4 + e

1} 182 183 184
0.0 1 T T

0 100 200 300
time (days)
Figure 5. Deposit thickness at the midpoint of the tube
(z=3.05 m) over time with a chemical clean-
ing after 6 months.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. Thickness and radial (dimensional) concentration profiles at the tube midpoint (z=3.05 m), at key times

in periods i, ii, and iii (left to right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

surface of the tube. The portion of the layer near the deposit
surface is mainly composed of gel. The oldest part of the layer,
near the wall (bottom of Figure 6) has greater concentration of
coke which increases over time. At time A, the deposit has a
thickness of 0.63 mm; the volume fractions of gel and coke
near the wall have become 0.33 and 0.67, respectively. The
deposit keeps growing and ageing. At time B, the end of
period (i), the thickness is 1.19 mm, and the volume fractions
of gel and coke at the wall are 0.09 and 0.91, respectively.
Given the higher conductivity of coke, the ageing process
gradually increases the effective conductivity of the fouling
layer. However, the overall thermal resistance increases over
time as a result the continuous addition of less conductive
fresh material on top of the older deposit and deeper layer.
This effect is thermally dominant with respect to the increase
in conductivity due to ageing, resulting in decreasing tempera-
ture at the surface of the deposit, as shown in Figure 7a for the
transition A — B. The deposit surface temperature that was

260

200 220 240
T,(°C) T,(°C)

(a) (b)

Figure 7. Fouling layer temperature profile at the tube

midpoint (z=3.05 m) at various times.

200 220 240

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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220.5°C at time A decreased to 214.5°C at time B. As ageing
progresses, the temperature profile within the layer acquires a
significant curvature, with a very steep gradient near the top of
the layer.

The concentration profiles noted result in corresponding
radial conductivity profiles that represent the key influence on
the thermal behavior of the fouling layer. For the binary gel-
coke system considered here, the conductivity profile has the
same shape as the coke fraction profile and is not shown. The
layer conductivity at any one point varies between that of gel
(at 0% coke fraction) and that of coke (for 100% of coke frac-
tion). The effect of ageing rate on the thermal behavior of the
fouling deposit has been studied in detail elsewhere.'®

At time B, after 6 months, a chemical cleaning character-
ized by parameters in Table 2 is carried out (period ii, ending
at time C). No further ageing occurs during cleaning, there-
fore, the concentration profiles in the material deposited
remains the same as at time B. The thickness of the layer grad-
ually decreases as a result of the removal of material (accord-
ing to Eq. 37) and the gel fraction at the top of the remaining

1.0

09
08 i
n |
£07 | |
S i
T 06 b |
!
05 :
) (i ™ iy ! (iii)
(}4 1 1 1 1
180 182 184 186 188 190

time (days)
Figure 8. Volume fraction of gel at the deposit layer
surface in the tube midpoint during periods i,
ii, and iii.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. Gel fraction profiles against transformed
radial coordinate, at the tube midpoint, at
time D (just after resumption of fouling) and
at time F (6 months later).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

layer decreases, according to the concentration profile left at
each depth at time B.

Removal continues until the concentration of coke at the top
approaches the maximum removable by this specific cleaning
method (0.5 in this case) although the cleaning time here was
fixed as a full day. This is shown in Figure 8, where the gel
concentration at the deposit surface is plotted against time.
The layer remaining at that time has greater coke concentra-
tion, hence higher conductivity and higher surface temperature
than the layer of the same thickness during period (i), as
shown by points C and A in Figure 7a. Indeed the difference is
10.5°C. For the assumed rate constant, the termination condi-
tion is reached (within an absolute tolerance of 0.01) after 9 h.
This time is significantly lower than the fixed 24 h time allo-
cated for the cleaning period. Therefore, a condition-based ter-
mination would reduce the time and cost of the cleaning.

At time D (beginning of period iii), normal operation is
resumed and fouling starts building-up again on top of the
deposit left at the end of the chemical cleaning. The volume
fractions of gel and coke at the surface of the deposit layer at
time C are 0.5 and 0.5, respectively, and far from the concen-
tration of the fresh deposit (volume fraction of gel, coke =1,
0). The formulation of the boundary condition permits a
smooth transition between these concentrations, avoiding
numerical issues. Fouling restart on top of the old deposit
results in a sharp change in the concentration at the boundary
(Figure 8) and consequently in the concentration radial profile
(Figure 9).

This concentration “moving front” remains in place at that
radial location (deposit depth =0.63 mm in the original r
domain), and “travels” from 7 = 1 toward lower values of 7 in
the transformed radial domain. This concentration front,
shown in Figure 9, entails a corresponding change in the slope
in the temperature profile, as shown in Figure 7b at times D
and E (20 days after D). As time progresses, however, the dif-
ference in the concentration gradient gradually decreases and
eventually this effect dissipates. At time F, the end of period
(iii), the temperature profile becomes qualitatively similar to
that at the end of period (i) (Figure 7b).

It is clear that a simple double layer (or treble layer, or finite
number of fixed layers) model is unlikely to capture such
dynamic behavior, which significantly affects temperatures in
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the layer, heat flux, and deposition rates. Capturing these dis-
continuities in composition, thermal conductivity, and temper-
ature within the deposit layer and their evolution over time
(formation, change in shape, and disappearance) as a function
of operating conditions is one of the main contributions of this
work.

The complex role of ageing on thermal performance after
chemical cleaning may be assessed by comparing the perform-
ance of the unit at time C (after cleaning) and time A [during
period (i)]. In both cases, the deposit thickness is the same
(0.63 mm), but at time A the deposit was significantly younger
and less coked (Figure 6). The higher layer surface tempera-
ture at time C, compared to time A, has two opposite effects:
it promotes fouling (negative) and enhances heat transfer to
the oil (positive). The simulation results (see Table 3) show
that the enhancement in heat flux is the predominant effect,
with an increase of 51% at time C with respect to time A. Con-
versely, the increase in fouling rate between C and A is only
11%. After cleaning, it takes 92.5 days for the deposit to reach
again the same thickness it had just before cleaning (d;p).
However, it takes 107.5 days for the heat flux to reach again
its precleaning value (¢|'3). Consequently, ageing partly offsets
the negative thermal effect of fouling.

Timing and effectiveness of the chemical cleaning

The timing of a cleaning plays an important role on the
improvement in thermal and hydraulic performance achieved.
Here, the previous operation [single chemical cleaning of type
Cl1 (xc1coke = 0.5) after 6 months] is repeated but with clean-
ing at months 3 or 9. The impact on deposit thickness and heat
duty over time is shown in Figures 10a, b, respectively. The
thermohydraulic performance is shown in Figure 10c on a TH-
/ plot. This representation, which is explained in detail else-
where,** shows simultaneously the impact of fouling on heat
duty and pressure drop (both normalized with respect the cor-
responding values in clean conditions). Some other perform-
ance figures of interest are also displayed in Table 3.

The thickness of the deposit removed (in absolute value) is
similar in the three cases. The improvement in heat duty, how-
ever, is clearly greater when the cleaning is carried out earlier.
A cleaning performed after 3 months recovers 44.4% of the
initial (clean) heat duty, while the same activity carried out
after 9 months only recovers 16.9% of the clean heat duty (cal-
culations are reported in Table 3). This is a result of the fast
drop in heat duty as fouling builds up. It must be highlighted
that the results are a function of the operation mode.

Regarding the hydraulic performance, the improvement in
pressure drop (AP) is more noticeable when cleaning is

Table 3. Comparison of Key Performance Indicators for
Different Timings of the Chemical Cleaning

Time of Chemical

Cleaning (Month) 3 6 9 6 6
Type of Cleaning Cl C1 Cl1 Cc2 C3
013 — Orc (mm) 048 056 058 034 0.81
(018 — 01.0)/01B (%) 742 470 350 29.0 68.0
(Qc = OB)/Qo (%) 444 251 169 146 402
(APg — APc)/APy (%) 304 477 675 314 642
Comparison of performance C vs. A (d;o = d;c = 0.63 mm)
G'c—dq D s (%) 364 510 476

(nr,c = nea)nga (%) 13.1 109 7.9

Time after C to return to performance at B
Time for ¢ = g g (days) 75 108 130
Time for 0; = 0,5 (days) 69.3 925 107.8
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Figure 10. Deposit thickness at the tube midpoint
(z=38.05 m) (a), heat duty (normalized to
clean duty) (b), and thermohydraulic per-
formance (c) for a single chemical cleaning
C1 after 3, 6, and 9 months and cleanings
C2, C3 after 6 months.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

performed later (Table 3), a result of the nonlinear dependence
of pressure drop on flow area. This is shown in Figure 10c,
where the distance between B (before cleaning) and C (after
cleaning) on the horizontal axis gives the improvement in pres-
sure drop.

Comparing performance at times C and A, as in the previ-
ous section, in all cases the increase in heat flux (positive
effect) is dominant compared to the increase in fouling rate
(negative effect), although the effects become comparable
when cleaning is performed early. Earlier cleaning leads to
removal of a greater proportion of deposit, but to faster return
to the thickness and thermal performance that pertained before
cleaning. Conversely, the area under the curves in Figure 10b
clearly shows that the savings in heat duty are greater when
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cleaning is performed after 3 months compared to later clean-
ing. This is, again, subject to the operation mode.

Results for cleaning with a less aggressive (C2, X2 coke =
0.3) and a more aggressive (C3, Xc3 coke = 0.7) chemical after
6 months are also included in Figure 10 and Table 3. It is
assumed the same cleaning rate constant applies for C2 and
C3 as for C1. As expected, a more aggressive cleaning leads
to greater improvement in both thermal and hydraulic per-
formance, while the opposite happens when a less aggressive
cleaning is used. It takes method C2 less than 8 h to reach the
termination condition (within absolute tolerance of 0.01 on
coke fraction) and less than 11 h for C3, compared to the 9 h
for C1. In all cases, the time is much shorter than the allocated
24 h fixed time, indicating that 50-65% savings in cleaning
time and chemicals could be achieved for the same result. The
efficacy of a cleaning is clearly affected by its timing as also
shown in Table 3. A later cleaning leaves a higher proportion
of deposit inside the tube, although it achieves a large pressure
drop reduction. A simulation without cleaning is used to map
the potential efficacy of cleaning, in terms of proportion of
removable layer. Figure 11 shows the iso-lines for volume
fraction of coke as a function of time and the dimensionless
radial coordinate. For chemical agent Cl (xcjcoke =0.5) the
0.5 iso-line separates the removable layer (xcok < 0.5, above
the line in the figure), from the nonremovable layer
(Xcoke = 0.5, shaded area below the line). As the plot is in
terms of the dimensionless radial coordinate, the difference on
the vertical axis between the line for x.q . = 0.5 and 7/; = 1 at
any time gives the proportion of layer that can be removed,
which multiplied by the thickness at that particular time gives
the actual thickness. An interesting result from the figure is
that if the chemical cleaning is carried out before approxi-
mately 50 days, it would result in complete removal of the
deposit, and repeated cleaning at this frequency would be suf-
ficient to completely avoid the need for mechanical cleaning.
Of course, whether this is the best option will depend on an
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Figure 11. Volume fraction of coke as function of the
radial coordinate (dimensionless) and time
at the tube midpoint (z=3.05 m) for a year
without cleaning.

The shaded area indicates the nonremovable portion by
chemical cleaning C1. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 12. Deposit thickness at the tube midpoint (z=
3.05 m) (a) and heat duty (b) over time for
operation during 450 days with condition-
based chemical (C1) and fixed-time mechani-
cal cleanings.

economic analysis. This analysis has been performed on the
midpoint of the tube, which gives approximately average
results between the two tube ends. In heat exchangers, where
the temperature of the shell fluid changes significantly along
the exchanger, the analysis should be carried out at the hottest
end where more acute fouling and ageing are expected.

Figure 11 also shows the time evolution of the concentration
profile. Focusing on the nonremovable portion, after 100 days,
for instance, the profile shows a variation in coke content
between 0.5 (at the top of the shaded portion) and 0.7 (near the
wall). After a year a significant proportion of the deposit has
coke concentrations over 0.8-0.9. The results indicate a signif-
icant variation in the conductivity of the nonremovable deposit
over time, which will have a significant effect on the thermal
performance of that portion of the layer. Even with the fast
ageing of this case study, the average conductivity of the hard
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deposit remains quite far from that of coke for most of the
time. Again, a simple double layer model, where the conduc-
tivity of the “hard” deposit is directly considered equal to
coke, is likely to incorrectly impact the calculation of heat
flux, heat recovered, and the trade-offs in the optimization of
cleaning schedules.

Condition-based cleaning sequence

The previous section has shown that the duration of a chem-
ical cleaning, its immediate efficacy (in terms of extent of
removal of deposited material) and its long-lasting effect (bal-
ance between promoting fouling and enhancing heat transfer
in the following period) are not fixed but depend on the state
of the tube when it is applied.

A combination of different types of cleaning methods is typ-
ically used. An example of fouling-cleaning cycle with multi-
ple cleanings is shown in Figure 12: a condition-based
chemical cleaning after 100 days, and a fixed-time mechanical
cleaning after 275 days. Model parameters are shown in Table
2. After 100 days of operation, starting from a clean tube, a
condition-based chemical cleaning (method C1) is applied.
Cleaning stops as soon as the cleaning termination conditions
is reached (within a tolerance of 0.01), reducing the cleaning
time from the previously fixed 24 h to only 7 h. This restores
the heat duty from 31.4 to 75.6% of the clean value. Operation
is resumed and continues until the second cleaning is per-
formed. The mechanical cleaning lasts for 5 days (fixed time)
and restores the tube from a quite fouled state (heat duty 22%
of the clean value) to completely clean conditions. Normal
operation takes the tube to the end of the cycle at (assumed
fixed) 450 days. This specific schedule, including state-
dependent conditions for switching between operation and
cleaning of two types, was simulated with the single dynamic
model described in previous sections.

Conclusions

A new dynamic, two-dimensional distributed, first-
principles model for the fouling deposit layer inside a tube
was presented. The deposit layer is represented as a multicom-
ponent solid which may grow or decrease depending on depo-
sition and removal fluxes at a moving boundary between
deposit layer and flowing crude oil. The composition within
the layer may change according to chemical reactions between
the species present. This approach permits decoupling the
main processes involved: heat transfer, chemical reactions,
and deposition/removal; this enables the individual study of
the various effects and their assembly within a single, inte-
grated model that captures the complex dynamic interactions
involved.

A Lagrangian transformation of the mass and energy balan-
ces, together with an appropriate formulation of the boundary
condition and choice of solution method, permit handling the
moving boundary condition and the correct conveying of
information from the boundary layer through the radial direc-
tion even in the presence of discontinuities. These key features
of the deposit layer model overcome several assumptions of
previous work®>'® (comparison provided in Appendix B) and
broaden the range of practical applications:

a. Substitution of an ageing model specific for thermal
fouling by a mass balance leads to a general formulation,
allows handling multicomponent systems and different reac-
tion mechanisms.
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b. The ageing model'® was strictly valid for linear growth
of the deposits only. The present treatment requires no such
assumption.

c. It is possible to simulate partial removal without losing
the all-important time-temperature-composition history at
each point of the deposit layer, and then resume subsequent
(fouling) operation.

d. It is possible to change the rate and composition of
fresh deposition fluxes at any time during a simulation (as a
result of change in fouling deposition mechanism, flowing
oil composition, relative rates of deposition of different spe-
cies, etc.) without affecting the layer preceding history.

e. It is possible to model various types of cleaning activ-
ities, including those where cleaning time and removal effec-
tiveness are not fixed a priory but are condition- and extent-
based. Some initial cleaning models were presented in this
article.

f. It is possible to switch seamlessly within the same
dynamic simulation between operation (fouling) and any
type of cleaning, in any order (i.e., operation-cleaning cycles
and schedules).

g. The model enables, and lends itself naturally to the for-
mulation of fouling-cleaning cycle optimization as a
dynamic optimization problem.

As in earlier work,” the deposit layer domain was imple-
mented in a tube model comprising three domains: tube wall,
fouling layer, and oil flow (tube-side). The case study pre-
sented, albeit for a single tube, demonstrated that different
extent of cleaning can be considered by relating the effective-
ness of a cleaning method to the degree of coking. The
detailed simulation permits evaluating opposite effects of age-
ing/cleaning, such as the enhancement in heat transfer and
fouling rate, on long-term thermal and hydraulic performance.

The effectiveness of a chemical cleaning was shown to be
dependent on the time it is applied and on the layer conditions
at that time. It was shown that (for a tube) simulation of
condition-based chemical cleaning also permits mapping the
concentration profile over time and finding the maximum time
for which a chemical cleaning would be as effective as a more
expensive mechanical cleaning. It is postulated this analysis
could be extended to whole heat exchangers.

The work presented provides, to the authors’ knowledge,
the most comprehensive model to date to simulate fouling,
different cleaning methods, and whole fouling-cleaning
cycles within the same dynamic model. It is envisaged it
will be easily incorporated in full scale models of heat
exchangers and PHTs*?® and used to simulate industrially
sized equipment and time-scales, to estimate fouling, age-
ing, and cleaning parameters from experimental data, and in
optimization formulations. With a single model in place, we
are now in the position of addressing cleaning cycle optimi-
zation as a dynamic optimization problem. An accurate
evaluation of the dynamic behavior of the units undergoing
fouling and the effect of cleaning, such as that provided in
this work, is of paramount importance to correctly evaluate
the economic trade-off and assist in the decision of the type
and timing of cleaning. Such applications will be covered in
later publications. The approach presented is general, not
specific to crude oil fouling and can be easily adapted to dif-
ferent geometries and fouling mechanisms, thus it may be
applied to other fouling systems. Examples in other petro-
chemical processes include coke deposition in in transfer

. . 5
line exchangers and furnaces in steam crackers,***** wax
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deposition in pipelines, and so forth. Examples in other
industries include food (e.g., milk fouling*®) and water
transportation (formation of salt scales).

Systematic tuning and validation of the model presented
here would involve: (a) the design of controlled experiments
for the detailed study of the deposition and removal rates of
individual fouling species and species in combination; (b) a
study of the evolution over time of the fouling deposit under
relevant operating conditions (e.g., ageing or other transforma-
tions); (c) validation using experiments in which, for instance,
the type of foulant is varied at different stages of the experi-
ment or in which the layer is disrupted at some point (e.g., by
partial removal due to shear or use of a cleaning agent). Exper-
imental results thus obtained can be used to validate the mod-
el’s ability to track local history of the deposit due to
deposition, removal, or transformation by comparing the final
composition of the layer to the distribution predicted by the
model.

In the case of crude oil fouling, more experimental data are
required to establish reliable ageing kinetics, its impact on the
thermal and mechanical properties of the layer, and the ability
of different cleaning agents to remove organic deposits. The
new model itself can be used to guide the design of experi-
ments aimed at achieving a better understanding of the mecha-
nisms limiting deposition, as discussed in Ref. 47, where an
example of experiment to distinguish between suppression and
removal mechanisms is proposed. Good quality experimental
data can be obtained from controlled experiments using state-
of-the-art fouling rigs, such as those under development at
Imperial College London.*® Thermohydraulic measurements
and analytical characterization of deposit thus produced can
be used in conjunction with the analysis of deposits from refin-
ery heat exchangers to validate and, if necessary, improve
models for deposition, removal, and ageing.
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Notation

ageing pre-exponential factor, s~

API = API gravity
beiean = sum of cleaning binary variables for all cleaning methods
by = cleaning binary variable for method &
¢ = mass concentration, kg/m3
C, = specific heat capacity, J/kg/K
CFDM = centred finite discretization method
D = diffusion coefficient, mz/s
E, = ageing activation energy, J/mol
E = fouling deposition activation energy, J/mol
FFDM = forward finite discretization method
h = tube-side heat-transfer coefficient, W/mz/K
k, = ageing kinetic constant, s~ '
ker = chemical cleaning rate constant of method &
kv = mechanical cleaning rate constant

L = tube length, m
MeABP = mean average boiling point, °C
nerg = cleaning rate of method k, m*/m?%/s
ny; = fouling rate of component i, m>/m?/s
NC = number of components
NCI = number of cleaning methods
NR = number of reactions
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PHT = preheat train
Pr = Prandtl number
Q = heat duty, W
¢" = heat flux, W/m?>
Rpon = flow radius, m
RI = inner tube radius, m
RO = outer tube radius, m
Re = Reynolds number
Ry = fouling resistance, m> K/W
R, = ideal gas constant, J/mol/K
r = radial coordinate, m
7 = dimensionless radial coordinate
rate of reaction j, kg/ms/s
temperature, K
Ttiim = tube-side film temperature, K
= time, S
uniform wall temperature
volume fraction, m’/m?

Xck. coke = Maximum fraction of coked deposit removable by method Ck

= youth variable
z = axial coordinate, m

~
|

Greek letters

deposition constant, m> K/J

suppression constant, m* K/J/N
modified suppression constant, kg/m?/s/Pa

o=
o = modified deposition constant, kg/m?/s
y

AP = pressure drop, Pa

¢ = boundary condition smoothing parameter, m

¢0; = fouling layer thickness, m

0, = rate of change of fouling layer thickness, m/s

p = density, kg/m

/ = thermal conductivity, W/m/K

vjj = stoichiometric coefficient for component i in reaction j
v3gec = kinematic viscosity at 38°C, mm?/s

7,, = wall shear stress, N/m2

Subscripts

0 = clean conditions

a = ageing
Ck = chemical cleaning type k
Cl = cleaning

i = inner, component number
in = inlet

J = reaction number

1= fouling layer

M = mechanical cleaning

0 = outer

t = tube-side flow

w = tube wall
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Appendix A: Numerical Considerations

The model comprises a system of partial, differential, and
algebraic equations (PDAE). It is implemented and solved in
gPROMS.* The partial differentials on space domains are dis-
cretized, transforming the PDAE system into a DAE system and
integrated using the standard DASOLV solver. The axial and
the tube wall radial domains are discretized using a second-
order Centred Finite Discretization method (CFDM) with 10
points. For the solution of the layer domain in the radial direc-
tion, two main aspects were tested: (1) discretization method
and number of discretization points; (2) smoothing of the mass
balance boundary condition. Although the study of the solution
method is based on cleaning, it covers all possible scenarios to
be encountered in the application of the model: thickness
growth, reduction, fouling restart after reduction, change in
inside-layer concentration due to chemical reaction, and change
in the concentration at the boundary.

CFDM is generally recommended to handle differential equa-
tions with mixed convective and dispersive terms, such as Eq.
15. Forward or backward finite discretization methods (FFDM
and BFDM), on the other hand, are generally adequate when
handling purely convective equations, such as Eq. 16. However,
with the latter the choice of discretization method also depends
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on the formulation of the boundary condition. Two configura-
tions were tested: CFDM for both heat balance and mass bal-
ance; and CFDM for heat balance and FFDM for mass balance
(CFDM/FFDM). In the latter, two radial domains and number of
discretization points are defined.

1. Layer growth with constant concentration at the bound-
ary for coherence with 2 and 3.

Both CFDM and CFDM/FFDM successfully handled the simula-
tion of the growing layer. Grids with 500 or more discretization
points returned identical results to six significant digits in mass
fraction (both at top and bottom of the layer) after a year of simula-
tion. An exponential transformation of the grid, such as that used in
previous work,?, was also tested returning satisfactory results. The
value of the parameter ¢ in Eq. 24 was chosen so that the ageing
effect on the concentration at the boundary is negligible. For a
value of ¢ of 10~ ° m the mass fraction of gel at the boundary is
close to 1 (>0.999) as it should be. Values of ¢ greater than 10" %m
lead to the fraction of gel at the boundary being 0.9 + 0.95, which
is far from correct. Values below 10~ lead to numerical instability
and even failure. Therefore, a value ¢ = 107 is selected.

2. Layer thickness reduction (cleaning) following growth
(deposition)

CFDM successfully handled the switch from a positive to a
negative change in thickness. The same results to six significant
digits in mass fraction (both at top and bottom of the layer)
were obtained for uniform grids with over 500 points and for a
150-points grid with exponential transformation. CFDM/FFDM,
however, could not handle reduction. Therefore, CFDM is
selected for a reduction period.

3. Layer growth restart after reduction

The boundary condition in Eq. 24 results useful to smooth the
transition from final concentration on the layer boundary after a
reduction to the concentration of freshly laid deposit. The speed
of this transition depends on the value of £. Very small values
of £ may cause numerical problems, and very big values will
produce a smooth, easy-to-handle transition but may delay the
step return to the fresh concentration. To test FFDM method,
which fails to simulate removal, a complex strategy is required:
FFDM is used when 51 >0 and changed to CFDM when
81 < 0. As shown in Figure 13, the transition of concentration at
the boundary to the expected value (gel volume fraction = 1) is
very fast for ¢=10"° and becomes of the order of days for
greater values. Values of ¢ below 10 ¢ lead to numerical diffi-
culties with FFDM/CFDM method. Therefore, a value of 107
was chosen to maintain both accuracy and numerical stability.
Conversely, with CFDM the transition does not require a change
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Figure 13. Effect of £ on gel volume fraction at the sur-
face of the layer during period (ii) and begin-
ning of (iii) (restart).
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Figure 14. Gel fraction profiles against transformed
radial coordinate for various discretization
methods, at the tube midpoint, at time D
just after resumption of fouling (a) and at
time F, 180 days later (b).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

in discretization method, but requires a minimum value of ¢ of
5 X 10~° to avoid numerical issues.

As discussed in the main text, the step in concentration
appears at the layer boundary and gradually moves inside the
dimensionless domain. This is shown in Figure 14 for time D,
just after deposition restart, and 6 months later (time F).

With CFDM, the radial concentration profile shows a wavy
behavior. These waves become more pronounced as the number of
discretization points is reduced and the step front moves from the
boundary to inner locations, as a result of the growth of the layer.
This must be avoided as it may lead to instability and convergence
problems. Conversely, the FFDM/CFDM method permits a faster
and completely smooth transition in the concentration of the fresh
deposit just after restart. Based on these results, the best choice
seems to be FEDM/CFDM with & = 1075,

The number of discretization points becomes relevant as the
step in concentration moves through the dimensionless domain
as a result of the layer growth. As shown in Figure 14b, the
transition seems to become smoother in the inner layers. For
this period, an exponential transformation seems inadequate
because of the loss in definition of the step as it moves from the
boundary to inside of the layer. Consequently, grids with expo-
nential transformation should only be used when the concentra-
tion at the boundary is not expected to change. The choice of
the number of points will depend on the trade-off between accu-
racy and simulation time. In the examples presented in this arti-
cle, a uniform grid with 2000 points was used.
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Appendix B: Model Comparison

The model presented overcomes some of the assumptions and
limitations in previous models as discussed in the conclusions.
Two aspects relevant to the application example in this article
are discussed below by comparing the simulation results of the
ageing model in previous works>!® (referred to as Model I) and
the deposit model presented here (referred to as Model II):

a. Calculated ageing and heat flux during deposit build-up

Results are compared for three values of ) (y} =3.45 X 107°
kg/mz/s/Pa; y’z =24 %X 1078 kg/mz/s/Pa; yg =47 X 1078 kg/
m?/s/Pa) for which the growth of the deposit gradually moves
away from the linear growth behavior. Figure 15a shows the
deposit thickness at the tube midpoint over time for a year of
simulation. The inside box shows the difference in heat flux
(calculated with reference to the inner tube area) at the tube
midpoint between Models I and II (q’I' - q'III) relative to to the
total loss of heat flux predicted by model II due to fouling [i.e.,
the difference between heat flux under clean and fouled condi-
tions (qg - q’l'l)], after a year of operation. For y| (approximately
linear growth), the difference in heat flux between the two mod-
els is only 0.3% of the total loss of heat flux predicted by Model
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Figure 15. Comparison of Models | and Il for fouling
build up considering three values of y' over
a year of operation at the tube midpoint
(z=3.05): (a) deposit thickness and impact
on heat flux (in the inside); (b) concentration
radial profile after a year.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 16. Comparison of Models | and Il at the tube
midpoint (z=3.05) for fouling build up with
mechanical cleaning after 6 months: (a)
deposit thickness; (b) concentration radial
profile at times B’, C’, and E'.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

II. In this case, Model I slightly overpredicts the heat flux com-
pared to Model II (positive error). However, as the layer growth
diverges from linear behavior, the heat flux calculated by Model
I becomes gradually smaller than that predicted by Model II.
For 74 the difference between the heat flux predicted by the two
models is —9% (negative sign due to Model I underpredicting
heat flux) of the total heat flux lost due to fouling. This behavior
is consequence of the gel concentration (or youth in the case of
Model I) profile, shown in Figure 15b for the tube midpoint
after a year of simulation. The figure shows that the profile is
very similar for y]. However, as the value of this parameter

increases, Model I underpredicts the degree of coking (ageing)
of the deposit, which leads to the reduced heat flux. For y’3, the
maximum difference in the concentration profile is observed at
7;=10.8, where the degree of coking after 1 year calculated by
Model 1II is 65%, much higher than the 40% calculated by
Model I. The Model I underestimation of the degree of coking
leads to a heat flux loss underprediction of 2.5 kW/m? at the
tube midpoint (9% of the total loss of heat flux, as previously
commented) an underprediction in the heat duty for the entire
tube of 0.9 kW at time 1 year, and an underprediction in cumu-
lative terms of 5 MWh of heat transferred to the oil for the
entire tube after 1 year. Considering that an industrial heat
exchanger may have thousands of tubes, the impact is substan-
tial. Therefore, while Model I provides a good approximation of
the more rigorous Model II when the growth is approximately
linear, it gives a more conservative estimate of the ageing effect
when the growth significantly diverges from the linear behavior.
The results show the advantages of using a general formulation
relaying on mass balances to track the local history of the
deposit (such as the provided by Model II) for the correct esti-
mation of the effect of fouling and ageing on heat transfer.
Approximate models with underlying assumptions on the age of
the local elements of the layer (such as the proportional relation-
ship between age and deposit thickness assumed in Model I'%)
may lead to substantial deviations in the estimated degree of
coking and heat flux.

b. Simulation of partial removal of and subsequent rede-
position on an old layer

Simulations of fouling build up on a clean surface with a
mechanical cleaning action after 6 months of operations were per-
formed so as to compare the responses of Models I and II. The
deposit thickness at the tube midpoint is shown in Figure 16a. The
gel volumetric fraction (or youth for Model I) is shown in Figure
16b at three key times: just before cleaning (B'), end of cleaning
period (C'), and 5 days after the end of the cleaning period (E').

The results show how the mass balance model in Model 1II is
able to track the history of the deposit through the cleaning
action and following build-up of fouling: after removal, a small
fraction of aged deposit is left (C'); then fresh fouling deposit
starts building-up on top of the old deposit, leading to a step in
the concentration profile (E"). Conversely, Model T does not fol-
low the removal of the layer, and ageing continues after C’ from
the previous youth (gel concentration) radial profile. This dem-
onstrates the ability of Model II to represent both partial and
total cleaning, which Model I cannot do.

Manuscript received May 16, 2015, and revision received Aug. 17, 2015.

AIChE Journal January 2016 Vol. 62, No. 1

Published on behalf of the AIChE

DOI 10.1002/aic 107


http://wileyonlinelibrary.com

	l
	l
	l
	l
	l
	l

