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A kinetic model was recently proposed to describe the effect of aging on deposit ther-
mal conductivity and the thermal performance of a shell-and-tube heat exchanger
undergoing crude oil fouling. The model is adapted for implementation within a
dynamic, distributed system with spatial and temporal distributions, relaxing several of
the previous assumptions. The evolution of surface roughness is also considered, using
conjectural linear and asymptotic functions. Simulations are performed for a single
tube representative of a refinery exchanger. The results demonstrate the substantial
effects over time of aging and roughness on heat transfer and pressure drop. Roughness
effects yield apparently negative initial fouling resistances, as reported in some experi-
mental tests. The importance of accounting for roughness dynamics in short time scale
pilot plant scale tests and aging over longer time scales in industrial applications is
highlighted. VVC 2010 American Institute of Chemical Engineers AIChE J, 56: 3257–3273, 2010
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Introduction

Fouling of heat exchangers is an expensive and ongoing
problem in the process industries: it results in substantial
additional costs due to reduced thermal and hydraulic effi-
ciency, reduced throughput, periodic cleaning, increased
external utility requirements and additional CO2 emissions.
Its economic impact has been well documented.1–4 The for-
mation of fouling deposits can occur via different mecha-

nisms, as outlined by Epstein,5 some of which can occur in
parallel. Figure 1 shows some of the subprocesses identified
by Epstein: the phenomena involved often interact, regard-
less of the mechanism(s), so that it is often difficult to inter-
pret observations in simple terms.

The deposition of foulant material on heat-transfer surfa-
ces often results in a progressive increase in roughness and
narrowing of ducts/pipes, with associated effects on heat-
transfer coefficient and pressure drop. Deposits may undergo
structural changes over time (aging) that can affect the over-
all dynamic behavior of the system. The exposure of the
fouling layer to wall temperatures over extended periods can
trigger chemical transformations which alter the structure
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and properties of the deposit. As an example, Nelson’s early
model of crude oil fouling described initial deposition as
involving a gel which changes its structure over time to a
harder material similar to coke.6,7 This not only alters the
rheology of the deposit layer,8 but also its thermal conduc-
tivity, and, thus, the thermohydraulic behavior of the
exchanger. Within a fouling layer the material is subject to a
range of temperature histories so that aging is nonuniform in
space and highly time-dependent. Despite the importance of
these effects, relatively little attention has been paid in the
literature to these phenomena, particularly in the area of
chemical reaction fouling. A summary of previous work in
that area was given by Ishiyama et al.9 and also this article
follows on from that study.

Ishiyama et al.9 developed a kinetic model for aging in
chemical reaction fouling, extending the two-layer model
proposed by Crittenden and Kolaczkowski.10 The focus of
their work was on crude oil fouling, as found in a refinery
preheat train. In that article, we presented a parametric study
which showed the importance of considering aging when

interpreting fouling data from experiments, and modeling the
fouling behavior of industrial units. The model quantified
aging via its impact on deposit thermal conductivity, and the
article explored the influence of different temperature
dependencies and time scales between the deposition and
aging subprocesses. A summary of its key features is pre-
sented in Table 1.

That work provides a useful framework for assessing the
impact of aging on the performance of industrial heat
exchangers, and demonstrated the importance of considering
aging in laboratory tests, where accelerated conditions are
often employed to reduce test durations. However, the model
as presented is a point or aggregate (lumped) model, that is,
it does not consider the variation in conditions across a heat
exchanger. Furthermore, it uses a number of simplifying
assumptions such as the thin-slab assumption for the overall
resistance of the fouling layer, which is only valid when the
maximum thickness of the fouling layer is about 10% of a
typical inner tube diameter for the shell-and-tube devices
used in practice.11 In practice, it is not uncommon for foul-
ing to reduce the diameter available for flow in a tube by
more than this amount. Other limitations arose from the nu-
merical solution methodology used, which was essentially an
explicit, fixed-step integration of the differential equations.
The deposit of each new layer was assumed to occur at dis-
crete time intervals of fixed duration (one day in the article).
Also, a simplified form of the fouling model was used.

The aforementioned simplifications did not affect the gen-
eral form of the results, but do need to be considered in
detailed modeling. In this article, we extend the model of
Ishiyama et al.9 to a long tube as found in shell-and-tube
heat exchangers and relax some of its assumptions, as
detailed in Table 1. A more general fouling model is consid-
ered which includes variation in local conditions, time, and
nature of the deposit layer. The fouling layer is treated as a
moving boundary domain which varies in thickness over
time, depending on process conditions. The model is

Table 1. Assumptions in the Ishiyama et al.9 Model Relaxed in this Article

Assumption Limitation This paper Benefits

No suppression term
in fouling model

No suppression mechanism
considered

Suppression term introduced
in the fouling model

More realistic description captures
the interaction between fouling
layer and wall shear stress

Thin–slab assumption for thermal
resistance of deposit layer, Rf

Estimate of Rf inaccurate when
deposit thickness[10% do

Moving boundary problem
in cylindrical coordinates

Faster fouling rates can be
considered. No limitations on the
deposit thickness, including large
pipe occlusions

Fixed layer deposition time Layers start ageing at fixed time
intervals

Layer growth dependant on
fouling rate.

More realistic description in case of
linear deposition rate.

Lumped model No axial profiles of model
variables

Distributed over length
(all domains) and
radial coordinate

Axial and radial phenomena can be
tracked

Constant roughness Negative fouling resistance not
captured

Model proposed for
roughness dynamics

Explains ‘apparent’ negative fouling
resistance via initial heat transfer
enhancement

Full heat exchange model Point model or averaged across
full exchanger

Single tube May be used to model experimental
apparatus and within heat
exchangers of various
configurations

Explicit integration with fixed
time steps; sequential solution
of equations

Discrete time steps; cannot deal
with steep gradients

Fully implicit, simultaneous
solution of PDAEs;

Continuous solutions, numerical
stability, accuracy; can deal with
steep gradients; multiscale
phenomena

Figure 1. Schematic of subprocesses involved in foul-
ing on a heat transfer surface, as proposed
by Epstein.5

(a) Formation of fouling precursors, (b) transport to surface,
(c) attachment, (d) removal, and (e) aging. Once the fouling
layer is formed its thermal resistance Rf, and the convective
film heat-transfer coefficient, ht govern heat transfer. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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formulated in cylindrical coordinates which makes it possi-
ble to overcome the thin-slab approximation and account for
curvature effects in the heat flux. Through a variable change,
detailed in later sections, it was possible to apply the aging
model to a distributed system. All equations are solved
simultaneously using a state-of-the-art implicit integration
method, which automatically accounts for the distinct
dynamic responses of various system components.

Hewitt et al.12 reported that fouling can influence the
overall heat-transfer coefficient via three effects, namely:

1) A reduction due to the thermal resistance of the foul-
ing layer;

2) an increase due to the increased local velocity result-
ing from reduced flow area;

3) a change (usually an increase) in the roughness of the
heat-transfer surface.

The effect of fouling on surface roughness has received
relatively little attention in the literature. While the surface
roughness has little effect on the friction factor and heat-
transfer coefficient in laminar flow,13 it plays an important
role in turbulent regime typical of industrial applications.
The disruption of the viscous sublayer caused by a rough
surface generates an increase in the turbulence level com-
pared to that of smooth surfaces,14 which in turn produces
higher heat-transfer coefficients. A constant value of equiva-
lent sand roughness is typically used, calculated from short-
hand correlations. Enhancement of heat transfer due to
an initial increase in surface roughness generated in fouling
tests has been reported and analyzed for particulate
fouling by Crittenden and Alderman,15 and for crystallization
fouling by Albert et al.16 For chemical reaction fouling,
most of the reported cases have been qualitative. Bott17

noted in 1990 that, due to the complex interaction of varia-
bles, no systematic study on the effects of roughness on
fouling had been undertaken. However, some quantitative
results have been presented. Yeap et al.11noted that the appa-
rent negative fouling resistance reported in the initial period
(up to 40 h) of testing a crude oil by Knudsen et al.18 could
be attributed to surface roughness. Wilson and Watkinson19

reported both thermal and hydraulic roughness effects (from
analysis of pressure drop measurements) in studies of autoxi-
dation reaction fouling, while Asomaning et al.20 observed
these in testing crude oils. Quantitative modeling is in its
infancy: for example, in their analysis of crude oil heat
exchangers subject to fouling, Yeap et al.21 changed the sur-
face roughness of clean tubes to that reported for bitumen by
Kern22 to represent the foulant. An approach to model the
increase in roughness due to fouling on tube surfaces was
developed by Yiantsisio and Karabelas.23 They proposed a
population balance model based on a population of rough-
ness elements to describe deposition and removal in crystal-
lization fouling. However, their focus was on the removal
process and they did not discuss roughness in terms of
hydrodynamics, pressure drop and more importantly, impact
on heat transfer. To the authors’ knowledge, no dynamic
models exist for roughness effects in chemical reaction foul-
ing, which is related to the paucity of experimental data.

The dynamics of surface roughness are expected to apply
mainly to laboratory testing, where more precise measure-
ments of heat transfer are made, over short time scales.
Industrial applications feature larger time scales, so that

short-term variations in surface roughness are not noticed
and the approach adapted by Yeap et al.21 is expected to suf-
fice. Nonetheless, being able to capture this phenomenon is
essential for the correct interpretation of accelerated fouling
tests performed in pilot plant.

System definition

The model considers fouling on the tube-side of a shell-
and-tube heat exchanger, as shown in Figure 2. The dimen-
sions and operating conditions used is representative of those
employed in refinery applications. However, the model is
readily adapted to other geometries representative of labora-
tory or pilot plant scale experiments, such as the annular
flow configuration used in the HTRI heated rod testing sys-
tem. The physical system is divided into three domains, as
shown in the figure:

Xw: The tube wall domain, defined as the region between
the inner radius of the tube Ri, and its outer radius Ro.

Xl: The deposit layer domain, defined as that between the
crude oil/deposit layer interface (at the flow radius, r ¼
Rflow), and the inner radius of the tube Ri.

Xt: The tube-side flow domain, defined between the tube
center (r ¼ 0) and Rflow.

The model is defined in each domain along the length of
the tube (from z ¼ 0 to z ¼ L). In the deposit layer and tube
wall domains (Xl and Xw) it is also distributed along the
radial coordinate. This allows phenomena which vary in the
radial direction, such as the aging of deposit, to be modeled.

Figure 2. Definition of domains and reference system
in (a) dimensional, and (b) dimensionless
coordinate.
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The tube-side flow is treated as being locally well-mixed in
the radial direction (i.e., in plug flow), as the flow is turbulent
and the components in the model are not related to radial var-
iations in the flow domain. Heat-transfer coefficients, for
instance, are calculated using established correlations. It
should be noted that the location of the fluid/deposit interface
Rflow, is determined by the deposit thickness and changes
along z with time, depending on local fouling conditions.

The physical properties of the crude oil flowing in the
tube such as density, q, dynamic and kinematic viscosities, l
and m, thermal conductivity, k and heat capacity cp, are cal-
culated using API relationships24 as functions of temperature
and space.

Entrance and exit effects in the tube are neglected (i.e.,
the flow is considered thermally and hydraulically fully
developed at z ¼ 0). Gravity effects are assumed to be negli-
gible, and symmetry is assumed in the angular coordinate, h.

Results are presented for two important operating cases,
namely (a) uniform wall temperature (UWT), and (b) uni-
form heat flux (UHF) as reported by Ishiyama et al.9

Distributed model with moving boundaries
for a single tube

The derivation of the model equations from first principles
is reported elsewhere,25,26 and is not repeated here. In the
following sections, the main model equations in each domain
are summarized. Two different operating modes, resulting in
different boundary conditions, are considered: uniform heat
flux (UHF), and uniform wall temperature (UWT).

Equations for the wall and fouling layer domains are writ-
ten in cylindrical coordinates. No limitations are, therefore,
set on the maximum thickness of the fouling layer.

Tube wall

Heat transfer occurs via conduction in domain Xw. Assum-
ing constant tube geometry and material properties (wall
thermal conductivity kw, density qw, and heat capacity cp,w),
and neglecting phenomena in the axial direction

qwcp;w
kw

@Twðz; rÞ
@t

¼ 1

r

@Twðz; rÞ
@r

þ @2Twðz; rÞ
@r2

; �Ri;R0½ (1)

where Tw is the local temperature at time t and location (z, r).
The heat flux across the tube wall in the radial direction is
calculated as

qwðz; rÞ ¼ �kw
@Twðz; rÞ

@r
; �Ri;R0½ (2)

Deposit layer

The deposit layer, domain Xl, is also modeled as a con-
ductive domain neglecting variations in the axial direction

qlcp;l
@Tlðz; rÞ

@t
¼ 1

r

@

@r
k1ðz; rÞr @Tlðz; rÞ

@r

� �
; �Rflow;Ri½ (3)

Here, Tl is the local temperature, and kl the thermal
conductivity, both of which are functions spatial coordinates
r, z and of time. The density of the deposit layer ql and its heat

capacity Cp,l, are assumed uniform and constant. Equation 3
accounts for the variation of the thermal conductivity in the
radial direction. The radial heat flux at any point in the deposit
layer is calculated as

qlðz; rÞ ¼ �klðz; rÞ @Tlðz; rÞ
@r

; �Rflow;Ri½ (4)

Equations 3 and 4 are defined in the domain between Ri,
and the moving boundary coordinate Rflow

RflowðzÞ ¼ Ri � dðzÞ (5)

where the deposit thickness d, is calculated as shown later by
Eq. 25.

To solve the set of PDEs with a moving boundary, Eqs. 3
and 4 are reformulated in dimensionless form with respect to
the radial coordinate, using a coordinate transformation. The
following dimensionless radial coordinate is introduced

~r
r � Ri

Rflow � Ri
(6)

So that

at r ¼ Ri ~r ¼ 0 ðwallÞ
at r ¼ Rflow ~r ¼ 0 ðfresh depositÞ (7)

From the definition of the flow radius in Eq. 5, the new
radial coordinate can also be written as

~r ¼ Ri � r

dðzÞ (8)

Figure 2b shows a schematic of the deposit domain coor-
dinate transformation between Xl and the dimensionless do-
main ~Xl. In terms of the new radial coordinate, Eq. 3
becomes

dðzÞ2qlcp;l
@Tlðz; ~rÞ

@t
¼ @klðz; ~rÞ

@~r

@T

@~r
� klðz; ~rÞdðzÞ

Ri � ~rdðzÞ
@Tlðz; ~rÞ

@~r

þ klðz; ~rÞ @
2Tlðz; ~rÞ
@~r2

ð9Þ

Similarly, Eq. 4 becomes

qlðz; ~rÞ ¼ klðz; ~rÞ
@ðzÞ

@Tlðz; ~rÞ
@~r

(10)

Aging model

As noted earlier, exposure of the deposit layer to distinct
temperature histories over time causes its structure to change
(aging). Aging is principally expressed via a change in the
deposit thermal conductivity,9 between that of the freshly de-
posited material (the lower limit) k0l , and a maximum value
k1l . In the dimensionless domain we have

klðz; ~rÞ ¼ k1l þ ðk0l � k1l Þ � yðz; ~rÞ (11)

Typical thermal conductivity values27 are ¼ 0.2 Wm�1 K�1

(initial gel-like deposit, k similar to oil), and k1l ¼ 1 Wm�1 K�1
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(coked deposit). These values were employed in the simu-
lations presented here.

The ‘‘youth’’ variable y, introduced by Ishiyama et al.9 is
calculated assuming first-order exponential decay dynamics
defined by

dyðz; ~rÞ
dtage

¼ �Aaexp � Ea

RgTlðz; ~rÞ
� �

� yðz; ~rÞ (12)

where Ea and Aa are, respectively, the activation energy (i.e.,
the temperature dependency), and pre-exponential constant
characteristic of the aging process. It should be noted that
aging is very sensitive to the local deposit temperature Tl.

The aging time tage, in Eq. 12 refers to the lifetime of the
deposit, and, therefore, depends on when it was formed. For
an element formed at instant tA

tage ¼ t� tA 8t�tA (13)

Each element of deposit in a deposit layer will feature a
particular lifespan, between 0 and t, which needs to be
tracked through time to evaluate the change in y. This task
represents a form of population balance. Ishiyama et al.9

captured these dynamics by discretizing the layer into ele-
ments formed at regular time intervals and integrating Eq.
12 for each element, via a series of ODEs.

Here we present a continuous formulation that captures
the age of individual elements in the fouling layer, which is
exact for the particular case of constant deposition rate, i.e.,
the deposit thickness increases linearly with time. This corre-
sponds to the condition expected for fouling experiments
performed under conditions of constant heat flux (and no
change in surface roughness), and we show later that it rep-
resents a conservative estimate for the other commonly used
experimental mode, of uniform wall temperature.

Consider the case of deposit growing at constant rate, as
shown in Figure 3a. At time tI the deposit has grown to a
thickness dI, and the age of the fresh deposit is zero. The ra-
dial location of the element of fresh deposit is Rflow, and,
thus, r̃ ¼ 1. At time tII the deposit layer has grown to overall
thickness dII. The age of the deposit formed at time tI is now
tII � tI, which by similar triangles is given by

tage ¼ tII
dII � dI

dII

� �
� tII � ð1� ~rÞ (14)

A general relationship between temporal and spatial varia-
bles, which applies from the time of formation of the ele-
ment of deposit, can be written

tage ¼ tð1� ~rÞ (15)

Using Eq. 15, the L.H.S. of Eq. 12 may then be rewritten as

dyðz; ~rÞ
dtage

¼ dyðz; ~rÞ
dt

dt

dtage
¼ dyðz; ~rÞ

dt

d

dtage

tage
1� ~r

� �
(16)

Hence

dyðz; ~rÞ
dtage

¼ 1

1� ~r

dyðz; ~rÞ
dt

(17)

Therefore, Eq. 12 becomes

dyðz; ~rÞ
dt

¼ ð1� ~rÞ �Aaexp � Ea

RgTlðz; ~rÞ
� �

� yðz; ~rÞ
� �

(18)

Differential Eq. 18 is expressed in the same time coordi-
nate as the other differential equations and, can, therefore,
be integrated simultaneously with them.

When the deposition rate (here, referring to the change in
deposit thickness) is not constant, the aging transformation
(Eq. 15) is not exact. Consider the autoretardation (falling
rate) scenario in Figure 3b. The age of the deposit element
formed at instant tIII at time tIV is (tIV � tIII). The deposit
layer has grown to thickness dIV, which is smaller than that
given by linear growth, d*IV. The dimensionless co-ordinate
of the material formed at tIII is ~r ¼ dIII=dIV , which is greater
than that given by the linear deposition case (dIII/d*IV). The
age of this element given by Eq. 15 will be smaller than the
true value and Eq. 18 will, therefore, under predict the rate
of aging. The transformation, is, therefore, an approximation
for this scenario and provides a conservative estimate of the
effect of aging. This is considered to be allowable, particu-
larly when the underlying physics and associated parameters
are not well known.

Equations 11 and 18 together give the thermal conductiv-
ity at each point in the deposit layer undergoing aging, and
its use in Eq. 9 gives the temperature evolution in the layer
at any time.

Figure 3. Schematic showing aging time-deposit
thickness construction for (a) constant
deposition rate, and (b) deposition rate with
autoretardation.
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Tube-side flow

Deposition inside the tube reduces the cross-sectional area
for flow Aflow, over time and space which depend on the
local conditions, affecting both heat transfer and pressure
drop along the tube. The variation of the cross-sectional area
in domain Xt is included in the enthalpy balance for an ele-
ment in plug flow

@

@t
ðqcpTAflowÞ ¼ � @

@z
ðqcpTuAflowÞ þ @

@z
kAflow

@T

@z

� �

þ 2pRflowhtðTtðz;RflowÞ � TÞ ð19Þ
where T(z) is the fluid temperature, and u(z) its mean velocity,
which depends on Aflow The local film heat-transfer coefficient
ht(z), is calculated through Eq. 22. The fluid physical
properties density, q(z), specific heat capacity cp(z), and
thermal conductivity k(z), are functions of API gravity, mean
average boiling point and temperature.

The hydraulic effects of fouling are important, both in
terms of the pressure drop across the exchanger and the role
of surface shear stress on the rate of fouling (section). The
pressure drop along the tube is calculated using

dPðzÞ
dz

¼ Cf
qðzÞuðzÞ2
rflowðzÞ (20)

The Fanning friction factor Cf, for tubes of roughness e, is
calculated in the turbulent regime via28

Cf ðzÞ ¼
�
� 1:737 ln

�
0:269

eðzÞ
2RflowðzÞ

� 2:185

ReðzÞ ln
�
0:269

eðzÞ
2RflowðzÞ þ

14:5

ReðzÞ
����2

ð21Þ

The role and importance of the surface roughness are dis-
cussed in the section entitled

Both Rflow and the surface roughness (via Cf) affect the
local tube-side heat-transfer coefficient ht. This is accounted
for in the correlation29

htðzÞ ¼ kðzÞ
2RflowðzÞ

� � cf ðzÞ
2

� �
ðReðzÞ � 1000ÞPrðzÞ

1þ 12:7

ffiffiffiffiffiffiffi
cf ðzÞ
2

q
ðPrðzÞ0:67 � 1Þ

(22)

where Re and Pr are the local Reynolds and Prandtl numbers,
respectively, evaluated at the bulk temperature. For a given
mass flow rate, Eq. 22 shows that ht is enhanced by a
progressive reduction in cross-sectional area, showing that
fouling can have a positive effect on heat transfer albeit at the
expense increased pressure drop.

An average convective heat-transfer coefficient is defined
as

�ht ¼ 1

L

ZL

0

htðzÞdz (23)

which will be used in the next section to calculate an overall
heat-transfer coefficient.

Fouling model

Chemical reaction fouling, particularly in the area of crude
oil fouling as considered here, is complex. There are pres-
ently no theoretical models that can reliably describe the
inception, growth (and where applicable, removal) of chemi-
cal reaction fouling layers from first principles. Several
semiempirical models have been proposed to calculate the
fouling resistance as a function of process conditions and
time. We employ here one of the so-called ‘‘threshold foul-
ing’’ models (a term coined by Ebert and Panchal30) to
describe the local fouling rate, where the thermal impact of
fouling is modeled as a competition between a strongly tem-
perature-dependent ‘‘deposition’’ term, and a ‘‘suppression’’
term related to surface shear stress. Panchal et al.31 proposed
the following correlation for the thermal fouling rate, where
Rf is the thermal resistance to heat transfer of the fouling
layer

dRf ðzÞ
dt

¼ aReðzÞ�0:66PrðzÞ�0:33
exp

�Ef

RgTf ðzÞ
� �

� csðzÞ (24)

Here Tf is the film temperature and s the shear stress on the
deposit-interface. It should be noted that this approach differs
from the Kern-Seaton32 model that yields asymptotic fouling
behavior in that the suppression term only affects the increase
in Rf : there is no ‘‘removal’’ mechanism acting. Here a, c, and
the fouling activation energy Ef, are adjustable parameters that
vary between different crudes.

This model is typically used to give an aggregate fouling
resistance over a whole heat exchanger, with parameters
adjusted to fit overall thermal balances based on measured
temperatures and flows. In this work, the aforementioned
fouling model is used to calculate the rate of deposition, at
each point along the axial direction, based on local condi-
tions. The increase in fouling layer thickness can be calcu-
lated knowing the thermal conductivity of a newly deposited
layer, which is taken to be k0l , being that of an oily gel as
discussed in the section entitled Introduction

ddðzÞ
dt

¼ k0t
dRf ðzÞ
dt

(25)

Integration of Eq. 25, together with the other model equa-
tions, allows calculation of the deposit thickness and flow ra-
dius Rflow, at each point along the axis.

The standard method to represent the thermal effect of
fouling is by means of an overall ‘‘fouling resistance’’. We
may use the detailed, distributed information on thermal con-
ductivity at each point in the fouling layer to compute what
we may define an average fouling resistance, viz

�Rf ¼ 1

L

ZL

o

Z1

o

dðzÞ
klðz; ~rÞ d~r

0
@

1
Adz (26)

Although the distributed information is useful for identify-
ing and analyzing performance at different allocations in the
tube, the average fouling resistance defined in Eq. 26 can be
used to assess the overall thermal performance of a tube
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undergoing fouling. The overall heat-transfer coefficient U,
is defined as

1

UA0

¼ 1

Ai

1
�ht
þ

�Rf

Ai
þ 1

Am

dw
kw

(27)

where dw is the wall thickness Ao is the outer surface area of
the tube Ai the inner one and Am is the logarithmic mean area.
The average fouling resistance defined in Eq. 26 can be
compared against other aggregate ways of calculating it. In
current practice, Rf is estimated from heat balances on the
exchanger

1

U
¼ 1

Uclean
þ �Rf

¼ F� A� DTlm
Q

(28)

where A is the area for heat transfer, Q the heat duty, DTlm the
log-mean temperature difference, and F the correction factor.

Surface roughness dynamics

To account for the effect of the increase in roughness
given by fouling deposition on heat transfer, two functional
forms for the roughness e in Eq. 21 are proposed.

Surface roughness is often expressed in terms of an equiv-
alent sand roughness33 e: typical values for clean, tubes
range34 from 1.5 lm (for drawn steel tubes) to 46 lm,
whereas that of bitumen layers has been reported22 as 120
lm. Although chemical reaction fouling is often accompa-
nied by observable changes in surface roughness (see the
references in the Introduction, and Yang et al.35), there are
currently no established models to calculate surface rough-
ness of chemical reaction fouling deposits from first princi-
ples and indeed there are few data available. Here, surface
roughness dynamics is modeled as increasing from a mini-
mum value (that of a clean tube) e0, as deposition increases
until a maximum value, e1 is reached. Values used for sim-
ulations are reported in Table 2.

In the absence of experimental data, two hypothetical
models are considered to illustrate the effect. The first is a
simple linear ramp related to the thickness of the fouling
layer

e ¼ e0 þminðkpd; e1Þ (29)

where kp is a rate constant. When the maximum value e1, is
reached, the roughness does not change anymore. This
introduces a mathematical discontinuity which is unlikely to
occur in reality (see results in the Impact of surface roughness
dynamics section, and Figure 5a). It is acknowledged that this
is a simple model, which suggests that deposition occurs via
the buildup a uniform layer, the surface of which increases in
roughness. The change in deposit thickness d, is calculated
from the thermal fouling model (Eq. 22), which does not,
however, include roughness effects. Therefore, there is
considerable scope for development of these dynamic models.

A second model treats the surface roughness as evolving
asymptotically over time to its final value (with kt the time it
takes to achieve half of the final roughness)

e ¼ e0 þ ðe1 � e0Þ t

tþ kt
(30)

However, if deposition does not occur, the roughness
should not change. For this reason, a different model,
although exhibiting the same asymptotic behavior of Eq. 30,
is proposed to relate the roughness to the thickness of the
fouling layer

eðzÞ ¼ e0 þ ðe1 � e0Þ dðzÞ
dðzÞ þ kae1

(31)

Equation 31 states that the roughness of the interface
between oil and deposit layer evolves asymptotically from
the clean tube value e0, to a final value e1, characteristic of
the deposit type, with the rate of change depending on the
foulant thickness and a dimensionless (adjustable) constant
ka. A suitable choice of ka allows defining faster or slower
evolution of the roughness to its final value.

These conceptual models are used here in the absence of
reliable, dynamic data and a mechanistic model. The results
do, nevertheless, highlight the importance of including a
suitable roughness model.

Initial and boundary conditions

At all points z along the axis, at time t ¼ 0:
1) The tube is clean (i.e., no fouling layer)

Rf ðzÞ ¼ 0; 8z (32)

2) The thickness of fouling layer, d, is initialized to a
small positive value (10�7 m, with associated surface rough-
ness e0) for numerical reasons

dðzÞ ¼ 10�7; 8z (33)

3) The temperature profiles at time 0 are assumed to be
in steady in all domains

Table 2. Summary of Main Geometric, Physical Property
and Operational Model Parameters

Parameter Symbol Units Value

Tube length L m 6.1
Outer tube diameter do mm 25.4
Inner tube diameter di mm 22.9
Minimum roughness e0 lm 10
Maximum roughness e1 lm 150
Inlet temperature Tin

�C 250
Mass flowrate _m kg s�1 0.3
Inlet pressure Pin bar 30
Uniform wall temperature T0

�C 270
Crude gravity �API �API 37
Crude density at 250�C q kg m�3 680
Crude mean average

boiling point
MeABP �C 350

Crude specific heat at 250�C Cp J kg�1�C�1 2916
Crude Kinematic viscosity

at 100�F (37.78�C)
m0 Cs 4

m2s�1 4 � 10�6

Universal gas constant Rg J K�1mol�1 8.314
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dTwðz; rÞ
dt

¼ dTlðz; rÞ
dt

¼ dTðzÞ
dt

¼ 0; 8ðz; rÞ (34)

4) The aging model given by Eq. 18 introduces a differ-
ential equation which needs an initial value of the youth
variable

yðz; rÞ ¼ 1; 8ðz; rÞ (35)

Two typical operating conditions are considered: uniform
heat flux (UHF), and uniform wall temperature (UWT). In
both cases shell-side effects are ignored, and represented by
the boundary conditions on the outside of the tube wall (at
r ¼ Ro).The UHF case corresponds to the tube being heated
through the wall (for example, by an electric cartridge
heater), with a fixed value of the heat flux at the outer tube
surface, qo. The boundary condition, is, therefore

qwðz;RoÞ ¼ qo (36)

In the UWT case the temperature of the tube outer surface
is fixed at To for all times and axial values

Twðz;RoÞ ¼ To (37)

In both the aforementioned cases, the following boundary
conditions apply at the interface with the other domains. At
the interface between Xw and the fouling layer Xl, there is
continuity in the heat flux and the temperature at all times

qwðz;RiÞ ¼ qlðz;RiÞ (38)

Twðz;RiÞ ¼ Tlðz;RiÞ (39)

Or, for dimensionless domain ~Xl

qwðz;RiÞ ¼ qlðz; 0Þ (40)

Twðz;RiÞ ¼ Tlðz; 1Þ (41)

At the moving boundary between the fouling layer Xl, and
the tube-side domain Xt there is continuity in the heat flux

qlðz;RflowÞ ¼ �htðTlðz;RflowÞ � TðzÞÞ (42)

Or, for dimensionless domain ~Xl

q1ðz; 1Þ ¼ �htðTlðz; 1Þ � TðzÞÞ (43)

At the tube inlet (all t, r) the oil temperature Tin(t), and
pressure Pin (t) are supplied functions of time

Tð0Þ ¼ Tin

Pð0Þ ¼ Pin

(44)

Solution method

The model outlined in the previous section consists in a set
of partial differential and algebraic equations. All equations
were modeled and solved using the gPROMS

TM

modeling
environment.36 The partial differential equations are solved

using a second-order centered finite difference method with
all domains discretized in 10 points in the axial direction.

While solution for no aging and slow aging conditions
does not present substantial challenges for the numerical
solver, calculations for the constant heat flux cases at fast
aging conditions proved to be more critical. The reason is
that fast aging produces steep profiles of the thermal conduc-
tivity in the radial direction (as reported in the results sec-
tion) in regions close to the interface between domains Xl

and Xt. To ensure accuracy of the solution a mesh independ-
ency test was performed for the most challenging conditions
(combination of fast aging and fast fouling rates). Figure 4a
reports the results of this test, showing that satisfactory
accuracy is achieved with 3001 or more discretization points.
Figure 4b shows the absence of numerical problems when
integrating under slow aging conditions. 3001 points, were,
therefore, used in the radial direction for the Xl domain,
whereas 10 points were considered sufficient for the Ow

domain.

Figure 4. Mesh independency test.

Radial heat flux after a year in case of (a) fast and (b) inter-
mediate ageing. The legend indicates the number of discreti-
sation points used in simulations. The fact that curves over-
lap confirms that no additional accuracy is obtained with
more points.
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Application

The geometric and physical property parameters for a
base case representing a tube in an oil refinery exchanger
are reported in Table 2. The fouling rate parameters in Ta-
ble 3 were selected as being representative of typical refinery
heat exchangers.11 The aging model activation energy Ea,
was fixed at a realistic, but nevertheless assumed, value of
50 kJ mol�1. It should be noted that both the form of the
fouling model (Equation 24), and the values used for the
aging model parameters differ from those employed by
Ishiyama et al.9 The fouling and aging models are, in fact,
independent and the latter can be applied to different fouling
mechanisms as long as the evolution in thermal conductivity
can be satisfactorily described by first-order kinetics. In this
article, fouling rates are larger than those studied by Ish-
iyama et al.9 resulting in larger thicknesses of fouling layers
in the cases studied.

The fluid properties used (Table 2) are representative of
typical crude oils. The inlet oil temperature and pressure
were kept constant at the values indicated in Table 2.

In the following sections, the aforementioned model is
used to study the effect of roughness dynamics (Impact of
surface roughness dynamics section), and the impact of
deposit aging (Impact of aging section) on heat transfer. Dif-
ferent time scales of investigation are considered in the two
cases to reflect experimental evidence. Increase in roughness
due to fouling affects the overall heat-transfer coefficient
within hours,18 whereas aging is expected to manifest its
effects over days or months of operation.9

Impact of surface roughness dynamics

The effect of surface roughness on the initial stages of
fouling was explored in the absence of deposit aging (by set-
ting Aa to 0 s�1) to decouple the two effects. The timeframe
used is 80 h of operation, starting from an initially clean
tube surface. Roughness is expected to give rise to measure-
ments of negative fouling resistance, as reported experimen-
tally by Knudsen et al.18 in the first 50 h of operation. Over
this relatively short time scale the operating mode does not
have a great influence on deposition, and so only the UWT
case was investigated, with Eq. 37 as the boundary condition
at the tube outer wall. The linear and asymptotic models
proposed to capture the roughness dynamics are investigated
with particular reference to the impact of deposit roughness

on overall heat-transfer coefficient, and, thereby, fouling re-
sistance.

The parameter kp in the linear model (Eq. 29) was arbitra-
rily fixed to 4, so that the time scale in which a negative
fouling resistance is predicted by the model is within that
experimentally observed by Knudsen et al.18 Simulations for
other values of this parameter can be easily performed, as
required. Figure 5 shows the variation of roughness over
time in a section in the middle of the tube (i.e., z ¼ L/2 ¼
3 m) for the linear model. At the deposition rate achieved in
this case (to which the roughness is related) the final rough-
ness value of 150 lm is reached after ca. 70 h of operation.
Figure 5b shows the evolution of roughness at the same
location given by the asymptotic model (Eq. 31) for different
values of the constant ka, compared to the no fouling case.
Depending on the value set for the ka parameter, the time at
which the asymptotic value of roughness is reached changes.

Table 3. Summary of Fouling, Aging Model Parameters

Parameter Symbol Units Value

Fouling activation
energy

Ef kJ mol�1 28

Fouling deposition
constant

a m2K kW�1 h�1 4100

Fouling suppression
constant

c m2K kW�1

h�1Pa�1
2.63 � 10�5

Slow ageing
pre–exponential factor

As s�1 10�4

Intermediate ageing
pre–exponential factor

Ai s�1 10�3

Fast ageing
pre–exponential factor

Af s�1 10�2

Ageing activation energy Ea kJ mol�1 50

Figure 5. Evolution of roughness at the tube midpoint
(z 5 L/2) as a function of time for (a) linear
(Eq. 29), and (b) asymptotic (Eq. 31) models
with different values of the constant ka com-
pared to the no-fouling case.

When no fouling occurs, the roughness value remains at
that of the clean tube e0, i.e., 10 lm.
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For ka ¼ 1,000, 15 h are sufficient to reach the 150 lm con-
sidered as maximum roughness, whereas for smaller values
of the same parameter (ka ¼ 50 and ka ¼ 100), more than
80 h are needed. Due to the short time horizon, there is no
significant difference in thickness along the length of the
tube (only 1 lm after a year of operation). However, it
becomes much larger inside the tubes for longer periods (see
later Figure 12).

Figure 6a shows how the increase of surface roughness
affects the tube-side convective heat-transfer coefficient ht.
For comparison, the plot also shows the results for cases
with constant roughness (at e0 and e1), and with no fouling.
In the no-fouling case, there are no variations in cross-sec-
tional area or roughness to affect the heat-transfer coeffi-
cient, which, therefore, remains constant at the clean tube
value, over the whole time horizon. With deposition and
constant roughness, the reduction in cross-sectional area in
both cases considered increases the oil velocity, giving a
small rise to ht (barely noticeable in Figure 6a by compari-

son with the no-fouling case). A linear variation in rough-
ness, on the other hand, produces a large increase in the film
convective heat-transfer coefficient, from a clean tube value
of 1,800 W m�2 K�1 to about 2,400 W m�2 K�1 after 70 h,
when the final deposit roughness of 150 lm is reached.
When the asymptotic roughness model is used (Figure 6b),
the increase in convective heat transfer is more rapid,
depending on the value for the parameter ka used. With both
models, the value of ht obtained after a few hours with a
rough deposit is substantially (i.e., 1/3) higher than in a
clean tube.

The increase in convective heat-transfer coefficient is evi-
dent in the plot of the overall thermal resistance (Figure 7),
calculated as the inverse of the overall heat-transfer coeffi-
cient in Eq. 27. In case of constant fouling roughness (Figure
7a), set at a minimum value of e ¼ 10 lm, a linear increase
in the overall thermal resistance, from the no-fouling value
(horizontal dashed-dotted line) is seen. The same linear
behavior is exhibited by the system for a constant e ¼ 150
lm; however, the clean surface heat-transfer resistance (at
time zero) is smaller (0.0010 m2 W�1 K�1), owing to the

Figure 6. Effect of roughness evolution on the tube
film heat-transfer coefficient (a) linear, and (b)
asymptotic models with different values of
the parameter ka.

Figure 6a also shows the effect of deposit layer growth
without any change in roughness (solid line, e ¼ 10 lm).

Figure 7. Overall heat-transfer resistance for (a) linear,
and (b) asymptotic roughness models with
different values of the constant ka compared
to the no-fouling case.

Plot (a) also shows the result obtained for deposit growth
with no change in roughness.
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larger contribution to the convective heat transfer from a
rougher surface. The linear roughness model (continuous
line in Figure 7a) produces an initial decline in the overall

thermal resistance below that of no-fouling conditions over
the first 17 h of operation. At this time, the heat-transfer
enhancement given by the increase in roughness balances
the decrease in heat transfer given by fouling deposition,
i.e., the sum of the two following contributions is zero

d

dt

1
�ht

� �
þ d �Rf

dt
¼ 0 (45)

At this time, the thickness of the fouling layer is 8.9 lm.
Thereafter, the increase in the deposit layer resistance
becomes larger, but the overall resistance is still smaller than
the no-fouling value, which is reached after 40 h, when the
thickness of the fouling layer is 20.6 lm. Figure 7b shows the
results obtained with the asymptotic roughness model. A
strong decline in heat-transfer resistance is observed over the
first 10 h of operation for small values of parameter ka,
whereas it is limited to the first 5 h for larger values (ka ¼
500). In the case of ka ¼ 1,000, the two contributions in Eq.
45 counterbalance after 2.5 h, when the thickness of the foul-
ing layer is only 1.4 lm. In all cases, the overall heat-transfer
resistance is below the no-fouling value for up to 52–55 h.

Impact of aging

Here we wish to investigate the impact of aging on foul-
ing, and, hence, thermal and hydraulic performance of the
exchanger tubes. Unlike deposit roughness, these effects

Figure 8. Graphical representation of fouling layer
thickness after 10, 150 and 360 days for the
case of UHF and fast aging.

After a year of operation, the cross-sectional area available
for the fluid flow is reduced by ca. 50%.

Figure 9. Radial temperature profiles for uniform heat flux operation for a section at the tube midpoint in the case
of (a) no-aging, (b) slow, (c) intermediate, and (d) fast aging.

The vertical dotted line indicates the location of the tube wall Ri.
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typically impact medium and long-term operation (timescales
of weeks to months). We also wish to demonstrate the bene-
fits of a distributed model.

It should be noted that, presently, due to a lack of detailed
experimental data, the values of the parameters for the aging
kinetic model cannot be estimated. A parametric study show-
ing the relative importance of the pre-exponential factor Aa,
and the activation energy Ea, in Eq. 18 was proposed in
Ishiyama et al.9 based on realistic estimates of the aging pa-
rameters. In this work, the activation energy of the aging
reaction Ea, was set at 50 kJ/mol. The aging speed is gov-
erned by the values of the pre-exponential factor Aa, and
three cases were considered corresponding to ‘‘fast aging’’
(Af ¼ 10�2 s�1), ‘‘intermediate aging’’ (Ai ¼ 10�3 s�1) and
‘‘slow aging’’ (As ¼ 10�4 s�1). Values for this parameter
were set arbitrarily, based on previous simulations.9

The results in the following sections are reported for the
two operating modes discussed earlier:

1) Uniform heat flux (UHF). For comparison, the value of
the heat flux in this case was selected to give the same initial
wall outer temperature as in the following UWT mode;

2) uniform wall temperature (UWT), with an outer wall
temperature of 270�C.

In both cases, the mass flow rate was fixed at 0.3 kg s�1.
The reduction in cross-sectional area caused by fouling is
accompanied by an increase in pressure drop which must be
compensated for by increasing pumping power. An alterna-
tive scenario, of constant pressure drop (i.e., mass flow rate

decreasing over time), was explored by Ishiyama et al.9 and
is not repeated here. The inlet oil temperature was constant,
at 250�C, in both cases.

Uniform heat flux (UHF) operation

In this case, the deposition rate is almost constant, and the
time transform in Eq. 15 holds good.

The effects of aging can be appraised by considering the
temperature and thermal conductivity profiles within the de-
posit at different times. Figure 8 depicts, graphically, the
thickness of the fouling layer in the case of fast aging at
three different times, namely after 30, 150 and 360 days of
operation. The flow radius Rflow defined in Eq. 5 at each
instant is termed as R30d, R150d, R365d, respectively. The size-
able reduction in duct flow diameter (30%, ca. 50% in cross-
sectional area) after one year is evident.

Radial temperature profiles across the tube wall and the
fouling layer located at the middle of the tube (i.e., z ¼ L/2
¼ 3 m), at the aforementioned times, are reported in Fig-
ure 9, for the four cases of (a) no aging, (b) slow, (c) inter-
mediate, and (d) fast aging. For consistency in the compari-
son with the next operating mode, the value for the heat flux
fixed at the boundary is the same as the initial value at mid-
point section of the tube in the UWT case. It is clear that to
sustain the required rate of heat transfer the temperature at
the wall has to increase. With no aging (Figure 9a), and
slow aging (Figure 9b), the high-thermal resistance given by

Figure 10. Deposit thermal conductivity distribution for uniform heat flux operation for a section at the tube mid-
point in the case of (a) no-aging, (b) slow aging, (c) intermediate, and (d) fast aging.

3268 DOI 10.1002/aic Published on behalf of the AIChE December 2010 Vol. 56, No. 12 AIChE Journal



a low-conductivity layer results in a large increase in this
wall temperature (above 500�C after six months). Unrealistic
values would clearly be reached over this and longer time
scales. With intermediate and fast aging (Figure 9c and d),
for these operating parameters, the wall temperature remains
below 450�C owing to the higher thermal conductivity of
the aged deposit, which in turn reduces the impact of fouling
on the overall heat-transfer coefficient. Similar profiles were
observed at other locations along the tube.

The consequence of UHF operation is that the surface
temperature increases as fouling progresses, whereas with
UWT operation the temperatures decrease. As a result, UHF
operation causes a large change in thermal conductivity,
even at the low-aging speed (Figure 10b). The asymptotic
value of k1l is not reached after one year, but over half of
the layer has doubled its thermal conductivity by this time.
The limiting value k1l , is reached both with intermediate
and fast aging speeds (Figure 10b and c). In particular, the
combination of high-temperature and fast aging results in
zones of steep change in thermal conductivity in the foulant
layer close to the interface with the crude flow. In the limit-
ing case, aging would occur instantaneously.

In order to relate these results to current practice, it is use-
ful to aggregate the distributed values into the customary
measure of fouling, the overall fouling resistance. The effect
of aging on the average fouling resistance, (calculated via
Eq. 26) is presented in Figure 11. The higher the aging rate,
the lower the fouling resistance, as expected. The important
result, that this thermal measure of fouling does not give an
accurate representation of the deposit layer thickness (and
associated pressure drops), is evident.

The small deviation from linearity of the fouling profile
for the no-aging case shown in Figure 11 is due to the sig-
nificant change in cross-sectional area available for flow
caused by the high-deposition rate (i.e., the parameters used
in the fouling model). Curvature affects the estimation of
thermal resistance, but the main factor is the change in the
suppression contribution to the deposition rate (Eq. 24) caus-
ing the deposition rate to change from its initial value.

Uniform wall-temperature (UWT) operation

In this case, the deposition rate is expected to change
owing to the change in deposit/liquid interface temperature.
However, as noted in previous sections, when the deposition
rate is not linear, Eq. 15 represents a conservative estimate
of the age of each element. The error introduced can be esti-
mated by comparing, through simulations, the actual thick-
ness with that obtained if the deposition rate throughout the
operation was constant, at the initial values. As the fouling
rate is temperature-dependent, the assumption of linearity is
least accurate for the case of constant wall temperature with
slow aging, where the surface temperature will change
noticeably with time. In this particular case, the difference in
thickness between the linear and the nonlinear deposit-time
profiles was not considered to be significant (less that 1%
difference) over the first 80 days of operation, whereas the
deviation reaches �19% after a year of operation. We
acknowledge this limitation in the aging time transformation:
this is the subject of ongoing work.

Figure 12. Fouling layer thickness along the tube, uni-
form wall temperature mode: (a) after a year
of operation, for different aging speeds, and
plot (b) shows the fouling layer thickness at
the tube entry and exit over the last 60 days
of operation for the fast aging case.

Figure 11. Uniform heat flux operation: aggregate foul-
ing resistance over time for different aging
speed as calculated via Eq. 26.
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Figure 13. Radial temperature profiles obtained for uniform wall temperature operation across a section at the
tube midpoint in the case of (a) no-aging, (b) slow, (c) intermediate, and (d) fast aging.

The vertical solid line indicates the location of the tube wall Ri.

Figure 14. Evolution of deposit thermal conductivity for uniform wall temperature operation for a section at the
tube midpoint in the case of (a) no-aging, (b) slow, (c) intermediate, and (d) fast aging.
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The distributed model is able to incorporate the effects of
changing temperature conditions across the tube. Figure 12
shows how the aging speed affects the fouling layer thickness
along the length of the tube after one year of operation. The
faster the aging, the larger is the portion of the fouling layer
which, at a given time, has changed to a higher thermal con-
ductivity form. This results in higher-temperatures within and
across the deposit, which in turn promotes deposition and
yields larger layer thicknesses. At the exit of the tube, there is
a 40 lm difference between the no-aging and fast aging cases.

Figure 12b shows the deposit thickness at the entry and
exit sections of the tube over the last 60 days of simulated
operation for the fast aging case (i.e., the worst case). The
deposit thickness is greater at the exit, owing to the higher
fluid-deposit interface temperature at this location. The dif-
ference is not large, mainly because the change in tempera-
tures across the tube considered here is quite modest: much
larger temperature changes can occur in operating units and
the model can handle these readily.

Figure 13 shows radial temperature profiles in the tube
wall and the fouling layer at the midpoint of the tube (i.e., z
¼ L/2 ¼ 3 m), after 30, 150 and 360 days of operation in
UWT mode for the four cases of (a) no aging, (b) slow, (c)
intermediate, and (d) fast aging. After a year of operation, in
all cases considered, there is a significant drop in tempera-
ture at the interface between the fouling layer and the flow-
ing liquid. In the case of no-aging (Figure 13a), and slow
aging (Figure 13b), the temperature profile shows a similar,
linear trend. However, with intermediate and fast aging (Fig-
ure 13c and d), the temperature profiles are no longer linear
as a result of the changing thermal conductivity in the radial
direction (see Figure 14). Most of the heat-transfer resistance
is developed across the younger, lower conductivity deposit
layers located near the deposit/fluid interface. The layer-liq-
uid interface temperatures at any one time in the four cases
(a) to (d) are increasingly different, although this may not be
so apparent from Figure 13 even after 360 days, due to the
scales used in the graph. This is more clearly reflected in the
tube exit temperature profiles, shown later in Figure 16.

In the no-aging case the thermal conductivity is, by defini-
tion, constant, at the initial value k0l , throughout the time ho-

rizon (Figure 14a). Aging causes an increase in thermal con-
ductivity at coordinates close to the tube metal wall as a
consequence of the combined effect of age (residence time)
and high-temperature. In the case of slow aging (Figure
14b), this increase is modest (ca. 20%) compared to that in
case of intermediate aging in Figure 14c (ca. 150%). Both
cases show a linear variation of kl along the radial coordi-
nate and the final value of thermal conductivity typical of
coke deposits,, is not reached over this time scale. With fast
aging (Figure 14d, the profile is no longer linear, and after
six months of operation a five-fold increase in kl (from k0l to
k1l ) is reached in regions close to the tube wall. With time,
other sections along the radial coordinate increase their ther-
mal conductivity, approaching the asymptotic value k1l . Af-
ter a year of operation, ca. 8% of the deposit layer has a
thermal conductivity above 0.99 W m�1 K�1, indicating an
almost complete change to ‘‘coke’’ in that section.

For comparison with the previous UHF case, Figure 15
reports the average fouling resistance Rf (calculated via Eq.
26). The trend shown with the changing speed of aging is
the same as the UHF case (Figure 11); however, a larger
deviation with respect to the no-aging case is seen in the lat-
ter case which further highlights the importance of consider-
ing aging in accelerated fouling tests.

At a macroscopic level, a beneficial effect of aging can be
observed on the oil temperature at the tube outlet (Figure 16).
The increase in thermal conductivity given by fast aging (as
reflected by the fouling resistance in Figure 15) produces a
slower decline in outlet temperature compared to the case
with slower or no aging. This difference in outlet temperature
results in a significant difference between the fouling Biot
number Bif ( ¼ Rfht), in the different cases considered. After a
year of operation, in fact, Bif for the no aging case is ca. 86,
whereas it is ca. 40% less in the case of fast aging (Bif ¼ 52).

Conclusions

A distributed model for a single tube undergoing crude oil
fouling has been developed. This uses a novel way of mod-
eling the continuous growth of deposit distributed over time

Figure 15. Aggregate fouling resistance (evaluated
using Eq. 26) over time for different aging
speeds, uniform wall temperature.

Figure 16. Effect of aging speed on crude oil outlet
temperature, uniform wall temperature sce-
nario.
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and space, via a moving boundary formulation developed by
Coletti and Macchietto24 which provides a sound and general
formulation as a set of partial differential and algebraic
equations in cylindrical coordinates. In this article, first a
suitable transformation in the time domain allowed incorpo-
rating the aging model of Ishiyama et al.9 It has been shown
that this approach is rigorously valid for the special case of
linear deposition, whereas it represents a reasonable approxi-
mation in other cases. However, several assumptions previ-
ously introduced were relaxed: (1) the underlying fouling
model now includes a suppression term (the Ebert-Panchal
model was used here, but in principle other deposition-sup-
pression models could be used); (2) the use of circular coor-
dinates overcomes the need for a ‘‘thin-slab’’ assumption
and allows modeling large deposits relative to tube diameter,
and (3) a local aging history can be calculated for each point
along the length of the deposit, rather than an overall,
‘‘lumped’’ value for averaged conditions. In addition, the
assumption of constant deposit roughness was relaxed with
the use of two novel models proposed to capture the effects
of deposition on roughness and heat transfer. While the
underlying physics of the evolution of roughness is
unknown, the models represent plausible approximations.

Simulations were performed for two typical operating
modes (UWT and UHF). Geometry, flow rate (fixed to a
constant value) and fouling behavior used in the studies pre-
sented are typical of oil refineries. The results, extending the
previous model’s findings, highlight the importance of con-
sidering deposit formation and aging in industrial applica-
tions where the time scale is of weeks to several months.
They show that even for the case considered as slow aging
the impact on the fouling resistance is significant. Account-
ing for roughness dynamics, on the other hand is important
to aid interpretation of short time scale pilot scale tests.

The results show that the roughness model can explain
some otherwise puzzling phenomena such as (apparent) ini-
tial negative fouling resistance that cannot be captured other-
wise. Overall, the model and results enable capturing and
improving our understanding of the complex interaction
between thermal, hydraulic and aging effects in a fouling
heat exchanger tube. The results presented are clearly appli-
cable to other geometries (annular tubes) and full-scale
equipment (multipass heat exchangers). Validation of various
model components (e.g., surface roughness) and estimation
of parameters for others (e.g., aging) will require quality ex-
perimental data. A research program to provide them is
under way (Macchietto et al.37).
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Notation

A ¼ area m2

Aa ¼ frequency factor of the aging model s�1

Aflow ¼ cross-sectional area for flow, m2

Am ¼ logarithmic mean area, m2

cp ¼ specific heat at constant pressure, J kg�1 K�1

Cf ¼ fanning friction factor
d ¼ diameter, m

E ¼ activation energy, J mol�1

e ¼ tube surface roughness, m
F ¼ heat exchanger configuration correction factor
ht ¼ convective film heat-transfer coefficient, W m�2 K�1

�ht ¼ average convective heat-transfer coefficient, W m�2 K�1

ka, kp ¼ roughness model parameters
kt, ¼ roughness model parameter, s
L ¼ length
_m ¼ mass flow rate, kg/s

Nu ¼ Nusselt number
P ¼ pressure, Pa
Pr ¼ Prandtl number
Q ¼ heat duty, W
q ¼ heat flux, W m�2

q0 ¼ heat flux at the tube outer wall, W m�2

Re ¼ Reynolds number
R ¼ radius, m
Rf ¼ fouling thermal resistance, m2 K W�1

�Rf ¼ aggregated fouling thermal resistance, m2 K W�1

Rflow ¼ flow radius, m
Rg ¼ universal gas constant J kg�1 mol�1

r ¼ radial coordinate, m
r̃ ¼ dimensionless radial
T ¼ temperature, K
Tf ¼ film temperature, K
t ¼ time, s

tage ¼ aging time, s
U ¼ overall heat-transfer coefficient, W m�2 K�1

Uclean ¼ overall heat-transfer coefficient in clean conditions, W m�2 K�1

u ¼ mean fluid velocity in the tube, m s�1

y ¼ youth variable
z ¼ axial coordinate, m

Subscripts

a ¼ aging
b ¼ bulk
l ¼ fouling layer
f ¼ fouling, fast aging
i ¼ inner, intermediate aging
in ¼ inlet
o ¼ outer
s ¼ slow aging
t ¼ tube-side
w ¼ wall

Superscript

0 ¼ initial state
1 ¼ final state

Greek letters

a ¼ deposition constant, m2 K kW�1 h�1

DTlm ¼ logarithmic mean temperature difference, K
d ¼ foulant thickness, m
h ¼ angular coordinate, rad
k ¼ thermal conductivity, W m�1 K�1

l ¼ dynamic viscosity, Pa s
m ¼ kinematic viscosity, m2 S�1

m0 ¼ kinematic viscosity at 100�F m2 s�1

q ¼ density, kg m�3

c ¼ suppression constant, m2 K kW�1 h�1 Pa�1

s ¼ wall-shear stress, Pa
X ¼ model domain
~X ¼ dimensionless model domain
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