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Abstract
Fouling is an acute problem in crude oil preheat train heat exchangers as it affects the thermal and hydraulic performance of
individual units as well as the network. Ageing of fouling deposits complicates these interactions and effective tools for
visualising these effects are needed. The modified temperature field plot construction, devised by Graham Polley and co-
workers in 2002, allows the impact of fouling on pressure drop and heat duty across individual units and the preheat train to
be presented in a systematic way. The simple deposit ageing model of Ishiyama et al. (AIChEJ 56:531–545, 2010a) was
incorporated into the analysis of a simple preheat train based on that presented by Panchal and Huang-Fu (Heat Transfer Eng
21:3–9, 2000) to calculate the impact of ageing on fouling dynamics and network performance. The modified temperature field
plot is shown to be effective in communicating the impact of fouling and ageing, allowing a designer or operator to be able to
interpret correctly what might otherwise be conflicting trends or unexpected behaviour.
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Introduction

Crude oil distillation is the backbone of any oil refinery.
Distillation is an energy-intensive process and recovery of ther-
mal energy from distillation products to the crude oil feed in a
preheat train network is essential for economic operation. Many
crudes and crude blends, however, promote fouling in the net-
work exchangers, reducing the amount of heat transferred and

increasing pressure drops which can limit throughput (Polley
et al. 2009). Since crude distillation units (CDUs) are required
to run continuously for periods of up to several years, fouling is
often countered through a series of fouling mitigation options
such as the use of antifouling chemicals, periodic removal of
individual exchangers for cleaning, etc. A list of fouling mitiga-
tion options used in crude preheat trains are discussed in
Ishiyama et al. (2020).

Optimisation of cleaning schedules for CDU network ex-
changers has received considerable attention over the last
10 years (e.g. Rodriguez and Smith (2007); Ishiyama et al.,
2009, Ishiyama et al., 2010b); Liu et al. (2015); Diaby et al.
(2016); Diaz-Bejarano et al. (2016)), building on the develop-
ment of quantitative models for predicting the rate of fouling
in different exchangers, as reviewed by Wilson et al. (2017).

Optimising cleaning operations reduces the impact of
fouling on performance, but it represents a method for
coping with fouling rather than reducing the likelihood
of fouling occurring. Graham Polley was one of the first
workers to recognise the opportunity that quantitative pre-
dictive fouling models, such as that by Ebert and Panchal
(1997), offered in terms of designing CDU preheat trains
and individual CDU exchangers to reduce the extent of
fouling and even prevent it occurring in certain units. His
first paper on the topic (Wilson et al. 2002) combined
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Ebert and Panchal’s quantitative model for predicting the
rate of crude oil fouling with the temperature field plot, a
graphical construction illustrating the matching of process
streams with the cold crude. The Ebert and Panchal model
allowed operating conditions (surface temperature, crude
flow velocity) which would give low fouling rates to be
identified. These ‘fouling thresholds’ were added to the
temperature field plot (TFP) so that optimal use of available
pressure drop could be identified, both in green field design
and revamping of existing networks. This approach
allowed the maximum feasible heat recovery for a CDU
to be determined, i.e. with manageable amounts of fouling
and cleaning (Polley et al. 2002a; Polley et al. 2005).

Polley and co-workers subsequently extended the field
plot to incorporate considerations of the impact of fouling
on pressure drop (Yeap et al. 2004) and therefore unit
throughput. Maintaining throughput is usually critical to
the operation of CDUs: losses in heat transfer performance
can be accommodated by extra furnace duty, but large pres-
sure drops can result in the crude partially vapourising in
exchangers upstream of the furnace (or in some cases up-
stream of the preflash for networks where preflash columns
are employed) as its pressure decreases and bulk tempera-
ture increases (Ishiyama and Pugh 2015). Using first order
models, they linked the thermal and hydraulic effects of
fouling: they considered shell-and-tube exchangers as this
configuration is the most common type used on refineries.
Depending on the operating philosophy of the refinery,
crude (or the higher fouling stream) may be allocated on
the tubeside to facilitate easier cleaning. However, it is ac-
knowledged that this is not always the case.

In this paper we revisit the modified temperature field plot
to incorporate some of the developments made since 2004,
many of which were inspired by Graham Polley’s insight into
the practical implications of fouling on CDU design and op-
eration. Graham was a strong advocate of visualisation tools:
the modified temperature field plot allows the user to assess at
a glance the impact of fouling on the thermo-hydraulic perfor-
mance of an exchanger and a network, and thus represents an
important way of communicating this to the operators of such
networks as well as designers looking at revamping,
retrofitting and creating networks. The particular focus is on
deposit ageing, which can introduce unexpected dynamics
into preheat train performance.

Other workers have developed higher order models and
more complex simulation tools (e.g. Coletti et al. 2011;
Diaz-Bejarano et al. 2016) which capture the dynamics of
fouling and its impact on preheat train performance in greater
detail. Effective presentation of that information in a coherent
form remains an issue, as with other complex calculations, and
the modified temperature field plot remains, in the authors’
opinion, a versatile tool for this. Moreover, it can be used to
present the results from complex simulations.

Quantifying the Impact of Fouling—the
Modified Temperature Field Plot

The thermal effect of fouling is often quantified in terms of the
fouling resistance, Rf, defined as the difference between the
overall heat transfer coefficient, U, and its value when clean,
Uo:

R f ¼ 1

U
−

1

U o
ð1Þ

This can be written as

U ¼ Uo

1þ R fU o
¼ Uo

1þ Bi f
ð2Þ

where Bif is the fouling Biot number. Fouling affects pres-
sure drop by changing the roughness of the surface and by
narrowing the flow channel, i.e. reducing the inner diameter
of a tube in the case of tubeside fouling. For the case of a
single phase liquid operated at constant flow rate in the
turbulent regime, the ratio of the pressure drop across a tube
with inner diameter di and fouling layer of thickness δ to that
of the clean tube, ΔP*, is given by (Yeap et al. 2004)

ΔP*≈
1

1−2δ=dið Þ5 ð3Þ

If the fouling layer is thin and uniform, it can be treated as a
thin slab. Yeap et al. showed that this is likely to apply in cases
of chronic fouling in CDUs, which is the subject of this work.
The fouling resistance can be related to the deposit thickness
via

R f ¼ δ
λc

ð4Þ

where λc is the deposit thermal conductivity. Equation [3] can
then relate the thermal and hydraulic effects of fouling, viz.

ΔP*≈ 1−2λcBi f=U odið Þ−5 ð5Þ

In this expression, Uo and di are set by the design and
operation of the heat exchanger. The deposit thermal conduc-
tivity is a material parameter, which is subject to substantial
uncertainty. Crude oil deposits vary in composition (oil, metal
oxides, carbonaceous material; Derakshesh et al. 2013) and λc
is expected to lie in the range 0.2 W m−1 K−1 < λc <
3 W m−1 K−1 (Watkinson and Wilson 1997; Derakshesh
et al. 2013; Ishiyama et al. 2020). The impact of this uncer-
tainty is demonstrated in Fig. 1, which shows the effect of
thermal conductivity on the relationship between Bif (and heat
transfer performance) and ΔP* (and throughput) calculated
for a simple countercurrent heat exchanger with Uo and di
values typical of those employed on CDU units (Panchal
and Huang-Fu 2000; Yeap et al. 2004). The range of Bif and
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ΔP* values extends beyond those likely to be acceptable in
practice.

It can be seen that as the thermal conductivity of the deposit
increases, the relationship between the thermal and hydraulic
effects change. Equation [4] shows that a deposit with a high
thermal conductivity has a smaller effect on heat transfer. This
has implications for preheat train operation, because whereas a
loss in heat recovery can be countered by an increase in fur-
nace duty (until a firing limit is reached), increasing pressure
drop will eventually result in a reduction in throughput or
flashing of the crude which is not so easily compensated for.

Equation [5] allows hydraulic considerations to be included
alongside thermal ones in the modified temperature field plot
(MTFP) and a brief explanation of the MTFP is given here.
Figure 2 shows a schematic MTFP, where the abscissa is the
crude oil bulk temperature, Tb. The crude-side heat transfer
surface temperature, Ts, or film temperature, Tf, is plotted on
the primary ordinate axis, depending on which is the key
parameter affecting deposition. An exchanger is then plotted
as a line linking the values at the crude inlet and outlet. Tb also
serves as a measure of heat duty as the crude is usually liquid
throughout the train and its specific heat does not vary strong-
ly with temperature.

The surface temperature, Ts, is often a key variable in quan-
titative models for calculating the fouling rate. The original
work by Polley and colleagues considered the ‘threshold foul-
ing’ model of Ebert and Panchal (1997), where the rate of
change of fouling resistance (the ‘fouling rate’) on the crude-
side was expressed in terms of a competition between a
growth term and a suppression term, viz.

dR f

dt
¼ k f vmexp −

E f

RT s

� �
−bτw ð6Þ

where t is time, v the bulk mean velocity, R the gas con-
stant and kf, b, Ef and m are model parameters. τw is the

shear stress exerted by the flowing crude on the heat
transfer (and subsequently the deposit) surface. The RHS
of Eq. [6] suggests that the fouling rate will be small or
zero for some combination of Ts, Tb and v (as τw is deter-
mined primarily by v). This is the ‘threshold fouling’ con-
cept introduced by Ebert and Panchal. It should be noted
that negative fouling rates are not valid (shear-driven re-
moval of a mature CDU deposit is seldom observed in
practice). On the MTFP, loci are calculated for a set value
of the fouling rate, i.e. zero or a value unlikely to give rise
to significant change in performance over the desired op-
erating period, as shown on Fig. 2 where v1 < v2 < v3.
This allows the designer to identify matches which would
cross one of the loci and therefore set the lowest allow-
able tubeside velocity to use in that unit.

Graham Polley published several papers on kinetic models
for describing crude oil fouling (e.g. Polley et al. 2002b;
Polley et al. 2007). Given the lack of laboratory experimental
data, owing to the cost and complexity of conducting such
experiments, he worked on different approaches to dealing
with plant data, with a noteworthy emphasis on generating
forms that could be used in practice for design or operation
of units. His work on utilising fouling prediction models to
predict performances of crude preheat trains and furnaces has
been presented elsewhere (Ishiyama et al. 2012a, 2012b,
2011; Kumana et al. 2010; Morales-Fuentes et al. 2011;
Polley et al. 2013, 2011b, 2011a). The case study presented
here employs the asphaltene precipitation model (APM)
which he proposed (see Ishiyama et al. (2013)), where

dR f

dt
¼ k f ;APM

h
exp −

E f

RTf

� �
1−

τw−2
c

� �1
2

 !
τw≥2 Pa ð7aÞ

Fig. 1 Effect of deposit thermal conductivity on thermo-hydraulic per-
formance of simple countercurrent heat exchanger. Equation [5] plotted
for the case where Uo = 1000 W m−2 K−1, di = 22 mm

Fig. 2 Schematic of modified temperature field plot. Upper quadrant:
dashed lines labelled vi show fouling threshold for velocity v. Solid
lines indicate heat exchanger matches. Lower quadrant: bold line shows
vapourisation threshold. Grey boxes indicate clean pressure drop, open
boxes pressure drop across a fouled exchanger after a given operating
time, e.g. top
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dR f

dt
¼ k f ;APM

h
exp −

E f

RTf

� �
τw < 2 Pa ð7bÞ

Here h is the film heat transfer coefficient for the crude
stream, Tf is the film temperature and kf,APM is a constant
specific to the crude. c is set at 98 Pa based on field

Fig. 4 Thermo-hydraulic impact of fouling for an exchanger subject to
severe fouling (Eq. [5]) with (i) no ageing—constant thermal conductiv-
ity, λc = 0.2 W m−1 K−1; (ii) slow ageing; and (iii) fast ageing, both with
λc changing from 0.2 to 2.0 W m−1 K−1

Table 1 Thermal conductivity of
carbonaceous fouling deposits.
Values reported are at 15 °C,
unless otherwise stated

Deposit Thermal
conductivity

W m−1 K−1

Source

Delayed coking furnace deposit 0.03 Derakshesh et al. (2013)

Coke flakes 0.07–0.15 Nelson (1939)

Ash deposits 0.11 to 0.17 Robinson et al. (2001)

Jet fuel foulant deposit 0.12 Evans (1968)

Crude preheat train deposits based on pressure drop
data

0.1 to 1 Ishiyama et al. (2020)

Combustion chamber deposits 0.17 to 0.8 Weidenlener et al. (2018)

Combustion chamber deposits 1.5 Güralp (2008)

Coke-like deposit 0.5–1 Watkinson (1988)

Amorphous to condensed coke 0.55 to 76 Fan (2006)

Coke deposit (from pyrolysis unit) 1–4 Maksimovskii et al. (1990)

Graphite powder 1.8 Perry and Green (2007)

Carbon nano fibres 3 to 10 Mayhew and Prakash
(2013)

Petroleum coke 5.8 (at 100 °C) Kern (1957)

Carbon deposited at 2100 °C 5.6 (at 50 °C)

4.9 (at 200 °C)

Brown et al. (1956)

at 2000 °C 4.6 (at 50 °C)

4.2 (at 200 °C)
at 1900 °C 0.89 (at 50 °C)

0.97 (at 200 °C)
at 1800 °C 0.27 (at 50 °C)

0.32 (at 200 °C)
Commercial graphite 0.89 (at 50 °C)

0.89 (at 200 °C)

Fig. 3 Effective thermal conductivity estimated for graphite powder/
paraffin wax mixtures (solid line) and experimental measurements of
mixtures of graphite powder and naphthalene (solid symbols) and paraf-
fin wax (open symbols), after Wilson et al. (2009). The shaded region
indicates the range of H/C ratios reported by Fan and Watkinson (2006)
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experience. The form of the APMwas developed for shell and
tube devices: application to other geometries (e.g. compact
heat exchangers) has yet to be established.

The APM does not predict a zero fouling rate so a threshold
fouling rate needs to be specified, which is a design parameter.
Here we use a fouling rate based on the uncertainty in U
measurements based on plant data, and the timescale of the
operation, e.g. the duration between shut-downs, top. A typical
uncertainty (Mohanty 2012) is 10%, which yields the follow-
ing criterion from Eq. [2]

dR f

dt

� �
threshold

¼ ΔR f

Δt
¼ 1

9U o

1

top
ð8Þ

withUo being the clean heat transfer coefficient either for each
exchanger, or for one at the hot end of the preheat train where
fouling is expected to be fast (from Eq. [7]).

The above construction occupies the upper diagonal of the
TFP. In the modified TFP, the lower quadrant is used to

present the hydraulic performance of the exchanger. Given
its geometry and v, the tubeside pressure drop can be estimat-
ed. This is plotted as a box in the lower diagonal, with pressure
drop as the secondary ordinate and Tb as before. The boxes
form a set of steps and identify where the allowable pressure
drop is allocated. Moreover, when fouling is not zero, the
impact of fouling on the tubeside pressure drop can be esti-
mated from Eq. [5] and the box replotted. Exchangers which
lie above the threshold for their tubeside velocity (or shear
stress) will see an increase in the overall pressure drop over
time. Similarly, the change inU as a result of fouling can result
in a reduction in the heat duty, so the length of the box chang-
es. These points are illustrated in Fig. 2.

The calculations linking thermal and hydraulic
performance require the timescale, top, which is a design
variable, and the deposit thermal conductivity. Data on
fouling deposit thermal conductivities are sparse and Table 1
summarises those which the authors have found from a search
of the literature. It can be seen that there is considerable

Fig. 5 Case study preheat train model based on Panchal andHuang-Fu (2000). Label Ei indicates a group of exchangers, with individual units labelled A,
B, etc. Exchanger parameters, flow rates, temperatures are given in Tables 2 and 3

Table 2 Case study heat
exchanger tubeside geometries
(per shell). The shell-side ex-
changer geometries were not re-
ported. Fixed heat transfer coeffi-
cients, which differ from those in
Panchal and Huang-Fu (2000),
were used on the shell-side

E1 E2 E3 E4 E5 E6

Number of tubes per shell 916 1256 907 911 1288 1464

Tube internal diameter (cm) 2.11 2.11 2.11 2.11 2.11 2.11

Number of tubeside passes 4a 4b 4b 4b 4b 4b

Internal heat transfer area (m2) 208 1152 208 523 1478 1344

Shell-side heat transfer coefficient (W m−2 K−1) 1000 2510 300 300 300 300

Flow area (m2) 0.160 0.220 0.159 0.159 0.225 0.256

a This exchanger had 1 tube-pass in the original paper
b These exchangers had 2 tube-passes in the original paper
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variation in the values so there is a need for more
measurements of this thermophysical property. The low
value reported by Derakshesh et al. (2013) arises from the
measurements being made with a heated wire operating at
constant heat flux, which promoted vapourisation of the oil
in the porous deposit matrix. Equation [4] indicates that this
would increase the insulating nature of the deposit significant-
ly. Vapourisation of the crude also gives rise to large pressure
drops and this gives rise to an additional locus on the MTFP,
which is the total pressure drop and temperature at which
vapourisation would occur. A generic locus is plotted on
Fig. 2: the relationship is determined by the composition of
the crude and the hydraulic configuration (including the pump
characteristic) of the preheat train.

Deposit Ageing

One aspect of fouling behaviour which has not been consid-
ered in the temperature field plot construction to date is de-
posit ageing, where the thermal and mechanical properties of
the foulant change over time. Ageing has been considered in
detailed simulations (Diaz-Bejarano et al. 2016). At the

temperatures encountered at the heat transfer surface, the de-
posit is transformed from its original structure to one resem-
bling coke. The effect on λc is shown by the experimental data
for mixtures of wax and carbon black, representing two lim-
iting cases, in Fig. 3. This is usually accompanied by a change
in mechanical strength, which affects the selection of cleaning
method.

Ageing is therefore important for CDU preheat trains,
where units can be operated for several years between main-
tenance and cleaning actions. Ageing changes the relationship
between the thermal and hydraulic performance of the ex-
changer. Equation [2] shows that increasing λc will reduce
Rf but notΔP*, so that the hydraulic impact cannot be reliably
gauged from heat transfer measurements. In the worst case,
vapourisation will occur as the total pressure drop rises while
the crude temperature remains quite high. Studies reporting
deposit ageing in CDUs have been reported by Ishiyama et al.
(2020), while quantitative approaches for modelling ageing

Fig. 6 Fouling threshold plot calculated for APM (Eq. [7], with h =
1500 W m−2 K−1, kf,APM = 50 h−1). Threshold given by Eq. [8], where
‘no fouling’ corresponds to Rf < 5 × 10−4 m2 K W−1 after 2 years of
operation

Table 3 Case study stream inlet conditions

Stream Flow rate Inlet temperature

Panchal and Huang-Fu (2000) This work
kg s−1 °C °C

Crude 136 20 20

TPA 265 336 170

Kerosene 15.2 226 226

LGO 36 299 280

HGO 108 371 310

BPA 104 299 320

Residue 68 374 340

Fig. 7 Modified temperature field plot for the case study network when
clean. Diagonal dashed line is the line of equality, i.e. Tf = Tb. Exchangers
are plotted as solid lines (thermal performance) and boxes (pressure
drop), the latter labelled with the average tubeside shear stress.
Horizontal dashed lines show the fouling threshold condition

Fig. 8 Deposit ageing: schematic of deposit layers with different ages
formed on the tube wall. ti denotes the ith time step
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have been presented by Ishiyama et al. (2010c, 2014a) and
Coletti et al. (2010) Experimental studies of ageing to date
have focussed on crystallisation (Brahim et al. 2003) and food
(Davies et al. 1997) applications.

Incorporating ageing into the MTFP requires a quantitative
model and here we use the first model on the topic, presented
by Ishiyama et al. (2010c). This assumes a linear dependence
of λc on an ageing parameter, the youth factor y, where 0 < y ≤
1, viz.

λc ¼ λc;∞ þ y λc;0−λc;∞
� � ð9Þ

with y initially set at 1. The change in y follows a first order
kinetic law

dy
dt

¼ −kay exp
Ea

RT d

� �
ð10Þ

where ka is a rate constant, Td is the local temperature in the
deposit, and the temperature sensitivity is given by Ea.

Figure 4 shows how ageing can affect the thermo-hydraulic
response of an exchanger to fouling. With no ageing, the ther-
mal impact is mirrored by a hydraulic impact, so that a reduc-
tion in heat transfer is accompanied by an increase in pressure
drop (for constant flow rate operation). Ageing changes this:
in the case of slow ageing, the impact on heat transfer levels
off while the hydraulic penalty continues to grow. With fast
ageing (converting the layer into a high thermal conductivity

Fig. 9 Evolution of a effective deposit thermal conductivity and b thermo-hydraulic performance in case study exchanger E6B for fast and slow ageing
with weak temperature dependency
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coating), the hydraulic penalty dominates. This makes inter-
pretation of fouling data challenging, particularly as pressure
drops are not measured as widely as heat transfer rates. More
research needs to be done on this topic, a point made regularly
by Graham Polley in his interrogation of conference pre-
senters about the absence of pressure drop data in their papers.

Ageing is incorporated in the MTFP here by calcu-
lating λc at top and adjusting the Bif and ΔP values
accordingly. One could perform the calculations over a
series of times and animate the MTFP to illustrate the
dynamics: this could be readily incorporated in software
tools.

Case Study

Network Calculation

The above concepts are demonstrated using a preheat train
based on that presented by Panchal and Huang-Fu (2000)
which has been used by several workers to illustrate fouling
in CDUs. The network of 22 individual shells (Fig. 5) is not
complicated as each hot stream is contacted with the crude
once: in many refineries a hot stream can be involved in sev-
eral matches, introducing feedback into the network perfor-
mance (e.g. Ishiyama et al. 2009). The heat exchangers are

Fig. 10 Evolution of a effective
deposit thermal conductivity and
b thermo-hydraulic performance
in case study exchanger E6B for
fast and slow ageing with strong
temperature dependency
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arranged in six groups: those in E2–E6 feature two sets in
parallel, which allows one set to be cleaned while the network
continues to operate. Scheduling of such cleaning operations
is not considered in this study.

The individual exchanger geometries are summarised in
Table 2. The stream inlet conditions (flow rates and tempera-
tures) are taken from Panchal and Huang-Fu, except for some
of the product stream temperatures which did not reflect those
coming from a typical atmospheric column and have been
replaced with more values which the authors consider to be
more realistic (Table 3).

Fouling Models

Different fouling models were used to define fouling in dif-
ferent sections of the network. Upstream of the desalter, the
exchangers were assumed to have constant fouling rates of
2 × 10−8 m2K W−1 h−1 (E1) and 4 × 10−8 m2K W−1 h−1 (E2).
These differed from those in the Panchal and Huang-Fu paper.
This level of fouling meant that the desalter inlet temperature
could be maintained at the target temperature of 120 °C over
the 3-year period, without resorting to cleaning upstream (see
Ishiyama et al. 2010b).

Downstream of the desalter the asphaltene precipitation
model (Eq. [7]) was used to model the dynamic fouling be-
haviour of the units in E3–E6, with Ef set at 44.3 kJ mol−1,
kf,APM set at 50 h−1 (within the range reported in Ishiyama

et al. (2014b)) and a critical wall shear stress of 2 Pa, as above.
This gives the fouling threshold relationship in Fig. 6, calcu-
lated for h = 1000Wm−2 K−1, with negligible fouling taken as
build-up less than 5 × 10−4 m2 KW−1 over 2 years. The x-axis
is plotted in terms of wall shear stress rather than velocity, as
this is the process parameter that appears in Eq. [7] (and h is
linked to τw). τw can be calculated for each exchanger. The
threshold temperatures are not high, so fouling is expected to
occur throughout the network.

Figure 7 shows the MTFP calculated for the APM with
the parameters given. The MTFP is constructed from the
outputs of the calculation. Fouling threshold loci are plot-
ted for shear stresses of 2 and 20 Pa, spanning the
tubeside shear stresses which arise in E3–E6. It should
be noted that the loci appear as horizontal lines on the
plot as the model is written in terms of the film tempera-
ture, and this is used on the left-hand y-coordinate. The
units in the network are plotted as solid lines (thermal)
and boxes (hydraulic) with the τw values alongside.

It can be seen that exchangers E3 to E6 all lie above the
fouling threshold. Moreover, all these units have low τw
values (< 5 Pa when clean), so will encounter significant foul-
ing, particularly E6 (with combination of low τw and high Tf).
The fouling mechanism for exchangers E1 and E2 is not de-
scribed by the APM and it is not relevant for the threshold
fouling discussion. The main contributors to the pressure drop
are E1 (low fouling), E3 (appreciable fouling) and E5 (heavy

Fig. 11 Combined effect of
fouling and ageing on network
performance, quantified by
furnace inlet (i) temperature and
(ii) pressure. Solid line—no age-
ing; dashed line—slow ageing;
dotted line—fast ageing, for a
weak temperature dependency
and b strong temperature
dependency
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fouling), so the hydraulic impact of fouling will manifest
strongly in E5 and possibly E6. Ageing is driven by surface
temperature, so is expected to be more significant in E6 than
E5.

All these points can be derived from the MTFP, illustrating
its value in understanding the likely impacts of fouling.
Wilson et al. (2002) describe how the MTFP could be used
subsequently to consider mitigation by retrofitting the net-
work. We focus here on the impact of ageing.

Deposit Ageing Model

The calculation approach presented by Ishiyama et al. (2010a)
was implemented, where the deposit is treated as a series of
thin layers laid down at time ti, initially with thermal conduc-
tivity λc,0, and which subsequently undergoes ageing deter-
mined on the local temperature, Td,i. A schematic of the pro-
cess is shown in Fig. 8. A detailed account of the calculation is
given in Ishiyama et al. (2010a).

In the results presented here, the conditions in the network
are calculated at intervals of lengthΔt: the fouling and ageing
rates are then revised, and the amount of fresh deposit laid
down over the interval added to each exchanger. The effective
(overall) thermal conductivity of the deposit, λeff, is calculated
from

λeff ¼
∑
n

i¼1
δi

∑
n

i¼1

δi
λi

ð11Þ

δι is the thickness of deposit layer i, calculated from

δi ¼ λ0
dR f ;i

dt Δt, and n is the number of deposit layers deposit-
ed up to time t, given by n(t) = t/Δt. A Δt value of 1 day is
used here.

Ageing Rate Constants

Given the lack of experimental data available, a series of sce-
narios is considered, similar to the approach reported by
Ishiyama et al. (2010c). These differed in terms of initial rate
(under initial operating conditions), labelled ‘fast’ and ‘slow’,
and temperature sensitivity (high and low). The deposit ther-
mal conductivity varies from 0.2 to 2.0 W m−1 K−1. The sen-
sitivity to temperature is quantified by Ea and two values are
considered:

(i) 10 kJ mol−1, which implies that to double the rate of
reaction at the temperatures encountered at the hot end
of this preheat train, the temperature would have to in-
crease by approximately 200 °C. This means that the
ageing rate will be effectively independent of fouling.

(ii) 200 kJ mol−1, which implies high sensitivity to Td: a
roughly 5 °C increase in temperature would double the
rate of reaction. The range of Ea from 10 to 200 kJ mol−1

is likely to cover the possible temperature kinetics expe-
rienced in a typical preheat train.

The scenarios are then

(i) Slow and low, with ageing rate constant ka,slow,10 and
Ea = 10 kJ mol−1. The value used for ka,slow,10 is 5 ×
10−5 h−1.

(ii) Fast and low, with ka,fast,10 = 10 ka,slow,10.
(iii) Slow and high, with ka, slow, 200 = ka, slow, 10 exp(22.85/

Ts), compensating for the different temperature
sensitivities.

(iv) Fast and high, with ka,fast,200 = 10 ka,slow,200.

The effect of ageing in exchanger E6B over the 3-year
operating period is shown in Figs. 9 and 10 for fast and slow
ageing with two different temperature sensitivities, respective-
ly. This unit features the highest crude and wall temperatures
in the network and from theMTFP is expected to be subject to
significant fouling. It is immediately upstream of the furnace
so loss in heat transfer in E6B (and E6A) has a direct impact
on network performance in terms of energy recovery.
Figure 9a shows that fast ageing results in the effective ther-
mal conductivity changing noticeably over time, even with a
weak temperature dependency. There is little change in λeff for
slow ageing. Figure 9 b shows that fouling is significant in this
unit (as expected from the MTFP): Bif reaches 6 andΔP/ΔPcl
exceeds 3 after 3 years in the absence of ageing. The slow
ageing case shows significant thermal and hydraulic impacts
(Bif→ 4,ΔP/ΔPcl→ 4), with some recovery in heat transfer
later on accompanied by increasing pressure drop.

Fast ageing results in Bif reaching a plateau value of ~ 1
early on, whileΔP/ΔPcl continues to increase. In this scenar-
io, the fouling dynamics would be masked in any monitoring
based on thermal performance alone. This behaviour arises
from the higher thermal conductivity of the deposit causing
the surface temperature of the deposit to decrease less as a
result of fouling, keeping the fouling rate high. A thicker foul-
ing deposit is then generated, narrowing the flow path and
increasing the pressure drop across the exchanger, by over
100%.

The fast ageing behaviour in Fig. 9 is reproduced in
Fig. 10, where the increased temperature sensitivity of ageing
drives a faster increase in λeff. Bif reaches a plateau value of
approximately 0.5, representing a small impact on thermal

Fig. 12 Modified temperature field plot for the case study network when
after 3 years with a no ageing; b slow ageing, weak temperature
dependency; c slow ageing, strong temperature dependency; d fast
ageing, weak temperature dependency; e fast ageing, strong temperature
dependency

R
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performance, while ΔP/ΔPcl→ 6 (slow ageing) and 8 (fast
ageing). Such hydraulic losses are unlikely to be acceptable,
and the simple hydraulic impact model is unlikely to be valid
with a very thick deposit.

The corresponding plots for the other units in the network
are provided in the Supplementary Information. These show
similar trends to Fig. 9, with smaller and slower changes as a
result of the lower temperatures in these units.

Network Performance

When clean, the crude entered the furnace at a temperature of
285 °C and pressure of 23.5 bar. Figure 11 shows the furnace
inlet temperature (FIT) and pressure (FIP) profiles over 3-year
operation without cleaning. In the absence of ageing, the inlet
temperature and pressure fall steadily to 217 °C and 22 bar,
respectively. The desalter temperature (not shown) stayed
within its allowed range.While the change in pressure is mod-
est, the reduction in FIT by nearly 70 K is unlikely to be
acceptable and would require cleaning or a revamp of the
network. In this regard, the MTFP becomes a useful tool be-
cause it indicates where the changes in thermal and hydraulic
performance arise, and how the affected units relate to the
fouling threshold.

Ageing improves heat transfer through the deposit (al-
though it can also increase the amount deposited) and all the
ageing scenarios result in a smaller change in FIT, and a great-
er reduction in FIP. In the fastest ageing scenario (fast ageing,
Ea = 200 kJ mol−1), FIT falls to 271 °C and FIP to 20 bar. If
monitoring temperature alone, it would not be possible to
identify the hydraulic impact until an operational problem
arose (such as the pumping capacity being reached and the
crude boiling). The need for pressure drop measurements to
help elucidate the actual performance of the network when
subject to fouling and ageing is clear.

FIT and FIP constitute overall measures of the network
performance. The impact of fouling and ageing within the
network is conveniently presented in the MTFPs in Fig. 12.
The change in heat transfer is communicated by the change on
the Tb scale while the change in pressure drop is marked by the
height of the boxes and the τw values. Figure 12 a shows the
state after 3 years with no ageing. Comparing this with Fig. 7,
the change in FIT is evident, with only modest increases in Tb
in E4, E5 and E6. The changes in pressure drop are across E5
and E6. Although the FIP is lower, the reduction in Tb in E6
may mean that vapourisation is avoided in this unit. However,
the large reduction in FIT is likely to violate a furnace firing
limit. Fouling mitigation measures are needed.

The impact of fouling on individual heat exchangers, and
interactions between units, can be gauged from the change in
size of the boxes in Figs. 7 and 12. More detailed inspection
can then be performed on the data used to construct the plots.
The interactions can also be studied systematically using the

network analysis techniques presented by Picón-Núñez and
Polley (1995a, b).

Slow ageing (Fig. 12b, c) shows smaller pressure drop
increases in E5 and E6, accompanying increased duties in
these units compared to the no ageing case. Comparing the
MTFPswith that in Fig. 7 again highlights where fouling, now
with ageing, is causing the largest operating penalties. The
MTFPs for the fast ageing scenarios (Fig. 12d, e) show how
large pressure drops arise in E5 and E6 with only small im-
pacts on overall heat transfer, arising from the fouling rate
staying high as a result of the deposit thermal conductivity
quickly approaching that of a coke. The low absolute pressure
in E6 is accompanied by a high Tb, which is likely to result in
vapourisation. Moreover, the high pressure drop is likely to
lead to reduced throughput as a result of the pump character-
istics. This will have a direct impact on the production margin
as preheat train operation economics are strongly affected by
throughput. Reduction in flow rate will also change the heat
transfer characteristics (and surface temperatures) in the sys-
tem, which the analysis would need to incorporate if these
features were to be included. These are routinely calculated
in modern CDU simulation tools.

These aspects of contrary thermo-hydraulic impacts arising
from ageing were not considered by Polley and his co-workers
when creating theMTFP. The case study demonstrates that the
construction is able to visualise these quite effectively, so the
designer or operator can see where fouling is likely to occur
and how big an effect it will have on the network. Approaches
for revamping and retrofitting preheat trains based on MTFPs
have been presented in Yeap et al. (2003) and Wilson et al.
(2005): the reader is referred to these earlier contributions
from Graham Polley and co-workers rather than reproducing
the material here.

Conclusions

Fouling is a chronic operating problem in the oil refining
sector and is expected to continue to pose problems in future.
Understanding the impact of fouling on the thermal and hy-
draulic performance of heat exchangers subject to fouling can
be aided by the use of visualisation tools such as the modified
temperature field plot introduced by Polley and co-workers.
This construction has been modified here to include consider-
ations of deposit ageing, using a simple ageingmodel in a case
study based on a simple preheat train network. The shifting of
the balance between thermal and hydraulic impacts of fouling
caused by ageing is found to propagate into the network per-
formance. The modified temperature field plot is shown to be
an effective way to present the results of detailed analysis for
the network designer or operator to gauge the contribution
from the different factors involved. This demonstrates the

198 Process Integr Optim Sustain (2020) 4:187–200



need to monitor pressure drops in preheat trains subject to
fouling, and to analyse the operating data carefully.
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Nomenclature

Roman b, exponent, Eq. [6], m2K Pa−1 J−1; Bif, fouling Biot number, −;
c, exponent, Eq. [7], Pa; di, tube inner diameter, m; Ea, activation energy
for ageing, J mol−1; Ef, activation energy for deposition, kJ mol−1; h, film
heat transfer coefficient, W m−2 K−1; ka, ageing kinetic parameter, s−1; kf,
deposition rate constant, m2−mKW−1 sm; kf,APM, deposition rate constant,
Eq. [7], s−1; m, exponent, Eq. [6], −; n, number of deposit layers, −; ΔP,
pressure drop, Pa;ΔPcl, pressure drop when clean, Pa;ΔP*, dimension-
less pressure drop, −; R, gas constant, J mol−1 K−1; Rf, fouling resistance,
m2K W−1; t, time, s; top, operating interval, s; T, temperature, K; Tb, bulk
temperature, K; Tcold, bulk crude temperature, K; Td, deposit temperature,
K; Tf, film temperature, K; Ts, surface temperature, K; Uo, overall heat
transfer coefficient (clean), W m−2 K−1; U, overall heat transfer coeffi-
cient, W m−2 K−1; v, mean flow velocity, m s−1; y, ageing variable (youth
factor), −

Greek δ, deposit thickness, m; λc, deposit thermal conductivity,
W m−1 K−1; λc,0, thermal conductivity, fresh deposit, W m−1 K−1; λc,
thermal conductivity, coked deposit, W m−1 K−1; λeff, effective thermal
conductivity, composite deposit, W m−1 K−1; τw, wall shear stress, Pa
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