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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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1 NOTATION AND UNITS
S Unit"
A total surface area of inside of tubes m?
A, total surface area of outside of tubes m?
A, tube mean wall area m?
a, coefficient in Equation (5.3) m?s K/kg?
a, coefficient in Equation (5.3) Kdmw
Cp fluid specific heat capacity Jkg K
G, bulk particulate concentration in Equation (5.3) kg/m®
Cpb bulk precursor concentration, see Equation (5.1) kg/m3
Cs foulant concentration in Equation (5.2) kg/m3
Cw wall particulate concentration in Equation (5.3) kg/m3
d inside tube diameter
d, outside tube diameter
E .t activation energy kJmol
f tubeinside wall Fanning friction factor, f = Tw 5 = —A—p—g— -
Yopv, 2pv L
Hp precipitation ratio, see Section 3.3.2 -
Iy insolubility number, see Section 3.3.2 -
j number of crude oilsin a mixture -
K, reaction rate constant in Equation (5.1) m/s
L tube length m
Pr Prandtl number, = (cpn/k) -
p pressure N/m? (Pa)
Ap frictional pressure drop N/m? (Pa)
See footnote at the end of table.
With Amendment Al?nzdé]z—lysig?gmber 2005 — 74 pages E)?uﬁf:n?‘;heag::;u 5
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S Unit"
wall thermal resistance, see Equation (2.1) K/W
gas constant (= 8.314 x 1073 k¥/mol K) kJ/mol K
fouling factor m? K/W
inside tube fouling factor m? K/W
outside tube fouling factor m? K/W
Reynolds number, = pv,d/n -
solubility blending number, see Equation (3.3) -
crude oil film temperature, defined in Section 4.3.2 K
surface temperature at tube inside surface, see Equation (3.1) Kor°C
tubeinside wall temperature Kor°C
time S

overall heat transfer coefficient based on tube outside surface area, A, W/m2 K

superficial axial flow velocity in the tubes (volume flowrate divided m/s

by bare tube inside flow area)

axia flow velocity in fouled tube

volume of theith crudein a mixture

deposit thickness, see Equation (5.1)

constant in Equation (4.2)

heat transfer coefficient related to inside of tube

heat transfer coefficient related to outside of tube

removal constant, see Equation (4.2)

foulant mass transfer coefficient in Equation (5.2)
precursor mass transfer coefficient in Equation (5.1)

dynamic viscosity
factor in Equation (4.2)
thermal conductivity

deposit thermal conductivity, see Equation (5.1)

See footnote at the end of table.
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m? K/J
W/m? K

W/m2 K
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S Unit’
() helix angle for helical baffle, defined in Section 4.2.1.1 deg
o crude oil density kg/m®
Ps deposit density, see Equation (5.1) kg/m?3
T, wall shear stress N/m?
Subscripts
f refersto foulant layer or variable under fouled conditions
i refersto inlet or to counter for components of a mixture of crude cils
o] outlet
mix mixture

This Data Item is presented in terms of SI unitsonly. This avoids the need to use specific non-SI unitsfor E,; and R which are
expressed in terms of mol; expressing these important quantitiesin terms of, say, Ib moleis possible but unusual so the use of a
consistent dual unit system has been avoided. For users wishing to work in British/US customary units, conversion factors for
some of the quantities are given below.

Some conversion factors

ESDU Copyright material. For current status contact ESDU.

Quantity Givenin — multipliedby — Gives
Gives « divided by <« Givenin
Length m 3.2808 ft
m 39.370 in
Pressure N/m? (Pa) 0.000 145 Ibf/in? (psi)
N/m? (Pa) 0.020 88 | bf 2
Power W 34118 Btu/h
Area m? 10.764 ft?
Mass kg 2.204 6 1b
Volume m?3 35.315 ft2
m3 6.289 8 US barrel
Energy J 0.238 8 cal
J 9.480 x 107 Btu
Temper ature conversions
o —_ 5 oE_
C=5(°F-32)
9
o = /(o +
F=Z(°C)+32
K = °C+273.15
R = °F + 459.67
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2. INTRODUCTION
2.1 Overview

This Data Item has been prepared as a result of a collaborative effort between ESDU and a group of oil
refinery operators, heat transfer equipment manufacturersand chemical suppliersin recognition of the great
importance of crude distillation unit fouling. The objective is to provide a practical user guide which will
enable process engineersto review theimpact of process conditions and equi pment design changes on heat
exchanger fouling rates in crude distillation units.

Currently, most engineers use fixed values of fouling factor such as those specified by the Tubular
Exchanger Manufacturers Association (TEMA)7O; little account is taken of the various factors which
influence fouling and thereis clearly aneed for an aternative approach. However, it should be stated at the
outset that the problem is very complex and there are limitations on the understanding of the detailed
processes which occur. Nevertheless, as this Data Item shows, there is an increasing body of knowledge
which can be used to improve the design and operation of the system to decrease fouling propensity

Naphtha and gases
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Sketch 2.1 Schematic of typical crude distillation unit (from Panchal and Huang Fu®®, 1998)

A typica crude distillation unit is illustrated in Sketch 2.1. The crude oil coming from storage tanks is
normally fed to the crude distillation unit at ambient temperature. The crude is then heated to around
110-150°C before being contacted with water in the desalter (see Section 3.9). The main purpose of the
desalter isto remove inorganic ionic species (chlorides, fluorides, sodium, etc.); a secondary purposeisto
remove particulate matter or “sludge” (sand, corrosion products, etc.). Downstream of the desalter, the
crude oil then flows through the pre-heat exchanger train, which typically heatsit up to around 230-300°C
before it enters the furnace (also called the “fired” or “process’ heater).
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It should be stressed that Sketch 2.1 shows a somewhat oversimplified version of a crude pre-heat train;
most systems are much more complex. Note also that the heating medium for heat exchangers E3-E5 isnot
arranged in order of increasing temperature. Thisis not uncommon and is used to match heat load and to
take account of other factors such as accessibility.

Chemical reaction fouling arising from thermal causes is usually low in the heat exchangers upstream of
the desalter, though fouling and plugging dueto solids and salt deposition sometimes cause problems. Most
of thesaltsinthecrudeoil areeliminated by the desalter beforethe crude oil entersthe hotter part of pre-heat
exchanger train. The crude oil becomes hotter as it flows through the pre-heat train, so thermal fouling on
the crude side of the exchangers becomes more serious. Thisfouling (coupled with fouling on the hot side
of the exchangers which can aso be aproblem) leadsto a decline in furnaceinlet temperature which leads
toanincreasein heat input required to thefurnace or adecreasein the crude unit throughput or acombination
of both.

The economic and environmental significance of fouling is discussed in Section 2.2, and Section 2.3
explores in more detail the region of occurrence of fouling in the units. Section 2.4 gives a brief general
background on fouling mechanismsin the particular context of crude distillation units. Section 3 discusses
thefactorsinfluencing thefouling (temperature, flow velocity, oxygen, etc.) and Section 4 discussesfouling
mitigation and control (chemical, mechanical and operational).

Section 5 discusses prediction of fouling including a survey of existing models. Section 6 describes a new
methodology for identifying the regions of significant fouling within a crude pre-heat train and discusses
computer programs developed by ESDU for identifying shell-and-tube heat exchanger configurations in
which fouling is minimised: further guidance on these programsisgivenin Appendix A. Finally, Section 7
outlines the possibilities for further development.

2.2 Economic and Environmental Significance of Fouling

Heat exchanger fouling in general isamajor economic problem, accounting for 0.25% of the gross national
product (GNP) in the highly industrialised countries. Miiller-Steinhagen®® (1995) estimates that the total
cost of all heat exchanger fouling in the UK isof the order of $2.5 billion US and the equivalent cost in the
USA is$14 billion US. M{iller-Steinhagen™® (1995) categorised the total fouling-related costsin four main
areas:;

Q) Energy costs and environmental impact. In the case of the crude oil distillation unit, this
correspondsto the additional fuel required for the furnace due to the failure of the pre-heat train to
produce the required temperature for the separation process. In principle, energy losses due to
increased pressure drop (pumping power) may also be significant. However, the normal practice
isto oversize the pump and control the flow using valves. The use of more fuel leadsto additional
production of CO, with the associated environmental impact.

ESDU Copyright material. For current status contact ESDU.

2 Production loss during shutdowns due to fouling. These are often considered to be one of the
more significant costs but they are very difficult to estimate. If the pre-heat train throughput is
furnace-limited, atypical 10% loss of production due to taking a heat exchanger out of servicein
a 100 000 US barrel“/day plant would cost $20 000 US per day (assuming $2 per US barrel of
marginal lost production). After shutdown, there is an additional cost due to out-of-specification
production after production is restarted.

3 Capital expenditure. Thisincludesexcesssurfacearea, costsfor stronger foundations, provisions
for extraspace, increased transport and installation costs, costs of anti-fouling equipment and costs
of installation of on-line cleaning devices and treatment plants and increased cost of disposal of
the (larger) replaced bundles and, finaly, the (larger) heat exchanger.

" 1UShbard =0.1589 m°.
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(@] Maintenance costs. Thisincludes staff and other costs for removing fouling deposits and the cost
of chemicals or other operating costs of anti-fouling devices. There is also an economic and
ecological cost associated with disposal of cleaning chemicals after cleaning.

US refinery costs per annum (millions of dollars US, 1992 basis)
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Sketch 2.2 Fouling costsin USrefineriesin 1992 US Dollar s (estimates of van Nostrand et al 3.
(1981) as adjusted for inflation by Panchal®® (1995))

The cost of fouling in US refineries was estimated by van Nostrand et al.’ (1981), whose figures were
adjusted to account for inflation by Panchal 60 (1995). Theresultant costs obtained by Panchal areillustrated
in Sketch 2.2 which showsthat the costs of fouling in the crude distillation unitsin USrefinerieswasaround
1300 million US dollars per annum. Making the same adjustments to the estimates by van Nostrand et al.
of thetotal crudedistillation unit fouling costsin thewestern world producesafigure of around 4500 million
US dallars per annum. Aswill be seen from Sketch 2.2, the cost of fouling in the crude distillation unit is
the dominant fouling cost in arefinery, hencethefocus of the present study into thisarea. Some other points
to note about the economic significance of fouling are as follows:

ESDU Copyright material. For current status contact ESDU.

@ In the early days of refining, when refineries were built at or near oil fields, energy wasin general
very cheap; associated gas could often be used. However, when hydrocarbon products were
transported over large distances before refining, energy costs became a very significant part
(typically 25-50% depending on ail price) of thetotal costswhichisnot surprisingwhenitisrealised
that energy utilisation for the whole refinery accounts for around 6% of the oil throughput. The
energy utilisation in the crude unit accounts for 1-2% of the throughput.

(b Since fouling costs are so high, refinery operators should in principle take account of these costs
when deciding to process a given crude. Often, it is not possible to do this explicitly and the
availability of simple models for fouling would be a considerable aid in refinery management.
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(© The importance of fouling in the pre-heat train can be judged from the estimate by Panchal and
Huang Fu®® (1998) that a loss of 1 deg C in the temperature of the crude oil entering the furnace
in a 100 000 barrel/day crude unit equates to 450 kW and an energy cost of 40 000 US dollars per
annum. Baudelet and Krueger® (1999) estimate that an increase of furnace inlet temperature of
1 deg Cisequivaent to 1 tonne of fuel saved per day, which may trandate into additional costs of
$100 000 per year. The cost will depend on fuel costs and throughput.

If the temperature at the exit of the crude pre-heat train falls as a result of fouling, then extra fuel will be
needed for the furnace and the combustion of this extra fuel will lead to an additional production of CO..
A chart for determining costs due to areduction in furnace inlet temperature is shown in Figure 1, where
the lower chart shows the additional production of CO.,,

In view of the great economic significance of fouling in crude distillation units, it is perhaps surprising that
the research effort attacking the problem is relatively small. This reflects the difficulty of defining and
financing a research approach which is sufficiently generic to provide solutions to a wide range of cases.
Crude qil is a very variable material and a set of actions in one case may be inappropriate in another. A
major objective of the present exerciseisto try toidentify generic themesfor research which can be pursued
in the future.

2.3 Fouling Characteristicsin a Simplified Crude Pre-heat Train

Asdiscussed in Section 2.1, the most serious consequences of fouling are found upstream of the desalter
(exchangers E1 and E2 in Sketch 2.1) and in the exchangersimmediately upstream of the furnace (E5 and
E6 in Sketch 2.1). The focus of this current document is on the latter zone. The fouling propensity for the
desalted crude increases with increasing temperature. A useful compilation of heat exchanger fouling rates
in asimplified crude train is given by Panchal and Huang Fu®® (1998) and is shown in Table 2.1. In the
case of multiple shell arrangements (heat exchangers E2, E4, E5 and E6), two parallel crude oil streams
are used for ease of cleaning. It will be noted that the fouling rate increases by an order of magnitude as
the crude temperature i ncreases between heat exchanger E4 and heat exchanger E6. It should be emphasised
that the increased temperatures and potential for corrosion may lead to achange in materials at the hot end
of the pre-heat train; stainless steels (usually NiCr¥2Mo) are occasionally used, depending on the crude
(e.g. for naphthenic crude).

24 Other Crude Unit Fouling Problems Not Covered in this Data Item

ESDU Copyright material. For current status contact ESDU.

Though the main focus of attention of this Dataltem isthe pre-heat train, fouling is also important in other
parts of the crude unit, as exemplified by the following:

(D) Upstream of the desalter, plugging and/or corrosion may potentially occur as a result of salt
deposition or asphaltene precipitation. Thisis not afrequent occurrence.

(2 Pre-heat trains with low fouling are not usually associated with fouling problems in the furnace.
However, it is sometimes thought that reducing fouling propensity in the heat exchangers will
increase fouling propensity in the furnace. It should be pointed out that the foulant deposited in
theexchangersisonly asmall proportion of thetotal foulant (asphaltenes, say) which flowsthrough
thesystem. Thus, in practice, there may belittleinteraction in fouling between the heat exchangers
and the furnace.

Both inorganic and ashphaltene fouling can occur in the furnace but it should be remembered that
the furnace tubes have alarger diameter than those in the pre-heat exchangers and a given fouling
layer would have less tendency to plug the tubes. Also, the temperature driving forceislarger and
is limited partially by radiation to the outer surface of the tubes, and the rate of heat transfer is
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much less affected by the fouling on the inside of the tubes.

Nevertheless, fouling in heatersis significant in giving a closer approach to limitationsin outside
tube wall (“skin-point™) temperatures. A 1 mm layer of coke can give a10 deg C increase in metal
temperatures at an average radiant section heat flux and 20 deg C increase at the point of maximum
heat flux. Theflux at different pointsin aheater for one-sided firing can vary by around afactor of 2.

(©)] Fouling in the kerosene/stripper reboiler may also present a problem. Fouling associated with
nucleate boiling is more serious than fouling at higher qualities where nucleate boiling may be
suppressed. The problems can be avoided under some circumstances by the use of steam stripping
(that is, introducing steam as the bottom of the distillation column rather than using a reboiler).

(@] Overhead condensers can also show significant propensity to fouling, though thismay be mitigated
by attention to detail in the desalting step. Fouling on the shellside of shell-and-tube exchangers
or in the tubes of air-cooled heat exchangers (condensers) are two manifestations of this.

5) Fouling on the trays of the distillation column may be a problem.

ESDU Copyright material. For current status contact ESDU.
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TABLE 2.1 OPERATING PARAMETERS AND FOULING RATESIN CRUDE DISTILLATION UNIT
SHOWN IN SKETCH 2.1

ESDU Copyright material. For current status contact ESDU.

Heat exchangers
Parameters E1l E2 E3 E4 E5 E6 F1
Area, m2 208 1152 208 523 1478 1344 13239
Shells 1 4 1 2 4 4
O &8 O o &K B B
Tubes per shell 916 1256 907 911 1288 1464
Tubei.d., mm 21.1 21.1 21.1 21.1 211 21.1
Tubeside flow area, m2 0.160 0.220 0.159 0.159 0.226 0.256
Product stream Kerosene | Top pump | Heavy gas | Light gas Bottom Reduced
around oil oil pump around|  crude
Crude flow, kg/h 489 000 489 000 489 000 489 000 489 000 489 000
Product flow, kg/h 54 900 953 400 387 300 128 900 374 100 244700
Crude velacity, m/s 1.05 041 1.23 0.66 0.50 0.47
Reynolds number 2673 2315 21550 21838 24845 36 873
Prandtl number 921 429 145 79 54 35
Heat transfer coefficient, W/m2 K
Tubeside 390 320 1230 980 910 1020
Overal 340 280 860 690 590 540
Average fouling rate, 0.018 0.026 0 0.003 0.014 0.034
(m2 K/kW)/day
Tubeside Inlet 20 35 101 178 201 252 296
temp., C Outlet 35 101 178 201 252 296 382
Shellside, Outlet 45 168 241 180 209 256
temp., C Inlet 226 148 371 299 299 374
Heat duty, MW 5 23 30 10 23 21 45
Pre-heat train total, MW 112 45
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2.5 Generic Typesof Fouling and their Significancefor Heat Transfer and Pressure Drop in Crude Units

It isconvenient at this point to define fouling resistance from the normal definition of overall heat transfer
coefficient. The equation for overall heat transfer resistance has the form:

1 1 Ry Rg 1
= = — = 2.1
UA a A A wr A T aA (2.1)

(O} (O} [0} | [

where U, isthe overall heat transfer coefficient based on the outside surface areaof thetubes, A ; o; and
a,, arethe heat transfer coefficients for the inside and outside of the tubes (based on the inside and outside
areas Ay and A), Ry; and Ry, are the fouling factors for the inside and outside of the tubes respectively
and r,, isatube wall thermal resistance. The wall resistance isgiven asr,, = x,,/(A,A) for aflat plate
geometry (A=A =A;) where X, isthe wall thickness and 1, is the thermal conductivity of the wall
material. For atubular system, A, /A; = d,/d, where d isthe outside tube diameter and d theinsidetube
diameter. Inthiscase r,, = d /(2A,A,)In(d./d).

In what follows, the main focus is on fouling on the inside of tubes and is, hence, on R;; rather than Rfo .

The symbol R; (that is, without the additional subscript i) should be taken to refer to inside-tube fouling
unless otherwise stated.

0.014
0.012 /
0.010 v
0.008 W

0.006

Re (M2 K/W)

0.004 |

0.002 |
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Apr. Jun. Aug. Oct. Dec. Feb.
Date

Sketch 2.3 Example of variation of fouling factor with timein atypical pre-heat train
heat exchanger (Jones and Bott6, (1998)).

Jones and Bott® (1998) cite an example of fouling in atypical crude pre-heat train heat exchanger where
the tubeside fluid was crude oil and the shellside fluid was atmospheric residue. The fouling factor (the
sum of the fouling factor on both sides, though dominated by the crude oil side) was determined and varied
with time as shown in Sketch 2.3. The fouling factor increased threefold over an eight month period. It is
noteworthy that the fouling factor even at the beginning of the period was much greater than that
recommended by the Tubular Exchangers Manufacturers Association”© (TEMA). This underlines the
problems which led to the generation of the present Data Item.
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2.6 Influence of Fouling on Pressure Drop

The formation of deposits on heat transfer surfaces causes an increase in frictional pressure drop due to
increased surface roughness and restricted cross-sectional flow area. According to Chenoweth* (1987),
more heat exchangers are taken out of service because of excessive pressure drop than because of reduced
heat transfer. A rough estimate of the pressure drop inside a fouled tube can be made if it is assumed that
the deposit is distributed evenly over the tube wall. The frictional pressure drop in cylindrical tubes is

calculated from Equation (2.2)
vaZ
Ap = 2f T (22

where L isthetotal length of the tube run. Thefriction factor f may be obtained from charts or calculated
from avariety of formulae. One of the most widely used is the Colebrook-White equation:

21 - —0.86In{@ " 2'51] 2.3)

where ¢ is the roughness height, d the tube inside diameter and Re the Reynolds number (= pv,d/n) .
Equation (2.3) isimplicit in nature and requires iterative solutions; an explicit equation which fits this
expression is that of Chen'® (1979):

£ 5.0452 { 1 (e} 1-1098+ 5.8506}}. (2.4)

— = —2.0Iog{ - < DO
Jaf 3.7065d Re 2.8257\d Re8%!1

If the fouling factor, Ry, and the thermal conductivity, A, of alayer of foulant deposits are known or can
be estimated, the inside diameter of theflow areaof afouled tube, d;, can be determined by Equations (2.5)

ESDU Copyright material. For current status contact ESDU.

and (2.6)
_ din(d/dy) .
d; = dexp(-2A; R, /d). (2.6)

The friction factor for the fouled tube, f;, can be obtained from either Equation (2.3% or Equation (2.4) by
substituting d; for d, Re; = pv; di/n for Re (where v; = v, (d/d;)” = V,(d/d;)™) and by inserting a
suitable valuefor € . Thechoiceof ¢ clearly depends on the particular fouling situation but atypical value
of ¢ for afouled surface might be around 0.1 mm. The pressure drop isthen cal cul ated from the expression:

In order to calculate d; from Equation (2.6), avalue of A; _isrequired. Values of the thermal conductivity
of fouling deposits are tabulated in the VDI - Warmeatlas’ (1994). Values are given for gas-oil deposits
in the range 0.3-1.1 W/m K and for coke in the range 0.3-0.9 W/m K. For conservative estimates of the
increasein pressuredrop, therefore, the higher end of thisrange showed betaken (avalueof 1 W/mK, say).
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The effect of fouling on the shellside pressure drop can be estimated using Table 2.2, taken from Coulson
et al.1°, (1985).

TABLE 2.2 Ratio of Fouled to Clean Shellside Pressure Drop

Reciprocal Shell diameter/baffle spacing
of fouling factor
(Wim=K) 10 2.0 3.0
Laminar flow:
1/R; = 6000 1.06 1.20 1.28
1/R; = 2000 1.19 1.44 155
1/R; <1000 1.32 1.99 2.38
Turbulent flow:
1/R; = 6000 1.12 1.38 155
1/R; = 2000 1.37 2.31 2.96
1/R; <1000 1.64 3.44 477

2.7 Types of Fouling

The categorisation of fouling into various types has become fashionable, and atypical classificationisthat
of Epstein®® (1983) who suggests that the main mechanisms are those of crystallisation fouling, particulate
fouling, chemical reaction fouling, corrosion fouling and biological fouling. He classifies knowledge in
the areain terms of information available about initiation, transport, attachment, removal and ageing of the
fouling layers. Epstein defines chemical reaction fouling as the formation of deposit at the heat transfer
surface by chemical reaction, in which the surface itself is not a reactant. A characteristic of chemical
reaction fouling is that, in common with other chemical reactions, the rate of reaction increases
exponentialy with temperature. Theformation of polymeric material during transport of the crude through
the heat exchanger was originally thought to be an important factor. This rate of formation was expected
to be very sensitive to the presence of oxygen, asindeed it is. However, the change in the concentration of
the polymeric material asthe crude passesthrough the heat exchanger issmall compared to the concentration
of the materia entering the heat exchanger and the formation process is not, therefore, dominant, as is
confirmed by recent work. The crude oil organic fouling mechanism isacomplex process, and is primarily
due to the destabilisation of the asphaltene component of crude ail, its deposition at the tube wall and its
subsequent degradation to a carbonaceous fouling layer.

ESDU Copyright material. For current status contact ESDU.

Asphalteneisgeneraly found in adisperse colloidal micellar form, with the asphaltene at the centre of the
micelle, surrounded by astabilising layer of resinous species. These speciesbecomeincreasingly saturated
with distance from the micelle centre. At the edge of the micelle, the carbon/hydrogen ratio approximates
tothat of the bulk phase, and it isthisgradually increasing saturation which affords solubility to themicelle.

The bulk phase contains paraffinic constituents which, under certain conditions, are capable of dissolving
higher molecular weight hydrocarbons. The lightest of these paraffins contribute little to the overall
carbon/hydrogen ratio of the hydrocarbon stream but are capabl e of removing many of the outermost resin
species of the asphaltene micelle.

When the micelle comesinto contact with paraffinic fractions, or when the temperature of the il israised,
the outermost stabilising resins are removed by the paraffinic components and are liberated into the oil
bulk. Thisleaves an exposed core of asphaltenewhichisno longer held in solution by aresinousshell. The
asphaltene micelle, stripped of its solvating shell, has alow degree of saturation at its outer edge relative
to that of theliquid phase. It is no longer stabilised in the oil bulk, and precipitation is more favourable.

Documents
12 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 00016 B 2005


http://www.avadocuments.com/doc/esdu-00016-b-2005
http://www.avadocuments.com/doc/esdu-00016-b-2005

ESDU 00016

Thenewly exposed asphalteneishighly polar and exertsattractive el ectrostatic forces upon other asphaltene
species, resulting in the aggregation of asphaltene into a dense and insoluble particle. This aggregate may
migrate from the turbulent bulk of the oil to the laminar sub-layer, where its residence time near the tube
surface is vastly increased.

Deposition of destabilised asphaltene takes place by two consecutive processes. Thefirst isthe migration
of the asphaltene aggregate to the metal surface, which may be due to gravitational, kinetic or electrostatic
forces. At this point the thermodynamics of the aggregate-tube wall interaction dictate whether solvation
will continue or whether the aggregate will be adsorbed onto the metal surface. The competition between
adsorption and solvation is greatly influenced by the geometry and roughness of the surface at the point of
contact.

If adsorptionisfavoured, the asphaltene aggregateisdeposited on the metal surface. Thisbeginsat localised
sites, where the thermodynamics of adsorption are the most favourable. With time, additional fouled sites
continueto appear on the metal surface until acoating of asphalteneisproduced. At hightubetemperatures,
this asphaltene layer undergoes degradation, through polymerisation and dehydrogenation mechanisms, to
progressively more carbonaceous species.

Thechemistry of asphaltene degradation involvesamyriad of chemical reactions occurring simultaneously.
The following are some of the major reactions types involved.

. C-H, C-C bond cleavage to form reactive free radicals,
. molecular rearrangement,

. thermal polymerisation,

. aromatic condensation,

. elimination of side chains and hydrogen.

Animportant step in the early stages of coking isthermal rearrangement, where either an initial component
or arearranged entity serves as the building block in the further stages of degradation. One of the factors
which makes coking so complex isthe presence of so many polymerisation sitesin an asphaltene molecule.
The polymerisation processes for asphaltene can produce either condensed or non-condensed polymers,
which vary considerably in structure.

ESDU Copyright material. For current status contact ESDU.

As the fouling layer degrades to coke it becomes hard and brittle, and begins to fracture, leaving small
cracksinthefoulant surface. These cracks behave as energetically favourable sitesfor deposition in much
the same way as the roughness of a clean surface. Asphaltene deposition continues at these sites and the
fouling process begins again.

Studies haveindicated that the rate of fouling in crude oil systemsincreases exponentially with temperature
in amanner analogousto chemical reaction fouling. However, aswill be seen from the above, the process
is subtly different to a chemical reaction process; the destabilisation of the asphaltenes is very dependent
on temperature (hence the approximately exponential law) but is also influenced by many other factors,
and in particular by the crude composition.

Organic foulants are either already present in the crude or are formed through a number of pathways, the
most common of which are autoxidation, pyrolysis, condensation and polymerisation. Autoxidation has
been the subject of numerous scientific papers, with asummary being given by Braun and Hausl er? (1976).
The processes are extremely complex and it is beyond the scope of the present Data Item to give details:
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However, it might be helpful to give asummary of some typical reactions that take place. These occur in
three stages as follows:

Initiation Formation of R*, RO* or RO,*

Propagation R* + O, — RO,*
RO,* + RH — RO,H + R*

Termination 2R* - R—-R
2RO, 5 R-0-0-R-0,
R* + RO, - R-0-0-R

Inert Products

Here, the * denotes a free radical and the initiation of the process results from the formation of such free
radicals by catalysts, thermal reactions between oxygen and an olefin, redox reactions, etc. The larger
molecular species formed as inert products in the termination phase may, for example, form part of the
depositing species. However, it should be stressed that, in normal crude pre-heat trai n situations, the oxygen
content is usually quite low and the formation of new polymers by reactions of the above typeislikely to
be of low significance. The situation is dominated by the asphaltenes already present in the crude, the
fouling process being governed by their destabilities and aggregates as discussed above.

Thoughthereisavast literature on fouling, specific studiesrelating to crude il fouling arefewer in number.

These include studies of fouling in operational heat exchangers and al so studies on fouling with crude oil
streams in experimental apparatus. Table 2.3 summarises these studies.

TABLE 2.3 STUDIES OF CRUDE OIL FOULING

ESDU Copyright material. For current status contact ESDU.

Authors System Maximum wall temperature or
wall temperaturerange ( °C)

studied

Weiland et al.20 (1949) Pre-heat train 310

NACE report®? (1970) Pre-heat train 400

Scarborough et al.%¢ (1979)" Single-heated tube 365-475

Latos and Franke** (1982)* Hot wire probe 175-400

Lambourne and Durrieu* (1983) Pre-heat train 374

Eaton and Lux?* (1984)* Heated probe 287

Dickakian and Seay?? (1988)* Single-heated tube 232-266 (bulk)

Crittenden et al.?! (1992) Pre-heat train 250

Crittenden et al.?% (1993)* S rzal/ ﬁ ﬁﬁﬁgbe 197-218

Ebert and Panchal?® (1995) Heated probe 376-467

Asomaning and Watkinson® (2000) Heated probe 160-240

*

These measurements were taken with a recirculation system which may give results which are unrepresentative of the real

(once-through) situation.
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It should be emphasized that the nature of the fouling process will vary from heat exchanger to heat
exchanger inthe pre-heat train. Fouling in the earlier (upstream of the desalter) exchangersin thetrain will
be dominated by inorganic fouling (brine salts and iron sulphide, etc.) whereas the later exchangers
(downstream of the desalter) will have a preponderance to fouling by organic foulants (asphaltenes, etc.).
A diagram illustrating this changeis that of Lemke™ (1999) which is reproduced here as Sketch 2.4; note
that the crude temperatureincreasesfrom left to right. Thefirst two exchangers are upstream of the desalter.

@ " Ironsulphide"

M Brine salts
16
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O A sphaltenes/coke/gums
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Sketch 2.4 Occurrence of typesof foulant in pre-heat train heat exchangers
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3. FACTORSINFLUENCING FOULING
3.1 Effect of Surface Temperature

A frequently used relationship for the effect of surface temperature on fouling rate is of the Arrheniustype
asfollows:

dR -E
— = Aexp( ad] (3.1

where A is a parameter fitted to the data (it has the units m? K/J), E,y isan activation energy (typicaly
expressed in kJmol) and T is the absolute temperature of the interface between the fluid and the deposit
surface (K). Equation (3.1) impliesthat aplot of In(dR; / dt) against 1/T, would be astraight line, from
which thevaluesof E_, and A may be determined. In applying Equation (3.1), it isimplicit that all other
factors (velacity, geometry, fluid composition) should remain constant. Crittenden et al A (1992) fitted the
following equation to data for light crude oil:

dR
f -33
_ = —7 il
™ 4.9 x 10 exp(RT ) . (3.2

w

A variety of activation energies have been observed for crude oils. Asimplied in Equation (3.2), Crittenden
et al.?! obtained a value of 33 kdJ/moal for light crude oils; their value for heavy crude oils is 21 kJ/mol.
Scarborough et al.?® (1979) and Eaton and Lux?* (1984) obtained values of 53 and 36 kJ/mol respectively
for crudeoil feedstocks. It should be stressed that these val ues are based on wall temperatures (as measured
by thermocouplesin thewall); it should be remembered that the temperature varies away from thewall and
thiswill affect the situation. Thetemperaturefalsfromitsvalueat thewal, T, , toitsvalueat theinterface,
T, and then decreases further to its value in the bulk fluid. It should also be stressed that Equations (3.1)
and (3.2) are for situations in which the fluid flow conditions are constant; specificaly, the experiments
were carried out at constant velocity and the effect of variation of vel ocity wasnot covered. Vel ocity effects
are discussed in Section 3.2. There is al'so some discussion in the literature about whether T, or T, isthe
appropriate temperature to use in flowing system. Ebert and Panchal®® (1995) use the “film temperature”
(Ty) (thatis, the mean of the bulk and wall temperature) in their analysis of fouling rates; this approach is
dealt with in more detail in Section 4.3.2.

ESDU Copyright material. For current status contact ESDU.

3.2 Effect of Flow Velocity

Typically, in acrude pre-heat train, fouling decreases with increasing velocity. Care has to be taken in the
interpretation of data on the effect of flow velocity on crude oil fouling. For agiven bulk temperature and
heat flux, the principal effect of increasing velocity may be to decrease the fouling rate due to the fact that
the heat transfer coefficient increases and the wall temperature therefore decreases. On the other hand, if
the fouling rate is controlled by mass transfer to the wall region of species present in the bulk fluid, then
the mass transfer coefficient from the bulk to the near-wall region will increase with increasing velocity
and this may giverise to an increase in fouling rate with increasing velocity.

For asituationinwhichthefouling ratefor agiveninterface temperature decreaseswithincreasing vel ocity,
the influence of velocity may be manifested in two ways:

(D) If the deposit is weak, then the shear stress at the wall (which increases with increasing velocity)
may given rise to an erosion of the fouling layer which offsets the deposition of the foul ant.
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2 If the foulant material isformed in the fluid boundary layer adjacent to the hot surface (where the
formation rate may be highest), then this formed foulant may diffuse back into the bulk fluid. An
increase in velocity would increase the rate of mass transfer of the foulant and may reduce the
fouling rate.

Itisnot surprising, therefore, that theresultsfor the effects of velocity on thefouling of crude oilsarerather
inconclusive (Nelson®* (1969), Scarborough et al.?6 (1979), Dickakian and Seay?? (1988) and Crittenden
et al. (1992). However, it seems probable that fouling can be avoided by having a sufficiently high wall
shear stress; we shall return to this point in Section 4.3.2.

An effect associated with the effect of velocity is that of residence time. There is some evidence that, in
passing through a heat exchanger, the crude tends to “cook” and, in large heat exchangers, the behaviour
of the material may be different near the entrance to that near the exit. Both temperature and time may
therefore be important variables.

33 Effect of Oil Properties
3.31 Crudecomposition

Crudeoil isan extremely variable material. A crucia factor governing fouling isthe amount of asphaltenes
present in the crude. “Heavy” crudes tend to have higher asphaltene contents and are more susceptible to
fouling. Asphaltene is the highly condensed aromatic material which gives many oils their black colour.
Ashphaltenes have a molecular weight ranging from 1000 to 300 000 g/mol and are defined as a class of
crude ail constituents insoluble in non-polar solvents such as pentane, hexane or heptane but soluble in
solvents such as pyridine, carbon disulphide, carbon tetrachloride, toluene or benzene
(Watkinson’” (1992)). Dickakian and Seay?? (1988) studied the effect of asphaltenes on thermal fouling.
They were able to characterise the deposits formed on the heat surfaces at various times, showing that the
deposits wereinitially asphaltene precipitates which were then carbonised on the surface into an infusible
coke. A typical time sequenceis shown in Sketch 3.1.

O Asphaltenes

H Coke
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Sketch 3.1 Effect of asphaltenes on fouling (Dickakian and Seay?? (1988)).
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Dickakian and Seay?(1988) concluded that most crude oil fouling in heat exchangers proceeds in the
following manner:

(D) Incompatibility between the asphaltenes and the ail initiates precipitation of some asphaltenes.
2 The precipitated asphaltenes adhere to the hot metal surface.

(©)] The asphaltenesthen carboniseinto infusible coke, which producesanirreversiblelowering of heat
transfer coefficients which is unrecoverable without off-line cleaning.

Thus, asphaltenes may be regarded as the most important crude oil component in governing fouling.
Important factorsrel ating to asphaltenes are their combination of low solubility and high thermal reactivity.
Theasphalteneshavethe highest thermal reactivity of any fraction of acrudeoil. Whilesoluble, asphaltenes
react to form lower molecular weight products but when insoluble the major thermal reaction product is
coke (Wiehe®! (1993)).

3.3.2 Crudemixing

In practical situations, another factor which is of great importance is the presence in the crude feedstock of
oily slopsand oily sludge. Oily slopscan, for instance, bere-run, off-specification material of varioustypes.
The addition of slopsto the feed stream is seen asameans of recovering adifficult material; this may cause
additional fouling problems. Oily sludge on the other hand is material which arises from the bottom of .
crude storage tanks and can al so be amajor source of problemsin the crude pre-heat train. One oil company
eliminated the sludge by using settling systems and this gave much longer operation times. The problem
still arises asto what to do with the separated material. Oily sludge or slops can also give problemsin the
desalter by inhibiting demulsification and causing loss of crude to the aqueous outlet stream. A typical
operator reported up to 4% loss of crude oil by this means. Again, there is a considerable problem of
disposing of the oil-contaminated agueous stream.

Another important factor in managing crude oil fouling is that of mixing of various crudes. Mixing crude
types prior to their entry into the heat exchanger system can have a dramatic effect on fouling behaviour.
Crude oils are broadly categorised as parafinic or asphaltenic. Mixing typical parafinic crudes or
condensate and asphaltenic crudes can cause the asphaltenes to precipitate, giving rise to high fouling
factors. This may limit the amount of condensate that can be mixed with the crude blend.

ESDU Copyright material. For current status contact ESDU.

Mixing of crude oils can cause the precipitation of asphaltenes and hence result in rapid fouling. In aseries
of papers, Wiehe®>8%87 (1999 a, b & c) and Wiehe and Kennedy® (1999) demonstrated how the
incompatibility of crude oils can be predicted based on simple laboratory measurements. Asdefined earlier
in this section, asphaltenes are substances that are insoluble in heptane but soluble in toluene. Two
parameters can be defined to characterise a crude blend, namely the Insolubility Number, |, and the
Solubility Blending Number, Sy, . Numerical valuesfor both these parametersare estimated if the oil under
investigation is mixed with a certain amount of test liquid consisting of a heptane/toluene mixture, and the
minimum amount of toluenein this mixture to avoid asphaltene precipitation is determined. The percentage
of toluene in the heptane/toluene mixture which is required to inhibit asphaltene depositions varies with
the ratio of the volume of oil tested to the volume of the heptane/toluene mixture with which it is tested.
Results are obtained which are typified by those shown in Sketch 3.2. The oil/mixture volume ratio is
expressed as a percentage with equal volumes of oil and mixture being represented as 100%.
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Sketch 3.2 Evaluation of compatibility numbersfor Arab Light Crude
(Wiehe and K ennedy®, 1999, Wiehe, 19992 85.87 (3, b and c))

As will be seen from Sketch 3.2, the data can be fitted by a straight line. The intercepts on the y and x
axesaredenoted as |, and Hpy respectively. | isdefined asthe I nsolubility Number and represents the
percentage of toluene in the hexane/toluene test fluid which would be required to prevent asphaltene
precipitation in an infinitesmal volume of the oil being tested. The parameter Hy, represents the ratio of
oil to heptane volumerequired for precipitation to occur when the ail iscontacted with anincreasing volume
of pure heptane. Wiehe and co-workers define the Solubility Blending Number, Sy, intermsof 1, and
Hp asfollows:

100
Sen = Iy [1 + H—DJ . (33)

Thevalue of Sz will vary from crude to crude and aval ue for acrude mix, Sgy iy can be obtained on
avolumetric average basis, as demonstrated by Wiehe®® (1996b). Thus, for amixture of j crude oils, the
value of Sz yix Can be obtained from
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ZVSBNl
=1

SBN,mix = . (3.4

where V; isthe volume of crude i in the mixture and SeN;i is Solubility Blending Number for this crude.

For compatibility (that is, for the avoidance of asphaltene precipitation), the Solubility Blending Number
of the mixture must be higher than the largest Insolubility Number of any component in the mixture:

SBN mix ~ N max - (3'5)
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The application of this method is demonstrated by Wiehe®® (1999b) for blends of Souedie and Forties
crudes. The following blending and incompatibility numbers have been determined in laboratory

experiments:
Forties: SN = 27, Iy=11.
Souedie: Sy = 63, Iy=39= I,\Lmax .

For both crudesalone, Sy > Iy ;- that is, no asphaltene precipitation will occur. However, if thetwo crudes
are mixed, the results outlined in Sketch 3.3 are found: :

100 | | |
%0 Forties: Sgy = 27, Iy = 11 Incompatible ||

Souedie: Sgy =63, Iy =39 blends |

Solubility Blending Number — — ’

40 )’\0\7

- o %

20 Iy = 39 for Souedie h
Sen <IN

0 | |

0 20 40 60 80 100

Volume % Forties

Sketch 3.3 Asphaltene solubility during blending of Souedie and Forties crudes

If Forties crude is added to a certain amount of Souedie crude, a compatible mixture is produced until the
Solubility Blending Number of the mixture reaches the value of the larger of the two Insolubility Numbers,
that is, 39. Thisoccursat a Forties crude concentration of about 67%. Further addition of Forties crudewill
result in asphaltene precipitation until almost pure Forties crude is reached.

Sketch 3.3 also shows the importance of the blending order. If, for example, a 50% mixture of these two
crudes is produced by adding Forties Crude to Souedie crude, asphaltene precipitation will not occur. If,
however, the same mixture is produced by adding Souedie crude to Forties crude, the mixing process will
move through the incompatibility region and asphaltenes would be precipitated. While the precipitated
asphaltene will ultimately dissolve again for Souedie crude concentrations above 33%, this dissolution
process may take long enough to produce deposits in the crude distillation unit. This procedure has been
verified in commercia crude pre-heat application.
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34 Effect of Oxygen

If oxygen is present in the crude, then free radical polymer-forming reactions may occur of the type
discussed in Section 2.7. Thus, oxygen has a potentially dramatic effect on fouling rate and has been the
subject of a number of investigations.

Asomaning et al .2 (1995) attempted to simul ate the effect of oxygen on hydrocarbon fouling by recirculating
a solution of indene in kerosene over a heated probe. Before placing over the probe, the mixture was
saturated with amixtureof air and nitrogen at various concentrations of air. Aswill be seen from Sketch 3.4,
there was an induction period after which the fouling factor rose very rapidly, the induction period being
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