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Chapter 1

Introduction

The heat exchangers are used extensively in several industrial applications, e.g.,
power generation, petroleum refining, petrochemical plants, etc., to recover heat
from hot fluid streams. Its size and numbers varies from application to application.
Being an important plant item in maintaining process conditions (e.g., tempera-
ture), its performance is monitored regularly to ensure the required efficiency. The
major factor responsible for its decreased efficiency is the deposition of unwanted
material on the heat-transfer surface, also called "fouling”. The deposition of an
unwanted layer represents an additional resistance to heat transfer in addition to
those present in a typical design of the exchanger. In addition, the reduction of the
flow area due to presence of deposits increases the pressure drop through the heat

exchanger. Both these consequences represent an additional energy requirements.



In general any extensive fouling will mean that the heat exchanger will have to
be cleaned on a regular basis to restore the lost efficiency. The frequency of cleaning

will depend upon the severity of the fouling and its associated costs.

The costs associated with fouling of heat exchangers are very high and this is
one of the main reasons for an increased research in this area. For instance, during
the design stage, providing extra heat-transfer surface for a fixed duty exchanger
is a frequently adopted measure. But this increases costs of manufacturing, trans-
portation and installation. The capital costs of antifouling measures represent an

additional cost component for an exchanger in operation.

Many strategies are possible for reducing, controlling or eliminating fouling prob-
lems in heat exchangers. These strategies ranges from careful design and construc-
tion of the exchangers to techniques applied during installation and operation of
the exchangers. Although many of these strategies can reduce or control fouling,
their benefits are difficult to quantify. The present research is aimed at devising
reliability-based, cost-effective maintenance strategies for heat exchangers subject
to fouling. For this purpose, experiments were performed regarding CaCOj scaling
(precipitation fouling) in the Research Institute (RI) on a scaling loop test facility,
simulating a single tube heat exchanger. Furthermore, data was extracted directly

from the literature regarding corrosion fouling. The stochastic analysis of the avail-



able fouling data was carried out. In addition, economic aspects were quantified by

incorporating a risk factor p in the cost model for a specific heat exchanger in an

industrial application.

To effectively meet the desired objectives, a relevant state-of-the-art literature
review was carried out as discussed in chapter 2. The details of experiments to
generate fouling data and resulting fouling resistance versus time (Ry vs t) curves
are presented in chapter 3. The reliability-based statistical analysis of time to reach

a critical level of fouling resistance, Ry, for a particular set of Ry vs t curves is

discussed in chapter 4.

Chapter 5 includes a discussion on mitigating techniques and a probabilistic
model of cost-based-maintenance for heat exchangers subject to fouling. For this
purpose thermoeconomic analysis is carried out for a specific heat exchanger used in
a crude oil refining process. The results are presented in the form of a dimensionless
cost function and the effect of incorporating scatter parameter ‘a’ and risk factor
'p’ in the model has been studied. Finally, the outcome of the present research and

related future work is outlined in chapter 6.



Chapter 2

Literature Review

2.1 Historical Background and Fouling Models

2.1.1 Historical background

The fouling of hest-transfer equipment has been one of the major unresolved prob-
lems in the design and maintenance of heat exchangers. It is becoming clear that
fouling is a factor of increasing importance in the design and operation of heat
exchangers [1]. Increasing energy and raw material costs, declining availability of
high quality cooling water, and environmental restrictions limiting the use of cer-
tain additives that could be used to mitigate fouling, have combined to increase
the importance of understanding fouling phenomena in the design and operation of

heat exchangers. This increased interest in fouling is evidenced by the growth in the



volume of published literature and in the number of conferences held on the subject

in recent years [2].

Fouling literature has been classified in several bibliographies. The first of these,
published in 1970 by Battelle Laboratories under the sponsorship of American So-
ciety of Mechanical Engineers (ASME) Ash Deposits and Corrosion Committee,
provides an extensive bibliography on corrosion and deposits from combustion gases
[2]. In 1979, AERE Harwell in cooperation with Hemisphere publishing corporation,
began publication of a quarterly awareness journal, "Fouling Prevention Research
Digest”. The journal provides an annotated bibliography of recent literature per-
taining to fouling. Several review articles have documented the state of the art of
fouling knowledge. In 1974, Taborek et al. [3] provided a systematic treatment of
fouling that has been recognized as a major contribution to the subject of fouling.
Epstein presented an overview of fouling as discussed in [2], in which he proposed
six basic types of fouling which has since been widely accepted. A general review of
cooling water fouling was presented in 1977 [2]. The most recent overall reviews on

cooling water fouling are presented by Knudsen [4, 5]

2.1.2 Mathematical models of fouling

The process of heat-exchanger fouling involves the deposition of unwanted material

on the heat-transfer surface. Such deposition causes an increase in the resistance to



heat transfer and often causes a significant increase in friction loss as well. As the
deposit becomes thicker, and depending on its physical strength, a certain amount
of material may be removed from the surface and re-entrained in the flowing stream.
The following material balance equation expresses the rate of change of the fouling

resistance as a function of the deposition rate (¢,4) and the removal rate (¢,) as [6],

dR;[dt = ¢4 — o, (2.1)

It should be noted that fouling is a dynamic process. Therefore, the fouling
resistance changes with time in a manner dictated by the deposition and removal
rates. The above equation can be represented by a fouling resistance-time curve
which is shown in Fig. 2.1. The shape of the curve is indicative of the phenomena
occurring during the fouling process. A linear relationship (curve A) is generally
characteristic of tough, hard, adherent deposits, and indicates that the deposition
rate minus the removal rate is constant. A falling rate or asymptotic curve (curve
B) may be obtained even though there is no removal, due to retardation forces that
increase as the deposits builds up. An asymptotic relationship (curve C) is generally
characteristic of "soft” or fragile deposits, which flake off easily due to the shearing
force of the fluid flowing past them. This behavior can be obtained if the deposition
rate is constant and removal rate is proportional to the thickness of the deposit.
This assumption leads to a simple exponential equation as shown in the figure.

Occasionally a delay time ¢p is observed before deposition occurs. During this time

RV
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Figure 2.1: Typical fouling resistance-time curves. [52]




nuclei are forming on the surface; as their population grows, gross deposition occurs

and create resistance to heat-transfer.

2.2 A General Review on Present Fouling Re-
search

Fouling of heat-transfer equipment received attention of many engineers and scien-
tists, as the time passed. A lot of experiinéntal and analytical work has been carried
out and published to date. An increasé;l knowledge and research in this area made
it necessary to review the existing fouling section of widely used Tubular I?xchanger
Manufacturer Association (TEMA) standards. In this regard, a joint committee
of Heat Transfer Rescarch Institute (HTRI) and TEMA was set up to review the
fouling section of TEMA standards and their recommendations were included in the
final report compiled by Chenoweth [7]. The changes of 1988 TEMA, standards and
their effect on mechanical and thermo-hydraulic design have been critically reviewed
by Taborek and Aurioles [8].

Pilavachi and Isdale [9] presented information on research activities aimed at
controlling the fouling behavior of heat exchangers in industry. Hesselgreaves [10)
devised a simple analysis to examine the relationship between the pump or fan
characteristics and the performance of basic heat-exchanger surfaces with a given

fouling deposit (or resistance). Konings [11] presented guide values for the fouling



resistances of cooling water on the basis of field and laboratory experiments as well
as the pulished data. Recommendations were given by Watkinson [12] to assign
fouling resistances for augmented tubes in terms of corresponding plain-tube foul-
ing resistances. A technique to measure the local fouling resistance was devised by
Thompson and Bridgewater [13] and its plant demonstration was carried out. Crit-
tenden and Khater [14] have given a more general analysis of the selection of fouling
resistances, taking into account the costs of plant cleaning and loss of revenue during

shut-down, with particular reference to the petroleum and petrochemical industries.

2.2.1 Literature review on different types of fouling

There is more than one way to classify the types of fouling, the very fundamental
classification that was proposed by Epstein at the 1979 International Conference on
the Fouling of Heat Transfer Equipment [1] has been widely adopted. This scheme

classifies fouling according to the principal process that gives rise to the phenomenon.

Particulate fouling

Suspended particulate matter is encountered in many industrial fluid streams and
the accumulation of particles from a fluid stream on heat-exchanger surfaces is a
common fouling phenomenon [15]. For example, river water is used as a cooling
medium, particles of clay and mineral matter are carried into the river by run-off

and the subsequent concentration can be high or low depending on local rainfall



10

conditions.

Steinhagen and Blochl [16] carried out experiments to determine the effects of
particle size, particle concentration, and particle/fluid combination on fouling. The
influence of the above parameters on the fouling resistance was measured. The model
to predict the particulate fouling behavior of repeated rib tubes was presented by
Kim and Webb [17]. The influence of flow velocity, wall temperature, heat flux,
particle concentration and particle size on the fouling behavior was compared to
the prediction of several fouling models from the literature by Steihagen et al. [18].
Chan et al. [19] presented fouling data for geothermal brines with different pH
values, chemical compositions, and thermal-hydraulic conditions. The effects of
supersaturation, pH, Reynold number and concentration of ion in the brine solution
on the formation of silica scale in the heat-exchanger tubes were discussed and silica

deposition model was proposed. Neusen et al. [20] presented a semi-analytic model

for silica fouling.

Biological fouling

Biological growth on heat-exchangers surfaces can be roughly divided into two
groups depending on the size of the organisms. For example, microfouling is usually
associated with larger animals such as mussels, barnacles, hydroids and serpulid

worms and vegetation such as seaweed. These are particularly associated with sea
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water or estuarine cooling water systems. On the other hand, micro-organisms such
as bacteria, fungi and algae may be the sources of surface contamination. Because
such fouling involves living matter, the temperature over which it can exist is lim-
ited between 0 and 90°C. The highest concentration occurs roughly in the range 20
to 50°C. Excessively thick layers of biological material are possible under certain
conditions. In cooling water systems particularly, the presence of a biofilm may
promote other fouling processes such as corrosion. For instance, under the slime

layer it is quite common to find pitting corrosion {15].

Chemical reaction fouling

Oufer and Knudsen [21] developed a model to predict the fouling on a heat transfer
surface under local boiling conditions, due to the deposition of unwanted materials,
which were products of a given chemical reaction. Panchal and Watkinson [22] also
developed a fouling model on the premise that the chemical reaction for generation
of precursor can take place in the bulk, in the thermal-boundary layer, or at the
fluid wall interface depending upon the interactive effects of fluid dynamics, heat
and mass transfer, and the control parameters influencing the chemical reaction.
Fryer et al. [23] obtained an optimum combination of exchanger size and tube-side

temperature for asymptotic reaction fouling.
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Freezing fouling

The deposition of a layer of a solid material derived from the process fluid itself
through cooling down to its freezing point reduces the heat-transfer rate. Examples
of freezing would be the formation of ice in a heat exchanger during the produc-
tion of chilled water or deposits formed in margarine coolers or phenol coolers [15].
The nature of the deposits will depend on the fluid being processed. As a rule,
freezing fouling is associated with temperatures well below 100°C and may require

temperatures much closer to, or below, ambient [15].

Corrosion fouling

When any metallic heat-transfer surface is exposed to a corrosive liquid medium the
products of corrosion can foul the surface, provided the pH of that medium is not
such as to dissolve the corrosion products as they are formed. Corrosion commences
immediately if a surface is brought into contact with the corrodant. Furthermore,
the corrosion products are such a potent foulant that an effect on the heat trans-
fer is observed immediately. Not only are the effects of corrosion fouling probably
quicker to appear than those of other categories of fouling, but their ultimate effect
on heat transfer is as great as that of other categories of fouling. It is a very impor-
tant phenomenon because loss of material due to corrosion of heat-transfer surface
could lead to the failure of the surface in a given operation. Somerscales classified

corrosion fouling into two types [24]: ex-situ and in-situ. As a result of corrosion
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in heat-transfer systems, the corrosion products may be released into the flowing
stream either in particulate form or as dissolved species. The material may then be
deposited on heat-transfer surfaces and fouling thus resulted is ex-situ. Likewise,

the corrosion fouling due to corrosion products formed on the heat-transfer surface

is known as in-situ corrosion.

Corrosion mechanisms damage tube materials in service water system heat ex-
changers which eventually result in leakage across the tube wall. Witt [25] has
indicated that the primary cause of service water degradation is corrosion and ero-
sion. An extensive research is going on to combat the problem of corrosion fouling
properly in industrial applications. Panchal and Sacccer [26] presented short-and
long-term biofouling and corrosion fouling results for a rectangular-flow channel and
for the spirally fluted tubes made of aluminum. Lister [27] reviewed the mechanism
of corrosion and corrosion product movement and fouling in heat-transport systems
of thermal electric generating stations. Oil and coal fired boilers were considered
along with nuclear power systems. A model to predict the particle size distribution

in a fluid and at the surface due to corrosion fouling is discussed by Beal and Arm-

strong [28].

Somerscales and Kassemi [29] carried out extensive experiments on in-situ cor-

rosion related fouling and obtained replicate data of fouling resistance as a function

Y
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of time. It should be noted that they only presented the data and no specific data
analysis was carried out. Considering the stochastic nature of this data, a reliability-

based statitical analysis is carried out as discussed in chapter 4.

Precipitation fouling

Precipitation fouling may be defined as the phenomenon of a solid-layer deposition
on a heat-transfer surface arising primarily from the presence of dissolved inorganic
salts in the flowing solution which exhibit supersaturation under the process con-
ditions. For example, a solution which is evaporated beyond the solubility limits
can cause supersaturation. Another process condition causing the supersaturation
to occur is due to a solution containing a dissolved salt of normal solubility is cooled
below its solubility temperature or a solution containing a dissolved salt of inverse
solubility is heated above its solubility temperature. Finally, it may also be due to

mixing of different streams leading to creation of supersaturated conditions [30].

The industrial systems and operations in which the problem of precipitation
fouling is of major significance are cooling water system, steam generation system,

saline water desalination system, geothermal brine system and potable water supply

system.
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Calcium carbonate scaling

The term "scaling” is generally used to describe a dense crystalline deposit, well
bounded to the metal surface. It is often associated with the crystallization of salts

(e.g., CaC0,) of inverse solubilities under heat-transfer conditions. Taborek et al.

[3] described two mechanisms of scaling as

¢ Crystallization of relatively pure CaCOj3 in which the scale is well bounded

and removal processes are ineffective.

o Crystallization of CaCO; contaminated by precipitating impurities and de-

positing particulate matter, in this case the scale layer is weaker and removal

processes are effective.

Many efforts have been devoted to the study of CaCO; batch precipitation kinetics
in controlled systems under conditions of both spontaneous precipitation [31] and

seeded precipitation [32].

Many industrial applications e.g., cooling tower or applications involving sea
water for cooling purpose face the problem of CaCOQj scaling in the heat-transfer
equipment and, therefore, received a particular attention of many researchers. Fryer
[33] conducted the research to investigate the similarities between two types of tem-
perature dependent fouling from geothermal fluids and food. A systematic study of

scaling characteristics of cooling tower water was conducted by Morse and Knudsen
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[34], Story and Knudsen [35}, Lee and Knudsen [36] and Coates and Knudsen [37}.
This is a somewhat extensive investigation to determine the effect of the various
parameters that offer the fouling (or scaling) characteristics of cooling tower water;
that includes the flow velocity, surface temperature, and water quality parameters.
Practical and fundamental aspects of precipitation fouling (CaCOj; scaling) were
reviewed by Hasson [30] by considering the background of known physica-chemical
principles. The problem of defining the precipitation fouling tendency was consid-
ered by reviewing principles of solution equilibria and of precipitation kinetics for
salt systems frequently encountered in heat-exchanger applications. A model for im-
proved prediction of CaCOj scale deposition in heat exchangers of secondary loops,
typically used in thermal and nuclear power plants was presented by Tretyakov [38].
Branch and Steinhagen [39] modeled fouling in shell-and-tube heat exchangers by
combining Hasson’s ionic-diffusion model for CaCQj scaling with a model for pre-

dicting the temperature distribution by Gaddis and Schlunder [40].

It should be noted that the data presented and analysed by Knudsen and cowork-
ers [34, 35, 36, 37] is based on deterministic approach as illustrated in Fig.2.1, how-
ever, due to randomness of the fouling process, the fouling growth models [e.g.,
Rf(t) = m(t — t,)] can be properly explained by taking the repeated data at a
specific sections of the heat exchanger tubes under the same thermal-hydraulic con-

ditions, this will demonstrate the nature of randomness of parameters of the fouling
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model. For this purpose, several replicate experiments under nominally identical
operating conditions are conducted in the laboratory to observe the time dependent

growth of CaCOj scale in a heat exchanger tube. The relevant details are presented

in chapter 3.

Mixed fouling

Frequently two or more mechanisms may be present. Heat-exchangers through which
cooling water passes may be subject to biofouling, corrosion and particulate deposi-
tion. Chemical reaction fouling may be accompanied by particulate deposition and
corrosion whilst changes in operating conditions, either of the heat exchanger itself

or in the process plant of which it forms a part, may change the nature of the fouling

[15].

2.2.2 Fouling control methods

Yang et al. [41] used a spiral wire to augment the heat transfer inside the tubes of
surface condensers or shell-and-tube heat exchangers. Experimental investigations
on the cleaner-augmenter and the compreliensive evaluation criterion for the device
as a fouling cleaner were presented. A spiral tubulator was used by Kim [42] to
enhance the rate of the heat-transfer inside the tubes in shell and tube heat ex-
changers. Based on the experimental investigations, the relations among the heat

transfer, drag, effectiveness of cleaning the foul, and the geometric variables of the

¥
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cleaner/augmenter were found.

A variable antifoulant treatment was made by Dickakian [43] according to the
daily fouling analysis by a fouling analyzer. It provided economical, optimal and
alert of dramatic changes in crude oil fouling characteristics. Fouling experiments
were carried out by Crittenden et al. [44] with light Arabian crude oil (containing
10 % waxy residue from a crude oil tank) flowing inside 3/4 inch OD, 14 BWG heat
exchanger grade tubes of a pilot scale recycle flow test rig. A greater reduction in
fouling appears to occur with inserts of higher loop density and they concluded that

the presence of an insert can alter the hydrodynamics in a beneficial manner.

Miyuki et al. [45] observed that pitting and crevice corrosion resistance of stain-
less steel was improved with an increase in the amount of Cr + 3Mo(+10N)}%).
Schwarz et al. [40] carried out various chemical treatment programs to minimize
fouling of surface condensers and service water heat exchangers, as well as to meet

carbon steel and 90-10 Cu-Ni corrosion rate goals.

Knudsen [47] showed that with appropriate chemical treatment, most cooling
water will foul only minimally so that continuous operation of heat exchangers was
possible. He further concluded that the fouling characteristics of most cooling water

was such that fouling may be decreased by low temperatures and high velocities.
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An extensive summary of the fouling control methods which are currently used in

industrial applications are presented in chapter 5.

2.3 Economic Impact of Fouling

An understanding of the economic penalties associated with fouling is one of the
primary reasons for greater interest in the fouling research. Pritchard [48] presented
cost estimates associated with fouling in Britain. Thackery [49] estimated the overall
annual cost of surface fouling in U.K is about 0.3 % of GNP (approximately $1
billion). The order of magnitudes of these estimates is confirmed by Van Nostrand
et al. [50] while investigating the fouling related costs for the U.S specific refinery
units. Steinhagen et al. [51] indicated the fouling-related costs for New Zealand
at about $30 to $46 million which is about 0.1 % to 0.17 % of the annual GNP. It
should be emphasized that the costs associated with fouling can be classified under

four main headings: Capital Expenditures, Fuel Costs, Maintenance Costs and Loss

of Production [52].

2.3.1 Capital expenditures

This section covers increased cost of heat exchangers due to fouling. The costs can
be subdivided into a number of components. For example, costs associated with the

provision of extra heat-transfer surface to allow for fouling, and the costs of extra
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civil engineering works associated with the installation of larger heat exchangers.
However, a substantial amount is to be allowed for adding the plant items connected
with antifouling measures such as clarifiers, filters, settlers, etc. in water treatment
plant. A detailed discussion on the effects of fouling on the condenser design for
power plants, including heat exchanger size, flow velocity (and thus pumping power)
and pressure and temperature drop was presented by Curlett and Impagliazzo [53],
they concluded that an increase of 50% could be expected in the capital cost of a $

10M condenser for a hypothetical 600 MW coal fired power plant depending upon

the fouling resistance chosen.

Provision of extra heat transfer surface

Heat exchangers are usually designed for a fixed heat-transfer duty that can be

described in terms of the overall heat-transfer coefficient U and the surface area A

l/UA = []‘/h“1 + Rf]oulside + [I/hA + Rf]inside + Rw' (2’2)

It is obvious from this relation that fouling resistance, Ry, can result in providing
more surface area 'A’. The designer of a heat exchanger should therefore be able
to decide what values of Ry to use before he can decide on the surface area. The

increased cost of the heat exchanger due to fouling thus arises from [52):

(a) the extra surface area to compensate for the fouling that actually happens in

practice, and
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(b) the extra surface area that is provided by the designer as an allowance against

any Ry value that he may have been able to find being too low.

A value of 30-40% excess was found in a survey of heat exchanger manufacturers in
the United States in 1982, leading to an extra cost of $320M [2]. Cases are known
in which the excess area has been up to an order of magnitude larger than was
subsequently found to be necessary, and this suggests that about half of the extra

surface area currently being built into heat exchangers may be unnecessary [52].

The cost of installation

Provision of more heat-transfer surface results in larger and heavier heat exchangers.
The cost of extra-surface area must therefore be added to the cost of the civil engi-
neering work required, involving the provision of extra space, stronger foundations,
and increased transport and installation charges. On readily accessible sites, this
may do little more than double the cost of heat exchanger itself, but in remote sites

(e.g., on offshore oil platforms) a factor of ten may be reasonable as recommended
by [52].
Capital costs of antifouling equipment

These include a range of items [52]:

(a) systems installed on heat exchangers such as those that distribute and recircu-

late abrasive rubber balls or brushes through the tubes of shell-and-tube heat

LoV
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exchangers during operation to keep the tubeside clean,

(b) the extra cost of providing non-fouling heat exchangers such as scraped surface

devices or fluidized bed heat exchangers,

(c) pretreatment plants that reduce the fouling tendency of fluids, such as water

clarifiers, filters, settlers, ion exchange etc.,

(d) cleaning-in-place equipment such as that installed for food processing plant,

and
(e) dosing pumps and tanks etc. for antifouling chemicals.

The division between capital and running costs varies with the system; ball or brush
cleaning systems are expensive to install, but relatively cheap to run, whereas the
reverse is true for chemical dosing systems. Penner et al. [54] estimated that the
capital cost in 1981 of gas clean-up systems was about 10 % of the capital cost of
$1000/kW(e) for a coal-fired power-station. The percentage of the cost might rise as
much as 45% for a station designed to meet 1985 standards. The provision of anti-
biofouling equipment for a proposed 300MW(e) Ocean Thermal Energy Conversion
plant, the capital costs (reported in 1977) ranged from $1-2M to $ 10M depending
upon the choice of chemical treatment or balls/brushes [55]. One of the major
techniques for controlling biofouling in cooling waters is dosing with chlorine gas or

hypochlorite solution. This is widely used in power industry, it was estimated that

o~
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the total capital cost of chlorination facilities in the U.S.A., calculated on a fixed

charge rate of 20% related to the value of chlorine consumed, was $267M [56].

2.3.2 Additional energy costs

The prime function of a heat exchanger is to recover expensive energy by transferring
heat from one fluid stream to another. If, through reduced efliciency of a heat
exchanger, energy that should have been recovered ultimately finds its way into the
cooling water utility, the overall recovery efficiency of the network is reduced and

two consequences follow [52]:

(a) the shortfall in energy has to be made up from the hot utility (say steam)

usually by additional burning of primary fuels such as fuel oil or coal.

(b) the heat rejected to the cold utility has to be dissipated, usually to the atmo-

sphere via a cooling tower.

Although these two effects represent the obvious result of heat-exchanger inefficiency
on energy costs, other secondary costs may be occurred which may not always be
apparent. It should be noted that if substantial increases in pressure drop across
heat exchanger occur as a result of fouling, a significant increase in energy require-

ments for pumping is apparent. Generally, doubling the pressure drop will double

the energy dissipated in the exchanger [52].
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In one of the most detailed assessments made to date Van Nostrand et al. [50]
calculated the fouling related expenses attributable to extra fuel burnt, lost output
and maintenance and cleaning in various refinery units in the U.S.A., giving a to-
tal cost due to extra fuel burnt of $427.7M per year, based on a process fuel cost
of $2.80/MBtu. The largest part of this was due to fouling in hydrotreaters, vis-
breakers and reformers, where coking occurs. Extension of these calculations to the
non-communist world suggested a cost of over $1,500M per year, though of course
the individual costs will depend upon the local cost of process fuel. The calculations
for the U.S.A. is reasonably consistent with the estimate of Garrett-Price et al. [2],
that is; $700-3500M fuel burnt to overcome fouling problems, though this estimate

included natural gas and coal as well as petroleum products.

The loss of heat transfer due to scale formation on boilers has been calculated [57]
to lead to losses of output of 2-7% for a scale thickness of 0.8 mm, the loss depending
upon the methodology and composition of the scale. Significant fuel savings could
be made if some or all of the dissolved salts were removed from the feedwater be-
forehand, thus allowing a higher concentration factor without scaling, and a smaller
loss of heat through the reduced rate of blowdown. A figure of 0.8-1.0% of fuel costs
for 2% blowdown has been suggested [58], together with costs of water treatment
ranging from 15% of the raw water cost for sodium zeolite ion exchange treatment to

100-400% for complete demineralization. Examples of increased pumping costs due

k3
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to fouling are hard to mention, but Terrel [59] stated that in a 250 m3 reciprocating

system with a 10-inch (254 mm) main, a 10% decrease in diameter would double

the pressure drop and thus the pumping power.

2.3.3 Maintenance costs

The annual sales in 1982 of companies supplying heat exchanger on-line and off-line
cleaning equipment, chemicals and cleaning services in the U.S.A. were quoted as
$2,000M [2]. Substantial use is made of antifoulant chemicals in oil refineries, and
Van Nostrand et al. [50] suggested that antifoulant costs of $155,000/year for a
crude unit processing 100,000 bpd, and $40,000/year on a hydrotreater processing
25,000 bpd. Steinhagen et al. [51] have indicated that maintenance costs constitute

72.4% of the total heat-exchangers fouling costs for NewZealand.

It should be emphasized that maintenance costs can be divided into two main
classes, i.e., the costs of removing fouling deposits during planned or unplanned

maintenance, and the costs of chemicals or other operating costs of antifouling de-

vices.

Costs of fouling deposit removal

The cost of cleaning an exchanger obviously depends upon the type of deposit and

the size of the exchanger [52]. The deposit removal of a heat exchanger can be
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carried out in two ways; either by in situ cleaning or a heat exchanger shut down
and partial or complete dismantling of the equipment. Apart from the labour costs
involved, the need for special cleaning chemicals may be an additional cost burden.

If hazardous chemicals are employed in the cleaning process elaborate and costly

safety precautions may be required.

Costs of antifouling measures

The major part of on-line cleaning is the cost associated with, e.g., water treatment.
Since water is provided as a service commodity that may be used for a variety of
purposes. Some of the treatment may have been unnecessary, since fouling would
not have been a problem even with untreated water. However, the main uses of
chemicals, for pH control and softening, clarification, and disinfection can all be
considered as processes that have the effect of reducing different types of fouling

(scaling, particulate fouling, biofouling, etc.) to a greater or lesser extent [52].

2.3.4 Costs due to loss in production

This is often considered to be the main cost penalty of fouling, arising from un-
wanted plant shut-downs or possibly contamination of the product as a result of
fouling. Therefore, if a plant has to be shut-down for a heat-exchanger cleaning,
the production is lost. With experience, scheduled shut-downs can be arranged to

return the exchanger to normal operation before problem gets out of hand, thereby
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minimizing costs in terms of lost production [52]. There are occasions, however,
when fouling can cause rapid deterioration in operating efficiency, requiring imme-
diate shut-down for cleaning. In either case, but particularly in the latter, the lost
production may represent substantial sums of money. Furthermore, the likely pro-
duction of off-grade material during the interval betwcen the problem being noticed
and the final decision made to stop production represents a further expense. Van
Nostrand et al. [50] estimated an annual cost of $872M due to loss of throughput

caused by fouling in United States refineries, the largest part is found to be associ-

ated with crude-distillation units.

A survey of 27 ammonia plants in the U.S.A. in 1973 showed that a waste heat
boiler failure could be expected every three years, leading to 5 days loss of output
[60]. It does not seem unreasonable to expect that these failures were mainly asso-
ciated with deposit formation, giving an annual loss of 100,000 pounds of product
in 1973. Longer shutdowns were not uncommon. More reliable data are available
for the power generation industry. Collier [61] stated that the loss of electricity
generation attributable to steam generator unreliability in pressurized water reac-
tors (mainly caused by corrosion associated with deposit formation) averaged 10-11
days/year. He stated that the mean duration of an outage for repairs was 20 days,

and for a 1000 MW(e) plant this caused an economic loss of 4M pounds.
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2.3.5 Safety

Fouling is not normally associated with safety problems, and this is probably one
reason why it has not received as much attention as corrosion etc. But it can con-
tribute to equipment failure like a boiler explosion. It has been observed that many
of the explosions were caused by waterside scaling of the boiler, reducing the heat-
transfer coefficient and thus allowing the metal to become overheated, increasing
the creep rate and leading to cracking or creep rupture [52]. In addition, boiling be-
neath scale deposits can also allow salts in the boiler water to concentrate and form

corrosive solutions that lead to failure of tubes through corrosion during operation.

2.4 Maintenance Strategies of Heat Exchangers
Subject to Fouling

It is apparent from our earlier discussion that the cost of fouling is significant and
some analytical guidelines will help to make maintenance-management decisions.
Crittenden and Khater [14] showed that, if the fouling resistance-time curve can be
predicted, the optimum number of plant shutdowns per year may be determined by
balancing investment costs against plant cleaning costs and loss of revenue during
the shut down period. Epstein [62] derived an analytical expression for maximum

production, minimum cost evaporation cycles based on the Hasson-Retizer scale for-
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mation model. Curlett and Impagliazzo [53] made an analysis of a power plant to
predict the effect of condenser tube fouling on the performance of the plant. An
inspection and repair data management through software was devised by Singh and
Tweddell [63]. Zubair et al. [64] presented a probabilistic approach to character-
ize various fouling processes and their influence on maintenance strategies of heat
exchangers subject to fouling. Some common fouling models were discussed and a
strategy for planned maintenance schedules in the case of a linear fouling growth
model was described. The effect of this strategy on overall costs of these repairable

systems was outlined. Trade-offs were examined in terms of cost parameters.

Axsom [65] discussed semi on-line cleaning procedure for the crude side of the
crude-preheat exchangers using proprietary solvent that offered cleaning methods
to cut costs and increase the throughput. An economic analysis of three hydrogen
liquification systems with associated cost comparisons was presented by Syed et al.
[66]. Walker and Cockerill [67] presented a systematic maintenance planning with
respect to production reliability and product costs by use of Reliability, Availability

and Maintainability (RAM) technicues which produced tangible benefits.

Barton [68] derived cost-objective function for optimizing the duration of an op-
erating cycle of the transfer line heat exchanger, or waste-heat boiler, on ethylene

furnaces for generation of high pressure steam. Wang and Gee [69} proposed a math-
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ematical model for the optimum cleaning period of a power condenser. Graphical
procedures were derived by Ma and Epstein [70] for predicting both the maximum
production and minimum cost cycles for falling rate fouling. In an excellent article,
Casado [71] carried out rigorous analysis to indicate the trend of fouling costs. He
used an asymptotic fouling growth law and found that the optimum schedules are

obtained by minimizing the total cost per unit time over the life of heat-exchanger

equipment.

It should be noted that in the above studies, the analytical relations are essen-
tially based on deterministic characterization of various quantities involved in the
fouling model. Based on the literature review [64, 69, 71], it can be emphasized
that certain elements of cost increase with respect to time whereas some other el-
ements decrease and the overall-cost function is often a concave function with an
optimum value of cleaning cycle. In chapter 5, an attempt has been made to in-
corporate the stochastic characterization of various quantities involved in the linear

fouling model and interpreting the various cost elements in a stochastic manner in

the cost-objective function.



Chapter 3

Collection and Physical

Characterization of Fouling Data

3.1 Introduction

An understanding of the economic penaltics associated with fouling is, no doubt,
the primary reason for increased rescarch in this area. Power plants (thermal and/or
nuclear) and chemical industries (including oil refineries) are vulnerable to fouling
from time to time during their life cycle. Based on the literature review as discussed
in chapter 2 and data from the local industry [72] indicated that precipitate and

corrosion fouling are the major mechanisms affecting the industrial plants and their

facilities.
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Steinhagen et al. [51] have shown that corrosion and precipitate fouling are the
major mechanisms usually found in industry, as depicted in Fig. 3.1. These results
have been confirmed by the data collected from the local refinery unit [72], which

is presented in Table 3.1. It was therefore decided to focus our research on the two

fouling types of major concern:
(a) Precipitation fouling - CaCOj3 Scaling, and

(b) Corrosion Fouling

3.2 (CaCOj3 Scaling

The term scaling is generally used to describe a dense crystalline deposit, well
bounded to the metal surface. It is often associated with the crystallization of
salts, e.g., inverse solubility characteristics of CaCOj;. That is, the CaCO; deposi-
tion increases with an increase in the surface temperature. The mechanism of scale

deposition [73] is illustrated in Fig. 3.2.

3.2.1 Experimental work regarding CaCOj; scaling

The experimental work was accomplished in the Research Institute (RI) of King
Fahd University of Petroleum and Minerals (KFUPM) to generate our own data
for CaCOj scaling. From a laboratory point of view, it is impractical to handle

large volumes of water for making numerous tests. So the accelerated tests were
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Table 3.1: Fouling related data from a local refinery unit. [72]

The nature and source of scale/material deposits

34

Scale/Deposit
from Heat Ex-| Color Service Shell Side | Tube side
changer #
19-E-201 A | Dark [Stabilizer co-| Sour cude | Diesel oil
lumn reboiler
26-E-4 | Brick red| Debutanizer | Hydroca- | Steam
reboiler rbons
488-E-205 | Off white| Desulfurizer| HC, H, | Sea water
OH trimclr. H,S
Relative approximate weight % by X-ray powder diffraction
Component Ht. Exch. # | Ht. Exch. | Ht. Ex. #
Minrl./Chmcl.| Formula | 19-E-201 A | #26-E-4 | 488-E-205
name Wt. % Wt. % Wt. %
Magnetite Fe;04 80 29 -
Hematite Fe,0O; - 53 -
Aragonite | CaCO; - - 89
X-ray fluorescence analysis
Ht. Exch. | Ht. Exch. # | Ht. Ex. #
Elements | # 26-E-4| 19-E-201 A | 488-E-205
Wt. % Wt. % Wt. %
Fe 62 65.5 0.2
Ca 0.2 0.3 32.9




SUSPENDED
SOL'IDS

SETTLING

AGING

35

DISSOLVED
WATER MINERALS

DISSOLUTION

SOLUBILIZATION
1

[ supersaTuraTiON |

NUCLEATION

PRECIPITATION/CRYSTALIZATION

[ CRYSTAL GROWTH ‘

Figure 3.2: Schematic representation of the scale deposition mechanism. [73]

conducted, using a higher degree of supersaturation (concentration) than is found

normally in the field applications. A general photograph showing the equipment

setup is shown in Fig. 3.3.

The objective of the experimental research study program is to demonstrate that

the fouling resistance varies from point to point along a horizontal tube and also for

the same point it varies from replicate to replicate i.e., the fouling resistance can be

considered as random variable and the scale formation is a random process. The

data thus generated would be useful to form the basis for the design and maintenance

considerations of heat exchangers subject to fouling.
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Figure 3.3: A general photograph of the scale-deposition experiment rig
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Scaling loop

A schematic diagram of the scaling loop is shown in Fig.3.4. The main components
of the equipment are storage tanks for solutions of CaCly; and NayCOj, high pres-
sure metering pumps (HPP), pre-heaters, mixing chamber, test sections and Back
Pressure Regulator (BPR). The loop was of once-through type, i.e., the solution
was circulated through the loop only once, and then drained out. The pressure
of the system was controlled by the BPR and the flow was controlled by adjust-
ing the stroke length of the two high pressure diaphragm pumps. The solutions
were heated by pre-heaters and by heating tapes wrapped around the pre-mixing
sections. The temperature was controlled by thermocouples, and temperature con-
trollers. The demineralized (distilled) water was used for the preparation of the
solutions for the experiment. The concentration of the product solution was fixed at
0.0006 moles/liter i.e., 40 liters of the product solution required 3.5285 and 2.5438
gm of CaCl, and Na,COj respectively. The two equivolume reactant solutions meet

in the mixing chamber to produce CaCOj precipitates according to the following

chemical reaction
CaCly.2HO + NayCO3 — CaCO3 + 2NaCl + zH,0 (31)

The product solution is then passed through the vertical, bend and the horizontal
sections where the deposition of CaCOj; precipitates takes place. The rate of flow

is determined by using a graduated cylinder at the outlet, which is partially filled

o
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for some specific period of time.

The test specimen

The test sections were cut from commercial grade AISI-316 (stainless steel) tubing
having 6.4 mm (0.25 inch) OD and 4.6 mm (0.18 inch) ID. The length of each section
was set to approximately 76 mm (3 inch). Each of the test sections was provided
with ferrules and nuts and washed thoroughly with distilled water and acetone to
remove dirt and oil traces. These were then put in an oven at moderate temperature
to let them completely dry. A detailed view of a test specimen is shown in Fig. 3.5.
All the test sections were carefully weighed on a highly precise electronic balance
(£ 0.1 mg) after drying. Five such test sections were then coupled in line with the

help of unions and used for a single experiment as shown in Fig. 3.4.

Calculation of fouling resistance, Ry

The procedure for calculating the fouling resistance involved dismantling, mild wash-
ing with distilled water of each section at the end of an experimental run. The fouling
resistance in tubes due to CaCOj; scale deposition results when the experiment is
allowed to run for some specific period of time. These were then put in an oven for
completely drying so as to yield the true weight gain due to deposition of CaCO;3
crystals, i.e., vaporizing water contents in and around the tests sections. An exag-

gerated end view of a test section which is showing scale deposition inside the tube is
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Figure 3.4: Schematic of the scale-deposition equipment.
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Figure 3.5: A test specimen details.

shown in Fig.3.6. The weight gain due to CaCOj scale is calculated by subtracting

Figure 3.6: An end view of a test specimen.

the initial weight from the final weight. Ve can find the fouling resistance R(t)
due to the scale from this weight gain by using the following procedure [74].
The fouling resistance (in m? K/W) is expressed as

2
=12 "
R; = T ln(rl) (3.2)

where 7y is the inside radius of the tube while 7, is the average value of radius due

to scale deposit for a particular section. This can be calculated by using the relation

: ight gai
= \/7_22 _ weight gain

— (3.3)

It should be noted that thermal conductivity of scale (k) and weight density (y)can

easily be obtained from chemical engineering handbook [75].
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3.2.2 Fouling characteristics at different sections

The initial experiments were performed to see the general trend of the fouling re-
sistance vs time curves for different sections, and the effect of changing various
parameters like pressure, temperature, etc. on the fouling resistance. These initial
tests were very helpful and formed the basis for the subsequent replicate experiments

for reliability-based statistical analysis.

Initial experiments

The initial set of experiment were performed with a 2 hour duration for recording
data ,i.e., each time the experiment was stopped after two hours, the whole procedure
was repeated to measure the fouling resistance as described in the previous sections
and again run the experiment for two hours. It should be noted that each time the
test sections were assembled at their previous locations and with the same sides,
i.e., the upstream side of section remained upstream for every run. The operating
parameters of the apparatus were temperature, pressure, solution concentration and
velocity and these were kept constant during the experiment. The experiment was
continued until blockage of the flow path (tubes) occurred due to the scale deposition.

The recorded data and the fouling resistance vs time curves are shown in Table 3.2



Table 3.2: Trial run results.

t Wt.gn. |In.Rad.,| Ry
(hrs) (gm) |r; (m) (mzK/W)
S 0 0 0.00229 0
E 1.5 0.003 10.00228 | 9.5E-07
C 3.5 0.0192 10.00228 | 6.1E-06
T 5.5 0.0472 |0.00227 | 1.5E-05
I 7.5 0.082 |0.00225 | 2.6E-05
(0] 9.5 0.1177 |0.00223 | 3.7E-05
N 11.5 0.1544 0.00222 | 4.9E-05
# 13.5 0.195 0.0022 | 6.2E-05
1 15.5 0.2363 |0.00218 | 7.5E-05
S 0 0 0.00229 0
E 1.5 0.0011 ]0.00229 | 3.5E-07
C 3.5 0.0169 1|0.00228 | 5.3E-06
T 5.5 0.043 [0.00227 | 1.4E-05
I 7.5 0.0762 |0.00225 | 2.4E-05
O 9.5 0.1084 {0.00224 | 3.4E-05
N 11.5 0.1359 |0.00223 | 4.3E-05
# 13.5 0.1693 |0.00221 | 5.3E-05
2 15.5 0.201 0.0022 | 6.3E-05
S 0 0 0.00229 0
E 1.5 0.0031 10.00228 | 9.8E-07
C 3.5 0.0193 ]0.00228 | 6.1E-06
# 5.5 0.0468 |0.00227 | 1.5E-05
3 7.5 0.0805 |0.00225 | 2.5E-05
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Table 3.2 continued.

t Wt. gain |In. Rad.,, R,

(hrs) (gm) |r; (m) (m?*K/W)
9.5 0.1145 |0.00224 | 3.6E-05

11.5 0.1415 ]0.00222 | 4.5E-05

13.5 0.1713 }0.00221 | 5.4E-05

15.5 0.1995 | 0.0022 | 6.3E-05
0 0 0.00229 0

1.5 0.0016 [0.00229 | 5.1E-07

3.5 0.0166 [0.00228 | 5.2E-06

3.5 0.0395 10.00227 | 1.2E-05

7.5 0.0685 |[0.00226 | 2.2E-05

9.5 0.0969 |0.00224 | 3.1E-05

11.5 0.1207 [0.00223 | 3.8E-05

13.5 0.1463 |0.00222 | 4.6E-05

15.5 0.1689 |0.00221 | 5.3E-05
0 0 0.00229 0

1.5 0.0014 ]0.00229 | 4.4E-07

3.5 0.0139 |0.00228 | 4.4E-06

5.5 0.0323 ]0.00227 | 1E-05
7.5 0.057 ]0.00226 | 1.8E-05

9.5 0.0827 10.00225 | 2.6E-05

11.5 0.1005 |0.00224 | 3.2E-05

13.5 0.1217 10.00223 | 3.8E-05

U'#ZOH'—]Omm##ZO»-H-Jommw#om

15.5 0.1383 |[0.00222 | 4.4E-05
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and Fig. 3.7, respectively. It can be observed from Fig. 3.7 that the characteristic
fouling resistance - time curves for CaCOj scaling are essentially linear in nature. It
can further be seen that there is an induction time because a relatively new surface

(tube) was exposed to CaCOj precipitates, as discussed in chapter 1.

3.2.3 Microscopic characterization of CaCOj3 crystals un-

der flow conditions

An important consideration while analyzing the fouling data for different sections is
the induction time and the growth structure of CaCOj crystals. The morphology
and the characterization of CaCOj3 crystals was achieved by Scanning Electron Mi-
croscopy (SEM) and augmented by Energy Dispersive X—Ray Spectroscopy Analysis

(EDXSA).

Test specimen

Metallographic test coupons of 18 x8x1.5 mm size were cut from AISI 316 stainless
steel sheet. The ends of the coupons were grounded to fit in the special Teflon holder
while the flat surfaces were progressively wet-polished down to 600 grit with silicon
carbide (SiC) paper. After polishing, the samples were washed with distilled water
and degreased with acetone on a metallographic paper. Two samples were mounted
in the holder at a time as shown in Fig. 3.8. The holder was then placed in the

mixing chamber of the scaling loop for CaCOj scale deposition. The experiment

VS
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Figure 3.7: Fouling resistance-time curves for five test sections.
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Figure 3.8: Teflon holder photograph
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was run for a specific period of time. After the test, the coupons were retrieved
from the chamber, mildly rinsed with distilled water and acetone and preserved for

further analysis.

SEM and EDXSA procedure

The AISI 316 stainless steel coupons exposed to CaCOj precipitate/scale forming
solution for different durations in the flow loop were sputter coated with gold for
about 1 min.; (a) to prevent charging, (b) to make the scale conductive and (c) to

help improve the focusing for the photomicrographs of the substrate.

The morphological and microscopic studies were conducted on Jeol JSM 840
Scanning Electron Microscope provided with Polaroid camera and interfaced with
a Personal Computer. This model can detect and resolve the particles as distant
as 40A° (i.e., Angstrom) with maximum magnification factor of 10°. The coupons
were mounted in the SEM chamber and energized by an accelerating voltage source
of 20 kV,. to reveal the morphology of CaCOj crystals. The qualitative micro
compositional analysis for the confirmation of CaCOj crystals at particular spots
on the substrate were accomplished by EDXSA. This analysis technique, although

qualitative in nature, becomes semi quantitative when spot scan is conducted.
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Morphology and characterization of CaCO; crystals: SEM and EDXSA

analysis

The SEM micrographs of the deposited crystals exhibited, in general, various struc-
tural shapes of CaCOj; crystals comprising typically rhombic, hexagonal, needle,
half moon, combination of needle and flower-like shape, i.e., dendritic structure,
etc. The growth generally started at preferential nucleating sites consisting of sur-
face hetrogenities such as roughness, scratch/polishing marks and other adherent
impurities which provided the necessary anchorage or crystal traps on the coupons
surface for the inception and subsequent crystal growth. For higher exposure time
(>1 hr), CaCOj; crystals formation was dense as opposed to scattered colonial or
patchy growth for lower exposure times. The SEM photographs for different ex-

posure durations are shown in Figs. 3.9 to 3.15 and and their respective EDXSA

charts are shown in Figs. 3.10 to 3.16.

SEM and EDXSA analysis in general, revealed that the crystals formation was
obvious on coupons exposed to the scalant for relatively longer periods of time
while it was thin and sparse on the substrate for short exposure periods. The
EDXSA performed at different locations/spots on the coupons that were exposed to
scale forming solution for more than 1 hr showed high Ca contents, confirming the

presence of CaCOj crystals. Any appreciable presence of CaCOj crystals can help
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to predict the induction time for a particular heat-transfer under specific prevailing
conditions. Furthermore, the spot analysis of coupons exposed for shorter time
duration (e.g., 15, 30 min.) did not reveal existence of any CaCOj crystals. This
shows that initially the process of crystals attachment and detachment to the coupon
surface continues at preferential sites. In order, for the crystals to stick at scratches
and other surface irregularities, deposition occur in a multistep reaction: charge
transfer, surface diffusion and transfer from plane sites to step sites, followed by
diffusion along the step to to a kink site, and finally surface incorporation [76].
Once the crystals are stuck to the surface then their subsequent outward growth
commences. This ultimately results in an increased fouling resistance which is the
most undesirable state in a heat-exchange equipment. Thus, rough surfaces are more

susceptible to fouling than smooth surfaces.

3.2.4 Some observations on initial testing and experimen-

tation

A brief discussion on the initial set of experiments for various test sections and SEM

analysis is presented in this section.

Loop experiments

There is a negligible weight gain for each test section during the initial runs. Any

appreciable deposition of crystals (or the fouling resistance), depends upon the in-
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duction time of the heat-transfer surface and the prevailing test conditions.

The primary scale deposits are very fine, homogeneous and tightly held to the
inside surface of the tube. But the subsequent deposits are loose and non homoge-
neous and grow at a faster rate. The loose scale particles are likely to change their
position with time and move along the tube. There is a chance of accumulation of
these particles at some point along the tube to cause the blockage of the flow path.
Sometimes, these accumulated scale particles form small lumps which are hard to
break and move from point to point along the tube and have every chance of ac-
cumulation into bigger lumps at any point to cause the line blockage. In addition,
these can cause the blockage of the BPR. Once the line blockage occurs, it causes
the back pressure to increase. A tremendous increase in the back pressure can break
the blockage causing a sudden relief in the line pressure. This sudden impact have
the capacity to damage the whole system depending upon the amount of pressure
build up and is a very undesirable state in a given process. Therefore to avoid such
an incident and have an effective heat-transfer, it is necessary to clean the tubes

(e.g., of a heat exchanger) regularly in an industrial application.

The effects of various parameters like pressure, temperature, etc., by changing

one keeping the rest constant, on the scale deposit is briefly described hereunder:
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Effect of pressure

It has been observed through this experimental study that a decrease in the system
pressure (e.g., from 1000 psi to atmospheric) causes an increase in the rate of CaCOj3
deposition. The observed increase in the deposition rate by decreasing the system

pressure may be attributed to turbulence caused by pressure changes.

Effect of temperature

Results of the weight gain experiments showed that an increase in the solution
temperature increased the rate of scale deposition. This can be explained from the
fact that CaCOj salt has inverse solubility characteristics, i.e., the deposition rate

of these salts increases with temperature.

Effect of supersaturation

A supersaturated solution is defined as the one which contains a higher concentra-
tion of dissolved solute than its equilibrium concentration. One of the most common

expressions of supersaturation is the percentage supersaturation, which may be de-

fined as:

G- G‘]
G-

Percentage Supersaturation = 100] (3.4)

where ”G” is the solute concentration of supersaturated solution, and G* is the

solute concentration at equilibrium saturation.
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Figure 3.9: Time-1 hr, X1500 ; Negligible crystals and the shape of crystal, if any,
is unidentifiable
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Figure 3.10: The corresponding EDXSA plot
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Figure 3.11: Time-1.25 hr, X150 ; Crystals are nucleating and growing at preferential
sites. Rhombic, sand-rose like, needle like and combination of needle & flower shape.
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Figure 3.12: The corresponding EDXSA plot
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Figure 3.13: Time-1.5 hr, X170 ; Irregularly ordered, colonial growth of needle as
well as half moon shaped
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Figure 3.14: The corresponding EDXSA plot
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Figure 3.15: Time-2 hr, X ; Thickly populated with rhombic, sand-rose like, needle-
like and needle-flower shaped crystals
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Figure 3.16: The corresponding EDXSA plot
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It was observed that at lower supersaturation the induction time is longer, and

this delays the initial onset of deposition.

Experimental limitations

Following were the experimental limitations encountered during the present study

on CaCOQOj scaling:

1. It was observed that about 15-20 minutes were required to attain steady-state

conditions.

2. Tt was difficult to run the experiment for longer time durations (e.g., 4-6 hrs)
due to control-valve blockage. Therefore, sometimes, a particular run had to

be stopped for valve cleaning.
3. The variations in conditions during an experimental run were:

o Temperature: 60 X+ 2°C
o Pressure: 100 + 10 ps:
e Flow rate : 10 % 0.5 liter/hr

4. Adjustments in the stroke lengths of the two diaphragm pumps were made to

ensure mixing of equal volumes of reactant solutions in the mixing chamber.
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3.2.5 Replicate experiments at some test sections for sta-

tistical investigation

In view of the general trends of the fouling resistance-time curves, it was decided
that the final experiments be run in six replicates under nominally identical oper-
ating conditions. And for each replicate the data to be recorded every 2,6 and 14
hrs or at times in between whenever necessary. The temperature, pressure, solution
concentration and velocity were kept constant at 60° C, 100 psi, 0.0006 moles/liter
and 0.17 m/sec (10 liter/hr), respectively, during an experimental run. It should be
noted that the vertical sections and the 90° bend were kept in the clean condition
from the inside for as long as possible under the prevailing test conditions. This
was achieved by washing them in diluted acid at the end of each experimental run
and rinsing them with distilled water to neutralize the effect of any of the acidic
contents in these sections. The rest of the procedure for recording the data remained
the same as described in the previous section. The data thus obtained is presented
in Tables 3.3 to 3.5 for section 1, 2 and 3, respectively. As can be seen from these
tables that duration of the experimental runs in different replicates is not constant.
This was due to the experiment limitations, i.e., sometimes the experiment had to
be stopped because of the blockage of BPR due to CaCOj scale deposits. Therefore,
few of the readings were obtained by linear interpolation because of some experi-

mental prolems.
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The results given in Tables 3.3 to 3.5 are plotted in Figs. 3.17 to 3.19, respec-
tively; in the form of fouling resistance-time curves. These curves also indicate that
the deposition rate is slow in the beginning with an induction time but gradually
increases with time, and is relatively constant until the blockage of the flow path.

The general behavior of the fouling resistance vs time curves is obviously linear.

3.3 Corrosion Fouling

As mentioned in the beginning of this chapter that corrosion fouling is the other
most important mechanisms of concern in the industrial applications. Analysis

shall be carried out regarding corrosion fouling. A brief description regarding them

is presented hereunder.

3.3.1 Experimental details regarding corrosion fouling

Somerscales and Kassemi [29] conducted some experiments to investigate the sig-
nificance and nature of corrosion fouling without the presence of other categories of

fouling. This provides a simple, low-cost technique for assessing the significance and

characterization of corrosion fouling.

The test specimens are in the form of small diameter (about 1 mm) wire arranged



Table 3.3: Experimental data regarding CaCOj scaling for section # 1.

Time | Orig. Wt.} New Wt.| WtGain | In.Rad(r,) {FIng.Res.R;
tho) | (gm) (gm) (gm) (m) m’ KW
R 0 30.9183 | 30.9183 0 0.002286 0
E 2 30.9183 | 30.9191 0.0008 |0.00228565 |2.5277E-07
P 6 30.9183 | 30.9774 0.0591 10.00225992 | 1.8673E-05
#1 14 309183 | 31.1586 0.2403 {0.00217802 | 7.5896E-05
R 0 30.9461 | 30.9461 0 0.002286 0
E 2 30.9461 | 30.9528 0.0067 }0.00228306 | 2.1169E-06
P 6 30.9461 | 31.0109 0.0648 | 0.00225739 | 2.0474E-05
#2 | 14 | 309461 | 30.9766 0.0305 |0.00227258 | 0.0001029 *
R 0 30.956 30.956 0 0.002286 0
E 2 30.956 30.9698 0.0138 ]0.00227994 | 4.3603E-06
P 6 30.956 31.0433 0.0873 [0.00224737 ] 0.02570152
# 10 30.956 31.1673 0.2113 {0.00219133 { 6.6743E-05
2A | 14 30.956 31.3341 0.3781 10.00211361 | 0.00011934
R 0 30.7402 | 30.7402 0 0.002286 0
E 2 30.7402 | 30.7444 0.0042 10.00228416 | 1.327E-06
P 6 30.7402 | 30.8058 0.0656 |0.00225703 | 2.0726E-05
#3 1 14 | 30.7402 | 31.0887 0.3485 ]0.00212761 | 0.00011002
R 0 30.7516 | 30.7516 0 0.002286 0
E 2 30.7516 | 30.7551 0.0035 ]0.00228446 | 1.1059E-06
P 6 30.7516 | 30.8405 0.0889 | 0.00224666 |0.02618084
# 9.5 | 30.7516 | 30.8689 0.1173  10.00223394 | 6.463E-05 *
4 14 30.7516 | 30.8903 0.1387 10.00222431 | 0.0001185 *
R 0 30.6008 | 30.6008 0 0.002286 0
E 2 30.6008 | 30.6122 0.0114 {0.00228099 | 3.602E-06
P 6 30.6008 | 30.6918 0.091 0.00224572 | 2.8751E-05
# 19.75 | 30.6008 | 30.8049 0.2041 10.00219462 | 6.447E-05
5 14 | 30.6008 | 31.0014 0.4006 0.0021029 | 0.00012643

*Adjusted Data

39
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Table 3.4: Experimental data regarding CaCOj3 scaling for section # 2.

Time | Orig. Wt.| New Wt.| Wt.Gain In. Rad(r;) ] Flng. Res.R¢
ttho | (gm) (gm) (gm) (m) m* K'W
R 0 30.7366 | 30.7366 0 0.002286 0
E 2 30.7366 | 30.7397 0.0031 0.00228464 19.7948E-07
P 6 30.7366 | 30.7911 0.0545 0.00226196 | 1.6733E-05
#1 14 30.7366 | 30.9333 0.1967 0.002198 | 6.2134E-05
R 0 30.7515 | 30.7515 0 0.002286 0
E 2 30.7515 | 30.7537 0.0022 0.00228503 | 6.9511E-07
P 6 30.7515 30.809 0.0575 0.00226063 | 1.8167E-05
#2 14 30.7515 | 30.7519 0.0004 0.00228582 | 7.411E-05 *
R 0 30.8122 | 30.8122 0 0.002286 0
E 2 30.8122 | 30.8218 0.0096 0.00228178 | 3.0332E-06
p 6 30.8122 | 30.8851 0.0729 0.00225379 | 2.3033E-05
# 10 30.8122 | 30.9743 0.1621 0.00221374 | 5.1208E-05
2A | 14 30.8122 | 31.0646 0.2524 0.00217244 | 7.9714E-05
R 0 30.9269 | 30.9269 0 0.002286 0
E 2 30.9269 | 30.9304 0.0035 0.00228446 | 1.1059E-06
P 6 30.9269 30.992 0.0651 0.00225726 | 2.0569E-05
#3 14 30.9269 | 31.1744 0.2475 0.0021747 | 7.8168E-05
R 0 30.6559 | 30.6559 0 0.002286 0
E 2 30.6559 | 30.6603 0.0044 0.00228407 | 1.3902E-06
P 6 30.6559 | 30.7186 0.0627 0.00225832 | 1.981E-05
# 9.5 | 30.6559 30.779 0.1231 0.00223134 | 3.8891E-05
4 14 30.6559 | 30.7485 0.0926 0.002245 | 6.677E-05 *
R 0 30.6188 | 30.6188 0 0.002286 0
E 2 30.6188 | 30.6208 0.002 0.00228512 | 6.3192E-07
P 6 30.6188 30.681 0.0622 0.00225854 | 1.9652E-05
# 19.75 | 30.6188 | 30.7574 0.1386 0.00222436 | 4.3787E-05
5 14 30.6188 | 30.8642 0.2454 0.00217567 | 7.7505E-05

*Adjusted Data
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Table 3.5: Experimental data regarding CaCOj scaling for section # 3.

Time | Orig. Wt.| New Wt.}] Wt.Gain | In.Rad(r,) |Flng. Res.R;
to | (gm) (gm) (gm) (m) m’ K/W
R 0 30.8856 | 30.8856 0 0.002286 0
E 2 30.8856 | 30.8884 0.0028 | 0.00228477 | 8.8469E-07
P 6 30.8856 | 30.9238 0.0382 | 0.00226918 | 1.207E-05
#1 14 | 30.8856 | 31.0332 0.1476 0.0022203 | 4.6629E-05
R 0 30.6776 | 30.6776 0 0.002286 0
E 2 30.6776 | 30.6829 0.0053 |} 0.00228367 | 1.6746E-06
P 6 30.6776 | 30.7305 0.0529 10.00226267 { 1.6714E-05
#2 | 14 | 30.6776 | 30.7106 0.033 0.00227147 { 1.043E-05 *
R 0 30.6906 | 30.6906 0 0.002286 0
E 2 30.6906 | 30.6981 0.0075 |0.00228271 | 2.3697E-06
P 6 30.6906 | 30.7457 0.0551 0.0022617 { 1.7409E-05
# 10 | 30.6906 | 30.8119 0.1213  10.00223214 | 3.8322E-05
2A | 14 | 30.6906 | 30.8727 0.1821 | 0.00220465 | 5.7524E-05
R 0 30.934 30.934 0 0.002286 0
E 2 30.934 | 30.9368 0.0028 | 0.00228477 | 8.8469E-07
P 6 30.934 | 30.9845 0.0505 {0.00226373 | 1.5956E-05
#3 ]| 14 30.934 | 31.1228 0.1888 0.0022016 | 5.9639E-05
R 0 30.7318 | 30.7318 0 0.002286 0
E 2 30.7318 | 30.7391 0.0073 |0.00228279 | 2.3065E-06
P 6 30.7318 | 30.7858 0.054 0.00226218 { 1.7062E-05
# 9.5 | 30.7318 | 30.8496 0.1178 10.00223372 | 3.7217E-05
4 14 | 30.7318 | 30.8323 0.1005 |0.00224147 | 6.635E-05 *
R 0 31.0153 | 31.0153 0 0.002286 0
E 2 31.0153 | 31.0206 0.0053 ] 0.00228367 | 1.6746E-06
p 6 31.0153 | 31.0823 0.067 0.00225641 {2.1169E-05
# 1975 | 310153 | 31.1469 0.1316 }10.00222751 | 4.1576E-05
5 14 | 31.0153 | 31.2355 0.2202 }0.00218725 | 6.9552E-05

*Adjusted Data
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Figure 3.17: Fouling resistance-time curve for section # 1.
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in U-form and exposed to a flowing stream of water. The wire is heated electrically
and the power (Q = I2R.) dissipated to the water and the surface temperature
(Ts)of the wire was determined from its electrical resistance. The measurements of
the wire temperature (T), the electrical power dissipated (Q) by the wire, and the
bulk temperature (T};) of the water are used to determine the resistance (R) to heat

transfer between the wire and the water by using the following equation

T, — Tw
Q = == (3.5)

The fouling resistance (Ry) is determined from the measured value of R assuming
that its magnitude when the wire is first exposed to the flowing water is equal to
the convective thermal resistance (R.). Then Ry can be obtained immediately from
the equation

R = R. + Ry (3.6)

The resulting data and the fouling resistance-time curves are shown in Table 3.6

and Fig. 3.20, respectively.



Table 3.6: Corrosion related experimental data. [29]

Specimen # 4 Specimen # 5 Specimen # 6
Time Flng. Res. R¢ Time Flng. Res. Ry Time Flng. Res. Ry
t (hr) m? K/W t (hr) m2 KW t (hr) m’ KW
0 0 0 0 0 0
9 0.000115 10 0.00012 10 0.000074
24 0.00022 25 0.00022 2 0.000145
33.5 0.000261 51 0.000258 48 0.000142
51 0.00032 68 0.00028 60 0.000134
70 0.000355 81 0.000258 78 0.000225
103 0.00039 100 0.000296 102 0.000215
120 0.000439 118 0.000334 126 0.000272
144 0.00036 148 0.00036 148 0.00017
148 0.00042 164 0.00039 179 0.000148
170 0.000459 192 0.000436 212 0.00023
178 0.00055 222 0.00045 - -
190 0.000522 249 0.00048 - -
202 0.00048 260 0.0005 - -
230 0.000487 - - - -
Specimen # 7 Specimen # 8 Specimen #9
Time Flng. Res. R Time Fing. Res. Ry Time Flng. Res. R¢
1 (hr) m’ K/W 1 (hr) m’ K/W t (hr) m’ K/W
0 0 0 0 0 0
10.5 0.000128 10 0.000154 15 0.000038
23 0.000121 22 0.000165 2 0.00002
33 0.000086 438 0.000023 G5 0.0001
48 0.00005 80 0.00014 89 0.000114
60 0.00007 101 0.000143 112 0.00027
79 0.000147 126 0.000125 141 0.000283
101 0.0001 150 0.000124 160 0.000264
118 0.000148 173 0.000148 184 0.000308
143 0.00016 204 0.00017 220 0.000282
155 0.00016 220 0.000185 240 0.00038
- - 246 0.000185 262 0.000365
- - - - 288 0.00032
- - - - 312 0.000468
- - - - 340 0.00044
- - - - 361.5 0.000398
- - - - 378 0.000465
- - - - 400 0.000427
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Figure 3.20: The corrosion fouling resistance-time curves. [29]




Chapter 4

Reliability-Based Statistical
Analysis and Interpretation of

Fouling Data

4.1 Stochastic Nature of Fouling Phenomena

Both replicate laboratory experiments as discussed in chapter 3 and field investi-
gations suggest that there is a considerable scatter in the value of Ry at time t.
This randomness is due to various factors such as, variations and fluctuations in
velocity and temperature around their nominal values, perturbations in the foulant
chemistry, metallurgical features of the tube materials, operating and environmen-

tal conditions. The scatter in Ry can be expressed by its probability distribution

68



69

f[Ry(t)]. The main indicators of the distribution are its mean value p[R;(t)] and
standard deviation o{R;(t)]. It is often convenient to discuss the the scatter in terms

of non-dimensional parameter [64, 77]

K[R;(t)] = olRs(®)l/nRy(2)] - (4.1)

The evolution of distribution of Rf(t) with respect to 't’ is represented by random
sample functions of the growth model. Each sample function represents a realization
of the process. For example, a heat-exchanger which has many tubes, the fouling
resistance response of the tubes will have its own growth curve. These curves will

follow some type of fouling kinetic models with linear, asymptotic or falling rates.

4.2 Fundamentals of Statistical Analysis

The fouling of heat-exchanger tubes result in increased fouling resistance, Ry and
thus reduce the ultimate heat transfer per unit time. As discussed in chapter 2, the
fouling process can, in general, be represented by the following random functions of
time

linear fouling Ry(t) = mt (4.2)

non — linear fouling Ry(t) = mt" 0<n<1 (4.3)

Where m is the slope of the fouling curve and is normally distributed with mean

p, and variance o2. It should be noted that the fouling resistance at t = 0 is
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assumed to be zero (i.e., no initial damage). Corresponding to a critical fouling
resistance Ry, distribution of times for tubes to reach a critical level of fouling 't'
can be determined as discussed in Appendix A and the life of heat-exchanger tube
subject to fouling can be assessed. Some of the basic probability functions which are
needed to be determined for the life assessment of heat-exchanger tubes, are briefly

discussed below:

4.2.1 Reliability function (Distribution of time to survive

critical fouling)

The reliability function, R(t) provides the relationship between the age(subject to
a critical level of fouling) of a tube and the probability that the tube survives upto
that age while it starts working at zero time. In other words, the reliability is the
probability that the time to reach a critical level of fouling, t of the tube is equal to

or greater than the duration of the mission, ¢,

Rt) = [ ) &t (4.4)

1
which shows that the reliability function defined by the above equation is given by

the area under f(t) of time for tubes to reach a critical level of fouling, to the right

of tl

/°:° f(t) dt = _/_l; f(t) dt + /lw f(t) dt (4.5)

- 1

= F(tl) + R(tl) =1 (46)
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The function R(t) is a probability, therefore it is a dimensionless number.

4.2.2 Probability density function

The probability density function [pdf or f(t)] is the density of the probability of
a random variable (a variable which is distributed and to which a probability of
occurance can be associated). It has the characteristic that the area under the
curve, e.g., time for heat-exchanger tubes to reach a critical level of fouling, say
from t; = t to to = t + At, gives directly the probability that a tube randomly
selected from the bundle would reach a critical level of fouling during this life period

fromt;, =t tot; =t -+ At
fAt = Pt<t<t+ Al At=t—t (4.7)

In other words, the probability density is the probability associated with the exis-
tence of a particular value of a variable as the width of the interval in which this
value falls tends to zero, i.e., At — 0, (also called the instantaneous probability).

It should be noted that the function f(t) has 1/time units.

4.3 Reliability-Based Statistical Analysis for CaCO;
Scaling

The linear nature of IRy vs t curves for CaCO; scaling suggest that a suitable

model to represent the times for tubes to reach a critical level of fouling, with re-
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spect to a critical-fouling resistance, Ry ., would be inverted normal also known as
a—distribution [78, 77]. Its suitability can be checked by superimposing the dis-
tribution curves drawn following different approaches, as discussed in Appendix A

[78, 77, 79] of the thesis.

The first three test sections have been chosen for a thorough reliability-based
statistical analysis. The linear fitting of the data for for each section is done by
linear regression analysis using a spreadsheet software package. These fitted curves
indicate induction times of 2.8, 2.5 and 2.2 hours for sections 1, 2 and 3 as shown
in Figs. 4.2, 4.5 and 4.8 respectively. The data regarding time to reach a critical
level of fouling (TRCL) is extracted from the Ry vs ¢ curves as shown in Fig. 3.8,
3.9 and 3.10, corresponding to a critical value of fouling resistance, Ry, for each of
the three test sections. The non-parametric distribution analysis is performed for
the TRCL and its respective results are presented in Tables B.1, B.2 and B.3 of
Appendix B. The parametric analysis is carried out by calculating the distribution
parameters as discussed in Appendix A. The distribution functions f(t) and R(t)
are found by using Eqs. (A.8)-(A.9) 1'espect;ively and are plotted against ¢ in Figs.
4.4 and 4.3 for section 1, Figs. 4.7 and 4.6 for section 2 and Figs. 4.10 and 4.9 for

section 3, respectively.
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4.3.1 Results and discussion

A computer program was developed for deriving the distribution functions for each
test section. A flowchart showing the general layout of the program is shown in Fig.
4.1. The superimposed curves of distribution functions using different approaches
indicate the validity of the inverted normal model for time to reach a critical level
of fouling for tubes subject to CaCOj scaling. These models can further be used

for scheduling the maintenance activities, as discussed in chapter 5.

4.4 Corrosion Fouling

The damage due to corrosion of heat-exchanger tubes could result in increased foul-
ing resistance , the effect of which can be minimized by cleaning. Sometimes cleaning
has no effect on micro level pits formation due to chemical reaction of the tube mate-
rial and corrosion products. The depth of pits continue to increase until the leakage
of the tubes occur. The statistical analysis of corrosion fouling and distribution of
trouble free life against corrosion of heat-exchanger tubes following corrosion damage

would be discussed in the subsequent paragraphs.

4.4.1 Increased fouling resistance

Sometimes the corrosion of heat-exchanger tubes reduces the internal effective area

resulting in reduced heat-tranfer. The Iy vs t curves for such a case are shown earlier
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in Fig. 3.20. It is obvious that the fouling resistance never reaches an asymptotic
value rather it seems increasing with time, although the rate falls. Therefore the
fouling model can best be described by power law as discussed in Appendix-A with
a suitable value of n. The linear regression of R; vs t* curves help to find value of
n to be 0.5 as shown in Fig. 4.11. The distribution function f(t) and R(t) of times
corresponding to a critical fouling resistance R;. is a modifief a-distribution and
is a special case of generalized distribution discussed by Sheikh [78] and are found

using Eqgs.(A.16)-(A.17) and are shown in Figs. 4.13 and 4.12, respectively.
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Chapter 5

Mitigating Techniques and
Cost-Based Maintenance

Strategies

Many in the industry view fouling as inevitable and deal with it through conser-
vative design, stream treatment and periodic cleaning of the exchangers. Some
emphasize providing sufficient heat transfer surface either by having extra exchang-
ers or excess surface in one exchanger to avoid unscheduled plant shutdown from
exchanger fouling. Oversizing heat exchangers is probably the most frequently used
strategy to mitigate fouling. But it frequently increases fouling. Chemical treatment
(on- and off-line) and mechanical cleaning are the most frequent mitigation strate-

gies used other than oversizing. Some people think fouling as a cleaning problem
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and believe that efforts should be focused on developing optimum cleaning methods.

At the design stage, fouling factors are difficult to predict. Small increases in the
fouling factors cause the designer to make large changes in the heat exchanger size.
The heat-exchanger’s size and material becomes very important to its cost as shown
in Fig. 5.1. Because the heat exchanger user (or the buyer) is the one most concerned
with the problems when the heat exchanger fouls, the user usually specifies to the
designer the fouling resistances to be used in the design. The user is guided largely
by previous experience or on TEMA standards. He wants the heat exchanger to
perform at the required duty during the operation period. Unscheduled shutdowns
are to be avoided because of the additional cost due to loss in production. As will be

discussed, certain steps could be taken during the design process to mitigate fouling.

The ultimate decision to select one or several of the mitigation techniques depend
upon the heat-exchanger’s application, the type of fouling and various economic
parameters of the plant. Currently, most of the major efforts to mitigate or to
remove fouling occur during plant operation and shutdown. However, the mitigation

of fouling really needs to be addressed during four distinct phases in the life of a

heat exchanger [2]:

o design
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e construction
e operation (on-line)
¢ shutdown (scheduled/unscheduled - off-line)

The present discussion will be restricted to the application of the latter two tech-

niques.

5.1 Mitigating Fouling During Plant Operation

and Shutdown

The trouble-free operation of well-designed heat exchanger depends on an equally
well-designed and controlled treatment program. A large amount of information is

available on the effectiveness of various treatment chemicals and mechanical tech-

niques for reducing or preventing fouling.

5.1.1 On-line chemical treatment

Additives to inhibit or to reduce fouling of water streams are used extensively in
industry [2, 47, 80, 81]. These include pretreatment chemicals, acid treatment, an-
tiscalants and biocides. Because of environmental regulations and decreased water
availability, the amount of water discharged from a cooling system often has to be

reduced. Therefore, systems are operating at more concentration cycles and any
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liquid discharge from the system is being eliminated if possible, except that which

is carried out by entrainment in the effluent plume for the cooling tower.

Several alternatives are available to mitigate or to prevent scale deposition due
to high concentrations of scale forming ions. These alternatives include removal

of scaling species, pH control, use of scale inhibitor, biofouling control, corrosion

control and boiler water treatment.

5.1.2 On-line mechanical techniques

To prevent fouling in liquid systems, two on-line mechanical methods are gaining

considerable acceptance. These are [2, 82, 83];

Circulation of sponge rubber balls

The Amertap recirculating ball system uses sponge rubber balls, which are con-
stantly circulated throughout the heat exchanger. The balls are sized slightly larger
than the inside diameter of the heat exchanger tube and are slightly compressed as
they are moved through the tube by the pressure differential. Each tube "sees” a
ball about once every 5 minutes, and the rubbing action of the ball cleans the in-

ner walls by wiping away the deposits, scale, and biological fouling, which are then

mixed in with the heat-exchanger’s fluid.
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An added advantage of this cleaning system is that the balls interrupt the stag-
nant layer of fluid in the tube, thereby improving heat transfer. The exiting balls are
screened, transported, and reinjected upstream to create continuous operation. An
automatic ball-counting-and-sorting system pulls out undersized balls (worn down
from wear) and keeps a count for replacement. These balls are used almost exclu-
sively in water systems for cleaning heat exchanger and condenser tubes. There are
over 500 U.S applications with heaviest representation in utilities, petrochemical,

and refinery operations {2, 82].

Backflushing brushes

The Water Service of America (WSA) Superscrubber system uses special brushes
made to fit the specific tubes of the heat exchanger [2]. The brushes are sent through
the tubes by the fluid flow. A four-way valve returns the brushes for another trip
through the tubes by temporarily reversing the flow of fluid in the heat exchanger
tubes. Two innovations make this whole process practical, first to get enough force
to propel the brush through the tube while it is in contact with the tube wall, a
close fitting disc only slightly smaller than the heat exchanger tube is fitted to each
end of the traveling brush, and second to have a special retaining basket fitted to
each end of heat exchanger tube to retain the brush until the fluid flow is reversed.
This basket retains the brush just far enough from the fluid stream so that normal

flow is not seriously impeded, but it retains it close enough to the tube end so that
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when the flow is reversed, the brush will be inducted into the tube.

Both the Amertap and the WSA systems have advantages and disadvantages.
Both require a substantial investment and routine replacement or renewal of the
sponges or brushes/retainers. The Amertap system requires special plumbing to
install the ball insertion and downstream recovery equipment and special plumbing
to avoid unwanted ball diversion or bunching. However, no flow reversal is required
with the Amertap system. The WSA system requires no special upstream brush
insertion or downstream recovery equipment because of the retainer basket placed
on each end of the heat exchanger tubes. The WSA system, however, does require
flow reversal of the entire stream of cooling liquid, and valves, plumbing and controls
to accomplish this flow reversal. One disadvantage of the WSA brush approach is
that in some applications the brushes become fouled. Considerable savings are
possible using these two on-line mechanical cleaning systems for fluids. Better heat-
transfer coefficients are maintained and, in cooling tower applications, considerable
savings can be realized in makeup water because the tubes can be kept clean with
higher concentrations of impurities in the water. Manufacturer of these devices
claim they can reduce fouling factors to "nearly zero” allowing for savings in initial
heat-exchanger costs/reduced operating costs so that the initial investment can be
regained in 6 to 24 months, depending on the severity of the operating conditions

and the required operating costs. Both systems are limited to modest temperature
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operation because of the temperature limitations of the construction materials [2,

83).

5.1.3 Off-line chemical cleaning

Chemical cleaning operations generally use a circulation technique to ensure that the
chemicals are always well-mixed and that fresh chemical contacts the heat-transfer
surfaces {2, 83]. With this technique, the deposits are dissolved as well as removed by
mechanical scouring. Chemical cleaning of heat exchangers is an off-line technique
in that the heat exchanger must be taken out of service. The cleaning, however, can
usually be accomplished in-situ, so that the exchanger does not have to be removed
or opened. An important factor in using acids as cleaning chemicals is the use of
an inhibitor so the acid will remove the deposit and not dissolve the heat -transfer
surface. Modern inhibitors can be used under extreme temperature and flow rate
condition. The metal losses are less than 0.0025 in. for a six hour contact time [2].

It should be noted that purchase of cleaning equipment and/or expensive chemicals

may not be cost effective.

5.1.4 Off-line mechanical techniques

Eventually, heat exchangers require cleaning or replacement either during scheduled
or unscheduled shutdowns of the plant. If the shutdown is required because the heat

exchanger fails, drastic measures may be used to return the equipment to service.
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The solution is to fix it quickly or to remove it.

The type of equipment for off-line mechanical cleaning of heat exchangers most
frequently used appears to be high pressure jets [2, 83]. These devices use water
under pressure as great as 20,000 psi to "blast” away deposits in heat exchanger
tubes or on other heat-transfer surfaces. Another technique uses steam injected
into the tubes or shell of a heat-transfer device. It has broad industrial application,
but their greatest use in industry is for general plant cleanup. The other commonly
offered technique is using a lance. This device may be equipped with various cleaning
and cutting heads that rotate on the end of the lance. Depending on the tube
materials and the deposit, the heads may vary from a soft brush to a drill bit.

The source can be air, water, steam, and electric drive and can be mounted either

internal or external to the lance [84].

5.2 Economics of Maintenance Against Fouling
Based on Linear Growth Law - An Industrial
Application

The decisions regarding periodic maintenance/cleaning of heat exchangers subject

to fouling in industrial applications is based on thermal and economic behavior. A
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detailed deterministic analysis was carried out by Casado [71] for a heat exchanger
used in crude oil refining process and results were presented in the form of an op-
timum exchanger cleaning cycle [71]. The analysis applies to shell-and-tube heat
exchangers and an asymptotic deterministic fouling growth law was assumed. A
simplified schematic of the preheat train is shown in Fig.5.2 and the relevant prop-

erties along with different cost parameters for the fluid streams in the heat exchanger

are given in Table 5.1.

5.2.1 Thermal Analysis

In this section the analysis by Casado [71] is generalized by incorporating the
stochastic nature of fouling growth law discussed in chapter 4. The linear ran-
dom fouling growth law is used as a basis of the generalized development, and the
modified deterministic case by Casado [71] is also discussed as a special case of the

probabilistic analysis.

Planned maintenance interval for a risk level p

The fouling of heat exchanger causcs the effectiveness to be dropped with time. The
effectiveness of heat exchangers can be calculated at any time ’t’, if the temperatures
of the two fluid strecams at the outlet are known. It should be noted that the
temperatures at outlet of an exchanger are function of governing fouling model. In

the deterministic analysis, for heat exchangers subject to linear fouling, the fouling
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Figure 5.2: A Simpified crude oil preheat train [71].
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resistance at any time t is based on a single (mean) value of ¢, (time corresponding
to a critical level of fouling resistance, Ry.), whereas in the probabilistic analysis,
the linear fouling growth law incorporates the effect of scatter and risk in the fouling
data (see Fig. 5.3). The governing linear fouling law can be expressed in the form

[Rf(t)]P = Rfo+ (t:c) Rf.c ’ (’51)

however, in the following analysis an abbreviated notation t, will be used instead
of t,. and [Ry(t)], will be abbreviated as Ry(t) with an understanding that it cor-
respond to a risk level p. It should be noted that the the distribution for time to
reach critical level of fouling in the linear fouling is a-distribution, for which the risk
factor, p defined as P[t < t,] is given by

t,—C

p=‘1’[\/c.—tt] (5.2)

Rearranging the above equation t, can be expressed as

. ¢
- Vaei(p)]

(5.3)
The governing fouling growth law corresponding to arisk level p expressed in Eq.(5.1)
now takes the form
o R! < - -1
Ry(t) = R/°+ _C'—[l - Ve e l(p)t. (5.4)

Note that Eq.(5.4) defines a straight line passing through a pair of points (R;°,0)
and (Ry,c,tp); where t, is reflecting the probabilistic nature of fouling (by Eq.(5.3))

and is plotted in Fig. 5.4.
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parameters and

Figure 5.3: Sample functions of linear random fouling growth law
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Table 5.1: The relevant properties and cost parameters for the fluid streams in the
heat exchanger. [71]

1 {Price of 1 FOEB, Crors U.S $16.63
2 |Production cost of 15 Kg/cm® steam, C, U.S $3.2/1000 1b
3 |API gravity of fuel oil 15°API
4 |Rate: (fuel oil)/(fuel oil+fuel gas), For 61.29 %
5 |Rate: (steam)/(fuel oil), Fsio 20.00 %
6 |Fired heater efficiency, e 1%
7 |Total area of heat transfer, A, 11517 f¢
8 |Number of tube passes, 2n, 4n, etc. 2
9 |Number of shell passes, n 3
10 JAntifoulant cost, U.S $/(1000 1bx 1000 ft’), C.4 13
11 {Antifoulant concentration, ppm 5 ppm
12 |Cleaning cost, C.' U.S $ 677/day
13 |Time for cleaning, tyown 6
14 JAdditional heat released by the fired heater 23.82 X 10° Btwh
during exchanger cleaning, Q,
15 |Rf* 0.0145
16 |R/ 0.000
Tube side - Cold fluid (Crude oil)
17 {Flow rate, W, 70000 bpd
18 |Inlet temperature, Ty 53°C
19 |Outlet temperature, T, 100°C
20 {API gravity 227
Shell side - Hot fluid (Atmospheric residue)
21 |Flow rate, Wy 35500 bpd
22 |Inlet temperature, T, 205°C
23 |Outlet temperature, T,, 132°C
24 |API gravity 12.6
For clean exchanger
25 |Outlet temperature (Cold stream), Te 101.7°C
26 {Outlet temperature (Hot stream), Ty, 126.3°C
27 |Overall coefficient of heat transfer, U, 25.65 Btu/h ft°F
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Determination of Effectiveness

The effectiveness of a heat exchangers is a function of the temperature difference of
the hot and cold streams. It normally decreases with time due to increased fouling
resistance. At any time 't', corresponding to a targeted risk level p and known €
and /a, which is located on a line characterized by Eq.(5.4), the effectiveness of an
exchanger is given by

Actual heat transfer _ Q)
Moazimum possible heat transfer ~ Qmuaz

e(t) =

(5.5)

where €,(t) is the effectiveness of an exchanger with ‘n’ shell passes and 2n,4n,6n,

etc. tube passes, and can be expressed as

—ﬂ(l)C]

e_"(t) = 1—61(t)

a(ncyt
[l -¢

, (5.6)

where €(t) is the effectiveness of an exchanger with one shell pass and 2,4,6 etc.
tube passes and is given by [71]
2

Lteap(=NTU((1+C?)?) 2\1/2
1+C+ l—eap(~NTU(t)(1+C2)/? (1+C%)

a(t) = (5.7)

where NTU(t) are the Number of Transfer Units and C is the fluid-capacitance ratio

given by

Cmin (“/Cp)

€ = Com — (WG,

(5.8)

mazr

Here Cpiy is related to the stream that defines the maximum heat-transfer rate that

will occur in a counter flow exchanger with infinite area

Qmaa: = Cmm (T’In— cx) (5.9)
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Th; and T; are the temperatures of the hot and cold fluid streams respectively at the

inlet to the exchanger. For the present analysis, C is calculated from the equation:

where z is either "min” or "maz”. Then solving for (WC,), and replacing in

Eq.(5.9) , we get

Q)
C — (AT ) min — (AT)mar (5 11)
‘(AJ;-()L (AT)nn'n ) )

For the case when ”"maa” belongs to the hot stream and ”"min” to the cold stream,

results in

- T'Iu' - T'Ixo(t)

© T TO-T. 512

The NTU at any time ‘t’ in Eq.(5.7) is given by relation

U(t)A,
NTU(t) = —a(,—)— (5.13)
where
1
U(t) = ——— 5.14
f}: + Rf(t) ( )

U(t), Ry(t) are the overall heat transfer coefficient and the fouling resistance at
any time 't’, respectively and U, is the overall heat-transfer coefficient under clean
conditions. It should be noted that the outlet temperatures of hot and cold fluid
streams are function of time and can be obtained by calculating their respective

enthalpy from the expression

Q(t) = WAH(t) (5.15)
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and making substitution in the following Lee-kessler {71} equations for the hot and

cold fluid streams in the exchanger used in crude oil preheat train
AH(t) = Ai(Tui = Tho(t)) + A2(Ti® = To(t)) + As(Thi® — Tho'(t)) (5.16)

AH(t) = AlTeolt) = Tai) + A2(Teo’(t) = Te?) + A3(T3() - Te®). (5.17)

where A;,A2 and Az are the constants for a fluid stream which can determined by

using the procedure discussed in Appendix C. Using Eqs.(5.6) and (5.16) in Eq.(5.17)

for the hot fluid and rearranging, we get

maz€n(l
Q "Vh( ) = (-41T.hi+-42’I1I,,-2+A3T'hi3)_(Alj‘ho(t)+A2Tho2(t)+A3Thos(t)) (518)

A computer program was developed as a part of general algorithm shown in Fig.
5.5 and using the data given in Table 5.1 to determine the effectiveness of the heat
exchanger for the case considered, undergoing a linear fouling growth model which
can be characterized by a-distribution and associated risk level p. The special case
discussed by Casado [71] is represented by \/a = 0 (or it could be representing
p = 0.5 for any /a). The resulting effectiveness curve is shown in Fig. 5.6 for
the heat exchanger described in Table 5.1. It should be noted that, this curve is
represented for the case of deterministic fouling (i.e., /a = 0), or for the probabilistic

case it may be interpreted as corresponding to p = 0.5 for any /a.
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Figure 5.5: A flow diagram of a computer program to determine the effectiveness
of heat exchanger at one particular time step. [Modified version of the flow chart
proposed by Casado [71],incorporating random linear fouling growth law.]
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5.2.2 Economic Analysis

The operating costs associated with fouling of heat exchanger for the case considered

can be subdivided into various elements as discussed hereunder [71]:

Additional consumption of fuel in the fired heater, because of effective-

ness drop in the exchanger

For a continuous operation between 0 and %, days, where ¢, represent a planned

maintenance cycle corresponding to a risk level p, the costs associated with addi-

tional fuel consumption can be expressed as

2400 Crok tp
Cult) = = Fopp )y A d (5.19)

where Crogp, € and FOED are the cost of fuel oil equivalent barrel, fired heater
efficiency anf fuel oil equivalent barrel, respectively. Also AQ(t,) = Qmaz(€n® —

€n(t,)) and introducing another constant k;(U.S$/Btu) to yield Eq.(5.20) as
t
Cll(tp) = kIlQmaz: [erxotp_[’r En(t) dt] (5.20)

Additional atomization steam needed because of rise in fuel oil consump-

tion

If the rate of atomization steam holds a constant relationship with the fuel oil

consumption, and the costs associated with additional atomization steam can be
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written as
2400 F, Fgi0 C, tp
Cs(t,) = AT Sl —u /0 AQ(t) dt (5.21)
tp
or Cs(ty) = ksQmaz [ty — /0 ea(t) di}, (5.22)

where Fo,r is weight fraction for fuel oil and fuel gas, Fg/p is the weight fraction
for steam and oil, C is the cost of atomization steam and NHYV is the net heating

value of the fuel oil.

Antifoulant
If antifoulant is used at constant rate then its associated cost is given by
Car(ty) = 1.498 x 1073 ppm p. ¢ Coa Ao t, (5.23)

Carlty) = Car tp. (5.24)
Where ppm are the parts per million of antifoulant, p; is specific gravity of crude
oil and q is volumetric flow rate. It is generally observed that the antifoulant cost,
Caaq is expressed in U.S $/Ibft? of the total surface of the protected exchangers, to

distribute the consumption proportionally to each exchanger.

Cleaning cost

If C. is the daily cleaning cost, then the total cost becomes

Cc(t})) = Cc’ tdown' (525)

Where tgoun is the shutdown time for the heat exchanger.
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Additional consumption of fuel in the fired heater during exchanger clean-

ing

If the exchanger’s process unit is not stopped (i.e., the exchanger is bypassed), the
fired heater will burn an additional amount of fuel necessary to release the heat

equivalent to the clean exchanger. This cost may be expressed as:

_ 2400 CroEB
CA = e FOEB Qo tdown (5'26)
or Cy = Ca tiown (5.27)

Miscellaneous costs

Finally, other costs related indirectly to fouling are included here as Cp. These
include the cleaning program, the shutdown and startup of the process unit, the
crude oil filters maintenance, the antifoulant injection system maintenance, and so

on. It may be important part in the total fouling costs; however, it is difficult to

estimate it with good accuracy.

5.2.3 Derivation of dimensionless cost function

The operating cycle of the heat exchanger consists of the uptime, ¢, and downtime,

tdowna i.e.,

tcyc = tp +tdown- (5.28)
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Also, the total fouling cost through an operation cycle can be written as

Coelty) = Cul(tp) + Cs(tp) + Car(ty) + Ce+ Ca+ Cy (5.29)
Then the total costs through ” D” calender days is

Ceye(ty) D

Crlty) = 22, (5.30)

Making substitutions and calculating for daily costs, we get

CT(tp) 1 o /‘r
= k maz (€n Lp — n S Wmaz no -
D T+ aowm {kuQ (€°tp b €u(t) dt) + ksQ (en’tp

tP 1} [ [}
[) Gn(t) dt) + C.-\F tp + Cc tdown + CA tdown + CM } (5'31)

The curve for the total daily costs for the case by Casado [71] (i.e., /a = 0)
can be drawn using the above equation as shown in Fig. 5.7. The impact of scatter
in fouling reflected by /@, for different risk levels is plotted in Figs. 5.8 to 5.10.
The effect of increase in the risk level for a particular value of \/a is reflected by an
increase in the planned maintenance interval ¢, and reduced costs. In addition, the

curve corresponding to p = 0.5 in these figures also represent the deterministic case

as discussed by Casado [71].

We can differentiate the above equation with respect to time 't}, and put equal

to zero to determine the time period for which costs are minimum to get

4

B(tl’) = dt(gq_‘lgtL)) = At’ en(t) dt_en(tp)(tp+tdown)+tdoum€l =0 (532)
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Figure 5.7: Total daily cost for data by Casado[71} (plot of Eq.(5.31) for =0, or for
p = 0.5 for any /a )
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where

L}

¢ = et Car = (Cc +Ca' 4 Ciar/tiown)

(kll + kS) Qma: (5.33)

The solution of Eq.(5.32) for a general case can be facilitated by a graphical ap-
proach. For the deterministic case by Casado [71] the graphical approach is illus-

trated in Fig. 5.11.

Simplifying the above equation for daily costs and dividing throughout by (C. +

’ . . . .
C, ) to convert the equation into dimensionless form, we get

I(C) = nltﬁ%;(en%p— /0"' en(t) di)]
+7-z(;p—:§d—w:) + 73(;}%) (5.34)
Where
n = (‘;4(2,(’”’; zf:s)) (5.35)
T2 = (_C"'C—IEA_) (5.36)

The variation in the dimensionless cost I'(C) with dimensionless time ¢,/(¢ +
t4own ) depends upon the values of the dimensionless variables 73, v, and 73 and risk
level p, and distribution parameters ¢ and va. This dimensionless total cost for

various values of \/a, is plotted in Figs. 5.12, 5.13 and 5.14 for different risk levels.
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The variation of the dimensionless cost with respect to the cost parameters v, 72

and -3 has been shown in Figs. 5.15, 5.16 and 5.17 by fixing the two variables and

changing the third.

The sensitivity analysis of dimensionless cost function to variables 41, 7, and 73

can be assessed by diffrentiating I'(C') w.r.t 71, 7, and 43 respectively to get

ar(C) 24 . b

o = Tt /0 ea(t) dt) (5.38)
are)
372 - tp+tdown ’ (539)
O(C)  tuown
373 - tp + tdown ’ (540)

The resulting equations are plotted against the dimensionless time as shown in Figs.
5.18, 5.19 and 5.20 respectively. It can be scen that for smaller values of time, the
effect of 7, is low but for larger values of time, its effect is significant. The effect of
“r2 on dimensionless cost function is linearly increasing. Finally, I'(C) is sensitive to

73 in the beginning but its effect diminishes with time.
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Chapter 6

Conclusions and

Recommendations

1. The experimental work regarding CaCOj scaling has shown that the scale
deposit was maximum in the beginning scctions and tube bends. In addition,
it was observed that the fouling resistance varies from point to point along a
horizontal tube and also for the same point it varies from replicate to replicate,
i.e., the fouling resistance can be considered as a random variable and the scale
formation is a random process. The experimental work can further be extended
to study the fouling phenomenon under various simulated conditions of heat
transfer, e.g., a double tube can be used and the effect, of a cooling stream
in the exterior tube in counter, parallel or cross flow direction, on the scale

deposit in the inner tube can be studied.
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2. SEM analysis have indicated that the preferential sites for the crystals growth
are scratches, polishing marks and other similar surface irregularities on the
tube. This suggests that smoother the tube surface is kept during operation,

the lesser would be the chances for early crystals growth and therefore the

fouling of heat exchange equipment.

3. The data analysis regarding CaCQj scaling have shown that the distribution
of time for tubes to reach a critical level of fouling is inverted normal or
a-distribution, whereas the distribution of time to reach a critical level of
corrosion fouling is modified version of a-distribution. A similar statistical
analysis can be carried out for the fouling data of heat exchangers gathered

from the field application for any type of fouling.

4. The statistical and thermoeconomic analysis of heat exchange equipment pro-

vides a mathematical basis for their maintenance/cleaning schedules.

5. The economic analysis for the specific heat exchanger used in the preheat train
of crude oil refining process have shown that the daily operating costs would be
minimum if a regular maintenance/cleaning is carried out every thirteen(13)
days, which is found to be the same as discussed by [71] for a similar problem.

Similarly for any other heat exchanger, the optimum cleaning cycle can be

obtained by using the proposed algorithm.

6. The parametric study of the dimensionless cost function, derived for a partic-



130

ular case, has indicated that the total operating and maintenance costs (i.e.,
Fuel Consumption + Antifoulant + Miscellaneous) and optimum clean-
ing/maintenance period very sensitive to (= Qmaz(kn + ks)/24(C. +Cy4)),
i.e., increasing the value of ; substantially decreases the optimum period for
maintenance/cleaning and increases the total costs. On the other hand, the
variation in y(= CAFI/(C.;, + C,;')) and ;3(= 1 + CA,/(C,:' + CA')tdo.,,.,,)
have a relatively moderate effect on the total operating and maintenance costs

and optimum cleaning/maintenance period.

. The proposed cost model has been treated in a probabolistic domain by intro-
ducing the risk level p and the scatter parameter « in the expression for the
fouling resistance. The resulting plots highlighted the impact of p and a on
the total costs, optimum costs and optimum cleaning/maintenance period. It
is observed that decreasing the risk level from 50% increases the total operat-
ing costs for the heat exchanger, and shifts the optimum solution to the left

(reduction in cleaning period).



Appendix A

Statistical Characterization of

Fouling Data

Let t be a random variable denoting the time to reach a critical level of fouling of a
heat-exchanger. If ‘N’ identical tubes are put in operation at some time ¢ = 0, and
operated till a critical level of fouling resistance then, in general, all of the tubes
will experience a different time to reach a predetermined critical level of fouling re-
sistance. These ‘N’ obscrvations of time (¢;, 5,13, .....,tx5) to reach the critical level
represent a set of realizations or an outcome of the random variable t. For example,
this set of values of "t” can be determined from the set of sample functions of foul-
ing growth curves. From these curves, at a critical-fouling level, the corresponding

values of t; can be obtained by linear interpolation between the available data points.
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We note that the main indicators of the random variable t are [85):

The mean time, f, (often expressed as E(t), u(t) or p), given by

. tittote.tlita.tty 1y
= . =~ (A1)

The median time #;, usually expressed as C, is the middle value of the ordered data

and standard deviation o(t) given by:

R D D i e N et D
a(t) = J -1 (A.2)

where the variance of time to reach a critical level of fouling is represented as o?(t).

The coefficient of the time to reach a critical level of fouling can be expressed as

K = i‘(t—t) (A.3)

A.1 Empirical Distribution of Random Variable

”t”

Empirical distribution of ”t” is determined by a non-parametric approach [85]. In
this approach, the experimental data obtained from field or laboratory experiments
are usually treated in an ungrouped form. This data after ranking in increasing

order is given by ¢, > t2 > t3 > ... >t > ... > ty for N units in a test. In
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statistical nomenclature the ; are referred to as the rank statistics of the test. We

may estimate the fraction of the tubes to reach the critical level of fouling by time

t;, to be given by [85):

Cumulative Distribution Function (cdf) expressed as

Flt) = —— (A4)

The fraction of the tubes which have not yet reached the critical level of fouling by

t;, is defined by a complementary function of CDF, defined as Reliability function

given by

N+1-:

Rt:) = N+l (A.5)

The Probability Density Function (pdf) defined by dF(t)/dt = —dR(t)/dt is given

by

. 1
f(t) = (t;.H — t,')(.N T 1) ; <t<tiy (AG)

The caret symbol is used to indicate estimates as opposed to true values.

A.2 The Postulated Distribution for CaCO3 Scal-
ing

The distribution of time to reach a critical level of fouling in the case of CaCOj3

scaling (precipitation fouling) is postulated as Inverted Normal (or o-distribution)
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and is discussed in detail by Ahmed and Sheikh [79] and was later used in fouling

analysis by Shaik [77]. The related functions are

R
R(8C) =1 - &[], (A.7)
A _C 1 t=C
f(t,a,C) = \/ﬁﬁ exp 5 \/gt)] (A'8)

where ®(z) is the Gaussian function or standardized normal CDF, given by

o(z) = \/% /_ ; e~t/2 gt (A.9)
This function has a mean zero and standard deviation of 1. The total area under
this function’s curve is 1. The € and & represents the estimated parameters of the
distribution. It should be noted that € is the estimated value of median time to

reach the critical fouling (i.e., ¢ = to.s), and V& is the scatter parameter.

A.2.1 Estimation of Parameters C and «

There are two approaches to find the estimated parameters C and a from the data

and are discussed below [79]:

From fouling growth curves

The parameters a and C in the case of linear fouling can be estimated from the

slopes of the linearly fitted lines [77, 79]. These are:

. V(m) I (e — HEZX; m)? /(N -1)
= [Em)2 — = (7{,‘1\2&117715)2 ) (A.10)
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C~, - R]‘c _ Rf'c

~EN m T om (A-11)
where m; represent the slope of the ith fitted curve, E(m) is the average of all the

slopes, and V(m) is the variance of the slope in a given set. This procedure is also

called the damage function approach.

From times to reach a critical level of fouling

The equations for estimating the distribution parameters from N observations of

time (i.e.,t;,t2, ... ,tx) to reach a critical level of fouling by maximum likelihood

method are given by [79]

. 1
C = v~/ Al2
T (A12)
R 1 1 1 -
a = [z\—(- Ei:l(t_,' - 5)2] 02 . (A13)

It is important to emphasize that ¢; are either direct values to reach the critical level
of fouling or they could be linearly interpolated values between the data points.

This procedure is also termed as maximum liklihood estimator approach.

A.3 Corrosion Fouling

The times to reach a critical level of the fouling resistance Ry in the case of corro-
sion fouling was found to be represented by a modified version of a-distribution as

proposed by Sheikh [78] and was later used by Shaik [77]. It’s respective distribution
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functions are given by [78]

A Vi-C
R(t;&,C) = 1-¢[—=—1], .
(taC) = 1-8¥] (A4
oA ¢ 1,vt-C
t;a,C) = p|—= . A,
f(t;é ) 3nald ea,p[ 5 \/az )] (‘\15)
where
A V(im) _ il (mu — 7172?;1 m)?/(N —1)
= Emp T G S, m? » (AI9)
and
2 R c R <
C = pt— = (A.17)

N =1 Tn,' m ’



Appendix B

Tabulated Results of

Reliability-Based Statistical Data

Analysis

The distribution functions calculated on the basis of time to reach a critical level of
fouling by using equations (A.4) through (A.6) are shown in the attached tables B.1
through B.3 for sections 1, 2 & 3, respectively for CaCOj scaling and parameters
calculated using both damage function approach as well as maximum liklihood esti-

mator approach. Whereas results in the case of corrosion fouling are given in table

B.4.

137



Sr. No. Slope Sr. No. Slope
m m
1 6.42493E-06 4 9.35814E-06
2 8.67443E-06 5 9.75171E-06
3 9.60271E-06 6 1.01993E-05
m 9.00187E-06
L] 1.35882E-06
Fouling resistance  0.00003 meK/W
Damage Function Maximum Liklihood Est.
oy 0.150948277 o~ 0.077364661
C (hrs) 3.332640559 {C (hrs) 6.583797024
Sr. No. Rep. # L R(t) {(]
1 0 1 0.023419
2 2A 6.1 0.857142857 | 0.952381
3 5 6.1 0.714285714 ) 0.952381
4 4 6.25 0.571428571 | 0.25974
5 3 6.8 0.428571429 | 1.098901
6 2 6.93 0.285714286 | 0.223214
7 1 7.57 0.142857143 -
Fouling resistance 0.00005 m’K/W
Damage Function Maximum Liklihood Est.
oo 0.150948277 (/@ 0.116897207
C (hrs) 5.554400931 |C (hrs) 8.925973985
Sr. No. Rep. # L R(t) £(t)
1 0 1 0.017358
2 2A 8.23 0.857142857 | 0.510204
3 5 8.23 0.714285714 10.510204
4 4 8.51 0.571428571 | 1.298701
5 3 8.62 0.428571429 | 0.460829
6 2 8.93 0.285714286 §0.047304
7 1 11.95 0.142857143 -
Fouling resistance  0.00007 mK/W
Damage Function Maximum Liklihood Est.
/X 0.150948277 o 0.086839555
C (hrs) 7.776161304 |C (hrs) 10.71878855
Sr. No. Rep. # L R() (1)
1 0 1 0.014215
2 5 10.05 0.857142857 | 0.714286
3 2A 10.25 0.714285714 | 1.428571
4 4 10.25 0.571428571 | 1.428571
5 3 10.35 0.428571429 {0.332226
6 2 10.78 0.285714286 | 0.059032
7 1 13.2 0.142857143 -
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Table B.1: Parameters and non-parametric results for CaCOj scaling - Section #1.



Sr. No. Slope Sr. No. Slope
m m
1 3.84572E-07 4 5.771579E-07
2 6.49345E-07 5 2.68976E-07
3 3.63716E-07 6 5.2076E-07
m 6.04655E-06
] 5.8213E-07
Fouling resistance  0.00002 meK/W
Damage Function Maximum Liklihood Est.
o 0.096274806 {a 0.058335807
C (hrs) 3.307672605 {C (hrs) 5.996912081
Sr. No. Rep. # 1 R £(1)
1 0 1 0.026455026
2 2A 5.4 0.857142857 { 0.303951368
3 3 5.87 0.714285714 | 0.840336134
4 4 6.04 0.571428571 {0.408163265
5 5 6.04 0.428571429 | 0.408163265
6 2 6.25 0.285714286 | 0.571428571
7 1 6.5 0.142857143 -
Fouling resistance  0.00004 mK/W
Damage Function Maximum Liklihood Est.
/oo 0.096274806 |/a” 0.062045471
C (hrs) 6.61534521 |C (hrs) 9.142717904
Sr. No. Rep. # i R(t) £(t)
1 0 1 0.016966407
2 2A 8.42 0.857142857 | 0.793650794
3 3 8.6 0.714285714 | 0.25974026
4 2 9.15 0.571428571 | 0.285714286
5 5 9.15 0.428571429 | 0.285714286
6 4 9.65 0.285714286 | 0.317460317
7 1 10.1 0.142857143 -
Fouling resistance  0.00006 m’K/W
Damage Funclion Maximumn Liklihood Est.
a 0.096274806 Vo 0.068347807
C (hrs) 9.923017815 |C (hrs) 12.11258233
Sr. No. Rep. # t; R(t) f(t)
1 0 1 0.012755102
2 2A 11.2 0.857142857 [ 0.621118012
3 3 11.43 0.714285714 | 0.386100386
4 5 11.8 0.571428571 | 0.714285714
S 2 12 0.428571429 | 0.155279503
6 4 12.92 0.285714286 | 0.187969925
7 i 13.68 0.142857143 -
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Table B.2: Parameters and non-parametric results for CaCOj scaling - Section #2.



Sr. No. Slope Sr. No. Slope
m m
1 3.88461E-06 4 4.97682E-06
2 4.08788E-06 5 5.3886E-06
3 4.65939E-06 6 5.64295E-06
m 4.77338E-06
] 6.99834E-07
Fouling resistance  0.000045 m’K/W
Damage Function Maximum Liklihood Est.
w3 0.14661204 |/a” 0.091433164
C (hrs) 4.189907156 |C (hrs) 6.639699123
Sr. No. Rep. # 1 R(1;) ()
1 0 1 0.024845
2 5 5.75 0.857142857 | 0.190476
3 4 6.5 0.714285714 | 0.510204
4 2A 6.5 0.571428571 | 0.510204
5 2 6.78 0.428571429 |0.131062
6 3 6.78 0.285714286 | 0.131062
7 1 7.87 0.142857143 -
Fouling resistance  0.0000325 m'K/W
Damage Function Maximum Likiihood Est.
a 0.14661204 yo~ 0.086054748
C (hrs) 6.808599128 |C (hrs) 9.074559411
Sr. No. Rep. # ti R(t) f(1)
1 0 1 0.017702
2 5 8.07 0.857142857 | 0.269542
3 4 8.6 0.714285714 | 0.47619
4 2A 8.9 0.57142857! | 1.428571
5 3 9 0.428571429 | 0.21978
6 2 9.65 0.285714286 | 0.142857
7 1 10.65 0.142857143 -
Fouling resistance ~ 0.00002 m’K/W
Damage Function Maximum Liklihood Est.
Vo 0.14661204 [o~ 0.094844219
C (hrs) 9.427291101 |C (hrs) 11.53923702
Sr. No. Rep. # 1 R(t) ()
1 0 1 0.013897
2 5 10.28 0.857142857 | 0.3861
3 4 10.65 0.714285714 | 0.210084
4 2A 11.33 0.571428571 | 0.104275
5 3 11.33 0.428571429 | 0.104275
6 2 12.7 0.285714286 { 0.15873
7 1 13.6 0.142857143 -
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Table B.3: Parameters and non-parametric results for CaCOj scaling - Section #3.



Table B.4:

Parameters and non-parametric results for corrosion fouling.

Sr. No. Slope Sr. No. Slope
m m
1 0.000037 4 0.000013
2 0.000031 5 0.000012
3 0.000018 6 0.000022
m 0.000022
0.0000098

Fouling Resistance  0.00014625 m* K/W

Damage Function
Ja 0.44223
C (hrs) 6.6064
" Sp # t R(1) (1)
0 0 1 0.01102
3.6 4 12.96 0.85714 0.00292
3.6 5 12.96 0.71429 0.00294
7.85 6 61.6225 0.57143 0.00903
8.8 7 77.44 0.42857 0.00911
9.65 9 93.1225 0.28571 0.00179
13.15 8 172.923 0.14286 -
Fouling Resistance 0.00022 m® K/W
Damage Function
o 0.44223
C (hrs) 9.93783
" Sp# 4 R f(t)
0 0 1 0.00667
5 4 25 0.83333 0.00211
5 5 25 0.66667 0.00211
10.2 9 104.04 0.5 0.00507
11.7 6 136.89 0.333333 0.00391
13.4 7 179.56 0.16667 -
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Appendix C

Method for Determination of

Enthalpy of Petroleum Fractions

The following equations are recommended [86] for estimating the enthalpy of petroleum

fractions in liquid phase with 7, < 0.8 and P, < 1.0
Hp = AT —259.7) + Aa(T? + 259.7%) + A3(T® + 259.7%) (C.1)
Where

H; = enthalpy of liquid petroleum fraction with T, < 0.8

and P. < 1.0, in british thermal units per pound (C2)

(1149.82 — 46.535 K)] (
sp gr

Ay = 1073[-1171.26 + (23.722 + 24.907 sp gr) K +

C.3)
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Ap = 1075(1.0 + 0.82463 K)(56.086 — 23817y (C4)
sp gr

Ap = 1079[(1.0 + 0.82463 K)(9.6757 — 2023y (C.5)
sp gr

P, = reduced pressure = P[P, (C.6)

P = pressure, pounds per square inch absolute (C.7)

P,. = pseudocritical pressure, pounds per square inch absolute (C.8)

T, = reduced temperature = T[T, (C.9)

T = temperature, degrees Rankine (C.10)

T, = pseudocritical temperature, degrees Rankine (C.11)

K = Watson characterization factor (C.12)

sp gr = specific gravity, 60F/GOF (C.13)

No correction for pressure effects is needed for the liquid phase below a reduced

temperature of 0.8 and reduced pressure of 1.0.



Nomenclature

A, external surface area for heat transfer, ft? (m?)

C specific heat ratio, dimensionless

D calendar days

e fired heater efficiency, dimensionless

F weight fraction, dimensionless

FOEB fuel oil equivalent barrel

G solute concentration of supersaturated solution

I electrical current, amp

AH change in enthalpy Btu/lb (kJ/kg)

k thermal conductivity of CaCOs, Btu/h°Rft> (W/m?K)
l length of a test section, in (m)

m slope of the fitted curve

N number of time values corresponding to a critical level of fouling
NHV net heat value of fuel oil, Btu/lb (kJ/kg)

NTU number of transfer units, dimensionless

P risk factor, dimensionless

ppm parts per million
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(@f

Rg°

Greek Symbols

«

g

N

Y2
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volumetric flow rate, ft3/hr (m3/hr)

amount of heat transferred, Btu/hr (watts)

radius of the tube section, in (m)

thermal resistance, h°F ft2/Btu (m2K/W)

time, hrs, days

Temperature, °R (°K)

overall heat transfer coefficient, Btu/h°Rft* (W/m2K)
mass of flowing fluid, b (kg)

constants for the petroleum fraction

median time, hrs or days

specific heat value for a fluid, Btu/lb°R‘(j J/Kg°K)

cost of additional burned fuel, U.S $/Btu (U.S $/kJ)
cost of additional atomization steam, U.S $/Btu (U.S $/kJ)

fouling resistance at time t = 0, h°F ft2/ Btu (m*K/W)

scatter parameter, dimensionless

weight density of CaCOs, Ib/ ft3 (kg/m3)

dimensionless unit cost reflecting the effect of fuel cost
dimensionless unit cost reflecting the effect of antifoulant cost

dimensionless unit cost reflecting the effect of miscellaneous costs
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€n°

Subscripts
A
ad

AF

hi

ho

min
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dimensionless total cost
effectiveness of heat-exchanger, dimensionless
specific gravity of crude oil, dimensionless

effectiveness of heat-exchanger at time ¢t =0

additional fuel
additional steam
antifoulant

cold

cold fluid at inlet
cold fluid at outlet
cycle

shutdown

fouling

critical fouling
hot

hot fluid at inlet
hot fluid at outlet
heat

minimum



max

o/T

s/0

maximum

miscellaneous

number of shell passes
fuel oil/(fuel oil+ fuel gas)
steam/fuel oil

steam
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