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Introduction 
Pritchard recently [I] editorialized on the dilemma of 
fouling research, that is, “prevention or cure?”. In our 
opinion, the effort of fouling research has to be channeled 
toward optimum design and operation. This is the most re- 
alistic approach to solutions that are applicable in many in- 
dustrial areas: petroleum refineries, petrochemical opera- 
tibns, saline water conversion, steam generation (boilers), 
cooling water systems, ocean thermal energy conversion, 
geothermal energy, chemical industry, food and pharma- 
ceutical industry, etc. 

In this review, emphasis is given to the successes in 
minimizing/preventing fouling of heat exchangers accom- 
plished through proper design and operation. These suc- 
cesses can be attributed to engineering inventiveness in 
dealing with fouling as an industrial problem, despite the 
fact that usually the fundamentals of specific fouling pro- 
cesses are not known. We do not present quantitative in- 
formation for the designer of heat exchangers. Rather we 
concentrate on the main issues which, in our opinion, are 
under the control of the design and operation engineers. 

To understand the relationship between fouling- 
dynamics and design of heat exchangers, it is necessary to 
summarize both the parameters affecting fouling dynam- 
ics and the process of designing heat exchangers [2].  Al- 
though fouling is too complex to be considered in a eneral 

parameters: nature of the industrial fluid; nature of the 
heating surface; fluid velocity and flow regime; design of 
the heat exchanger; mode of heat transfer; temperatures of 
the fluid and heating surface; and nature of fouIed layer. 
On the other hand, the process of designing heat exchang- 
ers starts from a set of general data and goes through a 
series of stages: thermal and mechanical design; specific 
design; system operating and control requirements; and 
cost analysis. If the designing process is considered step 
by step, it can be shown that fouling-dynamics and the de- 
sign of heat exchangers are intimately connected [2]. 

framework, its dynamics are influenced by the fol 7 owing 

All correspondence should he uddressed to: Dory1 Lund, Depurt- 
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53706. 

A general series of “reactions” (chemical, physicochem- 
ical, and physical processes) may be formulated to de- 

f fouling [3] .  This series of “reactions”, 
tics, encompasses: bulk reaction; in- 

duction reaction; fouling reaction; back diffusion; aging 
reaction; dissolution, erosion and spalling of fouled layer. 
Fouling of a heating surface can he physically and analyt- 
ically described by defining every heat exchanger as a 
complex flow reactor in which chemical kinetics and in- 
terface processes are coupled with momentum, heat and 
mass trans ort. If onekome of the processes in fouling ki- 
netics can Re influenced, then fouling is likely to be mini- 
mized. Chemical (physicochemical) and physical treat- 
ments can change the nature of bulk, fouling, aging, or 
induction reactions. The construction material of heat 
transfer surface influences the type and rate of induction 
reaction, the resistance to corrosion fouling, and the adhe- 
sion stren th of fouled layer. Forced convection and in- 
duced tur B iulence act upon the deposition and removal 
(erosion) mass fluxes. Mechanical erosion increases the 
removal mass flux. 

Whereas chemical and physical treatments usually must 
be specific to each industrial fluid passing a heat ex- 
changer, the design concepts are rather versatile. If forced 
convection and induced turbulence can be successful in 
saline water conversion, for instance, this concept also has 
potential in food and pharmaceutical industries. 

Chemical Treatments 
From >an early patent (1869) dealing with the use of 

taninin and starch products to prevent fouling of steam 
boilers [4&to the discoveries in the 1930s that extremely 
small amounts of sodium hexametaphosphate would pre- 
vent the depositions of calcium carbonate and magnesium 
hydroxide [4‘&modern antifouling treatments are based 
upon thousands of chemicals [4]. This vast diversification 
is the result of increasing efforts to minimize fouling of 
heat exchangers and of changing regulations to protect the 
environment from the hazards produced by disposal of the 
effluents created with these chemicals. 

Many chemical species which are prone to fouling or 
which catalyze different steps of fouling kinetics may he  
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removed from the fluid. Chemical treatments such as sof- 
be n i n g (c h e m i c a1 p r e c i p i t at i on ) , d e m i ne  ral iza t io n 
:desaltin ), acidification, and sequestering (chelating) are 
frequent P y used a s  pretreatments in cooling water systems 
to remove fouling compounds. Because these chemical 
treatments re uire considerable addition of chemicals 
:usually more t 1, an the stoichiometric ratios), their applica- 
tion to large volumes of water, or to waters having high 
concentrations of fouling compounds (saline waters, geo- 
thermal brines, petroleum industry waters) becomes too 
expensive’In this case the use of fouling inhibitors (crystal 
modifiers) is much more economical because they are ef- 
fective at concentration levels far below the stoichiometric 
ratio. The most frequently used fouling inhibitors are inor- 
ganic polyphosphates, organophosphorus compounds and 
organic polymers. 

Coagulation (flocculation) treatments of waters (fol- 
lowed by clarification processes) make use of chemical 
agents to remove finely divided solids that are usually too 
small to settle. Most of the coagulants are used as seeds. 
Seeding provides a more extensive and favorable surface 
for fouling to occur on, rather than the heat transfer surface. 
This technique is widely used in saline water conversion. 
Calcium carbon ate s 1 u d ge has been  re  ci r c u 1 ate d as 
seeding sludge to prevent deposition of calcium salts on 
heating surfaces. 

Most industrial fluids have corrosion tendencies. Pre- 
venting corrosion of heat exchangers minimizes corrosion 
by-products fouling and its influence on fouling kinetics. 
Chromate-based water treatment is generally considered 
the most effective fouling and corrosion inhibitor. 

Industrial fluids in petroleum refineries, petrochem- 
ical operations and chemical plants are usually treated 
with antifoulants (in most cases, proprietary chemistry) 
which are multifunctional [S, 61. The antifoulant is com- 
posed of an ashless, nonmetallic dispersant and various in- 
hibitor chemicals (antipolymerants, corrosion inhibitors, 
oxygen scavangers, metal deactivators, etc.). 

Heat exchangers i n  cooling water systems, ocean 
thermal energy conversion, nuclear plants, and saline 
water conversion, have to be protected from biological 
fo u 1 in g (micro b i o 1 o g i c a1 and macro 1) i o 1 o g i c a 1 ) . The 
presence of biological fouling ma also promote corrosion. 

antifouling treatments ofwaters. Bacteriacides, fun icides 

fouling. Among these chemicals, chlorine is the most 
popular. The concentration of chlorine and the fre uency 
of application depend upon the chlorine demand o?water, 
temperature, and flow rate. Removal of established 
microorgnaisms requires high concentrations but, even at 
high levels, the chlorine cannot penetrate the slime film, 
and the effect may be incomplete [7]. 

All aspects of chemical and physicochemical treatments 
are far too complex to treat here. An excellent presentation 
of the subject can be found in the monograph of Cowan and 
Weintritt [4] and other papers [8-211. Fouling Prevention 
Research Digest lists many of the publications describing 
antifouling treatments since 1979. 

In inany American states [4] ,  and in other countries, laws 
now severely restrict the discharge of potentially pollutant 
wastes. This must be considered in any review of chemical 
treatments. The discharge of polyphosphates has been 

At the same time, biological fou r ing can adversely affect 

and algaecides are presently used to control bio B ogical 

banned completely in Canada because of eutrophication 
of aquatic plant life [22], and some American states have a 
total ban of phosphates [4] .  In some cases, polyphosphates 
are replaced with more stable phosphonates, 
esters, and polyelectrolytes. Nevertheless, p osphorus 
compounds can be removed from effluents by treatments 
based on bacteria, lime, polyelectrolytes, activated carbon 
and membrane filtration [4] .  

Chromate-based corrosion inhibitors are currently af- 
fected by pollution control standards in the U.S.A. [4].  
Hexavalent chromium is known to be carcinogenic and 
also deleterious to sewage plant operation [23]. In many 
countries,  the discharge of heav metals into the 

tors {ased on chromium, zinc, molyhdate no longer usea- 
ble, unless they are replaced/removed from effluents [4,  
,231. Nitrite-based corrosion inhibitors are also suspected 
of adverse effects on the environment [22]. 

Biocides like chlorinated cyanurate, copper sulfate, so- 
dium arsenite, sodium pentachlorophenate, etc. are sub- 
ject to legislative requirements [4]. Apparently, chlorine (1 
mglliter), hypochlorine, and chlorine dioxide are not re- 
stricted by pollution control standards. Stupian [24] esti- 
mates that an anti-biofouling treatment of an OTEC (ocean 
thermal energy conversion) plant would require the re- 
lease of 5 metric tonslhr of chlorine. What would the envi- 
ronmental impact be upon the marine life with this amount 
of chlorine? Ozone treatment a s  a substitute for chlorine in 
fouling control has t h e  advantage that it leaves no 
hyproducts, but it is expensive [2S]. New developments in 
ozone generation systems claim costs less than chlorine 
treatment costs [25]. Also, ferrates, as powerful oxidants 
seem to be another substitute for chlorine because they are 
unstable and can co-precipitate heavy metals or phos- 
phates used in fouling control [25]. 

Chemical treatments have two major disadvantages. 
First, the increase in the process cost due to transport, 
controlled handling and in-line addition, and treatments 
and/or disposal of the effluents. Second, some industrial 
fluids like those in the food and pharmaceutical industry 
prohibit chemical treatments because of safety or product 
quality considerations. However, the successful experi- 
ence in chemical treatments as well as the search for new 
achievements in this area must be continued. 

ghosphate 

ecos stem is controlled. This makes t i: e corrosion inhibi- 

Physical Treatments 
A water stream entering a heat exchanger can be treated 

by distillation, reverse osmosis, or electrodialysis. T h e  
heat exchanger will not foul, but this merely transfers the 
fouling problem from the heat exchanger to a different 
place. Many closed systems (e.g., closed recirculating 
cooling-water-systems) are using purified water through 
one of these methods to prevent fouling. 

In waste heat recovery, gaseous streams (steam, air) are 
passing scrubherslwashers to remove the dust. This will 
improve the antifouling tendencies of the streams, but it 
may very well generate a fouling problem in the scrubbers. 
Wet scrubbers may also lead to microbial fouling, a poten- 
tial problem in cleaning air from food spray drying opera- 
tions. 

Mechanical treatments are widely applied to remove 
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solid particles or liquid droplets from many industrial 
fluids. Settling, filtration, flotation, centrifugation, cy- 
clones, hydrocyclones, alx-uptly changing the flow direc- 
tion, oil traps, etc. are only some of the techniques used to 
make fluids less prone to fouling. Most mechanical treat- 
ments are used in connection with chemical treatments. 
However, settlers, filters, etc. may also experience prob- 
lems with their  own fouling and the disposal of 
sludgesldeposits. 

There are special physical treatments such as oxygen 
stripping of feedstocks in petroleum refineries, using in- 
ert gas blanketing. Also, forewarming of food fluids is 
me,ntioned a s  a method of reducing fouling. 

Currently there are several “gadgets” on the market 
which claim to reduce fouling [26-281. The principles they 
claim to use include magnetic treatment, electric treat- 
ment, radiation treatment and catalytic treatment [29]. 
Hasson and Bramson [28] described a conrolled test of a 
magnetic water conditioner whose results showed no ef- 
fects on the fouling rate or the hardness of the deposit. 
There is still research interest in applying magnetic treat- 
ment, because some success is claimed in improving the 
functioning of water cooling systems [25]. The adhesion of 
curd to the walls of cheese vats has been successfully pre- 
vented by an electrostatic charging of the walls [30, 311. 
Burton [32], using the same principle, showed clearly that 
milk fouling of heat surfaces cannot be prevented; on the 
contrary, the fouling of a heated tube havin an applied 
volpge was more severe than that of an unckarged tulle. 
There is, however, an effect on the apparent density and 
adhesiveness of the deposit. 

Heat-Exchanger Design Concepts 
Most heat-exchanger design concepts used to prevent/- 

minimize fouling do not originate with the fouling prob- 
lem itself, but with the concern of designers to enhance the 
heathass  transfer and to optimize the heat exchange 
plants or heat transfer processes. As a result, it is not sur- 
prising that efficient heat exchangers, like plate heat ex- 
changers and fluidized bed heat exchangers, experience 
less fouling problems. On the other hand, very efficient 
heat exchangers, like compact heat exchangers, are almost 
incompatible with fluids (especially gases) carrying a 
heavy fouling load. Some external treatments have to be 
used to clean the fluids before they enter  the heat 
exchanger. 

Reduction in fouling via heat exchanger design concepts 
has evolved through trial and error. The concepts gener- 
ally fall into four categories: (a) construction material of 
heat transfer surface, (1)) forced convection and induced 
turbulence, (c) mechanical erosion of fouled layer, and (d) 
“non-surface” heat transfer. For forced convection, both 
the deposition mass flux and the removal mass flux (ero- 
sion) are influenced by velocity or turbulence. For me- 
chanically assisted erosion, hydrodynamics play a minor 
role because the removal mass flux is mainly accom- 
plished by wiping/scr~~pinET/scr~ibl)ing the fouled deposit. 

Construction Material 
If thermal conductivity was the only criterion for se- 

lectin an alloy as material of construction, stainless steel 
woul C f  not be frequently selected; its thermal conductivity 
is lower than that of other metals and alloys [33]. For long- 
term service, however, the overall heat-transfer perform- 
ance of stainless steel may prove superior because of its re- 
sistance to corrosion [33]. In stainless steel plate heat 
exchangers, a mirror finish is available, which may con- 
tribute to reduced fouling [34]. Ap lying a special manu- 
facturing process (whose E n d  operation is 
electropolishing), stainless steel tubes with extremely 
high surface finish (TUBEC tubes) have been produced 
[35]. Their use in evaporators in the pulp industry showed 
excellent antifouling capability. 

The problem of erosion corrosion has surfaced in heat 
exchangers working with fluids that have a high content of 
suspended sand (ocean thermal energy conversion, saline 
water conversion) and those using mechanical erosion of 
fouled layer. Some published data show that copper- 
nickel alloys in sea water containing sand can be ranked in 
the following order of increasing resistance to erosion cor- 
rosion [36,37]: C70600, C71500, C72200, and C71640. Ag- 
gressive chlorine treatment, accompanied by continuous 
tube cleaning, was found to increase erosion corrosion of 
90l10 CulNi and Alclad 3003 aluminum in sea water [38]; 
under the same conditions, titanium performed very well 
[39]. All these examples demonstrate that corrosion resist- 
ance of alloys depends upon the formation and strength of 

assive, protective films on the metal surf‘aces. Fouling 
Einetics, as well a s  antifouling treatments, can remove the 
protective film, resulting in different forms of corrosion 
(pitting, crevice corrosion, erosion corrosion). 

Titanium, in spite of its high energy surface, is known for 
its non-wetting tendency and, therefore, for its ability to 
resist fouling. Gaunt [40] and Nosetani e t  al. [39] reported 
the industrial application of titanium with good results in 
heat exchangers used with sea water. 

The well-known toxicity of Cu+ ion in solution [41] is 
why copper and copper-nickel alloys exhibit anti-bio- 
fouling properties. These materials must dissolve at a 
sufficient rate to maintain a toxic concentration at their 
surfaces. Stupian [24] estimates that an OTEC heat ex- 
changer plant will discharge 272 metric tons of copper per 
year. The environmental impact of this amount of copper 
upon marine life has not been assessed. 

Heat exchange surfaces from non-metallic materials 
(glass, graphite, and Teflon) have been successful with re- 
gard to fouling, especially in high corrosive fluid applica- 
tions. Heat exchangers of glass tubes have been desigced 
for heat  recovery systems with gases carrying solid 
particles. Equipment made of glass-lined tubes have 
found utility in the chemical and petroleum industries 
[42] .  However, technical problems in such equipment pro- 
cedures (sealing of tube end, welding the joints, glass- 
coating) are not easily solved. 

Hills [43] described the design and applications of 
pe, rectangu- 

antifoulinganticorrosion qualities, high thermal conduc- 
tivity and good machining properties, but can not handle 
substances that exhibit strong oxidizing characteristics. 
The principal limitation of graphite is connected with the 
decomposition of the synthetic resins (used both for im- 

ra hite heat exchangers-shell-and-tube 
kr%lock type, immersion type. The grap x ite has good 
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pregnation and a s  a laminate) at temperatures over 356°F. 
Improvements to overcome these disadvantages have 
been made [43]. 

Teflon is the most successful non-metallic material to 
be used as a heat exchanger surface because it is unaf- 
Fected by essentially all industrial chemicals and has ex- 
cellent antifouling properties [44-461. The designers offset 
the low thermal conductivity of teflon b y  using thin-wall 
tubes with small diameters. Therefore, considerably more 
heat transfer surface area is available per unit of volume of 
shell. The disadvantages of these heat exchangers are that 
they exhibit a large pressure drop, since tube sizes range 
from 0.08 to 0.20 in. ID (wall thickness 0.02 to 0.05 in.). Ad- 
ditiondy, teflon tubing is temperature-pressure sensi- 
tive (e.g., 225 psig at 70°F and only 50 psig at 300°F) [44]. 

Teflon-, silicone-, and polystyrene-based coatings of  
metal surfaces have been widely used since they exhibit 
low surfwe free energy and can be applied in very thin lay- 
ers (0.001 in.), minimizing the effect on heat transfer. Re- 
cently, France [47] reported a silicone-based coating de- 
signed for high temperatures (300 to 1,400"F). The major 
disadvantages of non-metallic coatings are their limited 
service lifetime [24,47] and the application of coatings in- 
side tulles is difficult. 

Toxic paints based on C u 2 0  have been used to prevent 
marine biofouling of OTEC heat exchangers [24]. Their 
service life, however, is limited because of continuous 
leaching of the toxic ingredient. For this reason, the coat- 
ing layer is quite thick, resulting in high thermal resistance 
~ 4 1 .  

Forced Convection 
There are some heat exchangers where fouling can be 

suppressed by increasing the velocity or the turbulence of 
the fluid, but in other heat exchangers this is not possible. 
If the velocity level to su press fouling requires condi- 

sure drop, tube erosion, tube vibrations, etc.), then sup- 
pression of fouling through turbulence cannot h e  
achieved. 

As design concepts to suppress fouling, forced convec- 
tion and induced turbulence result from the influence of 
momentum transport upon fouling dynamics. With in- 
creasing velocity, a point may be reached when the accu- 
mulation of chemical species prone to fouling at the liquid- 
solid interface becomes so small that fouling reaction rate 
decreases substantially, resulting in a reduced deposition 
mass flux. In addition, the erosion effect u on the fouled 

the removal m a s s  flux. This picture, describing suppres- 
sion of fouling, results from the fundamental aspects of 
fouling dynamics [3]. 

Induced turbulence by different means has y t i c a l l y  
the same effect on fouling dynamics as hig -velocity 
forced convection. The best example of this is the cor- 
rugated plates of plate heat exchangers [34, 481. Induced 
turbulence can be achieved through other means such as 
spiral plate [49], finned tubes [50-521, ultrasonics [7, 19, 
53-56], air rumbling, etc., and the result may be a decrease 
in fouling of heat exchangers. For instance, fouling of 
finned tubes depends upon the alIowable pressure drop, 
as well as shape, pitch, and densitv of the fins [57-591. The 

tions beyond certain boun 1 ary conditions (allowable pres- 

layer increases with increasing velocity, t E us increasing 

influence of ultrasonically induced turbulence on fouling 
has not been clearly defined. Some studies show a reduc- 
tion of deposition [54,55],  or at least formation of a loose 
deposit [53]. Research on cooling water systems reported 

ositive results using ultrasonics [I91 to revent fouling, 
gut the attempts to prevent hiofouling u P trasonically did 
not prove successful [7]. 

Mechanical Erosion 
Some of the most successful design concepts to prevent 

fouling are based upon mechanical erosion of fouled layer. 
Mechanically agitated thin-film evaporators, continuous 
tube cleaning systems, and fluidized bed heat exchangers 
all exhibit increased removal mass flux at levels which 
cannot be achieved b y  forced convection alone. Thin-film 
evaporators and fluidized bed heat exchangers induce 
large turbulence at the heat transfer surface. In addition, 
the rotor blades, fluidized particles and the continuous 
cleaning brusheshalls result in mechanical erosion of the 
fouled layer. 

Mechanically agitated thin-film heat exchangers (evap- 
orators, dryers, reactors) [60] have rotor blades with adjust- 
able clearance (including zero clearance) which wipe/- 
scrape the heat transfer surface at 3000 rmp. Two other 
heat exchanger types, the spring loaded scraper unit and 
the Votator, work on a similar principle, but rotate at much 
slower speeds (30 to 60 rpm) [61]. In this case, the pro- 
cessed fluid does not form a thin film at the heating sur- 
face. Fouling is not a problem for these heat exchangers, 
and hea t  sensitive as well as viscous liquids can be 
handled. Very high heat transfer coefficients and Iow resi- 
dence times are particular advantages of mechanically agi- 
tated thin-film equipment. I t  is important to properly util- 
ize them because of the relatively higher cost vis-u-vis 
more conventional exchangers [60]. Newer concepts sug- 
gest using radiative heat transfer in combination with me- 
chanically agitated thin-film equipment, where the pro- 
cessed liquid is directly heated by infrared radiation [62]. 

There are two major types of continuous tube cleaning 
systems used to prevent fouling of heat exchangers: a 
flow-driven brush cleaning system marketed a s  MAN 
cleaning system, and a flow-driven ball cleaning system 
marketed a s  Taprogge or Amerta cleaning system. The 

nently fixed to the ends of each tube. A brush made of a 
titanium core and plastic bristles shuttles between the bas- 
kets by means of flow reversing at different time intervals. 
The Amertap cleaning system [63] uses sponge rubber 
balls (sometimes carhorundum balls) that are injected in a - 
closed loop, which includes the heat exchanger. At the dis- 
charge from the exchanger, they are caught in a screen in- 
stalled directly in the line. The balls are then rerouted 
through a collector back to the ball-injection nozzles to en- 
sure that the balls are uniformly distributed into heat ex- 
changer tubes. The Amertap system has high cleaning fre- 
quency, automation, and variabiltity of abrasiveness 
through selection ofball material To control fouling, con- 
tinuous cleaning systems are app ed to heat exchangers in 
cooling water systems, saline water conversion, and ocean 
thermal energy conversion [7, 19,24,38,39,  63-65]. The 
largest Amertap system is on an 800,000 gpm heat ex- 
changer at the San Onofre, Calif., nuclear power plant [24]. 

MAN cleaning system consists o P plastic baskets perma- 
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It is likely that a continuous cleaning system like 
Amertap is not economical when designed for a. small ca- 
pacity exchanger. There are also other limitations: (a) ran; 
dom tube cleaning that can be affected by changes in balls 
due to wear and contamination, (b) pressure losses due to 
collection screens, and balls themselves, (c) complex 
equipment for automatically sizing, sorting and counting 
balls, (d) short ball life, and (e) applicability only inside 
smooth wall tubes. There are two other aspects of particu- 
lar interest. The halls and brushes increase erosion corro- 
sion of alloys. Evidence exists that accumulation of a 
pla ue on heat exchanger surfaces following extended pe- 

lem [7,39]; neither the nature of the plaque nor the condi- 
tions of formation are known. 

Fluidized bed heat exchangers represent a promising 
development in prevention of severe fouling. When a 
fluid prone to fouling flows inside the tubes, the heat ex- 
changer is vertically mounted and when fouling occurs on 
the shell side, the horizontal configuration is preferred. 
Fluidized solid particles (glass or steel particles with di- 
ameter of a few millimeters) are able to induce high heat 
transfer coefficients as well as self-cleaning effects at low 
superficial liquid velocities inside tubes (about 0.3 to 0.6 
fusee) [SS]. Because of these low velocities, a so-called sta- 
tionary fluidized bed exchanger requires a large number 
of tubes and a large shell diameter, increasing the cost [66]. 
Klaren [66] has described an improved design of circula- 
tory fluidized bed heat exchangers, which in pilot or in- 
dustrial plants have effectively been applied to reduce 
fouling from such severe fouling fluids a s  sea water, geo- 
thermal brine, river water, protein, fat and starch solutions, 
black liquor, and oil [66, 671. Allen et  al. [68] reported 
using a horizontal fluidized bed heat exchan er with sil- 
ica sand articles (a few millimeters diamete3 to prevent 

are surrounded by a fluidized bed or particles that scrub 
the heat transfer surface. The fluidized geothermal brine 
is directed from one stage to the other by a series of 
baffles. The report concludes that a fluidized bed heat ex- 
changer, used in this application, would require less than 
half the heat transfer tube surface of a conventional shell- 
and-tube exchanger, but the shell size would be 50% 
larger. 

The most itnpressive implementation of the fluidized 
bed concept in heat transfer is fluidized bed combustion 
[69-711. Generally, these systems have heat exchangers 
immersed in a fluidized bed of sand, silica, alumina, or 
ash (and limestone), which is the place of combustion and 
heat transfer as well. Corrosion and fouling are minimal, 
but erosion of heat transfer surfaces can be a serious prob- 
lem. The degree of erosion depends on the orientation of 
surfaces, the abrasiveness of the bed material, and the 
fluidization velocity. Obviously, the entire technology 
needs to be optimized, but its worldwide acceptance, with 
regard to flexibility, efficiency, emissions control, and 
antifouling, makes it a technology of the future [70]. 

Reay [57] mentions a fluidized bed technique in con- 
nection with heat-pipe heat exchangers, to reduce fouling 
and to increase heat transfer. He also  describes a moving- 
granular-bed heat pipe exchanger designed to operate 

rio B s of continuous cleaning may present a serious prob- 

fouling o F geothermal brines on the shell side. The tubes 

with fouling gases, as would prevail in almost all equip- 
ment employed in steel making plants. The bed of gran- 
ules is in continuous, slow-motion, by gravity, scrubbing 
the outside surfice of the tubes and preventing any de- 
posit. At the base of the heat exchanger, a vibrating screen 
cleans the granules of powder and dust, and it bucket ele- 
vator returns them to the  top of heat exchanger for 
recycling. The idea of using falling balls or granules to 
clean the external surfice of horizontal or vertical tubes 
operating with fouling gases has a long history of 
applications. 

The application of ultrasonics to prevent fouling has al- 
ready been mentioned. We assume that ultrasonics act by 
induced turbulence, especially when applied to liquid 
systems. Nevertheless, when applied to gaseous systems, 
ultrasonics and infrasonics are supposed to have a mechan- 
ical erosion effect, rather than induced turbulence.  
Freund and Matthews [72]  describe applications of 
infrasonics to clean gas side heat transfer surfaces. 

articles, etc.) has 

through mechanical erosion of fouled layer [7]. Slow mov- 
ing scra ers in batch reactors, spray dryers, etc. actual1 re- 

equipment. Slow rotating drums and discs having adjusta- 
ble scrapers are designed to keep heat transfer surfaces 
clean [73]. Continuous (or intermittent) cleaning of the 
dust deposited upon smooth heat transfer surfaces work- 
ing in gas-gas exchange has been designed using falling 
films of water as a means of mechanical erosion [59]. 

The injection of slurries (fine sand 
been suggested to prevent fouling o F heat exchangers 

move t K e fouled layer mechanically from the wa r 1 of 

“Non-Surface” Heat Transfer 
There are industrial processes ofheat transfer where the 

presence of a heat exchange surface (usually, a metal sur- 
face) is not necessarily required. If the heat transfer can 
take place by admixture between two media, obviously no 
fouling occurs, however, the walls, nozzles, pipe connec- 
tions, etc. can accumulate deposits. Classical examples of 
“non-surface” heat transfer are: direct steam injection, 
submerged combustion [74], wet scrubbing [59], spray 
drying, flash evaporation, spray-tower cooling, and 
turbulent-pipe mixing. 

Yufin e t  al. [75] reported using various hydrophobic 
substances (unsaturated hydrocarbons, paraffin waxes, 
fluorinated oils) as heating agents in  “tubeless” 
desalination plants. Hasson [76] examined the possibility 
of preventing fouling from an aqueous solution, flowing 
inside a heated tube, by covering the tube surface with an 
annular film of kerosine. Boehm and acobs [77] dis- 

contact heat exchange with entane or Freon in spray tow- 

tated towers, wetted wall towers, and turbulent-pipe mix- 
ers. The results showed that baffle towers and mechan- 
ically agitated towers were best suited for hi hly fouling 
brines, whereas sieve towers were reasonafle for low 
fouling brines. 

In a different development, heat transfer by radiation to 
falling, free films and sprays has been suggested [62] in 
connection with concentration and drying of fluids prone 

cussed the possibility of using geotherma i brines in direct 

ers, sieve plate towers, ha F fle towers, mechanically agi- 
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to fouling in the food and pharmaceutical industries. 

Conclusions 
It became common practice to consider that the failures 

produced by fouling in industrial operation of heat ex- 
change plants were the- result of training fouling resist- 
ances as time-independent values. On the one hand, all 
sources are cautious to state that these values are intended 
as a crude guide, and that economic factors have to prevail 
in the decision of choosing a fouling resistance value. On 
the other hand, practical experience shows that engineers 
can find a solution to ootimize heat exchanpe Dlants when 

O l  

they are aware of the transient behavior of fouling and take 
into account the design and operation parameters 
influencing fouling dynamics. Engineers are able to ex- 
perimentally determine the fouling dynamics and then de- 
cide whether it can be economically suppressed or not, 
and what optimization procedure is suitable in each case. 

Actually, three basic procedures deserve more attention 
to minimize fouling costs: (1) economical suppression of 
fouling resistance, ( 2 )  optimum production-cleaning cycle, 
and (3 )  bystanding heat exchangers. These procedures 
have been analyzed by Sandu and Lund [2], with particu- 
lar reference to shell-and-tube heat exchangers, evapora- 
tors and plate heat exchangers. The mathematical models 
associate-d with optimization procedures were briefly de- 
scribed. A survey on heat exchanger design and optimiza- 
tion was included to identify some of the main problems 
faced by the design engineers with regard to the 
computational procedures [2]. Establishing the design var- 
iables, objective function, and design constraints, as well 
as the suitable optimization techniques for a heat ex- 
changer, is a complex process requiring sound engineer- 
ing judgments. 

Suppression of fouling means achieving an asymptotic 
fouling resistance on the magnitude of other resistances to 
heat transfer in the system. Suppression of fouling can be 
accomplished not only by forced convection (and induced 
turbulence), but by mechanical erosion (mechanically agi- 
tated thin-film exchangers, continuous tube cleaning sys- 
tems, fluidized bed heat exchangers, etc.), construction 
materials, and chemical/physical treatments as well. 
Finally, whether fouling can be economically suppressd 
or not is completely determined by the relationships be- 
tween fouling dynamics and design, within an optimiza- 
tion procedure of balancing the operating and mainten- 
ance costs against the installed costs [2]. 

More than any other standard source in the literature, 
the new issue of Heat Exchanger Design Handbook [78] 
gives special attention to fouling of heat exchangers (shell- 
and-tube, annular and plate heat exchangers; evaporators; 
and reboilers). Some of the main parameters affecting 
foulin dynamics (nature of the surface, fluid velociy, de- 

perature of the heating surface) are mentioned, as well as 
suppression of fouling resistance to minimize the effects of 
fouling. However, the approach of this remarkable book 
still remains “classical”, as far as the solutions to fouling of 
heat exchangers are concerned. Thus, constant fouling re- 
sistances are used in heat exchanger design and no attempt 
is made to deal with these resistances in a different way. 

sign o P the heat exchanger, mode of heat transfer, an tem- 

In our opinion, the concept of fouling resistance is out- 
dated. It should be replaced by the concept of fouling dy- 
namics which ultimately yields the time-dependence of 
the fouling resistance and pressure drop in the heat ex- 
changer. Although there are some empirical models de- 
scribing fouling as a function of time [2], there is a need for 
studies which characterize fouling dynamics for design 
purposes. An attempt should be made to introduce fouling 
dynamics as a basic concept so that researchers present in- 
formation in a more universal form. The final goal is a bet- 
ter understanding of fouling and, ultimately, an improve- 
ment in operating heat exchange plants. 

By the time this review was completed, a report by 
Garrett-Price et al. [79] (prepared for the U.S. Department 
of Energy) was released which addressed a series ofpracti- 
cal aspects of fouling in heat exchangers. Specifically, as- 
pects like fouling by air and combustion gases, miti ation 

ent industries (food, texti1e;lpulp and paper, chemical, pe- 
troleum, cement, glass an primary metals), mitigation 
technology trends (based on a patent analysis), and types 
and magnitude of costs associated with fouling are pre- 
sented. In addition, the report is complete with informa- 
tion about: companies offering cleaning equipment, 
chemicals and cleaning services; manufacturers and sup- 
pliers of equipment  for preventing and minimizing 
fouling; and a summary of heat exchanger manufacturers 
regarding their practical experience in industrial fouling. 

and accommodation techniques currently used by 3 iffer- 
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