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Abstract:

Fouling refers to the deposition of undesirable materials on heat exchanger surfaces. Fouling from
cooling tower water is a serious problem in both power and chemical process industries. Experiments
were carried out to study the possibility of using high velocity flush out as a method of controlling
fouling using simulated cooling tower water. The bulk temperature and the heat flux were kept
constant.

The results are reported in the form of fouling resistance, R , as a function of time. It was concluded
that high velocity flush out was not effective for the system studied.
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ABSTRACT

Fouling refers to the deposition of undesirable materials on
heat exchanger surfaces. Fouling from cooling tower water is a
serious problem in both power and chemical process industries.
Experiments were carried out to study the possibility of using high
velocity flush out as'a method of controlling fouling using simu-
lated cooling tower water. The bulk temperature and the heat flux
were kept constant. ; ‘ '

The results are reported in the form of fouling resistance,
as a function of time. It was concluded that high veloc1ty
ffush out was not effective for the system studied.




" INTRODUCTION
Fouling refers to any undesirable deposit on a heat exchanger
surface that will increase the resistance to heat transmission.
The chemical and process industries usé large quantities'of\cooling‘

water. In United States this usage (1) comprises about one third

of. the total water consumption for all:purboses. Cooling water

fouling of heét exchange ‘equipment is a serious.problem in both

_the electrical power and the chemical process industries. In fact,

the magnitudé of the problem is so gréat—that fouling (2,3) has been

~ referred to as the major unresolved problem in heat transfer.

Cooling water fouling may be caused by dépositign of suspended
solids, by microbial growth, by corrosion products and/or by crysta-
l1tine deposits. In a commerciél applicatioﬁ it is usually a
combination of these procegses.‘ '

The most important process is‘the deposition of salts having in-.
verse solubility chéracteristics. Such salts can be saturated or.
even unsatufatéd at bulk conditions but can be highly supersaturated:
on a hot surface area. Among %he salﬁs which have inverse solu-
bility characteristics are calcium carbonafé, calcium sulfété'and
some forms of silicon salts. -

Table I shows the composition of cooling tower water from

various sources. It can be clearly seen that the quality of water

-
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varies from place to place.' Crystallization is also associated
with the deposition of suspended particles and corrosion, giving
rise to loose crystalline deposits.

The fouling characteristics ofié‘fluid in contact with a heat
transfer surface are a function of a.variety of parameters:

(1) * Geometry of heat transfer surface

(2)
(3)

(4)
(5)
(6)

-Velocity-past heat transfer surface

Material of hedt transfer

‘- Temperature at interface between fouling liquid and heat

transfer surface

Temperature of deposit

Characteristics of fouling fluid.




Table 1. Cooling water composition from various sources.

Wontana Power Bozeman Washington State Columbia River Missour! River Yellowstone River

Butte Power Company llanford Decatur (IA) Livingston

.Calcuinm (a3 Ca) 207 15 150 20 80 23
Yagnesuim (as Mg) 205 25 - 4 20 8
Soduim ( ns Na) 676 0.14 =t 1 - 2
Iron (as Fe) - - 5 0.1 - -
Chloride (us Cl) 106 4.5 - 1 11 10
Sulfate (as SO,) 2120 33 - 10 190 30
Silica (as S10,) 150 - - 6 - 21
pit 8 8.4 8.3 8.2 7.7 -
TDS 3964 205 - 90 -

170

¢ Data not available
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BACKGROUND

Fouling Measurement Techniques

The effect of fouling in terms of fouling resistance is usually

accounted (3) for in the design of heat ‘exchange equipment by

.and ég-R
i

ddi i i .
adding fouling resistances Rfo a1 Rei

to the fundamental

edquation of the overall heat transfer coefficient as:

11 Bo 1 . R + Do R_. R (1)
o, T n_ Yt a1l m, foa, BF oW ‘

£ o i i

The values of Rfo and Rfi are selected from tables of question-

»
\

able accuracy with vague informatiop as to the operatiné condition
for which the fouling informdtion was obtained.rfoften the magnitude .
ofethese two £erﬁs is of the same order or greater than the sum of
other terms. Th;s excess area £herefore often'accounfs for\more
than half of the required areas and cost of heat exchanger.

Assuming fouling occurs only on the heated side and the sur-
face area are equal Equation (1) becomes

1

1 1
= = =4 = 2
U noth TR TRy : : (2)
£ o i '
Solving for Rf
1 1/ 1 R (3)
R, = =— - ("h + == 4+ W)
_f ' Uf o hi

The term inside the bracket is the reciprocal of the overall heat

transfer coefficient of the initially clean surface Ui

1 o ' .
R = e— . = . (4)
£ U uy : SN ,
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Figure 1. Definition of terms for Data reducticn.
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~ Therefore the fouling .resistance can be determined by calculating

the overali heat transfer coefficient of the clean and fouled tube.:
for locéi foulihg measurements, which determines thé buildup.

of fouling at a single loeality,'£he overall coefficient'(9)_is

evaluated by

1 %% ‘ o ‘ (5)
L. | | .

Thus, for a fouling test at constant velocity, heat flux and bulk

temperature, the local fouling resistance is calculated as

R wa - Twc ‘ o ‘ _ ‘
f = ——. ' 6
/A - . 8

Any change in ho(due to the change in roughness of the fouled

tube) will also change wa: A definition of terms is shown on

N

. Figure 1. To ' determine the surface temperature, Ts’ it is re-
qguired to know the thermal resistance of the portion of the wall
between the thermocouple and tube wall. This thermal resistance-

can be determined by a Wilson plot (9).

Theoretical Aspects

Fouling rates can be exéressed as a funcéion‘of time with an
initial resistance of zero. Two extreme cases in fouling processes.
ares - (1) the fouling deposit continuouély increasing with time and
(2) asymptotic begaviqur. The asymptotic bghaviour lends itself
to traditional fouling resistance coﬁcepts. A fouligg resistance

which increases with time sets the limit for shut down and cleaning.
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Kern and Seaton (6) were fixrst to recognize that a realistic
mathematical model for fouling process must be based on material

balance:

il PR P : _ (7)
wpere de/dt = the net raté of fouling accumulation,‘¢d~£he -
deposition rate and ¢r the removal rate. Cooling tower féuling
is basically a crystallization process with some noncrystallin;
sedimentation deposited %nd trapped in crystal.’ 'The deposition
rate has been expressed in terms of reaction rate equ;tion, i.e.,

¢d=kc:'. , | g . (8)
The effective reactant concentration, Cr’ is a funct%on of the
concentrations and of the kind of‘maéerial in -the. cooling tower
water. The -reaction rate constant, k, is an exponential function:
of the surface temperature. The reﬁovai rate, ¢r,.depends.on the
hardness or adheéive force of the deposit, on tﬁe bond of tﬁe
deposit to the surface,'and 6n the shéaring force, which is a
function of the velocity of the system..

The removal rate ié prqportional to the ratio of shear stress
to the bonding resistance of the fouling layer to shear ofé, that
?'.s: . |

¢r = ci (T/Rb)" (9)
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‘Fouling deposits are sheared off by the fluid at planes of weakness.
The probability of the presence of a weak plane is proportional to
the thickness of the dépbsit. Tﬁerefore, thé boﬁd resistance can
be .expressed as .follows: | ) ’ ' .

R =¥ (;})m ‘ - -(10)

‘e . - i

whe;e Y is a proportional constant and is a function of‘depesit
structure. If the discussion is limitea to cooling tower water, ¥

will be a function of flow velocity, composition and character of

the suspended solids. Substituting 8, 9, and 10 into 7 gives

dx ciT X,
1 £ £ n .
z 30 + v .= KCr (11)
£
Solving,
. : n
. - }_(_f_ _ Bexp (_cine) . kC ¥ a2
£ f b4 CiTKf '
IcC Rf = 0; 6 =0
Therefore,
‘n
Kcr V¥ *
A - C.TK fo (13)
i f :
L% -BO ' I ‘
Rf = be A1 - e ) , ‘ (14)
where
B =.CiVTKf . - | (15)
\P N

*

As seen from equation (13), the asymptotic fouling resistance Rfa’
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is a function of surface temperature, velocity, deposit structure

and effective reactant concentration.

- Previous Work

Hasson and co-workers (5) studied the initial deposition of
calcium carbonate scale under conditioné of\constant heat flux.
They found the deposition rate increased by éQ% with a 20°F in-
crease in surface temperature.

Knudsen gnd Storey {4) investigated tﬁe effect of surface -
tempefature on the asymptotic fouling resistance for simglated
cooling tower water; in ¢contrast to Hasson's work, the asymptotic

fouling resistance was found to be a strong function of temperature,

Ehanging by a factor of 20 with a surface temperature chahée of

" 60°F.

Watkinson, et al., (7) studied calcium carbonate scaling

under conditions of constant wall temperature. The surface tempera-

ture decreases as scaling proceedé, thus making these data difficult
to compare with those obtained at constant heat flux, where the
surface temperature essentially remains conétaht.

Bott and Pinheifo (ld) studied the Veloci£y and temperature
effgcts on Biolégicai fouling. The slime thickness decrreased with

the increase in fluid velocity. It was found that temperature

variation of only 5°C for two runs at the same Reynold's number

o
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resulted in an increase of nearly 70% in the slime mass. The kin-
etics of_bacteria growth is £he key factor in determining the slime
development. .
Norrman aqd.coworkers (12) studied the control of microbial
fouling in cifculér tubes wi£h chlorine. They_found that the
addition .of chlorine caused partial film removal with a cqnseqﬁent

increase in suspended particles.




RESEARCH O-BJ ECTIVE

Previous work and theoretical aspects in fouling experiment
have traditionally followed the build up of fouling at fixed opera-
:vting conditions. A ‘commerical operation can seldom be kept at fixed
operating conditioné for a long pefiod of time. For example in a
.cooling water system, the velocity.or temperature might change, or
a leak ﬁight occur Fhat coﬁld change the water guality.

Two examples as a result of change in operating cénditions were .
reported by HTRI (8). ‘Iﬁ—the first examplé; é fouling asymptotic
was being approachéa whgn an acid leak occurred, changing the quality

. ! ) . . . . \
of water which gave a rapid increése in.féuling resistance and a new |
secondary asymptote. The second example was as a resu1£ of ‘a study
to determine the high velocity flush out of the fouling éeposits.

The velocity was increased from approximatei& 3 ft/sec to 12 ft/sec.
The fouling~did indeed decrease considerably, all loosé crystalline
and ‘sedimentary structure apparently being flushed out. The érigi—
nal velocity was restored and an extremely rapid build-up of foul; o
ing was observed. The new level of fouling which established itself
in an asymptotic manner was actually higher than-the oriéinai one.
‘The 6bjective of this research was -to experimentally study and
anaiyze'the effect of the‘velocity variation of céoiing tower water,

and to investigate the possibility of using high velocity flush-out -

as a method of controlling fouling. The experiments were started at




’12
fixed operating conditions until-an‘ésymptotic form of fouling vs.
time curve was obtained. Then the velocity was varied from a low
_ . )
velocity to high velocity in a cyclic manner.

Since -fouling is a slow _.process the time required between these
stép chanées,in velocity was ldng enocugh to énable algoéd extfa;
polation of fouling vs. time curve. By changing the velocity in a'
cyclic manner, attempts were made tovdetermine if-fouling resistance
levels off after a long period of tige.

The result of the experiments gave insight into the extent to -
which velocity fluctuation effects fouling in industrial heat

[

exchangers.




IR PR

P e om e s e =

EXPERIMENTAL SYSTEM

The flow diagram of the experimental system is as shown in
Figure 2. It essentially consisted of a test section, a storage
tank, a centrifugal pump and a concentric tube heat exchanger.

The test section was an annular' flow'duct consisting of an

' outer transparent l-inch I.D. acrylic tube (for visual observation)

and a concentric 5/8-inch 0.D. copper tube. The fluid flowed
axially through the annular space between thém. The cbpper'tube had
an electically heated section of 6.5 iﬁéhes, located about 12
inches from the fluid inlet.

A schematic cro;é section of the heated section is shown in
Fig. 3. It‘consisted of a 9.9 inch long cartridge heater (0.495

r

inches, 0.D., 240V 1000W), as shown in Figure 4. The lead wire

- from the electric heater was connected to a wattmeter and then to a

22V electric source.

The heat flux or the power inpgt to the electic heafer was
varied (and eésily held constant) by a power-stat and measured by
a wattmeter. .

~ Three copper constantan thermocouples were imbedded in the

‘tube wall, as shown in Figure 5. It was important to install the

~wire in such a way that it would provide a minimum obstruction to

the flow. The temperature measured by the thermocouples gave a




A

Cooling
Water
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Figure 2. Simplified flow diagram of the process.
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measure of local -fouling at different points. Two of them were‘con—
nected to a strip chart recorder for continuous data acquisition and
the other was connected to a controller. The controller, which was
installed for safety, wag‘programmed to 'shut off thehpower inéut tol
the heate; whgn the wall temper;ture went beyond a set point. This
might have occurred, for example, if the pump had failed. The \_
experiment had to be run continuously for maﬁy da&s and thereawas a
real possibility that the belt used for driving the high speed pump.
might break. | )
The test section was connectea to the rest of the systgm through

a 1l/2-inch copper tubing. The s&stem was designed in such a way
that the mass (and hence the velocity) of theiwater flowing through
the test sectién could be easily controlled and varied by the use
of a by-pass valve.‘ |

' The water was pumped from the storage tank. Pagt of it flowed
axially through the'annular space in the teét section and the rest
was recfcled through a by pass valve. Water was heated as it pass-
es through the test section and was cooled in a concentric tube
heat‘exchanger and returned to the éystem; The température of the
fluid at the outlet and at the inlet of thé test section was
measured by a thermocouple in a thermal well.

The bulk temperature of the test £luid, its velocity and the
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power input to the heater were held constant during the run. The

level of the water in the storage tank was maintained at a constant .

level. Make-up water was added to account for loss by evaporation.
Commercial pleach (chlorax) -was added at the rate'Qf 50 ml/day to
sﬁppress microbial growth. Ehe bulk temperature was maintained
constant at 35°C by céntrolling the temperaturelof_the:cooling
water and the pH was kept between 8.1 and 8.5.

‘ It is necessary to select a water composition typical of aver-
age cooling tower water. River water is the -source of make ﬁp
water for many.industrial cooling towers. The composition of tﬂe

cooling water from various industries was obtained and averaged to

obtain a representative composition of cooling tower water make-up.

Since fouling is a slow process, the concentration was increased to

obtain a water which would scale relatively rapidly.

The major component of the cooling water were included, namely

+t

++
Ca , Mg

’ NaT c1, 504—-. Table 2 gives the amountuof salts that
were added to 165 liters of tap water to formulate the simulated
cooling tower water (inséead of distilled water) with thé idea that
the simulated water would have all the-trace elements which are

present in tap water.

= %
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Thermocouple Attachment Procedure.

1. Make small grooves in the section of
the tube wall which is heated.

2. Place the junction of the thermocouple
in the groove.

3. Solder the thermocouple in the groove.

4. File out the excess solder to make the
tube surface smooth.

,’ \\
/7
4, \\
]
I 1
\ L
\\ ’/
/ \l_ pr— < —— .. . e e — sapi s - o e — e e
I :
| t |
| —~——— T
¥
Copper tube Heated section . Thermocouple

wire

Figure 5. Thermocouple attachment method.
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EXPERIMENTAL PROCEDURE

For all‘runs, the experiment was started with a.clean copper
tube. The‘tﬁbe was "sand blasted" 'to make the surface rough,_which ’
in turn w@uld foul the’tube felatively rapidly.' The bulk temperaﬁune
was maintained at 35°C; ‘The experiment was started with a bu;k
velocity‘of 2 ft/sec throuéh the test section until an asymptotic
form of fouling factor vs. time-curve was ébtained. At tﬁis point
the velocity was increased from 2 ft/sec to 6é ft/sec for two hours
and restored to the driginal velocity. The runs were made at
a rélatively low velocity (2 ft/sec) with the idea that it would
enhance the fouling process, Eherebf shértening the length of the
run. The heat flux or the power input to the heatér was also main-

tained constant throughout the run.

Preparation of Simulated Waterf

To start a run it was necessary to prepare the simulated water.
Table 2 shows the amount of chemicals added to 165 litre of tap
water. Since calcium carbon;ﬁe is insoluble in neutral water it
Qas Qissolved in a mixture of concentrated hydrochloric acid and
nitric .acid. One hundred ahd fifty grams of CaCO3 was firsct
weighed and dissolyed in a minimum quantity of acid (generally

excess calcium carbonate was added) to ensure that all acid was

used or neutralized. The resulting solution. was allowed to settle




Table 2. Water Preparation Summary.
(Chemlcals added to 165 liters of tap water.)

CaCO3 Na,50,4 NaCl “gSO 7H20 NazsiO Mg(OH)z HgoO4 NH4H2P04 C5H904N

Run  (gr). (gr) (er)  (er)  (gr)  (gr) (@r) (gr/day) (gr/dsy)
1 Tap Water ’ )
2 83 150 25 \éso _ 50 14 - . - -
3 80 100 20 250 1 - - . - - -
4 100 150 20 250 - - - - -
5 90 150 20 250 - - - - ,;
- 6 110 150 20 250 - - - e -
7 100 200 20 250 - - -~ o~ o - -
8 100 2500 20, 250 - - - - -
9 88 250 50 - 250 - - S - -
10 133 -250 50 300 - - - - -
11 98  250° 50 300 - - - - -
12 110 250 50 - - - 150  0.222 -
150 250 50 - - - 150  0.222  8.25

W
w

zZ .
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and was decanted. The residual calcium carbonate was dried and
weighed. The other chemicals were dissolved in water. The pH of

the simulated was checked before starting the run and was kept

. between 8.1 and.8.5. : ' :

Assembling the Test Section

The surface of the .copper tube was roughened by sand blasting

the tube. Three grooves/cavities were made in the section of the

‘tube which was heated. The junction of. the thermocouplé was placed

inside tﬁe groove -and soldered as shown in Figure—S.‘ The thermo-
couple wires were placed‘along the tube and tied to the tube with
thin wires. ‘ ' - .

Before inserting the heater into the tube, it was wrépped'with

aluminum tape/foil so that it would fit tightly inside the tube. It

was then coated with a paste of copper antisieze compound.' .The test

. section was then assembled. The thermocouple wires were taken out

\

thréugh the two gaskets, which were placed between’ the flanges.
The test section was then connected to the rest of the system.
The concentric tube heat exchanger in the system can be used

for two different purposes: (1) During the start up it was used to

raise the bulk temperature of the water to 35°C, and (2) During the

normal couxse of the xun it was used to cool the liquid coming out

of the test section.
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The by-pass valve was calibrated so that the water flow rate
through the test section could be regulated. The power input to the
heater was adjusted to give a wall temperature of at least 50°C.
During the‘start up of a run,  the wall temperature of the clean tube
was determined af watér velocities of 2 and 6 ft/sec.

The bulk -temperature was controlled by controlling the tempera-
ture of the cooling water. Thé experiment was then continued until
an asymptotic form of fouling resistance vs. time curve was obtained.
During that time the water velocity, bulk temperature and heat flux
were held constant.

The velocity was then increased frpm 2 ft/sec to 6 ft/sec through
£he test section for two hours and then restored to the original

i

velocity.
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’RESULTS AND DISCUSSION
The experimental results are expressed in the form of fouling
resistance, Rf, as a function of time (Appendix A). Thirxteen runs
were performed:. All the experiments were opera?edfat'cénstant heat

flux, constant bulk temperature, and constant water using simulated

cooling tower water. Table 2 shows the:amount of cooling various

chemicals added to 165 litres of tap water. All the experiments were
sta££ed with é cleaﬁ tube with zero resisténce at oﬁtset and cont-
inued till an asymptotic form of fouligg resistance vs. time curve
is obtained. . If the fouling resistancé as measuredvby ﬁhe increase
in wall temperature became too high, the presét high'témperature
controller (85°C) was programmed to shut down the heé£er. Such
premature shutdowns occurredhin Run 2 and Run 9.

No commercial bleach (chlorax) was added in Runs' 1 through 7.

Fifty ml/day of chlorax was added in Run 8, Run 9, Run 10,. and Run

11. Twenty five ml/day of chlorax was added in Run 12. Run 13 was

.performed to study the effect of microorganisms on the ‘fouling

resistance of heat transfer surfaces. 1In general, these experiments

can be divided into three groups based. on different objectives.

3

Group 1

These experiments were done 'to study the effect of water

velocity‘on asymptotic fouling resistance. Two different water
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velocities were usedé 2 ft/sec and 6 ft/sec. Run 1 was carried
out using tap'waéer at a velécity of 2 ft/sec through the‘test
section’for a period of five days. No deposition or fouling was
observed. This might be due to the véry low calcium céntent of tap
wéter. An‘increase in wallltemperature of .3°C was observed during
this period. ﬁun 2 was the first run performed using simulated
coolipg water. This run was stopped after six hours, as sodium
silicate precipitate was depositedlrapidly on the tube. During
this .period an increase.in wall temperature of 20°C was observed.

Rui 9 was carried out at 2 ft/seé and Run 11 at 6 ﬁt/sec. on
comparing the results (Fig. 12, Fig. 14), it‘can_be seen that the
fouling resistance decreased witﬁ an iﬁcrease in water,veloc1£y.

In other words, as -the velocity increaées the shear‘force ét the
wall increases. Therefore, the fouling resistance decreases, or it
will take more time to foul. This was clearly seen while making
vi;ual observations.. At a water velocity of 2 ft/sec’the deposit |

-,

on the heated section of the tube was visible in two or three days,

while at 6 ft/sec it took more than six days to foul.

+In Run 9 a rapid increase.in wall temperature (and hence the
fouling resistance) was observed after 150 hours because of sus—:
pended particles in the system. Run 6, Run 7, and Run 8 havé

identical water quality except forxr the amount of Nazso4 and shows
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different rate of fouling; these results cannot be used to compare
the rate of fouling and/or asymptotic '‘fouling resistanqe (at the
same veloéity and identical water quality), mainly for two reasoné::
(1) The ropghnes; of the clean tube may vary
(2) fﬁe thermoéoﬁpie measures the local rate of fqulihg at a
particular point. The local rate may not be the samé.
Group 2

In this set of experiments attempts were made to study the
possibility of using high velocity flush out as a metﬁod 5f con-

trolling fouling. All the experiments were started with a clean

.tube and continued until an asymptotic form of foulingresistance

Qs.time curve was obtained. ,buringlthat period it was operated at
a constant Yelocity oﬁ 2 ft/sec.: |

The velocity of the water through the test section was‘in-
creased to a higher velocity for two hours‘keeping bulk temperature
and heat flux constant. It was then restofed to the original velo-
city.l This 'was continued in ‘a cyclic manner. . Two different higher
velocities, 4 ft/sec and 6 ft/sec, were used.

‘In Run 3 (Fig. 7), the'velocity'ﬁas increased to 4 ft/seé
through the test section fof‘two hours.. Aé the velocity Qas in-
creased the wali temperature (and hence the fouling résistance)
decreased and remained the same for two hours. On~¥estoring the

velocity to the oxiginal value the same fouling resistance was
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observed. Since the fouling resistance befbrgrand after remained
the same, a velocity of 6 ft/séc'was used in the rest of the run.

In Run 5, Run 7 and Run 8 the velocity was increased to 6 ft/sec

for two hours. In this case also, for all sudcessive f£flush-outs,

the fouling-resistance beforé’and after the flush out remained the
same. The fouling resistance increased for the period between the
two flush guts, where it was opérated at 2 ft/sec.

In ﬁﬁn 10, instead of increasing the velogity for.only‘two

hours, it was increased and continued at 6 ft/sec for the rest of

"the run (Fig. 13). Even running at 6. .ft/sec continuously, an in-

crease in fouling resistance with time was observed.
Flush out at velocities greater than 6 ft/sec were not carried

out because of the limited capacity of the pump.

Group 3

Two -runs were made to study the éffect of the depdsitionAand
growth of micro—organisms on heat exehanger surfacg. To meet thig
objective, two identical runs weré made, one without microorganisms
and the, other with microorganismsl The water quality,'wa;er velo-
city, bulk temperature, and heat flux were #ept same in both runs. -

Run 12 was carried out at 2 ft/sec by adding 25 ml/day of
chlorax to suppress thelmicrobial activity. ' This run was stopped

after 185 hours. : -
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In Run 13, the system was inocﬁlated with sewage'seed (bacteria).
Fifty mg/&/day of "Glutamic acid,(substrate5 was added to the system.
The carbon to nitrogen ratio was kept at 5:1.. Phosphorusnwaé added'
in the form of Ammoﬁium phosphate. Both the runs were carried out
for the same period of time. A rapié increase in fouling (Fig. 15)
was observed. in the first twenty houfs. ‘ ’

The £final Qalue of fouling resistance was almost twice tﬁe

value obtained in Run 12 (without microorganisms).
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CONCLUSION
Within the range of operating conditions .and water quality re-
ported herein; it is concluded that:

1) It is not poséible to. use .a velbcity of 6 ft/sec Qr less to
flush out the deposit as a mgthod of controlling fouling in
a system which is‘tregted‘with"bleach’ so that there is no
biological growth in the system. This result cannot ge
applied to.a system where microbial fouling is occu#ring
simultaneously'with'crystallization and sedimentation.

- 2) The fouling resistance was found to decrease as flow velé—
, city increases.

3). The presence of microorganisms>in the'systém increases the
rate of fouling and gives a higher asymptotic fouling
resistance, as compared Fo an iaentical sys?em without .

microorganisms. This conclusion is based on one test run

and needs further study.




RECOMMENDATION FOR FUTURE RESEARCH

The;biélOgical fouling of heat transfer surface is an important
problem ‘in industry and is piogably one of the major constraints in
terms -of cooling water efficiency in many processes. With the in-
creasing use qf biélogical ﬁaterial in indu;try, thé problem of
biofilm groﬁtﬁ on heat transfer,surféce and proées§ surfacelwill p
become increasingly important. The presence of biofilms on 5oth )
sides of tﬁe heat excﬁanger will further impair he;t transfer
efficienéy due to addéd resistance. ' ;‘

Therefore,'a complete understanding of the mechanism of
biofouling in systems where microbial fouliﬁg occurs simultaneously
with érysfallization.and sgdimentation is necessary. The important
factors,whiqh should be taken into account are‘the éngineeriné
effect (heat transfer4efficiEncy, pressure. drop, f£ilm thickness,
and energy losses), the microenvifénment of the oxganism in the

film, and the factors affecting the organisms (pH, temperature,

dissolved oxygen, and nutrient concentrations, to name a few).

¢ : . .
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NOMENCLATURE

= heat transfer surface area sq. ft.

h = f£film coefficient BTU/hr. sq. ft. °F
g = heat duty, BTU/hr.
Rf = fouling resistance of sq ft Hr/BTU
éw = resistance offered‘by wall of sq £t Hr/BTU
U = overall heat transfer coefficient BTU/hr sg ft °F
Ui = overall heat transfer coéfficient of the initially clean sur-
face BTU/hr sq ft °F
T, = wall temperature °F
T = temperature °F
Subscripts
i = inside of tube
o = outside of tubé
f = fouled condition
¢ = clean condition
b = bulk condition

= gurface condition
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FPouling Resistance Time Curves
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