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ABSTRACT
Fouling in heat exchange equipment can cause significant energy losses

as refiected by increased frictional resistaﬁce and heat transfer resistancé%%
A model for simulating biofilm development and its influence on heat transfer
resistance is described.

Experiments were conducted to measure the deposition of calcium carbo-
nate in the presence of microorganisms {mixed culture) and sodium silicate.
Results indicate that the effective roughness of the calcium carbonate

deposit is small compared to a biofilm deposit. In addition, sodium silicate

and microorganisms both enhance the influence of calcium carbonate deposits

on heat transfer resistance.
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fouling resistance

limiting nutrient concentration in
bulk water

temperature at ry

temperature in tube wall at r;
temperature in tube wall at r.,
bulk fluid temperature

average bulk fluid temperature
biofilm thickness

temperature at ry
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INTRODUCTION

The term fouling refers to the -idesirable formation of inorganic and/or
organic deposits on surfaces. Thes: deposits can impede the flow of heat across
the surface, increase the fluid frictional resistance at the surface, and in-

crease the rate of corrosion at the surface. In each case, energy loss results,

Fouling Deposits

Several types of fouling and their combinations may occur in heat exchangers:
(1) crystalline or precipitatién fouling, (2} corrosion fdu]ing, {3} particulate
fouling, (4) chemical reaction fouling, and {5) biological fouling or biofouling.
Biological fouling results from (a) development of an organic film (biofilm) con-
sisting of microorganisms and their products {microbial fouling), (b} deposition
and érowth of macroorganisms such as barnacles (macrobial fouling), and {(c)assorted
detritus. Although many different macroorganisms such as barnacles and mussels
have been identified in fouling communities, this paper will concentrate on
microbial fouling assuming that it always precedes colonization of the surface by
macroorganisms. Based on this premise, control of microbial fouling results in
control of macrobial fouling. |

Biofouling is not limited to mjcrobial activity. The term includes the
interaction of the microorganisms and the slime layer with both the chemistry of
the solid surface and the bulk fluid. The interaction can enhance some of the
more commonly known phenomena such as precipitation or crystallization {scaling)
and corrosion. The rate and extent of fouling due to various mechanisms will
partially be determined by transport processes and the physical properﬁies of
the Fesulting fouling deposits {e.g., thermal conductivity, rheological properties,
roughness). There can be no doubt that fouling biofilms that form on condenser

surfaces reduce heat transfer and lower plant efficiency. Parkiss {1) observed




a decrease of nearly 80% in the performance of a cooling system over a seven

week period due to biofouling. Ritter and Suitor (2) measured fouling re-
sistance in six power plant condensers of 240 MW design capacity and estimated
the cost of extra fuel for this system due to fouling was $350,000 (1976 dollars}.

Other documentation related to the costs of fouling is presented elsewhere {3).

Process Description

Development of a systematic understanding of biofouling from field observa-
tions has been limited because of the interaction of several contributing rate
procesées. Mechanistically, fouling biofilm assumulation may be described as

the net result of the following (Figure 1):

- Transport of material from the bulk fluid to the surface and adhesion to
the surface. Transported materials can be soluble (microbial nutrients

and organic salts) or particulate (viable microorganisms, their detritus,
or inorganic particles). Fouling hegins once these materials adhere to the
surface, Suspended particles of sufficient mass may also control films

by “"scouring” action.

- Microbial reactions within the film., Microbial growth in the biofilm and
extracellular polymers produced by the microorganisms contribute to bio-
£ilm accumulation and promote adherence of inorganic suspended solids.

- Fluid shear stress at the surface of the film, Such forces can limit the
overall extent of the fouling deposit by removing attached material.

- Surface material and roughness. Surface properties can influence micro-
mixing near the surface and corrosion processes, Some metal surfaces may
release toxic components into the biofilm inhibiting growth and/or attach-
ment. Some metals produce loosely held oxide films under the biofilms.
When the oxide film sloughs, the biofilm is also removed.

- Fouling control procedures. Chlorine, the most commonly used chemical,
oxidizes biofiim polymers causing disruption and partial removal of bio-
Film in the fluid shear stress field. Inactivation of a portion of the
microbial population alsoc occurs. Altered biofilm "roughness" and decreased
viable cell numbers influence "regrowth" rates of the biofilm. Mechanical
cleaning physically removes a portion of the attached film.

Effects of Fouling

Fouling deposits can cause the following deleterious effects in heat exchangers:
- increased fluid frictional resistance

- increased overall heat transfer resistance
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Fouling deposits cause increased fluid frictional resistance by decreasing the

effective diameter of the heat exchange tube and by increasing the tube roughness.
Picologlou et.al. (4) have indicated that biofilms increase frictional resistance

primarily by increasing the effective roughness of the tube,

Overall heat transfer resistance is the sum of conductive and convective heat

transfer resistances. Convective heat transfer resistance will decrease as fouling
progresses due to the increased turbulence resulting from deposit formation., How-
ever, conductive heat transfer resistance will increase as the insulating fouling

deposit accumulates, The relative changes in convective and conductive heat trans-

fer resistance will depend on the following:

- thickness, roughness and thermal conductivity of the deposit

. fluid flow rate
- wall temperature of the clean tube

Characklis et.al. (5) have reported the influence of fouling biofilm on conductive

and convective heat transfer resistance in tubes in a laboratory system,.

MATHEMATICAL SIMULATION OF BIOFOULING IN A CIRCULAR TUBE -
A mathematical model simulating fouling biofilm development and its influence

on heat transfer will be described., The model may be nseful for several purposes

including the following {(6):

- Economical experimentation - fouling processes can be studied more quickly
and economically than possible in the laboratory or field.

- Extrapolation - extreme ranges of operating conditions can be tested which
may be impractical otherwise,

- Evaluation of alternative policies - various designs, operating procedures
and treatment processes can be tested before decisions are made,

- Design of experiments - the model indicates the variables to be measured
and the data that must be provided for useful evaluation procedures.

- Test of sensitivity - the model can indicate which parameters have a
significant influence on process behavior,




However, one significant limitation of modelling must be rccognized. The success

of the model depends heavily on the basic information a
as accurate as the physical, chemical, and biological d

Model Component 1: Fouling Biofilm Development

Fouling biofilm development is the net result of se
and biological processes including the following:

" . transport and adsorption of inorganic and organt
wetted surface '

- transport of microbial cells and other'particu]a
wetted surface

- adsorption and microbial adhesion to the surface

- microbial reactions within the biofilm

- detachment of portions of the deposit by fluid s
Net biofilm accumulation rate, RB, reflects a combinati

processes above:

RBA = RAA = NAY - RDA

where RA = pet rate of transport and adsorption of cell
organics and inorganics on the surface

R. = rate of detachment of biofilim
N = rate of nutrient consumption by the biofilm
A = wetted surface area

Y = mass of biofilm produced per unit nutrient
mass consumed

vailable. The model is only

ata that go into the model.
veral physical, chemical

¢ molecules at the

te material to the

hear

on of all the rate

T el

(dimensionless)

Net rate of transport and adsorption has been described (7) as follows:

= oTh
RA kA x (1 - E%_)
A
where x = biomass concentration in bulk water
o= biofilm density

Th = biofilm thickness

n

(2)
(m>)
(M%)
(L) -




ky = adsorption rate coefficient | (Lt"])

kp = saturation coefficient (ML"2)

The rate of biofilm production due to nutrient consumption, N Y, has been experi-

mentally determined by Trulear and Characklis (8) as follows:

ny= KpeTh s (3)
k; s
where kp = specific biofilm production rate (t"1)
= limiting nutrient concentration in butk water (ML"3)
kﬁ = gaturation coefficient | (ML"3)

The rate of biofilm detachment due to ftuid shear, RD’ has been experimentally
determined by Trulear and Characklis {(8). An approximate expression can be

derived from their data as follows:

Ry = oTh ky exp (kg T,) (4)

where tw = flyid shear stress at the biofilm surface (ML"1t'2)
kD = detachment rate coefficient (t"])
ky = coefficient (Lt

Model Component 2: Fluid Frictional Resistance

Picologlou et.al. (4) have experimentally determined the influence of biofilm
on fluid frictional resistance. Friction factor, f, was independent of Reynolds
number, Re, for Re > 10,000 when Th exceeded the viscous sublayer thickness, 6}.
However, f was a function of biofilm roughness, ¢. Therefore, the fo]]owiﬁg

expression describes the dimensionless friction factor (f) in a tube where Th>§,

(Davies (9)):

. -2
o - &
f = [1.13 0.87 1n(2r1) ] (5)
where e = effective height of roughness elements (L)
ry = (r]—Th) = effective tube radius (L)
r = tube radius - (L)

Friction factor for any thickness and roughness is described by:




4r

| 1 Ap
feq —2 | (6)
v
Pf Vi
where Ap = pressure drop across tube length L (ML"]t'z)
L = tube length (L)
v, = mean fluid velocity (Lt"])
pe = fluid density | mL-3)

Model Component 3: Conductive Heat Transfer Resistance

The conductive heat transfer resistance due to biofilm, U;lnd,and biofitm

thermal conductivity, kBF were determined by Characklis et.al, (5). Then

U;(])nd = .:;_I_]n_ r_] (7)
: BF 1
where Kpe = hiofilm thermal conductivity (MLt"3T"})

Model Component 4: Convective Heat Transfer Resistance

Colburn (10) proposed a relationship to predict convective heat transfer

coefficient from friction factor:

b= 0.125 f Cg.ss "0-67 0.67 op Vo ' (8)
where h = convective heat transfer coefficient > (Mt"sT'])
Cp = specific heat of the fluid (th-zT-})
= fluid viscosity _ ')
k = fluid thermal conductivity (MLt'3T"])
Then convective heat transfer resistance, U;;nv = E%- %

Model Component 5: Overall Heat Transfer Resistance

. =] , .
The overall heat transfer residence, Uovera??’ is the sum of conductive

resistance and convective resistance.
-1 _ -] -1
Usyerall = Ueond * Uconv (9)
A flow diagram of the model describing biofilm development in a tube and its

influence on overall heat transfer resistance is presented in Figure 2.
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EXPERIMENTAL APPARATUS AND METHODS

The Tubular Fouling Monitor
A simplified flow diagram of the experimental setup is shown in Figure 3.
1t essentially consists of three major components (Figure 4):

1. The tubular reactor contains a heat transfer section consisting of an

electrically heated aluminum block clamped around the tube. Two
fhermistor are embedded in the aluminum block (TWHE) at two different
radial distances from the center of the tuﬂe. The tube js interchange-
able and can be made up of any alloy. The tube contains parts for
pressure drop measurements. The pressure drop across the TWHE is -
measured by a Vaiidyné differential pressure transducer system. The
reactor also includes a flow meter, and two temperature probes for

measuring bulk water temperature.

2. An Apple Il plus microcomputer serves as a complete data processing unit

for the tubular reactor. From the data collected from the tubular
reactor, it calculates friction factor and the overall heat transfer
resistance. Output from the microcomputer includes a~television monitor

-~

for continuous display and a cassette recovder to establish historic

record.

3. A micrometer device to measure the thickness of the deposit. The

thickness is measured in a sectioned aluminum block having five ports.
The micrometer has a contact probe, which is insulated except the tip.
The micrometer arm is slowly lowered in the port until a contact is

made between the contact probe and the clean tube. The micrometer
reading is noted. The final reading between the fouled tube and the
contact probe is noted. The difference in micrometer reading determines

the deposit thickness.
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Experimental Methods

Experiments were conducted to study the deposition of calcium carbonate in
presence of microorganisms (mix culture) and sodium silicate. Table 3 gives
a summary of the experimental work.

These experiments were operated at constant heat flux, constant velocity and
constant butk water temperature using simutated cooling water., Al1 the experiments
were started with a c¢lean 1.27 cm ID, 70:30 CulNi tube.

The flow diagram of the experimental system is as shown in Figure 3. The
bulk temperature was kept constant at 35°C by controlling the flow of cooling
water (using selonids values) in the concentric tube heat exchanger. The pH

of the simulated water was held constant at 8~8.2.

Since cd]cium carbonate is insoluble in neutral water, it was dissolved in
concentrated hydrochloric acid. - The calcium carbonate solution was fed to the
system by gravity. Sodium silicate was disso}ved in O.TZS% sodium hydroxide and
fed by gravity. Distilled water was used as dilution water. TSB (Trypticase
soya broth, 5 m1/1) was used as a substrate for microorganfsms. 0vera1] heat
transfer resistance was calculated from bulk water temperature and the temperature
in the aluminum block. Friction factor was determined from pressure drop and
flow measurement in the tubular sections.

Tube samples {at the end of Run 7) were obtained from heat transfer
measurement block, thickness measurement block, and unheat section. The dry °

mass (65°C for 3 hrs,) of the deposit was calculated and is reported in

Table 5,
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RESULTS

Heat Transfer Resistance

Figure 5 is a schematic diagram of the TWHE with a fouled surface heated
at a constant rate. By measuring the temperature at the two radial positions

within the aluminum block (ri and rii), the heat transferred to the block can

be obtained : ) |
, 2nk 1t (T., - 7T
q = B 11 1 - (]0)

In (rii/ri)
where kB = thermal condictivity of Aluminum block (MLt"3T'])
1 = length of the block : (L)

Heat transfer rate in a tube is generally described in terms of an overall heat
transfer coefficient (U), The inverse of the overall heat transfer coefficient

(U) is the overall heat transfer resistance.

The overall heat transfer resistance (based on average bulk fluid temperature)

can be obtained as

o, 1 (T, = T )
Tl i ] B(avg) (1)
q .
where TB(avg) = average bulk fluid temperature = TB1 + T82
2
U'] = gverall heat transfer resistance (M7]L3T)

The influence of the deposit on heat transfer resistance can be also

expressed as
(a) Fouling resistance
(b) Performance index

The fouling resistance, Rf, is defined as follows:

where R. = fouling factor : (t3TM'1)
U = overall heat transfer coefficient at any time (Mt'3T“1)
U = overall heat transfer coefficient at time t=0 (Mt'3T—])

o




-16-

JJd

o}

-xoa10®aY XeInnl SYx Fyo wexderd TeUCTIDIS-SSOIH *C DIANDTJ

R s ]
. o et

1150033 —
¥
i > \ |
7z 7 7 7 LA L \u,.\ hm“r L L A Lw VARV AL SN YR AN AR A A AR AR A AR A NVIJ ..
M =
| ! w .
| | M
| | | j
2q ! : 18 7
.W.D.II.I..M ml.oll.........!. 1 £
i i 1 m 3
i ¥ALYEIINIL W02 | A iR _ 3
m ¥ S2/w3 G ﬂ ZUNURECHEL NG
N Lo | Iv Su2INZ Qv J i %
w\\\\\N\\\M\\.«.\._\k\f.\\,\\/\\w\\»\\\\\\\n\\\\.\ .M,m
g iy ‘ _ g
g
MOLSIFAEAL £ ,

LOLSINEZHL ¢

B oaunivesd

N3l

AR YNGR LA BT o R

e

) SUNIVESSATL



~17-

These two heat transfer coefficients can alsc be used as a measure of heat

exchanger performance (1

):
Performance Index = U (%) (13)
) Uo
During the start of the experiment with a clean tube, the performance index is
expected to be 100. The index decreases as the surface fouls.

Frictional Resistance

Frictional resistance is determined from the pressure drop and flow measuyrement

in the tubular section and_is calculated by:

: 4r1 Ap (6)
fo o 6
L §fVm2

Overall Heat Transfer Resistance

Overall heat transfer resistance is calculated from measurements of bulk
water temperature and temperature in the sluminum block. Overall heat transfer

resistance is sum of conductive and convective heat transfer resistances:
s riin (ri/ri) riln(rz/rT) r11n(r1/r2)

convective e —CONDUCTIVE RESISTANCES—+
resistance
where kg = thermal conductivity of Aluminum block
kT = therma) conductivity of tube
kS = thermal conductivity of deposit

rp= ey - Th = radial distance to the deposit

convective heat transfer coefficient

=
i

The convective heat transfer coefficient can be calculated using Colburn anology
(Equation 8). Equation 14 can be used to calculate the thermal conductivity

of the deposit, provided the thickness of the deposit is measured. A comparison
of the thermal conductivities for the biofilm and scale is shown in Table 1.

The difference is thermal conductivities suggests an effective method for dis-

tinguishing between scale and biofilm and hence their treatments (Table 2).
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RESULTS & DISCUSSION

The fouling monitor was operated in the laboratory using simulated cooling
water. All the experiments werc operated at constant heat flux, constant velocity,
and constant bulk water temperature. The experimental results are expressed in the
form of overall heat transfer resistance and friction factor, as a function of time
(Figures 6 through 11)}. The following observations are worthy of note:

1. Results indicate the effective roughness of CaCO3 is small compared
to biofilms (Table 4).

2. The dilution water contains no or little inert suspended solids.
Suspended solids in cooling water can significantly influence
deposit accumulation in a tube.

3. The microbial inoculum was composed of a variety of microbial species.
A plate count during the experiment shows a viable cell count of 106

cell/ml. Microbial population in cooling water will be site specific.
4. Microorganisms appear not to attach to a heated tube {temperature
greater then 55°C}. This was observed during Run 5 (Figure 8),

where therewas Tittle or no increase in overall heat transfer
resistance in 117 hours.

5. These experiments were carried out in a 70:30 CuNi tube. This alloy
corrodes at the surface in addition to the crystallization of
calcium carbonate.

6. There was ho correlation observed between heat transfer and frictional
resistance measurements (Figure 6 and Figure 7).

SUMMARY

A brief review of different types of deposit is presented, Biofilm develop-
ment and its influence on fluid frictional resistance and heat transfer resistance
has been described in conceptua1'and mathematical model,

A fouling monitoring system has been described. Thermal conductivity and rela-
tive roughness of the deposit can provide useful insight to distinguish between
the scale and biofilm. Further work is needed to study (1) the interaction of
calcium carbonate and microorganism at heat transfer surface (?) the role of

inorganic components (eg, Fe, Si} in fouling initation,
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PABLE 1,

THERMAL CORDUCTIVITIES OF SCALES AND BIOFILM

Thermal Conductivity

- -)
Scale {wait M 1°C )

Calcium Carbonate 2.26 - 2,93

Calcium Sulfate 2.31
Calcium PPhosphate 2.60
Magnesium Phosvhate 2.16
Maygnetic Iron Oxide 2.88
Analcite )., 27

(14

Biofiim
0.63

(Watex)




TABLE 2

FOULING PREATMENT AND CONTROL

pBxternal Treatment

Intoernal Preatment

Removal

Scaling
softening
Ion cxchange

pll control

softening

acid fced

side streoam treatment
floccoulants
dispersanks
surfactants

chelants

mechanical cleaning
acid treatment

Biofogliﬂg_

e it

pli control
oxidizing biocides
-chlorine
—ozone
-bromine
~hydroyen peroxide
non-oxidizing biocides
-chlorinated phenelics
~organo-tin compounds
~quatcnayy ammonium salt
—gurfactants

mechanical cleaning

oxidizing biocides




Table 3. Summary of the experimental work.
Run catt Trypticase Na,Si0, Residence Total
_ Soy#g Broth T ime Run Time

ppm mg/1 mg/1 Hrs Hrs

1 200 - - 1 110
2 250 - - 2 60
3 250 - 200 2 92
4 250 - - 2 244
5 50 5 - 2 117
6 250 . 5 - 2 214

7 250 ~ 200 2 262




TABLLE

INPLUENCE OF BIOQFITMS AND CHEMYCAL SCALE

4

DEPFOSTTS ON FRYCLTONAT, RESE STANCE.

ot

Py pe Deposit Relative
Qggosit Thickness __mw}knunxnass o
C () (Dimcensionless)
piofilms {4) 40 0.003
165 0,014
300 0.062
500 0.157
Seale
Cato, 165* 0.0001.
224% 0.0002
' 262* . 0.0006

. P

f Calculatoﬁ from overall heat transfer res
-for CaCOy of 0.026 Wwatts/cm “C

istance assuming a thermal conduchtivity
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