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ABSTRALT

Biofonking is a cosily problem in heat exchangers. Bingides can be used to sinimize the formation of brofilms, but they
ars not siveays effoctive and, morsover, they are generally deleterious 1o the envirommest. The use of proper liguid
velocities or of water jets in the exchanger tubes is also 2 means & prevent the build vy of Guling deposits of to zlean
the surface once they are formesd, Ofien, biofilms incorporate inorganic particles which modify the physical properties
of the deposit and, thus, affect the effectiveness of anti-fouling measures. This paper presests experimental dats (het
: show the effects of the water velocity and of the prasence of ¢lay particies oa the accumulation of biofilms and on their
i mechanical resistence to deachment caused by hydrodynamie forces, The results indicate that the fraction of dry
; tiomass (ticro-organisms plug sxirsceilular biopobymerss in biofilms increases with the Hgsd velocity and that the
deposits formed under higher hydrodynamic forees arp more Tesistant o detachment. The resistance to detachment is
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even greater when the biofilms incorporate small {20 micrométes) clay panicles.

L INTROBUCTION

Cooling water, cuming from nvers,
lakes, bore holes, o, is used in a nomber of
industrial processes where hotier floids st be
cooled, or a phase change 3s peeded such as in
powzr  plant  condensers.  Pro-treatmeat
technologies do not elimiinate all sources of
organic and inorgamic mater carsied by the
water into the heat exchanger tubes, These
HROOT components are potential conmibulers 0
the growth of undesirable microbial films on the
pipe walis {biofosting), that cange an increase in
the thermal resistance and in the pressure deop
in the heat exchanger, More often than desired,
the operation of the industrial plant may have 1o
be stopped in order to clean g eguipment.

A& "hiofilm” i5 2 matrix composed
mminly by waser {(often, more than 90%), micro-
organisms and exwracelislar polymers excresed
by the mierobizl speciss.  Bicoides are
frequently used 0 combat this snwanted
biological growth, but they are not always
efficient or acceptable from an environmental
standpoint. Minimézation of biofouling effests

can also be achicved through good design and
operating  procedures, where fuid  welocity
stands as a key parameter. This physical vaciable
hat  contadictory  sffects on biofilm
development : in fact, an increase of the velocity
enhances the gansport of microorganisms and of
nmutricsis to the deposition surface but, at the
same time, it increases the hydrodysamic forces
that contribute to the detschment of the
biclogical fayer. Some authors {Bott 1993) have
reporied that increasing the water velocity shove
I mg reduces biofilm buikl ap, akhough it was
found that this reduction occurred aiso i the
lower rangs of flpid veiogines (Bom 198,
{harackiis 1990, Pinheiro &1 g, 19881 Such
results were gxplained by the differences in the
congsnzation of solulde notrients, which saused
the formation of bofilms wath  different
characteristics ; fow concentrations iead to thin
and firmiy attached bhiofouling layers that are
more difficull to remove from the surface than
thicker and "fluffler™ biofilms. Frequently, the
Waler CORtains INOrganic partcies in suspension
that become incorporated in the biclogical
deposit; it is therefore important to determine
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the changes brought about b}f*tht sresence of
these particles a8 regards  the  detashment
DIOCESS,

The experimental work here reported
was carried out with the purpose of assessing the
effects of the water velocty and of the presence
of clay paticles on the developmeni of
microbial films in a lab-vacle heat exchanger,
and also on the sesistance of these deposits 1o
detachmesnt,

2 MATERIALS AND METHODS

A simulated vertical heat exchanger
composed of two adjacent half-tubes separated
by a wall was used to monitor the build up of the
biofitm on aluminium surfaces. Two schematic
views of this test appuratus (perpendicular and
parallel to the flow direction) are shown on
Figure 1. The hydravlic diamster of the half wbe
is 2.02 e Water at 27 °C and pH 7, containing
s dilotad suspension of bacteria (6107 cellemi”
U of Psendomonas Pugrescens: and mifients
thasically, ghucose at the concentration of 20
mg.I'l}, circulated through one of the hatf-tubes
of the st section {ndicated as the "est flaid”
sidel, separated Fom the other halfitobe by the
aluminiom plae (30 om long) and 3 perspex
wall {(“water” side). The “test fluid” was hested
by water at 8 *C Bowing in the "waler side”.
The heat flux could be calculated from the
measurement of theee temperatures (T4, To and
T4} in cach of the three sections indicated by A,
B and €. Overall beat transfor coefficients were
then calculated at different fimes during the
growth of the biological depasit and, finally, the
heat transfer resistances caused by the biofilm
could be estimated at any instant of time. The
results presented below refer always to the
average vilues obtained in points A, B and C.

More detailed information on this test
section and on the method used to evaluate the
fouling resistances of the biofilm can be found
elsewhere (Vieira e o 1993, Vigira and Mgio
1995}

Some runy were carrded out wsing a
miixed su ion of bacteria ("test floid"™) and
130 me. i of ¢lay {kaolin} pardcles which had

an squivalent dameler of shout 20 micrometer,
Differear biofilms ware formed {with and
without clay particles} with the aid circalating
at velocities betwese 035 ms'! and 12 myl,
which correspond 1o Reynolds sumbers betwean
4 206 and 15 500,

Mextal ploate

Figure 1 - Simvplated heat exchanger used in the
biofouling tests

3. RESTILTS AND DISCUSSION

Figure 2 shows an example of a typical
biofouling curve {(fouling resistance as a
function of time), while Figure 3 is a piot of the
maximum {asymptotic) thermal resistance of the
brofilm versus the Reynolds number. The latter
confirms that the fouling resistancs decreases as
the Reynolds numbegy or the flow velooiy
increases (in thiz work, twe idestical st
sactions were used in alf runs) A simular trond
was observed as regards the thickoess of dw
deposits. This kind of vesult is vsually found in
many types of fouling (Bott 1995},

o
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Figure 2 - Biofouling curve
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Figure 3 - Asymptetic thermal resistance
as a function of fiuid velocity

The amoumt of dry blomass (bacteria
plus extracelilar polymers excreted by them)
was measimed in biofitms formed ander differens
velocities {Table 1),

The data of Table 1| show that higher
floid  velocities, at least in turbulent flow
conditions, result in more compact biofibms,
containing higher percentages of dry matter,

The behaviour of the biofilms s
regards their detachment from the surface was
aiso different according o their  previous
“history” (Table 23 the deposis tat were
formed  under lower hydrodynamie  forces
{Reynolds number = 9 200} were partially
removed from the alundoiue plats when the
Reynolds number was increased up to 25 500,
the Hims formed under higher hydrodynamic
forces {Re=13 500} were not disturbed when an
identical experiment was performed.

Tests were also carried out to assess the
effect of clay particles within the biofilm matrix.
For this purpose, hiofilms were formed with and
without clay particies, under different velacities.
After the deposits had reached their asymptotic
thermal resistance (steady-state), glucose was
removed from the west fluld that was flowing
through the experimenial heat exchanger. Some
ume after the main nutriest was surpressed, the
hiofouling thermal resistance started to decrease
and part of the bicfiln was removed and carried
away by the Huld, The response of the various
Biofilme o these drastic conditions was different
depending on clay particles being incorporated
in the deposit or not, a5 can be seen on Table 3.

Table 1 - Dry biomass {hacteria + polymers) per unit volurne of wet biofilm (kg.m™)

Fiuid velocity tm.g* 1) 437 (.49 HEx
Reynolds number 2570 & X 7 800
Dry biomass per unit volume of wet biofilm (kg.m™") 14 26 28
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Table 2 - Effec-?ﬂf increasing the Revnolds number on two biofilms
formed under different hydrodynamic conditions

Steady-state themmal Steady-state thermal % oof
resistance under resistance after increasing biofilm
initial Reynolds No. the Reynolds No, 1025 500 | remwoved
iz K.wW1) (mZK.W-1)
Biofilm formed under fhuid
Reynolds aumber of 9 200 25104 15.104 40%
Biofiim formed under fiuid
Revynolds number of 15 500 161974 16,1074 8%

Table 3 - Loss of biofilm mass after glucose was suppressed from the test Suid

Velocity of the fuid in contact
with the biofilm {m.s"h

% of biofilm mass lost affer
suppressing the gizcose supply

Biofilms without 9.34 21%
clav particlies §.72 21%
Biofilms with .34 15%
clav particles $.73 £3%

Abhough the rosults arg mot very
expressive, it seems thet the microbial films with
clay particles were morg resistant to removal
when the nulrient supply was cut off Tabie 3
also shows that the % of biomass removed was
higher when the biofilms were formed onder
higher velocities. This may appear © be in
contradiction with the results of Table 2.
However, Table 2 describes a physical effect
ard Teble 3 a metabolical ane, In fact, since the
Hiofilms formed at higher velocities are thinner,
the notrients are able to penelrate more deeply
than i thicker biofiims. Thus, a higher fraction
of the thinner biofiims is more dependent on the
availability of putrents and detachs from the
deposit after the nuirlent concentration IS
reduced 10 {practicaliy) zero.

Anather method, independent of the
sxperiments reported in Teble 3, was used 10
compare the characieristics of the bicfiims with
amd without clay particles. The method relies
upon the use of a simple and well known model
that descrmibes the buikd up of fouling layers
{Kera and Seaton 1959). The model assumes
that the fouling rate depends on the competition
batwean the rates of w0 simuitaneous
phengrmena: deposition aad removal. The former

is assumed 0 be constapt with time, while the
removal of detachment rate (@) is considered ©©
increase proportionally o the thickness of the
attached layer (here represented by its thermal
resistance, Rgj -

4’? =bR¢ {1y

The higher the value of b, the easier will be the
detachment of the depasit, Therefore, 17b can be
interpreted as a "property” of the biofim that is
proportional 1o the “mechanical resistance”
offered by the deposit w0 the removal foroes of
the fluid. The removal and deposition ey
equai each other when the deposit reaches is
steady state. In terms of thermal resistances, the
integrated equation is {Kern and Seaton 19397

Rp=Ry* [1 - expl-b.8}] {23

where Ry is the thermal resistance of the fouling
layer at any tme t, and Rf* #s the asymptotic
{steady-state) thermal resistance of this fouling
layer., Values of U for bdofilms with and
without clay particles were estimated by fitting
Eq. (2) to biofouling curves obtained in different
operating conditions (Table 4).
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Table 4 - Resistance of biofilms to detachment {17y

Fluid velocity {my” [} and i/b, "resistance to detachment”
Reyvooids number {si
Biofilms without 0.62 (Re = 7 620 t8x10°5
clay particles 0.97 (Re = 12 000) 2.5x107%
Biofilms with 0.59 (Re =7 305) 22x10°3
clay particles 0,95 (Re = 11 763 4.2x10°5

The results confirm that the presence of
kaolin particles in the deposits makes them more
resistant o detachment (higher 1/, de., higher
residence time of a given portion of matter in
the deposit}  when  subject  to  identical
hydrodynamic conditions. The data of Table 4
are also in accordance with Table 2, since the
value of the "mechanical resistance” parameter
{1/b) is higher for biofilins formed under higher
fluid velocities than in the case of biofilms
spbiect 10 lower hydrodynamic stresses.

4, CONCLUSIONS

Proper choice of the flud velocity in
heat exchangers is of the vimost importancs as a
means of manimizing the build up of blefouling
lavers and of contribuiing 0 more efficient
cleaning procedures. In fact, asithough higher
velocities result in thinner binlogical deposits,
ihese are more compact, more firmiy attached
angd more difficalt to detach from the wurface by
means of hydrodvnamic forges, Obvicusly, 2
balance must be sought betwesn using Mgher or
lower velocities. The standard liguid velocities
in heat exchanger design are 152 mis bt
designers should take o scoount the Tt that
the properties of the biological layer may
determine the efficacy of cleaning procedures
that often rely upon the use of water Bows
{eopiaining detergenis of other chemivals) wo
remave  the  deposit from e surface,
Furthermare, when using biocides 10 reduce
biofouiing, ¥t should be considered that thineer
hut more compact biofiims may not allow the
complete penetration of biocides ¢ in this case, a
residual and “hard” layer can remain on the

surface, which will eventually promote the rapid
re-growth of the microbial film. The "history” of
the biofitm (the conditions under which it was
formed) should thus be known in order to
choose the most adequate anti-fouling measures.

The results also indicated that the

resistance to detachment is even greater when

the

biofilms incorporate very small clay

particles, Therefore, elimination of these
particles from the witer can play a significant
role in the prevention of biofouling effects.
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NOMENCLATURE

b pargmeier inversely proportional o the
mechanical strength of the deposit, 571

Re Reynnide aumber {dimensionlzss)

Re thermal resistance of the deposit at any
time t, ;> KW}

Re* asympiotic thermal resistance of the
deposit, me K w1

H {ige, &

&, detachment or removat rate,
mi X w-lgl



