w04 S el Effect of Microfouling on Heat-Transfer Efficiency

T o,

Brenda Little
and

Leslie Ralph Berger

DISCLAIMER

This book was prepared as an account of work sponsored by an agency of the United States Government,
Neither the United States Government nor any agency thereof, nor any of their employees, makes a0y
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does
ot necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government Or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



e e N
AESTRACT

were designed to determine the relationship between decreased heat transfer

.efficiency and the accumulation of corrosion and/o:_biof@uling:films on heat
.éxchanger surfacés. The sample tubes were maintained under conditions sihulating '

those of an Ocean Thermal_Energy Conversion (OTEC) system and data from the two

sites have been compared. Seawater flowed through 2.54 (internal diameter) metal

tubes at approximately 1.8m sec™!

. Four types of tubes'were used:. 5052'Aluminﬁm |
(A1), Grade 2 titanium (Ti), 90-10 copper-nickel (Cu-Ni) and Allegheny-Ludlum 6X
stainless steel (SS). | ‘

All surfaces were colonized by microorganisms; thoﬁgh colonization of the
Cu-Ni surface was initially fetarded. Total filh weight wés'gréatest for the Al

and Cu-Ni surfaces which were characterized by corrosion as well as microbial fouling.

The total organic carbon:total nitrogén ratios of the fouling films from Ti, Al,

SS and Cu-Ni, 4.2, 4.0, 4.8 and 7.9 respectively, remained constant throughout

the experiment. The degradation of heat transfer efficiency due to the formatiom
of fouling layers on Ti and SS is neither linear nor a simple exponential function.
A microfouling model is proposed for corrosion-resistant surfaces that is consistent

with.field observations.

Field experiments, performed at Keahole Point,‘Hawaii and in thé Cdlf of'Mexiéo,A
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* INTRODUCTION

Ocean Thermal Energy Conversion (OTEC) is a éonéept which employs the dif~
- férence in temperature between warm sﬁrfacenwaters and cold déep waters to gemerate
~energy. Iﬁ marine environments, the temperéture.differential.ié §n1y about 20°C;.
' ‘thus;£he effiéiency of sﬁép'a systém is quitg.léw.‘ Qperatibh of aﬁ'QTEC.sfstéﬁ'
requires the m;intenance of'efficient heat egchaﬁgers. :Insulating méﬁerial in
~the form of fouiing layers less than 100 Um thick can render sucﬁ a system in~-
operativé. Several processes can contribute to the formation of such layers:
formation 6f corrosion products, depositioﬁ of inorganic salgs, adéorption of

~ dissolved organic ﬁatériai, colonization Bj microorgénisms and the accumulation
"of their metabolié products, and the adhesion of detritus. The éontributioﬁ of

- the various factors is dependenﬁ on the type of metal used in thévheat exchanger,
flow conditions, geographicél location of exposure and environﬁental parameters.
OTEC experiments were conducted in the Gulf of Mexico (GOM)' and Hawaii (HI). to

collect fouling data and to ‘correlate those data with heat transfer efficiency.
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* METHODS AND MATERIALS

B Details of the construction, operation, sample collection, and analytical

“ ) procedures of the GOM and HI experiments have been previously preéen:ed (Liebert, -

‘35_31,,’1979; Little, et al., 1979). The HI experiments took blace 300 meters off

" the coast of Keahole Point;'HI; theAGOM experiment 257 lm due west ofATampa,_FL.
The'ailoys used for the heat exchangers were 5052 aluminum (Al),;grade 2 titanium
- (Ti), Allegheny-Ludlum 6X stainless steel (SS) and CDA 706 copper-nickel (Cu-Ni).
lEx@ept fpr-occésional malfunctions; seawatéf frdm,the upper mixed layer flowad
tﬁfdugh 2;5 cm-(i;d) tubes contiﬁuously‘at.§ nominal flow %age of 2‘meter§ per
second. |
The instruments used for the measuremeptvof ﬁeat tranéfer resi;;éncel(Rf)
were desigﬁéd at Carnegie-Mellon University (Fetkovich, 1977) and modified by
Argdnne National Laboratory. Rf is expressed as hr. ft.z °F/BTU units. To
e

is defined as the difference between 1/h where h is the measured heat transfer

convert to international Rf;units (°c mzwpl) multiply Rf values by 0.176. R

_coefficient at aqy.given time and the initial value'of‘l/hmf Refe¥ence 2 discusses
thé corrections, based on water temperature and flow rate, ﬁsed to calculate the‘
heat transfer coefficient and fouling factor. | |
A’modified M.A.N. brush (Nubel, 1977) was passed through the tubeé of the

HI experiment during fléw to clean the foﬁling layers from the tubg surface;.“
C;eaned tubes were allowed ﬁo refoul. Sections from the flow éyétems of the two
experiments were removed periodically .and the follpwihg constituents and Prdperties
of the fouling layers quantified: total organic. carbon, total nitrogen, dry film

weight, wet film thickness and surface topography.
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RESULTS AND DISCUSSION

extrusion lines; these were absent in the titanium tubes (Figure 3a and b). It

‘Increased heat transfer resistance (Rf)'as a function of time and alloy for
both exposure sites is given'invFigure 1 (a-d). - There was a briefer lag period
before increases in Rf could.ba measured for all surfaces exposed at the HI site

aé compared to the lag period experienced by the‘éurfaces sxposedAin the GOM.

" There was no appareﬂt lag period for the Cu-Ni surfaces at either site. Titanium

surfaces consistently exhibited the longest lag period before there was measurable
loss of heat transfer efficiency due to fouling.
Heat transfer resistance, total organic carbon (TOC) and total nitrogen (TN)sre plott(

-~

against exposure‘time fer all alloys in Figure 2 (a-d). The scales of the ordiﬁété‘were

- chosen such that the TOC and TN data for the titanium tube would superimpose on

that of Rf. Ti and SS have similar chemicai properties; neither corrodes vigorously

in seawater (LaQue, 1979), nor is either toxic to microorganisms (Marszalek, 1979)..

One would therefore expect the two materials to exhibit nearly identical fouling

and loss of heat transfer efficiency. The results shown in Figure 2 indicate that

differences did exist.
One macroscopic difference was the topography of the two surfaces as received

from the manufac¢turer. The inner surface of the SS tubes was marked with deep

is unlikely that the nature of the microflora on the two metal surfaces is respon-

sibie for the differences observed in the R_. data. Differences were not detected

f
in SEM micrographs of the two fouled surfaces. Thé biofilm on the stainless steel
surface did obscure the surface roughnéss after 78 da?s (Figure 4).

Wet film thickness measurements were comparable fof the period of investigation
(Little, et al., 1979). TN:TOC ratios (Figure 5) and dry film weight:TOC ratios
(Figure 6) in the fouling layers from the Ti and SS surfaces are very similar.

The rﬁtio of TOC to dry film wgight was .approximately 1:8 fér both Ti and SS (Table

1) indicating that substantial amounts of inorganic materials are present in the

fouling films. As stated previously, neither of those materials corrodes




iappreciably in seawater, The mucopolysaccharide secretions and microorganlsms do
chelate substantlal amounts of 1norgan1c salts from seawater (Siegel 1971) ‘}

One explanation for’ the dlffering heat transfer responses observed for the

 two metals may be related to the surface roughness observed for the stainless steel.:'
Water may become entrapped.in the grooves ofAthe'stainless steel surface as the
overlying biofilm develops, providing greater insulating effects. Thus, films

‘with identical TOC, TN and wet film thickness would exhibit differiné heat transfer
responses._' |

. Plots of Rf vS. dry film weight (Flgure 7) and R_ vs. total organic carbon

f

(Flgure 8) for SS, Ti and Al 1nd1cate a linear relatlonshlp between the two..
There also appears to be a linear relationship between Re and TOC for SS and Ti.

-Such a correlation is not apparent for Al and Cu-Ni data. It appears (Figureil)

Coe

"that for approximately the,first 20 days the R. of the Al surface is independent

f

of both TOC and TN. It is during this period that the corrosion layer increases

rapidly (Little & Lanoie, 1979). After about threetweeks, the increase in Rf.
'can be partially ascribed to TOC, and hence, biofilm formation. Corrosion of
the Al surface during the first three weeks does adversely effect heat transfer
efficiency. |

The dry film weight of the Cu—Ni is an order of magnitude‘greater than that
for the other metal surfaces (Figure 7). The increase in Rf with time for the
Cn-Ni surface is largely due to the formation of .a corrosion film. No correlation
can be made between Re and TOC or TN (Figure éd).. TOC:TN ratios for the Cu-Ni
is substantially greater (Table 2) than that for the other materials (Figure 9 a-b).
This is consistent with the hypothesis that microorganrsms colonizing‘copper and
other tonic metals secrete polymeric materials whdnh chelate metal salts (Marszalek,
1979). Compounds such as polyuronic acid found in such secretions in the primary
layer will raise the TOC:TN ratio for the entire film. Figure 10 is a micrograph

of the colonized Cu~Ni heat exchanger surface showing both rod- and filamentous-

type organisms.

&~
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éONCLUSIONS
There wefe no lérge chéﬁges in the fOC:TN ratios of the'foulipg.filmé'in
each of the tube types du:fng the éxperiméntal p;riod; The ratios for Ti, SS,
- and Al'were essentiglly the same (4.2, 4.8 énd 4.0 reSpectively) while that of
Cu;Ni was 7.9. | | | | | |
Increases in hea£ transfer‘gesistance (Rf) for Ti and éS sQrﬁaces were’
related to thé TOC énd.TN in the'fouling films. However; the impacté of equivalent
films were .different on the two surfaces. A film covering the rougheﬁed SS
. -surface may trap a film of water and provide a‘greater insulating efféq; than
that observed on the smootthi surface. Rf wasAproportional to TOC and TN for
Al surfaces only after prolonged exposure (>3 weeks). Tﬁe formation of a corrosion
film appearéd to inhibit heatAtransfer efficiency during the first 3 weeks. Cor;
rosion appeared to be fésponsible'for increased Rf in the Cu—Ni_t;beS. The Cu-Ni
was colonized by'microefganisms, But their contribution to cbtal.dryAfilm weight
%as small. The large film weights on all tubes, including the corrosion—resistént
Ti and SS, suggested that the fouling,films contain substantial amounts of in-
organics that may effect Rf.
Cleaning with a.M.A.N. brush removes most, but mot all of the bicmass in the
fouling films.: The first and second cleanings of the Al tubes:.reduc¢ed Rf to zero.

Subsequent .cleaning after 100 days appeared less effective. The rate of fouling

increased after ¢leaning.



A modei is proposed for thevkinetics qf biofoﬁling on corrosion-resistant f;bes
" such as Ti and 5§ maintained under the OTEC ;bnditions désc?ibed.

| Sea water flowed through tubes (ID 2.5cm) a£ appréximatgly 2 meters per -
second. Heat tr;nSfer rééistance (Rf)~was measured periodicaily aqd samples of

the pipe were removed for analysis of tﬁe biofouling'layef.. Bgéfouling was assumed
to be‘thg cause of the increase in Rf for the corroéionfresistant metals. The rate
of refouling after cleaning oun such ;ubes ié also considered in the model. The
model is limited to early fouling in opeﬁ ocean waters iﬁ which flbw rates and

water quality areassumed to remain constant during the experimeni.

Description of the Biofouling Model

1. The rate of primary coloniZation,.dC/dt depends on available'uﬁcolonized space,
A', and the density of colonization pér unit of spécé; a'.. Since experimental data
for A' énd a' are 1aéking in thé current studies onlyltheir prbdutt, A, (A‘= A' ¢ a')
" is considered. The rate is also dépéhdént ﬁh a’Qgriety ;flphysical and chemical
factors characteristic.of the particular systemT ‘These factors are lumped together
in 5 constant, K |

'dC/dt = (A - C) K (1a)
rearranging: dC/(A - C) = Kdt | (1b)
Integrating (1b) between t=0 and W,'(equation form: dy = dx/(a + bx) )
gives: |

c

A'(l—exp -Kt) (2a)

or C=A- A (exp -Kt) (2b)

2. The growth of the primary colonizers (and/or production of metabolic products),
S, is proportional to their number, the time, and a growth (or slime-production)

constant, Kl. In the simplest form,

S=C- K -t 3
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-3." ‘Secondary microbial coloniiation; i.e., biofouling by other organisms, N,

depends dpon time, S, and an adhesion constant, KZ: K2 also includes a concent;ation
factor, i.e., number of cells/volume.of water.

‘N=§ K, "¢t . ' (&)

- 4. Finally, total bjomass, B, of the biofouled layer is

-B=C+S+N (5)

- 5. Substitution of equatidns 1, 2, 3, 4,.into 5.gives

oAl G-t arrrerge))  ©

It becomes evident that A is also a "scaling factor" dependent on the units used.

When K, >>> K,, the equation becomes largely dependent on the final term especially

2

when t is not small and when K is sﬁall compared to Kl and Kz.

1. The model ignores the various reactions which occur during the, first minutes
or hours following initiation of the flow of water. The first event considered in
the model is the attachment (colonization) of those bacteria which have very high

adhesive affinity for the tube surface. Colonization is random as the organisms

come into contact with the surface from the seawater. Their rate of adhesion on .

éhe tube, however; depends on ﬁany factors:
a.  their numbers per unit volume of water
b;, their kind (i.e., their degree of."stickiness")
;.* the flow rate of the water and the hydrodynamic properties of floQ
d. the smoothness of the tube surface

e. other factors such as temperature, organic content of the water, etc.

f. the limited area for colonization

. 2. The initial colonizers are responsible for making the tube "sticky" for other

groups éf fouling Bacteria. Growth of the primary colonizers, if it occurs, and
slime production are assumed to be in direct proportion to cell number and time;
nutrient concentration liﬁits growgh and metabolic product formation.

3. Other bacteria, secondary colonizers, adhere randomly to the surface at a

rate proportional to their numbers and affinities as well as to the amount of



- growth. or slime alfeady édheriﬁg to the fube surface.' In the timé frame considered
no limitation of colonizing‘spacé'is assumed for the éecoﬁdary colonizers., .

- 4, During the cleaning of the ﬁubesA;t is assumed that‘ﬁhe primary célqﬁize;s,
their progeny and/or their macromoleculaf prodﬁcts are ndé removed. Ih,;ontraét
mosf or all of the secpndgry colénizefé are aésumed removed. Recolonization then

occurs at a rate dependent on the amounts of adhering materials still on the pipe.

Analysis of Biofouling Model

Figure 9a shows three superimposed theoréticél curves drawn over the Rf,
total organic carbon and totél nitrogen data from Ti in the HI experiment. The -
‘cénétants used in the model equation are givén in Tabie 3!: Since the magnitude -
and units of the 3 daté sets are different;‘the constant A is scaled to éive |
comparable numerical values,fér the Ti data. fhese same vaiues of'A.are used for
the S5 data. The same valués K and Kl'are‘used to generate all of the Ti curves.
Kz‘is chosen to.make,eash curve fit the experimental data,‘ For all Ti cufﬁes,
) k2 varies little. Figﬁre 11 shows a curvéAconstrudted—th??ugh the dataibbtained .
in ;hg Gulf of Mexico. Ndée from Tatbile 3 that K, is only slightly lower than in
the HI curves. | | -

A ‘larger vélue of K fof.SS (0.06) is requiréd compared to that for Ti (0.01).
This may ;esult from the rougher sufface of.the SS or other factors ihich per—-
mitted the SS surface to be colonized more rapidly than that othi. Curves 3
through 10 in Figﬁre 9b for SS mimic the increase in the fouling parameters after

cleaning of the tube. Except for curves 1, 3 and 6, Figure ) values of K, are

2
relatively constant for each parameter. No explanation is offered for this apparent
temporary increase in 'secondary colonization" in curves 1, 3 and 6. Similar
anomalies were not observed on any other tube or parameter measured.

For both the Ti and SS systems, the "secondary colonization" term is set

back to a time value equivalent to the start of the experiment (zero to 3.5 days).
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This supports the premise made in deriving the model. It further indicates that

the model may be<ﬁsed_to p:gdict;fouiing_rates_afterwrepeaeedﬂeleaninguoﬁ—metairﬂ :

surfaces. The gradual rise in the starting valué of Rf followihg repeateq.cleaning
éan bé attributed to the combined C and S term§ of the model: these are sﬁall
ﬁumericall§ and unaffected by cleaning. Théy continue to increaée withvtiﬁe.‘

'The model curves generated for Ti and SS for GOM data, Figure li, only fit
in the early paré of the experiment. It appears that thé next stage of fouling,
that which limits further rapid increase in Rf,was reached earlier than iﬁ tbe
HI experiment. = The mode; does not apply to this.stage.

A single value of Kl was used to generate all curves presented in Figures 9 .(a=b)
. and 11. This value, 0.03, is arbifraryr The magnitude of K2 is inversely'related
to Kl. Ap independent measurement of either "primary colonizers", P, and their

1"

products, S, or of "secondary colonizers", N, would permit assigning absclute

values to Kl and KZ.

' The lower values given for K2

SS compared to the Rf curves may not be due to differences in the rates of

in the organic carbon and nitrogen curves on

secondary colonization, butigo different colonizing densities on Ti and SS surfaces.
-These should be:distinguished in the constant A father than in KZ,-

. The prgciéion of the field data makes a more detailed analysis of the modelv
imprac;ical. It is evident that,fhe fouling layer does not form in an exponertial
mannar. This could occur under conditions in whicﬁ nutrient levels are higher than
those found in the present experiment. The model broposed by Bryers, et al. (1979),
for biofouling was derived for a system exposed to.light and in which nutrients

were added. The present model does not include a term to limit the increase in

the fouling rate.
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TABLE 1
RATIOS OF TOTAL ORGANIC CARBON TO Rf AND DRY FILM

WEIGHT FROM STAINLESS STEEL & TITANIUM TUBES

&

SITE - : : HAWAII - o GULF OF MEXICO
T ' ss Ti SS
Organic C ' o '
(ug em”?) .25.2 o 13.1 . 4.6 W |
Film Dry Weight : '
(mg cm™?) 3.1 . 1.8 ' - : -
Rf X 10“ - . ) i
- (°F ft’min BTU"') 1.6 2.3 0.50 0.93
Ratio . .
C/Rf : o 15.8 5.7 . 9.2 5.1
Ratio - ' ’ : : : o
C/Dry Weight . 8.1 7.3 .- -

TR

Data for Gulf of Mexico are taken at 48 days; those for Hawaii are the
arithmetic mean taken before the .first.cleaning. :

12
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. TABLE 2
" TOTAL ORGANIC CARBON TO TOTAL NITROGEN RATIOS
IN FILMS ON VARIOUS TUBE TYPES

' (HI Data)
Tube Type  10C/TN Ratio*
Ti 4.2 £ 0.9
ss 4.8 £ 0.7
AL 4.0 0.8
' + 0.8

Cu~-Ni 1.9

Zero-values ‘substracted for all but Al.
Average of 2 values for most times.
Values taken 1 day after cleaning or removal.

.. Wildly abberant values deleted.

Each ratio based on 12 or more values.

13



TA B L E j
BIOFOULING MODEL:

CONSTANTS GIVING GOOD FITTING CURVES THROUGH PLOTS OF THE EXPERIMENTAL .
DATA FOR FOULING BEFORE AND REFOULING OF TURES AFTER CLEANING

- or -
MODEL CONSTAN’.[S DAY K2 PUSHED

SEE

SITE':"  TUBE MEASURED . FOLLOWING L
: - “TYPE PARAMETER CLEANING A K JK1 . K2 SERIES  BACK TO FIG. CURvj
it : : : " BEGUN DAY # it
GULF MEXICO Ti R 0 .00505 .01 .03 5.0 0 - 10
HAWALT Ti Re 0 .00505 .01, .03 6.5 0 - 9 1
HAWATI Ti R 1 ~.00505 .01 .03 6.5 94 0 9 2
HAWAII Ti Org. C 0 .06313 .01 - ,03 7.5 0 - 9 1
HAWALI Ti Org. C 1 *.06313 ¢ .01 .03 6.5 94 0 9 2
HAVAIL - Ti N 0 .01683 .01 .03 6.5 0 - - 9 1
HAWAII Ti N 1 .01683 ~ .01 .03 6.0 9% 0 9 2
GULF MEXICO SS Re 0 .00505 .06 .03 5.5 0 -— 10
HAWATI SS R 0 .00505 .06 .03 6.0 0 9 1
HAWAIL® SS R 1 .00505 .06 .03 11.0 59 -1 9 3
HAWATI SS R¢ 2 .00505 .06 .03 17.0 94 0 9 6
HAWALL SS Re 3 .00505 .06 .03 6.0 249 2 9 3
HAWAII SS Re 4 .00505 .06 .03 7.5 263 3 9 9
HAWALL ' SS Rg 5 .00505 .06 .03 7.0 277 3.5, 9 10
HAWATIL " ss Org. C 0 .06313 .06 .03 . 4.5 0 - 9 2
HAWAII 1) Org. C 1 .06313 .06 . .03 5.5 59 1 9 4
HAWAII SS Org. C 2 .06313 - .06 .03 4.5 94 .0 9 7
HAWAIT SS N 0 .01683 .06 - .03 4.0 -0 - 9 2
HAWATII SS N 1 .01683 .06 .03 4.5 59 1. 9 5
HAWAIT SS N 2 .01683 .06 .03 4.0 94 0 9 7

*See text for explanation of symbols.

<
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Figure 4.

78-day exposure S.S.
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Figure 10.
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