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of 3000.
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Thermal Resistance Rf(:) vs. Time for BT6 experiment.
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the downstream side, from the BA5 experiment.
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ABSTRACT

This report describes the Qork done by.the Biofouling Research Group
at Carnegie-Mellon University (CMU) during the period Mav 1, 1976 to
December 31, 1977. This work was carried out for the Energv Research and
Development Administration under the Ocean Thermal Energy Conversion (OTEC)
program. During this'period the University of Hawaii was a subcontractor
to CMU and contributed to our.field experiments at Hawa;i. Three sets
(seven total) of biofouling experiments were conducted. Two of these
sets were done in the Pacific Ocean at Keahole Point, 3awaii, and one was
in the Caribbean at. St. Croix, Virgin Islands. Data and results from
these experiment§ are presented and discussed. .Heat transfer, biological,
and metallurgical measurements are presented. A b;ief account of the data
analysis procedures, and an assessment of the hardware performance are
given. We.conclude the report with suggestions and recommendations to im-
prové the quality of tﬁe current efforts in the OTEC Biofouling, Corrosion:

and Materials program.



1. INTRODUCTION

This report summarizes the results and recommendations of the group
based on the work carried out for the Energy Research and Development
Administration (ERDA) during the period May 1, 1976 to December 31, 1977,
Under normal opberating conditions, both in thé evaporator and iﬁ the con-
densor of an OTEC plant, there will be a temperature drop of about i°C
between the flowing Sea water and the heat exchanger surface. It is ex-
pected that the sea water side of the heat exchanger surface will suffer
biofouling, chemical corrosion and scaling, Prior to this work, ne¢ data
relevant to these problems existed under conditions closely approximating
those in an OTEC heat exchanger. We had developed a novel technique to
measure the heat transfer coefficient with a small AT (~1°C) and with high
precision (better than 1%). Part of the power of this technique is that
it does not involve absolute calibration of thermometers or power sources.
Thus, it can be used in remote locations for long perinds of time. The
necessary apparatus and procedureé were subjected to extensive laboratory
tests and found it to he satisfactory., This was the situation at the be-
ginning of the céntract period.

Bv December 31, 1977, field experiments had been successfully com-
pleted in three independent operations: two in the Pacific and one in. :
the Caribbean. In these experiments, conducted for periods up to 20
weeks, various parameférs, such as geographical locatiqn. heat exchanger
material, heat exchanger surface preparation and {low velocity were varied.
The first cleaning experiments were carried out as well. To date these

resuits form the core or the available thermal data relevant to the CTEC



Some progress has been made in understanding the nature and origin
of the fouling film causing the thermal resistance. However, there is
no consensus about the nature of the film. More coordinated thermal,
biological and metallurgicél investigations are needed.

During this period we also played a major role in preparing and dis-
‘seminating information about this device and traiping other interested
research groups. These included personnel of the University of Hawaii,
the Pacific Northwest Laboratories (PNL) of Battelle, the National Dataf
Buoy Office (NDBO) of the National Oceanic and Atmospheric Administration
(NOAA), the David Taylor Naval Ship Research and Development Center (NSRDC)
of the U.S. Navy and Tracor Marine.

In thié document we discuss three sets of experiments: aboard the
moored research vessel NOII at Keahole Point, Hawaii, on a submerged buoy
at Keahole Point, and aboard a navy barge off St. Croix, Virgin Islands.
Two kinds of simulatedvheat exchanger tubes were used: aluminum and
titanium. Two nominal flow velocities were used: 3 ft/sec and 6 ft/sec.
We refer to these experiments by the shorthand notation: xyn, where x
is a letter (N, B or S) representing the location of the experiment, y is
a letter (A or T) representing the material of the heat exchanger tube,
and n is a number (3 or 6) representing the nominal flow velocity. Thus,
experiment BA3 refers to the run on the submerged buoy using an g}uminum’

hedt exchanger tube with a nominal flow velocity of 3 ft/sec.



2. HAWAII OPERATION

The satisfactory performance of the CMU heat transfer monitoring device
under extensive laboratory tests indicated that this technique could be em-
ployed in the field to evaluate tﬁe effects of fouling, corrosion and scaling
on the thermal performance of the simulated OTEC heat exchangers. At this
stage, it was desired to develop a field version of this device which would be
easier to use than the laboratory test unit. However, ERDA pressed for bio-
fouling data urgently to meet the program goals, so the laboratory version was
used in the field. The first opportunity to conduct field experiments was rea-

lized in collaborative efforts with the University of Hawaii in early 1976.

2.1, Experimental Data. The experiments were conducted in the Pacific Ocean

off the coast of Keahole Point on the leeward side of the Big Island of Hawaii.
" The site is about- 1100 feet from shore where the'aepth is about 250 feet (Fig.
2.1). B;cause of éhe location (close to the beach and on the leeward side of
the island), the water is not believed to be typical of open ocean watersl. The
level of Eiological activity in these waters is high. In one water characteri:a-.

: 2
tion measurement, the bacterial count was 20,000/ml°”.

271.1. Noi'i Data. In early 1976, attempts were made to lay a submarine cable
between submerged, buoy-mounted experimental ﬁnits and a shore-based data acquisi-
tion system. However, an accident destroyed‘the cable and the attempt was aborted.
It was found that the acquisition of a new submarine cable with the required -
cropertiés would take many months. Because of ERDA's éxpressed urgency in acquir-
ing the initial biofouling data, it was decided to run a preliminary experiment
using equipment mounted on a vessel moored at the same site, thus eliminating the
need of the submarine cable.

In the summer of 1976, the research vessel Noi'i of the Universityv of Hawaii

was moored at the site with two CMU heat transfer units set up as shown in Fig. 2.2
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These heat transfer monitor units, designed to measure precisely the thermal re-
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istance, R., of the fouling layver in 2 simulated OTEC nheat exchanger tube, sre

(&1

described in detail in another reporti. Each unit was designed around 3 simuléted
heat exchanger tube ! inch in diameter and 8-1/2 feet in length (Fig. 2.3). Each
unit was connected to a pump wiich was located on the downstream side of the heat
exchanger pipe (Fig. 2.4). The gea water was brought to the experimental units
through approximately 40 feet of 2 inch reinforced plastic hose, from a depth of
20 feet. Both heat exchanger pipes were Al 6061-T6. One pipe, used with a flow
velocity of 6 ft/sec, was used as received from the supplier, except that the sur-
face was gently swabbed with acetone to remove grease and dirt. The other, used
with a 3 ft/sec flow, was scrubbed clean with a nylon bristle brush and commercial
cleanser (100 strokes). The flow through the heat exchanger pipes was continuous
except during certain maintenance operations as tabulated in Tables 2.6 and 2.7.
These pump shut-downs were tvpically an hour long. In addition, on data-taking
davs (Tables 2.1 and 2.2), the flow was stopped in the appropriate unit for a
period of about 20 minutes (made up of four five-minute periods) to measure the
zero reading of the flow meter. .

The experiment involved measuring the heat transfer coefficient* from the
inside wall of the heat exchanger pipe to the flowing sea water about once a
week. This measurement is accomplished by repeating the measurements about 16
times on a typical data-taking day. Such reéetition helps to check the feproduc—
ibility of the result, to assess the size of the random error and to improve the
precision of the measured value. The analyzed results are presented in Tables
2.1 and 2.2. The same data are presented graphically in Fig. 2.5 where the
thermal resistance orf the fouling layver is plotted as a fungtion of time, The
typical precision in the measurcment of h during the Noi'i operation is abou:

~c,

L-2% {Tapies 2.1 and 2.2).

*See Ref. 4 for details on how this is dene.



In a clean tube, the value of h depends on the flow velocity as Qell as on
water temperature. For ease of éomparison, each value of h is normalized to a
nominal temperature (?OOF) and flow velocity (the velocity corresponding to the
chosen nominal value)}. Thelmeasured thermal resistance (i/h) is calculated and
the difference between (1/h) and the initial value of (1/h) gives Rf. This is
a measure of the thermal resistance on the seawater side of the heat exchanger
pipe due to biological fouling, chemical precipitation from seawater (scale) and.
corrosion products.. The tables contain a column labelgd te which is an average

thickness of this layer calculated assuming that it has the same thermal conduc-

tivity as sea water.

2.1.2. Buov Data. As soon as a replacement submarine cable was obtained, prgg-
arations for sub-surface buoy experiments were started. The buoy was positionéd
about 50 feet under the surface in about 250 feet of water at about the same
location as the Noi'i experiments were done. Fig. 2.6 shows the buoy in place:
while divers are mounting the experimental units on it. Also mounted on the bgoy
is the required electronics, such as switching relays and signal amplifiers. This
electronics package acts as a slave to the master electronics placed in a shel?er
on the shore. Armored cable about 1500 feet long connects the beach-based elec-
tronics to the buoy electronics.

2.1.5. Cleaning Tests.

In February 1977, the Buoy Series I experiments were started with three simu-
lated heat exchanger tubes. Two of these were Al 6061-T6 and one was Ti Grade 2.
One Al 6061-T6 was operated at a nominal flow of 3 ft/sec and another at 6 ft/sec

-

(actually about 7 ft/sec}. The titanium pipe was operated at a nominal flow of
6 ft/sec (actuallyv about 6.4 ft/sec). Before submersion, the waterside surfaces
of all the pipes were treated in the same manner, i.e., scrubbed with a nyvion

bristle brush and commercial cleanser (100 strokes). In the experiments, the

sea water was taken directly into the vipe through a fish screen. Thus the



Dressure ¢drop experienced by the fouling organisms before theyv encountered the
heat transrer surf;ce is only the frictional head of the flow and is about 3
feet or water.

As in the Noi'i experiments, we took 16 h measurements from each éxperi-
mental upit once a week. Tables 2.3, 2.4 and 2.5 summarize the data for
these three experiments. The cqrresponding thermal resistance values are
plotted in Fig. 2.9. For each of the entries under column (h) in Tables 2.3,
2.4 and 2.5, two errors are quoted. The values given in parentheses are the
statistical errors on the mean of the accepted cooling curves. Thus these
numbers represent. what the apparatus is capabie of in relative precision.

The other e?ror is an estimate of the systematic error in velocity measurement.
It is set at 1% based on calibration experiments on the Ramapo Mark V flow
meters used in the apparatus. All subsequent error calculations (the errors
quoted on Rf and tf) are based on this assignéd error of 1%,

As Fig. 2.9 shows, the Ti unit functioned for 10.6 weeks until its pump
failed. 'the remaining two pumps stopped for an unknown period of time hetween
11.4 and 12.6 weeks. These pump stoppages apparently caused the structure ex-
hibited by the data between ll.4 weeks and 16 weeks, The problems related to
these flow stoppages are discussed in Section 6.4 and f.4. Also, as shown in
Fig. 2.9, the two Al 6061-T6 pipes were cleaned at 16.1 weeks and then allowed
to refoul.

The cleaning results are presented in Fig., 2.9. First consider the 6 ft/

sec experimental unit. At week 16.3, just before cleaning, R_. was 25.0 = 1.4

F
(in>units of Fig. 2.9). After one (back-and-forth) pass of the M.A.N. brush,

R. fell to -2.7 =z 1.2. After a total of six passes, Rf was reduced to -$.2 =z

1.2. The apparent negative values of R, are due to equipment failure causing

- . . S . <. - = : v 1}
low velocity™. Next consider the 3 ft/sec unit. It had

uncertainty in the

)

R. = 3+.7 =z 1.7 berfore cleaning. After one pass.of the brush, R, was reduced

XY
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to 44.6 * 6.6 and after 11 passes to 29.8 = 2.7. It was noted by the divers that
there were barnacles visible inside this pipe. ‘The cleaning was halted by the
divers for fear that one of the barnacles might be dislodged and damage the flow
meter and the pump.

A§ Fig. 2.9 shows, Rf increased rapidly and roughly linearly in both units
after cleaning. It should be noted tHat the éléaning data were obtained after
pump stoppages for lengths of time on the order of a few davs. These stoppages
might have affected the fouling film and thus the preliminary cleaning results

presented here should be viewed with caution.

2.1.4, 'Biological Study. George Harvey of Pan Pacific Laboratories led a bio-

n

fouling study at Keahole Point that centered on direct observations of the 'foul-

T

-ing layer." This work was arranged to be dong-in conjunction with our heat ;féns-
fer heasuringjexperiments on board the Noi'i. Examined were: sea water samples;
the Al pipes used for our experimenté on board .the Noi'i; glass slides that were
submerged for different lengths of time; glass slides and sections of Al and Ti
pipe that were in the flow downstream of the test units for different lengths of
time. .
The study indicates that bacteria and diatoms were the main components of
the early biofouling in these tests. On the interior of the aluminum pipes used
in the thermgl experiments, there appear to be two lavers of fouling. The laver
closer to the pipe iS‘scale_which may have some bacteria in it. The layer closer
to the flowing water is made of living organisms, their products, and particulate
inorganic material. A large amount of'glass in the form of fragments, fibers
and spheres was found in these deposits. Local volcanic activity is believed to
be the source of this glass. The section of titénium pipe showed only one laver of

fouling, of biological material.



The report by George Harvey is Appendix A of this report.
Similar studies were conducted during our Buoy Series I experiments, but we

are not in a position to report on the results of that work.

-

tJ

Hardware.
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Basic Hardware Features - Design Document. During late 1976, an exten-

. 4 = . .
sive document was prepared for ERDA on the theory and practice of the high pre-
cision heat transfer monitor developed by our group. This document covers all

the basic design details of the mechanical and electrical aspects of the device.

Ii-aléo covers the aesign details of the buoy-based slave electronics and the
shore-based master electronics used in the buoy experiments. The document in-
cludes industry standard drawings, which detail the construction procedures,
material requirements, recommended suppliers, quality assurance tests and assem-:

bly checklists. The design document is the primary source for details on the

hardware.

2.2.2. Manual Data Acquisition System. A manual data acquisition system* for
heat transfer monitoring device.was designed, tesfed and extensively uscd 'in
the laboratory, It was dasigned te be usvful in a laburatory-like application,
i.e., non-remote operation, and to be used as a back-up svstem if the primary
data acquisition system should malfunction.

The system is shown in block-diagram form in Fig. 2.12. The three data
signals, namely thermopile, thermistor and flow meter voltages from the experi-
mental unit are available at the input end of the scanner. Under the control
of the teletvpe interface (PS 91), the scanner sequentialiy switches these three
signals to the low voltage Digital Multimeter (DMM). The output of the DMM is
channelled to the teletype through the interface. The teletype generates a

printout and a paper tape.

*Appendix D of Reference 4 discusses this svstem in detail.
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.5. Automated Data Acauisition Svstem. From early 1976, it was planned to

design and build an automated data acquisition svstem to be operated with the
neat transfer monitoring device. The designed system was based on an Intel $080
microprocessor (uP). Here, we give a brief overview of this microprocessor-based
.system. |

| Under program control, the uP can run a series of cooling curves, acquire
the raw data, dump it out on coﬁmand and do preliminary analysis of the raw data.
This automated system is shown in block diagram form in Fig. 2.13. Tﬁe three
data signals (namely thermocouple, thermistor and flow meter signals) arrive
from the buoy electronics (Buoy Control*) to the sﬁore-based beach electronics
(Beach Control*) in the form of frequency-modulated pulses. The three counters
shown count the signals simultaneously for a period of 1 second every 2 seconQ;,
Each datum so digitized requires 2 bytes (8 bit long bvte) of memory for storgge.
The uP system has 5K (5 x 1024) of random-access memory (RAM) and is adequate to
store the data collected during one cooling curve.

Further, the uP system has SK of read-only memory (ROM). The program that
performs.tasks such as.controlling the experiment, acquiring the data, and re-
ducing the data is stored in a little over 2K of ROM. The Intel 8080 monitor
system and the floating-point arithmetic package (for real arithmetic)' each re-
quires 1K of ROM. The semi-processed data and the results of preliminarvy analysis
are output to the teletype vielding a printout and a punched paper tape for fur-
ther analysis.

Collecting the data using this facility proceeds as follows. The operator
selects with the beach control the experimental unit he wants to run. Using the
teietype, the operator types in the starting address of the program in the P,
then tvpes in title and date, desired option to have a raw data dump, number of

times cooling curve measurements are t0 be repeated, coefficients required o

*See Ref. 3 for detailed design.



_convert the flow meter dats to flow velocity and thermistor datz to temperature,
and an approximate value ror the time constant. The uF, through a 1-bit contrecl
signal to the beach electronics, turns on the heater. The heater is kept on for
a period of about 10 timé constants. Then the uP, through the same i-pit control
signal, turns off the neater. The signals are sampled once in 2 seconds and .
stored in RAM. The temperature of the block and the operating sequence during
the cooling curve are as indicated in Fig. 2.14., Data are collected and stored
during the 1Uth timé constant (which is also the last) of the heating period and
for the ten subsequent timé constants (during thermal decay). After a long time,
the thermopile output reacﬁes an asymptotic value corresponding to a zero temper-
ature differential between the reference and heater blocks.

The "analysis window'" starts ten seconds after the heater is turned off and
lasts one time constant. The time slots during the 9th and 10th time constants
during decay are designated as the ist and 21d "asymptotic windows." The pro-
gram éverages the thermocouple reading during the 2nd asymptotic window, subtracts
this value from each thermocouple reading during the analysis window, and compufes
the natural logarithm of each of these values.' These zero-corrected logarithms
of thermocouple decay data are later analyzed to yield a time constant. The uP
prograﬁ also computes the averages and rms'deviations of the velocity and the
temperature during the aﬁalysis window and the lst and 2nd asymptotic windows.
This temperature and velocity information is needed for pormalization of rTesults.
This inforhation is also useful 1n assessing the reliability of the time constant
evaluated from the cooling curve. The_uP also outputs an approximate time con-
stant (based on just two d;cay points in the analysis window) to help the opera-
tor check the operational status of the experimental unit. The uP then rceveats
this process of running cooling curves, collecting, semi-processing and outputting

the data a specific number of times.



After laboratory testé, ;he automated svstem was installed during September
1977, at Keahole Point and rield tested. Data acquisition proceeded with the
manual DMM-based svstem and the automated uP-based svstem being used in parallel.

| These data were independently least-squares fitted to evaluate the time
constant, 7. A rough estimate of t is also available from the two-point evalu-
ation mentioned above. All three of these values of t agree within the errors.
For example, in one test, involving ten cooling curves, the average and the
error on the average for the time constants are (22.93 = 0.19) seconds, (23.30
t 0.35) seconds, and (23.38 *+ 0.34) seconds, respectively. Since September 1977,
the uP system has been in operation and is performing satisfactorily.

This automated data écquis;tion system has many advantages over the manual
one. Acquiring about 16 cooling curves from an experimental unit using the’
manual data acquisition system used to tie up five to eight hours of operator'ﬁ
time. Tr: automated system reduces the. amount of operator time needed to lesé
than an hoﬁr. Furthermore, automated'operation ﬁas increased the reliability
and quality of the data because it has essentially eliminated human error (paf;

ticularly the errors related to repetitious operations).

i
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Figure 2.2 NA3 and NAG6 experiments on the
research vessel Noi'i moored in Pacific waters at
Keahole Point, Hawaii.
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2.3 Cross-sectional view of the heat transfer monitor i 1 P e
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Figure 2.6 Divers mounting experimental units to

submerged buoy.
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QF DATA FOR NAS ENPERIMENT

Nominal Flow Velocity: 3.0 fi/sec
Material: Aluminum [6061-T6)

Starting Time: July 53, 1976
Data Normali:zed to TQ°F, 3 ft/sec

Time ‘ <h> a<(%&>=Rf tf
he & 2 UF =
(Weeks) {-—Rﬂf——\ {——g;u—-) x 10° {um)
\ hr fe- °F) \

0 627.2 £ 8.0 0.0 £ 2.8 0.0 £ 3.0
4.0 608.8 £ 7.3 4.9 £ 2.8 5.2 £ 3.0
7.0 551.6 £ 4.5 21.9 = 2.4 23.4 £ 2.6
9.1 478.8 £ 3.3 49.3 = 2.4 52.8 £ 2.6

10.1 435.4 £ 3.7 70.2 £ 2.8 74.9 £ 3.0

The errurs guoted on <hv are on the mean and based on the reproducibility
of the measurement.
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SUMMARY OF DATA FOR BA3 EXPERIMENT

Nominal Flow Velocity: 3.0 ftr/sec

Material: Aluminum (6061-T6)

Starting Time: February 14 1977
Data Normalized to TOOF, 5 ftr/sec
Time <h> | a<l/h> = R, s
(Weeks) B (hrfr PR g4 wm)
hr £t- OF \ BTU
0.3 630 = 7 (3) 0.0 £ 2.1 0.0 =z 2.2
1,3 671 ¢ T (1) 2.0 =2 2.1 2= 2
1.9 675 = 7 (4) 1.6 = 2.1 1.7 £ 2.2
3.3 661 = 7 (1) 412 2.1 3.4 2.2
4.3 670 = 7 (3) 2.3+ 2.1 2.5+ 2.2
5.3 662 = 7 (1) 3.9+ 2.1 4.2+ 2.2
6.3 654 = 7 (2) 5.8 2.1 6.2+ 2.2
7.3 629 + 6 (3) 12.0 2.2 12.8+ 2.3
8.5 584 = 6 (2) 24,2+ 2.3 25.8+ 2.5
9.3 559 + 6 (1) 31.9 = 2.3 341+ 2.5
10.3 548 = 5 (4) 35.6= 2.3 38.0 = 2.5
11.3 538 £ 3 (2) 39.0: 2.4 1.6 = 2.6
12.6 578 + 6 (2) 25,92 2.3 277 = 2.5
L3.6 323 £ 5 (1) 45,0 2.4 28.0= 2.6
14.3 478 + 5 (4) 63,0+ 2.6 7.3+ 2.8.
16.1 432 £ 4 (2) 84,72 2.7 90.4 = 2.9
(pefore cleaning)
16.3 522 = 18 14.6% 6.6 4762 7.0
(after 1 pass)
16.3 366 = 8 29.8: 2.7 51.8 » 2.9
(after 11 passes)
16.7 553 = 6 (2) 33,0 2.3 36.3: 2.5
18.3 427 = 4 (1) §7.0: 2.7 92.9= 2.9
19.3 406 = 4 (2) 99.0= 2.9 105.7 = 3.1
20.3 368 = 4 (1) 125,02 3.1 133.4 = 3.3

* The errors quoted on <h> are on The me2an, The values civen in <he parenctheses
. . > .

PS
are based on the reproducibility of +he measurement. The other 2rror is an
assigned wvalue of 1% and due to the Fact that our Xnowledge of flow velocity
is limited. Errors on R. and . are computad based on the 1% assigned =rror
on i. B >
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TABLE Z.4

SUMMARY OF DATA . FOR BAS6 EXPERIMENT

Nominal Flow Velocity: . 6.0 fz/sec

Material: Aluminum (6061-T6)

Starting Time: Februgry-lB, 1977
Data Normalized to 70°F, o ft/sec

Tine <h>* - ... A i4<l/h> = R

*

£ s
(Weeks) BTQ S hr ft: °F x 105 (2m)
hr £t~ °F BTU -
0.4 1155+ 12 (2) 0.0 1,3 0.0 21.4
1.4 1129 = 11 (1) 2.0 £ 1.3 2.1 £+ 1.4
3.1 1115 = 11 (1) 5.1 £ 1.3 3.3 £ 1.4
3.4 1120 = 11 (1) 2,7 £ 1.3 2.9 = 1.4
4.6 1116 = 11 (2) 3.0 1.3 3.2 £ 1.4
5.4 1075 = 11 (3) 6.6 *+ 1.3 7.0 £ 1.4
6.4 1041 £ 10 (1) 9.5 + 1.3 10.1 = 1.4
7.4 975 + 10 (1) 16.0 £ 1.3 17.1 = 1.4
8.4 891 £ 9 (2) 25.6 £ 1.4 27.3 £ 1.5
‘9.4 858 + 9 (3) 30.0 £ 1.5 32,0 £ 1.6
10.4 797 £ 8 (3) 38.9 £ 1.6 41.5 £ 1.7
11.4 726 £ 7 (4) 51.2 = 1.7 54.7 + 1.8
12.7 758 £ 8 (5) 45.4 + 1.6 48,5 + 1.7
13.7 673 £ 7 (2) 61.9 = 1.7 66.1 = 1.8
14.4 741 = 7 (2) 48.4 = 1.6 51.7 = 1.7
16.1 858 £ 9 (2) . 30.0 £ 1.4 32.0 £ 1.5
16.3 896 = 9 (1) 25,0 * 1.4 26,7 £ 1.5
(before ¢leaning)
16.3 - 1192 = 22 -2.7 £ 1.2 -2.9 2 1.3
(after 1 pass) .
16.3 1276 = 13 (4) -8.2 £ 1.2 -8.9 = 1.5
(after & passes)
16.4 1265 £ 13 () -7.4 £ 1.2 -7.9=21.3
18:3 1019 : 10 (6) 11.5 = 1.3 12.3 = 1.4
12.4 912 = 9 (3) 21.9 = 1.4 23.4 2 1.5
20.% 803 = 8 (1) 37.9 £ 1.5 40.5 = 1.6
* The 2rrors quoted on <h>are on the mean. The vaiues given in the péren:heses
are based on the reoroducibility of the measurement. The other =2rTor is zn

assigned vaiuve of 1%

t h.

(ST o
jov ]

and due to the fact that cur knowiedge of flow velocizy

-

€ limited. ErTors on R. and t. are computed based on the 1% assigned srror
£ .



TABLE 2.7

SMBMARY OF DATA FOR BT6 EXPERIMENT

. Nominal Flow Velocityv: 0.0 It/sed
Material: Titanium (Grade 2)

Starting Time: February 12, 1977
Data Nocrmalized to TO0°F, & ft/sec

Time <h> s<1/h> = Re ts
(Wesks) AT _ Vo (m— Fr” “F) . Ll
e R

0.6 1132 = 11 (2) 0.0 £ 1.3 0.0 = 1.4
1.6 1117 + 11 (4) 1.2 £ 1.3 1.3 1.4
3.3 1070 = 11 (2) 5.2 1.3 5.6 £ 1.4
3.6 1076 = 11 (3) 4.6 = 1.3 4.9 = 1.4
4.7 1062 + 11 (1) _ 5.9 1.3 6.5+ 1.4
5.6 1026 = 10 (2) 9.2 £ 1.3 9.8 = 1.4
6.6 980 = 10 (1) 13.7 = 1.3 14.6 = 1.4
7.6 925 = 9 (2) 19.8 = 1.4 .12 1.5
8.6 839 = 9 (1) 28.1 = 1.5 30.0 = 1.6
9.6 820 = 8 (1) 335.6 £ 1.5 35.9 = 1.6
10.6 7T3 = 8 (2) 4z 1.6 44.2 £ 1.7

*# The errors quoted are on the mean. The values given in the parentheses are
based on the reproducibility of the measurement. The other error is an assigned
value of 1% due to the limits on our knowledge of flow velocity. Errors on RE

and t. are computed based on the 1% assigned error on h.
-~



TABLE 2.6
LOG OF PUMP STOPPAGES FOR-NA3 EXPERIMENT
Date Time Length of Time-
1976 {Weeks) Pumping was Stopped Reason
July 13 3 63 min. oil change
July 15 3 1-30 min. extension cord to pump disconnected
July 13 ‘ 7 18 min. generator off
July 20 1.0 43 min, 01l change-generator
July 24 1.6 90 min,. . generator repairs
July 25 1.7 30 min. ' . generator repairs
July 30 2.4 3 hr. tank replaced; exhaust line
© wrapped
Aug. 1 2.7 20 min, out of fuel
Aug. 2 2.9 30 min. replace leaking tank
Aug. 13 4.4 60 min. eil and filter change-generator
Aug. 27 6.4 70 min. 0il check-generator
Sept. 2 7.3 60 min. 0il change-generator
Sept. 13 8.9 ? breaker tripped
Sept. 22 10.1 <40 min. generator tripped out
Sept. 27 10.9 ? oil change



Date
1876

Sept.

Sept.

Sept.
Sept.

Seot.

[ 3]
~1

[§9]

w

"~

~1

Time
(Weeks)

)

TABLE 2.7

Length of Time
Pumping was Stopped
70 min,

U min.

60 min.

<40 min.

<20 min.

U

LOG OF PWUMP STOPPAGES FOR NA6 EXPERIMENT

Reason

oil check-generator; necessary
tv reprime pump

flow valyve left clnsed
oil chénge-generator

breaker tripped; necessary to
reprime pump
L4

lost prime during FMI reading

generator tripped out; neces-
sary to reprime pump

lost prime when taking inflow
samples

0il change
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3. ST. CROIX COPERATION

In the summer or 1977, hinfanling studies were carricd out on vuard 4 U.S.
Navy Research and Development barge moored in about 12,000 feet of water, roughly

seven miles north of the coast of St. Croix in the U.S. Virgin Islands (Fig. 3.1

a5

7.
The water here was characteristic of tropical water in the mixed laver. Unlike
aear Neanole Point, the St. Croix site was biologically typical of the open ocean.
Water samples collected during the experiments showed bacterial populations below
10 cells/mll, much less than at Keahole Point.

The 8t. Croix operation was a collaborative effort among Carnegie-Mellon
University, the University of Miami and Tracor Marine. Our group was responsible
for the heat transfer measurements. Tracor Marine operated the barge for the U.S.
Navy and provided the general field facilities and support. The University of
Miami conducted the corrosion studiesz, m}crobiological studies3 and water charac-

. . 3 . . . '
terization measurements . In this section, we will report on the thermal measure-

ments.

5.1, Experimental Data. Heat transfer measurements were taken from two heat ex-

changer pipes, each of Al 6061-T6 (1 inch inner diameter, sch 40). Fig. 3.2 shows
the experiments in progress with the two ecxperimental units in their protective
housings and mounted on the barge. Water was pumped to the units through flexible
plastic tubing from a depth of 40 feet at nominal velocities of 3 ft/seg for one
experiment and 6 ft/sec for the other. The pumps were located on the downstream
side of the heat exchanger pipes. Before installation, the-interior surface of
each Al pipe was prepared by treating ;t with a 10% solution of NaOH at ambient
temperature and then thoroughlyv rinsing the surface. It may be noted that this

was a different method of surface preparation compared to those used in Hawaii.

-

his method of surface preparation is believed to remove the heat treated oxide

2

laver from the neat exchanger pipe surface and to enable the formation of a

<

C e - . . o 4
uniZorm oxide laver under controliled conditions .
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.Water temperature at the site during the 10-week experimental period was
between 2SC and 28.6C as shown in Filg. 3.5. Short-term temperature rliuctua-
tions (rms deviation) were of the order of 0.01C. The fiow through eachi of the
heat exchanger pipes was continuous during the 10-week experimental period. It
was adjusted once, as shown in Fig. 3.4, which shows the flow velocity through-
out the 10-week experimental period. Sﬁort-term velocity fluctuaﬁions were of
the order of 0.2 ft/sec and 0.3 ft/sec for nominal flow .of 3 ff[sec and 6 ft/sec,
respectively. The short-term velocity variations experienced in these experi-
ments were higher than those in the sub-surface buoy experimenﬁs at Hawaii (typ-
ically 0.01 ft/sec for a nominal flow of 6 ft/sec).

As in Hawaii, 16 heat transfer rate measurements were taken for each experi-
mental unit about once a week. -The values of h were then normalized to. 70°F and
to the aépropridte nominal flow velocity. Table 3.1 summarizes h and Rf values
for the 6 ft/sec aluminum pipe and Table 5.2 for the 3 ft/sec pipe. As seen from

Tables 3.1 and 3.2, the precision of measurement of h is within 1%. The Rf data

as a function of time are presented in a graphical form in Fig. 3.5.

3.2. Hardware. The heat transfer devices used in the St. Croix operation were

similar to those employed in Hawaii. However, certain new features weTe incor-
porated to improve the modularity of the'equipment and the quality of signals from
them. Each pipe housing was fitted with a “pipe electronics" unit which contains
pre;amplifiers ;nd power supplies in order to bring the low level signals from
the thermopile, flow meter and thermistor to the 0-10 V level before transmission.
Once the heat transfer experimental unit is assembled and put into operation,
one has no access to the piﬁe electronics without interrupting the experiment.
Therefore, high reliabilitv was a major dgsign criterion.
Another feature was the improved data acguisition svstem. It is very simi-

lar to the manual data acquisition system discussed in Sec. 2.2.2. Design details
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ur

of both the pipe electronics and the data acquisition system are given in =z

a

3
separate report’ .

'

The svstem performed satisfactorily during the entire experimental period.
No flow stoppages occurred during the experiments at St. Croix and no problems
arose with the flow meters. Upon disassembly the units were found to be free

of macrofoulers. Presumably the constant flow prevented macrofoulers Zrom

attaching, as happened during the Buoy Series I experiments, where flow stop-

pages did.eccur.



_TEST SITE
o

ST. CROIX

CARIBBEAN SEA

3.1 lecation of the test site for the St. Croix operation

oc




Figure 3.2 SA3 and SA6 biofouling
experiments on board a U.S. Navy
barge.
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TABLE 3.1

SUMMARY. OF DATA QR SA6 EXPERIMENT

Nominal Flow Velocity: 6.0 ft/sec.
Material: Aluminum (6061-T6)

Starting Time: July 19, 1977
Data Normalized to 70°F, 6 ft/sec.

Time <h>* ' ﬁ<£/h> =z Rf ts
O I (e £4# ?E) 105 )
(Weeks) \hr £2° OF) \ 510 ;
0.0 1178 + 6 0.0 = 0.7 0.0 + 0.7
0.7 1122 =3 4.2 + 0.6 4.5 = 0.6
1.6 110729 5.5 % 0.8 5.9 £ 0.9
2.4 1080 + 6 6.9 = 0.7 7.4 + 0.7
4.1 1106 = 15 5.6 + 1.3 6.0 + 1.4
5.0 1086 + 11 7.2 £ 1.0 7.7 £ 1.1
3.9 1036 * 6 11.6 £ 0.7 12.4 = 0.7
5.7 1003 * & 14.8 = 0.6 15.8 * 0.6
7.9 958 = 4 19.5 * 0.6 20.8 £ 0.6
8.9 921 = 4 23.7 £ 0.7 25.3 £ 0.7
0.9 871 = 3 30.0 = 0.6 32,0 £ 0.6

Errors quoted on h are on the mean and based on the repeatabhility of the
measurement. EXrors on R. and t, are computed from these errors on h.
+ i ' .



TABLE 3.2

SUMMARY OF DATA FOR SA5 EXPERIMENT

Nominal Flow Velocity: 3.0 ft/sec.
Material:  Aluminum (6061-T6)

Starting Time: July 19, 1977
Data Normalized to 70°F, 3 ft/sec.

Time <h>* é<£/h> = Rg T,

| ~( Brg _ ) _ (hr g;& OF) 105 )
{Weeks) hr £t~ °F \

0.1 643 = 2 0.0 = 0.8 0.0 = 0.9
0.9 622 = 3 5.4 % 1.0 5.8 % 1.1
1.7 615 * 4 7.1% 1.2 7.6 2 1.3
3.6 571 % 2 19.6 £ 1.0 20.9 £ 1.1
4.3 569 + 3 20.5 * 1.2 21.7 + 1.3
5.1 556 = 3 24.3 % 0.8 25.9 % 0.9
6.0 551 = 1 26.0 % 0.8 27.8 £ 0.9
6.9 ©os31x1 32.9 £ 0.6 35.1 = 0.6
7.9 498 = 1 45.2 * 0.6 48.3 % 0.6
9.0 498 = S 45.5 * 2.1 48.6 % 2.2
10.0 487 = 4 49.7 £ 1.7 55.1 = 1.8

* Errors quoted on h are on the mean and based on the repeatability of the
measurement. Errors on Rf and t. are computed from these errors on h.
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4. CORROCSION STUDIE

In late 1977, we conducted some me2tallurgical measurements on heat. ex-
cnanger pipe samples from the Noi'i, Suoy'Series I, and St. Croixvexperiments.

Some or the objectives of th;s study were to understand the nature of the
"rouling film"; its composition, its origin and the grain boundary structure
at the inferface of the "fouling film" and the heat exchanger pipe. Two dif-
ferent materials, Al 6061-T6 and Ti (Grade 2), were studied. Metallurgical
techniques employved were metallography and the associated optical microscopy,
scanning electron microscopy (SEM) and the'associated electron excited x-ray
energy analysis (E/EDAX), x-ray diffraction (XRD) and secondary ion mass spec-
troscopy (SIMS).

A A more detailed feport covering this investigation appears as Appendix B.

In this section, we present a brief overview.

4.1. Samples. Samples from seven field experiments were studied. Six of the’
samples were Al 6061-T6 and one was Ti (Grade 2). There was one Al samblé from
each of the followihg experiments: NA3, NA6, BA3, BA6, SA3, and SA6. The Ti
sample was from the BT6 experiment. It was not investigated in as much detail
as the Al samples. At the conclusion of the experiments mentioned above, the
héat exchanger pipes were drained and allowed to dry in the air. Samples were

sectioned from the pipes and preserved in plastic bags until studied.

3 2
*. 3

. Fouling Film Thickness. For metallographic examination, approximately

0.25 in long sections of the heat exchanger piPe saﬁples were cut. An approxi-
mately 4002 thick film of Au - 10% Pd alloy was deposited by vacuum deposition
cn these ring-shaped sections of pipe. This was followed By electrodeposition
of -20 um of Ni. These sections were then ground, polished and optically exam-

ined under a stereo microscove. The thickness of the "fouling film" was neasure

both under the microscope and from the photographic reccrd. For each sample,

approximately I35 readings were taken around the ring .and averaged. Table 4.1
L
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the thermal measurements. The optical
measurements are in rough agreement with the thermal measurements in most cases.
However, Craig et al. reported a fouling film thickness of 1 to 6 um for their
analysis of St. Croix samples1 using a weight loss technique. This differs
seriously with our thickness measurements and points to the need to identify
satisfactory techniques for such investigation. Further, there is an unresolved
issue of relating dry-film thickness (obtained by metallurgical techniques) to

that of wet-film (the thickness that actually exists during thermal measurements).

*

4.5. Nature of Fouling Film. Since it is anticipated that corrosion of the

metal surface will be related to its grain structure, all samples were treated
with an etchant to develop the grain boundary structure. Subsequently, thev

were examined optically. Although all the Al samples meet the standard specifi-
cations for 6061-T6 pipe, there were considerable variations in their response

to the etchant, in the distribution and the size of grains and in the impurity in-
clusions. It was felt that such large variations are more closelv related to the
variations in the manufacturing procedures of Al 6061-T6 pipes than to any differ-
ences in their corrosion history.

The deposit material was studied using SEM over 4 wide range of magnifica-
tions. The "fouling film" exhibited typic¢ally a cracked, loosely adherent struc-
ture. Figures 4.1 and 4.2 show the typical matrix structure at two different
magnifications. Biological materials such as diatoms, mollusk shells and
stringy amorphous material seem to be anchored onto the matrix coating. Fig-
ures 4.3 and 4.4 show such bio-mass attachment.

As the samples were examined under SEM, the deposit material was analv-ed

5y E/EDAX. Elements from Na and above on the pericdic table were identi

(&N

ied

by this technique and thei

H

relative sirengths were determined semi-guantitativeiy -

All Al samples shew that the ''fouling film' has a high Al contant, strongly
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indicating that the film may have a chemical, rather than biological, origin.

However, there is evidence to support the alternative view that the "fouling
f£ilm" is biological in origin. This is discussed in Section 7.3.

In an attempt to identify the chemical constituents of the "fouling layer,"
some of the samples were subjected to SIMS. Also, some deposit material was
carefully scraped off the pipe surrfaces and analyzed by XRD using a Debve-
Scherrer camera. The XRD work revealed a low degree of crystallinity for the
material. The results of EDAX, SIMS and XRD, taken together, indicate that for

the Al samples, the average deposit has Al and Ca as major components, Mg and

organic material as minor components, and Si, Na and Cl as trace elements.

4.4. Recommendations. This investigation suggests some improvements needed in

biofouling experiments and some features one would like to include in similar

metallurgical investigations in the future.

: There is a great need to select allovs of Al that have better material
control during the manufacturing process in terms of their resistance
to corrosion.

: One would like to include within the realm of biofouling research a
method to estimate the rate of metal loss in the heat exchanger pipes
due to corrosion and erosion. It may be necessary to maintain control
cross-sections cut from the heat exchanger pipe prior to the beginning
of thermal measurements.

d Post-experimental techniques for measuring the thickness of the dry
film need to be reviewed and correct techniques identified.

The relation of dry-film thickness to wet-film thickness has to be
resolved.

: An effort to assess the maximum rate of etch pit penetration must be

instituted.
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Fiqgure 4.1 Typical Al 6061-T6 heat exchanger Figure 4.2 Fouled heat exchanger pipe

pipe surface under SEM at a magnification surface under SEM at a magnification of
of 100. The sample is from NA6 experiment. 1000. The sample is from NA6 experiment.



Figure 4.3 Biological material attached
to the fouled heat exchanger surface.
SEM picture of a sample from BA3
experiment at a magnification of 100.

Figure 4.4 Biological material attached

o the fouled heat exchanger pipe
surface. SEM picture of a sample from
BA3 experiment at a magnification of
3000.

Sifs
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TABLE 4.1

COMPARISON OF MICROGRAPH AND THERMAL MEASUREMENT
OF FOULING LAYER THICKNESS: AL 6€761-T6 SAMPLES

Experiment Film Thickness Film Thickness
(Micrograph) (Thermal)
um* WMEY
NA3 10 - 15 75
NAS 30 - 35 27
BA3 36 - 5B 133
BA6 35 g 41
SA3 15 - 20 53
SA6 35 - 40 32

* Samples dried before examination

* e

Calculated from final value of R_ assuming that the thermal conductivity
of fouling film is same as that of water.

+ Sample handling after removal from buoy may have removed significant
amounts of fouling material.
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5. DATA ANALYSIS
The thermal resistance of the fouling film is determined at anyv time by
measuring the heat transfer coefficient (h) and comparing with h at the begin-
ning of the experimental period (ho). The thermal resistance is then computed

as R, = 1/h - l/ho. In this section, we will discuss data-taking and analysis.

5.1. Taking Data. At the beginning of the experiment, the heat transfer co-

efficient to the flowing sea water is determined at various velocities, usually
in the range of 2 ft/sec to 10 ft/sec. These data are used to construct the
Wilson plot (1/h vs. v"s) for the experimental unit. This helps to assure

the integrity of the experimental unit, and it also vields a value for the

heat transfer coefficient at time t = Ox(ho)‘

After the flow has begun through the heat exchanger pipe, the normal pro-
cedure for taking heat transfer data proceeds in the following manner. Heater
power is applied to heat the heater blocks (Fig. 2.3) for a period of about
ten tﬁermal time constants of the system. This raises the temperature of the
coppef cylinder to its asymptotic value (~1°C above the temperature of the
flowing water). The heater power is then turned off. The output of the thermo-
pile, thermistor and the flow meter are then recorded as functions of time for
about ten time constants. This time record of the heat decay is defined as a
cooling curve. During this time, almost all of thé heat stored in the heater
cvlinder is removed through the inside surface of the heat exchanger pipe to
the flowing water, and the output of the thermopile reaches its asymptotic
value. .This procgdure is repéated a number of times (usually 16) in succession
‘on ihe same day, to increase the precision of the result. This forms the core
of the biofouling data. The analyvsis orocedures used to determine the time
constant from the cooling curve, the heat transier coefficient from the time
constant and the thermal résistance from the heat transfer data are oresented

next.
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2.2. Analvzing Data. Processing the heat transier data proceeds through

many stages. Evén before the experiment is started, the relationship that
converts the time constant, T, to the heat transfer coefficient, h, is devel-~
oped for an experimental unit. This is accomplished by the program HTAUl.
The input to this program is of two kinds: the geometric details (such a§

the i.d. of the heat exchanger pipe, the o.d. of the heat exchanger pipe at
the location where the heater cvlinders are clamped, and the o.d. of the
heacer‘cylinders) and the physical properties (such as heat capacity, thermal
conductivity and density) of the heat exchanger pipe ané the heater cylinder.
The output of this program is the functional relationship between T and h
for that particular experimental unit, assuming a single path for heat flow
(namely from the inside suriace of the heat exchanger pipe to the flowing
water). This program needs to be run only once for an experimental unit and
is done before any cooling curves are anal&zed,

v

Extracting a time constant from the cooling curve is done next. Here

we use two distinct procedures: a two-parameter tit and a threeé-paramétér

rt

it. The program package, HTCOEF, uses the two-parameter fit.
In the absence of any fluctuations in the temperature of the flowing

water, the output of the thermopile during thermal decay has the exponential

SLructile,

VTC(t) = E\7TC(t=0) - VTC(f_-=m)] e_v;p(.t,/r) -+ VTC(::.-—.w), (5.1)

Where,vrc(t=0) and fo t==) are the output voltages of the thermopile at the

beginning of heat decay and in the asvmpototic region, respectivelv. Thus

Eq. 5.1 has three unknown parameters, VTC(E=0)’ VTC(:=m) and t. In the two-

-parameter £it, the parameter V,C(t=w) is determined experimentally bv aver-
4

aging c¢he output of the thermopile in the asymptotic regiom leaving V_ . (:-0)

E33°4 .‘..C ~

anc T &S unknown parameters to be determined from the cooling curve. Thus,
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Zranting VTC[t=w) to be a3 known parameter, Zq. 5.1 can be rewritten as,

in [V (2) - V_(t==)] = 3n [V t=0) -V t==)] - t/7, 5.2
Equation 5.2 has the structure of a linear equation, and a simple linear re-
gression of the heat decay data (suitably weighted) vields the desired parame-
ter T.

However, the experimental determination of V,.(t==) could be in error
Ps

C
for the following two reasons. Fluctuations in the temperature of the flow-
ing water before and during the asymptotic regidh would introduce uncertain-
ties in the VTC(t==) as seen in Fig. 5.3. .A cooling curve that was terminated
early would -also yield an unreliable estimate of VTC(t=w). Situations like
these can be handled with the three-parameter fit in which all three parame-
ters, VTC(t=O), VTc(c=w) and 1, are treated as unknowns. The heat decay da;;ﬁ
are analyzed by a rultiparameter minimization procedure, and this is accom-

plished by the program package PETITE.

The quantity x2 is defined as follows:

5 n _ expt. fit  , .
- 4 - - -
x = § [\Tc(t) VTC(t)]i (5.3)

expt » fit ‘ e :
where V*C(t) and VTC(t) are the experimental and fitted values of the thermo-

: 2
pile voltage, and n is the number of experimental points. The function ¥~ is
. 2
considered as a continuous function of the three unknown parameters. This x
space is searched to find a minimum. The search procedure is initiated by
supplying initial guess values for each of the unknown parameters. In practice
the results obtained from the previously described 2-parameter £fit are used
as the starting values. The program package first uses the efficient 'Gradient
2 e . . .2, . . .
Search téchnique until a minimum of x~ is approached. Then it switches over
. . 5
‘to the 'Grid Search'™ technique until ¥° is minimized to the required accuracy.
In cur routine data reduction, the cooling curves are processed by the
2]

2 parameter and the 3 parameter proceduras successivelv and the results are

checked one against the other.
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The extracted time constant : i1s then converted to a heat transfer coe

s

cient using the <-h relationship for that experimental unit derived by HTAU.
Then this value of h is corrected for heat losses to the air and up and down

the walls of the heat exchanger pipe. The corrected value of h is normali-ed

to a nominal temperature (70°F) and the nominal flow velocity. This is repeated
for all the cooling curves for that &ay and the results are stored. The mean
and the error on the mean for various experimentally measured quantities like

h, 1" and V are computed. Next, based on prescribed criteria, the results of
individual cooling curves aré acceptgd or rejected. The acceptance criieria
are discussed below. The mean and the error on the mean for the quantities h,

T and V are once again computed using only the accepted:-cooling curves.

5.53. Acceptance Criteria. We expect (and have observed in the laboratory)

that such cooling curves will be precisely exponential in the absence of vari-
ation in ambient conditiops. However, if water temperature or flow velocity
should vary rapidly enough, deviations from exponential behavior will occur,
and will affect the measured values of h, and thus of Rf. We have found that
variation variations of veldéity, of the magnitude experienced in the field,
have little effect. Water temperature fluctuations, however, are more of a
problem.

The thermal time constants of the reference and heater cylinders are de-
signed to be approximately the same (differences in their construction details
and variations in their assembly procedures introduce small differences).
Perfect equality of the two time constants would yield the desirable feature
of immunity of the thermopile oGtput to the temperature fluctuations in the
flowing water. This-makes the thermopile ocutput obey a pure exponential func-
tion during the thermal decay. However, if the reference and heater c¢vlinders
are not precisely tuned, changes in the temperature of the flowing sea water

cause changes in thé thermopile output. The relationsnip between these changes
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and the fluctuations_in the water temparature are complicated. Tﬁis eifect is
illustrated in TFig. S.l.for one of the cooling curves collected duriqg the Noi
operation. Figure 2 sths the output'of the thermistor and the thermopile for
a cooling curve taken during the St. Croix operation. Here, the output of the
thermopile, in spite of large fluctuations in the thermistor voltage, is relé-
tively steady. In this case, the two cylinders are tuned well. The ratio of
the time constants for the heater and reference cvlinders is TH/TR = 0.97.
Fig. 5.3 shows similar data taken using one of our devices at Keahole Pointc,
during the Buoy Series I operation. As the figure shows, the output of the
thermopile is more sensitive to water temperature fluctuations. The ratio of
the two timg constants in this case is TH/Tn = 1,42, .

Methods of determining the extent of detuning and procedures for tuning :
the device have been discussed in greater detail in the design d&cument3.

Sincg not all test units are perfectly tunéd, it is desirable to defiﬂe
an objective set of criteria which will discriminate against data which are
seriously influenced by water temperature fluctuations. We expect that the
"goodness of fit'" of the fitted exponential cur&e to the exper;mental data
points will be sensitive to this problem. To fiﬁd out, we compute, for each
cooling cutve,.the FITRMS as a measure of the goodness of fit. 1Its defini-
tion is

FITRMS = (1/nxD)Y/2, (5.

where xz is defined in Eq; S.3. The FITRMS for a tvpical data set are tabu-
lated in Table 5.3 and plotted in Fig. 5.5. Ffrom Fig. 5.5 it is rather clear
that there is a well defined grouping with FITRMé just less than 1 @V, and
that the point at 4.2 mV should be rejected; It is not clear, however, pre-
ciselv wnere toc draw the line, i.e., should some or all c¢f the poinzs Detween
1 and 2 aV bé rejected?

The situation is clarified considerablv if we look at a second par;metar.

Define V_(fit) to be the fitted value, and V_(meas) to be the zeasured value



of the thermocouple output in the asvmptotic region (the second asvmptotic
window of Fig. 2.14). Then let

AV = Vw(meas) - Vc(fit). | (5.5)
We expect 4V _ also to be affected by water temperature variations in a de-
tuned svstem. . The values of av a¥e also tabulated in Table 5.3 and'plotted
in Fig. 5.6 for the same data set.

Azain we eee a_clueteting af av_ = 0, but we do not see clear cut-off
points in Fig. 5.6 where acceptance criteria might be set. However, a two-
dimensional scatter plot‘of aV_ vs. FITRMS for the'individual_points of Table
5.3 shows a clearer separation. This scatter plot, shown in Fig. 5.4, shows
a well defiﬁed cluster of six points at the lower left, and four points which ,
are, to varying degrees, affected by water temperature variations. This plot
shows that, for this particular unit, data points should be accepted if
(approximately) -25<4AV_<10, and FITRMS<1.3.

It should be noted that suitéble two-dimensional acceptance criteria on
4V _and FITRMS will be different for different units because of differeﬂces
in degrees of detuning. Therefore, wnen a new experiment is started, a scatter
plot like that of Fig. 5.4 should be made for each unit being used (but using
more data; perhaps 32 to 64 points). Scrutiny of this scatter plot will allow
reasonable limits to be set. Furthermore, observation of the scatter plots
early in the experiment will.be useful for detecting major problems in the
apparatus or procedures. That is, if the acceptable group Sf points is very
much more spreadlout than those of Fig. 5.4, or if they do not cluster arﬁund
the point (1, 0), it is a sign that something.is seriously wrong.

We point out that most of the data presented in this report were not
subjected to the criteria described above because the analvsis was not done
until after a large amount of data had been analvzed. Fof these data, Chauv-

net's criterion was used. This criterion is that if one is averaging ¥ data
- =2
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points, one should reject those whose probability of occurrence is less than
1/2N.  Since we took, typically, 16 points per day, this corresponds o a

3% probability of occurrence which is equivalent to rejecting those further
than two standard deviations from the mean. (It-is the 25 cut which was
actually applied.) The effects of applving this cut are shown in Tables

5.1 and 5.2 for the Buoy I and the St. Croix experiments, respectively.

5.4. Errors. The random error on a typical day's measurement of h (average
65 16 measurements) are éxpected to be less fhan 1%, as indicated in Tables
5.1 and 5.2. We expect even more precision if the acceptance criteria of

Sec. 5.3 are used or if the units are precisely tuned. The limitations on
-the accuracy of the results (h) are due to the systematic errors. We believe
the most serious svstematic error to be due to the calibration of the flow-
meters). Other systematic errors should be well below this. In all cases,
therefore, where the random error is less than 1% (almost always) we assign

an error of 1% to each.measured value of h due.to the flowmeter systematics.
Clearly, there is no point in taking more than 16 cooling curves per day since
doing so would only reduce the random error (which-is already small) and would

have no effect on the svstematic error (which dominates).
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TABLE 5.1
DATA ON TIE PERFORMANCE OF THE INTERIM CRITERION
FOR ACCZPTING A COOLING CURVE: 316 EXPERIMENT
KEAHOLE POINT,BUOY SERIES I

Al 6061-T6 V = 6ft/sec.

Date Total Humber Nufiber of /“<h?: . ﬁh>* o
of CCU's COl's accepted for all (N's for azcepied CLU'S
Mar 8 '77 16 15 | 1119.0 £ 1.3 1118.53 £ 1.0
Mar 16 '77 16 15 1118.4 + 3.3 1116,5 + 2.2
Mar 22 '77 .16 15 1070.9 = 4.1 1073.3 = 3.1
Mar 29 '77 15 14 ©1031.8 £ 9.8 1040.6 = 1.3
Apr 5 '77 14 12 974.8 £ 1.4 974.9 £ 0.9

* The acceptance ériterion has been to accept a value of h if 1t does not

differ from the mean by more than 2¢.



Date

July 19 '77
July 24 '77
July 30 '77
Aug 5 '77

Aug 23 '77

*

TABLE 5.2

DATA ON THE PERFORMANCE OF THE INTERIM CRITERION

FOR ACCEPTING A COOLING CURVE: SA6 EXPERIMENT
ST. CROIX, U.S. VIRGIN ISLANDS

Al 6061-T6 V = 6ft/sec,

*

Total Number Number of <h> <h>
of CCU's CCU's accepted for all CCU's for accepted CCU's .
14 ’ 14 1177.7 + 6.5 C1177.7 £ 6.5
13 l 12 1117.6 = 6.0 1121.8 £ 4.6
14 14 1107.0 = 8.7 1107.0 = 8.7
14 13 1095.3 + 8.2 1089.7 * 6.5
£ 10.8

9 9 1085.5 £ 10.8 -1085.5

The acceptance -criterion has been to accept a value of h if it does not

differ from the mean by more than 2c.
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TABLE 5.3

aV_ AXD FITRMS: BA6 EXPERIMENT KEAHOLE POINT, BUOY SERIES I

Al 6061-T6 V = 6 ft./sec.

ccut FITRMS aV_
(V) (mV)

1 0.89 ' - 4.8
2 1.31 | ’ 31.1
3 4.21 108.7
4 0.94 - 4.0
5 | 0.99 -15.8
6 0.92 1.1
7 1.90 - 31.9
8 1.50 232.4
9 | . 0.75 - 8.4

10 0.87 -17.2
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5. CHARACfERISTICS AND PERFORMANCE OF THE HEAT
TRANSFER MONITORING DEVICE
The design document1 prepared during late 1976 discusses in detail the
theory, construction, assembly, and operating pfocedures of the heat trans-
fer monitoring device. This document includes results of many of the exten-
sive laboratory tests and some preliminary tests in the ocean. Thus it is

the primary source on the hardware features and performance characteristics

of the device,

H

~In the last two years, many field experiments have been carried out
using these devices, which has increased our understanding of both the char-
acteristics of the device and the biofouling problem. During this period,
a considerable effort was made to prepare and disseminate information about
this device and fo train other groups such as Pacific Northwest Laboratory
of Battelle, NSRDC of the U.S. Navy, NDBO of NOAA and the Natural Energy Lab
of the University of Hawaii. As new users have come to operate these devices,

there is a need to clarify a few of the characteristics.

6.1. Tuning and Immunity to Temperature Fluctuations. In Section 5.3, we

discussed how the ouﬁput from a detuned heat transfer monitoring device would
be impaired in the presence of temperature fluctuations. Since temperature
fluctuations are prevalent in the ocean, it is natural to ask whether there
are ways to obtain reliable measurements in spite of them. There are three
. ways to handle the problem.

 After assembliné the device, it is relatively easv 'to determine the dif-
ference between the time constants of the two sets of cylinders'(feference
and heater). This procedure has been described in the design documentz.
Once the amount of tuning necessary has been determined, it can be achieved

in one of many wavs. The thermal capacity of the reference cvlinder could

be changed by using rings of copper that could be clamped to. the reference



cvlinder. The thermal resistance of the contact between the pipe andé the
;ylinders could be changed in several ways.. These include preparing the
contact areas of the heat exchanger pipe apd the cylin@ers to different
degrees of smoothness, and using varving amounts of high thermal conductiv-
ity grease between copper cylinders and the heat exchanger pipe. In general,
we do not recommend -these procedures since they are an inconvenience and it
has been demonstrated that the system, when properly assembled, works quite
well as is. NSRDC, in their experiments, have manipulated the torque values

with which the cylinders are clamped to the pipe. We most strongly advise

against this. There is reaéon to believe that differential expansien or
contraction due to long-;erm water temperatuyre variations and/or vibratiéns
can cause unseen changes in the thermal resistance of the comtact between
cylinders and pipe if the c¢ylinders are clamped with a torque less than the
design value. Of course, using much greater than the design-value torce
risks damage to the apparatus. »

Another scheme involves gnalycically handling }he temperature fluctua-
tions in the thermal decay equation. We present the equ;tions below. Let
TH(t), TR(t) and Tw(:) be the temperatures at Lime t of the heater éylinders,
the reference ¢ylinder, and the flowing seawater.. Let 1% and R be the ther-
mal time constants of the heater cylinder set and the reference cylinder

respectively. Then Equations 6.1 and 6.2 describe the time dependent behav-

jior of Tq(t) and TR(c) in the presence of temperature. fluctuations in the

seawater.
St () = <& [Tt - TL(0)] (6.1)
dt H Ty CH W i
d T,(zt i . - A
—d-: R( ) = = ?Q [TR\t) = xw(t)] Lé°-)

Solutions to these Zirst order differential equations can be written zs
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where Tq and TR are the temperatures of the heater cvlinders and the.refer-
. o

ence cylinder at time £=0. Since the output of the thermopile is proportiomnal

to the difference in the temperature between the heater and reference cylinders,

we can write

Voo(t) = K aT(r) + vOLTSet (6.3)
where aT(t) is T, (t) - Tp(t), _
, , . offset |, . - '
K is a constant of proportionality and VTC is the thermopile offset voltaggf

s

For the determination of Tw(t), the thermistor data acquired during thermal
decay is used. The cooling curve data could thus be fitted to Eq. 6.3. This
involves a five parameter fitting procedure. We have not attempted to use

this procedure.

As indicated above, we do not recommend that any turning procedures be -
used as standard practice. Our experience has shown that, because the two
cylinders were designed to be approximately tuned, water temperature fluqtug-
tions are not a serious problem. Sineec typically only a few of ea?h dav's

16 measurements usually need to be rejected, such rejection of bad data is

by far the easiest solution.

6.2. Veloeitvy Fluctuations and Their Effects. In operating the device in

the field, another potential problem was encountered: Iluctuations in the
velocify of flow through the heat exchanger pipe due to wave action in the
ocean. The size of the fluctuations depends both on the roughness of the

sea and the mode of operation of the device (sub-surface or above~suriace,

with or without velocity regulators, etc.). Tor the experiment$ attached to



the buoy (at Keahole Point, Hawaii), the fluctuitions were small, of the order
of 0.2% for the 6 ft/sec cxperiment as§ shown in Fig. 6.1. The experiments oper-
ated on board the ship Noi'i and on board the moored barge had-higher velocit%
fluctuations. They were largest for the St. Croix experiments, of the order

of 5% for the 6 ft/sec experiment and 7% for the 3 ft/sec experiment and are
shown as histogram plots in Fig. 6.2.

It is relevant to ask whether these velocity fluctuations registered by
the flow meter are real and in what way they impair the quality of the heat
tranafér data. The flow meter employed in this investigation employs a target
on the end of an arm whose flexuTé in response to flow velocity is measured
by a strain gauge. Flexure due to inertial forces arising from motion of the
device could cause apparent velocity fluctuations. The measured average veloc-
ity should not be seriously affected.by such an effect. That this is happening
is indicated by two pieces of evidence. Using a large number of cooling curves
collected during buoy experiments and St. Croix exﬁeriments, we carried out a
correlation study. It showed no correlation between the size of the velocity
fluctuations and the deviations in the measured thermal time constants. Thus
the apparent flow fluctuations do not seem to affect the average.

Figure 6.3 features scatter plots of h before and after velocity normaliza-
tion for a set of cooling curves collected on one day on board the bargé ar St.
Croix. As seen, there is a great dispersion (about a factor of 2} in the plot
of i ufrer velocity normalization. This implies that the true flow velocity is

more constant in time than the flow meter indicates.

6.5. Integrity and Durabilitv of the System Hardware. Most mechanical, elec-

trical, and electronics hardware used in the biofouling studies performed sat-
isfac¢torily. There were a few failures due to poor performance of the material

and poor design features. Solutions were developed to handle these failures.



Polyvinyl chloride (PVC) as a material for bduilding ch; housing for the
nheat exchanger pipe unit and for the pump ﬁnit proved to be verv reliable in
all sub~surface experiments. The housings were designed-to work at a submer-
gence depéh of up to 100 feet, but in all buoy experiments theyv were subjected
to only about 50 feet of water.- In above-surface applications, if desired,
the protective housingé.could be built at a lower cost and designed for easier
assembly since pressure requirements are absent.

In the assembly of the protecti&e.housimgs and in the piumbing of the heat
transier measuring device, three different make-and-break seals (neoprene gas-
kets, rubber 'o' rings; and teflon 'o' rings) were used. When these seals were
made with care, they performed very reliably. No one of the seven biofouling
experiments conducted during this period had any problems resulting from these
seals.

Materials, design, and construction of the heéter (to elevate the temper-
ature of the copper block), the thermopile (to monitor the tedperature differ-
ential) and the thermistor (to monitor the temperature of seawater) seem satis-
factory.

In the original design, the reference cylinder also served the function
of clamping the heat exchanger pipe to the top plate of the protective housing
(see Fig. 2.3). Later, a separate cylinder of the same dimensions as the refer-
ence cylinder was installed as a clamp. This helps to improve the tel;ability
of the thermopfle by reducing mechanical handling.

In the Noi'i and Buoy Series I experiments, low level (uV and mV) data
signals were handled. Subsequently, each experimental unit was fitied with
"pipe electronics" to convert all the d;ta signals to the 0~10 V level before
handling. This was put into practice for the St. Croix operation and subse-
quently has been a standard practice. This feature nas made each experimental

unit more modular and improved the noise quality of the data signals.
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During the repecrting period, three data acquisition svstems were con-
structed and operated in.conjunction with the biofouling experiments. Two
of these were manuai. vOne was operated as a back-up system at Keahole Point
and the ochér was operated at St. Croix. The third one was a microprocessor-
based system operated with the Buoy Series II experiments (which began during
December 1977). Each of these svstems performed well.

Joule heating gene;ated in the motor windings of the pump while it is
in continuous operation is removed by tapping part of the seawater from the
‘discharge end of the pump and circulating it through a copper cooling coil
wound around the motor (see Dwg. 403 of Ref. 1). The original selection for
this cooling coil was 1/4 in i.d. and 1/16 in wall copper tube. Erosion/
corrosion in the copper cooling coil caused leaks resulting in two pump
failures in the Buoy Series I experiments, one after 10.6 weeks and another
after 20.3 weeks of operation. Later, design changes were made'to use slightlyv
larger diameter (0.175 in i.d.) copper tube of greater wall thickness (0.100
in.) to reduce the possibility of such failures.

Subsequent to the Buoy Series I experiments, a second series was begun
on the submerged buoy at Keahole Point' in September 1977. }t was very soon
aborted partly due to two pump failures. Both of these pump féilures were
related to poor performance of some of the materials of comnstruction. Inside
the pump housing, both at the inlet and the discharge énd, clear Tvgon tubing
(of 1-1/4 in i.d. x 1/4 in wall) were used in the plumbing. (Refer to Dwe.
D=403 of Ref. 1). 1In one éf the pumps,uthe Tvgeon tubing ruptured, flooding
the pump housing. Figure 6.4 shows this failure as it was fouﬁd on disassembly.
Also, reinforced (i.e., braided) Tvgon tubing (1/2 in i.d. x 3/32 in wall)
was used in the cooling coil loop. The second pump failure occurred due to
failure in this braided Tvgon tubing. In all subsequent work, Aeroquip hoses
(two lavers oI rubber with fiber izmpregnation) replaced both the clear and

reinforced Trgon,tubing. This sclved the problem of hose ruptures.



At Keahole Point, Hawaii, operatorécontrolled,‘"master” beach electronics
and the remote, "slave" buoy electronics are interconnected by a 1,500 It. long
submarine cable. This cable carries power, and control signals to the buov from
the beach, and bring§ data signals from the buov to the beach. During the Buov
Series 1 experimepts, problems of cross-talk arose. Control pulses to step
thé flow meter circuit and step the thermopile circuit are carried as differ-
ential signals in untwisted unshielded pairs. 1In close proximityv to them is
the conductor carryiﬁg ac power to the heater. Transients, generated wnile
the heater is switched on, caused transmission of sharp pulses down the above
mentioned control 1ines. This sometimes resulted in unwanted switching of
the thermopile circuitry and/or the flow meter circuitry. This was solved by
incorporating a .01 uf capacitor after the line receiver, one each for the e
step flow meter circuitry and the step thermopile circuitry. The capacitor
shunted the high frequency noise to the ground.

For each of the biofouling experiments, the flow velocity of seawater
through the. heat exchanger pipe was measured by'a.target-type flow meter
(Mark V) by Ramapo Instrument Co. In the first application of this kind of
flow meter (on board Noi'i), the flow meter body was made of SS 316 while
the flow sensing part, namely target and lever arm, was of 17-PH. This led
to severe galvanic and crevice corrosion underneath the teflon 'o' ring seal
where the lever arm is coupled to the body of the flow meter. Luckily this
didn't cause a water leak in the system. In later work, all SS 316 flow
meters were used to avoid galvanic corrosion. As a further improvement, che
PVC was selected for the body of the flow meter and Hastallov C for the lever
" arm and the flow-sensing target. These changes have made the flow meters
qﬁite durable in seawater applicatioms.

I macrofoulers a;tach to the target or the space around it, thev can .
aiter the calibration constant of the flow meter. The BA® experiment is an

example of this problem. At 11.4 weeks, flow stopped.for a.period of a few



davs. The flow velocity monitored by the flow meter subsequently could not

De interpreted uniguely as shown inm Fig. 6.3. The rflow meter on disassemblvy

is sphown in Tig. 7.6, where we see macrofoulers (barnacles) attached to the

Zlow meter body. There is no evidence in all our work for the attachment

and growth of macrofoulers as long as flow is maintained without long inter-

ruptions.
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Figure 6.4 Pump failure due to failure of the
clear Tygon tubing in the plumbing. Subsequently
Tygon tubing has been replaced by Aeroquip
hoses.
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7. DISCUSSION

in the last two vears of Speration, the heat transfer monitoring device
has been employved in the field under various conditions to measure the 'bio-
fouling" potential in the warm mixed layers of‘the ocean. In this section,
~we will first briefly enumerate some of the parameters that have been varied
in the course of these experiments. Then, we will present the common features
observed in the thermal data. Two different views are presented offering §os-
sible explanations for the origin and the nature of the '"fouling layer." It
is followed by some interesting observations that bear some importance in the

design and operation of OTEC heat exchangers.

7.1. Parameters and Their Variations. Thermal measurements were conducted

at two different geographical locations. Experiments on board the research

vessel Noi'i and on the submerged buoy were off the coast of the Big Island
of Hawaii at 19°N, 156°W.-in the Pacific Ocean (Fig. 2.1). Those aboard the
moored barge at St. Croix were off the coast of the V;rgin Islands at 18°N,
65°W in the Caribbean Sea (Fig. 3.1).

Both of these waters are generally classified as tropical. However, there
are differences in their characteristics including their chemical nature and
biological activity. The experiments at Keahole Point were about 1100 feet
away from the seashore in about 150 feet of water. During the Noi'i experiments
the water samples collected in that region indicated high biological activit?
with 20,000 bacteria/ml of waterl. At this experimental site; the Qater is in-
fluenced in its character by the nearby land massz. In contrast, the experimen-
tal site at St. Croix was seven miles north of the island (the nearest land
mass) in aﬁogt 12,000 feet of water. The water is more like open ocean and
the biological activity of the water is lower than that at Keahole Point. Dur-

ing the St. Croix operation, the bacterial population was measured to be 10/ml

-~ 2
Or sea water .
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The experiments were operated in two major modes — one above the sea sur-
face and the other submerged in the ocean. In the Noi'i operation, two experi-
mental units were mounted and operated on board the moored research vessel Noi'i.
In the case of the St. Croix operation, two experiments were operated on board
a moored barge. In both of these operations, warm water from the mixed lavers
of the ocean was brought to the experimental apparatus through flexible PVC
hose. In the case of the buoy experiments, three heat transfer monitoring

‘devices were attached to a submerged buoy and operated at a depth of about

40 feet. Seawater entered the heat exchanger pipe after passing through a
fish screean. For eacﬁ of ghese seven experiments, the pump was located on the
downstream side and hence the viability of organisms was not impaired to any
degree. But due to the plumbing arfangements, the 6rganisms were subjected to
different pressure drops before they reached the experimental section. "The
pressure drops were of the order of 35 feet of water for the Noi'i experiments,
70 feet of water for the St. Croix experiments and about 3'feet of water for
the buoy experiments.

There have been seasonal véria:ions during the course ofhoﬁeration of
these experiments. Béth the Noi'i and St. Croix cxperiments were carried out -
during the summer. The Buoy Series I experiments were started during early
spring and countinued through the middle of summer.

Two different heat exchanger pipe materials were employed. Most of the
experiments (two on Noi'i, two on the buoy and both at St. Croix) were carried
out with Al GO0Gl=Té6 alloy. Une experiment on ;he buoy used titanium (grade 2).

The water-side surfaces of these pipes‘were prep;red differently prior to
the experiments. In one of the Noi'i experiments, the interior surface was
swabbed with acetone to remonve grease and dirt. For the other Noi'i experi-
ment and for 2ll three experiments in Buoy Seriés I, the pipes were cleaned

with a avlom brush and nousehold cleanser. Both St. Croix heat exchanger pipes



were treated by a much more aggressive process. Ten percent NaOH at ambient
temperature was used as an etchant to strip the oxide layer ffom the Al 0061-T6
surfaces. This was followed by a thorough rinsing4. This method is believed
to prepare a uniform oxide laver under controlled conditions.

The flow velocity has beeﬁ varied too. One Noi'i, one buoy and one St.
Croix experiment were run at a nominal flow of 3 ft/sec. One Noi'i, two buov
and one St. Croix experiment were at 2 nominal flow of 6 ft/sec.

Fluctuations in the flow velocity during short time spans (of the order
of a thermal time constant of the unit) were lower for the subsurface than
for the above-surface operations. At 6 ft/sec flow, the typical fluctuations-
were 0.2% for the buoy experiments (Fig. 6.1) and 5% for the St. Croix barge
experiment (Fig. 6.2).

The overall water témperature at the buoy site was in the range of 24.2°C-
26.6°C (Fig. 2.10). At the St. Croix site, the temperature was in the range of
28°C - 28.5°C (Fig. 3.3).

For a quick reference, Table 7.1 lists these parameters that have been

varied in the biofouling .experiments.

7.2. Common Features in the Thermal ﬁata. "To facilitate the discussion, the
Rf(t) data are reproducéd from previous sections in Figures 7.1 through 7.3.
Figure 7.1 features the Rf(t) data for the two experiments of Nol'i. The
Rf(t) data for each of the three experiments‘of Buoy Series I'are in Figure;
7.2a, 7.2b and 7.2c. The samé data for all three experiments on the buoy are
featured in Figuré 7.2d. Figure 7.3 displays the Rf(t) data for the two St.

Croix experiments.

7.3. Nature of the "Fouling Laver." Next, we would like to inguire about the

nature of the material composition of the fouling and the phenomena that cause
it. t is generally believed that the laver is composed of biological fouling

(microfouling), chemical corrosion, and scale deposition. The thermal measure-
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ments measure the overall effect of the fouling laver and cannot determine its
crigin. However, the thermal data, together with microscopic observations,
help to construct a coherent picture.

On one extreme is the.view that the 'fouling layer" is mostly biological
in nature. It is well known that a material surface exposed to biologically
active water (such as the heat exéhanger pipe in seawater) is coated with a
slime layer in a few hours to a few dayss. The slime layer consists of poly~-
saccharides with low solubility in water. These are excretions by organisms
such as bacteria. The thermal resiétances for all seven curves shown in Figures
7.1 through 7.3 show only a small change in Rf's value in the first few days to
few weeks. It is speculated that this “induction period" in the fouling curves
ﬁorresponds to the initial conditioning of the heat exchanger surfaces by the
deposition of non-living organic material. Subsequenily there is a linear
growth period.

Some quantitative biological studies were carried out by G. Harvey during '
the Noi'i operation (Appeﬁdix A). This study indicates that "there appear to
be two layers, a scale layer possibly containing bacteria which wmay or may not
be viable, and a layer over this composed of living organisms, their.products,
particulate inorganic material and inert biologically derived materials such
as diatom frustules.” A heat exchanger pipe sample from the Noi'i experiment
(NA3 experiment) preserved in 2.57 glutaraldehyde solution was analyzed for its
fouling layer deposits by collodion film. A value of about 23 pm measured by
this technique may be compared with a value of 70 um deduced from the thermal
data. Deposits removed (using a collodion film) from preserved sections of
the NA6 experiment (from the Noi'i operation) contained many bacteria and
buried diatom frustules. Titanium pipe samplesA:hat were kept in the flow
(-6 ft/sec) for a period of 5.4 weeks during the Noi'i experiments were also

analvzed. 7The deposits contained many dacteria and some diatoms. Thickness

¢
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measurements of these deposits vielded values in the range of 1.7 to 8.3 um.
This thickness mav be compared to that deduced as 9.5 um Irom the thermal data
Zor the Ti pipe during the buoy experimencs (at the same site after 5.4 weeks

of operation.

More elaborate and quantitatiye biology work was conducted by Barry Tavlor
et al. on heat exchanger samples from the St. Croix operation. Based on a pre-
liminary study, they state that the live biological contribution to the 'fouling
laver" is about 1 um6. This may be compared with a value in the range of 30-50
um expected from the chermal(data. However, 'the bioiogists working on the St.
Croix samples caution that "an extremely expanded film of live ‘organisms could
trap and bind a considerable volume of watgr.f If such were the case; a thin
film of biological material could yield a thermal resistance that i§ many cime{{
more than that deduced from the biological contents alone.

On the other extreme is the view that the'thermal resistance is mostly due
to processes that are non-biological in nature and in fact is due to scaling
and chemical corrosion. . This suggestion is based on the analvsis of heat ex-
changer pipe samples from Noi'i, Buoy Series I and St. Croix experiments. Met;}-
lurgical techniques sﬁch as optical microscopy, scanning electrdn'microscopy,
X-ray spectroscopy, secondary ion mass spectroscopy, and x-ray diffraction were
employed in this study. A brief account of this study is described in Section 4
and the deﬁails are given in Appen&ix B. These studies indicate that in the case
of Al heat exchanger pipes, the major components of the "fouling laver" are Al
and Ca. Thus the metallurgical studies suggest that corrosion and scaling may
be major phenomena in the formation of the "fouling laver" for Al heat exchanger
pipes.

The various methods for determining the nature of the fouling laver do not
lead to a consistent picture. Even the thickhess determinationslvar? widely
dépending on method. It is possible that a verv low-densitv or soongy organicg

Zculing laver wnich traps stagnant watsr 1s the cause of the.measured R..



Depending on the method of preservation of the samples, such a material could

show up as 2 very thin organic laver upon later examination.

-

7.4. Flow Stdnnages. In the St. Croix experiments, there were no flow interrup-
tions, while the NOII experiments suffered many ''short térm" stoppages (i.e.,
less than ~2 hrs. each). The effects of these short-terﬁ interruptions are being
studied further and will be reported on in the future.

The Buoy I experiments suffered long-term flow interruptions (at least a
day). These evidently allow macrofoulers to attach sufficiently firmly so that
they are not washed away when the flow is restarted. Figures 7.5 and 7.6 show

such macrofoulers after disassembly of the BA3 and BA6 experimental units.

7.5. Cleaning the Fouled Heat Exchanger Surfaces. For the continued operation

of the heat exchangers in an actual OfEC plant, the thermal resistance due to

the ""fouling layer" needs to be kept below a certain acceptable level. Thus
during their lifetime, the OTEC heat exchangers must be cleaned periodically.

The first cleaning experiments were conducted on two Al heat exchanger pipes

as already described in Section 2.1:3. After 16.1.weeks of operation, it was
found that cleaning the fouled heat exchanger pipes was relatively easv. Figures
7.2a and 7.2b display the resultS of cleaning experiments.

It is relevant to ask how often one should clean the heat exchanger surfaces
and to ask if there is any answer to this question to be found in the Rf(t) data,
Indeed the slope of the linear portion of the fouling curve will play an important
role 1n arriving at a cleaning schedule. At this point, we will make a distinc-
tion between ''new pipe" and 'cleaned pipe."

A "new pipe" will go through the initial conditioning of its surface as
seen by the "induction period" in each of the fouling curves. An aggressive
'cleaning process may take the pipe surface back to the '"new pipe' condition.
However, such a cleaning process may remove a significant amount of the pipe

material over the life of the pipe as an OTEC heat exchanger surface. A less
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aggressive cleaning technique, such as the one tested in our cleaning experiments,
would leave the pipe surface in a status.close to that after the initial ”indpc-
tion period." Thus cleaning methods that would be used in the OTEC program are
more likely to leave the pipe in a '"cleaned pipe" condition, an& OTEC heat ex-
changers will always be fouling along the linear portion of the fouling curve.

, Using an‘average value of 6.4 x 10-5 hr ft2 oF/BTU week for the slope éf
the linear portion of the fouling curve, we can determine the cleaning schedule.
%or example, if the design attempts to keep Rf €10 x ].O_5 hr ftz oF/BTU, the
heat exchanger surfaces must be cleaned once in 1.6 weeks or. every 7.8 weeks to

keep R ¢ 50 x 10-5 hr ftz °r/BTU.

2
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Figure 7.5 Macrofouler (barnacle) attached to
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side, from the BA3 experiment.

il

il

N\\‘

i

e
i\ \\\

1 \}
\\-.Q *\'\ \\ \\\

Figure 7.6 Macrofoulers (barnacles) attached to

the body of the flow meter on the upstream side,

from the BA6 experiment.
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TABLE 7.2
CHARACTERISTICS OF THERMAL RESISTANCE CURVES FOR

CMU OTEC BIOFOULING EXPERIMENTS

t. Conditioning ' Slope of
Period linear portion
(weeks) hr ftz op 105

BTU week | *
N6 20.7"
2
> 5 -+
~ 6 6.5 =
1.1
~ 6 8.4 £
0.7
~ 6 6.5 *
.3
<1 "5.9 =
1.2
~ 4 4.5 ¢
0.3

During the course of this experiment there were more short term flow

stoppages than other experiments. Further, there was an iron foot valve
at the water intake.

Experiment did not run long enough to determine a slope.
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S. MISCELLANEOUS

4

During this contract period, a good deal of our effort and time were
directed toward tasks such as preparing and disseminating information about
the heat transfer measurements, producing, testing and deploying equipment
for different field operations, consulting and training personnel of other
interested research groups and drawing up plans for improvements in the bio-
fouling research. Many of these activities do not conveniently fall under

the previous sections. We briefly discuss them in here.

8.1. Design Document and Industry Standard Drawings. As already mentioned,

our researéh group developed this techniqug'of high precision heat transfer
measurement suitable for assessing the biofouling potential and accumulated
considérable expertise‘in constructing, testing, and operating this device
and in analyzing, interpreting, and correlating thé data.

In an attempt to make available this expertise to the OTEC community,
we prepared an extensive design document in late 1976 (Ref. 2.4). This doc-
ument describes in detail the theory, mechanical, electrical and electronics
design, assembly, testing and operating procedures, data analysis programs,

and some laboratory and field results.

8.2. Equipment. During the contract period, we constructed and tested var-

ious items of equipment required for the performance of the exferiments Teported
hérein. These included the heat transfer monitoring devices for all the experi-
ments. Both for thg Noi'i and the buoy operation, we also constructed. the hard-
ware necessary for the pumping. The manu;l data acquisition svstems used with
Noi'i experiments, Buoyv Series I experiments and the St. Croix experiments were.
designed and constructed by us as well as a microprocessor-based automated data

acquisition svstem for the buoy operation.
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All the hardware pieces produced for field experiments were subjected
to appropriate tests before deplovment. For example, equipment constructed
for the sub-surface application were subjected to extensive tests for any
possible leaks using test procedures such as He4 leak testing, inflation
testing and water pressure testing. Each of the heat transfer units deployed
during this period also underwent extensive Wilson plot tests to assure their

integrity.

8.5. Information Dissemination, Consultation and Training. <Another impor-

tant activity during the contract period was to help diffuse the technology
and expertise accumulated within our groups, as directed by the Project Office,
through technical discussions, letters, and telephone consultations. In par-
ticular, we expended considerable effort in training groups at the Pacific'
Northwest Laboratories of Battelle, the David Taylor Naval Ship Research and
Development Center of the U.S. Navy, the NationalAData Buoy Office of NOAA

and the Natural Energy Laboratory of the University of Hawaii.

3.4. Plans for Greater Automation. The initial biofouling experiments were

done with a data acquisition system requiring manual.control. The experimen-

tal procedure involved a great deal of repetitious work by the operator. This
has a tendency to degrade the quality of the data, due to operator mistakes.

As already described in Section 2.2.3, we designed ahd deploved a microprocessor-
based data acguisition system which relieves the operator of this burden. This
facility also reduced the volume of the raw data.

In 1977, we drew up plans for $o%tal automation. The prapnssd svstem was
based on a DEC (Digital Equipment Corporation) LSI 11/03 with floppy disk fac-
ility. Each installation operating manv biofouling axperiments would have one
of these computers. Controliing and running the exveriments would be done under

sOfIware contTol. Thae acjuired raw data would be stored on diskertes. Such



diskettes would be sent to a central compﬁter which would again be an LSf 21703
with greater fea;ures for soitware development than the fieléd ccmputer.

Such an approach will have many advantages. Since the field and central
computer will be basically identical, any software developed in the central
computer could ﬁe easily implemented in the field computer. Thu$ any new
control features needed for the field experiments could be developed and im-
plemented easily. The central computer could specialize in developing soft-
ware features to reduce, analyze and interpret the data. It would make it
worthwnile to develop certain sophisticated data analysis procedures and cof-
relation studies. Such features would improve the quality of the acquired
information and would make possible better use of it. Further, if there is
a need to upgrade a fie;d computer to the status of .a stand-alone facility,
it woﬁld be straightforward‘to transfer the software developed for the cen-
tral facility to the field computer.

Our efforts toward these plans included a detailed layout of various
system components, a ‘market search for cost and availability of v;rious
hardware and software components, and firm quotations on these items. We
submitted these plans during April of 1977 to Battelle, the Project Office,
who later took part of our proposed plans and asked NSRDC of the U.S. Navy

to implement it in connection with planned cleaning tests.
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0. CONCLUSIONS AND RZCOMMENDATIONS

At the beginning of theAcon:ract period, the Biofouling Resear&h Group
at MU .had developed and tested a method to measure the heat transier co-
eificient under a low temperature differential (~1°C) with a very high pre-
cision (bettef than 1%Z). This device was approved as suitable for studving
the severity of biofouling in OTEC heat exchangers. During the contract per-
iod covered by this report, the group successfully applied this techrnique in
three differentAfield experiments, two at Hawaii and one at St. Croix, to
evaluate the perfqrmance Sf heat transier surfaces in the warm seawater., Ex-
periments were conducted with various combinations of relevant parameters
such a§ geographical location, biological and chémical characteristics of the
water, season, heat exchanger pipe material, surface preparation, Ilow velocity,
ambient water temperature, and mode of operation with the consequent pressure
drop. Before these experiments, it was generally assumed that heat exchanger
fouling would be a complex function of all the above (and other) parameters.

On the contrary, the.thermal resistance due to the fouling laver seems
to have a simple and predictable pattern. A newlv deploved heat transier
surface area first passes through the initial conditioning period. This mav
last a few days to a few weeks, until the thermal resistance grows to about
20:~:J.0-5 hr f:z oF/BTU. Subsequently, the fouling curve is linear. The rate
of change of the thermal resistance during this period does not seem to be a
function of any of the parameters previously mentioned.

We also carried out the first cleaning experiments (using M.A.N. brushes).
The cleaning experiments were encouraging in that the Zouling laver could te
cleaned relativelw easilv. The cleaﬁed surfaces then refoul along a linear
curve without again passing through a conditioning period. These results,
which form the core of the thermal data available to date, nave direct rele-

vance to the design of the evaporator orf an OTEC power plant.
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The simple structure of fhe fouling curves suggests the possibility
that_the phenomena causing the thermal resistance may also be simple, To
understand these phenomena would be of great use to the OTEC program. It
wiil enable solutions for the biofouling problem in OTEC heat exchangers
to be found at 1es§er costs and in a shorte; time. Macroscopic measurements
such as the measurement of the thermal resistance of the fouling layer can-
not reveal the microscopic structure (the nature) of the fouling layer. To
accomplish the tasks of identifying the composition of thae fouling £1ilm, uf
understanding the processes responsible for it and of qqtrela;ing these with
the observed Ehérmai_data, more.deégii;d thermal,.biological and metallurgi-
cal studies must be done with coordination.

To date, all the biofouling experiments c&nducted are of direct rele~
vance to the evaporator of an OTEC plant. It is usually presumed that the
condensers will.be affected to a much lesser degree. However, ic is.possible
that the condensers may have a severe scaling problem. Furthermore, the bio-
fouling may be equally serious, Thus there is an urgent need to begin toul-
ing éxperiments with deep cold ocean water, as we have often recommended,

OQur experience wWith the heat transfer monitot is that the flowmeter
limits its precision. Also, the target«type flowmeter used is susceptible
to macrofouler attachment during long-term flow stoppages. It would be use~
ful to replace this flowmeter by a more precise neo-contact tyvpe, if possible.

The preparation of the simulated heat axchanger tube has varied in these
experiments. The most vigorous cleaning procedure was that used in the St.
Croix run, which included immersi&n in an etching solution. Since this is

3

unlikely to te done with actual OTEC heat exchangers, a more realistic proce-
dure probably should be devised.
we stronglr recommend against attempts to "tune' the heater and refarance

crilinders o equal time comstants dY 2eans of varving che applied torgue cn the
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clamping bolts. This is likely to lead to more serious problems than the one
being solved. It i§ Tuch simpler and safér merely o reject'déta aifected DV
large seawatef temperature iluctuations by means of the criteria discussed in
this report. We have found the loss of precision by such rejections tc be

negligible.
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BIOFOULING EXPERIMENTS AT KEAHOLE POINT, HAWAII, 1976

BIOLOGICAL STUDIES PROGRESS REPORT

George W. Harvey
Pan Pacific Laboratories
and
Department of Zoology, University of Hawaii
Honolulu, Hawaii
December 25, 1976

*

* Pan Pacific Laboratories was hirsd by the University of Hawaii
to do the biological studies, The University of Hawaii was a
subéoéntractur to Carnegie-Mellon University at that time.
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BIOFOULING EXPERIMENTS AT KEAHQLE POINT, HAWAII, 1976
BIOLOGICAL STUDIES PROGRESS REPCRT

George W. Harvey
Pan Pacific Laboratories
- and
Department of Zoology, University of Hawaii
Honolulu, Hawaii

December 23, 1976

INTRODUCTION

These studies are related to a broad area of marine microbiology involving
hundreds of species that were involved in biofouling during the Keanhole Point
experiment, but are concerned here with direct observations of microorganisms
found in the flow system and in the seawater near the experiment intake region..
.The organisms observed within the flow system include those in deposits on the '
interior of system pipes, on glass surfaces inserted in the flow within a *

1 1/4-inch PVC pipe, and on short sections of aluminum and titanium pipe inserted
in the flow within a similar pipe.

The organsims ranged in size from 0.1 micrometer to somewhat more than 100 micro-
meters. The most numerous, of course, were the bacteria; as time progressed, a
substantial biomass composed of larger organisms developed on the exposed surfaces.

It ha; been known for at least 45 years that bacterial activity in seawater is
greatest at surfaces, and that clean glass rapidly becomes coversd with a variety
of bacteria and other kinds of particulate material, and finally with fouling
organisms easily visible to the eye (ZoBell 1933; 1935). The materials depositad
by bacteria on surfaces submerged in seawater have been called bacterial siimes,
but these matarials, as distinct Trom the organisms included with them, are
probably better thought of as bacterial polysaccharides. It has been thought
that bacterial populafions and the films that they form by means of extracellular
products may be necessary precursors of heavy fouling growths of larger organisms,
but no definitive tests of this hypothesis have been conducted. There is
substantial evidence that such precursors are not necessary (Wood 1967).

Many investigators have observed bacterial growth on carefully prepared glass
microscope slides immersed in seawater for various lengtns of time, and there
" is general agreement, based upon work carried out at varijous nearshore locations,
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that significant numbers of bacteria usually attach to glass surfaces within jus*
a few hours (Corpe 1974).

The development of "bacterial slimes" on several types of test surtaces has been
studied in some detail by Waksman and others (1940; 1941) in work that was not -
published. [t was found that bacterial populatiomsdoubled in about four hours,
and that within 30 days the dry weight of the organic material in “slime films"
reached as much as 500 micrograms per square centimeter in the summer season.

The insoluble mineral materials in the film reached as much as 2000 microgfams
per square centimeter. ZoBell (1939) found that the primary film in water near
La Julla, California was made up mainly of bacteria. Wood (1950) fnund that in
other localities diatoms could make up a large portion of the primary film, along
with other organisms, and lhiey were resistant to copper and copper salts. Some
marine algal flagellates can live in seawater that is practically saturated with
copper, and since they are closely related to some bacteria-consuming flagellates,
it seems possible that copper tolerance may also exist in that'group, and that
they could be involved in biofouling communities on metals. Corpe (1974) and.
Sieburth et al (1974) have recently studied details of primary marine fouling

and microbial film formation in waters rich in bacterial nutrients. Firm attach-
ment of bacteria to glass surfaces occurred within 6 to 12 hours. Many bacteria
form substantial quantities of polysaccharides and related materials that are
deposited on surfaces immersed in seawater. A wide range of bacteria 1§ involved
in primary fouling, including very small cocci and large stalked forms.

Sechler and Gundersen (1972) studied the formation of primary films on glass,
plexiglass, stainless steel, aluminum, monel, and phosphcr bronze, held {n glass
racks immersed in Kaneohe Bay, Hawaii at a depth of 3 meters. The populations

of bacteria and diatoms on metals were generally in proportion to galvanic activity.
Aluminum was the most galvanically active metal among those tested, and by the
fifth day of immersion had extremely large colonies of microorganisms.

The -effects of velocity on fouling of surfaces by marine diatoms was studied

by Wood (1967), who found that diétcms would form "felts" about 1 centimeter thick
at flow velocities of 5.7 meters per second, and that these offered protection

to organisms as large as skeleton shrimps at these velocities. Conventional

power plant condenser velocities lie in the range of 1.5 to 2.5 meters per second,
while naval designs go as high as 4.5 meters per sacond. 0Diatom populations
undoudbtadiy harpor large numbers of bacteria in flowing systems, but detaiis of



the relationsnips invoived have not been worked out.

Corrosion of metals in seawater is strongly influenced by microbial populations.
These populations can raise the pH during the day time in volumes of seawater

exposed to light, and can reduce it at night, producing variations that have often

been observed to vary between pH 9 and pH 7.6. Lower pH values can be produced
locally on surfaces by bacterial populations. Redox values can also be altered
by bacterial populations so that ordinary solubilities of metals do not apply in
areas heayi]y populated. Marine bacteria can corrode iron by the formation of
sulfides or other sulfur compounds, and aluminum can be corroded in the same way
except that aluminum hydroxide is formed instead of a sulfide (Wood 1967). It
is common knowledge that metals can also be precipitated in seawater in the form

of oxides, as for example ferrous and manganous oxides that have been oxidized by

bacteria to the ferric and manganic oxides.
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METHODS AND MATERIALS ‘ ‘

Sections of 1-inch aluminum pipe, 33.58 mm 0.D. X 26.24 [.D., removed from the
flow experiment units II and III at the end of the tests at Keahole Point were
sawed into convenient pieces for examination. The interior surfaces were
examined without further preparation, after biological staining, after mounting
in glycerine jelly, and after removal of surface deposits by film stripping and
by scraping. These surface deposits, after removal, were mounted for microscopy
using No. 1 Corning coverglasses. These treatments were applied to two sets of
pipes, one that had been air-dried immediately upon removal from the experiment,
and one that had been preserved in glutaraldehyde-seawater 2.5% solution.

Sections of the same kind of aluminum pipe, 37 nm long, with the 0.D. reduced
for clearance, were placed in a PVC 1 1/4-inch pipe which was inserted into the
experiment flow system. These sections were removed at different times, and
preserved in 2.5% glutaraldehyde-seawater solution except for one that was air-
dried immediately upon removal. These were treated and observed in the same
way as were the other pipe sections.

A section of titanium pipe, 26.4 mm I.D., 32 mm long, with the 0.D. reduced for
clearance was inserted in the 1 1/4-1nch PVC pipe Along with the 37 mm long -
aluminum pipe sections, at the end of the string, so that it could be left in
place until the end of the experiment. This section was preserved in 2.5%
glutaraldehyde-seawater solution, and treated in the same way as the aluminum

sections except that depos1ts were not scraped off. because there were pract1ca11y
none left after film str1pp1ng

Eight microscope slides, 25 mm X 75 mm X 1 mm (Corning No. 2948), were placed in
the flow within a 1 1/4-inch PVC pipe. These were cemented with narrow strips of
silicone rubber cement at each end, four slides on either side, to a stainless
steel strip running down the center of the PVC pipe. The s]ideé-weré'removed'after
different lengths of time in the flow, and immediately preserved in 2.3% glutar-

aidenhyde-seawater solution. They were then stained and mounted for micrescopy
using Corning No. 1 coverglassés.



Y
'
wu

Forty paired microscope slides, 25 mm X 75 mm X 1 mm (Corning No. 2948), were
placed in Wheaton glass staining trays, which were in turn held in groups in a
polymethylimethylmethacrylate frame that was submerged at approximately the depth
of the experiment intake. Slides were removed at various times and immediately
preserved in 2.5% glutaraldehyde-seawater solution. These were subsequently
stained and mounted for microscopy using No. 1 Corning coverglasses.

Seawater samples were collected by means of a hose and bellows assembly, or by means
of a Van Dorn sampler, from the experiment intake depth and from other depths, and
immediately preserved by adding glutaraldehyde to make a 2.5% solution. These

were filtered through membrane filters which were then stained and mounted for
microscopy using No. 1 Corning coverglasses.

The pipe inner surfaces, glass slides, membrane filters, preserved seawater samples,
and surftace deposits on the pipe surfaces were examined by means of microscopes
that included a Bausch and Lonb metallographic microscope, a Leitz dissecting
microscope (8 X to 216 X), and a Leitz inverted phase contrast microscope with

0.865 NA and 1.32 NA objectives. Photomicrographs were taken with a Microflex

unit. To simplify enumeration, bacteria with dimensions below 1 micrometer were
grouped under "small bacteria"; those above 1 micrometer were classed as "large
bacteria". For each visually observed microscopic field, many image planes were
utilized so that the smallest bacteria could be detected.
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txamination of glass surftaces immersed near experiment intake

The particulate material found on the glass slides with the shortest immersion
time (1 day) was composed mostly of small bacteria, as shown in Figure 1. There
were no large particles, although a very few glass flakes and mineral grains
approaching 5 micrometers‘in size were present. No organisms larger than bacteria
were found, although a more extended observation of glass surfaces immersed for
one day or less probably would disclose diatoms.

Slides with a 4-day immersion time had increased numbers of small rod bacteria,

a few large rod bacteria, fewer inorganic particles than the 1-day slides, and
considerable numbers of large diatoms. The numbers of the various types of
organisms are shown in Figure 2. Although all the organisms in the larger than

5 micrometers category are large pennate diatoms, illustrated as being present in
numbers of 10,000 per square centimeter, a more extensive study of tnis material
would probably show far fewer of these along with other kinds of organisms not
indicated in the illustration. Large numbers of diatoms often accumulate in
localities with very few individuals outside the groups. Many pennate diatoms can
"crawl" rapidly over surfaces, and can adhere quite firmly either while at rest or
while moving. Those found on 4-day slides are shown in Figure 5.

S1ides with an eight-day immersion time were still more heavily populated by small
rod bacteria (Figure 3). The numbers of large dot bacteria and small dot bacteria
had increased, as had diatoms. The species composition of the diatom population
was different from that of the 4-day slides, being made up mostly of Nitzschia,
many of which were dividing (Figure 6 a). In some areas on these slides, there
were clusters of the same large diatoms as found on the 4-day slides, but with
other species of diatoms and additional small particles and organisms inciuded in
the diatom clusters (Figure 6 b, Figure 6 ¢). Flagellates smaller than 6 or 7
micrometers were also present, but in smaller numbers than the diatoms. Inorganic
particles were fawer than on the earlier siides.

The numpers of marine bacteria populating these slides were far icwer than tnese
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FIGURE 4

NUMBERS OF MARINE BACTERIA PER SQUARE
CENTIMETER ATTACHING TO GLASS SLIDES
IMMERSED IN SEAWATER Al 5CRIPPS
INSTITUTION OF OCEANOGRAPHY PIER

Data from Corpe 1974
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diatoms found on glass slide immersed

for 4 days in seawater near e2xperiment




FIGURE 6. Diatoms found on glass

slides immersed for 8 days in sea-
water near experiment intake.

a, pennate diatoms (Nitzschia) in
process of division. These are

typical of the many found on the slides.
b, and ¢, Clusters of pennate diatoms
with an accumulation of other uryanisms
and particles.




found attaching to glass slides in nearshore water at La Joll

W

, California in
a study carried out by Corpe (1974). The numbers Tound at di

—4

ferent times ranging
Trom 24 to 144 hours of immersion are shown in Figure 4. The water at this location
is turbid, with a very high bacterial population accompanied by bacterial viruses
and bacteria-consuming protozoa in large numbers, and contains a high level of
bacterial nutrients. Primary fouling film formation cannot be directly compared

at La Jolla and at Keahole Point although similar glass surfaces and immersion

times were employed at both locations. The differences in water quality and
temperatures are far too great to allow a detailed prediction based on one locality
to be used for the other.

Examination of glass surfaces exposed to flow in pipes

Slide exposed to flow for 6 days: There were very few particles or organisms on
the slide, but widely scattered groups of bacteria were present. The numbers of

‘ bacteria and other particles are shown in Figure 7. There were also significant

numbers of flattened nucleated cells 15 micrometers across. These very thin cells

were not encountered on the other slides.

Slides exposed to the flow for 32 days presented a very different appearance from
the earlier slides. At low magnifications, the most striking feature was a strongly
developed pattern aligned with the pipe axis. This pattern was due to strings of
bacteria, various filamentous organisms, and a variety of particulate material that
included glass {lakes and fibers. Several kinds of diatoms were present. There

was a strong development of amebas, probably ameboid flagellates. The surface of
the glass was covered, entirely, by a well developed fiim containing much Tine and
ultrafine granular material. This film was very dense, and contained various

kinds of bacteria including filamentous types. Scme of the filamentous organisms
are shown in Figure 8 a, which also shows the dense fiilm. In the area photographed,
the film varied from 1 micrometer to about 2.5 micrometers in thickness, and is
representative of the film on this slide as well as on the others with similar
exposure times. Typical amebas found on this group of slides are shown in Figure

8 b and c.

the 32-day slides was extensively covered by a colenial hydrozoan, snown in

TG
sl 4153
(14

o

-+

igure 9. This colony grew on the surface of the primary fouling fiim, anc was
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FIGURE 8. Primary fouling fiim and
filamentous organisms (a), and amebas
(b, c) found on glass surfaces exposed
to flow for 32 days
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Figure 3. Colonial hydroid extending over a large area of a glass slide exposed to
flow for 32 days. a, b, c, portions of branching colony growing on primary fouling
film. d, chitinous hydrotheca and perisarc of individual zooid. The pattern
induced by flow and resulting microbial growth lies beneath hydroid colony.



in the process of budding when removed from the flow. Many of the zcoids haa
accumulations of large pennate diatoms around them. In Figure S a and @ b, the
pattern of bacteria, filamentous organisms, and other particles, induced by the

flow, can be clearly seen beneath the nydroid colony. Figure 9 d shows the chitincus
hydrotheca and perisarc of an individual zooid. Although some very long diatoms

are present (length about 230 micrometers), the organisms largest in volume are
the hydroids.

Examination of seawater samples

The seawater samples collected near the experiment intake, and at "New Site”" and
"Buoy Site" after completion of the flow experiment were examined qualitatively.
Quantitative determinations of bacteria, protozoa, phytoplankton, and inorganic
particulate materials were not carried out because of the necsssity to economize.
By far the most numerous organisms were bacteria, with small rod and coccus forms
predominating. Small diatoms (Nitzschia), small heterotrophic flagellates, and
diﬁof]age]]ates of several species were ccmmon, but all combined made up only
1/100th of the numbers of total bacteria. There 14 times as many bacteria as
there were particles of debris and inorganic materials.

In some seawater samples there were relatively large quantities of plant fibers
that may have originated in runoff from land, or from sewage.

In many of the seawater samples there were glass fibers typical of "glass wool"
or “rock wool", as well as fragments of glass in the fcrm of chips. Tnere were
aiso small spheres of various sizes that appeared to be of glass. The glass
fibers could form a significantportion of depcsits on surfaces in the seawater
because of entrapment by biological materials. Typical glass fibers are shown
in Figure 10, a and b.

Total bacteria in many of the seawater sampies were on the order of 20,000 per
milliter of seawater, with small rod bacteria making up about 423%, small cocci
making up about 39%, and large rods and large cocci contributing equally to
the remainder.
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Examination of pipes

Aluminum pipe labeled II-F was removed at the end of the experiment at Keahole

Point; there were two sets of these pipes, one that had been air dried immediately

upon removal, and one that had been preserved in 2.5% glutaraldehyde-seawater solution.
These l-inch‘schedule 40 pipes were of Type AL 6061 T6, 33.58 mm 0.D. X 26.24 mm I.D.

The inner surface of the dried section was covered with an orange-yellow colored
deposit that had a fibrous, ropy appearance under the microscope. The major features
of the deposit paralleled the axis of the pipe, but other ran at an angle to the axis.
The surface of the fouling layer was very irregular, with many ridges and mounds,

as shown in the photographs in Figure 11. Some whitish aluminum corrosion products
can be seen in the photographs. There were a few mounds.outside oT the area
photographed that were a brick red color. The rough-structured surface of the
deposit could be smeared without breaking, and could be scraped off with heavy .
pressure from a fingernail, leaving a denser, smoother "pavement' on the aluminum
surface which nad a cracked and checked appearance. This in turn, could be scraped
off with a boar's tusk; it was very brittle and easily broken up with a steel probe.
Some of the scale was carefully scraped off the aluminum surface, and mounted for
microscopy. The inclusions in this scale, and the brittle fracture are shown in

the photomicrographs in Figure 12. - A few small pits were found under the deposits.

The inner surfaces of the preserved portions of the aluminum pipes were very similar
in appearance to those of the dried ones, but more detail could be observed. In.
order to facilitate measurement of deposit thickness and observation of particulate
materials within the deposit, the entire deposit was removed by means of colledion
Tiims and mounted for observation with high resolution optics. The average neignht
of the deposits, from 10 measurements at random. was 22.9 micrometers. The thickest
of these was in a "ridge" area, and measured 34.3 micromezers. There were cccasional
portions of the deposits that were much thicker—up to 37 micrometars hign.

Manv bactaria and cennats diatoms were present in tnis matariai. Most of the larger
diatoms (scme measuring 3.5 X 20 nicrometars! were approximasaly carailel to tne
Tlow. as were the ridces anc crevicas of the dscosiz. The intarior surfacs oF he
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FIGURE 11. Inner surfaces of
aluminum pipe II-F, air dried

after removal from flow. The

white spots are aluminum corrosion
products. The metal particles,
which could not be removed without
disturbing the rest of the material,
are from the saw cuts.
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FIGURE 13. Inner surfaces of aluminum pipe II-F preserved
in glutaraldehyde-seawater solution after removal from flow.
Photographed while submerged in preserving solution to

show typical biofouling deposits. The metal chips from
sawing the pipe could not be removed without disturbing

the deposit.
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strings and filaments of bacteria and some of the pennate diatoms. Typical

portions of the deposits are shown in Figure 13. The photographs in Figure 14

were taken with illumination at an angle different from that used in the photographs
in Figure 13 in order to show the underlying ridges in the aluminum pipe.

A portion of the preserved pipe was washed and dried, and the deposit removed from
it by careful scraping. Microscopic examination of this deposit showed the thickness
to be from 6.5 micrometers to 24 micrometers within the small area observed. This
material contained pennate diatoms, glass fibers, and other filamentous materiai.

A portion of the deposit was orange colored and contained filaments, but individual
bacteria could not be resolved because of the density of the material. A colorless
portion appeared to be full of bacteria, but many of these particles could be

other than bacteria since they were not tested by characteristic staining properties.

Aluminum pipe labeled III-F, with the same dimensions and treatments as pipe II-F,
was removed at the end of the experiment and observed in a fashion similar to that
employed for II-F.

Figure 15 shows air dried inner surfaces of pipes II-F and II1I-F together for
comparison. Figure 16 shows the inner surface of pipe III-F that had been preserved

in glutaraldehyde 1mmediately after removal from the flow. The inner surface

was grayish, with a faint yellowish tinge, in contrast to the II-F section with

an orange conlared depasit. The deposits were uneven, in streaks, but the thickness
when examined over a wide area appeared to be rather uniform. A stained and dried
layer wnen examined in place had the cracked and checked appearance noticed in

the layer of scale on the II-F section. Some of this material, scraped frcm the
aluminum and mounted for microscopic observation, was examined for thickness. The
thicknesses of 10 fragments were nearly the same, varying from 9.9 to 10.2 micrometers.

Degosits removed from the preserved sections by means of colledion films, and
staineq, contained many stalked and branching bacteria (Figure 17) many filamentous
bacteria (Figure 18), and buried diatom frustules. Some of this deposit did not
stain; the coicr was slightiy yellowish, the appearance finely granuiar. These
unstained Zortions contained many anqular, opague, biack or Srown inciusicns 1 %3

-~

3 micrcmeters across, and many small particlas in the $.l-micremeter size range in

wnicn spage and caior could not te distinguished.
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FIGURE 15. Comparison of inner surfaces of air dried
aluminum pipes II-F (left) and III-F (right).
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FIGURE 156. Inner surface of aluminum dipe I1il-7
oresarveg in glutaraigenvge-seawatar soiuticn aftar
removai from fiow. Photograpned wnile submerged in

s

tne Jraserving solution.
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FIGURE 17. Portion of stained
biofouling layer removed from inne
surface of aluminum pipe III-F-Top
that had been preserved in glutar-
aldehyde-seawater solution after
removal from flow. Dense bacteria
mass with numerous stalked bacteri

Figure 18. Same layer as in Figur
}7. Bacterial mass containing
wany branching bacteria and long,
filamentous bacteria.



Titanium pipe, 26.4 mm [.D. removed from 1 1/4-inch PYC pipe at the end of the
experiment.

The deposit on the interior surface was yellowish orange, very similar in color

to that of the deposit in aluminum pipe II-F, but thinner. The greatest difference
between this section and similar aluminum pipe sections in the PVC pipe is that
there was no layer of colorless material about 10 micrometers thick underlying

the colored material. Because of this, the titanium section appeared bright.
However, at the end next to the aluminum pipe section which preceded it, there

was a small amount of the same white amorphous material as found on the aluminum
surface in pits beneath deposits of organic material. This seems likely to be
aluminum hydroxide. Figure 19 shows the deposits in the titanium section under
different conditions of illumination. It was difficult to measure the thicknesses
of these irregular deposits with the metallographic microscope because of diffraction
from raised crystal surfaces in the metal, but a few points gave the following
measurements: 5.5 micrometers; 13 micrometers; 2.6 micfometers; 7.8 micrometers.
In order to provide additional measurements, thicknesses were determined at 10
points in a "peeled" deposit using the inverted microscope. These varied from

1.7 to 8.5 micrometers, with an average of 4.0 micrometers. Living in the deposit
were many branching bacteria and some diatoms, including large Nitzschia that
measured 4.5 X 112 micrometers.

The heaviest of the colorless depeosits removed by collodion films were made up
predominantly of bacteria and their extracellular products, with scattered naviculoid
diatoms in the size range 7 micrometers X 60 micrometars. The biofouling deposit

could be scraped from the titanium with a fingernail using as much pressure as
possibie.

Smail bits of material washed from porticns of the metal surface contained many
cacteria of large and medium sizes, including some 7ilamentous forms (Figures 20
and 21). In these loose portions of the denmosit, there were piecaes of velleowisn
orange matarial containing more or less parallel Filaments of sma!l diamezsr anc

ccnsideradie length which closely resembied theose i

ot

he ceposits Tound in tns

ziuminum 2ipes. Scme diatoms were 2resant {navicul Thers were ng st3

- - a2 o= A< - - . = 1 a 3 - o= - ¢ = . -
sactaeria 3and no NicSiscnia. A Tew giass Tragments and tTibers were present.
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FIGURE 19. Inner surfaces of titanium pipe section
preserved in glutaraldehyde-seawater solution after
removal from flow. Photographed with illumination

from different directions while submerged in preserving
solution to show typical biofouling deposits.
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FIGURE 20. Material washed from
titanium pipe section during handling.
Loose aggregates attached to fiber
contain many bacteria, only a few

of which are in focus in a single
image plane. Several kinds of

bacteria are present in the mass.

Figure 21. Material wasnhed from
titanium pipe section during handling.
The small, loose aggregates of
organic material containing bacteria
are typical of the portion of the
deposit extending away from the

surface.



DISCUSSION

The large numbers of bacteria and the relatively large biomass of diatoms that
developed within a short time on surfaces within the flow system and on the immersed
glass slides in this experiment indicate that these organisms will be substantial
early contributors to biofouling in full scale OTEC heat exchangers. Although
growth of populations of these organisms was rapid during this experiment, the
growth rates were considerably less than in locations where most previous work

on primary biofouling has been carried out. For example, at La Jolla the numbers

nf bacteria and othger organisms in the water, the level of dissulved dand micro-
particulate nutrients was much higher, and bacterial growth rates were higher;

organisms such as bryozoans were much more plentiful than in clean ocean water
around Hawaii.

The test at Keahole Point is the first to be carried ocut as a'biofouling study in
relatively clean seawater; the tests of Sechler and Gundersen were carried out in
Kaneohe Bay where the nutrient and particulate content of the water was higher than
at Keahole Point, and the flow patterns quite different. Fouling Studies such as
those in Pearl Harbor and Honolulu Harbor that have been concerned with the larger
fouling organisms would not correspond to those at Keahole Point because of the

far higher pollution in these harbors. However, the glass slides used in this
study provide information that is to some extent comparable to that obtained in
several other studies, because the mechanisms involved are practically the same.

In biological communities, the predominant populations will he thnsa af species
that have developed large numbers because of a growth advantage over other forms.
Ahere favorable temperatures, water quality, and nutrients are recadily availabla,
very many different kinds of organisms can grow, but as socn as nutrients become
iimiting, those organisms with a growth advantage, no matter how slight, will arow
the fastest and eventually predominate. Another principle that strictlyv controls
the growth ratas of most oceanic bacteria and microalgae that are free |

-

iving is
that of nutrient transter from water to organism which is rougnly proportionate o

the flow of watar past tne surfacas of the organisms (otherwise stated as sinking

rat2,. 3acteria fixed %o surfaces can atiain faster flow ratas in apen ocean wazer

Secausa iarger Jarticles nave fastar sinking rates. The same advantage applies
Jacteria and o larger crganisms such 3as diatoms and 2arnacles Fixed to surfacss
37 cices. In 2 continuousiy Tlowing systam, such atsacned organisms have 3 great



advantage over unattached forms because the supply of nutrients is "unlimited"
in the sense that over long periods of time tons of nutrients will pass by and
thus be made available to fixed organisms that can extract them.

Diatoms are usually thought of in simple terms as organisms that require light
because they are plants. However, some species grow quite well in the dark when
supplied with adequate nutrients, and can become significant in heterogeneous
populations of fouling organisms. Those species best adapted to the specific
conditions prevailing in a given environment will become dominant, the time required
for domination depending upon a number of factors including competition for
nutrients and space. As population species ratios change in an assemblage of
organisms, conditions favor different species so that there is usually a succession
of species during buildup of populations of fouling organisms. The surface area
available to microorganisms in conditions such as those in the present experiment
becomes greater very rapidly as the initial surface is covered with irregular
projecting deposits of organisms, their extracellular products, and other materials
‘trapped in the resulting matrix. This results in a potential increase in the
touling rate, and in the diversity of species and sizes of organisms in the fouling
community. ‘ '
As was mentioned in the introduction, diatoms can adhere to surfacas immersed in
seawatar flowing at velocities of more than 5 meters per second, and can protect
larger organisms from flow effects so that sooner or later large fouling organisms
may become a part of the fouling population. Since standard industrial practice is
to limit flow velocities to 0.6 to 2.5 meters per second in order to decrease
impingement attack by particulate materials to practical levels, there is no hope
of eliminating all possible diatom attachment by increasing velocities when
cenventional heat exchanger materials are employed. In the case of aluminum, which
is very sensitive to this type of attack, to pitting and crevice ccrrosion, and to
civitation, Tlow velocities in seawater would have to be kent in the icw range

aven for reiétive]y shert periods of servica. Thus, both bactaeria and diatems

<3n fe axceciad to rapidly build up primary fouling films that in turn will laad

TS growtn oFf larger organisms such as the hydroids that grew in the flow system

noTng Tresant axreriment.



These tests did not provide the resolution necessary to determine either short or
long term rates of buildup of fouling layers in the piping, so that they can not
be used to predict the relative importance of scale deposits as distinct from
biofouling deposits in regard to possible effects on heat exchanger performance.
However, the tests did establish the order of magnitude of fouling rates and the

general types of organisms involved in primary biofouling in nearshore waters
at Keahole Point. .

There is no industrial experience with aluminum pipes of the type used in this
experiment for heat exchangers in seawater. The closest comparison that could be
made would beé that of operating installations where 25 mm diameter aluminum bronze
tubes with a wall thickness of 1.06 mm, and 1.3 m support centers were used. With
these materials, which have a Brinell hardness of about 82, there is usually a

. continued scale buildup from corrosion products in seawater so that this deposit
alone can be responsible for about 50 percent of the total resistance to heat flow.
Biological processes can increase the rate of buildup of this layer, and contribute
additionally to a complex layer that seriously impedes the flow of heat. After '
cleaning, the heat flow resistance due to fouling may drop to only about 3 percent
of that prior to cleaning. Harder materials would allow higher flow velocities

to be used, with less overall fouling, but aluminum will not withstand high
velocities. '

In the case of the branze-pipe from the initial flow experiment at Makapuu Point
that was briefly examined earlier, the extensive calcareous and other biological
products deposited on the inner surface were underlain by a scale that looked very
much like that within the aluminum pipe sections in this experiment. The most
apparent difference was that is the case of the bronze pipe smail areas of the scale
and the overlying deposit had become detachéd, and a new growth of microorganisms
had begun to cover the freshly exposgd metal surtace. The Tew pits observed wers
~ shallow and relatively broad. The growth of micfodrganisms on the sur?aces of tne
two kinds of pipes cannot be compared due to the quita different conditions of
excosure. However, it could be guessed that the scale obServed‘on both the aluminum
pices and on the bronze pipe would contribute resistances to the flow of neat tha:

- L.

wculd De of the same crder of magnituce.



The predominantly microbial deposits found in the aluminum pipe II1-F were sufficiently
thick and irregular that they could contribute significantly on a microscale to

the stagnant layer near the pipe surface, and thus to the total restance to heat

flow. There appear to be two layers, a scale layer possibly containing bacteria

which may or may not be viable, and a layer over this composed of 1iving organisms,
their products, particulate inorganic material, and inert biologically derived
materials such as diatom frustules. Included in these deposits was also an apparently
significant amount of glass fragments and glass fibers, presumably from local
volcanic activity, either undersea or on land, along with what appear to be g]assA
spheres of similar origin. When attempts were made to scrape the deposit from the
pipes with a nylon scraper, some of these hard particulate materials left new
scratches on the surface of the aluminum. These would accelerate the wear produced

by cleaning systems such as the Amertap system. In view of the hard scale in the
aluminum pipes, and the softness of the aluminum beneath (Brinell nardness of 95),

the Amertap system would possibly not be able to maintain satisfactory surfaces

on heat exchanger tubes even though these materials posed no problem, as they.perhaps
would not due to their small quantities.

Because there has been little experience with aluminum in industrial heat exchangers
used with seawater, it was desirable to include a standard reference material,
titanium, which has been for the past twenty years the material of choice for
flowing seawater systems. Aluminum is one of the poorest metals in regard to
corrosion resistance under biofouling deposits in seawater, as well as to erosion
and cavitation, and will vary tremendously in attack rates in response to biological
and other variations. Titanium, on the other hand, does not pit and has complets
resistance to corrosion under biofouling deposits, and is one of the most unchanging
metals when axposed to seawater at ordinary temperatures. Like aluminum, titanium
readily becomes covered with fouling organisms in the ysual seawatar environments.
In quiet water, where fouling is worst, it does not appear to accumulate fouling
arganisms as rapidly as aluminum, but'in this respect it is 7ar inferior to 20/1Q
cuprciickel, and is a little worse than aluminum Sronze. In fast-7iow conditicns,

titanium is relatively free from fculing sroblems, arc is nicnly resistant =2

b
agrasiecn, nar<lv due 0 its haraness (213 3rinell) itanium {mmer<ed in sezwazar

7or 20 years’snhows no measurabls corvosion, and iong axgerisncs with incusiris’

thickness a7 2.73
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titanium should remain serviceable for at least 15 years.

The titanihm refeéence pipe section used in this test showed no change on the surface

of the metal except for the accumulation of the biofouling layer. The surface

deposits were rather loose except for the portions made up primarily of ba;teria

adhering to the metal surface.. There was no scale'as on the aluminum and bronze

. pipes. This would be an excellent material for usé in developing antifouling
measures of several types.

Biofouling in flowing seawater systems such as will be used in OTEC systoms can
not be avoided, hut there appears to Le 4 good possibility of preventing excessive
early buildup of microfouling layers. Eveh this early stage fouling appears

to be capable of interfering with heat flow in heat exchangers to an important

~ degree. Because of the excellent potential of ocean thermal energy, a substantial
‘ emphasis should be placed on prevention and control of primary marine biofouling.
The very early development of strongly adherent bacterial deposits observed during
the 1976 Keahole Point experiments indicates the possible advantages of applying
antifouling measures before extensive buildup of thicker deposits has occurred.

&
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APPENDIX
ADDITIONAL REFERENCES

The following references do not represent a comprehensive bibliography, but
were selected for initial consultation during the biofouling studies at Keahole
Point. The emphasis in these studies has been on the primary fouling layer

and on the layers immediately following it because of their additive effects,
which can significantly increase thermal resistance. Another important aspect
is that of fouling prevention and removal, which must be accomplished during

relatively early stages of fouling development if satisfactory efficiency of
OTEC heat exchangers is to be maintained.

Most of the references are concerned with the organisms that are in the size
range of the bryozoans and hydroids to the smaller bacteria; these colonize
new surfaces very rapidly and have long been known to be‘important in ﬁhe
development of biofouling, but have not been investigaﬁed as thoroughly as
have the larger forfis. There is a need for additional investigations of
primary biofouling and its prevention; the additional references are intended
as an aid in these studies.
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I. INTRODUCTION

Four sets of heat exchanger pipe samples are to'be reported on in this
investigation. The pufﬁose of the study is to characterize the deposit layer
and its effect on the inner surface of the pipe. To do this it will be
necessary to measure thé thickness of the layer, establish its composition
and inspect thé layer-metal interface. Not included in the investigation is
a measure of the loss of metal by corrosion except as might be inferred by
a measurement of the pipe wall dimension. -

The pipes are of two materials: Al bUb6Ll-16 and 11; trofi three locarions:
the ship Noi'i at Keahole Point, Hawaii, Buoy Series I (submerged) at Keahole

Point and the barge at St. Croix in the Caribbean Sea. Runs were taken at

two operating water flow velocities: 3 ft/sec and 6 ft/sec. The samples are

identified by the following code:

Letter for location N for Noi'i, B for Buov and S for
) St. Croix
Letter for Material A for Aluminum and T for Titanium

Number for water flow velocity 3 for 3 ft/sec and 6 for 6 ft/sec

Letter for section of pipe - A, B, C...

More detailed history of the heat exchanger pipes is given in Appeéndix B.1.

II. TYPES OF ANALYSES, MEASUREMENTS AND INVESTIGATIONS

A. Metallegraphic

Much of the information sought in this investigation can be obtained
Oy an optical examination of a cross-section of the heat exchanger pipe.
To this end a slice from the pipe must be mounted in mounting media in such

a way that the deposit laver and the exposed sdges of the metal sre pro-

tacted during the grinding and colishing ogerations
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Under the microscope the mean wall thickness énd its variance and the
mean deposit thickness and its variance can be measured. The extent of
corrosion and the depth of corrosion pits can be.observed and measured.

Since it is anticipated that corrosion of the surface may be related
to the grains in the aluminum metal, an etchant which develops the grain
boundary structure provides a mechanism fdr investigating gfain‘boundaries
and grain si:ze.

B. Scanning Electron Migroscopy (SEM)

The SEM can be used to observe, over a wide range of magnifications,
the appearance of the exposed surface of the deposited material. The large
depth of field that is an inherent property of a focused electron beam
provides excellent imaging of rough surfaces. Although study of the appear-

ance of the deposit is not a primary purpose of this investigatiocn, any

significant differences between the various degosits are readily identifiable. -

Qualitative information on ihe coméositiqn of the deposits is pro-
vided by the energy-dispersive X-ray analyses.. Elements in the periodiﬁ
table above oxyvgen are detectable. This X-ray spectrographic analy;is
is_extre%ely useful when combined with X-r;y &iffraction results since the
chemical information it provides, albeit qualitative, is usually adeaquate:
to »rovide positive identification of the crystalline compounds présent.

-

€. X-Ray Diffraction

X-ray diffraction analysis of the deposit m
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D. Other Analyses

Auger Electron Spectroscopy (AES) is frequently capable of providing
Quantitative information on the chemical composition of the surface layer
of a sample. This technique has better sensitivity for the lighter ele-
ments of the periodic table. In order to obtain suitable spectra, the
sanple must be able to conduct electrons to a degree. Practically speak-
ing the sample must not be an insulator, but have resistances in the range
associated with semi-conductors.

Secondary lon Mass Spectroscopy (SIMS) is a second technique designed
to establish the chemical composition of a surface. In addition, since it
can measure the mass of molecular fragments, many organic materials are
identifiable, |
ITI. SAMPLE PREPARATION PROCEDURES

From each sample pipe two sections were cut to thicknesses of .25 in. and
.40 in. These were cut using a parting tool and lathe without lubrication
50 as to avoid in SO far as possible any contamination or disturbance of the
deposited films. .

The .25 in. rings were placed in a vacuum coating fac¢ility where a
"thick'" laver of au - 10% Pd alloy.was deposited on them. This procedure
is identical to that given to specimens that require a conducting surface
before examination in the scanning electron microscope (SEM) except that
the amount of metal used in the deposition was about twice that used for
routine SEM sample coatings. It is.estimated that the thickness of the "au!

- . - . - 9 o - . . .
film is orf the order of 400 A = 100 A, The purpose of this step was to pro-

N
€.
(1]
B

2lectrically conducting surface so that electro deposition of aickel

Sn ISy 3f the devosit laver could take place.



B-7

N

The mounting, grinding, and polishing operation on seven aluminum
samples were done by Mr. R. M. Slepian of Westinghouse Research Laboratories.
The steps carried out in his'laboratory were:

1. Nickel deposition at room temperature using a nickel sufanate bath,

un at 20 volts and 2 amperes for approximately 18 hours.

o

Mountiné the rings in Technovit 4000. This is a relatively new
mounting medium developed and sold by Kulzer and Co., Bereich
Technik, D638 Bad Homburg, Germany. It is a three component'resin
with exceptionally goo& molding, adhesion and polishing charac-
teristics.

3. Grinding through six paperg using water as lubrication.

4. Automet pdlishing with 3 um diamond paste and oil base lubricant.

S. Automet polishing with .06 um cerium oxide and water as lubricant.

After the first set of metallographic measurements were carried out on
these samples, they were etched using a warm solution of § parts HF (48%),
10 parts H,SO,, 85 parts H,0 from 30 secs. to 3 min.

.The polished surfaces were given a nominal (100-200;) Au-Pd coating
for SEM examination.

The .40 in. ring was converted to a regular hexagon using a milling
machine. It was then divided into six segments. One segment from each sample
was coated with Au-Pd for SEM examination of éhe top of the deposit layer, |
Another segment was subjected to ultrasonic cleaning or enzvme attack and
ultrasonic cleaning before Au-Pd coating for SEM examination of the metai-
derosit laver interface.

Two segments were designated £or Auger Electron Srectroscopy (AESY Sut
were nct used ISr this purrtose decause successiul spectTa csuld not be ob-

- : Se T
T INe JTOS1T i13yer,

...
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The samples submitted for X-ray diffraction examination by Materials
Cohsultants and Laboratories (MCL) were the rings remaining from the original
pieces. The X-ray examination was of the deposit layers only. These were
"...removed by carefully scraping with a toothpick under a low power stereo
light microscope." .Some of this deposit material was mounted on '"... high
purity graphite wafers with Duco.cement, coated with approximately 200 R of

carbon'"” for examination in the SEM.

IV. RESULTS

A. Thickness Measurements

1. Wall Thickness

Thickness measurements were performed on the specimens_prebared by
R. M. Slepian, Westinghouse Research Laboratories. They were measured in
the '"as polished'" state. They were measured on~a,measuring microscope with
the samples being mounted in a holaer devisea to accomnecdate the mounted
specimen. The reproducibility of the measurement using this system is
slightly better than 0.0l mm when performed on an unexposed piece of tubing
at a single position, Thus the standard deviations on the measured wall
thickness represent variations due to out-of-roundness of the cross~se;tion
or to differing amounts of'corrosion around the section. Three measure-
ments were made at each of eight locations around the section to determine

wall thickness. The results are tabulated in columns 1 and 2 of Table B.l.



Sample
*

ALA

NASI
NA6G
3A35D
BA6D
SASH
SA6H
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TABLE B.1

. Tubing Wall Thickness and Scale

1 2
Wall Std.
Thick- Dev.
ness
3.471 0.059%
3.438 0.069
3.488 0.059
3.218 0.095
5.188 0.027
3.251 0.184
3.157 0.204

3
Scale
Thick-
ness
l1st Run

.098
.038
.075
.040
.050
.087

4

Std.
Dev.

.016
.008
018
.006
.012
.023

5
Sale
Thick-
ness
from
micro-
graph

.010-.
.030-.
.035-.
.035-.
.015-.

.035-.

015
035
0S5
04

020
040

6

Scale plus

Ni layer

from

- micro-

graph

.080-

.05 -,
.05 -,
.040-.
.07-0.

.090
.055

065
06
045
10

Thickness in mm.

7 8

Scale

Thick- Std.
ness Dev.
2nd Run

. 036 .018
.038 .011
.036 .014
.050 .020
.029 - .022

.029 .015
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2. Scale Thickness

Scale thickness measurements were performed twice, first in the '"as
polished" state, and later after the sample surface had been etched and
repolished. In the first measure of scale thickness, seven readings wefe
taken around the inside diameter. "These results are lisfed in Table B.1,
colums 3 and 4 for the average thickness and standard deviation respectively.

A photographic record of the scale thickness was made of each sample at
a magnification of 140 X. Measurements of the average thickness of the de-
posit layer taken from the photographs are listed in column 5 of Table B.l.
Because these measurements are not in very good agreement with those in
column 3, the width of the aeposit plus the nickel coating has also been
estimated, and these values are listed in column 6. After etching, the
-samples were repolished and remeasured. Approximateiy 25 readings were
made around the rings. The average thickness and the standard deviation
are listed in Table B.l in columms 7 and 8 respectively. When the depoist
layers were remeasured after etching and repolishing of the samplés, the
average deposit thicknesses were not in very good agreement with the origi-
nal values. However, it was observed under a.higher power microscope that
in many places, for some of the samples, the deposit layer had been
pulled away from the pipe wall creating the appearance of a thi;ker
deposit layer. Therefore, the values in columm 7 most properly represent
an upper limit to the deposit thickness. The values of deposit layer
thickness listed ij colum i'are the ﬁo;t probable measurements. It
shbuld be pointed out that the photngaphs from which these values have
Jeen obtsined were not taken for the purrtose of obtaining these measure-

menis, dut rather o show irregularities in the appearance of the deposic



layver as seen in cross-section. They do serve, however, to recall the appear-
- ance of the samples, and estimates of '"average' .deposit thicknesses can be
deducad from them.

8. Optical Microscopic Survev

All samples were immersed in anetching solution of 5 parts HF (48%),
10 parts HZSO4 and 85 parts HZO’ for times of 36 seconds to 3 minutes,
to develop the grain bounﬁary structure. This was done to determine the
extent to which pitting relates to the grain boundaries. The first-'result
of this part of the investigation was the observation that there was
considerable difference in sample‘response to the etchant. Some samples
etched quiékly.and ezsily, showing a clear grain boundary structure. Others
did not. The details for each specimen are listed below along with other E
observations about the microstructure as well as the nature of the pitting. =
The différences in etthing behavior are most probably related to variations
in pipe tompositidn and thermal -historv. Although all the-pipes undoubtedly
meet the standard specifications for 6061-T6 piping, plant procedures may
vary in annealing temperatures and times and cooling rates so as to produce
different inclusion distributions. The amount and distribution of impurities
in grain boundaries will te affected by these thermal treatments and obvious-
1v have a marked effect on'corrosion behavior 2s well as etching behavior.

1. NA3I

This sample shows a well developed grain boundary pattern arfter 30 secs.
e@teh. Some texture variation among the grains. The etching is along grain

toundaries. (onsiderable grain size variation observed from inside to out-

un

side of pipe. Grain size decreases with distance from inside surface excact

G2t 3ome very smaii grains are seen it
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Corrosion appears to be along grain boundaries with loss of smaller
grains at inner surface. Penetration is small, usually only one grain.
Pitting is frequent and more or less wniform in distribution.

2. NA6G. |

Shows poorly developed grain boundary pattern after 40 secs. etch in
heated etching solution. Extensive pitting at what appears to be inclu-
sions;'although they are not always observable. One type of inclusion does
not etch!! Variation of grain size across pipe section hard to establish.

_May have larger grain sizes near inner surface as above,

Almost negligible corrosion, and apparently little to no grain boundary
attack. Occasional verysmall grain missing along surface,

3. SA3H

Moderate grain boundary pattern after 40 secs. etch. Some attack at
inclusion locations. Well developed inclusion distribution. Grain size
more or less uniform with larger size distribution towards inner surface.

Moderate corrosion more or less uniformly distributed along surface.
Some clear examples of grain boundary attack, usually wilh une or more
"grains" missing. Not all the pits have appearance of attack via grain
boundaries. This sample shows most extensive pitting.

1. SAGH

Good grain boundary pattern revealed by variation of etching rates of
grains, not by grain boun#ary attack. Attack around inclusions selective.
éame grain size variation astfor SASH.

Corrosion benavior not related to grain boundaries. Onlv a few moderate-

tv Jdeep 2its. No reason evident for pit formation at these sices. General,

-3hgllow Tvme,

g
b
ot
t!
q
b
uQ
e
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light, but not negligibie.



S. BA3D.
Good grain boundary pattern, but not all grain boundaries etched
equally. Some boundaries revealed by precipitates and some by differences

~

in etching rates. Some boundaries are hﬁrdly visible. General heavy
pitting on etched surféce, primarily at‘inclusions. Most inclusions etch
to some extent. Does not look like a double population, one that pits and
one non-pitting.

Corrosion attack is moderately extensive, localized, of varying sever-
ity and not grain boundary induced. Yet much of this surface shows no
evidence of attack.

6. BA6D : :

Grain boundary contrast is poor with many boundaries not evident at all.
No contrast due to different@al etching rates. tany boundaries evident by
decorating precipitates: Surface pitting varies from region to region.

Corrosidn is infrequent. Some small pits develoved. Grain b“oundary
process not particularly evident, .but éan not be'gxcluded. ‘Two large pits
are present. Most of surface (edge) shows uniform type of attack, possibly
related to presence of inclusions which are both numerous and uniformlw
distributed.

The- preceeding observations are not based on the micrograchs . taken
Of the etched surfaces but on 2xtended study of the enfire'surface 0T 2ach
sample at a variety of magnifications and lighting conditions. The opticzl

.

micrograpns were tiken as examples of both =tchin

uq

nenavior and insida

surface attack.



C.  SEM Results

The SEM study was conducted by Martin Haller using a JEOL JSM-II scan-

ning microscope equipped with an EDAX solid state energy dispersive X-ray

detection systém. All samp}gs'weré coated with a thin (100-200 K) layer

of Au-Pd before introduction into the microscope. In the report the

samples are identified by numbers 1 through 6. The relation to the number-

ing system being used here is as follows:

1 MASE ‘ § - SABI
2 - SA3H 5 - BA3D
3 - NA6G 6 - BASD

The various SEM micrographs are identified by a number-letter combination.

Table B.2lists the micrographs, identifies the subject and gives the mag-

nification.

The following generalizations were made:

NA3E:
SASHY
NAGG:
SAGH:
BA3D:

BASD:

Sample contained many crystals, parallel ridges and inclusionms.

~ Sample contains no crystals, few inclusions (- 2%/area)

Same matrix as SASH, mahy c¢rystals on surtace, a few Al/Cl particles.
Mostly c¢racked .matrix with a few large inclusions (<1%)
Same matrix as others, heavily covered with stringy material (-50%)

Matrix has thinner, larger chips. Few inclusions.

The following comments bv Mr., Haller are observations of both appear-

ance and compesition.

All samples are tvpified as having a cracked, looselv adherent coating

(identi

though

fisd as matrix) of large (>10u) thickness. This material looks as

it 2ight be 3n amorthous slectro-devositsd salt laver which grows



 TABLE B.2

List of SEM Photo Micrographs

Sample No. Film No. Subject - ) Magnification
NASE 1A Large, non-typical inclusion 100 X
NASE 18 Typical area, no large inclusions 100 X
NASE iC Tvpical area, no large inclusions 1000 X
NASE 1D Tvpical area, salt crystals 3000 X
NASE 1E Lath tyvpe crystals (?) 1000 X
NASE 1F " Material in ridges on surface 1000 X
NASE 1G Tyvpical ridge on amorphous background 600 X
NA3E 1H Al X-ray nap of 1G 600 X
SASH 27 Typical area containing an inclusion group 100 X
SA3H 28 - Inclusions 1000 X
SASH 2C Typical area with spalled matrix 100 X
SASH : 2D Detail in spalled region 1000 X
SASH ® 2E Matrix detail 1000 X
SA3H 2F Matrix detail 3000 X
NA6G 3A Typical matrix area - ‘ ‘ 100 X°
NA6G ] 3B Detail of matrix 1000 X
NA6G 3C Crystals 1000 X
NA6G 3D Details of debris, crystals and non crystals . 600 X
SA6H - C4A Typical matrix area 100 X
SA6H 4B Tyvoical matrix area 3000 X
SA6H 4C Inclusion (dendritic cryvstal growth) 300 X
SAGH 4D Inclusion (dendritic crystal growth detail) . 1000 X
BASD 5A - Tvpical matrix structure plus attached material 100 X
BA3D 538 Typical matrix structure -1000 X
BASD 5C Diatom . . 3000 X'
BASD © 5D Diatom ' 3000 X
3A3D SE 3io-mass attachment ) 100 X
BA3D - S5F 3io-mass attachment detail 300 X
SA3D .36 Ca oxide skeletons (*) ' 300C X
BASD 3H Bi-valve mollusk shell 600 X
3AoD 6A Tyvpical matrix area 100 X
BASD 68 Matrix detail 1000 X
3A0D 5C Reverse side of detached matrix flake ‘ 100 X
3a0D oD Detail of o&C, 300 X
3A6D SE Substrate revealed hy rlake removal 1000 X
3A90 or . Detail of oC, detached f{lake 1060 X
%Y Ca seems associated with piological material, zrobadly in the form of internai
skeletal structure Orf which the triangles, etc. are the exgosed skeletons.
Jiatoms se2m to 2e composed of 3i0~  onliv. Bioiogical matarial appears to be
stronglv attached o matTix. B
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on the pipe surface. Measurements with the EDAX unit show a very high Al
content for this phase strongly indicating chemical interaction between
this layer and the pipe surface. In addition, an excrescence or growth
(2-A and 2-B typical) is seen in all samples, consisting of Al and Cl, this
is probably a direct corrosion product. In frequency, about 1% of the
areas examined consist of this phase. Further evidence of corrosion and
electro-chemical deposition are seen in sample b, Here, several chips of
the matrix material have spalled off, revealing the matrix/metal interface
(6-E). The reverse side of oﬂe of these chips (6-C, D, F) faithfully
replicates the interface, showing what appear to be etched grains of Al
covered with a -coating of alumina (probably not a-alumina). For these
reasons, it is tentatively concluded that the coatings shown are not
biological (i.e. organic), but are electro-deposited inorganic salts and
corrosion products.,

Only two of the six samples examined had identifiable biological
material. The stringy material seen in 1-A and 1-F (about 20% of the total
sample area), and the diatoms, mollusk shells, and stringy amorphous material
in sample 6 are typical. This material looks to be anchored onto (not
below) the matrix coating., as can be clearly seen in 5-E and 5-F. These
materials are highest in Si, Ca, and Cl, due at.least in part to the
inclusion of fragments of diatom, shells, etc. The author specttlates then
that, based on these samples the biological material has grown on. (or
attached itselif to) a previousiy'existigg salt layer.

{-ray spectira were obtained on the matri¥ and other features for all
six samples. Table B.3 identifies each spectrum. The spectra arepresent-

2d 3s 1 Dhotograpn of the counts recorded in the ZDAX nmultichannel analvser.



Sample No.

SASH
SA3H

NAG6G
NA6G

SA6H
SA6H

BASD
BA3D
BA3D

BA6D
BA6D
BAoD
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TABLE B.3

List of EDAX SPECTRA

Spectrum No.

AM

-z

Ne R

A incl.

Ca oxide

M

Chip R
Substrate

" subject
rAmorﬁhous background material

Matrix
Inclusion

Matrix
Crystal

Matrix
Inclusion

Bio-mass
Matrix
Inclusion

Matrix :
Reverse side of chip
After chip removal



Sample

. HAS)
- HASE
- MASE

NASE
HASE:
HASE

. SASH

HASH

. HAGG

f‘!/\h“

LAGH

SOLAGH

. BASDH

BASD
BASH

. BAGD

BAGH
BAGH

I lemernt

Na

T 922

170
972

337

114

612 -

4959

314

15

122

64}

71
274

My

722
737
1098
623
686
552

2794 :

1076

2459

141

3903
378

- 2439

135
H6Y

1260
1365
2708

Al

20295
SO000
54356
2350
5451
§ 1534
534
- 17008

8562
438

4121
9083

10537
963
477

5486
67270
13733

Si

240
167
1285
5]
2025

32
358
10
17
604
344
127
319

296
1325

81
21
170
151
SIS

22

207
31

155

15
137

145
27
130

~ TABLE B.4

S

1471
1205

4778
1026
2407

2105
556

2022
751

1747
772

1346
138

1285
38
1195

1

13583
7868

4424
3223
6338

3738
11882

3555
37512

5446
5257

29

101

200
181
126

147

6

Ca
22
747

3626
302
2234

696
97

113
3350
19
4e70
3152
9250

%9
266

714
337

B8
490
<33

522
=80
KES Y

Location

Inclusion on micro 1A

Matrix-spot made

Metal substrate, edge of sample

Lath type crystals, mizro 1&
Matrix-amorphous background material
Material in surfaceé ri.Jges, micro 1F

Matrix
Inclusion, micro 2B

Matrix |
Crystals, micro 3C

Matrix
Inclusion, micro 4C

81-9

Matrix °
Bio-mass, micros S5A, 5(C. SF
Inclusions, micros 5G, Sli

Matrix
Substrate, micro 6C, 6E
Overturned chip, micro 6C, 6D



Many more.sfectra were obtained than were recorded in photographic form.
These measureménts are listed in Table B.4, which presents the number of
-counts obtained for fixed incident beam curfent and fixed counting times
for each of ten elements. These results can be~considered as qualitative
only, since topography and electrical conductivity play an important role
in controlling X-ray generation and detection. The major constituents

in the deposits, including crystals, inclusions, etc. are Al, Cl, and Ca.
Minor amounts of Na, Mg, Si; § S are present. The presence of a large
amount of Fe in NXS sample is known to be due to the experimental set-up.
There are also trace amounts of P and K as well as others not specifically
identified. These results agree reasonably well with a similar study by

Materials Consultants (MCL).

D. AES Results

This part of the study was not possible due to excessive charging by
the samples. The deposited layers appeared as infinitely thick to the in-
cident electron beam, with very high resistance. No spectra could be ob-
tained. |

E. MCL Results

For the report from MCL, see Appendix 8.2. In their study, three technil™ "’

ques were used: X-ray diffraction (XRD), scanning electron microscopoy (SEM)
with EDAX analvsis andé secondary ion mass spectroscovy (SIMS).
Not all samples were analvied in this studv. The following had de-

posits removed for XRD: BASD (two types of dcrosit), BAZID, SAZll and BTGD.

Hy
ot
=
1]

In 31l cases the amount of crystalline material was a small part o

and the degree Oof crystallinity was Joor. In some ciases compownd
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identification was marginal and only possible because the major elements
present were known. Table B.S lists the samples and the compounds identified.

The SEM studies were not as extensive as those performed by M. Haller.
The results were not significantly different.

AThe SIMS study confirmed the presence of organic materials. The
sample studied was BA6D, two seéarate areas. The operators reported, based
on their experience that the organic content was estimated to be 5% in one
area and 10% in the other. This technique e5tablished the presence of
oxygen, as expected, but also showed somc fluerine, an element not identified
in the EDAX studies.

In conclusion these studies attribute the'composition of the average
deposit as being:

Major CaCO; and Al(OH)3

Minor A12(504)3 HZO’ CaMg CO3 and organic matter

$io, and NaCl '

Obviously in some other samples, such as NA6G, NaCl would be a major

constituent.
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TABLE B.S5

" Results of MCL X-Ray Study

Sample
BA6D White isolated material - , .-\l(OH)3 A12(504)3'H20
.Yellow1sh matrix Al(OH)3 A12(SO4)3°H20
CaCo. Sio, .
3 2
CaMgCO3
BA3D Matrix CaCOs' CaNgCO3
Sio,
SA3H Matrix Al NaCl

BTéD Matrix " no crystalline pattemrn



V. STATE OF THE ALUMINUM PIPES

The appearance of the etched cross-sections of the aluminum pipes shows
that important differences exist from one pipe to another in terms of -compo-
sition and/or age hardening treatment. The 6061 alloy is not one where com-
position is carefully-controlled. It is frequently used in many melt shops
as the alloy‘to use up extra amounts of scrap. That may significantly change
the amount of some trace elements such as Cr or Cu. The age hardening
elements in 6061 are Mg and Si. So the concentrations of these are cérefully
controlled. The T-6 temper is achievable by séveral heating and age harden-
ing programs. However the precipitation distribution and concentration of
impurity elements in_;pi_g;ain>999§daries may vary considerably as a result.
Since corrosion by seawater and the bio-mass is a process rather similar to
etching, it is important that for the purposes of a study of this kind the
starting pipes all be identical.v As 3 consequence it is not useful to try
to interpret the results of the metallog:aphié investigation of the depositQ
metal pipe interface as seen in cross-section. ‘The differences in the
corrosion behavior as described in IV B may be just as likely due to

differences in the metal as to differences in the deposit-seawater environ-

ment,

VI. CONCLUSIONS AND RECOMMENDATIONS

These invgstigation§ have shown that run of the mill 6061-T6 aluminum allov
pipes are ot suitable for a study of this kind as it is not a well enough
centrolled material in terms of ics.roFistanée to chemical attack. There
are other aluminum allovs of equal or better resistance.:o salt water

Sorrosioen.



It Qas not possible.to estimaté the raie of metal loss due to corrésion
in these studies. For this to be‘done, a measurement of wall thickness of
a:section adjacent to the'tegt‘piece would have to be posgible. The varia-

tion in average wéll thicknegs from 3.19 mm to 3.49 mm more probably repré-
sents variations in starting wall thickness than it dﬁes in loss of metal
through corrosion. This program was started before the necessity of control-
ling initial wall thickness was established.

The sample mounting procedure used for the metallographic study can
be improved by insérting a metal disc approximately an inch in diameter
inside each pipe section during ﬁounting in the mounting compound. While
the mounting mediuﬁ used in this study (Technovit 4000) is very low in i
shrinkage during curing, it is not negligible. A reduction in the amount of
mounting m dium by a metal ﬁlug will certainly eliminate any shrinkage
problem. |

The measurement of the thickness of the deposited layer involved some
sdbjectivity. A photographic approach looks to be more prudent than the

&g

one originally chosen here, using a relatively low power traveling micro-

scope. If samples are repolished and remeasured,and if more than one
cerson makes the measﬁrements, meaningful compariéons may then bé vossible.
In this investigation, the photographs that were taken to show excepticnal
features along the deposit-metal interfaée plaved a significant role in
astablishing the deposit laver Fhickness. It should be noted that the

»

ffect of grinding and polishing of the pipe secticn on the thickness of

(17

The Zevosit was not clearly established. That is, ne resroducibilisy

lag - ~ 3 =% . 1 . R ~as s 433 - 1 -
23 weTe TerIorned To snow tkat ta mecasnical Trocessas did net altar the
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appearance and hence the thickness of the deposited scale, To the extent
that scale thickness is a crucial parameter in these’ studies, such re-
producibility tests should be performed. Finally it should be noted that
there was clear agreement between the metallographic measurements of scale
thickness and estimates of the same from the scanning electron microscopist
Deposit thickness on these samples ére in the range of 10 to 50 microns,
primarily. Significant variations around these nﬁmbers are possible,
especially to larger values, when larger biological entities were located
or extensive corrosion took place.

The problem of establishing the maximum rate of etch pit penetration
has not been dealt with in this study. No sampling procedure based on
arbitrarily selected cross-sections can locate the 'deepest" pit. This
part of the study must of necessity consist of at least two stageé. The
first would be to find out, if possible, the corrosion mechanisms. The
second to measure the frequency of the exceptional mechanisms. The
¢ritical question to answerbis whether a fast corrosion (or etch) rate is
determined by a unique local surface chemistry, or a particular surface
defect, or the chance combination of both. The results of the study to

date has not cast any light on this problem.
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Lath type crystals (?) Material in ridges on surface
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NAE 6 e NA3E IH 600 x
Typical ridge on amorphous Al X-ray map of 16
background



SA3N 2
Typical area containing an
inclusion group

100 x -

2B
Inclusions
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SA3H 26 100 x
Typical area with spalled matrix

2D
Detail in spalled region



SAZH

Matrix detail

2F
Matrix detail

3, 000 x



3B
Detail of matrix

NA6G

100 x

3N
Typical matrix area



3C
Crystals

(97
(92

NAGG 3D 600 X
Detai's of debris, crystals
and non cryslals



Typical matrix area

Typical matrix area



SA6H  AC
Inclusion (dendritic crystal
growth)

fiinise L i : ¥ i gm

SAG6H 4D 1,000

Inclusion (dendritic crystal
growth detail)



BA3D 5A 100
Typical matrix structure plus
attached material

BA3

D 5B
Typical matrix structure

w P
1, 000 x



Diatom



Bio-mass attachment
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Bio-ma:s attachment detail
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Ca oxide skeletons (*) . Bi-valve mollusk shell

Ca seems associated with biological material, probably in the form of internal
skeletal structure of which the triangles, etc. are the exposed skeletons.
Diatoms scem to be composed of Sidy only. Biological material appears to be
strcngly attached to matrix. '
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6B
Typical matrix area Matrix detail
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Detail of 6C

Reverse side of detached

ix flake

matr



cr-4d

6F
Substrate ravealed by flake Detail of 6C. detached flake
removal



NA3E 1-AM
Amorphous background
material

LBBSERP:T64ITINT
FUHS 0 28EV/C

Inclusion

Matrix

Matrix
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1805EC SSbGSINT

Matrix

";~d=gilaassc JBELYINT
451008 WS: 2@EV.C

5 LBDbEu 1?2. -HNT;'Y'-

Inclusion
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Matrix Inclusion

©180SECL11230LN
1888 < HS:

hip R
Matrix ‘ Reverse side of chip
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./18@SEC 75538INT.
. HS: 28EV/CH

BAGD 6-S ubstrate
After chip removal :



APPENDIX B.1

HISTORY OF HEAT EXCHANCER PIPE SAMPLES

NOI'I Samples:

Two Al 6061-T6 pipes (nominal { in. id) were run on board the ship
NOI'I during July-September 1976 at Keahole'Pqint, Hawaii. One unit
was operated -at a flow velocity of -3 ft/sec and the other at -6 ft/sec.
Water was taken from depths of 20 ft using flexible PVC pipe as feed line.

The two heat exchanger pipes wére prepared prior to the experiment in
the following way. The inside of the pipe that was operated at 6 ft/sec,
was cleaned by a clean rag wet in acetone. The pipe that was operated at
5 ft/sec, was cleaned by cleanser (household Ajax) and bottle brush (nylon
bristle - 1 in size). The brush was passed 100 times through the pipe.

During the experimental geriod, flow stoppage occurréd only during
flow meter :zero measurements and oil change for the ship's generator.

The 5 ft/sec unit had an iron foot value in its flow path which caused
a Tusty coloration on the pipe's inner surface.

At the end of the experimental period, the heat exchanger pipes were
drained off seawater and let dryv in air.

We have a3 supply of three ~lin. long sections (taken from various locaticns
along the 8-1/2 ft. length) from cach unit.
Buoyv Sam;les:

| Two Al 6061-T6 and one Ti heat exchadger dires were o?erated at Keahole

Foint, Hawaii. The units were submerged at a depth of 30 ft and overated

during the neriod. Februarv-Julv 1977,
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Both Al pipes and the Ti pipe Qeré prepared by the cleanser brush method
prior to the experiment.

Al 6061-T6: One unit was run at a flow veloéity of v3ft/sec and the
other at v6ft/sec.

Short duration flow stoppage occurred during flow meter zero measurements.

Pumps failed during May 6-11 and the pipes were in stagnant water during
this time. Pumps were restarted on May ll.

On June 6, the thermal resistance layer (due to biofouling, corrosion
and scaling) was cleaned fully for the 6 ft/sec unit and partially for the
3 ft/sec unit by M.A. N. brush (nylon bristle brush traversing up and dawn
the pipe). | .

3oth pipes continued to operate till July 11, 1977. From July 11 till
July 16 the pipes remained in stagnant water. On:July 16‘thg pipes were
removed, drained off their seawater and let dry.

Between July 17 and August 1, 1977, the pipes were exposed to fresh
water for flow meter calibration. This fresh water bathing was intermittent
in ﬁature.

Again che plpes were drained off fresh water and let dry in ai;.

Ti: The umit was operated from February till April 27. It remained

in stagnant water from April 27 till June 6.

On June 6, it was pulled out, drained off seawater and let dry. éetween
July 17 and August 1, it was exposed to fresh water as were the Al pipes.

For each of the above tgrce Reat exchanger pipes, a sample length was
cut while the pipes were still submerged'in the sga; these samples were stofed
"in Giutaraldehvde solution for biological work and are with Dr. Harveyv of

Hawaii.
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Two Al 6061-T6 heat axchanger pipes were run in the Caribbean Sea
in the period of July—Séptembér 1977. Thevwere mounted on bsard a barge
in the open ccean. Séawater was taken from a depth of 60 ft with flex-
ible PV(C pipe as feedline. Ope unit was operated ;t -3 ft/sec and the

other at 6 rt/s

o
0

Both Al pipes were prevared prior to the experiment by the follow-
ing procédure. .Interior cf thevpipeé were treated with 10% (by weight)
NaCH solution at ambient temperature. The reaction being exothermil
the.pipe becomes hot and reaches a temperature of -150°F during this
précedure. Subsequently, the pipes were rinsed with fresh water; then
swabced (-40 times} by a clean rag (wet in dishwashing liquid solutio;)
o r2meve any residue.

At the end of the experimental period, the pipes were drained off

the

un

2awater and let drv in air.

We have five 1 in cieces from each experimental pipe taken from

varicus locations along the 8-1/2 €t length. , v
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APPENDIX B.2



MCL

X-Ray Diffraction—Scanning & Transmission Electron Microscopy

December 30, 1977
JOB NO 7712055

SUBJECT- Scanning electron microscopy (SEM), Electron-
excited, energy-dispersive x-ray analysis (E/EDAX),
X-ray diffraction (XRD) and Secondary Ion Mass
Spectroscepy (SIMS) analyses of the deposits
forming on the interior surfaces of several
aluminum tubes and one titanium tube through which
salt water had been pumped, for the purpose of
chemically and structurally characterizing the
deposits.

EXPERIMENTAL PROCEDURES AND RESULTS

Sample Prevaration - The deposits from the interiors of the tubing werse
removed by carefully scraping with a toothpick under a low power stereo light
microscope. The SIMS sample was sectioned from tubing #BA6D and was examined
in the as~received condition. .

SEM and E/EDAX - The deposit samples were mounted on high purity graphite
wafers with Duco cement, coated with approximately 200A of carkon and examined in
the SEM using a 20 KV accelerating voltage and a tilt angle of approximately 45°,
(The carbon coating provides an "invisible" electrically conducting surface
which is necessary for efficient SEM examination, and does not interfere with
the SEM or E/EDAX results. The samples were examined using both secondary and
back=-scattered electron emission.

All elements with atomic numbers greater than eight (cxvgen) are detected
simultaneocusly with E/EDAX; elements with lower atomic numbers are not detected.
This enables the detection of elements not necessarily expected concurrently
with the elements of drincipal interest. ’

The S/EDAX results are summarized in the enclosed table.

XRD (Debve Scherrer) =~ The deposit samples were mounted on glass Zibers with
.Canadian Balsam and exposed %o nickel-filtered, corper X=-alpha radiation in 114.5
tm diameter Debyé Scherrer cameras for 8 hours. The resulting patterns were verv
disfused indicating that the samples were not well crvstallized. The Bracc
refleczions were ccmpatible with the following structures:

L

MATERIALS CONSULTANTS & LABORATORIES. INC. / 1567 Oic Abers Creek Roaa. Monraeviile. Pa.15148 / 3128 3727
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BA6D (white isolated material)
major - Al(OH)3 #7-324
minor - Al-so4-520 #11-475

BA6D (yellowish continuous £ilm)

major - Al(OH) #7-324

Caco3 #5-~586
minor = 'Al-SO4-H.O #11-475
&1 2 Y5=4an
CaM'CO3 #11=-78
BA3D
major - Caco3 #5-586

minor = CaMgCO3 311-78
SiO2 -~ #5-490

SA3H

major - Al #4-787 (from substrate)
minor - NaCl #5«628
BT6D

ho crystalline pattern

The levels of the crystalline fraction shown above were estimated from the
intensities of the principal Bragg reflections. It should be emphasized that
because of the low degree of c¢rystallinicy of the material the CaC0O,, CaMgCO_ and

5102 phases are considered conclusive identifications, the others are probabie but
not conclusive.

SIMS - The SIMS surface analysis was conducted on areas A and B of micregraph
#5468 with a 3IM Secondary Ion Mass Spectrometer equipped with an ion imaging package,
charge neutralizatien system and a raster-cating system to reduce background levels.
The SIMS quadrapole mass analyzer is mounted on a Cambridge Mark IIA Sterscscan
scanning electron microscope which enables a detailed threée-dimensicnal examination
of the sample and the surface area selected for analysis.

@
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Positive and negative SIMS spectra were generated from the surfaces by
bombarding them with an inert beam, approximately 0.5 mm in diameter, of 2.5 KV~

.argon ions for 300 seconds. The removal rate of suiface atoms was approximately

208/minute (ion current density = 100 micro amps/cm®). The raster area was 2x2 mm.
Scans were taken over 0-100 and 100-200 atomic mass units (amu) for positive icns
and 0-50 amu for negative ions. The results may be summarized as follows:

-~ Organics were detected in both areas A and B. We estimate

(from ion yield values) the organic content of area A to be

about 5% and area B to be about 10% of the total deposit present.

- Area A contains principally calcium and oxygen with intermediate
levels of sodium, fluorine, magnesium, sulfur, chlorine and
aluminum while area B contains principally sodium and oxygen.with
intermediate levels of fluorine, sulfur, chlorine, aluminum and
potassium. .

- Area A also contains minor levels of potassium, iren and
carbon, trace levels of silicon and area B contains minor levels
of magnesium, iron and carbon and trace levels of silicon.

a

CCNCLUSIONS

Because of the very poor crystallinity of the material the XRD patterns were
very difficult to index. However, with the aid of the Z/EDAX and 3IMS data the

XRD results were determined. The following is a synthesized composition representing:

an average of all of the data taken for the aluminum tubing deposit.

Average deoésit - Aluminum tubing

major CaCO3
Al (OH
( )3
minor Al-SO4-Hzo
CaMgCOj

organic ccmponent

trace Sio,

NacCl
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Si

c1

Ti

Fe

B-54

E/EDAX Results of Tubing Debosits

*very nigh organic cemponent

BA6D BA6D BA3D SA3H BTED*
(wt matl) . (yw £ilm)
Tr Tr Tr - Tr -
Ma Ma Tr Ma -
_;: T Int - Ma
Mi-Int Mi Tr-Mi Mi Mi
Tr Tr Tr Int Mi
Tr T Tr Tr Mi
Mi Ma Qa Tr+ Int
- - - — T+
- Tr T Tr Mi
- 1 - - T
- Tr Tr - r

Tzr=Trace

Mi=Minor

IntsIntermediate

Ma=Major
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E/EDAX-Exposed metal surface

Area A in #5468
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E/EDAX of corroded surface

Area B in #5468
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Areas analyzed by SIMS
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SEM MICROGRAPHS OF SAMPLE BA6D (YELLOW MATERIAL)
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SEM MICROGRAPHS OS SAMPLE BA6D (WHITE MATERIAL)
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Crystallographnic
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E/EDAX OF SAMPLE BA6D (WHITE MATERIAL)
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SEM MICROGRAPHS OF SAMPLE BTED

#5445
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SEM MICROGRAPHS OF SAMPLE SA3H
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SEM MICROGRAPHS OF SAMPLE BA3D
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E/EDAX OF SAMPLE BT6D

IR
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E/EDAX OF SAMPLE SA3H
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_E/EDAX OF SAMPLE BA3D
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E/EDAX OF SAMPLE BA6D (YELLOW MATERIAL)
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