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INTRODUCTION

Ocean Thermal Energy Conversion (OTEC) is the concept for a system
which will extract energy from the ocean by taking advantage of the
sizable temper!5,re difference between surface and bottom water in a
tropical oceanke. A fundamental part of an OTEC system is a large sec-
tion of heat exchangers throup which the energy transfer is made. It
is crucial to keep the surface of these heat exchangers clean because
fouling by organisms in sea water can cause deterioration of the heat
transfer effectiveness. The Naval Coastal Systems Center (NCSC) inves-
tigated cleaning techniques that would effectively prevent fouling in
metal tubes over a long period of time.

The physical structure and cleaning systems of the OT C assemblv at
Panama City, Florida have been described in several papers r) and
will be dealt with only briefly here. This report will describe the com-
puter driven control and data analysis system used in conjunction with
the mechanical system. This will include explanations of the physical
computer setup and its interaction with hardware components of the sys-
tem, the software methods of sampling and data management, and data
analysis techniques. A brief discussion of the underlying theory of
heat transfer is also included.

(1)Griffin, 0. M., OTEC, Power from Therma Gradients, Sea Technology,
pp. 11-15, August 1977.

(2,Fritsch, A., Adamson, W., and Castelli, V., An Evaluation of Mechani-

cal Cleaning Methods for Removal of Soft Fouling from Heat Exchanger
Tubes in OTEC Power Plants, Proceedings of the Ocean Thermal Energy
Conversion (OTEC) Biofouling and Corrosion Symposium, Seattle,
Washington, 1978.

(-)Braswell, J. A., Lott, D. F., and Hedlicka, S. M., Preliminary
Evaluation of Flo Driven Brushes for •.c.oval of Soft B •n, from
Heat Exchanger Tubes in OTEC Power Plants, Ocean Thermal Energy Con-
version (OTEC) Workshop, Washington, D. C., January 1979.

(4)Lott, D, F., and Tuovila, S. M., Biofouling Countermeasures - Status
of Two Mechanical Systems Systems and Chlorination, Sixth Ocean Thermal
Energy Conversion (OTEC) Symposium, Washington, D. C., June 1979.

S-.
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TEST SITE CONFIGURATION

The test site at NCSC is located on the shores of St. Andrew Bay,
an estuary of the Gulf of Mexico, at Panama City, Florida. The OTEC
piping assembly and computer system was located on a pier, with the
seawater being pumped to test sections from a depth of approximately
7 feet (). Three self-priming centrifugal pumps were available with
one or two being used to pump seawater from the bay into a header.
Twelve tubes were fed from the header; six were of titanium and six of
5052 aluminum so that the cleaning systems could be tested on two dif-
ferent metals. Water flowed from each tube back into the bay, with the
flowrate manually adjusted with a valve at the outlet.

CLEANING SYSTEMS

The tubing system contained four control tubes, two tubes in a flow-
driven brush cleaning system, two tubes in'a reciprocating sponge ball
cleaning system, and four tubes in a chlorination system. All cleaning
systems worked automatically and were controlled by timers.

One pair of control tubes (one aluminum and one titanium) were
allowed to foul freely to provide data on the amount and kind of fouling
present. The other pair of control tubes were cleaned daily and served
as an internal check of the data gathering system.

The flow-driven brush cleaning system consisted of one aluminum
and one titanium tube through which a nylon brush was passed. At each
end of the tube was a nylcn basket in which the brush was trapped.
Periodically, water flow in the tube was reversed to force the brush to
the other end of the tube. The brush diameter was slightly larger than
the tube's inner diameter and would shear the fouling material off the
tube walls.

The recirculating sponge ball cleaning system consisted of one
aluminum and one titanium tube in which a sponge ball of a slightly lar-
ger diameter than the tube was circulated. The ball was held in a valve
and released periodically when the valve was turned. When the ball had
gone past an optical sensor, the valve was turned back to its original
position and the ball was diverted into a catcher which placed it back
intc the circulating system.

( • ibid.
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The control, bfush, and sponge ball systems have been described
by Lott and Tuovila 4). Tests with the chlorination system have nor
yet begun. This system consists of two aluminum tubes and two titanium
tubes. A chlorine generator releases a known concentration of chlorine
into the system; chlorine release may be pulsed at regular intervals or
may be continuous so that the concentration of chlorine within the tubes
remains constant.

COMPUTER CONTROL SYSTEM

A DEC PDP-11/34 compute-r was used to provide system control and
data analysis. Ideally, this system should run continuously without
much operator assistance. The main areas of computer control are pump
selection, tube selection, and heater control; if necessary, the entire

test could be halted by the computer.

Pump performance was monitored throughout a test. If a pump
failed to provide uniform flow, an error message was printed to alert
the operator to a problem. If the bad pump performance continued, the
computer was programmed to automatically shut down the malfunctioning
pump and simultaneously activate another pump through a relay panel.

Heaters in the OTEC system consisted of copper heater cylinders
which were press fitted to the outside of the heat exchanger tubes.
Voltage to the heaters was controlled by a Variac panel, which must be
set manually and read into the computer via a DEC AD11-K analog to digi-
tal converter. The computer was programmed to be responsible for turn-
ing individual heaters on and off, monitoring rates of heat up and cool
down of sea water in the tubes, and setting heater voltage limits. The
timing schedule for heat up and cool down, and the allowable voltage
limits were pre-set by the computer but these default conditions could
be altered by the operator at the beginning of a test. Once a test had
begun, the computer would continuously turn the heaters on and off ac-
cording to the prescribed cycle, monitor heater performance, and peri-
odically sample and print voltages. If a heater built up more voltage
than a prescribed upper limit, that heater was turned off by the com-
?uter and the corresponding tube was "dropped" from the test. This was
to prevent damage to heat transfer units.

k4)ibid.

3
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Sonic flow meters were used to measure flow velocity and read into
the computer via the A to D converter. Flow had to be set manually via
a PVC valve at the output of each tube, but the computer monitors flow
rate throughout a test. Maintaining a constant water flow was crucial
to correctly determining the heat transfer characteristics of a tube,
so any sudden change in flow would trigger an error message to alert
the operator. Intermittent or sluggish water flow would cause the
heaters to heat the tube excessively or erratically, and that tube would
be dropped from the test.

DATA SAMPLING

Software sampling programs, in FORTRAN IV and MACRO assembly lan-
guage, were initially planned and written by personnel at the David W.
Taylor Naval Ship Restarch and Development Center (DTNSRDC) at Annapolis,
Maryland. These routines allowed the computer to read signal output by
hardware components of the OTEC systems. An analysis cycle consisted
of two parts: (1) heat up, when the heaters are on, and (2) cool down
after the heaters have been shut off. Samples were taken during the
cool down cycle to determine the exponential heat decay curve for each
tube.

The general data analysis scheme is outlined in Figure 1. Four
quantities were sampled for each tube: (1) time, (2) heater voltage,
(3) water temperature in degrees Celsius, and (4) flow rate in feet per
second. Aluminum tubes were sampled successively with heater voltage
and water temperature sampled every 3 seconds, and flow rate measured
every 9 seconds. For titanium tubes, the sampling rates were twice
those for aluminum tubes because the cooling curve for a titanium tube
has a longer time constant than that of an aluminum tube. For clean
tubes, a time constant of 50-55 seconds is typical of the cooling curve
for a titanium tube and 30-35 seconds for aluminum. Sampled values were
displayed on a CRT, which was updated every 3 seconds, and printed on a
ýeletype every 10 minutes. Time was provided continuously by a battery
driven quartz clock inside the computer and provided for automatic re-
starting of an OTEC test following any interruption of power to the com-
puter. Sampled values were stored in an array for the duration of
sampling cool down time and were printed on a teletype during the next
heat up cycle; and were used to provide an analysis of that tube. Heat
up time was set at 18 minutes with a cool down time of 12 minutes yielding
48 analyses per tube each day.

(Text Continued on Page 6)
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DATA ANALYSIS

Data analysis techniques were based on those developed at Carnegie-
Mellon University(h) and were intended to determine changes in the foul-
ing resistance based on the transfer of heat from the tube walls to the
sea water flowing inside.

In determining the heat transfer coefficient in a tube, it was
assumed that all resistance in the system was due to buildup of a foul-
ing layer at the interface of the pipe interior and the flowing sea
water. The resistance at other sites within the unit, such as that
present in the copper block and at the interface between pipe and copper
block, were assumed to contribute only negligibly to the total resistance
in the system.

As a test progressed, the amount of fouling present was estimated
from the changes in resistance from a baseline value determined from a
Wilson Plot(6) done on data taken from each tube when it was clean.
This plot is essentially a linear regression relating the inverse of
flow velocity (I/V 0 . 8 ) with fouling resistance (1/h), where h is a mea-
sure of heat transfer. A sample Wilson Plot is shown in Figure 2.
Slope was determined experimentally to be approximately 3.4A x 10-3 and
the intercept at l/V 0 . 8 = 0 should ideally be zero. The intercept nor-
mally takes a small positive value (approximately 1.0 x 10-4) which
represents the total amount of resistance in the system which is not
due to biological fouling (assuming the tube has been properly cleaned).
As fouling increases, the Wilson line slope should remain unchanged
while the intercept increases, providing an estimate of how much the
fouling resistance has increased over the baseline value.

During a test, sea water flowing through tubes in the heat trans-
fer units was heated until the temperature of the tube walls stabilized
at a temperature slightly above that of the water flowing inside. Then
the heaters were turned off and the tubes cooled by the colder sea water
flowing through them. assuming a constant flow velocity, the voltage
decay of the cooling curve can be defined by the relation:

V(t) = V 0-t (1)

(5)Fetkovitch, J. G., Fette, C. W., Findley, R. W., Grannemann, G. R.,
Mahalingham, L. M., Meier, D. L., and Runco, P. D., A System for
Measuring the Effect of Fouling on Heat Transfer Under Simulated OTEC
Conditions, Report COO-4041-10, Carnegie-Mellon University, December
1976.

(6)Wilson, E. E., A Basis for Rational Design of Heat Transfer Appara-

tus, American Society of Mechanical Engineers Transactions, Vol. 37,
ASME Paper #1477, 1915.

(Text Continued on Page 8)
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where t is t ime; V is the steady state voltage achieved after a thbe
has been heated; 11is the time constant of the coolilng curve; and V(:)
is the voltage at time t. A plot of an exponentitatl decay curve Is shown

in Figure 3. As fouling increases in a tube, the above relation will
continue to hold, with increasingly larger values of T.

In actual practice, the raw cooling curve data are modified before
a time constant is determined. Tite first few seconds of the curve are
discarded to ensure that the heater was turned off before data were taken.
The actual time was deduced from experience with tile physical system and
set at 15 seconds for aluminum tubes and 30 seconds for titanium tubes
for our system. Secondly, the cooling curve was normalized to zero by
subtracting the minimum voltage achieved by the heater; this minimum was
estimated by averaging the values of the last several voltages at the end
of the cooling curve where the voltage had stabilized to a constant
value. Finally, the curve was weighted to minimize bias caused by equip-
ment noise, flow irregularities, and other random system perturbations.

The value of this background noise bias was assumed to be constant
and was estimated by the standard deviation in the points used to deter-
mine the minimum heater voltage. Since low voltage values in this cool-
ing curve will be affected by the bias more than greater voltage values,
the weighting function, based on the determined system bias, weights
higher voltages more than lower ones, using the relation:

W(t) - (vn(t))2
nl (2)

where t is the time, Vn(t) is tile normalized voltage at time t- s Is tile
standard deviation of the "zero" voltage, and w(t) Is the weight applied
to the voltage at time t.

Rather than performing an exponential regression on the cooling curve
data, tile logarithm, base e, of each data point was taken and a linear
equation fit to the resulting line. Weighting of the curve was done in
the linear regression rooti.on LINFIT(7) . Taking the logarithm of both
sides of Equation (1) yielded the relation:

.tn V(t) - in V - t
0 T

' Bevington, P. R. , Atta Redtuction a•nd El'rror Arvilusis for tne Phiieai
Sciencs, pp. 104-105, 1969.

(Text Continued on PIage 10)
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Linear regression then determined the values of the unknowns V (starting
or maximum voltage) and T (time constant of the cooling curve)? A corre-
lation coefficient, R, and root mean square error, RMS, were also calcu-
lated for the linear fit.

Linear regression was performed twice for each cooling curve. The
fit was done on the entire cooling curve (except for the points at the
beginning which were previously deleted) and a preliminary estimate of
the time constant (.) determined. Then one time constant's worth of data
from the beginning of the curve was fit and a final value of T was deter-
mined. A more accurate fit was gained by not including the "tail" of
the cooling curve where the voltage was approaching its constant minimum
value.

Once the value of T has been determined, the heat transfer coeffi-
cient can be calculated with the equation:

.n h = A + B(tn T) + C(n T) 2 + D(kn T)3 (4)

where A, B, C, and D are constants based on physical characteristics of
the tube (dimension, heat capacity, thermal conductivity, etc.). Table I
gives a description of tube parameters with actual values for each tube
being listed in Table 2.

This value of h had to be corrected because its calculation was
based on the assumption that all the heat lost from the tube walls
during cool down cycles was transferred to the water flowing through
the tube. Two other sources of heat loss were considered: (1) into
the air and (2) axial loss along the tube wall. Heat loss into the
air was allowed for with the equation:(8)(q) (10)

(B)Sparrow, E. M., Hallman, and Siegel, T. M., Turbulent Heat Transfer

in the Thermal Entrance Region of a Pipe with Uniform Heat Flux,
Appl. Sci., Res., Section A., Vol. 7, 1955, pp. 37-52.

"()Hartnett, J. P., Experimental Determination of the Thermal Entrance
Length for the Flow of Water and Oil in Circular Pipes, Transactions
of the ASME, Vol. 77, 1955, pp. 1211-1220.

('O)Allen, R. W., and Eckert, E. R. G., Friction and Heat Transfer

Measurements to Turbulent Pipe Flow of Water (Pr = 7 and 8) at
Uniform Wall Heat Flux, Trans. ASME, Journal of Heat Transfer, Vol.
86, Set. C, No. 3, August 1964, pp. 301-310.

(Text Continued -on- Page 13)
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TABLE 1

DESCRIPTION OF TUBE PARAMETERS

Parameter
No. Description

1 A: First constant for calculation of h

2 B: Second constant for calculation of h

3 C: Third constant for calculation of h

4 D: Fourth constant for calculation of h

5 RADI: Inside vadius of tube (in)

6 RAD2: 1/2 Machined O.D. of tube or copper heater I.D. (in)

7 RAD3: 1/2 O.D. of copper heater section (in)

8 AKCYL: Thermal conductivity of copper heater (B/hr ft OF)

9 AKTUB: Thermal conductivity of tube (B/hr ft OF)

10 HAIR: Air heat transfer coefficient for heat loss to air

11 HINTR: 1/h intercept on Wilson Plot (different for each
tube)

12 ALENGTH: Length of heater section on tube (in)

13 TTHWLL: Wall thickness of thin tube section near
heater (in)

14 VNOM: Nominal water velocity to which results are
corrected (fps)

15 HRSLPE: Slope from Wilson Plot (different for each tube)

16 THINT: Thermistor calibration curve intercept (°C)

17 THSLP: Thermistor calibration curve slope

18 FMINT: Flow meter calibration curve intercept (gpm)

19 FMSLP Flow meter calibration curve slope

20 IWNST: Points after cooling curve starts for data
collection to start

21 IWN: Number of T's for second data fit

1-19 are real numbers

20-21 are integers

it
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TARLE 2
VALUES OF THE PARAMETERS

Parameter Tube No.
No. 2 3 4 5

I 13.577000 49.278000 13.577000 49.278000 13.577000 49.278000

2 -2.964000 -24.165001 -2.964000 -24.165001 -2.964000 -24.165001

.1 0.401300 4.650300 0.401300 4.650300 0.401100 4.6SOl00

4 -0.n028200 -0.314180 -0.028200 -0.314180 -0.0121l200 -0. U.14180

1). 5245f0l 0.524500 0.524500 0.524500 t.5 00.5

6 6). 640.6(01 0.640000 0.640000 0.640000 0..40000 0.b O00

7 1.500000 1.500000 1.500000 1.500000 1.500000 1.500000

8 225.899002 225.899002 225.899002 225.899002 225.899002 225.899002

9 79.830002 9.150000 79.830002 9.150000 79.830002 9.150000

10 1.570000 1.570000 1.570000 1.570000 1.570000 1.570000

11" 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

12 12.000000 12.000000 12.000000 12.000000 12.000000 12.000000

13 0.060000 0.115000 0.060000 0.115000 0.060000 0.115000

14 6.000000 6.000000 6.000000 6.000000 6.000000 6.000000

15" 0.000000 0.000000 0.000000 0.000000 0.000000 0.030000

16 .'.750000 2.750000 2.750000 2.750000 2.750000 2.750000

17 ).008789 0.008789 0.008789 0.008789 0.008789 0,008789

19 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

19 0.004883 0.004883 0.004883 0.004883 0.004883 0.004883

20 1 1 1 1 1 1

21 1 1 1 1 1 1

P0 rnmr.tr. r __________Tube No.____________________
N.,. 7 8_______ 9 10 I I (2

1 ]3.577000 49.278000 13.577000 49.278000 11.577000 49.2780(0

2 -2.964000 -24.165001 -2.964000 -24.165001 -2.964000 -24. 1O6501

"1 0),401300 4.650300 0.401300 4.650300 0.401300 4.650100

4 -0.028200 -0.314180 -0.028200 -0.314180 -0.028200 -0.314180

0.524500 0.524500 0.524500 0.524500 0.524500 0.524500

6 0.640000 0.640000 0.640000 0.640000 0.640000 0.640000

7 1.500000 1.500000 1.500000 1.500000 1.500000 1.500000

8 225.899002 225.899002 225.899002 225.899002 225.899002 225.899002

9 79.830002 9.150000 79.830002, 9.150000 79.830002 9.150000

10 1.570000 1.570000 1.570000 1.570000 1.570000 1.570000

11* 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

1- i1.000000 12.000000 12.000000 12.000000 12.000000 12.000000

13 0.000000 0.060000 0.060000 0.060000 0.060000 0.060000

I ý.000000 ;.115000 6.000000 6.115000 6.000000 6.115000

15, 2:.00?000 0.000000 0.000000 0.000000 0.000000 0.000000

.. . 2.750000 2.750000 2.750000 2.750000 2.750000

-)z7-9 '.00S789 0.008789 0.008789 0.008789 (1.0087-9

•. 100000 0..000000 0.000000 0.000000 0.000000 0.(}00

12 ).S00 • 883 0.D004 883 ). 00 4 883 3 .004881 .))488.

20I1 1 I I

[.... ...1 1. 1 III

ýilqcn ?lot values not entered

12 Best Available Copy
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h
h' = uncorrected (5)

1.035

[ An adjustment for axial heat loss yields:

h" h' (6)L h'S1+2 C*T
ii'

where L is the length of the copper block in inches, C is thermal con-
ductivity of the tube, and T is the wall thickness of the tube.

To allow for comparison between values of h calculated at different
times, h was referenced tioa nominal water temperature and flow velocity.
The nominal water temperature and flow velocity were chosen to be 700 F
and 6 feet per second. The heat transfer coefficient was adjusted with
the equations:

"- h" * 1 + 0.0105*70 (7)
1 + 0.0105*T

where T was average water temperature in degrees Farenheit measured
during the current test, and

11 SLOPE * (F-0"8)-6-0"8)

where SLOPE was the slope of the Wilson Plot line and F was the average
water flow velocity measured during the test.

The fouling resistance was calculated by observing the difference in
the rate of heat transfer from that of a clean tube

1 1
Rf = h initial

where h initial was the initial heat transfer coefficient as determined

from the Wilson Plot.

Tube data analyses were performed by the software subroutines HTCOEF,
CCN, and LINFIT; listings of these programs are in Appendix A. Figure 4shows a typical analysis printout; Table 3 contains an explanation of the

analysis parameters. These parameters are also stored on a DEC RKOI
floppy disk for future retrieval. Software was developed to print out
tube data in a more easily read format, and to compute and plot the daily
average and standard deviation of each parameter. An example printout is
shown in Table 4; a plot of mean daily fouling resistance values is shown
in Figure 5.

(Text Continued on Page 18)
13
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TABLE 3

ANALYSIS PARAMETERS
(Sheet I of 2)

Parameter Parameter
Number Name Explanation

1 ITUBE tube number

2 IDATE date

3 ITIME time

4 VZERO* minimum voltage to which thermopile dropped at
the end of the cooling curve

5 DEV standard deviation of VZERO

6 IFIT,II,12 fit number, beginning and end point number in

cooling curve used for regression

7 VSTART* maximum thermopile voltage at beginning of cool-
ing curve

8 DEV standard deviation of VSTART

9 TAU time constant (seconds) of cooling curve

10 DEV standard deviation of TAU

11 A intercept of line in logarithmic cooling curve
plot

12 DEV standard deviation of A

13 B slope of line in logarithmic cooling curve plot

1i. DEV standard deviation of B

1; R correlation coefficient of logarithmic cooling
curve plot

16 RMS root mean square error of cooling curve plot

17-27 same as 6-16 except for second fit to cooling
j curve data

23 T mean water temperature (degrees Celsius) during
cooling cycle

*Values listed in A to D converter units can be converted to voltages

bv the relation:

vl 10 * AD' ~volts=
4096

14
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Best Available Copy
TABLE 3

(Sheet 2 of 2)

arameter Parameter
Number,, Name Elaation

29 DEV standard deviation of T
30 F mean flow v~elocity in feet per second during

cooling cycle

31 DEV standard deviation of F
32 HUNCOR uncorrected heat transfer coefficient (h)
33 HCOREW h corrected for air and axial heat losses

34 TCOR temperature correction to apply to h

35 HCREWT temperature corrected 1/h
36 VCOR velocity correction to apply to 1/h

37 HNOM corrected, final h

38 FR fouling resistance (ft2-hr-0  BTU-)

39 IREC record number for data storage

D ,'t T F ,5 3
TI'•E II14

U2ERJ 289. 90 DEV 2.53
rIT i .R0:.T; L~iT.; FG:'.iT 5 TG zI. c, m r izVSTh•rT 2237. LEY: "2.
'rw 50. 723 D.E o.E:o
A• ",¢l 7 .- 131 O ,0O'

R -0.97261 T5 1 ,
F!T 2 FRA . rDATA Fj i.NT . '., u. ..
'JS Tr\RT 22F , r.EkY 4.A
TI ; 5..646 hEy 0.!2:;
A 7.7,t0| rEV O.00,o

B -0,81•30 £EV 00,
1 -I.0000i R all S i .• 1:A1 .1

T 26. 27i DEV 0.00

,INU OR !006.
HCOREW Y' ; :.
TCOR 0.. ;.1

VCG•R S, 2 .. ..

FR . '• , E -.0) 1

I. ON r,•'h L. AS "'.IR' MLi~i h ,t59

FIGURE 4. TYPICAL ANALYSIS PARAMETERS PRINrTOUT
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TABLE 4

TUBE DATA LISTOUT

cTPST AVAILAPLE F'Fr:F F'12JSZ 2036
TUPF NUMBER 2

R' r, I DATE! TTC'I7 I-!iE 7 CM " FLOU FLOWSP T A U vm RI." R F, 0 811 L
EST A P' C FPS S-C C-4

854 622 t-'L' t: , 71.• 5-627 -:.031 :55 -4 2 07. 10:o) k ,i .7?

858 622 0 30 2.j'. 27.13 5.615 0.025 55.76 %1(. -0.99z94 1,63 0.930
862 622 I: 0 2.-3. 2.6.98 5.607 0.003 355.82 S94. -0.9999-i ,1.9,14 0.9
S66 622 1:30 206. :7.21 5.576 0.023 55.65 901. --0.99985 ".- 0.0
870 622 .: 0 211. 27.12 • • .92 0.003 55.78 896. -'9•79. L23 0.,6
874 622 2:30 218. 27.22 5.679 0.030 55.-n 8i '6, -0.99993.: 79 7 .55
872 622 3 0 226. "7.22 f.6 1 0.000 55.36 900. -- 1.00000 3.61 0. 1

893 622 3:30 224. 27.06 -!..648 0.004 55.30 907' -0,.99993 3.18 0.72
369 622 4: 0 207. 27.08 5.603 0.023 55.46 906. -0.97987 3.51 0.713
897 6,22 4:30 201, 27.02 5.603 0.012 05.92 391. -- i. 000L 3.t 6 0.9280 6.22 5 0 2-,7. 27.03X 5.5%98 0,009 "51; 95. -,9'9326"os...1 .SS ,.J 919. -0.9r993 2 - 62 0 1 1;?

9c. 1 22 :3;;IO ?32. * 7.05 5.627 0.009 5. 96 q0. -0.-99990 6.'0 0.913
. 62. 0: 2, "20. 26.90 5.656 0.038 55.19 912, --0."9997 1,20 0,67

911 622 7: 10 120. 27.04 5.774 (.0IS 54.96 906. -0.99983 6.96 0.73
9!9 622 7:40 95. 27.11 5.790 O.O.15 54.55 918. -0,99982 7.01 0.59
927 622 P:10 90. 27.17 5.789 0.008 ,534.29 927. --0.999S6 6.47 20.48
915 62? 8:40 139, 27.16 5.037 0.026 53.,72 943. -0.99991) 5.49 0.30
Q,13 622 9:10 17S. 27.23 5.807 0.017 n4.26 926. -0.9997S 6.60 0.f0
951 622 9:40 182. 27.22 .5.762 0.003 54. ,5.1 921. -0.,9998 6.84 0 .56
959 622 10:10 184. 26.95 5.747 0.004 l3,1.94 911. -0.F9987 8.20 0.6,3
967 12. 10:40 184. 26.94 5.796 0.016 54.73 913. -0.999701 7.07 0. 65
-75 62 if:lO 1087. 26.95 5.750 0.004 5,1.67 920. -0.99983 7.17 0. 57
903 622 11:40 189. 27.15 5.767 0.003 54.7,1 914,. -0.999S4 6.94 0.64
991 622 12L.1O 187. 27.24 5.796 0.022 54 4..,5"2 9.18. --0.99988; -, .5Q 0.5.19
99? 622 17:40 105. 27.45 5.808 0.019 54.65 910. -0.99986 6.71 0.69
.1007 627 13:10 186. 27.45 5.745 0.007 541.48 922. -0.95,992 7.32 0.) .54;,

I:'. 62-2 13:4-. 192. 27.43 5.809 0,021 54.5' 9141. -0.999S9 6.97 0.64
1023 622 J1:1c 192. 27.58 5.751 0.003 54.56 919. -0,99901 7.28 0.59
,1031 672 4147 193. 27.74 5.800 0. 005 54,69 906. -0.99982 2.22 0.73
1(39 62-2 15: 1 -I 194. 27.97 5.768 0.025) 54.63 0'.O. 0.99983 6.85 0. e;-
1047 622 IS: 40 1?7. 28.07 5,752 0.010 54.44 917. -0.99904 6,94 0.60
1055 622 16:10 200, 28.20 5.757 0.021 541.43 916. --0.99980 6.63 0.62
1063 622 16;,10 203. 20.39 5.759 0.006 54,42 914. -0.999S3 6.J6 0.6.1
1071 622 17:10 210, 29.6S 5.,729 0.037 54.48 912. --0. 99979 5.9 6 0.66
107, 622 17:40 218. 29.03 5.832 0.0.18 54.36 903. -1.00003 5.41 0.77
1087 622 1:310 224. 29.25 5.794 0.021 54.28 908. -0.99981 6.06 0.72
.1097 622 11:40 223. 29.30 5.798 0.010 54.25 908. -0.99992 5.05 0.72
1103 622 19:10 224. 29.40 5.109 0.016 54..12 900. -0.99983 3.93 0.81
1111 622 19:40 222. 20,61 5.R56 0.041 54.47 90.1. -0.99990 5.14 0o80
1119 622 20:10 221..' 2,7 01 9..62 0.008 54.41. 908. -0.99991 6.70 0.72
1127 6 0:4-' "2. 27..9.4 03.. 0.022 54.50 908. -0.99986 6.49 0.72
1175 622 217 1 22. 27.92 5.966 0.007 54.60 902. -099988 5. 82 0.79

.! ,47. 2'.:-11- 27. 28. 14 5.790 0.006 54.39 914. -0.99988 5.43 0.63
1111 62, 2210 22-1 2.29, 5.`9 S 445 0.009 54.4)1 907. -0.99907 53.0t 0.73
I159 622 1!U -. 2i. 282 5-137, 0.035 54.,6 903. --0.99992 ',Q.:5 0.77
11A7 622 23:1I 22-1. 28.8 5.7-"793 0.000 54.51 909. --0.99990.71 6.00 0.69
1175 62'2 23.11 '2."" 26.252 5.8J0. 0.015 54.55 905. -0.99998 1.6' 0.7,8
4VO 622 4 7 20C.. 27.65 5.747 O.01, 54.79 909. -- 0.999,1: 5.73 0.70
SID, 622 47 3't 0.71 0085 0.0.11 0.53 10. 0.00029T .37 0.124

Best Available Copy
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SYSTEM RELIABILITY

The OTEC computer system at Pnaama City demonstrated good relia-
bility throughout testing, with brief and infrequent computer "down"
times. Computer hardware performed well despite round-the-clock
operation and an operating environment (a trailer on the pier) with
poor temperature and humidity control. Only one major breakdown was
experienced last year due to a lightning strike blowing out one of the
computer power supplies.

Computer software was continuously modified to allow for system
expansion and enhancement of control techniques, and allowing for more
accurate analysis of data. Additional software routines, written in
BASIC language for use on a Hewlett-Packard 9830A programmable calcu-
lator, have provided for cross-checking of results as well as allowing
for graphical representation of data.

Fouling resistance was determined for each tube at the end of the
cool down cycle; a maximum of 48 analyses were done for each tube in a
24 hour period. The main loss of data was due to a tube being dropped
from a test because of flow or heater problems; in such a case, no
analyses were done for that tube. All analysis data were rechecked and
not used if other problems, such as high flow deviation or high RMS
errors, were detected. Errors on the analysis parameters from one run
are listed in Table 5. These errors varied between tubes but were con-
sistent for each tube. They appeared to be small enough to allow for
adequate day-to-day comparison of RFOUL values.

18
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APPENDIX A

ANALYSIS PROGRAM LISTOUTS
TT.ADX1:HTCOEF.FOR
C FILE HTCOEr.FOR 3/22/79-2
C ASF FOR OTEC
C

SUBROUTINE HTCOEFC ITUBE)
BYTE ITUDE
COMMON /Ar.ATA/IVTC(3OO)rIVTH(3Oa),IVFM(3oO)
COMMON /FLOPPY/INTS(4) PREALS(24)
DIMENSION Y(3OO)#WT(30O)

C
C ITUBE-THE TUBE NUMBER

* C
COMMCN /PRE/IDTEST,IHRIMINNPRELMIENDNZERO
COMMON /NISC/ISAMPI
COMMON /DATE/IDiAY

C
* C liAYrIHRrIMIN=1YAYi HOURr MINUTE OF START OF DATA

C N"RELH'xtPOINTS BEFORE HEATER OFF
C IEND=TOTAL Nt I'AT- POINTS

C ISAM'7- PLN "IR~VAL IN SECONDS
C

COMMION /HPARAM/AcCNr.BCCNrCCCN,iDCCNRArilrAD-2,RAt'3i
I AKCY'L,AKTUBEHfIRHINTRALNG3THTTHWLLVNOMHRSLPEf
2 ?T!JV.TU HSL.-MTNT.FMSL .TIJNST.IWN

C ACCl~BCC~vCCCNrDCCN CURVE FIT FOR H=F(TAU)
C F.r 1/ D OF TUBE UIN)
C RI)1j2:,j/2 0D OF TUBE (IN)
c R.AP3ý1/2 fiiOF TUBE CIN)
C AKC e!-*fH~FR~iHlL COND. OF HEATER CYLINDERS (FTLJ/HF% FT F*.

E-P~THRMAL COND'. OF TUBE 'BTU/HR FT, F).
~ COEFFICIENT FOR HEAT LOSS TO AIR

H:H71~rRC.ON ORDINATE AXIS 1N1l/H VRS. l/V**.Sq PLOT
C ALNTH--lEN3TH OF HEATER CYLINDER SET UIN)

T7::ýLL-~WALL THICKNESS OF Th"IN-WALLED SECTION OF TUBE (IN)
c 14t'NO1-N1IWAL FLOW VELOCITY IN TUBE IN FT/SEC

c PHc;LPElý-SLCPE OF I/H TO £/(V**.S) CURVE (WILSON FLOT)
0 THIT~i,:IINTERCEFT IN CENT. DE3. OF THE THEPMISTEP CURVE

TWA'TER=THINT4-THSLP*IVTH)
C *'HSLý:SLOPE OF THERMISTER CURVE

C F~fINTECEPTIN GAL/MIN OF THE THERNISTER CURVE
C (FLOW=FMINT-fFMSLP*IVFM)

FNSILF--SLOPE OF FLOW METER CURVE
C IWNST=SAMPLE A-T WHICH WINDOW TO STAoNRT AFTER NPRELM

- WN-'NUMBER OF TIME CONSTS. FOR FINAL WINDOW
c nTHENT FUDGE FACTOR TO ýjLLOW FOR'AIR HEAT LOSS

c TUSEID-TID OF HEAT EXCHANGER TUBE (IN)
C

COMMOtl /ICOOL/IPRTC

C 17 TODE IS TITANIUM - LOOK AT EVERY OTHER SAMPLE
c so rSAmP SHOULD BE DOUBLED

lF(AKTUBE.LT.50. )ISAHP=.ISAMP*2
II4r*-IICD(IHRP24)
:N TS :L)-ITUDF.

(3):=I HR

W47'ITE(7, 13oo)ITUBEIDAYPIHRININ
L30.. FORMAT(///' TUBE '?12/' DATE 'P14/' TIME 'vI2v':'?I2)

A- I Best Available Copy
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C
C GET PARAMETERS FOR THE TUBE

V C
K TUBEID-RAD1*2.

C
C GET THERMOCOUPLE ZERO POINT AND STD.DEV.
C

VTCZROmO.
I 1=IEND-NZERO+l
DO 100 I=I1,IEND

100 VTCZRO-VTCZRO+IYTC(I)
VTCZRO-VTCZRO/NZERO
STDZRO=Q.
DO 110 IaIlvIEND

110 STDZRO-'STDZRO+(IVTC( I)-VTCZRO)**2
STDZRO=SQRT(STDZRO/(NZERO-1))
REALS( I )VTCZRO
REALS (2) -STDZRQ..
WRITEC7, 1000)VTCZROvSTDZK0
IF(STDZRO.NE.0,)GO TO 606
wRITE(7,p6077)

6077 FORMAT(//' ANALYSIS ERROR'//)
RETURN

606 CONTINUE
1000 FORMAT(' VZENO 'FF6.2,' DEV ¼PF5.2)
c
C SHIFT THERMOCOUPLE DATA TO THE ZERO POINT

NP.LoNPRELM+1
DO 200 Im.NF'1IEND

200 Y(l)-'IVTC(I)-VTCZRO
C
C PRINT RAW DATA (THERMOPILEP THERMISTORP FLOW) IF IPrTCr>1
C PRINTED VALUCS ARE IN A/D CONVERTER UNITS
C

IF (IPRTCoNE.i.) GO TO 978
DO 201 rivIEND

201 WRITE (7p979) TVTC(I)tIVTH(I)PIVFMCI)
979 FORMAT (4XP3112)
978 CONTINUE

C
C
C SEi UP~ DATA ARRAY FOR FIT
c

:DO 300 I-NPiFIEND
AR01-Y(I)
ARG=APS(AR(G1)
IF. (ARG.LT..0O1)ARG-.001

IF (AR13i.LE.0.)AR01".001
300 WT(r)=(AR~i/STJ)ZRO)**2
C

C LDO FITS OF DA~TA
C

DO 999 IFIT.wIV2
IF (1FIr.E0.2)GOrO 350

C FIRST FIT FROM NPRELM TO lEND
C

* I1wNPL
12=IEND f
GOTO 400

C
C SECOlND FIT FROM IWNOT TO IWN TIME CONG:114T
C
350 li1T.WNST+NPI

A- 2 Best- Available -Cop
- a'I
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400 NPTS-12XtIt
WRITE 7*t2,.30i Ir'ru. i..

2731 rORMATi - r IT I:- FROM VATA P M Nr r~
t TO D~ATA rOTNT '113)
CALL L INF It 0'( T.1 NI YTU t'TAr I M,~i:,MI*

c WE~ HADF WI 'H .'1.lO'O-11A

c OR AI141

VLOW-Exr (A) -

TeUI AI.O I 1' 10 N~ ONMA

INTAO NrP7U :0 r

N 3-'VOII0;-kO01

RE'Al.S 1 4' .V0

PEAUS 46 )1 el)%
REALS- 'IAI

REALS 91

REALS ( I'l ) -,
W~r TiEr 7v,.1 t10V0 'V()* VP. TA(l 1wV

1100 roRMAT( vsrART Fý* r
I TAU '.7.. 1~ E - u r.3

1130 FORMA'T( A .r'.. 4 Dr-V 1(S.

21i R p RMS oS"

C GtET WATER TE M P AND F1.1.W VU. DULV3R ANALYSTS3

ANvE~rtW, oo
AVErV, 0.
ALTNF'Mý. O/UE0$

CO'NTINUJE

AvEFV' AVV".,/NP7 S

F"ýI. 1 rI*tNTrmlriT 3 -l~r'I
14 -A DVMVAE, V*J

I zi TI r 1. * WRTT( I Tt(T100 ~AVE Tt !,rI'r 11, A&~' vrr v Tir,

A- 3 Best Available Copy
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c
C NOW SET H

CALL CCN( Tt'i; ,eWETW'tIUEFV. Tr ,• t)
IF" ( IF'rT.uaC. :)w•rru'7,150'5.

1500 FOR AT (,')

;- C

1 F'*t .N;or. [OI'RETLJRNc

rC WRITE OLIT51JT TO FLOFFY TV'.CE IF FOISIt_
C

AI.L. A:SIGNp DxL;OUr'JT. Tj4C'OIV
DEFINE rII.E S(2, 2,UrtCREALI(i3 " ) IIECNO~
IF( IFH!G'20

-I ,0.', 7 V• 'F 'C N . LT'. 0

2 Z0 I 11i9"9

W .R ItTC ( 7,30%),,7, )IRECNO
•" 3077 FOR N A T( A R, It! V F 1 i) DATA 1)T:I5 AS RECOR' r, H .t4mP , 7T,, "

rI RECNO I RECNO i'

CALL CLOSE-8)
RETURN

9999 WITE(7 P2349TRECNO
2349 FORMAT(' ILLEGAL RECORD NUHMER FOR FLOPIFY 0;.JTF JT,

I IX,30(1Ht)/i

2 PREVIOLIS RECORD NOT ARCHIVED
3 /. PLEASE ARRANGE FOR NEW DATA DISK'

CALL CLOCE(S)
RETrURN
RETUR.N
END
END

I

Best Available Copy
A-4



NCSC 94-271-79

t~ ~ ~ ~ ~~~1 ITS'J~ 3.X-':ýHrr TLt '7.., '3 rITi~

c ASF F. R 1] *
C OD,7F~rI BY-Ft~fMr S , F 7/13 R~1-75

2F:VtRTrFVSL7. IWWNSEL.

C R61iR-O DOIE TO F'REVIJUG MRC~RCTZON 1N H-TAIDR

tF .TAU.JLT. , 0-" 1R~ETURN

C

1~C~iW~HJ!TE/C 1 .(ýRWAL.L.EG)

- :1 4~ 0.1054 70. :3.4c *-QOI( . *TWfYTER ý32. )

HCE'ýTp* -I . 0/HC(':EWr

K E *,L. S C16:Hi M

RFA:LS( M7>HC~REWT

XPF IFIT.Efl 2)WRITE(7, 100.HLjNCORHCOREW
1C-0 F1ORMic'T( HULNCOR ,YF3.0/' HCOREW 'YF5..?)

IF (!FIT. EO. 2>WR*ITE%' 72OQ)ANOIR~IHCREWT
O~FORMAYT(' TCOR 'YF6.3/' 14CREWT 'vF5.O)

V9R4L1OVEL**(- .8)

!INON'-'1 .14NI
RFOIJL-HRNOM- C Hr~rR+HPSLPE.*VJNDHR)

REALS(20)--i-VE* CDR
REAL~e2.L )4"1i'im
REALS(22.'IRFDUL
REA..i23)..PMS
REAL.S-.24)=O.O

ArO~jLP-RFOUL.*i .E4
IFCIFIT.EO. 2)WRXTE(7.300)VELCORHNaMRFOIJLP

300 FO)RMATC' VCOR 'fEr11.4/' HNOM PF5.0/' FR 'F4rE0'
RETUJRN

Best Available Copy
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C FILE LINV'IT.FOR 6/l1i/70-.1

iiSF FOR OTEC

C
SUBROUTINE L~!I(r?~lIISiiItAYVIKB~
I RMSYCHIVT,~STIty!J.,IS?41PtNFRELtIf±O\)

DIMiENSION Y(I)YUT(1l)

IONv. ~TRUE.
SUMý0

SUMXZ-0.

SL;MY2r:0.

DO 50 I=i,NF'-
XI=I *IS AMP + T I E

WE IGHT=WT (I

SUMt -S1.JM4-WEIGHT
SuH4x-SUMX+WE IGHT-*XI

LCOOCO rORMAT(1XY3E13.6)
SUMY=SUMY+WE IGH T*Y I
SUMX2=-SUMX2+WEIGHT*XITKX1
SUMXY-.SUMXY+WEIGHT*X I*cY
SIJMY2=SU;M'2+WEIGHT*YI*YI

.0 C04TI14UE

EEI.TA"cSUM*StJMX2-SUMX*SUMX
e4 (SUMX2*SUMY-SUMX*SUMXY) /IELTiA
P.- StUMXY*SUM-SUMX*SUJMY ) /DELTA

C COMPUTE RMS ERROR ON COOLING CURVE FIT
t'ELTAY=0.0
DO 947 I=IPNPTS
XlI-I*ISAMP+ITIME
YI=EXP(B*XI+A)
YJ=EXP(Y(I))

947 DEL' ThPDELTAY+(YJ-YI )**2
RHtS =SORT(.EL TA Y/FLOAT NP TS )

CHITOT=O.
DO 55 I=1vNPTS
XXXý-A+P*( I*ISAMP+ITIME)
CHITOT=CHITOT+WT(I>*(XXX-Y(I))**

2

5 5 CONTINUE

VAbL.L=SiMX2/TrELT(A
VAL-' SUM/DEL TA

q99 IF'CVAtL1.GE,0,Af4fL.VA)L2.GE.0)GO TO 606
WRITE(-7r6O77)

~07 7 FOMATC//'ANAL.YSIS ERROR',,/)
10K-T.FALSE.

-C~NI1NUE
STC G.AA-=S0RT (VAL I
SIG.MiABý-SQRT(VA~L2)
VALI-DELTA* CSUL;*SUMY2-SUMY*SUMY)
IF(VALi.GT.O.)GO TO 6061

A- 6 Best Available Copy
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WRITE(7,60C77)
1OI(=.*FALSE.
RETURN

60,61 CONTINUE
R=CSUN*SUMX -SUMX*SUMY)/SDRT (VALI
IF(SUII.EU.O.)GO TO 999'
rF(NPTS-2.EO.,O)GO TO p999
IF(CHITOT.LT.0. .OR.SUM.LT.O.
1 .OR.FLOAT(NPTS)/(FL-OAT(NPTS)-2.).LT.0)(0 TO 9995

RETURN
9995 IJRITE(7v9996)CHITOTrSUMYNPTS

*9996 FORMAT(' CHITOT 'vE14.69' SUM 'PE14.6y' NPTS 'YIZ;)
IOK=.FALSE.
RETURN
END

Best Available Copy
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VARIABLES - HTCOEF, LINFIT, CCN Analysis Programs (others defined at
beginning of HTCOEF routine)

1) VTCZRO average minimum value of voltage at tail of cooling curve

(VZERO on analysis print out)

2) STDZRO standard deviation of VTCZRO, should be small

3) NZEkO # points used for VTCZRO calculation

4) NPRELM # points at beginning of cooling curve to ignore

5) NPl first good cQaoling curve point (NPRELM +1)

6) IEND last cooling curve point

7) 11,12 first, last point of cooling curve to put through linear fit

8) NPTS # points put into linear fit

9) V0 beginning voltage (A/D units) for linear fit (VSTART on
analysis printout)

10) DV standard deviation of V0

11) TAU time constant of cooling curve

12) DTAU standard deviation of TAU

13) A intercept of logarithmic cooling curve fit

14) SIGMAA standard deviation of A

15) B slope of logarithmic cooling curve fit

16) SIGMAB standard deviation of B

17) R correlation coefficient of linear fit

18) RMS RMS error of linear fit

19) AVETW,TWATER average water temperature (T on analysis printout)

20) AVEFV,FLOVEL average flow velocity (F on analysis printout)

21) IFIT # of linear fit to cooling curve (is done twice)
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22) ALINFM gal/min to ft/sec conversion

23) STDWT standard deviation of water temperature

24) STDFV standard deviation fo flow velocity

25) OUTPUT.DAT disk storage file for analysis parameters

26) IRECNO record # for storage on disk

27) SUM,SUMX,SUMY,SUMX2,SUMXY,SUMY2 summation indices

28) ITIME beginning sampling time minus one point

29) XI time for samprth I

30) YI point #1 for linear fit (normalized logarithm of sample)

31) WEIGHT weight to apply to YI

32) FNTAU log of TAU (base e)

33) FNH log of heat transfer coefficient, L (base e)

34) HUNCOR uncorrected L

35) RTHENT correction to L for air heat loss inside PVC housing
(horizontal tubes)

36) WLLCON,RWALLS correction to L for axial heat loss along tube wall

37) HVDTE h, corrected for heat loss to air

38) HCOREW h, corrected for axial heat loss

39) ANORM temperature correction for h (TCOR on analysis printout)

40) HCREWT h, normalized to 70% temperature

41) HCEWTR 1/ HCREWT

42) V8R average flow velocity to -. 8 power

43) VNOM nominal flow velocity (6 fps)

44) VNOM8R VNOM to -. 8 power
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45) VELCOR velocity correction for 1/h (VCOR on analysis printout)

46) HRNOM I/h (corrected)

47) HNOM corrected h

48) RFOUL fouling coefficient (FR on analysis printout)

49) RFOULP RFOUL * l.OE4
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