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ABSTRALCT
In this report is described 2 complete system designéd to measure,
with high precision, changes in heat transfer rates due to fouling and
corrosion of simulated heat exchanger tubes, at s=a and under OTEC conditions.
All aspects of the system are described in detail, including thecory, mechanical
design, #lectronics design, assembly procedures, test and calibration,
operating precedures, lazboTratory results, field results and data analysis

PTOSTENS.
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1. INTRODUCTION

1.1. General. In this report, we desecribe a system which was designed to

measure changes in heat transfer rates, due to fouling, in carefully simu-
lated QTEC heat exchanger tubes. The conditions under which these measure-
ments were to e made in Some wWays impose very stringent comstraints, This
necessitated the design of an unusual method for measuring heat transfer
rates.

The principal constraints which determined the design of the method
are these,

a) The test units are, at times, expected to Le operated at remote
locations, This imposed twe requirements on the method, TFirst, power input
should not be excessively large, Sec¢ond, since the apparatus might be in-
accessible for long periods of time, it is necessary that the method not
be sensitive to absolute calibrations of, &.g., power or temperature Sensors.

bl In somes circumstances these tast ﬁnits will be used for basic
biofouling studies. In order te allow for the study of biofouling without
affecting the viability of the responsible organisms the method should
allow precise heat traqsfﬁr rate measurements with minimal temperature rise
of the inside tube surface, This alse implies the need for small power
inputs.

) The method should be as flexible as possible in its application.
This Teguiremsnt led to the design of a basic experimental unit which is
nearly self-contained. This means that a battery of any number of such units
may be assembled to permit a variety of experiments to be perfommed in parallel.
Also, the design allows operation with horizontal or vertical tubes (or any
other orientation}, with the units submerged or mounted ¢n a pier or floating

platform, with the pump(s) upstream or downstream of the test section, and



with a wide range of flow velocitisz, The system is adaptable for use in
conjunction with fouling cleaming systems for tests.

1,2. The Basic Method, We have developed a simple system for monitering

fouling by menitering the rate of heat transfer from a tubg wall to the sea-
water flowing inside. We find that the system satisfies all the above
constraints,

The method wsed is to heat a semment of tube wall slightly above the
water temperature and then to observe its cooling rate after the heat input
is removed. The cooling curve {(¥s. time)] is exponential, according to
Newton's law of cooling, with a time constant which is shown to be (apart
from small, calculable corrsctions) inverssly proportional to the heat trans-
fer coefficient, h.

The data analysis consists of two main parts. First, given measurements
of wall temperature vs. time, an exponential is least-squares fitted to deter-
aine the time constant. GSecond, the time constant and the physical para-
meters of the system (dimensions, thermal conductivities, etc.) are used to
calculate h,

Ths system which has been devised to perform thess functions iz described
in detail in this report. It has been tested beth in the laboratory and in
the field., As mentioned above, the system was desipgned sc that it could be
used either submerged (down to at least 100 £t.), or mounted on a surface
platform. At present it has been used only in the latter mods.

The field experience which proved the design occurred between July 13
and September 30, 1976. During this period two units (as described in this
report) wers mounted on the deck of the University of Hawaii research vessel
NOI'I., Seawater from a depth of 20 feet was pumped up to the units through

2 inch reinforced flexible plastic tubing., The pumps used were downsiream



of the test vnits. The pump exhausts were ducted back to the sea through
1 inch flexible plastic tubing.

The electronics used in these rmms was dasigned for an cperation in
which 6 umits are mountad on a submarine buoy, and signals and power are
tranzmitted between the buoy and a shore starion through submarine cable.
For such operation complex multiplexing circuitry was provided., For applica-
tions in which the apparatus is directly accessible (as aboard 2 boat or
aother fleating platform or on a doek), much simpler electromics may be used,
Alsa, if the units are not to be submerged, the mechanical design may be
sinplified in construction and use, Suggestions f£or these and other modi-
fications are discussed later in this report.

1.3, Conclusions. We have developed a system designed to measure the

thermal resistance of the fouling layer on the inside of OTEC heat exchanger
tubes, This requires only that we be able to measure chagnges in the heat
transfer coefficlent. Laboratory results show that we can do this very
precisely («<1% error, see Sec. 3). The ultimate potential of the system
iz discussed in more detail elsewhere (Sec. 3).

The laboratory results also indicate that, although it was not specifi-
¢ally designed to do so, the system can be used to determine absolute values
af heat transfer coefficients to high precision (1-2%}.

1.4. Plan of Report, The orpganizaztion of this report is as follows.

Section 1. Introduction,

Section 2. Theory and Dsta Reduction. This section discusses in detail
the eguations for finding the time constant, t, from the
cocling data and the squations for determining h from v, in-
cluding all necessary corrections. The computer programs for

implementing these calculations, and their use, are described,



Section 3. Laboratory and Fiald Results. In this section laboratory
tests of the system are discussed in detail. Typicsl data
are analysed and compared with theoretical expectations,

The potential of the system (for example, expected precision
corresponding to a given power input) is discussed. Typical
Fiald results are exhibited.

Section 4, Mechanical Design. Here we provide a description of the
design and construction of a complete test unit ingluding
shop drawings, specifications and tolerances, construction
and assembly notes, vacuum and pressure tests,

Section 5. Electroniss. The electronics design is discussed here
including c¢omplete ¢ircult diagrams and descriptions of
the logic.

Section &, Operating Procedure. In this section we discuss the
general plan for data taking including calibration and
check procedures. We include the detailed instructions
used by the operator during the NOI'T operation in Appendix E.

Section 7. Modifications and Improvements. The specific system
described in this report was designed for remote operation
in a submerged location. This same system can also be used
in other ¢ircumstances. Howsver, when used in conditiens
of easy access, the equipmsnt, and its use, may be consider-
ably simplified, We provide suggestions for such simpli-
fications. Further, laborateory and fizld experience with
this system have suggested to us improvements of the design.

We discuss these alsoa.



2. HEAT TRANSFER MEASUREMENTS - THEQRY

2.1 Basic Considerations: Idealizad Theory.

The heat transfsy coefficient, h, betwzen the meral tube and the
seawater inside 1t is measured using a method which, to cur knowledge, has
not been used before. The basic theory of this method is easily eluci-
dated by reference to Fig. 2-1.

Assume the thick-walled section of the tube is of inner diameter [,
length L, and has total heat capacity C. Let the heat transfer coefficient
from the inner surface of the tubs to the flowing water be h (including
effects of fouling). If T is the temperature difference between the
wall and the flowing water, then the rate of heat loss from the wall
{hlock) is determined by the rate of heat transfer to the water [assuming
ne other mechanism for heat transfer). I£, for the moment, we further

assume the thermal reszistivity of the block may be neglected, then

aq(e) _ . dT(r)
%t L= o = ™Lh T(t) .

The solution to this equation for temperature T vs, time is

T(t} = Taa‘“f‘idaal 2-13

where Tn is the steady state temperature at t=0 and Tideal’ time constant

for temperature decay in this idealized case, is given by

According to this result, then, we may determine the heat transfer
coefficient, h, by raising the temperature of the block to 'f“:_r {using any
convenient means of heat input) and then observing the time constant Tideal
as the temperature exponentially decays.

We re-emphasize that these are idealized relations presented to clarify

the basic ide=as, The detalled calculaetions, including carrections, are

presented below.



,_

o

----.-————u-——n — — — — — —
T

Figure 2-1, Thick-walled section of the tube.



2,2, Detailed Calculations. In order to treat a real system we must

eliminate the ldealizations imposed in the above calculation. The system
being treated is shown in more detail in Fig. 2-2. As shown, a cylindrical
copper bleck {ﬂR=r3} is clanped onto a pipe {0R=r2. IR;rlj of a different
material, The pipewall is thinned down, above and below the block, fto a
wall thickness t in order to reduce the axial heat flow ocut of the block
aleng the walls.

It would be exceedingly difficult to calculate the spatizl and temporal
temperaturs distribution exactly in this system. The calculation bacomas
tractakle however if wa assume cylindrical symmetry, ignore heat transfer
to kha air from the top and battem surfaces of the block, and ignore axial
heat flow along the walls, The first two of these approximations zre
negligibly small. The third is easily corrected for (sees Sec, 2.2.2.).

2.2.1. First Approxination, With the assumptions given above, the heat

flow mguation for the system of Fig. 2-2 may be solved exactly. The calcu-
lation is tedious, and we hers give only the essential résultﬁ. The detzils
are given in App. A.

It is shown in App. A that the equation giving temperature (measured

by the thermocouples) vs. time 15 not 3 simple exponential in this systam.

Rather it is an infinite series of the form:

T=% rcne"'“n (2-3)
=1

Howawver, we find that the successive Tn decrease tapidly as n indreases,
if the conductivity is reasonably high, This means that zfter a short time,

Eq. {2-3) reduces to the form

T o R e-t!r

1 i
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To illustrate the magnitudes involved we have calculated the first
few time constants, for several values of h, corresponding to the geomstry

of our first experimental wnit. These are shown in Table 2-1. We see that

it only takes a few seconds until the second term in Eq. 2-3 (e'tITz} is
less than 1% of the first (e~ /1.
TABLE Z-1. First Three Time Constants for Yarious ¥Values of h
h{BTUfhrftz‘F] L5 [sexs) T, {5ac] Ty (sec)
200 20287 0,747 0,201
400 133,92 0,737 0, 20
&0 70.92 0.727 0.1%8
B09g 54,44 0.713 0,199
10049 44,57 0,710 0,123
1200 37.97 0,702 0,197
1400 33.27 0,694 0,186
1600 29.74 0,687 0,196
1800 27.00 0,679 0,195
2000 24,80 0.67% f.194

Thus we arrive gt the important result that T{r,t} quickly zpproachas
a pure exponential (and the same exponential) independently of the lacatiom
of the thermometer {1}, and of the form of the initial temperiature dis-
tribution.

All that rémains in order to analyze the data from one of cur units

is to provide the relaticn determining T, for a given system, in particular

1
how it depends on the system parameters, espscially h which iz to be experi-

mentally determined.
As shown in App. A, we can determine 1, in terms of h and the other

paramsters of the system by solving for the first root, X,, (of an infinite

1?
number of roots) of the egquation:
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F(x] = 0 (¢-4}

Hete,
Fx) = Ax {Z] [x, (1, % Y50} +

(h/h)Eghx- 27 [¥,%,Y ,x] 2, [x,6,x])} +
T
{ ZD [x’(sz’YSX]] *

t
{'h,p"hi}ﬂzhx. zl [sz’Tsx] . Eﬂ[x, w, x]

whare;
Z:D}[x.[sz.st}] = Engx]rt[mzx,isz,v3x}l-yﬁtxl Ji{mzx:(szavst]
1 1 1

. t . t
J:[mzx,(vzx,vax]] = ]lﬁuzx]ED[TEx,Tsx]—EEJﬂ(NEx}Il[TEI,?SX]

TE[MEK;(?EI;YSN}] = Yliubx]ES[sz,Tsx]-ﬁzyﬂ[uExJI§[Tﬁx,zj]

Lo, Yox] = Zol vy vgx]=(h_ 0} (1/ B,A%) E [ v,%,v7x]
[ﬂ} rak {1} 2t T3 B {1} 2%>13

B IV s Yo k] =i o (1 X) ¥ {aX) =¥ (1yx) 3, (7.%)
{g}z 3 {?}2 1473 {2} 2 1473

# Y r‘l’sx] Ju{sz}}rﬂ.[Tsx} }Eﬂgsz] ]'D [Tsx)
1 1
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A= kafhrl

X= Aarl

Yy = VR ATy/r ; vy = VE/E (ry/m)
wy =TT

B, = ‘fkhcbnbfkacapa

8,7 /Pl 0 % T R/MG

In these equations, k, C and p are the thermal conductivity, specific
heat and density. Subscripts a and b rafer to heat sxchanger pipe and copper
Black. The Ffunctions J and ¥ are Bessel funceicms of the firse and second
kinds respectively. Further ha’ hi and h are the heat transfar coefficients
between the copper block and air, of the interface betwean the two medla
{copper block and pipe), and between the pipe and the flowing water,respectively.
ha represents one of the infinite number of separation constants in the

solution of the time dependent heat conduction equation by the method of

separation of variables. In particular hal iz related to T, by the equation
Lk
ﬂ.ﬂl

2.2.2. Correctioms

The theory as cutlined above and as described more fully in Appendix A
properly takes into accoumt severalfactors which are important, but which ars
secondary to the main phencmencn of heat transfer from the inside wall of the
pipe to the flowing water. Included among these seconday factors are the
effect of heat loss from the curved surface of the block to the air, the

effect of a thermal resistance at the pipe-block interface, and the effect
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of different physical properties (specific heat, thermal conductivity,
density) for the pipe and the block. There are several other factors which
are not taken into account in the above development but which might affect
the determination of the heat transfer coefficient from the measured time
constant, Calculations have besn done to show that some of these factors
such &3 the heat flow to the air from the top and bottom (flat) surfaces of
the bloeck as well as heat leaks along the heater leads (see Drawing €-306)
are negligibly small.

The theory assumes cylindrical symmetry of the pips-block system. In
practice, the blocks are designed so that they can be demounted from the
pire. &n examination of Drawings BE-217 and B-213 shows that incorporating
this feature involves making a saw cut and drilling holes in the block and
using bolts and nuts for clamping. With these modifications the system,
although still highly symmetric, does not retain perfect cylindrical symmetry.
The effect of this loss of symmetry is difficult to estimate. It is believed
that the saw cut in the block has almost no effect., Indeed, if the cut wers
wedpe-shapad instead of slit-shapsd, the equations, boundazy conditions and
solutions would be sntirely unaffected. The consaquences of drilled holes
for clamp bolts and the ¢lamp bolts thamselves are not clear. Ultimately we
rely on experiment to show that their effects are negligible. To tast this
point,we made cne unit with complete cylindrical symmetry {i.e,, no sa&w cuts
and no clamp belts). This was done using a shrink fit between the block and
the pipe. Comparison between this unit and a standard demountable unit
showed that both behave according to expectations for the symnetric case
(within experimental errors). The experimental data to support this conclusion
are given in Sectieon 3.1.4.

There is yet one factor which has not been incerperated inte the theory
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and for which & correction needs to be made. This is the effect of axial
heat conduction along the pipe walls, for the theory assumes only radial heat
flow. The correction for this effect is calculated in Section A.3 of Appendix
A. The result is:

1

B s h (2-5)
1+ (2/LY rﬁ-—-—-at,;h unec ,wall

Here h is the heat transfer coefficient which is uncorrected for

une ,wall
axialheat flow along the walls, h is the corrected heat transfer coefficient,
and k. is the thermal cenductivity of the pipe. As shown in Fig. 2-2, L is
the length of the heater blocks and t' is the thickness of the pipe wall

inmmediately above and below the block. We define the correcrion Lactor,

Rwall, As:
i
Roap; = (271D "kt /h
For the purpese of evaluating Rwal]‘ h is approximated by h:mn:,wall' This is

valid because R ., tums out to be “8% for ar aluminium pipe, and less for

most other materials. Because R__,, <<l Eq. 2-5 can be rewritten as:

h o= (l'ﬂwallj hum:,wal]

(2-6)
As deseribad above, the theory has been developed to & point where all
important effects are included except the axial heat flow along the pipe walls.
It is only this effect for which a correction is required when the full theery
of Appendix A is used to extract a heat transfer coefficient from a measured
rime constant.
However, all analyses of experimental data that have been done to date
at CMU have used computer prograss that ars basad on an earlier and less

general version of the theory. Specifically, the program HTAS (see Appendix B},

which establishes the relationship between heat transfer coefficient and time
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constant, is bkased on an earlier version which did not comsider heat loss
to the air or the effect of thermal contact resistance at the block-pipe
interface. Because of this, corrections are made for these two affects as
well as for the effect of heat less along the pipe walls in the subroutine
CY of the analysis program LABTTF -(see Appendix ). The manner in which
thasa carrections are made in the analysis program is given below.

From the measursd time constant 7. we determine am approximate value

1
of the heat transfar coefficient by using the results of program HTAU. This

approximate values is not corrected for heat loss to the air or for thermal
contact resistance or for heat loss along the pipe walls, It is therefore

designated as b .

The first correction is for heat less 7o the air, As described in
Secticn A.4 of Appendix A, if the heat flux to the air [éa} is much less
than the heat flux to the water {&), then the value for the heat transfer
coefficient which iz corrected for heat loss to the air (but not for heat
logs 2long the pipe walls) is given by:

1 = -
hunc (1 Rair] huna,

whare

Ragp ™ Ny T3/T)) (UG 000 * 1My pe * (7)/T5) (W/Ry) +1/h)

and: ha is the coefficient appropriate for heat transfer from a

yertical surface to the air by natural convection; [hEL "1.57

2 o

BTU/hr ft F for temperatures in the neighborhood of 75°F;

T r, are as defined in Fig. 2-2,

1+ T20 T3
hblock = kbf(rl 1n{r3Hr1)] and kh is the thermal conductivity
wf the block;

hpipa z kaf[r1 In (rzfrl)) and kﬂ is the thermal conductivity

af the pipe;
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hi iz the coefficient f£or heat transfer across the block-pipe
interface;
k i? the coefficient appropriate for heat transfer from
the inside wall of the pipe to the flowing water.

The heat transzfer coefficient hi can be determined from the ordinate

0.8
v

intercept of a Wilson plot (1/h vs, 1/ J. Wilson plots were constructed

from laboratory data taken on savera] experimental units and are given in
Section 3.1.4. The theymal contact resistance of the block-pipe interface is

given in thiz way as:

1 = (1/n,

= {l/h, ) /A intercept

intercept } oz £1),

Rcuntact inside

whare A,

inside is the surface area of the interior of the pipe along the

length L of the block (see Fig. 2-2). The contact resistance is physically
not located at the inside wall of the pipe but rather at the gutside wall of
the pipe, 50:

= (1/h;) (/A

outsige) ™ (1/Ry) (1/2mr,L).

chntact
Thus, the heat transfer coefficient appropriate to the interface 13 related
te the intercept of the Wilson plot by:

h = (15/5;3 (1/h e

intercept _

. - 2 .
From figs. 3-3 and 3-4 we see that hintercept ranges from ??,Dﬂ? BTU/hr £t° °F
for an zlueminium pipe to ~3,000 BTU/hr ftz *F for a 90-10 copper-nickel pipe.
These values are for direct metal-to-meta]l contact between pipe and block, In
practice, a thermal greasa iz used at the interface in order to achieve z larga
value of hintercegt‘ as shown in Fig. 3-5,

In evaluating the expression for Rair‘ 4 numerical value for h i1s needed

3ince h is not yet known, it is apprﬂximatéd as:

——r—
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1/h = lfhun: B lfhinterCEPt.

Substituting (rzfrl} {1/h,

1nt=r¢ept] for 1.=’hi and {lfhun¢ - 1/h

)

intercept
for 1/h in the expression for Rair yields;

Rai: B {ha r3fr1} flfhblutk * lfhpipe ' lfhuntj‘

All parameters in thisz expression are now known, 50 the value for the heat

transfer coefficient corrected for heat loss to the air is given by:

1 -
hl.l.l'll: = { Rair)hmc

The correction for heat loss along the pipe walls remains to be made.
As givem in Eq. Z2-6,

h= {1-R 1} h

wal unc,wall

whers hunc wall is the hear transfer cosfficient corrected for air and inter-
1

face effects but not for wall loss, In our case:

= 1Hhan - 1/h

1/h c intercept

unc,wall
Than:

R'wall = (/L \Jkatifh

T (/1) Nk e 1/ - 1/h

inter:ept]
Finally, the he=at transfer coefficient, h, corrected for air loss,

interface effects and wall loss is given by:

1/h = [1f(1'ﬂwall}] llfhunc,walll

= [l/1-
[LA2-Ran 13 (/00" M neercept]

= (1R 01 I/O-R, ) (/) - L/h 1 @28

intercept
At this peint it may be well to examine what effect a change in

hintercept will have on the corrected heat transfor coefficient h. TFor

exanple, we¢ may wizh to determine whether it is worth the trouble to take dats

and construct a Nilson plot to determine 1/h,

{ntercapt rather than to simply se€

1/h to zero, In this case hum is constant (i.e., we are considering

intercept
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enly a particular value of time constant rl} and From Eq. 2-3 we find:

3 (1/h) ' - . 1
s intercept} Fne L - Ran

ince P <zl for our casses, We e
Sing wall or our casss, have

& (1/h) = « A (1/h )

intercept

In order to put this inte perspective, we see from Figure 3-5 that

2 an.=1

1/h = 3023 x 10'3 (BTU/hT ft F) for a titanium pipe with thermal

intercepr
greasse at the inrerface, At a flow velocity of & ftfsec for fresh water in a

one-inch scheduyle 40 pipe, 1/h = 0,821 x 1073 eru/mr €8 °F Y (from Eq. 3-3).

Thus, if lfhinter:ept is taken to be 0 instead of 0.023 x 10'3, a Telative
exvor (4 {1/h) / (1/h}] of 3% will be made in 1/h,

This 3% error, however, would not be present in the determination of
the thermal resistance of the fouling layer at the inside walls of the pips
This follows from the fact that fouling resistance is calculated by subtracting
the total thermal resistance at the time of interest from the totzl thermal
resistance at the beginning of the experiment, If we take the thermal
resistance at the pipe-block interface to be mnchanging with time, then its

effect is cancelled in the subtraction process,

2.3 Computer Frograms. We use two computer programs to analyze experimental

data. Thase are calied HTADJ and LABTTF, and are listed in App. B and C. Hera
we briefly describe how thase programs incorporate the calculations discussed
in this section to detarmine wvalues of h from experimentazl data.

The raw data consist of signal voltages related te copper block temper-
atures {measursd relative to the water temperature), flow velocity wvalues,
and absolute water temperaturss, sach taken every six seconds during the

cooling of the block. The basic job of the analysis programs is to use these
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data to determine a valu= of heat transfer coefficient to the water. This
ie done as described balow.

2.3.1. The Program HTAU. For a given test umir, this program only nseds to

be Tun once. As input, HTAU requires the thermal conductivities {ka and kb),
specific heats (ca and cb] and densities fpi nn§ phJ of the pipe and copper
block, as well as their dimensions {rl, Tys T3, L]. With this information,
and any assumed value of h, the program uses Eq. 2-4 {&t seq.] o determine

the corresponding value of This process is repsated for a sequence of

1
values of h ranging from 150 to 2450 BTU/hr ft3°F. The resulting set of

values of h and the corresponding 7, are then fitted to the <xpression

In(h) = A+B(1nr]+C(1nTJ2+D{1nrj 3 (2-9)
The fitted values of the constants A, B, C and D then define the relaticnship,

for this particular unit, betwsan z measured v. and the corresponding h.

1
These values are used as input to the program LABTTE.

#gcause Eg. 2-9 is an ad  hoc relationship linking t to h, the value of
h as calculated from the fitted constants [(4,B,C,D) for a p;rticular value of
T does differ somewhat from the value of h that would be required by the theory
in order to produce that particular value of 1, The standard deviation of the
percent differences between h as calculated from Eg. 2-9 and the true h from
thegry was found to be ~0.2% for aluminium as pipe material, “0.4% for
90 copper-10 nickel, and “0.7% for titanium, These values apply te the full
range of h (150 to 2050 BTU/hr Et2°F} that is used in fitting the constants of
Eq. 2-9, These differences may be reduced to any arbitrarily small walue by
any convenient means. One way, for example is To construct a table of h, 1

(using the output of HTALU} over the range that is pertinent to a particular

application. Then, for a given 7, h would be determined from the table by
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interpolation.
Wote that the value of h given by Eq. 2-9 is uncorrected. The various
corrections nacessary to determine the correct value of h are made in LABTTF.

2.3.2 The Program LABTTF. LABTTF detsrmines the' cooling-curve time constant

ft] from the measursed thermopile data. It alsg decermines the average water
tenperature, and average flow velogity as well as their rms deviations. The
determination of the time constant 15 done in two passes by the program.
In the first, the cgoling-curve data are used to determine an appreximate
value of t, This value is approximarte primarily becauss the analysis
"time window"* which is used includes the tine immediately aftey the haat
is cut, during which transisnts are present in the thermopile decay curve.
The output of this pass includes a listing of the measured data in 2 more
gonvenient form (e.g., flow velocity rather rhan flowmeter voltage, and
water temperature rather than thermistor bridge voltage).

In the second pass, the approximate value of t from the first is

used to define the correct analysis window beginning at a safe time after
the heat has been cut and extending for an appropriate interval, For lab

data, the window usually starts 20 seconds after the heat has been cut and
extends for "4 time constants (the wvalues are not critical)l. The warer
temperaturs and flow velgcity associated with a particular decay are then
caleulated as the average of the values measured during the analysis windew.
The determination of 7 is by means of a least-squarss fit to the measured

cooling curve points {as describad in See. 3.3}.

The fitted time constant iz then converted to a heat transfer coeffi-
* The analysis time windew is the period, during cocling, from which the

measurements are wsed to find the decay time constant, v, of the ¢ooling
curve .
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eient using Bq. 2-9, and the necessary corrsctions are made according to Eq.
2-8. Finally, for purposes of comparison, h is normalized to a value ap-
propriate to a water temparature of 70°F, if the actual water temperature
was different from this.

2.4, Dealing With the Effects of Water Temperature Fluctuations: "Tuning".

As oight well be expected, the ocean constitutes a much more capricious
environment in which to measure heat transfer coefficients than does the
laboratory. This is borne out by an exapination of Fig. 2-3 where an
extreme case of ccean behavieor is illustrated. There the temperature of
the ocean water [Tﬁ) passing through an aluminum tube is plotted as a function
of time. During the same time interval the natural legarithm of the thermo-
pile decay yoltage is pletted. 1t is obvious that theye is a strong corre-
lation between the water temperature fluctuations and the deviation of the
thermopile data from the fitted curve. The decay of Fig, 2-3 should be
compared with that of Fig. 3.2 which was taken under laboratory conditions
where the temperature of the flowing water was much more stable. It is
svident that considerable uncertainty must be attached to the extraction of
a heat transfer coefficient from the slope of the decay curve of Fig. 2-3.

It should be polinted out that early in the decay the thermopile wvoltage is

high and is less sensitive to water temperature fluctuations than the lower
veltages later in the decay. In addition, the proper statistical weight attached
to each decay point in the fit is proportional to the square of the thermopile
voltage, so that earlier points are much more heavily weighted thap later points.
Yet this relatively close coupling between water temperature fluctuations and
thermopile voltage deviations certainly decreases the precision of the measura-

ment of h, as revealad hy the data of Fig. 3-6, Section 3.
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Thare are two approaches in dealing with this coupling problem. The
first is to incorporate the water tempesrature fluctuations into the data
analysis. Another is to remove the source of the coupling, Here we consider
the latter option.

The data of Fig. 2-3 imply that the thermal time constant of the
thermopile reference cylinder is smallar than the thermal time constant of the
hearar cylinder. (See Sections 3 and 4 for a complete description of the
reference cylinder, heater cylinder, and thermopile.} Then the reference
trlinder is able to vespond to the decrease in water temperature more rapidly
than the heater cylinder and this relatively rapld response causes the thermo-
pile data to pull away from the fitted curve. HNominally, the reference c¢ylinder
and the heater cylinder have the same time constant. That the time c¢onstants
ars not sxactly the same way be due to the differences between the machined tubs
surface where the hmater cylinder is clamped and the ummachined tube surface
where the reference cylinder is clamped, to the fact that the tube wall zbove
and below the heater cylinder is thin whereas above and below the refersnce
cylindey it is normal thickness, to differences in potrting the reference
junctions and the sensing junctions of the thermopile and to other factors,

If the heater and refersnce cylinders had sxactly the same time
gsonstant, fluctuations in water temperature would net affect the thermopile
decay curve. A simple experimsntal technique has been developed for measuring
the ratic of the time constant of the heater cylindsr {rﬁ} to the time cnnstagt

of the reference cylinder (¢ With no heat applied to the heater eylinder,

RJ'
water at some temperature (arbitrarily defined as 0) is ¢irculated around the
¢leosed loop including the heat exchanger tube, as described in Section 3. At
time t=0 a quantity of water at a temperature different from that of the

circulating water is quickly added to the reserveir of the circulating water
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system, This added gquantity is chosen to be sufficient to change the
temperature of the circulating water by -1°C to a value called Ty The
measurement then consists of recording the thermopile response to this step-
function change of water temperature, The more closely the time constants of
the reference and heater cylinders are matched, the more inssnsitive the
thermopile output will be to the change in water temperature, This can be
gean from the following analy=is.

With the step function change in water tempereturs from 0 to Tﬂ baing
made at time t=0, the temperatures as a function of time for the reference

and heater cylinders are described by:

Thit) = Tﬂu-e'mnj
-t/T {2-10]
TH(t] = Tu[l-E H} .
The thermoplile output valtage [?Tﬂj is propartional to the temperature
difference Th{t} - TR[t]J 50:
o — -tJ'IrT -thH
VTC{tj TH(t] - TR(t] = Tﬂ{a R~-e T,
or;
T,{t) - T.(t] ) _
fit) = 2 R2Z - MRty (2-11)
Tﬂ

A plot of the curve f(t) versus t is piven in Pig. 2-4 for the hypothatical

g B0 sac, and Ty = 50 sac. The maximum

of the £t} wversus t curve cccurs at 2 time tmax‘ whers:

(and somewhat extreme] case of +

T,T

H R
tax T T ln{THITR] . (2-12)
[
Ty *1
dote that lim t = H2 R )
TR

The peak height of the f(t) curve 1s related to appropriate tempera-

rures by;
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=TH{tmsx} ) TR(tma - - [thhezmnpila] max

] E
max TU

£{t

&Th‘ﬂ. ter
A link between the thermopile response and the ratio of time constants
(ty/Tg =X) is therefore given by:

(a1 ) (o) [Ty

max X - X . (2-13)

therropile

M-.eater

A plet of Eq. 2-13 is given in Fig. 2+5, which permits a determination
of the matching betwsen ™ and T [tHftR} required in order to achieve a
given insensitivity of the thermopile to water temperature variations

{[aT 1 JaT 3. From Eq., 2-12 and Fig, 2-4 it is evident that

thermopile max’ = water

the impact of a zapid water temperature variation is still ;ppreciably felt

by the thermopile even three time constants after the wvariation has occured.

- For this reason it might be quite useful to "tune'" the cylinders %0 that

T/ tg is nearly 1. Proposed methods for "tuning” include varying the pressure
ty which the cylinders are clamped to the tube, removing mass from the
reference cylinder, and adding mass to the reference cylinder by means of
rings which would clamp to the circumference of the cylinder.

If a fine tuning with |l-THITR! 50.02 is achieved, abrupt changes in
the ocean water temperature as large as 0.1°C would only show up on the
thermopile as ~0.001°C peaks, as determined from Figure 2.5, This is quite
satisfactory since the slight instabilities in the existing electronics
limits the resclution of the thermopile circuit to 0.001°C, No problems are
envisioned in achieving this degree of tuning, and consequently the thermo-

pile output is expected to be decoupled from the variations in water temperature.
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3. LABORATORY AND FIELD RESULTS

Of primary importance in assessing the severity of biofouling in
heat exchanger tubes is a reliable and precise method for measuring the
rate at which heat is transferred from the inner wall of the heat ex-
changer tube to the flowing water, This rate of heat transfer is deter-
mined both by the extent to which the inner wall of the tubs has been
fouled and by the properties of the laminar layer of the flowing water,
As detailed in Section 2, the method for measuring the hear transfer coef-
ficient (h) essentizlly invelves stering a quantity of heat in a thick-
walled section of the tube and then obssrvipng the rate at which this
quantity of heat passes into the flowing water. The apparatus required
to monitor this procedure is presented below, along with some representative
results and rhe interpretation which has beenr given to them,

3.1. Laboratory Data.

3.1.1. Apparatus. The hegart of the apparatus is sketched in Fig., 3-1.

The thres 4 inch long sections which make up the copper heater cylinder
(ID = 1.300"} are clamped to a candidate heat exchanger tube (machined
oD = 1.309'), The clamping for each section is done by means of twe l/4" -
20 clamp bolts with socket heads. As part of a standardized procedure,
sach clamp bolt is tightened with a torque wrench to 15 ft. 1b. The 2
inch long copper reference cylinder is similaryly mounted. Details con-
carning the heater and reference cylinders c¢an be found in Drawings B-217,
B-218 and B-114, respectively.

The heater cylinders are wammed by supplying an AC current to the 33 §
nichrome heater which is wrapped aroimd them., Typically 79 V is applied
to the heater and this produces a power dissipation of 118 watts. This

power dissipation results in a temperature rise at the thermocouple
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locations of ~2°F above that of the flowing water. The heater windings
themselves were not found to be noticeably warm to the touch while in
operation.

The temparature differsnce betwe=en a location in the copper heater
cylinder and the flowing water is measured by means of a thermopile con-
sisting of 11 iron-constantan thermocouples. In the rapge of 60°F to 80°F
gach thermocouple has a sensitivity of 28.6 w¥/°F, thus giving a total
thermopile sensitivity of 0.314 n¥/°F. The reference junctions of the
thermopile aré epoxied into 2 copper cylinder which is in geod thermal
contact with the flowing water, while the temperaturs-sensing junctions
are spoxied into the copper heater cylinder. The thermopile voltage was
found to be sufficiently stable to allow temperature differences to be
measured with a precision of (.001°F. Details relatad to the comstruction
af the nichrome heater and the thermopile are given in Section 4.

In the lab set-up, a Ramapo Mark ¥ strain gauge flow meter is placed
in series with the heat sxchanger tube under test just as in the ocean
set-up of Drawing D-402. Water is pumped from a 3Z gallon reservoir through
the tube and flow meter in a closed leoop, The flow meter range is 5 to
50 gal/min{~2 to 21 ft/sec for 1" tubes) and lab tests are penerally con-
ducted over the flow range of 2 to 10 ft/sec. A Veco thermistor was potted
in copper and immersed in the reservoir in order to moniter the water
temperaturs during the lab measurements.

The thermopile, thermistor, and flow meter signals are made to fall
within a ¢ommon range (e.g., 0 to 10 mV DC), either by design ¢r by proper
amplification. The signals are then fed inta 3 of the 10 channels of a
Keithley 702/7029 Low Voltage Scanner. The three channels are then

sequaentizlly sampled by a Keithley 171 Dipital Multimeter upen command
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from a remete clock. The timing pulses of the clock are derived from 2
100 kHz crystal within the Keithley 171, so the timing interval: are
accurate to withip ~0.003%, A scanning rate of 1 channel every 2, 4, or
10 seconds is possible. Thermopile, thermistor, and flow meter data are
transfarved from the Keithley 171 to a paper tape punch nﬁ an ASR.33
telstype by means of a custom-built interface circuit. In this way a per-
manent and computer-compatible record of the data as a fupction of time is
made during the course of a heat transfer cosfficient measurement.

This data acquisition system is quite similar to that used to accumalate
data at an ocean site, and in fact, acts as a back-up system for it. With
the ocean and lab systems quite similar, it is possible to simolate affects
observed in the ocean data under comtrolled laboratory conditions. For
example, fluctuations of water temperarure and their sffects on a heat
transfer coefficient measurement were described with regard to "tuning”
in Section 2, Such fluctuations can quite readily be simulated using the
lab test system, A fuller description of the lab data acquisition system
is given in Appendix D.

3.1.2, Procedure. In these experiments the heat transfer coefficient was

measured at ssveral flow veleocities., At a particular flow velocity the
heater power is turmed on and the temperature of the copper heater cylinder
iz seen to rise until a steady state condition is reached. At this time
steady-state values of the amplified thermopile voltage as well as thermistor
and flow meter data are recorded at the set intervals on paper tape. The
heater power is then turned off, and the decay of the thermopile voltage

and the corresponding thermistor and flow metery voltages are racorded, After
a periocd of approximately !0 time-constants (& time-constant ranges from

-1/3 minute to -1-1/2 minute) the thermoplle voltage has decayed to its
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zero-point value. The final twenty thermopile points are used in the dara
analysis program to determine the average zero-point value and its EMS3
deviation. This BRM5S deviation is then used in estimating the error on the
time constant in a l#ast sguares fitting routine. This procedurs is re-
peated for each flow velocity.

3.1.3. Thermepile Decav Curve, A typical decay curve of amplified thermo-

pile voltage as a fumction time is plotted on a semi-log sczle in Fig. 3-2.
After a short time (-2 sec) the decay bacomes highly linear and remains
so for a time in axcess of four time constants, In this region the relation

batwaen thermopile voltage (ETC} and tima {t] iz given by:

* (3-1)

- -t/
Vrc(t) = Vi (0)e
Linearizing this relationship:

In(Vo () = IV (0)) - t/t

The data can now be fitted to z straight line of the form:

¥ = a + bx
where

Y = In(Vpe(£))

=t

a = In(Vy.(0))

b= -1/t

From this fit, the time constant {t) and an estimate of its error can be
determined.
In order to obtrain a correct fit, the data must be properly weighted.

The error on qTE is constant for all vaives of vTC’ since the arror arises
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from minute change: in temperature and elactronic instabilities which de

not depend on the magnitude of V- Howsver it is not V..

)+ Thus, the proper weight to be assigned to the iR data

that is Ffitted,

but rather In(V.

point is:
1.2
(Yoe™)

(5v

W, =
1

Tlf:}2

where 6¥TE is the random error of the themocouple voltage measurement.

A5 mentioned above (ﬁVTC) iz constant for all valuss of VTE and in practice
is estimated from the mean square deviation of the twenty points which

are used to determine the zarg point,

In the fit, the data during the first 20 szeconds {this could be
shortened) of the decay are ignored. From the thecretical analysis of the
decay it is known that for short times after the heater power is turned
off the true realtionship hetween thermopile volrage and time is more
complicated than the single exponential expression given in Eq. (3-1).
Therefore the data to be fittad bBegin at time t=20 seconds and extend to
-4 time= constants thereafter. From this fit 4 value of ¢ 12 obtained with
an estimated uncertainty of -0_5%.

The results of the theoretical analysis of the decay permit the con-
version of the measured time copstant to a heat transfer coefficient
(hun:] which is uncorrected for heat losses to the air and along the
walls of the heat exchanger tube, These correcticns are estimated to be
accurate te within 10% and constitute a decrease in hunc of -6%, Thus
the overall precision to which h can be measured and corrected is
gstimated to be about 1/2%. The task of extracting a time constant (t)
from an sxperimental dacay curve and of converting that measured time comstant

to a final heat transfer coefficient which i3% corrected and normalized to
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2 water tempervaturs of 70°F is performed by the program LABTTF. A listing
aof LABTTF is givem in Appendix C,

3.1.4, Comparison of Lab Data with Handbook Values, We expect that the

heat transfer coefficient to the flowing water should vary as vﬂ's, whera

¥ is the flow velosity. This result follows from a combination of dimen-
s$ional analysis and correlation of existing dsta, In dimensional snalysis,
the proper groupings of the physical propertiss of the fluid which are
pertinent to the heat transfar coefficient are determined. Thus, the ezse
with which heat is conducted through the laminar layer (thermai conductivity
k), the amount of heat which can be stored in a given velume of the fluid
{heat capacity Cp, density p), and the thickness of the laminar layer
fdynamic viscosity p, flow velocity v) all enter a dimemsional analysis

which leads to:
£ u
h _ Dov
s S

where [ 1s the inner diameter of the tube which carries the fluid, and & is

some undetermined fumerion of the dimensionless variables, The functional

form of # iz assumed to be:

Cu
h - p.a Dov. b
CPDV =¢=a (3 {—E-i

wheTe a, a and b are constants to be determined by correlation of existing

data and by wnalogy with theoretically tracrtable situations. This yieldsl:

h (EL“]HS ___ 0.023
bop?? " K ¢ (DpvfufJﬂ'z

(3-2)

whers  indicates evaluation of the property at the film, or laminar layer
temperature and b indicates evaluation at the bulk, or turbulent region

temperaturse frf = {Twall+Tbu1k]f2]. The relation (3-2) is said to hold .
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for Reynolds numbers (Re = Dpv/u} between 10,000 znd 120,000, for Prandtl
numbars (Pr = Epufk] between 0.7 and 120, and for L/0»60, where L = langth

of heat exchanger tube. These conditicns are met in the present setup with:

Re = 17,000 to 84,800 (v = 2 ft/sec to 10 fi/seq)
Pr = 6.8 (at T = 70°F)

L/D = 74

In the case where the fluid is water flowing inside clean tubes the
physical properties of the f£luid are lusped inte a temperature dependent
term and (3-2) hecnmesz:

160(1+0.012 Tf} 0.8

h = v (3-3)
DD.Z

Thus, the thermal resistance due o the laminar layer of the water [1/h]
should vary as lfvﬂ's.

Plots of 1/h versus IIVU'E for v from -2 to -10 ft/sec are shown in
Figs, 3-3, 3-4, and 3-5 [data taken using three of our units}., In each
case a heater cylinder-reference cylinder set was clamped onto the tube as
described previously. The data were taken with water temperatures near 70°F,
and for purpeses of comparison were nomalized to 70°F by the temperaturs-
dependent factor in Egq. 3-3,

For the aluminum pipe (alley &6M1-TG) the fitted curve is:

3 8

1/h = (0.013£0.011)=10 " + {3.44210.034}x10'3fvﬂ'

The results for the 90 copper 10 nickel pips are given in Fig. 3-4.
These data illustrate the reproducibility of the method, since they were
taken on thress saparate days yet all fall essentially in the same line.
The fitted line for all 90 cepper 10 nickel data is:

3 8

1/h = (0.33920.003)x107° + (3.46820.008) <10 > /v
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Mote that the 90 copper 10 nickel data, especially, give rise to a
non-zere intercept on the l/h axis, This is because the value of 1/h
that is measured is that dus to thermal resistances like the velocity
independent contact resistance (between the heater ¢ylinders and the tube)

2nd the laminar layer resistance which is proportional to IHVG'E. Thus:

1/a = Hhi v lxhlaminar layer

= sconstant + c:.r:rnstau-nt',-"*v.r':"3 .

The tonstant 1;"]1i is smpall for aluwinum presumably because aluminum is

s0ft and able to deform scmewhat as the heater cylinders are clamped onto it.
The data of Fig. 3-5% on a titanium tube were taken under two different

conditions. First, the heater c¢ylinders were moumted on the tube as before

with a clean metallic coppers~titanium interface, The results are:

1/h = (0.19520.005}%107° + (3.538£0.015) <10 27y 8

Then the heater cylinders were removed and a layer of thermal grease
(Wakefield Thermal Compound, Part Ne. 120-8 from Wakefield Engineering, Ine,,
Wakefield, Massachusetts (11880} was applied to the mating surface: of the
tube and the heater cylinder. The heater cylinders were clamped onto the
tube as before, and the results, with the thermal grease, were found to be:

3 8

1/h = (0.023+0.005)x10™> + (3.454+0.016}x10™ /¥

Thus, the therma]l grease was quite effective in reducing the intercept to
nearly zero. If some application of this method exists for which the non-
zerc intercept is a troublesome annoyance, it can be reduced by means of
thermal yrease. If one wishes to fine-tune the raference and heater

cylinders to have nearly the same time constant, 25 discussed in Ssction 2,
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it may be dasirable to uze this tharmal gre=ase on the refsrence cylinder
in order to decrease its time comstant. Then =2mall standard rings ¢ould
e attachad to the circumference of the referencs cylinder to provide
additional mass wntil its time constant matched that of the heater cylinders,
The exponent of v in Eq. 3-3 was also permitted to be a parameter in
Fitting the data of Figs. 3-3, 3-4, and 3-5. The fitted axponemts were
found to be 0.82:0.03 for aluminum, 0,79:0.02 for 90 copper 10 aickel,
0.80£0.04 for titanium without thermal grease, and 0.83:0.03 with thermal
ETELSE .
In the case of water at 70°F flowing through clean, smooth 1" schedule

08 40 Ba. 3-3 is 3.44x10° %,

40 pipes, the reciprocal of the cosfflciesnt of v
The agreement between this Handbook value, and the slopes of the fitted
curves in Figs. 3-%, 3-4, and 3-5 is quite good, which further instills
confidence in the methed.

[t might be neoted that the cylindrical symmetry assumed by the theory
in Section 2 is not fully reslized in practice because of the need for
incorporating bolt holes and stainless steel clamp bolts, stc. in the
copper cylinders (see Drawing B-216 thru B-Z18). These necessary departures
from pure cylindrical symmetry are justified a posteriori by the data quoted
above, The non-critical nature of this departurs is perhaps due to two Teasons.
First, th: amount of copper removed from a pure cylinder 1s relatively
small, S3econd, the mass of coppey removed is partly replaced by stainless
steel (bolts and nuts} which has a higher thermal resitance than copper.
The effects of decreased mass and increased thermal resistance tend to

cancel each other with regard to affecting the time constant of a thermal

decay (see Sec. 2.2.2.7,
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It is useful to point cut that in the early stages of the development
of this method, a copper cylinder of nearly pure symmetTy was shrmk
(rather than clamped) onto a 50 copper 10 nickel heat exchanger tube, The

results from that set.up are:

3 Q.8

I/h = (0.180:0,006)x107° + (3,37520,018)x107% /v .

3

3,2. Field Dara, In Fig, 3-6 is given a plot of 1/h versus vaﬂ' for

an aluminum tube through which sea water was pumped. As paxt of a pro-
gram to accumulate praliminary bisfouling data, the test it was mounted
on a boat which was anchored npear the test site at Keahole Point, Hawaili.
Warm surface water was pumped to the unit from a depth of 20 feet. The
plot of Fig, 3-& shows considerably more scatter than its laboratory
counterpart, It is, of course, highly desirable to keep the scatter of
the ogean data sma2ll so that small changes in heat tTansfar coefficient
due to bicfouling can be detected.

The scatter is due primarily te two #ffects. The first, and dominane,
effect is the temperature fluctuations of the sea water. Since the refer-
ence and heater cylinders have somewhat different thermal time comstants,
variations in water temperature result in variation® in the thermopile
output voltage, as discussed in Section 2. There are at least two experi-
mental approaches to this preblem. One 1s to "tune" the reference and
hgater cylinders to nearly the same time constant so that the thermopile
output voltage is insensitive to water temperature fluctuations, ss demon-
strated in Section 2. The second is a "brute force" method of making many

consecutive measurements of h and rejecting those which do not meet a
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pre-determined set of criteria on water temperature stability, etc,

The second, and less important, effect 1s the variation of flow
velocity due to the rolling of the boat and the consequent motion of the
intake hose which carries the sea water to the test unit, This effect
will disappear when the test umits are mounted rigidly on the subsurface
buoy, in a¢cordance with the plan to acquire long-term biofouling data.

It might bg noted here thatr because of the differgnce in heat capacity,
density, thermal conductivity and viscosity between fresh water and sea

-

water, the slope of the 1/h versus lfvﬂ line is expected to be (5.8:0.9)%
higher for sea water as the fluld rather than fresh water. This result
follows directly frowm Eg. 3-2, The observed increase in slope is (7+51%.

3.3. Limirations and Constraints. It is important for any poatential

users of this system, or modificarions of it, €0 appreciate whar it can
do, and the limitatioms on its performance,

First, it should be understood that the system was not designed to
measure h to high acguracy., Instead, the intent was to devise a system
for measuring c¢hanges in h {or 1/h} precisely, in order to monitor the
thermal resistance of the accumulated fouling layer {Rf#lfh-lfhinitiii}.

One effect to he considered, for example, is that the wall tempesrature
shanges during the measurement of h. Because this in turn changes the
relevant properties of water, h itself varies during the measursments.
However, since the temperature variation is small (s 2°F typically}, such
effects ares less than one percent in magnitude, However, in determining
changes in h {to measure Hf], these effects cancel, in largs measure, There-

fore measuremants of R_ are probably not affected by more than a small

i
fraction of a percent by this effect.



Another effect not accounted for in uﬁr caleulations is that, hecaﬁse
of the short Ilength of the heated section (1 foot), the asymptotic temper-
ature distribution is not established in the laminar sublaysar at the test
section. This means that the measured value of h is slightly larpger than
the deveioped-temperature value. Agein, howeaver, in measuring diffsrences,
these effects largely cancel, and measured talues of Rf should be preciss
to a small fraction of a percent,

Even though the above effects are not corrected for in our calcula-
tions, the megsured absolute values of h agree very well with theereatical
gxpectations, as zhown by the results of the laboratory measursments dis-
cussed ahove,

If it were desired to measure absolutg heat transfer cosfficients
even more precisely, of course, certain obvious steps could be taken to
account for the above disgussed factors (s.g., calculate gorrsctions, and/or
modify the system so as to eliminate the effects). There seems no reason
why, if it weve desizred to do s0, h could not be measured with a precision
nearly equal to that now achiewvable in the laboratory in measuring changes
iﬁ h, i.e., 2 fraction of a percent.

As shnwnlearlier in this section, the system is able to measure heat
transfer rates with a relative precision of Eetter than 1%. It is important
to understand that this is limited by the precision of determining the flow
velocity. Analysis of the cooling curve data {rms deviation of the measured
point: from the fitted <urve) shows that the contribution to this errer
due to the precision of temperature measurement is less than 0,2%. This

fact has two important implications, First, if a method were devised to



15

measure (or contral) flew velocity more precisely, the precision of measure-
ment of h would be correspondingly increased. On the other hand, at lsast
for OTEC purpases, increased precision is not ne=sded, This means, secondly,
that correspondingly less precizion is acceptable in detemmining temperature
{(i.e., time constant of the vooling curve). Depending on the degres of
degradation of precision which is acceptable, there are various ways in
which the system could be simplified in design or operation. These are
discussed in Sec, 7, and we say no more about it here.

The process of determining heat transfer rates with this apparatus
depends on the measurement of four quantities: the temperature difference
between the heater cylinder and the flowing water (thermopile output), the-
flow velocity (flow-meter cutput), the absolute water temperature [thermisteor
gutput) , and time (during the coeoling curve). As stated earlier, the flow
measurement (1/2%-1%) limits the praﬁisi;n of the result, while the themmo-
pile output contributes an erTer of about 0.1%-0.2%. Timeé is msasured by
a quartz cleck, and is much more accurately dstermined than any other
pargmeter, It remains to discuss the effect of errors in mezsuring absolute
water temperaturs (thermistor output).

The measured water tempersture is used in two ways. First, the heat
transfer coefficient (h] depends upon water temperature, as shown in Egq. 3-3.
Because of this, the water temperature must be known when h is measured,
Reference to Eq. 3-3 shows that an error of 1°F results in an errer of -0,5%
in h. The error in the thermistor output is actually sbout ¢.1°F, corre-
sponding to an error in h less than 0.1%., However, since we ars fnterested
in measureing changes in h, errors in thermistor calibration are less
important than time variations in the calibration. The contributlon to the

arror in changes in h is therefore even smaller, and is negligible.
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The other reason for measuring water temperature is that rapid
variations of water temperature introduce errors inte the determination
ef h (see Sec. 2.4.) if the time constants of the heater cylinder and
the reference cylinder are not well matched. For this purpose, the
gbsolute calibration of the thermistor is of no importanze. It is only
necessary that it not vary significantly over the period of the cooling

cuTrve.,

References:

1. Hezat Transmission, William H. Mcadams, 3rd ed., McGraw-Hill, 1954
(p. 219).

2. 5tandard Handbook for Mechanical Engineers, Theodore Baumeistsr and

Licnel 5. Marks, McGraw-Hill, 1986 (p. 4-100].
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4, MECHANICAL DESIGN

The experimental unit used to monitor heat transfer rates in sea
watery is sketched in Fig., 4-1, The instrumented simulated heat exchanger
tube and the flow meter are insids a PYC housing., The pump, also inside
a PV¥C housing, may be connected to the tube on the downstrean side as
shown, or on the upstream side, Machine shop drawings D-400 thru D-404,
£-300 thru C-317 and B-200 thru B-222 and the associated aquality assurance
section deal with the assambly and construction details of the experimental
unit. Mow we turn to 2 description of vgrious parts of the experimental umit.

4.1. Housing. As designed, the experimental unitr may be operated while

submerged in the sea up te 100 feet deep as well as sbove the surface. It
is necessary, in submerged operation, to keep the sea water from the elec-
trical wiring and instrumentation. Therefore two separate housings are
provided; one for the simulated heat exchanger tube apd the other for the
pump, as shown in Fig., 4-1. The pipe housing is made from three pieces of
6' schedule 80 PYC pipes (ome 54" long and two 10" long), with asspciatad
flanges and a tes. The tee 135 needed to accommodate the flow meter. The
pump housing is made from 12" schedule 80 PVC pipe with associated flanges.
The PVC-pipe-to-PVC-flange joints are made with PVC cement {E-Z Heldtm},
after cleaning the mating surfaces and coating them with Primer (E-Z Heldtm}.
Both these products are by PCI Industries, Ipc., Riviera Beach, Florida.
Altarnatively, Plastic Pipe cement 925 {Fuseantmj and Primer 905 (Fuseontm]
by REG Sloane Manufacturing Co., Inc., 5um Vallsy, California have been used
successfully, The PYC flanges are closed with end plates made from 1-1/2"

PYC sheet. The end plates are bolted to the flanges with 1/18" neoprene
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gaskets providing the seal, Where the simulated heat exchanger tube passes
through the top and bottom end plates, rubber 'Q' rings provide the necessary
vacuum seal. Both the tube housing and the pump housing are vacutm tested.
In addition, the pump housing is pressure tested for water pressure at -60
Psi in all water bearing parts of the pump. These procedures are further
discussed in 4.9 under Vacuum and Pressure Testing.

4,2, Heat Exchanger Tube. The simulated heat exchanger tubes that are

used in the unit are pipes of various alloys such as Al 6061-T6, 90.10 Cu-HNi,
Ti, =tc, These are standard schedule 40, 1" nominal ID and 8-1/2 feet long.
They have a smooth ipterior surface (as produced in the manufacturing process).
The ocutside surface of the pipe is machined to l.saﬂ"rggg: for a length of
26" from the downstrymam end (refer Dwgs, E-2Z05 and B-206). This pazt of
tha pipe is finished to 2 surface roughness of ahout 2 microinches in

order te help reduce the thsrmal contact resistance betwsen copper heater
blocks and the simulated heat exchanger tube,

To reduce heat loss from the heater bilocks along the walls of the pipe
during a measurement, the pipe may be machined down to thinner wall sections
on #ither side of the copper heater block assembly. This procedurs hgs heen
used to limit axial heat loss along the walls to less than about 5% of the
total. For a waterial (e.g., Ti) of low themmal conductivity {12.7 BTU/hy
ft®F) such thin-walled sections are not necessary; however for Al 6061-Té
(themal conductivity 59,5 BTU/hr £t°F}, the wall is machined down to 0,056"
thick,

The length of the simulated heat exchanger tube is sufficient to assure
fully developed flow in the neighborhood of the copper reference block,

4.3. PRofarencs and Heater BElocks. Both the raeferance and heater blocks

are of copper. They are of cylindrical geometry with cuter diameters of
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3" and inner diameters of 1.315" for the reference cylinder and 1.300™ for
the heater blocks. The refersnce cylinder is 2 long (refer Dwg. B-216}
vwhile the heater biock assembly {refer Dwgs. B-217 and B-218) is in three
segtions, each 4" long. Each of the blocks is partly split by a saw cut
1/32" wide. This design facilitates sasy mounting and demounting of these
blecks onto the tube. Hence these blocks with their thermopile mountings
can be reused with different simulatsd heat axchanger tubes. The refersnce
cylindar can be spread by inserting a screw driver into the slot, However
the heater blocks, being more delicate, should be spread only by using the
jack screws, The inner surfaces of the heater blocks are finished to a
surface condition of 8 microinches to provide good thermal contact to the
similated heat exchanger tube. Each copper block is clamped onto the pipe
with two bolts. The saw cut znd the bolts (of S55) in each block introduce
only a minor deviation from the cylindrical pecmetTy.

4.4, Thermopile. The thermopile consists of 11 iren-censtantan thermo-

couples, as shown in Fig, 4-2a., Each of the {B&G Gauge 30) thermocouple
wires is insulated with teaflcon, and a teflon jacket is applied over the
wires of a thermocouple pair. The thermocouple wire was purchased from
Omegs Engineering, Inc., Box 4047, Stamford, Connscticut 06907, Cataleg
number TT-J-30., The theory of this thermopile is discussed in Appendix F.
The iron and constantan wires within a (jacketed) pair are spot-welded
together to form one of the sensing junctions., To form one of the raference

junctions, an iron wire from one pair is spot-welded to a constantan wire
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Figure 4-2b.  Details of Thermocouple Junction.
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from another. In thiz way the 1l jacketed pairs of themmocouple wires
{each pair being 41" long) are coupled together to form the themmopile,
Finally, a 6 foot lenpgth of #22 stranded copper wire iz soldered to each
end of the thermopile, az shown in Fig. 4-Za.

The technique used for insulating each junction is sketched in Fig_
4-2b. The iron and constantan wires are ¢rossed priocr to making the spot
weld and the excess length of each wire is bent back parallel to the cpposite
wire. The result is to have a smooth, rounded tip at the junction rather
than the sharp ends which would Tesult if the excess wire were spipped off
near the junction, A short section of 3/32" shrink fit tubing (Alpha Wire
Corperation) is then passed along the length of the pair, just beyond the
juncrion. By thermzlly shrinking the tubing around the complex, the sxcess
wire iz held securely in place and the bare wires near the junction are
affectively insulated. Two coats of Glyptal (GE 1201 Red Enamel) are then
applied to the junction and to the shrink-fit tubing., With this construc-
tion, the jumction itself has only a thin layer of insulation and is able
to respond rapidly te temperature changes.

Prior to potting the thermopile into the reference and heater cylinders,
several tests are dene. The thermopile is checked for electrical continuity
(it should have a total resistance of approximately 135 G), With the
reference junctions in air at 23°C, the output voltage of the themmoplile is
monitored while the sensing junctions sre dipped in water at -50°C, Thef
response af the themwpile to this step-function change in temperatura
parmits a calibratien check, and an estimate of the thermal time constant.
Typically, this time constant is 0.7£0.2 sec. The messured sensitivity of
the thermopile is gemerally found to agree, to within -3% with the handbock

value of 0.319 aV/°F, which is appropriate to the 23°C to S0°C range,
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The 12 reference junctions are then positioned in their holes in the
Teference cyliﬁder and potted with a low viscosity epoxy., Care is taken
to insure that each insulated juncticn is pressed against the flat bottuﬁ
of its hole in the reference cylinder. Because the epoxy ha:z low vis-
co=ity, it can be injected into the hole with a syringe and #18 needlse,

Its low viscosity also permits air bubbles to escape with time. The epoxy

15 made by mixing 2 parts (by weight) Epen 815 with 1 part Epi-Cure 855,

Epen 815 is available from Miller-Stephenson Chemical Co., Inec., 7615
Horth-Faulina Street, Chicage, Illineis 606256, Epi-Cure 855 can be cobrained
from Celaness Resins, llth ﬁt Hill 5treat, P.0O. Box 3243 Lounisville,
Kentucky, 40208 in large quantities, or for smaller quantities from Thermo-
set Plastics (phone 317-259-4161) where Epi-Cure 855 is called Thermoset
Hardener #13. The setting time for this epoxy is ~24 hours. Methanel acts
as a good solvent if the epoxy has not set.

After the epoxy in the reference cylinder has cured, shielding in the
form of 7/32" (flat width) copper braid is put arcund the two ¥22 copper
wires leading from the thermopile, Around the bundle of 11 themocouple
wire pairs coming cut of the reference cylinder, 3/8" (flat width) copper
braid is similarly used. The two shields are scldersd together near the
roference cylinder, The referance cylinder and the central heater cylinder
{with heater already wound on it) are then meunted in their proper positions
on a heat exchanger tubs. The shiald containing the 11 wire pairs is then
wrapped smoothly around the tube approximately 3 times and taped in place.
This is done so that the thermopile wires can adjust ¢asily to their final
position whila they yvet have freedom to move on the heater cylinder end,

The 11 sensing junctions are then potted in the central heatsr cylinder

by the same technique as described above, Once again, care 1s taken to
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insure that esch insulated junction is in physical contact with the flat
bottom of its hole in the heater cylinder. Finally, after the epoxy has
cured, z check is made for electrical isglation between the thermopile and
the copper cylinders, A Tesistance greater than 200 MR is usually found.

4,5, Heater. The problem of winding a heater on the heater c¢ylinders is

complicated by the slit in the cylinders which permits them to be demount-
able, It would not be a good practice to wind the heater wire across the

gap formed by the slit. This is because increasing and decreasing the gap
width whils mownting or demounting 3 eylinder would cause the heater wirse
bridging the gap to flex, and thereby he worked loose from the copper

surface or possibly break. Instead, individual strips of heater wire idre
wrapped almost completely around each cylinder, with the strips being comected
at their ends by copper jumpers, as shown in Dwg. C-306 (Heater Winding).

For purposes of electrical insuiation ten 1/4" wide, 0.004" thick
strips of polyester tape are placed on each 4' long heater cylinder. Ths
specing between adjacent strips is nominzlly 0.4", but the tape must be
routed in such & way as to avoid the bolt holes, stg, on the heatst cylinder.
The tape is available from Industrial Electrical Products Division 3M Company,
3M Center, 5t. Paul, Minn. 55101 and iz described as Scotch brand electrical
tape: yellow peolyaster film, thesrmosatting, pressure sansitive adhesive,

The heater wire is nichrome (80% Mi, 20% Cu) ribbon of width 1/16" and
thickness (.004" with a rezistance of 2.41 {/ft. The wire can be obtained
under the trade name Tophet A from Wilber B. Driver Co., Newark, N.J.

Strips of the wire are cut to 9-1/4" lengths and the ends are cleaned with
steal wool and emery paper. The ends of each strip are tinned on one side

with Eutec-Rod 157-B solder using 157 flux and heat from z large soldering
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iron or torch, The flux is thoroughly clean#d from the strips and 10 strips
aze then placed in position on the insulating tape With their tinned sides

up and with one end on each side of the gap of the heater cylinder. The

ends of each strip are temporarily held fixed by fastening them to the
copper cylinder with masking tape. The strips, except for the ends, ars

then painted with Glyptal (GE 1201 Red Enamel) which serves to hold them per-
manently in pilace with an insulating coating.

Adjacent strips are connected by a #1565 solid copper jumper wire which
is ~0.6" in length. Connection between heater stTip and jumper wire is
made with 157-B solder. A piece of paper is slipped under the tinned #nds
of the heater strips so that the polyester tape is not damaged by excessive
heat, Heat sinks in the form of allipgator clips are alse used te chapnel
excess heat away from the tape., After all nine of the junper wires have
been connected, the jumpers and attached scrips are held firmly againzt the
surface of the cylinder by mesns of a special jig and are then coated with
Glyptal for permanent znchoring.

The winding of a hesater on a cylinder is now complete axcept for
soldering a length of #16 stranded copper wire to act as a lead on either
end of the heater windings. In the full set of three 4" long heater
¢rylinders there are 4 ends of heaters which are meant to be connected to
heaters on adjacent 4" cylinders, To these ends are soldeved 2.1/2" lengths
of #16 stranded copper wire. The free end of each 2-1/2" length had pre-
viously been soldered to a 22-18 #4 crimp-on connector which permits
electrical connection between adjacent cylinders to be made with a 4-40 x
1/4" bolt and 4-40 nut, The remaining 2 ends of the heater cylinder set
are the extreme ends which are not adjacent to another cyrlinder. Te¢ each

of these ends is soldered a 35" length of the P& copper wirs, When the
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heater cylinder set is mounted on 4 Simulated heat exchanger tube, the #16
wire from the long leads is wrapped several times around the tube about 8"
from the cylinder, and then is taped in place, The B" length insures thar
only a negligible amount of hezt 15 drained from the heater wire and
passad to the tube directly, ratﬁer than passing to the heater cylinder.

In the finished product, a layer of GClyptal covers the entirz outer
curved surface of the heater cylinder, The total resistance of the heater
is -53 @, Isolation between the heater windings and the heater cylinder
is generally measured to be greater than 240 M.

4.6, Flow Mater, The downstream end of the Reat exchanger tube is connected

to the flow meter through a PYC double flange. The fiow meter is the Ramapo
model Mark V - 1-1/4 - SFY (refer Dwg. B-219) by Ramapo Instrument Co., Inc.,
Montville, N.J. The flow meter’s heusing, target and samsing element all |
are of 316 55, To minimize crevice corrvsion in sea water, it is planned to
use Hastalloy C for the constryction of flow meters for future opsration.

This flow meter senses the force om & 316 35 target immersed in the
fiowing stream. The force strains the lever rod to which the target is
attached. This strain is sepsed using a strain gage-bridge, A typigal cal-
ibration curve is presented in Fig. 4-3.

4.7. Punp., The fouling problem is to be studied over a flow velocity

range of at least 2 to 15 ft/sec. At 10 feet per second through a 1" tubsg,
the head less through the system is about 7', while the pump capagity required
is 25 gpm.

It wagz felt that a very important criterion, for a pump which is to
operate for lonpg times in a situation of difficult access, is reliabhilirty.

We therefore azvoided pomps with metal shafts and seals which could be impairad
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£ o " talibration of Ramapo Slow Mecer

(Flow Yelogity versus Flow Meter Qutpuk Veltags)
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Figurs 4-3. OHU Calibration of Ramapo Flow Meter.



Fressure (P5I)

30 —
I I i I I

15

20 |

180 —

Flow {gal/min}

Figure 4-4. Characteristics of MIH-25 Magnetic Drive Fump.

30

35

14

69.3

37.8

46.2

34.6

21,1

11.6

0.0

Fast of He=ad

6%



60

by corrpsion caused by contact with sea water.

The pump chosen is MDH-25 (supplied by Eastern Industries, P.0. 4372,
Hamden, Conn., 06514). This is a magnetic drive centrifugal pump in which
the sea water comes in contact only with plastic surfaces. The pump will
run 2t 220 V, &0 Hz and 3.5 amps, or at 110 V and 7 anps. This pump
(characteristics shown in Fig., 4-4) mests the above requirements,

4.7.1. Cooiing Requirement for the Pump-Motor. [me to Joule heating in

the motor windings heat is generated while the pump is in operation., Since
the pump and motor are inside a PYC housing, if this heat is not removed
the temperature of the pump motor will rise excessively, Coeoling iIs achieved
by tapping part of the water from the discharge end of the pump and circu-
lating it through a copper cooling coil (refer to iltem 16 Dwg. 0-403) wound
around the motoxr housing. The paint on the outer surface of the motor is
scraped off, the copper geil is tightly wound arcund the moter housing and
soft soldered to the bare surface, The motor and copper cooling coil are
repainted to guard them from corrosive sea vapaer, For a flow rate of -1.3
gal/min through the cooling cvils, about 170 watts of heat are removed with
0.9°F Tise in temperature between the inlet and outlet of the cooling water
{at a water temperature of -26°C},

4.8, bMechanical Asseambily. In the fallowing assembly procedure, all neagprene

gasket and rubber '0* ring scals must be made with care to yield a leak-
tigxht seal. In making th*® nsoprene gasket sgals, first clean the mating
surfaces and the two sides of the neoprens gasket with a iint free cloth or
Faper towel. Than zpply a liberal coat of high vacuum silicone grease to
the mating surfaces and the two surfaces of the gasket. Belt down the end
Flates, uniformly tightening all the bolts. In the case of rubber '0" ring

seals, the 'O' ring, the groove in which it rests and the surface it seals
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should be relatively scratch free and clean. Apply a light coat of high

vacuun silicone grease to the rubber '0° ring. In making the seal,

tighten the nuts svenly.

4.8.1.

Tube Housing - Assembly Instructions. In the £ollowing description

of the step-by-step procedurs, reference is made to the assembly drawing

D-402 and the jtemized parts marked on it,

a)

b}

c)

4}

o)

£}

22

Mount the simulated heat exchahger tube horizontally in lab stands
on a bench,

Clean the outside surface of the pipe with paper towels and
acetone or toluens, particularly where the reference and heatar
blocks will be in contact with the pipe surface.

Spread each of the three heater blocks with jack screws. Spread
the reference bklock with a screw driver insertad intoc the slot.
Spread until each block moves freely onto the pipe,

5lide the reference block on from the downstream end until it is
on the uwnmachined part of the simulated heat exchanger tube.
5lide heater block A from the downstream end. Similarly pezition

heater blecks B and C successively. Take care not to put much

l1oad on the thin sections of the tube. Be careful to put no strain

on thermocouple wires. Pay attention to the orientation of the
keater leads so the solder lugs match.

Locate the reference block so that its upstream face is 50=1/4"
from the upstream end of the pipe. Center heater blocks A, B and

C between the thin sections (the downstream e&nd eof block C will he
12" from the downstream end of the pipe].

Rotate block B to wrap themmopile leads around the pipe between

the reference and heater blocks. This should be a gentle wrap with

no strain on the thermopile wires.
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Torque down the blocks in place., All bolts are torqued to 15
ft-1bs., using a micrometar-type torque wrench., Apply the torque
to the bolts evenly.

Sand the outer surface of the pipe where the '0' ring seal =2t

the top PYC plate is made. This is ~1.5" from the copper block.
The tube must be sanded until no longitudinal ridges or scratches
are present.

Eolt the top plate to the reference cylinder by means of the five
1/4" 35 studs emerging from the bottom of this plate. Make the
'0’ ring seal by bolting the lucite plate te the top plate using
the four 1/4'" S5 studs from the top of the PVC plate,

Insert the electro fitting (1" - 14 threads}. A 5p£cial wrench or
¢hannel lock with relatively thin head will be needed.

Make the elsctrical connections between the heater blocks, Cennect
the heater and thermopile leads to ths appropriate electro leads.
Elsetrically insulate all connections.

Wrap a thin insulating foam arownd the raference block to thermally
insulate it from the air.

Mount the thermisztor with a hose clamp on the tube between the
reference and heater bigcks., Electrically connect it to the
appropriate slactro lsads.

Remove the lever arm from the body of the flow meter. Assemble
the PYC deuble flange (item 5) and the flow meter body on the
pipe. Tighten the nuts on the aluninum clamp ring (item 11)

te held the flow meter to the pipe system. Make the 'Q' ring

seal between the pipe and the PVC flange.
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p) Clean the inside of the PVC housing (item 1) with a lint-Ffree

rag. Put a 6" neoprene gasket on the top plate and glide tha
assemiled wnit into the housing, Put a temporary support imdar
the flew meter body to insure that the pipe is approximately
centered in the housing.

q) ‘Assemble the lever am of the flow meter to its body. Use only a new
teflon "O0" ring everytime this seal is made. Attach the flow-sensing
target to the £low meter lever arm. Special toels (Crowfoot wrench,
two-claw finger) are necessary to do this part of the assembly., Make
the flow meter electrical connections to the elactro laads. , r

r) Attach the 1-1/4" PYC pipe (item 15).

s) Bolt down the top plate (item 2), bottom plate (item 3) and side b
plate item 4} afrer putting the 6" neoprene gaskets in place.

t) Make the 'O' ring seal where the i-1/4'" PVC pipe passes through
the bottom PVC plate (i.s., between items 3 and 16) by bolting
the lucite plate to the bottom plate., The four 1/4" stainless
steel ﬁtuds emerging from the bottom of this plate are used for
this.

4,8.2., Pump Housing - Assembly Instructions. Reference to assembly

drawing D-403 is useful in the following description of step-by-step pro-
cedure, References to items are as marked on drawing D-403.
a) Make the 'Q' ring s23] between the PVC fitting (item ¥ ) and the
suction side of the pump.
b} .Clean_the male threads on the poiypropylene pump dischargé and the
| female threads on the PVC zlbow (item 10). Use a double layer of

teflon t2pe and screw the elbow on to preduce a leak-tight seal.
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d}

e}

f)
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Cut two lengths of 1-1/4" ID tygon tubing (should withstand
internal pressure of -50 psi) one of 5.8" for the discharge and
the other of 5.1" for the suction side of the pump. Clean the
inlet and cutlet PVC ztems on both the pump and front PV cover
plates. Apply & thin coat of stopcock grease. Couple the pump
to the cover plate with the two pieces of tygon tubing. Keep

the axis of the motor perpendicular to the PVC froat cover plate
{item 3], Fastern the tygon tubing with #28 hose clamps. Since
they have a tendancy to relax their grip on the tygon tubing,

the ¢lamps should be retightened after s coupls of hours,

Cut twe lengths of bralded tygon tubing of appropriate length.
With 2 soldering irom fuse the inner and cuter layers of the tubing
at both ends of both tubes. Fit these braided tygon tubings
between the FYC nipple (item 7) and brass nipple (item 3) thus
providing inlet and cutlet paths for the cooling water. Clamp
these tygon tubes with size 10 hose clamps. Be sure that the
hose clamp nearest the end of each nipple is positioned over the
groove in the nipple before tightening.

Clean the inside of the PVL housing (item 1) and insert the pump
into the housing., Set it on the PVC cradle (items 4 and 5) with
the PV( elbow (item 10) peinting upwards. Use 2 piece of (-0G.65"
thick) gasket on the c¢radle wdemeath the pump to cushion vibra-
tions. Bolt down the front cover plate (torque = 110 ft-1bs.).
Fasten the motor to the housing using two ¥64 hose clamps.  Slip
them around the motor and aroumd the two steel rods (items Z1) as

close to the PVC cradles as possible, not touching the cooling coils.
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g) Connect the starting capacitor, Connect the ElegtTo connector
(172" 20 threads) to the front cover plate, Make electrical pawer
comnections between Elsctro leads and the motor.

) Bolt down the rear cover plate {110 ft-lbs.).

4.9. Vacuum and Prassure Testing, Both the tube housing and pump housing

are leak tested with a helium leak detector {Veeco, model MS9-AR) for

leaks in the PVC glue joints, gasket seals and '0' ring seals. A typical
tube housing pumps down to -50 p of Hg with a mechanical vacuum pump and

to a pressure 55K1D-4 mm of Hg with a diffusion pump. Based on the sensi-
tivity of the leak detector with a standard helium leak, the helium lesk
rate into the tube housing is £.0014 wem, fr/hr (i.e., a low leak rTate

veary easily tolsrable). Similar tests with the pump housing yields no
datactable leak for PYC glue joints, gasket seals. Howavar, spraying
helium on the water bearing parts of the pump does indigate a small leak,
To assure oursclves that this leak rate is negligible, pressure tests have
besn conducted in the following way. With the pump inside the pump housing
and with a water pressure of -60 psig inside the pump, the housing is

first evaluated to ~100 ¢ of Hg. [t is then isolated and mopiroyed for

the deterioration of vacuun due to a pessible water vapor leak. Such

tests yield an inflation rate of ~4.5x1[lwd atm/dzy, This impliez a lazk
rate of ¢3.6 cc of water per year, a very small tolerable leak rate, Also,
cne instrument housing and one pump housing were pressure testad under
over thre=e atmospherss of external pressure {corresponding to a potential
submergence depth of 100 feet), after which vacuum tests were sgain performed

to conflrm continued inteagrity against leaks.
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4.10. Quality Assurance Items.

4,10.1, GCenmeral. In order to assure, insofar as possible, that the OTEC

Heat Transfer Moniter is constructed in a suitable manner, the following
instructions shall be compiled with in accordance with their true intent.

4.10.2. Drawings and Instructions.

= Contractor shall conform to the dimensions, tolerances, machine
finishes, and material specifications as shown on the datail, sub-
assemhiy and assembly drawings. B&-Z00 through B-222, (-300 through
C-307 and D-400 through D-404,

- Assembly shall be according to the assembly instructions presented
elsewhere,

4.10.3. Cementing Procedurs. The heat exchanger and pump assemblies are

designed to be used in sea water at 100 foot depths. To assure that the
P.V.C, cenent joints are watertight, the following cementing procedure
shall be used.

- Clean pipe and fittings offall moisture and dirt,

- Maintain atmospheric temperature in contact with the pipe and fittings

between 40°F and S0°E.
- Expose pipe and fittings to constant temperature conditions for at

least on= hour pricr to cementing.

+ Remove all burrs, chips, filing, et¢. from both the pipe 1.0, and O.0.

before joining and installatiocn,
- Bevel pipe ends for esase of socketing.
- Using a natural bristle brush, apply a complete coating of primer to
the entire I.D, surface of the fitting and te an equivalent area on

the 0.0, of the pipe end. This will clean and stch the surfaces,
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surfaces to remove apy remaining foreign matter and apply & liberal
second coat to thercughly roughen surface,
Using ancther natural bristle brush, apply solvent cement into the
fittings socket and onto the 0.0, of the pipe ends as follows:
a, To the pipe:
Flow the cement liberally once arcund entire zurface of
pipe 0.D. to a width slightly more than the equivalent
socket depth of the fitting.
b, To the fitting:
Apply cement light, but a complete coat, once around entire
depth of socket surface.
c. To the pipa:
Apply another liberal coat omto pipe 0.0,
Imnediately, upon finlshing cement application, insert the pipe to
the full socket depth while rotating the pipe or fitting 1/4 turn to
insure complete and aven distribution of the cement, A properly
made joint will nermally show & full bead around its sntire perimater,
Any gaps at this point indicats a defective assembly.
Hold joint together for a minimm of 10 te 15 minutes to mske sure
pipe does not move or back cut of socket.
Wipa off all excess cement from the entire surface of pipe and fitting.
Allow joint to dry 24 hours before handling or testing.
If the pipe flanges are tapsred, thers will be a large gap between
the Q.0, of the pipe and the 1.D, of the flange. Fill this gap with
cement as follows:
* Prepare the surfaces as described above,

* Apply as much cement as possible to both surfaces.
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* Insert the pipe into the flange and rotate at least 1/8 tumn.
{This will probably requirs twe people.)

* Pour cement into the gap wntil it is filled.

* Wipe off excess cement and allow joint to dry at least 24 hours,

4.10.4. Gasket "0 Ring Sealing Procedure. For the same reasen as in the

previous paragraph, all nszoprene gasket and rubber "Q" ring seal joints
shall be installed accarding to the following procedurs:
- Neoprt;e Gaskets
* Clean the mating surfaces and the two sidas of the neoprene
gasket with a lint free cloth or paper towel.
* Apply a liberal coat of high vacuwn sllicone grease to the
mating surfaces and the two surfaces of the gasket.
* Tighten all bolts uniformiy.
= fubber "O" Rings
* Clean the "Q' ring, the groove in which it rests and the surfacs
it seals,
* Chack these surfaces for scratches that would adversely affect
the proper sealing.
* Apply a light coat of silicone vacuoum greass to the rubber "O"
ring.
* Tighten all nuts evenly.

4.10.5. Water Inlet and Exhaust Seals. The sea water pumping loop - from

the inlet, through the heat exchanger tube, through the pump and out the
exhaust, including the pump cooling water loop must be made watertight at

211 joints to exclude sea water from the interior of the assemblies,
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- All cement joints, gasket or "0 ring seals, pipe thread jolnts,
hose clamp joints snd solder connections shall be made aceording
to procedures presented herein, described in the assembly instruc-
tion and according to recognized standards.

4.10.6. Fit of Heat Exchenger Tube and Copper Blocks. To provide good

thermal contact between copper heater blocks and the heat exchanger pipe,
the mating surfaces are finished to a surface smoothmass of 8 micro inches.
Similarly, the mating surfaces of the copper reference cylinder and the
heat exchangsr pipe are machined to a surface smoothness of 32 micro inches,
Handle all these surfaces carefully and inspect them befors assembly for
scratches and dentz, Apply thermal grease {Wakefield thermal compound

part No. 120-8 from Wakefisld Engineering, Inc,, Wakefield, Hassachusattsn
01880) between ths mating surfaces of the copper cylinders and the heat
exchanger pipe during final assembly. Use a torque value of 15 ft. 1bs,

in clamping the copper cylinders to the heat exchanger pipe.

4,10.7. Electrical Continuity and Isclation. In order to determine that

the thermopile heater and thermistor have been correctly assembled, the
following e&lectrical tests will be performed. These tests assume the
availability of a Simpson 2460 volt - ohm - milliammeter o7 equivalent.
- Thermopile
* Check Tor continuity of thermopile after the following points
of assembly. Expected value - 150 chm.
a) after thermopile assembly
b) after potting in reference cylinder

c) after potting in heater cylinder
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* Cheek for iselation of thermopile from both the refarence

¢ylinder and the heater c¢ylinder.

a)

b}

)

a5 each junction is potted:

expected value > 1 megohm

aftey all junctions are pottad avary hour of working
day during curing: Expected value > 1 megohm

after curing is complete: Expected value > 10 megohm

* Chack continuity of heater winding on each 4" cylinder:

Expected value -17 ohm

a)

b)

when soldering of the jumper wire and lsad is complete

when finzl ccat of insulation is dry

* Check for isolatiom of heater from heater block.

a}

b}

c)

d}

e}

- Thermistor

when strips are taped down to block, check each strip
Expected value > 10 magohm

when each strip i= painted into place on block
Expected value > 1 megohm

when jumpers are soldered to each strip

Expacted value > 1 megohm

after final insulation coating

Expected valus > 1 megohm

after Final coat is dry

Expected value > 10 megohm

* Check for continuity of thermistor. Expected value 1000 ohm

at 25°¢.

This value should change when themmistor is brought

into contact with a person's hand.
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&) before potting
b) after potting material has cured.
* Check for isolation of thermistor from copper tab.
a} when glued %o tab
b} after final coat of epoxy has cured.
- Da Hi-Pot tests after all assembly is complete, all glues ete, have
dried or cured, and all items have > 10 megohm isclation from heater
block, refsrence block or copper tab as measursd above.

* Construct Hi-Pot squipment according to following diagram:

100V S megohm 50 MA
[ ———

1O0GY can be obtained from z power supply or twaive 9 ¥
transistor batteries in series.

The 5 megohm 50 MA combination is obtained by using the 250

YIIC scale of the Simpson meter or by using individual components.

Following table gives current vs. resistance of tast item:

Current Resistance
MA me gohm
0 )
i ok
2 45
3 28
5 15
10 5
20 0
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* Test isolation of Thermopile from reference block and heater
block with Hi-Pot. Expected value > 10 megohm,

* Test isolation of heater from block with Hi-Pot, Expected
value > 10 megohm,

* Tast isolation of Thermistor from copper tab with Hi-Pot.

Expected value > 10 megohm.

4.11. Mechanical Drawingi.

The mechanical design of the heat transfer device is detailed in
the following drawings (No. B-201 to B-222 incl., C-300 to C-307 ineci.,
and D-400 to D-404 incl.}. Drawings D-402 (p. 106) and D-403 (p. 107}

are assembly drawings which provide references to all the necessary indi-

vidual parts and magerials,
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I"-14 TAP THRU y - TTTEZZZ
324" *8%6 o1a
i HOTE
- L 905 DA, 1- =L
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I FINISH ¥ ALL MACHINED SURFALES
EXCEPT AS NOTED.
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LI3T OF MATERIAL

LI -]

Ten |aigo | ORDERING nFORMATION MATERIAL

SPEC

VENDGR - PART MO

AEMARKS

Wl

| I 1DISC HICARTA,

§ O THRU
4 HOLES Eg. SP
ON 33 DIA. B.C.

oL AR AR TARNEGIE MELLON UNIVERSITY
PITTSBURGH, PA

HPLAM ekt

Afrligh BB oaTH

2' 21517

T [y CLEC X 1]

Lo ML ARTA DISC FULL —-.:-..i—
I rrrrr |l;t1.. !'I“'I-'

. 61‘ GTeC HEAT TRAHSFEA MON|TOR

[ 8-203

REV
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LIST OF MATERIAL

wem | M2 | oADERING iHFORMATION MATERIAL| SPEC. | VENDOR-PART mo. REMARKS  [wT
C I JCLAMF RING ALUM. | com'L.
Il‘
/ SAWCUT
5= - NOTES
43 | .
DIA. 1.3p0 H-00% L FINISH'Y ALL HACHINED SURFACES
A T EXCERT AS NOTED. )
l 12 2. BREAK ALL SHARP EDGES-J, MAX,
g RAD. O CHAM,
=
3k
SAWCUT

Taucmaces CARNEGIE MELLON UNIVERSITY
PITTSBURGH, PA.

~ |CLAMP RING | FuwL ARF

Pkt s ¥

H" LA T LT L ETL)
A P PR R AP A ——
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LIST OF HA

TERIAL
EM [athn| ORDERING INFORMATION MATERIAL] SPEC. | VENDOR-PART No. | REMARKS | wT
v | 1+ [1" SCH. a0 PIPE TTANIUM [B337-76 SEE NOTE A"
"AT-TITAHIUM SALES CORFR - FAIRFIELD, N.J. 07006 OR APPD. EQUAL
- 41% REF. -
AIJ L5 Q0.+ 1.04971L0,
[ 133" WALL
' ~ REF
| b LY

1.300° ~400_pia

-0027

MIN CLEAN- UP
THIS AREA -

i m—a-

"
HEZ ty

-MiN. R,

—

qli

NOTE )
¢

I BREAK SHARP EDGES- g MAX. RAD
OR CHAM,

8

L RECEPT FDR  MALHINING.  DNLY
IF PWRPE A0 1% LRIE™ puM,

T CARNEGIE MELLON UNIVERSITY
PITTSBURGH . PA

Py ELOW FIFE mars | [meaas - RAF

n *~ }, ("TANtUH] FuLL —TTT ]
Jrraciiceas  frawr

\ 51“ OTEC HEAT TRAWGFER MOMITOR
It [T R m’
4 2-2117 B-205
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LIST OF MATERIAL =
ITEM[ablip | ORDEAING INFORMATION uATERIAL] sPec. VENDOR - PART HO. | REMARKS WT.
I 1 | 1" SCH. 40 PIPE ALUM. | CcoML. COMP 6061-TH
. . g3 REF L35 0.0, «1.049" LD
a i'\, A3 WALL
- «.000" -
I"-NPT bt . - ' +.000" -
;f 2 PLACES L300 T g0z~ PIA
S %/
o — - — = — T ___|"’ _[_ —_— —
Leood e )0 '
/3 /8
HIN. CLEAN - UP - . )
THIS AHE& - l£ - et e IEF t;‘z - el - 2 —_—
. "y 1"‘_ _ — L ] » o .
= 4T %% 4 PLACES -~ 26t} -
125 S - T el |1 V.48 ¢ j e mm— e s ————)25
NOT
I BREAK SHARP EDGES- 4 MAX.
RAD. OA CHAM. ot CARNEGIE MELLON UNIWERSITY
% MLCEFT  fHR MIMHIGLMG  OHLY {F P”TﬁB.EEﬁH:.Ph' .
= . —
FIPE 0D 14 135" Man A'iﬂmmf}m FULL |t —
4 OTEC HEAT TRAMSFER MONITOR
; 2-211 | B-206 I
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LIST OF MATERIAL

JTEM lrzgn | ORDERING INFORMATION HATERIAL [SPECIFICATION| VENDDR - PART MO, REMARKS wT.
I | COMMECTOR FvC ComML.
2 1 1 |% MALE ADAPTER PVL LOM'L. Y2 LPS/ Y NPT
"NPT
: . REF
245 —
BOTH ENDS
545 DIA, NOTES
O I FINISH 35/ ALL MACHINED SURFAGES.
YD 2 CEMEMTED JOINTS SHaLL BE
4 WATERTIGHT. THIS UMIT 15 INTEMDED
TS BE USED IH SEA WATER AT 100 FT
DEFTH. (AFPROY S0 F51 EXTERNAL
PRESSUAR, §
I EN e
. CARNEGIE MELLON UNHIYERSITY
****** P17 TSBURGH, PA
0087 | PV NIFPLE t =t RAF

AL THARRL [T

LT

OTEL HEAT TRAMSFEA MOMITOR

[P
H-F L i e

] L
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LIST OF HATERIAL

v S hurnfes | im

ITEMIH2, | ORDERING INFORMATION MaTeRIAL |SPECIFICATION] VENDDR - PART No. | REMARKS w1,
I It | NIPPLE BRASS
& 45" 450 OIA. :
=315 DIA FOR
| %‘DQLEIER {ﬁNM
— (
} _ R_= L,___.__,i___“___gzzy“”“ Cu, TUBE
545 OIA, - ~ I
i'_-___ — r_... | Y ) P, _NOTES

o — 47—

L FINISH o/ ALL MACHINED SURFAGES
2, BREAH SHARP EDGES 44 MAX. RAD

DR CHAMFER

Toumrances CARNEGIE MELLON UNWERSITY
PITYSBURGH, FA.

TCTr T ol L LT ARF

D05 | BRASS MIPPLE |27 s

T
OTEL HEAT TRANSFER MOMNITOR
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LIST OF MATERI

AL

TEM {i0n|  ORDERING INFORMATION MATERIAL [SPECIFICATION} VENDOR - PART NOD REMARKS wT.
" + |ADAPTER PVC COM'L )
o I IWIPPLE - 1"5CH 40 PIPE PV oML
]
~—— 2" ——=1—-DETERMINE THREAD LENGTH,  0oc™- o R - €.100 FIA.

1315 MOM. BORE —

MACH TO ASSURE
QoOD LEMENMT
JOINT SEE NOTE &

o S T % E ._E ng-—-

%

! —|_ ff—ﬂli-HFT

PUMP INLET 70 ASSURE
MG SEAL.

MAX

- — — — — éﬂ\\\\\\\\\

—~—/— I&;i DIA, E:-;DM

i

f—I"SCH. 40
L35" 0.0
L0494 D
33T wWALL

I 1 3

&_/ff

.
~ 3 E)KFUHP INLET

5EE DETAIL A

030" R

-HIOD

LT8O DA,

e

A

DETAIL_A
SCALE. 47 : |

_NOTES

L FINISH % ALL MACHINED SURFACES

2. CEMENTED JOINTS SHALL BE WATERTIGHT
THIS UNIT 5 INTENDED TO BE USED IN SEA
WATER AT 100 FT DEPTH. { APPROY 50 PS5,
EXTERMNAL PRESSURE }

nnnn [ LTI

Magmancay CARNEGIE MELLON UNIWERSITY
PITTSBURGH, PA
L00s qur;"F'[ :m I[:]ET FuLL LT RGVEE &Y RRF

TRR

7<tr

* 22477

OTE C, HEAT TRANMSFER MGMITOR

[ B-209
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LIST OF MATERIAL bt Fid ok 1
IEM H"Egb QRDERING INFORFIATION MATERIAL EPEGFlCAIwN] VENDOR- FART MO REMARMWS wi
i I} 90" ELBOW VLRS- FEMME NPT | Pve COM'L.
2 t | NIPPLE 1" 5CH 40 PIPE PYL LOM'L.

< 126 1"SCH. 40 L3315 oD
LO4S LD = . 133 WALL

REF -

$ NPT

[
whox
SEE NOTE L l

4 |
- ®
NPT -/ ik
REF.

WOTES

I. CEMBENTED JHHTS SHALL HE WATEATIGHT.
THIS UNIT IS IMTEHEED TO 8E viED
SEA WATER 4T 10C FT DPERTM. [ AFPROX.
20 PE.I. EXTEAHAL PRBSSURE.

mmmuwcar | CARNEGIE MELLON UNIVERSITY
PITTSBUAGH, PA
[[TTTY (19 3 P el HHF
A | PYC ELBOW Imu.

EGLT TN o v
1 OTEC WEAT TRAMBFER MOMNITOR

L a4
PTLI—T mLE e AARAREE ' 7"
e 2-:4-‘"' B-210

H‘*E PELLLETS LI TEY TN
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LisT OF MATERIAL

i Hen Bom

-1 DIA THAU

12 HOLES . 3P
oW 17" DIA. B.LC.

TEM {RFgp| OROERING WESRMATION MATERIAL [SPECIFICATION | VEMDOR- PART NO. | REMARKS wWT.
I ) 'REAR PLATE PVC COM'L.
It{i
19" DIA.
R rounness | | CARNEGIE MELLOH UNIVERSITY
- ;1?“-‘ . PIYTSBURGH, PA.

el o e L PUHF mslNﬁ lld:bl " doink AT H.RF
. & |REAR PLATE |4 '} frsess

I'Fﬁ‘l’i'tiﬁ 1rFhl

b bd

QOTEC, HEAT TRAHNSFER MOMITOA
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LIST OF HATERIAL
ITEM %ﬁ. MADERING THFORMATION HATERIAL 1SPECIFICAT 1M | VEMDOR-PART M. REMARKS WT
i I |CAPACITOR MOUNT PVLE COML.
.z i'___
1z - |
aTK,
— |.t02_“1.um' 1 -
k
X
_..'-+ %‘ (R — .
1 NDTE
. - I. FINISH ALL MACHINED SURFACES
[ I
b T
n-
5,5 RAD
sourmarcee | CARNEGIE MELLON UNIVERSITY
PiTYSBUAGH, PA

[l LY WACIIﬂH LT CLITLYTd R“F
. * MOUNT FuLL o
:"E:“ "mn'r.e_c_ HEALT TRAMSFER MOMITOR
e [ B-212

H‘E Py T,
Enamiafl Blamushl F ees
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LI5T OF MATERIAL

nnnnn e la rreuom foam

ITEM .{‘E‘ﬁn ORDERING INFCRMAT ION MATERIAL |SPECIEICATION|] VENDOR - PART No. | REMARKS wWT
| z |12"-150" SOCKET FLANGE PVL LOML.
2 I 12" SiH. 8¢ PIPE PV COoML,

=1 DIA 12 HOLES

EG SP ont 1T NA B L
REF

NOTES
p—————

/- SEE NOTE |

4

|

|

[

[

i

|

|

I

|

|

A

J
\—I?_. 50° 0.0
11.3T6" LD
LH8T " wWALL

Y
243 b e

i il il

CARMEGIE MELLON UNIVERSITY
PIT TSBURGH, PA

I CEMEMTED JOINTS SHALL BE WATERTIGHT, [stms

THIS UHIT 1S INTENDED

SEA WATER AT IQC FT DEPTH.(APFPROY |
80 PS5, EATERANAL PRESSURE}

TS AE USED M -
| LT
] 7"'

ALl

PUMP HOUSING  {1%: |°

F——— REF

ECITTET 1]

[T

—hw =

-

GTEL HEAT TRANSFER MOMITAOR

+
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TOEN |
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LigT OF MATERIAL

iTEM

ORADERIMG INFORMMTION

HATERMAL

SPEL.

YENDOH -

FARAT MO

REMOLRKS

T

1 |8I0E PVC FLATE

Pw

COM'L.

3
5

IES

Dila..

A THRU
& HOLED EQ P

ON 9% Oia. B.C

[rETE—

CARNEGIE MELLOM UNIVERSITY
FITTSBURGH . PA,

| LT

"y

3DE

Pyl PLATE

-t nn

e

B.J W,

e |

LLEE Rl .1 1
-

' wh

—
s

fdu Al

. 2t

QT.E.L. HEAT TRAMIFER MOMITOR
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LIST OF MATERIAL

e [udia] OROEAING mFaAMATION MATERIAL | SPEC, VENDOR - PART NO REMARKS WT.
e | BOTIOM PVC PLATE Pwi Lo .
I - B0 Tap -1 oedp r]
4 HOLES E
o 31° Daa. &L 7T
kvd

1 .
- Leas TN oya

-. G0
i

1 DIk, THRU
& HOLED EQ. 5P
OH 94" 0la, B.C.

i LARHEGIE MELLON UNIVERSITY
" PITTSAURGH , PA,

T PG PLATE

LS

o

S

QT E£. HEAT TRAMSFER MOMNITOR

. 2

213 -ﬂrm'“ " 8-215
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& MG~

| THRU 12 AT
HOLES

- . -
e el .

74

LIST OF MATERIAL
iTem MO | ORDERING INFORMATION MATEAILL | BPEC. VENDOR - PART MO, REMAAKS WT.
' [ (DPPER REFEREMCE BLOCK CORPER COML.
A I"DREP
a "DIA THRU £ k FLAY BOTTOM
S HOLES SPACED 12 HOLES EQ 5P
O THE BASIS OF O 1LeD0" DA, B.C.
€ HOLEZ ELQ %R - [ -
L - e e R I
e
S I
-~ ] RS ¥ T RN
| s ™ (FE)
E_'_ a- ?T'E
a &7 A % - =
Eq 1
' . —+ —_— j

HOTED
b FNISM B3/ ALL HACHINBD SURFACES
GXCEPY A% NOTED

2 BREAK %HARP ADGES ‘-f;' MAW. R S8 CHAM.

CARMEGIE MELLON uuw:nslﬂ
PITTSBURGH. P4,

oLl AEPRAENCE B GOk

FULL

LT LN

B JH
Rt -1 2]

OTE L. HEAT TAAMSFER HOHITOA

T B-218
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LI5ST OF MATERIAL e

ITER R:gp ORDEAIMG IHFORMATION HATERIAL SPELC. VEHOOR - PAAT wmGy ABE AR WS WT

i z HEATER ALOCK COFFER oL

] o e — - -
CLE LN oy o e T 1.
L A(HR)

l';z Pf——— 74! L R{Fs)

v Q :_‘_:jj Q/ YR

T HOLES
HOTES
18 3 3 L FIMisH 2V a0 malHinED SuREAtES
"] & 16 EXCEPT a3 HNOTEROD.
] '[_ 2. BREAK ALL SHARP EDGES é‘* MAX B OR Cribkd,
L9 . 3-
& (i
a4 J——]
i
£ 3
5 womamnces | CARNEGIE MELLOH UNIVERSITY
I . PITTSEBURGH, PA
e .3 -+ HELATER BLOCK |FuLL “_f N
'l'i ="
J . OTEC HEAT TRANSFEA MONMITOR
Sb CUT &y WIDE REY
A% SHOWH B- 2 | 7
H"‘E [T EAIEIRE TR RIRI Y]
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LIST OF MATERIAL e =
FTEM Inﬁn ORDERIHG INFORMATION MaTemaL | SPEC. VENDOR - FART NO. AEMARKS wT.
I ] 1 | THERMOCOUPLE HEATER BLOCK | LOPPER COML
i' s - § CEEP —
FLaT T T4 —_
Il HOLES 3PACRD
OH THE BASIS OF o
14 HOLFS B 5P .
%‘ _________ O = — == o= = ——
+o0F i _— b o I
A 1T ITEOIL =]
. J -~ 2 A{NSY
PERN- | " G —— FALREEY
a - 1- — - —— =t TTE
- Q {“ﬁ
Ln
Ly
s THE L -
2 2 HoLES
| HOFES
(Lm 8" I L FINISH "5 411 MaCHINED SUREACED
& s s EXCEMT A9 MNOTEQ
) - 2. BRGAK SHARP EOGES J,° Max. A. OR CHAM,
15 8-
. &

CARNEGIE MELLON UNIVERSITY
FITTSBURGH, PA

TH

HEATER BALOCK

ERMOCOUPLE  [= s A o
FLLL 8.4,

LM AGAD I T

LCIT]

OTEL HEAT TRAMSFER MOM|ITOR

-

L

wnl . B-218
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LIST OF MATEHRIAL

1T OADERAING 1NFDRMATION MATERLLYL SFEC VENOGR - PART MO, AEMARAKS wT
1 1 FLAOW WETER

nz
[

VENDOR: AAMAPD INSTRUMENT COMPanT, INC (DG HM030)
MDH‘I‘U‘ILLEi HEW JERSEY 01045

MODEL § MORK W - 15 - SFY

SEAIAL HO + 4030

LINE SITE : 14y

SCHEDULE ¢ 40 PIPE

ELOW RATE : 4 4 - daGFRM

FLANGE i #Yg' - 150" anal

MATERILLS
FLAMGE: THE 33 (Pv< (M FUTURE])
E PIFE : THIE 5% (PYC IN FUTURE )
SEHSIHG BLEMEHT i T 3& 5.5 (HASTELLGY LW FUT

LEVEA ROG § TH&E 55 {HASTELLOY "G M FUTUAE )
=L EVER ROD OTHER ; T36 B S

af o {rer) ( - GD ,

‘6

T o roveroncs | CARNEGIE MELLON UNIVERSATY
PMTTSRBUAGH FBA
. T e JoALER BT
Dib - 4 HELES kG 2P - Bdw
N 3L Om BC (REF) . ™ FLOW METER P
| T [T
o OFVEC HEAT TRAMSFER MOMITOR
P Ty R A S AR RIV
< e B- 219
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LIST OF MATERIAL
ITEM n'an ORDERIMNG INFORHATION MATER LAL SPEEEFIMTMMI VENDOR - FART HO. REHARKS WT
| I | PUMP CRADLE Pve LOM'L.

= 11.376 L0 REE -

PUMP HOUSING
\/_ mﬁc% 213

- NOT

~ETe
2.0797
N '

o1 DIA THRUY '
Z HOLES KT

S -

ST

125
L FINISH W ALL MACHINED SURFACES

TBLLALACLY CARNEGIE MELLON UNIWWERSITY
PITTSBURLH, Pa.

_.005 [PUMP CRADLE

l:l.l.l - s BT n RF

3} e

] kW RCHELL by [[LIY §

2" 1411

QOTE L HEAT TRANSFER MOMITDRR

Do T ,,
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LIST OF MATERIAL

S §is Py
USE PUMP CRADLE, TRal Hou
Dwi B-220 TO

LUCATE.

STH,

TeM|aliao|  ORDEAmG iNFORMATION MATERIAL [SPECIFICATION| vEWDOR- PART o, | REMARKS | wT
I b | MOTOR CRADLE PVC COM'L.
e = ene e e 376D, REF -— - — PUMP HOUSING
/ owe 8-213

, REF

5, e
/ 5.688° R

T0 50T PIPE
NDTE

1’zs
LEINISH + ALL MACHINED SURFACES.

T L asar ik
rhaCh™ ukh-lk M

CARNEGIE MELLON UNIVERSITY
PITTSAURGH, PA

P R

, 005"

MOTQR {RADLE

il
.

2

e _RAF

W BT

I'IHI_H* L
l -

' B4

RILIT]

e L'TEL]

zl‘

]

OTEC HEAT TRAMSFER MOMITOR
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“A"s TECHHICAL ELECTROMIC DIST
“B°- BELOEN CORP - CHICAGRD, ML, &D6
‘U7 WAKEFIELD EM

!

RIBUTORS - BERBENFIELD M. J. 01462

-

om @

LI5T OF MATERIALS - =
ITH |.;“;., ORDGAIMNG  INFORMATION MATE RILL SPEC. VEHIDXR = PART MO RENL RS wT,
[ N TRERHIATOR HOUNT COPFRR COML.
2 1 THERMISTOR VECD - JFEZ SEE MNOTE“A°
3 2 |SHAMELED WIRE = 5° LOPFERA BELOEH - BOS| $EE NOTE "p”
4 SIS | REdel AMD HARDGMEA EPOuY DRLTA BAWD-153-K-A| SEE NOTE'C”
6 JiseT | ADHESIVE ANO HARDEHER ERAOXY MILLER STEPHENSON30T| SEE NOTE “B°
6 (15T | ELECTRIGAL COATING I WOTCHKOTE S5EE NOYE "E~
FLis PR
213500
- REE - |
OGO &R}
i
Y TP S - . PROCEDURE
s 2 . FORM TO THE CIACHLAR SHARPE OF THE FLOW
Ly T FPE A2 ON OWea B- 205 § B-206.
n . ETCH WITH WEAK ACID SOLUTION OF
L0277 TH. % HYOROCHEORAC 8 MITRLC ACID, WAEH WITH
SHT I CLEAR WATER AMD DAY.

. TRIM LEADS OF (@) TO aPFROR. Ap ",

. M1 (@) {200 PARTS RESIN-15 PARTS HARDENER)

. COAT adll POY To (1), BUT MOT THR TiEg &8
;35 DF:"F“M o (D), using @) ALLOW 24 HOURS

. SoLoER (B TO (J) AE SHOWM,

- i {B) { EQUAL PARTS ADHESIVE AND HARGEMER)

COAT LEADS AHD STRIP H-ITH@. ATTACH LEACS T

STRIF: LOVER LEAES AND THERMISTOR, WITH (9}

. CHECK FOR ELECTRICAL SHORTS

. CRaT LEADS WiITH &),

Foudmasols CARMEGIE MELLOM UMIVERSITY
PITTSEURGH, P&,
3 £ [srmsTor o] E5 e oo B

QTELC HELT TRAMIFER wHINITOR

c“ur.ml ING. - WAKE FIELO HMASS. BIBBO oR APPD. EHUAL [ 64
"0: MILLER-STEPHENSON CHEMICAL €0 ING -CHICAGD L, 60626 T e wo r
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LIST OF MATERIAL

ITEM ORIENINE FORHATION waremun | SPEC | ovenoom- AT no | AEManNG WT
1] 2 Ty -1S0% S0CKET FLANGE PY¥E COHTL.
[ 1 Ji'qy -5H &0 PIPE PVve | oML

}

|
1 278 kb REF

. _ MOTE
R STEE -1 - gomenh oS s
. 1 i IT +% IHTEM
i A 3 HOLES - REE BE USED |H SEA WATER AT 100 FT
€q 58 on . BEPTH ( &PAROY SO P51
ai_ A Bo Fur. CLEAM UP 4 ERTEAMNLL EE&UEE}
REE IF ALQLIRED

CARNEGIE WELLOH UMIVEREITY
PITTSEBARAGH
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O 3 B {AEF )

TEm [ | CROERING (MEORMATION [Frer T VENDOA - FLRT WA MEMLRKS Y
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ITER [ ORDERING IHFQRMAT IO HATER L mwurm'l FENDOR PFART pr REHARK S wF
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a ECTION 1 5EH 49 PIPE Pyl Lo L

O
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[} kY

Q
i|
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1 A Tof /
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I FINISH ¥ ALL HACHINED SURFACES
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e
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. ELECTRONICS DESIGH

S5.1. Introduction

The study of the effects of fouling on "the heat transfer of hear
exchangars submerged in ocean water requires instrumentation which will
allow not only measurement of several parameters while being submerzed,
but alsv allow certain functions to be controlled from a distant location
on shore,

The instrumentation system described in this report was designed to
measurs the thermopile output veltage, the flow velocity of ses water
through the tube, the sea water temperature, and sventually, the slectrolysis
current and voltage for a fouling inhibiter, These measurements may be made
in from one to Six separate heat exchanger units, each connected to the
submarine electronics circuitry by water-proof cables, capable of bteing
connected underwater by divers.

In addition, the electronics system allows the operator on shore to
contrel, by push-button, which cne of six heat exchangers is being monitored
as to temperaturs and flow; which pump (one of six) is to be turned off; and
which heater (one of six} is energized at a particular time. Furthermore,
the heater powesr to any particular heater ¢an be controlled.

Analog data resulting from the varicus measured quantities is converted
1o digital signals which are sent to shore over a 1500 foot submarine cable,
where the digital signals are converted to anzlog voltages end read on a
digital voltmetar, whose putput is transferred to punched paper tape, for
computer analysis.

Provisions are included in the system to allow addition of a micro-
processor, The microprocessor will select a particular heat exchanger whose

temperature is 1o be monitored, and will allow the data for that heat
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exchanger to be analyzed by the microprocessor, thus reducing the raw data
cutput of the system. Since the system will be required to operate for long
periods umattended, it is felt that the microprocessor can perform many of
the dutias now done by 2 human oparaiur.

The design of the electronics system required particular attention to
reliability over long periods, low power consumption, and the prablems of
measupring low level voltages in the pressnce of noisy devices such as pumps
and relays.

As discussed in Sec. 1, the figld experience obtained with this system
s far has nor included sutmerged operation with signal transmission through
a long (1500 ft.) submarine cable, The system instesad was oparated on the
deck of a mooered hoat with signals transmitcted only through short ({less than
25 fr.) wires.

In fact, the system was designed to operate with a cable {the eriginal
cable which was found upon examinatien to be faulty)} diffsrent from that
described in this report (See. 5.11). It is recognized that the pressnt
cable doas not have ideal characteristics for this purpose. It was dacided
nevertheless to use 1t for sewveral reasoms, in spite of a small probability
that it might net work. First, it was expected to he available very guickly
and at low cost (through the U.S, Mavy). Second, electronics teésts on a
short piece of cahle (-5 feet) indicated it should work, Third, even if
the smali likelihood of electronics probleams with this cable materialized,
it was expected that fairly minor modifications of the electronics system
would sclve the problems.

It should be noted that in dockside tests, this electronics system
was tested and found to work using a long submarine cable {a 400 foot plece

of the original cable)}.
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In many future applications of this syitem, the test instruments will
not be remote from the control electronics (for example in dockside operation
or operation from manned, moored surface platform). In such casas, the
complex multiplexing feature of the s#lectronics design will not be required,
and it would be preferable to uze a correspondingly simpler sysztem., With
this in mind, we have described in Appendix [} angthar electronics system,
This is one we have used in laboratory tests of the apparatus.

5.2. Description of Basic Systems

The system consists of two Separate units. One of thess (Buoy lnit) is
submarged in the ocean and held in place by an anchored buoy. The other is
housed in a shelter on the beach (The Beach Control). The twe units are
connectad electrically by a submarine cable carrying power and signal lines.

The Beach Control, in addition te the indicator Ilights which continugusly
show the status of the Buoy Unit, contains the pecessary circuitry to:

a) Select (in the Buoy Unit) one of six thermopiles from which to

extract temperature data.

b) SBelect one of six flowmeters from which to obtain water flow
velocity data. (This operation simultaneously selects the
corresponding thermistor which reads the absolute water temperature},

¢) Select one of six pumps tc be shut down, reducing the water flow in
a particular heat exchanpger to zere,

d) Select one of six heaters to be energized or de-energized, at either

‘ of two power jevals, allowing c¢ontrel of the copper block temperature.,

The Bezch Control contains the circuitry necessary to send control and

function signals, in digiral form, re the Bucy Unit, to convert the digital

signals arriving from the Buoy Unit te analog voltages, and the timing
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gircuitry to provide a precision reference clock for the frequency-to-voltage
converters in the Beach Control and the voltage-to-frequency converters in
the Buoy Unit,

The Bucy Unit is electronically a slave to the Beach Control, in that
it makas measurements and performs duties as a result of Control and Function
pulses sent from the Beach Control,

The Buoy Unit elsctronics is contained in a watertight box to which is
connected the submarine cables to the heat exchanger units ( up to six in
number] and carrying the thermopile woltage, flow-meter signals, heater current,
and pump power for these heat exchanger units. Provision 1s also made for an
electrolysis powsr supply (not used at present} and for measuring the resistance
of thermistors mounted on the heat exchanger pipes.

low level D.C, voltages from the thermopiles are multiplexed toc a single
chopper amplifier via dry-reed relays with low thermal e.m.f. contacts. The
amplifier output iz converted to a digital signal using a volrage-to-frequency
converter and sent to the Beach Contrpl on one of the signal pairs in the
connecting cable, Flowmeter bridge woltages are handled in the same way, with
a second chopper amplifisr. A third chopper amplifier i3 used for the
voltages from the electrolysis powar supply and from the thermistors used for
water Tamperature wmEasurement.

5.3, Gemsral Design Considerations

The design of the electryonic circuitry required that primary concern be
directed towards a system that could operate reliably for leng perieds without
attention, and be as immme as possible from the effects of vibration and
motion, and from the electrical noise produced by the opening and c¢losing of
relay contacts carrving alternating current. Furthermore, it was desired
that the power supply drain be small, to avoid the line loss in a long length

of sumarine cable.
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For these reasons, GM0S logic was used wherever possible, to give a high
noise immunity and low power consumpticn.

The relays handling the low level signzls (thermopile and flowmeter
voltages) are dry-reed relays with contacts built to develop very small
thermal voltapges, '

The operational amplifiers to amplify the low level signals are high
quality chopper types for long term stability.

Ground loops had to be avoided, and special care is taken to see that the
low level signals have their signal grounds at only one point,

5.4, The Beach Control

Four printed c¢ircuit cards make up the Beach Control logic along with
the logic power supply, the indicating LED lamps, and the front panel controls.

As can be seen from the bleck diagrams {Drawings 5-5, 5-6, and 5-8) the
Beach Contrel consists of several ring cownters, with indicator lights, arranged
2o that an initial setting of one bit in each counter will allow the operator
to advance the single bit arpund the ring, much like a rotary switch,
Corresponding ring counters in the Suey Unit, stepping in segquence upon opera-
tor command, provide the signals te open and close rTelays which select the
measurements to be made by the Bucy Unit, and change the paramerers that affect
these measursments, such as haater power, water flow velgcity, and others.

An operator at the Reach Control can cause the logic in the Buoy Unit to
read (2) Any one of & thermopile ocutput veltages, (b} any one of & flowmeter
voltages, (c) any ones of & thermistor bridee valtages, (d) any one of 6
electrolysis power supply currents, {&) the output of 2 single thermistor
bridge monitering the sea water temperature at the buoy.

The operater can alse contrel (a} which pump (one of six) is tumned off,
{b) which heater (one of six) is energized, (¢) and which heater power (high

or low) is used to energize the heaters.
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Drawing 5-25 shows the power supplies for the logic circuits usad in the
Beach Contrel, and typical lamp driver circuits for the 47 LED's which serve
as the indicators for the status of the Buoy logic.

$.5. Beach Control Card #1 - Master Clock (Dwg. 5-11)

Tha Master {leck generates the 10 Khz square wave used as a raference
gignal for the voltage-to-frequency converters and the frequency-to-voltage
converters. This 10 Xhz signal is obtainsd from a 100 Khz erystal oscillater
by a divide-by-10 counter,

Further division preduces a one pulse-psr-second output, a pulse-per-2
sgcond output, a pulse-per-4 second ocutput, and a pulse-per-10 second output,
all derived from the crystal oscillator.

Any one of these signals can be selected by a switch, "Select Interval",
which supplies the pulse to advance the scanner, to enable the DVYM to read
sequential inputs.

Also gvailable are & pulse-per-l10-minutes, and a pulse-per-one-minute,
to be used as an auto-advance for the F.M, multiplexor.

A "Power Clear" pulse is generated on power-up of the system, which
provides a master reset pulse to both the Beach Control and the Buoy lnit,
setting al]l multiplexcr counters and registers to their initial starting
condition.

5.6, Beach Control Card ¥ 2 - Function, Control and Reset {Dwg. 3-8

This P.C., card contains the circuitry which allows the operator at the
Beach Contral to:
a) Reset all multiplex counters in the Bugy Unit to their NReset"
state, as well as the corresponding counters in the Beach Control,

which drive the LED indicators. This insures that the Buoy Umit,
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as a slave to the Beach Control, is started in exact synchronism
with the Beach Control indicetors.

b} Select which of the four types of registers are to be involved
when the "Step" push-butron is pushed.

c] 3end te the Buoy Unit, over the submarine cable, pulses which will
either advance the thermepile multiplexzor, (Step Thermocouple)
advance the flowmeter multiplexor (Step Flowmeter), advance the
Electrolysis-Miscellanesous multiplexcxr {3tep Funection), or Contrel
pulses which will determine which slectrelysis voltage iz to ke
applied, which puwrp is to be turned off, which iaval of heater
power iz to be used, or which Pipe Thermistor bridge is to be
measured.

This card alse contains the three differentisal line drivers which carey

the "Step Thermocouple and Functien' pulses, the "Step Flowmeter and Control"

pulses, and the "Resat apd {lock" pulses. The Raset pulse to the Buoy Unit

is superimposed on the 10 Khz clock line as a one millisecond gap in the clock
pulse train, which is extracted as a reset pulse at the Buay electronics,

This dees not interfere with the normal operation of the clock signals.

5.7. Beach Contzol Card #3 - Thermopile and Flowmeter Monitor (Dwg. 5-7)

On this P,C. card, the conversion ¢of the thermocouple (thermopile) data
from digital to analeg form is done, as well as the conversion of the flow-
meter data, These conversions are done by Hybrid Systems Corp. DV-611
frequency - to voltage converters which use the 10 Whz refsrence clock signal
which is alse used by ths voltage-to-frequeney converters in the Buoy lnit,

_ ensuring complete synchronization of the conversion,

Llso on this card is the 19 bit ring counter to which a similar ring
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counter in the Buoy Unit is a slave. The ring counter in the Beach Control
is used as a lamp driver to indicate the corresponding status of the slave
counter in the Buor Unit, A Teset pulse sets this counter to its starting
pesition, with the leftmost blit set to a one, all others cleared, and the
same reset pulse sent to the Buoy Unit ensures that both counters start at
the same position (the "Test" pesition) and are advanced in step by means of
the "Step Thermocouple' pulse.

A similar ring counter (six bits} for the flowmeter has its correspond-
ing slave in the Buoy Unit, and 15 advanced in like manner by the "Step-
Flowmatar” pulse,

The Pulser Switch on the front panel of the Beach Control allows the
sperator to either advance the flowmeter multiplexor in the Buey Unit
manually, or to ler it advance automatically at either one-minute, or ten-
pinute intarvals,

5.8. Beach Control - Electrolysis - Miscellaneous Monitors Card #4 (Pwg. 5-103

This P.C. board contains the line receiver for the Misc¢ellaneous data
arriving from the Buoy Unit in digital form, and the frequency-te-voltage
converter to convert the data to analog form, suitable for read-cut in a
conventional digital voltmeter.

This eard also contains the "Funetion” register, & "Pumps' register,
and an “"Electrolysis" register, each of which is a ring counter driving LED
lamps, s0 that continuous monitoring of the corresponding slave ring countars
in the Bueoy Unit is possible,

The "Function" register is advanced through 1ts seven possible states by
means of the "Step" push-button (if the step selector is in the "Sgep

Function" pesitjon) and at the same time, in the Buoy Unit, a similar ting
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counter is being advanced in swnchronism. The seven states of the Function
ragister are.
A - Electrolysis Current

E - Electrolysis Yeoltage

C - Pumps

[F - Heater Power

E - Ball

F - Pipe Tharmistor

H - Buoy Thermistor

States A, B and E apply to hardware not yet installed, and are not
presently used. State € (Pumps) allows the operator to tum off any cne of
six pumps corresponding to one of six heat exchanger units connected to the
Buoy Unit+ Likewise, state f allows the operator to read, via the Miscellaneous
data Iine, the temperature of the water at any one of six heat exchanger pipss,
using & thermistor bridge.

State H allows the operator to cbhzerve, also on the Miscellanecgus data
line, the temperature ¢f the water at the Buoy Unit itself, using ancther
thermistor bridge. )

The '"Heater Power" registor is also on this card, and allows application
of two different heater voltagss to the 53 ohm heaters attached to the heat
exchanger uynits, The two different voltages, allows a heater power of either
134 watts {lew pawar} or 272 watts (high power) to energize the heatrers,

5.9. Beach Control Interconnections {Dwg. 5-12)

The interconnections between the P.C. boards in the Beach Control is
shown in Drawing 3-12, a5 well as the connections to bring out the analog
data lines te the digital voltmeter.

5.10. Beach Control - Data Output

The analeg data representing temperature and flow veloclty which has
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been converted from digital to analog form in the Beach Control, is brought
éut on & multiwire cable to a commercial digital voltmeter, scanner and
sequencer, The scanner allows many different inputs to be read out on one
DVM. The scannex can be advanced by the operator to the thermocouple data,
the thermistor data, or the flowmeter data to be read at any tim#. The
sequencer generates the necessary control pulses for scanning and punching.

The ouput of the DVM, while being displayed as a visual number, alse is
processed and fed thru a commercial coupler to a papaer tape punch. The
coupler is the interface between the DVM and the punch, giving the cperatoer
the ability to retain the data for later analysis by a computer.

The beach contrel signal outputs were desipned to be compatible with a
Conselidated Control Corporations Model 30GP23 Daralogger. This Datalogger was
used because it was on hand and not otherwise emploved. [t had been buile to
specilal order, A brief description of this machine and instructions for its
operation are given in appendix E. Basically it is a low veltage scanner,
digital voltmeter and paper tape punch all contained in one electrenics rack.
While this system performed very well aboard Moi'i, its use has veen dis-
continued, Since much more modern versions of the same apparatuys are now
available, it would not be used in any future experiments with this appratus.

We currently use the system described in appendix [ for data taking of
this type. This system is more reliable than the system used on Noi'l and
singe it uses a teletype to punch the paper type, identifying marks can be
put on the tape as it is generated. These identifying marks are very helpful
in data analysis,

5.11. Submarine {able

The cable from the Beach Control to the Buoy Unit is a high-strength

armored submarine cable, about 15 feet long containing
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(a) 3 power lines [#3 copper)

{b) 3 sigmal pairs (twisted pairs #20 with each pair shielded)

fe} & signal wires [#20, not twisted qr shislded)

The 3 power lines are used to bring 240 volts, &0 hz, singls phase,
center tapped to the Buey Umit., 240 volt power is required for the pumps.
The logie power and the heaters are run from the 120 volt taps.

The three signal pairs are used to carry the thermocouple data, the
Flowmetear data, and the miscellanepus data to the beach,

The s5ix sigal wires are organized into 3 pairs, each pair being driven
by a differential driver at the beach, with a diffarential receiver at the
buoy, and handle the command pulses sent to the Buoy Unit. One pair carries
the Reset and Clock pulses, one the “"Step Flowmeter™ and '"'Step Contral"
pulses, and the third pair the "Step Thermocouple' and '*Step Function' pulses.
The ability to use wach pair of wires for two kinds of signals reduces the
cost and size of the submarine cabtle significantly.

5.13. The Buoy Unit

The logic and control electronics for the Buoy Unit is made up on 10
printed circuit cards in a shielded card cage. Power supplies and relays
carrying high currents [as for pump and heater power) are mounted external to
the card cage, on the inside walls of the Buoy Unit.

As seen from the block diagrams (Drwgs. 5-1, 5-2, 5-3 and 5-4) the logic
for the Bugy Unit acts as a slave to the Beach Control logic, with the ring
counters in the Buoy Unit duplicating those in the Beach Control, so that
hoth master and slave counters can be advanced in step with each other thus
ensuring that the cperator at the beach <an know at any time the states of the

counters in the Buoy Unit by observing the indicator lamps at the Beach Control,
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Interconnections between the Buoy Unit printed cireuit cards, the
associated relays, and the Bucy powsr supplies are shown on Drawings £-13 and
£-14,

5.13. Buoy Thermeocouple Multiplexor (Dwgs. 5-15, 5-16, and 5-28)

Low level voltages from the thermocouples (thermopiles) are multiplexsd
to a low drift chopper operational amplifier, (Analog Devices 260-K) using
dry-reed relays with low.thermal e.m.f, contacts {Coto-¢coil CR-3202-12-701}.

The reed relays are closed, one-at-a-time, as the singie bit, that was
initially set inte the 19 bit ring counter on reset, advances along the
counter for each "Step-Thermocouple' pulse,

The initial condition of the 19 bit ring counter, after "Reset", is with
a '"'one" set into the left-most bit, and all other bits ¢learsd, In this
pesition of the ring counter, relay K-O is energized, which connects a
small test voltage to the amplifier, enabling the operator at the Beach Contrel
to verify that the system is reset and that the thermocouple measuring circuitry
is funetioning.

The other 18 bits of the ring counter are divided into 6 groups of 3 bits
each. As the bit is stepped to the first of these groups of three, the reed
relay for thermopile number 1 is ensrgized, but the heater relay (Dwyg. 5-24}
for number one is de-energized, allowing temperature measursment with no heater
power applied. 4s the bit is stepped to the next position, the heater relay for
uit one is then energized, and current flows in the heater of unit one, allow-
ing measursmant of temperaturs with hest applied. The next step T.C. pulse
turns the heater off, allowing temperature decay measurements to be read.

The other 5 units can be monitored in the same way, as the hit is stepped

aleng the ring counter, with each umit's temperature being measured in a
heater-off, heater-on, heater-off sequence. The single bit is returned to the
reset position (test pesition) after all units have been monitored, The gperator

at the Beach Control can position the bit in the Tine cotmter to anv mit hw
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having the "Step-Selecter" switch set on "Step T.C.", and pressing the "Step"
push-button the necessary number of times.

Provision is made for the microprocessor to advance the ring counter,
when it is instalied.

The amplified thermopile analog signal is converted to a digital signal,
by a voltage ro frequency converter [(Hybrid Systems Corp. Model DV-810) whose
sutput A5 sent to & TTL line driver and then to the Beach Control via the
submarine cable., A reference clock signal is brought te the V-F converter,
allowing synchronism with the corresponding frequency-te-voltage converter
in the Beach Control, 2o that tranzmission can be accurate even inm high neise
environments,

On Dwg. 5-28, the circultry is shown which separates the 10 khz <lock
and the "Reset'' pulse, both of which arrive on one signal pair via the
submzarine cable from the Beach Control. The "Reset' pulse is presented to the
Buoy Unit as a one millisecond gap in the 10 Khz clock pulse train., This
gap does not interfere with the pormal operation of the voltage-to-frequency
converters, yvet allows the two signals to be sent down cone pair of wires.
Integrated circuit B-1 (duwal one-shot) separates the "Reset" pulses from the
100 khz clock, and sends the "Reset' pulse to the rest of the Buoy Unit logic.

Alsc on Dwg. 5-28 is the Heater Power register, which is a single flip-
flop which can be altermately set or cleared by "Step Control” pulses by the
operator at the Beach Contrel, providing that the "Function' register (Dwg.
5-20} is set to the "Heater Power'' position.

Alsc shown on Dwg. 5-28 are the relay drivers for the hsater relays shown

on Dwg. 5-24,

5.14. Buoy Flowmeter Multiplexor (Dwgs, 5-17 and 5-18)

Qutputs from up to six strain-gage-bridge tvpe flowmeters are multi-
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plexed to a second low-drift chopper amplifier [Analeg Device 260-X) by
means of dry reed relays, again with low thermal e.m.f. contacts (Coto-coil
CR-3202-12-701).

The ralays are snergized sequentially by a six bit ring counter which is
initialized at "Reset" to have the left-most bit set to "one" and zll others
cleared. The operator at the Beach Control can select any of the six flow-
meters ¢o he monitored by advancing the hit to the correct position using the
"Step” push-button with the "Step Selectoer” in the "Step-Flowmeter' positieon.

The same relay drivers that energize the flowmeter relays K-101 thru K-
106 alse snergize the corresponding Pipe Thermistor relays (K-401 thru K406)
on Drawing 5-30. This allows the menitoring of the Pipe Thermistors via the
Electrolysis-Miscellanecus Amplifier at the same time the corresponding Elow-
meter for that particular pipe is being monitored.

Also on Dwg., 5-18 is the the necessary decoding to separate the "Step
Flowmater™ and "Step Control" pulses which are sent from the Beach Control on
one pair of lines.

The differential line receiver (75115) delivers these pulses as a one
millisecond wide pulse (“Step Flowmeter') and a five millisecond wide pulse
("Step Control™) on the same line to the decoder, The decoder (two one-
shots and two gates) sorts out the widths and distributes the "Step Flowmeter"
pulses to the flowmeter ring counter and the "Step Control' pulses to anorher
part of the Busy logic.

5.15% Buoy Electrolysis and Miscellaneous Miltiplexer (Dwgs. 5-19, 5-20 and 5-21)

A third low-drift chopper coperaticnal amplifier is used to measurs several
miscellaneous signals, including the current and voltage applied by a proposed
Fouling inhibitor (electrolysis) power supply (not yet in use), the voltage

from any one of six thermistor bridges (Pipe Thermistor) measuring the water
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temperature at the buoy electronics andfeor a voltape which represents the
flowmeter bridge power supply voltage, as diagnostic measursment.

These sipnals are multiplexed by dry-reed relays (Triridge 228-200-12) to
the chopper amplifier (Analog Devices 260-K), and the relays are closed
sequentially by an eight bit ring counter called the Function Register.

The functions arye:
A = Electrolysis Currtent
B = Electrolysis Yoltage

C = Pumps

=
i

Heater Powar
E = Ball
F = Pipe Themistors
H = Buoy Thermistor
J = Spare for expansion

At reset the leftmost bit of the Ting counter is set, and all others are
zleared, thus initializing the counter to functicon A. At the present time,
measurements are made only at positions ¢, D, F and H.

The cperator at the Seach Contrel can select any one of the function
positions by using the "Step" push-button, with the “Step Selector" in the
"Step Function' position.

d Setting a particuiar function than z]lows the cparavor, by using the
“Step push-buttonwith the "Step Selector' in the “Step Control"™ position,
to specify:

For funetion C, which of six pumps, corresponding to the six heatr ex-
changer units, is turned off, or none of the six off, depending on a seven
Bit ring counter called the "Pumps" Register, (Dwg. 5-20).

For function D, which of two heater voltages is applied to the heaters,
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For fumction F, which of six tube‘thermiSturs is to be monitored by rhe
Electrolysis-Miscellansous multiplexor,

Function H {Buoy Thermistor) allews zeading the output of a thermistor
bridge which measures the sea-water temperatuxe at the buoy. '"Step Control"
pulses have no effect on this measurement, Since there is no data to be taken
in the "Pumps™ positien {function C), the reed relay closed for this function
is used to connect the Buoy thermistor to the amplifier,

The remaining fumctions A4, B and E have no uss at present, since A and B
are ratained for the Electrolysis power supply (not yst installed) and function
E (Ball) iz intended for use with another anti-fouling wechanism (not yet
installed),

Dwg. 5-20 ineludes the circuitry (Integrated circuits C4 and C3) for
delaysd. sequential turn-on of the six pumps. Since the starting current for
2ach pomp might exceed 1@ amperes, a line surge of more than 70 amperes could
accur on power-uyp, The circuits om Dwg, 5-20 allow only two pumps to come On
at turn-on time, then twe more after 10 seconds, and the final twe pumps on
after 20 seconds, thus reducing the instantaneous total starting current, and
the corresponding voltage drop in the submarine cable resistance,

5.16, Buoy Power Supples {Dwg, 5-23)

The power supplies for the electronics in the Buoy Unit consist of threes
commercially made power supplies and a non-commercial supply built for the
flowmeter bridges, which require a floating 5 volr, one ampere supply.

The commercially built supplies are:

a) A Lambda 12 volt - 3 ampere supply for all relays.

b) An Analog Devices Dual output, #+ 15 volts - 200 ma supply for the

operational amplifiers and the voltage to frequency converters. The

+ 101 volts for the CMOS logic is derived from this supply.
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c} An Analog Devices § volt - 2 ampere supply for the line drivers and
other legic requiring +5 voitfs,

5.17. Buoy Lopic Test Card {Dwg. 5-22)

A4s a trouble-shooting 2id, a P.L. card containing LED lamps, which are
duplicates of those on the front panel of the Beach Control, is avallakle fer
insertion into the Buoy Ilogic card cage, Even though this card can only be
used for trouble-shooting when the Buoy Unit is withdrawm from the water, it is
felt that the time saved by using such a tést card makes the use of such a
tool worthwhile, Any failure of the Buoy lopice to follew the indicators on the
Beach Control can pinpoint the circuitry where trouble has developed.

5.18. Bugy Heater Relays (Dwg. 3-7d)

Heating of the copper block corresponding to a particular heat exchanger
mit is accomplished zutomatically as the thermocouple multiplexor (Dwgs. 5-15,
5-16 and 5-28) is advanced to the particular thermocouple to e measursd.
Measurements of the copper block temperaturs are taken, first with the heater
off, then with the heater on, and again with the heater off, allowing measure-
ment of temperaturs versus time for borh heating and coeling of the copper
block,

kKelay K-7 allows the heater power to be either of two values upon command
of the operator at the Beach Control.

5.19. Microprocessor Connections (Dwg. 5-29)

A connector has been installed to provide for the attachment of a micro-
processor and its associated electronics to the Beach Control. When connected,
the microprocessor will take over some of the operatoer functions, and will
process the raw data from the thermopiles, the flowmeters, and the miscellanequs

data, so that much less raw data will have to be storsd on paper tapa. Depend-
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-ing on the software provided with the microprocessor, various levels of
processing can be done, thus reducing the amount of dats that must be punched
oug, as well as allowing various control fimctions to be taken over by ths
Microprocessor,

5,20, Buoy Flowmeters

The flowmeter bridges are shown schematically on Dwg. 5-27, These
bridges are straln gages whose Tesistance varies with the velocity of water
flow, A fleating § volt D.C. power supply furnishes the excitation for up to
3ix bridges, each one having prevision for initially zeroing the bridge output
before the Buoy Unit is submerged.

Flowmet2r number one has additional connections rthat allow it to perform
the funcetion of a2 2 to 1 voltage divider (the strain-gage bridges have
approximately 120 ohms yesistance in each leg) which can monitor the value of
one-half the flowmeter power supply voltage and send it to the Bzach Control
For Ttead-oput. This measurement is done by the Electrulysis-Miscellianegus
multiplexor {Dwg. 5-19) using the relay associated with the Heater Power
function, since this relay has ne other data to switch.

5.21. Buoy Pumps

The pumps are controlled by the pump relays (Potter-Brownfield PR5DYQ)
(Dwg., 5-26) which switch the 240 volts A.C. to the appropriate pumps. The
sperator can allow all pumps to be on at once (The Resat condition} or can,
by pushing the "Step" push-butten with the Step Selactor in the "Step-Contrel"
position, turn off each pump, one at a time, in sequence, so that the water
flow in each heat exchangeT unit can be reduced to zero.

§.2¢, Elmctrronics Drawings

The electronics drawings (Ne. 5-1 to 5-31) follow.
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. OPERATING PROCEDURE

6.1. General. In operating the biofouling test apparatus described in

this report, we hazve used two different electronics systems. It is very
likely that different electronics systems will be employed in other cir-
cumstances in the future. For this reason, we describe here our operating
procedures in sufficiently general terms so that they may be adapted to any
electronics systems likely to be used. In addition, however, as one
example of a specific operating procedure, we describe in complete detail
the procedures used in the field aboard 2 moored boat during the summer of
1976. This is dune1in Appendix E. The electronics system in use at that
time is that deseribed in See, 5,

6.2, Preliminary Laboratory Checks and Calibrations. Each unit built

according to the design of Sec. 4 was subjected to a series of tests in
the laboratory before deployment in the field, First, each PVC instrument
housing and pump housing was checked for vacuum leaks using a helium ]leak
detector. Also, one instrument housing and one pump housing were pressure
rested under over three atmospheres of external pressure (corresponding to
a potential submergence depth of 100 feget}, after which vacuum tests were
again performed to confirm continued integrity against leaks.

In theses tests, no svidence of & leak problem ever surfaced. This
confirms our feeling that the seal designs are such that leaks are very
unlikely when the apparatus is constructed according to the specifications
of 5ec. 4. Because of this we plan not to do such extemsive testing on
future units (however, occasional spot-testing will comtinua).

Waturally, if the units are not to be operatsad submerged, these leak
and pressure tests are in any c¢ase not neacessary. An instrument housing

should still be used, however, both fo protect the instrnments from corrosive
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salt spray and to minimize sensitivity of the instrumentation to variable
smbient conditions (temperature, wind, sumlight). In such a case, of
course, the housing need not be as stuprdy as that described in Sec. 4.
Several simple checks are made on the heat transfer instrumentation.
a} Check that no thermepile junctions are shorted slectrically
to the copper cylinders into which they are potted (resistance
=10 megohm) .

b} Check that the heater winding is ngt shorted to the copper

cylinder (resistance >10 negchm].

c} Check for continuity of the heater winding (Tesistance = 53 phms].

d@) Check that the thermopile responds to the application of heater

power and yields approximately the corrsct output (0.57 m¥/°C).

In the next step, the test unit is mownted on a stsnd (without the
PYC housing, for convenience) and connected to a pump and a water reser-
voir 50 that water can be pumped through the unit, at controlled velocities,
for calibration. This setup is described in detail in Sec. 3. Two cali-
braticns are done,

The flow meter is calibrated, This may be done in several ways. One
iz te run the flow meter in serles with angther, previcusly calibrated one
{we have used a rotameter type for this purpose]. We have also calibrated
just by rumning the punp effluent into a previcusly <calibratsd container
(a plastic trash can is very good), and timing the fill.

Finally we tast that the system as a whole is correctly measuring
heat transfer rates. This is done by measuring the heat transfer coeffi-

cient (h} at five to eight velocities from 2 to 10 feer/sec, Then we plot

-0.8

these points {1/h vs. ¥ J. If the system is working properly, the

data should fall on a2 straight line with a slope of J3.44 X 107* (h in units
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of BTU/hr ftz“F, and v in ftfsec.}. Results of such tests are discussed
in Sec, 3.4 (Figs. 3-3, 3-4, I-5}.

6.3, Data-Tgking Procadures, A simplified block diagram of a complete data

acquisition systam is shown in Fig. 6-1 (for design details of two such systems,
see Sec, 5 and Appendix D). Hexe, the thermistor signal (TM) measures the
temperature of the water passing through the tube (this does not need to
be accurately known). The flow meter signal (FM) wmeasures the velocity of
flow. The themmocouple signal (TC)} measures the temperature of the (heated)
copper cylinder relative to the flowing water temperature. These three
gipnals are sequentially switched by the SCANNER to the digital veoltmetar
{bviM) for measurem=nt (after amplification if necessary to match the input
requirements of the V). The scan rate of the SCANNER is usually ser to
2 sec. per channel because the teletype wnit (TTY) cannot handle datz
mere rapidly. The digital voltage reading cutput by the VM is fed to the
TTY by the interfage cirsuit {IF). The TTY then prirts the data and
produces a punched paper tape record. The paper tape is subsequently
r2ad by a computer for analysis, (There are, of courss, other ways for
handling and storing the data, See Sec, 7 for examples.)

The normal prncedufe for raking a cooling curve (measuring a heat
transfer cogfficient) is as follows,

a) Initialize the system. Switch on all the electromics (Flg. 6-1).

Fead the T, TC and FM to verify that the system is normal,
b) Switch on the heater power to heat the copper cylinder above the
walter temperature.
¢} Set the scanner so that the TM, PM and TC signals are sequentially

recorded by the TTY.
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d) When the copper cylinder is warm enough, switch off the heater
power., The TTY is now recording the cooling curve (TC signel)
as well as monitoring the flow velocity {FM) and the water
tepperature (TM). (The temperature at which the heater power
is tumned off is discretionary. It will be determined by the
nature of the studies being done. In the werk so far done with
this system it has been in the range 1°F-2°F. In OTEC-related
work it is presumably never necessary to go above -10°F, If
temperaturss very much above this were used, one should be watch-
ful of possible deterioration of the insulation materials usad
on the heater. At the other extreme, if temperatures less than
-0, 1°F are used, the precision of determinarion of h might be
be affacted, {See Sec., 3 for more discussion.}

#) Allow the data recarding to procsed for a time equal to 10 time-
constants after switching off the heater powsr. Stoep the record-
ing system.

Wormally, this procedure is repeated a number of times in order to
check repeatability under identical conditions, and also to increase the
precision of the result. When heat transfer rates in an ocean environment
are being recorded, our practice has been to try to get at least 12 such

coeling curves in one day.

6.4. Data Analysis. The datz analysis, in tha main, centers around the

two computer programs HTAU and LABTTF. These are discussed in See¢, 2
(listings and other details in Appendix B and C). The program HTAU is used
(before any data are taken)} to determine the relationship betwegen 2 measured
time constant (1), and the corresponding heat transfer coefficient (h), for

the test wmit in question. The input to HTAU are the geometric and thermal
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characteristics of the system (dimensicns, heat capacities, themmal
conductivities). The output are the numerical values of the constants
&, B, C and D in the relation 1a(h) = R*E[lnT]+C{lnr}2+D{1n1}3.

The program LABTTF is used to fit an exponential function to the cool-
ing curve taken with the apparatus. The fit yields a value of Tt which,
combined with the above equation, determines the heat transfer coefficient.

The normal procedure in the data analysis, then, ls {[assuming HTAU has
already been run for the umit being used, and the values A, B, €, D input
into LABTTF, #long with other unit-dependent data) as follows,

a} Convert the TTY tape to cards for input to LABTTF,

b} PRun LABTTE to get h.

c] Maks staﬁdard checks on LABTTF output. (Among other things,

LABTTF provides the average values of the water flow velocity
and the water temperature, as well as the tms deviations of the
readings from their averages, during the data-taking intervzal,
As shawn in Sec. 2 (Fig. 2-3 ), sudden variations in sez water
temperature are sometimes seen. (If this cccurs during the data
analysis interval, the result for t has larger-than-usual errors.
To climinate this source of error, we rejest data sets if the
T™ mns deviation is greater tham 0.01°C., We would similarly
raject the data if we found very large variations in the water
flow velocity. However, in spite of the fact that data were
takan on 2 very "lively™ rplling boat, welocity variationz were
never mora than 1-2%. We have never had to reject for velocity
variations. Rejact data if TM rms deviation is greater than
0.01°C, or if xz per degree of freedom, for the exponential fir,

ig preater than 100.)
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d) Correct the valus of 1/h to the value corresponding to vu if
vﬁvc. (Here, v is the average water flow velocity during this
measurement, and VG is the ¢orresponding value at the time the
unit was started pumping. The pump might have been started
weeks or even months sarlisr. As the fouling in the system
builds up, the velocity, v, slowly decreases, 5Since h depends
upon v, we cannot compare the present h with its initial value,
hn, unless they correspond in wvelocity. We correct the value of
1/h to the initial velocity by using the previously determined

-0.8 function, zs discussed in Sec, 6,2,

slops of the I/h vs, v
last paragraph.}

e) Calculate the thermal resistance of the fouling laver ([inverse
of the heat transfer coefficient of the fouling layer)
Rf = 1/h - lfhﬂ.

By following this procedure while sea water is continucusly pumped

through the tube under test, the growth of the feuling layer (and its effect

on heat transfer) can be followed over any desired length of time.
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7. MIDIFICATIONS AND IMPROVEMENTS

7.1, Introduction. The experiesnce gained during the design, construction,

iaboratory testing and; finally, field use of the apparatus discussed in
this report has lead us to develop ideas for various medifications in the
design which will improve its performance or simplify its use., We discuss
these in 7.2, below,

Alse, it is recognized that there are likely to be many applications
for a system like this which do not require submerged or remote gperation.
In such circumstances, the apparatus can be simplified in several ways.
These are discussed in Seec, 7.3.

Finzlly, this apparatus was designed to allow the detemmination of
thermal resistances of fouling layers (i.e., to measurs differences in
1/M) to high precision. There will be situztions when only ordinary pre-
cision is required. In such cases further simplifications are possible.
These are discussed in Sec, 7.4.

We have not tested the medifications discussed in this section, and
so we cannot describe specific designs in detail, The ideas presented
here, rathsr, are general and meant to be helpful to others who wish to
build a similar system to be used in different circumstancez. Our intent
is to indicate broadly what sorts of modifications might be feasible and
useful under various conditions, and to give some ides what their effscts
might b=,

7.2. General Modifications and Improvements. There are three specific

areas in which important improvements of the system suggest themselves.
The first is to increase ease 0f assembly and disassembly. There are
various dasign changes under consideration to this end. Since we have

not yet completed these designs, we will not comment further here,
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A second possible improvement is in tha method of measuring the flow
velocity, The flow meter being used in the present design was the beast
available (to our knowledge}, when the system was baing designed, from
the points of viaw of precision, relative insensitivity to fouling and
insensitivity to corrosion. Recently we have located a new (sonic) devieces
which measures flow velocity without coming in contact with the flowing
water. Apparsntly, then, it is immune both to fouling and corrosion,

We have not yet fully determined whether its characteristics are such as
to meet all our requirements for a flow meter, and therefore we do not
now discoss it in detail.

Finally, there are cbvious ways to¢ ingrease the ease of operation of
the system. In particular, we are now in the process of completing the
development of & microprocessor system to add to the hardware. This will
have two important results. First, the data taking <an be (almost) com-
pletely automatic, requiring wvery little human intervention. This means
that essentially one full-time man (the dataz tazker] can be removed from
the suppert crew. We expect algo that the reduced level of human inter-
vention will résult in fewer mistakes, Second, the microprocessor is being
coded to analyze the dafa as it comes in. This has several important con-
sequences, The rtesults of any given run will be immediately available for
checking, Also, a great deal of manpower will be saved due to reduced data
handling requirements (we eliminate the need to generate a paper tape,

generate cards from the tape, and run the fitting program).

7.3, Non-Submerged, Non-Remote Operation., In applications not requiring

submerged, remots operaticn the mechanical design can be much simplified.

The instrument housing does not have to be leak-tight and resistant to high
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pressure. Thus it can be made much lighter and correspondingly simpler

to build and assemble. The electronics could be mueh simpler in that
complex multiplexing would not be required (see App. D). In general, access,
maintenance and control can be much simplified.

7.4, (Operation With Lower Precision. The diteuszsion in See. 3 implies that

the apparatus is capable of measuring diffsrences in 1/h to better then 0.5%

under appropriate conditions, and that this precision is probably limited
by the measursment of flow velocity, not temperature, There may be many
situations in which much less precision (say 5%-10%) is acceptable., In
such cases certain design simplifications are possible.

For one, we could reduce the temperature measurement semsitivity by
an order of magnitude, FPor -5% précision, then, we could use a single
pair of junctions instead of 11 pairs.

Another possibility is to reduce the axial length of the copper heater
cylinder {and so simplify construction and assembly). Thus, for exampls,
we could reduce the length from 12 inches to, say, 1-1/4 inches {an order
of magnitude). This would have little effect on the time constant, or its
precision of measurement. Rather, the primary effect wonld be on the
accuracy of the correction for heat leak by conduction axially zlomg the
tube wall from the copper cylinder. In the present design, this correctiom
is fS% and is calculated to better than 10% of itself. - That is, the error
in measuring h due to errer in the calculated correction 1s belisved to be
less than 0.5%, - If the length of copper is reduced by a factor of 10,
the correction rises to .50%, and its contribution to the error in h rises
to near 5%.

Instead of reducing the length of the copper heater cyiinder, we

might consider reducing its outer diameter. Suppose this was done so that
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the total mass of copper was reduced by a factor of 10. The principal
effect of this would be te reduce the time constant of the cooling curve

by a facter of 1, so that instead of typical clean-tube values of -45 secg,
it would be 4.5 sec, Ther= ar= several effects of this change to consider,
First, the precision of time measurement is relatively less. However, since
timing is donhe with a quartz crystal which has very much more precision

than nesded anyway, this has no ¢ffect. Second (if we sample the data at
the same rate}, we measurs the tempsrature one tanth as many times in a
coocling curve. This would lead roughly to a loss of a factor of 3 {i.e. /10)
in precision of the temperature decay rate. But, since the precisicon of
temperatures measurement is not now limiting (the flowmeter is), this will
not have much effect on the precision of determination of h [it would
probably still be good to 1-2%). Finally, cutting down the 0D of ihe

copper cylinder will further remove the geometry from the ideal of perfect
cylindrical symmetry, The tlanping bolts, the heater windings and insu-
lation, the thermecouple holes, and the thermocouples themselves now

become a much larger fraction of the total geometry. These effects are
difficult to calculate, and we have not estimated the changes in precision
of measurement,

A significant advantage, of course, to reducing the time constant in
thiz way is that it correspondingly reduces thé amount of data to be handled
&% wall as the time required to take data.

Finally, one could reduce the heater power (and temperature rise) by
a factor of 10 (to ~10 watts and -0.1°F-0.2°F). This would increase the
errer in h, we estimate, to only -2%,

Nore that the numbers uwsed here a2re thosen merely 1o illustrate the
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magnitudes invelved, and do not represent recommendations., It should alse
be understood that any such changes will probably invelve {possibiy mzajor)

changes in other parts of the system design.
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APPERDIX A, DETAILED THEQRY

A.l. Introduction

In this appendix we duvelop in detail the mathematical analyses of a
two-medium system having the geometry of Fig. 2-2. The heat flow #quation
is solved leading to the equations, necessary for determining h from a
measured value of v, used in the program HTAU (App. B).

The analysis is done exactly for the situation in which heat flow is
truly radial. A correction for axial conduction along the pips wall is
separately calculated,

A.2. Two.Medium System

Consider the two-medium system depicted in Fig, 2-2. We assume that it
i1s cylindrically symmetric and all heat flows radially. This permits us to
assume that the temperature distributions in regions a and b are functions

only of radius r, and time t  (Subscripts a and b rafer to pipe and copper

block).
The system is designed so that Tair=Twat=r' The equations below are
written using a temperature scale in which T . =T =0.

air ‘water

Under the above assumptions, the heat flow squation may be written

)
FL 'f; r ﬁ—r(l’*,t) = & At T(r‘;tf) (A-1)

where a = %E-, k i3 the heat conductivity in the medium, c the specific
heat, and g the density.
Since this =quation helds for both regions a and b, this means the

general solution will take the form:

—E:,(r,t) for " S & I’“l
Tirt) =
Tb(;rjt) For r“af; r L M2
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Separation of variables in Eq. A-l leads to sclutions in terms of Bessel

—og A b

functions:

T = AT Our)+BY, hgr)e

T t)=|A O ) FBY, (e
. Ky k
(o Ca e

where A, Ba’ A'b’ B, are constants of integration, while s l‘b arg separa-

—ophp b

and c:-xb =

tion constants.
In order to procesd further, we mnst now apply the following four
boundary conditions:
1) The heat flux from the copper block to the air (at r=r3}, is
determined by the convectivye heat transfer coefficient to air,

h,.

2) The heat flux across the boundary between the two media {at r=:rz}
is continuous.

3) The temperature difference across the bowundary between the twe
media (Ta{rz,t] - T {r;,t)) is determined by the heat transfer
coefficient across the boundary {hi] and the heat Flux,

4) The heat flux from the copper block to the watser (at r-rl'} is

detarmined by the heat transfer coefficient to the water h.

In mathematical terwms these are written!

G,k 37 Tl t) =" @mr U T 1)
(e Dk 3 To(n )= G kg S Tor, 1)
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(iT!' F}_L) Ke, %‘—E (ra ,t):(?_'IT rz_L}h; j-b(ra-'t)-j; 02 ’t):l

o Dk o T 0)= G U Ta G )

Here ha’ hi' h are the heat transfar coefficients between block and aiy, of
the interface between the two mediz (Block znd pipe), and between the pipe
and water, respactively,
These boundary conditions lead to the relations:
2 Z
1) a X, =ad”, and

2} F{x) = 0, where
Foxo=Ax (7T Le, 080, 5,00 +
(PEAx-Z X 30X 2Lk wn b+
{(ZTIx (rx X))+
ol u 7
( ]’". )61/\.}{ Z i [IB’LK/HBXJ .Za [‘K-{L."E_XJ ]
Z{ﬂl-)\,(jfz_x- }1{3}{3_‘ :L.I_ﬁ'](x‘)?ﬂ:_ !_L.LJ 2R J('ﬂrz_:( ,WﬁH)J"\(L?E(}Q} TEL‘?-; J(?E;}{‘ ;'a—-j ij

]

T —1-
4 0G0 = T 0 Z X I BT ) 2 o T

N T ‘ T
} T E’U:}“ r(WLX;E’/ﬁ X)Ji :Yn (w,%) Z o [‘Xz_x, ¥ ﬁ]‘ﬁ’iﬁ (w0 Z . [3'2_?( s X—J
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i hﬁ_ L =
Z {?}[_?"?.KJ}?;J:Z {t{}['l?f}_?{ ,FE’E_K] - ( h ) ﬁ;’\}{ Z 19} [TE_K ,?5}{]
Z % };-[za’z.x P 4=:\:E?}(’5 L)OYI {\’(_5}() _Yﬁ}(%z.x }I @/3 ?{)
?t?} AR A R CANACRY RIRCAINNCAY

ko
N = b,

X = AgT,
ARG E e
i

u:.g_: r
Ky Cb Pi

1533.:: }‘Q.[Lq fjﬂ

and J and Y are Bessel functions of the first and second kind, respectively.

Since F{x) is a sum of teyms that are cowbinations of Bessel functions,
F(x}=D has an infinite number of roots which we zhall labal xl, xz, g4 eev o
But this implies an infinite number of Aa's (and lb's}. The values of la

X

and 3, are determined from the roots according te the relations

)\m - % >\I:r'. = Aallz:l

3

_ X _ \lm
>\ﬁ?__ N ) %bi’_* %qz_, “b

... ctbe.



174

The general solution to the time-dependent heat flow egquation subject

to the boundary conditions is, finally:

S - &
T(ﬂt) = E;I R,—..U"}C, A (A-2}

Whers
2
(-n = XX,

R,.(r) for ririn

R ()=

Rbn(r} ‘Fur I"Li L f"3

Ran(rjl: C@m {ZZ [}\nriiéﬂ}\nr :E'a}‘nf“a)qj +

i

h T 7
Uns )@L/\ XnZ. [’a’lxﬂ fi},d '

Z, [}\nr, )\nrgj}
Rbh(r’] = Cbn Z.:J [8.1 >\r1 r, Szkn r"_;J

<Ha
8a_= O(b

Can and Cbn are constants that depend on the initial temperature distribution

T(x,0).
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In some circumstances, the following poaint may be of interest.
[f wa set ka=kb’ €4 Cpe P ™Ry and hiru, these aquations may bes used to
deal with a single-medium system. However, it should be noted that if the
differential equation and boundary conditions appropriate to the single-
wedium case are used from the start, the resulting equations are of a much

simplified form.

A.3., Heat Losses Alcng Thin-Walled Portions of Pipe

The correcticn to h due to heat losses along the thin-walled portions
of the pipe will now be taken up. To this end consider Fig. A-1. Looking
at the section of pipe between Z and Z+dZ, conservation of energy requires

. _ - ) . ﬁg-

Quw [Q st T Q WATEF:] dt

or

_ -a_ -
ST~k 22 T2 L)~
ot 2n 8 32 T (Zrd 2 Bl fored R T2 )

It

FA GRSt |l M

where  r'=(r, + 1)
and T#(Z,t) ¢ tepperature in pipe wail. This leads to the heat flow

equaticn
il -
o2 lpH Tp = = 3t T
whers

b
H= Tt (-¢)

(t,2.r)
|+ {(t2r)




175

Cu Block

7 i

1 . .
t’ QN Qour
} |

—z —

e
r

1 3 2

2 +d2Z —
Waoter |
20 - centerline of pipe - -

Figure A-1.- Thin-walled Portion of the Fipe
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We now impose the bowndary conditions:
1) The tempgraturs, TP, at =4 [where the wall thickens again} is

equal to the temperature of the water.
V2. T]:(Z E-.i,t) = rwmrart. :O

2) T at Z=0 1s given by Eq. A-Z,
B
o) -4
e TOO=T U= R &
|r:—|_P(C}}L~)" )= Z anlrie

Under these conditions the pgeneral solutieom for TPfI,tJ is

) 2 & (T4
TZ0=T.00 T& W+m/L)*

r I __ A
S A A G- Sk - Vs b A
T 1 hel hﬂm“rﬁ') ( o H2 “n r‘-_'.f.'___—)
| T, ~Ta — |
r it ;’...']J [ s _ 1
)" —, LHE‘T{-'L*J _T 1_._;1_13_,5’,,_1)‘
iZ Sm]. N i
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The carrection to h is due to the heat flow along the thin-walled

portions of the pipe:

~ . ST I
Qepe = 2l *-rkg 22 [(08)
Thus we =ee that

Qtotal = clHater * Qpipe
or

Qqra, 2271 LR Tl 12T (- 15K azTP(o t)

=21 Ly, Taln b))

If we assume this covrection is small and use the asymptotic form for Ta{rl,t}:

T.(r )= R (r)e T

Then it can be shown, with a little work, that

2 ,
Oz TP(O,t) =-HT(r, t)

where

H =) I~ =FE H

This leads to the resulrt

h

Because of the smallness of the last two tevms For materials of interest,

! | Piq L ]
{l-l-(l-u-—*q-t;-' - ;;quzC) L h ;!’1

vne wall

to first order we have

o = |1 B,

This is the result used in Sec. 2.2.2. (Eqn. 2-6).
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A.4. Air Correction

If we have determined a heat transfer coefficient hmc ignoring the
small heat flow from the copper block to the surrounding air, we need to
correct For this neglect. The heat transfer coefficient corrected for
heat loss to the air is desipnated hanc' Az stated in Sec. 2, we defins

a correcti te B . o that
> ctigon rm, R v 8 ha

t = (-
L (1-%

air) D {A-3)

tne

Clearly,

*

Rair * Qafq : (A-4)
where Q_ and {} are respectively the heat fluxes to the air and to the water
during the cocling process. [it is easy to show that although éa and ﬁ vary,
their ratio is a constant, after the initial transient of a few seconds
duration, during the cooling).

The exact calgulation of Rair is somewhat invelved., We simplify the
problem by calculating it at the initial instant of the cocling peried,
wheri the temperature distribution in the block corresponds to a steady-
state heat flow radiaily inward from the heater to the water. We lat
{referring to Fig. 2-2) Tyr Togr Tope and T; be the temperatures, respscs
tively, of the pipe at L=, the pipe at T=T,, the block at ¥=T,, and the
block at T=r;. The thermal conductivitias of the pipe and black are ka and
kb' respectively, The heat flow through the block is f} The hear transfer

cosfficients to the water and air are h and ha’ respectively.

Thern,
Q = bT, Rrr L), (A-3)
and
, = b Ty(2rrgl) (A-63
so that - n T.r
R .= 2. 3 33 (A-73
awy h Tlrl )

Fal)
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We nead now to relate T3 to Tl’ This is done using the well-known squarions
for steady state radial heat flow in a cylinder. If r; is the inner radius

of the cylinder, the temperature at any radius T is given by,

T(r) - T(r,) - ﬁ‘q 1nr;;—i) . (A-8)

Applying this to the quter and inner radii of the block yields

T, = Ty * ﬁq In(e,/r,) . (A-9)

If hi is the heat transfer coefficient across the intsarface at Iz’ then

- q -
2b Tla ¥ tLr.h. (A-10)
21

T

Consideration of the temperatures in the pipe gives,

Tya =T+ m% In(r,/r) . (A-113

When we combine equations A-%, A-10 and A-11 while eliminating ¢ in faver of

T1 using Eqn. A-5, we find

In{r /r,} In(r /i)
. 32 2’1 1 1
Ty = bl K TR M TR (A-12)

b a 21

r

3

Equation A-12 and A-7 then yield
L

R .= -
ar amn hblock pipe

whare we have defined

K

h =
black Tliﬂffj?rzl

and

k
a

h = PRI
pipe rlln[r2 rl}

The interested reader is referred to Section 2.2.2. for a description
of haow R,ip is determined in practice and how it is incorperated into the

computezr pregram for data analysis.
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APPENDIX B. COMPUTER PRQOGRAM HTAL
Input datz required is described by comment cards at the beginning

of the program listing. A sample of processed data is included at the

end of the program listing,
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AUM =TAU RLTRDEI0 50,100, «FAL

CROER GF DATa E£AROS
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GaTa FEMC/20s
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READES .3 L0} RADLSRADE,A203,.RADTR

=10 FORMATILFlAO.0)
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GO TO 244
220 SACTPAL{],JI=AADTP
GO TO 240
230 RAOTPACL,JI=RARI  _ _
260 CONTIMUE
ATA=RACTRAGT +J1 FRADL
I w MLINT = DELX
IND = 0
CaLn CENTINUE
DELXX = QELX
I a X + DELX
[F{. 5T EFINE WRITELL, 54997 TMO,HALT,d])
a99 FCAMATIIOW*N3 SOLUTION FAOUMD 1Z.GTAZFINY .+ 310K "1HD a',
LIS, 1AXLTHACE 2 JJ) 2 FLO, 54770
IF{XGT.0FIMY GO TQ 999
FF = FiX] N

- - ] - E LrE me rsamr w o uaEEsm A mommm——— R T i —

ISEGK = STGMIL.0FF)
i = ¥ + QELX

FF a E]iuy
J3IGN = SIGEMELl.0.FF) - -
LI

. _IFLIS1IG6H + JS1GME_ 90,68 ,90

£O50 COMTINUE
CELXX = CELZK/1O.0
[EIDELXX.LT.LELX/10080.0]1 Ga TO 10
€279 LOMTIMUE
EF = FIW)
—m ISIGN = SIGHILL O FF)

W om § o+ DELAX
IFiu. 5T, 264} GO TH L0
Fh & FIN)
J5IGN = STGMIL.O.FW?
TFUISTGH + JS)GNI TO. 80,78
CABL  LONTIMUE e e e —— e e e m————————
bW = W - DELNX
iW =y
FF = FIXd}
F¥ = Fiww)
aks = FF
CIFIARSIFF ) W GT ARREFWI ) ANS & FW e
I = ¥4
IFIABRSIFFYaGT . ABSIFME] I = wWiW
IFLABS1 2NS) LY. TOLER} GC TO 9%
H = h¥
L0 Ta &3
€O CONT [HYE . -
oC TG 10
L£09% {LCHTINUE
IRD = [HC * |
FA{XY AnD RB{%] APE EMTERED MERE

C
c
c . - . - —
G ATE [5 THE RATTD OF THE TEST PT, TQ INMER RaDIUs

C
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[FIXTP=08EGA) 323,373,324
03313 AR=RAILI
TIALf+JdI=RR . o mmm - . a am A . VRNV
GC TQ 311
031314 AA=RB{7]
T2a{1:J1aRA
2335 COMTINUE

c
C - . . — .. e et e e e —— =
C TAL 15 ENTERED MWERE
L=
C TALG = (RADEw=Z) FUALPHA wim®w3) WHERE ! [5 & I%R0 OF FUMCTION FIX} ABQVE
G
Tadblm (RACieeZ23500.9L2. )/ lALPAHALxZna2)
TapatTiJieTay__ - . e e = A m s s m m——
[
G WRITEl 6,402} . .
G WAITECO &) STHT o RFIM CELNEL AMBO, GANMA, OEL T ,QPMEGL &, ATP
C WRITEL &, £031
f MRITEia+E0LF MO L e ANS5 AR TAL
Ch2 _FCRMATI/FFY. . . PR J— —
CeQs  FORMATILX,9F12, %!
CBQI  FORMATI1X,*S0L x FIxY £ Taur, /1
Cadl  FORMAT [ X[ 2X e %F 124 ¥)
C

IFITHb.ECc.11 GO TO 299
Xow g o CELN, e
Ga TS LT
999 LCHT ImUE - - . -
WAITE L&, 400)
&0¢ FORMATI1HL}
KRITEt&, 6101 LABEL

&0 FORMWATOIUE 20044/ 7] .t . e~ - -
WRITEI&8.+4201

&30 FORPAT(I1X " THESMAL, CONCUCTIVITY (1BTU/HALFT.FI MELT CAPACITYT |
18TL/LB.F} DENSITY I1B/IN"RI|* /)
WALTEIE . AD) THOCONL  HTC4P )L ,DENST] . THCOR2 , WTCAPZ ,0ENST2

630 FORMAT (10%, "CYLIMOER L (TURE) TaF2La R e F2Tu%a S
1 ICEL " CYLEMDER 3 (HEATER] *,F21.2:F232.4:F3T.4, /1) _ —-— =

RRITZ{8, 50
L4l FOUMATIATA, "RADTAL DIMEHSTONS {TMCHES)',/1
WHETEI& 6501 RAald . Ral?,RA02,Ra0TP
&%0 FORMATI{IOW,"RADIYS 1 {[C OF TURES2D I FaLI S,
L 18¥."2a0lus 2 [MACHINED 00 OF THRE/Z) LAY T N
4 13X, A0S 3 [EL OF FEATEA CYLINRER/Z2) =", Fh.d, /. -
? LoX A0 TUS OF TEST POINT &TC LOCATIONY =F Fa, 3. /f00]
WRITE{&,£80)
G40 FORMAT(ICK,.*H (ETU/HR  FTeaZ, F)  TEST PCIME 220MUS ([N tay 152
gy TYLLLAA=TEST POINT AARIUIIT, /)
WHITZ VL, 8T0) IMHACEW LY  RAOTPAL{T 1 WwTANALL, 1 ¥ TIATE1Y,
1 N o HAUT 21 RAQTPRIL (20 TAURI [, 21, T2, 28,
2 FACL 30 RAETPAI T30 TAUALE 33, T2AIL,2),121,1ENDI
4TE FORMATISIFLIG.041F24.0 ) FalaFaFEY.5s7})
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TFO [N e elnl ]

[aNa Rl el

FCR MWICKEY HICXEY_ _

L J0¢J1.¥Qs YL BESSEL FCNS FCR X

AL = BSSLiNZ, 1)
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CO %0 Twl,IEHD
FREL | I)wmall, 2]}
TALRSL (I h=TRUATT.2)
COMT [NUE

CALL RELATNi{FREL,TAUREL, TEND)

- w . amm m omame- - - - - - — - ———r

CALL EXIT
END

FUNCTICN Fix)
CIMERSION ¥YO(LQOO] 2101000} . .-
COMMAN ASHAK [T/ ELANBG . CAMME JOELTA,OMEGA R.TP

T = X
AJ=BTELIEX L) ama
XL =

et —— -

LIS ]
CALL BESYI¢,0.0,1,¥Y.2 - )

G = IIl})

YL o= 2212) . - -

JO3J1s 70, T1*BESSEL FLNS FOR QWEGA ' 2 T T

TuivONEGA
t¥sT

L MmNy L e e e e - e r—rimm s v ——m s ——

EXaT
Clamg33LiXxx,3)

E%aT

Cail BESYIKA 0,0, LleYYeZIT)
CyelXlL]
OriaatX(2])

- — = ——— - e —— e - el [ -— - -- =

SO Al TOeTLMRESEEL FLNS FOR DELTA'EX

UwXsCELTA

LAny

CJ*BSSLIAX, L]

XX=i)

CJa#B55LINE .

X=|

CALL BESYINX Qulul r¥Y e ZEL)
Cr=lFil)

Crasliid)
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J0sdi+¥Carl*BESSEL FCHS FOR GaMMatx

Y & 1AM

" = ¥

BCI=ASSLIXK+ )L

iveyY

BlJ = BSALIXAL3) _ e e el e e
AAmY

CaLL RESYIEY Q.02 ¥, 212)

yCa=x1Irl

¥iB =« 22021

LML TICHS THAT FORM FI1X1

IOy 182D =81 J90¥

Z147¥ |E20Ja-3 [ Julra

WirslCACYA=R™2T2GY . ...
WEm ICHT faRiu el

FZzad 4 1=-yQuys

FLiSLARBO+Y |ALImY L -Y1aay3)

E=F]+F2

0ETLAMN

ENG o e
fra,ad

FURLTICH RAC®Y

AEAL KL K1 ,RZ R, K4

CIrsyEI0N Trola00r 220 1Cad

COMeCy SSMAKITS ELAFAD GAMMA ZDELT S, OMEGH, R XTF

JO, J e 0, YLYRESSEL FLME FOR X

nY = %
AjmBESLINX, L] - - -

rE o= K

AlJ & Z55L1XXe3)

KX o= ¥

Caly BESTYI XN 0.0 LY redl]

¥E o= IRILY .

¥la = IE{Z2) - - - —

JO,d1.¥0,YLTRESSEL FCM3 FOR OMEGa ™ X

TagadeEGA - e -
tXnT
Cl=BSSLITE. 1}
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13imT

CJABSSL 1YY 2]

1x=T

CaLL BESY{EX.0.0rLl+¥TZ21
Cys22lI11

GramJI|Z])

JOs S1e¥OL, Y LPBESSEL BLNS FOR DELTA*X

UaXeO®, Ta

FRwy

DJ=BESLIX¥Y 1)

Faml)

DJa=gSSL (2N, 20

Nix=l)

LALL BESYIX® ,D.0,1:¥¥.721}
Oy=ZZ01!

D¥YAaZXi2!}

SOl YO Y1'AESSEL FCNS EQR CAMMA'R

¥ * R*GarMa

IX=Y

BOJ=R55LIxZ )}

L

B1Jd = BIFL0AN, 51

Npay

Chel BESYIAX,0.0.1,evv 21}
Yageazri1|

¥l = 220}

IO LY TEBESSEL FCNF FAR TELT PT

TeaxTp ey

NimTP

CUT=BESSLIXX L)

XaTh

0JL=R5 5L {8, 3]

Ti=TR

CaLL BESYINK ;JaGelarfull)
CYyTmII(l])

Ov=rti21

JOpdl e ¥CWYL*RESSEL FCHS FOR TEST PT HOD

TPwiTRIY
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[aXaNaNaly] (2N Naly)

B

[plaFs¥a el
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TPE=IDELTARTPY /OMEGA
EN=T M
CJR=BSIL (L4 L)
AT W
QJ5=+B55L 1A 3]
IX=TPH

CALL BES¥ita Ja0x1+7Y,12}
O¥R=L211)

OysalZ i}

FLHGCTICHS THAT FDR# RA(X) -

ICQ=C wCYa=0Y40.)a
=¥ Qw0 t=g | JH0V¥ _
Zl=Y IB"0Ja-B LI*0YA
Visg lawfg-Re(iw]]
YragrislC—aa0y={]
2120 TeyY=0YTay
[RZ=0JB Y LA-OYR=RL]
THi= A ey y={any ] —— - e e ——

R —— e e r——— — —— —— ——

CONSTanT COEFFICIENTS

Ke=Co 1068 .. e . i . m—n n——_ i mn A ——— . — —

Klu[A.405A#0HEGAN FOELTA
KZe[l/2)={QECTASONEGA )
X1nfi=(DELTAFCMEGA]
Ka=2 , 457/9

a4 am e e A ua s m - - dem s A — s e

RaG[AL TERMS FOR PCWER SERIES

FEL=NT+ [ (CMEGAMY J A} b 2n] J0em X |+ 30 IOMEGIANAT] jhw}
PEZapea| el LLELAMADS R} onZ) |0 ({OMEGLE [ EOnZ w0 }m0T ]
REapil-pE2 - - -
PECaRF{ Rudg)

Rha{?5CaZR1] /ICO

AETURN

ENEC

FO=2 RA,AR

FLNCTICH RB1XYD | - e = — f— -
CIRENSIOM ¥Y(LODOY, 221 10000

COPPCH FEMAKITS ELAMBC, CavHa DELTA, OMEGA, R XTP

AEAL RELKEL RZ NI N4

JEyJLprL,T)"BESSEL FEnE FOK 2 _
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2R ExTalal

nOoaOofam

anon

L o JI=BASL I NEL LD
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i = x
AJABESLINN, LY
il m x5

ALY RSSLOAMLI | L L e

i+

CALL RESYIN®,D.0,.1,¥¥:27]
¥ = II(Ll}

¥Yla = I2{2]

T .31, v8, V1IBESSEL FCNS FOR OMEGA 1 X

TaAwMEGA
I¥=T

_— _——

T WY A ——

¥ximT
SA=ARSLINE 3
AxwT
CALL BAESY1Ax, 0.0, Le¥Y¥,221]
Cysgfi})

_ _G¥a=IFL3Y -—

JO e d1. Y0 ¥1*BESSEL FONS FOR QELTAYX

UzXaCELTA _

EXml)

DEELERTRE S ST N

b 1 1]

CA=ES5L{ XX, 2]

=

CALL BESYIXA 0 0olevyo22Y . ..
CYmIZL1)

TvaezyId}

JOpJEa YT Y1 BESSEL FOMS FOR GAMMETX

Y = MuiiFM2

EE=Y
BCIm@SSL{XX, L]
ix =

Bld = BSSLIXX,3})
IE=Yy

CaLL 2EITIXXEOO.1:¥Y L2
YOR=JZL1)

Tie = [ridt

JO.JL, ¥C.¥1*BESSEL FCNS FOR TEST PT
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TRmLTRaX
ExaTo
DIT=RSSLIXAN L) . . o i h i s e
1=ty

CIU=B35L 10X, 3!

1x=TH

CALL BESTIAN,d.0,L, 7Yl

CYTeiZ[1}
L¥u=2T12}

JOrJLe¥QuYL*PESSEL FCNS FOR TEST #T w00

TowiTPuX -

Thms (DELTARTE) /OMESGA

AT PN

CJA=BESL XL, 1T

RPN L

DJSeASEL N, T

AT pw - _
CALL BESY{XA .D,.0a1.¥" 102
Cra=iZi11}

Crsa F2iaN

FLHCTTICMS THAT FOAM REIEN . o C o o mn v e ==

ICD=CJ*CTa=0Y¥v).ja
ICaY|Be0 =31 )*0Y
Tl=r14*CAR-B1)"DYA

VIeQ AR IC-T 00 nF] - v oamm o r o= o=

PR EE RISl ik 4]
IAL=0 Fayy=0YTEY )
I92aG eyl B~-CYRAGL]

II0 CNLY AFPFSARS [N REGION 73 _ __ _ _

1208 ) oyy=YO+y }

CCMETANT COEFFICTEMTS

Hﬂ--ﬂ-llhﬁ

Xlmid. L0SINONECH) SOELTA
KE={ 1/ =1 0ELTASOMEGAI
KAmA= [CELTA/CHNEGA)
LETFIE Y |

—_ ——r e — - —— —————
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AaCiaL TERML FCA ROWER SERIES

T ASlamied {OMECANXI A KT R{Z0vR Tt AT | CUEGARY Y] kin)

FSZuK&® | 1L/ | {ELAMACHN {wm2) ) u{ (OMEGAR{ X*W2 0 0 1087

RE=P31-P32

FESC=R0s{XuPS]
AR=[RSCAZRZ|

RETURN
END

e - e ama —
4L e— am m. oA - -——
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R RELATN
SUBRCUTINE RELATHIH,TAU NI
THISZ PACGRAM FITS HEAT TRANSFER COEFFTCIEMT ¥5_. TAU DATA TO A CURVE
JUCH THAT LMIH) =& +B2LM{TAUI~CR (LN Taly pes2=0% | LI TaY] ) #=3,
INTEGER Ny #
REAL=8 STO,TAUCI00) HOLID Y o TTRANST1O0N (ATASNS I 1001 + HEALG [100)
REAL®™S A1&)+C110),2LO0HA{]10).BETAILOF.TLILOQL,T2I100).T2(100]
REAL®A OELYA{YQD! ,PRCENT 1GA) Wi 1041

o0 L3 TeL.N e e
TYRANS | [ 1=0L0GL TAUC 1))
FTRAMS | L }=CLEGE (L))
CORTIMLE
CALL DRTHLECTTRAMS g HTRAMNE s WM e Qe 0L ALPHALEETR, 3, T1, T2, T3, INOL}
CALL COZFESiO Lo ALPHA  BETA+ 3R+ TL T2 T [HO2]
§T0=q,C
He 37 M= 1,.N
HCOLE (MY wA L L +AT 2y aTTAANSIMI+A IS IOTTRANS{ M da2 44 {4} nTTRANSIM]}
L )
MOCALC[MI=QRXA {pCaALTwY )
oo DELTAIMImM{MI-HCALEIM . . .- o
RACENTINI=OFELYR(NYFHIN 9103 .0
ETD=STO+OELTAfM}»e2
CONTTMLE
STC=CACRTISTCA(N-411
wAITEDA, I0QY
wA|TECA 200 | .. e i e e e - oo ——
HRITE[6+iEUJﬁ|11+llerll]I-llﬁl
WA[TEL{&, S0015TO
mA | TECH, 4001
WR ETET & TG0 1M TAL I MY  HIMI s TTRAMS (MY  HTAANSIN ), HCALC LMY DELTAIMD,
1 PROEMT{M) MmN}
Fﬂ!rlTL‘l* FoFa FyRRYHEAT TRANSFER COEFFICIEMT_VS. Tau'?
FOpMatg' *, /. fjftiﬂr'CEEFF[EIENTS FCR LNHI'lll'PH-*LNITMJ]":“'LHif#UF
12D [LHITaUYIEY] ARE')
FORAFATC(® 'flﬂ!-'h'rFl.E'-&n'.le'B-'IFIE-hr-’rLH-'C=“-F12-&r
LAellda?0="  F12ubedafafefidl

FCRMAT| ‘=1 Sx, 95 QEVIATIOM OF ORSEAVED ¢ FROM THE CALCULATED m !
LS A FELG. " | BTUSTHR=ETua 2=LEGe F10, /g/f, 01 - -
EORMATE =4 ,FL, *POINTA 10T, TAUY 6%, PHEAT TRANS. COEF.  L4iTaul

L LMl _ CALCULATED H H DIFFERENCE PERCENT DIFFEEN
kLA

FORMATLY ' TLO  2F1b.esSFLE.0)

AETURM

END_. s — 1rnimrn

al FCR CRTPL:

SLBEUUTINE OATHLES (X%, Wy Mol d, CoALPHY, BETA, K, T1, T2, T3, 1201
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FrRI{5 SUBROUT {NE LOMPYTES THE COEFFICIENTS GF THE PO YwMDMLAL
ECUATION GF CEGAEE Kk ANT THE ai1PHR N0 BETA PRAAMETEAS.
trALICIY OCUBLE PAECISION 1a=H,0=2)
CIFENSICN XNy ¥(N) HINLCIK)] (ALPHAIK] (BETACK) TLIN] ,T2iM}, T3IN]
PACGRAN THITIALIZATTON.
Kilaf=J+1
IF {xJ1.LE.O1 GO TO L4
SuH=3.,0
IF 1t.2C.1F 0 TR 1]
CO 2 IT=1:N
Tt imxg ]}
t¥ [J.GT.O) GO T3 1
SLFasLUp+1.0
ca ra 2
SUFR UM+ X] Y eag e
milbel 0
G TC ¢
o0 & Im}l.N
TH{LI=7miLI
IF {J.GT.0! GO TD o
SLMaSuRsnl |
G To o9
ELMm Gl pewi TIRE ] hani2wi)
XC11=WiT w1l 11
Yi{llaw|[[revill
B=0.0
RO=5LM
G0 % T=LleN
IF 11,0703 50 TQ 8
TZ11=1.0
G0 TQ 9
TXEilI=T3 ]| Inng
Tlll]#ﬂ.ﬂ
BEGIN CONMBLUTAFION.
[[=1
S=0.0
DC 11 1=14K
fafevilawi 2l
COANFYTATICY OF A COEFFICIENT M THE POLYHOMIAL EQUATIOMN,
CILlI=5780
[F {11.GE.EJL1Y GO TO 5
COMPUTATION OF AN ALPHA FOA THE POLYNMOMI AL EQUATION.
SUNEPSRALEG
O 12 1=LsM
SUNSREwSUMTR S+ XC1YMT 2L TINTIC ]
ALPEAL ] }=53LUMXPS/AD
COFFLTATICN CF & NEW PCLYNOM|AL,
ph |3 [*),N
TE#P=T2(1)
TELDI=1TIL 1 1= PHALTLFIATA{ I 1=BuT it
LIt 1aTERP
COMFUTATION OF A BETA FEA THE POLYNOM[AL ESUATION.
“?utu
0d L& [=1.N
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Li Rwgedi | I=T 21 [12T201)
BETar 1| )=a700
RCud
AegEta(lty _ . - _ — - m — -
IM=1[+1
coTC 10
i SLCCESSFUL RETURM,
15 IMQL=+]
RETUEN
C EAarR{JkR RETURM. 5ET ALL € COEFFICTEMIS, 4LPwd 4MD AETS TO 72RO,
le C8 17 11=1,K
Cillimd.g
MLPHE {IT)=d.0
17 BETAIIT11=0,.7
CiKsl1=20.0
IMGLw=]
AETURMN
EnD
&l FCR CDSFS
SUBRCUTIRE CCEFS (J.C.3LPHL BETA KE, 4, 11T . T, 1402}
[ THL % SUSAOUTIME COMPUTES THE 4 COEFFILIENTS FOR 4 POLYMOMIALL
C CF OELRE= ®L WHERE kL 15 LESS THAM OB ZQULL 70 K.
TROoL JCIT CCUPLE PAECTSICM [A~Hu=T]
CIMERSICMN CIKC)} yALPHIIKC) (BRETAMMC) , AN TLIRE T2 CIATIAC]

- - a - L e - mam

[ FRGGAANM INITIALFZIATION.
KCALexC=1%1
1RIKCILaLE. 0 GO TO ¢
Ba.C e oo _ L

GO 1 Mmal.xCJl
ATRNI=CIhNI
Tlikhiad,. 0
THIHNI=0.0
1 TAIlANIEG 0
_IF ARCLLEL GO TO B o ol e — -
1182
c BEGIN COMPLUTATION.
2 Talftl=r.a
D3 3 Mpmp, ||
TIINHIST 2NN =TZ IhNY ML OHL (| [=L b =AuT] | H4)
L _ COMPUTATION CF_aM A COEFFICTENT. _
3 ALAN-LIFAIAN=L1 ¢ 1 1T I{NN)
IF (T1.58. 4001 GO 70 5
c RESETTING THE VZLTORS FECA THE NEXT LOEFFICISY4T.
L0 & NRx141]
TLINKI=TR2IAN}
o o8 T2UINNI®TACNNY . . .
AnAETALNL=11
[1=11+1
G TG 2
5 IF 1J.LE-D) GD TO 3
C AALINGE CCEFFICIENTS PAROPERLY IF J [5 HON IERO.
—eCO & NN L RCJL . L o e e - =
ALIKCJ1=NN+1
KZuN]+y
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AIKZI=AINLD
B 7 Hiwl..l
A1KN =04

L SLCCESSFUL RETURN,

s
1c

I502me2
RETURH

EAACR AETYRN. SET JaLL THE a COEFFICIEMTS EQUaL TD ZERD.

0 10 MNaL K€
A{RMI=AD,Q
ATKC#)}x0. 0
ILLFEF
RETLURN

CHD

al FCR B3I3L

.

__ A Fl»2,

FUkL TION BSSLIX, M)

CIMENSION TlilrIElzlrﬁESSLtll

ECULVALENCE (FNZP,FHNPTI

Diatd TwlrZe, TWIR2Y/014T400000000,08434040090007
CaTa TWOP1,PIIFAS,PIHALF,.FIFRTM/ 4, 2831853 ,2.354]1943,.1.570796 1.

10.TeS394 18/
Faggsi xRl

L IHiZWaET. 4168 T 12

]
3

—

TS IFIIMIE0LT) JOR.(MLECL4 1) BSSLaBSSLAZ

L

T

ilGne].

]i‘ lF.EE-lI;ﬂR.IH-Eﬂ-aII Stﬂm-l-

FEI L

P L LK

G TG {1,8+T+F1H
ERR=TWOMID _  __
Fial,

Fl=l.

C=1.

B35L=0

A5=855L

GO0 & I=le16Q
CaDmiFeS IGN/EFLAFZE)
B5IL=B53L+0

[FI{aBSICl.LT.EAR) . OR.[ABSIBESL-B5 P, LT L.E=~F5]) GO TC 5§

25m033L
FlzF1l+].
_EmFasl .

RETLAN
ERA=TWN TE
GC o 2

ERR=TWLY 0

G0 TQ 3
ERAXTHGHF IS

CeG T 3

1%

1l

KRLL}= L ¥%/%
Ilal
_ 1i=2__

GO TC (1ig17+L8.207.#
XE{2 == RAI1}

. rmEr et mmm wpe= e
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TESTatulwin
12 TUlisa,SeXd| 11nIA2)
Tl2 a=38{ L)
G==1.3337131213
FMRL a0
F2Pef,
Frane=8.0
L3 BESSLilI=t.Q
BESSLIZT+A.D
1« OC L5 1wi, i
BESSLI[ZI=BESSLLIZI*TI]Z)
TUIZ 1= pBl1LY+TILL)
JF1aSITATL) Y u TR ARSI TINZN) GO TQ L
I1s12
[2a3-13
IFCARSITEOT I ILLTL.TZST) GO TG 14
FROLaFNPLel. &
FERFRuFENP*2 . O
Fi"‘zﬂ af H2N=2, ]
LS CuFZYPAFmEIN/FNP]
16 BESSLILY rwAESSLLILY+»0. 5aT] 1]
GO TL (22a2%e2%9200,M - ..
17 ¥R(2i=2plL}
TESTuTwlimda
IFIX.LT.8%,) &0 TO 12
AETLRN
L x8(2)m=x2{1}
e o TEST=YwOmag _. _ —_—— .- F o m— = em
19 Tillma7, Suxg{])exai2]
Tizy=3.a%x51 11
C==T.0
FRAL=Y,0
FikPw3,q
. o FMIMa=T_A___ ——- e mr mm e mr m = mmmm i e
ga TC 13
20 xaii axg1l)
TEST=TWIM25
[F{X,LT.28.} GO TO 1%
RETUAN
_dR_AwPax-PIFATH _ _ __ _ ___ ___ L ___ __ . - L
23 B%5L wl L O/SORTIAIHALFEXR} ) w{AESSL [LIWCES I ENP L =RESSL (Z2Imi TN NP Y]
RETUAN
24 ASLL wiERPIR)SSORTITWLCRIHE] 1= IRESSLI L I=AESSLIZ]]
RETLANM
2% IMPac=pPIIFRS
el TE 23 —_ et e e o ——— e = &
END
il FCR BESY
SUBHOUTINE BEST (XoFNU MBI 07])
CIFEMRSICH BJILT,.AFYLL

Lo - -
C__ _ IRRZGULAR AESSEL FUMCTICHMS OF REAL ARGUNENMT. - - o e

t - — L —— . —— — L — ——————

L ARGUMFEKT DEFINTTION
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c ] [5 TPE ARGUNENMT OF THE BESSEL FUNCTION,.
c FRU [5 THE FAACTICNAL PLAT OF The+ ORDER,
c H [5 THE [NTEGRAL PARAT OF THE HICHEST OROERX TO BE
C CONMPUTED.
L B % THE AARAYT QF AEGULAR BESIEL FUNCTIONS
c -
CATARLFALL&1 59245/
L]
BYil)an

_BriE=FNgr?, o _ .
CALL BESJEBAY{11.2¥[2].M.B4}
Chwd /X
CANU=( iEFNL
HPlzwE+1
KNPl
hMe | JB5IHD
H1=NH~=]
Plep |=Fult
{FIX GT410.) GO TQ 148
CalL GaWMATL . +FNU, GG, §50,. 850}
Con (CxeafFpyaGGlmm2/P]
[F{ ABS(FNU).LT.l.E-3%1G0 TOQ 2
GA=CES{PLISSINIPL] -GG
Ti=1.=FNU
AY L 1=FHU+*2, i FHNU+2 , 1#G5/T1
TT=l.
T2owl1=1a
TamFHY=T1
Cd 1 t=2,4P1
1Tx1T+1.
1 BYI =Y 1=l I wqFNU+ TT+TTI®IT A+ TT I [ T1=TTI/ITTHITT~FHUm | T2+TT+TT)
ad T3 &
2 GO=_ 4344198 (_STTY] S4AS5=aALOG{CXY}
e DO 3 | m2RR] - —_— e e —— - e
Brillma O/R(
3 prti=eyil-1%11.7l=1.13
4 YHUGO=BJIL)

CO S I=],»
5 rHUsYHU«ETI(] }"BJi27j+«])

e IFlaBSAS ML) L GT 0, 00Q00%) &0 TD T _ —_—
¥HUF L= —GGaCaNy SR LI H{GO-,34%BY (]| JeRJ{ 2]
TTxl.SeC ANy
ML =1
EG- & I=l,."F1

& YHUP LavNLPleTToAri I Jog iZel e i+ S {BYET) =AY [+]} | 0B {¢m[x]])

o BYZEYNLPI+TToAY IM)+BIIX) —_—— i —

o Ta 8

T Bri2ialTHUsS {2 I=CE/PTNARJIL]

B BYLLI=YHU

18 IF | N LT, 07 GO TO 10
[FInM.LE.1V2ETURN

_ TTafng
pa g f=1,N]
TTaTT+1.
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I EYI]+2)=CRATTERY] |+ 1=-RY( ]I

50 RETURHM

L2 IF{ARSIFAU=-.31.GT 1 ,E-3%) GO TOQ L5
AYl 21283411
IF{RE=-1150. L4411

Ll Bridi==BS{ 2}
Bli21=CX Hy®EJIL)=-8212}
B3 ={CaMU=CR =80 2]=8J¢ 1)
JR{SH.LELZ2)AEYLAN

13 pAG=], - -
TTrafFnii=1.
00 13 [=2¢M1
BY([+2 ) madel I T+L}
tT=t7=-1.
BIIT+2 1mCXNTTRAY L I+2 =AY [+]] ImARG

13 ARCw-20G
AETURN

14 BJL2iwX NUSS JILl]=gjC2]
AETYRH

1% A¥{Z2iwlY HNUBBY{lr=8Y¥121
A2 =0Cx KU+ JIrlr=-gJ121
IFINN,LE . 1 AETURN
TTwFH
CEC [&6 IxLeNl
TTelT=l.
Bl vz yuTToaC =8Ol [+LI=BJIT]

Ls B T+2)wTTHIXOBYLIRL =AY}

. ~ PRETUAN S . .- -
En
al FCR BESJ

SUBALUTINE BESJIX.FHNULN.FI

'|:-‘ - - - g A e
& GEGULAA BESSEL FUMLC TIGHS OF ARERL MREGLUMENT,
[ i g 7 - o el el ke il
ARGUFENT QEFINLTLON
I [% THE ARGCUMENT OF THE BESSEL PLNETIOM.
Fay IS THE FRACTIOMeL PaAT OF TH+ CROER,
h 15 THE [NTEGRAL PART OF TME MIGHEST JROE1 7O dE
CorPLTED.
F___.[5 TrE DLTPLT ARRAY OF BESSE:L EUNITIONS.
REFEAEMCES
M, CGLESTEIN AND R.M., THALER, RECUIRENLE TSCHMIDIUES FOA T-E
CALCULATION GF BESSEL FUMNCT[OME, P10, 19%9.
v, GOLDSTEIN AMD ®. M. THILEZ, BESSEL FLNCTIOMS FCR OLARGE
- BRGUMENT S MTRC, 1938, . ;
GuHa WATSOY, & TRLATISE ON THE THECRY OF 329SEL FLNSTICUS .
CAMBRALOGE UNIVERSITY PRESS,: [958

i kalaintzialntsinlatntainkal

CLMENSIfN FL1I,CI%)
CATA PIZFL.570T9L32/
_AHa | ABSENI
Cal, /%
TFIFNU,.CT.L.%ICD TO 1



o9

Ire]
G To 2
FHUmFRU=2
[¥u2
2 CXNUaLEufN
TFI%,.0T.50.1C0 T 12
Kiax g,
FeNdAOIKK  hHELD )
IFrx.Lt.l.IGE TO 3
KKa3q, wxawr, 332332333
GO To &
KXa] T 6930 /0 6REETI-ALEG XYY
LA LA L
(£ EY TN
FiNel}=t, E=37
Flr+21=3,
EKuK ]
fTeFAU+KE
00 5 Iml.X
JEHK =]
TTalT=1.
5 FIJImCXaTToE L Jeli=-FilJ42]
IFi%aGT. 10762 TO 12
PHI=FMUTZ,
ALELaF] LY+F131wPH]
T1sFhu=1.
TZ»T1-1.
TYala
00 & I=2,H
1T=TT+L,
FHImPR ] * {FHU+TT+TTIMITLeTTIAITTRITZ4TT+ITY
ALFAZPHIAFI2uE+] }+ALFA
CALL GArmAll.+FHU,TT 350,459
ALFA=CRa2FNUERLFiAnTT
[1»1
00 8 1=K
2 FLilI=FIilTIfALFA
IFiH.GE. 3120 TO L1
F IF L{¥Y.EC. 2t GO TOD &9
FIZimCyuy=FlL)=Fi2}
FE MM, LE . L FAETURN
TTuREA}
G0 19 I1=2.hH
TTaTT=1.
12 FiT+l1aCeaTTaFR|f1=-Fi]=l])
11 TFIIT.EC. L IRETUAN
45 hap
=yl
Ehlmy2
40 RETURN
CovvanASTMPTOTIC EXPANSION, .. .uu
12 £E=y
FusFNy
Ixdw], FX

-

F T

>

-
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14

1%

id

17

1e
19

id
&d

il FCR

Con=n=s

c
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Ii=22 9T XY
TT=l./5dRTIPI2*X)
AmFyania 25
CiSl=,.25
Ciakm, |5EZ5RA=, ITH
Cealad 1T LETSa =L 15475 04]  AT7S
CiZ21md [ P52 apfadTima=7 IRETIATSI*a+ 16 220569 1 6a~19 LETS
CIlr=i il aOBRIIFEL T I ks, ICISASR T a4+ SR B BLAOGITSIma= 2T . ATE 0l
3%49.379
=Ll -
CO 1% [=2se5
PepmEXsCEIN)
BTa{phiwNaie], |*TT
CISyn. %
Cisy=, 0018842600 0—, 0
Craral  JL29%d=, 35 0mi+. TS
Cigt={t . COGSER0INTPLA+A~- B 2L 07142 A aa+3, 2025 TESIwa-5,825
CilIa 14002038 190ama= 4841 L] *a+ L0, 2944 T832 )1 2428, 1 %8+ T5, TS
L2 o ]
GG 1S 128453
PepErX+L 0]
FrRISd+ X agmpaa—{Fils, 5)md |2
TFIKK.EQ.21GE TO 16
Fl=@T=COSEPH[)
¥1=BTESINIPHIL}
Fy=fnij+t,
KXmg
O TO Y o s e e e P .
FRaBTHCCIEPHL}
A=ATASIN(OHT)
IFIX,0T.50.,340 TQ 17
IF1ags (FLV.LT.ARSIFZYIGO TO 20
BLFasF{]l}/FL
oo 1C_ 22 _ ¢
Filr=F1l
F{Z)=F3
IFIHIA, 11,18
[FiM.LEL.LIGO 7O L1
TT=FNU
CC. L9 0=24yHNN . nr e - - e — - -
TTaTTs+l.
FiI=1)=Cu*TToF[[}~-F({[~-1}
GC TC LI
ALFAcF{21/F2
FI1i#F]
Fidr=Fe o e e e et e = = - = m -
f1=1
o TC 7 -
END
GAMFA
SUBRDUT IHE GAMMACK (FANMAY 4. 5]

CALCULATION OF THE GANMA FUMCTION OF x.

C

— - - o L .
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DIHENSICN 48]

CaTd  falllelal, @) /=57 T7191652, .90B2C05B9],. -, A9T0%4537,
1-F1B20LART  ~ . TSaTOL 0T, 4B I190 394, = 192327418, 43586 EL S
03TA Cwraeis294anygs - _ _
[Fia@sin}.LT,33.) G0 T 1

THE MAGHITUGE OF x IS GREJTER THaw 33,
THE BRIGREEAN LOGARITHM OF THE GANMA FUNMCTICH QF X 15 CALCULATELD,

nEaRnlal

CGAFMAX= I A= By OCyea QG IABE 1A ] J=Clumd s 30903305 +0WRaL0G [ Latl /1 L2amr"
L* e/ IZER P X) =139,/ (51840, sXWEsl]}
RETURM 3

[WITIALIZATICN OF FACTOR (FICTDREAL %3 ANC XEACT (X-1l.

I FRCTCA=y, . _ ) i
IFICT=X=1,
IF{XEACT.LT.0.} GO FO 3

S

L POSITIVE X

2 IF{ZFACT.LT. L) GO 7O % _ - - o
FACTCRA=FALTOR®FACT
AFACTwRFaCT-1.
g To 2
C — . . B . e
C NECAT[WE %

Commmmmmmmmm i e

1 EFACT=EFACT+Y,
FaltchaFacTodwxFacT
IFIXFACTI 3.7.4

4 FICTCR=1.JFACTOR

c__-__ - -
L __CALCULATICM CE_THE GawMl FUNCTICN OF X _ o v e o R
C TFLS 15 EQuas TO THE GaMMS FUMCT[OM OF XFaCTrl.
c-_-l.-_ -
S GANMANag,
CC & T=8,1,-1
& GAMMBYEa{GAMMAK+A{ [} IuxFalT
o _GArMEYE |1, tCAMMAXL IFACTCR . -
RETLURH

L EFR{R RETURM FOR X KEGATIVE IMTEGER.
' ——
T RETLAM &

€0 ___ — e — = e rm— i ———

Ih RCT KTRED




Hond b AU R el ReMoaT tluy F7H ke g ll1éT  pagE A#
e orEr T ol A= Pyps - - =T rEsTmTTTTT T T -
- e e cmem e e JIEHARE, Cua DIVLTY TR FTLEY __Hral eaPatley Mol B0 URTISITY JLoSLiee L
— - R P BRI DL o Mt s 2300 « ih
wrg bt A Gy nTenT a0y Ly e
. e e MRLIAL g LMEGS 10, [ iA ST — —
Kapdii, ¥ 11U ¢ MILEf2) L P _ o - o
Tt teaprlug & tedoinpel Qu uF T Fud TS L fay - _ T -
g b, 3 (ukh il dpafeH CTLiw ERA#) & 1:%00
Murit WF TE=T pwiul TIE Lvt TiUm] = T+0ek
o poboshne rTese By aEsT Peng] Bagils T 077 dan Vaduy T T TR0 2y IRSTLET nD Il ADIgRT - -
1d. T 195 3uR nonzla
1.y, . 1 R PR TV e e g e
1. L sl 1¥5+dp% LI
i N L] B 11 a: Fuil T - P_,:ﬂllij YT MmO T T o e TomEmmEm e
— FR1EA ‘l_.ll"“I _l.]_ _'n:?!l N, 2"y
Tt - T aau, T ) 1 =2l - Ijr'L-Tul . Al
(LN B R - vaa%a T T 77 e, M T - T T TEr T e T
FATLU . L LL R ] I 1 S _ _ e R
1l B LaulM) e EI-FI ]
=i TR [=ha [MIELYE 1 .r_.':“u -
LR D Al MY LY _ _ 1 . myfhy -
[RIL U - 1 BLA T i AT T 1T e
o olm g " et LS R AT ] o ".:,f':r TETmrEETT T s T -7
N LR YTy 1, unfe
- - LS S I I e 1 I TFY TR R
1 ]I.. .1::‘.- -ni'll‘.Ile ’ ! . ‘L'“q - R = === = - - T
PR LRI 'O AN 1, vt -
ok, 1+t B N T A T TTTTTTTT T T o= e
B ) T it YR I T Tk
. T I T 1.0hL
R - - L=tk B 'ETR T 1. & = -0 T - Tty T —
1. Chl e 3 e Fuy T - - - — - mmar =
' AEETL Foe b TR
TteTYT T T, Tt [RITLIN T T Tt vl T T T T T e T T T T Ty T T T T
1t PRl a0l LY - - R — “_!
ol T bt ML i
Valk. L D oela} LAy h T -
P .o cee Cehe T TR mromm emmem e

ing


http://-_l.il

o dipd pF PIVAU FUH EHUA Helgwel_dbuy FH1__ _ople g h1gdT pmE a3
e e = _Anyi. . L L - Lt 5 ) W3
Lt s 1= wln 3P A3 Lyl
Liuu. -bap 2rnally? Lagdf
. L, . I 1 L I I A bl ) R ¥ At _
bl jabll 21y T . ol
Laola - - - = wude T T FETY e
Lau. L &7y I
[-T'H 1+ afly FEEL » T Ea
Y KT PO ET T P vy
R T _ IR 1V L L2 ] LT
IRTATH B 1L Py s LA,
Lywd. e &n Rl LELTE
Lutalla - - - .. vty e au._-ﬁ-m__l_ o _,s,."{: _ e
Laul. LI £ ohon AT
B . b T T T T e T e L
1=l Lrull dunli g i LED
taolis TR FEXLPE; U
- = R A P vad FETE ™ T
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IRET bz, dird 4 nilu
Lol _ peubb 21 dpa ]
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APPENDIX C. COMPUTER PROGRAM LABTTF
Input data required is described by comment cards at the beginning
of the program listing. A sample of processed data is included at the

end of the program listing.
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Uy LIATTF.PLTAOM20. 3. 7,0%%. 4+ PR

MWL DN
HOG RUN OF LABTTF FOR £904 REPURT MOV TTI
FOR LARTTF

CREER OF DATA L4RD5 FIR EaCH SET OF DATA

LAREL [DENTIFICATION OF HEAT EXCHAMGER TLAE [(20A%)

MPRELN  MHUMBER QF TACEROCOUPLE FOIMTS T4KTSH QEFJRE HEAT {5 CuT  ([3}

ICHANI T, [SATRI [  CHANMEL MHUMPRER AND THERMOCOUPLE, THERMISTOR, Ok FLOW
METEZR DaTa  (ELsLX s 1B TILY s 1laln (4]
END OF DATA SZT 15 RECLROED A5 aH [GMAN YALUE OF 9 4NQ
ay [CATA YALUE OF 998949,

CIMENSIOM LANELY 201

CINENSION [CPANE 29000 ICATa| 2000 , TTCI2C001,vTCI 29021 ¥TCSHFI L300
CIMENSION TTHE2G0M . ¥THI(2200 V. TTHSHF [ LJ00 ) Y THEHF | 1260

DIMEHSLION TEP{ 200 ), vEN(Z300) , TFMIHF 11709 ) (¥FREHF [ 1200}

CIMENSTON ¥11G30F,YLICACY SEAMAYI LAY0) LHESCRILOAGT . WTIL300G]E,

O PIFFILO0G01 vFITILOGG!Y

DIFEMSLON TWATERILQQQI1,FLOYELL100D)

SETLAMATION OF [MPUTS MADE THROUGN DATA STATEMENTS

TI#[¥L TIME [KTERVAL BETWEEN SLCCTHSFINE PIELES OF OAaTa, FOR EXAMPLE, (P
THEZHOPTLE DATA ARE TAKEMN AT Tai SEC. THERMISTOR DATR AT T=Z SEC.
ayD FLGW METER Data AT Tad SEC, THEW TIMIvLa2,) SEC.

YIERD HUNMEER OF THERMOPILE 0D4TA POINTS AT THE END JF THE DELCAY WHILHM WMILL BE
USED 1H CaLcuLaTING THE 2ES0 POINT FOR TWE THEAMOPLILE a5 WELL a3 1M
CETIMATING & CONSTANT IN THE MEIGHTING OF THE OECAY [DATR BROR THE FIT
CF Tau.

THI[HIN TIHE (MESSURED AFTER HEAT HAS HBEEM GUT) wHIGH MAAKS THE ZEGINNING
OF THE dMALYSIS WINCOW FOR FITTING Thu,

WIMCGW HMUMBER OF TIME COMSTANHTS AFTER THTNIN CURING wWHICH THE THEANDFILE
GECAy L% TO A% ANALYFSD TO EXTRACT A Tiu.

HPCAAQ NLUMAER OF OaTa #QInTE wER CARD.

TETHNT IMTERCERT [N CENTIGRAOE DEGREES GF THE THERMISTCOR CALIBRATLICH CURYE
{TWRATERI 1NaTHINT+THELP#THI] )]

THELP SLGPE QF THERNISTOR CALIBRATIGN CURYE ABROVE.

AVOLFM CALIBRATION CONSTANT OF RAMAFD FLCW METEQ FOA USE [N CALTBHATION
EQUATIGN FELOWIGAL/®[N1=AVOLFH=SgRT I I YEN=ayFAZ0 ) FYERCIT]

WEXCIT SECEITATICN wouTacE I wvOLTS OF AANAPC FLOW METER STRAIM GAUGE BATOGE,

TUREICG 10 OF HEAT SxCHANGER TLAE (IND.

YEMEIAC FLOW METER VOLTAGE AEADING WITH NC FLOW (W),

HIATA  [NTEACERT OM QGROTNATE iX |5 [M 170 YERSUS L/ve=d.f mMLQT,

ACCH, ACEN, CCLX, DECKN CCEFFICIENTS IN THE RELATION MHICH CCONVERTS Tau TO
F ACCNRO MG T & TWl-LYL IMDER MODEL WITH w0 &R, WALL, OR [KTERFALE
CORRECTICNS. SITH Tay (M SCLGNDS ANMD H [N BTUSHR FTH%2 F, THE
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ELATION 15
LN iE el CN+BCENE LN TR p LD LN TA N YA Z+0C 8 (LN TAL) jam3,
24CI  LF2 ID GF TURE ([H1.
Ragi 177 OO OF TUBE (([HWt.
Aaky Lf2 OO GF HEATSS CyLIMNOERS [[N),
LKTUBE THERMAL CONOUSTIVITY OF TURE (BTU/HR FT Fl.
AKCYL  THEANIL COMCUCTIVITY OF MEATER CYLINDERS {BTUsHA FT £y,
ALNGTH  LINGTH QF HEATERA CYL INDER 35T tIHI,
TTRWLL wiLL THICKMESES QF THIN=WLLED SECTION OF THE TURE (IN@.

Cavh TIMIVLSA 2.0/ dHEERQI IOFTHININ2O. 0/ W INDOWA Y37 . HPCARDSAF

CATY THINT/2E. 3007, THELP /0. 2715/

EaTa AWOLEMS 35 )&y YEXC T/ 5,00/ TUBEIDS {055/  WFMIRD /000 F

CATA HIWTR/D, 000333/, ACCNA 1L, 00407  BCLA/ =156, 2 T80/ CC0NS 2, 0828/,

1 COCH /=0 2062 F e dRTUBE f 12T A 4 RL YL/ 20l RAD L/ D4 52T ALOS A G 9SS
2.7A0F 1,500/ JHATRL 577 ALNGTH/ 12,00/ TTHWLL O L 22/

[82Tan
I CCNT TuyE
ISETTISET+L
READL S, 5%, ENQ=S99) LIBEL
505 FORMATLZDA%)
AEADIS.525] MPRELM
925 FORMATIID

SEAL 4N COUNT QATA POINTS FOR TMIS SET (AS3UMES NPCART CATA POIATS/CAALC!

1G285as0

100 COMTIHUE
[Caaps AR+ L
TREG [f=f JCARC=L )*yFCARQ+]

[EMO=[BEGT MNP ARD=|
READ{3.530) LICHAMI I 2 LCLTALT) i 1mIBEGIN+IEMND)

S30 EORMATII 12,16, FLLL, T2, 061D, e e e e eme
CO 105 2afMECIM.FENHC
LFfICHANCE) . 0, 9. AND.L ITOATAT YL 22, 999991 40 T 113
MROTKT=1

10% CCYNTINUE
0 fo LaaQ

116G CCMT[NUE C—- -
WRITEL &, £Q0) 15T

500 FORYAT{1MLoL9T o *OATSE SET*(I34/ 420K, ""23% smm 58", /)

WRITZ1 4,405 LAREL
605 FORAATLZON.20AS)
WRITE|A 6251 TINMTWL
E45 FOAYAT 29X, 'TI»E BETWEEN SUCCESSIVE YOLTAGE READIMGE a*3F T, 2
L* SECONDS*)
PRITEIA, 630 NPAELMA

430 FORMATIZSXN, 'WIMBER QF YWITC) PO{NTS TAKEM JEFOAE HELT T35 CuT +1,.[3
HWATTE . A3 NPOTNT

631% FORMATI/AF T, " TOTAL NUMBER DF POLNTE |6 FHIS QATA SET a*y 14
MRITE &, 840]

Aaf) FCAFOTIA ol et 3ut ICHAN TRATA /0
WALTELE, AT (TCHANCT1IDATA{ I [al hPCINTI
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L5 FCRMATIFI 1A, 161D

L RESIY AINALYSES MITH THE FLRST OLOCURPENMDE CF CHANMEL ). [BLAMKS CANM APPEAR
L CM LEFT QF FIRST Dals CuAl),.

C
[+0
112 [=T+1
IFPICHANL ] JLHE .G} G0 TQ 112
[REG IN=T
o

€ FELL THE I®%=aLr wTC, ¥TH, &MC YFY LRAAYS BEGINNIMG WITH THE FEAD T IME PCLINT
€ ASKIR IWITIALL STEADY STATE POINTS), THE FOLLOWIMNG COOE ASSUMES FHE CatTa
{ POINTS ARE HOW [ PADPER SEQUEMCE (0.1.2)

JOEGTME [BEG N+ A% I WFRELN=1 ]
[T
[THaQ
|FP=r
29 119 J=gBEGINNPOINT
[CIACTalTCHANLtY+]
GE TO (L1116, 1T, ID1ACT
115 ITC=ITCe]
WTECITE Y2+ [OATR] 5)
TTCUITEI " I J=JREGIMI*TLM[YL
eQ TO 118
11% LTH=ITH+]
YTHFITHI e [JATAI D)
FTHILYHY =4 J=JOEGINI= T 1M VL - . [P
GC TO 112
LLT [Fl=[Fi+]
yFFI{FRI=+{0ATAL )]
TERIIFS ) sl J=JBEG[NIWTT VL
119 COMTINUE
ITCehC=1TC __ . _ _ - - . _— . - — -
ITHEAQ=ITH
IF™END=]I FM

ARINTOUT CF CATA WHICH HaS QAEEM SHIFTED TQ PMEGIN 4T THE T[PT WHEY THE MELT
s <urt

49 1 O

WRITEC( 4. 51001 MARELM,TIMIVL
610 FORMAT [/ /,#X,*#RINTQUT CF SHIFTEDR DATa WITH WPRELM ='y[),
1V Amd TIWIVL »¥,F5.1," SECCNDS.')
WE | TZCa, 6122 [TCEMD
412 FORMET [/ X *CHAMMEL O = THEAMOPILE 1", 14, POINTSI
LTS FTTE B0, "YTC! 1K) .
WRITE I bublad ITTCIL).¥TCITY-I=L[TCENDI
&Ll& FORMATL{T[FI,.0,FH,0))
WEITE(a,418) [THEND
ble FORMATI /7 &M, FCHANNEL 1 = THEAM[STOR | *,la," POINTE IS, /.,
L TISSe " TTH oS s "¥TH LNV i)
WAITEC, &1%) TTTHITT,NTH1 {1, I=}, ITHEND}
W2 TECA4LOF TFMEND
ELE FORMATLF /4K "CHANMEL 2 = FLOW METER ', Id,* POINTSI" /s



L
[
C

[p el

o

209

T TrER."TEM? (Sx FyEMF Qx| /F)
WRLTE(&ugLal ITFR |} yEMIL), 1=t IRMENT

CETEAAINE THEXWCCOUPLE 2ZEAC-POINT 2M0 ITS AMS BEVIATION TO BE WSED

In WEIGPTInG FACTOR

I1E308=1 FCEND=NZERD*]

I1ZERCE= | TCEND
SLMIRO=0.P

oe 127 1=CFEROB ., | FERAT

SUMIROaSUMERD +¥ TR |
120 COKT IWUE

YT IAG=SMENd /s NIEAT

SLAYAR=] .G

]

ce 129 1=1fERQB, 11ERTE

SUMYARRSUMYAR*{NTLI [I=wTLIRG 1 w=?

125 CONTIMUE

VARIRQ=SLwYARFINZTRO-11

STOIRO=SCRTI YARTAD]
ADULSTING RaW DATA EQR

CO 127 iwl, [TCEND

IERO POTINT

WTE Dy=wTLr 1=y Tarad

127 COMTLHUE

WRATITEI &, 4531 MISAD, ¥TCZR0

650 FORMITOS /20N, * 2520

FOLNT FOR THIS MEASUREMENT ODETEXMINED FAOM THE

L LASTY 16, THERAMOPILE CaATi POINTL =/ . FF. .21

nRITEl&ra®S] STOIRO
£5% FORMATIZOX,.*RMS DEV

FITTING THE DATA OVER SPECIFTED TIME

CC 2EQ 1F1Tal.2

P VARIAD

TATICH PRCHM ZE40 POTKT ' FE.Z,/7 . 20X,
1 "vaREAaMGE (USED In WELGHT ING OF DaTa FO% FITI =, Fg.2)

GO TG §L232,1270,1FIT

122 THiNx=1.0
Train=) .0
GO TD 124

123 THIN=THIAIN

THAYATHEN®N IRDOWSTAL

IFITHAX LT TMINY GO
THXSAYaTRAY
THaa=TMIN
T¥[NaTWRSLY

128 CCNTIHUE
MAXT IMweTTC ITTCEND Y

TQ 123

{EITPINLGE MAZT MY THMINw=1.0

LFLITMINGGT.0.0F GO
TH[md,]
LEEG 1h=1
GO TC L&
130 CCONTNUS

@ 132

THNCCHS !
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210

co 13% Lal.ITCEND
IF{TrIN.GTYLITRLT1Y GO TO 135
LBEG IN=1
G0 TC Llag

135 COAT INUE

140 COANTINUE
[FITMAR,GE.MAXNT[M) THam=1,0
IFITHAR . GT. 0.0 GO TD L&5
TESA=MAKT [ ¥
LEND=[TCEND
NETE (T2l EnO=-LBEGIN+1
[of O e T

148 CCNTINUE
CO 147 I=¢BBGIN, I TCEND
IRLITTC el 1. LT THAX] GO TO 147
LENDa{~-] '
NETEITLENC=LBEGIMN+1
£a TO r%49

147 CONT INYUE

150 COMTENUE

FILL MG aRTaY WITH JAR [A8LES FEOM TISE tWiNOOWST

NO 1S5 Tl . WRIFLT
L=LBEGTN*TI=]
EqTI:TTOILY
YTCSPFFLL Y =NTELL)
TTHSHFE{] ]=TTHIL]
WTHESHFLIT 1=y ThIL)
TFPSHF{ 1 1nTFMLL!
YENERE| T b=y FMIL)
ANGLwAAS{VTCIL] Y
[FIARGL.LT.A.20% 1 AAGI-Z.341
F{I maLQGIARGL) N,
SIGHMAW!T 1aSTEZRO/VTCIL )
15% ComTINUE
CALL LIMEITINuY, SIGMAY yHPTFIT sl A4 S1GMEA,B,S[GMAB, A, W ,CHISOR,
1 4HITOT,5TGY
00 I5T [=aL . NRTFIT
YFITITImbdepax{[} -
BAGI=AASIYTCSHFIIND
TFIARG2.LT . A.021} AAGZ=]. JOL
CIEFITImYFITEL ) =~AL0GI ARG )
L&Y CCHTINUE

—_-—rn— —r - — —_— -

FITTEC WaRTAQLES ANMO ERAQ0RS TRANSFOAMEE TO YAATABRLES OF THE PAOBLENM AND
THETA EARCRS

YimEXP (L]
YOF ICHaE XA l+51GM2A)
WOLOwmEXPLA=SEGEMAAI
Taps=1.078
TAYHIe=1 . {@+5|GHAR]
TAULGW== .2/ IB=53TGFIA}
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WINT AL [ THAN=TYIN: FTAL
ARITELS 6601 IFITI5ET
G50 FORAMATA/F/F 20X, 0 FITY, I3,% FIR DATI SETY,. [3.01}
wRITZ14:407%) LABREL
HRITEA&. 651
&5 FQoMAT/ 200 F[T DAT2 (ADJUSTED FOR IEAQ POINTIE TQ STRAIGHT LINE
LCF TWE FORM YeA+QEY, WHERE! . fa289%:'% & TP, F 25K, = LMIVTCITINY,
27025008 & LNIWIT=Q ) 4/, 39X, "A & =LsTaut |
WAITENA:ATO! MPRTFIT, THIN, THAX WENTAL
5T FOAMATI/, 20K, "CNLY' [8,*% DiTL POINTS WHLLH SATISFY THE CRITERIA T.
LGTW " oFT, 2" SEC AMO, T, LT.' FB.2.' 5S5EC", /20X, "4AF [MCLUDER 1IN TH
2E FITH /. 2OX ATHIES WINDDOW [5":F6.2,* TIME COMSTANWTS WIDE')
WAITE1GBseTS ArSiGRAd DS LGHARCHITOT  STD.A
7S FORMATI /. ZO0XLYRAESULT OF THE FIT1. /. 29K+ =1 JFLD. 6. TX,151GNAA aY,
Lo F13uT,d 2580 8 = 1007 TH, "EIGHAR =", Fl0.T+/.2%%,
g "CHISCR 2 hFID. 34/ v 29X+ 5TD w1\ F1a&.3:/435%, "0 =1  FR.4])
WRITELg, e YO, VILDW :vAHTGH
S0 FERMATIF 20T+ 0/ [N TERMS OF VaR[AMELES OF THE PRQBLEM? o/ 251,
1 '"ViTad! =! FA,.1,0%, *"S320R QANCE! ,FR.L,* TO',FB.1)
MRTTEfa,aR5 ) TAu, TAULOW.TAUKIE
H0% FORMATIZ2SX, 'TAL =*,F3,2,12x%,7ERRGR RANGE' ,Fa,3,* TO',F8.3./)

COMVERTTI™G THERM[STOR S1GMIL TO WATER TEMPERALTURE (L) JND

FLOw METER SIGHMAL TO FLOM wELOGITY (BRT/SECH.

TwERNIATNR [3 YELD 39068 POTTED WITh MILLER-ATEFHEMSON =POXY [N A CCRPER
AESTANGLE BY Payl uncd {457sb., wTHSHF L5 1IN My,

SUMTH=G.0
SLFFYR0, 0
ALIMNEM= A YL FFeSORT L L0/ YEREITI ) 085 TIMEI Dl }
NPTAYSaNPTFIT-L
G0 160 1=l MPTAVE
TRpTERA [ }=TH [MT+THILP®{ J, 0012 THIAF (T )]
SLMThaSUNTH+TWATES (]
FLOVELI [ =L INFMnsR TG . QO LlwIFMSHE ([ }=-YFEA RO S
SUMFY=SUNFY+FLOVEL | ||
168 CONTIHUE
AVETheSUMTWANRPTAYE
AVEFYmSUIMFEY FJNRTAYE

STANCAAD OEVTATION OF WaTEA TEMPERATURE Aw0 FLOW WELOCITY OVESR awalLY3ls
WENTGC®

SUFSET=0.4
ELM5QF=0.Q
G0 L85 D=l . NPTAVE
SUFSETmAUMSGT # | TWATER{ ] 1=~AYETH Imm]
SUMSCE=SUNMSCF+ { FLOVEL LT I=aVEFY | wa}
16% GONTIMUE
STHTReEGRTCSUMSOTS (NPT AYES]Y)
STOFY=SORT{SUMSAF S (NPFAYE-1)]
RAITELH, 888}
&BE FORMEITI(ZQX. 'WaATER TEMPEALTURE AMNT FLOW VELOCITY DUR IMG aNILYS[5 Wl
IKCOW s f ¢ ICT e *TIME (SECH* 43X, " WATER TEMP (C)"4l3%,"TIME {5ECI*,
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B p Ralnl 1l

O™

1

€87 FORMATILX Fla. Ll Fla.3.F2e.1.F19.11

CON COMWEATS Tau TE Hy CCARECTS H FOR hEAT LOSSES

ZINLYFLOW WELCCITY IFTFSELIY. /)

212

RAITE(S 68T ITTHIHFIL) (THATERILD)  FEMGF (M) FLOVELL L Es 1= 1o MPTAVE )

WRITE I 4, 6AAY AVETH ATOTw:AVEFV,5TOFV
HEE FORMATE S, 10X " AVERAGE WATER TEMPERATURE F5T.FR.3,' FLUS OR MIHUS!

LiFELI: /¢ 10K "AYERAGE FLCW WELQCITY

2541

15, F7. 3"

WALLSy AMC NOQRwaLTIES THE AESULT TQ 7O F,

PLUS CR #IANUSHFS .3y

T THE ALR amD TO THE TyuaE

CALL CON{TAYAVETW, AVEFVY ,MINTR  ACCN.BCCN . CCCNL.OCTMN . AKTURE,
I AMCYLRADYsRADZJRADIHATR (ALHGTH, TTHwLL )

WHITELH, &690])

6% FOARMATE; /20K, *DETALILS COF FITY /7, 1%, 'AQLhTy , 11x,
1 *TINC TR " WTLIOBS I o 3 NIV TCIOAS 1 3X e LY LYTCNEIT N Y,
2 4%, 'AIFFERENCE " I, "WETGHT® L3N, A CHISER! , /)

WRITEL A 89S0 (1o XA T h e WTCSHEND) oYL I ¥FITOLIOIFFLIN mT TN,
I SHISCRITI.TA1,40TFITY

&35 FURMATI!13.TELD.}I

BAA

9399

Fe

LINFTIT wWks LIFTED FROM
1ENCES® AT BEVIMGTCM,

iC

COMT THUE
cCic
CCNTIHYE
$Tae

ENEC
a2 LIKFLT

*DATAY AEQACTION ant ERSCR ANALYSTS FOR TH: PHYSILEL

*aGE lO%

SUBRQUTIHE LINF[TIX ¥y ST0NAY o NPT r#ODE s 2o FIGMAA Qo STGMAG A WT,

I CHISQR . CRITOT, STD)

CEUBLE PRECISTON SUM,SUHN, SUHEY, SUMY2, SLMY 2
CCUBLE FRECTISION I 71 WEIGHT , DELT A, ¥ ARNCE

CIMERSTON A1) ¥i1hoSIGMAYIL) yCHISIR{L ), WTIL)

ACCLMULATE WEISHTER SuMs

11

21

il
32

34
3¢

fLMm],

SuMEag,

SUNY =G,
SukNZwd,
ELMXYaL.,

SEMy 2w,

OC 55 [al.NPFS
TimXi]]

TI=¥[[]

IF{®»GGE] 31,354,358
IF{Y[) 344238,:232
wE[GHTE] . /¥

oL TO |
WEIGHTa L . fi="1)
GO TG al
WEIGHTa ],



2N alnl

anafasn

mmon

Z13

GE TE »1

AP0 REICHTuL . /51CMAY [T an)
mII[)=WEIGHT

&l SUNRSUHERE IGHT
SLFLFSUMLENE TGHT %% [
UMY ISLMNY +ME [GHTAY ]
SLMAZm S M2 e mEIGHTHN [ m |
SUMLTRSUMXY +aE IGHT* R [wY [
CUMY IS I iWETCHT Y oy [

SC CCNTTNUE

CALCULATE COEFFILIENTS anD STANODARD DEV[ATIONS

SI QELTA=SitwwmGUMES - SUMERSNX
A [ SUMX2OS{MY = SUMXWIUHXTY]SDELTR
53 A={SuMAV SN = SUMXBSLIMY}IDELTA
CHITCTRD .0
£ %5 [el . 40TS
GEISGRLLISWTLL]IS{A+B@X{[]=¥{ ) }we]
CHITCT=CHITOT+CHISCRIIY
5% LCMTINUE
bl IFIMODE| 82.44,62 .
§2 YaRMGE=L.
CC TG &T
k& LaMpTE=-]
VARNGE=[SUNYZ + A®AMSLM + AWEWSUMIZ
1 ~2.%(a+5SUHY » RASSUMEY = LJRB&EQAX))/C
67 SIGMALaDIQRT INARNCE=SUMS /DELTRl _ _ _ _ ____ _ _
SR SIGMAR=0SORTIVARNLCE®SUM/DELTAY
T1L gaj5SUMSSUMXY = SUMXASLIMY}f
1 CRCRTIDELTAM(SUNMFSUMYD — SLIMY wSUMY 1L
STOmSJATI INPTS/INPTS=2) )= LHITOTFSUMN )
QETURN
ML - am— —m rrmr e m = w w ot — = o ———
FCR® LCM
SLBROUTINE COMd Thly, TwATRR,FLEVEL  HINTR , 2, 8,C,0, 3K TURE,
1 ARCYL , 201 ,RA02,RAD3pHA A dALNGTH TTHRLL]

Tal, 15 CONYEATED TO H 8Y THE RELATION

LHiHY =2 3 & gauiHOTAN) + GOOLMITAUYYmeZ & Derg g TAY ] Jnxl

THIZ RELATTLH [5 & FIT TQ THE NUMBERE THAT WERE GEMERATED 8r HTaQ [FETTE'S

ThC=CYLIMCER PROGRIM])

IFITan,LT.C.L00)1 RETURN
FATRU=a{ LG IT A

ENHu A+ A e ERTIU+CPFNTA0eY 2 +[4FNT A==
FLNCORwEXPIFNH }
FHaTRA=L .0/ HUNCOA—H]INTR

COXRECTIUNS FOR HWELT LOS5 TO &[R AW TO WiLL3 QF MEAT
EXCPANDGER TUBRE. SEE PAGE 1:Q OF Lag afiom I[.

BCYLACAKCYL/RAD L1 2. 01/ ALIGIRADISRAOZ )
FEYLR=LLESHETL



a N nlel

214

HTUSEsIARTURE/RACL®L 2. 00/ ALOGIRANS/QA0L ¥
MTUBEA=1.0/HTURE

ALIG = [HCYLI+FINTR*HTURER*HWATRR ) =HA [RS(RALI/RADL )
FLOR AmHUACOIN] LL.0-0a R

HATUWR= L . 3/ HEORA=HI TS

FHTUHa L CAHNTLUWR

WLLC Ol 2, B/ AL MGTH& 12 QIS CATIARTUREaTTHRLL /123
RwdL LS L LCONASCET i AT UNY

FLOR aHaHWTLWAT] ,Q-AWALL S

FLORAm Lo G/HCORAW+HINTR

FEL9 2] . OFHC R

MORMALIZE HCOR TO T30 F BY THE FACTOR (1 + O12*TWaTER)

AMGRPFc I 0+. 0129704 )/ {1a0t R 2o (1. 39TWATER+I2.01
FCRALM= INCRYAHC DR AW
MCDRRA=1 .0 /PCRAMNFHINTR
FLCR RS D/ VRN
YEA 2R L CYEL sl =0. 3]
W {TET&. 001
LOL FORMATIA/, Q00X "TIME £ONSTRNT I TaUl CONVERTEO ¥OQ H2a7 TAIMSFER GLEF
IFTC1IENT 1M1 WiTH CIYRECTIONS FOR HEAT LOSS'Y, /20X,
2 'T0 al% amd TO HEAT EXCHINGER TUBE 4ALLATY
WRITECE 40T WUNCOR ,HINTA 4RA A ,AHALLS +HCOR
50% FCR¥ATIZGL, "HIUNCORARECTEDY =9, FA 2,4 BTUFLIHR FTwal F14 .7,
I 295« "1LeGAMINTERCERT m¥,FR,h," (ATY/HA FYeng Flama |1 4,
2 25X VOATE 41  FALS, F 29N FAWALLS = ER.5, /.
3 294 "HACORAECTED] =',Ff2,2.* ATUFIHR FETamg F|*)
mRITZI&,41Q]
L41C FORMATI /W 20X,"HICORARECTED] NCAMaLILED T4 VO F (MOAMAL]ZATION STAIL
1TLY SOT CORRECT SIMCE THE TEMPEAATURE=[NDESEMDENT?, S 20K,
2 FCLLING CONTRIBUTION 15 MAT SURTZACTELD FROY WILORRECTEDRI ')
WRITE[AyE15) AMORMHEO%h  MCCRANR VAR
41E FORSATI2SY, INJRWAL] JATIOYW FACTOR &t yFh. 3,/ 25X+ "HICCARECT ED NORMAL
LITED] =% FA.2," BTYSIRA FTRmZ Fot /o 25K L+ HIGCORAECTED NORMAL [TE
2BY At Fo . 7200 L0 e, 8 =Y BT L
RETURMN
E40

N XQT LABTTF
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APPENDIX D. LABORATORY ELECTRONICE SYSTEM

D:1. Introduction. If a system of heat transfer test units iz to be

operated in a non-remote location, the complicated multiplexing system
described in Sec. S may ba much simplified, Hare we describe such a simpli-
fied sy;tem. It is one we have used extensively 1n the laboratory. This
system, or obvious modifications of it, may be confidently used with the
heat transfer apparatus,

The system is shown in block-diagram form in Figure D-1. As shown,

the outputs from only one test unit are coppected. With some simple

additional hardwars the system can handle three units.

The operation of the system is qualitatively as follows, The thrae
signals from the test unit are saquentially switched by tha Scanner (under
the control of the TTY IF) to the DMM. The DMM output is channeisd to
the teletype, by the TIY IF, where it is recorded.

0.2. Signzl Sgurces. The circuitry which generates the three input signals

is shown in Figure D-2. Ar the top right of the diagram are the terminals
for the 10 input channels of the Scanner and its output. Directly below
are the input terminals tc the BMM, Channel 0 is connected to the thermo-
pile signal, Channel 1 to the thermister signal, and Channel 2 to the flow
meter signal.

The DMM is used in the 0-10 mV range. The circuit design is such that
the flow meter and themistor signals are at the appropriate levels, The
thermocouple output, however must be amplified (by a facter of about 10},

The arms of the flow meter bridge [120 4 each) are strain gages
mounted on the strain arm of the Ramape flow meter described in Ses, 4,

As shown in the diagyam, the thermistor used is the VYeco 35D7.
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It is important that the lines carrying low-level signals be well
shielded.

D.,3. Scanner. The Scanner used is the Kaithlay Low-Voltage Scanner Model

702. It is available from Keithley Insturments, 28775 Aurcra Road, Cleveland,
Ohio, 44139 (Tel. 216-248-0400). Its c¢haracteristics are shown in Fig,
D-3.

0.4, Digital Multimeter (DMM). The DMM used in this system is the

Keithley Model 171. It's specifications are shown in Fig. D-4.

D.5. P3-91 OVM-TTY Interface, The P5-%]1 DVM-TTY Interface was designed as

& back-up system for interfacing a Digital Yoltmeter (Keithley Model 1713
to a Teletyps (ASR-33), to be used in event of breakdown of 2 more elaborate
system, consisting of a VM, scanner and sequencer,

The basic building blocks of the interface are two commercially avail-
able modulss supplied by Analog Devices, which, along with associated elec-
tronics, comprise a complete interface. This interface 2llows not only a
printout of the DVM readings periodically oa the Teletype, but alse advances
a Keithley Model 702 Scanner, punches paper tape in the Teletype, and permits
a type-out, in push-button command, of the voltmeter reading.

The two blocks obtained from Analog Devices aTe:

a)l an STX-1003 Serial Transmitter, and

b} an SCL«10d% Clock Moduls,

The STX-1003 Serizl Transmitter is a module containing a "receiver"
which can receive serial ASCII from a teletype and recognize certain characters
which it can then use as intermal eor external control signals. Alsc con-
tained in the omodule is a "trapsmitter” which can take parallsl input data
and send it in serial ASCIT form to a teletype. FPurther, the module contains

a "controller" which programs the "receiver" and "transmitter" for the
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SPECIFICATIONS

Guarangeed for 1 year
{osed vith a seanner plug-im cazd)

LBMRELS: 10 channels po: scanner nainfvase {oultiple acacoxzr cainfracss
w1y be connected for up to 100 ehannels), '

COMTROL HODES (frent poncl scleccable):

A11-0FF: Yo chaonal salacced.

Mancal: Channel selected by Irenc panel swicgh.

Seant Chasowls segevantially selecsced ac 3 race decwradned by Erone panel
ceatzal. Initiel ghannel oay be preset, .

Remote: Channel tandoaly selected uwainmg A-line BCD code, or sequantially
skleccnd AF tcmote glock rafk.

SCAN RATE: Yariable fre= nominally 0.1 to [0 weconds per channel by front
pacel coatrol. Scan race usfing temote clock 13 lioiced only by relay
elesure ciza.

PISFLAY: Single diglir front panal LFD disopley idemtifims chanael seleczed,

PIGITAL INTUT a0 DIGITAL CUTPUT: TTIL facesiace lines prowvide for cesogs
channel seleccion, clock, and gontrol of ALL-OfS aode. OQuopuc daca
toeludes prusent channel addexss, malofraax fdeniification, clack, and
telay veady, The {(digital) Comoon may be [losted up to 230 woles pesi
with Tespect ¢ (chazsis) Ground.

DNV IBOSMENT: Q°C=-50°¢, OF to 30X relative huoldiey up re 35°C,

MR 40-123 ar 00-230 volcs (swicch salected), $-604r, L5 watiz.

COMNECTORS :
bigical Imput, Digtcal Oucovt (rezcd: J26-nim M Farc Fo. 3629=-100%.
Cormwon , Cround (rearl: BElnding pozzz.

Scannet Flug~in Card (reart): Internal connector ates YIich plug-in card
xdpe.

DIMENSIOUS, WEICAT: Style M 3-1/2 in. half-rack, orerall Bench gize 4 im.
bigh x B8=}f4 in. wida x 15=1/4 1in. deep (10O x 220 x 383 o). Wec wealght
& pounds (3,5 tgl.

Fig. D-3.- Keithley Low-Voltage Scammer Specifications
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SPECIFICATICNS
cdlibrated at 359C

é! A D VOLTHETER

BMEGE:  +) macrovelt per diglt {10 o¥ £ull range] to
Alooo velty in anfx decads tangea.  LOOZ averranging
o 19999 on all sacept the LOOC-wolr range.

ACCURACY (90 daysd:z +(0.02% of resding +0.01T of
range) except on the l0-wfllivole cange where L[5 L3
H0.07% +0.022).

TEASERATURE COEFFLELENT:
of rangm}f=C.

INFUT RESISTANCE: Groeacer than LOOK awgohwms on che
10«pillivalr chraugh l-voic rangas, L0 oegohos oo
che Llo-vole e 1000-volt ranges.

SETILIXG TIME: Laii chan 2 seconds to réted accuidcy
with lees thao 100 kilohna sourca cesiscioce.

FETECTION @

KHAR: Crester chao M 22, 50 W co L&D H: ac 10 Ra
ealiiples.

Ereacer than 100 db wich ) kilehe unbalance,

de to LEQ H: ac 10 Az owleiples.

MARTMIRY SAFE DSPUT: +lA400 velize pedk socwntary, 1000
¥ de or Imd 8¢ COOCIMUGUE.

:{ﬁ.ﬂﬂj‘l‘. of resding +1.001%

CHER

A% A OC AMMETER

EAMGE: +0.1 naasagoara per digic {lun full rangel to
A2 tmperes 1o $even decada ranger. MO overriog-
ing to 19999 on all conges.

MCURAGY 190 daya): +H{0.05% of reading +0.03% of
capge), Solf heacing dye co long cacm applicdcion
of 2 impecis <1l cause lee: tham 0,17 zddicional
wfTOT o the 1-AdpeTd CEOGE.

TEMPESATURE COEFFICIEMT: #[0.005 of reading +0.002%
af Tange)SoC.

INEUT WOLTASE DROP: 100 milliweles sc full cange on
tht lowsr fanges incretsing co approxivacely 500
willivales an the l-g3pect Tange.

MAKDAL, SAFE THEUT: 3 agpecea, inceroally fused ba-
yood 3 aoperws.

AL AN UHTIETER

BANGE: 0O,1 ohm per digit (1 k0 Fuil range) ra 1000
pegohms in sevan dacade ranges. LOOL everranging
Ea 19999 on all canges.

ACCURACT (90 days): ~0.03% of reading for l-kileho
chrough Lmegokm ranges: =0.2% af cuading on che
10-gepohm ranges;, *3n of cedding on che Md-pegehe
TRALE, *20‘1 af rudmt on che 1000-oegohm range
{10.0!?. oi rangs on aill canges),

TEMPERATURE COEEFICIENT: ~(0.008% of endding +3.002%
of tange +0,0003% of reiding per maegohm)/ oL

SETILING TIME: [aas than 2 eeconds £0 raced sccurscy
yp te 1 pegsha.

CONFIGURATION : Two=cerminal, coratint surrcent.

VOLTAGE ACROSS WMOwM : 100 oV for Eull cange an che
1-kilohm ta 100-kilehns ranges, IV mdxiwum open cifs
suit. 1 volt for full ragge on che l-megohs to
10 =pegohn zanges, 3 volts apen cifguic.

HAXIMUM OVERLOAD: 250 welts emuw on the 100-kiloha Eo
10Q0-cegoha ranges. DOHode cloopad o procecc che 1

A% AM AC VOLT-ETLR

BAKCE: 10 prer~~=icr paf diglic (H00 =¥ Iuil tanged
ta LG ~eits row an Five decada ringes. I0O% cver=
ranglneg oo 1%999 on skl excepr che 10CJ-wol: range.

and 10-kilehn ranges (intarmally fused bmyond ) amps)

ACCURACY {90 days):
V=100V range ;{ﬂ,}ﬁ of ecading +3.05% of range) LD
Hz +L0kHs
100o¥ range +{0.4% of teadlng +0.2% of reage) &0 H:
»10kHe; 3% o Full range co LOOKHEZ on the 100 e
and 1Y ranges
IV range S{0.4% of reiding +0.04% of range) &0 Hre
10kHs
(Averdps reading, caltbraced in = oF & aing wave.)
TEMPERATURE COEFFICIEYT: <[ 0.15% of ruding +.Q032
of range (0.005% oca 100-o¥ cange)]/oC
DNFUT IMPEDANLCE:
SETILING TIME: Less than } ssconds sxcept Zof ac
superioposed an de.
HAXTHUH SAFE INPUT; 1000-voliza d¢ or cor #c (1504
vales pazk} lO-volt co 100Q0-volc range, JO0 valcy

i
1 HY ahwncted by ipp:e::'.l.::ltll:.r 100 eF.:

ews (450 wolcs peak} ow che 100-g¥ and l-volt ranges,’

AS AN AC AMCETER

RANGE: 0.1 nancaopere per digie {Lih Zull cange) ca
2 agpere= rpa, in gewen decade fanres. 1000 oves-
ranging to L9993 on all racpes.

AGCURACY {90 days): ={1,5% of reading +0.EI of Teaga)
5 Hx to 10kHz oo the 100-ajcroscpere Eo l-dopera
ranges, desreasing ¢o &0 Hz te 120 Hz oo the 1-
micradopera fduge (dversge Twadiog, c¢ilibzracsd in
toz of 3 slad wavel.

TEMPERATURE COEFPICLIENT:
of tange]SoC.

INPUT WOLTAGE DBR0P: 10O afllivalts ar Eull riange on
the lever raoges increajring oo dppraxizagely Jdo
mlllivweles on Lhe l-impers range.

HMAXIDMR SAFE DIFUT; J gopwies, (ntemmaily fvowd
bavond 1 ampeces.

GENERAL

CERD STABILITY: +(0.0CO5% of cacge #F.3 u¥)/oC.

ASALDG OUTFUT: 4-1 wolk at up ea L millfampyern For
full caspe i,llpu.l:, L0, avercringiopg oo 211 raogea
axcept tha 10M-wolc cinges.

=(0.06% of raadiag +0.0CEL

POLARLTY: Auacomatic.
OFFSET CUARERT: Typically lexs than 10 picossperea,
DESPLAY: & <ipits pluz | overrangs digic; azpropriace

decipal lacatisn; Functien {n engloserfog uwniby;
solacicy and overlodd (adicition; 2 readiagsfyecand,
TSOLATION: Circufr pround to chdasls ground:
thao I00 megoh=s shunted by less than 2,47 =fero-
Eatad,

with respact Co chassis groumd in all aodes, Mexizun

Circuit ground sty be flodted up ro 500 volis

1
!

ETEdbaE -

dafk voleage Datuddn inpuf dnd chissis grousnd: 15303 .
walcs peak,
VABMUP TIME: 4F mjnutsz €3 vithin culed specifind

sccuracy; I bours foc cumplece atabilizacion.
OPERATING EMWIRDONEXT: 0 o 35% wp ro 401 2. W,
CONNECTORS :  Inmput, chiiais gewued: binding poxes,
Analog outpur; A=gshenol 80-pCIT.
MAMEK: 105-115 or 210-250 volcs {ivitch s=lectad),
3-89 Hz, 5 warcs.

PIMIMSTONS NETCHT:  Sexle X 3-1SF Lo, half-raci, overs
411 bench size & 40, high x B=1/7 ln. eide x 15-1/2
in, deep (1M x 1T x 335 =),
(b xpi.

ACCESSORILS SUOPPLIED:
ingut fuzx.

Making output ¢onncecar, spacs

¥er welzghe, LI pounis
i

Fig. D-d.-

Digital Multimetar Specifications
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character format, such as thsa proper numbsr of data bits per charactar,
parity, setc.

The SCL;lﬂﬂﬁ module contains a clock oscillator, used for timing the
system, and a =15 velt 0.C. power supply, needed in the STX-1003,

In addition to the two building block modules, the system contains

a) A divider chain

)] A channel counter

¢) A +5 volt power supply

d) Extra shift registers for extra characters,

The divider chain takes the precision 100 kilchertz clock pulses from
the D¥M and produces pulses at the following rates; one pulse-per-second,
ong pulse-per-twa-seconds, one pulse-per-four-seconds, and one pulss-per-
ten-seconds. These pulses determine, via salector switch, the rate of typa-
out of voltmeter readings,

The channel counter provides the necessary pulses to allow the chammeal
rumber (when used with the Model 702 Scannsr) to be loaded and typed out
{or punched out), and allows the operator te select the last channel to be
punched, thus preventing the punching of unused channels.

The +5 volt power supply supplies the necessary 5 volts for the entire
interface,

The extra shift registers provide the cerrect levels for the STX-1003
madule (bits 5 and &), se¢ that extra characters may be typed. The format
selected for typing is Space (or Channel! mumber), Space, Peolarity, Data
(most significant bit), Data, Data, Data, Data [least significant bit),
Space, and then either 3 Stop bits on all words except the eighth, whers

the last 3 bits are "line feed”, "carriage return", and Stop. This format
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allows the typing of eight IVM readings on one line of paper, then a line-
feed and carriage return for the next line,

A "hold" signal is sent to the DVM from the divider chain to pravent
the DVM reading from changing during the actual type-out period.

The schematic diagrams for the F5-9] DUM-T{T Interface are given in

Figures D=5 to D-1i0.
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THTRODUCTION

This is a detailed operating manual for use of the OTEC Biofouling
apparatus aboard the NOI'I anchored at Keahole Point, Island of Hawaii.

The datz taking system consists of 6 separate modules all of which
are electrically interconnected and which have specific functions to
perform. We describe the general purpose of each module, then give a
detailed description of sach along with its constrols. Then we describe
the standard procedure for taking data.

These instructions were written for the use of technicians in the
field in the operation of a specific data acquisition system (that used
aboard the Research Yessel NQI'T , and described in Sec, 5.,). With a
different data agquisition system (for example that described in App. D),
the details will be different. These instructions will not be of use
with a system using differsnt electronics. They are presented here merely

t0 illystrate the procedures.
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{HAPTER 1
SYSTEM DESCRIFTION

l,l. Experimental Units.

There are ¢ experimental units on board WOI'I., The starboard umit
{right side when facing bow of ship) is named Unit 2 and the port unit
(left side facing bow of ship) is named Unit 3, These units are identical
in major details but the experiments being performed with these two wnits
are differsnt in some inportant parameters.

Thesa units are housed in & inch PYC housings which are designed to
be waterproof at depths of up to 100 feet of seawater, and are designed to
be mountad on & sub-surface bucy where they will opesrate umattended for
periods up to a year. Figure 4-1 shows a sketch of the working parts of a
ualt.

The experiment being performed with these wnits is to pump ocman watar
through the simulated heat exchanger tube and ty determine the severity of the
corrosion and bioclegical growth that accumulates in the heat exchangsar tube as
the water i1s pumped and its effect on the heat transfer betwsen the tube and
the water flowing through the tube., We do this by directly measuring the
heat transfer ccefficient h betwsen the inside wall of the tube and the
flowing water, h is measured in wnits of BTU/hr £62°F or in units of wates/
em®°C,

h is measursd in the fellowing manner. An AC voltage is applied to
the hezter windings on the Cu heater cylinder and the temperature of the
eylinder is then raised slightly above the temperature of the flowing water.
This temperature difference is measured by the thermoplle in which one set

of 11 junctions is epbadded in the Cu reference c¢ylinder which remains nearly
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at the temperature of the flewing water, and the other set of 11 junc¢rions
15 at the temperature of the heater cylinder. For a given heater power,
the system will come to a steady state in which all the heat put into the
heater cylinder is carried away by the flowing water and the temperature
of the heater blocks is no longer increasing. At this peint recording of
the thermopile voltage is begun. This recording is continued for 1 minute
with the heater on. After 1 minute the heater is turmed off and the
temperature of the Cu heater cylinder begins to coocl as the hear stored in
it is carried away by the flowing water, Recording of the tharmopile
vipltage 15 continued for 10 time constants (- 10 minutes with flow velocity
of 3 ft/sec) as the Cu heater cylinder cools. It coels according to Newton's
law of cooling which predicts that the temperature of the block should have

the following form:
Tty =T e

where T is the temperature diffarence betwesn the Cu heater cylinder and
the flowing water, Tﬁ is some initial temperature, t is time and T is the
characteristic time constant of the decay. Since the thermocouple valtage
is linearly related te the cemperature difference between the Cu heater
c¥linder and the Cu reference cylinder (which 1s at the temperature of the
flowing water), the thermocouple voltage will have this mathematical -

form, namely
vit) = vae‘tf' .

Here V is thermocouple voltape, VO its initial value, t is time and 7 the
same tame constant given above.

This woltage is recorded vs. time on punched paper tapse. These tapes are
then sent to Pittsburgh where computer fits are made to the data and 1 is
determined.

Knowing the dimensions of the Ch heateyr cylinder and the thickness of
the heat exchanger tube, it is possible to determine 2 relationship between

t and h,
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In a clean tube at a ¢ertain water temperature h depands only on the

velocity of the water passing through the tube. This dependence has the form:
h= kv

where ¥ is water veloclty and K depends on water temperature and the degree

of smoothness of the tube,

AS a biological fouling layer (or any other kind, for instance scale pra-
cipitated from the water) builds yp in the tube, its effect is to decrease
the effigiency with which heat is transferred between the tube and the water
and K 15 decreased.

With this as background, the genertal philosophy of the NOI'I experi-
ments, and the later subsurface buoy experiments can be stated.

With a c¢lean tube wa& begin pumping water through the tube at a certain
fixed velocity. This velocity is 3 ft/sec for Unit 2 and 6 fr/sec for
Unit 3. NWe then measure h at this velocity at periodic intervals. As the
fouling develops we ses a change in h that is related to the development
of the fouling layer.

When & cooling curve is taken, twoe other parameters are recorded
simultanecusly with the thermupiie voltage., These are the flow meter
output, which gives the water wvelpcity through the tube, and the thermistor
output, which gives the temperature of the water flowing through the tube.
It is necessary to rescord the flow velocity becauge of irs effect on h.
Smz2ll variatiens in flow wveloeity from rum te Ium must be taken into
account in determining the degree of fouling. We have zlse found that
thers are sudden changes in water temperature of the order of 0.1%C.

These chanpes affect the Cn heater cylinder slightly differently than they
do the Cu reference cylinder. Thus they are reflected in the thermopile

voltage, and must be taken into account during analysis of the data,

1.2, Buoy Control

The buoy control is designed to be mounted on the subsurface buoy.
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It takes in low level signals from the experimental units, amplifies them

and transmits them through a cable to rscording apparatus on shore. It

is designed to require ne maintenance when in operation and has ne controls
ta be worked by an operator. Om the NOI'I the cable through which it

transmits is a bumdle of & coaxial wires. The box containing the buoy

control 15 sealsd and should not be spened withour comsulations with Fittsburgh.

i.3. Beach Control

The beach control is designed to take in amplified signals from rhe
buoy control and cutput them to the Digical Voltmeter (DVM) to be punched
on paper tape. The beach control alse sends signals down the cable to
the buoy control to tell it which input to connect to which amplifier.
There are also other controlling fimctions that are preformed by the beach
control and buoy control combination. These will be explained later, The
bast deseription of the relationship hetwesn the beach control and the
buoy control is a master-slave relationship with the beach control telling
the busy control what to de.

1.4, Digital Voltmeter (DVId)

The DV¥M has several components which allow it to take in up to 20
different signals and punch any cne of them onto paper tape,

1.4.1. VM Scanner

The scanner is the part of the DVM that determines which veoltage is
recorded on the paper tape. The input to the scanner is up to 20 chammnels
of information, each channel containing a OC veltage in the range -10<V<10,
The output ¢f the scanner is one of these voltzges. The scanner is a2
pazsive device, containing only switches and the logic to drive them.

The scanner can be made to output a partiecular channel comtinucusly or to

sutomatically advancs from one channel to another in a controlled sequence,
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1.4.2, DVM Digital Indicaver

The input to the digital inditatur is the voltage output by the
scanner. It takes this voltage and converts it into a digital signal of
the form A,BCD. This digital signal is then displayed on a Hixie tube
readout on the front of the digital indicater and is routed to the paper
tape punch where it can be recordesd in a psrmanent, computer readable
mannexy .,

1.4.3. DV¥M Paper Tape Punch

The paper tape punch takes the output of the digital indicator
and punches it onto paper taps., The frequency with which it punches is
controlled by the Beach Contrel. This signal to punch from the Beach
Control passes through the scanner where it alse causes the scanner to
advance,

l1.4.4, DVH Other Components

Thers are other parts of the D¥M which are either net a part of the
data transmission path, or whese operation is transparent to the operator.

1.4.4.1. DWW {lack

The DVM has a digital ¢lock, This clock is rim off the 60 Hz line
fraquency, This frequency is not very well reguiated abeoard NQI'I, so the
clock does not keep Teliable time, It can be useful nsvertheless.

1.4.4.2. DO¥M Comparators

These perform no function and are not used in the NCOI'I gperatiom.

1.4.4.3. DVM Adams-Smith Instrument Interfacs

This unit, whose operation 1§ TTansparent o the operator, takes in
the signals from the digital indicator and puts them out o the paper taps

punch in the correct format.
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1.5. Thermistor Bridge Switch

The beach and buoy control were designed to handle only one thermistor.
Early on in the WOI'I operation we realized the necessity for taking water
temperature measurements with each cooling curve, In order to do this we
had to build a new thermister bridge and switch cgireuit. The thermister
bridge takes power from the buoy control and produces a signal which depends
on the temperaturs of the thermistor which is connected to the bridge via
the switch cireuit. The switch can handleyp to 6 thermistors, though only
3 are now in use,

1.5, Marker Potentiometars

We would like to be able to analyse the tapes produced by the DVM with
as litcle human manipulation as posisible. To de this we punch on the tape
a number of Markers which convey information about date, time, run number,
unit number and type of information. These markers are a seriss of valtages
(0<V<10) which are input to VM channels 14-1%, These veltages are
controlled by 0 one-turn potentiometers {pots)., The code for using these
pots will be explained later,

1.7. Chassis Designations

The following umits, all of which are controlled by the operator, are
called chassis., They will often be referred to by abbreviations. Their
names and abbreviations are:

Beach Control: {BL)

igital Voltmeter:  (DVM)

Thermistor Switch Rox: [T}

Marker Potentiometers; (HMP) and

Hewlett-Packard Digital Multimeter: {HPMM)

See Figs. E-1 thru E-9 for a sketch of each chassis panel,
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(HAPTER 2
DESCRIPTION OF OPERATOR CONTROLS

2.1, Beach Contrel

When the overall design parameters of the subsurface buoy were fixed
wa decided upon 2 maximum of & wiits in place on the buoy. This meant
that our slectronics system must be able to handle & thermocouples, 6
heaters, & flow meters, and & pumps, in addition to other pisces of
information such as water tempersaturs,

In order to multiplex all these signals for transmission along a faw
lines, the Buoy Contrel and Reach Control electremics are based on ring
counters. Ring counters are the electronic equivalent of stepping switches.
Basically these devices have several outputs QD - Qn. AT any given time
only one of these cutputs can be in the logic 1 state, that is . fave a
voltage greater than 3.% V., [logic § state is indicated by a voltage less
than 1.8 V.) Upon receliving an "advance" pulse the ring counter advances
the logic 1 state from Qm ta Qm+1. [Qn follows Qn or it wouldn't be callad
a ring counter.] Upon recelving a reset pulse the ring counter resets the
logic 1 state from Qm to Qn' It is important for understanding the operation
of the Beach Contrel and Buey Comtrol that one understand that a ring counter

can do only 2 things.

@ Advance from Qm to Qﬂl*l and
(:) Reset from Qm to Qn.

Whern the ring counter brings its logic 1 signal to a certain output {Qm],
this sighal is used in other parts of the Buoy Control or Beach Control
te perform the function desired,

On the front panel ¢of the Besach Control will be observed & rows of

light enitting dindes (LED's), 3 switches and 2 red push buttons.
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Each of thase rows of LED's corresponds toe 2 idemtical ring counters.
One is contained in the Beach Contrel, the various outputs of which drive
the LED's on the panel: and the other is contained in the Buoy Control
where its ocutputs perform switching fumctiens.

2.1,2. Thermocoupla LED's

The first row of LED's is labelled Thermocouples and contains 19 LED's.

They are arrangad as indicated below:

HEATER
T
E v v v ] o o a [ B oo o o O Q2 o oo
5 fnf fnf fnonf fonf {fnf £nf
T £ ¢ £ £ £ £ £ £ £ £ £ £
memoguwle . I- - -J !_- . .‘ T L vt 1
1 2 3 4 ] &

Thermocouple LED's

The position of the lighted IED indicates which of the & possible
thermocouples is connected to the thermocouple amplifier in the buoy con-
trol, and whether the heater associatsd with that thermocouple is an or
off. This output of the thermocouple amplifier is transmitted up the
cable ta the Beach Control, and then to channel 1 of the DYM. The position
of the lighted LED is advanced to the right one step at a time by pressing
the red buttoun marked STEP with the upper right hand switch (Marked SWITCH)
set to the 5TEP THERMOCOUPLE pasition. For the nth thermocouple (TCn) there
are 3 positions for the lighted LED.1

(:) TCn connected te the TC amplifier, heater n OFF.
(:) TCn connected to the TC amplifier, heater n ON.

(:) TCn comnected to the TC amplifier, heater n OFF.
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The reset position, reached by pressing the red button marked RESET
ALL is called TEST and connects the emplifier to a voltage generated inside
the buoy coantrel. This wvoltage simulates a thermocouple voltage.

In order to make a ¢tooling curve on Unit 3, the operstor would dp the
following, (Remembey the LER's on the Beach Control just mimic the action
of 4 ring counter in the Buey Control which does all the actual switching).

(:) Set the [VM to Scan between Ch 1 and Ch 3 (This will be described
later].

@ Push RESET ALL once,

(3) Sct SWITCH to STEP THERMOCOUPLE.

(:) Press STEP 8 times o advance lighted LED to thermocouple 3 (TC3)
heater on (now it will be noted that the wvoltage indicated by Ch 1
is decreasing (getting more negative],

(:) When the voltage stops decreasing, the heater block has reached
its steady state temperaturs. Press STEP once, Thiz moves the
lighted LED to TC3I heater off.

{Wow the Ch 1 voltage will inerease as the block cools.)

This describes how the thermocouple part of the Beach Control is used

to generate a cooling curve,

2,1.5. Flow Meters

The second row of LED's is labelled Flow Me=ters and numbered 1-6. The
lighted LED is advanced to the right in this row by pressing STEP with the
SWITCH in the 3TEP FLOW METER position. It is reset by the RESET ALL button,
{All rows of LED's are reset simultaneously by RESET ALLY}. The lighted
LED indicated which flow meter is comnected to the flow meter amplifier in
the Buov Contrel. The nutﬁut of this amplifier is transmitted up the cable

to the Beach Control, and then to channel 3 of the DVM.
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2.1.4, Function and Control

The third row of LED's is labelled FUNCTION and has a somewhat differsnt
role than the previous twe rows, The fourth row of LED's is labelled
ELECTROLYSIS, the fifth row labelled PUMF OFF and the sixth row HEATER
PUWER. The lighted LED's in these rows are advanced to the right by using
the SWITCH positions STEP FUWCTION and STEP CONTRCL in conjunction.

2.1.4.1. Electrolysis

Qur original design called for using slectrolytically generated chlorine
&5 a fouling prevention method. We thus designed into the Beach Control
and Buoy Control the capability of monitoring the current and voltage
being used by the electrolysis circuit. The CQURRENT and VOLTS positions
on  the FUNCTION line and the ELECTROLYSIS line are connected with this
system., This system is not in use abeard NOI'I, but for completeness we
will describe its operation. This will also describe the mode of operation
of STEP FUNCTION and STEP CONTROL, and make later descriptions easier.

In general STEP FUMCTION doesn’'t actually do anything but rather enables
the operator to do something by wsing STEP CONTROL. When the FUNCTION
lighted LED is at CUARENT (VOLTS) a signal proportional to curzent {voltage)

in the 2"

(122£5) elastralysis c¢ircult is conmected to the Miscellansous
amplifier in the Buoy Control. The output of this amplifier is transmitted
up the cable to the Besach Control, and then te Ch. 2 of the VM, The wvalue
of £ zbove, that is, the position of the lighted LED in the ELECTROLYSIS
line, is advanced to the rvight by pimching the STEP button with the SWITCH
set to STEF CONTROL. Thus with the FUNCTION lighted LED in either the
CURRENT or VOLTS position, STEP CONTROL moves the lighted LED in the
ELECTROLYSIS line. Again the RESET ALL moves the lighted LED to the

extreme left in all lines.



240

Z.1.4.2, Pumps

Fach of the 6 wmits will have a pump associated with it. We need to
be able to control these 6 pumps using the Beach Control and the Buoy Control.
The way we chose to do this is te turn off an individual pump and leave che
rest of the & running. When the FUNCTION lighted LED in the PUMPS positicm,
operating STEP with the SWITCH in the STEP COMTROL position advances the
PUMPS QFF lighted LED from ! to &, turning off the indicated pump. The
RESET positien is no pumps tummed off. This system is not in use on NOI'I.

2.1.4.3. Heater Powar

Ne included in the Bucy Control and Beach Control} the capability of
using either of two different voltages to power the heater windings. When
the FUNCTICN lighred LED is in the HEATER POWER position, operating the STEP
button with the SWITCH set to STEP CONTROL advances the HEATER POWER lighted
LED from LOW to HIGH. On NOI'I Umit 2 is rum at LOW power, Imit 3 at HIGH

power,
2.1.4.4. BRall

The BALL positien of the FUNCTION lighted LED is projected for usa with
a fouling contrel system which has not yet been designed.

2.1.4.5. Thermistor

As indicated above in paragraph 1.5 we have included in the Beach
fontrol and 3uoy Contrel, the capability of handling 2 water temperaturs
measuring thermistor. The signal from the thermistor bridge and switch
described in paragraph 1.5 goes into the Buoy Contrnl. When the FUNCTION
lighted LEﬁ is in the THERMISTOR position, the Miscellanegous amplifier is
connected to the thermistor bridge, This amplifier's ocutput is transmited
up the cable to the Beach Contrcl and then te Ch. & of the DVM. The teading
at Ch, 2 is then related to the temperature of the sea water flowing through

the unit in questian.
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2.1.5., DVM Scan Interval

In order to get a correct time constant from cur cooling curves we
need to puich out the individual datz points with the time between peoints
ctontrolled as accurately as possible. The Beach Control containg 2 quart:z
glock, We take pulses from this quartz clock znd use them to drive the IVM
Scanner and Punch. The DVM SCAN TNTERVAL switeh controls the timing with
which these pulses arrive it the DVM. The normal timing for the NOI'I
operation is the 2 SEC setring. This should never be changed.

2.1.6. #anual or Aute Switch

We plan to use1the DYM to automatically monitor the flow meters on
each unit on the subsurface buoy. To do this the Beach Control and Buoy
Control must automatically scan from one flow meter to the next, In the
MANUAL setting, no automatic advanges take place and the advancement to
the right of the Flow Meter lighted LED is controlled by the STEP button
a3 described in paragraph 2.1.3. In the AUTQ position the STEP button is
disabled for the SWITCH positicn STEP FLOW METER and the flow meter lighted
LED advances to the right 2ach minute or every 10 minutes depending on the
position of the MANUALAAUTO switch.

2.1.7. Manipulation of Begach Control for Taking Data From Unit 2

To sa&t up the Beach Contrel to take data from Unit 2, follow the steps
below. Explanation of the rationale for some of the steps, where it is

not obvious from above, is offered after the enumeration of the steps,

instruction
1 Push RESET ALL
2 | Set SWITCH to STEP THERMOCOUPLE
3| Push 5TEP 5 times
4 | Set SWITCH to STEF FLOW METER

g Push 5TEP 1 time

6! Set SWITCH ta STEF FINCTION
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7 Fush STEF 5 times
8 Set SWITCH to STEP THERMOCOUPLE
9 | Set thermistor switch {on axternal switch box) to 2

Hotes
Instruction Explanation

3 Tums nit 2 heater on
5 Connects (WM Ch. 3 to flow meter for lnit 2,
7| Connects DVM Ch. 2 to thermistor output

8 | When STEP is pushad after steady state is reached we want to STEP

THERMOCOUPLE, not something else, This instruction insures that.

2.1.8 Manipulation of Beach Control for Taking Data from Unit 3

To set up tne Beach Control to take data from Unit 3 follow the steps
below. dgain the rationale follows where necessary.

Instruction

1| Push RESET ALL

2| 5et SWITCH to STEP THERMQCOUFPLE
31 Push STEP &8 times

4| 5et SWITCH to STEP FLOW METER
5 Fush 5TEF 2 times

6 | Set SWITCH to STEP FUNCTION

7| Push STEP 2 times

‘3| Set SWIT(H to STEP CONTROL

9| Push STEFP ] time

10| Set SWITCH to STEF FUNCTION
11| Push STEP 3 times

12 | 3Set SWITCH to STEF THERMOCOUPLE

13 ] Set thermiztor switch to 3
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Motes
Instruction Explanation

3 Turns Unit 3 heater on

5 | Connects DVﬁ Ch. 3 to Flow Meter 3

71 Puts FUNCTIOM lighted LED at HEATER POMER
9 | Sets HEATER POWER to HIGH

11 | Connects DWW Ch. 2 to tharmistor

12 | Beach Contrel i3 ready to turn off heater

2.1.9. Power Switch

The Beach Control has a power switch, The RESET ALL circuitry is
arranged so that a few milliseconds after the switch is turned on, a RESET
ALL pulse is generated. This insures that svary thing "wakes up' Teset.
On NDI'I, the power switch for the DVM alse contrels the Besach Control in
series with the Beach Control's own power switch,

2.2, DVM Operator Controls

In general the DVM contrels are clearly marked and their functions
quite easily determined from their names, but a short description of each
contrxol is in order 3¢ that this manual is complete and self-sufficient.

2.2.1. POWER SWITCH

There is a white, circuit-breaker type power switch on the lower left
of the DVM rack, This contrels all power to the DVM and, on NOI'I, power to
the Beach Control} (but not to the fBucy Control). Sometimes when this switch
iz thrown the DIGITAL INBICATOR ends up in a confused state. The indicarion
of this 1s a reading (usually) displaying 8 ,XYZ vhere X, ¥ and I may vary
and the Nixle tube for 2 ({usually} displays more than one number at a
time. The only cure is to turn the switeh off and back on again. Should

nothing happen when this switch is turned on, c¢heck to ses that the switch



253

ar the outlet where the D¥M is plupged in 15 on, and also check that che
greaker marked AFT OUTLET i3 on [the breaker box iz located in the aft
head (rest room) on NOI'IY.

2.2.2. Clock

The DVM clock does not keep accurate time because it works off line
Erequency whach 13 not well controlled by the portable generator aboard the
NOI'I, but it can be yseful from time to time. The clock is set by turning
the SET/RUN switch to SET. Then the burtons above each digit cause the
digit to change at the rate of 1 numeral/sec. When the proper setting 13
reached, return SET/RWM switch ta RUW,

2,2.3, Comparators

Tie thumb switchas on the comparators are of no use and perform no
function in the NOI'I coperation.

The ALARM RESET button does nothing.

The MANUAL RECORD button dogs nothing.

The AUTO RECORD button turns the paper tape punch on and off. Press
once and the punch works and the button is lighted, press agszin and the
punch is off,

2.2.4. Digital iIndiecater

Normzlly the operator doegs not use any of the contrels on the DIGITAL
INDICATOR. In the event of some inadvertent chanpge of these controls thelr
symptoms will be described.

1f the digital indicator reads 9.A4BL, and does not respond toe changing
voltages at the input (chanping the setting on a marker pot for i1nstance)
or tﬁ changing channels, try pushing the calibrate button. It should

normally be gut,
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If power is tumed off to the digital indicator alone, the Adzms-Smith
Instrumrent Interface must be turned off via a small switeh in the rear of
the interface. The digital indicator has a neon tube to the extreme lef:
of the display. When liphted this indicates the VM is in overrangs condition
(V=10 volts),

Z2.2.5. 5Scanner

The controls associated with the scanner perform most of the control
functions for the DVM.

2.2,5,1, Int/Ext Switch

When the INT/EXT switch is in the EXT position the scan rate of the
scanner and the punch rate of the punch iz gontrolled viz the DV¥M SCAN
INTERVAL switch on the Baach Contrel. Thiz is the nermal position and should
net be changaed.

In the IWT position the scan and punch timing is controlled internally
in the scanner snd adjusted by the 5CAN RATE potentiometer on the front of
the scanner,

2.2.5.2, Initial Channei/Final Channel Thumbswitches

These switches set the limits of the auteomatic scan o¢n the scanmer.
They rafer te channel numbers. Their normal setting is INIT CHANMEL = 1,
FINAL CHANNEL = 3 for cooling curves, and INIT CHANWEL = 14, FINAL CHAMNEL =
1% fuf tape markers.

2.2.5.3, Push Switch Row

This 1ow of seven switches laballsd

Random Single Cont

Power
Access Scan Scan

Start Step Reset
are the heart of the VM controls. The function of sach will be axplalned.
FOMER

Turns powey on and off to the scanmer, narmally left in the on position.
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RANDOM ACCESS
With this switch pushed, the scanmner does not change channels
automatically. The channel displayed (The Nizie tube display on
the scanner indicates which channel is input to the digital Indicater.)
315 the Initial channel when START is pressed and advances by 1 when
STEP is pressed.

SINGLE SCAN
With the SINGLE 5CAN button pressad the scanmer goes te the initial
chamnel when START is pressed and advances at the scan rate indicated
by the OV SCAN INTERVAL switeh of the Beach Control until it reaches
the final channel. It then returns To the initial channel and stops
scanming. If the AUTD RECORD button 1s pushed the punch punches jus:t
before the scanner scans.

CONT SCAN
If the COHT SCAN button is pushed the scanner goes to the initial
channel when 5TART is pushed and advances st the rate indicated by the
VM SCAM INTERVAL until it reaches the final channel. At the final
channel it returns to the initial chawmel and continues scanning. IS
AUTYD RECORL iz pushed, the punch punches just before the scanner scans.

START
In either RANDOM ACCESS, SINGLE 5CAM or CONT SCAM, pressing START makes
the scanner go to the intisl channal, When AUTO RECORD is pressad an
automatic start command is given.

STEF
In RANDOM ACCESS (STEP does not work in SINGLE SCAN or CONT 3CAN} STEP

advances the scanner 1 chann=l. if the scanner is on the {final channel,
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when step is pressed it returns to the initial chanmel,

BESET
Pressing RESET causes the scanner to go to channel 00. This channel
contains no information and is not used in the HOI'I operation.

2.2.6. Punch

There ars two buttons on the punch which are used in the WOI'I operation.
fme is labelled REEL MOTOR and switches on or off the motor which drives
the take-up reel for the punched tape. The other is labelled TAPE FEED,
and causes the punch to punch feed sprocket holes in the tape and um tape
through the machine, The REEL MOTOR is normally on, and the TAPE FEED is
used to put blank deliniating spacers on the tape.

2.2,7, 5Setting Up the Scanner to Record a Tape Marker

Instruction Action
1 Set IMIT CHAMMEL to 14
2 Sar FINAL CHANNEL ta 19

3 | Push SINGLE SCAN

4 Push AUTC RECORD

When AUTO RECORD is pushed the scanner will go to the initial channel
{just as if START were pressed) and begin punching and fcanning wntil the
final channel is reached, at which point AUTO RECORD 1s pushed again 1o
tumn ¢ff the punch.

2,2.8. Setting Up the Scanner to Record a Cooling Curve

Instruction Action
1 Ser [MIT CHAMMEL to 1
2 Set FINAL CHAMMEL to 3

3 Push CONT SCAM

4 | Push AUTD RECORD
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When AUTQ RECORD is pushed the scanner will go to the initizl chanmel
and begin punching and scanning 1-2-3-1-2-3 .., until AUTO RECORD is pushed
again.

2.3, Thermistor Eridgi

The thermistor bridge control has only one switch which has & pesitions.

Fositiems 1-3 are used and Position 4-& are not usad.

Position Function
1 Air temperature tharmister - Unit 2
2 Water temparature thermister - Unit 2
3 Water temperature thermistor - Unit 3

Position 1 is used in the standard data-taking sequence to record
information of value to the data analysis.

Poszitions 2 and 3 are used whenever a cocling curve is taken as sxplained
in paragraph 1.5. The operator must make certain that the thermistor switch
is set to 2{3) when cocling curves are taken with Unit 2(3).

2.4, Marker Pots

The marker pots are used to put identifying markers om the paper tapes
produced by the DVWM. They opsrate on channels 14-]19. These pots put onto
channe&ls 14-19 a voltage that can be varied between 1-10 volts, Ths digital
indicator always displays (and the punch punches] voltages in the format
A&.BCD, For the markers in Ch, 14-19 the digits C and D are ignored. Thus
2ll the codes explained below use only the digits A and B.

The code is as follows.

Channel tleaning
14 Month of year [1-12}
15 Day of month {1-31})
16 Hour of day (0-24}

17 Minute of hour (0-59]
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13 Fun number (1-9%)
19 Digit A Unit number {[0-3)
19 Digit B Identifying code for type of Data (code follows)

Code for Digit B of Ch, 19
We generate several different kinds of data in the NOI'I operation,
A marker consisting of voltages punched out in Ch., 14-19 preceeds =ach group
of data, The walue of Digit B tells the kind of data according to the

following code.

Yalue Meaning
0 Thermocouple rest voltages follows
i| Flow meter zero data follows
2 Cocling curve follows
3 Alr temperature thermistor data follows
4-8 Future unse

At the beginning (end} of each seduence of 4 cosling curves a begin
{end] sequence marker is placed. These eonsist of Ch. 14 - Ch. 17 as above
and in Ch. 13 0.0 (9.9]}.

2.5, H-P MM

fcals

The HPMM has & buttons marked power, —n, ¥, A, K2 and auto hotd?

and has 4 positions for the input 1eads. Thess positions are marked ¥, i,
com and A, The switches have the following meaning:

POWER: Switch down, power onm; switch up, power off,

Y Switch down, measure voltage between V and com. conhection
Al Switeh down, measures current betwsen & and com. ¢onnaction
1 Measure resistance botween & and gonm,. connection,

~— n,5¢ale aute hold: These switches have a line like this | on

their face. In the up position the line points to one option,
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in the down position to anether. —— means DC voltage or
gurrent, v means AC volts or current, Auto means automatic

range selection, hold means it stays at pressnt range selection,

Fuases and manual are with instrument,



260

CHAFTER 3
GENERAL DATA TAKING PROCEDURES

3.1, Manual

We have made every effort to make this manual complete in every
respect, We must be CERTAIN that things are done precisely according te
instructions. This manual gives complete instructions for taking data and
handling the experiment. 1If it seems necessary to do something in the
experiment that is not covered by thils manual, DO NOTHING until you have
checked with one of the following

Phone Mumbers: All area codes (4132)

Work Heome
Glenn Grannemann £71-2748 421-4850
John Fetkovich 878-2771 953-7304
Dan Meier S78-2772 6283-135%89

Call anytime day or night.

3.2, Integrity of the Experiment

In general, ANY change In experimentzl conditions may adversely effect
the experiment. If a change seems necessary, contact one of the above hefore
doing anything. The ONLY thing an operator should do is to take data
according to the method given in this manual. Most especially the water
velogity in the units should not be changed.

3.3, Operator Care Negessary

It i5 imperative that utmost care be exercised when taking the data.
Small deviations Ffrom the data-taking scheme outlined in this manual can
make data analysis and interpretation very difficult or impossible. When

using the DVH be certain that all the inputs are in their nominal range and

the corrsct input is being read. When making obgervations and writing them
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in the log, note down ANYTHING you observe, Qur philosophy is that much
teo much data is infinitely preferable to even a little too little.

3.4, Data Wanted

Based upton past experience we have devised the following scheme for
taking data, The scheme vepeats on 2 two week scheduls,
Weak 1:
A one day visit to boat, Operator will take 4 or 3 cocling curves
with each unit. (Coeling curves will always be taken in groups of 4.)
This wvisit will be to insure that everything is normal.
Week 2:
A two day visit te boat. Opearator will take 16-Z4 cooling curves with
each unit, This visit will be to produce data that has high statistical
significance. (Again all cooling curves are done in groups of 4.

3.5. Logs for Use with the Experiment

The information written down by the cbserver is at least as important
a3 that punched by the DVM, We therefore employ an extensive log system
while taking data. These logs are kept in 4 separate notebooks, Each test
unit has its own log. In addition we have a general log and 3 tapa log., A
major part of an operator's duties is to keep up these logs in the manner
specified., We have found their format to be intelligible and indispensable to
data analysis, Any deviation from the standard log formatr puts in jeopardy a
whole day's sffrot at data taking and also a whole day's worth of data. Again,
mach teo much data iz better than a littile too livtle. Try to confine writing
to an 8-1/2 by 11 space for ease of phtocopying.

3.5.1. Unit Logs

411 information pertaining to only one wnit is logged in that unit's

log. This log has two parts. The first part (FRONT) contains data that
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pertains to each rum, These are arranged in columns, the headings of which

are enumerated and explained below

Heading Explanation

Recorder Whoe takes the data

Date

Time Time accurates to tF minutes.

Run Runs are numbared .sequentially from 1 for each unit

for sach day

Tape Tapes ars numbered according to the following system.
Month-day-yeszr-sequential number for that day, For
example, Tape 2-1-76-2, is the second tape taken on
September 1, 1976

FMZ Flow mater zers reading

FME Flow meter reading

Volts AC line woltage as measured by H-P DMA

Fower Heater powar setting of bsach control

Bottle Time to fill bottle used for absolute flow velocity
Fill MEASUTSMENLS '

Seconds

TC Test Thermocouple test valtage

Alx Tenp. ir temperature thermistor reading

Thermistor

Air Temp. Mercury thermometer reading

TCR;y cgi . TheTmocouple reading 30 sec. after heater tumned off

TEREU cec Thermocouple reading 60 sec. after heater turned off
TCR_ Thermecouple reading when asymptotic value reached
T Time constant calculated from TERSD soc’ Tcnﬁﬂ cect
TCR
o
Comment

These items are recorded before .and during a run. The work of 30 and

31 Aug. may be used as zn example of how data are to be taken.
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The second part of the Uait log is to be found in izs back pages. Here
are kept any observations that pertain only te the wnit in guestion., The
pages are divided into 5 columns with the headings: Regorder, Date, Tims,
Previous Run and Observations. The inzertion of the previcus mun <olumn
Makes 1t clear when a particuiar chservation was taken relative to the day's
runs. Again the data of 30 and 31 Aug. may be taken as Examples, Some of
the kinds of things thar migitt pe recsrded in the mit logs are zny ynusual
happenings while taking data, changes in vater temperature noted whila ceoling
curves are run, indications of sez and boat roll conditions,

3.5.2. Genera) Log

In the general log are kept any observations that pertain to all fne
experiments aboard MOI'I. The pages are divided into the following columms:
Recorder, Dats, Time, Obssrvations. We record here things like seéa state,
ships roll state, weather conditions, power plant outages, observation of
creatures near the ship, current dirsction and speed. Again the gemeral log
for 30-51 Aug. may be helpful.

3.5.3. Tape Log

The third log we keep is a tape log. In this log are kept notes which
help to understand what is on a particular tape gererated by the DV, Again
the Recorder, Dats, Time, Observation 2o0lumn shceme is used. This manual
describes a standard sequence of 4 cooling curves. This sequence calls for
placing several items on the tape. At the start of a sequence a tape iop
entry should pe made ro indieate thart 2 sequence is being started, Give the
Tape number, the run nupbers, and the unit numiper, As the sequence proceeds
any errors or deviations from standard procedure should be noted in the loe.

At the end of the sequence znother noic should be entered sayving the sequence
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was finished.
This completes the descriptions of the logs.

3.6, System Frailties

By design and in practice the whoale system is pretty rugged. There is
little an cperator can do which would damage it.

The potentially most damaging thing would be to turn the heater on teo
a particular unit when the water flow is tumrned off. This c¢ould wreck a
heater cylinder by getting it too hot and shorting out the heater.

Bafore the ONAN generator is tumed off or on, the operator should
make <¢ertain that all cireuit breakers arg in the OFF position. The gener-
ator should start and stop wunder no-load conditions.

OF course the normal cars axercised around 110 VAC power should be
enforced. Remember that the ocesn is near, snd salt water on hands, carpets,
etc,, can make them more conductive than normal.

3.7. Description of a Standard Sequence of 4 Cooling Curves

In order to increase the statistical significance of the data, we take
four idantical rums in rapid succession witheut changing anything about the
apparatus. Along with the four ¢ooling curves several other items are
recorded,
These ars:
(:)- Air-temperature thermistor output,
(:) Thermocouple test voltage.

This voltage tells us things about thexstahility of the electronics.
C:) Flow meter zero.

The flow meter reading with no flow is an important parameter in our
analysis.

(:) Four cooling curves for the umit in gquestion.
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@ Repeat Flow meter zero
@ Repeat Thermocoupla test

@ Repeat air temperaturs thearmistor
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CHAPTER 4
HOW TO TAKE DATA

This chaperer iz, of course, the heart of the manual. The things tharc
have come before are really only background se that when things are done
according to these instructions, the operater will understand both what he
is doing and why it is done. See Flg. E-1 thru E-9 for a skeatch of sach
chasis panel., Abreviations with reference to DVM:

RA: random access

357 single scan

C3: continuous scan

AR: auto record

IC: initial channel

FC: final channel

4.1. Instruction for Initial Set-up and Checks

(:) Check to see that all things are as you left them last time you ware
at the ship. Paragraph 4.4. p.279 gives instructiomns sbout how to leave
the apparatus. If things are not as you laft them, detarmine from the crew
what has caused the change. If cause cannot be detérmined, or if something
appmars to be wrong or damaged, consult with one of those named on p.240
before continuing

(:) Check visually to see that both punp dischaxges appear normal

(:) Fill absclute-velocity measuring jug from the discharge of each
tnit. Adjust £ill time for Unit 2 to Le between 1 min. 50 szec. and 2 min.
Adjust fill time for Unit 3 to be between 55 and 63 seconds,

.(:) Check with the crew toe see if any unusual incident has ocgcured, and

log anything they report {in General Leog).
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(:) Log & deseription of sea and weather state observed on the way from

Honokahau to the ship [in General Llog).

@ Set H-F DMM to AC volts HPMbL: ACY

(In the Ted boxes following sach instructiom sppears first the chassis
abbreviation (see p.243) and then a list of controls to be adjusted on that
chassis. The format is this: chassis abbreviation: action).

Plug input of HPMM inte AC line

Set DVM Clock [DVM: clock |

Reset Beach Contrel

Set WM Scamner Initial Channel = 1, Final Chamnel = 3

{IC = 1, FC = 3] [DVMLIC,FC |

Press Pandom Access, then Start DVM:R& Start

¥alue of Thermocoupls Test veltage (TC Test) Should be - -3.3

Step Thermocouple  (5tep TC) 4 times to hearsr off Unit 2

JBC: Switch, Step

¥alue should be - -7

S5tep themmgcouple 1 time to heater on Unit 2 ] BC:Scep

Yalue should decrease (become larger negative} as Cu heatar

EEE e ®OEO

cylinder heats up

Step TC 2 times to heater off Unit 3 | BC:Step

Value should be - -.7

Step TC 1 time to heater on Unit 3 | BC:5tep

Yalue should decrease as Cu heater ¢ylinder heats up

Reset Beach Control
Step DVM Scanner 1 time to Ch 2

S5tep Funection 5 times to thermistor LBCTSwtich,Stepl

SICISNSIAIGLS,
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Sat Thermistor Switch to TMH] ITH:Swi.tch |

This value ¢an vary between -2.5 and -9.0 depending on whether

o nat Wit 2 12 in the sun.

Set Thermistor switch to THEZ TH: Switch

This valua should be ~ -3.5

Set Thermistor switch ta TMES

This value should he 2bout -3.5

Step DVM Scanner 1 time to Ch 3 |DVM:3tep

Step Flow Meter 1 time to FMZ {BC:Switch, Step

Flow Meter 2 is damaged sg this value may be erratic or even

positive,

Step Flow Meter 1 time to M3 |BC:Scap

This value should be about -1.5

Sat DVM Scanner IC=14 FC=19 Random Access, Start

| bvM: 1C,FC, RA, Start |

Turn Pot 14, see that value changes, Set to month
Step DVM Scanner ! time to Ch 15

Turn Pot 15, sg¢¢ that value changes, set to day

Step DVM Scanner 1 time to Ch 16 |DUI~I:S1:Ep!

Turn Por 16, see that valne chanpes, set to hour |MF:16!

Step DVM Scanner 1 time to Ch 17

Turn Pot 17, see that value changes, set te minute

Step DVM Scanner 1 time te Ch 18 | DVM:Step

Turn Pot 18, see that value changes, set te 0,0 |MP:13

Step D¥M Scanner 1 time to Ch 19 [DVM: Step

Turn Pot 19, see that value changes, set to 4.0 [MP:18

Log in General Log that this precedure has been completed.
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HNote any problams or any mmexpectad happenings or values.

If these voltages are all within normal ranges, (see Paragraph 5.5,
3-283 ) and all the controls work properly, the whole systam should be
working correctly. Things to watch for: a voltage »0 in Ch 1-3 [except
possibly when FM 2 is being read, Ch 2 may go >0 when lighted LED not at
Thermistor) indicates trouble somevwhere, If such a voltage is observed,
learn as much as you ¢an about it (value, tum power on and off to see if it
changes, vary input to szee if it reponds) then call for advice [ p.260 )

4.2. Instructions for Taking a2 Standard Setof 4 Cocling Cuxves

Abbreviations used below:

Step TC means sat Beach Control Switch to Step Thermocouple
FM " " Step Flow tleter
Function " n Step Function
Control " " Step Control

and push 3tep button.

1Cax means ser VM Scanner Initial Channel to x
FC=y means set VM Scamnmer Final Channel to ¥
' " Things in aquotes are to¢ be written by hand on blank spaces of
the taps. Run through -8 in. of tape using DVM Tape Feed button far
each blank. Blanks are used to separate different kinds of data on the tape,
51U means Special Instructions for Unit U. !

After the DVM punches 6 pieces of information it inserts a carriage
return and line feed on the tape. These are control characters for the tape
reading device. We attemot to end all strings of datz with a carriage retum.

They can be recognized by the sound as the punch punches a few extra holes, or

by nating a unigque ponch on the taps just past the punch head.
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What follows are step by step instructions fer all things pertaining
to the Beach Comtral, the WM, the thermistor switech, the Marker Pots, and
the nits. I will make the instruoctions peneral for both units. When there
gra differences betwaen the wnits, I will note tham in the ipstructions, The
instructions are identified by paragraph numbers and titles, When setiing
up the marker pots remember the following asseciation eof Ch ¥ and information:

th 14 Ch 15 Ch 14 Ch 17 Ch 18 ch 19
Month Day Hour Minute Run * u.c

In Ch, 19 U (the first digit) is Unit ¥ and C (the second digit) is a code,
The code is explained in Paragraph 2.4 p, 332, In what fellows, whenever a2
marker is called for, we write Ch 19 = )., where U is to be determined by
the operator and we write down the proper C. Best setting of Pots is -4, B50.

4.2.1. Measure Current and Ship's Heading

There is aboard HOI'I, a barrsl stave with a 3/8 shackleon one snd
and a line ¢n the other. From the bow of the ship throw the stave in
water helding on to the line. Note the time for the current to carry it
the length of the boat, and record it in the General log. Take a reading
from the ship's compass {crew can help if necessary), and record in the
General log. Alse record in Unit Log: sea conditions, wind conditions and
state of roll of ship.

4.2.2. Lead and Label Tape

The proper way to thread the tape through the punch is illustrated in Fig.
E-5. The tape is put over the rollers as indicated and the loose ¢nd taped
te the take up post, Care should be taken to be certain that on the supply
side the spring tension of ths rollars helps to smooth the tape feed. To put
tape in the pumch, lift the cover on the tosthed sprocket wheel, and put the

tape umder the cover and under the lsver on the left of the pimch. (The punch
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will not operate unless the tape is under this lever,) Make certain that the
tape is as far into the punch (as far star-beard) as it will go, The tape goes
-2 mm into 3 metal notch. Close the cover and press Tape Feed while pulling
on the tape until the sprocket holes are wniformly spaced. Contlnue running
through tape until it can be attached to the take up post {eor reel}. Two
things to be carsful of are:
(:) The tape must be all the way into the punch ¢r the last row of
punches will be misplaced;
(:) The supply tension system must be right or the pumch will place one
bit of information on top of another, ruining beth.

Both these problems have ruined data in the past so Bg CareFUL!!

Careful inspection of the tape as it comes out will reveal either of these
faults if they exist.

Finally, write the tape number on the tape. Tape number is month-day-
year-tape # for that day {e.g., Tape 9-12-76-3). Alse write on the tape
what Tuns are expected to be on the tape {4 runs/tape) and the Umit 4.

Press Reel Motor switch to start take-up post tuming.

4.2 Begin Sequence Marker

Enter in Tape log thet sequence is beginning

Pun through tape “Mark" |DvM:Tape Feed |

L.
@ Set DV Scanner I1C=14, FC=19, Random Access, Start { DVM:IC,FC,RA,Start]

Sat pet: for Marker, Ch 18 = 0.0, Ch 1%=0.0 | MPiSetr aLL |

Set DVM Scanmer, Single Scan, Start, Check for correct values

©

pvi: 58, Start

Press Autc Record, Stop after 6 punches | DVM:AR

NOTE: For the markers associated with Alr Temp., Data, TC test Data
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and FM Zero Datz that preceds the first cooling curve of a sequence (ceeling

curve a) use the appropriate mm number for & 25 the run number in Ch 18,

This number will be 1, 5, 9, 13, 17 ate. depending on which sequence of the

day it is,

4.7.4,

Alr Temperature Thermistor Marker and Data

@

S0

" REOEEEOOG

F %
[ )

Run through tape, "Mark" IDVH:Tape Feed‘

Set DVM Scanner IC=14, FC=1%, Random Access, Start

th:IC,FE,Rﬂ,StaItf

Set Pots Ch 19=U.3 !HP:Set Alll

Set VWM Scanner, Single Scan, Start, Check for correct values

[DvM:55, Start |

Press Auto Record, Stop after & punches | IVM:AR

Run through tape "Air Temp" [DVM:Tape Feed|

Set DVM Scapner IC=2*; Random Acces, Start lDVH:IC,RA,Start i

Reset Beach Control EBE:Reseti

Step Function § times to T |BC:Switch, StePI

Set Thermistor switch to 1

Press Autc Record, Stop after 12 punches |DVH:AR|

Record value in tnit log (front)

Set Thermistor switch to proper wvalue for unit in uwse {TM:Switch

TC Test Marker and Data

@

@
&

Run through tape, 'Mark" iDVM:TapE Feed|

Set DVM Scanner I0=14, FC=19, Random Access, Start

[DVi:1C, FC,RA, Gtazt |

Set Pots Ch 19=U.0 [HP:Set Alli

Set DVM Scanner, Single Scan, Start, Check for Correct Values

* 1t is all right to leave FC=1% at this point. With Random Access Pushed and
readings taken from only one channel, the Final Chennal dees not come into play,
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‘DﬁH:SS,Start !

Pregs Auto Record, Stop after & punches DwM: AR

Bun through tape "TC Test" |DVM:Tape Feed

Set DVM Scanner IC=1, Tandam Access, Start |DVM:IC,RA,Start

Reset Beach Control iﬁC:REEEtF

Fress Autc Record, Stop after 12 punches iDVM:ARi

Record value in Umit Lleog (front)

FM Zero Markser and Data

OIOINGIGENGIOISICESIGINSICIE

®

Run through tape, "Mark' | DVM:Tape Feed |

Set DVM Scanmer, |D¥M:IC,FU,RA,Start]|

Set Pots Ch 19=3.1 jMP:5et All

Set DVM Scanneyr, Single Scan 5tart, check for correct values

[ovi:ss, start |

Press Aute Record, Stop after & punches I DVM:AR|

Run through tape, "fM Zerco Unit 3" | DVM:Tape Feed

Set DVM Scanper IC=3, Random Access, Start | DvM:IC,RA,Start|

Reset Beach Contral |BC:Reset |

Step FM 1 time for uwnit 2 - 2 times for Unit J to appropriate

value for Unit in use |BC:Switch,Step |

Close valve on pump discharge for Unit 3. There are 2 valves on
each Unit. fme to control flow wvelocity, the other to turn the
flow on and off. The contrel valves have had their handles
repoved, Their settings should only be changed at the beginning
of a day (ses p.265, Iastruction 3). The on/off valves must bhe
completely on except when FM Zero Data is being taken or when the
gensrator 1s shut down.

Press Auto Record, Stop after 12 punches |DVM:AR



(:) Immediately after stopping pwnch, open valve on pump discharge,
eump can lose prime if discharge is closed too long., Auto record
button can be reached from deck without going down steps inte
cabin. This saves a few seconds,

Check to see that flow is re-géstablished

Record value of Fl Zero in Unit Log (fremt). It is more important

®®

that the punp not lose prime, than that the number be wirtten down.
1f you can’t do both, make sure the pump gets turmed back on and
neglect recording the value in the log.
NOTE: Unit 2 Flow Meter does not work, and Flow HMeter electronics
are arranged so that only Flow Meter 3 can be read so0 make all Flow Meter
terc measurements on Unit 3.

4,2,7. Ceoling Curve o

Complete a5 much as possible of the Tun data in the front of the

unit log for the appropriate Unit. Mote in the back any ebser-

vations you have made pertzining to this Unit, Note in the

General log any abservations you have made about the whale ship-
board svstem or about sea conditicons.

Cheel for water flow in both wmits.

Rezet Beach Control BC :Reset

BOe®

Step TC 5 times for Unit 2; 8 times for nit 3 to heater on ap-

propriate Unit |BC:Switch,5tep

®

Step FM 1 time Unit 2 - 2 tames Unit 3 to appropriate value for

Unite in wse | BC:5witch, St=p

@@ Step Function 5 times to thermistor BC:Switch,Stey_l

Special Instructions for Unit 3

@ St2p Function 5 times to Heater Power fBC:SHitCh,StEp
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@@ Step Control 1 time to High Power | BC:Switch,5tep

@@ Step Function 2 times to Thermistor [ BC:Switch, Step

Instructions for Both Units

@ Check that thermistor switch is set to proper value for Unit

in use | ™:Switch |

Return Beach Contrel switch to Step TC. Do Not operate Step

Button | BC:Switch |

Run through tape, "Mark"™ | DVYM:Tape Feed

Set DV Scanner, IC=l4, FC=19, Random Access, Start

®O

EDVM:IC,FC,RA,Start |

Set Pots Ch 18=U.2 MP:Set 411

Set DVM Scanper, Single Scan, Start, Check for ¢orract values

FDVM:SS, Start |

Press Auto Record, Stop After 6 punches | DVMIAR

Fun through tape, ''Date, Run#, Unit #" |[V¥M:Tape Feed

Set OV, Scanner, [C=l, FC+=3 cont., Scan Start

|DviM: IC,FC,CS, Start]

Observe Ch 1 voltage, wait until it has reached a stsady state

When steady state has been reached, Press Auto record as VM

@® 06® 60

¢lack switches £from 58 see to Q0 see,  [(Timings that follow can

be made with DVM elock, it is accurate enocugh for a short time,)

Record time to nearest minute in wnit log (front] column marked

®

HeataT Off,

After punching for 1 minute, Step TC 1 time to heater off

®

appropriate unit | BC:Step
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After 30 sec record Ch 1 reading in TCR colunn of Unit log

30 sec
(front). This is fairldy easily done in the following way: Watch
¥4 clock wntil 30 sec appe;rs, then shift gaze to scanner readout,
You should see 03 displayed. The punch will punch in a few tenths
of 3 sacond, and the scanner will now display 0l. Shift gaze to
digital indicator display. MNote and record the first 3 figures

of the display just before the punch punches. You can practice
these readings at 6, 12, 1§ and 24 seconds.

After 60 seconds record Ch 1 reading in TCR6ID sec column.

Go to stern swim platform and measure the time necsssary to fill
the jug from pump discharge of the wmit in use,

Record the fill time in the Unit leg (front].

Record TCR_ value from Ch 1 at least 5 minutes after the time in
instruction . Try te pick & time when the water temperature,
as indicated by the T™ output in Ch 2, i= not changing.

Record 1n Unit leg (back) any phsarvations not covered by the mmn
data in Unit log front.

Caleulate  from TCRSD,&D,w valuas,

T = 3] Secf[ln(T’CR3 -TCR) - I.n[TCR6 -TCRH}]

¢ ¢
Ar least 10 minutes after time recorded in instructicn s SToOp
punch. Try to stop it after a carriage return.

Compare jug fill time with previeus Twns taken that day and runs
taken on other days. If there is greater than a 10% difference,
try to acertain the cause {on/off valve not open completely,
faulty timing, etc.) if no cause can be found c<all someone (p244)

Compare calculated ¢t with t's from other runs and other days.

-
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If there is greater than a 20% difference try to acertain the
cause [on/off valve, faulty timing, faulty calculation, ete.).

If no cause can be found and condition persists for 2 more cooling
curves, call someone.

i,2 Cocling Corve B

Reset Beach Control BC:Reset

Set DVM Scanner, IC=1, Random Access, Start | DVM:IC,RA,Start |

Record value of TC Test in Unit Lleog (fromt)

Step Function S times to Thermistor |BC:Switch, Step

Step VM Scanner 1 time to Ch 2 !DYM:Step|

Set Thermistor switch to TMEL | TM:Switch |

Record value of Alr Temperature thermistor in Unit Lag (front)

QRO

Return thermistor switch to proper value for Unit in use

Repeat instruction of Paragraph 4.2.7.

®

NOTE: When setting up the marker pets for Tun § he sure to set the
Rom ¥ with pot 18 te correct value for Run B. This number will be 2,
5, 10, 14, 18, stc. dapending on which ssquence of the day is bheing run .

4.2.9, Cooling curve v

Repeaar the instructions of Paragrpah 4.2.8.
NOTE: Correct rum  for marker will be 3, 7, 11, 15, 19, etc.

4.2.14, Cuuling Curve §

Repeat instructions of Paragraph 4.2.7.

NOTE: Values of TC Test and Air Temperatuye Tharmistor will be recorded
after this run when these values are again recorded on tape.

MOTE: The correct Ram % for maker is 4, &, 12, 16, etc,

4,2.11. Flow Meter Zero Marker and Data

Repeat instructions of Paragraph 4.2.6



278

NOTE: ‘The correct Fam # for marker for FM Zere, for TC Test marker
and Alr temperature thermistor marker is 4, 8, 12, 16, e=tc.

4,2.12, TC Test Marker and Data

Repaat instructien of Paragraph 4.2.5,
MOTE: Correct Run # 4, B, 12, 15, ete,

4,2.13. Ady Temperaturs Marker and Data

Repeat instructions of paragraph 4.2.4.
NOTE: Corsect yun & 4, 8, 12, 16, etc.

4.2.14. End Sequence Marker

Run through.tape, 'Mark” | DVM:Tape Feed |

Set DV Scanmner IC=14, FC=19, Random Access, Start

®G

[ovi:1c, FC,Stare]

Set Pots Ch 18=2.9, Ch 19=9.9 | &P:Set All

Set DVM Scanner, Singles Scan, Start, Check for Correct values

[Dvi:8s, Start |

Press Aute Record, Stop after 6 punches [ OV AR I

Record in Tape Log that seaquence has ended, and note any errors

G 66

made in making the tape.

&

Labal the end of the tape with tape number, run numbers and Unit

number.

4.2.15, Unlgad Tape

To get tape into most convenient form for shipment and analysis, do
the follewing: Break the tape on the supply side of the punch after :uf-
Ficient tape [-12 in.] has been run through to make a good trailer section.
Remave the supply roll from the reel and put r=2l back on the supply post.

Bring tail of tape over to the reel and rewind the tape onto the reel. It
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can be wortmd quite tightly by holding the tape and gently but firmly turning
the res]l. Finelly remove fape from reel by disassembling the reg] and use
scotch tape (if it tums out nat to l2ave glue on the tape] and rubber bands
to insure that it doesn't unroli.

4,3, Conments

This is the ONLY foymat in which data can be taken. All data are to
te taken in sequences of 4 cooling curves withourchanging conditlons
between curves. On check wisit days 1-2 such sequences/unit should be
taken, On high statistics visits 4-% such sequences should be taken for
each unir.

4,4, Bafors Leaving_Boat

Remove tape from punch

Turn off Reel Motor | [VM:Reel Mator |

Empty chzd catcher on punch
Unplug the 110 VAC line that is input to the H-P DM
Turn off H-P DM

Reset Beach Contiol !BC:Reﬁet I

Set DVM Scanner IC=0, FC=0, Random Actess, Start

DVM:IC,FG,RA, Stave |

Set Thermistor switch to ™ 1 [TM:Switch l

Set All marker pots to zeroc |MP:Set all to zero

Leave power ON Lo Beach Control,
Check for flow in both Units,

Tidy up aft cabin.

elolalelolommelelolelelole

Take all punched tape and log books off boat with you. Take Jiffy
bags along to mail data in. (They are in bag under table in aft

¢abin .}
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4.5, Getting Data to Pittsburzh

When you get off the ship make photo copies of all log entries and send
them along with the paper taps to:

Dan Meier

Physics Department
Carmnegie-Mellon University
Pittsburgh, Pa. 1521z
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CHAPTER &
HAINTENANCE AND TROUBLESHOOTING

$.1. Generator 0il Change

The ¢rew knows how to change oil in the generator. Let them de it.
In the Diesel Laop is noted the time of the last oil change. Bs aware of
this time and in comsulation with the crew and Profassor Munchmever,
decide when to change oil,

5.2, Priming hits

Unit 2 and Unit 3 are primed differently. The ¢rew has heldped prime
both units and knows how it is dome. Unit 2 has retained its prime since
early July.

5.2.1, Unit 2 Priming

nit 2 has a foot valve at the end of the intake hose which makes
priming sasier. Before priming, be certain that pump needs to be primed.
{Is discharge va;VE tunred off?) First turn pump off and close discharge
vglva, Then rig the priming pump in the feollowing way: Intake: over the
sida, discharge intoe garden type faucet on starboard rail. Then open the
main pump discharge valve and start priming pump. When a goced flew is
established, gradually close discharge vaive but never close it completely.
Theén climb to the top of the A frame op which the unirs are mounted and
open and close the airbleed valve at the top of the unit several times.
Do this enough to purge the air from the system. At this point turn the
main pump on and open the discharge valve, Pump wili now be drawing water
through inlet and through priming pump. Shut off power to priming pump.

Now slawly clese the valve on the garden faucet, the main pump should pass

some alr but ceontinue te pump,
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5.2.2. Unit 3 Priming

Unit 5 is different from Unit 2 im that it has no fpot valve, but
instead has a PYC gate valve at the water's surface, To start priming, open
the gata valve to make cartain that the part of the hose which is in the
water 15 filled with water, then close it. The fitting of the priming
pump and the bleeding of air proceeds as above for nit 2. When this is
complete the discharge valve is opened and the main pump is started. The
priming pump is now stopped and the garden-type fauvcet closed WHILE the PVC
gate valve 1s opened.

5.3, More on Priming

If trouble is experienced in priming, <all Frof. Munchmeyer for adwice.

5.1, Troubleshnnting_

If z problem aTises, try to leamn as much as you can ahout it without
changing any experimental conditiens. Then call someone (p.2640). Glenn
Grannemann is prebably the prime person tg discuss these problems with.

Thare are some problems that can be corrected in the field, however,

If Step Flow ieter does not work, and all other gperations on the
Beach Contrel appear to be nermal, the problen is probsbly in the Auto/
Manual switch, 5See paragraph Z.1.4.

Lf you get all twisted around using the Beach Control, push RESET ALL
and start all over.

If the Scanner appears not to do what you want, push START and see if
that helps., If that doesn 't help, theck to see that you haven't set the
Inirial channel larser thap the final channpel.

Sometimes the DVM gets stuck in 2 strange state when turned on. This
is explained in Parapraph 2.2.1. Turn it off and back on. See also

Paragraph 2.2.4.
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If the DVM dossn't punch when Auto Record is pressed, the tape may
not ba under tha lever to the left of the punch head. Lift this lever
and prass Tape Fead. It should now werk,

Finally, the data-taking instructions in Chapter 4 have been testad.
They work exactly as they are written. I[f. something does not work, check
to ses that you are following instructions exactly. If you confirm that
you are, and it still doesn't werk, ¢all someone [p.260).

5.5. Repressntative Voltages

Here is a list of nominal values of voltages appearing at the WM,
The ranges are pretbty broad so any value even slightly out of range is cause

for concern. Any value well out of range i3 cause for a call for help (p.260),

Power line voltage (Measured w/H-P)

on - 120 VAC
TC Test - 3.0+ =40
FM Zero - 010 4= - 200

If you fing
any of these
gre=ater than
rero, except
just after
punch punches,
Please call

FM Bmading -1.0 =+ -3.0

TH#i Reading -1,5 +«+ -5.9

TM#2 Reading +«2.5 ++ -5.5

TME3 Reading -2.5 ++ -5.5

TC Reading (ne hear, either wnit) -.010 +— -2.0
TC Reading [Steady state either Unit} -3.0 — -9.8

Ch 14 - Ch 19 Pot Yoltage -0.10 +—+ +3.9
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DVM  General Layout
Em";l Comparator
Clock A I
m
Man Auto
Record Record
Comporator Comparior Comparator
Scanngr
- 0,137 03
Digital [ndicotor
Model Q0
Adoms Smith Instrument {nterface
Real | tape

Momr\D D.-

Fesd

Figure E-2



286

DVM Digital Indicator

DIGITAL INDICATOR

-0.137

Zerr@E}SLunTlTlTLTLTLJL

Per Cal O O O O O O
] + 2 3 4 5 8

Figure E-3

No operator controls on the digital indicator. Power and cal are
push switches which stay where they are pur. Power is normally down,
cal nommally up. When cal is down, Digital indicator reads 9,.dxx and
does not respond to inputs. Lighted LED indicates which signal processing
unit inside the digital indicator is in use, It should always indicate 4.
Its position is controlled by the scarner and is transparesnt to the gperator.

Leave the toggle switch peinting to right.
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DVM  Scanner

Scanner
(:) :Ei Int
fﬁ ol 03
Ext Initiot  Finol

Channel  Channel

Random Single Cont
FPwr Access Scan 3¢an Stert Step Reset

Figure E-4

Power i5'a press once on press again off switch., MNormally it is in
the down {on} position. Random Access, 3imgle scan, and Cont scan, are
switehes that cancel each other when one is pressed. Start, step, and
Teset ATe momentary on switches., Int/Ext toggle switch that controls

whare scan interval information comes from,is nowmaliy in the EXT position.
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DVM Punch
Toge Ene Sorrees
Sansing Lever —|
=._ () '
—— ~Crive Sprocket Cove

i

hY

oN
@ POWER

OFF

Do nat turn off

Chod
Cotcher

Shows proper way to thread tape,

Figure E.5

Reel motor shown on and lighted red.
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PDVM Clock and Comparators
. Algrm
2025 Ih,':': rglg .37 Reset Comparagtor
000 00 DD‘ Man Auto 137 137
355\ 366 Seizﬂun Record]{ |Record
Comparator Comparotor Comparotor
138 (32 t40 |41 142 143

Figure E-&

Comparators, alarm reset and manual record not in use. Only thing used

iz auto recoard and clocks.
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Thermistor Switch Box

Thermistor Switch

Figure E-7

Cnly positions 1, 2 and 3 4re in use, There is nothing connected
to positions 4, 5, 6.

1. Air temperature thermistor,

2. Unit 2 Water temperature.

3. Unit 3 Water temperature,
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Marker Pots

DITMXXD <

© O

a o
e

R

©

@

0210
s

NW—-HO U

Figure E-§

These are 1 turn potxg the knobs are markers 0 -

10,
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Hewlett - Packard DMM

hp 3478A--- p Range
'wnrn ?,: V1 A k) &ulﬂ Held

+6.02 n (0 O &

—

Power, -._ -,and Range buttons are press once down, press again up.

The top side of button iz marked like this ( Button from top):

L,

Depending on whether butten is down or up indicator point: ta one dot

or another, indicating sstting,

¥, A and kfi are self cancel,

A Slide plastic
. Iﬂq_ plate + to
O ma: max reveal fuses,
32 mA taped
Fuse 32mA = 50'3'{\!' Fust to Unit.?
max .S A&

Fut red iead in ¥, @, black in com. for normal use aboard NOITT,

Figure E-9
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APFENDIX F. THEORY OF OFERATION OF THE THERMOPILE
The thermopile acticon may bhest be illustrated by adding the Seebeck
Emf's for each segment of the thermal circuit of Fig. 4-231* The output

Emf of the thermopile is thus given by:

EAB = [Eh-El} + [EI'EE} + [Ez—ES} + {ES-E4} o

* (EggrByq) *+ (Epy-Bas) + (Epp-Bnqd + (Epp-Epd
T T T
S T O el I
R RC HC
T "
v ITHC Cpedl + o o
RC
.
RC
+ IT € wons?
HC
T T
e[ M are [ ar
T = T = En
RC HC
T
R
+ IT £, 8T -
RC
or:
T
E =11 f HC (e -€,.Jd4T 2 1l(e. - J{T_ .-T_.)
AR Fa “oon Fz “con HC RO
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Here €oy? Sfe? and e are the Seebeck coefficients for ¢opper, iron and

ton
constantan, and TR' THC' TRE are the temperatures of the room, heater
eylindsr, and refersnce cylinder. Mote that the copper leads to the thermo-
pile have na net effect on the thermopile output voltzge provided the temper-
ature distributions along the two copper leads ars the same, The outpur
voltage is 11 times that due to a single iren-constantan thermocouple. At

70°F, (e } is 28.6 uV¥/°F, so the overall sensitivity of the thermopile

Fe Scom
iz 0.314 o¥/*F.

Reference:

1. Heat and Thermodynamics, Mark W, Zemansky, Sth ed., McGraw-Hiil,
1268 (p. 414).
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