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EXECUTIVE SUMMARY

Extensive work in the field of sea water desalination, including some plastics
applications, suggested to DSS Engineers, Inc., in 1973, that plastics might -
have a significant cost advantage over corrosion resistant metal alloys for
some lTow temperature marine heat transfer applications. The enormous amounts
of heat transfer surface required by the closed cycle Ocean Thermal Energy
Conversion (OTEC) process made it a likely application to consider. DSS En-
gineers was awarded a grant in May 1974 by the RANN Directorate of the National
Science Foundation to make a design study and cost estimate of plastic heat ex-
changers (PHX) for OTEC. The results of this initial feasibility study indic-
ated that plastic heat exchangers were technically feasible and economically
attractive, but that several technical areas of uncertainty existed. In August,
1976 a two-year matérials testing and evaluation program was begun by DSS Engin-
eers for DOE.  Its primary objective was to make material selections and answer
the most important technical questions raised by the previous feasibility study.

To select potential core material resins for the test program, a review of
thermoplastic properties and applications was made. A cost parameter based
on the cost estimates of the initial feasibility study was developed to com-
pare the merits of various commercially available plastics. In addition,
chemical resistance indicators including solubility parameters, dielectric
constant and manufacturers' application recommendations, were examined to
determine probable compatibility with sea water and the three proposed work-
ing fluids, ammonia, propane and isobutane. Seven plastics representing a
fairly broad spectrum of polymer families were selected for experimental
screening. They are: high density polyethylene (HDPE), polypropylene, poly-
butylene, polyvinylchloride, acetal copolymer, nylon II and cellulose acetate
butyrate.

The simplicity of chemical resistance tests allowed a large number of en-
vironment/material combinations to be performed in a relatively short

time. Specimens of the seven plastics were exposed independently to air, sea
water, liquid ammonia, liquid isobutane and 1iquid propane for a period of
seven days at 80 F. Changes in tensile properties, weight and dimensions were
measured. The main purpose of these tests was to screen the least suitable mat-
erials from the development program rather than to produce information directly
applicable to heat exchanger design. A1l seven plastics exhibited good resist-
ance to sea water, nylon, PVC and acetal were resistant to isobutane and pro-
pane; HDPE, polypropylene, polybutylene and acetal were resistant to ammonia.

In the interests of campatibility with the overall OTEC program, experimental
work subsequent to the chemical resistance tests was oriented toward ammonia re-
sistant plastics. HKDPE, polybutylene and acetal were chosen for environmental
rupture constant tensile loads in these environments to determine: 1) dependence
of tensile failure stress on time and environment; 2) susceptibility to environ-
mental stress cracking; 3) creep extension under constant load. The load bearing
ability of HDPE was essentially unaffected by sea water or ammonia. Ammonia:
caused pronounced reductions in failure stresses of acetal and polybutylene.

The minimum projected tensile stresses to produce failure at 100,000 hours for
HDPE, polybutylene and acetal are, respectively, 1057, 1585 and 2115 psi. En-
vironmental stress cracking was not observed in any of the tests.




Based on the results of the environmental rupture tests, high thermal conduct-
ivity, low price and proven suitability for complex extrusions, HDPE was chosen
for long term durability testing. Sections of extruded "plate tube" panels ex-
posed to simulated OTEC environment for periods in excess of 3000 hours con-
firmed that HDPE will perform reliably at predicted stress levels.

To explore enhancement of thermal conductivity, HDPE was compounded with 10%

and 15% by weight acetylene black filler. The thermal conductivities of these

" compounds were measured and compared with unfilled HDPE. Results indicated

that theremal conductivity may be increased by 50% with a 34% filler loading.
Tensile and environmental rupture tests of filled HDPE shows improvement in mech-
anical properties over the unfilled plastic.

Since plastics are low density material in consequence of their relatively

loose structure, they are not an absolute barrier to the transmission of ammonia.
The transmission rates for ammonia liquid and vapor and their temperature depend-
ence were determined experimentally for HDPE. Saturated ammonia liquid permeates
about twice as fast as the saturated vapor at the same temperature. To find a
permeation barrier effective against ammonia, several materials and surface treat-
ments were tested. Sulfonation, a gas phase surface treatment for HDPE, was found
to be a moderately effective ammonia barrier. Ammonia loss for a double-side sul-
fonation treated 10 mi1 thick HDPE wall would be reduced by 86 % as compared to

an untreated surface.

A review of the mechanisms of biofouling indicated that the settlement and sub-
sequent colonization of bacteria appears to be a necessary prerequisite for bio-
fouling of a plastic surface placed in contact with sea water. Conventional meth-
ods for preventing or controlling biofouling were revealed to be either too cost-
1y or ineffective in controlling this primary fill formation. Subsequent invest-
igations into alternative means of preventing or controlling film formation on
plastic heat exchanger surfaces indicated that the bacterial process of negative
chemotaxis offers real possibilities for achieving this. The semi-permeable nat-
ure of the plastic heat exchangers presents several possible mechanisms for
bringing a bioinhibiting compound to the seawater surface of the heat exchanger.
Three of the most promising mechanisms are: 1) incorporating the repellent into

- the resin backbone; 2) permeation of the repellent through the heat exchanger;

3) selective absorption of the repellent into the heat exchanger with subsequent
slow release into the sea water-heat exchanger interface. Tests by other invest-
igators of the ability of several organic compounds to initiate negative chemo-
taxic responses indicate that benzoic acid is the most effective one.

The design of a plate-type ammonia condenser core test unit was added as a par-
allel development effort to the material testing program by contract modifica-
tion in 1977. A detailed thermal and mechanical design for a 900,000 Btu/hr
duty condenser compatible with the Argonne heat exchanger test facility was com-
pleted. The first fabrication step, extrusion of 4' x 10' "plate-tube" HDPE pan-
els, was successfully completed. Techniques for producing the critical joints

at the panel bundle headers were extensively explored. Electromagnetic induction
welding was identified as the best state-of-the-art process. :

It is recommended that work continue by 1) fabricating and testing for heat trans-
fer capability, a prototype condenser; 2) develop up-to-date technical and econ-
omic aspects of application and; 3) experimentally determine further improvements

~ possible in reducing ammonia transmission, increasing thermal conductivity and
creating a non-fouling surface.
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ABSTRACT

(::;L7[ﬁater1a1s and processes ESQgﬁ%gen selected. and des1gn information ¢«wed
obtained for plastic ocean thermal energy éonversion (OTEC) heat
exchangers as the result of a program comprising five types of lab-
oratory experiments. Tests to evaluate the chemical resistance of
seven commercially available thermoplastics to sea water and sev-
eral possible working fluids were conducted with emphasis placed
on compatibility with ammonia. Environmental rupture tests involv-
ing exposure of stressed specimens to sea water or liquid ammonia
indicated that the high density polyethylene (HDPE) is the best
suited candidate and produced an extrapolated 100,000 hour fail-

< ure stress of 1060 psi for HDPE. Long term durability tests of ex-
truded HDPE plate-~tube panel confirmed that plastic heat transfer
surface is mechanically reliable in an OTEC environment. Thermal
conductivity measurements of acetylene black filled HDPE indicated
that conductivity may be increased by 50% with a 35% by weight
filler loading. The permeability coefficient measured for liquid
ammonia through HDPE was higher than previous estimates. Test
showed that the rate can be significantly reduced by sulfonation
of HDPE. A review of biofouling mechanisms revealed that the per-
meable nature of the plastic heat exchanger surface may be used to
control primary biofouling form formation by allowing incorporation
of non-toxic organic repellents into the plastic. A preliminary
des1gn and fabrication development program suggests that construct-
ion of an ammonia condenser test unit is feasible using currently
available materials and manufacturing techniques.




1.1

1.2

SECTION 1
INTRODUCT ION

PURPOSE _AND OBJECTIVES

The purpose of this program is to demonstrate the technical feasibility
of utilizing plastic heat exchangers (PHX) in closed cycle ocean therm-
#1 energy conversion (OTEC) systems by qualifying a commercially avail-
able thermoplastic for this service.

Specific objectives are as follows:

1. Select materials compatible with sea water and potential OTEC work-
- ing fluids. ,

2. Determine the long-term strength and service 1ife in an OTEC envir-
onment,

3. Determine the thermal conductivity of plastic incorporating therm-
ally conductive filler material.

4. Determine the permeability of the heat transfer surface to working
fluid and identify means of reducing permeability if necessary.

5. Explore the anti-fouling potential of plastic through polymer mod-
ification or additive incorporation. .

6. Design an ammonia condenser test unit to explore mechanical integ-
rity, fabrication techniques and thermal performance.

BACKGROUND

Ocean thermal energy resources, although enormous and renewable, can only
be converted to useful work with low thermal efficiencies because of the
small temperature differences involved. About 40 times more energy must
be added to an OTEC system than is extracted as net work and an almost
equally large amount of energy must be rejected. Heat exchangers for a
syst$m utilizing a secondary working fluid will consequently be huge and
costly.

Most efforts to date aimed at improving cost effectiveness of OTEC heat
exchangers have concentrated on improving heat transfer coefficients
through the use of modified heat transfer surfaces. Another approach is
to reduce the cost per unit area of heat transfer surface by simplifying
construction and/or utilizing less expensive materials. This second ap-
proach was taken by DSS Engineers in a previous study! of the feasibil-
ity of utilizing plastic heat transfer surfaces for OTEC heat exchangers.

Although plastics are seldom empioyed as heat transfer surfaces, a num-
ber of experimental and commercial heat transfer applications have been
developed. Table 1-1 Tists some of these. The unique nature of closed
cycle OTEC plants is such that plastics may constitute a viable, low
cost alternative to metal alloys. Advantages over the alloys convention-
ally employed in marine heat exchangers are: 1) low material cost;
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immunity to electrochemical attack. Major disadvantages include:
lTow thermal conductivity; 2) low long term strength; and 3) high
permeability of contact fluids.

3 abundance of material supply; 3) relative ease of manufacture; and
)

This report describes an experimental program conducted to evaluate
selected commercial thermoplastics for this service and provide prelim-
inary data for heat exchanger design. Five types of experiments were

1) chemical resistance; 2) environmental (creep) rupture; 3) thermal
conductivity; 4) working fluid permeability; and 5) long-term durabil-
ity.

In addition to materials testing tasks, this PHX development program in-
cluded as a parallel effort the design and fabrication of a core test
unit. This unit is an ammonia condenser of plate-type configuration.
Design and fabrication methods are covered in this report.

A1l materials tests described in this report were performed at the Flor-
ida Atlantic University Marine Materials and Corrosion Laboratory.

CONCLUSIONS

The results of this program strengthen the major conclusion of the prev-
ious report which states that application of the PHX in an OTEC system
is technically feasible. The following specific conclusions support
this statement.

1) HDPE has been proven a qualified material for a PHX in an OTEC syst-
em using ammonia working fluid. This is primarily because of its
combination of (relatively) good thermal conductivity and long-term
strength in the OTEC environment.

2) The thermal conductivity of HDPE may be improved 50% by compounding
the HDPE with 34% by weight acetylene black. However, other filler
‘materials would probably enhance conductivity more effectively.

3) Acetylene black filled HDPE exhibits satisfactory chemical resist-
ance and creep behavior in ammonia and sea water.

4) A significant reduction of the rate of ammonia transmission through
HDPE can be achieved by sulfonation of the heat transfer surface.

5) Large HDPE "plate-tube" panels have been extruded successfully.
Short term burst tests and long term durability tést of the panel
in a simulated OTEC environment have shown no reduction in material
strength caused by processing or environment.

6) For assembly of large PHX bundles, electromagneti¢ induction weld-
ing appears to be the most promising technique.

7) Fabrication of an ammonia condenser test unit is feasible using cur-
rently available materials and manufacturing processes.




1.4

RECOMMENDAT IONS

Based on the results of this study, the following recommendations are
made in order to pursue the PHX development already undertaken to its
logical conclusions to enable the DOE and other OTEC investigators to
objectively assess the overall future of PHX in the OTEC program.

These recommendations are as follows:

1) Determine the up-to-date technical and economic aspects of utiliz-
ing the PHX in OTEC plants. This would involve making conceptual
designs of full-size heat exchangers in sufficient detail to estim-
ate costs and thermal performance.

2) Demonstrate fabricability and thermal performance of a PHX by build-
ing and testing a condenser core test unit.

3) Determine the effectiveness of fluorinating HDPE to reduce the rate
of ammonia transmission. This treatment appears as promising as
sulfonation.

4) Explore the potential of one or two other filler systems for enhanc-
ing the thermal conductivity of HDPE.

5) Evaluate the possibility of calcareous deposit formation on the sea
water side of a plastic surface caused by ammonia permeation.

6) Experimentally evaluate the possibility of creating a non-fouling
plastic heat transfer surface through the use of organic repellents.




Table 1-1

Heat Transfer Surface Applications

of Plastic Materials

AppTlication Country Material

MSF sea water distillation U.S.A. polyvinylfluoride, XL poly-
ethylene

MSF sea water distillation U.K. ' polyethylene, polypropylene,

: polycarbonate

MSF sea water distillation Israel polypropylene

Chemical process U.S.A. polytetrafluoroethylene

Solar collectors U.S.A. polypropylene, XL polyethy-
lene

Snow melting U.S.A. polybutylene

Air heat recovery U.S.A. polyamide

Dry cooling tower Italy polyethylene




2.1

SECTION 2
MATERIALS SELECTION STUDIES

COST OF HEAT TRANSFER SURFACE

Our approach in the previous study' was to concentrate on the largest fam-
ily of commercial polymers, the thermoplastics, in order to take advantage
of their low cost, ease of processing and suitability for temperatures en-
countered in the OTEC application. To meet the specific requirements of

an OTEC plant a multi-component plastic heat transfer surface was proposed
that would consist of core material, conductive filler and barrier layer(s).

The core material is the plastic resin that acts as a matrix for the con-
ductive filler particles and forms the basic shape of the heat transfer
surface. Its primary function is to provide the strength required to
withstand pressure differentials imposed by heat exchanger operating con-
ditions. This component should also have high thermal conductivity since
it forms the major part of the wall's thermal resistance.

The concept of cost per unit property has been proposed as a means of eval-
uating various materials for a particular application. When only one phy-
sical property is of interest, this approach provides a simple means of
comparison. In the present case, however, at least three physical charact-
eristics and resin price must be taken into consideration. The conceptual
designs 1in previous report provide a relative estimate of the cost compon-
ents for production of plastic heat transfer surface for a particular heat
transfer duty and the sensitivity of these costs to variations in material
properties.

A simple cost factor was derived from the compact heat exchanger cost est-
imate in that study and used to compare various plastics to the reference
material, high density polyethylene (HDPE). The cost of producing heat
transfer surface from bulk materials through assembly of "modules" ready
for installation in a heat exchanger depends roughly on material volume
term and two heat transfer area terms according to the following express-

ion; -
NANS 4. 37 MA 4 4 54 N
Fg = NS E ‘
5785 (2-1)

where

NA = area parameter,

Ns = strength parameter, T/T HDPE
N$

E = ease of extrusion factor (from 1.0 to 0.5)

cost parameter, Sg x $/1b / (Sg x $/1b HDPE)

t = wall thickness, 8.3 x 10" ft/Ng
k = thermal conductivity, Btu/hr- fi?-F
T = short term tensile strength

Sg = specific gravity of resin




The cost factor, F$§, for each material is an indicator of how expensive
it might be, relative to HDPE, to produce modules in that material for
an equivalent heat transfer duty..

Table 2-1 summarizes material properties and cost factors for a number
of commercial plastics. The above expression is based on numerous sim-
plifications; one of the more significant is the use of readily avail-
able short term tensile strength data rather than long term strength.
Were it available for all plastics listed in Table 2-1 , the Plastic
Pipe Institute's Hydrostatic Design Basis would bz a suitable long term
tensile strength figure for comparison purposes. As expected, HDPE com-
pares very favorably with other plastics. The most interesting result
is that a large number of materials might be econimically attractive for
this application even though many of them cost seseral times as much as
HDPE on a per pound basis.: Raw material costs ar: overwhelmed by the
area dependent fabrication costs and only become :ignificant for ex-
tremely expensive materials like the fluoroplastizs. It should be noted
that the cost per pound figures in Table 2-1 are for 1976. They have
not been updated since they are presented for comparison purposes only.
Chemical resistance to specific environments and other factors affecting
the long term life expectancy of individual plastics were not considered
in the above comparison. These are discussed in the following sections.

CHEMICAL RESISTANCE INDICATORS

The term "chemical resistance" is commonly used to refer to many facets
of the behavior of plastics in chemical environments. In this instance
we are primarily concerned with the effects of immersion in sea water
and OTEC working fluids on mechanical properties. The following threa
working fluid candidates were considered in this program: anhydrous ai'-
monia, propane and isobutane., Ammonia and propane are the two fluids
that have received the most attention from OTEC investigators. Isob.. -
ane although not as thermodynamically attractive, might be advantageous
for a system using plastic heat exchangers principally because of its
Tower vapor pressure at corresponding temperatures.

As indicated in the previous section, a large number of plastics might
be suitable for this application. To avoid testing all of them, several
chemical resistance indicators were examined to try to avoid obvious
incompatibilities.

Solubility Parameters and Dijelectric Constants

The effects of a chemical environment on a plastic may be caused by
either physical or chemical interaction. Chemical effects involve some
type of molecular change such as oxidation, cross-linking or reduction
in molecular weight. Perhaps more commonly encountered are physical or
solubility effects. A liquid will be a solvent for another material if
the molecules of the two materials are compatible; they must be able to
co-exist on a molecular scale without tending to separate. Co-existence
will be possible if the force of attraction between different molecules
is not less than the forces of attraction between like molecules of
either species. These forces can be expressed quantitatively through a

\




8°'8 g° L1°¢ 29y apl” 005°€
LS l 89°1 ¥e°8 260° 000°Z
G°¢ L L0°L 6¢° 810" 052° v
€°¢ L ¢6°0 8¢’ v6l” 0St°1
671 L €Lt 0L°L LeL” 000°S
81 G* ol ve’ eoL’ 0§.°9
L1 L 16°0 Le: 890° 006°t
L L €6°0 G8°¢ 8Le’ 0G€‘e
G°1L 9° 60°L oy’ 0£0° 005°01
6L L 6L°1 LL pL” 0S¥
L L €6°0 09° gL’ 008°¥
€1 l ge’1 AN veL” 0028
€1 8" 0c°1 e6” L 05,8
€°1 L 80°L e L 9z1° 008/
€1 L 70" 1L AR 9zL” 000°8
€1l l og"L €L’ GvL” 062°9
¢’ L ¥0° L A LsL° 052°S
Lt L 6L°1L LS° leL’ 000°6
0°L L A" €L’ eeL” 000°01
0°1 L G6°0 62’ €8¢° 00€‘ ¥
0L L €Lt ¥8° ovlL’ 006°0L
0°L L L L v8*  $ ovL® 005° L1
401Jv4 1S0J d4010v4 ALIAVY9 JI4I33dS anNnod 4 -Aa4 - "JH/mg Lsd
NOISNY1X3 /1S03  ALIAILONANOD TYWY3IHL  HI9NIYLS
40 3Sv3 JTISNIL

uos riedulo) 4030e4 3509

l-¢ °lqel

ausailAylraouaon|jeaia]l
dud | Ay@040n 4 LUI0J0LYD
ausaufasAod
aua | Ayak|od A3Lsusg Mo
aso[n|d) LAy33
9pLUAO[YD LAuLAK|Od
J8wA | odowoy auajAdoadAiod
auatAyaak|od A1Lsusq wnLpsy
43WA10d09-8 | L4 LUO | AUdY-BUBUALS
91e4/1ng 9310190y 9SOIN|[3)
aua | A3ngA1od
orjsejdowasy] 49359L10d
231euoquedfod
0L/9 uolAN
LL uolAN

931390y 3so|Nn|[3) .
dUBUA1S~-duUdLPRING 3] LU LU0 AUDY
d1L1A40y
Le}90Y
aua|Aylraflod ArLsusqg ybLH
9 UolLAN
9/9 uolAN

J11Svd



parameter known as the "cohesive energy density" or the energy of vapor-
jzation , AE, per molar volume, Vpy, i.e.

AE _ L-RT

Vm ~ M/D (2-2)

where L is the latent heat of vaporization, R is the gas constant, T is
the absolute temperature, M is the molecular weight and D is the density.
More commonly encountered is the square root of the cohesive energy den-
sity which is known as the solubility parameter.

For amorphous non-polar polymers and amorphous non-polar solvents, solva-
tion can only occur when the polymer and the solvent have similar solu-
bility parameters. Experience has indicated that the range must usually
be within 2x102 (J/M3)JJQ for solvation to occur.

In the case of crystalline non-polar polymers and/or solvents, the pro-
cess of crystallization results in a decrease in free energy and in order
for the process to reverse (for melting to occur) additional energy must
be introduced. Therefore, even when solubility parameters of both the
solvent and polymer are equal, immersion of a crystalline polymer in the
solvent at room temperature.will nave no effect. However as resin temp-
erature is increased, appropriate solvents may become effective. As a
result crystalline polymers such as polyethylene and polypropylene have
no solvents at room temperature. Again this is only a generalization
since few polymers are 100% crystalline and therefore some swelling may
be realized due to the effect of the solvent in the amorphous regions of
the polymer.

Solubility parameters for the 1iquids and some of the polymers of inter-
est are shown in Figure 2-1. On this basis, some swelling of the poly-
ethylene, ethyl cellulose and polytetrafluoroethylene (PTFE) in propane
and PTFE in isobutane might be expected. Since polyethylene and PTFE

are highly crystalline polymers they would not actually dissolve, however.

The solubility parameter for a given polymer can vary depending on the de-
gree of hydrogen bonding of the solvent. Where available this range is
given in Figure 2-1. The parameters for solvents and polymers were taken
from references 3 and 4 except the parameter for isobutane which was cal-
culated from thermodynamic properties.

Another method for predicting the chemical resistance of plastics to chem-
jcal environments has been proposed which is based upon the theory that

a close match of the polarity of a solvent with the polarity of the prim-
ary polymer bond would indicate an incompatible service environment for a
given polymer. By comparing the dielectric constants of the candidate
polymers and the proposed OTEC working fluids, an estimation of the compat-
ibility of the two systems may be made.

The values of dielectric constants for the plastics in Figure 2-1 range
between 2.1 and 5.3 at a frequency of 1kHz. Liquid ammonia and water
have much higher constants while propane has a constant below the range
for plastics. Solvation would not be predicted for any of the plastics
based on dielectric constants.
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2.3

Chemical Resistance Tables

The chemical resistance of a plastic is typically assessed in terms of
changes in mechanical properties, appearance and dimensions after ex-
posure of the unstressed plastic to a particular environment. Although
changes in specific properties are sometimes reported, especially for
"engineering" plastics, chemical resistance is generally expressed on
a descriptive scale such as "poor-fair-good". :

Chemical resistance data were compiled primarily from resin manufact-
urers, general references and pipe and tubing manufacturers. Emphasis
was placed on the resistance of plastics to those fluids which most
closely represent the proposed OTEC environments. The fluids selected
were: ammonia, ammonium hydroxide, propane, heptane and sea water.
Heptane was used as an indicator even though it is not a candidate’
working fluid since it js the lowest molecular weight alkane for which
data are nearly always available. Information tended to be somewhat
scarce on the low-boiling liquids as might be expected. References for
the ratings are presented in Table 2-2. The resistance of PVC to pro-
pane, for instance, is listed as "good" in one source and "unacceptable"
in another. Considering the many variations possible in a single family
due to differences in additives, molecular weight, crystallinity, etc.,
this is understandable. ‘

Long Term Load Bearing Capability

In the context of OTEC heat exchanger application, "strength" is the
stress that a plastic can sustain for at least 100,000 hours. Some
plastics possess physical properties such as creep resistance and ten-
sile strength which may initially indicate that the material may be
suitable for load bearing applications, but a closer investigation re-
veals that only considerably lower stress levels can be tolerated by
these resins for long-term load bearing applications. Polycarbonate,
for instance, excells in tensilie strength, creep resistance and impact
strength. However, under long-term Toading, cracking or crazing may
occur at strains of only 0.75%. _

One approach to identifying plastics with adequate long-term load bear-
ing capabilities is to select plastics commonly utilized in appliica-
tions having something in common with the service conditions of an OTEC
heat exchanger. The following thermoplastics are widely used for press-
ure piping, tubing, fittings and containers: acrylonitrile - butadene -
styrene, acetal, cellulose, acetate butyrate, nylon, polybutylene, poly-
ethylene, polypropylene and polyvinylchloride.

CANDIDATE RESINS

In the selection of candidate resins to be subjected to testing and
further evaluation as potential core materials for an OTEC heat ex-
changer, the previously described information on properties, chemical
resistance and applications as reviewed. Of primary concern was the
chemical resistance of the polymers to the proposed working fluids of
the OTEC power plant. During the evaluation it soon became apparent
that it would be unlikely that all resins selected would be chemically




Table 2-2

Chenical Resistance

+ Ammonia, Gas
* Ammonia,lLiquid

E Excellent

NH, NH,, OH CHg | I-CHo| - CoHy | H,0(salt)
Acetal - ES - - Gé E7
Acrvionitrile-butadiene- - |

Stvrene - F6 _g1s - - Fé -
Cellulose Acetate - F7. . sts - sts E7
Ce]]u]ose'Acetate~

Butyrate - pis.p7 gls X6 .15 E7
Nylon F-G'® + G!t-E7 G!! - g6 gl
Po]ybufy]ene - | E? | - - F7 E7
Polycarbonate - ) G - - Gs -

Polyester pit pil glo | glo gl _ glo glo_gll
~ Polyethylene {High ,
Density) pe Xso4Gil| s® g1t | piugli| . pu.g® | s° -7
Polyethylene (Med. & Low -

Density) P° -$% g9 ' Fl% - pe .p7 g9 .f7
Polypropylene S9 *t ES Gl2 - pé _g9 g9 g7
Polystyrene s® S8 .ES 58 - P7 -F7 58
Polyvinylchloride X13%.58 + | GMES | x® gi| . Gl3-g6 | s -gi!

G Good, No significant attack

S Satisfactory

F Fair, mild éttack, limited use, polymer may be softened or swelled

P Poor

X Unacceptable
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resistant to all three of the proposed working fluids. So that a fairly
broad spectrum of commercially available plastics could be tested only
the best suited member of each family (e.g. nylons, polyethylenes) was
selected. Table 2-3 lists the seven plastics tested, the manufacturer
and grade designation. Additional information on each plastic is con-
tained in Appendix A. .




Plastic

High Density Polyethylene
(HDPE)

Polypropylene Homopolymer
(PP)

Polybutylene (PB)
Polybinylchloride (PVC)
Acetal Copolymer

Ny]on 11

Cellulose Acetate (CAB)

Table 2-3

Core Material Candidates

Resin Manufacturer

Soltex Polymer Corp.

Hercules, Inc.

Witco Chemical Corp.

Firestone Plastics Co.

Celanese Plastics Co.

Rilsan Corp.

Eastman Chemical

14

Grade.

F364

PD-191 Type H

Witron 4121
FPC 1437
Celcon-M-25-01

BESNO

Uvex SN T44924

Sample

molded plaque
sheet

molded plaque
molded plaque
sheet

molded tensf]e
bars

sheet




3.1

3.2

3.3

SECTION 3
CHEMICAL RESISTANCE TESTS

GENERAL

Chemical resistance tests were the first experiments performed on the candid-
ate plastics. The relative simplicity of these tests allowed a large number
of environment/material combinations to be evaluated in a short time. Their
purpose was mainly to screen the least suitable/materials from the develop-
ment program rather than to produce information directly applicable to heat
exchanger design. Non-stressed specimens of the plastics were conditioned in
four Tiquids for a period of seven days. Chemical resistance was then assessed
in terms of changes in tensile properties, weight and dimensions. Due to the
short exposure duration, these data serve only as an indication of the behav-
ior that a plastic might exhibit for a longer exposure, ‘ o

EXPERIMENTAL APPARATUS

Since the working fluids posed problems of pressure, flammability and toxic-
ity, test equipment was designed to minimize these and maintain the test
specimens at the desired temperature. Specimens were exposed to working
fluids in small pressurized containers consisting of a section of 2 inch
schedule 40 aluminum pipe, 8 inches long with end caps secured by victaulic
couplings which allowed the containers to be opened and closed frequently
and easily. This container is shown in Figure 3-1. A separate container
was provided for each type of plastic being tested.  Six containers were im-
mersed in a water-filled, closed tank which was maintained at 80 F by an ex-
ternal, constant temperature circulating bath. The water level in the tank
was held constant by a float valve that admitted makeup water. A blower pro-
vided induced ventilation of the air space above the water. Besides serving
as a constant temperature medium, the water revealed any leaks in the contain-
ers and dissolved any minor leakage of ammonia gas.

A manifold was provided for evacuating, filling, venting and purging the con-
tainers. Over pressure protection for the containers was provided by relief
valves in the manifold set at 250 psig against the possibility of a tempera-
ture control malfunction. Manifold components were stainless steel except
for air, vacuum and low pressure vent Tines which were nylon tubing. Figure
3-2 is a schematic of the working fluid exposure apparatus.

Sea water for the tests was obtained from the Florida Atlantic University
Marine Materials and Corrosion Laboratory and was natural except that most
organisms were removed by sand filtration. The anhydrous ammonia was of
99.99% purity, while the isobutane and propane were 99.0% pure.

PROCEDURES

ASTM Type I tensile bars having a gage width of one half inch and gage length
of two inches were die cut from sheets or plaques for six of the candidate
plastics. The dimensions of these tensile bars are shown in Figure 3-3.




Figure 3-1
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To account for orientation effects, particularly with extruded sheet, spec-
imens were cut both parallel and perpendicular to an axis of the sheet or
plague. Orientation, identification number and type of plastic were marked
in the grip area of each specimen. Die cutting tended to produce defects in
the specimen edges so it was found necessary to remove these by mechining

to obtain reproducible tensile test results. Nylon-II specimens were ob-
tained as injection molded Type I tensile bars and required no further prep-
_aration.

Tensile bars for the hydrocarbon tests were cut in the "X" or perpendicular
direction only. It was found in earlier tests in sea water and ammonia that
orientation was not a significant factor in the tensile test results,

A11 specimens were conditioned at 80 F and 50% relative humidity for a min-
imum of 88 hours using ASTM standard method D618 as a guideline. This was
done to bring the specimens to a common starting point since moisture ab-
sorption can significantly effect properties of several of the candidate
plastics. Conditioning was done in closed plastic containers in which rela-
tive humidity was maintained at approximately 50% by a saturated aqueous sol-
ution of calcium nitrate (not in contact with the specimens).

Tensile properties testing was done using ASTM Standard method D638!° as a
guide. For the control tests, three specimens each of "X" and "Y" orient-
ation were tested. The thickness and width of each specimen was measured.
at three locations in the gage length to determine an average and minimum
cross sectional area. Specimens were mounted in an INSTRON TM-S testing
machine and pulled at a crosshead speed of 0.20 inches per minute. Tensile
Toad versus grip separation curves were automatically recorded.

Before exposure to sea water or working fluids, specimens were weighed and
gage dimensions measured. For sea water exposure six specimens of each
plastic (three of each orientation) were tested. Four specimens of each
plastic (two of each orientation) were exposed to ammonia and two specimens
of each were exposed to propane and isobutane.

For working fluid exposure each type of plastic was placed in a container
which was alternately evacuated and pressurized with vapor several times to
remove air. A pressure differential between the working fluid supply bottle
and the containers was created for filling the containers by warming the
bottle to 90-95 F,

Filling progress was monitored by weighing each container. Attempts were
made to measure internal liquid level of ammonia by measuring electrical
resistance between an insulated probe and the body of the container. This
method proved unsatisfactory although the technique has been used success-
fully by others. After seven days exposure to working fluid the containers
were slowly vented to atmosphere followed by alternate evacuating and purg-
ing with compressed air. Upon removal from the containers the plastic spec-
imens were immediately weighed and measured for comparison with the original
values. Sea water tests were similar except that it was not necessary to
use pressurized containers. Specimens were immersed in sea water in closed
containers and held at 80 F. In addition to seven day tests, exposures of
about 130 days were also done in sea water.

19




3.4 RESULTS AND DISCUSSION

Tables 3-1, summarizes the changes in weight, dimensions and mechanical prop-
erties of the seven candidate plastics. These data are presented graphically
in Figures 3-4 through 3-10. These curves were obtained by averaging the in-
dividual specimen curves and they serve to illustrate the general performance
of each plastic.

Conventional yield stresses, the stress at which the tangent to the stress-
elongation curve has zero slope, were exhibited by the majority of plastic-
environment combinations. Where well defined yleld stresses were not encount-
ered, the reported value is the stress at 5% offset. Grip separation and not
gauge length extension was monitored during the tensile tests and these data
were used for all calculations. Consequently, the elongation and modulus data
should be viewed as qualitative.

The mode of failure, either fracture or drawing with no fracture, tended to be
characteristic of the material and not dependent upon environment. Although
_ there were few exceptions, the environments used appeared to have no signific-
‘ :n@ieffect on the type of failure, except for changes in percent elongation at
ailure. :

‘Tensile properties obtained in the control tests for several of the plastics
are lower than those reported by the manufacturers primarily because of the
difference in testing speed. It is customary, for instance, to test the poly-
olefins at crosshead speeds of 2 and 20 inches per minute rather than 0.2
inches per minute as used here. Tests 79 through 85, Tisted in Appendix B
were conducted at 2.0 inch per minute and produced the following increases in

maximum tensile strength over tests at the slower speed.

Test # Plastic % Increase
79 HDPE 29
80 Polypropylene 25
81 Acetal 14
82 ' PVC 24
83 Nylon-11 16
84 CAB 2
85 Polybutylene ‘ 8

The polyolefins and PVC exhibited excellent resistance to weight and dimension-
al changes for sea water exposures. Acetal, nylon and CAB however, indicated
slight hydrophilic tendencies. With the exception of nylon and CAB, the plast-
ics exchibited an increase of tensile properties subsequent to sea water expos-
ure which appeared to be at the expense of ductility (reduced strain to fract-
ure). A comparison of the seven day sea water test results with those of the
longer exposures (127-131 days) reveals that in most cases a major percentage
of Ehe total property change after the Tonger exposure occurred in the first
week. ‘ '

Only acetal was highly resistant to all three potential working fluids although

considerable swelling and modulus reduction occurred in ammonia. The polyol-
efins also exhibited good-to-excellent resistance to ammonia with only slight

20
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Figure 3-6

Tensile Curves of Polypropylene
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Figure 3-9

Tensile Curves of Cellulose
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swelling evident. The tensile properties of PVC and, to a lesser extent, nylon
were reduced by exposure to ammonia, with severe swelling of PVC also occurring.
CAB exhibited severe reaction to this environment which prevented evaluation of
the specimens.

The effects of propane were generally more pronounced than those of isobutane.
The resistance of nylon, PVC and acetal to both hydrocarbons was excellent. In
addition, CAB and polyethylene exhibited good resistance to isobutane.

Comments on each plastic follow:

High Density Polyethylene. As with the other two polyolefins, HDPE faired the
best in sea water and ammonia but showed some swelling in isobutane and propane
and loss of strength in the latter. Of the 26 HDPE specimens tested in all en-
vironments, 22 formed stable necks and drew without rupture. Failure by neck-
ing rupture occurred in two specimens exposed to ammonia and one exposed to
propane.

Polypropylene Homopolymer. The chemical resistance of polypropylene was compar-
able to HDPE except for isobutane exposure. Cold drawing occurred in all cases
except the two specimens exposed to propane which ruptured at about 75% elon-
gation.

Polybutylene. Unlike the other two polyolefins, polybutylene showed a slight

loss of properties after exposure to ammonia. The effects of hydrocarbon ex-

posure were also more pronounced. It is possible that the polybutylene spec-

imens contained small internal voids since some were encountered during spec-

imen preparation. Data scatter for these tests was not particularly high how-
ever.

Polyvinylchloride. Resistance of PVC to the hydrocarbons and sea water was
excellent. Ammonia appeared to plasticize PVC to a considerable extent; the
tensile bars became rubbery, almost returning to their original length after
tensile testing. Furthermore, after standing for a few days in air after test-
ing, the ammonia evaporated and the tensile bars again became rigid. Some of
~the discoloration also disappeared upon standing.

Acetal Copolymer. Acetal demonstrated the best all-around resistance of the
seven plastics tested. A reduction in modulus and swelling resulted from ex-
posure to ammonia were the only pronounced effects observed.

Nylon-11. Resistance to sea water and the hydrocarbons was excellent but am-
monia resistance was only fair.

Cellulose Acetate Butyrate. CAB showed some loss of properties in all of the

fluids although resistance to sea water and isobutane was good. A severe re-

action with ammonia occurred which was presumably ammonolysis of the cellulose
esters of which CAB is composed.

Compatability of the candidate materials with possible OTEC working fluids
is_indicated generally by the diagram in Figure 3-11.
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A1l materials demonstrated good or excellent short term resistance to sea
water at 80 F but only acetal was highly resistant to all four fluids. It
was expected that propane and isobutane would affect the physical propert-
ies of a given plastic to an equivalent extent but this has not proved to
be the case. '

Acetal, nylon-11 and PVC would be chosen for further development work lead-
ing to heat exchangers for a propane or isobutane system. In the interests
of compatibility with the overall DOE Ocean Thermal Energy Conversion Pro-
gram, however, all subsequent development work was oriented toward ammonia
working fluid. High density polyethylene, polybutylene and acetal were
therefore chosen for further consideration.




4.1

4.2

SECTION 4
ENVIRONMENTAL RUPTURE TESTS

GENERAL

As previously noted, the chemical resistance tests were intended to screen
candidate materials rather than produce useful design data. The environ-
mental rupture tests, on the other hand, provided the following: 1) inform-
ation on the dependence of tensile failure stress on time and environment;
2) a gross indication of susceptibility to environmental stress cracking;
and 3) creep extension and modulus information under constant load. To
obtain this type of information, plastic specimens must be subjected con-
temporaneously to stress and environment.

It was necessary to develop a test apparatus to meet the following re-
quirements: 1) maintain test specimens in a high pressure environment;
2) apply a known constant load to the specimens; 3) allow measurement
of specimen deformation; and 4) allow determination of specimen failure
time. The number of environment/material combinations for these tests
was necessarily smaller than for the preceding tests. The environments
were confined to sea water, liquid ammonia and air (for controls). Mat-
erials were limited to those resistant to ammonia; HDPE, acetal and poly-
butylene. Three compounds of HDPE were tested; unfilled, 10% Toading and
15% loading.

EXPERIMENTAL APPARATUS

ASTM Method D2990'° was used as a guideline to develop testing proced-
ures. Specimen configuration was ASTM Type I tensile bar with some minor
modifications. The ends of the specimens were designed to accept special
grips. The specimen cross sectional area in the gage length was reduced
in order to meet operating limits of the test apparatus.

Loads were applied to the test specimen by pneumatic cylinders. The prim-
ary reason for using these cylinders was to enable testing in Tiquid am-
monia at 80 F. Figure 4-1 illustrates an ammonia test station of which
six were constructed. A double acting, double rod pneumatic cylinder

was mounted on a vessel similar to those used for the chemical resistance
tests. The internal rod end was attached to the tensile specimen and the
outside end was used as an extension indicator. A limit switch actuated
by the rod operated a timer to record time of failure. To prevent ammon-
ia from contaminating the compressed air in the pneumatic cylinder, the
high pressure side was maintained at an air pressure about 10% greater
than that of the ammonia in the test vessel. In addition, a rod seal was
employed to further reduce the possibility of leakage.

Compressed air to operate all cylinders was provided by a system of
valves and regulators from an air compressor and high pressure air bot-
tles. To determine the pressure-load relation for the pneumatic cylind-
ers, a pressure versus extension curve was obtained for a spring whose
force-extension characteristic was determined on an Instron. Drawing No.
059-7105 is the P&I diagram for the pneumatic system.
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Figure 4-1
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For air and sea water tests, a six station apparatus was constructed.

The specimens were enclosed in a plexiglas box in which the air was con-

trolled at 80 F and 50% relative humidity. During the sea water testing,
" each individual specimen was immersed in an acrylic seawater bath.

4.3 PROCEDURES

The scatter of creep-rupture data is considerable with one half to a full
decade of variation in time-to-failure being typical. Therefore, it is
necessary to test two specimens at each stress level to obtain satisfact-
ory results. The gage dimensions of testing specimens were first measured.
The measurements of cross sectional area of two specimens being tested at
the same stress level must agree with each other within 2% in order to min-
imize error in computing applied stress.

Specimens for the control tests in air were preconditioned for 96 hours at
80 F and 50% RH before application of tensile loads. For sea water and am-
monia tests, specimens were preconditioned in their respective environments
for 24 hours in an unstressed condition. Tests in ammonia were initiated in
the following sequence. The specimen was clamped in the grips, the cylind-
er assembled and the ammonia fi1ling connection made. An equal air pressure
of approximately 160 psi was applied to both sides of the pneumatic cylind-
er by opening the crossover valve on the control board. Next, ammonia was
admitted to the test cylinder by the same general procedure used for the
chemical resistance tests. At this point there was a small load on the
specimen caused by the vapor pressure of the ammonia liquid acting on the
pneumatic cylinder rod area. After preconditioning, the desired load was
applied by first setting the Tow pressure regulator, closing the crossover
valve and then bleeding off excessive air pressure on the low pressure

side of the cylinder by slowly opening the low pressure air valve.

Because only rod extension (grip separation) could be measured for ammon-
ia tests, grip separation was correlated with gage length extension by
measuring both simulaneously for the control test of longest duration for
each type of plastic. Rod extension measurements were made only during
the tests at the three Towest stress levels having nominal durations of
30, 100 and 300 hours.

4.4 RESULTS AND DISCUSSION

Unfilled Plastics

Tensile stress versus time-to-failure curves for HDPE, acetal and poly-
butylene are presented in Figures 4-2, 4-3 and 4-4, respectively. Spec-
imen failure was defined as rupture or drawing to the full stroke of the
apparatus. The failure mode of HDPE in all environments was by drawing.
Acetal and polybutylene failed by rupture except that drawing of acetal
occurred in ammonia. The curves which are typically straight lines with
negative slopes on log-log plots, are least-squares fits of the data
points. Failure stress for HDPE and acetal were time dependent whereas
polybutylene exhibited nearly horizontal lines. The largest scatter was
exhibited by polybutylene. This is probably attributable to small
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small voids in the plastic as these were often encountered during spec-
imen preparation. Agreement between the control tests in air and pub-
lished data for each type plastic was good.

With the measurements of initial gage length and gage extension at any
given time, the creep strain may be obtained by definition, i.e.,

Creep strain = gage length extension % initial gage length. (4-1)

The creep strain vs. time curves for HDPE, Acetal and Polybutylene in
various environments are shown in Figures 4-5, 4-6 and 4-7 respectively.

The load-bearing ability of HDPE was essentially unaffected by sea water
or ammonia. Acetal is perhaps the most interesting case because the pro-
nounced reduction in failure stresses in ammonia and sea water would not
have been expected from the chemical resistance data in Section 3. The
extrapolated curves converge, however, so that the reduction in load-bear-
ing ability at longer time of practical interest, such as 100,000 hours,
would be slight.

- A transition from ductile to brittle failure, caused by stress cracking,

would be evidenced by drooping rather than linear stress versus time-to-
failure curves if it occurred within the duration of the tests. On this
basis, none of the three plastics appeared to be highly prone to environ-
mental stress cracking in ammonia or sea water. This is a rough general-
ization since applied stresses in these tests were essentially uniaxial.
A need for more specialized environmental stress cracking tests such as
the bent strip, eliptical jig or cracked plate tests is not indicated by
these results.

These experiments were designed primarily to produce stress vs. time-to-
failure information and stresses were therefore selected to obtain the
desired spread in failure times. The range of stresses is consequently
too narrow to allow good correlation of the creep strain data via stress-
time superposition. So that some comparison can be made of the effects
of environment and filler addition on creep strain, data have been organ-
ized by a creep modulus equation. The creep (apparent) modulus is de-
fined as:

Creep Modulus = Initial Applied Stress - Creep Strain (4-2)

Kinney'” has developed a three-coefficient creep modulus equation to
describe the creep data, i.e.

E = (A+B Tog t) / (1+C log t) (4-3)

Where E is the creep modulus at time t, and coefficients A, B and C are
empirically selected so that the equation fits observed data as best it
can. Coefficient A represents a creep modulus at unit time such as one
(1) hour. It has the same unit as modulus, i.e., psi. Values for coef-
ficient A are comparable with, but usually less than, the observed mod-
ulus values. Coefficient B is identified as a slope index. It corres-
ponds to the slop of a plot on semilogrithmic coordinates for the special
case that the denominator of Eq. (4-3) has a value of unity. This slope
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index has. the same unit as coefficient A. Usually, it is a negative value
with a magnitude only a fraction of that for coefficient A. Such a negat-
ive sign may be interpreted as the tendency of the creep modulus to de-
crease with time. The third coefficient of Eq. (4-3), coefficient C, is
the curvature index which represents departure of the relation between
modulus and time from a semi-logrithmic plot. It is dimensionless and
ordinarily shows a small positive fractional value.

After the creep modulus was calculated from creep strain and initial ap-
plied stress, the coefficients A, B, and C in Eq. (4-3) were determined
by curve fitting. In Table 4-1, coefficients A, B. and C of Kinney's
equation are listed for HDPE, acetal and polybutylene in air, sea water
and ammonia liquid.

Based on the coefficients shown in Table 4-1 and Kinney's equation, iso-
chronus stree-modulus curves for HDPE, acetal and polybutylene have been
plotted in Figures 4-8, 4-9 and 4-10, respectively. Due to the scatter-
ing of polybutylene experimental data, only three lines are presented in
Figure 4-10. These figures are for a maximum time of 100 hours and are
only for comparison of plastic behavior in various environments. A1l

the curves display the normal negative dependence of modulus on applied
stress. In general, ammonia and sea water environments caused an in-
crease in modulus of HDPE at corresponding stresses and test times. The
modulus of acetal was considerably reduced in ammonia while sea water had
Tittle influence in spite of the fact that acetal is slightly hydrophilic.
While there is no direct relationship between-creep modulus and time-to-
failure there is a tendency for a change in one to be accompanied by a
qualitatively similar change in the other so long as this material re-
mains ductile. This is illustrated by the case of acetal in ammonia;
both time-to-failure and creep modulus for equivalent stress decreased

in that environment.

If the lowest stress vs. time-to-failure curve for each plastic is extra-
polated to 100,000 hours, failure stress for HDPE, polybutylene and acet-
al are respectively, 1057, 1585 and 2115 psi. Using these stresses in

the evaluation formula presented in Section 2 shows that HDPE has a

slight advantage over acetal and that acetal is far superior to polybuty-
lene, This indication and proven suitability for surface make HDPE the mat-
erial of choice for subsequent development work.

Filled HDPE

The same type HDPE resin used for the previous mechanical tests was com-
pounded with 10% and 15% by weight acetylene black in order to improve
its thermal conductivity. The discussion and measurements of thermal con-
ductivity of unfilled and filled HDPE are presented in Section 5.

Since the mechanical properties and the chemical resistance of these
filled compounds may differ from unfilled HDPE, it is necessary to per-
form the tensile tests and environmental rupture tests to identify any
difference between the unfilled and the filled HDPE.

The tensile tests were very similar to the chemical resistance tests ex-
cept the tests were performed in a controlled air environment. The re-
sults are shown in Figure 4-11 and listed in Appendix . as Test No. 191
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Figure 4-8

Isochronous Stress-Modu] us Curves of HDPE
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Figure 4-9

Isochronous Stress—Mbdd]us Curves of Acetal
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Isochronous Strjess—Modu'lus Curves of Polybutylene
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“through 196. The designation code for HDPE compounded with 10 and 15
percent by weight acetylene black are PDX-77373 and PDX-77372 respect-
ively.

The environmental rupture tests were also repeated for the compound mat-
erials. Tensile stress versus time-to-failure curves for PDX-77372 and
PDX-77373 in different environments are shown in Figures 4-12, 4-13 and
4-14. For comparison purpose, the experimental .data of unfilled HDPE
are also included in these figures. The creep strain vs. time curves
for these two compounded HDPE are presented in Figures 4-15 and 4-16.
‘The coefficients of Kinney's equation for these compounds are listed in
Table 4-2. Isochronus stress-modulus curves calculated from Kinney's
equations for PDX-77372 and PDX-77373 are plotted in Figures 4-17 and
4-18 respectively. -

These results indicate that the filler does not dramatically influence
the loading-ability of HDPE. The mechanical performance of these com-
pounds may be as satisfactory as HDPE. :
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5.1

5.2

SECTION 5
THERMAL CONDUCTIVITY

GENERAL

As previously mentioned, low thermal conductivity of plastics is one of
the major disadvantages of plastic heat exchangers. The thermal conduct-
jvity of solid plastic material depends on the crystallinity of the mat-
erial and the previous thermal history. HDPE has the highest thermal
conductivity of all commercial available thermoplastics. Usually, the
thermal conductivity of metal is 2 or 3 orders of magnitude higher than
that of HDPE. However, solid fillers are often added to thermoplastics
to obtain composite materials with improved physical properties.

In this study, acetylene black is selected as a filler material because
it exhibits favorable mechanical properties, such as lower elongation
and higher modulus. The thermal conductivity of acetylene black part-
jcles has not been measured because of their small size (425 A). How-
ever, acetylene black has been used in rubber to increase thermal and
electrical conductivity. A series of thermal conductivity measurements
of HDPE compounded with 10% and 15% by weight acetylene black filler
were performed. A method has been developed to predict the thermal con-
ductivity at higher filler composition.

EXPERIMENTAL

The coefficient of thermal conductivity was measured using a Cenco-Fitch
apparatus, which consists of a constant heat source, a receiver and a
potentiometer. The heat source is an insulated copper vessel with a
nickel plated bottom and is maintained at constant temperature by circu-
lating water from a constant temperature bath. The receiver is an insul-
ated copper plug with a heat capacity of 0.093 cal/gm- C. Both the heat
source and the receiver have copper/constantan thermocouples embedded in
them. The potentiometer is connected to the copper terminals, and a
piece of constantan is connected between two constantan terminals. There-
fore, the temperature difference between heat source and receiver is
measured by the potentiometer.

Each test was started by stabilizing a circulating water bath at the de-
sired temperature. The receiver was always at room temperature initially
and the source at some higher temperature maintained by the bath. The
specimen, which was 3 inches square injection molded sheet of material
approximately 1/8 inch thick, was placed on a large aluminum slab and
heat source. This aluminum slab served as temperature sink to establish
a linear gradient in the specimen. A 5 kg weight was put on the source
vessel to insure exclusion of air from the surface. After about 5 min-
utes, the specimen and heat source were placed on the receiver. Potent-
jometer readings were taken at every 3-minute interval until a total of
at least 15 readings were reached. These potentiometer readings repres-
ent the temperature difference between the heat source and the receiver.

Since the value of thermal conductivity of copper is much greater than
that of plastic, the heat transfer resistance of copper in the Cenco-~
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Fitch equipment is assumed to be negligible. Furthermore, the temper-
ature gradient inside the specimen is assumed to be linear. The follow-
ing expression may be used to determine the thermal conductivity:

_ IMC(1nATg - 1naTt)

- Rt (5-1)
where

A = specimen cross section area

C = receiver specific test

1 = specimen thickness

M = receiver mass

t = elapse time

ATg = temperature difference between source and receiver
at time 0

ATt = temperature difference between source and reciever
at time t

5.3 RESULTS AND DISCUSSION

Figure 5-1 shows thermal conductivity of the unfilled and filled HDPE
versus temperature, which is the average temperature between the heat
source and the receiver.

Thermal conductivity in polyethylene is sensitive to density which is
related to the degree of crystallinity. The measured thermal conduct-
ivity of the unfilled resin with a density of 0.945 gm/cl is in good
agreement with other published data® for polyethylene of similar den-

sity.

Many theoretical and empirical models, such as Maxwell equation'®,

Beherens-Peterson-Hermans equation}® 2%, and Cheng-Vachon equation?!
have been proposed to predict thermal conductivity of two phase mix-
ture. Among all of the equations the Maxwell equation is relatively
simple and fairly accurate at Tow volume fraction. Maxwell used po-
tential theory to derive an equation for electrical conductivity of

randomly distributed discreet particles in a continuous phase. This
equation has been experimentally proved to be valid for thermal con-
ductivity of a two phase mixture.

The expression of of this equation is:

where

ke

onun

(o 2kt (3-20)kg

(3"¢)kC + ¢kd (5_2)

thermal conductivity of continuous phase
thermal conductivity of discrete phase
thermal conductivity of two phase mixture
volume fraction of discrete phase
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Eq (5-2) may be rearranged as

kd _ 2@kc-3ketdke
Kc = 28kc-3kctgke (5-3)

It is important to note that the thermal ‘conductivity of the discrete
phase, i.e., acetylene black, is unknown. However, the ratio, kd/kc,
in Eq. (5-3) can be obtained from the experimental data of HDPE com-
pounded with 10% and 15% by weight acetylene black filler as shown in
Figure 5-1. Within.a narrow temperature range, this ratio may be
treated as a constant and is used to predict thermal conductivity of
any HDPE compound of higher composition without serious error.

Once (kd/kc) is determined, the k¢ in Eq. (5-3) can be calculated for
a given value of volume fraction or weight percentage of the discrete
phase. .

Figure 5-2 shows that the thermal conductivity ratio between HDPE filled
with acetylene black and unfilled HDPE is plotted against the weight per-
centage of the filler material. This should be considered the upper limit
for acetylene black. It is interesting to note that the thermal conduct-
ivity may be enhanced 50% by compounding the HDPE with 34% by weight acety-
lene black. '

The improvement in conductivity of the filled materials was less than ex-
pected based on data for filled rubber. It is possible that the sensit-
ivity of conductive blacks to "over-compounding”", i.e., excessive shear
during blending, resulted in lower;conductivity. The loadings obtained
were relatively Tow because the low bulk density of the carbon black
made it difficult to compound. Tensile tests have indicated that it may
be possible to use a higher percentage by weight of filler without ad-
versely affecting mechanical properties. Other fillers such as atomized
aluminum, carbon microballons, and mineral powders may be recommended
for future testing.
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THE THERMAL CONDUCTiVITY RATIO
BETWEEN FILLED HOPE AND UNFILLED HDPE
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6.1

6.2

SECTION 6
PERMEABILITY TESTS

GENERAL

Since plastics are low density material in consequence of their relatively
loose structure, they are not a very effective barrier to the transmission
of ammonia or water. A plastic heat exchanger in OTEC would allow a small
but undesirable amount of mixing of the two fluids. Since water transmis-
sion rates are published for virtually all types of commercial plastics
only the permeation rate of ammonia requires experimental determination.

Permeation occurs in the following consecutive steps: 1) solution in the
plastic, 2) diffusion, and 3) dissolution at the opposite surface. The
permeability coefficient is therefore a product of the diffusion constant
andhsolubi]ity coefficient both of which depend on numerous variables,
such as:

Nature of the plastic materials

NHature of the test fluid

Concentration or partial pressure of the test fluid
Temperature :

Time of permeation

Thickness of plastics material

SN B> W —
s e S e S et

For our application however, the rates of transmission of ammonia and
water under specific conditions are of more interest than the mechanisms.
Thus, the scope of this study is limited to the determination of the per-
meability of ammonia to unfilled and filled HDPE and possible coating or
surface treatment which may be & barvier to ammonia.

The temperature influence on ammonia permeability through HDPE is also
investigated. This will allow accurate calculation of permeation rate at
any temperature of interest.

EXPERIMENTAL APPARATUS

A test which simulates OTEC conditions was suggested by the relative ease
of measuring small concentrations of ammonia in water. Figure 6-1 is a
schematic of the apparatus used to measure the permeability of ammonia
Tiquor or vapor through a plastic membrane interposed between ammcnia and
circulating distilled water. Since permeation through non-porous mem-
branes occurs by the consecutive steps of solution of a permeant in the
polymer and diffusion of the dissolved permeant, the presence of water on
the lTow pressure side of the membrane may influence permeability because
of the high solubility of ammonia in water and possible reaction of water
and ammonia inside the plastic.

The apparatus consisted of a 142 mm stainless steel filter holder (Milli-
pore Cat.No. YY22 142 30) in which the test specimens were mounted. Anhy-
drous ammonia Tiquid or vapor was supplied to the high pressure side of
the specimen from a small cylinder which was either placed in a cabinet
with membrane cell or in an external water bath. Both cabinet and water
bath can be maintained at constant temperature. The distilled water was
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6.3

6.4

circulated through the low pressure side of the membrane cell and a 500
ml flask as a water reservoir by a seal-less, magnetically driven pump.

Ammonia diffusing through the plastic specimens was dissolved into dis-
tilled water. The solubility of ammonia in water is very high at room
temperature and the amount of ammonia diffusing through the specimen
is very small. Therefore, it is assumed that the ammonia is completely
dissolved in the water. The concentration of ammonia in water can be
measured by an ammonia electrode (Orion model 95-10) and a specific ion
meter (Orion Model 407A).

PROCEDURES

The testing specimen was first mounted to the filter holder, which was
placed inside a temperature controlled cabinet. The water reservoir was
filled with 500 m1 distilled water which was circulated through the filt-
er holder by a pump. Then the ammonia was supplied to the high pressure
side of the filter holder. Another flask containing 500 m1 distilled
water was placed inside the cabinet for later use. The whole system was
stabilized at a desired temperature for 12 hours. Since some of the
specimens were as thick as 1/8 inch, this step also allows the specimen
to establish a steady-state ammonia diffusion process. When the 12-hour
precondition period was over, the circulated water solution, which now
contained ammonia, was drained out completely. The system was then re-
filled with clean distilled water from the standby 500 ml1 flash which
had previously been placed in the cabinet to reach the proper temperat-
ure.

During the tests, small samples (6 ml) of solution were withdrawn at 30-

‘minute intervals until a total of at least 10 readings were reached. The

ammonia concentration of this solution was measured using an ammonia
electrode and specific ion meter immediately after sampling. From these
concentration measurements, the total amount of ammonia permeating through
the specimen was calculated.

RESULTS AND DISCUSSION

The results of these tests are expressed in terms of permeability .co~
efficient?* , P, i.e.

(amount of permeant) (film thickness) (6-1)
(area) (time) (Pressure-drop across the fi1m)

P

The conventional unit of P is (em® (STP) cm cm 2Sec™(cm Hg) * ).

The temperature dependence of the permeability coefficient is repres-
ented by the following Anhenius relation?3.

P = Po exp (-Ep/RT) (6-2)
Where: Po = constant

Ep = the activation energy of permeation, KJ/mole

R = the gas constant (8.3144 J/K”® -mole)

T = the absolute temperature, *K
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A typical set of permeation data of 1liquid ammonia through HDPE (F364
Soltex), is shown in Figure 6-2. The increasing slope during the first
three hours is characteristic of the time required for ammonia molecules
to diffuse through a relatively thick plastic wall (0.116 inch). A per-
meability of 1.4723 x 107° cm® (STP) cm cm™? sec™'(cm HgJ'at 77 F was
calculated from the slope of the curve between 3 and 8 hours and specimen
area (158.4 cm ), thickness and pressure difference across the specimen
(145.4 psi). The positive intercept of the curve is probably a combined
effect of reduced ion meter accuracy at very low ammonia concentrations
and the residual ammonia present in the distilled water used for the test.
The average permeation coefficient of liquid ammonia through Soltex F364
at 77 F, determined from three independent tests, is 1.74 x 1072,

A series of tests were also run with ammonia vapor on F364 at temperatures
ranging from 77 F to 120 F in order to assess the temperature dependence
of the permeation rate and determine whether the liquid permeates faster
than the vapor. Results are presented in Figure 6-3.

The permeation coefficients obtained from Figure 6-3 have been plotted
against inverse absolute temperature in Figure 6-4. According to Arrhen-
jus equation (EQ. 6-2), the slope of this curve represents the permeation
activation energy, i.e. 35.2 KJ/mole. This value is obtained from the
Jeast-squares fitting of the data in Figure 6-4. The ammonia transmission
rate increases about 3% for every degree Fahrenheit increase in temperat-
ure. Figure 6-4 also indicates that the rate of vapor permeation at 77 F
is roughly half that of the saturated liquid at the same temperature and
vapor pressure.

The ammonia permeabilities of HDPE compounded with 15% by weight acetylene
black determined from two independent tests is 1.76 x 10™°cm (STP) cm?

cm 2 sec™?(cm HgJ? at 77 F which is within experimental accuracy of the
value for unfilled HDPE, i.e. 1.74 x 1077,

These tests are aimed at reducing the rate at which ammonia permeates
through walls of the PHX. This rate has been quantified for unmodi fied
HDPE by the experiments described above. For a heat exchanger using a 26
mil wall profile, which is shown in Figure 6-5, as the core test unit,
the ammonia loss would amount to 0.0009 1bs/day/sq ft of heat transfer
surface at 50 F. In more general terms, based on calculated condenser
core test unit performance, this is a loss of 0.41 1b/10 ®Btu/F. It is
interesting to note that this figure will be almost independent of thick-
ness for relatively heavy walls because of the proportionality of thermal
and permeation resistance of the wall.

It is important to put this ammonia loss into perspective and to compare
it to ordinary leakage. One conceptual 25 MWe OTEC module has a sea water
flow through the condenser of 7551 cfs and a heat load of 1,020,443 Btu/
sec at an LMTD of 8 F 2%, If the permeation loss figure is applied to a
PHX having the same duty, the ammonia concentration in the condenser cool-
ing water discharge would be 0.1 mg/1. This is 25% of the EPA Timit for
ammonia concentration in marine water2®. For comparison, the leakage rate
of this 25 MWe aluminum shell-and-tube condenser can be roughtly estim-
ated. For instance, some of the largest shell-and-tube "heat exchangers"
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TOTAL AMOUNT OF AMMONIA TRANSMITTED X 10%,. GM-MOLE

Figure 6-3

Ammonia Vapor Transmission through HDPE
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Figure 6-5

Nominal Profile Cross Section Dimensions
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in existence are sea water evaporators. Oak Ridge National Laboratory
(ORNL) estimated the minimum air inleakage rate attainable for a concept-
ual 50 MGD desalting module under vacuum at 8.33 1b/hr which amounted to
0.0487 1bs/hr per 100 ft of seal weld for that plant?® . If this rate
is applied-to the tube-to-tubesheet welds of the 25 MWe aluminum conden-
ser and related to ammonia gas leakage through an equivalent orifice with
a 75 psi differential, an ammonia concentration in sea water of about 0.]
mg/1 would result; this is the same concentration calculated for the PHX.
The ORNL figure is probably optimistic since actual inleakage rates meas-
ured for evaporators have been orders of magnitude greater.

Regardiness of its source, it appears that the most objectionable conse-
quence of working fluid loss is the additional cost of power it repres-
ents. Therefore, several barrier materials were tested in an effort to
reduce permeation losses. At first, the coextrusion of composite films
was suggested to approach the ammonia barrier problem. A lamination of
0.5 mil aluminized polyester to a 2.2 mi1 coextruded HDPE film (ALURE CX,
St. Regis) were tested. The HDPE side was exposed to liquid ammonia since
HOPE has high chemical resistance to ammonia. The unfavorable result of
the polyester film being dissolved, was observed. Another type of coex-
trusion films, a 0.6 mil aluminized nylon laminated to a 2.5 mil EVA low
density polyethylene (LDPE) substrate (ALURE N, St. Regis) was also test-
ed. In this case, the more resistant side of the film, i.e. nylon. was
faced to the ammonia side of the transmission cell. The polyester adhesive
between the nylon and polyethylene dissolved. The metalized film definit-
ely has a desirable barrier property. However, a film combination which
does not include polyester is required for use with ammonia.

Experiments of barrier performance of an epoxy coating against ammonia per-
meation were performed. Only one type of epoxy coating (Unicoat 33, Amicon)
was tested. A 2 mils thick, low density polyethylene (LDPE) film of a meas-
ured ammonia permeability was coated by Unicoat 33 with a thickness of 5
mills. This epoxy coating separated from LDPE film after exposure to liquid
‘ammonia and dissolved in the ammonia to form a white solid. When long-term
durability test specimens were fabricated, several different types of epoxy
were used to bond the HDPE. These were tested in liquid ammonia. Although
a number of these were represented as being resistant to ammonia, all have
proved unsuitable because of swelling and cracking after only a few days
exposure. In conclusion, epoxy may not be a reliable barrier material
against ammonia.

Another type coated material, saran-coated polypropylene film (Type CB500/
25, Hercules), was tested for the ammonia barrier property. This polypropy-
lene film, with a thickness of 0.51 mil, is coated with a 0.25 mil of saran
on both sides. The average permeation coefficient of ammonia 1iquid through
saran-coated polypropylene from two independent tests at 77 F is 1.086 x
107%m  (STP) cm cm™ Sec™!(cm Hg™ which is close to the reported value*of
ammonia vapor permeability through polypropylene, i.e. 9.2 x 10 1% . A
change of this water-colored film to brownish color was observed. This in-
dicated that there is a possible chemical reaction between saran coat and
ammonia and therefore, unacceptable as an ammonia barrier coating.

Two types of gas phase treatment, i.e. sulfonation and fluorination, have
shown tremendous improvement in reducing gasoline permeation through the
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HDPE tank. The sulfonation process, which was developed by Dow Chemical
Company, attaches SO% and NH3 dfons to the plastic.- Some permeation
tests of sulfonated HDPE were performed. Results of treated HDPE are
summarized and compared with untreated HDPE as follows:

Permeability

, ’ cm3§STPE cm
Plastic cm=sec-(cmHg
Untreated F364 1.744 x 107
Two side sulfonated F364 _ 0.992 x 10°°

This indicates that the permeation of ammonia has been reduced about
43% for the sulfonated F364. It is interesting to note that the sur-
face of the above sulfonated HDPE specimen was probably treated to a
depth of several modecular layers, i.e. 1 mil roughly. Therefore,
the ammonia loss of a double-side sulfonation treated 10 mil thick
HDPE surface would be reduced by 86% as compared to an untreated sur-
face.

The fluorination process was originally developed by Air Products.
Their reports2? suggests that fluorination treatment is very effect-
jve for permeants with solubility parameters below 9.0 or above 10.0.
The data of permeation vs. permeant solubility parameter suggests that
this process could be very effective for ammonia barrier purposes,
since the solubility parameter of ammonia is 16.3 Unfortunately, the
samples of fluorinated HDPE were unattainable at the time of writing
this report. The determination of effectiveness of fluorinating HDPE
to reduce the rate of ammonia transmission is recommended for further
test.
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SECTION 7
LONG TERM DURABILITY TESTS

7.1 GENERAL

In the successful design of load-bearing plastic components, a knowledge
of strength is as important as an understanding of deformational behavior.
The knowledge of strength can be classified into two major problems, i.e.,
resistance to impact and the ability to withstand sustained loads. The
former can be dealt with by short term tests, such as the chemical resist-
ance tests and environmental rupture tests discussed in previous sections.
The latter can be confirmed by the long term durability tests presented

in this section.

The long term durability tests are aimed at producing information about
allowable working stress in a simulated OTEC environment that is direct-
ly applicable to the design of HDPE heat exchangers. These tests differ
from the environment rupture tests in several respects. The environ-
ment rupture tests involved tensile specimens simulatneously exposed to
a uniform environment (1iquid ammonia, sea water or air) and uniaxial
tensile stress for a nominal maximum period of 300 hours. Most signif-
icantly, the nominal duration of long term durability tests is approxim-
ately 3000 hours, an order of magnitude increase over the environment
rupture tests.

7.2 EXPERIMENTAL

ASTM D1598%%was used as a guideline to develop the apparatus and test-
ing procedures. Long term durability test specimens were sections of
HDPE heat exchanger panel and were mounted as shown in Figure 7-1.

The dimension of nominal profile cross section is presented in Figure
6-5. ‘ :

The material of this heat exchanger panel is the same type HDPE resin
(F364, Soltex) used for previous tests. Each end of a 5% inch long pan-
el, consisting of three tubes, was welded to a HDPE disc by hot plate

- welding. This hot plate welding method provided not only a leak free
seal but also a strong bond which can sustain the testing pressure for
these heat exchanger panels. The discs served as tube plates and were
clamped between two flanges.

The assembled testing specimen was then placed inside a chamber con-
sisting of a section of three inch schedule 40 aluminum pipe 13.5
inches long with end caps secured by Victaulic couplings. The specimen
was internally filled with anhydrous ammonia 1iquid which was furnished
from an ammonia reservoir. The ammonia reservoir had the same set-up
as the specimen chamber. The chamber, outside the specimen, was full of
sea water at atmosphere pressure. Both the specimen chamber and ammon-
ia reservoir were immersed in a constant temperature bath.

An electric clock was installed in order to monitor the failure time

of the specimen. A pressure switch was connected directly to the spec-
imen chamber, not to the specimen itself. When the specimen failed, the
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7.3

ammonia side of the specimen released pressure. For_any pressure higher
than 30 psia, the pregsure switch de-egerg?zed the c]oc{.p Six long %erm

durability test stations were installed in the constant temperature bath.
schematic of the apparatus is shown in Drawing No. 059-7108.

Since specimen were placed in a simulated OTEC environment, precondition-
ing was not necessary. Both the specimen and ammonia reservoir can be
pressurized by nitrogen to the desired pressure. The sea water inside the
specimen chamber was replaced every day during the testing period because
of the possible formation of scale.

The environmental rupture tests indicated that there is considerable scat-
ter in specimen life for each stress. For this reason, five specimens were
tested at each stress level allowing the probability of failure to be in-
troduced and related to time and stress.

RESULTS AND DISCUSSION

The definition of failure can be expressed as any continuous loss of press-
ure resulting from the transmission of the test liquid through the body of
the specimen under test. Generally, the failure of the plastic pipe or
tube may be classified as ballooning, bursting and seepage or weeping,
which are defined in ASTM D1598.2% A photograph of a failed specimen is
shown in Figure 7-2 and indicates that the failure is ballooning type be-
cause of the abnormal localized expansion.

The long term durability test data are plotted as hoop stress versus time-
to-failure in Figure 7-3. By definition, the hoop stress can be expressed
as follows:

S = p(D-t)/2t (7-1)
where:
S = hoop stress, psi

internal pressure, psi :
average outside diameter, inch
minimum wall thickness, inch

«

P
D
t

These data are also listed in Table 7-1. It is important to note that
after being at test conditions for over 3000 hours, some of the speci-
mens did not fail. Ogorkiewicz?® has suggested that the extrapolation

in time from stress vs. time-to-failure curves by a factor of ten is con-
sidered to be the upper limit. Hydrostatic tests lasting 30,000 hours
would provide estimates for a life of 3.5 years, still short of the design
1ife of an OTEC heat exchanger. However, there would seem to be little
justification for tests of 10,000 hours at the present stage of develop-
ment under the following circumstances. The HDPE pipe has already been
subject to hydrostatic failure tests of at least 10,000 hours in accord-
ance with ASTM D28372% by Whyman and Szpak3® The failure data points

are also shown in Figure 7-3. It appears that they are in good agreement
with the data reported here. Therefore, the failure characteristics for
the Tong term durability tests of this report do not differ significantly
from established behavior. If no "knee" occurs in the hoop stress vs.
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Figure 7-2
Failed Long Term Durability Specimen
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TEST NO

01
02
03
04
05
06
07

08
09

10
11
12
13
14

15

16
17
18

Table 7-1

Long Term Durability Test Data

HOOP_STRESS (PSI)

TESTING TIME (HRS)

1785
1785
1785
1785
1785
2010
2010
2010
2010

2010

1560
1560

. 1560 -

1340
1340
1340
1340
1560

81

77.07
51.05
23.87
50.63
42.93
14.00
8.22
8.62
27.367
19.850
1369.50
1275.28
3192.00
2688.00
2664.00
2664.00
2040.00
1128.00

FAILURE
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

NO
NO
NO
NO
NO
NO




time-to-failure curve caused by the onset of static'fatigue or environ-
mental stress cracking, the material will probably continue to display
typical linear behavior until 10,000 hours.

It was found that deposits formed on surfaces of the long term durabil-
ity test specimens after immersion in sea water for only a few days.

In this case, the sea water was stagnant and an appreciable concentrat-
jon of ammonia hydroxide built up. Although the deposits were not an-
alyzed they dissolved immediately in a dulute acid solution.

Although the bulk concentration of ammonium hydroxide in sea water caused
by ammonia permeation would be very small, the possibility of calcareous
deposit formation on the plastic surface exits. An analogy with impressed.
current cathodic protection can be drawn to estimate the Tikelihood of
calcium carbonate and magnesium hydroxide precipitation by comparing the
rates of hydroxide ion production at the surface exposed to sea water. Ex-
perience has shown that if a typical impressed current cathodic protection
current density of 10 mA/ft? is applied to steel in sea water, a measur-
able calcareous deposit will be formed over a period of months. This cur-
rent density produces hydroxide ions at the rate of 6.86 x 10*® ions/cm
sec. The production rate of hydroxide ion due to ammonia permeation at

77 F for a plastic heat exchanger with a wall thickness of 0.010 inch and
a vapor pressure differential of 153 psi is 1.46 x 10'° ions/cm® sec.

This assumes that all ammonia arriving on the water side reacts to form
hydroxide. Since this hydroxide ion production rate is some 21 times
higher than that for cathodic protection, it is quite likely that forma-
tion of a calcareous deposit would occur, given the permeation rate of
ammonia through unmodified HDPE.
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SECTION 8
ANTIFOULING STUDIES

GENERAL

Considerable effort has been spent in the development of various means
to control biofouling of heat exchangers placed in seawater environments.
However, due to the relatively small temperature differences across OTEC
heat exchangers, it becomes paramount that minimal thermal resistances of
the heat exchanger surfaces be maintained if the economical feasibility
of the OTEC program is to be realized. It has been reported®’ *Z that for
titanium and aluminum heat exchangers in an OTEC applicator, a primary
fouling film of .001 in. (.0025 cm) would result in a 10% decrease in the
heat transfer coefficient whereas a .010 in. (.0254 cm) primary fouling
film formation could reduce the heat transfer coefficient by as much as
50%.

It is not, however, the intent of this study to document the current
state-of-the-art of methods for the control of biofouling on conventional
heat transfer surfaces but rather to focus on methods for the control of
biofouling on plastic heat exchangers which appear to offer several unique
possibilities not inherent with metallic heat exchangers.

In order to assess the possibilities of developing methods for the con-
trol of biofouling it is first necessary to understand the mechanism by
which fouling occurs. This subject has been previously reviewed by Had-
erlie and others®®, therefore only a brief review of these mechanisms
will be presented below. :

MECHANISMS OF BIOFQULING ,

.to the-solid substrate. It has been determined

Biofouling of heat exchanger surfaces may be classified as either macro-
fouling (i.e. barnicles, hydroids, algae, etc.) or microfouling (i.e. or-
ganic films, bacteria, diatom, etc.). Macrofouling is considered as the
first type of fouling to occur and some studies have suggested that this
type of fouling is a necessary prerequisite for macrofouling. In light

of this and the magnitude of reduced heat transfer efficiencies which can

-~ be realized from this type of fouling, the emphasis of this discussion

will be concerned with the mechanism of microfouling and its prevention
and/or control. ‘

. The first film to form on the surfaces of a clean solid placed in natural

seawater consists of dissolved or suspended organic matter which adheres

* that this film consists
of a monolayer. of glycoprotein. This layer may then modify the “critical
surface tension" thereby allowing bonding between the solid surfaces and
the organic film containing the micropolysaccharide components of the
first arriving bacterial cells. Baier3"* considers that these gycoprotein
“conditioning films" are an essential prerequisite to later adsorption of
any cellular material to solid substrates. However, Haderlie3?® does
stress the fact that although considerable data exists on the ecological
succession of fouling communities, starting with the film forming bacteria,
and that the formation of one group of organisms does effect the nature of
subsequent colonizing organisms, experimental proof does not yet exist to
substantiate the claim that prevention of the formation of this primary
film will totally negate the formation of a fouling film.
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8.3
8.3.1

Once the organic film is present, 1iving bacterial cells are attracted to
the film and subsequently adhere and colonize the surface. It has been
known that the investigations into the chemotaxic responses of motile
bacteria has revealed that these bacteria do tend to concentrate on sur-
faces possessing a primary organic film, thus implying that these bacter-
ia are capable of detecting the films nutrients at a distance and move
toward them.

Studies have shown that the behavior of motile bacteria as they approach-
ed and adhered to a solid substance and found two distance phases in-
volved. The first phase of attachment may be described as a 'reversible
sorption phase' where the electrostatic and hydrophobic forces of at-
traction are balanced against a double layer repulsion force. The net
negative charge of the bacterial cell surface is repelled by the negative
charge of the organic film indicating that the bacteria are capable of
overcoming the mutually repulsive forces by following the concentration
gradient of the nutrients of the molecular organic film. During this
phase no direct contact with the surface is made and the bacterial cells
may be removed by washing.

After reaching the surface of the organic film, the bacterial cells se- -
crete an extracellular briding polymer which cements the cell to the sur-
face. It refers to this attachment as the irreversible phase. In addit-
ion to bridging the cell surface of the bacterium to the substrate, this
polymer also tends to collect various kinds of debris and rapidiy creates
a physically and chemically complex surface. -

This secreted extracellular polymer may cover the substrate surface some
distance from the producing cell and this polymer tends to adhere more
tenaciously to the substrate than to the bacterial cell. In addition,
the film forming cells and its associated’secretions appear to be able

to retain their enzymatic activity long after the death of the cell. Con-
sequently, the remaining debris and polymer lay may continue to serve as
a center of biochemical activity and influence the subsequent attraction
and attachment of additional bacteria and debris.

The ecological succession of the biofouling of solid substrates immersed
in a seawater may therefore be summarized accordingly:

Absorption of dissolved organics

Detection of a nutrient gradient by motile marine bacteria
Migration of bacterium to surface of the organic film
Irreversible attachment of bacteria cells

Accelerated absorption of additional debris, bacterium and
diatoms

6) Colonization by hydroids, algae, barnacles (i.e., macrofouling).

iR wh—~
e e S N St

PREVENTION METHODS

General
The current state-of-the-art for controlling gross biofouling has con-

sisted primarily of either chemical disinfection or the use of toxic
coatings. :
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8.3.2

8.3.3

8.3.4

Chemical Disinfection

The use of chemical disinfection is commonly practiced and utilizes such
chemicals as chlorine, ozone, sodium sibulphite, etc. These agents oper-
ate by killing bacteria and the larva stages of macrofoulers before they
have a chance to settle and colonize. The effectiveness of the chemical
agents upon the bacterial primary films is not certain and the large
quantities of chemicals which would be required for an OTEC application
make this method unlikely. Some of these chemicals may retain their bi-
ocidal activity for some time consequently providing significant adverse
ecological impacts which could negate the potential. beneficial environ-
mental impacts which could arise from the aquaculture of the nutrient
rich waters discharged by the OTEC condensers.

Toxic Coatings

Another commonly utilized method for the control of gross biofouling ut-
ilizes the toxic effects of the salts of heavy metals and organometals.
These coatings owe their effectiveness to a slow leaching into the sur-
rounding water and the subsequent formation of an ionic halo over the.
surface which repells or kills the lava or spores of fouling organisms.
Although effective in the control of macrofouling, considerable doubt
exists as to the effectiveness of heavy metals, salts and organometalic
in controlling the formation of “primary films".

Several reports®®s3® | have shown that these bacterial films are litt]e
effected by coatings, incorporated heavy metals or organotins. Corpe 37
reported that the film forming bacteria and their secreted acid polymer-
ic cementing'material were capable of binding and precipitating copper
salts while other investigators have reported similar effects on cobalt,
nickel, lead and zinc. This evidence suggests that primary film forming
bacterial may settle upon the surface of antifouling coatings and accel-
erate the leaching rate of the metals thereby reducing the effective -
service Tife of the coating.

In the light of these findings, and the extensive research presently be-
ing undertaken in the development of organometallics heavy metal salts
as methods for the control and prevention of biofouling, these methods
were not considered as novel candidate methods for the prevention and
control of “primary film" biofouling of plastic heat exchangers.

UV Irradiation

The only method thus far successfully employed for the control of marine
bacterial films is the irradiation of the surface with ultraviolet35 38,
Tight. Although this method was successful in preventing the formation
of bacterial films on the surface of periscope windows, it is not known
whether the ultraviolet radiation prevents the film from forming by re-
pelling or killing the bacteria before they settle, or if the radiation
destroys or prevents the formation of the molecular organic film that
occurs prior to bacterial attachment. However, it is unlikely that this
method could be utilized in OTEC application due to the relatively shal-
Tow penetration of the effective UV radiation and the large quantities

~of water requiring treatment.
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8.3.5

8.3.6

Low Energy Surfaces

It has been suggested that microbiological films might be controlied by
manipulation of the "critical surface tensions" of the substrate surface.
Bailer3°:*® has proposed a theory for explaining biofouling behavior of
substrates in terms of surface energy effects. He proposes that the rate
of fouling occurring on a submerged substrate is a function of its init-
jal surface energy measured as an empirical parameter. He calls this par-
ameter the "critical surface tension of wetting" (YC) and expects the rate
of biofouling to be minimal between a YC range of 25-30 dyes/cm. Within
this "biocompatible region", the chemical constituents of the slime layer
absorb reversibly in an undenatured configuration while outside this reg-
jon the glycoproteins become denatured and absorb irreversibly onto the
surface.

Baire's hypothesis has been substantiated by Dexter*! who reports that
the rate of accumulation of bacteria on solid substrates differed with
chemically different classes of materials when exposed to a marine envir-
onment for prolonged periods of time and that minimal accumulation of bac-

- terial films occurred on substrates with initial surface energies in the

25-30 dynes/cm range.

Negative Chemotaxis

One of the most promising novel methods for controlling microfouling of
plastic heat exchangers is based upon the microbiological process of neg-
ative chemotaxis. Mitchell*2? tested a wide range of organic compounds for
their ability to repel motile isolates of marine bacteria and found the
most effective repellents to be acrylamide, N,N,d'N' - Tetramethylethylene,
diamine, indole, tannic acid, benzoic acid and phenylthiourea. These
screening tests were conducted by placing a micropipette containing either
nutrient broth (to test positive chemotaxis) and a candidate repelient (to
test negative chemotaxis) and artificial seawater (as a control) into a
bacterial suspension of marine motile bacteria. Repulsion, or negative
chemotaxis, was estimated by determining the number of bacteria entering
these micropipettes.

In order to test the relationship between negative chemotaxis and the pos-
sible prevention and/or control of primary film fouling, several plates
were painted with a non-toxic neutral oil paint with some containing the
organic compounds previously shown to possess negative chemotaxic charact-
eristics. Test panels were then exposed to seawater off the coast of Ft.
Lauderdale and the amount of slime was estimated both gravemetrically and
by chemical analysis.

" The control panels, painted but without the organic repe]]ents, showed

signs of slime accumulation in less than 1 weeks exposure reaching a max-
jmum in a little over two weeks. The organic compound showing the great-
est negative chemotaxic response was benzoic acid. When compared to the
control panels, the panels painted with the oil paint and benzoic acid
(less than 0.5%) showed a 95% reduction in the amount of slime formed on
the panels. Almost as effective was tannic acid which showed a 94% re-
duction in slime formation. Moderately effective was Acrylamide exhibit-
ing an 82% reduction while N,N,N'N' - Tetramethylethylenediamine and Phen-
ylthiorea exhibiting 53% and 30% reductions.
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8.4
8.4.1

8.4.2

Further testing of these ongaﬁic compounds showed that the threshold con-
centration of these compounds was between 10°7 and 107¢ molar with optim-
al concentrations for repulsion being between 1072 and 10™* molar.

A major advantage to the use of these organic compounds to control micro-
fouling lies in the fact that these compounds are effective as repellents
at non-toxic concentrations. Tests conducted by Mitchell*2 confirmed that
neither the motility or viability of the bacteria were effected when
placed in media containing the repellents at the concentrations tested
(Tess than 10 2M). This characteristic will greatly minimize the potential

~for adverse environmental impact associated with the discharge of efflu-

ents of the condensers and evaporators of OTEC plants utilizing toxid com-

pounds to control the various forms of biofouling and may greatly facilit-

ate the use of the nutrient rich discharge of the OTEC condensers for aqua-
culture purposes. :

METHODS OF REPELLENTS

General

’
Plastic heat exchangers are selectively permeable to a variety or organic
and inorganic compounds. This property offers several advantages over con-
ventional metallic heat exchangers in that the application of biofouling
compounds is not restricted to coatings of the surfaces but may utilize
the selective permeation characteristics of the plastic to control the re-
lease of the repellent into the seawater side of the heat exchangers di-
rectly at the interface where fouling occurs. In attempting to capitalize
on this characteristic of the PLHX we have found three distinct routes
which may be taken to bring the repellent to the seawater surface of the
PHX.

Incorporating Method

The mostodirect means of utilizing these candidate repellents in PLHX ap-
plications would be to compound the repellent directly into the resin back-
bone prior to extrusion. This may be accomplished in much the same manner
as is currently being utilized by Montemarano et al“*3® to incorporate or-
ganometallics such as Tributyltin oxide and tripropytin oxide onto an
acrylic backbone. This would involve a careful evaluation of the potential
methods which would be required to compound these new polymers and a deter-
mination of any changes in the physical properties of the new repellent
polymer. In addition,, an analysis would be necessary to determine the dis-
solution rate of the repellent into the seawater in order to project the
proper repellent Toading rate necessary to achieve a satisfactory effective
life of the PLHX. Our preliminary investigations indicate that a trade off
will exist between high repelient loading rates and the physical properties
of the compounded polymer. It will also be necessary to determine the leach
rate of the repellent into the working fluid and determine the effect, if
any, upon the efficiency of the power cycle.

As an alternate to incorporating the repellent into the resin backbone it
may be quite possible to absorb the repellent directly into the acetylene
black prior to compounding the resin since, in order to increase the ther-
mal conductivity of the polymer, loading rates of from 5 to 25% by wt.
acetylene black were projected. '




8.4.3 Permeation Method

Again capitalizing on the semi-permeable nature of PHX another route for
bringing the repellent to the seawater surface of the PHX is possibie.
This method would involve the incorporation of the repellent in the work-
ing fluid with subsequent permeation through the PHX providing the neces-
sary concentration of the repellent on the seawater side of the heat ex-
changer to inhibit primary film formation. The viability of this process
will depend largely upon the nature of the specific repellent utilized.
Upon the selection of a particular repellent it will be necessary to de-
termine the rate of permeation through the PHX as well as the concentra-
tion of repellent required in the working fluid to ensure an effective
repellent concentration on the sea water side of the PHX. An evaluation
of the effect of this concentration of repellent upon the efficiency of
the power cycle will also be necessary.

In addition it will also be necessary to determine the rate of decompos-
ition of the repellent in the working fluid environment as well as the
chemical compatibility of the working fluid-repellent combination upon
the PHX resin.

A major potential advantage of this method of utilizing repellents for
controlling micro fouling stems from the fact that the repellent may be
added to the working fluid on a continuing basis thereby not limiting
the effective fouling free 1ife of the PHX by the net quantity of re-
pellent incorporated into the PHX resin.

8.4.4 _Repel]ent Absorption

A third possible method involves the selective absorption of a repellent
into the PHX with a subsequent slow release into the seawater. This
would involve the isolation of one or both sides of a portion of the PHX
and recirculating a strong concentration of a repellent solution until
the PHX becomes essentially saturated with respect to the repellent. The
system would then be brought back on Tine allowing the repellent to slowly
leak out into the sea water. The optimum characteristic of the PHX which
would favor this particular system would involve a PHX whose permeability
to the repellent would be minimized on the seawater side. This could be
accomplished by modifying the surface properties of the seawater side of
the PHX either by surface treatments (such as sulphurtroxide) or by co-
extruding a barrier film on the sea water side of the PHX. These treat-
ments would most likely necessitate the isolation of the working fluid
side of the PHX only.

8.5 CANDIDATE REPELLENTS

8.5.1 General

The studies conducted by Mitchel1*2,*3® identified seven organic compounds
which initiated negative chemotaxic responses of marine motile bacteria.
Three of these offered significant reductions in slime formation when com-
pounded into a neutral oil base paint. These were, in order of decreasing
effectiveness, benzoic acid, tannic acid, and acrylamide.
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.5.2

8.5.3

Benzoic Acid (CgH;COOH)

Our preliminary investigation of these candidate organic repellents indic-
ates that baenzoic acid offers the greatest potential for utilization in
an OTEC application. In tests conducted by Mitchell*2? , benzoic acid
showed the greatest reduction in slime formation on test panels. The
cost of industrial quantities of benzoic acid is approximately $0.36/#,
Towest of the three most effective organic repellents tested.

It is one of the simplest aromatic acids with an MW of 122.05 thereby sug-
gesting a significant potential for permeation thru PHX.

Upon contact with ammonia the following reaction may occur.

@COOH + NHS—»@COONH o H,0 ;"’@coo‘ + T

Benzoic Acid Ammonia Ammonium
Benzoate

Upon contact with seawater two possible reactions, both resulting in the
formation of sodium benzoate.

1. <::> COOH + NaHCO;*'<::>CO0NA + €0, + H0

Benzoic Acid Sodium Sodium
Bicarbonate Benzoate

2. @COOH ¥ NaC]@COONA + HCl +  H,0
Benzoic Acid Sodium Sodium
Chloride Benzoate

Mitchell*? reports however, that satisfactory negative chemotaxid res-
ponses were noted when benzoic acid was added to a saline media as well
as when the benzoic acid was incorporated into the neutral oil base paint
and subsequently immersed in seawater. In both instances the end product
is a carborylic acid salt thereby suggesting that it is either this salt

or the disassociated <:> C00 don which initiates the negative chemotaxic
responsé in marine micro-organisms.

Tannic Acid

Tannic acid was the second most effective organic repellent identified,
offering about the same efficiency in preventing slime formation of test
panels. However, the high cost of industrial quantities of tannic acid, ap-
proximately $3.42/#, make the economical use of this compound in an OTEC
application unlikely. In addition, the molecular weight of tannic acid is
about 1700, suggesting that the permeation of this compound through the

PHX may not be sufficient to maintain a satisfactory concentration of tan-
nic acid on the seawater side of the PHX to initiate a negative chemotaxic
response of marine micro-organisms coming in close proximity to the PHX
surface.
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8.5.4

8.6

Acrylamide  (CH,CHCONH,)

Acrylamide was the third most effective organic repellent identified and
although the cost of industrial quantities is moderate, about $0.46/#,
several other properties of this compound may prevent its use in an OTEC
application. The most significant being the toxic nature of the compound
to humans. It is toxic by ingestion, inhalation of vapor, dust, or aero-
sols and by skin absorption. It attacks the central nervous system and
causes acute and severe chronic intoxication, thereby requiring extensive
safety measures to insure adequate employee protection.

It also tends to polymerize rapidly when exposed to high temperature, UV
radiation and a wide range of catalyst thereby necessitating special stor-
age and handling facilities. The polymerization reaction is very exother-
mic providing additional fire hazards.

Once polymerized the MW of the polymer may easily reach 1 million greatly
reducing the permeation and subsequent dissolution into the sea water-
heat exchanger interface.

RECOMMENDAT IONS

The potential of utilizing the negative chemotaxic responses of marine vac-
teria to organic repellents incorporated in plastic heat exchanger materi-
als appears to be a viable means of controlling and/or preventing the bio-
fouling of these surfaces but several areas of uncertainty must be further
defined and demonstrated before an accurate assessment of this potential
may be made. Following is a brief description of some of these areas
which, when further defined, may assist in this evaluation.

1)  An evaluation of the alternatives and demonstration of the feasibil-
ity of incorporating candidate organic repellents into plastic heat
exchanger resins and the effect of these repellents upon the physic-
al properties of the compounded resin.

2) A determination of the dissolution rate of the repellent from the
resin into both sea water and candidate working fluids.

3) Determination of the effect, upon the efficiency of the power cycle,
of varying concentrations of repellents in the working fluid.

4) A determination of the permeation rate of the repellent through the
PHX material when the repellent is incorporated directly in the work-
ing fluid.

5) A determination of the rate of decomposition of the candidate repell-
ents in contact with the working fluids.

6) A determinatidn of the chemical compatibility of the working fluid -
repellent mixture upon the PHX resin.

7) Determination of the rate and maximum loading of the absorption of
candidate repellents into the PHX resin.

8) = Determination and demonstration of effective repellent concentrat-
jons required at the seawater - heat exchanger interface to control
or prevent biofouling under OTEC sinulated conditions.

9) Identification of additional candidate organic repellents whose
properties may be better suited to OTEC applications.
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9.1

9.2

SECTION 9
CONDENSER TEST UNIT DESIGN

INTRODUCTION

The primary unknown in plastic heat exchanger design, the performance of
the materials themselves, has been addressed by this study. Perhaps the
most significant question raised by the previous report! was whether a
plastic could demonstrate the required durability in the OTEC environment.
This has been answered affirmatively by the experimental results in this
report.

It was recognized in 1977 that the plastic materials testing and evalua-
tion program was sufficiently advanced to make a material selection and
provide the basic engineering data needed for the design of a heat ex-
changer test unit. At that time, plans for an OTEC heat exchanger test
facility at Argonne National Laboratory were also well underway. The
scope of work for the current program was, therefore, modified to include
the design of a condenser core test unit.

MECHANICAL FABRICATION

Our feasibility study indicated that a shell-less plate type configur-
ation has advantages that make it especially attractive for a PHX. The
most notable of these advantages are: 1) design freedom for working
fluid passage geometry; 2) independence of sea water passage dimensions
from material property constraints; 3) ability to utilize large, ex-
tended panels and; 4) lack of a pressure vessel shell. Accordingly, a
plate type ammonia condenser of 900,000 Btu/hr nominal duty was designed.
A condenser was selected as the lower risk heat exchanger for a first
effort because it lacked the potential fluid distribution and instabil-
ity problems of evaporators.

Pressure Vessel

The core of PHX is housed in a pressure vessel for safety reasons and to
avoid the necessity of providing a free surface on the water side. As
shown in the assembly section, Figure 9-1, the unit will outwardly re-
semble a shell-and-tube heat exchanger. Table 9-1 is a summary of the
preliminary cquenser design of a single pass on the water side.

The outer shell will be a cylinder carbon steel pressure vessel designed
to the ASME pressure vessel code, section VIII - for a working pressure
of 215 psig the detailed design and deminsions of this pressure vessel
is shown in Drawing No. 059-2201. The vessel nozzles are also identif-
jed in Table 9-2.

Bundle Fabrication

The condenser core consists of extruded HDPE "plate-tube" panels. As
produced, these panels are 10 ft long and 4 ft wide with the channel
cross section geometry shown in Figure 6-5. The panels were extruded




PHX TEST UNIT ASSEMBLY SKETCH

Figure 9-1
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Tab

Condenser Deéign Summary

Shell Material

Panel Material

~ Shell-side Fluid
Panel-side Fluid ‘

Shell Design Pressure

Panel size (width x length)
Panel wall thickness
Numbef_of Panels

Outside Heat Transfer Area ]
~ (based on nominal panel width)

Panel Spacing (center-to-center)
~ Shell Diameter

Height Overall

Approximate Empty Weight
ApproximateIWatef Weight
Approximate Ammonia Weight

Ammonia Condensate Level
(from C.L. of condensate nozzle)

Overhead Required for Core Removal
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Carbon Steel, SA515 type 70

Type IIT Polyethylene
Water "
Ammonia

215 psig

17" x 120"

0.026"

34

842 ft?

0.52"

‘ 36“

12 3"
3600 1bs
7700 1bs
40 1bs

25'
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9.3

in Soltex F364 HDPE using existing tooling that is normally used for a
polypropylene copolymer. Hydrostatic tests have indicated a short term
internal burst pressure of 750 psi and an external collapse pressure of
220 psi for this panel.

It was recognized during the design of the test unit that only thermal
welding could provide the reliable leak-proof joints required for as-
sembly of the HDPE core panels. Fortunately, welding can be accomp-
Tished by a number of techniques differing mainly in the manner of pro-
ducing heat at the joint. The critical joints in this case are the ones
between the panels or panels and spacers at the core headers; they must
be Teak-proof and preferably provide a bond equal in strength to the pan-
els themselves. Some of the techniques actually tried are:

three types of hot tool welding

hot gas welding with filler rod

hot gas tacking tip (a combination of hot gas and hot tool welding)
hot gas "tube" expander nozzle (another hot gas-hot tool combination)
electromagnetic induction welding

[Sa S WO
« o e o o

A1l of these techniques were successful in varying degrees depending on
process variables and operator skill. Hot tool welding was used to pro-
duce 60 test specimens of the type shown in Figure 7-1 with a zero scrap
rate. For assembly of large bundles, however, electromagnetic induction
welding appears to be the superior technique.

The principle of the induction welding is based on the fact that magnetic
materials develop heat loss when exposed to a magnetic field. This magnet-
ic field is generated by a high-frequency induction source. Micron-sized
magnetic particles are dispersed within a thermoplastic matrix. In our
cases, the magnetic material is stainless steel 400 powder and the thermo-
plastic is high density polyethylene. When this filled material is placed
between the surfaces to be welded and exposed to a magnetic field, heat de-
velops at the interface causing melting and subsequent fusion of thermo-
plastic materials. This welding method can produce joints of large area
even with thin wall profiles, does not depend on operator skill and is eas-
i1y adapted to automated assembly. We have, therefore, selected this meth-
od for core test unit fabrication.

Two configurations of the core at the headers have been tried. If spacers
are used between the individual panels a rectangular core will result,
but if the panels are bonded directly to each other, the bundie will as-
sume a "bottleneck" shape at top and bottom. Figure 9-2 shows details of
these two configurations executed with induction welding. Also, in this
figure the spacers and panels are of contrasting color. The bottieneck
configuration has the following advantages: 1) it eliminates most of the
"tubesheet" area; 2) it requires about one half the number of welded
joints and; 3) for the test unit, it allows slightly more heat transfer
area to be installed in a given size shell. The detailed bundle design
is shown in Drawing Nos. 059-6901, 059-6902, 059-6903 and 059-6904.

THERMAL PERFORMANCE

The calculated thermal performance for a single pass unit is shown in Fig-
ure 9-3 and nominal thermal and hydraulic figures presented in Table 9-3.
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Tahle 9-3

Condenser Nominal Operating Conditions
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The primary objective of this test unit is to establish a "baseline" over-
all heat transfer coefficient for a PHX with very conservative mechanical
design. Because an unfilled HDPE with a thermal conductivity of 0.25 Btu/
hr ft2 F has been used for the panels and because the profile has heavier-
than-necessary walls, thermal performance of an actual OTEC condenser
would be considerably better than that attained by the core test unit. An-
other difference between the test unit and a large condenser is the use of
counter-flow rather than a cross-flow configuration; this is necessary to
provide a water flow path of sufficient length to obtain a reasonable temp-
erature rise.

The ammonia side film coefficient has been calculated from the classical
Nusselt relation for filmwise condensation. Although there would be a
strong initial tendency for dropwise condensation of fluids with high sur-
face tension on a polyethylene surface, critical surface tension data for
polyethylene indicates that it wouldbe wet by ammonia. The low ammonia
mass flux for the test unit results in a Taminar condensate film and neg_
ligible vapor shear. Ammonia side pressure drop should be less than the
instrument's minimum measurement capability. :

Wall thermal resistance for the test unit is about 75% of the overall re-
sistance. This fact and the straightforward nature of the condensation
process should make it possible to calculate the overall heat transfer
coefficient with zero water side resistance. By varying water velocity,
the dependence of the water side film coefficient on velocity can be es-
tablished for the unusual water channel configuration. For the perform-
ance calculations, it has been assumed that Nusselt number varies as the
Reynolds number to the 0.8 power.
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APPENDIX B
POLYETHYLENE

Polyethylene is presently one of the two largest tonnage plastics. It is some-
times also referred to as polythene although polyethylene is chemically the more
correct term. It is defined by its name as a homopolymer of ethylene produced by
additional polymerization and as such may be described as a linear polymer with
the formula (CH,)y

Polyethylene is now produced by several processes, each resulting in resins poss-
essing differing characteristics. Generally, each resin may be classified into
three main categories based on their density. These classifications are identif-
ied in the following table.

Density Range Type Common Designation

Low . 0.910 0.925 I "Branched", LDPE

Medium 0.925 0.940 I1 MDPE

High 0.940 0.965 I11 "Linear", HDPE
Structure

Polyethylene is essentially a non polar, long chain, aliphatic hydrocarbon. It is
part1a11y amorphous and partially crystalline with the degree of side branching be-
ing a key factor controlling the degree of crystallinity.

The type of processing can have several effects on the ultimate structure of the
polymer and consequently alter the physical properties of the polymer.

Generally, high density polyethylene has fewer side-chain branches than low den-
sity polyethylene and consequently a more tightly packed structure and a higher

degree of crystallinity can be obtained. Crystallinities of about 90% are common
for high density polyethylenes whereas crystallinities of about 50% are obtain-

able for low density polyethylenes.

In general, polyethylene resins have good electrical properties, good chemical re-
sistance, toughness, flexibility even at low temperatures, good water vapor bar-
rier properties, and high resistance to water absorption. Under load polyethylene
will deform continuously with time (creep). In general there will be an increase
in creep with increased load, increased temperature, and decreasing density. Mech-
anical properties are very dependent on molecular weight and on the degree of
branching in the polymer. Consequently, elongation at break is strongly depend-
ent on density, the more highly crystalline high density materials being less duct-
ile although even HDPE may draw rather than rupturing during tensile testing (de-
pending on testing speed).

Chemical Resistance

Polyethylene in essence is a high molecular weight paraffin and as such can be ex-
pected to have good chemical resistance. Because it is a crystalline material and
does not enter into specific interactions with any 11qu1ds, (e.g.hydrogen bonding)
there are no solvents at room temperature.
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Polyethylene is susceptible to stress-cracking in certain environments. The rapid-
ity of failure is dependent upon the amount of stress and the temperature. Environ-
ments most conducive to stress cracking include surface-active wetting agents such
as metallic soaps, sulfated and sulfonated alcohols. Environments such-as aliph-
atic and aromatic hydrocarbons and specific organic acids introduce stress crack-
ing to a somewhat less active degree. Which type of polyethylene is more resist-
ant to environmental stress-cracking depends on the type of mechanical loading;

low density types are generally more resistant where severe flexure is involved

and high density types better for constant tensile loading.

Application

HDPE has the highest thermal conductivity of all commercial thermoplastics, is
very inexpensive, is expected to have good chemical resistance to OTEC working
fluids and is easily processed. Disadvantages for OTEC application include
relatively poor long-term strength, susceptibility to environmental stress-crack-
ing and static fatigue and the inability to solvent bond.

Cross Tinked polyethylene tubes have been used in experimental heat exchangers
for sea water desalination plants by at least three different investigators. For
that application, cross Tinking was necessary for temperatures of 180 F and over.

Polypropylene

Polypropylene is one of the large tonnage polyolefin thermoplastics rapidly be-
coming the most widely used thermoplastic material in industries involved with
the manufacture of consumer products.

Structure

Polypropylene consists of an ordered arrangement of repeating propylene monomer
units. Its spatial regularity and close packing of adjacent chains yields a
crystalline macrostructure. Usually about 90% of the polymer formed is isotact-
ic (crystalline) and the remaining 10% is atactic (amorphous) which is usually
stripped from the product at the conclusion of polymerization.

Properties

ing property. It possesses excellent physical properties which make it useful in
load-bearing applications. These properties are dependent upon the amount of iso-
tactic material present in the polymer. The greater the amount of isotactic mater-
ial, the greater the crystallinity and hence the greater the stiffness, tensile
strength, modulus, hardness, and chemical resistance.

Chemical Resistance

The chemical resistance of polypropylene is generally very good, the major ex-
ception being susceptibility to oxidation. It is resistant to solutions of in-
organic salts, mineral acid and bases. Most organic chemicals have no effect.

Polypropylene and High Density Polyethylene have many similarities in chemical
resistance both having about the same solubility parameters, and tendency to be
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swollen by the same liquids. As with polyethylene, the absence of any inter-
action between the crystalline polymer with liquids prevents solution of the
polymer in any liquids at room temperatures. :

It has been reported that polypropylene is free from environmental stress-crack-

ing. However, data indicates that some environmental stress-cracking may occur.
In summary, the properties of polypropylene are very similar to those of high
density polyethylene, with the following exceptions:

1) it has much Tower thermal conductivity

2) it has a higher softening point and hence a higher
maximum service temperature *

3) it appears to be virtually free from environmental stress-
cracking problems

4) it is more susceptible to oxidation

Application

Polypropylene's outstanding advantage over HDPE for core material application may
be its freedom from environmental stress-cracking. It shares HDPE's other disad-

vantages and, in addition, has much lower thermal conductivity.

Biaxially oriented polypropylene tubes with 0.75" 0.D. and 3 mil wall are pres-
ently being used in an experimental heat exchanger for a desalination plant in

Israel. The tubing itself, however, was developed in the U.S. This applicat-
jon takes advantage of polypropylene's high temperature capability and improved
mechanical properties due to orientation.

Polybutylene

Polybutylene is the newest of polyolefin resins. It is a high molecular weight
isotactic polymer synthesized from butene-1 monomer. :

N

Structure

Polybutylene is a crystalline thermoplastic composed of linear chain molecules
having a regular and spatially ordered arrangement of ethyl oxide groups along
the chain backbone.

Properties

The outstanding properties of polybutylene are its flexibility, creep resist-
ance, (especially at high temperatures) and resistance to environmental stress-
cracking. As a result of its creep resistance polybutylene pipe has recieved a
2000 psi hydrostatic design basis stress at 73 F from the Plastics Pipe Instit-
ute. This is the highest pressure rating established for any of the polyolef-
ins. §t is reported that polybutylene accepts high filler loading (up to 85%
by wt.
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- Chemical Resistance

Like the other polyolefins, the chemical resistance of polybutylene is generally

~good. It does, however, absorb some aliphatic hydrocarbons at room temperature

but has no true solvents.

Application

Polybutylene may best be compared to polypropylene. Its main advantages are
higher thermal conductivity and better creep resistance. Disadvantages are
higher cost and relatively small resin production at present. The only known
heat transfer applications at the present time, solar collectors and snow melt-
ing coils, utilize the materials high temperature capability.

NYLONS

Nylons, also called polyamides, are strong, tough thermoplastics having good im-
pact, tensile, and flexural strengths as well as good chemical resistance and
were the first family of materials now called engineering thermoplastics. The
types of nylon which were considered are, Nylon 6, Hylon 6/6, Nylon 6/10, and

“Nylon 11.

Structure

Nylons are linear, crystalline po]ymers having aliphatic chain segments contain-
ing amide groups at regular intervals. The number designation for each type
of nylon indicates the size of the repeating units in the chain.

" Water Absorption

A1l nylons are hygroscopic and the amount of water abosrbed will effect both the
dimensional stability and physical properties of the polymer. The greater the
degree of crystallinity the less the water absorption and consequently the less
will be the effect of humidity on the properties of the polymer. The effect of
moisture absorption on the dimensional stability of a molded nylon specimen is
to increase the specimen dimensions proportional to an increase in the amount
of moisture absorbed. This effect is minimized by an opposing tendency of nylon
parts to shrink in the direction of melt flow due to the relief of molded-in
stresses.

The absorbed water has a plasticizing effect on the physical properties of the
polymer, the result being that an increase in the amount of moisture abosrbed
tends to decrease the ultimate tensile strength, tensile strength at yield, and
the modulus while increasing elongation and compact strength.

Chemical Resistance

Because of the high cohesive energy density and their crystalline state, ilylon
polymers are soluble only in a few 1iquids of similar high solubility parameters
and which are capable of specific interaction with the polymers. WNylons have
exceptionally good resistance to both aliphatic hydrocarbons and to hydrolysis.
These properties make nylon particularly applicable in services where resist-
ance to various chemicals is important. HNotably services requiring exposure to
gasoline, liquefied ammonia, alkalies, and organic acids.
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Type Selection

Since all four types of nylon evaluated have approximately the same mechanical
properties it was necessary to select one type which appeared most promising
for potential development as a core material for Plastic Heat Exchangers. Ex-
amination of available data indicated that Wylons 11 has the greatest applica-
tion as a chemically resistant polymer and at the same time possesses a very
low moisture absorption tendency thereby providing good dimensional stability.
Water vapor transmission of Mylon 11 film is also Tower than films produced
from the other Nylons investigated. An added advantage of choosing Nylon 11
is that the manufacture of this resin has been successfully filling Nylon 11
with various metallic fillers (notably iron and aluminum) in concentrations as
high as 75% by wt. At present there is no commercial market for these filled
nylons and consequently a great deal of processing experience does not exist.
The manufacturer, however, does feel confident that this material can be suc-
cessfully extruded.

Application

Nylon 11 balances its lower conductivity and higher resin cost relative to HDPE
with higher long term strength, thus allowing thinner walls for a given geometry.
A fabrication advantage it enjoys over the polyolefins is the ability to cement
or solvent bond to itself and other materials.

ACETALS

Acetals, or Polyacetals as they are sometimes called are linear polymers with a
flexible chain backbone and are thus thermoplastic. Due to their high cost and
superior properties acetals, like nylons, are considered to be "engineering"
rather than general purpose plastics.

Structure

The structure of Acetals closely resembles the structure of polyethylene, the dif-
ference being that acetal polymer molecules have shorter backbone bond and pack
more closely together than those of polyethylene. The resultant polymer is harder
and has a higher melting point. The acetal polymers are also highly crystalline.

Properties

Acetal polymers possess high tensile strength, stiffness, resilience, and good
recovery from deformation under load. They also exhibit excellent long-term
load- carry1ng properties and dimensional stability. Although in many respects
acetal resins are similar to the nylons, they may be considered to be superior
to them in their fatigue endurance, creep resistance, stiffness and water ab-
sorption.

Chemical Resistance

Acetal polymers have excellent resistance to most organic solvents, including al-
iphatic hydrocarbons. Environmental stress-cracking has not been encountered in
any organic solvents. Water does not cause any significant degrading hydrolysis
of the polymer but may swell or permeate through it.
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Resin Selection

The first commercially available acetal resin was Delrin (duPont), a homopolymer
produced by the polymerization of formaldehyde. The only other commercially
available acetal resin is Celcon (Celanese), a copolymer of trioxane. The choice
of the copolymer was based mainly on the reported better resistance to alkaline
solutions., : ‘

Application

Like nylon 11, acetal's suitability for OTEC application is based on its long
term strength and chemical resistance. Besides its use as a core material it
is also attractive for structural applications such as tubesheets and spacers
because of its rigidity and the fact that strong solvent bonds to itself or
nylon are possible.

CELLULOSE ACETATE BUTYRATE (CAB)

CAB is one of the cellulose plastics, the oldest family of commercial thermo-
plastics. Unlike the other candidate core material plastics, CAB is produced
by modifying cellulose, a natural polymer, rather than by polymerizing a mon-
omer.

Properties

The chief characteristics of CAB is its toughness, dimensional stability and
ease of processing. CAB is less hygroscopic than the other cellulose plastics
and is less subject to plasticizer migration.

Chemical Resistance

CAB is very resistant to most aqueous solutions of moderate pH and to aliphatic
hydrocarbons. It has been reported that CAB showed no effects of one year's ex-
posure to liquid propane.

Application

CAB was chosen specifically for compatibility with propane or isobutane working
fluid. Resistance to ammonia is doubtful.

POLYVINYLCHLORIDE (PVC)

Polyvinylchloride is the most commercially important and widely used of the
vinyl polymers. It is available commercially as one of three types. Type I is
a rigid, unplasticized, chemically resistant, normal impact grade. Type II is a
slightly less chemically resistant plasticized grade. Type III is a high impact
grade.

Structure

PVC is structurally based on an ethylene chain (as is polyethylene). However,
the presence of the chlorine atom causes an increase in inter-chain attractions
and hence an increase in the hardness and stiffness of the polymer. The presence
of the carbon-chlorine dipole also makes the polymer polar and thus effects the
chemical resistance.
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In general, the performance characteristics of polyvinylchloride polymers in-
clude mechanical toughness, good weathering resistance, good chemical resist-
ance and outstanding long term strength.

Chemical Resistance

Polyvinylchloride possesses a very limited solubility and the only solvents that
are effective are those which are capable of some form of specific interaction
with the polymer. It has been suggested that polyvinylchloride is capable of
acting as a weak proton donor and thus effective solvents could be expected to be
weak proton acceptors. The result is that rigid polyvinylchloride (Type I) is
completely resistant to inorganic alkalies in all concentrations. It is also
resistant to all inorganic and organic salts and oxidizing agents as well as to
hydrocarbons.

Application

The outstanding qualification of Type I PVC is its long term strength; the hydro-
static design basis stress for PVC pipe compounds is as high as 4000 psi. Like
acetal, PVC may also be useful for structural applications because of its rigid-
ity and solvent bonding ability. Type I PVC is probably the most difficult of
the candidate resins to extrude. Hydrocarbon working fluids would probably be
compatible but resistance to ammonia is questionnable.
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APPENDIX C
CHEMICAL RESISTANCE TEST DATA

Mechanical‘Properties.after 7 day exposure at 80 F

+

Tengile Stress, psi Eionga— * Moduiﬁg

Orient— tion at]M.R.S., x 1078

Test # | Medium |ation |Plastic] Max Yield | Break |Break |psi/sec psi’
ke :
1 AIR Y CAB 4435 | 3468 | 4435 62 105 | 1.77
2 Y CAB 4452 | 3468 | 4452 63 105 | 1.79
3 Y | cas 4105 | 3387 4105 54 105 | 1.66
4 X CAB 3991 | 3297 | 3901 55 102 - | 1.75

5 X CAB 4400 | 3347 4400 61 106 |1.78
6 X CAB 4220 | 3314 4220 58 106 | 1.74
7 Y PB 2475 | 2020 | 2475 42 38 | .546
8 Y | s 2400 | 1965 | 2400 | 39 36 | .484
9' Y PB 2327 | 1980 2327 28 | 36 | .490
10 X, PB 2376 | 1923 2376 31 35 | .485
11 X . | pB 2318 | 1995 2318 26° 35 | .453
12 x | e 2333 | 1984 | 2333 25 35 | .50
13 Y HDPE 2808 | 2808 — — 67 | 1.69
14 Y HDPE 2789 | 2789 — — 60 | 1.36
15 Y HDPE 2820 | 2820 - - 62 | 1.41
16 X HDPE 2890 | 2890 -— -— 63 | 1.40
17 X HDPE 2890 | 2890 - - 65 | 1.67
18' X HDPE 2840 | 2840 - - 64 | 1.51
19 Y PP 4121 | 4121 .| - - 109 { 1.73
20 Y PP 4140 | 4140 - - 106 | 1.75
21 Y PP 3887 | 3887 — — 99 | 1.63
22 X PP 4200 | 4200 - — 104 | 1.75
23 X PP 4140 | 4140 -— — 103 | 1.78
24 X PP 4123 | 4123 - — 110 | 1.57
25 Y Acetal] 8137 7813? 7451 24 203 | 3.26
26° Y Y Acetal| 8513 | 8513 7890 59 262 | 3.67

*Mean Rate of Stressing.
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CHEMICAL RESISTANCE TEST DATA

Mechanical Properties after 7 day exposure at 80 F

Tensile Stress, psi Eionga—- * Modulus
_ Orient- tion at|M.R.S., - 1045
Test # | Medium |ation |Plastic| Max Yield | Break Bre;k psi/sec psi’
27 AIR Y Acetal | 7593 | 7593 | 6907 66 ' 187 3.47
28 X Acetal | 8157 | 8157 7412 32 202 3.54
29 X |Acetal | 8139 | 8139 | 7555 37 202 | 3.33
30 X Acetal | 8189 | 8189 7453 32 203 3.29
31 : Y Nylon-11 - 4250 - - 68 1.09
32 Y Nylon~-11] -- 4262 - - 74 1.03
33 | Y |Nylon-1Y - | 4000 - -— 65 1.05
% | : Y PVC 6349 | 6349 6048 123 224 2.97
35 : Y  |rvc 6365 | 6365 5667 88 213 -| 3.60
36 | v |eve 6278 | 6278 | 5706 98 211 | 3.15
37 X PVC 6254 | 6254 5915 114 219 3.17
38 X PVC 6548 | 6548 6548 145 223 3.57
39 Y 1 x PVC 6365 6365 6143 120 220 3.35
40 S.W. Y PP 4607 | 4607 - — 112 2.17
41 ' Y PP 4536 | 4536 - - 109 2.19
42 Y PP 4414 | 4414 - - 106 2.09
43 | x PP 4589 | 4589 —_— — 112 2.10
4 x  |ep 4562 | 4562 - — 11 | 2.05
45 X PP 4570 | 4570 . - 110 2.15
46 Y Acetal | 8396 | 8396 7849 42 199 3.66
47 Y Acetal | 8415 | 8415 8066 21 202 3.63
48 Y Acetal | 8434 | 8434 8094 22 202 3.60
49 X Acetal | 8615 | 8615 8067 26 209 3.35
50 X Acetal | 8731 | 8731 8308 27 209 3.63
51 X Acetal | 8843 | 8843 8225 28 214 3.74
52 i Y CAB 3836 | 2845 3836 65 93 1.60

*Mean Rate of Stressing.
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CHEMICAL RESISTANCE TEST DATA

Mechanical Properties after 7 day exposure at 80 F

Tensile Stress, psi Eionga~ - Modulus
Orient- - tion at|M.R.8., | . ,-5
Test # | Medium {ation |Plastic| Max Yield | Break Bre;k psi/sec pgi’
53 S.W. Y CAB 3789 2886 3789 63 94 | 1.59
54 Y CAB 3853 2914 3853 65 97 | 1.64
55 X CAB 3402 2857 3402 52 9 | 1.56
56 X CAB 3571 2902 3571 57 95 | 1.65
57 X CAB 3286 2946 3286 50 95 | 1.66
58 | Y HDPE 2982 2982 - — 68 | 1.67
59 Y HDPE 2977 2977 _ - 69 | 1.66
60 f Y HDPE 2966 2966 o _— 67 | 1.73
61 é X HDPE 3110 3110 - -— 74 | 1.75
62 % X HDPE, 3157 3157 - — 75 | 1.50
63 | X HDPE 3052 3052 _— - 73 | 1.50
64 Y PB 2510 2026 2510 42 37 | .506
65 Y PB 2528 2022 2528 38 39 | .494
66 Y PB 2572 2078 2572 45 39 | .516
67 X |eB 2448 | 2057 | 2448 30 38 | .536
68 X PB 2474 2015 2474 41 36 | .501
69 X PB 2454 2031 2454 33 37| .s25
70 Nylon-11| ~- 4137 — - 62 .957
71 Nylon-11] —— 4113 - — 61 .950
72 Nylon-11{ —- 4113 - - | 60 .950
73 Y PVC 6948 6948 5690 39 231 | 3.81
74 Y PVC 6850 6850 - - 225 | 3.78
75 Y PVC 6776 6776 - -_— 195§ 3.67
76 x |®ve 6943 | 6943 - - 231 4.54
77 X PVC 6778 6778 _— - 235| 3.38
78 % X PVC 6694 6694 5435 20 2341 3.38

*Mean Rate of Stressing.
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CHEMICAL RESISTANCE TEST DATA
Mechanical Properties after 7 day exposure at 80 F

. Tensile Stre’ss',‘ psi

Elonga- * Modulus

Orient— - tion at|M-R.S., | 1o

Test # Medj.um ation |Plastic| Max Yield | Break Bre;k | psi/sec psi’
% 79 AIR | Y HDPE 3655 | 3655 2111 55 1001 | 2.31
** 80 Y PP 5146 5146 4211 16 1205 2.81
x% 81 Y Acetal | 9340 | 9340 9113 20 2473 | 2.40
{x+ 82 Y PVC 7864 | 7864 5091 14 2588 | 4.60
% 83 vy |Nylon-13 7115 | 4705 | 7115 | 267 866 | 1.23
&% gy Y CAB 4357 | 3800 4357 40 124 | 1.63
%% 85 1 Y PB 2554 | 2164 2554 40 375 | .520
90 NH, Y PVC 891 891 — — 7.6 | .990
91 Y PVC 999 881 - — 16.9.| .980

92 X PVC 966 935 - - 18.5 | 1.30
93 x  |eve 1056 976 - - 19.0 | 1.40
100 v lacetar | 7017 | 6593 | 7593 75 107 | 1.69
109 v |acetal | 8269 | 7058 8029 63 112 | 1.58
110 X Acetal | 8132 | 7075 7877 53 18| 1.72
111 Y Acetal | 7864 | 6964 7864 38 119 1.76
116 Nylon-11 2873 | 2690 — _— 28| 416
117 Nylon~11 2857 | 2698 - - 291 .402
118 Y HDPE 2819 | 2819 - - 61| 1.28
119 Y HDPE 2902 | 2902 — _— 66| 1.26
120 X HDPE 2914 | 2914 1613 45 65| 1.25
121 X - |HDPE 2898 | 2898 1444 57 63| 1.14
122 X | PB 2137 | 1820 2137 24 25 .384
123 X PB 2181 | 1862 | 2181 25 26| .379
124 Y PB 2348 | 1804 2348 34 271 .416
125 Y PB 2366 | 1827 2366 33 25|  .407
130 Y X PP 4221 | 4221 — - 93] 1.97

*Mean Rate of Stressing.

**Testing speec]l]-é 2.0 iﬁches/minute




CHEMICAL RESISTANCE TEST DATA
Mechanical Properties after 7 day exposure at 80 F

Tensile Stress, psi Elonga-¥ * Modulus

Orient- ' tion atfM.R.Sey | 105

Test # | Medium |ation |} Plastic| Max Yield | Break Bre;k psi/sec ps;.
13 | s, | v e 09 | 4109 | — | -- 9 | 1.97
132 " Y PP 4111 4111 - - 88 1.93
140 C,H, X HDPE 2492 2492 686 64 44 .591
141 Y HDPE 2458 2458 -1 - 43 .586
142 x e 1434 | 1010 | 1434 | 23 22 | .303
144 X Acetal | 8510 8510 8178 | 24 213 3.62
145 X |Acetal | 8316 8316 8012 29 204 3.39
146 Y PVC. 6833 6833 ~— — 225 6.08
147 X PVC 6655 6655 | - - - 218 3.53
| 148 CAB 2680 2119 | 2616 61 | 70 | 1.12
149 v |cas 2589 2103 | - 2589 59, 70 1.32
150 Nylon-11 5027 | 4488 | - — 63 1.02
151 1 - |Nylon-17 4320 480 | - — - 57 .88
173 |ic,Hy, X CAB 3583 2986 3583 50 92 1.37
174 {4CyHy, X CAB 4016 3050 | 4016 52 93 | 1.41
177 | CoHg x |ep 3059 | 3059 | 2723 78 56 | .958
178 CsHg X PP 3270 3270 2832 73 53 | .857
179 |16, | - |Nylon-11 4766 | 4207 S 67 | -1.00
180 : Nylon-11 4685 4313 — -1 69 1.08
181 X HDPE 2803 2803 - - 57 .99
182 X HDPE 2740 2740 | - -- - 55 .923
183 X Acetal | 8712 8712 8239 20 201 3.13
184 X Acetal | 8458 8458 7951 39 204 3.19
185 X PVC 7092 7092 S 218 | 3.56
186 X PVC 7039 7039 | -- - 214 3.30
187 X e | 2653 2653 - -1 - 38 614
188 i x e 2773 | 2773 - — 40 -605

*Mean Rate of Stressing. W




CHEMICAL RESISTANCE TEST DATA

Mechanical Properties after 7 day exposure at 80 F .
Tensile Stress, psi Elonga~ * Modulus
- {Orient~- tion at|M-R.S., x 10,.5
Test # | Medium }ation Plastic] Max Break | Break |psi/sec psi
189 | ic,m,|  x |eB 1845 | 1363 | 1845 | 34 1% | .182
190 " X |PB 1519 1388 1519 19 13 174
HDPE-1 Air HDPE 3089 3089 — — 69.7 1.49
HDPE~-2 Alr HDPE 3072 3072 —r—— P 69,9 1.55
72+1 Air Ppx77372) 3193 3193 —— - 82.6 1.67
72.2 | atx bpx77372) 3494 | 3494 | =] -— | 89.2 | 2.01
73-1 Air PDX77373 2938 2938 —— - 66.3 1.38
73-2 Air FDX773731 2759 2759 —— - 70.5 1.53
*Mean Rate of Stressing. 120




APPENDIX D

Environmental Rupture Test Data*

TIME- TIME-
TO- T
| FAILURE FAILURE
TEST NO.| MEDIuM [ PLASTIC| HR. |lTEST No.| MEDIUM |PLASTIC| HR.
1 AIR | HOPE | 54.5 || 22 | AR PB. | 119.8
2 - 25 S, 1.8
3 743.0 26 AIR 0.1
A | 616.0 || o7 | 5.0
5 1.4 28’ 0.2
6 1.2 {1 29 -
7 (8.0 1 39 2.5
8 121.7 31 v ( 2.3
9 20 32 NH, HOPE | 168.7
10 IR N I 21.3
1 ACETAL '356._2 34 101.8
12 22.5 || 35 253.4
13 84l 36 2.8
“ 29.2 || 37 1.2
15 { -t 38 3.3
16 S.W. 7.5 | 39 1.3
7| M, 130.8 || 40 22.5
18 AIR - -
19 162.6 || 42 74.0
20 664.8 || 43 S.W. 4.5
21 4.8 || a4 | 4.1
22 : 25.1 || 45 I 5.1
23 i PB R 1.9
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TINE TIME
T0- T0-

| FAILURE FAILURE

1esT nod meptum | pLasticl  HR || TEST NO.| MEDIUM | PLASTIC| HR
47 S.M. | HOPE | 67.1 || 70 | WA, PB 0.0
48 3.3 | 1 0.2
49 3.8 72 32.2
50 265.1 || 73 0.1
51 29.9 74 | -
52 - 75 | AR 0.2
53 . 347.7 || 76 | w, 0.1
54 NH, | ACETAL - 7 0.0.
55 - It 78 0.5
56 0.1 79 S.M. 138.5
57 ! - 80 Nil -
58 5., 6.8 81 261.5
59 - 82 240.2
60 g, - .8 o} 1.4
61 AIR PB {695.7 84 AIR 0.8
62 NH 0.1 85 | HH, v -
63 0.0 86 S.W. |ACETAL | 58.5
64 0.1 87 | MH, | -
65 0.0 88 20.1
66 S\ 5.0 89 0.1
67 S.H. 138.0 9 | S.M 51.9
68 AIR 0.0 91 | NHs 64.0
69 HH 0.1 92 ; 1 9.2
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Environmental Rupture Test Data

TIME COTIME

T0- T0-
. FAILURE]| - . FAILURE
TEST No) MEDIuM {PLAsTIC| HR || TEST NOJ MEDIUM |PLASTIC|  HR
93 NHy | ACETAL | 2.4 |l 121 | AR [PDX77373] 0.0
9% | 0.8 | 122 _ -
95 , 0.1 123 PDX77372 0.3
96 S.W. 12.6 || 124 9 0.4]
97 349 fl 125 | nh an;,7373 1.7
98 -t 126 AIR ] s
99 357.0 || 127 1 18.4
100 & | S IR L 11
101 NH, 69.1 || 129 | AR [PDX77374 3.5
102 33.1 | 130 Pox7737] 3.0
103 R BRE POX7737] 4.2
104 3 ﬁ 25.1 132 | PDX77373 4.3
110 AIR  pox77372 25.7 |f 133 1.6
m | a2l 13 ! -
112 0.0 135 | NH, -
13 0.4 || 136 53.8
114 0.0l 137 152.5
15 0.2|| 138 i
116 1l g | Aw W
N7 { eox77373] - || 140 V 154.9
118 | NH, 5.2 NH 5 |PDX77372 1.1
119 6.3|| 142 l » 0.9
120 AIR ¥ 0.1 143 V i 0.




Envivonmental Rupture Test Data

TIME TIME

T0- _ T0-
FAILURE FAILURE

1esT No.| meptuM | pastic]  HRJITEST NO.{MEDIUM | PLASTIC|  HR
144 AIR  |ppx77372 - | 167 | s.u. [pox77373] 1.9
s | 9.4 || 168 1] 3.2
146 - 169 | N I -
147 10.4 || 170 | AIR '908.7
148 NH , 0.3-|| 7 | 6.5
149 s e || | 1.2
150 ‘ | 0.3 || 173 Vot 218.8
151 S. M. SITERN R B AR J 1.7
152 a.2 || 175 - s -
153 12.4 || 176 - - -
154 16.3 177 | NH, pDx77378 3.4
155 | 258.5 || 178 ;, ' © 1} 325.1
156 | C2.9 || 179 ! v -
157 | 0.5 || 180 | NH, |PDX77373 230.0
158 AIR 25.6 || 181 | 6.0
159 | -l 182 | 7.3
160 Vo -l 1ss | 1.3
161 S.W. 0.5 || 184 r 0.9
162 AIR 18.2 || 185 i - -
163 s |Poxz7a7y 001 || 186 | Mg | PDX7T372 1.6
164 | 17.2 || 187 PDX77373] 2.0
165 0.0 || 18e E 0.4
166 I | 0.1 {| 189 | ¥ | 0.2




Environmental Rupture Test Data

TIME ' TIME
T0- T0-
FAILURE : |FAILURE
LEST_NO. } MEDIUM £ PLASTICI _HR I TEST NO.J MEDIUM | PLAsTIC] KR
190 S.W. |PDX77373} >1000 |
191 y >1000
192 NH, 344
193 , 3.7
194 11.6
195 | 0.2
196 ¢ 530.0
197 S.M. >1000
198 L.' ! >1000
205 AIR F364 0.3
206 | 0.9
207 0.3.
208 0.6
209 ] 7.4
210 -
21 v L 7.2
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