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ABSTRACT 

Alphatlex, an impact modifier for elastomers and thermoplastics, has been 

compounded with High Density Polyethylene (HDPE). The physical properties of the 

modified plastic were tested to see if the new material is physically and economically 

viable to be used as the cold water pipe material in OTEC applications. The main area of 

research conducted on the cold water pipe material was determining the effect of 

enhancement ofHDPE with Alphatlex on hoop strength of the pipe. The effects realized 

were then analyzed for physical and economic viability for various ocean thermal energy 

conversion and seawater district cooling scenarios. 

All physical properties of the Alphaflex enhanced material tested exhibited 

favorable results when compared to HDPE. The comparison of the two materials is as 

follows. 

Key Characteristics Process Parameten ResuIfli 

PbySieal PropertY Test Method Uolt A10ba 1 A1oba2 A1oba3 HOPE 

Flexural StrenRlh D790 psi 3800 3500 3600 1400 

Tensile Strength, Yield D638 psi 5090 5090 5010 3200 

Izod (notched) D256 ft lbf / in 9.20 10.7 8.50 4.0 

Specific Gravity D792 Dimensionless 0.96 0.96 1.01 0.954 

Results from the analysis of the test results indicate that for floating OTEC plants 

with 3,280 ft long 6.5 ft diameter pipes, power output and revenues can be increased by 

as much as 70%. This greatly offsets the additional cost of the more expensive enhanced 

plastic cold water pipe material. Scenarios that require long pipes or supply small loads 

without room for expansion do not offer as great an advantage and in some cases are not 
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able to meet economic expectations under the current production costs of Alphaflex. The 

cost to produce Alphaflex would be greatly reduced if it were used in the manufacturing 

of cold water pipes, as the volume produced would grow quite significantly and 

production cost is linked directly to volume. 
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CHAPTER 1. INTRODUCTION 

1.1. Background 

Deep ocean cold water pipes are used to supply cold seawater for the purposes of 

district cooling, freshwater production, ocean thermal energy conversion (OTEC), and 

various other products that benefit from clean cold seawater. The cold water pipe (CWP) 

is the single most expensive component of any of these plants, accounting for around 

40% or more of the total plant cost (Hans Krock, Personal Communication, Oct. 7, 9, 

2003). Using stronger pipes would allow for increased flow through the pipe and 

decrease the overall cost of the plant. Currently, multiple pipes of high density 

polyethylene (HDPE) are used for single large scale operations involving the pumping of 

cold seawater. The need for multiple pipes is due in part to the limit of maximum 

allowable buckling pressure of the pipe. Stronger pipes would allow greater critical loads, 

equating to higher allowable flow rates through a particular pipe. The advantages of using 

fewer pipes for OTEC, district cooling, and similar applications include lower cost, 

shorter deployment time, and fewer personnel necessary for production, deployment, and 

insta1lation of the pipes. The benefits of lower cost are obvious. While shorter 

deployment time and fewer personnel ultimately lead to lower costs, they have other 

value as well. Shorter deployment times mean shorter weather windows necessary and 

less chance of losing the pipe due to a storm. Fewer personnel result in more streamlined 

processes and allow for more projects to be completed simultaneously. 

In order to achieve an augmented strength and flow capacity without diminishing 

the favorable properties ofHDPE pipes, an HDPE composite is proposed. Alphaflex®, a 
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polytetrat1uoroethylene (PTFE) based reinforcing material, can be combined with a 

polyolefin elastomer (POE) and then added to neat HOPE during the compounding 

process to increase the modulus of elasticity, without diminishing the desirable physical 

properties ofHDPE (Alphaflex, Product Specifications, 2003). Such desirable physical 

properties include: buoyancy, corrosion resistance, durability, flexibility, and a proven 

track record of use as the material of CWPs. Advantages provided by the addition of 

Alphaflex beyond the increased modulus of elasticity include increased tensile strength, 

increased specific gravity, and increased impact strength. 

The compounding process is essential to manufacturing HDPE to meet the 

necessary specifications for a given application. The physical properties of the final 

product can vary greatly with only slight deviations from the source recipe. Therefore, 

the proper ingredients must be added in precise amounts. Then they must be heated and 

mixed at precise temperatures, pressures, and times (Long, 1985). The optimization of 

the compounding process to include Alphaflex® with a thermoplastic (HDPE in this case) 

is the key to designing an improved material that is commercially viable. 

Increased maximum allowable buckling pressure allows further room for 

optimization between pipe diameter and fluid velocity. While increasing the pipe 

diameter allows for higher flow rates and low fluid velocities, the cost of the pipe is also 

proportional to the pipe diameter. If the pipe has improved modulus of elasticity, the fluid 

velocity can be increased, but pumping power is proportional to frictional losses induced 

by flow through the pipe. As can be seen from the previous two statements, both methods 

of increasing flow rate (increasing pipe diameter and increasing fluid velocity) have pros 

and cons. A more favorable balance between required pumping power and construction 

2 



cost of the plant can be obtained if the construction material of the pipe has an increased 

modulus of elasticity resulting in greater allowable buckling pressure. 

1.2. Background on Alphaflex 

Alphaflex 101 is an impact modifier designed to enhance the physical properties 

of elastomers and thermoplastics. It is comprised of 75% polytetrafluoroethylene (PTFE) 

and 25% molybdenum disulfide (MOS2). Alphaflex 101 can improve the following 

properties when combined with elastomers or thermoplastics: 

• Tear strength 
• Tensile strength 
• Modulus 
• Abrasion resistance 
• Elastic recovery 
• Stiffuess 
• Durability 

Alphaflex products are supplied in granule form. Once dispersed in an elastomer, 

fiber nodes begin to form during the compounding process. Alphaflex cross-links with 

the elastomer chain and forms a chemically inert compound. The Alphaflex fibers are 

stronger than carbon-fiber compounds and Kevlar fibers of the same length to diameter 

mtio. Carbon-fiber, Kevlar and other similar compounds branch out in two dimensional 

planes, whereas Alphaflex fibers break out from nodes in three dimensions. This is where 

the superior strength is derived from. 

1.3. Previous Work on Cold water Pipe Materials 

Some research on constructing CWPs of materials other than HOPE has been 

conducted with varying results. Steel, aluminum, fiber reinforced plastic, and assorted 
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types of concrete pipes have been investigated (Avery and Wu, 1994). While these 

materials improve upon overall pipe strength, none exhibit all of the properties that make 

HDPE the material of choice for those in the business of manufacturing, deploying, and 

operating CWPs. Some are too expensive to manufacture, others are more inclined to 

corrosion, and none have been successfully deployed and operated for any significant 

period oftime. The only pipes that have been successfully deployed and operated were 

constructed ofHDPE. These other pipes fail because they do not embody all of the 

characteristics necessary to produce an effective CWP. HDPE pipes have all of the 

essential qualities for a cold water pipe except one: the ability to produce a working pipe 

of sufficient capacity and strength to support large scale operations. 

In order to achieve an augmented capacity and strength without diminishing the 

favorable properties ofHDPE pipes, an HDPE composite is proposed. Based on ta1ks 

with the manufacturer of Alphaflex® (Jon Peters, Personal Communication, 2003) and 

OTEC industry experts (Hans Krock, Personal Communication, 2003), this has not been 

done before. In addition, searches for literature on CWP research that included Avery 

and Wu (1994), Irons (1989), Vega et al. (1989), and McHale (1984) have returned no 

evidence of an HDPE I Alphaflex® composite being investigated for use as a CWP 

construction material. 

4 



CHAPTER 2. METHOD 

2. I. Materials Selection 

The materials selected for this compound (HOPE, Alphaflex, Engage 8150) were 

chosen after careful consideration. Each component performs a crucial function in 

creating an advanced CWP material. HOPE was selected as the base of the compound 

because it has been proven to work well in the capacity of OTEC related pipes. It exhibits 

many favorable properties as were previously discussed. Alphaflex serves to strengthen 

the HOPE in multiple ways. The tensile strength is increased by the addition of Alphaflex 

creating an increased modulus of elasticity. This directly impacts the maximum allowable 

buckling pressure in a positive way. The impact strength is also greatly increased with the 

addition of Alphaflex. This makes the pipes less susceptible to damage from subsea 

landslides or hazards faced during storage and transport. Engage 8150 serves as a carrier 

for the Alphaflex and allows the HOPE and Alphaflex to be combined. Alphaflex will not 

bond chemically with HOPE directly. However, the sulfur in Alphaflex is able to bond 

chemically to Engage 8150 by cross-linking to the elastomer chain. There are several 

Engage products to choose from. Engage 8150 was chosen because of the similar melt 

flow index to that of HOPE. This allows the two materials to mix well when heated in the 

compounder, forming a homogeneous mixture with consistent properties throughout 

Once this has been done. Alphaflex is a part of the thermoplastic Engage. Because 

Engage and HOPE are both thermoplastics, they do not have to bond chemically in order 

to be mixed into the same compound. They will meld together upon being heated to their 
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melting points and mixed. Once cooled, the two thermoplastics will have become a single 

compound with Alphatlex dispersed evenly throughout the material. 

2.2. Production Techniques 

The compounding process for the material tested was performed by Enviroplas 

Incorpomted through the use of a 4.5 in Wellex extruder with a mixing screw. The 

processing was performed at a temperature of385°F on the feed end and 485°F on the 

die. The screw speed was set to medium and there was a 20 mesh screen installed in the 

die. HDPE, Alphatlex 101, and Engage 8150 were mixed in a tumbler to ensure a 

consistent blend and then added to the hopper on the Wellex extruder. The mixture was 

fed through a hopper to the extruder mixing screw at a temperature of 385°F. As the 

composite was fed through the extruder via the mixing screw it then entered into a second 

temperature zone of 485°F at the die. After the compound was extruded through the die it 

passed into a cooling bath to harden. The compound was then cut into pellets and was 

ready to be molded into testing plaques. 

The process of making a pipe would follow a similar course with the exception 

that the pellets would not be molded, but fed into a pipe extruder. This could be done as 

part of one single procedure in which the compounding line feeds directly into a pipe 

extruder. Alternatively, after compounding, the material could be palletized and then 

packaged for later use in which it would be manually fed into a pipe extruder. Generally, 

better physical properties are achievable when the process is scaled up from the 

laboratory setting and the product is an extruded pipe mther than a molded testing plaque. 
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Multiple testing plaques of three different samples were molded. The samples 

differed in the percentages of the three feed components used to produce the 

experimental material. The component percentages are shown in Table 1. The amounts 

Table 1 Component Loadings as a Percentage by Weight of Eacb Trlnl Sample 

Material Trial 1 Trial 2 Trial 3 

HOPE 91% 89% 86% 

EnDaDe 4% 4% 4% 

AIDhaflex 5% 7% 10% 

of each material used in the different trials were determined based on recommendations 

from the manufacturer of Alphaflex, Fiber Technologies, LLC. The amount of time and 

money necessary to determine the optimal weight percentages of each material to achieve 

the desired physical properties of the final compound far exceed the scope of this study. 

By selecting three different mixtures of the materials, a preliminary indication of the 

optimal mixture is attained. 

2.3. Testing Procedures 

The physical properties tested for comparison between the three trial samples and 

HDPE were flexural strength, tensile yield strength, Young's modulus, Izod impact 

resistance, and specific gravity. The relevance of these properties as associated with the 

production of cold water pipes will be discussed in more detail along with the 

presentation of the test results. All tests were conducted in accordance with ASTM 

standards in a controlled laboratory environment To ensure the physical properties of the 

components in this study are accurately compared with those ofHDPE materials 
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currently used for large diameter HOPE pipe, the same testing methods were used in this 

study as those reported by HOPE manufacturers and the American Waterworks 

Association (A WW A). 

Flexural properties were determined through the execution of ASTM test D-790, 

"Standard Test Methods for Flexural Properties ofUnreinforced and Reinforced Plastics 

and Electrical Insulating Materials." This test calls for a rectangular bar resting on two 

supports to be loaded by a force placed midway between the supports. The bar is 

deflected until there is a rupture in the outer surface of the test sample or until a strain of 

5% is reached (ASTM D790). 

Tensural properties were determined through the execution of ASTM test D-638, 

"Standard Test Method for Tensile Properties of Plastics." This test method essentially 

involves placing the testing plaque under tension by using a machine to stretch the 

material to its yield point and then continuing to its break point. The force required to 

reach the points in question is measured by an extensometer (ASTM D-638). 

Izod impact resistance was determined through the execution of ASTM test D-

256 Type A. "Standard Test Methods for Determining the Izod Pendulum Impact 

Resistance of Plastics." This test involves striking the test specimen with a steel cylinder 

attached to a pendulum. The force required to break the test specimen is measured by a 

mechanism on the pendulum and determines the Izod impact strength (ASTM D-256). 

The specific gravities of the samples were determined through the execution of 

ASTM test D-792, "Standard Test Methods for Density and Specific Gravity (Relative 

Density) of Plastics by Displacement." This test is performed by determining the mass of 
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the test sample in air and then placing it in water to determine the amount of liquid 

displaced. The specific gravity of the material is then calculated (ASTM D-792). 
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CHAPTER 3. PHYSICAL PROPERTIES OF TEST SAMPLES 

3.1. Test Results 

The results of the ASTM tests completed to determine specific physical properties 

of the experimental CWP material under consideration were reported by Plastiscience, 

LLC. The reported test results are given in Table 2. 

Table 2 PhysIcal Properties of Test Samples 

Key Charaeteristics Process Parameters Results 

Physical Property Test Method Unit Trial! Trial 2 Trial 3 

Flexural Strene.tb D790 psi 3800 3500 3600 

Tensile Strength, Yield D638 psi 5090 5090 5010 

Young's Modulus D638 psi xl000 162 155 151 

Izod (notched) D256 ft Ibfl in 9.20 10.7 8.50 

~ific Gravity 0792 Dimensionless 0.96 0.96 1.01 

The comparative physical properties of HOPE used to make large diameter pipes relevant 

to the research reported in this text are given in Table 3. 

Table 3 PhysIcal Properties of HDPE 

Physical Property Test Method Unit Value 
Flexural Strength D790 psi 1400 

Tensile Strength, Yield D638 psi 3200 

Young's Modulus D638 psi X 1000 110 

lzod (notched) D256 ft lbf I in 4.0 

Specific Gravity D792 Dimensionless 0.954 

3.2. Analysis of Test Results 
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The main focus of this research centers on the attempt to increase the hoop 

strength of pipes made from the AlphaflexIHDPElEngage compound compared to those 

made from HDPE alone. Hoop strength describes a pipe's ability to maintain its 

cylindrical form when under the combined forces ofinterna1 and external pressure. The 

greater the pressure that can be tolerated without failure due to buckling of the pipe, the 

higher the hoop strength. The pressure at which the pipe buckles is defined as the critical 

buckling pressure. Critical buckling pressure is calculated by Timoshenko (1958) as 

follows with the addition of an ovality factor and a factor of safety: 

Pc= (E >I< f) I (4 0[< (1 - m2
) '" ~)·(ClFS) 

where Pc = Critical buckling pressure (psi) 

E = Modulus (psi) 

t = Wall thickness of pipe (in) 

m = Poisson's ratio (dimensionless) 

r = Radius of the pipe (in) 

C = Ovality factor (dimensionless) 

FS = Factor of safety (dimensionless) 

(1) 

Pc is also a function of time. The time factor is a part of the modulus value. If a pipe is 

under continuous stress it will be affected by creep. The creep modulus, also known as 

the apparent modulus, accounts for the effects of continuous stress. The ovality factor is a 

correction factor for the initial ovality of the pipe and is equal to the cube of the 

minimum outside diameter divided by the maximum outside diameter of the pipe. This 

accounts for imperfections in the cylindrical design of the pipe. These may occur during 

the manufacturing process or may be caused by improper storage of the pipe. The oVality 
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factor used in this research, as well as by A WW A, is 0.885. This represents an initial 

ratio of minimum pipe outside diameter to maximum pipe outside diameter of 0.96. As 

this ratio becomes lower the pipe becomes more inclined to buckle. The factor of safety 

used by A WW A and also in this research is 2. This helps maintain conservative design 

values and offset the effects of unforeseen problems that may promote buckling of the 

pipe. 

Appendix A contains the estimated critical buckling pressures for HDPE pipe as 

determined by A WW A. For the work done in this study, only the 50 year load duration is 

of interest, as the pipes used in OTEC and SDC applications are designed for lifetimes of 

30 or more years. Table 4 gives the critical buckling pressures of pipes made ofHDPE 

and of pipes made with the three AlphaflexlHDPElEngage mixtures for various pipe 

DRs. 

Table 4 Critical Buckling Pressures for Various Pipe DRs 

Critical Bueklinll Pressure for 50 Year Load Duration 
Pipe HDPE Alnha 1 Alpha 2 Alpha 3 
DR p. (psi) p. (psi) p. (psi) p. (psi) 
32.5 1.0 1.4 1.4 1.3 

26 1.9 2.8 2.7 2.6 

21 3.6 5.3 5.1 4.9 

17 6.8 10.0 9.5 9.3 

15.5 8.9 13.2 12.6 12.3 

13.5 13.5 19.9 19.1 18.6 

11 25.0 36.8 35.2 34.3 

9.3 41.4 61.0 58.3 56.8 

9 45.7 67.3 64.3 62.7 

7.3 85.6 126.0 120.6 117.5 
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The main focus of this research is on large diameter (6.5 ft) pipes. Pipes of this 

size are currently only manufactured with DRs as low as 17. The practicality of extruding 

pipes of a maximum wall thickness is one reason for this. In addition to the extrusion 

process, there is also the matter of fusing pipe segments together that must be considered. 

To ensure the pipe welds are consistent across the wall of the pipe, current welding 

equipment limits pipe wall thickness to approximately 4 inches for large diameter pipes. 

Pipe segments are butt welded through a heat fusion process. As diameter and waIl 

thickness increase, the thermal properties of the pipe material limit the ability to 

uniformly transfer heat through the pipe, melting the material and joining the pipe 

segments together once they cool. Smaller diameter pipes may have slightly greater wall 

thicknesses. 

Flexural strength is defined as the material's ability to resist deformation under 

load. When deploying cold water pipes, tension is supplied by tug boats in order to keep 

the pipe from bending too much and reaching the flexural yield point. The increase in 

flexural strength for the Alpha materials ranges from 150% - 170% for the three trial 

specimens. This may have a considerable impact on the deployment process. Less tension 

would need to be supplied in an effort to keep the pipe from flexing during deployment. 

Alternatively, larger pipes could be used, if they are made available, that would require 

the same amount of tension during deployment. Larger pipes would have to withstand 

larger flexing loads due to the forces exerted on them while being installed. 

The tensile strength is a measure of the force required to pull a material to the 

point where it yields or breaks. For the purposes of this research, the yield point will be 

considered as the limiting tensile load that may be applied. Once the yield point has been 
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reached, the pipe would deform permanently and may no longer operate in the manner 

expected. Tensile strength is relevant during the deployment process. If larger pipes were 

used there would be greater forces exerted on them during the deployment process, 

requiring more tension be placed on the pipe to prevent the flexural strength from being 

exceeded. The tensile strength of the Alpha materials is approximately 60% greater than 

that ofHDPE and would allow an increase in tensioning during the deployment process. 

The!zod impact strength is a measure of the material's ability to withstand a 

direct impact without breaking. The !zod impact strength is more than doubled in the 

Alpha materials compared to HDPE. This means that a pipe made of the Alpha material 

will be able to handle impacts from subsea landslides better than a pipe made of HDPE. 

An Alpha material pipe will also be more resistant to damages that may occur to pipes 

from unintentional impacts with equipment at the construction sites or during 

manufacturing, shipping, and deployment This can be quite a significant advantage. The 

A WW A states that HDPE pipes with scratches in the pipe walls of greater depth than 

10% of the wall thickness should not be used. That means a notch in a 6.5 ft diameter, 21 

DR pipe of less than a half of an inch would render it inadequate for use as a cold water 

pipe and would cost millions of dollars to replace. 

The specific gravity of the alpha material is less than 1 % higher than that of 

HDPE, but is still buoyant in both seawater and freshwater. This is important as delivery 

and deployment methods rely on the buoyancy of the pipe for a successful operation. It 

also enables retrieval of the pipes from the surface if they become disconnected from 

floating platforms. 
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CHAPTER 4. PIPE COSTS 

4.1. Material Costs 

After the pipe has been sized, the cost of the pipe is determined by two different 

methods depending on the pipe material. HOPE pipe costs are based on direct quotes 

from manufacturers. These quotes are for fully manufactured two meter OD pipes. The 

weight of the HOPE is then calculated for the two meter pipe and a cost per pouod of 

material is determined. Direct quotes for HOPE resin were also obtained from suppliers. 

The difference between the cost of HOPE pipes and HOPE resin is taken to be the cost of 

manufacturing a pipe once the mw material has been acquired. HOPE resin was quoted at 

$0.70/lb. Engage 8150 was quoted at $0.90 / lb. Alphaflex currently costs between $11/ 

Ib and $17 / lb. The cost of compounding the three materials together is estimated at 

$0.65 / lb. The cost of extruding a pipe was calculated to be $0.60 / lb. The same cost of 

manufacturing a pipe made of HOPE is used for those made of the Alpha compounds. 

This is a conservative cost estimate as compounds with the Alphaflex 101 additive 

generally exhibit faster, easier, and therefore, less costly extrusion processes. This stetns 

from materials containing Alphaflex being less likely to stick to equipment like extruders 

and molds. 

Pipe cost and mass increase with an increase in diameter or length. This is one 

area where the use of an Alpha resin may have important economic affects on a project. 

The Alpha resins have a greater capital cost than the HOPE resin and result in a higher 

capital cost for a pipe of the same size. In certain situations the higher capital cost will be 

offset by increased revenue. As will be shown in section 5.4, longer pipes common to 

SDC systems and onshore OTEC systetns, may not exhibit favorable economic 
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advantages when made of the Alpha material. The materials researched do have 

significant benefits when used for shorter pipes common to floating OTEC plants and 

SDC systems near steep bathymetry. Likewise, pipes with larger diameters made of the 

Alpha materials are most beneficial when a 6.5 ft pipe can be used and a substantially 

greater flow rate can be accommodated than can be with an HDPE pipe. 

4.2. Operating Costs 

The operating costs will also be considered, as the size of the pipe plays a critical 

role in the required pumping power for operation of the SDC system. Operating costs for 

SDC systems stem mostly from the pumping requirements of the system. The operating 

costs ofSDC systems are low and the majority of the operating expense comes from 

freshwater distribution. However, seawater pumping costs must be considered when 

comparing different cold water pipes. The pumping requirements are determined from the 

Darcy-Weisbach equation as noted in section 5.2. An increase in head loss leads to an 

increase in the cost of pumping. From equation (2) it can be seen that pipe length, pipe 

diameter, and flow velocity directly affect head loss. 

Pipes made of the AlphafiexlEngageIHDPE compound can be made of a smaller 

diameter than those made of HDPE and still supply the same load due to their higher 

critical buckling pressure. They can also be made of the same diameter and supply a 

larger load. In either case the flow velocity is increased. The velocity term being squared 

in the Darcy-Weisbach equation causes this to be a great factor in determining the head 

loss through the pipe. This has two affects on the economics of using a cold water pipe 
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made form an Alpha material. First of all. there is an increase in pumping costs due to the 

higher head loss. Secondly. there is a limit as to how much water may be supplied 

through the pipe due to the critical buckling pressure. This limit dictates how much 

revenue may be brought in from the water supplied by the pipe. If the pipe is long. the 

increase in revenue will be less than that for shorter pipes and may not be enough to 

offset the additional cost of the Alpha material. 
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CHAPTERS. SEAWATER DISlRICT COOLING 

5.1. SDC Overview 

Seawater District Cooling (SDC) is a method of providing chilled water to 

communities and industry for the purpose of air conditioning and process cooling. SDC 

minimizes the consumption of electricity by as much as 90% by deriving its chilling 

capacity from the virtually unlimited natural resource of deep ocean water rather than an 

electric chiller. This eliminates large quantities of C02, SO., and NO. emissions, as most 

electricity is generated by burning fossil fuels. 

Cold seawater is used as the heat sink to chill freshwater (or another cooling 

medium) used by air conditioners and industrial cooling processes. The cold seawater 

may be obtained from the ocean for the sole purpose of SDC or may be cold water 

effluent from an OTEC system. SDC is particularly effective in communities with high 

air conditioning loads, such as hotels, office districts, resorts and airports. 

5.2. Maximum Sustainable Flow Rates 

Two locations for SDC are analyzed with the focus being on what benefits, if any, 

are achieved with the use of the Aiphafiex/HDPElEngage compounds as compared to the 

use of HDPE compounds for the seawater supply pipes. The maximum flow rates 

practical for each location are discussed in this section. One system is designed for a 

location requiring 1,555 tons of air conditioning, with the possibility of expansion to 

approximately 3,000 tons. The second location analyzed requires 20,000 tons of air 

conditioning. The load at this location could be increased considerably to accommodate 

all chilled water air conditioners in the area and one analysis will include determining 
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how much additional load could be serviced by using the Alpha materials in place of 

HDPE. 

The seawater district cooling systems supply cold seawater via large pipes that 

reach depths of the ocean that have an ambient temperature cold enough to chill 

freshwater to be distributed to various points of use for air conditioning and process 

cooling. Pumps are located on land and pull the seawater to the cooling station through 

suction. This suction creates a pressure drop across the pipe exerting a force that will 

cause the pipe to fail from buckling if the pressure drop becomes to great. Table 4 gives 

the maximum pressure drops acceptable for pipes made of the various materials to be 

compared. For the purposes of this analysis, pipes with a DR of21 will be considered. 

The Darcy-Weisbach equation was used to calculate the head loss through the 

pipes and an additional head loss component was added to that to account for the density 

head. The density head is due to the pressure difference between the water colunm in the 

ocean and the colder water in the pipe, which effectively creates a more dense water 

colunm within the pipe. The water in the pipe is of a constant temperature, salinity, and 

density, while the water making up the water colunm in the nearby open ocean is of 

varying temperature, salinity, and density. This leads to a difference in pressure between 

the water colunm within the pipe and the water colunm outside the pipe. This pressure 

differential must be overcome when pumping the water from the CWP to sea level. 

The Darcy-Weisbach equation is as follows: 

hr=(f* L*~)/(D '" 2 01< g)+(~ 12g) 

where hr= frictional head loss (m of head) 

f= fanning friction factor from Moody friction factor chart (dimensionless) 
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L = length of the pipe (m) 

v = velocity of the water (mls) 

D = diameter of the pipe (m) 

g = gravitational acceleration constant (mls2) 

The density head was calculated using various equations of state for seawater and 

data from the NOAA website that was then analyzed in MA TLAB and Excel. The 

density head calculation is detailed as follows. Temperature and salinity profiles of 

monthly data were obtained from NOAA and are included in Appendix B. This data was 

then loaded into MA TLAB where a shape-preserving interpolant was fit to the profiles. 

The shape-preserving curve was used to interpolate data points between I and 1,000 

meters at a location of7.25°S, 72.25°E. The interpolated values are shown in Appendix 

B. Figure 1 and Figure 2 show the temperature and salinity profiles respectively. These 

values were then used to determine the pressures in the water column inside and outside 

of the cold water pipe. 
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The pressures in the water columns were detennined by first calculating the 

density at one standard atmosphere pressure given the salinity and temperature as 

determined by Millero and Poisson (1981) in the International equation of state of 

seawater, 1980 (lES 80). 

p(s,t,O) = 999.842594+0.06793952"'t-0.00909529"'r+O.0001001685"'f-

0.000001120083"'t4+O.000000006536332"'ts+0.824493*s-

0.0040899"'t"'s+O.000076438*r"'s-0.00000082467"'f*s+0.0000000053875*t4·s-

0.00572466*sI.5+O.000 1 0227*t"'sI.S -0.0000016546"'r"'sl.s+O.00048314"'s2 (3) 

where t = seawater surface temperature 

s = seawater surface salinity. 

Next, the pressure was calculated at a depth of one meter using the density obtained from 

equation (3) by using the following computation: 

p = pgh/l 00,000 

where p = pressure (bar) 

p = p(s,t,O) = density (kg/m3
) 

g = gravitational acceleration constant (mJs2) 

h=depth(m) 

(4) 

Once the pressure throughout the water column is calculated, the bulk modulus is found 

from: 

K(s,t,p) = 19652.2l+148.4206"'t-2.32710S"'r+0.01360477*f-

0.000051SS288"'t4+ 3 .239908*p+O.00143713*t*p+0.000 116092*r.p-

0.000000S7790S*f"'p+0.00008S093S·r -

0.00000612293*t·p2+0.0000000S2787"'r*p2+S4.6746*s-0.6034S9"'t*s+O.0109987*r*s-
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0.00006167*f* 8+0.07944 *s 1.5+0.016483 *t*s 1.5 -0.00053009*f*sI.S +0.0022838*p*s-

0.000010981 *p*t*s-O.OOOOO 16078*f*p*s+O.000 191 075*p*sI.S-

0.00000099348*p20t0s+0.000000020816*t*p2*s+0.00000000091697*f*p2*S (5) 

where K = secant bulk modulus (bars) 

t = seawater temperature (0C) 

s = seawater salinity (ppt) 

P = pressure (bars) 

The secant bulk modulus is the average value of the bulk modulus over the range 0 to P 

(pond and Pickard, 1991). It accounts for the compressibility of seawater when 

calculating the pressure throughout the water column. The density is then calculated from 

(3), (4), and (5) thusly: 

p(s,t,p) = p(s,t,O) I [I-pI K(s,t,p)] (6) 

where p(s,t,p) = the density at any point in the water column 

p(s,t,O)= the density at one meter depth 

p=pressure 

K(s,t,p) = secant bulk modulus 

The pressure at any point in the water column is calculated integrally in the following 

manner. The density at one standard atmosphere pressure is calculated. Then the density 

at one meter depth is calculated. Next the secant bulk modulus is calculated at one meter 

depth. From these values, the density at one meter depth is calculated. This density is 

used to calculate the pressure at two meters depth. This cycle is repeated until the 

pressure has been calculated throughout the entire water column. 
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Once the pressures throughout the water columns inside and outside the seawater 

supply pipe have been determined, the density head that must be overcome is obtained 

from the difference between the pressures at the base of each water column. The density 

head is then added to the friction head calculated in equation (2) to yield the total head 

loss and the required pumping power for the seawater supply system. 

The information obtained from the temperature and salinity profiles was then used 

in an Excel spreadsheet as part of a model for the design of and economic analysis of 

SDC systems. The model is complex and covers the entire design process for SDC 

systems. Only the portions of the model related to the cold water pipe will be explained 

here. 

The first portion of the model significant to this research is the required seawater 

flow rate calculation. This calculation is based on the seawater temperature supplied, the 

required fresh cooling water temperature and the heat transfer capabilities of the heat 

exchangers. The log mean temperature difference (LMTD) of the heat exchanger is 

defined as: 

(7) 

where l! Tim = log mean temperature difference between the two fluids across the heat 

exchanger 

l! T 1 = the smaller temperature difference between the two fluid streams 

l! T 2 = the larger temperature difference between the two fluid streams 

From manufacturer's data, 1°F is the lowest achievable LMTD. This allows for the 

largest temperature differentials and the lowest required flow rates, resulting in lower 

operating costs and lower CWP capital cost. A rule of thumb of alO°F temperature 
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differential between supply and return cooling water was used along with the known 

seawater supply temperature and the required cooling water supply temperature. 

Once the required seawater flow rate is known, the cold water pipe can be sized. 

The size of the pipe is determined based on the critical buckling pressure. The density 

head added to the frictional head loss found in equation (2) yields the maximum pressure 

drop that will be exerted in the pipe. This value must be less than the value listed in Table 

4 for the corresponding pipe DR or the risk of pipe failure due to buckling is too great 

under normal operating conditions. The flow rate which causes the pressure drop inside 

the pipe to be equal to the critical buckling pressure is the maximum sustainable flow rate 

for the SDC system. 

5.3. Cold Water Pipe Comparisons for Small-Scale SDC 

The first SDC scenario evaluated is for a small scale operation with a required 

cooling capacity of 1,555 tons that may be expanded to 3,000 tons. The first comparison 

will be of the 1,555 ton system for cold water pipes made ofHDPE, Alpha I, Alpha 2, 

and Alpha 3. Each of the pipes is sized according to their respective maximum hoop 

strength capabilities. Following the procedures outlined in the previous section, the 1,555 

ton SDC system was analyzed with the various pipe materials being used for the seawater 

supply pipe. Each pipe supplies seawater at a flow rate of 3,424 gpm. The results are 

summarized in Table 5. 
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Table 5 SIgnificant Cbaraeterlstlcs of 1,555 ton SDC System 

Comparison Seawater OIs1rk:t Coaling Systems with Various Pipe Materials 

CWP Head Seawater A1phaflex 

~~~ Ola~~r ::; Pipe Capital Total Pt' ~:~~ Prallt r$1 
Cast 

Material Cast IS) Cast 1$ r$lIbl 
1555 tans HOPE 28 3.52 $ 4248521 $ 15138 632 $ 48813 $ 406,918 NA 

Aloha 1 25 5.29 $ 4673372 $ 14720818 $ 54,481 $ 451,772 17 

A1Dha2 0.64 6.1 $ 5341062 $ 16171603 $ 53,654 $ 261.842 17 

Aloha 3 0.64 4.90 $ 6338011 $ 16513,477 $ 53,048 $ 217722 17 

1 555 tans HOPE 28 3.52 $ 4.248621 $ 15138632 $ 48,813 $ 406,918 NA 

Aloha 1 25 5.29 $ 4,485,437 $ 14,533,883 $ 54481 $ 476416 15 

A1Dha 2 25 6.1 $ 5077027 $ 15907568 $ 53654 $ 296,452 15 

A1Dha 3 25 4.90 $ 5957350 $ 16,132,816 $ 53048 $ 287907 15 

1 555 tans HOPE 28 3.52 $ 4248521 $ 16,138 632 $ 48813 $ 406 918 NA 
Aloha 1 25 5.29 $ 4,299,502 $ 14348948 $ 54481 $ 501,061 13 

A1Dha 2 25 5.1 $ 4812991 $ 15843532 $ 63,654 $ 331261 13 

Aloha 3 25 4.90 $ 5676568 $ 15752,154 $ 53048 $ 318092 13 

1555 tans HOPE 28 3.52 $ 4248,521 $ 15138 632 $ 48813 $ 406,918 NA 
Aloha 1 25 5.26 $ 4112,567 $ 14,150,013 $ 54481 $ 525706 11 

Aloha 2 25 5.1 $ 4,548,955 $ 15379496 $ 53654 $ 386,071 11 
Aloha 3 25 4.90 $ 5196027 $ 15371,493 $ 53048 $ 386276 11 

For the 1,555 ton SOC system only Alpha 1 compares favorably to HOPE, This 

material is 5% Alphaflex by weight as compared to 7% and 10% for Alpha 2 and Alpha 

3. All three materials have a 4% Engage 8150 loading. HOPE is displaced as more 

Alphaflex is added. The lower critical buckling pressures for Alpha 2 and Alpha 3 allow 

the diameter to be decreased less than when Alpha 1 is used. The result is that only the 

Alpha 1 material provides for a more cost effective seawater supply pipe than HOPE. At 

the current base price for Alphaflex 101 ($17 per lb), the Alpha 1 material provides the 

SOC system with an IRR of9.38. This is an increase of2.3% compared to an IRR of9.17 

for an SOC system with an HOPE pipe. The current production cost for Alphaflex 101 is 

approximately $11 per pound. Using this price to calculate the cost of the Alpha 1 
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material, the IRR of the SOC system increases to 9.73. This is a 6.1 % increase in the IRR 

over that provided by the use of an HOPE pipe. The current base price and production 

cost of A1phaflex 101 come from only a small fraction of the production volume per year 

that would be necessary to produce seawater supply pipes. The large amount needed to 

produce seawater supply pipes would greatly lower materials and production costs on a 

per pound basis. The price schedules for the ingredients that make up Alphaflex 101 are 

based on a volume scale and would therefore decrease as the larger volumes necessary 

for cold water pipe production were purchased. Exactly how much these prices would 

decrease has not been determined, as there is such a large difference in production 

amounts. It is a conservative estimate to assume that the large scale production base price 

of A1phaflex would lie somewhere between the current production cost and the current 

base price. A price in this range covers all costs for the manufacturing of A1phaflex 101 

at present production capacities and still leaves room for higher profits as production 

volumes are increased. 

The comparison presented for the 1,555 ton SOC system considers smaller 

diameter pipes that have higher material costs, but lower shipping, deployment, and 

general construction costs. The load for this particular SOC system could be increased to 

3,000 tons if certain air conditioning systems already within the distribution area were 

converted to chilled water systems. A discussion of how this increased load would affect 

the pipe material comparison follows. This comparison shows how the various materials 

fare when the pipe size is increased without reaching the limits of the HOPE pipe. Table 

6 displays the significant characteristics of the 3,000 ton SOC system. Further analysis of 
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a large scale SDC system will compare 6.5 ft diameter pipes, and will show the affects of 

increased load delivered with the same size seawater supply pipes. 

Table 6 SlgnIfIeaot Cbaracterlstlcs for 3,000 ton SOC System 

Comparison Seawater District Cooling Systems with Various PIpe Matarials 

CWP Haad Seawater A1phaflex 

~,,!l, Olal~~r ~= P~~~I Totall~r 'ci:i~~ Cost \~~ Ca Matarial Cost $ Pro1It 1$) 1$111» 

3,000 tons HOPE 36 3.60 $ 5457.435 $ 15.592.672 $ 87.750 $ 2.440.968 NA 14.33 

Aloha 1 32 5.27 $ 4.810361 $ 11,927,360 $ 98.032 $ 2,905.584 17 16.37 

Aloha 2 0.92 5.10 $ 5.682836 $ 13.271 222 $ 97008 $2.730.252 17 15.61 

A1nha 3 0.83 4.89 $ 7102944 $ 15.144.414 $ 95.698 $2.495692 17 14.53 

3,000 tons HOPE 36 3.60 $ 5457 435 $ 15592 672 $ 87750 $2440968 NA 14.33 

Aloha 1 32 5.27 $ 4,617837 $ 11.871.945 $ 98032 $ 2.912.873 15 16.50 

A1nha2 32 5.10 $ 5,411.411 $ 12.989797 $ 97008 $2.767354 15 15.79 

Aloha 3 33 4.89 $ 6,676341 $ 14.717,811 $ 95698 $2,541,934 15 14.n 

3.000 tons HOPE 36 3.60 $ 5457.435 $ 15,592,672 $ 87,750 $2,440,968 NA 14.33 

Aloha 1 32 5.27 $ 4425523 $ 11,679631 $ 98.032 $2,838,240 13 16.83 
Aloha 2 32 S.10 $ 5,129,995 $ 12.708,371 $ 97,008 $2.804,458 13 15.96 
A1nha 3 33 4.89 $ 6249736 $ 14291208 $ 95698 $2,598,175 13 15.01 

3,000 tons HOPE 36 3.60 $ 5.457435 $ 15592,672 $ 87750 $2440968 NA 14.33 
Aloha 1 32 5.27 $ 4233,109 $ 11,487,117 $ 88,032 $2.983607 11 16.76 

Aloha 2 32 5.10 $ 4848560 $ 12.426.948 $ 97,008 $2841558 11 16.14 
Aloha 3 33 4.89 $ 5,823134 $ 13,884,804 $ 95,698 $2,654417 11 15.26 

When the size of the SDC system is increased to 3,000 tons, the economics of 

using the Alpha materials for the seawater supply pipe improve. The IRR increases for 

systems using HDPE or Alpha material pipes due to the economy of scale for seawater 

district cooling. However, the IRR increases more rapidly for systems employing an 

Alpha material pipe. At the current base price for Alphaflex 101, an SDC system using an 

Alpha 1 CWP shows an increase from an IRR of 14.33 to 16.50. This is a 14% increase. 

The use of the Alpha 2 material produces an increase of the IRR of almost 9% and Alpha 
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3 materials yield an approximate 1.5% increase. Using the current production cost of 

Alphaflex 101, the IRR improves even more. For Alpha 1 the IRRclimbs to 16.76 (17% 

improvement). Alpha 2 yields an IRR of 16.14 (12.6% improvement). Alpha 3 yields an 

IRR of 15.26 (6.5% improvement). 

In the case of the small-scale SOC system, the favorable economic outcome 

obtained from the use of the more expensive Alpha materials stems from two main 

factors. The first is the fact that the capital cost of smaller diameter pipes made of HOPE 

are weighted heavily towards the cost of the manufacturing and deployment process and 

not as much so towards the cost of materials. This takes some of the burden off 

compensating for a more expensive pipe material and is due to inherent costs associated 

to manufacturing, shipping, and deploying pipes, regardless of their size. The second 

factor is that the amount of material necessary for producing a pipe increases rapidly with 

an increase in pipe diameter. The pipes used for the small-scale SOC system are of a 

small enough diameter and length that the extra cost of the Alpha material is kept within 

a reasonable limit As will be seen in the analysis of large-scale SOC systems, large 

diameter Alpha pipes, especially long ones, may carry too high of a material cost to show 

economic benefits over HOPE pipes. 

5.4. Cold Water Pipe Comparisons for Large Scale SOC 

The second SOC system evaluated is for a 20,000 ton cooling load. This requires 

the use of a 6.5 ft diameter seawater supply pipe when using an HOPE pipe. In this 

particular case, it is also a relatively long supply pipe at 20,000 ft. The length of the pipe 
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is important in that the frictional head loss through the pipe is directly proportional to the 

length. 
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Table 7 Significant Cbaraeterlstll:S of 20,000 ton SOC 

Comparison ~r DIstric! CooUng Systems with Varfous Pipe Materials 

ONP Head ~r Alphallex 
Cooling ~r := Pipe CspftaJ Cost Total PC: Cost Pumping Cost Cost Annual :venue 

Material (S) . ($) Profit ($) ($lib) IRR(%) 

20,000 tons HOPE 70 3.54 $ 13,n5,735 $ 39,359,244 $ 232,614 $ 9,497,960 NA 23.95% I $ 17,146,093 

Alpha 1 95 5.27 $ 20,767,917 $ 42.212.276 S 266600 $ 9,085,723 17 

Alpha 2 65 5.08 $ 23,900790 $ 47,787,514 $ 262 641 $ 8422467 17 

Alpha 3 65 4.89 $ 28,561985 $ 50,703343 $ 259164 $ 8,079,056 17 

20,000 tons HOPE 70 3.54 $ 13,775,735 $ 39,359,244 $ 232,614 $ 9,497,960 NA 23.95% I $ 17,146,093 

Alpha 1 65 5.27 $ 19937.201 $ 41,381560 $ 266,600 $ 9185985 15 

Alpha 2 65 5.08 $ 22,362,893 $ 44148975 $ 262 641 $ 8860,300 15 

Alpha 3 65 4.89 $ 26,846,550 $ 48,987,908 $ 259,164 $ 8.285,480 15 

20,000 Ions HOPE 70 3.54 $ 13,n5,735 $ 39359244 $ 232614 $ 9,497,960 NA 23.95% I $ 17,146,093 

Alpha 1 65 5.27 $ 19106464 $ 40550643 $ 266600 $ 9.285647 13 

Alpha 2 65 5.08 $ 21,199,890 $ 42,965972 $ 262 641 $ 9,000,247 13 

Alpha 3 65 4.89 $ 25131116 $ 47272474 $ 259164 $ 8,491,902 13 

20,000 tons HOPE 70 3.54 $ 13,n5735 $ 39359244 $ 232,614 $ 9,497,960 NA 23.95% I S 17,146,093 

Alpha 1 65 5.27 $ 18,275,767 $ 39720126 $ 266600 $ 9365609 11 

Alpha 2 65 5.08 $ 20,036,987 $ 41,822,989 $ 262,641 $ 9140 194 11 

Alpha 3 65 4.89 $ 23,415,681 $ 45,557,039 $ 259,164 $ 8,698,324 11 
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Table 8 Significant Charaeteristics of Large-Scale SOC with Increased Cooling Capacity 

Comparison Seawater DIs!ricI Coofing Systems _ Various Pipe Materials 

CWP Head Seawater A1phaflex 
Coofing DIameter loss Pipe capital Total ~r Cost Pumping Annual Profit Cost Annual(~nue 

Material (m) (DSO Cost ($) eosi ($) ($) c$ilb) IRR("k) 

25,000 tons Alpha 1 70 5.30 $ 24899,712 $ 50,610443 $ 330,485 $ 11,807,022 17 23.70% $ 21,432,804 

24 000 tons A1ohs2 70 5.10 $ 27,725,887 $ 52998626 $ 313,128 $ 10782 917 17 22.08% $ 20,575,300 

24,000 tons A1llhs 3 70 4.90 $ 33195737 $ 58,929,198 $ 308 511 $ 10,078,844 17 20.23% $ 20575300 

25 000 tons Aloha 1 70 5.30 $ 23903,724 $ 49,614455 $ 330,485 $ 11926872 15 24.07% $ 21,432,804 

24 000 tons Aloha 2 70 5.10 $ 28,355257 $ 51627,996 $ 313128 $ 10,947,848 15 22.55% $ 20575,300 

24 000 Ions Alpha 3 70 4.90 $ 31 201 999 $ 58,935480 $ 308,511 $ 10,318555 15 20.83% $ 20575300 

25,000 tons Alpha 1 70 5.30 $ 22,907,735 $ 48,618,466 $ 330,485 $ 12,048,721 13 24.44% $ 21,432,804 

24 000 tons Alpha 2 70 5.10 $ 24984627 $ 5O.2!i1.366 $ 313,128 $ 11,112779 13 23.03% $ 20,575300 

24 000 tons Aloha 3 70 4.90 $ 29,208,281 $ 54,941722 $ 308,511 $ 10,558466 13 21.48% $ 20,575,300 

25 000 tons AlPha 1 70 5.30 $ 21 911,747 $ 47,822,478 $ 330,485 $ 12,166,571 11 24.83% $ 21,432,804 

24,000 tons A1phs2 70 5.10 $ 23613997 $ 48886736 $ 313,128 $ 11.277 710 11 23.53% $ 20,575300 

24 000 tons Aloha 3 70 4.90 $ 27,214523 $ 52,947,984 $ 308,511 $ 10,798,377 11 22.11% $ 20575300 
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Table 7 and Table 8 show the significant characteristics of a large-scale SOC 

system when the various materials are used for cold water pipes. As can be seen in Table 

7, a 20,000 ton SOC system requires a 5.84 ft inside diameter pipe when made of HOPE. 

This is currently the largest HOPE pipe manufactured and therefore no further cooling 

capacity could be supplied without additional pipes for this system. Table 7 also shows 

that slightly smaller pipes may be used to supply the same load when they are made from 

the Alpha materials. This does not prove to be a financially sound choice, however. 

In this instance, the pipe length proves to be a significant factor in producing 

frictional head loss. As length becomes a significant factor in the head loss, there is less 

room to accommodate smaller diameters and higher flow velocities, which also 

contribute to greater head loss. Increased pipe length also has the negative effect of 

adding to the already large volume of higher cost materials used to make the pipe. A third 

reason the Alpha materials are not cost effective in this situation is that the capital cost of 

large diameter pipes is more heavily weighted towards materials cost rather than subjects 

like the manufacturing process, shipping, and deployment. This is due to the rapid 

increase in volume of materials needed as the diameter expands. As material costs 

escalate, the one time costs associated with deployment and other processes become less 

important, while material costs become more critical. 

Even though it does not make sense to use the Alpha materials to build a seawater 

supply pipe for the SOC system characterized in Table 7, they can be used in a similar 

situation involving the same system. The 20,000 ton system is limited in its capacity by 

the 6.5 ft maximum diameter for HOPE pipes. If there is need for more cooling, it could 

be supplied, at least in part, by a pipe which could tolerate a higher pressure drop than 
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one made of HOPE. Table 8 presents infoImation for how the use of pipes made from the 

Alpha materials could increase revenue and profitability by increasing the cooling 

capacity of the 20,000 ton SDC system analyzed in Table 7. 

The 20,000 ton system with an HOPE pipe yields an annual profit of 

approximately 9.5 million dollars with an IRR of23.95%. The maximum cooling 

capacity that can be supplied by a 6.5 ft pipe constructed of the Alpha I material is 

25,000 tons. Using the base price of Alphaflex 101 in the material cost, results in an 

annual profit of 11.8 million dollars and an IRR of 23.7%. The rate of return is still lower 

than that which occurs when HOPE is used for the seawater supply pipe, but greater 

returns can be achieved when the cost of materials is lowered. When the current 

production cost of Alphaflex 101 is used, over 12 million dollars in annual profit with a 

24.83% IRR is realized. 

34 



CHAPTER 6. OCEAN THERMAL ENERGY CONVERSION 

6.1. OTEC Overview 

The volume of water in the tropical ocean located in the region of 15°N and 15°8 

latitude from the surface to a depth of between 100 and 300 ft collects and stores solar 

energy. Within this layer of water, practically all of the incident solar radiation is 

absorbed. The solar energy that is absorbed maintains the average temperature of this 

water in a range of 80°F to 86°F throughout the year. The water becomes colder as depth 

increases below this mixed surface layer and reaches a temperature of approximately 

40°F at around 3,280 ft. At depths greater than this, the temperature drops only slightly. 

Ocean Thermal Energy Conversion (OTEC) is a method of extracting solar 

energy collected in the tropical oceans and converting it into electricity. The method has 

a low thermal efficiency, but involves no cost of fuel. OTEC uses the temperature 

difference between warm surface water (heat source) and cold water from deep in the 

ocean (heat sink) to drive a heat engine and produce electric power. The heat engine may 

use either a closed cycle or open cycle process. Both cycles are used to implement the 

same basic strategy, which is very similar to commonly used refrigeration cycles. A 

working fluid is pumped to an evaporator, the vapor is expanded through a turbine, and 

then the vapor is condensed. The turbine runs a generator that produces electricity. 

OTEC plants are capital intensive investments that require a certain level of 

output in order to maintain profitability. To achieve these output levels, large amounts of 

cold seawater must be used to condense the working fluid. This creates the need for large 

cold water pipes, which are the single most expensive component of an OTEC plant This 
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means the Alpha material for cold water pipes may be more beneficial for ocean thermal 

energy conversion than in any other application. 

6.2. Cold Water Pipe Comparisons for Land-based OTEC 

The first OTEC plant evaluated for the use of a CWP made from an Alpha 

material is a small, land-based plant. This plant would have a power output of 

approximately 1 MW with a 4.6 ft cold water pipe supplying the cold seawater. The 

comparison consists of outputs from heat balances completed for actual OTEC feasibility 

studies and preliminary design projects using HOPE pipes and outputs based on the use 

of the Alpha materials for the cold water pipe with increased flow rates. The power 

output for plants operating with HOPE and each of the Alpha material pipes is 

determined from a MA TLAB program based on the heat balances acquired from the 

makers of the power plant system. The calculated power output is based on flow rates and 

temperature differences of the warm and cold water. 

The various Alpha material pipes are capable of supplying enough flow to yield 

from 20% - 27% greater power production from the OTEC plant. Production costs would 

increase both in the form of higher pipe costs and higher costs for the power plant. 

Greater revenues would be realized from selling additional power. A summary of the 

economic outcome from using the different materials for the land-based OTEC plant is 

given in Table 9 and Table 10. Pipe costs are calculated in the same manner as they were 

for the SOC seawater supply pipes. Power plant costs are based on direct quotes from 

manufacturers of the main components of the plant. Revenues are calculated with a $0.25 

/ kWh electricity cost. 
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The highlighted rows indicate the outputs achieved at the particular efficiencies of 

interest. These efficiencies are the first and second law efficiencies expected from 

modeling the OTEe system with the stated seawater temperatures and flow rates. 

Table 9 SlgnlficaDt Charaeterlstlcs of Land-based OTEC with HOPE Pipe 

Material HOPE Carnot Efficiency (%) 7.15 
WW Flow (Ib/e) 5,767 WW Temperature rF) 79 
CW Flow (Ib/e) 3,931 CW Temperatura ("F) 40 

Firat Law Efficiency Second Law Efficiency Power Output 

(%) (%) (kW) 
0.72 10 545 

Pipe Cost 0.79 11 600 
$ 3,171,686 0.86 12 654 

0.93 13 709 
PlentCost 1.00 14 763 

$ 5,041,073 1.07 15 818 
1.14 16 872 

Annual Revenue 1.22 17 927 
1.29 18 981 

$2,268,840 1.36 19 1.Cl36 
1.43 20 1,090 
1.50 21 1,145 
1.57 22 1,199 
1.65 23 1,254 
1.72 24 1,308 
1.79 25 1,363 
1.86 26 1,417 
1.93 27 1,472 
2.00 28 1,526 
2.07 29 1,581 
2.15 30 1,635 

37 



Table 10 Significant Cbaracterlstlcs of Land-based OTEe witb AJpba 1 Pipe 

Material Alpha 1 Camot Efficiency (%) 7.15 
WW Flow (Ib/a) 7,361 WW Temperature (OC) 79 
CW Flow (lb/a) 5,018 CW Temperature (OC) 40 

Firat Law Efficiency Second Law Efficiency Power Output 

(%) (%) (kW) 

0.72 10 696 
Pipe Cost 0.79 11 765 

$ 3,584,005 0.86 12 835 
0.93 13 904 

PlantCoet 1.00 14 974 
$6,434,366 1.07 15 1,043 

1.14 16 1,113 
Annual Revenue 1.22 17 1,183 

1.29 18 1,252 
$2,895,180 1.3fS 19 1,322 

1.43 20 1391 
1.50 21 1,461 
1.57 22 1,530 
1.65 23 1,600 
1.72 24 1,670 
1.79 25 1,739 
1.86 26 1,809 
1.93 27 1,878 
2.00 28 1948 
2.07 29 2017 
2.15 30 2,087 

Only the Alpha 1 ma1erial has been compared with HOPE because it achieves the 

highest increase in power oulput with the lowest increase in cost compared to the other 

Alpha materials. Power oulput is increased by 27.6% to 1,322 kW compared to only 

1,036 kW from a plant using an HOPE pipe. The cost increase is approximately $1.8 

million when considering pipe and power plant costs. This is a 22% increase in cost. 

There is a 27% increase in revenue that amounts to an additional $626,340 per year. The 
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Alpha pipe pays for itself in less than three years. A typical OTEC plant is expected to 

last at least 30 years. 

6.3. Cold Water Pipe Comparisons for Floating OTEC 

The floating OTEC plant under consideration is approximately 10 times larger 

than the land-based plant as far as production output is concerned. The cold water pipe 

for the floating plant is larger in diameter at 6.5 ft, but much shorter at only 3,280 ft in 

length. The seawater supply system for the floating plant consists of a bundle of five such 

pipes, each supplying an equal amount of cold water. The same methods for calculating 

costs and revenues are used for the floating plant as were used for the land-based plant. 

The larger, floating OTEC plant exhibits a much higher increase in power output 

than the smaller, land-based plant when the Alpha material is used for the cold water 

pipe. There is a 70% increase in power output for the floating plant analyzed in this 

research when the cold water pipe material is changed from HDPE to Alpha 1. As with 

the land-based plant, only Alpha 1 will be compared to HDPE due to its superior physical 

and economic properties over the other two alpha materials. 
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Table 11 Signifieant Charaeteristlcs of floating OTEC Plant with HOPE Pipe 

Material HOPE Camot Efficiency (%) 7.3 
WW Flow (kg/a) 46,667 WW Temperature (OC) 82 
CW Flow (kg/a) 50995 CW Temperature (OC) 43 

First Law EfficIency Second Law EfficIency Powar Output 

(%) (%) (kW) 

0.73 10 4,876 
PIpe Cost 0.80 11 5,363 

$ 8,330,000 0.88 12 5,851 
0.95 13 6,338 

Plant Cost 1.02 14 6,826 
$ 54,592,556 1.10 15 7313 

1.17 16 7,801 
Annual Ravanua 1.24 17 8289 

1.32 18 8,776 
1.39 19 9,264 
1.46 20 9,751 
1.53 21 10,239 
1.61 22 10,726 

$ 24,558,660 1.68 23 11214 
1.75 24 11701 
1.83 25 12189 
1.90 26 12676 
1.97 27 13164 
2.05 28 13,652 
2.12 29 14139 
2.19 30 14627 
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Table 12 Significant Charaeteristlcs of floating OTEC Plant with Alpha I Pipe 

Motorial Alpha 1 carnot Efficiency (%) 7.3 
WW Flow (kg/s) 79,428 WW Temperature eC) 82 
CW Flow (kg/s) 86,796 CW Temperature (OC) 43 

Firat Law Efficiency Second Law Efficiency Power Output 

(%) (%) (kW) 

0.73 10 8298 
Pipe Coat 0.80 11 9128 

$ 13,661,200 0.88 12 9958 
0.95 13 10,788 

PlantCoet 1.02 14 11618 
$ 92,915,420 1.10 15 12,447 

1.17 16 13,277 
Annual Revenue 1.24 17 14,107 

1.32 18 14937 
1.39 19 15,767 
1.46 20 16,596 
1.53 21 17,426 
1.61 22 18,256 

$ 41,798,340 1.68 23 19,086 
1.75 24 19,916 
1.83 25 20,746 
1.90 26 21,575 
1.97 27 22405 
2.05 28 23235 
2.12 29 24,065 
2.19 30 24895 
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CHAPTER 7. CONCLUSIONS 

The results of this research provide a promising outlook for the prospect of using 

HOPEI Alphaflex compounds as cold water pipe materials for OTEC and OTEC related 

applications. There are many areas where the use of Alpha materials for seawater supply 

pipes would be economically beneficial. The Alpha material pipes provide greater 

advantages in certain situations than in others, while providing little or no advantage in 

some. Specifically, the Alpha material is best suited for use as a cold water pipe material 

for floating OTEC plants where the length of the pipe is minimized and the diameter of 

the pipe is at the limits of manufacturability. Under current pricing structures the material 

does not provide much economic benefits for long pipes of large sizes supplying a load 

with limited need for expansion. The research completed has provided the merit 

necessary for further research on the Alpha materials to be pursued. 
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CHAPTERS. FUTURE WORK 

While the results of the Alphaflex enhanced HDPE testing provide positive 

support for the use of such a material in the manufacturing of seawater supply pipes, 

there are several areas that would require further effort. It is anticipated that the following 

research will be completed in the near future in an effort to determine if the Alphaflex 

enhanced HDPE compound is a viable commercial product 

1. Exact specifications must be developed for the ideal compound to be used 

for plastic seawater pipes. 

2. The Alphaflex / HDPE compound must be optimized to meet the 

previously mentioned specifications. 

3. Testing must be completed on compounds containing various amounts of 

Engage to determine the relationship between the Alphaflex to Engage 

ratio in the compound. 

4. A comparison incorporating the use of stiffeners for both HDPE and 

Alpha material pipes must be made. 

5. A plan for large scale manufacturing of Alphaflex must be created. 

6. Thermal properties of the Alphaflex enhanced compound must be tested. 

7. Collaboration with pipe designers and manufacturers needs to take place 

in order to ensure all relevant properties of the plastic material are tested 

and exhibit positive characteristics. 
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8. Long tenn testing needs to be completed to validate the use of the 

A1phaflex compound in OTEC applications that require a 30 year or 

longer equipment life. 
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APPENDIX A ESTIMATED CRITICAL BUCKLING PRESSURES FOR HDPE PIPES OF VARIOUS DIAMETER 
RATIOS 

Time Duration of Load and Creep Modulus 
1 minute 1 Hour 10 Hours 100 Hours 1000 Hours 10,000 Hours 50 Years 

Pipe DR 110,000 pel 53,500 psi 42,500_1181 39,000 psi 34,000 psi 32,000 pel 30,000 psi 

32.5 3.6j!si 1.7 psi 1.4 psi 1.3 psi 1.1 psi 1.0 Plli 1.0 psi 

26 6.9 psi 3.4 psi 2.7 psi 2.5 psi 2.1 psi 2.0 psi 1.9 psi 

21 13.2 psi 6.4 psi 5.1 psi 4.7 psi 4.1 psi 3.8 psi 3.6 psi 

17 24.8 psi 12.1 psi 9.6 psi 8.8 psi 7.7 psi 7.2 psi 6.8 psi 

15.5 32.8 psi 15.9 psi 12.7 psi 11.6 psi 10.1 psi 9.5 psi 8.90si 

13.5 49.6 psi 24.1 psi 19.2 psi 17.6 psi 15.3 psi 14.4~ 13.50si 

11 91.7 psi 44.6 psi 35.4 psi 32.5 psi 28.3 psi 26.7~ 25 psi 

9.3 151.7 psi 73.8 psi 58.6 psi 53.8 psi 46.9 psi 44.1 psi 41.4 psi 

9 167.3 psi 81.4 psi 64.7 psi 59.4 psi 51.8 psi 48.7 psi 45.70si 

- 7.3 313.7 psi 152.6 psi 121.2 psi 111.2 psi 97 psi 91.3 psi 85.6 psi 
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APPENDIXB DENSITY HEAD DATA 

Table 13 Temperature and SaUnlty Profile Data at 7.25"8, 72.2SOE from NOAA 

Depthm Temple) SalinIty Ippt) 

0 28.199 34.294 

2 28.19 34.306 

4 28.18 34.316 
6 28.165 34.327 
8 28.136 34.341 
10 28.093 34.355 
15 27.901 34.391 
20 27.639 34.432 
25 27.261 34.496 
30 26.833 34.567 
35 26.245 34.635 
40 25.559 34.715 
45 24.93 34.789 
50 24.276 34.847 
55 23.593 34.886 
60 22.853 34.924 
65 22.062 34.967 
70 21.277 35.006 
75 20.573 35.036 
80 19.822 35.039 
85 19.241 35.052 
90 18.685 35.065 
95 18.218 35.072 
100 17.782 35.07 
110 17.008 35.059 
120 16.333 35.047 
130 15.741 35.035 
140 15.162 35.023 
150 14.69 35.01 
160 14.312 34.999 
170 13.951 34.99 
180 13.622 34.984 
190 13.305 34.978 
200 13.027 34.972 
220 12.55 34.964 
240 12.121 34.953 
260 11.775 34.943 
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Depthm Temple) SalinItY Ippt) 

280 11.465 34.934 

300 11.191 34.92 

350 10.559 34.892 

400 9.95 34.858 

500 8.765 34.801 

600 7.894 34.783 

700 7.233 34.771 

800 6.697 34.761 

900 6.082 34.753 

1000 5.538 34.746 

1100 5.151 34.75 

1200 4.816 34.759 

1300 4.485 34.764 

1400 4.144 34.764 

1500 3.819 34.763 

1600 3.522 34.761 

1800 3.018 34.756 

Table 14 Density and Pressnre Calcnlations for Water Colnmn On1side of Pipe 
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Table 15 Density and Pressure Caltulatlons for Water Columu Inside tbe Pipe 

~ 5.538 34.746 1027.410 1n1il\ Ql\Q '.128 
~_~~~_~~~ __ ~~.'.7~~~~~W-~1~~7'.4~110~_~110~58 .. 1~11_~~ 1.025 

BOO 5.538 1027. 110 ~ ~L802 
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