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Synopsis

A large part of operating costs of a hotel in Hawaii is
of energy for air conditioning.

the cost

Buildings can be constructed to use

energy more efficiently by using many methods,
methods conflict with other concerns,

however,

some of these

aesthetics for example.

Thus

the process of designing and building an energy efficient hotel often
involves trade-offs between energy efficiency and other objectives.
The method proposed herein to reduce energy costs is
*

duce seawater,

to intro-

pumped from the deep ocean at a temperature of approxi-

mately six degrees celsius,

directly to heat exchangers which cool

the chilled water circulating in the building air conditioning system. The energy required to run the system would be reduced to only
the cost of the seawater pumps,

0

the fans and controls. The savings

would be in the operating costs of the seawater pumps versus the cost
to the compressors of a conventional air conditioning system.
One project which could conceivably employ such a system is

*

proposed future convention center in Waikiki.

the

This paper presents a

site specific conceptual design based on the proposed location of
that project.
The proposed system would employ a high density polyethylene
pipe of more than a meter diameter to deliver enough cold water to
the site to acconmmodate the air conditioning load. The pipeline would
have to be approximately 7.2 kilometers long and extend 5.6 kilometers offshore. The pipeline can be built with current technology.

Similar

pipelines

are

operating

at

Keahole

Point

on

the

island of Hawaii, but this design would be the longest attempted to
date.

Current technology also exists to construct heat exchangers

of either titanium or zinc-clad aluminum.
could be ordered

"off the shelf*.

It

is

Bio-fouling

likely that these
would not be a

problem for either the pipeline or the heat exchangers as long as
the cold water is
A seawater
construct.

not exposed to sunlight.
air conditioning

However,

system would be

expensive

to

the initial capital cost would be offset by

the savings in electricity costs over the course of the first seven
to nine years.

Over the life of the system, the savings would be

well into the tens of millions of dollars.
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Introduc'ton
A. GENERAL INTRODUCTION
Air conditioning is very important to buildings in Hawaii.
tels,

shopping malls,

restaurants and office buildings all rely on

air conditioning to keep their guests,
comfortable.

This is

Ho-

customers,

patrons and workers

particularly important in the tourist industry

where hotel operators want to keep their guests happy so that they
might recommnend Hawaii to their friends or return themselves.
Because of the importance of air conditioning, Hawaii business
owners are willing to pay a high price to air condition their facilities, and they do. Air conditioning is

expensive to operate,

driving up the costs of goods and services in Hawaii.

further

Most of the op-

erating costs are associated with the tremendous power consumption of
air conditioning systems. About 1 kW of electricity is required to
provide I ton of air conditioning in a conventional air conditioning
system. The cost of electricity in Hawaii is high; on Oahu the cost
is

about $.10/kWh.

alone,

There are well over 20,000 hotel rooms in Waikiki

each requiring approximately 1 ton capacity of air condition-

ing. This could amount to over $48,000 per day just for hotel room
air conditioning.
Alternate technologies are available to help reduce the cost of
air conditioning.

0

The natural wind patterns could be used in some ap-

plications if

buildings are designed to take advantage of them. How-

ever,

not too attractive to hotels,

this is

1

for example,

where

visitors expect reliable climate control.

It

is

also impractical to

retrofit existing buildings for natural wind usage.
Another way to air condition buildings without consuming a large
amount of electrical power is

through the use of the naturally cold

water which can be pumped up from the deep ocean.
not need large, power consuming condensers,

Such a system does

and would not use

chlorofluorocarbon products which are blamed,

in part,

for the deple-

tion of the ozone layer. The few buildings using the proposed deep
seawater systems operate their air conditioning for approximately 20%
of the cost of conventional systems.
The idea behind
U5t
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Fig. 1 - Seawater Air Conditioning System
(adapted from Van Ryzin, 1991)
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chillers in a conventional air conditioning

system. This process could be used to completely replace the condensers,

or could be used in conjunction with the condensers if

the seawater is

not cold enough to provide 100% of the cooling -e-

quired at peak times,
is

desired.

either

or if

This paper is

tual design for Waikiki,

a back-up system to the seawater system
intended to present a site specific concep-

Hawaii.

B. HISTORY OF SEAWATER AIR CONDITIONING

The idea of using natural sources of cold water for air conditioning is

not new.

sixty years

It

has been appearing in

(Ciani 1980).

literature for over

Over the years, a variety of studies have

shown that energy savings from use of seawater or lake water can result in

from 70% to 90% energy savings in places where there is

large, highly concentrated demand for air conditioning.
hotels in
in

The rows of

tropical sites such as Miami Beach and Honolulu are sited

studies as good candidates

1977).

a

(Ciani 1980; Hirshman and Kirklin

Less obvious sites have also been studied by the Naval Facili-

ties Engineering Command.

In addition to sites such as Naval Shipyard

Pearl Harbor and Pacific Missile Test Center in Point Mugu, CA,

sites

as far north as Cutler, Maine and Naval Security Group Activity in
Winter Harbor, Maine (Ciani 1980)

have also been looked at for feasi-

bility of seawater air conditioning.

In the case of Winter Harbor,

a

preliminary design in 1977 resulted in the conclusion that modifying
the existing air conditioning system to utilize seawater was the most
economical alternative to more conventional upgrades.

3

In

all the Navy investigated 241 sites in the 1970's for poten-

tially economic use of seawater for air conditioning. At least twenty
five of these sites were identified as having potential.
were identified as having a high potential.

Ten of those

The sum of the energy sav-

ings at these ten sites was estimated at 23,000 MWh,

at a cost at

that time of $1.3 M per year(Ciani 1980).
A 1977 study by the Energy Research and Development Administration,

ERDA,

included a preliminary design of a large Miami Beach

seawater air conditioning system. That study estimated that a 20,000
ton system would cost from $20.4 to $23.4 M, and would include a
22,000 foot (6.7 km) cold water supply pipeline (Roach,

1976).

The

cost estimates cited were admittedly crude at the time and these studies were based on 1977 prices.

Similar construction would probably

cost considerably more in 1994 dollars, however,

construction materi-

als and techniques for the costliest item, tho cold water pipeline,
have changed over the years. Many of the previous studies were based
on steel pipe, whereas more recent pipeline installations have used
polyethylene pipe. Despite the newer technologies,
ply pipes still

the cold water sup-

represent the largest portion of the capital costs of

a seawater air conditioning system. The same study also concluded
that cold water from fresh water bodies such as the Great Lakes,
other large lakes and ground water from the northern third of the
United States are also good sources for air conditioning systems
(Hirshman, Kirklin 1977).

0

4

In

recent years,

the idea of using seawater for air conditioning

has gone beyond the study and preliminary design stage. One system
currently using seawater to cool buildings is

in Nova Scotia, Canada.

In this system, water is pumped out of Halifax Harbor.

Although Nova

Scotia does not have the cooling requirements of Hawaii,

•

the owners

of that complex are very satisfied with the performance and speed at
which the capital investment is

being paid off; they plan to cool fu-

ture expansions of their facility in the same manner (Tenbruggemcate
1993).
At the Natural Energy Laboratory of Hawaii,
is

also currently in operation,

another such system

and cools the two main buildings at

that site. This system uses cold ocean water from an approximate
*

depth of 600 meters,

supplied by means of a high density polyethylene

pipe.
The Natural Energy Laboratory of Hawaii (NELH)

is

hole Point on the west coast of the Island of Hawaii.

located at KeaThere,

a 30 cm

diameter deep seawater pipeline has been in operation since 1982.
Since 1987,

four other pipelines have been added at the same loca-

tion. Two 38 cm pipelines were deployed by a private firm. The state
of Hawaii deployed another 45 cm pipeline for Oback-up" and a 1 m di*

ameter pipeline now supplies cold water to both the State of Hawaii
Ocean Science and Technology Park and the Ocean Thermal Energy Conversion (OTEC)

*

the U.S.

research project at NELH,

0

sponsored in part by

The pipelines supply cold water

Department of Energy (DOE).

for a variety of purposes,

which is

including aquaculture,

5

OTEC research,

pro-

duction of fresh water and the air conditioning of the laboratory
buildings

(Daniel 1989).

All of the pipelines mentioned above are constructed of high density polyethylene.

A variety of design options have been used to suc-

cessfully deploy and anchor these pipelines.

The techniques which

have proven successful there will be useful in future projects.
In this conceptual design,

the operating temperature of the cold

water can be assumed to be similar to those of the system which has
been successful off Keahole Point,
tioning system is

Hawaii.

The load on the air condi-

based on a rough estimate of the air conditioning

load of a future convention center in Waikiki,

which has yet to be de-

signed. The amount of water supplied will be based on that load. The
seawater will cool the fresh "chilled" water, which will circulate in
the air conditioning system. The latent heat is

included in

the gross

estimate of the air conditioning load at this stage. Future design
phases would have to consider the system in much more detail.

a

6

Background
A. DESCRIPTION OF CONVENTION CENTER PROJECT
This conceptual design is
chosen is

one of three possible sites for a future convention center

project in Waikiki.
in

intended to be site specific. The site

Currently,

the convention center project is

the preliminary stages of planning.

only

There were three sites in
Waikiki which were

under consideration (see Figure
(2)).

MOTO,
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One of the

sites is at the
old Aloha Motors

site, the second
is

on the Ewa end

of the Ala Wai
Golf Course,

and

the third is
Fig. 2 - Map of Waikiki with Three Proposed
Convention Center Sites

across the Ala Wai
from the Aloha Mo-

tors site, closer to the Ala Wai entrance. Design details are nonexistent. Nevertheless,

enough information is

known to present a concep-

tual design for an air conditioning system which would use seawater
for cooling.

0
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As might be expected,
load, the easier it

is

the larger the expected air conditioning

to justify the capital expense of constructing

a cold water pipe from Waikiki to water depths capable of use in an
air conditioning system. For that reason,

the convention center pro-

posal containing the greatest need for a larger air conditioning system was selected for the basis of this concept design. That is

the

proposal to build a convention center and hotel complex on the old
Aloha Motors site, as originally put forth by Sukamto Holding Corp.
The other two proposed plans did not include any hotel rooms,

and

were smaller overall. The proposed hotel complex for the Aloha Motors
site originally consisted of up to four towers,
dred feet high, with 2800 hotel rooms,
changed.

In December of 1993,

Motors site from Sukamto,

each up to four hun-

but this has since been

the state agreed to purchase the Aloha

and is

expected to put the project out for

separate proposals for development.

This will probably result in a

scaled down hotel portion of the facility (an estimate of only 500 hotel rooms is

now included)and possibly an expanded or expandable con-

vention facility.

0
B. DESCRIPTION OF PROJECT SITE
A design of the seawater air conditioning system for this project requires a cold water supply pipe of large enough diameter to deliver an adequate cold seawater supply at a temperature low enough to

0

meet the cooling requirements of the convention center complex. Water
of the required temperature,

approximately 60C,

8

is generally found at

depths of 500 meters and greater. Such a pipe could,
laid in

the Ala Wai Canal,

in concept,

adjacent to the Aloha Motors site and out

through the Ala Wai Boat Harbor toward deeper water.

There is

a

dredged channel in front of the Hilton Hawaiian Village, but it
not be practical to use it

be

may

for a cold water pipe of the size and

route required.
Although,
deep,

the water surrounding the Hawaiian islands is very

1000 meters and more in places,

bathymetry shown in Figure (3)

as can be seen from the

and sunmnarized in Figure

(4),

the

ocean floor off Waikiki slopes gradually for the first few kilometers.

This gentle slope makes it

necessary to construct a cold water

supply pipe much longer and more expensive than those constructed at
Keahole Point. The area of the pipeline exposed to the surf zone
would also be larger than that of Keahole Point,

increasing the diffi-

culty associated with burial or securing the pipe to the bottom. This
would also increase the cost. These things must all be considered in
both the design and in the economic analysis of such a project.
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RequirementsforBuilding
A. COOLING REQUIREMENTS
The proposed Aloha Motors development is

shown in Figure (5).

summary of the significant building characteristics is
(1).

Judging from the information available,

only to include the first

however,

shown in Table
this appears

phase of the proposed complex.

with state and city requirements,

the complex is

A

To comply

intended to have the

capacity to expand in a second phase, increasing convention space to
460,000 s.f..

meeting room space to 115,000 s.f. and ballroom space

to 65,000 s.f.
Table (1) Convention Center Size Estimate
taken from Sukamto Executive Summary
CONVENTION CENTER

GSF

Exhibit Halls

200,000

Meeting Rooms

100,000

Ballroom

35,000

Pre-Funcion

75,000

Registration

25,000

Offices, Toilets

40,000

Service, Support

200,000

Sub Total

675,000

Parking

280,000

TOTAL CONVENTION

955,000
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Also not included in Table (1) is

The

the space for hotel rooms.

total proposal originally included four towers,

each up to 400 feet

high (40 stories) for a total of 2800 hotel rooms.

This was a distin-

guishing characteristic from the other two proposals being considered
from the stand point of air conditioning load. Table

(2)

takes those

things into account and summarizes the building characteristics on
which the air conditioning load estimates for a seawater air conditioning system could be based. The first
reflect the original Sukamto proposal.

two estimates in Table (2)
As stated earlier, however,

it

can be anticipated that the complex to be built may not have as many
hotel rooms as Sukamto originally proposed.
mate of air conditioning load is

To that end,

shown in Table (2)

a third esti-

with only 500 ho-

tel rooms and thus 500 tons of air conditioning projected. The other
characteristics will probably be about the same since they comply
with the criteria set forth by the State.
The estimates of air conditioning load can get fairly complicated when building details are available.

In this case,

the building

details are sketchy at best, and the estimate of air conditioning re-

0
quirement is,

therefore, admittedly rough.

be employed for the hotel rooms is

A Nrule of thumb" that can

from .75 to 1.0 ton of air condi-

tioning per hotel room. When referring to cooling capacity,
of capacity is

equal to 3.5 kW or 200 BTU/min,

one ton

and is defined as the

continuous cooling rate provided ovei a period of twenty-four hours
*

0

by melting one short ton (906 kg) of ice. In the third estimate,

14

one

ton per room was used for simplicity, since the 500 room capacity is
a guess at best.
Table (2) Convention Center Air Conditioning Load Projections
CONVENTION CENTER

GSF
(f02 )

1ST
ESTI MATE

(1st rough
guess)
(tons)

2ND
ESTIMATE

3RD
ESTIMATE

(comparison to (combined after
Blaisdell)
state land
(tons)
purchase)
,

(tons)

Exhibit Halls

460,000

3382

3382

Meeting Rooms

115,000

1008

1008

Ballroom

65,000

448

448

Pre-Function

75,000

551

551

Registration

25,000

95

95

Offices, Toilets

40,000

151

151

Service, Support

200,000

1500

1500

Sub Total

980,000

3920

5634-7134

5634-7134

Hotel Space

700,000

2100-2800

2100-2800

500

Parldna

280,000

0

0

0

Total Convention Center

1,960,000

6020-6720

7834-9934

6134-7634

The other areas of the complex are not covered by any such "rule
of thumb."

The loads and ventilation requirements in

areas vary widely.

the different

Exhibition halls full of people require a high ca-

pacity for air conditioning per square foot,

as do restaurants and

kitchen areas. Ballrooms may also be either full of people or vacant.
An initial

estimate can be based on a gross assumption that the over-

all requirement of 980,000 square feet requires approximately the
same amount of air conditioning per square foot as the hotel room.
This is

the methodology applied in the first

15

estimate in Table (2).

A

total load of 6720 tons can then be derived. A comparison to the
other local convention center is made in the second estimate of Table
(2).

In this estimate,

the sizes of the chillers for the various ar-

eas of the Blaisdell Exhibition Center, a much smaller facility, were
used. A direct per square foot relationship is
of some of the areas described in

assumed. The purpose

the Sukamto proposal is

unclear,

so

an assumption was made for the service areas that they may be either
heavy for that area, 1500 tons, or not air conditioned at all, such
as a loading dock area. Using this comparison,

the expected load for

the entire complex may be between 7834 and 9934 tons. The comparison
to the Blaisdell Exhibition Center indicates that the first
timate may be a little

low, but is

gross es-

at least of the same order of mag-

nitude.
Some additional factors may shed some light on this rough estimate process,

one being that the Blaisdell complex was built many

years ago when little

attention was paid to energy conservation.

Con-

struction technology has improved in that respect and a new convention center design would hopefully be more energy efficient.
Another factor is

that the larger facility can be expected to be

easier to air condition due to less wall area exposed to the elements
per square foot of building.

This may be a big factor.

For example,

a 400,000 s.f. building would have 2524 linear feet of wall (if
were a square).
40,000 s.f.,

But,

by comparison,

would still

a building with 1/10 the area,

have 800 linear feet of wall,

of the larger building. Of course,

it

1/3 the amount

ratios of roof areas would theo-

16

retically be the same as the building square footage ratios, but the
efficiency of the larger building is apparent.

*

Yet another factor is
hibition spaces,
once.

It

that it

is

unlikely that the ballrooms,

ex-

hotel rooms and restaurants would all be cooled at

could be argued,

therefore,

that a conservative utilization

factor of .75 should be used to multiply the total possible load in
the second estimate,
is

significantly reducing the expected load. This

less of a consideration in the third estimate since fewer hotel

rooms would indicate that the facility would be used more purely as a
convention facility only.
count,
mate.
0

Taking the factors mentioned above into ac-

a refined version of the estimates is

shown as the third esti-

The load used in the cold water requirements calculations is

7200 tons. This is on the higher, more conservative side of the estimate between 6134 and 7634 tons.
B. COLD WATER REQUIREMENTS

With an air conditioning load of 7200 tons,

enough cold water

must be supplied to the heat exchangers to remove 25,200 kW of thermal energy from the fresh water which circulates in
ing system. By definition,

1 ton equals 3.5 kW of thermal energy.

From the experience of previous projects,
0

the air condition-

a 50 C increase of the seawa-

ter temperature in the heat exchangers can be assumed. Then the following relation must be true,

•

Cp 50 C * M = 25,200 kW

Eq.

where:

•

17

(1)

M = mass of seawater through heat exchanger
Cp = specific heat of seawater

=3985

kJ0

kg

C

kgOK

(See Appendix B-3 for specific heats of seawater at

various tem-

peratures and salinities.)

50 C . M kg) = 25,200 kW

3985kC

Eq.

(2)

Eq.

(3)

Solving for M:
M = 1265 kg
S

1.265 kg3
Volumetric Flow Q

-

M

= 1.231m-

1027.6 kg

*

s

3

in

The flow must then be 1231 ips

400
3500

(19,510 gpm).

Wnen specifying a

3000-

•:o

heat exchanger,

some vendors

are more receptive to gallons
lW.
l*

WO

per minute.
N

o......
0
2

1000
4

1400
6

8

10

12

lo0

14

..16

16

agrees fairly closely with Figure (6) which was previously
de-

2

Fig. 6 - Seawater Flow

(from Van Ryzin,

The 1231 lps value

1991)

termined (Van Ryzin 1991).
Knowing the volumetric flow re-

quirement to achieve the desired cooling allows for design of the
cold water pipe and seawater-freshwater heat exchanger.
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Cold Water Pip Design
A. MATERIAL
In many older designs for ocean pipelines the basic pipeline material used in the petroleum industry,

for example,

is

steel.

Exter-

nal and internal coatings were specified for corrosion protection and
hydraulic flow enhancement.
vide added weight,

Concrete jackets were specified to pro-

thereby providing stability. This weight was con-

sidered too great for pulling into place, and the pipeline sections
would have had to be voided during the pulling operations.
an expensive and difficult process.

This was

Newer technologies make things

easier.
Plastic pipe,

now available in large diameters, has several im-

portant advantages over steel pipe in
corrode in seawater and it

this application.

It

will not

has good thermal insulation properties.

Two candidate materials are, high density polyethylene pipe (HDPE)
and fiberglass reinforced resin pipe (FRP).
FRP has excellent strength-to-weight characteristics.
withstand burial and external pressure.

It

can

Its axial strength-to-weight

characteristics permit extremely long sections to be bottom-pulled.
It

0

is

resistant to seawater

(minimum life of 40 years),

thermal insulation properties,

and is available in specific gravities

ranging from 1.6 to 2.08. This is
ancy is

0

has excellent

an advantage where negative buoy-

desired.
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The high density polyethylene pipe is attractive because it
in

some situations,

be continuously extruded at the site. It

is

can,
avail-

able "off the shelf* in diameters up to 63 inches in 40 foot sections.

It

has been successfully deployed in the ocean in the

following manner.
ters.

Its end is

sealed, and it

is

extruded into quiet wa-

Concrete weights are bolted to the pipe at regular intervals

while it

is

afloat.

These concrete anchors,

once installed, do not

permit bottom pulling. When a sufficiently long section is
it

is

assembled,

floated to the site and installed by controlled flooding.

technique is

good for protected waters.

In

the Waikiki design,

This
the

Ala Wai Canal could be the staging area.
Polyethylene,
chain molecules.

a type of plastic,

is

a polymer made up of long

Polymers can be formed in nature or can be manufac-

tured by man from natural materials.

Polyethylene falls into the cate-

gory of plastics known as thermoplastics.
heated and can be reformed many times.

These plastics soften when

Pipe made from polyethylene

can be extruded in various lengths. Other parts such as fittings can
be formed by injection molding.
nyl chloride (PVC),

polypropylene

Other thermoplastics include polyvi(PP) and acrylonitrile butadiene

styrene.
Polyethylene's characteristics make it

a good choice for a cold

seawater supply pipeline for a number of reasons.
corrosion is

excellent,

giving it

Its resistance to

a great advantage over steel. It

has adequate stiffness and retains its cross section, yet it
light compared to steel, making it

02

is

very

easier and cheaper to handle at

the site. It

also is

a better insulator than steel.

tage in areas where the cold water pipe is

This is

an advan-

routed through shallower,

warmer water.
There are, however,

drawbacks of HDPE.

One major disadvantage

which arises from polyethylene's lightness is
0.960 to 0.965

that with a density of

g/cm 3 , the pipe is buoyant even when flooded.

It

therefore requires a great deal of effort to anchor the pipe in
place.

This must be addressed in the design. Another consideration is

that, as with many plastics,

the creep modulus of HDPE is

This can affect the service life of the pipe if
strength calculations

(Rubin 1990).

important.

not factored into the

Another drawback is

the suscepti-

bility to abrasion that could occur due to motion of the pipe while
in contact with the sea floor.
The advantages of high density polyethylene
weigh the drawbacks,

and therefore,

it

is

(HDPE)

appear to out-

the material chosen for the

cold water pipeline. This choice is made easier mainly due to the successful experiments at Keahole Point.

B. PIPE LENGTH
The length of the cold water pipe is

dependent on the bathymetry

offshore of Waikiki and the depth at which the required water tempera-

*

ture can be obtained.

The required temperature of the intake water at

the heat exchanger is

expected to be in the vicinity of 6.50C,

from a

rough estimate based on the desired performance of the seawater freshwater heat exchanger.

From Figure (7),
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a temperature rise in

the

TEMPERATURE

2

cold water supply pipe of

RISE

-...-

:3

less than 0.25 0 C might be ex- 6
pected; however,
is

Figure (7)

based on a study which em- X
i,
L

ployed a much shorter (220

3
L 0.5

m) pipeline (Van Ryzin
1991).
initial

In

C•

light of this, an

0'

500

0

estimate of 0.50C

1000 1500

2000 2500 3000 3500 4001

SeowQter Flow [L/s]

rise in intake water tempera- Fig. 7 - Temperature Rise
ture can be used to establish
the pipeline length. Once the length is

determined, a heat gain calcu-

lation may be performed for the length of the pipe and if

necessary,

the pipe design length could be adjusted to a length and depth where
colder or warmer water could be obtained, whichever the case may dictate. This iterative process could be performed several times to optimize the design, however,

the accuracy of the known conditions would

not warrant more than one or two iterations at this stage. A calculation of heat gain is made to verify the reasonability of the 0.50C
temperature gain assumption in Appendix A-3.
dicts a temperature gain of only 0.1

0 C,

This calculation pre-

but 0.50C will be used as a

conservative estimate.
Since the desired heat exchanger seawater intake temperature is
6.5

0C

and the assumed heat gain in

the intake pipe is

0.5

0

C,

the in-

let of the seawater supply pipe should be positioned in a region
where 60 C seawater will be encountered.

0
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Figure (3),

a yet unpublished

00
and preliminary
U.S.
cal Survey (USGS)

Geologi-

map,

indi-

TYPICAL SEAWATER TEMPERATURE PROFILE
10_200-

cates the bathymetric

300 -

contours as accurately as
any available source can at

400
L 50

0!

S600 -

this time.

From a typical

700,

seaw4Lter temperature proa depth
file, Figure (8),
can be assumed at which 60 C
water may be obtained.

USGS map,

t

.4,

]b

e

Fig. 8 - Typical Seawater Temperature
Profile in Hawaii

The

depth indicated by Figure (8)
Figure (9)

5

Seawater Ter~perature (Cels$us]

is approximately 525 m.

indicates a pipeline route to 525 m depth using the

Figure (3),

as a reference.

tance to the desired depth is

The shortest straight line dis-

shown to be about 5.5 kilometers from

the Ala Wai Harbor entrance in a south by southwest direction.
The length of the pipe also needs to be adjusted for the depth
(vertical component of distance) and any possible zig-zag required
en route since bottom obstacles may be encountered and a straight
line pipeline is

not a reasonable expectation.

Large rocks,

coral

heads and natural geological features will inevitably cause small detours.
The vertical component of 500 meters is
component of 5500 meters to get 5522 meters.

added to the horizontal
In

light of possible ob-

stacles and bending of the pipe in suspended or catenary support con-

0
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figurations,
trance.

5600 meters is

used as the distance from Ala Wai en-

In addition to 5600 meters of pipe required for the distance
the pipe

from the pipe inlet to the entrance of the Ala Wai Harbor,
must continue for approximately 400 meters into the harbor,

then bend

right and continue another 400 meters to reach the entrance of the canal. After entering the canal,

it

continues about 600 to 800 meters

to the convention center site. The pipe is

exposed to a warm water en-

vironment throughout these sections. This becomes relevant in
heat gain calculations.

The total length of pipe is

the

7200 meters for

this design, more than 3 times the length of any of the pipes at Keahole Point.

However,

this is

a similar distance to that evaluated
with favorable eco-

from the Miami study (Hirshman and Kirklin 1977),
nomic results.

The reasonableness of extending the intake pipe so far

should be considered during any further design processes,
capital cost involved with the cold water pipe is
*

so high. For the

calculations of temperature gain in the cold water pipe,
distance of 7200 meters can be used for now.

It

temperature gain is

the total

will be shown by cal-

culations herein that the shallow areas are the are7
*

since the

in which the

the greatest and even there, the temperature gain

inside the pipe will be very small.
For future design phases to be completed,
cated by Figure (9)

would have to be surveyed in detail and the tem-

perature profile would have to be verified.

•

the pipe route indi-
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C. PIPE DIAMETER
Since the cold water requirement of 1231 liters/sec has been established, the inside diameter and flow velocity can be determined.
the faster the flow, the smaller diameter pipe can be used

Of course,

Flow velocity also determines the pressure required.

and visa versa.

Too large of a negative pressure imposed on the cold water pipe could
collapse it,

so care must be taken, after a velocity is

termine the pumping requirements.
velocity as allowable,

is

It

picked, to de-

advantageous to use as high a

since the high velocity saves on pipe cost by

reducing the diameter and temperature gain due to losses to the outside seawater.

Conversely,

a slower velocity requires less pumping en-

ergy because of less head loss. The final design should seek an
optimum between pumping costs and pipeline costs.
Previous research indicates that a good starting point, as Figshows,

ure (6)

is

an 1150 mm diameter pipe. A pipeline of a slightly

smaller diameter has been deployed successfully off Keahole Point,
waii,

and is

example,

well within the state of the art (Van Ryzin,

1991).

Ha-

For

the calculation of velocity is

with a diameter of 1150 mm,

as follows:
Volumetric

Flow

79D 2 V
4-

M3
1.3

-

(1300 lps)

where:
D = pipe diameter (inside) = 1.15m
V = flow velocity
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Eq.

(4)

This calculation yields a flow velocity of 1.25 m/s.
timate of inside diameter and velocity determined,

with an es-

the length of the

pipe must be determined to establish pressure and temperature losses.
This conceptual design will be based on a 1200 im pipe which has a
flow velocity of 1.329 m/s,

as explained in Appendix A-1.

A more re-

fined selection of pipe size can be made when the flow characteristics are better defined.
D. PIPE FLOW CHARACTERISTICS
Understanding the characteristics of the seawater flow both inside and outside the cold water pipe is

important in determining the

pressure drop and head loss as well as the heat transfer characteristics of the system. One objective is
loss, and hence,

to determine the pressure

the power requirements for the intake pumps to

achieve the desired flow rate for the inside of the pipe. Some other
assumptions are required to make calculations regarding the flow
through a pipe. One is
isfy equation (5),
nal flow is

that the flow is

incompressible so as to sat-

the continuity equation. Another is

completely bounded.

that the inter-

This means that the flow velocity is

the same over the entire length of pipe,

av

8u
* x

ay

aw_
+

az

0

Eq.

where:
u,

v, w,

are velocities in the x, y,

respectively.
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z directions,

(5)

In the case

PIPE FLOW MODEL

0

P

of pipe flow, v
and w are assumed

ImRadus

to equal zero.
Figure

is

D

(10)

|

w

a diagram of

K

the model of the
cold water pipe
Fig. 10

-

7

,

NOT TO SCALE
Pipe Flow Model

system.
Head loss
over a length of the pipe can be expressed in the following equation:
g (Z 2 - Z1 ) + hi,

S-=

Eq.

(6)

where:
hit

=

Total head loss

P1 = Initial

pressure

P2 = end pressure

Zi = Initial

elevation

Z2 = Final elevation

The head losses must be calculated differently depending on whether
or not flow is

laminar or turbulent.

Pipe flow may be either laminar

or turbulent depending on the Reynolds number,

=pVD
Re

or

-VD
VD

where:
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p = density of fluid
V = average velocity
D = diameter
A = viscosity
V = dynamic viscosity =

p
If

Re <

2300 then the flow is

sumed be turbulent. However,

assumed to be laminar.

Re > 2300 is

as-

laminar flows may exist at much high

Reynolds numbers under some conditions.
The change in pressure for laminar flow is

computed analytically

with the following equation:
AP = 128gLQ = 32L
D
ZD 4

•V
D

Eq.

(7)

Eq.

(8)

Eq.

(9)

The head loss can be computed by:
hl = 32L 9V _ g(Z2-Zl)
D pD
p
It

can be seen after some algebra that:
32_L
D pD

6Z4LV

2

Re D 2

64
where for laminar flow ±- is known as the friction factor.
This shows that for laminar flow,
pendent on Reynolds number only,
surface.

0

the pressure loss in the pipe is
not on the roughness of the pipe

de-

For fully developed turbulent flow, the friction factor is
mined experimentally.

The pressure drop in this case is

deter-

known to de-

pend on the Reynolds number and the pipe roughness:

LV
hl = f

Eq.

D 2

where f is

the friction factor

The relative roughness,
characteristics

(10)

%/,

must be determined from the pipe

(see Appendix B-i).

The friction factor can then be

determined from the exponentially determined curves in Appendix B-2.
Head loss represents energy converted by frictional effects from
mechanical to thermal energy.

Head losses result from what are termed

major and minor losses. Major losses include losses due to friction
over the length of the pipe. This is

the main concern with a pipe 7.2

km long. Minor losses are losses due to valves,

tees,

elbows and en-

trances. These are not considered here since the tees and elbows have
not yet been determined.
Since the pipe diameter (inside) will be shown to be 1.086 m,
flow velocity is
10-6 m2/s,

expected to be 1.329 m/s, dynamic viscosity 1.56 x

and Re = 9.252 x 105.

can be considered turbulent,
*

Eq.

(10).

Since it

Therefore,

the flow inside the pipe

and the losses are determined by

have been established that turbulent flow is

the

case for the cold water pipe, Appendices B-1 and B-2 should be used.
For HDPE pipe a value for e can be expected to be similar to that of

0
a commercial steel pipe. Appendix B-I indicates that for such a pipe,

030

0

e = .00015

and thus,

e < .0004.
D

for a 42 inch pipe

Appendix B-2

then shows that for a Reynolds number of 9.252 x 105,
loss due to friction in

f = .0167.

Head

the pipe can then be calculated by Equation

(10). Appendix A-I shows the actual calculations.

E. PIPE WALL THICKNESS
The thickness of the pipe is
stiffness since it
upon it.

crucial for lateral strength and

must resist the wave and current forces acting

The pipe must also reaist pressure forces during the control-

led submergence during deployment and from the negative pressure from
the seawater pump(s),
strong enough.

which could collapse the pipe if

is

not

The temperature gain in the cold seawater flow is

a function of the pipe thickness,
pipe is

it

also

since the only insulation of the

expected to be from the pipe material itself.

With the pipe material determined,

the required wall thickness

can be calculated from the forces acting on the pipe due to water motion, and from the pressure forces acting on the pipe wall.
0

The pipe

thickness must be great enough to prevent hydrostatic collapse. To determine the critical buckling pressure for the pipe,

the following

formula can be employed:
3EI
Ei_
)

*
P -

c

Eq.

where:
*

P = Design pressure

E = Modulus of elasticity

0
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(11)

I

=

Poissons ratio

=

Moment of inertia

Rm= Mean radius
C = Reduction factor for out of roundness
(1.0 in this case)
In this calculation,
the creep modulus,
stant load.

the modulus of elasticity must factor in

because plastic material creep under long term con-

A common value to use here is

ESO = 200/.300 N/mmn2

(Schrock 1981).
The moment of inertia in

this case is

calculated by the formula:

I

Eq.

(12)

where t = pipe wall thickness
The calculation for the maximum stress and the maximum allowable
stress is

shown in Appendix A-2.

HDPE pipe is

readily available in diameters up to 63 inches in

40 foot sections. A pipe size of 1200 mm is
*

supply pipe.
pipe is

The manufacture's literature indicates that this size

available in

data sheet.

selected for the seawater

SDR is

two wall thicknesses,

indicated by SDR on the

the ratio of outside diameter to wall thickness.

SDR's shown by Driscopipe, a division of Phillips Petroleum,
and 32.5; however,

according to the sales representatives,

SDR's are also available upon request.

0
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are 26

other

The pipes used at Keahole Point vary in thickness.

SDR's of 21

and 17 were used in areas where pressures were critical,

or where re-

sistance to abrasion on the sea floor was required. According to one
sales representative,

the pipe can be manufactured at any thickness

desired.
For the purpose of this design, an SDR of 21 is

selected for the

entire pipe length. The calculations in Appendix A-2 use an SDR of 21
and width of 1200 mm pipe size, which results in a wall thickness of
5.7 cm.

The negative pressure required of the seawater pumps to over-

come the major head loss due to friction is calculated to be 1.06 x
105 N/m2 (14.6 psi).

This does not exceed the critical collapse pres-

sure of the pipe, which is
(26.5 psi).

Therefore,

calculated to be 1.83 x 105 N/m2

the thickness ratio is

thicknesses were also examined.

acceptable.

Two other

The results of these tests are as fol-

lows in Table (3).
Table (3)
Pipe OD
m (in)
1.200 (47.2)

Comparison of Pipe Sizes and Thicknesses
SDR
(ODA)

Wall Thickness
m
21

8 Pait
N/m2 (psi)

AP
Ntm2 (pSi)

1.83 x 105 (26.5)

.057

1.006 x 105
(14.6)

1.067 (42.0)

21

.051

1.83 x 105 (26.5)

1.809 x 106
(26-2)

1200(472)

26

.046

9.39 x 104 (13.6)

9.098 x 104

U__

1

1

(132)

The second and third pipe thicknesses examined had very narrow
margins of safety. Although,

0

these may be adequate,
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since the modulus

is

based on a 50 year life expectancy already,

other stresses from

bending and twisting of the pipe have yet to be considered.

There-

fore, the more conservative pipe design of 1.200 m OD and SDR 21 is
selected.
The bending stresses on the pipe due to currents and wave motion
should also be considered. Experience on other pipeline projects
shows that these forces can be expected to deflect the pipe between
the anchored sections and also during deployment.

The maximum allow-

given by the equations below.

able deflection is

5o4

&max = 5w84E

inches

Eq.

(13)

Eq.

(14)

384EI
I is

given by:

M 2 + R2)
2
=!(Ro
MI
where:
I = Moment of inertia

(in.4

wo= Force per unit length (kips/inch)
E

=

Modulus of elasticity (kpsi)

Ro= Outside radius of pipe (inches)
Ri = Inside radius of pipe (inches)
M

= Mass of the pipe section,

The actual calculation is

-

Rý)

(lbs)

left to a more detailed analysis and

design.

0

M = p n (RO
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F. TEMPERATURE GAINS
Calculating the temperature gain in the seawater flow could be
as simple as determining the overall heat transfer coefficient for
pipe in

seawater and using it

transfer,
in

then equating it

in equation (15)

with equation (16)

to determine the heat
to solve for the change

temperature,
q = UoAo[To-Ti]

Eq.

(15)

q = MCp AT

Eq.

(16)

However,

the temperature of the seawater outside the pipe is

not

constant over the length of the pipe. This complicates the calculation, but experience from previous studies helps a great deal in

the

area of temperature gain.
In the Miami Beach study (Hirshman and Kirklin 1977),

the ex-

pected cooling water temperature change calculation was based on a
maximum flow rate of 50,000 gpm (3153 lps),
flow than this Waikiki design. However,

a significantly higher

similar temperature and depth

conditions to Waikiki make a comparison of methods reasonab.,e.
seawater intake system was divided into several sections.

The

External am-

bient thermal conditions for each section were determined from available data. Calculations for each section were completed using the
losses.

Temperature gains in each segment of the system were added cu-

mulatively to determine the delivered temperature.
repeated for different flow rates,

and a minimum acceptable flow was

determined.

0

Calculations were

35

The calculation was then initiated at the 525 m depth level, using an inlet water temperature of 60 C as the fluid temperature outside the pipe for the first segment
(A L).

(TO)

and the first

segment length

This segmental thermal conduction temperature change was de-

termined and added to the original inlet temperature.

This new inlet

temperature was used in the succeeding pipe segment temperature
change calculation. Each succeeding incremental segment temperature
change was obtained in this manner. The total temperature change due
to conduction in

the unburied section was then determined.

Almost the same method is

used in the Waikiki case.

To calculate

the change in temperature the pipe length was divided into several
sections.

These sections were chosen from the bathymetry and tempera-

ture information and assigned average seawater temperatures outside
the pipe. The temperature increase was calculated over the length of
the first

section of pipe and was added to the initial

temperature of

the next section of pipe for the calculation of that section, and so
on. Six sections were chosen. A sample calculation is
dix A-3.

shown in Appen-

No heat gain due to friction was considered in

Since from the experiences in other designs,

it

this case.

has not been a large

factor.
Three assumptions were made to simplify this calculation.
first

is

The

that the force flow over the outside of the pipe from wave

and current induced water motion is

a constant 1 m/s ( 2 knots)

in a

direction perpendicular to the pipe in the heat transfer calcula-

036

tions. Actual measurements of steady current in the intended area of
the project indicate a steady current of 1 knot is
of 2 knots is

normal.

A current

assumed to add a margin of safety to the calculations.

In more refined calculations,

a more accurate analysis of water mo-

tion over specific sections of pipe could be determined.

This can be

considered a *worst case" since we know also that the motion will
probably not be perpendicular to the pipe everywhere.
sumption is

that Cp for seawater is

pipe, both inside and outside,

The second as-

constant over the length of the

even though from Appendix B-3 it

known to vary with temperature.

A third assumption is

that the pipe

will be exposed to the surrounding seawater everywhere on its
This will not be the case; some sections, such as in
and in

is

route.

the surf zone

the canal and harbor, will probably require burial.

The assump-

tion that convection due to flow of water around the entire circumference of the pipe is

again a worst case assumption from a heat

transfer standpoint for pipe laying on the bottom.

G. CALCULATION OF COLD WATER PUMPING POWER REQUIREMENT
The power requirement to pump the cold seawater can be calculated as follows:
W = p hi .V • A

Eq.

where:
W = power required

*

p = seawater density
hl = head loss

0

(note hi • p = AP)
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(17)

V = flow velocity
2
A = cross sectional area of pipe (inside) =-(ID

4

As calculated in both Appendices A-I and A-2,
AP is

known to be 1.329 m/sec,
the power required is
ofq = 80% is

the velocity is

6.022 x 10i N/m 2 , and ID is

calculated to be 74,113 W. If

1.086 m,

a pump efficiency

assumed,

74,113W

=

92.64 kW

'1
1 hp = 746 kW
0

Therefore the pump must be at least 92.64 kW or 124.2 hp to deliver the seawater to the site at sea level.

0

The head loss and pressure drop considered here are only for the
pipe losses.

For each meter above sea level the water must be deliv-

ered, a simple calculation yields an additional 1,581 watts or 2.12
0

hp that will be required.
H. EFFECTS OF WAVES AND CURRENTS

0
The principal natural forces affecting a marine pipeline after
installation are direct wave and current forces near the bottom.
These can have secondary effects when,
der a pipeline is

the sediment un-

eroded and the pipeline becomes non-uniformly sup-

ported. The pipeline is
*

for example,

considered stable if

the forces holding it

place are greater than the forces that would tend to move the pipe.
For an unanchored, unburied pipeline resting on a level,

0
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stable

in

bottom,

the forces holding it

in place are only gravity and friction.

Wave forces at the bottom are due to both a steady current and
to oscillatory motion produced by the waves.

This motion reverses it-

self at half the wave period perpendicular to the wave front.
tion to regularly reversing drag and lift

forces due to the

horizontal water particle velocity, there is

a horizontal inertial

force due to the water particle periodic accelerations.
forces are opposite in phase to the drag and lift
these forces may be calculated separately,
the larger force,
is

In addi-

The inertial

forces.

Each of

and whichever represents

since they are out of phase,

at a particular depth

used as the maximum design force.
The forces experienced by a submarine pipe will vary depending

on the depth of the water,

currents, wave conditions, pipe size,

shape, proximity to the bottom and to the free surface. The deep
water sections of the pipe will see forces resulting from steady currents. The shallower sections will see forces resulting from wave action, as well as currents.
the length of the pipe,

Because of the differing conditions over

several different systems of anchoring or sup-

porting the pipeline may need to be employed to ensure stability
(Hirshman and Kirklin 1977).
The stability and structural integrity of the submerged pipeline
depends,

to a great extent,

the pipeline industry,

on its stability after installation.

In

the term stability refers to the ability of
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the pipeline to remain as placed.
roundings are altered,
effort is

expended in

If

the pipeline moves or its sur-

its structural integrity is

threatened. Much

the pipeline design to predict these forces and

then to design the pipeline for stability under the anticipated condi*4

tions.
The degree of stability required is
rial used and its

properties,

failure in tension, buckling,

a function of the pipe mate-

with regard to resistir- deformation of
external or internal pressure.

Plastic

pipelines can withstand an amount of movement and deformation that
could destroy a steel pipeline; however,

the weight in water of the

steel pipeline provides an inherent stability that is not available
with the lighter plastic pipeline.

This is

must make early in the decision process.
in

a decision the designer

The decision has been made

the seawater air conditioning case to use HDPE.
It

has been demonstrated by previous research (Hirshman and Kirk-

lin 1977)

that the forces caused by the design wave (hurricane condi-

tions) greatly exceed the maximum effect of the design current out to
depths of approximately 200 feet.
Considering winds, waves and currents, hurricane storm conditions represent the most serious long-term hazard to the submarine
pipeline. A typical maximum deep water non-breaking wave of 50-foot
height and 9 or 10-second period is

0

(Hirshman and Kirklin 1977).
knots (I m/s) is

0

commonly used as the design wave

A maximum estimated bottom current of 2

commonly used in conjunction with the wave forces,
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unless site specific data indicates otherwise. As stated earlier, a
steady current of 2 knots is

probably much higher than would actually

be experienced by the pipeline, but such an assumption adds a large
this may

margin of safety to the design. Under hurricane conditions,
actually be low.

There are some basic techniques used to increase the stability
of the pipeline. These include increased weight of material,
and/or other protective covering, and anchoring.

It

is

common to bury

the pipeline in shallow water where the forces and hazards,
anchors,

are maximum,

burial

such as

and to lay the pipeline directly on the bottom
the catenary support,

in deeper water. Another technique,

involves

mooring a free floating, buoyant pipe with a flexible cable which is
anchored to the bottom (Daniel 1989).
Reasonable assumptions for current and wave conditions for the
purpose of calculations are a maximum bottom current of 2 knots running parallel to the coast,

the design wave of 15 meters and a 10-sec-

ond period in Appendix A-4.

The calculations are made for a pipeline

perpendicular to the coastline.

The shelf and slope contours are as-

sumed to be parallel to the coast,
is

and the wave front in deep water

parallel to the pipeline.
In general,

the forces acting on the pipe depend on both the

pipe orientation, tides and wave conditions as stated previously.
basic hydrodynamics are derived from water particle kinematics.
equations for the particle motion in the horizontal plane are:
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The

The

[ cosh(k(d+z))]

Hgk

cosh(kd)

20)

x=

-Hgk

2

sin(Wt)

[cosh(k(d+z))]
cosh(kd)

cos (cot)

Eq.

(18)

Eq.

(19)

where:
ux = particle velocity in the horizontal direction
ux = particle acceleration in

the horizontal direction

H = wave height
g = gravity
k = wave number
CO = angular velocity of wave,

wavelength

d = depth
These forces may act both in
tions.

In

the horizontal and vertical direc-

addition to the hydrodynamic forces introduced by the mo-

tion of the water flowing around the outside of the pipe,
force of the pipe itself must be taken into account.
density is

0.954 g/cc (Rubin 1990),

the buoyant

Since the pipe's

the buoyant force is

a factor.

1. Descdpion of Forces
Conventional engineering practice is

to use the following equa-

tions to calculate the hydrodynamic forces on a pipeline associated
*

with wave and current action (Verley, Lambrakos and Reed 1989).
long cylinder,
p,

or pipe of diameter D submerged in a fluid of density

the horizontal force, Fx , and the vertical force, Fz , are given

by:

*

For a
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CM p

+

2
24 u lul

Fx = CD

1 A

-I-

Eq.

(20)

Eq.

(21)

0
where
CM = inertia coefficient
CD = drag coefficient

u = undisturbed fluid velocity
A = fluid acceleration,

Ux

or

dux
dt

Fz = Ct P D 1 u 2

2

where
CL

=

lift

coefficient

Often the coefficients are assumed to be constant,

but they are

actually time dependent.
The first

equation

(Eq.

20)

is known as Morrison's equation.

The

hydrodynamic coefficients can be taken from various references as determined from both potential theory and experimental data. The drag

S

and lift

equations utilize coefficients of drag,

that are a function of pipe shape,
tom and other factors.

lift

Reynolds number,

and inertia
proximity to bot-

These are experimentally derived. The coeffi-

cients that are used are from a cylindrical pipeline resting directly
on the bottom. Common values used in this situation are:

*

coefficient of drag,

CD = 0.5

coefficient of lift,

CL = 1.4

coefficient of inertia,

"

CM = 3.3
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Experiments and field data have shown that these two equations
predict the maximum hydrodynamic forces fairly well for the case of
regular waves and a steady current. However,
lar waves and current,

for the case of irregu-

the variation between predicted and measured

forces has been much greater. To describe the force time series for
such combined flows,

other models have been developed.

pose of this conceptual design, however,

It

is

the basic model will be used.

important to understand how the different forces acting

upon the submerged pipeline interact.
eral direction,
waves,

For the pur-

There is

drag force in the lat-

consisting of both frictional and inertial effects of

and friction from currents.

and second terms in

Eq.

(20),

These are represented by the first

respectively.

force on the pipe, as indicated by Eq.

There can also be a lift

(21).

The orientation of the pipeline to the currents and direction of
the waves determines,
have.

If

the pipe is

and around it,

to a large degree, what effect those forces
oriented perpendicular to the flow of water over

those forces are greater. If

it

is

lel direction to the currents and wave direction,
greatly reduced.

oriented in

a paral-

the forces are

See Figure (11).

There are several parameters which may be considered in determining the hydrodynamic forces on the pipeline. Probably the most imporUT
tant one is the Keulegan-Carpenter number, -U-, where U is the
0D
particle velocity, T is the wave period, and D is the pipe diameter.

01
If

PIPE

is much less than 1,

1number

P

* Ti

usir

the inertial effects will

dominate. This means that
WAVE:
I DIRECT
]ON

I
0

the Keulegan-Carpenter

the water particle accelera-

CURREN T
(STEADY)

tion will be the major contributor to forces on the

Fig. 11 - Current and Wave Direction

pipe. If
ter number is much greater than 1,

the Keulegan-Carpen-

the frictional or viscous effects

will dominate, which means the water particle velocities will be the
major contributor to the forces on the pipe.
There is

due to passing waves,

a dependence of forces,

on the ra-

tio of pipe diameter to period and wavelength of incident waves.
H
erally,

in the case where

D
< 1 and

-

D

-

L

ignored, and use of potential theory is
(20
ad

(1)IfH

(20) and (21). If

-

D

>1adD
> 1 and

Gen-

-

L

: 0.15,

Z 0.15,

viscous forces can be

recommended over equations
the empirically derived Morri-

20) can be applied. This relation considers the
D
H
In cases where - < 1 and D < 0.15, other approaches
D
L

son's equation (Eq.
viscous effects.

S

can be used. With pipelines and other slender members,
in wave fields,
standard is
forces.

0

the second case is

relevant.

to apply Morrison's equation (Eq.

such as piles,

This is why the industry
20)

for the lateral

2. Force Analysis of Various Configurations
In addition to the dimensions of the pipe with respect to incoming waves,

the way the pipe is

installed or configured can have a

great effect on how the water flows around it,
tant forces acting on it.

and hence,

the resul-

There are many ways to install a pipeline,

but for the purpose of this discussion,

they can be broken down into

five basic configurations as follows:
(I)

The pipe may lie flat on the bottom in some sections

(II)

The pipe may be partially buried

(III)The pipe may be completely buried
(IV)

The pipe may lie on an uneven bottom with a small spaces
under some sections

(V)

The pipe may be suspended above the sea floor,
either on legs or free floating and anchored by cables.
This is

representative of the catenary support

system.
It

may be useful to look at each one of these configurations in

shallow, intermediate and deep water.

However,

some of these can obvi-

ously be eliminated from analysis.
Darsrmination of Forces for Configuration
*

MI):

In the configuration shown in Figure (12),

the pipe lies flat on

the bottom. Although the design for the air conditioning system does
not include this configuration,

analysis of this type of installation

demonstrates all the forces acting on each of the other basic configu-

•
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rations.

This is

often considered the

worst case for designers.
point it

is

At this

useful to look at a free

body diagram to illustrate how all the
act on the pipe. See Figure

Pforces

E

(13).
lB 17777

BOTTOM

Drag Force:

the drag force is

In this case,
Fig. 12 - Configuration I,
Pipeline Flat on Bottom

given by Morrison's equation (Eq.

20),

and as shown on the freebody diagram
(Fig.

13)

as FD. The flow over and

around the pipe can be broken down into two components:

the component

induced by the wave action, and the
component induced by the steady curstated, particle
rent. As previously
•Lift
motions due to wave motion in the hori-

F0GWoyamn

zontal direction are given by equations (18) and (19).

wric)htn

The motions are time dependent
and 900 out of phase as the wave
passes.

It

is

important

to see how the

Pig. 13

magnitude of the viscous term in
Eq.

(20),

the drag portion, is

-

Free Body Diagram

depend-

ent on the square of the particle velocity given by Eq.

*
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(18).

This is

in contrast to the inertial term, the second term in Eq.
is

Since

dependent on the magnitude of the particle accelerations.

the two terms in

the lateral force are 900 out of phase,

which

(20),

the maximum

viscous force and drag force will not occur at the same time.

In

they will occur at opposite quarter wave periods.

fact,

A steady current alone also creates a viscous drag force,

but

with no inertial term. This force is given by:
FD = CD

Eq.

DI u lul

2

(22)

As can be seen by the mathematical relationship between the drag
force and the square of the velocities,

the drag forces cannot be

added directly to get the total force.

Instead,

the sum of the ve-

locities should be substituted irnto Eq.

(20).

3

TIh

equation then be-

comes:
Fx = CD

2D
2 . (Uwave (t)

+ Ucurrent)

Uwave (t) + Ucurrent

I

+ inertial term

= C pDD
2
This term is
diagram (Fig. 13).
*

(uT (t))

luT (t)l + inertial

term

Eq.

(23)

part of the overall Fdrag shown on the free body
The term 1 for pipe length is

removed from the

right side of the equation.
Lift Force:

•

The Flift shown on Figure (13)

also depends on both the wave gen-

erated particle velocities and the steady current. Again,

•
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as with the

drag forces,
ent.

the wave incurred particle velocities are time depend-

Equation

(21)

is

used, where u = Ucurrent + Uwave.

Buoyant Force:
The buoyant force, Fbuoyancy in Fig.

(13),

is

calculated by multi-

plying the volume of the pipe by the density of the seawater it

dis-

places. On a per unit length basis, only the cross sectional alea is
multiplied by the density as shown below:
FB = Pwater g (DO)2
*

Eq.

(24)

Weight Force:
The weight of the pipe,

shown in Fig.

(13)

as Fweight,

includes a

component from the mass of the water in the pipe and the mass of the
pipe material itself,
Fweight

as shown below:
Pwater g I (•

2 + ppipe g
9

(Do

-

4

Dn)

Eq. (25)

where:
Di = inside diameter
Do = outside diameter

Pwater = seawater mass density
ppipe = pipe material mass density
In

the vertical direction,

the forces consist of the buoyant

force of the pipe and the opposing weight of the pipe, both of which
are constant,

and the lift

sult of these is

0

force, which is dependent on time. The re-

a normal force on the seafloor.
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If

the normal force

is

negative in sign, however,

toward the free surface.

the pipe would of course be accelerated

In that case,

the normal force would have to

be artificially increased in some manner for the pipe to remain stable.
Bottom Friction Force:
The resultant normal vertical force is

a key factor in

the total

hoiizontal force for the pipeline laying on the bottom, since the
friction force between the bottom of the pipe and the surface of the
seafloor is

dependent on the normal force. Therefore,

this force is

also time dependent.
Ffriction = fFN

Eq.

(26)

where:
f = coefficient of friction
FN=

normal force

The coefficient of friction, f,

differs for different bottom con-

ditions and pipe intervals. This could be determined experimentally,
but since bottom conditions can vary so much over the length of a
pipeline,

it

is

difficult to know what coefficient to use unless all

the conditions are known. Without specific data concerning the friction characteristics of the bottom, a conservative value for the coefficient of friction of 0.5 is
(Hirshman and Kirklin 1977).
per linear foot in water,

it

used in
Thus,

if

industry for marine sediments
the pipeline weighs 100 pounds

can be moved laterally on the bottom by

a force of greater than 50 pounds per foot.

050

The sum of the forces in the horizontal direction includes the
forces calculated from equation
lated by equation

(20)

plus the friction force calcu-

(26).

To determine if

the pipe is

stable, all of the forces can be cal-

culated at various time intervals over the wave cycle to determine
the forces in
is

or maximum combined forces.

the worst case,

determined not to be stable,

If

the pipe

concrete or other types of weight may

be added to increase the downward force on the pipe, or some type of
anchoring could be attempted to accomplish the same thing. Any weight
added would result in

increased weight minus the buoyancy of that ma-

terial. Appendix A-4 includes a sample calculation of the forces acting on a pipe, configured as shown in Figure (12).
If

the pipeline is

ment-type anchors

0

anchored at regular intervals utilizing embedthe computations are somewhat

(into soil or rock),

different than for stabilization solely by weight.

In

this case,

anchors prevent the pipeline from sliding horizontally.
of the anchors for an unburied pipe is

0

determined first

the

The spacing
by calculat-

component of wave and current forces ex-

ing the maximum vertical lift

pected at a particular depth. The vertical force required for
pull-out of each anchor set is
*

determined,

tor sum of wave and current forces,
depth and anchor spacing,

if

performed,

using the maximum vec-

to determine,

for a particular

the deflection of the pipe between an-

chors due to these forces can cause failure or damage to the pipe.

*

ap-

plied. A maximum spacing calculation to prevent pull-out can also be
determined. A further calculation is

*

and a safety factor is
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This is a function of the pipe material and design. The limiting safe
distance between anchors can be either pull-out or deflection-limited, depending on circumstances at a particular depth.
Determination of Forces for Configuration (II):
A similar analysis of forces can be done on the pipe in Figure
(14).

The equations used in the first case can be used again with

only slight modifications. The forces in the z-direction would change
Lift force would be estimated in the same manner as would

little.

weight and buoyancy.

Although the situ-

ation is not exactly the same,

the

could be used
estimate
to obtain a reasonably good
same coefficient of lift

of the lift

VENT

forces.

••PIPE

The inertia and drag forces in
the x-directions, determined by equation (20),
less.

would be significantly

The viscous drag term could be
- Configuration II,
Pipeline PartiallyBuried

Fig. 14

0

reduced by a factor of 2 since only 1/

of the diameter D is exposed to the
particle motions. The reduction in diameter has an even greater effect on the inertial term since, in that case, the diameter is
squared. It

is immediately obvious that the frictional force may be

greater, depending on how deeply the pipe may be buried.
0

@
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Partial burial is not anticipated to occur in

the design of the

convention center air conditioning system; however it
figuration of submarine pipelines.

This is

original configurations of the pipeline,

is

a common con-

often different than the

since the action of the

waves and current may redistribute the seabed around the pipe.

The

forces required for break-out of the pipe in the semi-buried state depend on soil characteristics and permeability,

as well as the charac-

teristics of the hydrodynamic forces. The break-out of the pipeline
relies on a couple of mechanisms.

If

the wave induced lift

force and

buoyancy force exceed the weight of the pipe, an upward force will result. At this point,

there are two forces resisting upward response

of the pipe; these are the shear stress between the pipe and the sand
or sediment grains,

and the negative pressure of the pore water below

the pipe (Foda, Chang and Law 1990).
Determination of Forces for Confiauration (IIV:
In case III, the pipe is
pletely buried (see Fig.

com-

(15)).

AMBIENT

The de-

sign of the air conditioning cold
water supply pipe is

intended to in-

BOTTOM

clude burial of the pipe in the canal,
*

boat harbor and through the surf zone.
This is

considered the best way to

avoid damage to the pipeline. The hydrodynamic forces are less relevant
since they are reduced to only the

0
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Fig. 15 - Configuration III,
Pipeline Completely Buried

buoyancy and the weight of the pipe; it
not to float in

the sediment.

must simply be heavy enough

The forces here also may vary depending

on the qualities of the bottom. The bottom sediment could liquefy under some wave conditions.

This case requires the study of seafloor

soil mechanics.
Determination of Forces for Configuration (IV):
In

case IV,

structure

the pipe is

(see Fig.

16).

suspended on top of some sort of support

This is

the intended method of pipe installa-

tion off Waikiki beyond the surf zone
out to a depth of approximately 60 me-

*

ters. If

the pipe can be supported one

diameter or more above the sea floor,
* AMWNT)PIPE

N 7the

lift

force can be neglected.

reason for this is

if

The

the particle mo-

tion around the bottom of the pipe is
BOTTOM

nearly identical to the particle motion over the top of the pipe,

•

Fig. 16 - Configuration IV,
Pipeline Supported Above
Seafloor

then

the two forces are equal and opposite,
with a net resultant of zero. This is
neglecting any difference in particle

*

velocities between the depth at the top of the pipe and the depth of
the bottom.
The supports would probably be concrete,
hole Point.

0

as in the case at Kea-

They serve duel purposes by adding weight and reducing
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lift.

In this case the normal force resulting from the difference be-

tween combined buoyancy and the combined weight of the pipe and support is

the total normal force used to determine the friction force,

which acts to resist the drag and inertial forces in the lateral direction (x-direction).
Determination of Forces for Configuration
In

the lift

the case V,

as in

MV):

case IV,

forces on the top are negated

by the identical force acting on the
Fig. 17).
bottom of the pipe (see
This type of support is representative
of the catenary support used successfully at Keahole Point. This type of
support

has all the same advantages

of case IV. One additional force to
consider in this case is

the forces

BOTTOM
BOTTOM
Fig. 17 - Configuration V,
Catenary Mooring of Pipeline

acting on the flexible support. These
must be calculated in a similar fashion to the forces on the pipe.
Again as in the fourth case (Fig. 16),

the weight or anchor acts

to overcome the excess buoyancy force in the z-direction and the drag
and any inertial forces in the x-direction. This type of support
would probably only be used in deep water, therefore the forces would
only result from the steady current present. With no particle veloci-

0
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ties and accelerations from wave action,
from the current,

the steady velocity is only

and the inertial term is

neglected.

Picking coefficients such as the drag coefficient CD and added
mass coefficient for the forces in the x-direction can also be difficult. Just as in the case of lift,

the forces affecting the pipeline

are dependent on distance from the bottom, depth, marine growth, current conditions and wave conditions.

Different values for the con-

stant could be determined experimentally for all the various
conditions,

and researchers have tried to do this.

Some of the experi-

ments done in the area focus on finding the RMS (root mean square)
values of those coefficients for given Keulegan-Carpenter numbers.
another approach,
nents (Shankor,
There is

In

the forces can be decomposed into fourier compo-

Cheong and Subbiah 1988).

a great deal of data published on the subject,

with a

number of different approaches to determine these coefficients and improving the predictions for Morrison's equation and variations of the
equation. Many contradict the predictions of the Morrison's equation,
but most of these are not as easy to use.

3. Scour
A pipeline laying on the seabed may lie flat or there could easily be areas under the pipeline where flow could pass due to the uneven seafloor. These areas could be subject to erosion of
due to the water motion and scour.

the seabed

Scour under and around the pipe-

line can alter the seabed upon which the pipeline relies for stabil-
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ity. Prediction of scour below and around pipelines is

a major focus

of pipeline engineering practice. This is an important area to consider when a pipeline is
tential theory is
0

to be exposed to currents or waves,

and po-

unable to explain or predict scour depth (Sumer,

Jensen and Fredsoe 1988).
In a steady flow, the scour can be expected under and on the leeward side of the pipe, but in oscillatory flow the scour of one half
period is

the upstream part of the next half period. The scour depth

depends on several factors. The size and specific gravity of the sediment particles which comprise the seabed play a role, as does the consolidation of the bed,

just as in the case of longshore transport.

Although water particle motions from a steady current and wave
action passing beneath the

Cc)

pipe may exceed the critical

Lee -Wake

velocity required for the onset of sediment transport in
the vicinity of the pipe,
this is

(b)

not required for

scour to occur.

The focus of

L

some studies of scour around

*

pipelines is

the vortex shed-_-___

ding on the leeward side of
the pipe (see Fig.

-____-___-_-

Fig. 18G - Lee-Wake Effect:
Len -Waves
(a) Cur
(a) Currents, (b) Waves

18).

0

0
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As the flow exceeds the critical Reynolds number and flow around
the pipe becomes turbulent,

vortices form on the leeward side of the

pipe. As the flow velocity increases,
the wake in

the vortices begin to shed into

an oscillatory manner. The velocity of the particles in

the vortices can then exceed the critical velocity required for the
onset of sediment transport.
The vortices can be characterized by St, the Strouhal number:
St = fD/U

Eq.

(27)

where:
U = the mean flow velocity
f = the vortex shedding frequency
D = pipe diameter

The shields parameter Oo

is

another useful measurement of the

flow around the pipe:
0

0 =

Eq.

(28)

g (s-1) d
where:
Uf = undisturbed shear velocity on the bed
s = specific gravity of the sediment
d = sediment size
0

g = gravity

The depth and position of the scour depend on the Strouhal number, shield parameter,

height of the pipe from the seafloor and soil

characteristics.
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The Keulegan-Carpenter
number is

considered the gov,

0

erning parameter of the scour

SO

trench depth (Sumer and Fredsoe 1990 and Chiew 1993).
Waves and currents affect

0

scour differently as Figure

1•sm

(19)

Xid

2

•2

--

.

,

illustrates.

K =990

Sumer and Fredsoe (1990)

5.

present an relation for a pipe
in

Fig.

19

-

Equilibrium Scour Profiles

for KC = 11, KC = 36 and KC = 990

control with a bed,
D = 0.1
D

Eq.

(29)

where:
S = final scour depth below
the pipe (max)
D = diameter of pipe
KC = Keulegan-Carpenter
Snumber =

-UT

DT
D

The trench reaches an equilibrium depth when it
0

large enough

that the flow velocities are decreased to below the critical velocities

for initial

creases,

scour

(Ocrit).

As the Keulegan-Carpenter number in-

the scour increases both in depth and length. Roughness of

the pipe has almost no effect.

-

is

The scour beneath the pipe is
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known as

the tunnel scour.

The scour occurring downstream of the pipeline is

known as the lee-wake scour (Chiew 1993).

4. Vibraions
Not only can the bed around a pipeline erode due to scour,

vibra-

tions of the pipe are induced by both wave action and vortex shedding.

The wave action produces lift

forces which, as seen earlier,

oscillate in amplitude during the wave period. The vortex shedding induces changes in pressure acting on the pipe with a frequency at that
of the oscillations of the vortices.
There may also significant changes in the force coefficients,

CD

and CM due to the vibrations induced on a pipe. The drag coefficients
tend to be larger for vibrating cylinders, partly due to an apparent
increase in diameter and partly due to an increase in the velocity.
The inertia coefficient,

CM,

decreases relative to a fixed pipe (not

vibrating) attributable to the pipe hitting its
on the coefficient of lift
Fredsoe,

own wake.

The effect

does not appear to be significant

(Sumer,

Gravesen and Bruschi 1989).

5. Discussion of Combined Effects/Pipe Design
The industry standard for predicting forces in submarines pipelines is
lift

the use of Morrison's equation (Eq.

forces. However,

(20))

and Eq.

(21)

for

there are serious doubts as to the accuracy of

such an approach when used alone. The use of equations

(20)

are also made more difficult in some pipe configurations,
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and (21)

such as par-

tially buried pipelines;

they are not applicable at all to buried

pipelines.
The effect of scour and vibration should also be taken into account when designing a pipeline. Not only should the forces and responses for intended installation configurations be considered,

but

the forces and responses associated with any anticipated changes in
the configuration should be taken into account as well.

Tunnel scour

and lee-wake scour contribute to changes in the configuration of the
pipe and vibration due to vortex shedding could add to the effect.
Empirical and analytical analysis of a design should be supported with model testing,
design.

if

possible, before going forward with a

Taking all the force considerations into account,

the pipe-

line design should include three of the configurations mentioned.
The nearshore sections of the cold water supply pipe and effluent pipe located inside the reef,
nal,

will all be buried. This would require a significant dredging

effort. Since the channel is
*

in

in the Ala Wai Boat Harbor and Ca-

already dredged for navigation,

the pipe

the boat channel would have to be buried to a depth at which fu-

ture maintenance dredging for the the channel would not damage the
pipe. Along with burial,
of the trench is

some form of securing the pipe to the bottom

advised. This could be accomplished be bolting the

pipe down with clamps if

there is

sufficient basaltic rock or coral

below into which bolts could be driven.

This section of pipeline would be

weight the pipe down with concrete.

•

Another method could be to
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a

total

length

of

2500

extending

meters,

out

to

a

depth

of

approximately 20 meters.
From the 20 meter depth to approximately a 100 meter depth,
the pipeline could be anchored by concrete blocks attached to the
pipe.

This method was used successfully at this depth at Keahole

Point.

The blocks and anchors would support the pipe at least one

diameter above the sea floor to minimize the hydrodynamic lift.
calculation

similar to that in

A

Appendix A-4 could determine the

amount of concrete per unit length of pipe which would be required
for the pipe to remain stable for this section.

This section would

extend approximately 900 to 950 meters offshore,

beyond the buried

section.
The remaining section of cold water supply pipe could use the
unique

buoyant

catenary

Engineering Inc.,

support,

Waimanalo,

of the steeper sections.

as

designed

by

the

Considering
bathymetry,

sharpest
bottom

Ocean

Hawaii to avoid the rough bathymetry

This was used at depths of 160 meters and

greater at Keahole Point, and has proven successful.
however,

Makai

drop

off

contour,

begins

steepness,

at
and

about

Off Waikiki
100

roughness

meters.
of

the

this is the desired depth at which the use of catenary

supports should initiated.
This could be a hazardous area in which to make a transition
to

the

more

fragile

catenary

support,

conditions encountered at this section.

depending

on

wave

At this distance offshore,

waves may encounter the pipe section at adverse angles
perpendicular).

the

(close to

Calculating the wave forces on the pipeline by the
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method in appendix A-4 however,

indicates that the lateral force

acting on the pipe due to the incident design wave is
This is

negligible.

to be expected since the design wave of height 15 meters

and period of 9 seconds would have a wavelength of 126 meters and
in

100 meters of water,

these are deep water waves.

The details of the bathymetry are important to the decision
where to make the change to the catenary support.
in

A small change

the route of the pipeline could change the depth at which the

catenary can be safely employed.

For these reasons, a particularly

thorough investigation of the bathymetry and bottom conditions is
recommended along this section of the pipe route prior to final
design.

I. ENVIRONMENTAL CONSIDERATIONS
The seawater cooling concept calls for a single pass of the cold
seawater through the seawater-chilled water heat exchanger,
the temperature of the seawater some 5°C.
changer,

raising

Once through the heat ex-

the seawater is essentially high quality waste water,

100 cooler than ambient surface water.

In

still

the design of the system,

non-toxic and mostly non-metallic materials are utilized. The discharge water is

clean seawater,

with excellent water quality charac-

teristics.

*
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Discharge outfalls from the convention center to the ocean would
produce no net positive or negative environmental impact because of
the small discharge volume compared to the size of the receiver body
and the good mixing in the nearshore region. Using a diffuser at the
discharge end of the outfall would bring the water to within a few degrees of ambient at the discharge point, and since the quality of the
discharge water is

excellent,

anticipated. The

no adverse effect is

ocean outfalls, however, will be expensive because they will have to
be designed to withstand the rigors of the surf zone and will fall
into the expensive offshore construction catagory.

J. FOUUNG
the ocean intake pipeline,

In
is

fouling in the offshore pipeline

not expected to significantly reduce flow efficiency.
nutrient rich, however,

seawater is

research at Keahole Point, Ha-

waii, has shown that bio-fouling will only occur if
posed to sunlight.
this design.
*

the system is

The cold

the water is

Exposure of the water to sunlight is

Severe internal fouling is
shut down for a long time,

ex-

avoided in

not likely to occur unless
in which case fresh water or

chlorinated water could be sealed in the pipeline. Often, just sealing the pipe causes the system to turn anaerobic,
organisms.
in

The pipline could permit cleaning "pigsu of the type used

oil pipelines or other devices,

this is

0

killing the aerobic

to be pulled through. However,

not expected to ever be necessary.
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K.ALTERNATE DESIGN: DIRECTIONAL DRILLING

0

An alternate technology which could be employed in lieu of dredging the nearshore sections of pipeline is

directional drilling. This

employs machine drilling equipment to drill shafts which may run hori*

zontally or at any desired angle for as much as a mile. The technology currently allows the drilling machine to be guided in a manner
such that it

can curve upward and outward and break through the sur-

face at any desired target point.
Directional drilling has been in use in the gas and oil pipeline
industry for twenty years,

and more recently used by the telecommuni-

cations industry.
Directional drilling may be a desirable method whenever the environmental or economic impacts of open drilling are unacceptable.
Shafts can be drilled under highways,

4 ndustrial

areas,

rivers or any

surface obstacle which cannot be disturbed.

0
The equipment used is
employs sensors in
gles of tilt

the drill

similar to standard drilling equipment and
bit to measure compass heading and an-

and rotation. The computer guided drill

head is

accurate

to within 1% of the shaft length (Wilkins, Muller 1991).
The problem which first
which exist in
ogy.

However,

comes to mind is

the inhomogeneities

the volcanic terrain, which makes up the Hawaiian geolthis and many other technical problems were overcome in

a demonstration of directional drilling at Keahole Point, Hawaii
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in

February,

1992.

At that time,

a shaft of 3.75 inch diameter was

successfully drilled a distance of 610 feet through inhomogeneous volcanic rock to a point 320 feet offshore, at a depth of 30 feet,
it

broke out.

inches,

where

The test shaft was then reamed out to a diameter of 26

for a distance of 20 feet when the demonstration was consid-

ered a success.

It

is believed that shafts could be reamed out to a

diamter of as much as 54 inches with the present technology.
The drilling technology could conceivably be used in

the near-

shore surf zone for both the cold water supply pipe and the effluent
pipe. The shafts could still

be lined with the 1200 mm diameter high

density polyethylene pipe.

This would necessitate some type of joint

between the offshore section of the pipe and the drilled section.
The advantages would be the superior pipe protection from current and wave forces on the pipeline in

the surf zone.

It

might also

alleviate many of the evironmental problems associated with dredging
a trench for the pipeline. Any dredging activity in that area would
be subject to intense scrutiny from environmentalists and the visitor
industry in Waikiki.
However,

there are disadvantages as well.

The drilled shaft

would probably have to begin at the convention center site itself,
due to space constraints in the area. This would necessitate a
drilled shaft length of approximately 2500 meters or more.

This is

much longer than has been proven technically feasible to date.

0
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It

may not be possible. Another disadvantage is

cost to drill

the expense.

The

a tunnel of that length and diameter would be much

greater than the more conventional alternative.
Although the drilling technology is
this point,

there are too many unknowns to propose it

method of pipeline installation in
sons,

this application.

as a viable
For these rea-

the more conventional methods of installing the pipeline are in-

tended for use on this project.

0

0

an interesting option, at
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A. SEAWATER HEAT EXCHANGERS
Heat exchangers are available in a variety of types,
materials.
however,

sizes and

There are standard models available by many manufactures,

a single unit of the size required for an air conditioning

application of this size would probably be custom made.
One available design is

called a finned tube heat exchanger.

The

seawater could pass through tubes that have fins attached over which
the fresh wate- would pass.
of titanium,

The tubes or coils could be constructed

thus resisting corrosion by the seawater,

and the fins

could be aluminum.
Another design considered is

a plate and frame heat exchanger.

These are made of an assembly of pressed metal plates, aligned on or
secured to metal frames or bars, and a containment or cover. Gaskets
*0

are set in the outside groups to contain the fluids and to direct the
fluid flow distribution. The hot and cold fluids can flow in the
grooves in the plate in opposite sides of the plates. This is

*

type selected in

the

this air conditioning design.

There are many advantages to plate and frame heat exchangers.
The principle advantage is

the accessibility of the heat exchange sur-

faces for cleaning. Other advantages claimed by plate and frame heat
exchangers over tube and shell exchangers are as follows:

*

1. Less surface area required for heat transfer,
resulting in cost savings.

0
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The close spacing of the

grooves between adjacent plates result in

a geometry

similar to that of very small tubes.
2.

Less space required for the unit(s) as a result
of the reduced surface area.

3.

Better heat exchanger effectiveness.

4.

The number of plates can be easily increased
or decreased depending on future load changes.

The only disadvantage over other types is
surfaces sealed by gaskets.
in

the gaskets,

the large number of

Due to the use of elastomeric materials

the internal temperature and pressures of the heat ex-

changer are generally limited to 300 OF and 400 psi; however,

both

are well within the range of this air conditioning application.

1. Matrials
In

a series of experiments and corrosion tests at NELH, ALCAN In-

ternational has determined that the heat exchangers for deep cold
seawater application can be constructed of aluminum alloy. The water
pitting corrosion, which is normally the result when exposed to 60 C
deep seawater,

can be controlled by introducing a thin surface layer

of zinc to the aluminum. This limits the pitting to the zinc layer.
Heat exchangers constructed of this zinc clad aluminum alloy are less
expensive than the titanium units and are expected to last 10 to 20
years.
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2. Biotcuilng
One of the major concerns with seawater heat exchangers has been
bio-fouling.

However,

as with the cold water supply pipe,

research

has shown that bio-fouling on the cold water side of the heat exchangers is

virtually nonexistent as long as the cold, nutrient rich -eawa-

ter is

not exposed to sunlight.

3. Design
The type of heat exchanger,

the material used, the heat transfer

required, and the temperature differences of the fluids on both the
"hot* and "cold" sides determine the size and cost of the unit or
units.
The size is

determined by the surface area required over which

the fluids must flow. The amount of thermal energy transferred is

de-

termined by:
q = K • A .ATm

Eq.

(30)

where:
q = the desired amount of thermal energy transferred
A = the heat transfer area
K = the overall heat transfer coefficient
ATm = the log mean temperature difference

40

The desired thermal energy transferred is
change in

5

(LMTD)

the result of the

temperature desired in the fluids multiplied by their spe-
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cific heats and the mass flow, m,
q =m.

Cp

Eq.

( Tin - Tout)

•

a function of the ge-

The effective area of the heat transfer is
ometry of the heat exchanger.

It

(31)

represents the surface area exposed
I

to the fluid.

SWAN

n.J•D

The overall heat transfer--XIMTE)
M~nUMn

coefficient, K, is also a function of the geometry,

and the

materials and fluids used.
This is

*

a characteristic spe-

cific to the application, and
is

Fig. 20 - Log Mean Temperature
Difference

often determined by pre-

vious experience.

This is

adjusted down for a fouling factor which ac-

counts for the reduction in effectiveness over time due to fouling of
the grooves or tubes in the heat exchanger.
The log mean temperature difference is
on which heat exchanger performance is
*

the temperature parameter

based.

It

is

defined by the

temperature difference at the other end of the heat exchanger divided
by the natural logarithm of the ratio between the two temperatures.
The temperatures are illustrated in Figure (20)

m

for a counterflow

heat exchanger.
LMTD is

calculated as follows:
(TH2 -

TC2)

-

(TH 1 - TC)

Tc )]
1n [(TH2 - 2)
Tc1
(H-
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Eq.

(32)

In the case of the seawater air conditioning system, the LMTD is
small,

about 0.95

0 C.

Therefore,

a high heat transfer coefficient is

desirable to reduce the area required as much as possible.
Zinc-clad aluminum plate heat exchangers of the type required
would probably have to be custom built and custom designed.

Titanium

heat exchangers are available "off the shelf" from companies such as
Alfa-Laval Marine & Power and Mueller Accu-Therm. Aluminum alloy heat
exchangers are also available "off the shelf." ALCAN of Canada is

one

manufacturer which has had success with aluminum seawater heat exchangers at Keahole Point,

Hawaii. Aluminum has the advantage of be-

ing much less expensive than titanium, however,
long.

it

does not last as

Life expectancy for aluminum alloy heat exchangers might be

about 20 years,

as opposed to 30 or 40 years for titanium. It

can be

expected that aluminum heat exchangers and titanium heat exchangers
would be in

competition for a job of this size, and economics would

decide which type and models would be chosen, provided they could adequately meet the performance requirements.
heat exchanger requirements.

Table (4)

summarizes the

Such data can be supplied to vendors and

manufacturers who could respond with options for "off the shelf" designs in the case of titanium heat exchangers.
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Table (4)

Heat Exchanger Design Criteria
Hot Side

Cold Side

Media

Water

Seawater

Volumetric Rate

19,511/1.231

19,511/1.231

GPM / m3/s

Mass Flow Rate

,62.727/1230

167,215/1265

IbJmin / kg/s

Tk

54.7/12.6

43.716.5

OF / O0

Tout

4&.3/7.4

52.9/11.6

OF / °C

Density

8.34/999

8.57/1027.6

IbJgai / kg/m3

Units

LMTD 1.70 F / 0.950C
Load 86,677 x 103 BTU/hr / 2.54 x 104 kW

The coefficient of heat transfer or operating K value for titanium heat exchanger can be expected to be about 7166.4 W/m2 °C or 1262
BTU/ft 2 . hOF.
Using Equation

(30),

with the load of 2.52 x 104 kW,

2.52 x 104 kW = 7166.4 W/m2 OC .0.95 0 C .Area
yields 3702 m2 for the effective surface area of the heat exchanger.
This is

larger than any previously known heat exchangers for this pur-

pose, but based on information on other "off the shelfu models,

a sin-

gle unit of this capacity might occupy 66 cubic meters of space in
the facility. It

is

unlikely that a single unit would be used.

It

might be wise to have several heat exchangers and excess capacity so
that one could be shut down for cleaning and maintenance without loss
of air conditioning capacity. On the other hand,
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since the entire air

conditioning system is

intended to be backed up by a conventional sysrequired.

tem, minimum redundancy in the heat exchangers is
Even without redundancy,

space, weight and transportation con-

straints might restrict the size. Therefore,
three units would be installed in parallel,

it

is

assumed here that

each of effective area

1244 m2 and possibly containing as many as 1,000 plates.
an estimate of what would be required;

This is

only

the units vary from manufac-

turer to manufacturer.

B.PUMPS
The design of the pumping system includes an onshore sump for
the pumps.

The sump may be wet or dry. The onshore sump would provide

access for maintenance.

The construction of the sump could be adja-

cent to the Ala Wai Canal,

and only a short trench or tunnel would be

required.
The pumps themselves could be three or four centrifugal pumps,
arranged in parallel, to provide the required discharge head of 58.63
meters.
up in

Variable speed pumps could be used, and controls could be set

a manner which allows only one or many pumps to be used on the

seawater side at one time. The flow rate could be controlled automatically by a temperature sensor on the discharge side of the heat exchanger.

This would reduce power consumption during off peak 'imes.

The pressure drop in the heat exchanger is

of great importance.

Greater area required by the heat exchangers increases the pressure
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drop which occurs and increases the pumping power required to force
both the seawater on the cold side and the fresh water on the air conditioning side through the heat exchanger at the desired flow rates.
The power required for this task can be expected to be several times
higher than the power required to pump the cold water to the site.
Only 93 kW out of a projected 720 kW is

required for seawater deliv-

ery. Most of the remaining 617 kW power requirement is
loss in the heat exchangers.

The heat exchangers could be expected to

present a pressure los7. of as much as 83 KPA or 12 psi.

•

for the head
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A. GENERAL APPROACH
The intent of this design is that a conventional air conditioning system be installed as both a back-up system and for contingency
cooling in the event the complex requires supplementation during peak
load periods, or due to unforeseen future facility expansion.
fore,

the capital cost of the proposed system is

There-

the same as a conven-

tional system plus the added expense of the seawater loop. The total
additional capital costs analyzed are only those associated with the
*

construction of the large heat exchangers,

the cold water supply and

discharge pipe, the related pumps and control system as shown in Table (5).
*

Some of the assumptions made,

such as the inclusion of a con-

ventional back-up air conditioning system, are extremely
conservative.

In subsequent design iterations,

such overkill would

probably be eliminated in the name of cost cutting.

B. ESTIMATE OF CAPITAL COSTS
Costs of pumps and controls are difficult to estimate without detailed mechanical drawings.
$500 K for labor,

The estimate of $750 K for materials and

equipment and installation is

on estimates of other similar projects.

a rough guess based

The accepted method of esti-

mating cost of the pipeline material is by weight.
per pound of HDPE is
•

past several years,

A cost of $1.00

used. This price has been fairly stable over the
although recently,

due to an "oil glut,'

the

prices have dipped as low as $.80/lb. According to the vendors,
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how-

ever,

this is

pipe is

not expected to last. The cost of $431 per meter of

arrived at by using the pipe's diameter of 1200 mm and thick-

ness of 57 mm to calculate the volume of material in

1 meter of pipe,

then multiplying that by density of 956 kg/mi3 and the cost of $1/lb.
x 2,21 lbs./kg. The assumption made earlier was that the pipe would
be of uniform thickness throughout the cold water loop. The nearshore
section of 2600 meters length and offshore section of 4600 meters
length are then multiplied by the cost per meter of $431.
Table (5) Capital Costs of Seawater Air Conditioning System
(all costs are loaded, including overhead and profit)
Item Description

Material Cost

Construction
Cost (Labor &

Total Cost
(thousands $)

Equipment)
(thousands $)

unit Cost
(housands $)

Quantity

Total Materual
Cost
(thousands $)

LS

750

Soo

1,250

0.431/m

2,600

1,121

4,480

5,601

0.431/m

4600

1,983

2,974.5

4,957.5

0.431/m

2,600

1,121

1,121

2,242

Heat Exchanger

450

3

1,350

250

1,600

&Misc. Plumbing

100

LS

100

included

100

6,425

9,325.5

15,750

643

933

1,570

?

?

?

7,067

10,258

17,325.5

Pumps and Controls
Seawater

Nearshore

Supply
Pipe

Sections
Offshore
Sections

Effluent Pipe (all nearshore)
(redundant effort with supply
pipe)

Subtotals
Contingency 10%
Perrnmts/EIS

?

?

Totals
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The construction costs

(labor and equipment)

for the pipeline

are more difficult to estimate. According to Makai Ocean Engineering
of Waimanalo,

Hawaii,

their experience in designing the pipelines at

Keahole Point has been that the overall cost of the pipelines are generally five times the cost of the material for the pipeline.

There-

fore, labor and equipment costs can be estimated to be about four
times the material price (Van Ryzin, Leraand 1991).

Other estimates

of the Keahole Point project indicate that the cost of the offshore
section may be a little

lower since there is

no excavation involved.

The multiplication factor may therefore be reduced to 3.5 for the offshore section (Syed, Nihous and Vega 1991).
In

this case the multiplication factor is

several reasons,

lowered further for

most of which relate to economy of scale. Previous

estimates were based on much shorter pipelines.

The cost of setting

up a staging and assembly area, building forms for pre-cast concrete
anchors and bringing a large tugboat in

from the mainland would all

be examples of large one time set-up costs.

Spreading these costs

over the length of the offshore section of the pipeline could significantly reduce the cost. Therefore the total multiplication factor
used is
*

2.5 in this estimate.

The figures in Table (5)

for construction costs for the two sec-

tions of supply pipe are arrived at by using multiplication factors
of 5 and 2.5 for the nearshore and offshore,
*

0

plication factor for the effluent pipe is
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respectively.

reduced to 2,

The multi-

instead of 5,

because of much duplication of effort in the nearshore zone for the
effluent and supply pipelines.
The cost of the heat exchanger is

generally 25% of the cost of

Using that as a basis,

the overall system (Van Ryzin 1991).

the heat

exchanger and related installation might be expected to cost about
$2.5 M. However,

these estimates were based on systems with large on-

shore distribution systems and supply pipes less than one third the
this design.

length of the one in

Based on 1991 costs quoted on smaller titanium heat exchangers,
the heat exchanger requirements could be met at a cost of approximately $450,000 -.ach,

for three units including freight and taxes. An

additional $100,000 is
plumbing materials.

added to this for miscellaneous valves and

Labor and equipment costs for installation and

testing could run another $250,000.
mate,

The total heat exchanger esti-

including miscellaneous plumbing,

is

$1.7 M. It

should be noted

here that the use of an aluminum alloy heat exchanger would reduce
Such a cost cutting option would

the cost of this item considerably.

almost certainly be considered in subsequent design iterations.
Adding all these components yields a sum of just over
$15,750,000,

as shown in Table (5).

A 10% contingency cost is

added

to reach a total capital cost of $17,325,500 for the total seawater
portion of the system.
As stated earlier,

the air conditioning system for the conven-

tion complex will also include a complete conventional air condition-

0
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ing system for reasons already discussed. The $17.3M in capital costs
is

in addition to the cost of that conventional system.

C. OPERATING COSTS
Although it

is

expected that the actual maintenance costs for

the seawater air conditiong system will be less than for a conventional system, for this conservative analysis,

it

is

assumed that the

maintenance costs over the life of the system will be roughly the
same as that for a conventional system. The largest difference is
pected to come from the energy savings.

ex-

These costs could be reduced

by between 70% and 90%.

D. ENERGY ANALYSIS
In general,

one ton of cooling capacity requires about 1.0 kW of

electricity, all of which would be derived from the electrical power
grid in

the conventional air conditioning system. This energy is

to drive the circulation pumps,

fans and compressors

The chillers are the big energy consumers.
*

ing system, 800-900 kW of electricity is

used

(or chillers).

In a typical air condition-

used per 1000 tons for the

refrigeration alone. This is predicted to be replaced by 75-150 kW
per 1000 tons of cooling for the seawater system (Van Ryzin,
*

Leraand

1992).
The calculation done herein only includes the energy required to
overcome the head loss due to friction in the cold water supply pipe.
What is

0

not considered is

the head loss due to the resistance of the
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heat exchangers.

Also,

the friction loss of the effluent pipe would

also have to be considered.

It

may,

therefore,

accept the 75-100 kW per 1000 tons,
Van Ryzin and Leraand (1992)

appear reasonable to

since the projects described by

involved pumping the water to ultimate

destinations several meters above sea level,

thereby increasing the

head loss.
Using an estimate of 100 kW per 1000 tons of capacity,
sult is

the re-

720 kW. The energy savings can then be computed as follows:
850 kW/1000 tons - 100 kW/1000 tons = 750 kW/1000 tons

750 kW/1000 tons x 7.2
This is

(1000 tons) = 5400 kW

the reduction in energy used when the system is

at full capacity. For the purpose of analysis,
load hours is

used for Honolulu.

running

4500 equivalent full

This is multiplied by the savings

for full load to get the total annual energy savings in kilowatthours,
5400 kW x 4500 = 24.3 x 106 kWh
Multiplying the annual savings in kilowatt-hours by the electric
rate of about $.10/kWh,
center operator is

the total annual savings to the convention

calculated to be $2.43 M.

E. CASH FLOW ANALYSIS

With an initial
$2.43M,

capital cost of $17.3 M and an annual savings if

the payback period can be determined based on the net present

value of two options.

The first

option is
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constructing the seawater

air conditioning system as described herein. The second option is

the

"do nothing* option which would mean installing only the conventional
air conditioning system,

and not realizing the annual energy savings

and not spending $17.3 M in capital costs up front.
A rough evaluation by the Payback Method (White et al 1977)

indi-

cates that the payback period, based on a zero interest rate, would
be:
$17.3 x 106
years
2.43 x 106r = 7.12
An estimate of payback taking interest and inflation into account could assume an interest rate of 8% and an inflation rate of
3%.

The combined effects could be assumed to be 5%.

pounding tables in the back of any economics book,
number of periods of compounding can be applied.
P/A = 7.12.

In

the "i

= 5%9 table,

n is

Using the coma value for the

In this case,

between 7 and 8 periods.

In-

terpolation yields 7.55 years.
Both of the previous methods are fairly inexact.

A more detailed

analysis using 8% as the discount rate and 3% as a projected inflation rate can also be used. The analysis used by Syed et al (1991)
used the following two formulas:
j=n

[(1+i

A(1)
pw=(1+d)

(1+d)

j-1

Eq. (33)

j=l

where:
PW = present worth of the revenue stream
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(savings in this case)
i = inflation rate
d = discount rate
c = capital investment

A(j)

= annual net revenue at the end of n years

= for any year j
n = the number of years (or periods of time)
When d • i,

the geometric series can be written as,

S = A(1)

Eq.

(1d)
(d-i)

The payback period is

the time N of value n at which S is

(34)

equal

to the capital cost, C. Therefore,

N = log

l-C(d-i)
A

Eq.

(35)

log [ (1+i) I

In

this particular case of the seawater air conditioning system,
log [ 1-17.3(.08 -. 03)]
N

9.28 years

2.3=

10o

r (1+. 03)]
L(1+.08)

This payback period is

based on parameters such as the interest

rate and inflation rate, which could easily change.
terest rate is

closer to 7%.

Currently,

the in-

Using this in a similar calculation

would yield a payback period of 8.80 yeirs.
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Since the interest rates

over the next several years appear to be more likely to rise a little, the more conservative estimate of a 9.28 year payback based on
an 8% discount rate is

favored here.

There are other variables as well. Not only is

the capital in-

vestment estimate rough, but there is no experience in maintaining a
the as-

seawater air conditioning system of this size, and therefore,

sumption that maintenance costs for the conventional versus seawater
air conditioning would be the same could also be a source of error.
A 9.28 year payback period may not be acceptable to the State,
however,
is

comparisons of payback periods,

although a popular method,

not necessarily the best method of comparing the options.

More re-

sponsible methods of comparing engineering options include comparing
the present or future value of the resulting cash flows over the life
expectancy.
The life

expectancy is

different for the different major compo-

nents of the system. The supply pipeline is

designed to last 50 years

from the stan ioint of strength. The heat exchangers,
pected to last

-aly

however,

are ex-

10 to 20 years. An analysis taking these factors

into account could compare the initial capital cost of $17.3 M to the
return of $2.43 M per year, adjusted for inflation over a period of
20 years.

In the pessimistic case,

the heat exchangers could be re-

placed at a present cost of $1.7 M at the 10 year mark.

The compari-

son of present valued would be calculated as follows. Assuming the
electric rates increase at the 3% rate of inflation, the savings of
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#2.43 M per year in 1994 dollars over 20 years
is

equal to $2.43 M (P/A,

years.

This is

i,

j,

n),

(a geometric series)

where i = 8%,

j = 4%,

n = 20

equal to $2.43 M x 61.7459 = $150 M. The present worth

of the $1.7 M heat exchangers replacement in 10 years is
Therefore,

still

$1.7 M.

the total present worth over a 20 year period is

esti-

mated to be:
-$

17.3 M initial capital costs

+$150.0 M present worth of electricity savings over 20 years
-S

1.7 M possible replacement of heat exchangers in 10 years

$131.0 M
Therefore,

the present worth of the seawater air conditioning

system, can be estimated to be $131 M greater than the comparable conventional system.
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Summy and Conclusions
Previous research has clearly shown that use of seawater air conditioning is

technically feasible.

The projects at Keahole Point and

other locations have demonstrated that such a system can be designed,
built and operated successfully.
The use of seawater air conditioning for Waikiki can be applied
to the convention center project or perhaps other large building developments in Hawaii.

The use of an HDPE pipeline of 1200 mm diameter

could supply enough cold water to accomplish this.
The Ala Wai canal could provide a suitable conduit for a cold
water supply pipeline in the case of the convention center,

although

a project of this magnitude could be expected to draw as much attention as the controversial convention center itself.
The problems of installing a pipeline through the nearshore area
can be overcome with current technology and sound iesign procedures.
Heat exchanger technology is

also currently available "off the

shelf," which could accomplish the desired goals of air conditioning
a convention center size project.
Conditions at Waikiki require a cold water supply pipe to extend
at least 5600 meters offshore,

to reach a minimum depth of 525 me-

ters. The flow through a pipe of this length would not experience excessive temperature gains if
is

the flow were fast enough and the pipe

of large enough diameter. This contributes to the argument that a

larger system is

more feasible.
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No adverse environmental effects are foreseen from the use of
the cold water, and fouling of either the cold water supply pipe or
also not expected to be a problem. The dredg-

the heat exchangers is

ing operations off Waikiki could be an obstacle from the environmental standpoint,

however,

these types of operations are carried out

frequently throughout Hawaii and the world, and procedures

for mini-

mizing environmental impact are standard.
To avoid much of the environmental impact,

directional drilling

or other tunneling techniques could be employed in the nearshore
zone, however,

at a cost of %500 to $1000 per foot for a tunnel of

the size being considered,
Overall,
center is

the economics are prohibative.

the use of seawater air conditioning for the convention

estimated herein to cost approximately $17.3 M more than a

conventional system. Offsetting the cost is
ings of $2.43 M per year. This is

an estimated energy sav-

calculated to provide a 7 to 9 year

payback period, and a net savings of many tens of millions over the
life

of the system. This is

the major incentive for constructing a

system of this type.
The estimates and calculations used to arrive at these conclusions were preliminary and admittedly rough. As more building details
become available,

it

is

recommended each of the areas of the design

be refined, and the cost benefits of a seawater air conditioning system for the Waikiki Convention Center be examined in more detail.
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Appendix A-i
PIPE FLOW CALCULATIONS

Set Units:
m a 1L

kg = IM

sec

1T

2
m
W := i-kg-

J := lkg.

degC = 1Q
2
m
-

3

2

sec

sec

Set Parameters:
Seawater density:
kg
p
1027.6-For Seawater at 6 deg Celsius
3
m
m
g := 9.81-2
sec
Seawater viscocity (Kinematic):
2
-6 m
v := 1.56-10
-For Seawater at 6 deg Celsius
sec
The pipe wall thickness is:
t

:= .057.m

Inside and outside pipe diameters are:
D := 1.086-m

D
0

:= D + 2.t.

=

0

Total Pipe length:
L := 7200-m
Required Volumetric flow:
3
m

Q := 1.231-sec

A-1-1

1.2 length

Cross sectional area of pipe (inside):
2
D
A := v.-2

4

A = 0.926 length

Flow velocity inside pipe:
Q
V := A

-1
V = 1.329 length time

Reynolds number for pipe flow:
V.D
Re

*

:=

5

d

v

Re

d

=9.252 10

Since the Reynolds Number is much grater than 2300, The flow is turbulent.
In
this case a friction factor must be determined from empirical tables.
Since a
polyethelene pipe will be used, the smooth pipe assumption can be made.
From Appendix B-2 (Fox & McDonald,1973)
f

the friction factor is:

:= .0167

The pressure change and head loss can then be calculated as follows:

2

*
SP :=

-.

2

If.P

6P = 1.005 10

5

Head loss:
*

6P 1

h

:=
1

•

h
p-g

=

-2

-1
mass length

9.966 length

1

A-I-2

time

*

Appendix A-2
Program to determine stresses on pipe due
to hydrostatic pressure:
Pipe Material Charactoristics:
Material: HDPE
Density:

96

P
p

Poisson's Ratio:

5Kg/cu.meter

u := .3

Creep modulus (50 yr):
6

200"10
-E
.300

50

N/sq.meter

Pipe Demensions:
OD := 1.200 meters

*

0D
R

=-

0

2

R
0

= 0.6

meters

SDR := 21
OD
t

:= -

SDR

ID := OD

OR

-

t = 0.057

meters

ID

meters

2-t
1.086

=

ID
i

2

R

=

0.543

meters

i
Mass per unit lenth:

Mass := p

p

.w-[R

o

2
Ri

21.
Mass = 197.984

A-2-1

kg

According to another criteria, the critical
strength can be calculated as follows:
Buckling Strength Coefficient:

buckling

C

:=

.5

B
Correction factor for deflection:

C

:= 1.0

D
Time dependent pipe stiffeness:

I
PV

:= 53.7-E

V

50

3

ID
FS := 2

Safety Factor:

Then the critical buckling pressure 'is

given by:

.5
P

:=C
cr

.C
B

P

D

FS

164.877

PSI

cr
In

SI units:
SIP
cr

:

SIP

=

P

-6895
cr

1.137 10

N/sq.meter

cr

A-2-2

0

Moment of Inertia:
3

I
*

t
:= 12

Length:
*

-5
I = 1.555 10

L := 7200

4
meters

meters

Flow Calculations:
Estimated A/C Load:

LOAD := 7200

tons

Conversion factor for tons to Kilowatts:
Load In KW:

CONV := 3.5

KW/ton

LOADKW := LOAD.CONV
4

LOADKW = 2.52 10
Specific Heat of Seawater:

C

Kilowatts

:= 3.985 KJ/Kg.deg C

p
•

Density of Seawater:

p := 1027.6

Viscosity of Seawater:
(kinematic)

Kg/cu.meter

v := 1.56-10

-6
sq.meter/sec

Expected Seawater temperature change in Heat Exchanger:
E
Required Mass flow:

6T := 5

degC

LOADKW
M :=
C

.6T

P
Required Volumetric Flow:

3

M = 1.265 10

Kg/sec

M

Q :=

-

P

Q = 1.231

cu.M/sec

Converted to Gallons per minute:
Qgal := Q0-1000..2642-60

4
Qgal = 1.951 10

Flow Velocity:
V :

Q
2

7r-ID -. 25

V = 1.329

0

A-2-3

M/sec

Gal/min

VID

Reynolds #:
Re

5

:=

Re = 9.252 10

v

6P:

Calculation of Pressure loss,

where f=friction factor:

Per Appendices B-I and B-2,
.0167

f.'=

2
6P := .5-V

L
.f.--p
ID

5
N/sq.meter

6P = 1.006 10

6P
6psi

psi

6psi = 14.585

:=

6895
Head Loss:
&P
h
h

p

1

I

=

97.863

meters

* Calculate Collapse strength of pipe:
One criteria for Hydrostatic collapse strength of round pipe is
I

24.E
p

1

50

"

2

c

[OD + IDJ

1 - u

5
p

=

1.832 10

*c

•

pPSI

p

N/sq.Meter

c

c

pPSI
=

26.563

:=
c

PSI

A-2-4

6895

as follows:

Appendix A-3
CALCULATION OF TEMPERATURE CHANGE OF WATER IN PIPE
Assumptions:

Flow over the outside of the pipe is constant.
Cp is constant for seawater in the pipe

1.
2.

Define Variables:
Pipe section length and average outside temperature:
L

:= 1200.m

T

s

:= 7.5.degC
0

2
A = 0.926 length

Flow Temperature at the beginning of the pipe section:
T

:-

6.0.degC

xl
n

:=0.3

n

1

=0.4
2

Pipeflow velocity:
-1
•

V = 1.329 length time
3
= 1.028 10

-3
mass length

W
k

•

-6
v = 1.56 10

2
length

time

p

-I

Prantdl number:
:= 11.00

Pr

•

Dynamic Viscosity of seawater:
S:=

p-v

-I

p = 0.002 mass length
*

-l
time

Diameter based Reynolds Number for pipe flow:
Re

= 9.252

5
10

d

0

A-3-1

:= 1.51

m'degC

The temperature of the water outside the pipe is referred to as To.
This
changes as a function of depth as shown in fig (8) in the text and the depth
also changes as a function of the length with respect of the pipe.
Therefore
the temperature is an unknown function of both depth and length of pipe.
To
calculate the heat loss over the length of the pipe, an average temperature
outside the pipe could be used.
A better solution can be arrived at by
assuming an average temperature over various sections of the pipe and
calculating the heat loss and temperature change for each section.
The heat
loss and temperature change in each section can then be added.
This is the
method employed.
The calculation for the one section is

as follows:

For heating...
:= n

n

2
Calculating the Nusselt number using Reynolds and Prandtl numbers for fully
developed turbulent flow in smooth tubes:
0.8
Nu

:= 0.023'Re

d

n
-Pr

3
3.558 10

Nu

d

d

The heat transfer coeficient for the inside surface of the pipe is
calculated as follows:
k

-Nu
p

h

then

d

3
h

:=

i

D

4.948 10

-3
mass time

-1
temperature

i

The thermal resistance for the inside surface of the pipe is
1
R
i

h

.r-.D

-5

i

0

R

5.924 10

-1
mass

3

-1
length

time

temperature

For the unit length of polyethylene pipe the thermal resistance is calculated
as follows, where the "r's"
denote the inside and outside radii of the pipe
and the k is the thermal conductivity of the pipe material.

p

D
o

D
r

:

i

*

i

=

r
2

0

-3
k

:-

2

1.51 mass length time
p

A-3-2

-1
temperature

0r

R

3p

2"r'k

R
p

0.011 mass

=

length

time

temperature

p

For calculating the the heat transfer coeficient for the outside surface of
the pipe, a flow velocity must be assumed and a Reynolds number calculated in
order to choose an applicable emperical relationship.
Velocity of flow over the outer surface of the pipe:
:= 1.0.-

V

f

sec

Reynolds number for flow over outer surface of the pipe:
D
So
Re

:=V
f

f

v

f

The Nessalt number is

then:

.8
Nu

5
=7.692 10

Re

:= 0.023-Re

f

.4
-Pr

f
3

Nu

=

3.07 10

f
Therefore the heat transfer coefficient for the outside of the pipe can be
estimated to be:
Nu
f
:= k

h

o

3
h

p

D

= 4.269

10

-3
mass time

0

Based on the outer surface area of the pipe:
A

:=r-D
o

0

*L
s

3
A

=4.524 10

0

0

A-3-3

2
length

-1
temperature

R
o

1=-8
-A

h
o

-1
5.179 10

R

mass

-2
length

3
time

temperature

0

0

The overall heat transfer coeficient for the pipe and seawater is

1
U

•=
00

In
A
o
- -.

1

A

+ A

h

1
-

+

o

2.ir.k

i

p

h

-L
s

0

-3
U

0.974 mass time

-1
temperature

0

q := U

-A

o

+ -T

-T

o

X1

[

a

2

Calculation of the change in temperature within the pipe from the beginning of
the section of interest to the end of that section.
The specific heat for seawater varies with temperature and salinity.
For the
purpose of this calculation the value from Appendix B-3 for 30U salinity and
10 deg Celsius is close enough.
Specific heat of seawater:

*

J
C

:= 4013.6-

kg-degC

p

S
Mass flow is
M :=

calculated:

.Q

3
M

S
q :

M-C

1.265 10

*6T a

p

A

*

A-3-4

-1
mass time

estimate for 6T is:

an initial

To solve for the root,
6T := 0.ldegC
6T := root M.C

-6T

-

U

A

[T

-

T

0j2
6T

=

+ 6T

6T

jp J

0.001 temperature

water temperature in the next section of pipe to be evaluated must be
Initial
calculated by adding this temperature change.
:= T

T

x2

+ 6T

xl

This procedure is

T

=

6.001 temperature

x2
repeated for each section of pipe.

0

0

A-3-5

8No
8

1'8

0
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• FORCES ?ESULTING FOMI STEADY{ CUPBENT:
There is

also a drag force arid lift

:ncident on the pipeline.
•

is
*

'steady'

(Alon~e)

force associated with the steady current
the forces

with the velocity of the current used instead of

Note that there is

no acceleration since the currer.n

equal to zero.

This is

direction.

U

:m/sec,

is

assumed to be present in

steady current velocity

Fx

:-pD
current

the lcngshore

assumed to be in a perpendicular dlirectic.n ti;

direction of the pipe.
rn"/s

I

sdisedo

and therefore the inertial portion of the Morrison's equation is

A two knot current,

4

urn

The same equations are used to ca•.ulate

both the x and z-dire-tions
the Particle velocities.

h

C
o

U

d

A-4-5

_

p
current

Fx
-

L

2

o

NEWTONS

232.425

Fz

z

current

790.79

NEWTON

current

Adding the components

for the x and z-directions for both the wave

induced motion and the current velocities doesn't necessarily yield a total
force of the water on the pipeline per unit area.

To examine the total

resultant forces on the pipelinse for a given section under given wave
condiions,

the partical velocities and accelerations

from the waves an6

currents must be added to get an effective velocity.

U and acceleration,

Then the corobined particle motions can be used in

e

e

the Morrison's and lift

equation.

0J

e+

U
-4

a

Th e

:-a

Since the current is assumed tD be steady.

n ices on :he wave forces remain fromr, th e previous oalculatla

because the phase angle at which the
forces on the pipe is

worst

case for

*
P

F
x

a

T" [C

m

0

A•

2

-

A-4F

u

oD

+e

-:

o

C
d

s

total resu:tant
-he

not yet known.

U
e

a.

rNAL-SIS QF A:,L FORCES ON 7HE PIPELINE

-

-ECTION

With the to-a! f rces at various wave phase angles determined,
from the weight of the pipe,

bouyancy of the pipe and friction with the bottom
The bouyancy and

remain to be determined for an analysis to be ccomrplete.

however the friction force resisting

and weight of the pipe are const'ant,
the x-direction is

movement in

dependant on the normal force of the pipe on

The normal force is

the bottom.

only the forces

the sum of all the vertical forces and varies

with the wave phase angle.

The bouyant.

,

force per unit Length orn tne pipeline

is

calculat-_

as

follows.
2

D
0

p = density of seawater

where:

p g TT

F

4

b

D = pipe diameter

(outside)

0

3
F

9.574

b

10

Newtons/unit

length

The weight o:f the pipe per unit length
i
_eg~ is

:-f theof Pipe
sum
thetheweight
'he
density
sum of e._

plus the weight of the waer contained.

material itself
pipe material,

,.er

p

,

and the inside diameter,

D ,of

p
this calculation.
D
i

1

p

meter

954

D
•

*

W
p

:pg

IT 4

kg/cu. me-eter

D
-p

- D

gTI
p

A-4-7

The density of the

the pipe are required for

10

3
W

= 9.4SF6

0 From inspection,

.0

it

Newtons/unit

length-

carL be seer, that added weight is

required

in order to

overcome the bouyant -force so -.
hat the pipe will stay on the seafloor.
determine the downward force per uait length required to accomplish this,
* sum

of all the verticle forces,

Fz T

:=F z

+ Fb

Fz,

must be determined.

-W p

FzT
• .9..8
.9Q ... >•e wt oris

.33

3 '
3
3,
3
3

*

3'

F3'
.1. _

:Le forcer- req-,red t:
maxlrirr

-ebc.n

ouyancy through'no-.-,-

Q•_0

the wave cycle iS t~

va-ae ci

7-maxrE'z_-

L 7

A-4-8

S...Newtons/uit
A-4-8

...

..... :0 ..
.- erg__'

To
the

The volume cc.ncrete,

V
c

required t.-

The weight of the required concrete
W

weight

•pe Is

:.e

ca,..oat-,

as ....

:s

in seawater water is equal tc, F

F

c

z

p

2.4 10

Kg/cu.meter

concrete
W
C

:

*V

Ipconcrete

ec

V

0 .•33

cubic meters of concrete/meter

-his amount of concrete is
worst case
0 n. rma

lif

length of pipe

-,he minimum required to overcome the bouyant and

force for water motion.

This may not be enough to provide

force o•rn the seafloor required fo"r friti-oýn tooverco-me the

drag force in
required is
*done

g

-

the x-direction.

To accomplish this,

the weight of the concrete

calculated for each phase angle and the r-aximum .-

because the the maximum lift

taken.

Th1
1 is

affects induces a minimum normal force but

this will not o-ýccur at the phase angle at which the maximum drag occurs.
The sum of the for.es
* oef f

in the x-direction,

ient o f fri..tion,
"
f,

j

Fx

F

-

-J

dn

f

z

cal:ulated using an assume,'

-W

the resultant force which must be

wieght to induce a greater normal force.

addition normal force re-;iired is
fjre::,

, is

of 0. 5 apliied to the normal forces.

"The maximum of the sum computed above is
vercome

-x

The amount of

equal to the resultant maximum resultant

devided by the c-eficient

of friction.

Again this normal for:e

x

can be applied by adding concrete weights,

A-4-9

W

,

to the pipe.

ma x Fx1
ac

f
W

3.491

IC

ac

The total downward force required by concrete attached to the pipe is
*

of the concrete added to overcome the lift

the sum

and bouyancy and that added to

that required to overcome drag.

W

F

4- W

3
F

= 5.281 10

T
The vol:-e of concrete is

computed in a similar manner as previously.
F

*
V

-

L z:oncrete

V
On land,

0 .29

j

cubic meters per unit length

this amount of concrete weighs:

W
T

p

:zV
T

g
concrete

3
W

9.232

.0

Newtons

SampleResults
Water Depth

Wave Height, Ho

Pedod, T

Min. Vertical

(meters)

(nmetrs)

(seconds)

Applied Force
Required per Meter
Length of Pipe for

Stablity
(Newton,)
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200

9

200
200
200
200

9
9
9
15

12
............

200

15

10

200

15

15

1476

10

9

1

1485
1574
2016
1477
1492
2392

Appendix B-1

SS

U0

-------),G'H

rama

Ss

'0

0.06

Appendix B-2

Lmar

oe

TrntonFully

-rough zone

00.0404

.rs

Smot

.00
0.030

0.01

.000
0.0002
0.006

0.0

2

34

68

0

0.00015
2

I

2

Ren~isnM
Frictiontil
ful-eeopdfo

nciclrp

L9S._

1

A0 .31ll
I0

for0

0

3I6

le.&-~.0,0

2I4

68

0

0.000.00Q

1ato

10

0

0

__"

i

.

05.4

V

oa

all
*

6eV6lpq

14-h

so
V

UI

ii

i

00

2
o

0.

01
4e
*14

*~
*'4r4
.04

"W4

0%

414

SP

CP

'6i

('4

InI

-

'U-

0'I

I

0

V.'
C-

(4

@0.'

sq
-

0
I.

0.3
.I4

'11

.i

I
-

a
U
vi

*

0

a
2

0

4

-0

a

x

N0m

V4j
40a
.UA

3d0

Jo
ac

E0

References
American Institute of Steel Construction, Manual of Steel Construction, 8th Ed., 1980, AISC, Chicago, IL, pp. 1-89, 2-111.
American Society of Heating,

Refrigerating and Air Conditioning Engineers, Inc., Heating, Ventilating and Air Conditioning Systems
and Applications, 1987, ASHRAE, Inc., Atlanta, GA.
Arts, J.G.A., 'Hydrodynamic Forces on Seabed Pipelines,* Journal

0

of Waterway, Port, Coastal and Ocean Engineering, Vol.
4, July/August 1991, pp. 424-427.

117,

No.

Ciani, J.B.,

"Sea/Lake Water Cooling For Naval Facilities,, Technical Note N-1528, September, 1978, Civil Engineering Laboratory,
Port Hueneme, CA, pp. 1-2.

*

Ciani, J.B., 'Sea/Lake Water Air Conditioning At Naval Facilities," Contract Report 78.009, Technical Note N-1577, May 1980,
Civil Engineering Laboratory, Port Hueneme, CA, pp. 1-4.
Crandall, Stephen H., Norman C. Dahl and Thomas J. Lardner, An Introduction to the Mechanics of Solids, 2nd Edition, 1978, McGrawHill Book Company, New York, NY, pp. 286, 531.
Chiew, Y.M., "Effect of Spoilers on Wave-Induced Scour at Submarine Pipelines," Journal of Waterways, Port, Coastal and Ocean
Engineering, Vol, 119, No. 4, July/August, 1993, pp. 417-428.
Daniel,

T.H.,

"New Seawater Delivery Systems at the Natural Energy
Laboratory of Hawaii,' 1989, American Society of Mechanical Engineers, pp. 323-330.

Dera, Jerzy, Marine Physics, Elsevier Oceanography Series 53,
1992, Elsevier, Amsterdam, p. 58.
First Development Inc. and Sukamto Holding Corporation, 'Convention Center Sunmary for Hawaii Convention Center," February
1993, First Development Inc. and Sukamto Holding Corp., Honolulu, HI.
Foda, Mostafa A.,
*

Jo Y.-H. Chang and Adrian W.-K,

Law,

'Wave-In-

duced Breakout of Half-Buried Marine Pipes, Journal of Waterway,
Port, Coastal and Ocean Engineering, Vol. 116, No. 2, March
1990, pp. 267-285.

Fox, Robert W. and Alan T. McDonald, Introduction to Fluid Mechanics, 2nd Ed., 1973, John Wiley & Sons, New York, NY.
Fredsoe, Jorgen and Erik Asp Hansen,

"Lift Forces on Pipelines in

Steady Flow,"

Journal of Waterway, Port, Coastal and Ocean Engi-

neering, Vol.

113, No.

, March 1987,

pp.

139-155.

Grace, R.A., 'Ocean Wave Forces on a Small-Diameter AdjustableClearance Test Pipe," May 1990, Offshore Technology Conference,
Houston, TX, pp. 245-258.
Hirshman, Jules and Richard H. Kirklin, "Feasibility of a District
Cooling System Using Natural Cold Waters - Final Report,* September, 1977, U.S. Department of Energy.
Holman, J.R., Heat Transfer, 5th Ed.,
pany, New York, NY.

1981,

McGraw-Hill Book Com-

Huang, T.S. and J.W. Leonard, Lateral Stability of a Flexible Submarine Hoseline, Naval Civil Engineering Lab, Port Hueneme, CA.
McDougal, William G., Susan H. Davidson, Peter L. Monkmeyer and
Charles K. Sollitt, "Wave-Induced Forces on Buried Pipelines,

Journal of Waterway, Port, Coastal and Ocean Engineering, Vol.
114, No.

2, March 1988,

pp. 220-235.

Mellor, Malcolm, Burial of Undersea Pipes and Cables State of the
Art Assessment, 1976,
sion, Washington D.C.

Naval Facilities Command,

Chesapeake Divi-

Riley, J.P. and G. Skirrow, ed., Chemical Oceanography,
Ed., 1975, Academic Press, London, U.K, p. 571.
*

Vol I 2nd

Roach, R.T., "Deep Seawater Steel Suction Pipeline Feasibility
Study,- May, 1976, U.S. Department of Energy.
Rosato, Donald V. and Dominick V. Rosato, Plastics Processing Data
Handbook, 1990, Van Nostrand Reinhold, New York, NY, pp. 256-259.

Rubin, Irvin I.,
ogy, 1990,

ed.,

Handbook of Plastic Materials and Technol-

John Wiley & Sons,

Inc.,

New York, NY,

pp. 339-341,

1720.
*

Saunders, E.A.D.,

Heat Exchangers, Selection, Design and Construc-

tion, 1988, Longman Scientific and Technical,
pp. 551, 126.

0

Essex, England,

Schrock, Jay, ed., Proceeding of the international Conference on
Underground Plastic Pipe, 1981, American Society of Civil Engineers, New York, NY, pp. 1, 121, 131, 175.
Shankar, N. Jothi, Hin-Fatt Cheong and K. Subbiah, oWave Force Coefficients for Submarine Pipelines,' Journal of Waterway, Port,
Coastal and Ocean Engineering, Vol. 114, No. 4, July 1988, pp.
472-485.
Spitler, J.D., F.C. McQuiston and K.L. Lindsey, "The CLTD/SCL/CLF
Cooling Load Calculation Method,' 1993, ASHRAE Transaction, Atlanta, GA.
Stanford, Herbert W., Analysis and Design of Heating, Ventilating
and Air Conditioning Systems, 1988, Prentice-Hall, Inc., Englewood Cliffs, NJ.
Sumer, B. Mutlu and Jorgen Fredsoe, 'Scour Below Pipelines in
Waves,I Journal of Waterway, Port, Coastal and Ocean Engineering, Vol.

116,

No.

3,

May/June 1990, pp.

307-321.

Sumer,

B. Mutlu, Jorgen Fredsoe Helge Gravesen and Roberto
Bruschi, "Response of Marine Pipelines in Scour Trenches,"
nal of Waterway, Port, Coastal and Ocean Engineering, Vol.

No.

4,

July 1989, pp.

Jour115,

477-495.

Sumer, B. Mutlu, H. Ren4 Jensen and Jorgen Fredsoe, 'Effect of Leewake on Scour Below Pipelines in Currents," Journal of Waterway,
Port, Coastal and Ocean Engineering, Vol. 114, No. 5, September
1988, pp.

599-613.

Syed, M.A., G.C. Nihous and L.A. Vega, "Use of Cold Seawater for
Air Conditioning,* Oceans '91 Proceedings, Vol. 1, October 1991,
Ocean Engineering Society of IEEE.
Traister, John E., Residential Heating, Ventilating and Air Conditioning Design and Application, 1990, Prentice-Hall, Inc., Englewood Cliffs, NJ.
U.S.

Geological Survey,

lished.

0

Offshore Contour Map of Honolulu, Unpub-

Van Ryzin, J.C. and T.K. Leraand, "Air Conditioning with Deep
Seawater; A Reliable, Cost Effective Technology,* 1991, Makai
Ocean Engineering, Inc., Kailua, HI.
Verley, Richard L.P., Kostas F. Lambrakos and Knut Reed, "Hydrodynamic Forces on Seabed Pipelines,' Journal of Waterway, Port,
Coastal and Ocean Engineering, Vol. 115, No. 2, March 1989, pp.
190-203.
Walker,

G.,

Industrial Heat Exchangers, 1990,

ing Corporation,

New York,

pp.

Hemisphere Publish-

93-102.

White, John A., M.H. Ayee and K.E. Case, Principles of Engineering
Economic Analysis, 1977, John Wiley & Sons, Inc., New York, pp.
114, 145, 405-412.
Wilkins, G., J. Muller, A. Lowe, R. Lacy and L. Findley, 'Directional Drilling Through Lava at Keahole Point, Hawaii: Accomplishments and Projections,' 1992, Institute of Geophysics,
University of Hawaii, Honolulu, HI.

0

0

0

0

