H gh Speed Sealift Technol ogy Wrkshop
Propul si on Machi nery Technol ogy
Wor ki ng Group Summary

| nt roducti on

On Cct. 21 - 23, 1997 a H gh Speed Sealift Technol ogy Wrkshop
was conducted at the Naval Surface Warfare Center, Carderock
D vision, Bethesda Maryland. In support of this effort, people from
i ndustry, the governnent and academ a participated in a Propul sion
Machi nery Technol ogy Wor ki ng G oup.

(bj ecti ve

The objective of the working group was to identify and
investigate powerplants to neet the specified perfornmance
par anet er s.

Assunpti ons

The working group discussed power generation by neans of
diesel and gas turbine engines and fuel cells, and power
transm ssi on by nechani cal neans and el ectric drive. The machinery
di scussi ons were guided by the transport requirenents presented at
t he openi ng of the workshop. This approach bounded the power |evels
needed, and focused the consideration of current engines and future
candi dat es.

At the outset of the effort, the working group nade
assunptions which served as guidance/criteria for the subsequent
di scussions. The assunptions included the power level and tine
frames the di scussions should considered and are sumrari zed bel ow.

- Power | evel
- mn - 50000 hp/Propul sor
- - 2 Propul sors/ship or nore
- >30 Knots - Water Jet Propul sion

- Time Franes
- Near Term- O to 5 yrs.
- Md Term - 5 to 10 yrs.
- Far Term - > 10 yrs.

Key Paraneters

A goal of the working group was to devel op estimates for key
paraneters associated wth power generation and transm ssion
technology for the three tinme franmes given above. The key
par aneters consi dered include the follow ng: output power, specific
fuel consunption, specific power and specific volune, cost per
horsepower, fuel alternatives, propulsion system considerations,
em ssions, mai ntenance and conplexity.



Gas Tur bi nes

The wor ki ng group di scussed | arge gas turbine engi nes (> 20000
hp) currently in production for marine propul sion applications;
exanples include: the Asea Brown Boveri GI35 and the General
El ectric Marine & Industrial LM2500 Series. Published perfornance
data is as foll ows:

Manuf act ur er Model | SO Rati ng* SFC*
Conti nuous
(hp) (I' b/ hp-hr)
ABB GI35 22630 . 428
GE Ml LM2500 33000 . 372
GE Mel LM2500+ 39000 . 356

The Northrup G unman/ Rol | s- Royce WR-21 was al so di scussed. The
WR-21 (intercool ed, recuperated gas turbine engine with a power
turbi ne vari abl e area nozzle) is currently undergoi ng devel opnent
and testing for the naval propul sion application. Thi s
configuration engine provides efficient operation over a broad
power range. Published performance data is as follows: 1SO rating
conti nuous = 33850° hp; SFC = .329" | b/ hp-hr.

The working group al so discussed two | arge, aero-derivative,
sinple cycle gas turbine engines, nanely the General Electric
Marine & Industrial LM6000 and the Rolls-Royce Trent. Wile both
engines are in service for industrial applications, neither is
currently used in a marine application. It was indicated a marine
version of the LM6000 is avail able. Performance data for the two
engines is as foll ows:

Manuf act ur er Model | SO Rati ng SFC
Cont i nuous
(hp) (1 b/ hp-hr)
GE MWl LM6OOOPC 57330* . 329*
Rol | s- Royce Tr ent 67050* . 329!

In considering this application, the working group concl uded t hat
gas turbine engines exist in the 43 - 50 MN power range with an
associ ated SFC of approximately .33 | b/hp-hr.

* Data Source: Gas Turbine Wrld 1997 Handbook; 1SO rating
conti nuous; SFC based on Lower Heating Val ue.

1 Data Source: performance data indicated during working group
di scussi on.



Operational Profile

The operational profile for an engine in a high speed sealift
application was discussed by the working group in general terns.
The engi ne operational profile and anbi ent operating conditions
woul d be dependent on the specific shipping route, which is
undefined at this time. The working group surmsed that the
majority of ship operating tine would be at high speed with an
associ ated high power requirenent. Also, the tinme when a | ower ship
speed was required could potentially be nmet by operating on a
reduced nunber of propulsion engines, thereby attenpting to
continue to operate the remaining units at a high power level. (It
was al so suggested that a diesel engine could be considered for
sl ow speed operation.) In this scenario, efficient high power
engi ne operation would be very inportant and the efficiency of
part-power operation would be |less of an issue. The operating
profile would inpact the engi ne design. For exanple, incorporation
of features which enhance part-power efficiency, such as variable
geonetry or a recuperator (i.e., regenerative cycle) may not be
useful for the high speed sealift application described above.
Again, in the above scenario, the engi ne would need to be designed
for a significant anount of tinme at high power [evel/high turbine
inlet tenperature operation

Di scussi on on Potential Future Engi nes/|nprovenents

The working group considered approaches to obtaining higher
out put power capability and inproved efficiency. The followng is
a brief sunmmary of the discussions. (Note: Potential further
efforts in this area would need to also consider nunerous
additional factors associated with each approach considered as
well, such as: life cycle costs, reliability, maintainability,
durability, technical risk, size, weight, manning, additional
conplexity, suitability for use in a marine/mlitary application
etc.)

It was estimated that the devel opnent of a new engine could
cost on the order of $ 1 Billion or nore, thus the rational of
deriving an engi ne from anot her application, such as aerospace. An
aeroderivative engine has the benefit of high power density, an
i nportant consideration in the weight sensitive high speed sealift
appl i cation.

During the course of the discussions, it was indicated that
the core from an existing aircraft engine could be used in the
devel opnent of a 100 MV aero-derivative engine (estinmated SFC of .3
| b/ hp-hr). This is given in the follow ng Table as occurring in the
Md-Term (5 - 10 tine frane). It was suggested that a market for
this size engi ne does exist and that the engine could be devel oped
in5 years if the funding was nmade avail able. A ROM (rough order of
magni tude) estimate was given as $300 - 500 M



The working group discussed the concept of adding an
intercooler to an aeroderivative gas turbine engine (Intercooled
Aero-Derivative Gas Turbine - I1CAD). This configuration engine
woul d consist of a sinple cycle aeroderivative engine with the
addition of a heat exchanger for cooling the conpressed air between
stages within the conpression process. Advantages of intercooling
i nclude reduced power required for the conpression process and
i ncreased output power. Intake cooling was al so discussed (heat
exchanger reduces the engine inlet air tenperature). It was
suggested that through using intercooling and intake cooling, an
estimated 15%i nprovenent in SFC and doubling of output power could
be obtained (relative to operating wth a high anbient
tenperature/ high engine inlet air tenperature). This was consi dered
to be a near term approach, if determned to be feasible for this
appl i cation.

The conbi ned cycle was discussed. In the conbined cycle, gas
tur bi ne engi ne exhaust heat is used to nake steam for powering a
steam turbi ne, thereby increasing output power by an estinmated 25%
and efficiency by an estimated 20% The basic gas turbine engine is
not altered. It was suggested that this nmay be better suited for
use in marine applications that have other uses for steam (i.e.
cruise ships). It was noted the Navy has been noving away fromthe
use of steam This was considered to be a near term approach, if
determned to be feasible for this application.

The air bottom ng cycle was di scussed. Gas turbine exhaust is
used to heat the air in a separate air turbine (via a heat
exchanger) after it has exited the conpressor and prior to entering
the turbine. It was estinated that the output power would be
i ncreased by 25% and efficiency by 20% The basic gas turbine
engine is not altered. It was indicated that this was in
devel opnent for the LM2500. This was considered to be a near term
approach, if determned to be feasible for this application.

The regenerative cycle was discussed. Heat is recovered from
the exhaust gas flow for pre-heating conpressor discharge air,
reduci ng the amount of fuel required. As nentioned above, the
regenerative cycle enhances part-power efficiency and may not be
useful for the high speed sealift application as previously
descri bed above.

Engi ne operation with higher turbine inlet tenperatures (and
subsequent inproved efficiency) through using advanced hot section
materials and coatings was discussed. It was felt further
devel opment would be required to incorporate materials (i.e.
ceramcs, etc.) and thermal barrier coatings into the |arge engi nes
inthe md term

Wth regard to em ssions, gas turbine engines neet current
standards. It was felt that gas turbine devel opnent for industria
applications wll drive conmbustor devel opnment and marine engines



can use what was devel oped. Developnent of dry |ow em ssions
technology for liquid fuels is nearing conpletion.

The followng table of key paraneters for the three tine
frames was generated by the working group.

Table 1. Primenpver Characteristics - Gas Turbi nes

Key Near Term Mid Term Far Term Defense
Parameters (0-5 years) (5-10 years) (>10 years) Range (NT)
Power (kHP) 70 125-130 125-130 80
BSFC (lbs/hp- 0.33 0.30 0.26 0.33
hr)
Lbs/hp” 1.0 1.0 1.0 1.0
Ft*/hp” 0.1 0.1 0.1 <0.1
Fuels Distillate/ | —----mmmmmmmmmmemme | mmmmmmm e | s >

Natural gas -

Emissions Meets Stds. | ----mmmmmmmmemmemen [ s | s >
MTBO (khrs) 12.5-25 | s | s > 1-2

* Engi ne Only
Di esel ENngi nes

The objective of this working group was to identify
power pl ants to neet the specified performance paraneters, one of
which was a mnimum hp | evel of 50K per propulsor. Allowing for two
engi nes per propul sor would still require an engine of at |east 25K
hp which rules out the use of high speed diesels, the |argest of
which are in the 4K hp range. Slow speed diesels could easily
provi de the 50K hp |l evel but are too heavy and vol um nous for use
in a high speed transport application. This |eaves nedi um speed
diesels as the best choice for the requirenents. Table 2
represents the groups consensus on the comrercial evolution of
medi um speed, four stroke diesel engines over the three tinme franes
specified for this workshop with the Near Term paraneters
presenting the currently available state of the art. The main
drivers in the comercial diesel market are the custoner demands
for inproved brake specific fuel consunption and |ower engine
wei ght and cost.

Wth the addition of significant government funding (ROM $300-
500 M sone of the projections change. The Near Term paraneters
woul d not change as there would be insufficient tinme to introduce



new technol ogi es. However, the developnent of the commerci al
evol ution Far Term engi nes coul d be accelerated so that they woul d
becone available in the Md Termtine frame and the Far Term woul d
bri ng about engi ne paraneters that are a generation beyond what was
predicted for the commercial market as shown in Table 3.

Advancenents in several key technology areas will have to
occur for these paraneters to be achieved. First, turbocharger
technology wll have to inprove so that higher efficiencies can be
achieved with greater flow capability and higher pressures.
Secondly, inproved material s/designs nust be incorporated into
conponents such as connecting rods, pistons, rings, cylinder liners
and cylinder heads to wthstand the increased pressures and
tenperatures associated wth higher specific outputs. Finally
bearing technology will have to be inproved to withstand increased
unit | oads, otherw se sizes for conponents such as crankshafts and
bl ocks will have to grow which will negatively inpact on gains in
speci fic wei ght and vol une.

Tables 2 & 3 deal with the evolution of commercially viable
engi nes which woul d operate on HFO or distillate and have a MIBO in
the 10-20k hour range. The working group then focused on what
paraneters could be achieved in the Near Term (5 years) for a
specialty, mlitary only, engine with a high output but |limted
service life. The defense rated engine would require a | arge anount
of governnent funding and would operate on distillate fuel only.
The defense rating paraneters are detailed in Table 4. As can be
seen, the defense rated engine represents an increase in power
out put of roughly 50% over that of current nedi um speed di esel s but
this results in a MIBO of only 1-2k hours. Even though the engine
woul d be designed for a limted service life, the maxi numincrease
in power is capped by the need to maintain mni mum conponent safety
factors and elimnate the possibility of catastrophic failures. In
addition to the previously detail ed technol ogy devel opnent, the
defense rated engine would require camess valve actuation
technol ogy in which the intake and exhaust valves for each cyli nder
are noved hydraulically rather than nechanically wth a
conventi onal canshaft arrangenent. El ectronic control and hydraulic
actuation allow greater flexibility in valve event timng and speed
which results in greater airflow capability and inproved cylinder
conponent cooling schenes.

The commercially rated diesels have excellent fuel flexibility
with the option of operating on HFQ, distillate or natural gas. The
nost economc fuel is HFQ, which at half the price, would represent
a 50% daily fuel cost savings over distillate or natural gas.
However, HFO operation results in a |larger and heavi er bal ance of
plant relative to operation on distillate due to the nore conpl ex
fuel system ( strainers, separators, heaters ) that is required to
condition HFO prior to its use in the engine. Natural gas operation

adds a level of ~conplexity 1in fuel storage and safety
considerations. Also, a pilot diesel fuel systemis required in



addition to the

gas fuel

system

Tabl e 2. Medi um Speed Di esel Commercial Evol ution

Key Near Term Mid Term Far Term
Parameters (0-5 years) (5-10 years) (=10 years)
Power (kHP) 40-50 50-64 57-71
BMEP (PSI) 400 450 500
BSFC (Ibs/hp-hr) 0.29 0.27 0.26
RPM 300-400 300-400 300-400
Lbs/hp” 25-30 22-26 20-25
Ft*/hp" 0.3-0.5 0.25-0.45 0.2-0.4
Fuels All Available ---=>
Emissions Meet Stds ---=>

SFC may rise

MTBO (khrs) 10-20 10-20 10-20

* Engi ne Only

Tabl e 3. Medi um Speed Di esel

Evol ution with Governnent Funding

Key Near Term Mid Term Far Term
Parameters (0-5 years) (5-10 years) (=10 years)
Power (kHP) NC* 57-71 80-100
BMEP (PSI) NC 500 600-700
BSFC (lbs/hp-hr) NC 0.26 0.24
RPM NC 300-400 500
Lbs/hp” NC 20-25 10-15
Ft*/hp” NC 0.2-0.4 0.2-0.4
Fuels All Available >
Emissions Meet Stds >

SFC may rise
MTBO (khrs) NC 10-20 10-20
* Engine Only + No Change




Tabl e 4. Defense Rated Engi ne Paraneters

Key Near Term
Parameters (5 years)
Power (KkHP) 60-70
BMEP (PSI) 600
BSFC (lbs/hp-hr) 0.30
RPM 300-400
Lbs/hp” 15-20
Ft’/hp” 0.2-0.4
Fuels Distillate
Emissions Meet Stds

SFC may rise

MTBO (khrs) 1-2

* Engi ne Only
Fuel Cells

Fuel cell technology has evolved from systens originally
devel oped for the space program The fuel cell stack, consisting of
separation plates and catal yst, converts fuel and oxidant directly
into DC el ectric power. Each individual cell produces approxi nately
one volt, and they are stacked together in series for the required
vol tage and power |evel. The stack fuel conversion efficiency is
qui te hi gh, however, the bal ance-of-plant (BOP) nust be taken into
account when conparing fuel cell system efficiencies with other
power converters. Several fuel cell types are in various stages of
devel opnent. The solid oxide (SO and nolten carbonate (MJ) types
operate at high tenperatures (1800 deg F and 1200 deg F
respectively), and offer high efficiency potential. The proton
exchange nmenbrane (PEM is light weight at |ow tenperature and is
bei ng devel oped extensively for autonotive applications. The
phosphoric acid (PA) is already commercially produced for |and
based applications, producing reliable, “clean” power where needed.

Al fuel cell systens operate on a fuel rich gas stream As
such the BOP is dedicated to fuel processing, or “reformng” the
vari ous hydrocarbon gases and |iquids. Considerable effort is being
directed to he reformng of NATO F-76 distillate fuel for use in
fuel cell systens. Several processes are being investigated,
i ncludi ng steam and autothermal reform ng, and partial oxidation
reform ng. These processes require energy input, and as such the
overall plant efficiency nust take theminto account. Wth any of
t hese processes, other byproducts such as soot, sulfur and CO nust



be controlled. Sulfur, for exanple, is poisonous to the fuel cel
stack at trace levels. The degree of fuel reformng required
i mpacts significantly on the BOP and the resulting fuel cell system
si ze, weight and power density. These key val ues are summari zed in
t he tabl e bel ow

Tabl e 5. Achi evabl e Fuel Cell Characteristics

Fuel Cell SFC LBS/HP CU-FT/HP
Technology (net)

PEM 0.34-0.31 4-9 0.14-0.22
SO (PLANAR) 0.31-0.22 7-10 0.21-0.60
SO (TUBULAR) 0.29-0.22 15-22 0.45-0.89

MCFC 0.33-0.24 30-45 0.73-1.57

PAFC 0.35-0.31 22-34 0.69-1.12

There are several fuel cell devel opnent prograns underway for
marine applications. They involve the Coast GQGuard, Maritine
Adm nistration and the U S. Navy; and different types of fuel cel
systens. Fuel cells offer high fuel conversion efficiencies, quiet
and cl ean operation, and produce electrical power directly. Marine
systens, however, have not yet been constructed operating on narine

liquid fuels. Denonstration systens scheduled for the year 2000
are being designed as ship service units of 2.5MN Fuel cell
systens are nost attractive when wused in electric drive
configurations. However, propul sion size systens (>50MAN are nany
years away placing them as candidate prinenovers, in the far term
devel opnment cat egory.

Transm ssi on Systens

As horsepower requirenents rise dramatically for the proposed
hi gh speed transport vessels, delivery of |arge anmounts of power to
t he propul sors becones a significant chall enge. The key paraneter
for the transm ssion systemis the propul sor speed (RPM. Currently
projected at 100-200 RPM this requires |large reduction ratios,
especially with gas turbine engines. The drive ratio governs the
size of the equi pnment. For nmechanical drives, the |lightest weight
and vol unme can be obtained with epicyclic gears (a sun and pl anet
type arrangenent), however, there available size is currently
l[imted to approximately 20,000 hp. Doubling the power, as woul d be
required, would require significant developnent effort for
beari ngs, gear design and |oading, and advanced |ight weight
materials, such as conposites. Power transm ssion efficiencies for
gears are relatively high at .97 to .98, and a single gearbox coul d
be designed to connect a gas turbine or diesel directly to a
propul sor.



Electric transmssion systens are gaining popularity
commercially in applications requiring arrangenent flexibility and
|arge transfers of electrical power between ship service and
propul sion. Induction type | ow speed notor technol ogy has reached
44MN as represented by the propul sion notors on the Queen Elizabeth
1. These are extrenely |large and heavy nachines that are easily
accommodated in such a large ship. Power generation is usually
produced by a | arge nunber of diesel or gas turbine gen sets, which
are brought on line by the varying demand. Electric transm ssions
have inherent inefficiencies as do nechanical gears. There are,
however, nore conponents in the drivetrain. Gas turbine/diesel
powered systens require a generator (eff:.98), swtchgear and
frequency converter (eff:.94-.97) and a propul sion notor (eff: .97-
.98). The resulting overall transmssion efficiency is .92-.96
These val ues are | ower than geared systens. An additional gearbox
may be required ahead of the propulsor, further reducing
efficiency. A high speed generator, directly coupled to a single
spool gas turbine wthout a free power turbine, would be
significantly nore conpact. These generators have not been built in
propul sion sizes, nor at speeds greater than 7000 RPM
| ncorporating these features would require significant investnent
of devel opment funds. Permanent nmagnet technology is currently
under devel opment and offers high power densities, resulting in a
nmore conpact systens. Again these nmachines have not been
constructed in propulsion sizes. Sone of the technical areas
requiring further attention include thermal managenent (heat
removal ) and power electronic switching technol ogy.

Fuel Flexibility

Fuel flexibility was considered in discussions of each
primenover. Diesel engines offer the greatest flexibility by
accepting heavy fuel oils (HFO, distillate fuels (NATO F-76), and
natural gas. The inpact of this range of fuels on diesel design and
operation, is described in the previous section. For a nom na
100, 000 hp plant, the nobst econonically acceptable fuel would be
HFO at $100/ton. Typical operating costs would be $31, 000 per day.
Gas turbines can be operated successfully on distillate and natural
gas fuels. For the above power |level, distillate at $200/ton woul d
be preferred, resulting in an operating cost of $62,000 per day.
Fuel cell plants currently operate on gaseous fuels. Devel opnent
described previously, is currently underway to accept |iquid fuels.

Propul sion size processing systens, are currently not being
denonstrated, and scaling factors may be an issue. For the above
plant, natural gas at $200/ton would be preferred with a cost of
$56, 000 per day. In summary, all prinmenovers could be operated on
a variety of fuels, however, fuel treatnment and engi ne nodification
coul d be extensive. The over-riding issue wwth alternative fuels,
is the logistic supply system and subsequent availability
worl dwi de. To properly design a HS transport vessel, the
fuel /primenover/transm ssion shoul d be considered as a total system



whereby tradeoffs in BTUWcu ft can be nmade with hp/lb and hp/cu ft.

Summary

The wor ki ng group sumari zed the power density conparisons for
each prinmenover, by including all of the propulsion machinery
(designated G oup 2) for each candidate system The results for
near to md termtype systens are presented in the follow ng table.

Tabl e 6. Propul sion System Specific Wights

Propulsion System Mechanical Drive Electric Drive
Diesel 40 lbs/hp 48 lbs/hp
Gas Turbine 10-12 Ibs/hp 18-20 Ibs/hp
FuelCells | e 20-23 lbs/hp

Note: Electric drive offers the potential for shorter bel owthe-
wat erl i ne machi nery spaces.

The follow ng concl usions can be drawn given the Iimted tine
avai l abl e for the working group.

1. Wth governnent funding, market-driven evolution of engine
t echnol ogy coul d accel erate sone md-termand far-term paraneters
by five years. This gain would cone, however, at a rough-order-of-
magni t ude estimte of $300 to 500 M This estinmate is consistent
wi th current major engi ne devel opnent prograns.

2. Electric drive transm ssions have a higher specific fuel
consunption, specific weight and volunme than mnmechanical drive
systens, but has advantages in arrangenent which may conpensate for
t hese di sadvant ages. Advanced technol ogy notors can be | ocated very
close to and on line with the propul sors, at the extrene aft end of
the ship, or in external pods. Electrical generator sets can be
optimal |y spaced around the ship and electrically connected. In the
| onger term conbined wth fuel cells, SFC, specific weight and
vol unme are conparable with gas turbine and diesel prinenovers for
direct drive systens.

3. D esel engines offer fuel costs savings of 50%if heavy fuels
can be used, and if em ssions can be maintained at acceptable
| evel s. Mai ntenance may include engi ne nodifications such as dual
fuel capability for in-port use, water injection, and timng
retard, and exhaust treatnment such as selected catal ytic reduction
and oxidation catalysts. Heavy fuel use also requires careful
selection of cylinder material and lube oil to retain high MIBO

4. Wei ght sensitive ship designs favor gas turbines and projected
[ight weight fuel cell powerplants such as PEM Heavier fuel cel



systens and diesels represent |arger mnmachinery and structural
wei ght .

5. Hul | vol une/ shape sensitive ship designs may favor electric
drive, if the conponents are conpact enough to be located in
t hi nner hulls and appendages.

6. Al  prinmenovers are potentially conpliant wth energing
em ssion requi renents, however, conplexity for achieving conpliance
varies with prinmenover and fuel type. Diesels require the nost
attention to emssions control followed at sone distance by gas
turbines, where ultra | ow em ssions | evels have been achi eved for
| and- based systens. Fuel cells emt the Iowest |evels of pollutants
of all the prinmenovers.

In sunmary, in the md to far term advances can be nmade to
i nprove fuel efficiency and, to sone extent, power density for the
pri menovers discussed. These advances, as represented in the
preceding charts, are not revolutionary, but represent the
evol ution of present designs. Relatively nodest gains can be nade,
but dramatic inprovenents by a factor of two, for exanple, are not
achi evabl e w thout enornous expenditures for design, devel opnent
and testing, far beyond commercial market needs.



