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COGAS PROPULSION

rising marginal cost and complexity or, in other words,
to the point of diminishing returns for each dollar
spent on automation. This limit is dynamic, however,
and is continually changing due to state-of-the-art
advancements in plant automation.

BURNABLE F'UEL Loap-—Reference [5] discusses per-
formance goals for ASW surface ships of the 1980’s
and includes predictions of relative specific fuel oil
tankage (tons fuel /'SHP). However, this prediction is
somewhat less than current ship designs:

RELATIVE
TYPE Tons/SHP (%)
ASW Surface Ship 1980’s [5] 100
DD-963 133
PF 117

The primary reason current marinized aircraft gas
turbines are not achieving the goal of Reference [5]
is that fuel loads are sized at cruise speed and power
levels where the gas turbine engines are much less
efficient. Consequently, the actual all-purpose fuel rates
are ranging between .55 to .70 lbs/SHP-hour, not be-
low .45 lbs/SHP-hour as assumed in Reference [5].

PrysicAL PLANT—Specific weight of the propulsion
plant is normally expressed by SWBS (ship work
breakdown structure) Group 2 (propulsion) weight
estimates. Representative values of specific weight for
various propulsion plants are shown in Figures 2 and
3. The goal, or target propulsion weights proposed by
Reference [5], for the 1980’s plant was on the order
of 12-14 lbs/SHP as follows:

PROPULSION
PLANT WEIGHT
Gas Turbine/Conv. 20-14 1Ib/SHP
Gas Turbine/Planetary Gear 12.5

Gas Turbine/Super Conducting Drive 12.0

CoGAS PROPULSION
Background

Because of the target goals discussed above and be-
cause of the progress in the design and manufacture of
gas turbine/waste heat boiler systems, a new study of
a COGAS propulsion plant seemed apropriate. In addi-
tion to the demand to reduce specific weight for pro-
pulsion machinery plus fuel, the following reasons
provide a strong basis for development of such a
plant:

1) The national energy crises re-emphasizes the im-
portance of reducing Navy fuel consumption, not
only as a life-/cycle cost payoff, but as a logistic
constraint.

2) Commitment to a discrete family of marine gas
turbines by the Navy has produced “power gaps”
between available qualified prime movers.

3) Naval aplication of waste heat boilers (aux-
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iliary) now includes three current ship designs
(DDH-280, DD-963, and Sea Control Ship).

As a result, such a study was conducted [6] with the
objective of analyzing the “real hardware” of the sys-
tem and comparing it with other propulsion plants on
a “real ship” design.
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The system which was investigated consisted of two
LM 2500 gas turbines and fwo steam turbines directly
coupled to two reduction gear boxes, with CRP pro-
pellers. The system is shown schematically in Figure
4. The system uses the propulsion gas turbine exhaust
gas to generate steam in a waste heat boiler. The
exhaust from each LM 2500 gas turbine is routed
through a boiler via the normal air exhaust ducting.
To analyze the plant, system performance capabilities
were verified through energy balance calculations, and
then the design was “optimized”’ with respect to weight
and space. This was done by conducting a parametric
analysis of system performance, size, and weight while
varying system process parameters (Pressure, Temp.
Flow). One of the interesting results of the analysis
was that of the three steam pressures investigated
(200, 400, 600 psig) the highest pressure resulted in
the “best” system as shown in Figures 5 and 6. This
was true over the entire temperature range investi-
gated (0°- 100 F Ambient) from Full Power to
Cruise Power,

The key technical issue in the COGAS system is the
sizing of the waste heat recovery unit. The waste heat
boiler design characteristics resulting from the study
by AIRESEARCH are shown in TABLE 3.

TABLE 3

DESIGN CHARACTERISTICS OF THE
WASTE HEAT RECOVERY UNIT

DESIGN CONDITIONS

Exhaust Gas: Flow rate 463,000 1b/hr

Inlet temperature 977°F

Exit temperature 450°F
Water inlet temperature 289°F
Steam outlet temperature 855°F
Steam outlet pressure 623 psia
Steam rate 54,000 1b/hr
Gas side core AP 7 in H.O

SIZE AND WEIGHT

Overall: Height 5% ft. (excluding inlet &

Fore and aft 15 ft. exhaust ducts &
Athwartships 11%% {t. steam drum)
Core gas face area 152 sq. ft.
Weight: Dry 59,000 1b.
Wet 65,000 1b.

HEAT EXCHANGER CONFIGURATIONS

Economizer: 4 pass, cross counterflow

Boiler: 2 pass, cross counterflow (forced
recirculation)

Superheater: 2 pass, cross counterflow

The heat exchanger data was based on scaling a set of
reference cores utilizing the AIRESkARCH heat ex-
changer core design computer program. Figure 7 shows
the variation of gas side pressure loss, length, and
weight as a function of projected face frontal area. A
resulting set of typical heat exchanger envelope di-
mensions consistent with the parametric data is shown
in Figure 8. The compact size of the waste heat boiler
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is due to the use of modern heat transfer technology
in a forced circulation boiler design. The forced circu-
lation boiler is used rather than a natural circulation
boiler where volume is at a premium or where very
high pressure steam (above 2500 psig) is being gener-
ated. The primary disadvantage of this type of boiler
is that a recirculation pump is required. However, the
advantages of a forced circulation boiler for COGAS
include:

1) Evaporator tubing independent of orientation.
2) Compact boiler design.

3) Less scale formation in the tube.

4) Superior steam separation capability.

Another key area investigated was Plant Controls.
It was determined that the best control system from
the standpoint of minimum fuel consumption at cruise
was also the simplest; i.e., using a fixed area nozzle
for the steam turbine. This allows the steam turbine
to “float” on the steam line, thus -adding as much
power to the reduction gear as can be generated by
the waste heat boiler. The active gas turbine control
would automatically adjust its fuel schedule tQ account
for increased power contribution by the steam turbine,
whether during steady state or transient conditions.
Acceleration capability would be similar to the straight
gas turbine plant.

Plant Description

The resulting plant was capable of developing 60,000
SHP using two LM 2500 gas turbines rated at 23,000
SHP each and two 600 psig steam turbines rated at
7000 SHP each.

The machinery arrangement for such a plant is
shown in Figures 9 and 10. This plant was capable of
fitting into the same space as a 60,000 SHP dual
engine-gas turbine plant. The weight estimate for the
plant was based upon sizing all system components
using off-the-shelf hardware wherever possible. An
itemized listing of Group 2 weights is shown on
TABLE 4 by SWBS breakdown.

Performance Analysis
THERMAL CYCLE EFFICIENCY——

Given a constant turbine inlet temperature, the
thermal efficiency of the gas turbine is inversely re-
lated to the thermal energy in its exhaust gas and thus
the thermal output of the waste heat system and steam
turbine. The less efficient the gas turbine, the higher
the output of the steam turbine due to higher exhaust
gas temperatures.

Performance analysis of fuel utilization of the
COGAS plant compared with a second generation air-
craft gas turbine plant is shown on Figure 11. The
useful work output is shown as a percentage of energy
input to the system provided by the fuei rate (100%).
The power output heat rate expressed as a percentage
of fuel rate is defined as thermal cycle efficiency
(TCE) for each plant.

48 Naval Engineers Journal, October 1974

TABLE 4

WEIGHT ESTIMATE
for
COGAS 60,000 SHP PROPULSION PLANT

PROPULSION
GROUP 2 DESCRIPTION WEIGHT
SWBS NO. (TONS)
221 Propulsion boilers (waste heat) 53
231 Propulsion steam turbines 27
234 Propulsion gas turbines 44
241 Propulsion reduction gears )
242 Propulsion clutches and + 77
couplings ]
243 Propulsion shafting ]
244 Propulsion shaft bearings 190
245 Propeller and Hydraulic System |
251 Combustion air system 16
252 Propulsion control system 10
253 Main steam piping system 5
254 Condensers and air ejectors 32
255 Feed and condensate system 11
256 Circulating and cooling water
system 18
259 Uptakes (inner casing) 20
261 Fuel oil service system 10
262 Main lube oil system 16
298 Propulsion plant operating fluids 38
299 Propulsion plant repair parts and
special tools 8
Total Group 2 Tons 575

The COGAS plant would have a TCE of 429, com-
pared to about 34% for the dual 30,000 SHP gas
turbine plant, at full power. The 23% increase is due
to the “free” power supplied by the steam system. At
cruise, this “free” power is increased to 33%.

The benefits of this improved cycle efficiency can
be dramatically expressed in terms of gas turbine
engine technology. Figure 12 illustrates first and. sec-
ond generation gas turbine engine performance in
terms of compressor pressure ratio (CPR); specific
power (SHP,/Wa)—where Wa = lb/sec airflow; and
turbine inlet temperature vs thermal cycle efficiency
and SFC. The chart shows that a COGAS combined
cycle plant has performance characteristics superior
to a third generation gas turbine. To attain comparable
engine technology beyond third generation will require
far more extensive and costly development than will a
COGAS plant.

PLANT RATING—

The mechanical and exhaust gas energies available
from the LM 2500 gas turbine are limited by maximum
temperatures allowed at the inlet of the power tur-
bine. Maximum power turbine inlet temperature is
usually expressed at that temperature required for
maximum horsepower at 100° F compressor inlet
temperature with inlet and exhaust duct losses of 4
in H,O and 6 in H,O respectively. The LM 2500 was
rated at 21,500 BHP with 10 in H,0 exhaust duct loss
for the DD-963. For the Sea Control Ship, the LM 2500
has been uprated to 22,500 SHP. Twenty-three thou-
sand SHP @ 100° F is considered the highest possible
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rating and should be further reviewed to assess engine
life penalties before using this value. Figure 13 shows
a suggested flat power rating for the COGAS plant
which requires operation of the LM 2500 above 23,000
SHP, but not until the compressor inlet temperature is
below 60° F. Maximum required gas turbine power
is 24,500 SHP at 0° F. At this power point, the power
turbine inlet temperature is 280° F below the maxi-
mum required on a 100° F day. Plant rating of the
COGAS plant was based upon the following standard
conditions:

SHAFT HP (000}

35

TOTAL COGAS POWER PER SHAFT Y
30

T
STEAM TURBINE

LM2500 FOR COGAS DESTROYER

{2,000 &4 [\\L

SHP}

(500 &
SHP)

A
LM2500 FOR SEA CONTROL SHIP
20

S Z

GAS TURBINE

0 20 40 80 80 100
AMBIENT TEMP, °F
FIGURE 13, GAS TURBINE POWER REQUIREMENTS FOR 30,000 HP COGAS PLANT

STANDARD CONDITIONS

Inlet air temperature 100° F
Inlet air pressure 29.92 in Hg
Inlet duct loss 4.0 in H,O
Exhaust duct loss 10.0 in H,O*

Fuel (LHV) 18,400 Btu/lb

* Assume 3 in H.O loss in exhaust ducting other than waste
heat boiler (leaving 7 in for WHB)

FULL POWER RATING

LM 2500 engine power** 23,000 SHP***
Steam turbine power 7,000 SHP
Total plant power 30,000 SHP

** Power turbine speed 3600 RPM at SFC of .41 1b/SHP-
hr.

*#% SHP is power at the propeller. Assume 97% mechani-
cal efficiency of the drive train (reduction gear and bear-
ings at full power).

SPEED/POWER CURVE—

Figure 14 shows how the steam turbine power varies
as a function of propeller speed. The percent of total
plant output produced by the WHRU and steam tur-
bine increases at “off design” points of the COGAS
system. For instance:

COMBINED PLANT

MODE SHP/SHAFT
Full Power 30,000 SHP
Cruise Power 6,000 SHP

STEAM ' TURBINE
Gas TURBINE SHP SHP

23,000 (77% SHP) 7,000 (23% SHP)
4,000 (67% SHP) 2,000 (33% SHP)

This increase percent load-carrying capability of the
WHRU/steam turbine element of the COGAS plant at

Naval Engineers Journa!, October 1974 51
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cruise power levels results in a significantly lower
plant fuel rate at the cruise power design point.

FUEL CONSUMPTION——

Based on the full and cruise power design points
calculated in Reference [6], an “idealized” linear rela-
tionship between fuel consumption (FC) and shaft
horsepower (SHP) can be estimated for the COGAS
plant. These data are illustrated in Figure 15, both
graphically and by a linear equation of the form used
in propulsion plant “trade-off” comparisons by the
Destroyer Synthesis Program (DD-07).

Ship Design Impact

The impact of using a COGAS propulsion plant on a
destroyer-type hull can be analyzed by comparing it
with two other typical plants of equal power rating—
A DUAL ENGINE GAS TURBINE PLANT and A DUAL BOILER
sTEAM PLANT. For purposes of discussion, a 60,000 SHP
version of these plants is compared in the following
categories: MANNING; FUEL LoaDp/DISPLACEMENT ; MIs-
SION RELIABILITY. The Physical Plant Characteristics
of COGAS are then compared with other current
destroyer designs.

MANNING—

As previously stated, manning reduction is an im-
portant goal in new ship designs, not only from the
standpoint of reduced “on-board” support and life-

52 Nava! Engineers Journal, October 1974

studies of automation have indicated a substantial sav-
ings by machinery automation, only to be proven in-
accurate when put into practice. The reason is that
these men were put to work elsewhere on the ship.
Therefore, when attempting to design a ship with
reduced manning as much thought should be given to
an automatic paint chipper as to an automatic com-
bustion system. Regardless of this fact, certain plants
are easier to operate and maintain than others. The
operation of a COGAS plant is very similar to a regu-
lar gas turbine plant since the unfired steam portion
contains no active control (no Combustion Control, no
Steam Turbine Control). The comparison of the three
plants noted above, if utilized on a medium sized
destroyer, would be as follows:

SHIP'S MANNING

PLANT COMPLEMENT INCREASE

Dual 30K-HP Gas Turbine 190 Baseline
Steam (850 psig) 199 +9
COGAS 194 +4

Basically, the impact due to the COGAS plant would
be the addition of four (4) maintenancemen for the
steam subsystem. This slight manning increase (2%)
could easily be countered with a higher level of auto-
mation in another ship subsystem area. In any event,
the increased life-cycle cost of four men is more than
offset by fuel savings.

FUEL LOAD/DISPLACEMENT——

Specific fuel oil tankage (tons/SHP) is becoming an
important element in new ship design, particularly in
high performance craft. The three candidate plants,
when evaluated on an equivalent endurance range for
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a medium size destroyer, yield the following compari-
son for relative specific fuel oil tankage:

RELATIVE
PLANT Tons (FUEL) /SHP (%)
Dual 30K-HP GT 100
Steam (850 psig) 85
COGAS 85

It should be noted, however, that this parameter may
be misleading if the endurance range is varied between
candidates for a given ship design or when comparing
different ships with different endurance ranges since
obviously the tankage size (tons) depends not only on
the specific fuel consumption of the plant but the en-
durance range specified at cruise. A more revealing
presentation of the impact of fuel consumption rate on
ship design is shown in Figures 16 and 17.
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i //
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=
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=
&
3 /
g 6500 B50F | COGAS
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FIGURE 16. SHIP DISPLACEMENT VS SHIP ENDURANCE

Figure 16 shows the change in ship displacement
as a function of endurance range for a medium size
destroyer. Since the steam and COGAS plants have
similar fuel consumption rates, their curves are ap-
proximately parallel-separated by the difference in
fixed machinery weight; whereas, the dual 30K-HP GT
plant and COGAS plant increase in separation because
of the higher fuel consumption rate of the GT plant.
Depending upon the endurance range chosen, the re-
duction in full load ship displacement by using COGAS
is on the order of 300 tons.

Figure 17 shows the performance of the plant over
a range of ship speeds with a given fuel load (calcu-
lated for a 20 knot cruise). This type of presentation
shows the impact on ship endurance of plant specific
fuel consumption at various power levels conditions.
It becomes valuable when analyzing the effect of dif-
ferent operating profiles on endurance capability.

MISSION RELIABILITY——

The COGAS plant possesses several characteristics
which make it inherently more reliable than a single
gas turbine per shaft power plant. The unfired COGAS
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plant has steam cross-connect capability for “take-
home” power. This capability is reflected in the com-
parison shown in Figure 18 for a 90-day cruise. The
data represent projected ship availability for the
COGAS plant compared (normalized) to a dual 30K-
HP gas turbine plant projection. It is important to note
that the ability to perform is better for COGAS under
all conditions except full power. Since “mission relia-
bility” is more dependent on speeds less than full speed,
as stated in Reference [4], this indicates the desirabil-
ity of the COGAS plant. This “mission reliability”
comes from the inherent flexibility of the system in
performing Mission Requirements under a Casualty
Mode Situation as shown below in TABLE 5.

TABLE 5
COGAS CASUALTY MODE OPERATION

1. Full Plant Operative 30 kts
2. One Boiler Down 29 kts
3. Steam Plant Down 28 kts
4. One GT Down 245 kts
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In other words, although there are more elements in
the system to break down, there is even greater flexi-
bility in providing alternate operating capabilities. In
the full power mode, all plant components operate, and
thus the design with the fewest components has less
propensity to fail. Al cruise power, the most opera-
tionally flexible design is superior by virtue of not
operating all components. For example, the COGAS
system provides that if one gas turbine were inopera-
tive, power could be provided to that shaft by cross-
connecting the main steam systems and utilizing the
steam turbine that would still be capable of powering
the shaft which would otherwise be trailing. Further-
more, in the event of a serious casualty to the feed
system, the WHRU is capable of operating for extended
periods without any water in it, thereby preventing
total system failure and allowing the ship still to make
turns for 28 knots.

PHYSICAL PLANT——

The specific weight of the propulsion plant for cur-
rent ship designs was discussed earlier. The comparison
of these data with a medium sized destroyer utilizing
a COGAS propulsion plant is shown in Figures 19 and
20. It should be emphasized that this comparison does
not address the differences in ship design philosophy
such as exist between the PF and DD963 in areas of
number/length of shafts, level of noise control, etc.
Furthermore, the COGAS shown does not assume the
use of such concepts as planetary reduction gears, su-
perconducting electrical drive systems, etc., mentioned
earlier. It is also important to note that use of COGAS
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would not prevent use of these concepts in further re-
ducing propulsion plant specific weight.

COGAS PROPULSION DEVELOPMENT

The combined cycle plant has several strong reasons
for justifying its development by the Navy. These are:
1) COGAS realizes improved Ship Design Objectives;
2) COGAS fulfills Applied Development Objectives;
3) COGAS builds upon the NAvY’s existing commit-
ment to Gas Turbine Propulsion.

COGAS realizes improved Ship Design Objectives
primarily due to the fact that it is a more efficient sys-
tem than the simple cycle plant. This is reflected in such
things as ship cost and displacement. For example,
although the machinery costs for a COGAS plant of a
60,000 SHP destroyer would be slightly higher than a
simple cycle GT plant of equal power rating, the reduc-
tion in other weight groups due to designing for a lower
fuel load results in an equivalent light ship weight and
ship acquisition cost. Life-cycle costs for the COGAS
plant, however, would be several million dollars less
than the GT plant. This is because during the life of
one destroyer with a typical operating profile, over 30
million gallons of fuel would be saved.

The ship displacement {s reduced significantly due to
the reduced fuel load, as shown in Figure 16, while
volume requirements within the ship are only slightly
larger because the waste heat boiler can be installed
within the gas turbine uptake and many steam sys-
tems components can be located down in the bilges.

COGAS fulfills Applied Development Objectives by
virtue of the fact it could utilize current technology in
controls and heat transfer design and it is within the
state-of-the-art for component development. The major
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technical hurdle is verification of system performance
through system testing. A schedule of 4 to 5 years for
design, manufacturing, test, and development can be
considered realistic. Furthermore, as testing gets un-
derway, minimum levels of performance could be es-
tablished fairly quickly so as to limit performance
capacity risk for any “follow-on” ship application.

Finally, the COGAS plant builds upon and fills in the
“power gaps” associated with the family of available
marine propulsion gas turbines. This is because the
COGAS plant is a system which adds a waste heat re-
covery subsystem to the family of basic gas turbines
with a minimum of interface impact; the effect is one
of complementing the present and projected power rat-
ings of individual prime movers. To illustrate this
fact, Figure 21 shows the power spectrum of the sim-
ple cycle marine propulsion gas turbine family and
compares this with boost power available using the
COGAS adaptation. Of course, the controls would be
different for such a system, but all other installation
interfaces would remain nearly unchanged for the gas
turbine. The COGAS plant would have its greatest im-
pact on the ducting and machinery space arrangements
of the ship. However, the volume requirements are
only slightly greater than the simple cycle plant if
current technology and compact boiler design are
incorporated.

Thus, one of the very unique aspects of the COGAS
concept is that as a ship design tool, it can be used to
overcome one of the major disadvantages of gas tur-
bine propulsion systems which is: plants come only in
discrete power sizes. As a result of doubling the reper-
toire of gas turbine plant capacities by using COGAS,

the ship designer has more flexibility in meeting speed
and,/or displacement requirements of a greater variety
of vessel sizes. In fact, the size of the waste heat sys-
tem in combination with the basic gas turbine “power
blocks” can be tailored to the power needs of any par-
ticular ship. This would be extremely beneficial to
Navy ship designers.

Development of COGAS by the NAvY represents a
typical Applied Development Program. It is too devel-
opmental to be considered for sponsorship by a single
SHAPM. It requires engineering integration by the
Navy and could not easily be handed over as a package
to a single Subcontractor. On the other hand, the sys-
tem could be designed and developed with existing
technology. No long-term research type program is
necessary. The program can invoke real milestones
with a reasonable degree of confidence.

The Energy Crises and ‘“Design-to-Cost” philosophy
have led to conflicting objectives in the design of Navy
propulsion plants that must somehow be reconciled.
COGAS has the unique distinction of achieving both
objectives through improved system efficiency. Because
of today’s technology in design of compact heat trans-
fer components and simulation of plant dynamics for
development of controls, the payoff of a Naval COGAS
Propulsion Plant can be realized. This concept for
naval propulsion must be considered a serious candi-
date for development by the Navy.
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INTRODUCTION

F EW DEVELOPMENTS IN MACHINERY TECHNOLOGY
occUR which have the potential of altering the selection
and design of propulsion machinery for naval ships.
The development of the steam turbine, and the appli-
cation of aireraft derivative gas turbines are events
of such a magnitude that have had their time and
place. Such a situation now exists in the development
of a combined gas and steam turbine (COGAS) pro-
pulsion plant for naval use.

The advantage of the waste heat recovery or COGAS
plant, as it is commonly called, is energy conservation.
Gas turbine exhaust normally discharged from the
exhaust stack to atmosphere is passed through a waste
heat recovery unit (WHRU). The “boiler” tube sur-
faces in the WHRU transfer this exhaust gas heat into
steam which is used to drive a propulsion steam tur-
bine. Both gas turbine and steam turbine are coupled
to a common reduction gear. This plant should not be
confused with the combined steam and gas turbine
(COSAG) plant such as those used on several British
destroyers. Although COSAG uses a common reduc-
tion gear for gas turbines and steam turbines, these
prime movers are thermodynamically independent. In
effect, for COSAG, cruising is accomplished with a

conventional steam plant, and the gas turbines are
used for boost power only.

A comparison of characteristics betwen the COGAS
and COSAG plants is shown in TABLE 1.

The COGAS plant represents significant advantages
over the COSAG plant in overall efficiency of space
and weight due to improved total energy conservation
and component arrangement. These advantages occur
because the gas turbine and steam turbine are con-
nected mechanically and thermodynamically; i.e., the
steam is generated entirely in an unfired boiler located
within the gas turbine exhaust stack.

Because of its basic economy, the COGAS plant is
evolving into a commercially significant application in
the electric utility industry.

During the past two decades of development, several
hundred combined cycle stations have been operational,
both as industrial and electric utility operations
[1][2]. These plants have demonstrated high efficien-
cies, particularly when the steam produced has been
condensed in the process. Reliability and low main-
tenance has been demonstrated by industrial gas tur-
bines in combined cycles in base load service. For naval
marine applications, the COGAS plant, using aircraft
derivative gas turbines, holds the same potential bene-
fits of low fuel consumption with a minimal increase

TABLE 1. COMPARISON OF COGAS WITH COSAG

COGAS

COSAG

® STEAM TURBINE AND GAS TURBINE
THERMODYNAMIC CYCLES ARE INTERRELATED

® GAS TURBINE POWER BASE PLUS STEAM
TURBINE POWER BOOST FROM WASTE HEAT
RECOVERY
@ LOWER FUEL CONSUMPTION
® SIMPLER CONTROLS
® STEAM TURBINE “SLAVED” TO GAS TURBINE-
“FLOATS” ON STEAM LINE SUPPLIED BY
WASTE HEAT STEAM
® LOW TEMPERATURE BOILER COMPONENTS
® MORE RELIABLE, EASIER TO MAINTAIN
® FEWER COMPONENTS
® SIMPLER CONTROLS
® LOW TEMPERATURE, UNFIRED BOILER
® LESS SPACE REQUIRED
@ BOILER AND GAS TURBINE SHARE COMMON
INLET AND EXHAUST DUCTING

® HEAT TRANSFER CORE LOCATED IN EXISTING
G.T. UPTAKE

® STEAM TURBINE AND GAS TURBINE THERMODYNAMIC
CYCLES ARE SEPARATE

® STEAM TURBINE POWER FROM SEPARATE FIRED
BOILER PLUS GAS TURBINE BOOST
® HIGHER FUEL CONSUMPTION
MORE COMPLEX CONTROLS
® SEPARATE STEAM TURBINE, GAS TURBINE, AND
BOILER CONTROLS
® AUTOMATICITY MORE DIFFICULT TO ACHIEVE
® HIGH TEMPERATURE BOILER COMPONENTS
@® LESS RELIABLE, MORE DIFFICULT TO MAINTAIN
® MORE COMPONENTS
® MORE COMPLEX CONTROLS
@ HIGH TEMPERATURE, FIRED BOILER
® MORE SPACE REQUIRED
® BOILER AND GAS TURBINE HAVE SEPARATE
INLET AND EXHAUST DUCTING

® REQUIRES ADDED FLOOR SPACE FOR FIRED
BOILER
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in maintenance as compared to a gas turbine plant
alone.

A discussion of COGAS using first generation gas
turbines is presented in Reference [3]. This paper
addresses COGAS using second generation gas tur-
bines with the purpose of analyzing the advantages of
such a plant for U.S. Navy use. Discussion begins with
the general criteria for NAvy machinery development
followed by target goals for design of a Navy propul-
sion plant. Results of a recent feasibility study of a
compact COGAS plant for destroyer use, including
plant description and performance analysis are then
presented. The impact of such a plant on the ship
design of a typical destroyer is then compared with
the target goals discussed earlier. Finally, the reasons
for why such a plant should be considered for develop-
ment by the Navy are summarized, showing how the
COGAS plant fulfills Navy machinery development ob-
jectives.

MACHINERY DEVELOPMENT PHILOSOPHY

Before discussing specific characteristics of a Naval
COGAS propulsion plant, a brief review of the Navy's
machinery development philosophy seems appropriate.
One particular question that should be asked about
any proposed development program is: Does the pro-
gram fulfill the overall design and development ob-
jectives of the Navy? To answer this question, one
must have a general understanding of what these
objectives are or should be. In order to set the stage
of evaluation, the following sections present (what the
Authors believe ought to be) the relevant factors in
machinery development for the Navy.

Design and Development Objectives

The design objectives of a machinery system are
based upon the function(s) it performs aboard ship.
Alternative design aproaches will result in unique
characteristics of that machinery subsystem. The
assets or value of a particular plant’s characteristics
depend to a great extent upon the operational needs of
the particular ship or ship class for which that plant
is a candidate.

However, there are certain categories which the de-
signer strives to minimize on any ship, assuming the
fundamental power and control requirements have
been met. These are weight (fuel and machinery), cost
(acquisition and life cycle) and, more recently, man-
ning. Recent designs have tended to stress acquisition
cost and machinery weight. Naturally, these are im-
portant. However, cruise range fuel loads are becoming
larger due to the use of high-powered propulsion gas
turbines which are operated at inefficiently low power
levels most of the time (recent destroyer operating
profiles use less than 25% of installed power for over
5% of “at-sea” time).

Furthermore, the value of scarcity of fuel in the
future may pose a serious problem if the “energy
crises” forecasts are even half correct. Therefore, the
importance of these more long range performance

criteria (fuel consumption + life cycle costs) should
be recognized, particularly if they can be improved
without severe penalty to first cost and machinery
weight and volume.

Another objective which should be emphasized is the
importance of the operational flexibility of a system to
perform at less than full power levels, However, many
RMA analyses lack distinction between complete and
partial failure and are thus weak in recognizing de-
grees of failure. As discussed in Reference [4], what
matters is ship “mission reliability”. For example, in
a gas turbine propulsion plant, as long as there is
sufficient redundancy in the number of gas turbine
“power modules” per shaft, the lack of cross-connect
capability may be acceptable even though these prime
movers typically produce “all or nothing” type failures.
However, if we begin to reduce the number of prime
movers to less than two per shaft, the lack of cross-
connect power may have a serious impact on ship
“mission reliability” through significant speed and
maneuvering limitations. In addition, it may impose a
penalty of high fuel consumption at “off-design’
operating points. The point here is that the design
characteristics for any machinery system should be
derived from the needs of the total ship design. Re-
quirements for a propulsion plant are basically sum-
marized in TABLE 2.

TABLE 2

PROPULSION PLANT DESIGN CHARACTERISTICS
VERSUS DESIGN PARAMETERS

CHARACTERISTICS DESIGN PARAMETERS

Performance Speed, specified @ a sea state
and ship condition

Range, specified @ a cruise speed,
sea state, degradation

Maneuverability

Fuel Consumption

Payload, space and weight

Operational Duty Cycle

Vulnerability Shock
- Noise Signature
Nuclear Protection
Infrared Signature
Electromagnetic Signature
Damage Control

Ship Displacement Weight and Space

Logistic Support Manning

Standardization
R/M/A

Although discussed later, these requirements are
mentioned here so that the proper perspective will be
gained on the source of the design objectives for Navy
propulsion plants and also to emphasize that the de-
sign objectives for any machinery development pro-
gram should be derived from the needs of the
operational forces which they support.

Development Time Span

When discussing the time span of hardware develop-
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ment, the preponderance of development programs
seem to fall into one of two categories; either the near
term product improvement types (1-2 year span) or
the long term research type (7-15 year span). What
the Navy needs more of is the application of general
technological advances to the special needs of the Navy
in what could be called “applied development”, This
type of program would be concerned with the design,
manufacture, and testing of prototype machinery that
is either an adaptation, modification of hardware from
another application.capacity or is a system of existing
components arranged in a unique or new manner. Of
course, this requires innovation and understanding;
INNOVATION-- -to realize what is going on in the world
of hardware technology and how it might be used in a
Navy application, and UNDERSTANDING—to realize the
design objectives derived from total ship requirements
discussed earlier. This type of development program
would typically run from 3-6 years, depending on the
complexity of the system and the extent of modifica-
tion‘adaplation involved.

PROPULSION PLANT DESIGN
Fundamental Purpose and Function

By definition a propulsion system is “. . . something
that propels. Process of propelling . . .” In NAvVY evalu-
ation terms “. . . develop the required power with
minimum weight, cost, space, manning, and risk. . . .”
Historically, this has led to the use of higher efficiency,
lower specific weight, prime movers as the state of
technology moves forward. Let's examine some of the
considerations which affect Naval ship design require-
ments.

Requirements for all transportation vehicles fall into
two categories: 1) transportation of payload from
point-to-point on a scheduled operational basis, and 2)
the “push” or propulsion requirement, which can be
specified in terms of payload, speed, and distance.

The economic and physical components required can
be inventoried into the following categories (illus-
trated in Figure 1): MANNING (Labor operations and
Fleet maintenance support for machinery) ; FUEL LOAD;
and PHYSICAL PLANT.

Specialized Naval design requirements not depicted
in Figure 1 also exist. Primarily, they are uniquely
combatant or environmental in origin. In the former
category are such items as shock-hardening, radiated/
self noise, ete. In the laller category are requirements
for airborne noise and pollution control, habitability,

PAYLOAD

MACHINERY MANNING
{SPACE & WEIGHT)

FUEL LOAD (SPACE & WEIGHT)

MACHINERY (SPACE & WEIGHT)

FIGURE 1. PAYLOAD/MACHINERY ALLOCATIONS
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ete. However, both categories of requirements, com-
batant and environmental, can be treated as a given
part of the machinery requirements. On board logistic
support, not listed ahove, can also be treated as part
of the machinery requirements. Thus, the optimization
model can be expanded to include combatant, environ-
mental, and logistic design requirements within the
machinery requirements.

Target Goals

The traditional weight of machinery plus fuel load
criteria should justifiably be expanded to include the
total costs which must be allocated to the ship design
and construction and to the required logistic resources.
Cost, weight, and space factors are normally allocated
during the conceptual phase of a ship design. These are
legitimate costs chargeable to the machinery plant.
However, the ‘“irade-off” evaluation factors applied
are based primarily on Fleet experience, and will not
necessarily be compatible with the capability of new
design technology. Methods of evaluating and ranking
new installations with respect to attainable target
goals should be developed and applied as a routine fac-
tor in plant selection. The risk/cost function should be
included in every “trade-off” evaluation.

Review of current status of the principal character-
istics of propulsion plants currently in use shows the
following:

MANNING—To minimize the operational and main-
tenance factors, both the complexity and reliability of
equipment systems must increase. However, the con-
siderations are counter-opposed, and a balance must be
struck to optimize them which is a function of tech-
nology and automation. Manpower requirements for a
new ship design are developed in gencral accordance
with OPNAV guidance documentation. In recent new
ship design projects, top level manning limitations
have been established, thus placing certain design con-
straints on the machinery plant. These include:

1) An automated propulsion plant, with complete
monitoring and control of propulsion and aux-
iliary machinery from the central control station
(CCS).

2) An automated electric plant with complete CCS
control of prime movers and generators.

3) An automated damage control system including
monitoring and control of the fire-fighting sys-
tem, fire doors, ventilation system, and flooding
alarms.

4) Major preventive and scheduled maintenance
items to be accomplished by Shore-Based or
Tender support personnel.

The gross displacement of men is generally 3-5 tons,’
man and 500-600 cu ft/man. Minimization of these
values certainly has a cost payoff. However, there will
be a limit to the degree of automated design due to




