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1. Background

1.1

1.2

Soldier Enhancement Program

The U.S. Army has recently initiated a progranm to investigate technologices
that could enhance the performance of the individual soldier of the future.
Possible materiel enhancements include clectronic devices such as indi-
vidual voice and data communications, navigation and display deviees,
night-vision and cnhanced hearing systems, and weapon ranging and sight-
ing devices; individual chimatic conditioning for heat and cold extremes:
directed-cnergy weapons; and systems to enhance mobility and strength,
such as individual cquipment carriers or exoskeletal devices.

Power System Requirements

All such hardware items will require power for their operation. The elec-
tronics ttems alone might be powered by advanced batteries. But the ¢ch-
matic conditioning, potential directed-encrgy weapons, and mobility- and
strength-enhancement devices. alone or in combination with the electronics
items, will certainly require engine-driven, or at least nonbattery-type power
supplies. 1 have given an estimate of such power requirements in table i,
The specitie values are subject to change, as the result of detailed evalua-
tions bemng done elsewhere. Note that the gross power levels required fail
into two classes: an =1-hp class (assuming power for all electronics items
plus climatic conditioning plus accessory and conversion losses) and a 5- to
10-hp class tor exoskeleton or other mobility-ecnhancement devices.

Status of Miniature Engines

No engines in these classes are now available in the Army [ 1] or industry
that are suitable for the individual soldier 1o “wear on his back™ on the
battleficld. Such engines should preferably provide relatively low power at a
low weight and size, with low vibration, thermal, and noise signatures,
meeting stringent ruggedness and operational duration requirements. and
preferably using the militarily available diesel tuels, Such a combination of
features suggests that the solutjon is to develop special power systems for
this kind of soldier application. Appendix A 15 a complete listing and
discussion of the individual requirements, or evaiuation factors, for such
POWET systems.
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Table L. Individual soldier power—potential uses

Estimated Estimated  Estimated energy  Diesel fuel Fuel weight and
Item power duty cycle (per day) equivalent volume
(pimts at ——— e
(W) () (i day) (W-hr) (bt 2564) (b tn.t)
1. Voice & datia communication 20 003 20 96 3 0.07 0.07 20
2. Soldier computer 200 0.03 100 480 1,638 0.37 0.34 10.4
3. Individual navigaion 20 0.03 100 480 1,638 - 0.37 0.34 10.0
4. Night vision (IR) & 0 0.04 50 360 1.229 0.2%8 (.26 7.5
counter-surveiliance
5. Enhanced hearing 10 0.01 30 72 246 0.06 0.08 1.5
6. Helmet display 200 0.03 100 IR0 1.638 0.37 0.34 10.0
7. Weapon ranging, o0 0.08 30 32 1.474 0.33 031 9.0
sighting, & control
8. Microclimatic 00 0.27 70 3,360 11,468 Q.58 241 6.7
conditioning
9. Individual directed- 400 0.54 30 2880 Y829 221 2.07 59.7
Cnergy weapon
10. Mobitity -enhancement J000 0 54 30 28,8000 98294 221 20.7 597
device
1. Battery recharge N/A N/A As required  Included in basic — — —
pﬂ\\"k‘r
Total of items 1-8 REE U] — S.760 19.659 141 414 119.5

FPints/day at 25% efficieney: wsume tuel at 19000 brutb, 7.5 Wh/gal,

1.4 Army Engine Program

To address this power system deticiency, the Army’s Natick Rescarch,
Development, and Engineering (RD&E) Center commissioned the Army’'s
Belvoir RD&E Center (BRDEC) to conduct a “front-end ™ study of potential
power systems that might be suitable for the future soldier’s needs. This
report is a part of that study. A limited level of ettort and a short schedule
prevented extensive analytical evialuation, so the result is somewhat general

and subjective in natare. More time to develop and consult additional
reference materials should prove valuable during follow-on investigations.

1.5 Author's Relation to Project

During 1960 the author worked as a mechanical engineer tor the U.S. Army
Transportation Corps, conducting investigations in the arca of “light steam
vehicular power.™ During this period. 1 developed an appreciation of the
poteniial advantages of vapor- and liquid-cycle external combustion en-
gines, including their potential for compaciness, quict and etficient opera-
tion, and ability to burn any fucl. Some of the information used in this report
has been taken from reference material gleaned from the light-stcam-power
project {iles at that time.




2. Introduction

2.1

'I\J
N

Electrical

Types of Power Systems

Many types of power sysiems can be considered for mdividual soldier
applications. One possible classification scheme is given in figure 1. (One
type not shown is the direct energy-conversion systems—-thermoclectric,
thermionic., and magnetohydrodynamic.) This report focuses on the con-
tinuous external combustion engine technologies where the basic encrgy
source is a petreleum-based liguid fuel.

Internal Combustion Engines

Small internal combustion engines are available now from the model plane
hobby trade. They are inexpensive and they deliver attractive gross horse-
power-to-weight and size ratios on the order of 1.5 hp/lb and 3 hp/in.?
displacement (see fig. 2 and table 2). However, they have mimmal fuel,
cooling, and other accessory systems, they run on special fuel (alcohol and
nitromethane with oil added). they run at very high speed (10,000 to 30,000
rpm). they are somewhat difficult 10 silenee, and they are not designed for
long-duration dependable operation. BRDEC is investigating the necessary
modification and possible adoption of this engine technology. in addition to
“weed-whacker”™ type of two-cycle gasoline engine technology, for indi-
vidual soldier power uses. Bothv durable (long-lite) and dispesable (short-
life) internal combustion engine systems are being considered.
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Figure 1. Possible classification of some power systems.
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Figure 2. Hobby -type
internal combustion .
engime (Tower Hobbices B
Catalog. 1991).
8
Table 2 Typical hobby- Designation Sie Weght hp Spead hp ot hpdh .
grade m(.crmll . : an ) w/‘) (pnn .
combustion ¢ngine v
performance (Yowes (5 2JUNR-ABC 0.21 1020 IOX 30000 w3 A
Hubbies Catalog, 19910 (5. a0 e-ARC 0.40 R.00 o 15000 25 b
OS- 4081 ABC-P 04600 1130 150 13000 33 2
OS-618E-ABC-P 0.01 2044 200 o000 33 1o
O5N-O1ESR 01 2330 250 16,000 27 [.6
OS-1.OSESR .08 26,50 300 16,000 R [
OS-FV-120000 340C-Twan 1,20 A0 170 10.006 [ 0.7
ON-120 Surpass SPo4C 120 RIRTY 250 1000 21 [
2.3 External Combustion Engines
In contrast to the internal combustion engine, where fuel is burned directly
i the working Hud Gar), external combustion engines use a working thnd :
or substance such as water, steam, or air that s heated inone location and
then delivers s thermal energy clsewhere, similar to a home heating
system. External combustion engine design and development. in the form of .
the steam engine, preceded development of the mternal combustion engine
by over 0O years. ts continued development for mobile applications wis
slowed and essentially halted atter the second World War, by the successtul
development of the nternal combustion engine and us supporting intra- :
structure, the development of convenient electricity from kuge central
power plants, and by the mabiliny of independent cand often intractable) "
mventors to secure and sustan the financial support necessary to advancee Ry
the technology 2] External combustion eagines can be contrasted witk :
mternal combustion engimes as shown i table 3.




Table 3. Contrast of external combustion power systems with internal combustion power systems

Advantages

Phicadvantages

Essentially continuous combustion (rather than ugh
frequency imtermuttent cambustion)

Very low air pollution in terms of mtogen oxides, carthon
monovide, and unburied hydrecasbon enussions | 3]
Engine alone operates in themually insulated environment
(compared to water or we-cooled environment ot

intemal combustion engine)

Relatinvely low-temperature engine operation, SO0 FSO0C 1
teompared to fuel combustion femperature i imternal
combustion engmel

Refatively Tow-pressute opetation (compared to tuel
combustion and detonation pressures manterial
combustion engine)

Wide range of powet aviulable trom o single engie size
tdepends on capacity of heater tor wotkimy substanee)

Engines develop masimuin torque at stall and can be tun
10 reverse to produee brakimng torce taves
tansmissionless operation tor vehicular apphcanons)

Pay-as-you-go operation (engifie stops waet power
demand stops) naproves ceononiy

Abubity 1o burm any tael (particularty diesel tuen

Generally gquict operation

Not i common use: “new " technology s developmental status

Combustion heat must be nansterted through @ basrier to the
working substance

Requires steam generator (burner and boiten) separate from
engne

Past practice has been generally inethcient (exeept for certann
designs)

Past practice has been somew hat heavy and bulky

Proper lubrication is often ditticult

Controls and auniltary stems tend to be meae extensive than o
intemal combustion engine

Generally necessary o have “closed eycle™ opetation tecy cle
worhimg flud): this tends to create seabing proablens

2.4

Becavse the Army s now faced with a new requirement that will be
espectally difficult to mecet. end one that is positioned in a specialized
military field, it seems appropriate to reconsider the special advantages of
exicrnal combustion technology with an open mind. The advantages of the
external combustion engine, particularly its multifuel capability. quiet ¢p-
cration, and low pollution output |3], are attractive enough in view of the
individual soldicr application (and other applications such as robotic sen-
sors/weapons and special forces communications) that the Army should

Why Revive External Combustion Technology?

focus some research effort on seriously exploring its potential.

The potential disadvantages of external combustion systems listed in table 3
can be overcome by modern materials and design practices. such as the use
of advanced ceramic and mictallic materials, solid lubnicants and special
coatings, high-periormance seals from the spacecraft, nuclear. and wader-jet
cutting industries. and generally higher operating pressures, emperatuses,
and speeds than were used in carly practice. The fact that the engines are
small and intended for service n combination with a generator and battery
(and possibly electric or hydraulic drive systeins), which can be used to
level the electric load and tend toward constant-speed operanion, may also
prove 1o be an advantage for this application.

How to Revive External Combustion Technoiogy




3.

Exteirrnal Combusiion Engine Types

‘o
()

There ate four basic types of external combstion engings, classified ac-
cording 1o the working substance used: s, vapor, liquid, and solig. An-
other type. not having a shalt output and not considered here, uses an
clectricaily charged acrosol as the working medium [4].

Gas as Working Substance

The Surling external combustion power system, named for the Scottish
invenior of its high-cfficiency thermodynamice cycle, is the primary exampivc
that uses gas as & working substance. Gas Is attractive as a working fluid in
that it is relanvely casily handled (within the engine) and does not have
appreciable low-temperature storage and starting problems. Another advan-
tage is that it s refatively casy 1o make the power system operate m any
atiitude. Potential disadvantages of using a gas as a working tluid are that
relatively large quantities need 1o be transported. snd heat transter is rela-
tively less effictent than for the other types of working tluids, Thus., the
engine system’s pumping and heat wanster components tend to be sone-
what bulky. Also. gases such as belinm and bydrogen are desired for
improved performance. and their use -ohes eak-proof scals mandatory.
Natich RD&E Center is currently expl - g oniatare free-piston Sirling
cnzie technojogy for mdividuat soldicr s phcations uinder d caoitiact with
Mechanical Vechnology. Inc.. of Latham. NY. Natick will report on this
type of external combustion technology, so 1t is not discussed further in this
report,

Solid as Working Substance

At the other end of the working substance spectrum are engines that use a
solid as the heat-transter medium. The primary exaniple is engines made
using Nitinol memory metai wires or strips. Many diiterent contigurations

wed 15 91 The
red 15 9] They

NS can o

can operate on the reversible thermaody -

munic cycles, including the Lricsson oycle (constant-pressure heat ex-
changes) or the Stirling eycle (constant-volume heat exchanges). Two ex-
ample engine concepts are shownin figure 30 Ads antages of asolid woiking
substance are the absence of flutds needing to be sealed, and simplicity of
construction. Disadvantages include slow -speed operation (which translates
to tow power demsity) and refanvely low thermal etficiency: abow 16
percent at best. especially at the mited material strains needed o presernve
durability. Because of the significant disadvantages of using a solid working
substance with respect 1o the requivements for an individual soldier power
system, this type of engine is not recommended for further investigation,
amd is nor discussed further.
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Vapor as Working Substance

When vapor is considered as the working substance, the primary example is
the steam engine. (Some engines have also used tluorocarbon-based and
other working fluids.) Vapor-cycle engine systems generally operate by
converting the working substance between its liquid and gasceous form. This
allows for more compact pumping and heat-exchanger components than
when a gas 1s used as the working substance. Water vapor particularly is
readily available, highly characterized, and generally tractable, as demon-
strated by its tong and successful history of application. Disadvantages of
steam as a working substance include poor lubricity, problems accommo-
dating engine operation at below-treezing temperatures, and the need to
manaze the heats of vaporization and liguefaction when the working sub-
stance 1s constantly converted back and forth between the vapor and liquid
states,

Liquid as Working Substance

Very tew engines have been demonstrated that use liguid as the working
substuncz. An engine patented by W, B, Westeott, Jr. [10], and demon-
strated by the Cleveland Pneumatic Tool Co. around 1958 to 1960 (fig. 4) is
the major example T have found. It is buased on compressing, heating, and
then expanding a liquid substange such as accione on ain vil. The Compicss-
ibitity of liquids has long been used to advantage in springs for aircraft
landing gcar and punch press operations {11]. The advantages of a liquid-
cycle based engine are compact size because of the high working pressures
involved (1010 20 hp/in.? of engine displacement), no change of state of the
working substance, efficient heat transter, and suitabie lubricity (for certain
liquids). The major disadvantage is the high working pressure (10,000 to
30,000 psi) and associed high-performance seals needed 1o achieve ad-
CYUALC COMPIesSIon/eapilt 100 railos,




Figure 4. Liguid-cycle
heat engine | 10},
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4. Steam Engine Technology

4.1

4.2

14

Types/Classification

Hundreds of different configurations of steam engines have been built over
the last 200+ years {12]. These include reciprocating, rotary, and turbine
(steady-flow) units. Reciprocating engine designs include single-cyhinder.
in-line, vee, opposed-piston. and free-piston arrangements operating on
“two-stroke™ cycles, Steam is expanded in a single cylinder or muttiple
(compound) cylinders, using pistons that are smgle-acting or double-acting
(pressure applied to both forward and reverse stroke). Compound units may
reheat the steam between cylinders. Stearn has been admitted through slide.
rotary, and poppet-type valves. and exhausi can use the uniflow (exhaust at
bottom of stroke) or the counter-flow (exhaust at top of stroke) principle.
Exhaust can be discarded (“open-cycle™ as in railroad steam engines) or
recovered in a condenser (“closed-cycele™). Exhaust conditions can be con-
densing (mixture of water and vapor) or noncondensing (saturated or super-
heated steam only).

Condensers include vacuum units to allow additional expansion or eriergy
extraction, atmospheric pressure units, and units with regeneration to trans-
fer waste heat to the boiler feed-water. Boilers to generate the steam have
been of the fire-tube type (as n ratiroad and the Sianicy sican car plaiiis)
and water-tube type (as in central generating statzons and more modern
vehicular steam engines). Boiler circulation can be by natural convection or
forced by pumping, as in the once-through “flash™ boilers used in vehicular
light steam power plants and some domestic hot-water heaters.

Status of Light Steam Power

Except for central power-generating stations and power plants for some
large ships, stewmn or other vapor-cycle engines are rarely used today. The
potential advantages of steam power for modern ¢ cial vehicular
applications are far outweighed by the disadvantages of attempted competi-
tion against the deeply entrenched and highly advanced internal combustion
vehicular engine technology. It makes sense to consider vapor-cycle techi-
nology only for special applications. such as power for space platforms and
new military systems. The individual soldier power systems are just the type
of application where a void exists in engine technology, and an open mind
can seek fair evaluation of all appropriate altermatives.

A review of past mobhile steam power practice reveals that steam lost out to
diesel and electric propulsion for raiiroads because steam locomotive power
tailed to modernize in a timely manner. The tire-tube botlers emiployed up to




the very end of the era could not operate at the high piessures and tempera-
tures required for efficicnt thermal performance. The Doble and White
steam automobiles and the Bessler Corporation’s steam-powered aircraft
did use forced-circulation water-tube boilers, and they advanced mobile
stcam propulsion to a fairly high level. The Doble car was noteworthy for its
relatively highly developed automatic control system, and Bessler was
noted for his efficient and lightweight boiler designs [13]. However, these
companies also did not modernize to the extent necessary to compete. They
failed to employ the highly efticient uniflow [14.15] engine design practice
(see the excerpt from Barnard et al {12], app B). similar 1o the U.S. aute-
makers™ recent failure to employ, in a timely manner, the multivalve per
cylinder internal combustion engine technology advanced by Japanese auto-
makers, Ayres and McKenna have written an excellent book [ 16] covering
all varicties of vapor-cycle engines and other types of potential power
systems for vehicular applications.

Perhaps the closest anyone came to being competitive in modern vehicular
stcam engine technology was the engine developed by the Williams Engine
Co. of Hatfield, PA, between 1932 and 1970 {17,18]. The Williams engine
employed high-pressure (1060 psi) and high-temperature (1000°F) steam,
generated in a monotube flash boiler. 1o drive a high-compression, unitlow,
single-cxpansion, noncondensing, multicylinder, poppet-valve engine at
high rpm (see excerpt from Wisce [19], app B). The uniflow engine pressure-
volume cycle is similar to the air-standard diesel thermodynamic ¢ycle.
wherein residual exhaust steam in the cylinder is isentropically compressed
to boiler pressure and high temperature, thereby providing wdeal conditions
for preserving (and perhaps increasing) the energy in the incoming steam. A
pressure relietf valve built into the cylinder head of the Williams engine (fig.
5) is used to regulate peak pressures, and direct oil injection in the cylinder
wall is used to provide proper lubrication under the high steam temperature
conditions,

A four-cylinder 56-in.* Williams enginc. used to power a city bus through
the hills of Pennsylvania, reportedly gave better performance than the
original internal combustion power plant. Various lab tests of Williams
engines have supposedly given thermal efficiencies in the range from 30 to
3% percent.

Performance Potential and Resolution of Problems
The Williams high-performance engine echnology is suggested as the
starting point for the design of miniature advanced vapor-cycle power plants

for the Army’s individual soldier power applications. It is expected that high
overall system performance can be sustained by (1) employing high-speed
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Figure 5. Williams
cngine pressure relief
valve arrangement [17].
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operation of a small engine; (2) using modern ceramic and metallic materi-
als, modern solid lubricants and antiwear coatings, and modern high-tem-
perature-insulation materials; and (3) employing advanced heat exchanger
and burner practice, along with modemn electronic control systems, 10 re-
duce the size and weight of boiler and condenser components. The recent
development of graphite pistons by Mercedes Benz [20), to improve sealing
and lubrication and to reduce friction in the infernal combustion engine, is
an example of modern technology that is expected to be of significant
benefit to advanced vapor-cycle engines.

Miniature steam turbine engine technology might also be considered for
evaluation against the requirements tor the individual soldier power system,
‘This report does not pursue this option, since the very-high-speed operation
and the large quantitics of steam traditionally required by this tyne of engine
would probably be insurmountable disadvantages for a miniature power
system. However, there may be special steady-tflow engine designs, un-
known to this author. that could overcome these disadvantages.




4.4 Comparison with Evaluation Factors for Individual Power
Systems

Table 4 gives a preliminary evaluation of potential vapor-cycle engine

technology against the individual soldier power system requirements or '
evaluation factors from appendix A. The vapor-cycle power system is S
expected to meet or exceed all requirements, though it will probably be
slightly more expensive than an internal combustion engine solution, and
special design and operating practice will have to be used to meet the all-
attitude and cold-temmperature requirements.

Table 4. Vapor-cycle engine preliminary evaluation

Factor Pros Cony
Cost Developrent costs expected to be hittle ditterent than tor any new  Producton costs expected to be somewhat
miniature high-performance durable engine systeo. higher than for intermnal combustion
Muaintenance costs may be slightly less because of demonstrated engine because of cost of steam
long life of steam engines. generator, specit conol system. and .
special materials, Overall, estumate 15- N
) 205 premium Tor this technology over
internal combustion engine.
Weight Weght of this tugh-performance engine system -s expected to be Steel wall be basic constiuction matenal 1o
competitive with other technologies of equivalent low poise get durability and performance at high
and diesel fuel performance. Estumeted system weight temperatures and pressures. Not as .
tincluding fuel) for 24-hr operation at 166 W avp. power is =20 lightweignt as air-cooled alumiaum
1b. model atrpiane engines.
Signature: Nouse is expected o be small (for cquivalent suppression) because  Intrared sipgnature is expecied 1o be equivalent
noise extemal combustion systems are inherently gquiet (s are home to other engine systems m tiat the

clectromagnetic
infrared

visual system required after startup. Hopb-efnciency combustion will low, but combustion temperature s
give exceptionally clean exhaust. aimilar. Signature will be higher than tor
battery-only system. —
Safety Air pollutaats from exiernal combustion systems are the lowest Fuel-combustion temrerature and exhaust are
achievable. Pressure of working fluid is not dangerous because sinnlar o any engine sestem. 1ot
of exceptionalty small volume and packaging shiclding. surfaces wilt have shields and guards.
Vibration, Opposed-piston engine design is inherently balanced to high degree. Vibranon and gyto forees shoutd be

gyroscopic forees
Atttude
Shelt lite

. Integrated jogistics
support

hesting systers). Electromagnetic signature s expected to be
slight in that there is no high-voltage continuous gnition

All compoenents ae very smalt and speeds are moderate for
engine of this sise.

Expecied 1o be amenable 1o operation at any attitude, as is nonual
for aircraft engines.

High grade materials shocld permit mdefinite storage tme without
fluds.

Special fuel s not requited: diesel is used. System will be designed
for a long hfe as tradinonally demonstrated tor steam power
systemis. Low costand smid) size will permit easy returs and
exchange of detective inits,

overall thermat eftficiency s similar.
Peak engine temperatures are relatively

neglignble, though more thay for a
hattery-only system.

Design tor operation n any attitude is
expected o be didhiculs,

Fuel, oil, and water will be required to be
installed upon 1ssue.

Routine mamtenance will be needed as for
any engine system. Detailed
operation/mainteninice manual should
permit any engine mechanie to service

system.
Relabality/ Maintenance aanual can be stored in soldier’s computer. Steam Prlot hght will be required to protect against
availality/ engines are traditionally rugged and operate tor long penods freezing temperatures, but all

maintainability

Size

Starting/restarting

Efficiency

wilhout matntenance.

A high-performance engine system 1s expected to tit ina shoe-hox
stize volume of ~0.3 £ 3, Packagmyg will provide cuase of
handhing and use.

Starting will be automatic w the press of a button. Restarting will
be automatic, just as it is for home heating systems.

This 1s an efficient engine systen; expected thermal performance s
similar to that of a hign-perfornmance diesel engine. Nominal
fuel consumption 1s estimated at less than .03 pal/hr.

componenis except condenser are
thermally insuiated.

Systemn will probably not be as small as a
disposabile model ab plane engine.

Proper opetating temperatuie for full load
should be reached 1 about 5 - 10 seconds.

High temperatures and pressures (1000°F,
1200 psiy are required for ctficient
operation.




5. Vapor-Cycle Engine Approach for Individual Soldier
Requirement

5.1

5.2

System Block Diagrams

Block diagrams for a steam plant for individual soldicr power use are shown
in figure 6. It is assumed that a motor-generator would be used for engine
starting/restarting and electrical power production. It also serves as the
cngine flywhecel. The system battery would be Jarge enough to meet all
system power requirements, not only for engine stating, but also for all
operations, including driving the refrigeration compressor, during periods
of up to a half hour, whenever “silent”™ and low-thermal-signature conditions
must be met. It also serves as the major load-leveling device to accommo-
date needed power surges and other transient requirements. The refrigera-
tion compressor for cooling can be driven directly by the engine to save an
additional electric motor and improve cfticiency. A modular arrangement
has been devised. wherein the compressor or other auxiliary items can be
attached externally. as required by the mission.

The blower is assumed to fulfill the air-handling requirements for the
condenscr as well as the burner. The contro! system box includes all sensors
and actuators that would be required tor tuily automatic control of the
various pressure, temperature, and flow-rate functions. A feed-water preheater
component (probably part of the condenser) is assumed to provide recovery
of available exhaust heat from the engine. An alternative approach to waste
heat recovery (which is not considered further in this report) 1s to employ i
miniature exhaust-driven steam turbine to power some of the engine

ACCLSNOTICS.

Mission Profile

Prefiminary requiremenis for mdividual soldier mission powcer, obtained
from BRDEC, arc shown graphically in figure 7 tor a nominal 300-W
system having a 25-percent overload capability. (100- and 700-W systems
are alsa suggested, but the 100-W requirement can probably best be handled
by batteries, and the 700-W requirement would be a simple extension of the
300-W system.) The average power and cumulative energy requirements for
6-. 12-. 18-, and 24-hour mission scenarios are also shown, again assuiming
the nonminal 3CC-W system.




Figure 6. Vapor-cycle
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Engine Sizing and Configuration

Appendix C (sect. C-1) shows how engine size can be determined based on
assuming a peak output capacity of 375 W, a motor-generator and refrigera-
tion compressor efficiency of 70 percent. an engine speed of 9000 rpm, an

engine accessory requirement of 100 W, and an engine mechanical efti-
ciency of 85 percent. These values result in an engine indicated power of 1.0
hp. Compared to etficiency assumptions discussed later (see sect. 5.8), this
power level is expected to be conservative by about 25 percent. Volumetric
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Kioure 8 Racic vanar.
Figure 8, Racic vanos
cycle engine

configuration.

sizing of the engine depends on the indicated mean effective pressure
(IMEP) during the engine cycle. If an IMEP of 100 psi is assumed (basced oni
typical practice). an engine swept volume of (.44 in.¥ is obtained,

A wwo-cylinder opposed-piston ¢ngine configuration, having a common
stcam-admission arca, s proposed to obtain good control over the high
compression ratio desired (=30-35 1o 1), to consolidate the high-tempera-
ture portions of the engine for best thermal management, and to provide

optimum balance of reciprocating forces, The result is an engine bore of

0.75 in. and a stroke for cach piston of (0.5 in. Based on conventional internal
combustion engine practice, an engine of this size should not have any
problem attaining the 9000-rpm speed requirement.

A full-scale layout of the suggested cngine configuration is shown in figure
8. The “cross-head™ piston contiguration allows for the high-temperature
ceramic or graphite piston crown 1¢ be separated from the low-temperature
section attached to the lubricated connecting rod. The two pistons are
synchronized by means of four spur-gears, although a high-performance
belt or chain might be considered for this function during detailed design.

All gears are shown as the same size, but they can be made different sizes if

needed to drive auxiliary loads at higher or lower optimum speeds. The
central engine component is about 1.0 in. in diameter and 5 in. long. s s1z¢
will mcrease when the valves, mlet and exhaust manifolds, and certian
accessory items are added.

Steam Generator and Fuel Tank Sizing

Prebminary sizing of the steam generator (app C, sect. C-2) is based on an
assumed engine thermal efficiency of 20,5 percent, a boiler efficiency ot 87
pereent, and an excess boiler capacity of 50 percent. Normally. detailed
thermal calculations would be done 1o determine the boiler size, but a
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preliminary estiimate is obtained from performance parameters reported by
the Bessler Corporation [13]. a company known from the 1930°s for their
pood monotube boiler designs. Bessler reported demonsirated heat rates of
1.25, 2.0, and 3.0 million btu/hr per cubic foot of voiler volume. Assuming
a value ¢f 2,000,000 bru/hr/f?, a volume of 14 in? is obtained. Further
doubling the volume o account for the small-size plant yields a steam
gencrator size of 3 in. in diameter and 4 in. long. Peak steam rate is
estimated a 9.6 Ib/hr, which allows for vapor-cycle thermal efficiency to be
as low as 17.7 pereent.

I arrived at the preliminary sizing for the tuel vank (app C, sect. C-2) by
assuming 633 btu/in.? of diesel fuzl, and an average daily power rate of 166
W. These assumptions yield a tank size of approximately 186 in.3 (6 x 8 x
3.9in.). holding 0.8 galions.

Other Components

Table 5 lists the various componenis assumed for a general engine system
arrangement; table 6 gives a summary of various factors aftecting the fuel
supply, and table 7 summarizes performance of the complete power system.
Assumed sizes and weights for the components are also given. Some of
these values, espectally the weirghts of the heat exchangers, may not be very
accurate. Ttis recoenized that the heat exchanger components (primarily the
condenser) are normally a major factor in determining the weight and
volume of a steam-posvered system. Design calculations need to be done to
obtain better preliminary sizes for these components. A wet weight of
approximately 21.5 1b 1s estimated for the power system, when we assume
enough fuel for a 4-kW-hr day. An updated estimaie of the fuel required is
about 0.65 gallon, so the capacity of the fuel rank was made to be about 0.7
gallon. The motor-generator size is an estimate based on HDLs hand-
cranked generator developments for the U.S. Special Forces and other
information on this subject obtained tfrom BRDEC. The rechargeable sys-
tem battery, used for starting, load Ieveling, and a half-hour “run-silent™
mode, is conservatively sized at 2 Th and 21 in.? for an =200-W unit having
a capacity of about 100 W-hr.

General System Arrangement

A layout of the general arrangement of the preliminary power system is
shown in fivure 9. Itassumes a box of 6,25 x 8.25 x 10 in. (0.3 1) 1o contain
all the system components, including an L7 -shaped fuel tank for 24 hours
of operation, and an allowance of 105 in.? for a removable refrigeration

module. The epgine-generator and vapor-cycle system components are
packaged in a volume of 0.14 {1}, Obviously many differem arrangements




Table §, Estimated vapor-cycle engine component sizes for general system arrangemient
Item Diameter Length Huoight Width Volume Weight
(n.) an.) (in.) (in.) (in.Y) (h)
Moior-generator — 7.00 7.00 5.00 245.0% 0.3
housing
Fuel tank —_ 1325 1000 1.25 165.0* 0.3
System battery — 7.00 1.00 .00 21.0 2.0
Control circuits — 7.00 7.00 0.50 245 0.4
Preheater — 7.00 1.00 1.25 8.8 0.7
Condenser — 7.00 5.00 1.00 35.0 0.8
Water tank _— 7.00 1.00 10.25 71.8 0.
Air filier — 7.00 5.00 0.25 B.% 0.1
Controller — 1.50 1.00 1.00 1.5 0.5
Engine — 6.50 1.75 2.00 228 35
Cooling module — 7.00 3.00 S.00 CL0s.0% TBD
Motor-generator 2.0 2.50 -— — 7.9 2.0
Steam generator 3.00 4.00 —_ — 283 30
Cooling fan 2.50 1.50 — — 7.4 (.3
Water pump 2.00 1.00 — — KR 0.4
Fuel pump 1.0 1.00 — — 0.8 0.2
Throule 0.75 1.00 — — 0.4 0.2
Miscellancous parts — — — — — 1.4
Water — — — — — 0.3
Fuel =4 kW-hr — — - — 151.2 5.0
Total of * values: 0.3 113
Total: 215
Table 6. Basic values Parameter Unit Value
and conversion factors - - -
for fuel system Volume conversion in. gl 23
! . Heat/electricity conversion btu/AW-hr 3413
i Fuel heating value btuAts 19,000
' Fuel weight/pal ib/gal 7.7
Specific volume in b 30.0
Specitic weight ibin3 0,033
Heat per volume bufin.? 633
Heat per pallon bru/pal 146,300
Electrical energy/volume W-hr/in.? 186
Electrical energy/weight W-hr/ib 5.567
Table 7. Power system .
performance summary Parameter Uit Value
Average power reguired W i66
Overadl thermal efficiency i 14.2
Heat input require 1 biu/AW-hr 24035
Average heat rate btu/hr 3.990
Fuel required galfhr 0.0273
Fuel weight raie Ih/hr 0.21]

Fuel volume rate in. e 6.30
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Figure 9. Preliminary general arrangement for vapor-cy cle power system.




5.7

Figure 13. Basic engine
cyele analysis.,

can be pursued with the goal of optimum packaging. However, more de-
taifed design of the components and their interrelationships needs to be done
before an optimum packaging design effort could be fruitful.

Thermodynamic Analysis

A thermodynamic analysis for the vapor-cycle power systein, using a steam
engine as an expander, is given in appendix D. Beginning with specitied
feed steam conditions of 1200 psia and 1000°F, an assumed exhaust pres-
sure of 16 psia, and an engine compression ratio of 28 : 1, the amount of
steam supplied to the engine is varied until the desired IMEP, such as 100
psi, is obtained (fig. 10). The resulting portion of the piston stroke during
which feed steam is admitted (referred to by the term cutoff), the amount of
tfeed steam, and the overall efficiency of the ideal Rankine vapor cycle are
subsequently deternmined.

The analysis was done for several cases of inierest, mcluding a half-power
case, a double-power case, conditions of higher than normal exhaust back-
pressure, and an altermative volumetric compression ratio of 33 ¢ 1. Selected
results from the analysis are presenied in table 8. The 100-psi IMEP case has
acutoff of 2.5 percent, 6.8 Ib/indicaied-hp-hr of steam consumption, 11,900
btu/kW-hr cnergy consumption, and an overall thermal efficiency of 28.4
perceni. Addiitonal amadysis was done o esiinmaie ineiiictencies in ihe
engine cycle. the condenser, feed-water heater, boiler piping. and engine
inlet valve, The result was that the thermodynamic efficiency of the actual
vapor ¢ycle was 3 1o 4 percent below the ideal value. The ideal etficiency
exceeded 30 percent at the higher compression ratio of 33 : 1.

IMFP
2 3 175 |- F
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. =100
ML P ,J
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Typical uniflow Simple work diagram
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IMFP = indicated mean icrward pressure
IMCP =ndicated mean compression pressure

1-2 = compression sireke
2-3 = steam adnussion
3-4 = expansion strohe
4-1 = exhaust

Work = A}~ indicated mean effective pressure
=05~ (175-75; =50 -Ib
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Table 8. Selected results Half Nominal  Twice High- Higher

from vapor-cycle system Case Units power power power Pressure compras-

analysis ¢xhaust sion
IMEP psi 50.0 100.2 200.1 100.1 99.4
Compression ratio to | 28 28 28 2¥ 13
Exhaust pressure psia 16 16 16 19 16
Entropy — 1.5742 1.6047 1.6183 1.6263 1.6287
Exhaust quality G 87.7 59.9 908 922 91.5
Pressure 2 DSl 875.0 926.3 9493 1169.5 1193.1
Temp 2 °F 775.8 859.7 898.8 G84.6 996.7
Feed weight Ib (1.535 1.057 2.207 (.898 1.017
Cutoft G (.74 2.582 6.19 318 315
Cutoff ratio o1 1.20 1.6% 2.67 1.86 2.01
Temp 3 °F 869.5 940.6 9734 992 8 998.6
Expansion ratio tol 23.34 16.66 10,49 15.00 16.44
Pressure 4 psia 2597 36.24 60.14 39.35 35.47
Gross work biu 193.73 397.76 802.52 347.14 404.14
Specific work bru/tb 36197 - 376.22 363.70 386.42 397.52
Net work btu/tb 358.30 372.55 360.04 382.74 39385
Water rate Ib/ihp-hr 7.03 6.76 6.99 6.58 6.40
Heat rate btufihp-hr 92148 8865.7 91708 8572.5 83907
Cycle efficiency Y 27.33 28.42 27.46 29.39 30,04

58 System Performance

Baged on these results, a final overall indicated thermal efficiency for a
vapor-cycle system is estimaied to be 26.5 percent, assuming an engine
operating with the proper compression ratio (prolably 33-35 to 1) to
optimize efficiency. Another loss to be considered n the overall power-
generation system is related to the thermal efticiency of the steam generator,
which is estimated at 87 percent. This value was selected on the basis that
some modem hot-water heaters and home heating boiiers do much better
than this.

A further loss is the difference between the indicated engine power used in
the analysis 1o this point, and the cngine ™'b
power used to overcome internal friction and relaied losses, and to power
various engine accessories, such as the control system and the condenser-
cooling-fan/burner blower. These losses combined are estimated to be about
18 percent of the indicated engine output (compared to the separate but
more conservative values of 15 percent for engine efficiency and 100 W for
accessory power, which were used to size the 1-ihp engine per app C, sect.
C-1). When all the above losses are considered, only about 19 percent of the
energy available from the tuel appears as input to drive the load.
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A final loss mechanism is the inefficiency in the electric generator and
retrigeration system. This is estimated at 25 percent of the power input 10
thcse elements. Thus, the overall soldier power plant thermal efficiency is
estimated to be

E=100x0.87%x0.265%0.82x0.75=142% ,

as illustrated graphically in figure 11. This translates to a required heating
value input of

3413 bil_x/l(W-hr
0.142

= 24,035 biu/kKW-hr

of actual work delivered to the soldier. For fuel at 19,000 btu/lb and 7.7
Ib/gal, the fuel rate for an average power output of 166 W is 0.21 Ib/hr and
0.027 gal/hr, as summarized in table 7.

i ¥ 1 1
Energy available Energy Electrical
to drive load: delivered to & cooling

Energy  18.9% load: 14.2% energy output
available i I
for work: +
23% — ‘Energy loss in generator
- — & refnigerator: 25%
. )
Energy ioss to mechanical friction, accessories: 18%
Energy Pump. plp&’& valve loss
available from Engine thermodynamic

steam: : inefficiency

87% [

Energy available
from fuel
=5550 W-hr/lb
=180 W-hr/in.3 )
100% Energy loss in
vapor-cycle
szftgm Energy loss from
19.07% ~

vapor-cycle system
(ideal thermodynamics)

\

Energy loss in
steam generator: 13%
i

Figure 1§. Energy stream for vapor cycle powered system.
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6. Liquid-Cycle Engine Technology

6.1

Summary of Available Information

The status and viability of liquid-cycle engine technology 1s undetermined
av the present time. The limited scope of this study did not permit extensive
literature review or design analysis. A report by the Cleveland Pneumatic
Tool Co. [21] (and associated patent [ 10]) is the major item obtained, and it
15 not available in the public literature. However, the principle of a liquid-
cycle engine may be useful in future research efforts, so the information
from Cleveland Pneumatic [21] is presented here to stimulate analysis and
further evaluation of the concept. Two other hiquid-cycle engine patents by
Westeott [22,23] relate to this technology. as well as two patents by Malone
[24,25] and a recent extension of the Malone concept by White et al [26].

The Cleveland Pneumatic report [21], written in 1960, was a “preliminary”
repoct/propusal [27]. Tt contains only a few short paragraphs and some
llustrazions. The relevant passages of this report are as follows:

Cleveland Pneumatie has been actively engaged n the design and manufacture of
liquid springs over a period of the last ten years. These springs work on the
compressibility of liquids at pressures up to 50,000 psi. They are currenily used on
the USAFF-104 in the landing gear shock absorption system and the Polarts shock
mitigation systea,

The development work on liquid springs led 1o the study of the possible use of the
compressibility and thermal expansion of liquids to convert heat to work. A liguid
thermal engine has the potential of delivering large horsepower trom a relatively
small engine. It has the capability of extracting heat energy and converting it to
useful work when refatively 1ow wemperature differentials exist.

Over the past two and a hall years, feasibility studies have been completed and
veritied by Dr. RLE Bolz, head of the Departiment ot Mechanical Engineering at
Case Institute of Technology. Dr. Bolz's analysis of one of the proposed tluid
cycles, which was completed two years ago, is included as an appendia of this
report. The engine performance indicated by Dr. Bols's analysis has been consid-
crably improved by development work over the past two years,

Figure 12 1s o composite of two figures taken from the report [21]. Tt shows
a test setup for compressing, heating, expanding, and measurmg the tem-
perature and volume ot a fluid, and the resulting pressure-volume dizgram
from a test conducted on “Cellulube 1507 fluid. Figure 13 is a “heat
balance™ diagram for a liquid thermal regenerative thermodynamic cycle
from ihe report [21], and some simple calculations for efficiency (34.6
percent) and specific engine size (19.8 hp/in.3) condensed from those in the
report,
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Figure 12. lustrations from Cleveland Pneumatic Tool Co. paper [21] on liquid thermal engine.

The values in figure 13 appear to be speculation on the part of the author of
the Cleveland Pneumatic report [21]. The efficiency is about twice as high
as the values derived by Bolz, whose analysis is reproduced in appendix B
(sect. B-3). Also, the value of the heat input, Q;, (32 btu/lb), when divided
by the 150°F temperature difterential shown for the heater, results in a
specific heat value for the fluid that is about half as large as expected for a
petroleum-based tluid. This small specific heat, when used in the simple
analysis of figure 13, would yicld an efficiency about twice as large, and an
engine size about half as small, as would an expected value of specific heat.
Furthermore, the indicated efficiency of 12.2/32 = 38.1 percent seems too
ciose 1o ihe theoreuical Camot efficicincy of 42.5 perceiit for the specificd
temperature differcnce (480 - 80 = 400°F) to be realistic.

Bolz’s analysis (app B-3) refers to “a separate enclosure™ and *the original/
referenced report”™ in support of part of his apalysis. These items were not
available. He also uses values for the properties of acetone taken from an
article by P. W, Bridgeman [28]. Six graphs of these acctone data are
included with the repori [21], but they are not reproduced here.

Representatives from Western Gear Corporation, a contractor tor the Army’s
Transportation Research Command in 1960-61, visited Cleveland Pneu-
matic Tool Company at that time and observed an experimental liquid-cycle
engine in operation. A recent conversation [27] with one of the mechanical
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designers on the liguid thermal engine project at Cleveland Pneumatic
revealed that they did not have problems with the high-pressure seals on
their experimental engines. However, they did have problems with ineffi-
cient heat-exchanger nerformance that limited engine speed and reduced
thermal efficiency to much less than 10 percent.
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6.2

Engine Description

The cycle of the liquid thermal engine consists of introducing a cooled
liquid at near atmospheric pressure into a cylinder and adiabatically com-
pressing the fluid with a piston 1o a high pressure (approximately 30,000
psi). The act of compression increases the fluid's temperature. The fluid is
delivered to a high-pressure heat exchanger, in which the fluid temperature
is further raised at constant pressure. The heated fluid is introduced to a
cylinder where it is adiabatically expanded against a piston to the original
low pressurc, and in doing so performs useful work. Part of this work
consists of compressing the cooled liquid as mentioned initially, and the
excess energy is used as a prime mover. At the cnd of the cycle, the
expanded {luid is exhausted. cooled, and transferred to the compression
chamber, and the cycle repeats. The operating cycle of the engine is two-
stroke. The up-stroke exhausts the expansion cylinder and permits or causes
the compressing cylinder to be filled with cooled liquid. The down-stroke,
caused by the expanding hiquid, compresses the cooled liquid and also
delivers the engine output.

As shown in figure 14, a composite of the simple and the regenerative
engine schematics from the Cleveland report [21], and also in figure 4, the
cylinder/piston combination is of the conventional double-acting type. The
cylinder volume at the piston rod end is used for compression, and the larger
volume at the other end of the cylinder is used for expansion. This balances
the force of compression so that only net work is delivered to the crankshaft.
The expansible fluid is delivered to the cylinder, by means of suitable
valves, when the piston is near the top of its stroke. After a spectfic amount
of fluid is admitted. the valve closes and the compressed tluid expands to
force the pision to the end of the stroke. Because eaergy in the form of heat
is added to the fluid in the heat exchanger, the expanding fluid exerts a
greater thrust on the piston than required to compress the fluid below the
piston. ‘T'his extra thrust is used to pertorm usctul work because the piston
rod is coupled to a crankshaft and flywbeel system. Flow of the tluid
through the various siages of the cycle is accomplished by valves timed
from the crankshaft rotation.

Acetone was chosen for Cleveland Pneumatic's initial engine design be-
cause of its retatively high coefticient of thermal expanston. However, other
liquids. such as silicon oil, may be more desirable in that they couid be
nonflimmmable, noncorrosive, and self-lubricating, could reduce leakage,
and could provide improved thermodynamic properties. Another possibility
would be to introduce a small amount of an inert gas such as helium into the
working fluid. so as to favorably affect compressibility and expansion.




Figure 14. Schematics of
liquid thermal external
combustion engine [21].
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Advantages and Disadvantages

Advantages of a fiquid-cycie ihenmodynamic power sysiem could be as

follows:

Relatively low working temperatures, of about 400 to 800°F
Relatively efficient heat exchange due to liquid-to-metal interfaces
Quiet operation, owing to stecady-state condition of the working fluid
Small engine size due to the high mean effective pressure

Relatively slow speed operation, of about 1000 to 3000 rpm

Simple starting and operation




Disadvantages of the liquid-cycle system would be expected to relate to the
following:

Efficiency may be low because of the low peak-temperature level, although
the exireme pressure conditions n.ay offset this effect to some extent.

High operating pressure will require special sealing techniques and possibly
result in high seal friction forces.

At least one high-pressure heat exchanger will be required, and this will add
weight to the power system.

Throtiling of fiuid through high-pressure valves may result in high energy
losses and unacceptable wear of seating surfaces.

Relatively low coefficients of expansion and small compressibility of the
fluid could result in some critical relationships between respective volumes
within the engine and heat exchanger elements, an  may require rather close
control over some of the temperature conditions,




7. Liquid-Cycle Engine Appreach for Individual Soldier
Requirement

The liquid-cycle external combustion system is similar to the vapor-cycle
system in terms of engine sizing, types of components. ¢tc. Assuming the
lower limit of Bolz’s analysis value of about 10 hp/in.? at an engine speed of
1000 rpm, an engine ot 1 hp (indicated) would have a cylinder volume of
oniy 0.1 in.* at this speed. A more realistic speed for an engine of this size
would be 3000 rpmi. The result is a displacement of 0.033 in.?, which
translates to a bore and stroke for a single cylinder of about 0.25 in. diameter
by 0.67 in. long.

Although heavy-walled structures are needed to contain the very high
pressures involved, the small scale of the components is an advantage, in
that small size results in higher strength-to-weight ratios. Thus, the weight
penalty normally associated with high-pressure systems may not be as
significant for a system sized to produce a net output of oaly 0.5 hp.

The general arrangement for a liquid-cycle power plant would probably be
similar to that for the vapor-cycle plant shown in tigure 9. The names of the
components would be modified appropriately, the engine configuration
would change to be similar to that shown in figure 4, and a regenerative heat
exchanger might be added. The heat source would probably need to be
designed to achieve close control over the fluid temperature, and 2 hydraulic
accumulator may need to be added. A modern synthetic fluid, perhaps with
some entrained gas, would probably be used as the working substance. The
overall weight of the power system is expected to be close to that of a
comparable vapor-cycle system, whereas the size of the system might be
smaller.

Designing a liguid-cycle engine and power system is expected to require
:;;gn;h(_d;n n gnnnpu There is rela nnmlv little standard nrag tice on which to
base the design. However, there is a good body of literature on high-
pressure technology (see Tsikhis 129]. for example), and much progress has
been made in the last two decades in high-pressure water-jet cutting technol-
ogy [30]. where the pressures used are similarly high. The task should begin
with a study to select and characterize the best fluid or fluid system to use in
the design. This shodld be tollowed by a rigorous analysis of the engine and
the entire liguid thermodynamic cycle, including realistic encrgy-loss mecha-
nisms for each of the components. It the concept survives to this point, then
detailed design of a rescarch engine should be done, followed by construc-
tion and testing of an experimental model, !




8. Conclusions

Table 9 1s a preliminary comparison of the vapor-cycle system with pre-
suimed Stirling and internal combustion power systems for the individual
soldier. It shows that the vapor-cycle system is essentially competitive with
these alternative technologics, and it could be a better choice depending on
the specific mission. At the current stage of development of these concepts,
comparative estimates have so much probability of error that such detailed
conclusions are unwarranted, other than to point out that additional research
needs to be done on all three candidates.

The vapor- and liquid-cycle engine technologies potentially offer a distinct
combination of advantages for soldier system power. These are quiet and
efficient operation, dicsel fuel compatibility, compact size, a broad power
range, and long-duration mission capability. However, these advantages
probably come at a slight penalty in cost and weight compared to an internal
combustion engine system. Another consideration is the fact thai these
technologies have to be developed much further than does the internal
combustion technology, which already has a partially established industrial
basc.

The vapor-cycle engine technology is especially viable and of reasonably
fow deveiopment risk, Selection of the proper baseline design and the
application of modern component technology is expected to eliminate any
problems or disadvantages residual in the prior art. Liquid-cycle engine
technology is not nearly as advanced as vapor-cycle engine technology, so a
larger investment in research will be required for its potential to be fully
explored.




Table 9. A comparison of internal combustion, Stirling, and vapor-cycle power plants

Evaluation Weight  Internal combustion Strling Vapor cyclet
factor enginel”
Raw!  Weighted Raw®  Weighted Raw  Weighted

Cost 18 70 1260 100 1800 P10 1980
Weight 14 85 1190 1006 1400 115 1610
Signature/ 9 115 1035 100 90X) 100 900
Size 9 70 630 100 900 80 720
Saicty 4 105 420 100 400 105 420
Forces 4 115 460 100 400 100 400
Attitude 5 110 550 100 500 120 600
Shelt lite 7 100 700 100 700 100 700
ILS & fuel 8 135 1080 100 800 100 800
RAM 7 130 910 100 700 119 770
Starting S 110 550 100 500 100 500
Production base 6 70 420 100 600 100 600
Power range 4 R0 320 100 400 70 280
Totals 100 1295 9525 1300 10,000 1310 10,280

QFactor welghts are subjective, as are raw scores.

Pinternal combustion engine is modificd single-cvlinder model airplane type., running on special fuel.
Vapor evele is opposed-piston reciprocating engine and shafi-driven gencrator.

A0n raw score, lower is betier, higher is worse.

CHBaseline s a perceived Sierling sysicm whacliis d ficimictically sealed Jree piston design with intornal ineur
eenerator.
IBold fuctors are strengths of vapor-cycle svstent.

Comments

Examples: for unweighted values, cost of internal combustion (ICY engine is expected to be about 306 lower than
Sterhng and 40% lower than the vapor-cyele (VC) engine: the VC engine is expected to be about 209 smaller than
the Sterling and 10% larger than the intermal combustion; production base for the 1T engine i+ anticipated to be
about 30% better than for the extemal combustion systems, but fuel and ILS problems are expected 1o be about 356
preater; et

Conclusion: All three systems are within 14 on the total of the raw scores, but the 1C engine comes out about 7,59%
ahead of the VO systeny when weights appropriate for the bascline seenario of the soldier system are applied.




9, Recommendations

Because the Army is faced with a need that is new and especially difficult to
mect in a specialized military field, it seeras appropriate to reconsider the
special advantages of external combustion technology with an open mind.
The particular advantages of multifuel capability and quict operation are
attractive enough in view cf the individual soldicr application that the Army
should focus some vescarch effort on scriously exploring its potential. It is
recommended that the Army explore both vapor- and liquid-cycle technolo-
gies, by analysis and laboratory experiment, to the extent necessary to
validate their capabilitics and to establish their viability for applications that
may requite their unique combination of characteristics.

The following topics are recommended for university research projects to
explore and advance the technology of high-performance vapor- and liguid-
cycle external combustion engine power systems for individual soldier
applications of the future. Each of the topics is visualized as a modular task
at the level of effort of a graduate student thesis.

* Refine a mathematical model of a high-performance uniflow steam engine,
ncluding detailed energy-loss mechanisms, and determine the best design
characteristics for the target application. (See recommendations in app D.)

* Refine a mathematical model of a hiquid-cycle engine, including a study of
optimum working tluids, and determine the best design characteristics for
the target system.

o Design aminiature once-through “boiler™ for heating the working substance
at optimum efficiency and power density.

» Investigate miniature high-performance burner technology and design an

P T PR HPS D N ST S AT TCUUCEE USRS
OPLHTIULIL DUlies Sy siemi iUl use willy a nrinngidie POWCL NYSLCTHT DOLIEL,

« Based on the most advanced heat-transfer component technology. design
miniature high-performance air-cooled heat exchangers/condensers tailored
for application to vapor- and liquid-cycle power systems.

* Analyze the perfornmance of Rankine vapor- and liguid-cycle power systems
based on the detailed design analysis done for their expander, heat-ex-
changer. boiler/burner, piping, valving, pumping. and insulation compo-
nents.

*  Design an optimized control system for fully automatic and safe operation

of a mintature vapor-cycle power plant,




Investigate optimum matcrials (metals, ceramices, thermal insulation, lubri-
cants) and scal technology for application to durable, high-pressure, high-
temperature, steam- and liguid-cycle power system components.

Investigate design configurations for the most practical method of achieving
closed-cycle operation (with no loss of working fluid) and any-attitude
operation of vapor- and liquid-cycle power plants.

Demonstrate miniature steam engine technology by designing. building,
and testing an experimental engine of 1 to 2 indicated-hp capacity. including
appropriate steam generator, condenser, ete, components, that would be
suitable to pewer a model wirplane. (This topic would require a level of
effort equivalent to three or four of the other tasks.)

Demonstrate miniature liquid-cycle engine technology by designing., build-
ing, and testing 2 laboratory experimental engine of 1 to 2 indicated-hp
capacity. (This topic would require a level of effort equivalent to three or
four ot the other tasks.)
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Appendix A. Evaluation Factors for Individual Power
Systems*

*The material in this appendix has been adapted from a simitar documen: prepared by the Belvoir Research,
Development, and Engineering Center (BRDEC).
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A-1.

Introduction

The selection of potential technologies for use in individual power svstems
for the future soldier must take into account all the various factors that have
been used to evaluate military power systems over the past several decades.
Though the factors used here are generally the same as those used previously,
their relative tmportance is tied to the individual soldier application. The
military application and the fact that the system will be worn or carried by the
individual soldier makes these power supplies considerably different from
those used for most commercial purposes. The following factors are consid-
ered to be important for the early stage of development:

Cost

Weight

Signature

Safety

Vibration/gyroscopic forces
Attitude effects

Shelf life

Integrated logistic support (ILS)
Reliability/availability/maintainability
Size

Starting/restarting

Efficiency

These factors are not truly independent, since there is a large degree of
interaction among them. They are meant to guide the selection of designs and
technologies away from those thay are obviously not appropriate for the
individual soldier application. They should not be considered to preclude the
investigation of promising power systems, just because some of the require-
ments cannot be met today. Hewever, when a particular power approach is
deficient, any effort to correct the deficicncy shotld be considered irom ihe

aspect of cost and realism.

Before discussing each of the factors, it is helpful to discuss the miliiary
environment to help point out the extreme difficulty of meeting ali the
possible requirements. The military environment is taken to mean any
environment where the soldier will use the power system. It covers ihe
temperature extremes found worldwide and altitudes from below sea level to
thousands of feet above sea level. One consideration is that the density of air
(and the oxygen content) can vary by a factor of two from sea level and —65°F,
to 8000 ft and 95°F. Other mihitary environment concermns are in the areas of
blowing dust/sand, salt tog/spray. and chemical/biological agents. These
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cnvironniental conditions must be considered when applying several of the
cvaluation factors to various power suoply candidates.

Cost

The cost factor is perhaps the least definable yet most important factor in the
long term. Although high cost may be acceptavle when enhanced perfor-
mancc 1s attained, the expected decline in future Army budgets makes cost a
prime consideration. Life-cycle cost is related to many of the other factors
delineated below. Considering the technological barriers, it may be a matter
of whether it can be done, rather than how much it will cost. It a particular
technology has prohibitive costs at this time, a manufaciuring methods and
technologies program could be instituted. H material costs are prohibitive,
rescarch programs aimed at specific items will be needed. The cost will be
considerably affected by the quantities, which cannot be known at this time.

Weight

The weight of the power system must be minimized. The weight of all the
various pieces of equipment that the soldier must carry on the battletield is
already a substantial burden. The addition of various new pieces of equipment
will not relieve the need for much of the current inventory, particularly in the
non-power-consuming area. The weight factor is influenced by power
requirements (peak, continuous, and average) and by the time between
resupply/refueling. Weight should be considered fromi the perspective of total
mission weight, which includes unit weight, the weight of fuel, and the weight
of any other expendables required for missions of various lengths.

Signature

Scveral categories of signatures may be affected by a power source and need
10 be evaluated.

Nowse sighature. The noise generated by the power source can be furihier
broken out into noise that is a heaith hazard, noise that will interfere with
communications, and noise that will render the soldier detecuable by enemy
tforces. General policy states that personnel should be provided an acoustic
environment that will notcause personnelinjury, cause fatigue, or inany other
way degrade overall effectiveness. The first two categories of noise are
covered by various human-engineering documents. The third category,
detectability, is more difficult to specity, since it depends on environmental
conditions, irequency spectrum, and the capabilities of the opposing forces.
The future threat may be equipped with amplificd, trequency-selective
enhanced-hearing devices, so the power system noise should not contain
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bands or characteristics that are significantly difterent from the natural
background.

Electromagnetic signature. This category involves the same three issues as
the noise discussed above. A health hazard assoctated with the power source
is not considered to be probable but does need to be considered. Electroimag-
netic signals can interfere with communications signals either sent or re-
ceived by the soldier. The solcier will also be vulnerable to detection if
clectromagnetic emissions are present.

Infrared signature. One of the most difficult signatures to suppress for a
power source is its infrared (IR) signature. No power source is 100-percent
efficient, so that some waste heat is given oft. Present IR detection devices are
sophisticated enough to detect, at close range, small objects thatare enly afew
degrees above or below ambient conditions. Future opposing forces could
have quite formidable IR detection capabilities, so the power system will need
a high degree of suppression in this arca. Generally the IR signature should
be patterned 10 simulate background environmental conditions.

Visual signature. Detection by visual means is o threat that is continual and
requires no special equipment, although the enemy may use vision enhance-
ment to aid detection some of the time. This threat can be defcated by typical
camoutlage methods; however, designs should avoid obvious shortfalls such
as shiny surfaces or sharply contrasted packaging.

Safety

The safety and wellbeing of the individual soldier is one of the primary
driving forces of the soldier medernization program. Providing a power
source that is inherently dangerous to the soldier cannot be justified. The
soldier will need to be protected tfrom any detrimental effects of the power
source, such as high temperatures, toxic exhausts, dangerous chemicals/tuels,
electric shock, or fragmentation/explosion of the system or its components.

Vibration/Gyroscopic Forces

The power source may produce vibration or gyroscopic forces that affect the
soldier. MIL-STD-1472 does not specifically cover the vibrations caused by
such equipment, but it does recognize that vibrations may impair human
performance and could decrease effectiveness. Gyroscopic forces should be
limited so that the soldier retains full freedom of movement without exerting
additional eftort.
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A-7.

A-8.

A-9.

A-10.

Attitude

The soldier may have to run, dodge, jump, crawl, and do other motions that
will drastically change the attitude of the power source and/or its fuel supply.
The adverse eftects of changes in attitude must be considered in designing the
power system.

Shelf Life

The units must be storable in a nonoperating mode when not required. Any
special equipment or facilities needed for storage should also be considered.

Integrated Logistic Support (ILS)

The current trend to reduce the number of personnel in the armed forces will
require each soldier to have greater capabilities and be more effective. Since
support personnel make up most of the force, the power system will have to
require minimum support. In other words. it would be foolish to provide a
tenfold increase in the capabilities of the soldier, if it meant an associated
tenfold increase in required support personnel. Consideration must be given
1o the requirements for training, spare parts, manuals, special tools, and the
other elements of ILS. A key factor in the ILS area will be the fuel used; the
use of any special fuel should be coordinated within the logistic supply
community as early as possible, to avoid proceeding with arechnical solution

that will not be logistically supportable.

Reliability/Availability/Maintainability

The power source must be reliable, easily maintained, and available when
required. These factors are interrelated and are also closely tied to the ILS
aspects of the system. For high rehability, the system should be simple,
rugged, and capable of operation in all environmental conditions. Simplicity
of design and operation will also improve maintainability. It would be
desirable to incorporate maintenance procedures in the soldier’s personal
computer, but since the unit will not be operable during most maintenance,
this may be impractical. On extended missions, parts such as filiers may need
to be cleaned in place, or spares may need to be carried to support missions
between resupply periods. There are no current required values tor the
necessary reliability and availability. However, similar systems in command
and control technology have extremely high values for operational availabil-
ity that are generally met through redundarcy. The aspects of environment
discussed cartier will have a large timpact on this factor.




A-1l.

A-12.

A-13.

Size

The size of the unit, which is closely tied to its weight, risks inhibiting the
soldier during the performance of his tasks or increasing his target size.
Another consideration is the carrying requirecment. The system should be
designed to provide maximum easce of handling and should provide a package
that distributes the weight so that the center of gravity is near the spinal axis.

Starting/Restarting

The method and time required to start and restart the system is an important
consideration. The method should be simple and quick. The user will need to
determine if startup time is critical, since some systems will take more time
to be brought up to the operating temperature needed to support the full load.
The eftect of numerous start/stop cycles should also be considered.

Efficiency

Efficiency is closely tied to weight, since a less efficient system will require
more fuel (weight) for a given mission. This relationship is not necessarily
linear, since the type of fuel used may be difterent. A high-efficiency system
could require more pounds of fuel if the fuel is low in energy density.




Appendix B. Excerpts from Literature on
Earlier Technology
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B-1.

Uniflow Steam Engine

The following extract 1s reproduced from W, Barnard, F. Ellenwood, and C.
Hirshield, Hear Power Enginecring. John Wiley & Sons, third edition (19206),

part I, pp 388--390.

2.3.2. Uniflow Engine. (2) This type of engine was invented'” in
1885 by T. J. Todd of England but remained undeveloped until 1908
when Professor Stumpt, of Chzu‘lmlcnhur%: University. succeeded in
making ita highly perfected prime mover. 1¥ Since that time others have
medified it to suit special conditions so that it is now widely used for a
variety of purposcs.

(b) The wraesual feaiures of the engine may be noticed by referring
to Fig. 209, The piston s of the box type having alength equal to about
90 per cent of the stroke: and when near the end of its movement it
uncovers the exhaust ports located around the middle of the cylinder,
thus taking the place of the exhaust valve. By having the exhaust all pass
out through these central ports. the admission ends of the eylinder and
the clearance surfuces are not cooled by the outflowing steam, asthey are
in the usual “counter-flow™ type of engine. Furthermore, by reducing the
time during which exhaust occurs, the amount of eylinder condensation
1s still turther decreased. The exhaust period may be kept very short
without causing any appreciable increase in the back pressure becuuse
the arca of the exhaust ports is relatively large. Anoiher means of
preventing (or reducing) eylinder condensation on these engines is the
use of the steam jackets on the heads and part of the walls of these
cylinders. Also the clearance is Kept extremely small, the compression
ratio is very large, and highly superheated steam is commonly used. Al
these factors combine to minimize the cyhnder condensation or to
chminate it altogether, cven though the engine be run condensing with
a high ratio of expansion.

«
E
1
3

(a) (0)
Armon e

Fi16. 209.—The Umflow Engine.

" See “The Uniflow Fngine.” hy [-. B. Perry, Proceeding: of inst. Mechanical
Engineers (British), July, 1920, p. 73]
HSee Professor Stumpts book, " The Uniflow Steam Engine.™

N
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(¢) The admission valves shown in Fig. 209 are the double-beat
poppet type, but other kinds are also often adopted. The poppet type
allows highly superheated steam to be used and the double beat teature
permits a smaller 1ift to be employed for a given area of opening. The
piston functions us the exhaust valve, as already
noted.

{dy The indicator diagrams from cach end of
the cylinder of a condensing engine will be similar
to those shown by (q) and (M) in Fig. 209, The
compression nust necessarily begin very carly
because it is controlled by the closing of the ex-
haust ports by the piston.

It the engine is run non-condensing with the
large compression ratio that is used with the con-
densing type, the compression pressure is likely to go much higher than
the admission pressure, as shown by the dotted line 6-7 in Fig. 210.
This would be very andesirable. and consequently the uniflow type of
engine is built in a variety of ways to take care of this feature in
case it becomes necessary to run the engine non-condensing. Thus,
extri clearance is often introduced by means of a special valve that
opens automatically when the compression pressure exceeds the ad-
missicn pressure. Sometimes some of the compression steam is by-
passed to the other side of the piston, and in certain engines small
auxiliary exhaust valves are employed.

(¢) The sizey of uniflow engines that are in use vary widely. There
are large numbers of them under S00 horsepower. and many above
1000. Recently a 30.000 horsepower unitlow was built.

(D) The chiet advantages of the uniflow ¢nginge are:

Fio. 210.

(1) The thermal efficiency is high because the cylinder condensation
is small, and because the mechanical efficiency is large even
though a high ratio of expansion is used.

(2) The indicarc? steam rate at three-quarter load is only shightly
more than at call load: and at 25 per cent overload, and also it
half Toad, it is only about § per cent greater.

(3) The engine itself, its floor space and toundation are much /esy
costly than for the compound engine of the same cconomy.

(4) Itis simpler 1o operate and less expensive to maintain than is the
compeund of the same economy.




B-2. Williams Steam Engine

The following extract is reproduced with permission trom C. Wise, Steam 1s

Back, Machine Design Mag- 5 B
azine (29 August 1968), p 22. | ' - :
STEAM IS BACK " '
e 4 ..‘.-;_.:'...'

Williams: Exceeding
Theoretical Limits?

Using methods which are by no means gbvious, the
Williams Engine Co. has achieved extraordinarily
low water-rates (and high efficiencies) in small, re-
<iprocating, singie-expansion steam engines. The ther-
modynamic explanation given by the inventors is
almost certainly incorrect, and ro one seems tc have
offered a satisfactory explanation.

In the Williams engines about 2,3 of the steam
remains in the cylinder after the exhaust phase; on
the return stroke it is compressed and reheated.
Since the compression ratic (<6.6:1) is greater than
the sxpansion ratio (18.6:13 the ultimate temperature
of 1,492 F is higher than the feed steam temperature
of 1,000 F. Work done on the recompressed =teéam
is recoveied when the hotter compressed steam raises
the temperature of the feed steam, resulting in more
eifident utilizadgon of ity heot conrent,

It can be shown that in an ideal Rankine engine
that this ‘split” cycle neither increases nor decreases
the overall enthalpy efficiency of the energy-conver-
sion process. But in practice it appcars that the
Williams engines do, in fact, perform better than
the ideal Rankine cycle.

It has been determined that for each pound of
compressed steam in the cylinder, 0.56 lb of feed
steam is added before (109;) cutoff. For these con-
ditions, the theoretical Rankine thermal efficiency
should be 258% However. a shop test on a 56-cu
in., 4-cyl Williams engine showed the test result
given ir the table on Page 26. Although this remark-
able thermodynamic performance cannot easily be
eapiained, it secmis {5 be an cmpirica! fact worthy
of attention.

The present-day Williams engines—-which would
be similar in gross detail to other modern reciprocat-
ing engines—are single-ucting, uniflow models with
four vertical cylinders arranged in-line over a crank-
shaft. Inlet and exhaust valves are operated by con-
necting rods controlied by cams on the crankshaft.

There are several power ranges. cerrespoading to
several degrees of cutoff, which the operator can
choosc at wiil (like changing gears). For startup,
a 20-259, cutoif is needed, while for sustained high-
speed driving a 109, cutoff is sufficient. Maximum
torgue is obtained with a 709, culoff.

The eagine can be reversed by changing the phas-
ing of the cylinders, which is accomplished by engag-
ing an appropriate cam. This permits dynamic
braking. The engine operates on an open cycle, but
with a reiatively small condenser (35 1b for a 300-1b
engine); water consumption is only about 1 gal per

TEST RESULTS ON WILLIAMS ENGINE

Steam pressure, gauge (psi) 1000
Load on Clyton Dynamometer (Ib) 66.25
Engine speed (rpm) 2500
Feed system femperature, measured by

calibrated theimocouples with Leeds

& Northrup porentiometer {F) 981.2
Exhaust pressure {psi) 14.7
Exhaust temperature (F) 300
Weight of exhaust steam collected in

2-pass Ross condenser {Ib/hi) 203
Power, indicated (hp) 36.23
Power, dynamometer (bhp) 31.5
Water rate, actual {Ib/bhp/hr) 6.44
Thermal efficiency, calculated () 38.8

Data compiled by Dr. Robert U. Ayres.

hr at variable speed operation, or 10 ga] for 500 mi.
The monotube steam generator, which burns diesel
fuel, No. 1 fuel oil, or kerposene, weighs app:oximately
250 b, It can praduce steam enough to move the
car in 20 sec and develops a full head of steam in
Jess than 1 pun.

Apart from its remarkable efficiency, the Williams
engiue incorporates several engineering innovations.
One is a valve, buill into the engine, which auto-
matically matches engine compression to feed-steam
pressure. Without such a mechamism a unitlow steam
engine connot operate smoothly under rapidly vari-
able load conditions—the engine tends to “buck” or
stall.  This problem particularly vexed Doble, who re-
portedly attributed his company’s failure to not hav-
ing solved it.

Williams has offered to sell complete steam-pow-
ered cars, fitted with 185.cu in. engines on a Chevelle
chassis, for youghly $7,000 for the engine or $10,000
for the complete vehicle




B-3.  Bolz’s Analysis of Liquid Thermai Engine Performance

The following extract is reproduced from a paper (Liquid Thermal Engine,
Internal Report No. 1258, 11 May 1960). obtained from the Cleveland
Pneumatic Tooi Company of Cleveland, OH, in 1960. The analysis makes
reference to data on acetone obtained from P. W. Bridgeman.!

Ip w. Bridgeman, Thermodynamic Properties of Twelve Liquids Between 20° & 807, and up to 12,000 KGMisq-cm. Proc.
Amer. Acad 49 (19114). 1-114.
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The CLEVELAND PNEUMATIC ToOL Commany e e s e ey

SUPPLEMENT TO LIQUID THERMAL ENGINE PERFORMANCE ANALYSIS

Analysis of Constant Preasure Cycule

The uperation of this engine devised by Cleveland Preumatic is described
in & separate enclosure along with the preliminary mechanical design of &
practicable engine. The engine follows the Brayton cyclo given in Figure 1.

In this cycle liquid is adiabatically
compressed to & predstermined preseure
and by means of a cliack valve
B C dglivered to a heat exchanger system.
Hot fluid is simulteneously deliverad
10 to an expansion cylinder at pressure
| Pn = and, after the delivery valve
chsea, is expanded adiabatically
back to the original atmospheriec

preassure PD - pA.

A D

> v !
Analysis of thls cycle can be easily performed using ons of ths equations '
of the original report which this discussion supplement.s.

Lccordinglys D T
Net Work = -/ pdV + pB(Vc - vB) -] pdv
J© A

Or from equation (6) page (7) of thas reference repcrt

/kv ’5-) pdp - kV (C") pdp + pg (V-Vp)
C=B

C !_pz
y CDCD(C-)(-—"'——)'kAB AB‘C"“"T_’

+ py (V5 = Vp) (1)

The heat added iam

e

Oy - cp 8 o (2)

l and the officiency is, of course; the ratio of Eq. (1) to Eq. (%)

77 "E'S—Y HHTQZ;u (3)




Thoo CLEVELANG PNEUMATIC Toot Comipany

I) Nuwsrical Calculaticns of Cycle Using Acetons - Bridgemen's Data
Conﬂ.ﬁ.m of Probles

1) Take p‘ -0

2) Taks py = 3000 kg/on® @ ¥ 13,000 pei

3) Taks T, = 0%

L) Asoume cp/cv imvariant

S) Take v‘ w1l om’

6) Take T, - 325°C

7 The uni.t of mASS upon which Bridgeman's deta are bancd is that
mass which occupies 1 cm® wolums at p = Py T « 0°C

Data

1) C,atp =Py = 19.5 kg-om/%k for ths quantity of mass in (7)
above

2) Take C at p = 3000 kg/cm® = 16 kg-om/%k

3) k‘B-h.‘xlo“

L) k. o =7x10 ~® (axtrapolated conservative walus for high temp)

5) Vg = .89k

6) vA g @ +9L7 = .95 .

7 -v+,%_Cu-vn+s.sxlo"‘x125—.963
8) VyevV 015‘ T =V, ¢ 1,6 x 107 (90) = 1.1k

9) vC-D - 1.05
Then for thase operating conditions
- _ 3000°
Wep ® (7 x 1,05 « L2 x .95) .86 x 107 x 22+ 3000(,963-.59k)

= (63.4-3L.L) L.5 + 207 = 130 + 207 = 337 ‘_‘g%!‘.

For an engine operating at 1000 rpm (two.stroke cycle) we get:

. .
WP e 331X jajzz x 2.5° 3% =|12 HP per mj Piston Displacement

Efficiency = IE%HFY -|17%




The CLAVELAND PNEUMATIC TooL Commany cssms

I1) As a 8scond Example Aasume AT = 200°C
Conditions of Problem

A1l other conditions are the same a3 in (I).
Data

1) cp during heat input stroke take as 16 kg-cm/%k
2) kv ka2x10"®
3) kp* 8 x 10™® (conservative extrapolation)
L) Vg .89
5) V,pg= 95
6) Vo= Vg 5.5 x 107 x 200 = 1,00
VpeV,+Lébx 1073 x 150 = 1.2,
I 8) V,p =112

9) C'/CIp - 86

-3
~

-
Net Work = (8 x 1,12 = Lu2 x +95) +86 x 207 x 258" + 3000(1.00-.85L) |

« 193 + 316 = 511 kg-cm

=[18.5 HP jt 1000 rpm engine apeed

Efficiency = 1-5-%” ={16% [thermal eflicisncy

These efficiences are without regenuration. It is felt that with good
reganeration this efficiency may be increased by 50% and theoretical values
of 25% obtainsd. Again, I fesl that fi'ictional losses in the cylinder and
heat exchangers will not be large and with good velving a reasonable portion
of the theorstical efficiency may bs cbtained--perhaps 15% to 174 for ths
ocycle efficiency.

Mo part of the engine, ap designed to date by Cleveland Pnsumatic,
appesars (o pressnt eny insurmountable snginsering problems. Ingenmuity and
axperimsntal experience ars nocessary to minimise engine and heat transfsr
sizes ard weighte 2nd the ability to cope with the high pressures needsd
far good efficiency is, I believe, just & matter of experiencs.




Appendix C. Calculations to Determine Preliminary Size of
Vapor-Cycle Engine and Power System Compenents
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C-1.

Engine Size

The nominal output power requirement is 300 W, and 25-percent excess
capacity is needed for 1-hour periods. Thus,

peak capacity =300 x 1.25 =375 W .

Assume an efiiciency of 70 percent for the high-speed motor-generator and
refrigeration compressor. Then,

net power = 375/0.70 =536 W .

Assume that the engine operates at a speed of 9000 rpm. Average net torque
equals net power/speed, so we calculate

§16>< 12 x 33,000 (ft-lIb/hp) =50 in-ib

746 (W/hp) x 21t x 9000

Assume that the accessory power required for the engine pumps, fans, and
controls is 100 W. Then,

engine brake power = 536 + 100 =636 W ,
and
engine brake torque = 5.0 X 636/536 = 6.0 in.-1b .
Assume that the engine mechanical efficiency is 85 percent. Then
engine indicated power = 636/0.85 = 748 W = 1.0 hp
=42.5 btu/min ;
also,

IMEP x volume x rpm

12 x 33,000

horsepower =

where IMEP is indicated mean effective pressure.

Rearranging, the swept volume or engine displacement 1s

hpx 12x33,000 _ 1x12x33,000 _ 44 . >

pmx IMEP 9000 x IMEP ~ IMEP




Substituting typical values of IMEP produces the following;:

IMEP (psig) Volume (in.3)
44 1.00
50 0.88
88 0.50
100 0.44
150 0.30

Inan actual engine, thie power can be varied from a nominal value by changing
the IMEP using variable inlet valve timing.

Assume the nominal IMEP equal to 100 psi to give an engine displacement
0f 0.44 in.3 Also, assume a two-cylinder engine configuration of horizontally
opposed pistons in a common cylinder in order to obtain good balance for
smooth operation and better contrel of the high compression ratio (=30 : 1).

This results in a displacement of 0.5 % 0.44 = (.22 in.? per cylinder.
Assuming a piston stroke, s, of 0.50 in., the cylinder bore is
(4V/ms)03 = (4 x 0.22/m x 0.50)"5 = 0.75 in. = 0.44 in.2
where V = volume.
C-2. Steam Generator Size

From the preliminary engine size of 1 ihp or 42.5 btu/min, and an assumed
engine thermal efficiency of 26.5 percent, the inpt . heatrate to the engine will
be 42.5/0.265 = 160 btu/min.

Assume a full-load boiler cfficiency of 87 percent. Then,
net boiler heat input = 160/0.87 = 184 btu/min .

Assume an excess capacity for contingency and growth potential of 50
percent. Then.

gross builer heat input =184 x 1.5 = 276 btu/min = 16,600 btu/hr .

The Bessler reference! gives demonstrated heat rates for modem forced-
circulation flash boilers of 1.25, 2.0, and 3.0 million btu/hr/ft}. Assume a
boiler heat-rate capability of 2,000,000 btu/hr/ft? tor this design. Then, gross
boiler size is .

16.600/2,000,000 = 0.0083 {3 = 14 in.3

YW.J. Bessler aad . L. Boyen, Design Study of a Steami Power System for a Landing Craft, under conrracs No.
2159(00) for the Office of Naval Rescarch, Amphibious Branch (30 September 1957 ).
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Since this is a smali-scale design, assume a size of double this volume, or a
net boiler size of 28 in.3 This is equivalent to a shape of 3 in. in diameter and
4 in. long.

From Keenan and Keyes,? steam at 1200 psi and 1000°F has an enthalpy of
1500 btu/lb. Thus, the peak steam rate is

16,600 x 0.87/1500 = 9.6 b/hr .

This allows enough steam for an engine efficiency as low as

42.5 btu/min/ihp x 60 min/hrx 1 thp
1500 btu/lb x 9.6 Ib/hr

=17.7% .

%
79

Fuel Tank Size

Assume that diesel fuel has a heating value of 19,000 btu/lb and a specific
volume of 30 in.%/lb. This results in a heating value density of =633 btu/in.?

At a peak boiler heat rate of 16,600 btu/hr, the peak fuel rate will be
16,600/633 = 26 in.3/hr .
The nominal fuel rate 1s

166 avg W/day y 16,600 btu/hr peak rate N 1
375 peak W/day 1.5 contingency factor ¢33 blu/in.3

=7.74 in’fhr = 186 in./day .

This results in preliminary tank sizes foroneday of 6 X 12 x 2.6 or 6 X8 x 3.9
in. At 231 in.%/gallon, these example tanks would hold about 0.8 galion.

2J H. Keenan and F.G. Keyes. Thermodvnamic Properties of Steam, John Wiley & Sons (1936).




Appendix D. Analysis of Vapor-Cycle and Steam
Engine Performance
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D-1.

Figure D-1. Simple
steam power plant and
Rankine vapor cycle,

Introduction

This initial analysis* is an attempt to estimate the thermal efficiency of the
vapor-cycle power system, the amount of stcam required, and the appropriate
cutoff or expansion ratio needed tor the specitied engine design. (Cutoff is the
end of that portion of the piston stroke during which admission of the ieed
steam occurs.) The analysis is based on “indicated™ conditions: that s, values
measured within the engine cylinder. This gives theoretical gross power and
efficiency. Net or “brake™ power and efficiency are treated in section 5.8 of
the main report.

The vapor-cycle system includes the steam generator (consisting of a boiler
and a superheater), an expander or engine, a cendenser, and a pump, as shown
in figure D-1. A temperature/entropy (175) diagram for the ideal simple
steady-flow Rankine thermodynamic vapor cycle is also shown.

The processes that make up the thermodynamic cycle are
Reversible adiabatic pumping process in the liquid pump
Constant-pressure transfer of heat in the boiler and superheater
Reversible adiabatic expansion ot the vapor in the prime mover
Constant-pressure transter of heat in the condenser

The usual type of expander is a steady-flow turbine-generator system. In this
case, the expander is an intermittent-flow reciprocating engine operating at
=150 Hz to expand relatively small quantities of steam (=7 Ib/hr). Under

3¢ —1000°F
Steam _ /
generator | "! - ‘| Engine .
(¢}
j“] [ ‘ﬁ
e 2
3
©
j
a
% 2 16 psia
[ N o
/1 2 216°F
Pump @ Condenser
] J

Entropy, §

*Recommiendations for improving the analvsis are made o section D-9.




steady-state conditions, the engine behaves in a fashion similar to the turbine,
as far as selection and analysis of a Rankine thermodynamic vapor cycle is
concerned.

The type of steam: engine to be analyzed is a high-compression, unitlow,
single-expansion, essentially noncondensing (se¢ sect. D-4) system operat-
ing on high-pressure, super-hcated vapor. The engine also operates ina cyclic
fashion, as illustrated in figure D-2. Here the ideal pressure/volume (P/V)
diagram is similar to that for the ideal air-standard diesel engine thermody-
namic cycle, exceptthat itis nora true thermodynamic vapor cycle, as shown
by the vertical line on the 7/S diagram,

Ideally the engine cycle consists of four stages:

1-2: areversible adiabatic compression process, where the residual exhaust steam
left in the cylinder is compressed to high pressure and temperature, as .
determined by the exhaust steam properties and the volumetric compression
ratio of the engine '

[§)
I

¢

a constant-pressure admission of steam from the boiler* through valvesin the
cylinder head

3-4:  areversible adiabatic expansion of the vapor in the eylinder after cutoff of the
admission process and until release of the steam to the exhaust process

4-1: aconstant-volume exhaust process. where expanded steam escapes into the
condenser through ports uncovered at the bottom of the ¢ylinder

D-2. Baseline Cenditions

Betore detailed analysis can begin, several parameters and clements of the
engine operating cycle need to be established. These are the admission
process, the exhaust process, the exhaust pressure, the feed-steam pressure
s .. Admis

Figure D-2. Single- mission
expansion uniflow steam

engine cycle, Adm Expansion
1S810N -
2 S510T 3 - Cutoft - o g
: 2 <3
[+ i <, s
] o 3 % I
o & i (o5 “
2 \Nork “ay, s Q % Compression
I (< 1S
@ 4 - Release o Q,
o C — flt

o
<< 76 N
@"S/o,) Exhaust Exhau\sl

1

Volume, 1 Entropy. »

— Strohe —————

*Theaerm “hoiler™ is used in place of the more corvecr term “steani-generator”™ o this fet.
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and temperature, and the engine compression ratio. First, assume that stcady-
state conditions prevail, and that compression and expansion occur along a
common cntropy line, as illustrated in figure D-2 (on the right) and the normai
stmple Rankine cycle for turbine-type expanders (fig. D-1). Thus, properties
of the residual exhaust steam in the cylinder, as the exhaust port closes,
determine the entropy value for the steady-state engine cycle. Conversely. the
amount of stecam admitted to mix with the compressed exhaust steam
determines the properties of the residual stcam at the end of the exhaust
process.

Admission Process

Assume for this analysis that the engine compression ratio is such that the
residual exhaust steam is compressed along this entropy line to a pressurc
condition that is lower than the feed-steam pressure from the boiler.* The
admission process, where the incoming steam mixes with the compressed
exhaust steam, can be handled in different ways. The method selected for this
analysis is illustrated in figure D-3. It assumes that there is no throttling of the
incoming steam to a lower pressure (this is treated in sect. D-7.2), and that
there 1s no pressure drop during admission. Tht s, the admission process
occurs at the feed-steam pressure condition of 1200 psia.

As shown in the Mollier (/8) diagram of figure -3, mixing during the
admission process increases the enthalpy (/1) and temperature ot the com-
pressed exhaust steam, and decreases the enthalpy and temperature ot the feed
steam until the thermodynamic balance defining the end of admission and
beginning ot expansion, point 3 or cutoff, is reached. Larger cutofts (longer
admission period) allow more boiler steam to enter, thereby changing the heat
balance and determining the final entropy for the expansion process. Thus, a
ditferent entrepy line for operation is defined for each new value of cutoft.
Each new value of cutoff also determines a npew value of mean effective

e s U o g3 M
v horsepower for the engine as shown in section D-6,

Exhaust Process

The exhaust process can also be handled in ditterent ways. The method
selected for this analysis was adapted fromadiesel engine exhaust process 1]
and is illustrated in the 2/S diagram of figare D-4. As shown, the steam that
cscapes through the exhaust ports at release is assumed to be throttled [2] at
constant enthalpy to the selected exhaust back-pressure condition. It then
flows to the condenser. The stean that remains within the eylinder is assumed
to expand isentropically to the exhaust back-pressure condition. It is then
compressed, without further condensation (see sect. D-4), trom this condi-
uon.

FCompression (o pressures greater than or equal 1o boiler pressuce is discussed in seetions -2 8,18 and D-9.
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D-2.3 Exhaust Fressure

D-2.4

Assume thatthe engine will operate atessentially “atmospheric™ (nonvacuum)
exhaust pressure conditions. Assume that there will be a slight back-pressure
in the condenser of 1.3 psi and that normal atmospheric pressure is 14.7 psia.
Thus, the nominal exhuust pressure for this analysisis Py =14.74-1.3=16.0
psia.

Freed-Steam Cornditions

Assume the boiler or feed-steam pressure to be 1200 psi and the temperature
to be 1000°F for this system. The desire is to have values that are as high as
practical in order to nicrease thermal efficiency [2]. Considerations of
material strength, weight, and lubrication and seaiing difficulties are involved
in the selection of these conditions. The Williams engine [3] discussed in the
hody f the report operated on 1000 psia and 1000°F steam conditions.




Figure D-5. Results of
steam compression

svavealna i
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Engine Compression Ratio

The eagine volumetric compression ratio is a critical design clement, as
snown in this anaiysis. The Williams engine used a 26 : | ratio. The desire is
to always compress the residual steam back to boiler pressure because this
maximizes thermal etficiency. However, boiler pressure can casily be ¢x-
ceeded, depending on the properties of the exhaust steam. Very high compres-
sion pressures make engine operation difficult, so special relief valves in the
cylinder head are used to automatically blecd oft compressed steam when the
admission pressurc is exceeded.

In order to simplify this prehiminary analysis, I selected a compression ratio
that is iow enough to prevent the steam from bleeding off during compression
for most anticipated exhaust condittons. In order to select an appropriate
compression ratio, 1 evaluated several cases for adiabatic compression of
steam. Since the entropy for the desired operating condition in the engine 1s
unknown, assuime thai § = 1.6239, which corresponds to feed-steam proper-
ties of 1200 psia and 1000°F. Initial condenser pressures assumed are the
nominal P =16 psia and « higher value, P| = 20 psia, that could represent the
increased back-pressure that might result from the higher volumes of steam
r.2eded at higher power levels.

Results for volumetric comprossion ratios of 28, 30, 33, and 35 to | were
calculated as shown in figure D-5. Note that compression from an initial
pressure of 20 psia causes the boiler pressure and temperature conditions to
be exceeded for virtually all the compression ratios evaluated. Based on these
results, a compression ratio of 28 : 1 is the nominal value sclected for the
analysis. A ratio of 33 : 1 is also cvaluated as a special case, because it
produces essentially boiler conditions when the exhaust pressure is 16 psia.

1400 ~=-=-=--========-- / .......................
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Analysis Process
The engine system analysis process is defined as follows,

Assume a value for the operaiing entropy line, S, that will give the desired
indicated mearn effective pressure (IMEP) for the engine.

With this entropy and the assumed exhaust pressure, calculate (by means of
interpolation from the steam tables [4]) the other steam propertics (v, &, and
T) at point 1, the beginning of compression. (Two of the properties are
indcpendent, and the other three are dependent at each point in the cycle.)

Assume that the engine cylinder is sized to hold exactly | Ib of steam at this
specific volume, v, so that V| = v, . In this analysis, capital // and V renresent
actual values, and lower-case /1 and v represent specific (relative) values.

Use the compression ratio R .= 28 : | to calculate v, =V, =V /R .

Use v, and S to obiain the other steam properties at point 2, end of
compression.

Use the steam properties at points | and 2 and the cylinder volumes at V, and
V, to determine the indicated mean effective compression pressure (IMCP)
from the change in internal energy of the compressed steam, as illustrated in
figure D-0.

Assume that the admission vaive opens at exactly top-dead-center of the
piston stroke and that the compressed steam is instantly pressurized to 1200
psia in the clearance volume.

Assume that the steam properties at the end of admission (cutoft) are 53 =S
and P4 = 1200 psia, and determine the enthalpy and specific volume of the
mixture of compressed and admitted steam at point 3, cutoft,

Assume that the admission process is adiabatic and conduct a heat balance
using the enthalpics at points 2 and 3 and the weight of the compressed steam

at point 2 to determine the weight of the steam admitted.

Use the total weight of steam and its specific volume at point 3 to determine
the cylinder volume, V. at cutofi,

Use Vyand Vy =V 1o caleulate the expansion ratio, R, and the specifie
volume, vy = "3")‘\ at point 4, release.

Ise vy and Sy = § to determine the steam pressure and enthalpy (24 and /1)
at release.




Figure D-G, Process for

calculation of mean
effective pressure for
steam engine.

P
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“—— Piston stroke dl v

(m)  Use the steam properties at points 3 and 4 and the cylinder volumes V, and V,
to determine the indicated mean effective expansion pressure (IMXP) from
the change in internal energy of the expanded steam, as illustrated in figure
D-6.

(n) Compute the indicated mean effective vorward pressure (IMFP) using the
IMXP and the area A = P(V,~V_j, &s shown in figure D-6.

(0) Compute the IMEP from IMEP = IMFP - IMCP and compare it with the
desired value from step (a).

(p) Adjust the value assumed tor the entropy line, S, and repeat the above process
until the desired value of IMEP is obtained.
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Engine Cycle Thermodynamics

An example engine cycle analysis for the conditions necessary to give
IMEP = 100 psi, the nominal case of interest, is as follows. First, a value for
the entropy line is selected as S = 1.6047 (previously determined by trial and
error). With P, = 16 psia, the other stcam properties at point 1 are found to be

P, =16.0 psia,

T, =216.3°F,

v, = 22.2447 fi3/Ib,
hy = 1054.0 btu/ib,
S, = 1.6047.

Note that this steam is not superheated. Its quality is 89.9 percent (10.1-
percent condensed liquid) in theory. In actual practice the sieam is probably
in a supersaturated condition wherein condensation has not had a chance to
take place because of the high-speed engine operation (=150 Hz) and the
slight amount of expansion into the condensation zonc.

Compression Analysis

To obtain the conditions at point 2, assume an adiabatic (no heat transfer) and
isertiopic (constaiii entropy) Coinpression process. An insulating jachet on
the engine and operation at such a high speed makes this a reasonable
assumption. Also, assume that the cylinder is sized to hold exactly 1 1b of
residual exhaust steam so that V| = 22.2447 fi}. Applying the specified
compression ratio, find v, = v|/K .= 22.2447/28.0 = 0.79435 fi*/Ib. The other
steam properties at point 2 are found to be

P, =926.3 psia,
T, = 859.7°F,

vy = 0.7945 f3/1b,
hy = 1427.7 btu/Ib,
S, = 1.6047.

Note that the desired pressure and temperature conditions of 1200 psia and
1000°F were not reached with this low compression ratio.

The area under the compression curve for this adiabatic and thermodynami-
cally closed system represents the change in internal energy. U, of the steam
caused by the compression process [ 5]. Internal energy is computed from the
enthalpy (/) valucs as tfollows,
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Since

h=u+pv ,
then
u=h-pv |,
and
A(.=Jp dv=AU
So

Since exactly 1 Ib of residual exhaust steam is being compressed, W =W, =
LV,=v,U;=u,H =hj,and V, =v,, etc. So,

U,=1x(1054.0 - 16 X 22.2447/5.404) = 988.14 bru
U,=1x(1427.7-926.3 x(.7945/5.404) = 1291.51 btu

and

I x(1291.51 - 988.14) x 5.404

IMCP = -~ _ =76.43 psi ,
1 X (22.2447 — 0.7945)

where 778.165 ft-1b/btu |6] and 144 in.2/ft2 are used to make the appropriate
dimensional conversions, and 5.404 = 778.1065/144.

Admission Analysis

To obtain the steam properties at cutoff (point 3), use the admission pressure
P+ = 1200 psia, and the constant entropy valuc S5 = 1.6047 to interpolate for
the other three values:

Py = 1200 psia,

T3 =940.6°F,

vy = 0.6491 ft3/lb,
hy = 1464.44 btu/lb,
Sy = 1.6047.

For an adiabatic admission process, the heat balance is
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where W) is the weight of the compressed steam and W, is the weight of the
feed steam. Propertics of the feed steam are

Pj-= 1200 psia,

T,=1000°F,

vy=0.6843 ft/b,

hy=1499.2 buu/lb,

Sr=1.6293.

Solving for the relative weight of the feed steam,

W, hy-h -
Tr T3T % 146444 - 14277 1.057 Ib/lb compressed steam

W, h—hy 14992 - 1464.44

The engine cylinder volume ar cutoff is
Vy=vy(Wy+ W) =0.6491(1 + 1.057) = 1.335 11},
which is

2»12—;22 7__9(; ’9/;52% = 2.52 percent of the piston stroke .

Expansion Analysis
The engine expansion ratio is
R =V, /V3=V,/Vy=222447/1.335 = 16.66 : |
The specific volume of the steam at relcase, point 4 in the cycle, is found by
applying R,:
vy =R vy =16.66 x0.649] = 10.8128 ft’/1b

Other properties of the steam at reiease are found from steamn table interpo-
lation to be

P4 =36.2 psia,

T, = 261.3°F,

vy =10.8128 fi¥/lb,
hy=1110.4 bu/ib,
Sy = 1.6047.

The IMXP is found by the samme process used for determining the IMCP as
follows:

IMXP = A JAV = AU/AV = (U3 = UV, - V)




So,
U, =W(1464.4 - 1200 % 0.6491/5.404) = 1320.3W btu -
Uy =W(1110.4-36.2 x 10.8128/5.404) = 1038.1Wbw
and

=7 (13_203_—-1()&%71;)574%01 =15 <i
IMXP =2.057 x 29 9447 — 1.335 150.2 psi .

From tigure D-0, W

IMEP = (A, + A)(V, - Vs) |
= [Pz(",3 - V:) + IMXP(V4 - Vg)]/(‘/,4 - Vz) 5
_ 1200(1.335 - 0.7945) + 150.2(22.2447 - 1.335)

15) + 150.2( = 176.6 psi
22.2447 Z0.7945 176.6 psi

Also from figure D-6, the IMEP is
IMEP = IMFP - IMCP = 176.6 - 76.4 = 100.2 psi

which is ihe desited value (since ihe proper vatue of § was piesclected for iins
example).

Exhaust Analysis

The properties of the steam exhausting into the condenser at 106 psia are found
by referring to figure D-4 to note that /iy = /. Thus, from steam table
interpolation

P4 =16.0 psia,

T4 =21632°F,

V4 = 23.6803 ft'/Ib,
hg- = 1110.4 bru/lb,
Si¢= 1.688I.

Vapor-Cycle Thermodynamics

Now the thermal efticiency of the vapor-cycle power system can be deter-
mined. The equation for therimal cfficiency is

net work _ engine work — pump work

"7 heat added H-Hy
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where H,y - is the heat content of the compressed boiler feed water. Also,
hyyc =H; + pump work

where H is the heat content of the condensed liquid at the condenser pressure
of 16 psia. From the steam tables, i, = 184.4 btu/lb.

Pump Work

The ideal pump work, assuming adiabatic pressurization ot an incompress-
ible liquid, is

Ahy 5= J- vdp
The specific volume of the saturated liquid at 16 psiais 0.01674 ft3/1b. Thus,
pump work = 0.01674(1200 - 16)/5.404 = 3.67 btu/lb
So
hyye = 184.4 +3.67 = 188.1 bu/lb
The heat added in the boiler is

7 7 1 ANnO AN 100 1 _ 1211 1 L. Nl
"f_ Ilz"C =147 L — 100.1 = 12311.1 DLU/ID

Engine Work

The theoretical engine work is found using the IMEP and the engine cyiinder
volume:

work = IMEP(V, - V,)/5.404 biu
= 100.2(22.2447 - 0.7945)/5.404 = 397.7 biu .

Or, accounting for the weight of the steam used per cycle,
specific work = 397.7/1.057 = 376.3 btu/lb

Ideal Thermal Efficiency with Engine

The theoretical thermal efficiency of the vapor-cycle power system, at an
engine operating condition of IMEP = 100 psi, is

376.3 - 3.67

= - - T = 2
Ec 13111 28.42 percent

With 2544 biu/indicated horsepower-hour, the steam rate at 100 psi IMEP is

2544/376.3 = 6.76 Ib/ihp-hr
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and the heat rawe is
1311.1 btu/lb x 6.76 1b/ihp-hr = 8,866 btu/ihp-hr , or
8,866/0.7457 kW/hp = 11,900 btu/ikW-hr

Thermal Efficiency with Turbine Expander

The thermal efficiency of the vapor-cycle power system using the engine as
an expander can be compared to the theoretical efficiency of the simple
Rankine cycle that uses a steady-tlow turbine-type steam expander as
follows. Referring to figure D-1, the steam is expanded from the boiler feed
conditions along a constantentropy line §;= 1.6293 to the condenser pressure
of 16 psia, where its heat content, found from the steam tables, is

hyg = 1070.6 btu/ib

Rankine thermal efficiency in this case is

poo et work _ heat added — heat rejected ~1__!leal rejected
K™ heat added heat added heat added

The heat rejected in the condenser is
hiagp = h, = 1070.6 — 184.4 = 886.2 bt/lb

and the heat added in the boiler is the same 1311.1 btu/lb as before. So

886.2
= 1 _—— - - = . ¢ t
Ep 3111 32.41 percen
and the ratio of the engine Rankine cycle to the steady-tlow Rankine cycle

efficiencies is
28.42/32.41 = 87.7 percent

Incomplete Expansion Process

The engine-type expander gives lower efficiency for the vapor-cycle power
system than the turbine-type expander, because the engine Joes not fully
expand the steam to the low 16-psia pressure level in the condenser. The
reason the engine does not use full expansion tsto allow it to be more compict.
The piston stroke and cylinder would have to be considerably longer than
required (more than two times) for a design that terminates expansion at the
slightly higher pressure level of release (36.2 psia in the example above). The
loss in efficiency due to the incomplete expansion operation of the engine can
be esiimated with the help of figure D-7, which is focused on a single pound
of steam,




Figure D-7. Analysis for
incoinplete-expansion
engine losses.
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ratio of 3321 s used.
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1200 pst

3 h=1464.44, + = 0649}

For 1-lb steam

$ =1.6047
Id W=ly—hy

a4 h=1110.4, v = 10.8128, P = 36.2

W= (Pg—Py) vy W=(hy=h)=(Pg—Fq) >y
+i h=10540
16 pst V= 22,2447

|
Note that the additional specific work, represented by the area of the complete
expansion “triangle.” is

=(1110.4 - 1054.0) - (36.2 - 16)10.8128/5.404 = 16.0 btu/ib
With this extra work accounted for in the full-expansion engine cycle,* the
new specific engine work s

3977 +2.057x 16.0
e T 407.4 buy/lb

and the thecretical therma! efficiency E . b

E,.={407.4-3.67)/1311.1 = 30.79 percent

compared to the incomplete expansion value of 28.42 percent. The remainder
of the losses, compared 10 the steady-flow Rankine vapor-cycle value of
32.41 percem, are likely due to the incomplete compressiont and the
admission mixing processes.

Carnot Thermal Efficiency

Another comparison of the vapor-cycle system performance is obtained from
the theoretical thermal efficiency of the ideal Carnot thermodynamic cycle
operating between the same temperature extremes:

Lol 216324 460

E. = : = 83,68 percent
Carnot 7-” 1000 + 460 pe

*Norte that special exhaust valving would be required to expand all the steam 1o 16 pxia and 1o compress only | b
back 1o near boler conditions.
*An efficiency of 30.04 percent is obtained jor the 100-psi IMEP incomplete expansion cxcle when a compression



D-6. Comparison of Performance at Various Operating
Conditions

In order to get a better picture of the steam engine operation, other cases of
interest were analyzed. These include a half-power case of IMEP = 50 psia,
adouble-power case of IMEP =200 psia, a case where the cutoff is 10 percent
of the piston stroke (IMEP =295 psia), a case where condenser back-pressure
is increased to 19 psia, and a case where the engine compressionratiois 33 : 1,
To speed the process, calculations were automated by means of a computer
spreadsheet. The results are summarized in table D-1, with selected results
displayed graphically in figure D-8. The arrangement of the entries in table
D-1 follows the steps in the analysis in section D-3. Note the following from
these results.

» Themodelis well-behaved over the broad range of power or cutoff conditions
analyzed.

« The system efticiency peaks at an IMEP near 100 psi. The efficiency
decreases for the IMEP =50 psi case probably because only 0.535 Ib of steam
is being mixed with the 1.0 1b of compressed steam. The incoming steamn is
thereby cooled to a proportionally greater extent than in the IMEP = 100 psi
case, where 1.057 1b of sicamn is aduniicd.

»  The higher compression ratio of 33 : | results in the residual steam being
compressed to essentially boiler conditions (P, = 1193 psia and 75, = 997°F).
As expected, this results in significantly higher etficiency operation (30.04
versus 28.42 percent).

»  The higher exhaust back-pressure of 19 psiaresults in compression to higher
pressure and temperature than when the lower pressure of 16 psia is used. This
ircreased back-pressure also improves efficiency somewhat (29.39 versus
28.42 pereent). The reason for this is probably the significantd ;

&
energy of the compressed steam being mixed during admission.
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« Note that none of the compression pressures reached the adnussion value of
1200 psia. The resultis that a fuli 1 1b of compressed steam is always mixed
with the adinutied steam. No steam escapes through the pressure relief valve
(as planned, since the model does not handle escaping steam anyway).

* Note that the size of the engine changes for cach new case analyzed. ranging
from 20.94 to 21.75 {13 for the standard cases.* This feature accommodates
the “exactly 1 1b™ of compressed steam requirement when the cycle operates
onditferententropy lines. This is adeficiency in the mods1that may <ause the
level of efficiency predicted to be too low.

FCOvhinder volume for the actual enging iy 044 in*
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Table D-1. Summary of results for vapor-cycle engine and power system analysis

Parameter? Units Casc 1" Caxe2 Case3 Cased Cased Case6  Case?
IMEP* psi 50 100 150 200 295 100 100
Entropy" — 1.5742  1.6047 16139 1.6183  1.6224 1.6263  1.6287
Feed stcam*
Pf'i' psia 12000  1200.0 1200.0 12000 1200.0 1200.0 1200.0
Tf't °F 10000 1000.0 70000  1000.0  1000.0 1000.0  1000.0
vy ft'-1b 0.6843  0.6843  0.6843 0.6843 (0.6843 0.6843  0.6843
Hf btu/ib 1499.2  1499.2 14992 14992 1499.2 1499.2 14992
Sf — 1.6293 1.6293 1.6292 1.6292 1.6293 1.6293 1.6293
Point 1 steam
P*t psiat 16.0 16.0 16.0 16.0 16.00 19.0 16.0
T, °F 216.3 216.3 2163 216.3 2163 2252 210.3
v fii1b 21.7177 22.2447 224036 224797 225505 19.4349 22.6594
LR btu/lb 10334 1054.0 10602 10632 10659 1030.2  1070.2
St — 1.5742  1.6047 16139 1.6183 1.6224 1.6263 1.6287
Quality e 87.7 89.9 90.5 90.8 S1.1 922 91.5
R(.{,m,, : ol 28.00 28.00 28.00 25.00 28.00 28.00 33.00
Point 2 steam
P, psia 875.6 926.3 9419 949.3 956.7 11695 11931
7'2 °F 7758 859.7 8$86.1 8G8.% 911.4 084.6 996.7
vt t31b 07756  0.7945 08001 0.8028 0.8054 (.6941 .6866
h, bw/lb 1381.3 14277 14423 14494 14562 1491.2 14975
A — 1.5742 16047 16130 16183 16224 16263 16287
Poini 3 stecam
P3T psia 12000 1200.0 1200.0  1200.0 1260.0 1200.0 1200.0
T, °F R69.5 940.6 962 .8 973.4 983.3 992.8 998.6
vy 11¥1b 0.6062 0.6491 06622 0.6685 0.6744 0.6800 0.6834
hy btu/lb 1422.42 1464.44 147744 1483.66 1489.45 149196 1498.35
Syt — i.5742  1.6047 16139 1.6183 1.6224 1.6763 1.6287
Feed weight ib 0.535 1.057 1.615 2.207 3.408 (.898 1.017
Engine properties
v, ft 217177 222447 224036 224797 225505 194349 22.6594
v, it 07756 07945 0.8001  0.8028  0.8054  9.6941 0.6866
Vy ftd 0.9306 1.3353  1.7316 2.1437 2573} 1.2009  1.3783
V; ft? 21,7177 222447 224036 224797 2253505 19.4349 22,6594
" Displacement ft} 2094 2145 2060 2168 2175 1874 2197
Rep tol 23.34 16.66 12.94 10049 7.58 15.06 16.44
Point 4 stcam
P, psia 2597 36.24 47.64 60.14 87.78 39.35 3547
T, °F 242.19 26134 27798 29286 33097 26625 26007
v, ft'/1b 14.1463 10.8128 85682 7.0106 K.1153 10.2377 11.2361
h, btu/lb 106534 1110.38 113745 115859 1192.00 1132.08 1126.12
St — 15742  1.6047 16139 1.6183 16224 1.6263 1.6287
Engine propertics
Cutoff % 0.74 252 4.31 6.19 9.97 3.18 21
R‘.“,,,ﬂ- o1 1.20 1.68 2.16 2.67 3.69 1.R6 V)|
IMCP psi 74.0 76.4 77.3 77.7 78.1 94.9 843
IMXP psi 115.9 150.2 183.5 217.0 280.8 1619 150.7
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Table D-1. Summary of vesults for vapor-cycle engine and power system analysis (cont’d)

Parameter? Units Case 1”  Case2 Case3d Cascd CaseS Casct  Casc7
Engine propertics (cont’d)

IMFP psi 123.9 176.6 2273 2778 372.5 195.0 183.7

IML:P psi 50.0 100.2 150.1 200.1 294.3 100.1 99.4

IMEP error psi (L. 0.2 0.1 0.1 0.7 0.1 0.6
Point 4C propertics

Pyt psia 16.00 16.00 16.00 16.00 16.00 19.00 16.00

Ty °F 21632 21632 216.32 29895 22524 21632

Vae f1* b 225351 236863 243781 248644 279795 20.6145 24.0887

Ryt biu/lb 1065.34 111038 113745 115859 1192.00 1132.08 1126.12

Sy -— 1.6215  1.6881 1.7282  1.7593  1.8056  1.7050 1.7114
Cycle properties

haop btu/lb 1070.6  1070.6 10706 1070.6 10706  1080.4 1070.6

i en psia 16.0 16.0 16.0 16.0 16.0 19.0 16.0

Vs f1¥1b 0.01674 0.01674 001674 0.01674 001674 001681 001674

by pump btu/lb 184.4 184.4 1844 1844 184.4 193.4 184 4

Pump work btu/ib 30677 36677 36677  3.6677 260677  3.6737 3.6677

hy btu/lb 188.09  188.09 188.09  188.09  188.09 197.09 183.09
Cycle performance

Heat in btu/lb I3IE1L 131011 1311010 131011 131101 1302.11  1311.11

Gross work out btu 19373 39776 599.86 RC2.52 118429  347.i4 40414

Work out biu/lb 36197 376.22 37149  363.70 34746 38642  397.52

Net work btu/ib 358.30 37255 36782 360.64 34379 38274 39385

Water rate Ib/ihp-hr 7.03 6.76 6.85 6.99 7.32 0.5% 6.40 e

Heat rate btufihp-hr  ¢214.8  BR63.7  8978.6 91708 95997 85725 R390.7 =

Efficiency G 27.33 28.42 28.05 27.46 26.22 29.39 30,04 S
Steady-flow Rankine % 24 3241 3241 3241 3241 31.88 32.41 ik
Camot ctficiency . 53.68 53.68 53.68 53.68 S53.68 53.07 53.68 kN ,
4Symbols: Acronyms: o

IMEP = indicated mean effective pressure
IMCP = indicated mean compression pressure
IMXP = indicated mean expansion pressure
IMFT = indicated mean forward pressure
bCase 1: For IMED = 50
Case 2: For IMEP = 100 SR,
Case 3: For IMEP = 150 !

* = independent variable

t = independent property (see sect. D-3)
P = pressure

T = temperature

V = volume

v = specific volume

I = specific enthalpy

S = entropy Case 4: For IMED = 200 e
R =ratio Case 5: For cutoff of 10%
Subscripts: Case 6: For exhaust pressure increased to 19 psi SR

Case 7: For compression ratio increased to 33 : 1.
‘Final value for entropy line; determined by iteration

f = feed steam

1,2, 3,4 = points in cycle

comp = compression

CXP = expansion

C = condenser input properties

L =liquid
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Wigare )-8, Selected results from vapor-cycle power system analysis.
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D-7.

D-7.1

D-7.2

Losses in Thermodynamic Cycle

The thermodynamic cycle analyzed to this point does notinclude any losses
due to incfficiencies in ithe vartous elements such as the condenser, pump,
boiler pipes, and valves. Foramore rigorous analysis, models and experimen-
ial data for each of these elements can be found in the literature. Only rough
estimates of the losses for these elemernts are given here.

Condenser Losses

Steam exhausts into the condenser at aback-pressure of 16 psia. However, the
pressure in the water tank can be assumed to be at atmospheric pressure (14.7
psia), resulting in a 1.3-psia pressure loss in the condenser. A comparison of

the temperature and enthalpy for the saturated liquid at these two pressures is
as follows:

P(psiaj T(°F) h; (b/Ib)

16.0 2163 184.4
147 212.0 180.1
A —4.3 —4.3

Oue can further assame thar the Tiguid inthe water tank coois w beiow 21 2°F.
10 1¥85°F rorexample, but that about 80 percent of this temperature ditferential
is recoveted by a feed water heater clement that extracts waste heat from the
exhaust stzam. Thus, the temperawure of the feed water would be 185 +
.8(212 - 135) = 206.6°F, and the value for /2; at point 1 in the Rankine cycle
weuld b 180.1 =(212-206.6) x 1 btu/lb/°F=174.7 btu/Ib, which is 9.7 btu/lb
lower than the 184.3 btu/lb used for the ideal case,

Pipe, Pump, and Valve Losses

Losses due to the turbulence and friction in the boiler pipes and admission
valve can be assumed to require increased pressure from the pump inorder for
tiie output pressure 1o be 1200 psiiz after these losses. Assuming a 50-psi loss
in ¢cach element, the pump outlet pressure would have to be 1300 psia instead
of the 1200 psia assumed for the 1deal analysis. Also, the pump will not be
100-percent efficient because of leakage through the clearances, nonadia-
batic thermodynamics, ete. Using the specific volume of saturated hquad at
206°F to help account for the revised inlet conditions, assuming that the pump
is 70-percent efficient, and accounting for the pressure drops, we obtain for
e pump work with losses

0.01667(1300 - 14.7)/(0.7 x 5.404) = 5.664 bu/Ib

comparcd to w value of 3.068 btu/ib tor the ideal case.



!
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Figure D-9. Ideal engine
cvele diagram and
estimate for realistic
diagram.
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The heat content of ihe compressed boiler feed-water (assuming that the
pump inefticiency is not recovered as heat) would be

Assuming that the sieam admitted into the engine cylinder is throitled at
constant enthalpy from the boiler output conditions, the heat content of the
steam output fromthe boiler 1s 1499.2 btu/lb, and its pressure and temperature
are 1250 psia and 1002.6°F.

The heat added in the boiler is 1499.2 - 178.7 = 1320.5 btu/lb, and the
cfficiency of the vapor-cycle power system including the above losses at
IMEP = 100 psi is now

376.3 - 5.66
—_ P —memee— T . 7 *
Ec 1320.5 28.07 percent

compared to the 28.42 percent determined without these losses. Thus, the
condenser, pump, piping, and valve losses can be expected to reduce the
vapor-cycle thermal efficiency about 0.5 percent, or perhaps as much as
1 percent.

We can make a rough estimate of the thermodynamic and fluid-flew losses
within the engine, duc to nonisentropic processes, turbulence and fluid
friction, throttling pressure drops during admission and exhaust, leakage.
thermal losses, etc, by assuming that the arca (representing work) of the actual
indicated P/V diagram would be about 10 percent less than the theoretical arca
of 397.7 btu (IMEP = 100 psi case), as shown in figure D-9.

Thus, specific engine work might be

397.7 -39.3
1.057

= 33K.6 btu/lb .

Pressure, P

Volume, V'




D-8.

With this estimate, the thermal efficiency of the vapor cycle, including the
losses discussed previously, is

2338657

=25 > .
13705 25.21 percent

So the overall efficiency reduction from the ideal is about 3 to 4 percent.

Other inefticiencies for the eniire power plant, such as fuel-burner to water-
heating efficiency, engine friction and accessory losses, and the inetficiency
of the motor/generator device, are discussed in the body of the report.

Conclusions and Observations

The positive-displacement engine-type expander 1s expected to be much
better suited to low-power applications (1 to 10 indicated hp, in the case of the
soldier power system) than is the turbine-type steady-tlow expander [7]. The
model shows that reasonably high efficiencies can be expected from the high-
compression uniflow steam engine vapor-cycle system.

It was anticipated that the high-compression processing by the engine of some
of the expanded steam back to boiler output conditions (thereby bypassing the
condcnsation and vaporization processes for a significant postion of the
processed steam) would result in even higher economies than the modcl
predicts. For example, for the ideai IMEP = 100 psi case, the change in
enithalpy for the residuai 1 1b of compressed exhiust steam would be Ay — /i,
=1499.2 - 1110.4 = 388.0 btu/Ib (work done by the engine), versus fig-- i1y =
1499.2 — 184.4 = 1314.8 btu/lb (work done by the boiler) for 1 ib of exhaust
steam that is first condensed to liquid. This is an appareat savings of 1314.8
— 388.8 =926 btu/lb for part of the steam flowing oniy through the engine. In
this model at l(,.l'sl the 1 1b of residual steam 1s merely m.yn.cd lhrou;ch the

ng Anlisine ing alvAn ~hoa -l wotal-ac i oo
\A 2_1!!\, U\,IIVLI b G Uul u.v luu\ 11 vv\ul\ us 1LURL YD W7 U

with no apparent effect on economy.

The Williams Co. reportedly achieved thermal etficiency measurements in
the lab on the order of 35 percent for one of their engines operating on 1000
psia and Y80°F steam 18], Ons the basis of this model. achieving such
ctficiencies ts questionable. (tlow ever. olher references [ 9] aiso indicate that
higher than Rankine thermal etl’cicicies can be obtaired by direct compres.-
sioit of exhaust vapor using & simple votary compressor/expander huving
very high volumetric cnmprcviun ratio; 70 10 By oparating at @ higher
compression ratio such as 33 ¢ 1, efficiency can be umproved by at least 1o
2 pereent, as shownt in tiwe cxnmplg, case presented in figure -&. This would
put indicared efficiency, with losses, @t a ievel of 27 to 28 percent at best,
However, itmay virn oui that cven higher efficiencies are predicted when the
model refinements discussed in section D-9 are investigated.
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There may be exhaust conditions, such as higher entropy values, existing in
the residual exhaust steam of an actual operating engine, thar result in
compression temperatures that exceed boiler temperature at the 1200-psia
relief valve setting. Another possibility is to sct the reliet valve pressure at a
level nigher than boiler pressure in order to insure compression temperatures
higher than boiler temperature. Also, for a compression ratio that is high
enough to always blow off part of the compressed steam threugh the reliet
valve (whatever the pressure setting) and back into the teed-stearn manitold,
so that only part of the compressed steam is used each expansion cycle, some
of the economy expected from bypassing the condenser process might be
realized.

Even if high comoression pressures cannot improve thermal efficiency o the
30-percert levei for the overali vapor cycle with losses. they do result in the
highest level of engine efticiency, compared to noncompression uniflow
engine systems | 12]. This is because the cylinder and piston heating resulting
trom the high compression temperature completely eliminates any condensa-
tion or significant cooling of the incoming steam.

Recommendations

A v H

nts of the vapor-cyele power systemand steam engine model shoulg

C
proceed per the following guidance. ™

Start with a fixed engine size (cylinder volume) and specify variou . pereent-
ages of cutoft,

Accommodate a variable weight for the stcam being compressed and for the
weight remaining atter blowoft to be mixed during admission,

Increase compressionratio to 33 : 1 or 35 1 1

Dyl B in cevemresiens g dioad wonleca Frreacotioaen b N
PTOVIOC d PICSSUIc iTiici viuve tunchon in the Cynhacl

compressed steam to the admission manifold whenever the pr
exceeded in the compression process.

97
(¢

seLpressure is

Calculate IMEP produced by cach specified value of cutoff and pick operat-
ing values of IMEP trom the graph of these results,

Develop a model using automated steam tabies to determine properties at
various points in the cycles. Evaluate performance at feed -steam pressure and
temperature conditions of 1500 pstand 1200°F for comparison with baseline
conditions.

¥ feel that these analyses and assoctaied experiments would make ideal projects for engineering students mdjonng

in the discipline of thermodynamies.
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« Devclop detailed loss mechanisms for each phase of the engine cycle so as to ‘
predict actual indicated effective pressure instead of ideal IMEP.

« Consider alternative admission and exhaust processes that do not necessarily N

support a common entropy line to define engine operation.

+ Developoradapt detailed models, based on material available inthe engineer- -
ing literature, for all the elements of the vapor-cycle system (boiler, piping, N
condenser, feed pump, valves, etc).
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