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of

RESEARCH REPORT
on
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POWER SYSTEMS FOR COMMUNITY SHELTERS

SCOPE

The scope of the study was defined by the following assumptions:

(1

(2)

(3)

Power systems were to have a minimum output equivalent to

5 kv and no limited maximum output except that impcsed by the
availability of conventional comm2rcial components. Power
systems smaller than 5 kw and also all of those that use
unconventional devices such as fuel cells and thermoelectric
modules are the subjects of separate studies conducted by
other OCD contractors.

A period of 10 years was selected as a reascnable time in which
the shelter might be expected to be on '"stand-by'. It was
sssumed that period would be followed by a two-week occupancy
period. During the first 24 hours of occupancy, the shelter
might have to be completely ifsolated from the outsidec atmosphere.
These operational periods represent a ressonables estimate -!
what might actually occur; however, their se'_ction is not
intended to imply that tnese are the most representative periods
which could be selected.

To make the results of the study as broadly applicehle as

possible, it was assumed ti..t the shelter could be located any-
where in the United States.

OBJECTIVES

Because of the variety of power-system components available to a
shelter designer and because of the nonstandard operating conditions, it is
necessary for OCD to determine the effects of these nonstandard conditions
on component performance and to develop the criteria and parameters for the
design, installation, operation, and maintenance of auxiliary power systems
including supporting equipment.
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The objectives . this research program were, therefore:

(1) To determine the most appropriate types of power systems
for various shelter systems

(2) To define the requirements of design, installation, and
maintenance of the power system and its auxiliaries

(3) To demonstrate the operating capabilities of a power unit
under representative environmental conditions.

APPROACH

r—p—Ga

The research program was divided into four general categories:
(1) Evaluation of prime movers
(2) Evaluation of power-utilization systems

(3) Development of requirements for installation, operaticn, and
maintenance of complete systems including supporting equipment

(4) Demonstration of the validity of the recommended specifications
by designing and assembling a 20-kw unit and operating it in an
underground structure.

In conducting the research, literature studies were made in the
various areas of interest, and design and performance data on manufacturers'
equipment were studied. Numerous persons with experience pertinent to the study
were consulted. Components and systems believed most suitable for use in
community shelters were analyzed and compared. Finally, an experimental investi-
gation was carried out in t'ie Battelle underground testing facility.

RESULTS AND CONCLUS IONS

The results of this study show that the minimum requirements for
installation, operation, and maintenance of shelter auxiliary power systems
can generally be met with commercially available equipment now in common
industrial use. However, a number of technological areas were revealed In
which the presently available equipment and experience are limited in meeting
the specific needs of community shelters. These areas are:

(1) Sealed-period operation of a prime mover
(2) Manually operated starting systems requiring no maintenance

(3) Low-cost preservation and storage techniques for fuels and
equipment requiring minimum reactivation

(4) Low-cost waste-heat recovery equipment.
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Because of the importance of these aubjects in the ovei-all community shelter
program, Battelle recommends that further research be conducted to determine
feasible and practical solutions to the unsolved problems.

SYNOPSIS

The Office of Civil Defense initiated and supported this research
program as part of its effort to develop designs of community-size protective
shelters that have maximum ccs3t effectiveness. The program hsd as its over-all
objective the determination of the minimum requirements for auxiliary power
systems that might be installed in various types of shelters anywhere in the
United States. The criteria developed in the study are to be used in the
preparation of manuals for shelter construction.

Community-size shelters, designed to accommodate large numbers of
occupants, must be provided with power for essential services such as cooking,
communications, lighting, pumping, and environmental control. To ensure avail-
ability of power during an emergency, it will be necessary to include a self-
contained auxiliary power system as part of the permanent shelter equipment
since commercial power is likely to be disrupted.

The shelter designer has a wide range of commercial equipment from
wvhich to select the system components which would be most suitable for a
specific installation. Commercially available prime movers incluce compression-
ignition and spark-ignition engines, gas turbines, and steam generator-steam
engine or turbine combinations. Any of these prime movers can be used to drive
electric generators, alr compressors, or hydraulic pumps, which in turn can
power thes various shelter subsystems. Major items of shelter equipment such
a8 blowers and cooling systems can also be driven directly by the prime mover
with the addition of & small electric generator to supply power for lights and
for other low-power equipment dependent exciusively on electricity,

Shelter power systems can be assembled largely from conventicnal
coumercially available components. However, because of .ne circumstances
under wvhich shelter power systems can be required to operate, it is necessary
to give special consideration to such factors as fuel storage, waste heat
removal and utilization, safety, reliability, maintenance, and noise and
vibration.

The report is divided into 10 mejor sections, nawmely:

(1) Prime movers

(2) Starting systems

(3) Cooling

(4) Fuel storage

(5) Waste hcat recovery

(6) Power transmission systems




(7) Mountings and drives
(8) Noise and vibration
(9) Stand-by maintenance

(10) Demonstration unit.

Prime Movers

The prime-mover types studied were: compression-ignition engines,
spark-ignition engines, gas turbines, and steam power systems. Each type was
evaluated on the basis of: physical characteristics; performance, control,
installation and maintenance requirements; safety and human comfort; and economics.

The steam power system was judged impractical because of: high first

cost; high operating cost; high maintenance cost, extra space requirements; and
complexity of equipment, operation, and control.

Starting Systems

Electric, hydraulic, pneumatic, and manual starting systems were
studied. Each was evaluated on the basis of physical characteristics, maintcnance,
dependability. and economics. The manual starting systems investigatel were of
the energy-storage type and included: flywheel, falling weight, and spring-types.
No commercial versions of these starting systems are presently availab'e; how-
ever, these systems show potential for being less costly, easier to maintain
for long periods, and significantly more reliable than the commercially avail-
able starting systems.

The use of starting aids such as engine-block and oi{l~sump heaters
and starting fluids for tue intake air were also considered. These starting
aids would be useful under most conditions to improve the dependability of
starting.

Cooligg

Direct make-up-water, heat-exchanger, radiator, and ebulliert cooling
systems were studied. Each was evaluated on the basis of physical characteristics,
installation, maintenance, dependability, water or air consumption, and economics.

Ventilation of the engine room to remove heat lost from the engine
and other components by radiation will be essential. These losses may '=2 up to
half as much as the jacket-water cooling losses. Ventilating the engine room
with exhaust air from the occupied section of the shelter may be possible and
would be desirable in that a minimum of additional equipment would be required.

Gas turbines require no jacket-water cooling system and are likely to
radiate no more heat to the engine room ventilating air than piston engines.
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Fuel Storage

The storage capabilities of the following fuel types were evaluated:
90-octane gasoline, straight-run kerosine, No. 2 diesei oil, and liquefied
petroleum gas (LPG).

All fuels deteriorate in storage to sowe desree, dependent on the
type of fuel, the storage conditions, and the length of storage time. The
primary causes of deterioration in fuels are: evaporation, oxidation, con-
tamination, and polymerization. Any fuel-storage technique which inhibits any
of these will increase the storage life of the fuel. Fuel deterioration can be
detrimental in reducing ignition and burning qualities of the fuel, increasing
corrosion in the fuel system, increasing clogging and fouling in the fuel system,
and increasing contamination of the lubricating oil,.

Two basically different fuel-storage techaiques may be followed:
active storage and long-term storage. In an active fuel-storage program a fuel
would be replaced or replenished at regular intervals, and the storage-system
requirements would be relatively uncritical. In a long-term fuel-storage
program, the storage system would be designed to preserve the fuel for the
longest possible period of time. For an active fuel-storage system a simple
vented tank, either above-ground or (preferably) underground, would be suitable.
A sealed underground tank would significantly increase the potential storage life
of most fuels and would be suitable for a long-term fuel-storage system. Adding

a pressurized nitrogen "blanket" to the sealed storage tank would further increase
storage life.

Waste Heat Recovery

All conventional prime movers convert only part (up to about 1/3) of
the total fuel energy supplied to useful shaft work, the remainder being rejected
as waste heat to the cooling and exhaust systems or lost as radiation. For
piston engines the amounts of waste heat in the ccolant and in the exhaust gases
are each approximately equivalent to the shaft power output. For regenerative
gas turbines the exhaust waste heat is approximately 2-1/2 times the shsft power
ocutput.

The waste heat from the cooling system can be fairly easily recovered
either: (1) as hot water from a water-to-water heat exchanger or from the
jacket water directly, or (2) as low-pressure steam and/or hot water directly
from the steam separator tank of an ebullient cooling system. Only about
60 to B0 per cent of the exhaust waste heat is recoverable because of the clanger
of corrosion in the exhaust system if the geses are cooled below 300 F. Waste
heat recovered from the exhaust system can be made available as hot water or as
high- or low-pressure steam.

Recovery of waste hea' for use in providing a hot-water supply or for
space heating is practical wher there is a reasonable demand for these services
in the shelter. It is more ad antageous to recover waste heat from the cooling
system because: (1) less extr.: equipment is needed, (2) the exhaust waste heat
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{3 easily rejected from the shelter, and (3) there is a danger vf overheating and
corrosion with an exhaust heat-recovery system that dces notr ~xist with a cooling
water heat-recovery system,

Recovery of waste heat for shaft power is not practical because of the
cost and complexity of the extra equipment required.

Power Transmission Systems

Mechanical, electric, hydraulic, and pneumatic powei-iranrsmission
systems were studied. Each was evaluated on the basis of physical characteristics,
over-all efficlency, installation and maintenance requirements, reliability,
safety and human comfort, and economics. The mechanical, hydraulic, and
prneumatic systems all require a small electric generator to supply the lighting
and communications requirements of the shelter. The electric power-transmission
system has an advantage in that it can be more easily integrated into a commercial
power system for independent exercising of individual compowcats, for potential
use of the shelter space during the starnd-by period, and for use of commercial
power if {t 1s available in an emergency.

Mountings and Drives

Five {tems to be considered in designing or selecting mountings and
drives are: (1) alignment, (2) vibration, (3) piping connections, (4) load
characteristics, and (5) blast effects. Mounting and drive components should
be selected to prevent annoying or destructive vibration from developing within
the mounted components and from being transmitted to or from other parts of the
shelter.

Applicable mouiting techniques are foundation mounting or skid mounting,
and flexible or rigid mounting. Flexible skid mounting is preferable for
comrunity shelter auxiliary power systems as it would result in acceptable
component alignment, minimum vibration transmission and low installation cost.

Of the applicable drive techniques, a flexible direct-coupling drive
is preferable for community-shelter auxiliary-power systems as it would be
compatible with skid mounting and would function with a minimum of vibration
transmission. A clutch {8 necessary vhen the driven-component starting torque
i{s high or when the prime mover and driven component shafts must be rotated
{ndependently.

Noise and Vibration

Reliable and ugseful data on the noise generation characteristics of
prime movers are not presently available. However, from general experience and
limited test weasurements made at actual [nstallations and in the Battelle tes’
facility {t {s apparent that some noise control measures will be required with
most prime movers. However, the noise problem should not be difficult to soive.

I
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The zhief sources of noise from prime movers ave vibrating surfaces
and avrodynamic pulsations. Control of this noise can be effected in the
following ways:

(1) Careful selection of the priwe mover and ite auxiliary
equipment

(2) Provisien of barriers between the nrime mover and the
sheiter occupied space

(3) Reduction or elimination of transmission of vibration from
the source

ST
&
Vrew®

Use of sound absorbing materials on the wells and celling
of tne cccupled shelter space

(5) Providing “sound trap” air ducts when roiss source area
and occupled space must be connected ror ventilation,

The experimental work in the Rattelle cest facility indicates that
thick walls, complete closure, and sourd-trap ducting would be effective in
reducing the nolse reaching the occupied epace to an acceptable level, It
was als> noted that no sperial vibration isolaticn equipment would be necessary
to prevent annoying engine vibration from reaching the occupied space. The
aormal construction of uaderground sheilers would be adequate tc dampen the
vibratien.

Stand-by Maintenance

Two general approaches to stand-by maintenance were considered in this
study: dynamic maincenance and static maintensnce. Dvunamic wgintenance involves
frequent and pericdic exerclsing and inspection and is employed almust univarsally
for conventional emwergency stand-by powerv systems. S§%at’c maintenance involves
long-terw storage with Infrequent exercising and inspection,

Dynamic maintenance iz essential if instant starting and lcad gssumption
le requized in the event of cowmercial power failure. The procedures for dynamic
maintenance ave falrly well estadtiished from experience. A minimum frequency of
once every six weeks. and a 1 to 2 hour fuli-load run are advisabie. Periodic
~hanges of lubricants and coolant dre necessary to preven. damage or inoperability
due to time-depewlent deterivrarion ci these liquids.

Static watintenance may n«cessitate allowing a perjod of 1 or 2 hours
for veactiyation of the equipmen%t. During reactivation a comaunity saclter could
be occupled with emergency iighting and communications supplied by iong-shelf-
life batteries. A saisfactory static maintenance technique could reduce the
long~tern maintenance cousts of a community shelter progrem a significant amount.
The s:atic maintenance yrogram would reguire wmaintaining a low (30 to 35 percent)
humidity level in the shelter, keeping liquids that tend to deteriorate away
from -omponents which may Ye easily fouled or otherwise rendered inoperable,
and coating critical surfaczs with & long-life prescrvative.
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Static maintenance techniques presently in use, such as '"'mothbelling"
of surplus military equipment, are not directly applicable to the community
shelter because of cost and the time required (a minimum of several days) to
reactivate. However, the available expericnce and proven techniques are
sufficiently encoura-ing to indicate the potential feasibility of the approach.

Demonztzsiion Unit

A 20-kw diesel engine-generator szt was ezt up in an underground test
1acility to experimenta.ly verify thc parameiers developed in this study in a
simulated community shelter ernvironment. The same unit was aiso used to evealuate
the performance vf simpie exhausc heat-recovery systems,

L3 part of the experimental studies, two test runs were mzde to
determine the system heat balance and tc measure the effect c¢f{ insulating the
exhaust system. For one run the exhaust system was nct insulated, for the other
run l-in.-thick insulation was applied to the exhaust manifold and tubing in the
engine room. The test results effectively demonctrated that inaulating the
exhaust system reduced the amcunt c{ heat rejected to the corling system,
ventilating air, and walls, thus reducing the shelter Leat sink requirements.

The results of the demonstration program verified the validity of
the parameters developed in the study.

Because commercial exhaust heat-recovery equipment is costly, saveral
simple configurations were studied to determine their effectiveness. About
80 per cent of the heat in the exhaust gases is recoverable without encountering
exhaust system corrosion. A straight 3/4-in.-diameter brass tube inziaziled
in the exhaust system had a reccvery efficiency of 17 per cent. A coiled tube
and a straight-finned tube bceth 3 ft long, had recovery efficiencies of
36 per cent. From these studies it can be conciuded that simple, inexpensive
exhaurt beat-recovery systems are effective and practical.




Battelle Memorial Institute

5 05 K | N 6 AV E N U E C 0O LU MB U S, O H 1 0 4 3 2 0 i

AREA CODE ©'4. TELEPHONE 299-319)
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Office of Civil Defense
Department of Defense
The Pentagon
Wazhington 25, D.C.

Attention Directour for Research
Dear Sir:

Attached is our Summary Report, ‘'Minimum Requirements for
Auxiiiary Power Systems for Community Shelters', prepared under Contract
No. OCD-0S8-62-190, Subtask 1411C. We are distributing copies of this
report in accordance with the Shelter Research Program Standard Distri-
bution List. including Attachment 1, which was forwarded t~ us by the
Deputy Assistant Director for Research.

A principal result of this study is the conclusion that the
minimum requirements for installation, operation, and maintenance of
shelter auxiliary power systems can be met with commercially available
equipment now in common industrial use. This represents a significant
adventage since both low-cost equipment and operating experience will
be available to the shelter designer.

Rowever, this study alsc pinpointed a number of technological
areas in which develupment of new equipment and technigues would reduce
the cost of s2tup snd waintenance, improve the reiisbility, and hroaden
the capaipilities of shelter auxilinry powey systems. Battelie strongly
t2coumends further resesrch on sbelter auxiliary power aystems witk the
following basic nbjentives: (1) prime wovers capable of operating at ,
full or parr loed wirhovt an exterrnal air supply for up to 24 hours, (%)
Jow-rost manually operated stored-energy type starting systems vequirlsg
i1 mﬁiateﬂance) {3) low.coss preservacion and atarage techniques for fuels
ané equipment requiring miaimum attention and reactivation time and effore,
and (&) lov.cost waste-heut yecovery equipment specifically taflored to
che shelter requiremcuts.

In secognition of the nsed for further rescarch Battelle hase
submitted two proposals to the Office of Civil Defense. These are:
“Nevelopmant of Closed-Cycle Cowbustion Syrtem for Shelter Auxiliary
Pover Flant”, e.bmitted Pebrusry 20, 1964, and "Development of Manually
Oparated stored-Energy Starting System for Shelter Auxiliary Power Plant",

DEDICATED TOQ THE ADVYVANCEMENT OF SCIENCE
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submitted Aprii 14, 1964. Coples of both of these proposals were also
sent to the Civil Defense Technical Office at Stanford Research Institute
on June 26, 1964.

We have appreciated the opportunity to conduct this research
program ior the Office of Civil Defense. We shall be glad to receive
questions or comments concerning this report or the suggested future
research.

Sincerely,

James A. Eibling
Group Director
Thermal Systems Research

JAE: mvv

Enc.
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FOREWORD

The Office of Civil Defense initiated and supported this research program
as part of its effort to develop designs of community-size protective shelters that
have maximum cost effectiveness. The program had as its objective the determination
of the minimum requirements for auxiliary power systems that might be ianstalled in
various typeg of shelters anywhere in the United States. The criteria developed in
the study are to be used in the preparation of manuals for shelter construction,

Consequently, the report is written primarily for technically trained users who have
general knowledge of power systems.

This program was carried out at Battelle Memorial Institute by perscrnel
in the Thermal Systems Group of the Mechanical Engineering Department. Mr, Frank C.
Allen of the Office of Civil Defense Research Directorate staff monitored the work
and contributed to the over-all planning of the research. His assistance and
guidance is greatly appreciated. The authors alsoc wish to acknowledge the contribu-
tions of other Battelle staff members, particularly W. L. Buckel, R. D. Wilson,
B. Underwood, and R. D. Fannon,
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MINIMUM REQUIREMENTS FOR AUXILIARY
POWER SYSTEMS FOR COMMUNITY SHELTERS

by

D. A. Trayser, L. J. Flanigan, and S. G. Talbert

INTRODUCT ION

Community-size shelters, designed to accommodate large numbers of
occupants, must be provided with power for essential services such as cooking,
communications, lighting, pumping, and environmental control. Commercial power
might be disrupted in an emergency of the severity that would require occupancy
of the shelter. To ensure availability of power during such an emergency, it
will be necessary to include a self-contained suxiliary power system as part of
the permanent shelter equipment.

Shelter power systems can be assembled largely from conventional
commercially available components. However, because of the circumstances under
which shelter power systems will be required to operate, it {s necessary to give
special consideration to such factors as fuel storage, waste heat removal and
utilization, safety, reliability, maintenance, and noise and vibration.

The shelter designer has a wide range of commercial equipment from
which to select the system components which would be most suitable for a specific
installation. Commercially available prime movers include compression-ignition
and spark-ignition engines, gas turbines, and steam generator-steam engine or
turbine combinations. Any of these prime movers can be used to drive electric
generators, air compressors, or hydraulic pumps, which in turn can power the
various shelter subsystems. Major items of shelter equipment such as blowers
and cooling systems can also be driven directly by the prime mover with, for
instance, a small electric generator to supply power for lights and for other
low-power equipment dependent exclusively on electricitv.

Because of the variety of power-system components available to a
shelter designer and because of the nonstandard operating conditions, it is
necessary for OCD to determine the effects of these nonstandard conditions on
component performance and to develop the criteris and parameters for the design,
installation, operation, and maintenance of auxiliary power systems including
supporting equipm2nt.

The scope of the study was defined by the following assumptions:

(1) Power systems were to nave a minimum output 2qu.valent to 5 kw
and no limited maximum output except that twposed by the availa-
bility of conventional commercial components. Power aystems
smaller than 5 kw and also all of those that use unconventional
devices guch as fuel cells and thermoelectric modules are the
subients of separate studies conducted by other OCD contractors.




{2) A period of 10 years was selected =3 2 reasonable time in which
the shelter might be expacted to be on “stand-by". It was assumed
this pericd would be followed by & two-week cccupancy period.
During the first 24 hours of occupancy, the shelter might have to
be completely faolaced from the outside atmosphere. These opera-
tional periods represent a reasonable estimate of what might
actually occur; however, their zelection {8 not interded to imply
that these are the most representative periods# which could be
selected,

(3) To mske the vesults of the studyv =s broadly applicable as possible,
it was assumed that the shelter sould be lacsted anywhers in the
United States,

During this study it was found that in several asvess, presentiy available
equipment and information do not adequately fulfiil the needs for the design of
shelter auxiilary power systems. These needs are discussed inr the “"Future Research
Needs" section of this raport.

In conducting the etudy literature studies were made in the verious areas
of interest and design and performance data on manufacturers’ equipment were studied.
Numexous persons with experience pertineant to the study were consuited, Components
and systems believed most suitable for use in community shelters were analyzed and
compared. Finally, an experimental i{nvestigation was carried out i{n the Battelle
underground testing facility.




SUM-ARY

The resultc of this study atiww that the minimum requircmenis for
installation, cperation, and mainteaancs of shelter suxi{liary power systems can
geneially ba met with commsrcigily gvallanie equipment now in comreon indusirial
use,

To facilitate the use of thz information in this report, the presenta-
tion of results is dividad into tem sections. The material in these sections is
summarized here in the same sequence, namely:

(1) Prime movers

(2) Starting systems

{3) Cooling

(4) Fuel zCorage

{5) Wwaste heat recovery

(6) Power transmission systems
(7) Mountings and drives

{(8) Noise and vibration

(9) Stand-by maintenance

10) Derwnstration unit,

Information and data were obtained from the literature on equipment
and systems and on the present state of the art. In addition, information was
cbtained from masufacturers and knowledgeable individuals in the various fields
covered by the study.

Prime Movers

Compression-ignition engines, spark-ignition engines, gas turbines,
and steam power systems were included in thia study area. Each prime-mover type
was evaluated on the basis of: physical characteristics; performsnce, contrel,
installation, and maintenance requirements; safety and human comfort; and
economics,

Table 1 and Figures 1 through 5 summarize the results of thesge evalua-
tions. Table 1 shows general qualitative ccmparizons between the prime movers
which were judged the most applicable for use in comnunity shelters. Figures 1
and 2 show specific voluwe and weight data for these sawe prime movers.

Figures 3 and 4 show specific fuel consumption and combustion air requirements,
and Figure 5 shows approximate purchase prices.

The steam power systew was omitted from these compariscns &3 it was
judged impractical because of: high first cost; high operating cost; high
maintenance cost; extra space requiremenis; and complexity of equipment, opera~
tion, and contrxol.




TABLE 1. COMPARISON OF PRIME MOVERS

e e e

Prime Mover

Evaluation Diesel Gasoline LPG Gas Steam
Parameter Engine Engine Engine Turbine Engine
Installation Simple Simple Simple Very Simple Cruplex
Maintenance Low Moderate Moderate Very Low High
Dependabiiity Good Fair Good Good Good
Safety Good Fair Fair Good Fair
Aveilability Excellent Good Good Poor Fair

Coat Presented

in Fig. 5

Starting Systems

Electric, hydrauiic, pneumatic, and manual starting systems were
included in this study area. Each was evaluated on the basis of physical character
istics, maintenance, dependability, and economics.

Table 2 summarizes the resuits of these evaluations. Several manual,
energy-storage starting techniques were investigated briefly during thie study.
These were: flywheel type, falling weight type, and spring type. No commercial
versions of these energy-storsage starting systems are presently available, however,
these systems show potential for being less costiy, easier to maintain for long
perinds, and significantly more reliable than the commercially available starting
-systems.

The use of starting aids such as engine-block and oil-sump heaters and
starting fiuids for the intake air were alsoc nonsidered. These starting aids
would be useful vnder most conditions tc improve the dependahility of starting.

TABLE 2. COMPARISON OF STARTING SYSTEMS

Starting System Maintenaonce Dependability Availability Cost

Electric High Fair Low Good
Hydraulic Low Good High Good
Pneumatic Low Fair High Good
Manual enezgy- Negligible Excelleut Low None

storage available
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Coold

Direct make-up-water, heat-exchanger, radiator, and ebullient cooling
systems were included in this study area. Each was evaluated on the basis of
physical characteristics, installation, maintenance, dependability, water or air
consumption, and economics.

Table 3 summarizes the results of these evaluations.

Ventilation of the engine room to remove heat lost from the engine and
other components by radiation will be essential. These losses may be up to half
as much as the jacket water cooling losses. Ventilating the engine room with
exhaust air from the occupied section of the shelter may be possible and would be
desirable in that a minimum of additional equipment would be required.

Gas Turbines require no jacket water cooling system and are likely to
radiate no more heat to the engine room venti{lating air than piston engines,

TABLE 3, COMPARISON OF COOLING SYSTEMS

A 2 e R S S

Water
Cooling System Installation Maintenance Requirements Cost
Direct make-up Simple Negligible High Low
Heat exchanger, Cimple Negligible Very high High
without cooling
tower or pond
Heat exchanger, Complex Moderate Moderate Very high
with cooling
tower or pond
Ebullient Simple Moderate Low Low
(boiling)
Radiator, Simple Low None (air Moderate
engine-mounted required)
Radiator, Moderately Moderate None (air Moderately
outside-mounted complex required) high

N e
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Fuel Storage

The storage capabilities of the following fuel types were evaluated in
this study area: 90-octane gasoline, straight-run kerosene, No. 2 diesel oil, and
liquified petroleum gas (LPG). These are the most commonly used prime mover fuels
and can be considered for the purposes of this study a3 being generally representa-
tive of all available commercial fuels.

All fuels deteriorate in storage to some degree, depending on the type
of fuel, the storage conditions, and the length of storage time. The primary
causes of deterioration in fuels are: evaporation, oxidation, contamination, and
polymerization. Any fuel-storage technique which inhibits any of these will
increase the storage life of the fuel. Fuel deterioration can be detrimental in
reducing ignition and burning qualities of the fuel, increasing corrosion in the
fuel system, increasing clogging and fouling in the fuel system, and increasing
contamination of the lubricating oil.

Two basically different fuel-storage techniques may be followed: active
Storage and long-term storage. In an active fuel-storage program a fuel would be
replaced or replenished at regular intervals, and the storage system requirements
would be relatively uncritical. 1In a long-term fuel-storage program, the storage
system would be designed to preserve the fuel for the longest possible period of
time. For an active fuel-storage system a simple vented tank, either above-ground
or (preferably) underground, would be suitable. A sealed underground tank would
significantly increase the potential storage life of most fuele and would be
suitable for a long-term fuel-storage system. Adding a pressurized nitrogen
“blanket' to the 8sealed storage tank would further increase storage life.

Table 4 shows approximate storage life that can be expected with
different fuels under different storage conditions.

Wasie Heat Recovery

All couventional prime movers convert only part (up to about 1/3) of
the total fuel euergy supplied to useful shaft work, the remainder being rejected
ag waste heat to tha cooling and exhaust systems or lost as radiation. For piston
engines the amounts of waste hcat in the coolant and in the exhauet gases are each
approximately equivalent to the shaft power output. For regeunerative gas turbines
the exhau:t waste heat i3 approximately 2-1/2 times the shaft power output,

The waste heat from the cooling system can be fairly easily recovered
either: (1) as hot water from a water-to-water heat exchanger or from the jacket
water directly, or (2) as low-pressure steam and/or hot water directly from the
steam separator tank of aw ebullient :ooling system. Only about 60 to £0 per cent
of the exhausi waste heat {8 recoversble because of the danger of corrosion {n
the exhaust system {f the gases are cooled below 300 F. Waste heat trcovered
from the exhaust system can be made available 8 hot water or as highk- or low-

prcasure steam,




TABLE 4. ESTIMATED STORAGE LIFE OF REPRESENTATIVE FUELS

Straight-Run Premium-Grade
Gasoline (About Straight-Run No. 2 Diesel
Storage Condition 90 Octane)(c) Kerosene(¢) Fuel(c) Lrc(d)
Above-grourd l year 3 years I year -~

vented tsnk(a)

Underground 2 years 5 years 3 years --
vented tank(b)

Underground 5 years 8 years 4 years 10 years +
sealed tank(b)

nderground sealed 8 years 8 years 5 years -~
tank with posit1v$
nitrogen pressure b)

(a) It {s assumed that the fuel temperature varies from 20 to 10¢ F throughout
the year, and that the amount of fuel stored is at least 500 gallons.

(b) It is assumed that the fuel temperature varies from 40 to 80 F throughout
the year, and that the amount of fuel stored is at least 500 gallons.

(¢) It is assumed that for cold starting, the operator manually sprays ether
aerosol into the air intake. That is, the fuel is not considered useless
on the basis of poor cold starting due to the loss of the lower-boiling-
point components.

(d) 1In all instances, LPG is stored in a sealed tank.

Recovery of waste heat for use in providing a hof-water supply or for
#zace heating 18 practical when there is a reasonable demand for these services in
the shelter, It is more advantageous to recover waste heat from the cooling system
Yecause: (1) less extra equipment {8 needed, (2) the exhaust waste heat 18 easily
rejocted from the shelter, and (3) there {s a danger of ouverheating and corrosion
vith aun exhaust heat-recovery system that does not exist with a cooling water heat-
recovery system,

Recovery of waste heat for shaft power 18 not practical because of the
cost snd complexi{ty of the extra equipmeut required.

Power -Transmission Systems

Mechanical, electric, bydraulic, and pneumatic power-transmission sy-tems
wvere {ocluded in this study srea. Each was evaluated on the basis of physical
characteristics, over-all efficiency, installation and maintenance requirements,
reliability, safety and human comfort, and economics.
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Table 5 summarizes the results of these evaluations. The mechanical,
hydraulic, and pneumatic systems all require a small electric generator to supply
the lighting and communications requirements of the shelter. The electric power-
transmission system has an advantage in that it can be more easily integrated
into a commercial power system for independent exercising of individual components;
for potential use of the sheltzr space during the stand-by period, and for use of
commercial power if it is available in an emergency.

TABLE 5. COMPARISON OF POWER-TRANSMISSION SYSTEMS

L ________________________ -~~~ 9 " - ]
Fower Transmission System

Parameter Mechanical Electric Hydraulic Pneumatic

Installation Simple to Simple Complex Complex
complex

Maintenance Negligible Low Low Low

Dependability Excellent Good Good Good

Availability Excellent Excellent Good Good

Efficiency, % 90 + 76 66 14

Cost Very low Low High High

System Mountings and Drives

Five items to be considered in designing or selecting mountings and
drives are: (1) alignment, (2) vibration, (J) piping connections, (&) load
characteristics, and (5) blast effects. Mounting and drive compcnents should be
selected to prevent annoying or destructive vibration from developing within the
mounted components and from being transmitted to or from other parts of the
shelter,

Applicable mounting techniques are foundation mounting or skid mounting,
and flexible or rigid mounting. Flexible skid mounting is preferable for
community shelter auxiliary pcwer systems &8 it would result in acceptable compo-
ment alignment, minimum vibration transmisaion, and low installation cost.

Cf the applicable drive techniques, a flexible divect-couplirg drive is
preferable for community-shelter suxiliary-power systems as it would be compatihle
with skid mounting and would function with s minimum of vibration transmission.

A clutch {8 necessar;, when the driven-component starting torque is high or when
the prime mover and driven component shafts must be rotated independently.




Noise and Vibration

Reliable and useful data on the noise generation characteristics of
prime movers are not presently available. However, from general experience anc
limited test measurements made at actual installations and in the Battelle test
facility, it is apparent that soms noise control measures will be required with
most prime —wvers. However, the noise prcblem should not be difficult to solve.

The chief sources of noise from prime movers are vibrating surfaces and
aerodynamic pulsaticns, Control of this noise can be effected in the following
ways:

(1) Careful selection of the prime mover and its auxiliary equipment.

(2) Provision of barriers between the prime mover and the shelter
occupied space.

(3) Reduction or elimination of transmission of vibration from the
source,

(4) Use of sound-absorbing materials on the walls and ceiling of the
occupied shelter space.

(5) Providing "sound trap' air ducts when noise source area and
occupied space must be connected for ventilation.

The experimental work .n the Battelle test facility indicates that thick
walls, complete closure, and sound-trap ducting would be effective in reducing the
noise reaching the occupied space to an acceptable level. It was also noted that
no special vibration isolation equipment would be necessary to prevent annoying
engine vibration from reaching the occupied space. The normal comstruction of
underground shelters would be adequate to damp the vibration.

Stand-By Maintenance

Two general approaches to stand-by maintenance were considered in this
study: dynamic maintenance and static maintenance. Dynamic maintenance involives
frequent and periodic exercising and inspection and is employed almost universally
for conventional emergency stand-by power systems. Static maintenance involves
long-term storage with infrequent exercising and inspection.

Dynamic maintenance is essential if {nstant starting and load assumption
is required in the event of commercial power failure. The procedures foir dynamic
maintenance sre fairly well established from experlence. A minimum frequency of
once every six weeks, and a 1 to 2 hour full-load run are advisable. Periodic
changes of lubricants znd coclant are necessary to prevent damage or inoperability
due to time-dependent deterioration of these liquids.

Stetic maintenance may necessitate allowing a period of 1 or 2 hours for
reactivation of the squipment. During reactivecion a community shelter could be
occupied with emergency lighting and communications supplied by long-shelf-life
battreries. A satisfactory static maintenance technique could reduce the long-ternm
maintenance coets of & community shelter program a significant amount. The static
maintensnce program would require maintaining a low (30 tc 35 per cent) humidity
level in the shelter, keeping liquids that tend to deteriorate away from components
which may be essily fouled or otherwise rendered inoperable, and coeting critical
surfaces with & long-life preservative.
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Static maintenance techniques presently in use, such as "mothbaliing" of
surplus military equipment, are not directly applicable to the community shelter
because of cost and the time required (& minimum of several days) to reactivate,
However, the available experience and proven techniques are sufficiently encouraging
to indicate the potential feasibiiity of the approach.

Demonstration Unit

A 20-kw diesel engine-generator set was set up in an underground test
facility to experimentally verify the parameters developed in this study in a
simulated community shelter environment. The same unit was also used to evaluate
the performance of simple exhaust heat-recovery systems.

Figure 6 18 a sketch of the test facility with the engine-generator set
installed. An air-cooled radiator is mounted outside the shelter and the ventilating
air for the engine room is supplied through a "sound trap" duct. The entrance hall-
way was used to simulate the shelter occupied space.

As part of the experimental studies, two test runs were made to determine
the system heat balance and to measure the effect of insulating the exhaust system.
For one run the exhaust system was not insulated and for the other run l-inch thick
insulation was applied to the exhaust manifold and tubing in the engine room. The
teat results effectively demonstrated that insulating the exhaust system reduced
the amount of heat rejected to the cooling system, ventilating air, and wails, thus
reducing the shelter heat sink requirements.

The results of the demonmstcation program verified the validity of the
parameters developed in the study.

Because commercial exhaust heat-recovery equipment is costly, several
simple configurations were studied to determine their effectiveresa. About 80 per
cent of the heat in the exhaust gases 18 recoverable without encountering exhaust
system corrosion. A straight 3/4-inch-diameter brass tube installed in the
exhaust system had a recovery efficiency of 17 per cent. A coiled tube and a
straight-finned tube both 3 feet long each had an efficiency of 36 per cent,

From these atudies it can be concluded that simple, inexpensive exhaust heat-
recovary systems are effective and practical.
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FUTURE RESEARCH NEEDS

This research 8tudy disclosed a number of techrnological areas in which
the presently available equipment and experience do not adequately meet the needs
of community shelters. These greas are:

{1) Closed-cycie internal-combustion engine operation,.
(2) Manual energy-storage starting systems.

(3) Long-term preservation and storage of fuels.

(4) Long-term preservation and storage of eguipment.
(5} Low-cost waste-heat recovery equipment.

Because of the importance of these subjects in the over-all community shelter pro-
gram, Battelle recommends that further research be conducted to determine feasible
and practical solutions to the unsolved problems.

Closed-cycle operation of ar internal-combusticn engine prime mover
would involve recirculating the exhaust gases through the engine after removal of
roncombustible solida. Sufficient oxygen for combustion would be added to these
recirculated exhaust gases before they were allowed to enter the engine. A portiom
of the eshaust gases, equal to the oxygen added, would be discharged from the
system to the atwmosphere, Closed-cycle operation would permit the prime mover to
develop partial or full power during periods when it would be necessary to com-
pleLely isclate the shelter from the external environment. Investigations of
closed-cycle diesel engine operation for submarine use during World War Il and for
mine use more recently would provide background for further investigatiocns.

Manual energy-storage starting systems are discussed in this report.
The feasibilitv study which was conducted indicated that a flywheel or similar
type of manually operated energy-storage starting system could be developed which
would be competitive with conventicunal starting systems on the basis of first cost,
The manual system would be simple, maintenance free, and extremely reiiable.

Long-term preservation and storage of fuels has evidently received little
attention. The information which is available is incomplete and inconclusive for
the community shelter system appliication However, there is evidence that most
fuels can be stored for long periods of time with only minor modifications to
presently used storage equipment and techniques and to the chemical composition
of the fuel.

Long-term preservation and storage of equipment as presently practiced is
costly and requires an excessive amount of tiwme for reactivation. However, as in
the case of storage of fuel, the present state of knowledge and experience strongly
indicates that techniques could be developed that would combine low cost with the
required state of readiness for commurity shelters.

Low-cost waste-heat recovery equipment is not commercially available at
present. A brief experimental study conducted during this project demonstrated
the feasibility of adapting simple heat exchanger equipment to recover waste heat
from the engine exhaust gases. Further study, including both design and experi-
mental phases, would provide the information necessary to construct satisfactory
and low-cost equipment for the recovery of exhaust and cooling-system waste heat.

I ——
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FRIME MOVERS

The study of prime movers was limited to coaventional equipment, four
basic types being investigeted: compression-ignition (diesel} engines, spark-
ignition engines, gas turbines, and steam power plants. These four basic prime
mover types were considered on the basis of performance and control characteristics,
installation and wmaintenance requirements, safety and human comfort aspects, and
economics,

All of the data presented in this section of the report pertain to prime
movers in the 5- to 500-hp size range. Moat compression-ignition and spark-
igaition engines in this size range are availeble gs production engines and as
scif-contsined power sources. Larger piston engines are available, but mostly on
a custom-order basis in relatively limited quantities; consequently, the cost per
horsepower output will tend to be higher than for the smsller engines. Installa-
tion of the larger piston engines will also be more costly and difficult because
of their physical size. The performance characteristics of the larger engines
will be very eimilar to those of the smaller engines of the same type.

Large gas turbines may be more attractive, comparatively, than large
piston engines because gas turbines are inherently compact and simple machines.
Consequently, for a given power cutput they are much smaller and lighter than the
same size piston engines and, therefore, they are much easier to install and ser-
vice than & piston engine., Large gas turbines are so, at the present time,
significantly more efficient than small cnes because of the proportionately greater
development effort which has gone into their design.

Compression-Ignition Engines

Compressicn-ignition engines, more commonly referred to as diesel engines,
ai1. @nerally heavy-duty powar sources used for continuous duty where low-speed
lugging ability is desirable. Diesel engin:2 come in a great many different forms:
air and water cooled, two and four cycle, naturally aspirated, supercharged, and
turbocharged.

Figures 7 and 8 show typical specific volume and weight data for diesel
engines up to 500 hp output. The particular diesel-engine types represented by the
curves of Figures 7, 8, 9, and 10 were selected because they are representative of
all of the available types and are the most suitable for stand-by auxiliary power
system use. For all types shown, the specific volume and weight are significantly
greater in the smaller power sizes. The turbocharged and two-cycle diesel engines
are considerably smaller and lighter than the naturally aspirated diesel engines.

Diesel engines up to 500 hp are designed to operate at rated speeds from
1200 to 2400 rpm. Industrial diesel engines in this power range are available
as follows:

Two-cycle, water-cooled, supercharged 33-500 hp
Two-cycle, water cooled, turbocharged 140-500 hp
Four-cycle, air-cooled, naturally aspirated 6-23 hp
Four-cycle, water-cooled, naturally aspirated 4-500 hp

Four-cycle, water cooled, turbocharged 70-500 hp
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Performance aud Control

Figures 9 and 10 show specific fuel consumption and combustion air require-
ments for diesel engines in the 5- to 500-hp range. Highest fuel consumption and
combustion air requirements are associated with the lower power cutputs., The shape
of the curve for the combustion air requirement of the turbocharged diesel engine
i8 different because of sensitive interactions between the turbochargers and the
engines, For economy only a few different turbocharger models are used with a
wide range of engine sizes; consequently, there is bound to be some slight mis-
matching. In addition, as more power is extracted from an engine of a given size
by the use of turbocharging, more excess combusticn air is required to maintain
acceptable peak combustion-chamber temperatures, particularly to prevent piston
failure.

viesel engines are sensitive to intake and exhaust conditions. For
instance, the maximum power rating of a diesel engine should be decreased about
1 per cent for each 10-degree temperature rise in the intake air above 60 F, and
4 per cent for each 1,000 feet of altitude (i.e., a reduction in pressure of 14
inches of water from normal pressure in the intake system). Two-cycle diesel
engines are very sensitive to exhaust back pressure, four-cycle naturally aspirated
diesel engines are less sensitive; and turbocharged diesel engines are relatively
insensitive,

Diesel engine manufacturers frequently publish three power output ratings
for their engines. These are: continuous-duty rating, intermittent-duty rating,
and maximum rating. The continuous-duty rating represents a power level at which
the engine should be able to operate continuously and still achieve its normal ser-
vice life. An intermittent-duty rating is given in recognition of the fact that
many applications will not require full engine power at all times. The intermittent-
duty rating is generally about 10 per cent higher than the continuous-duty rating,
and when used for applications where full engine power is not required at all times
will not result in any reduction in service life. The maximum rating is about 20
per cent above the continuous-duty rating and should be used only for occasional
momentary high loads.

These power output ratings are conservative to some degree, depending
upon the manufacturer ot the engine and are based on a normal service life of
8,000 to 10,000 hr between major overhauls. It is probable that most well-designed
and well-constructed diesel engines could be operated continuously at the intermittent-
duty rating with only one detrimental effect, reduced service life. If adequate
cooling were provided, it is even possible that a service life in excess of 500 hr
could be relatively assured even with continuous operation at or near the maximum
power rating.

Speed and load control systems for diesel engines are fairly simple and
reliable as long as the regulation requirements are not toc strict. A plus or
minus 5 per cent speed variation, which would probably be quite acceptable for a
comnunity shelter auxiliary power system, would be relatively easy to achieve.
Manual controls usually supplied with diesel engines include an on-off switch, a
starting button, and governor and throttle control cables,
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Installation

There are four major factors which must be given consideration when a
diesel engine is installed for emergency stand-by power. These are mounting,
ventilation, fuel supply, and exhaust, All diesel engines should be mounted on
vibration dampers and preferably on a base or on blocks at a level higher than the
floor level for convenience in servicing and maintenance. For the larger engines,
the base should be isolated from the rest of che engine room floor. At least 2
feet of space should be provided all around ”he engine. The engine should be
located convenient to the fuel supply, exhaust outlet, and ventilating air outlet.

Sufficient ventilation air should be provided to the engine room for
combustion and for carrying away radiated heat. If the engine is air cooled, or
radiator cooled with the radiator located in the engine room, additional ventila-
tion air must be provided. The engine rfhould be provided with its own combustion
air filter, hence, filtering of the ventilation air would not be necessary. Fall-
out particles which may pass into and through the engine and cooling system are
not expected to affect the performance:, Both the inlet and the discharge ventila-
tion air openings above the ground level should be located so that the possibility
of clogging from fallen debris is minimized. Inside the engine room; the ventila-
tion air inlet and discharge outlet should be on opposite walls., If an engine-
mounted radiator is used, it is advisable to provide a duct between the radiator
and the discharge opening in the engine room wall to prevent recirculation of the
cooling air. This duct should coatain a flexible section so that engine vibration
is not transmitted to the wall and so that the danger of fatigue failure of the
duct will be minimized.

It is not generally scceptable to allow the fuel to be supplied to the
engine from the main tank by gravity feed, because of the danger that a leak any-
where in the system might perait the entire fuel supply to drain into the engine
room. A "day" tank mounted directly on the engine is frequently used to assure
that the fuel will be immediately avatlable to the engine on starting. If possible,
the main fuel tank should b2 located close to the engine room and slightly below
the level of the fuel pump on the engine. A flexible section should be provided
in the fuel line to the engine to reduce the transmission of engine vibration and
to avoid fatigue failure in the fuel line. If the main fuel tank must be located
above the engine, a float tank should be used between the main tank and the engine.
This ehould be located below the level of the engine fuel pump. With such an
arrangement, fuel runs Dy gravity from the main tank to the float tank where a
constant level is maintained by a float-valve system. The engine fuel pump draws
fuel from the float tenk. 1f the fuel tank must be located at a greater distance
from the engine room :han the engine fuel pump 18 capable of pumping the fuel, a
transfer tank and trensfer fuel pump must be provided between the main fuel tank
and the engine. The transfer pump is needed to pump fuel from the main tank to
the transfer tank. The engine fuel pump draws fuel from the closer transfer tank.

The exhaust pipe from the engine to the outside should be adequately
sized, and should be well constructed, without any leaks, and well s, ported, The
exhaust pipe shovld slope upward from a point near the engine and a condensate trap
should be providad at that lowest point. Condensace must not be allowed to drain
back into the engine. A flexible section should be provided in the exhaust line
to reduce transmission of vibration and to avoid fatigue failure of the exhaust
pipe. The exhius pipe should be no closer than 9 inches to any combustible
material. The ex! ust outlet outside the shelter should be so located with respect
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to the ventilation air inlet that the possibility of exhaust products being drawn
back into the shelter is negligible. If the shelter is located in a heavily popu-
lated area and frequent exercising of the equipment is planned, an inexpensive
muffler probably should be provided. It is generally recommended that mufflers

be located as close to the engine as possible to reduce corrosion damage to the
muf fler from condensed products of combustion.

Maintenance

Consideration of the anticipated short-time operation of community shelter
power sources when compared with the relatively long service life of diesel engines
leads to the conclusion that there should be no maintenance requirements due to
running of the engine. Consequently, the only maintenance problems that should
arise are those due to long storage time. There probably will be maintenance pro-
blems associated with the fuel system, the lubrication oil system, the cooling
system, and the starting system. The fuel system, cooling system, and starting
system requirements will be discussed in later sections of this report. Opera-
tional lubricating oils will tend to form sludge and gum when stored and little
used for long periods of time. If a regular schedule of frequent exercising is
planned, it would be desirable to test a sample of the lubricating oil at least
once every two or three months for signs of deterioration. If the power source is
not to be exercised frequently, it would be feasible to replace the operational
lubricating oil with a preservative oil which would have a much longer storage life.
A few spare parts such as fuel injectors, fuel pumps, fuel and oil filter elements,
and water pumps would be handy to have. A semiskilled technician with proper
instruction could replace any of these parts in the event of a failure during an
emergency.

Safety and Human Comfort

The noise level in the engine room, particularly with the larger installa-
tions, will te fairly high. However, it should not be difficult to reduce the
fraction of the noise which reaches the occupied spaces of the shelter to an
acceptably low value. Simple and inexpensive approaches to accomplishing this
include acoustic treatment of wall and ceiling surfaces inside the engine room,
double-wall construction of the engine room enclosure, seals around all doors and
other access openings between the engine room and the occupied spaces, and separa-
tion of the occupied space from the engine room by buffer spaces such as equipment
and supply rooms.

Diesel fuel is not highly flammable and, consequently, it does not present
a very serious fire hazard. Diesel exhaust gases are objectionable from the stand-
point of odor, but they are not toxic. Most diesel engines are providec. with high
water temperature and low water pressure cutoff devices which sound an alarm and/or
cut off the engine when a previously established maximum operating point has been
reached. An overspeed cutoff device can also be provided.
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Spark-Ignition Engines

Spark-ignition engines are carbureted engines commonly uaing gasoline as
a8 fuel. However, 'hey are also availabl - for gas operation on natural gas, manu-
factured gas, or liquified petroleum gas (LPG). The familiar automobile engine is
& gasoline spark-ignition engine. Industrial gasoline (or gas) engines, however, ar:
mora conservatively designed and rated than automobile engines for longer service.
Spark-ignition engines are available in as many different forms as are diesel
engines, {.e., air and water cooled, two and four cycle, naturally aspirated,
supercharged, end turbocharged. Two-cycle spark-ignition engines are not often
used in industrial service in sizes greater than about 10 or 15 hp because of
their relatively short life and poor speed regulation. Supercharged and turbo-
charged spark-ignition engines are sleo not very widely used in industrial service
because cf sssociated high-temperature problems.

Figures 12 and 13 show typical specific volume and weight dats for gaso-
lioe and LPG engines in the 5- to 500-hp range. These data represent only the four-
cycle naturally aspirated air- and water-cooled spark-ignition engines, as the other
types are not considered applicable for stand-by auxiliary power systems because of
the problems of short life, poor speed regulation, and high temperatures mentioned
in the preceding paragraph.

Spark-ignition engines up to 500 hp are designed to operate at rsted
speeds from 1200 to 3600 rpm. Industrisl gasolir~ engines in this power range are
available as follows:

Two-cycle, air-coolcd, naturally aspirated 1-10 hp
Four-cycle, air-cooled, naturally aspirated 1-70 hp
Four-cycle, water-cooled, naturally aspirated 3-500 hp

Industrial LPG engines in this power range sre available as follows:

Two-cycle, water-cooled, supercharged 350500 hp
Your-cycle, air cooled, naturally aspirated 2-70 hp
Four-cycle, wster-coolad, naturally aspirated 4-500 hp
Your-cycle, water-cooled, turbocharged 225-500 hp

Performance and Control

Figures 14 and 15 show specific fuel consumpti.. and combustion-air
requirements for spark-ignition engines in the 5- to 500-hp range. These data
shov the LPC engine to be slightly more economical fr fuel consumption than the
gasoline engine, particularly in the larger sizes,

Spark-fgnition engines are about as sensitive to intate and exhaust
conditions as diesel engines, and they require approximetely 1 er cent derating
for each 10-degree temperature rise in the intake ai> above 60 F and 4 per cent
derating for each 1,000 feet of altitude.
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Spark-ignition engine manufacturere generally publish three power output
ratings for their engines. As in the case of the diesel engines, these are:
co~rtinucus-duty rating, intermittent-duty rating, and maximum rating. These power
output ratings for spark-ignition engines may not be quite as conservative as those
for diesel engines; however, it is8 probable that a well-designed and adequately
cooled spark-ignition engine could be operated continucusly at the intermittent-
duty rating with only a reduction in the total service life.

Speed and load control systems for spark-ignition engines are simple and
reliable as longz as the regulation requirements are not strict. A speed varistion
of + 5 per cent wouid be relatively easy to achieve, Manual controls provided with
spark-ignition engineg inciude en on-off switch, a starting button, a throttle
control, a choke control, and someLimes & spark-sdvance coatrol.

Ianstallaticn

Installation of spark-ignitior engines for emergency stand-by power should
follow the szme pattern as for diesel angines. All but the very smallest engines
should be mounted on vibration dampers and on a base or blocks at a level higher
than the flcor ievel for convenience of servicing and maintenance, For the larger
engines, the base should be isolated from the rest of the engine room ficer. At
least 2 feet of space should be provided all around the engine. The engine should
be located in the engine room convenient to the fuel supply, exhaust ocutlet, and
ventilating air outlet.

The ventilation air requirements for spark-ignition engines are, if any-
thing, greater than those for the diesel engines. Radiation and miscellaneous
heat losses from spark-ignition engines tend to be higher relative to the power
output than with diesel engines. The engine room ventilation air does not have to
be filtered as the engine should be supplied with its own combustion air filters,
and fallout particles, if present, are not expected to affect the performance of
the engine in any measurable way for the duration of the emergency period. Care
should be taken in protecting the above-ground inlet and discharge vents from
damag~ by falling detris or vandalism, The ventilation air inlet and discharge
openings inside the engine rocm should be on oppesite walls to prevent short
circuiting. A flexibly mounted duct should be provided between an engine-mounted
radiator and the dischargz opening in the engine room wzll to prevent recirculation
of the cooling air. The flexible duct will prevent engine vibration from being
transmitted to the wall and will protect the duct from fatigue failure due to
vibration.

Gasoline fuel is significantly more volatile than diecsel fuel and,
consequent ly, represents a greater fire and explosion hazard. Local codes may
seriously restrict the use of gasoline fuel in sowe community shelters. These
codes should be followed rigidly where possible, but it may be necessary to
obtain permission for exceptions or compromises. Aside from the need for greater
caution in handling the fuel, gascline engine fuel system components extermal to
the engine would be similar to diesel engine fuel system components.

The use of LPG fuel may also be in conflict with code restrictions. The
fumes from LPG fuel are also highly explosive and a fire hazard. In addition, LPG
fuel 18 stored under relatively high pressure which requires additional safety
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precautions. Again, the local codes should be followed wherev>r po sibie ard
exceptions, where necessary, worked out in advance with local authorities.

Gasoline and LPG engine exhaust gases are toxic; consequently, the
exhaust system of the spark-ignition engines will have to be installed with care
to aveld any poseibility of leaks. In other respects the same exhaust system
requirements which apply to diesel engines also apply to spark-ignition engines.

Maintenance

Gasoline engines are not designed for as long a scivice life as diesel
engines, On the other hand, LPG engines, because of the cleaner buri.ing character~
istics of the fuel, could be expected to have about as long a service life as the
diesel engines. The industrial-type gascline engine, even considering its shortew
service iife, is not expected to require any maintenance during ke zecistively
brief emergency period. The maintenance problems which may be encountered during
stand-by will be due mainly to the effects of long-tzrm storage on the fuel system,
lubricating system, cocling system, and starting system. These probleme will be
similar to those encountered with diesesl engines and they are discussed in later
sections of this report.

Safety and Human Comfort

The noise level in the engine room will be slightly lower with spark-
ignition engines than with diesel engines. However, the noise level will be great
enough to warrant using the same techniques for sound absorption and attenuation
as were suggested for the diesel engines. Gasoline and LPG fuels, as was pre-
viously mentioned, are more dangerous than diesel fuel from the standpoint of fire
end explosion hazards, Also, as previocusly mentioned, the spark-ignition engine
exhaust gases are toxic while the diesel engine exhaust gases are not. Spark-
ignition engines are provided with safety devices similar to those on diesel
engines such as high water temperature and low water pressure cutoff devices. 1In
addition, as with the diesel, spark-ignition engines can be provided with overspeed
cutoff devices.
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FPigure 16 shows approximate purchase prices of spark-ignitionm engines in
the 5- to 500-hp range. These data were obtained for engines supplied for electric
generator service, Altacugh spark-igaition engines are smaller and lightex than
diesel engines of the seme power output, the cost of installatior {8 not expected
to be significantly different. Fuel costs for spark-ignition engines will be
approximately twice as great as for diesel engines. A two-week supply of gasoline
for & 100-hp power source would cost about $600, and a two-week supply of LPG fuel
would cost about $550,
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Brief consideration was given during this study to using replacement
automobile engines as prime movers because the automotive industry, with its mass
production, produces engines probably for as low a manufacturing cost as could be
found anywhere. Therefore, two manufacturers of gasoline engines for both
industrial and passenger-car use were consulted for the over-the-counter prices
and the recommended continuous-duty ratings of equivalent industrial and passenger-
car engine models for suxiliary power use. However, the quoted total prices were
within a few dollars of cach other and the continucus-duty power ratings were
within a few horsepower of each other for the same basic engine model.

Gas Turbines

The gas turbine 18 not a new power source technologically, but only
recently have gas turbines been put to commercial use other than in aircraft. The
chief advantage of the gas turbine is high power from a small package. Thie explains
the successful aircraft application. However, basic simplicity and potential
reliability are gas turbine characteristics which are playing a large role in the
tread to more widespread commercial application.
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Gas turbines have been made in many types and forms. bhut for community
shelter prime mover application only single-shaft or split-shaft (free power tur’ ine
and regenerative or nonregenerative configurations need be considered.

Figures 17 and 18 show typical specific volume and weight data for gas
turbines up to 500 shaft hp output of the type most applicable to community shelter
auxiliary power systems. These data represent turbines which are now or soon will
be available commercially.

Very few gas turbines are actually in production at present. Moreover,
those that sre available usually are intended for specific military or defense
applications. Therefore, it i8 not very meanijiul tc discuss speed and size
ranges available except in a general way. The turbine power shaft rotaces at
30,000 to 50,000 rpm; consequently, gear reduction units are necessary to provide
ugseable output shaft speeds. Gas turbines as small as 25 shaft hp are listed as
available, and many units over 500 hp are actually in service.

Performance and Control

Figures 19 and 20 show specific fuel consumption and combusti~n air
requirements for gas turbines. These data are ccnsiderably less reliable than the
similar data for compression-ignition and spark-ignition engines because only rela-
tively few gas turbines of eac: of the many available model types have been tested
in actual commexcial service,

Gas turbines are movre sensitive to intake and exhaust conditions than
either compression-ignition or spark-ignition engines. According to data from
several manufacturers, an average derating for ambient temperature is 6 per cent
per 10-F rise and for altitude (or intake pressure) 4 per cent per 1,000 feet.

The single-shaft gas turbine is the more responsive to speed and load
changes and is the more easily governed. The split-shaft turbine, however, can be
more casily started without decoupling the load, and is more adaptable to a wide
variation in output speed. The control system of a gas turbine is relatively
simple and is frequently automated so that the operator can merely push the start
button. A governor in the fuel system controls the fuel feed according to the
loged demand for a given constant shaft speed.

Installation

Gas turbines are inhecrently vibration-free and, therefore, they can be
very easily mounted with a minimum of isolation equipment. At least 2 feet of
space should be provided around the turbine for convenience of servicing and main-
tenance. The turbine should be located convenient to the fuel supply, exhaust
out let, and ventilation air outlet.

Rsdiastion and miscellaneous heat losses for a gas turbine will be higher
in proportion to the power output than for compression- and spark-ignition engines
unless the radiating surfaces are well insulated. It is more common practice to
provide this insulation with gas turbines than with piston engines because of the
simpler shape and smaller size of the gas turbine. Gas turbines require 5 to 8
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times 88 much combustion air as piston engines; consequently, the ventilation air
requirement for a gas turbine prime mover, even with insulation, would be greater
than for a piston engine prime mover unless an air-cooled radiator or condenser
wa2re used in the engine room for the piston engine,

Fuel system requirements for a gas turbine would be similar to those
for compression-ignition and spark-ignition engines. Gas turbines are capable of
burning any liquid or gaseous fuel. The use of leaded gasoline requires special
preparation and equipment tc combat lead deposits and corrosion.(1l) For gaseous
fuel an injection pressure of 60 to 120 psig is required. LPG fuel can probably
fulfill this requirement under normal storage and supply conditions; however, if

the supply pressure at the turbine is too low, a turbine-driven gas compressor can
T a provided.

The exhaust gases from a gas turbine are relatively nontoxic and contain
2 per cent or less of CO;. The exhaust duct and the discharge opening for a gas
turbine prime mover nmust be large compared with those for piston engires because of
the cons.decvably greater quantities of air handled,.

Maintenance

No maintenance requirement is anticipated for a gas turbine during an
emergency operating period. The stand-by maintenance requirements of gas turbines
would be significantly less than those of piston engines because of the design
simplicity and the lack of rubbing parts. Protection of surfaces from corrosion is
still desirable but not c¢ritical. The lubrication system of a gas turbine should
be prepared for storage by replacing the operational lubricant with a preservative
and distributing the preservative throughout the system. Preservative should also
be sprayed into the combustor and on the turbine and compressor bladee.

Safety and Human Comfort

The noise level with a gas turbine should be no greater than with a
piston engine 1f proper noise attenuation equipment is provided. The simpiest
approach to gas turbine noise reduction i{8 to completely duct tbe inlet and exhaust
flows, to provide at least one elbow to each duct, to tihoroughly insulate the
ducts, and *o direct the duct openings vertically. The cost of siiencing a gas
turbine woutd be slightly greater than with pisccn ergines because the ducting
is generally fairly large and must be practiciliy custow-built for each installa-
tioun.

Gas turbines are provided wih safely shutdownr devices for overspeed,
overtemperature, low oil pressure, an? high oi) tempersture. The usual hazards
associated with the Jifferent fuels applies for gas turbines as for piston engines,
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Economics

Figure 2! shows approximate purchase prices of gas turbines in the 5- to
500-hp range. These data were obtained directly from manufacturers and reflect
present low-volume production. Some manufacturers predicted “1tur~ high-voluuwe
production and, consequently, future purchase prices of about . ha.f or a third of
the prices given in Figure 21. Installation costs of gas turbines would be very
small with the exception of the cost of silencing. A two-week supply of fuel
(assuming No. 2 diesel oil) for a 100-hp gas turbine power source woul cost about

$670 if a regenerative turbine was used and $1,000 i{f a non-reger ‘rative turbine
was used.
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Steam-Powered Prime Movers

The steam-powered prime mover was considered in this study because it
ordinarily is included in the category of conventional power sources. However, it
is not conventionally used in the relatively low power range being considered for
community shelters. Complete steam power systems are most frequently found in
large public utility power-generation stations. The chief advantages of steam-
powered prime movers over other prime movers in this application are: the ability
to burn cheap solid fuels such as coal, the lack of stringent practical size
limitations, and the extremely long operating life.

Upon critical examination of these general advantages it becomes apparent
that not one of them is a particular advantage with respect to comnunity shelter
application. It is significant that steam power has not been widely used except in
central power stations and ship propulsion systems where large power capacity, long
life, and operating economy are governing factors. However, this is not sufficient
reason to rule out the steam system, therefore, an investigation of the suitability
of steam power for use in community shelter auxiliary power systems was conducted.
This investigation was brief however, because the results weighed heavily against
“he use of steam power in a community shelter.

The steam-powered prime mover was not studied in great detail. In the
following discussion the steam-powered prime mover is compared directly with a
die: 21 engine on the basis of the items considered most important in a community
shelter application. The material to be covered does not lend itself to organiza-
tion in the previous pattern of discussion under five major headings (e.g., perfor-
mance and control).

A Representative System

A typical or represzncative steam power system includes several basic
crmponents: & Steam generator, a steam engine, a condenser, and condensate and
boiler feedwater pumps. In addition, it is sometimes necessary to provide a fairly
excensive cuntrol system, a make-up water chemical-treatment syatem, high- and low-
presgure stcam and water piping, and heat-recovery equipment to maintain an
acceptable over-all thermal 2fficiency.

The steam generator is a combined boiler, burner, and combustion chamber.
This generator a!one might be equal in size and weight to a piston engine and
significantly larger than a gas turbine of comparable power output. The engine
itself might be a piston type or turbine type, the latter being more frequrntly
ueed for medium and large installations. The condenser would probably be approxi-
mately the same size as the engine, and together they might be about equal in size
and weight to the steam generator.
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Comparison of Steam and Diesel Systems

A steam system, in addition to being about twice as bulky and heavy as a
diesel engine, would comprise at least two approximateiy equal-size units -ad would
require near'!y twice the shelter floor space for adequate servicing and inspection
clearance. Complete steam power systems are not readily available in a very wide

range of sizes, whereas diesel engines can be obrained in a great variety of power
outputs.

A shelter-sized steam system would consume about 50 per cent more fuel by
weight than the diesel system if the same fuel were used with each.(2,3) Thus, the
fuel cost would be about 50 per cent higher. Coal as a fuel for the steam system
would appear to be attractive from the standpoint of economy and resistance to age
deterioration. Also, coal would actually require very little more storage space
than fuel oil because of its high density. However, the equipment necessary for
automatic and reliable handiing of thc ccal wculd be extremely expensive. The
steam system would require more combustion air then the diesel engine to match the
higher fuel consumpticn. More cooling water (or air) for the condenser would also
be required with the steam sysiem.

The steam system would be less sensitive to ambient temperature and
presaure conditions than the diesel engine, because the -ombustion air would be
¢uprliied by a blower which could be oversized without a very significant cost
penalty. The steam system 18 superior toc the diesel engine with respect to noise
and vibration. A steam power aystem will not contribute significantly to the noise
level in the shelter; hence, it will require no acoustical treatment of the engine
room,

The control requirements with steam systems are considerably more critical
than those with diesel engines becauge of the explosior hazard. A partial listing
of necessary controls includes: automatic combustion controls, {eed-water regulator,
draft regule*or, steam pressure regulator, turbine stesm flow, and speed control.

A steam power system is less adaptable to completely automatic ope-.*ion, and more
experienced persons are required to service and operate steam systems than diesel
engines. The safety devices usualiy provided include: low-water fue’® cutoff,
overpressure cutoff, safety and biowdown valves, and flame-out protestion.

Instaliation of a steam system would be more costly and complex than
installation of a diesel engine because of the separate units and the piping which
is generally custom-built at the site. The same or similar maintenance problems
would be faced with & steam system a® with a diescl engine. The purchase price of
a stesm system would probably be greater than twice that of a diesel engine,
particularly in the very smcll eizes.

The steam power system predents 8o few advantages for community shelter
application and so many serious disadvantages that {t does not warrant belng con-
sidered any further in this report. Therefore, the following discussions of

IR auxiliary components, systems, and requirements for the total auxiliary pover
. system will be based on the assumption that cither a compresaion-ignit.on engine,

a spark-ignition engine, or & gas turbine would be used as the prime mover.




STARTING SYSTEMS

All of the prime movers considered practical for shelters require some
type of externally powered starting device, This external power may be in the form
of manual energy or stored electric, pneumatic or hydraulic energy, or stored chemi-
cal energy as in the case of a pilot engine, The manual energy can be used directly
to crank the engine or it can be used in a stored energy system, Although manual
stored energy systems are not commercially available, they are attractive f r shel-~
ter use from the standpoints of cost, maintenance, and reliability, Electric,
pneumatic, and hydraulic systems are commercially available for the types and size
range of prime movers considered practical, Pilot engines are available for onmly

a limited range of larger prime mover sizes and types, Because of this they were
aot considered further in this study,

Electric Starting

Figure 22 is a schematic illustration of an electric starting system,
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The major components of this system are: (1) batieries, (2) starting switch and
solenoid, (3) cranking motor, (4) battery charger, and (5) regulator, All of this
equipment is readily available commercially for either 12= or 24~volt systems, The
12-volt systems would be used with the smaller prime movers and the 24-volt sys~
tems with the larger,

The batteries are the most critical component of an electric starting
system, In fact, the primary maintenance requirement is to maintain the batteries
at or near full charge at all times, The illustration shows two alternative means
for maintaining battery charge: (1) commercial-power battery charger and (2)
engine~driven charging generator. A system may require one or the other of these
methods or both together, The engine-~driven charging generator will be useful if
frequent periodic exercising of the power source is planned, The batteries could
probably be maintained at full charge by this means if the prime mover were exer=-
cised at least once a month for a period of not less than 2 hours each time, If
less frequent exercising is planned, or if a greater relicbility of starting is
essential, a commercial-power battery charger should be in:luded in the starting
system along with the engine-driven charging generator,

Four principal types of commercial-power battery chargers are available:
(1) trickle charger, (2) variable=rate charger, (3) two-rate charger, and (4) high-
rate charger, The trickle charger supplies a low charging current at a constante
voltage potential, Consequently, the battery cannot be overcharged under normal
conditions, However, a considerable length of time is required for charging a dis-
charged battery,

With the variable-rate charger the charging cycle begins at a high rate,
depending on the battery potential, The rate tapers off as tiie battery becomes
charged until a constant rate equivalent to that of the trickle charger is reached,
With the two-rate charger, the charging cycle also begins at a high rate., After
a certain battery potential has been reached the charger switches to a low rate,
The high-rate charger charges at a high rate for a short predetermined interval,

It is then switched off automatically and remains off until the specific gravity
of the battery electrolyte falls below a minimum safe value., Then the charging
cycle is again triggered,

The battery most commonly used in emergency standby power systems is the
lead=acid wet-cell battery, This battery has a potential life of 3 to 15 years,
depending on the quality of manufacture and materials and on the means of maintain-
ing the charge, Although it is very bulky, it is the least expensive of the com-
mercially available batteries capable of providing the high. rates of discharge
required for starting large diesel engines, A sealed lead-acid wet-cell battery
has recently become commercially available, Being sealed it would require signifi-
cantly less standby maintenance than the unsealed type. However, it is presently
limited to very low rates of discharge. Lead-acid wet-cell batteries are also
available as dry charge batteries, i.e., the electrolyte is stored in a separate
container and added when the battery is put in service, Dry charge batteries have
a shelf life of about one year in the dry state and require a charging period after
the electrolyte is added to ensure that they will deliver rated power, All lead-
acid wet-cell batteries lose capacity as the battery temperature decreases, gt
0 F the capacity is reduced by 50 per cent from its rated capacity at 80 F.(A

-—u I _ 2.
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Other batteries considered in this study are: nickel-iron, nickel=-
cadinium, silver-zinc, and silver-cadmium, The nickel-iron (Edison) cells are very
long lived batteries, up to 15 years or more, and are extremely reliable, However,
to get the high rates of discharge required for engine starting a particularly
large battery is required, The nickel-cadmium battery is generally cousidered to
be more reliable than the lead-acid battery and to require less maintenance, The
estimated life of the nickel-cadmium battery is 15 to 25 years and the cost is
about four times that of the lead-acid battery, The nickel-cadmin battery is
capable of producing half its full~rated capacity at about =30 F, ) The sealed
nickel-cadmium battery is in the same category as the sealed lead-acid battery.
That is, it is significantly more reliable and requires much less maintenance than
the unsealed nickel~cadmium battery but it is not capable of delivering the high
rate of discharge required for engine starting, Silver-zinc and silver-cadmium
batteries are very compact, but also very expensive and short lived, The silver-
zinc battery has an estimated life of about one year; the silver-cadmium battery
has an estimated life of about 5 years, A reserve~type silver-zinc battery is also
available; it can be stored a great many years in the dry state, Electrolyte is
added when the cell is needed. The cell is discharged during use and is not re-
chargeable, At the present time, the unsealed lead-acid and nickel-cadmium bat-
teries are the most logical choices for providing power for electric starting
systems,

Standby maintenance of electric starting systems involves maintaining a
charge in the batteries, inspection of components, and periodic exercising through
a starting cycle, Battery charging, the most critical and demanding maintenance
requirement, has already been discussed in some detail, Batteries give off small
quantities of explosive and toxic gases vhile being charged; hence, the power sys=-
tem enclosure should be periodically checked for dangerous concentrations of these
gases or the batteries should be vented to the atmosphere, The battery condition
can be evaluated by measuring the cell voltages and the specific gravity of the
electrolyte, and by checking for corrosion at the terminals, for liquid leaks, and
the electrolyte level, A record should be kept of battery condition so that any
tendency toward deterioration can be discovered in adequate time for servicing or
replacement,

The other major components of the electric starting system: starting
switches and solenoid, cranking motor, and voltage regulator, can be expected to
tolerate long idle periods without deterioration, This tolerance can be improved
by the use of moisture~-resistant materials cr by maintaining a reasonably dry en-
vironment,

The installed costs of minimum electric starting systems vary from about
$100 up to about $600, depending on the size and type of prime mover and on the
complexity of the system, Diesel engines require slightly more expenisve starting
systems than j;asolien and LPG engines because of the higher cranking energies re-
quired, Gas turbine starting systems are slightly less expensive than gasoline
and LPG engine starting systems, Greater reliability of starting can be obtained
at greater cost with more complex battery charging equipment and with a greater
number of batteries in the system,
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Hydraulic Starting

Figure 23 is a schematic illustration of a hydraulic starting system,
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FIGURE 23, HYDRAULIC STARTING SYSTEM

The basic components of this system are: (1) cranking motor, (2) accumulators,
(3) filters, (4) reservoir, (5) charging pump, (6) hand pump, and (7) hand start-
ing valve., Hydraulic starting systems are commercially available for all types
cf prime movers except gas turbines,

The maintenance of a hydraulic starting system involves merely checking
the accumulator pressure and exercising through a starting cycle, An engine-
driven charging pump, as shown in the illustration, is desirable if frequent exer-
cising of the prime mover is planned, However, a separate, electrically driven
charging pump is more flexible and probably slightly more reliable in maintaining
the system pressure during standby, The working pressure for hydraulic starting
systems is usually between 1000 and 3000 psi,

Hydraulic starting systems provide very high cranking speeds, but for
only very short times, The reserve capacity of hydraulic starting systems is quite
limited; a large number of accumulators are required for the same number of start-
ing sttempts that could be supplied by just a few batteries, However, a compen-
sating feature is that the system can ve recharged readily by hand, Consequently,
the necessity for a large capacity accumulator is eliminated, and the number of
starting attampts is not limited by the equipment,
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Hydraulic starting system components are not greatly affected by tempera-
ture, moisture, and dirt, Therefore, they are easy to maintain, The life of the
system is estimated to be equal to or greater than the life of the other components
of the auxiliary power system, Hydraulic starting system components are generally
more expensive than components of electric starting systems, Mirimum hydraulic
starting systems range in cost from $400 to $2,000, depending on the size and type
of power source,

Pneumatic Starting

Figure 24 18 a schematic illustration of a pneumatic starting system,
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The basic components of this system are: (1) cranking motor, (2) starting valves,
(3) air receiver, (4) air tanks, and (5) air compressor, Pneumatic starting sys-
tems are available for nearly all types and sizes of power sources, except gas
turbines, The pneumatic starting system is similar tc¢ the hydraulic stariing sys-
tem in providing a high cranking speed for a short cranking period, The working
pressure for a pneumatic starting system is uaually between 100 and 150 psi.

Standby maintenance for pneumatic starting systems involves chiefly
visual checking of system pressure and periodic operation through a starting cycle.
The life of the components of pneumatic starting systems will be equal to or great-
er than the life of the other major components of the auxiliary power systems,

A standard-size air receiver tank for a specific prime mover would pro-
vide only about 30 seconds of starting time, Most power sources operating regu-
larly and frequently should start within this time, However, a standby power
source not regularly exercised may require significantly more starting time, Con-
sequently, a source of reserve starting power must be provided in a pneumatic
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starting system, A typical reserve power zource is i1llustrated in Figure 24 which
showa standard commcrcial compresscd-air bottles, The 210 cubic feet of air stored
at 2000 psi in cach bottir would incrcase the normal starting period by 30 to 90
scconds, Alternatively, :he air rcceiver could be increased in size to provide
additional roserve starting power, An engine-driven air compressor, as illustrated
in Figure 24, would be satisfactory for maintaining a pressure in the air recciver
during standby if frequent excrcising of the prime mover ie planned, A scparate,
electrically driven air compreasor would be more flexible in its adaptability to
any standby maintenance program, but would also be slightly more expensive,

The estimated cost of pneumatic starting systems varics between $400 and

$1,000, depending on the size and type of the prime mover, the complexity of the
system, and the amount of rcscerve compressed air provided,

Manual Starting

Manual starting systems can be divided intc two categories: (1) dircct
such as a hand crank or rope which are commercially available and (2) stored cnergy
such as a flywhcel or falling weight which are not commerciaily available, Because
of the limitation on human power capacity, application of the Jdircet type is |
limited to small engines, The limitation on human power capacity does not apply
to the stored encrgy type, and therefore, this type is applicable to mwuch larger :
engines, ' l

A manual starting system must be designed such that the Input requirce- .
ment is within the capability of an average man, In an article by E, S, Krcndcl(s) l
test results are given for one- and two-handed cranking cffort for short periods
and for bicycle-type pcddling for long periods, The data indicate that a young -
man can sustain about 0,6 hp for 30 scconds with two-handed cranking, while the l
upper limit of human energy output is approximately 1 hp sustained for 5 minutcs
by a trained racing cyclist, A strong, but untrained cyclist can mailntain about .
0,6 hp for the samc longth of time, The most cffective crank radius is evidently l
the largest which can casily be spanned, and this appears to be about 1 foot, A
typical short~term cranking spced is about 80 rpm, although speeds up to 260 rpm
were recorded at low loads, It appears that a reasonable standard of human output l
for the purposes of this study would be two=handed cranking at 80 rpm with 27
pounds average tangential force applied at & 12-inch radius, The prwer developed :
under these conditions is about 0,41 hp, and it should be sustalnabic for between l
1 and 2 minutes, If larger outputs are required, tandem cranking or cven tandem
peddling could be adopted, The use of more than two men would probably get Into
the area of diminishing rcturns because of incrcased complications and difficulty
with coordination of effort,

In addition to knowledge of human power capability it is also necassary
to know engine motoring torque requirements, Unfortunately, low=-spced motoring
torque data for cngines are difficult to obtain, and nearly impossible to calculate
bocausc of the large number of variables involved such as oil viscosity, condition
of pieton rings, bearing clearances, accessory drives, cte, Information for this
study was obtained by taking manufacturer's maximum torque ratings for a typical .
air starter and multiplying by a typical i2-~1 pinion«to-flywhcel ratio to get an l‘
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estimated maximum starting torque at tne crank shaft, This approach should yield
fairly conservative values, A maximum starting torque of 348 ft-lbs was estimated
to be required by a typical 100-hp diesel engine which was selected for the cal-
culations of over-all system size and component requirements for the energy-storage
starting systems,

Manual Direct Starting

Manual direct starting systems are inexpensive, require almost no main-
tenance, and are as reliable as the manpower available to operate them., Rope
starters are available for gasoline engines up to 10 or 12 hp and for dierel en-
gines up to about 5 hp, Hand-crank starting is not practical for gasoline and LPG
engines over 40 hp and for diesel engines over 20 hp, Gas turbines of 50 to 75
hp can be hand-crank started if a means is provided to unload the compressor during
the cranking period, A hand crank could be provided as an emergency starting means
even for prime mover sizes that are normally considered too large for hand start-
ing, this would provide a last resort possibility in the event the main starting
system failed to start the engine, A hand-crank starting system would have to be
suitably constructed to be of any real value, For example, the crank should be
supported in good quality bearings and should have a long and comfortable handle,

Manual Energy-Storage Starting

Three manual energy=-storage starting mechods were investigated during
this study: (1) flywheel, (2) falling weight, and (3, spring. None of these were
found to be commercially available in any form, but all are considered feasible,
All the systems offer high reliability, low maintenance requirements, and reasonably
low first cost. The flywheel system would probably require the least amount of
floor space, The spring and falling weight systems would be more efficient, The
falling-weight system would have the shortest activation time or require the least
time to develop enough energy for a single starting attempt, However, the acti-
vation time for all three systems probably would not exceed 2 or 3 minutes,

Flywheel=Type Energy-Storage Starting, Figure 25 is a schematic {llus-

tration of a flywheel-type energy-storage starting system, The system is shown
coupled to the engine through a conventional starter pinion assembly which provides
a 12-1 gear ratio in itself,
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FIGURC 25, FLYWHEEL-TYPE EMERGY~-STORAGE STARTING SYSTEM

To initiate the starting cycle, the operator disengages the starter
clutch between the flywheel and engine and engages the clutch between the crank
and flywheel, He then cranks the flywheel through the step-up gears until suf-
ficient kinetic energy is stored in it, Finally he disengages the crank (for
safety) and engages the starting clutch, The initial shock of momentum transfer
is absorbed by the slipping clutch, which is set to allow slippage at a torque
slightly above that required to get the engine past the first compression stroke,

Turning an engine over 4 or 5 revolutions should be more than sufficient
to start it, At the estimated maximum resisting torque of 348 ft-lbs, for the 100
hp diesel being used as an example this would require 11,000 ft-lbs of energy. To
allow for acceleration of the engine parts, the energy requirement should be in-
creased by a factor of 1,5, For the example, the energy requirement would be
16,500 ft-1bs, Flywheels of inertia starters used on World War II .ircraft have
been satisfactorily run between 10,000 and 14,000 rpm; consequently a speed of
10,000 rpm was arbitrarily selected for the high-spee! flywheel starting system,
A steel flyv’ccl 8.2 inches in diameter and 1 inch thick (moment of inertia equals
0.363 in-lbs”) would have the required energy at that speed, Step-up gears of 125-
1 ratio would allow 80 rpm at the crank to produce 10,000 rpm at the flywheel,
This is conesistent with previous practice in inertia starter design, A 100-1 total
step-down ratio from flywheel to engine would give 50 rpm at the crankshaft when
the flywheel had slowed to 5,000 rpm, provided the clutch had stopped 8lipping,
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The friction losses in the two gear trains would be considerable, but
would be partially compensated for by the kinetic energy stored in the gears them-
selves, Assuming a corstant tangential force of 27 1lbs >n a crank having a racius
of 12 in. (as previously specified), the time required to get the flywheel up to
speed would be about 2,5 minutes, This is twice as long as would be required on a
basis of continuous 0,41 hp output, because the cranking speed must start from O
and terminate at 80 rpm, giving an average cranking speed of only 40 rpm,

It is evident that the use of a high-speed flywheel, although consistent
with established practice, is disadvantageous because of the two sets of high-
ratio gearing required, Previous inertia starters were designed for high speed pri-
marily to save weight in aircraft installations, In a community shelter, weight
limitation is not critical, and it is worth while to investigate the possibility of
using a larger low-speed flywheel,

If the maximum flywheel speed is limited to 1200 rpm, the flywheel shaft
can be directly coupled at the point where the starter pinion normally enters the
engine, This will eliminate the step~down gear set and will give a 100-rpm nominal
initial starting speed at the crankshaft, assuming that a typical 12-i pinion-to=-
ring gear ratio is used, A steel flywheel 22 in, in diameter and 1,5 in, thick,
weighing 161 lbs will store the required 16,500 ft-lbs of energy at 1,200 rpm,

The step-up ratio required for hand cranking is 15=1 in this case and allows the
use of fewer and less precise gears than the 125-1 set needed for the high-speed
flywheel, The time required to accelerate the flywheel remains about 2.5 minutes,
Other features of the low-speed flywheel system, such as the starter clutch and the
hand crank clutch would remain relatively unchanged,

Falling-Weight -Type Energy Storage Starting, Figure 26 is a schematic
illustration of a falling-weight-type, energy-storage starting system, To initiate
the starting cycle the operator raises the weight along the guides by means of a
winch and then holds the weight by mecans of a winch brake, The engine cable,
which thenhangs loosely, is wund around the starting drum on the engine shaft by
turning the drum backward against its ratchets until the cable is tight, For
starting the operator disengages the crank handle and releases the winch brake,

The cable end may be designed to pull free of the starting drum after unwinding,

or it may be left attached, In this case, the ratchet pawls could be desizned to
retract by centrifigual force to avoid continuous clicking of the ratchet while

the engine runs, Thc shock absorber would cushion the impact of the falling weight,

Because of the space limitations in community shelters, 1t is advisablc
to have the weight fall through a relatively short distance, For the 100 hp diescl
engine example, a 2,750-1b weight falling through 6 feet was selected, This will
product the 16,500 ft-1lbs required to start the engine, With a 4,6-in, drum dia-
meter, 5 full engine revolutions are obtained at 517 ft-1bs of static torque, This
torque i8 about 50 per cent in excess of the estimatcd maximum required, hence pro-
viding adequate cranking speed for a minimum falling distance, With a winch having
a gear ratio of 23-1, a 12-in, handle, and a 4-in, diameter drum, a force of 20 lbs
at the crankhandle will balance the 2,750 1b weight, A cranking force of 27 lbs
will raise the weight to the required 6 fecet in slightly less than 2 minutes,

B
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‘ Spring-Type Energy-Storage S*tarting, Figure 27 is a schematic illustra-

tion of a spring-type energy-storage starting system, To initiate the starting
cycle, the operator sets the brake on the starting drum and extends the springs by

{ cranking the winch, He then sets the winch against its ratchet, For starting,

the starting~drum brake is released, As with the falling-weight system, the start-

ing drum must contain a ratchet to allow winding of the slack cable and to prevent

rewinding upon starting, The cable may either pull free of the drum or remain

attached to the cable drum while its ratchet idles,
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FIGURE 27, SPRING-TYPE ENERGY-STORAGE
STARTING SYSTEM

A typical setup for the 100~hp diesel engine might employ two tandem
coil springs of 100-in, closed length, 4=-in, mean diameter, and 0,704-in, wire
diameter,. A spring deflection of 6 .t would provide the required 16,500 ft.-lbs

of energy, A 4,6-in, cable drum on the engine would allow 5 full revolutions to
be made,

Unfortunately, the spring system is not inherently a constant-torque
device, as is the falling-weight system, However, the initial torque of 1,050 ft-
lbs is three times the estimated maximum resisting torque, and this should provide
adequate cranking speed during the full 5 crandshaft turns, The average torque
applied during the cycle will be 1,5 times the conservatively estimated resisting
torque of 348 ft~lbs, If the same winch handle and drum dimensions are uscd as in
the falling~-weight system, but with the gear ratio doubled to 46=1, thc¢ springs
could be fully extended in about 3,3 minutes, assuming 80 rpm cranking speed and a
maximum force of 20 lbs at the crank handle,
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It should be emphasized that all the manual energy-storage starting sys-
tems illustrated in this report are merely conceptual. Time did not permit a
thorough investigation in this area, It i{s almost certain that many other con-
figurations could be devised to fulfill the reaquirements, some perhaps signifi-
cantly better than those illustrated, The primary purpose of this study was to
determine the general feasibility of manual energy-storage starting systems,

Estimated Starting Systems Costs

Figures 28 and 29 show the approximate costs of starting systems for
conventional power sources, Figure 28 shows cost data for starting systems for
diesel engines and gas turbines and Figure 29 shows cost data for starting systems
for gasoline and LPG engines, These data were obtained from manufacturers' litera-
ture and include estimates of the coats of installation and of suitable auxiliary
equipment. In all cases, the installed cost of the electric starting system is
lower by a significant margin, However, if standby maintenance costs were included
the relative costs may be altered considerably,

It has been previously mentioned that manual energy-storage starting
systems are not presently available in any form for the types of power sources con-
sidered in this study, However, to obtain some idea of the potential cost of a
typical energy-storage starting system for comparison with the costs of the com-
mercially available starting systems, an estimate was made on the basis of the low-
speed flywheel-type system, Standard, readily available components were considered
wherever possible in this estimate and no allowance was made for volume production
or quantity buying. The estimated cost figure is $325 for a system capable of
starting a 100-hp ciesel engine,

This $325 figure has been included in Figures 28 and 29 and appears to
compare quite favorably with the costs of electric starting systems, To include
these data in Figure 29 the assumption was made that a system capable of starting
a 100~hp diesel engine would be capable of starting a 150-hp gasoline or LPG en-
gine, It can be assumed that a reasonable amount of design effort, volume pro=
duction, and quantity buying would be reflected in a significantly lower final cost
for low-speed flywheel-type energy-storage starting systems,

Starting Aids

The demands on any starting system can be significantly reduced by
following certain procedures to ensure that the engine will be as easy to start
a3 possible. The most important procedure is to make certain that the fuel and
ignition systems are functioning properly. Engine manufacturers' instructions
for start-up should be followed as closely as practicable. In addition, there
are a numbcr of starting aids available which are ordinarily recommended for cold
weather starting but which would be of some assistance under any conditions.
These include: (1) specisl starting fluids that can be automatically measured
and sprayed or atomized under pressure into the intake manifold, (2) immersion
heaters to keep the lubricating oil and engine coolant warm, (3) intake manifold
air heaters, and (4) glow plugs for diesel engines.
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Most of these starting aids are relatively {nexpensive and easy to use,
It 1s estimated that total costs may range from $12 to $15 for starting-fluid spray
systems and up to approximately $200 for the more elaborate hot water systems for
heating the intake manifold, These costs will depend on prime mover size as well
as type and complexity of equipment selected, Many of these starting aids may be
obtained only from the engine manufacturer since their application can be signifi-
cantly influenced by the basic engine configuration,
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i COOLING

Most conventional prime movers reject to a cooling medium a portion
of the total energy available in fuel. Not only is there & necessity for
providing a means for carrying away this rejected heat, but this same means
f musc regulate the engine temperatures within a relatively narrow range for
optimum operation. An exception to this is the gas turbine which rejects ail
of the fuel energy not converted to shaft power in the exhaust gases. It has
been found through experience and experimentation that engine service life can
be greatly extended by maintaining sufficiently high cylinder wall temperatures
to prevent condensation of the various corrosive products of combustion and by
maintaining lubricating oil temperatures between 200 and 280 F. (6)

e AR N o

e

' The basic techniques that have been used for conventional engine

\ cooling are air cooling and water cooling. In engines designed for air cooling,
the external surface area is usually made large by finning. In such engines a
mechanically driven blower or fan forces a sufficient quantity of air over the
finned surfaces to carry away the rejected heat. Air cooling is generally

confined to the smaller size engines and to applications in which light weight
. is extremely important.

In water-cooled engines, cool water is circulated through passages
between an outer case and the engine cylinders. The heat absorbed by this water
as it passes through the engine is ultimately rejected to the surroundings by
various techniques. Radiators, heat exchangers, cooling towers, and vaporiza-

tion devices are used. Nearly all industrial engines, for stationary service,
are water cooled

P T

Figure 30 shows estimated average heat-rejection rates to the coolant
for several commercial prime movers. These data were obtained from manufacturers'
literature and represent conditions at full load for continuous-duty type prime
H movers. The heat-rejection rates of these prime movers generally are consistent
with the thermal efficiencies in that higher thermal efficiency results in lower
{ cooling losses. An exception to this is the two-cycle diesel engine which has a
lower heat-rejection rate than the more efficient four-cycle naturally aspirated
A diesel because the higher combustion-air flow rate in this type of engine results
in higher heat rejection in the exhaust gases.

% The data given in Figure 30 do not present the entire picture of the

i cooling requirements of prime movers. In general, a prime mover will reject

; directly to the cooling system between 20 and 35 per cent of the total fuel
energy supplied, the actual quantity depending on the type of engine, the type

of cooling system, the quality of manufacture, and the mode of operation. In
addition, 5 to 10 per cent of the total fuel energy supplied is rejected directly
to the enclosure in the form of radiation losses. Due to inefficiencies, the

i power transmission system will also reject heat directly to the enclosure. The
total heat which must ultimately be absorbed by a heat sink or heat sinks can

be as much as 50 per cent greater than shown in Figure 30.
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Ventilation of Power System Enclosure

Even 1f air 18 not required to remove the waste heat rejected to the
jacket water, a ventilation system for the engine room will be required. This
ventilation system not only may be required to remove a significant quantity of
heat from the enclosure, up to 50 per cent of the heat rejected to the primary
cooling system, but it must also provide the air for combustion in the prime
mover. A typical 100-hp auxiliary power system could require as much as 2,000
cfm of ventilating air for the power system enclosure. Approximately 25 per cent
of this air would be necessary for combustion and the remainder would be needed
to carry away heat rejected directly to the enclosure.

If the prime mover jacket water cooling system does not reject its
heat to the engine room ventilating air, a separate blower must be provided.
This blower should be designed with ducting, Lif necessary, to create an air
circulation across the engine and any other heat-producing components in the
enclosure. The exhaust or discharge opening from the power system enclosure
should be so located that the cool incoming ventilation air is not short-
circuited. If the jacket water cooling system utilizes any components within
the enclosure which require cooling air, such as a radiator or a condenser, the
ventilating air requirements for the power system enclosure will be significantly
greater than 2,000 cfm.

It could be costliy to provide total filtration for the power-system-
enclosure ventilating air. Fortunately, the components of the auxiliary power
system are not expected to be significantly affected by even large quantities
of fallout radiation during the relatively short length of time covered by the
emergency period. Furthermore, a properly designed auxiliary power system should
require no maintenarce or service during this operating period. Consequently,
if the power system enclosure is effectively sealed from the occupied section
of the shelter, its ventilating air will not have to be filtered for fallout.

Veatilating the povwer system enclosure with exhaust air from the
occupied shelter space would be a very desirable method in that little, if any,
additional equipment would be required. In the design of such a system, pro-
vieions would have to be made to insure that an adequate supply of air would
always be available to the engine.

Cooling Systems

Disposal of the waste heat collected by the jacket coolant can be
accomplished in a number of ways. These are:

(1) Dircct make-up

(2) Hceat exchanger

(3) Ebullient (boiling)
(4) Radiator.

A radiator system, being air cooled, would require no water except
for initial filling of the system. Where the supply of water is limited, an
ebullicnt system could be used. With an ample supply of water, the heat
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exchanger or che direct make-up system could be selected. The direct make-up
system is the simplest and least expensive. Pollowing is a description of each
of the systems.

Direct, Make-Up-Water Cooling

Figure 31 is a schematic illustration of a direct, make-up-water
cooling system. In terms of the compounds required, this system is the simplest

Temperature-controiled valve
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Prime mover
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PIGURE 31. DIRECT MAKE-UP-WATER COOLING CYSTEM

and least expensive. As the {llustration indicates, only two major components
are required, a stand pipe and a temperature-controlled valve. The stand pilpe
could be a large-diameter pipe with a base plate velded at one end and with
appropriate connections for hot water from the engine, cooled water to the
engine, hot water overflov, snd make-up water. The engine-driven water pump
circulates the wvater through the system, and a temperasture-sensing element in
the hot-water discharge line from the engine controls the make-up water flow.
Hot water is forced out the overflow in direct proportion to the amount of

cold make-up vater added.
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The temperatures in an engine equipped with a system of this type
would be nearly ideal. However, this type of system is very extravagant in
terms of water usage. For instance, the water required for a 100-hp power
source operating at full load is estimated to be about 6500 gal per day.

The installation of a direct, make-up-water cooling system would ve
extremely simple and the maintenance requirements would be almost negligible.
For stand-by storage the system would be dry to prevent corrosion or sludge
formation. The system would be extremely religble and re¢latively insensitive
to vxtreme ambient temperatures as long as a sufficient supply of make-up
water was available.

A direct, make-up-water cooling system could be even further simpli-
fied by introducing the make-up water directly into the engine, thus eliminating
the water pump and stand pipe. However, the adverse effect of introducing
cooling water directly to the engine at 60 F and discharging it at 180 F on
engine life and performance could be very serious. Most engines are not
designed for such large temperature differentials and the thermal distortion
could cause cracking of the engine block and engine failure. With part of the
engine at low temperature where the cooling water first enters, there might
also be high rates of corrosion and sludge formation in the lubrication system.
Consequently, serious loss of power after only a relatively short period of
operation could be expected.

Engine manufacturers in general do not recommend using raw make-up
water directly in their engines. Most water, as it comes from the source,
contains a considerable amount of dissolved and suspended solids (measured
as "hardness'') which tend to precipitate out and deposit on any surface with
which the water comes into contact. The rate of deposition is accelerated
by heating the water. Thus, Lif raw water is pumped through the cooling
passages of an engine, in time all critical heat-transfer surfaces will be
coated with deposits to such an extent that the cooling system will no
longer function effectively. The rapidity of the coating process depends
primarily on the hardness of the water and on the design of the engine cooling
passages.

Chemically "softening" the water before using it in the engine will
lengthen the effective operating life. However, when large quantities of water
are involved, commercial softening equipment is quite bulky and expeasive. It
is possible that mwost engines could be operated for a two-week period on direct,
make-up-vater cooling without significant performance depreciation {f the make-
up water is not extremely hard. '

Heat-Exchanger Cooling

Figure 32 {s a schematic {llustration of a heat-exchanger cooling
system which {ncludes a cooling tower to conserve water. The basic components
of this sytem are: (1) heat exchanger, (2) surge tank, (3) temperature-controlled
valve, (4) circulating pump, and (5) cooling tower. As indicated in the sketch,
the cooling tower and circulating pump could be eliminated but at the expense of
higher make-up water consumption. A vent line is provided between the engine
discharge water line and the top of the surge tank to remove any noncondensible

gases that may be trapped in the cooling water as it leaves the engine.
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FIGURE 32. HEAT-EYCHANGER COOLING SYSTEM WITH COOLING TOWER

The mz2ke-up water requirement for a heat-exchanger cooling system
without cooling tower is calculated to be sbout 4,750 gal per day for a 100-hp
power source operating at full load. Use of a simple spray-type cooling tower
would reduce the water requirement to about 850 gal per day, and a mechanical-
draft-type cooling tower would reduce the water requirement to about 650 gal
per day.

Certain shelter locations may lend themselves to the use of cooling
ponds rather than cnoling towers. The water consumption of a quiescent cooling
poad of sufficiently large surface area for the heat rejection load of a 100-hp
engin: would be about 480 gal per day. Usir~ a spray pond would reduce the
watev gurface area requived but would result in higher water consumption; approxi-
matels 1800 gal per day for the 100-hp engine.

Installation of the basic heat-exchanger cooling system would be
relatively simple. The heat exchanger and surge tank should be located fairly
close to the prime mover, and the piping should be so constructed that the
water can be completely drained from the system when desired. The cooling
tower would most logically be located cutsicde of the shelter and be so positioned
that the natural circulation of air through and around the tower would not be
impeded. The piping system for the cooling tower should also be so constructed
that the water can be completely drained from the system when desired.
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The stand-by maintenance requirements of the heat-exchanger and cooling
tower systems would be similar to those for direct, make-up-water cooling systems.
If the heat-exchanger cooling system is not to be exercised regularly, it would
be advisable to drain ail the water out and seal all the components including
the cooling tower after they are thoroughly dried out. If periodic exercising
is planned, the heat-exchanger cooling system would require periodic inspection,

. replacement of the water supply, and cleaning of all critical components.

Particular attention should be given to the cooling tower spray nozzles which
- cannot be allowed to clog up.

If installation and maintenance procedures are proper, the reliability
of a heat-exchanger and cooling tower cooling system could be expected to be very
good. The ef“iciency of a cooling tower is somewhat dependent on the ambient air

temperature; consequently, the ccoling tower would have to be sized for the
highe:t temperature conditions anticipated.

Radiator Coolig&

Figure 33 is a schematic {llustration of two radiator cooling systems.

This 1llustration shows the equipment and piping required for both an engine-
. mounted radiator cooling system and & remote radiator cooling system. The engine-
mounted radiator cooling system is the familiar sutomotive-type system with an
engine-driven water pump circulating the water through the engine and through a
. radiator, and with an engine-driven fan forcing air through the radiator. If
a remote radiator must be located more than 15 ft above the engine level, a hot-
well tank should be incorporated in the system between the remote radiator and
. the engine. The primary purpose of this hot-well tank is to reduce the pressure
head on the engine since most gaskets and seals in the cooling system would not
be designed to withstand high pressures. For this reason, the hot-well tank
- should be located just slightiy above the level of the engine. In addition to

a hot-vell tank, a remotely located radiator cooling system would also require

a second watex pump to circulate the coclant through the radiator and an electri-
. cally driven fan mounted on the radiator. A remote radiator located less than

15 ft above the engine would probably not require a hot-well tank nor an extra
circulating pump.

Engine temperatures in a radiator cooliing system are controlled by
a by-pass thermostat in the discharge water line from the engine. This by-pass
thermostat causes water to be recirculated within the engine block until the
desired operating temperature has been reached. At this time the radiator
cooling system requires no external supply of water once the system is fully
charged. However, a large amount of cooling air ie required.

|
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FIGURE 33. RADIATOR COOLING SYSTEMS

Pigure 34 shows the approximate cooling air requirements of radiator-
cooled prime movers. Th.se data were obtalned from manufacturers' literature
and generally represent an excess cooling capacity. It is quite possible that o
the fan could deliver about 30 per cent less cooling air without engine over-
heating under normal operating conditionms.

When a prime mover is installed with an attached radiator cooling
system, the prime mover should be located with its radiator close to the
enclosure exhaust opening. Moreover, a completely enclosed duct should be e
provided between the radiator and the exhaust opening to prevent recirculation
of the hot air passing through the radiator. Assuming this kind of an installa-
tion and that the enginc-driven fan is slightly oversized, the prime mover will
be capable of providing its own cooling and combustion air flow providing that
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FIGURE 34. APPROXIMATE COOLING-AIR REQUIREMENTS
FOR RADIATOR- COOLED PRIME MOVERS

~estrictions in the inlet and exhaust systems for the auxiliary power system
enclosure are minimum. If blast valves and/or total filtering systems are
used, a separate blower will be required to assure proper ventilation in the

enclosure.

Radiator cooling systems require little or no stand-by maintenance.

If frequent exercising of the power system is planned, water should be allowed
to remain in the system .ith suitable rust and corrosion innhibitors added to {t.
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The water should be sampled during each exercising or inspection and the system
should be drained, flushed, and refilled when any indications of corrosion are
observed.

The radiator cooling system would be a reiiable system, but it would
also be scoewhat sensitive to extremes in ambient tempersture. The effective-
ness of radiator heat rejection is reduced as the temperaturc of the air passing
over it increases. Where the ambient temperature is expected to go below
freezing, the radiator should be equipped with a means to restrict the air
flow; if the radiator is located outside the shelter, an anti-freeze solution
should Ve added to the water.

Ebullient Cooligg

Figure 35 {s a schematic i{llustration of an ebullient or evaporative-
type cooling system which utilizes the high latent heat of vaporization of water.
This system consists basically of: (1) steam separator tamk, (2) stand pipe,
(3) steam vent, (4) water-level-control mechanism, and (5) level-control valve.
The ebullient cooling system is based on the principle that increasing the
pressure of water increases its boiling temperature. Water can be heated to
a temperature of 220 F without boiling under a pressure head of about 6 ft of
water. Consequently, if the water level in the steam separator is 6 ft above
the tep of the engine, the cooling water leaving the engine can be at a temper-
ature of 220 F without boiling occurring. As this cooling water moves up the
discharge line, the pressure is reduced an? boiling begins. Because of the
flow rate maintained in the system by the engine-driven water pump, not all of
the water will vaporize before it reaches the separator. The steam in the
separator is vented to rhe atmosphere and the water is recirculated through
the engine. The coolant which is vented must be replaced by make-up water to
maintain a constant water level.

An ebullient cooling system {s estimated to require about 400 gal per
day of make-up water for a 100-hp prime mover operated continvously st full load.

The installation of an ebullient cooling system would be relatively
simple. The water levei controls in an ebullient cooling system could be a
potential source of trouble, as any corrosion tends to lead quite quickly to
malfunction of this type of mechanism. Por frequent exercising, the water
level control should be inspected each time and cleaned Lf signs of corrosion
are observed. For long-term storage this system should be dry with a thin
coating of grease or oil on all critical parts.

With proper maintenance of the critica! components, an ebullient
cooling system should be very reliable. This type of cooling system isg
relatively insenaitive to either high or low ambient air temperature. The
ebullient cooling system provides nearly ideal operating temperatures and
therefore, would promote better engine performance and long engine 1ife.(’)
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FIGURE 35, EBULLIENT COOLING SYSTEM

Comparison of Cooling Systems

Figure 36 shows estimated water requirements for the various cooling
techniques discussed in this section. If an unlimited supply of cool water is
available the direct make-up water system would be the best choice. It would be
{nexpensive, reliable, maintenance-free i{f stored dry, extremely compact, and
require no cooling air. If the water is unsuitable for direct use in the engine,
a heat exchanger which would adJ materially to the cost o. the system could be
added.
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If a limited amount of water is available, an ebullient system can
be used. This system also requires more equipment than the direct make-up-
water system and, cherefore, 18 mrre costly. However, it requires the least ﬁ
amount of make-up water. s

An advantage of the above systems 1is that they are completely con-
tained Iin the shelter and, therefore, ore not subject to damage by blast, fire,
etc,

The cost of a radiator cooling system using alr as the heat sink
would be about the same as the cost of a heat-exchanger water-heat-sink cooling
system, The engine-mounted radiator system would bhe lower in cost than the
externally mounted radiator especlally if the external radiator had to with-
stand the effects of blast, fire, etc.
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FUEL STORAGE

Fuel stored for use by the prime mover should be adequate, both in \\\
quality and quantity, for at least two weeks of continuous full-load operation. :

In addition, it may be necessary that fuel be supplied to the prime mover during
periodic exercising. Usually engine fuels are not stored for more than a few

months and, most commercial engine fuels deteriorate during extremely long storage.

This discussion will cover four common petroleum fuels: 90 octane gaso-
line, kerosene, No. 2 diesel fuel, and liquified petroleum gas (LPG). These fuels
can be considered as representative of the wide variety of petroleum fuels available.
The designer has available at least two of these fuels, regardless of the power
Sovurce selected. As previously mentioned, the prime movers considered most practi-
cal for shelter use are compression-ignition engines, spark-ignition engines, and
gas turbines. Compression-ignition 2ngines may burn either kerosene or No., 2
diesel fuel; spark-ignition engines may burn either gasoline or LPG; and gas
turbines may burn any of the fuels listed including leaded gasoline if special

- precautions are taken.

As fuels deteriorate during storage, they eventually reach the point where
ihey are no longer useable in engines. The length of time before a fuel becomes
unusesble depends on several factors: (1) the quality of the fuel when fresh,

(2) the storage technique, (3) the characteristics of the engire in which it is
intended that the fuel be used, and (4) the length of time the engine must operate.
To ensure a supply of useable fuel, the designer has the choice of two basically
different approaches: long-term fuel storage with special precautions being taken,
or frequent replacement of a conventionally stored fuel.

In the design of fuel storage sy:tems for community shelters, it {is L
necessary to consider the possible influences of: natural weather conditions,
blast pressure or grouand shock, initial gamma radiation, neutron flux, and thermal
rad-ation resulting from nuclear explosion. In addition, everyday factors affecting
stoirability are: chemical and physical changes in the fuel caused by evaporation, -
cxidition, and polymerization; contamination of the fuel by condensed water vapor,
air-borne dirt, bacteria, and materials resulting from storage tank deterioration;
natural weather and soil conditions which may cause mechanical fallure of the
storage tank or connecting fuel lines.

Prime Mover Fuel Requirements

. Engine suppliers usually specify one or more commercially available fuels
~ for use ir their engines. These fuels, when fresh, will have a tolerable gum con-
tent, an acceptable octane or cetane rating, and a vapor pressure adjusted for warm
or cold weather use. The objective of long-term storage of fueis is to ensure
that the desired fuel properties are preserved. Each type of engine has its own
fuel requirements which are discussed in detail in the following paragraphs.

»
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Compression-Ignition Engines

Fuel for a compression-ignition engine should meet standards of: cetane
rating, vaporization characteristics, sulfur content, corrosion properties, gum
content, aid carbon residue. Cetane rating is an indication of the ignition
quality of the fuel. An adequate cetane rating 18 necessary to enable the engine
to deliver full power. The cetane ratings of commercial diesel fuels vary widely.
Ratings between 40 and 60 are acceptable for most diese! engines. Fuels with values
below 40 cause engine smoking and lo8s of power. For a particular engine, the manu-
facturer should be consulted regarding exact fuel requirements.

Loss of the lighter fractions of the fuel, a potential result of long-
term storage, may seriously affect vaporization characteristics. The principal
result will be that the engine will exhibit poor cold-starting characteristics.
However, there may also be some depression of the cetane rating of the fuel. If
the fuel remains adequate for full-load engine operation, any decrease in cold-
starting ability because of depreciation of vaporization characteristics can be
compensated for by the use of a cold-starting aid such as ether sprayed into the
air intake system. Several compounds are commercially available for thi. purpose.

ASiM Standard D975-T for diesel fuel allows a maximum sulfur content of
1.0 per cent by weight. Sulfur contents of 0.5 per cent or less are preferred for
an engine which is i{dle for long periods of time. A sulfur content of 0.5 per cent
is common for premium diesel fuels. The ASTM Standard for kerosene i8 based on its
burning qualities in an {lluminating lamp. No maximum sulfur content 18 given;
however, the burning-quality requirement indirectly places limits on the sulfur
content., As a result, sulfur contents of less than 0.1 per cent are common in
kerosene. The corrosiveness of the fuel is related more to the chemical form of
the sulfur than to the total sulfur content. A corrosive fuel is unacceptable
because of the possibility of damage to the close fitting parts of the engine, the
fucl pump, and the injectors as well as to the storage tank and fuel supply lines.

Sulfur dioxide or sultur trioxide formed in the engine combustion chamber
~ili be largely expelled with the engine exhaust. Oxides of sulfur will combine
vith water vapor and condense to form sulfurous acid if the temperature of the
exhaust gases falls below approximately 300 F. Accordingly, sulfur could cause
corrosion problems in the exhaust system if the engine {8 operated for too short a
time during exercising, or the exhaust gases are cooled below 300 F by a waste-heat
recovery system in the exhaust. It is also possible that oxides of sulfur could
contaminate the lubricating oil and contribute to varnish formation on the cylinder
valls.

ASTM Standard D975-60T for diesel fuel does not list & maxiwmum gum concen-
tra*ion level. The soluble gum does not appear to be directly harmtnl to operation.
The itquid fuel,along with the dissolved gum,is injected directly intv the combus-
tion chamber. The gum burns, along with the fuel, ano the products of combustion
are exhausted from the system.

Insoluble gum, which does not settle out in the main fuel tank, is
filrered out, to a large degree, before it reaches the critical parts of the fucl
system. The insoluble gum which does pass through the filter system {s in the
form of finely divided particles, 5 microns or less in diameter. These gum pa:zti-
cles will contribute to galling of the precision parts {n the system. It will aiso
contribute to carbon formation in the combustion chamber. However, the small amount
of gum which will pass a good filter shoulu be tolerable.
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Carbon residue is that part of the fuel that remains when the heavy
fractions, including gum, are burned with a limited supply of oxygen. Further
. oxidation of the carbcn residue leaves an ash. Under full-load operating condi-
tions, the detrimental effects of carbon residue cre minimized. Under all operating
. conditions, the effect of ash on engine wear is slight,
. Spark-Ignition Engines
Fuel tox a spark-ignition engine should meet standards for octane rating,
. gum content, sultur content, corrosion properties, and vaporization characteristics.
The octans rating of a spark-ignition engine fuel is a measure of the anti-knock
* characteristics of the fuel. As a rule, the octane requirement of an engine
.. increases with load. Therefore, the fuel in storage must retain an octane rating

suitable for full-load operation,

Operation of the spark-ignition engine requires that the fuel be vaporized
before entering the combustion chamber., As a result, any nonvolatile constituents,
* such as dissolved gums, ave largely dropped out in the carburetor, along the intake
manifold, and on the intake valves and ports.

. The petroleum fuels couc~.uered in this discussion which may be used in

spark-ignition engines are gasoline and liquified petroleum gas (LPG). Spark-

ignition engines designed specifically to operate on LPG are available. Also,

: gasoline engines may be modified, with commercially availabie kits, for LPG opera-
tion. However, these kits dro not change the octane requirements of the cngine,
Consequently, the gasoline engiv: modified for LPG operation cannot derive maximum
benefits from the higher octane qualiti 8 of the LPG fuel.

ASTM Standard D439 for gasuline specifies a maximum gum content, soluble
: and insoluble, of 5 grams per 100 liters. This is considered tolerable in spark-
fgnition engines. Gum particles will be deposited when the gasoline is evaporated.
However, a light oil, which is usually mixed with the gasoline, will also be
’ deposited and will act to wash the gums along the distribution system and into the
conbustion chamber, As a result, gum from the fuel is ultimately burned and
exhausted from the system. The standard of 5 grams of gum per 100 liters of gaso-
. line should be a safe level. Work done by Southwest Research Institute(8) {ndicates
that gum contents as high &s 7 grams per 100 litere may be tolerated for 350 hours
of operation. However, this cannot be considered as an absolute value for all
- spark-ignition engines, because the tolerable gum content is a function of the
nature of the gum, engine design, the quantity of light oil mixed into the gasoline,
and the engine exercise program.

A critical factor affecting the reliability of gascline-engine-powered
emergency stand-by equipment is the formation of gum in the carburétor jets during
v fdle time. When an engine i{s not operating, slow evaporation of the iuel from the
carburetor jets and the float chamber results in gum deposits at the point of
evaporation. This is one reason that weekly exercising of gasoline engines iy
frequently recommended. For longer periods of non-use, the fuel should be removed
from the carburetor.

P

Sulfur content as high as 0.25 per cent {8 considered acceptable in most
federal gasoline specifications. Because an emergency stand-by power plant is idle
most of the time, {t is more susceptible to corrosion attack than regularly operated
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engines, For this rcason, a sulfur content of 0.1 per cent or less is desirable.
Sulfur dioxide or sulfur trioxide formed in the combustion chamber will be largely
expelled with the engine exhaust. Oxides of sulfur will condense to form sulfurous
acid 1f the temperature of the exhauat gases drops below 300 F. Therefore, sulfur
could cause corrosion problems in the exhaust system if either the cxercise period
is too short to fully warm up the engine or the exhaust gases are cooled below this
temperature in a waste-heat recovery system, It 18 also possible that oxides of
sulfur could contaminate the lubricating oil and could contribute to varnish forma-
tion on cylinder walls.

As in the case of the compression-ignition fuels, long-term atorage of
gasoline will result in loss of the lighter fractions which can seriously affect
the vaporizing characteristice causing poor cold starting. As long as the gasoline
is adequate for full-load operation, however, any cold-starting difficulties can be
compenaated for by the use of highly volatile cold-starting aids which are commer-
clally available for gasoline engines as well as for diesel engines.

ASTM Standard D1835-61T for liquified petroleum gas (LPG) calls for a
maximum sulfur content of 15 grams per 15 cubic feet of gas. Propene (propylene),
an olefin, 18 a common contaminant in LPG. Although propene is stable in storage,
its octane rating is lower than either propane or butane, the primary constituents
of LPG, and 1its burning characteristics are inferier. For these reasons, the pro-
pene In LPG should be limited to 5 per cent. Spark-ignition engines operating on
propane-butane mixtures should exhibit clean-burning as well as gum-free operation.

Gas Turbines

The fuel requirements for gas turbines are much less stringent than those
for compression-ignition and spark-ignition engines. The gas turbine is capable of
burning sny of the commercially available petroleum fuels. However, the use of
leaded gasoline 18 not recommended. Leaded gasoline will cause a high rate of lead
oxide deposition on the turbine blades, in the combustion chamber, and in the
regcnerator, This seriously shortens turbine useful life and could also reduce
power output and efficiency.

Fuel Deterioration

As a rule, evaporation, oxidation, polymerization, and contamination all
have a detrimental effect on the quality of most petroleum fuels during storage.
These result in the formation of gum, gel, and sludge. The reactions are inter-
related, complex, and difficult to predict.

Figure 37 shows typical atmospheric-pressure distillation curves for the
liquid petroleum fuels considered in this discussion.(9) Because gasoline, kero-
sene, and No. 2 dicsel fuel are made of a variety of hydrocarbon components,
evaporation of the lighter fractions of the fucl over a period of time will result
in &n increased conccutration of the higher-boiling-point components. Consequently,
gradual evaporation during storaye modifies the composition of the fuel. The
evaporation problem is most severe for gasoline.
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FIGURE 37. TYPICAL ASTM DISTILLATION CURVES FOR PETROLEUM FUELS

Somc degree of evaporation in a vented tank is to be expected because of
"breathing'" and diffusion. Breathing is caused by the expansion and contraction of
the tank contents due to temperature changes. Also, expangion and contraction of
the vapor-air mixture at the top of a vented tank due to changes in barometric
pressure and wind velocity is a factor. Above-ground storage tanks are subjected to
more frequent and much greater temperature changes than underground tanks. The
temperature of the fuel in an above-ground tank may vary as much as 100 F throughout
the year, whereas in an underground tank total temperature variations of about 40 F
are more typical. The fuel storage system should be designed either to eliminate or
greatly retard evaporation.
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Of the many chemical reactions which may take place in stored fuel,
partial oxidation and polvmerization are most important, Of these two, oxidation
is the predominant reaction. Unsaturated molerules, primarily olefins, and
impurities in the fuel will, in time, polymerize or react to form various products,
some of which could adversely affect engine operation. These reaction products are
commonly called gum, sluage, and gel.

The gummy substance formed as a result of oxidation and polymerization is
called, appropriately enough, gum. Gums may be either soluble, and thus aot
detectable until the fuel 18 evaporated, or insoluble, and thus removable by filtra-
tion. Slugde is a general term which is applied to all insoluble material which
settles to the bottom of a fuel tank. Insoluble gums which stay suspended in the
fuel are not considered part of the sludge. Insoluble gums which adhere to steel
tank walls or other irom-alloy system components in contact with the liquid fuel
are referred to as adherent gums.

No two batches of fuel coming from a given refinery are exactly alike in
every respect. Likewise, fuels from different refineries are not alike. Experience
has shown that in some instances different batches of fuel are not compatible. That
is, when the two are mixed, the gum and sludge formation is greater than that which
might be expected considering the original gum content of the two separate fuels.

Generally speaking, either straight-run fuels or completely hydrogenated
cracked fuels, both of which contain a minimum of olefins, will offer the least
potential for gum and sludge formation. Sludge formation is accelerated by high
temperatures, oxygen, and the catalytic action of corrosion products. Water in a
fuel storage tank will increase the amount of corrosion products whick might con-
taminate the fuel,

The jelly-like deposit which forms on copper-base alloys and zinc is
referred to as gel. Chemically, gels are largely copper and zinc mercaptides.
Gels form a8 a result of a reaction between the mercaptans in the fuel and copper
and/or zinc. Fuels low in mercaptans, less than 1 gram/liter of sulfur, in general,
have low gel-forming rates.

Sulfur in a fuel, if in a certain chemical form, will cause harm by contri-
buting to the corrosiveness of the fuel, contaminating the engine lubricating oil,
or corroding the engine exhaust system. Fuel corrosiveness is a definite considera-
tion in the fuel storage problem. A corrosive fuel will, if stored for a long period
of time, not only significantly corrode the fuel system, but also contribute to gum
end sludge formation through the formation of catalytic corrosion products.

It is possible, after long storage, for noncorrosive fuel to become acetic
due to a reaction between the sulfur compounds in the fuel and oxygen. Should
corrosion become evident, a corrosion inhibitor should be added and the fuel re-
tested. Compatible corrosion inhibitors can be obtained from fuel suppliers.

The corrosiveness of a fuel can be determined through the ASTM D130-56
copper-strip corrosion test. Briefly, this test consists of immersing a freshly
polished copper strip in a fuel sample and sealing the container. The sample is
then heated after which the copper strip {8 removed and compared with a set of ASTM
standard copper corrosion plaques,
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Deposition of dirt in water condensed from vapor in the air occurs in
vented fuel storage tanks because of the breathing of the tank. The water, which
is heavier than the fuel, collects on the bottom of the tank and can be pumped out
periodically., The presence of water in a tank may be detected by applying a
substance commonly called "water indicating paste" to a dip stick and inserting
the stick in the tank. Water is indicated by a change in the color of the paste.

Some fuels support bacterial growth. This is most pronounced in open
tunks and in the presence of water. Additives suitable for retarding bacterial
rowth are available from the refiners and should be used, particularly if the fuel
i8 to be stored in a vented tank for a long period of time.

The fuel can also be contamirated as the fuel-storage tank rusts from the
outside in. For above-ground storage, periodic painting of the outside of the tank
should be adequate. Proper installation of an underground storage tank will depend
on local soil and water-table conditions. Conventional corrosion protection methods
should be used for the storage tank.

Effects of Nuclear Weapons

The design of a shelter system must include protection of stored fuel
from the primary effects of a nuclear explosion. These effects include one or more
of the following: blast, thermal radiation, initial {onizing radiation, and
ionizing radiation from fallout,

Blast

Air-burst nuclear weapons produce two pressure effects: overpressure and
dynamic pressure. Overpressure i8s the pressure in excess of atmospheri: which exists
at the blast wave front. Dynamic pressure is the pressure resulting from the strong
winds accompanying passage of the blast wave.

Above ground, the storage tanks must resist both pressure effects. This
meane that they have to be well anchored to resist dynamic pressure and ruggedly
designed to resist crushing resulting i pressure. Also, protection has to
be provided to prevent damage by flying devo....

Under ground, the storage tanks would be affected primarily by over-
pressure. An exception is the tank vent which would also be sffected by dynamic
pressure,

Both the aboveground and underground storage tanks must be designed to
prevent the vents from being damaged by bending, etc., to prevent overpressure from
bursting the tank, and to ensure that the blast does not crack or rupture the tank.

Fuel tanks should be designed to withstand a higher blast pressure than
the shelter proper, because cracked or torn seams in the shelter may not render the
shelter unusable whereas an opening in the bottom or side of the fuel tank would
cause power system failure. As the blast and shock waves pass some relative move-
ment between the shelter and the fuel tank will occur due to downward displacement
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and vibration, Adequate flexibility should be provided in the piping connecting the
fuel tank to the shelter to allow for the relative movement.

Thermal Radiation

The technique for providing protection against thermal radiation is
essentially one of providing enough thermal insulation to shield components of the
fuel storage facility from the heat associated with the design blast pressure, At
blast pressures of 100 psi, there will be intense heating of ~xposed vents, eotc.,
due to thermal radiation and hot gases. Thermal radiation levels of about 600
calories per square centimeter and gas temperatures up to 1800 F are typically
associated with this blast overpressure. The high heat flux period passes within
15 to 20 seconds(10) for a 1-megaton explosion. Consequently, although surface
tempe ratures become quite high, the heat does not have time to penetrate very far
before the wind associated with the blast wave begins to cool the heated surfaces.
Thus, aboveground structures which are heavy and rugged enough to withstand the
blast may be expected to tolerate the heat. Under most conditiorns, it should be
possible to provide sufficient shielding to protect fuel from any noticeable
temperature rise., However, in some situations, it may be necessary to plan for
some temperature rise due to heat from either the direct effects of the nuclear
explosion or the secondary fires resulting from the explosion. Fuels may be
heated to 150 F for short periods of time (1 hour or less) without causing chemical
breakdown or excessive gum formation. However, at this temperature, the lighter
fractions in gasoline fuel would be lost due to "boil-off".

Initi{ial and Fsllout Radiation

Ionizing radietion resulting from a nuclear explosion can damage petro-
leum producte if the radiation levels are sufficiently high. However, the radiation
levies, both initial and fallout, associated with blast overpressures of 100 psi or
less do not appear to be high enough to be of concern. Above 100 psi blast
pressures, shielding against the effects of initial radiation, gamma rays, and
neutron flux should be considered.

When petroleum fuels are exposed to ionizing radiation, chemical bonds
are broken with the subsequent release of hydrogen and the possible polymerization
to gum-forming substances or to substances which cause changes in viscosity. The
following was taken from a report by the Esso Resesarch and Engineering Company:(ll)

“The studies show that unsaturated compounds are more reactive than
ssturates, and aromatic compounds are the most stable of all.....irradiation experi-
ments with multicomponent systems indicate that data 'n individual organic coapounds
cannot predict the radiolysis behavior of complex mixtures of the type found in
petroleum.

"A revisw of the available data on the radiolytic behavior of petroleum
fractions reveals that they can usually be exposed to radiation dosages in the
range of 106 to 108 rads without scrious damage to properties affecting their end
use. With jet fuels, for cxample, doses ir. the neighborhood of 107 rads have buen
observed to produce threshold damage effects. Petroleum-based lubricants can
generally withstand several times this amo nt of radiation. Literature data on
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diesel fuel, gasoline, and other petroleum fractions are meager; but it appears
that they should be as stable as jet fuel unless they contain radiation-sensitive
additives such as tetraethyl lead. Crude oil apparently is more radiation
resistant than any of the products prepared from it.

"The available data on the evolution of gas from irradiation hydrocarbons
show that the rarge of gas yields is 1 to 5 milliliters of gas per milliliter of
liquid per 108 rads dosage. A consideration of the possibility that gamma rays and
fast neutrons may differ in their effectiveness for causing radiation damage has led
to the conclusion that in most cases serious errors will not be introduced by
assuming equal damage from equal energy input."

A later report(12) confirmed the correctness of the above information on
radiation damage.

Therefore, from the point of view of the petroleum nroducts, it is
recommended that the fuel storage tank and the power system enclosure be shielded
to limit the exposure to not more than 1 million rads or approximately 1 million
roentgens. This measurement of total exposure for a two-week period should include
both gamma radiation and neutron flux. Initial radiation levels of 1 million rads
will not be associated with blast pressures of 100 psi or lower. At a given blast
overpressure, the associated initial radiation intensity increases as the weapon
size decreases. Thus, after a design blast pressure has been selected, the shield-
ing should be selected on the basis of the radiation characteristics of the smallest
weapon likely to be used.

The gas released from 2,500 gallons of fuel (approximate two-week supply
for 100-hp prime mover) when exposed to 106 roentgens would be about 20 cu ft,
assuming the maximum release rate. This quantity would be equal to about 6 per
¢-nt of the total stored volume of fuel. Petroleum-base hydraulic fuels may be
expected to react to radiation exposure in the same manner. Therefore, it is
desirable to provide some excess storage capacity in all fuel and oil tanks so
that the tank pressures will not exceed an allowable maximum.

Fuel Storage Techniques

Many techniques are available to the shelter designer for storing liquid
fuels. Those techniques considered most applicable to community shelters will be
discussed here. In selecting a storage technique, the important considerations
are: prevention of deterioration, preservation of combustion qualities, and
meeting the requirements fmposed by state and local fire and safety regulations.
Regarding the latter, it is reasonable to expect that in some instances {t will be
necessary to obtain special permission in order to use the most satisfactory storage
system.

Commercial fuels are not formulated for long-term storage. There are
tvo basically different fuel storage techniques which may be followed: active
storage and long-term storage. In an active fuel-storage program a fuel would be
replaced or replenished at regular intervals, and the storage tank requirements
would be relatively uncritical. In a long-term fuel-storage program the storage
system should be designed to preserve the fuel for the longest possible period of
time, and the fuel quality should be checked at regular intervals so that the
first signs of deterioration can be detected before there is serfous degradation
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of fuel qualities. The time intervals between inspection and/or replacemeni of Lhe
fuel would vary considerably with the type and quality of the fuel as well as with
the storage conditions.

Table 6 shows approximate storage life for different fuels under different
storage conditions. The values shown were arrived at by analysis of storage life
data and opinions from a large number of organizations concerned with fuel storage.
Unfortunately, there has been relatively little research done on the problem. As a
result storage practices vary widely and tend to be conservative relative to opinions
of maximum storage life. In view of the uncertainties regarding storage life and of
the many variables involved the estimates given in Table 6 may be in error as much
as 50 per cent for any specific situation.

Active Fuel Storage

Perhaps the simplest arrangement for ensuring an adequate fuel supply
would be to connect into the fuel tank of a neighboring service station. If the
amount of fuel which the service station would withdraw from the storage tank were
limited, the tank would always contain at least the minimum quantity of fuel
required for operation of the auxiliary power system. With this arrangement, some
of the fuel in the tank would be continually withdrawn and replaced. As a resu:lt
of frequent mixing and dilution by the fresh supply, the over-all quality of the
fuel should remain adequate. Once a routine was established and checked, this
storage arrangement should not require a detailed fuel monitoring program.

Another possibility along these lines is to install an oversized tank at
the shelter and then to arrange for a private organization to use the fuel facility.
A positive means should be provided to limit the amount of tuel that could be with-
drawa by the user so that the comamunity shelter minimum fuel supply would not be
jeopardized by himan error or otherwise. Again, the frequent withdrawal and replace-
ment of fuel should ensure a supply of reasonably fresh fuel.

Figure 38 i2 a schematic {llustration of an underground vented fuel-storage
tank. The components are arranged 80 as to be consistent with typical code require-
ments. The vent should not be located next to a building or under the overhang of a
building. Fire regulations may require that the fuel line between the tank and the
shelter slope toward the fuel tank. If this is the case, the arrangement shown
would have to be modified or special permission would have to be obtained. Per-
mitting gravity feed of the fuel from the tank to the shelter does fnvolve the risk
of draining the entire fuel supply into the prime mover enclosure if the shutoff
valve is sccidentally left open and there is a leak in the piping system within the
shelter. However, the simplicity of gravity feed i{s a significant advantage in
terms of both cost and reliability, and close control over operation of the fuel
system should minimize the risk of flooding.

Flexible sections are included in the fuel lines. both between the fuel
tank and the shelter and between the shelter floor and the prime mover to reduce the
danger of failure in the lines due to the relative movement of these components. A
charging pump is provided in the system in the event that minor blockage in the fuel
system should prevent normal gravity flow to the "day tank". The “day tank", mounted
on the engine, reduces the number of fuel lines which must be run between the miin
fuel tank and the power source; provides for additional settling and straining of
insoluble contaminants from the fuel; and provides the proper fuel pressure head

L

; TP




-4~

/—Fuel return from engine
/ Doy tonk

Float control valve

—

—3-in. sump for ‘X—’J
\ woter ond sludge
\G-in. layer of \

ciean sond

Flexible
tine _\
“ Fuel line Rust-prevenive coatng

- ___.‘ - y i
~ Fuel L Flexible ‘\_ \ \ — Fuel shut-off vaive
stroiner Line Chorging - Fuel strainer

pump N Bypass vaive

FIGURE 38. UNDERGROUND VENTED FUEL-STORAGE SYSTEM

regardless of the amount of fuel in the storage tank and of the orientation of the
storage tank with respect to the prime mover.

The approximate storage life that can be expected when commercial fuels
are stored in vented tanks was presented in Table 6. The data of this table indi-
cate that the potential storage life of all of the fuels {3 approximately double
when & vented tank i3 located underground rather than aboveground. The sdditional
advantages of the und rground tank (i.e., better blast and radiation protection,
reduced danger from weathering, felling debris, and tampering, and reduced tempera-
ture extremes) are ressonable justification for installing the fuel storage tank

underground.

If the fuel {s to be completely replaced periodically and often enough to
guarantee acceptable fuel quality at any time, the replacement intervals must be
about half the storage timesd shown in Tabie 6 due to the uncertainties {n the
storage life data. The old fuel which is removed from the storage tank should have
s resale value fairly close to its original value; hence the cost of the fuel
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replacement p:ogram would be largely the labor involved in pumping -~ut the old and
pumping in the new fuel. The frequent-replacement approach, assumi. , a properly
chosen replacement interval, should be reliable, and i the same time make
unnecessary repeated laboratory analysis of the stored fuel.

Long -Term Fuel Storage

" The data of Table 6 show that fuel storage life can be increased by
sealing the underground tank. Sealing the tank will limit the amount of moisture

and oxygen to which the stored fuel is exposed and will also li{mit the rate of

evaporation. To change a vented storage system, ae shown in Figure 38, to a

. partially sealed system requires only replacing the veunt cap with pressure and

vacuum relief valves which are designed to seal at pressures up to 2 psig and to

admit air at a vacuum of about 1/16 psig. If the proper ratio between air space

. and fuel volume is used, valves of this type will reduce tank breathing considerably.
Commercial fuel tanks are generally pressure tested at 5 psig; consequently, 2 psig
would not be an excessive pressure. In some instances, fire regulations may require

, the addition of a safety relief valve with a pressure setting of about 2-1/2 psig.
A further refinement of the partially sealed fuel storage tank system would be the

B addition of a dessicantcanister a few feet above ground level in the vent line.

. 1f this is done, even the small amount of air entering the alr-vapor space above

the fuel would contain only a negligible amount of moisture.

. Figure 39 is a schematic illustration of an underground sealed fuel-storage
tank with positive nitrogen pressure above the fuel. This type of fuel-storage
'f system is frequently referred to as a nitrogen-blanket system. The nitrogen
. blanket prevents air and water vapor from coming !nto contact «ith the fuel. A
minimum nitrogen pressure of about 0.5 psig should be maintained on the fuel, and
[T an allowance should bt> made for expansion of the fuel due to seasonal temperature
N variations by filling the tank to only 90 or 95 per cent of ite capacity. The a
tank must be equipped with a pressure relief valve to prevent the internal pressure ?
&E from exceeding the design limit. A vacuum relief valve is required to prevent
. damage to the tank in case the nitrogen supply should be exhausted and subsequently

the liquid jevel in the tank would be lowered by a decrease in temperature or by
removal of fuel from the tauk.

The storage system can be checked for serious leaks by simnlie observa-
tion of the rate of pressure luss from the nitroven tank. Small leaks, however,
may be masked by pressure fluctuations resuiting from temperature changes. A
amall surge chamber located between the nitroxgen tank and the pressure reducer will
be a usciul aid in determining the presence of small leaks. All but the mos. miunute
. leaks can be detected if the tank valve {8 closced and the rate of pressure decline
in the surge chamber i8 observed over a 10-minute period. The nitrogen consumption
of such a system would have to be determined after installation. Because pressurized
. nitrogen-blanket storage systems are seldom used, such an installation might require

special approval from state and local authorittes,

. Figure 40 is a schemat,” illustration ot an underground storage tank for )

LPG. LPG is supplied and stored in pressure vessels as a liquid. The storage

pressure varies with the ambient temperature and can approach 200 psi in warm

. weather. The liquid must be vapori :d by heat addition betore it can be passed
through a carburetor and into an engine for combustion.

. T
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Theie are two methods in common use for withdrawing LPG fuel from the
storage tank during engine operation. These two methods are vapor withdrawal and
liquid withdrawal. The vapor withdrawal method is illustrated in Figure 40. In
this system the fuel vaporizes in the tank above the liquid surface., The heat
required for vaporization is supplied by the earth surrounding the tank. The
vapor, which is abov: :tmospheric pressure, flows through the fuel line, a primary
regulator, a dry-type filter, an electric shut-off valve, and finally through a
secondary regulater, to the carburetor. As long as there is sufficient new vapor
formed in the tank to supply the engine requirements, the vapor withdrawal system
will function satisfactorily.

It has been found by experience that a 500-gallon tank half full and
buried at least 2 feet beiow the frost line will vaporize 8-1/2 gallons per hour at
40 F, and a half-full 1000-gallon tank under the same conditions will vaporize 15
gallons per hour. A 100-hp prime mover operating at full load will consume about
12 gallons per hour and will require a total fuel supply of about 4000 gallons for
a 2-week emergency period. 1If this fuel were stored in a 5000-gallon tank buried
at least 2 feet below the frost line, the vaporization rate should be more than
adequate.

The liquid withdrawal method requires an artificial source of heat for
vaporization of the fuel. The fuel i8 piped in liquid form to the engine and
passed through a vaporizer unit which includes both primary and secondary regulators.
The usual source of heat for the vaporizer is hot water from the engine jacket;
however, a problem arises in starting and warming up the engine before sufficient
jacket heat is available. Smaller engines can freguently be started and warmed up
on the vapor which naturally forms in the tank above the liquid. This would depend
on the volume oi the space above the liquid and on the ambient temperature. For
maximum reliability an external source of heat must be provided for starting and
warming up the engine. A battery-powered electric heating element or a home
"handyman" -type propane torch could be used to provide the necessary emergency heat,

As shown in Table 6, the :stimated storage life of LPG is quite long
compared with that of other petroleum-based fuels. The LPG tank is sealed and
pressurized, and if it is properly purged and filled initially, there should be no
air or water in the system.

LPG is heavier than air and thus will seek and settle in low places,
Positive means must be provided to sweep out any leakage to avoid any explosion
hazard, Numerous codes and regulations govern the installation of LPG fuel systems,
and these should be followed rigidly.

Fuel Performance Characteristics

Table 7 lists the common petroleum-based fuels considered in this study
with representative values for physical and performance characteristics. The cost
figures were obtained from local suppliers in the Columbus, Ohio, area. The fucl-
rate data were obtained from the fuel consumption curves presented in the Basic
Prime Movers section uf this report. The least expensive fuel and also the fuel
requiring the least storage volume is No. 2 fuel oil. Gasoline is the most
expensive fuel, being twice as costly for a 2-week period as No. 2 fuel ovil, and
LPG requires the greatest storage volume, almost twice that required for No. 2
fuel oil.
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TABLE 7. REPRESENTATIVE PHYSICAL AND PERFORMANCE
CHARACTERISTICS FOR THE COMMON FUELS

e ek e o e i

Lower 100-hp Prime Mover

Heating Fuel 2-Week
Wweight, Value, Cost, Rate(a) Supply(b)
Fuel 1b/gal Btu/lb $/gal 1b/hr gal $
Gasoline $.07 18,750 0.179 63 3490 625
Kerosene 6.80 17,550 0.160 44 2170 347
No. 2 7.05 17,992 0.150 43 2050 307
Fuel 011
LPG 4.24 20,015 0.135 51 4040 545

(a) Assuming gasoline used in gesoline engine, kerosene and No. 2 fuel
oil used in turbocharged diesel engine, and LPG used in LPG engine.
(b) Assuming full-load operastion for full two weeks.
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WASTE-I{EAT RECOVERY

Couventional prime movers convert only 15 to 35 per cent of the fuel
energy supplied to useful shaft work. The bulk of the remaining energy is
rejected as heat to a cooling system or in exhaust gas discharged to the atmos-
phere. A small percentage of energy is rejected as radiation and in miscellaneous
other ways. Designers and users of combustion engines have long sought practical
means to recover and use this rejected heat energy and they have had some degree
of success. Heat exchangers are commercially available for the recovery of engine
cooling water heat and exhaust gas heat for use in space heating, water heating,
and production of low pressure steam.

Community shelters will require a certain amount of total power in
various energy forms. Among the possible energy requirements are: electrical
energy for lighting and communications; mechanical energy for ventilation, air
conaitioning, and water circulation or pumping; and heat energy for water heating,
alr conditioning, and cooking. The total energy requirement will determine the
slze of the prime mover to be provided. However, the size of the prime mover for
a given shelter could be significantly reduced if a substantial portion cf the
energy rejected from the auxiliary power system could be recovered and put to use.
Thus, the primary power output of the prime mover, i.e., the shaft power, could
be used to supply the mechanical energy requirements of the shelter; the recovered
energy could be used to supply the heat energy requirements of the shelter. It is
als~ conceivable that, 1if the heat energy requirements are relatively small, some
of thke recovered heat energy could be converted tc assist the prime mover in
meeting the mechanical energy requirements. Thils section of the report deals with
the potential for recovering waste heat from the cooling and exhaust systems of
the prime mover. Means for utilizing recovered waste heat in the shelter are
discussed and specific means for recovering waste heat are described. The results
of laboratory tests with simple exhaust heat-recovery equipment are presented.

Waste-Heat Availability

Table 8 shows typical heat balances, heat-rejection rates, and exhaust
gas temperatures at continuous rated lcad for various commercial prime movers.
Although these data are representative, there may be wide variations between
actual engines of the same general type. The heat balance shows how the engine
utilizes or rejects the fuel energy supplied. Regardless of engine type, the
ma jor portion of the fuel energy is rejected as heat, which is transferred to
the coolant, carried away in the exhaust gases, or radiated to the surroundings.
The percentage actually converted to shaft power varies from 15 to 35 per cent
depending on the type of prime mover. The coolant and exhaust heat-rejection
rates represent the total amount of heat that could be recovered under ideal
conditions from the cooling and exhaust systems. The exhaust gas temperatures
are indicative of the potential energy level of the exhaust heat energy.

For practical purposes all of the heat rejected to the coolant is
recoverable with a properly designed cooling system. The temperature level of
this recoverable heat is relatively low, about 200 F at the most. Therefore,
the encrgy level is quite adequate for space or water heating but inadequate
for conversion to mechanical shaft power. Only about 60 to 80 per cent (depend-
ing on the initial exhaust gas temperature) of the heat rejected in the exhaust
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TABLE 8. TYPICAL HEAT BALANCES, HEAT-REJECTION RATES,
AND EXHAUST GAS TEMPERATURES

Performance Four-Cycle Two-Cycle Four-Cycle Diesel Gas Turbine
Parameters Spark Ignition Diesel tc(a) Na (D) Nr(c) gr(d)

Fuel energy 26 30 35 31 15 25
converted
to power,
per cent

Fuel energy 30 21 22 26 -- --
rejected to

coolant,

per cent

Fuel energy 32 37 29 30 70 65
rejected
in exhaust,
per cent

Fuel energy 12 12 14 13 15 10
rejected as

radiation,

per cent

Coolant 2,900 1,800 1,600 2,100 - --
heat loss,
Btu/hp-hr

Exhaust 3,100 3,100 2,100 2,500 11,900 6,600
heat loss,
tu/hp-hr

Exhaust gas 1,200 600 800 900 1,000 500
temp, F

(a) Turbocharged (c) Nonregenerative
(b) Naturally aspirated (d) Regenerative

gases 18 recoverable for practical purposes. The reason for this limitation is
that the exhaust gas cannot be ccoled below about 300 F without risk of serious
corrosion problems in the exhaust system because of the potentilal condensation of
highly corrosive constituents in the exhaust gases. The energy level of recover-
able exhaust heat is significantly higher than that of recoverable cooling-system
heat and, therefore, this energy may be used to produce shaft power as well as
for space and water heating.

Waste-Heat Utiliz:cion

Waste-heat recovery in commercial powcr installations is becoming more
prevalent. (13,14) g fact, waste-heat recovery {& a key factor in the total-
energy- package concept which i{s being promoted at the present time particularly
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for shopping centers, apartment house projects, and schools. The primary justi-
fication for waste-heat-recovery or total-energy-package svstems is operating
economy. The concept is generally sold where it can be demonstrated that the
higher first cost of the equipment will easily be offset by the lower fuel and
maintenance costs during the life of the installations.

In an application such as the community shelter system where the
operating life of the equipment is measured in hundreds of hours rather than
tens of thousands of hours, it would appear that waste-heat recovery could rot
easily be justified on the basis of operational economy. The problem of deter-
mining feaslbility can be somewhat simplified by dividing it into two approaches:
(1) recovery of waste heat for conversion to auxiliary shaft power and (2)
recovery of waste heat for heating such as space and water.

Several types of systems for conversion of waste heat to power were
evaluated. These were: Brayton-cycle, Stirling-cycle, and Rankine-cycle
external combustion engines; blowdown turbine direct mechanical energy conver-
sion; and thermoelectric and thermionic solid-state direct electrical energy
ccnversion. The Brayton, Stirling, and Rankine cycles would utilize the waste
heat directly from the exhaust gases to supply heat to an internal working
fluid; air for the Brayton and Stirling cycles, and water for the Rankine
cycie. The blowdown turbine would utilize the kinetic energy of the exhaust
gases. The thermoelectric and thermionic solid-state devices would utilize
the waste heat directly from the exhaust gases to develop electrical energy.

Table 9 summarizes the results of the evaluation of these various
energy-conversion systems. As is shown in the table, all of the energy-
conversion systems except possibly the Rankine (steam) cycle are not suitable
for utilizing prime-mover waste heat for one or more reagons; equipment not
commercially available, equipment very expensive, waste heat at a low temperature
level, low operating efficiency. Because of the relatively low temperature of
the heat source, l.e,, the exhaust gases, all of the possible energy-conversion
systems would operate at low efficiency.

Because steam system equipment i8 commercially available, an analysis
was made to determine the approximate economics of an actual steam-power was.e-
heat recovery system. If, for example, a shelter has a total power requirement
for 100 hp, a satisfactory single four-cycle naturally aspirated diesel engine
can be obtained for approximately $50 to $60 per hp. A complete waste-heat
recovery system for this engine may recover the equivalent of about 150 hp in
heat energy. If this heat energy is utilized in a steam-power system the over-
all efficiency of the steam-power system is likely to be only about 10 per cent
for the size range. Thus, with full utilization of the engine waste heat only
about 15 hp will be developed. Then the prime mover size could be reduced
resulting in 5 saving of about $700 on the purchase price. However, a commercial
exhaust heat exchanger for this system would cost about $1200; and it is likely
that supplying the steam engine (or turbine), condenser, and other necessary
components for the steam-power system would easily double that cost. A total
investment of over $2500 would thus be required to save $700 on the cost of the
prime mover.

In addition to the saving of $700, a saving in fuel and fuel storage
costs and savings in the first costs of auxiliary systems such as the starting
system and cooling system must also be considered. However, these savings are
not likely *o total $1800.
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COMPARISON OF ENERGY CONVERSION SYSTEMS FOR UTILIZATION
OF PRIME-MOVER WASTE HEAT

Equipment Probable
System Available Cost Complexity Remarks

External combustion
engines

Brayton cycle

Stirling cycle Not self-starting.
Potentially low
per cent heat
recovery.

Renkine cycle Medium-high Requires supply of
fzesh water.

Solid-state devices

Thermoelectric Very high Av=iiability limited.
Estimated cost
$2500 per kw.

Thermionic High Medium- low Requires high
temperature heat
source.

Direct mechanical

Blowdown turbine Requires extensive
modifications

to engine.

In addition to the lack of economic justification for a waste-heat
recovery system of this type there would be a number of disadvantages. a
reduction in the total system reliability because of the addition of complex
equipment, an increase in the installation and maintenance coets and problems,
and an increase In the shelter heat-rejection load because of the itnefficiency
of the steam system. Therefore, recovery of waste heat for conversion to power
is not feasible.

The second approach to waste-heat recovery for the shelter system
(water or space heating) can be considered practical and justified if it is
assumed that there will be a demand for hot water and/or for heat in the occupled
space in the shelter. If there is such a demand and {f {t can be met with low
energy hot water or steam, the simplest approach would probably be to use a heat
exchanger or an ebullient-type cooling system and to draw off the required amount
of hot water or steam as it is needed. The cooling system in this case should be
large enough to reject the entire prime wover cooling load to the heat sink when
necessary. It is quite possible that wvaste-heat recovery using only the jacket
water would be adequate to service the space heating and hot water needs of most
shelters; inasmsuch as the heat rejected to the coolant is not less than 50 per
cent and in one case greater than 100 per cent of the shaft power output (see
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Table 8). This means that for a 100-hp prime mover the amount of cooling system
waste heat that could be made available to the shelter would be between 120,000
and 290,000 Btu/hr depending on the type of prime mover used.

There is an exception, of course, in the case of the gas turbine where
exhaust waste-heat recovery is the only possibility. The gas turbine appears to
be competing quite favorably in the present market for very large, total-energy-
package systems, and it is not inconceivable that in the near future gas-turbine
total-energy-package systems may be approaching a competitive status in the size
range of interest in the community shelter program. Because of the present lack
of commercial equipment and reliable data, however, it is not possible to make
even an approximate economic analysis nor to predict when the smaller size units
will become commercially avallable and truly competitive.

Waste-Heat Recovery Systems

As mentioned previously, waste heat is available in both the jacket
water and exhaust gases of piston engines and in the exhaust gases of gas turbines.
Because of the low temperature of jacket water the waste heat from this source can
be used only for heating water or tempering ventilating air. Exhaust gases bein;
at a much higher temperature can be used to produce either steam or hot water.
Waste-heat-recovery systems can take many forms depending on the type and quantity
of heat energy required. Three possible heat-recovery systems are discussed in
the following prargraphs to illustrate equipment requirements and system capa-
bilities and limitations. The three are: (1) conventional jacket water and

exhaust-heat recovery, (2) ebullient cooling and exhaust-heat recovery, and (3)
gas-turbine heat recovery.

Conventional Jacket Water and Fxhaust Heat Recovery

Figure 41 i{s a schematic {llustration of a combined jacket <ater and
exhaust heat-recovery system. The basic components of such a system are: jacket
water heat exchanger, exhaust heat exchanger, circulating pump in the heat-
recovery system, control valves, and appropriate heat sinks. The system as shown
18 capable of producing hot water and steam in varying amounts according tc the
Jemand. The steam could be either at atmospheric pressure for heating or at an
rlevated pressure for shaft power production. A flow of water must be maintained
through the system at all times to ensure that the engine wyll be adequately cooled
and that the exhaust heat exchanger will not overheat and burn out. If the supply
nf hot water or steam exceeds the demand, the excess {8 diverted to the heat sink
to be cooled and subsequently returned to the system by the circulating pump. If
the steam pressure is significantly sbove atmospheric pressure, an expansion valve
can be used to protect ~' : heat exchanger, pump, etc., from overpressure.

The waste heat recoverable from a 100-hp, four-cycle, turbocharged
diesel engine, using the heat-recovery system illustrated in FPigure 41, and the
heat-re jection rate data in Table 8, would be approximately 395,000 Btu/hr.
with this amount of heat, approximately 365 gal of water could be heated through
a 100 F temperature rise. About 47 per cent of this heat would be recovered
fyom the exhaust system using an exhaust gas lower temperature limit of 300 F.
It a smaller quantity of hot water were required, the heat-recovery system could
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be simplified by installing only one of the two heal exchangers realizing that if
stesm were required the exhaust-gas heat exchanger would have to be used. As with
the combined system, provision would have to be made to insure that with a jacket
wvater system the engine would be adequately cooled at all times. Also, with an
exhaust system excess system pressure and heat-exchanger temperature would have

to be avoided.

Ebullient Cooling and Exhaust Heat Recovery

Figure 42 {s & schemstic {llustration of an ebullient cooling and exhaust
heat-recovery system. The ebullient cooling aystem is, in itself, s producer of
low-pressure steam. In the system shown in Figure 42 the steam output is tncreased
by circulating the cooling vater from the steam separator tank through an exhaust
heat exchanger. Hot water can be taken for use directly from the ste-n» separator
tank. As in the system fllustrated in Figure 41, a heat exchanger and heat sink
must be provided for disposal of exc~ss recovered heat.

The orientation of the steam separator and the exhaust heat exchanger
as shown in Pigure 42, will assure & continuous flow of water through the exhaust
heat exchanger by convection. If a sufffcient supply of make-up water is avall-
able, the waste-hest recovery systems shown in Pigures 41 and 42 could both be
operated without heat sinks. In this case the steam and hot water in excess of
shelter demand would be rejerted outside of the shelter.

The waste heat recoverable with the heat-recovery system fllustrated
in Pigure 42 would be exactly the same as that for the system {llustrated in
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Figure 41. Por the 100-hp, four-cycle, turbocharged diesel engine example,
the total heat recovered would be 305,000 Btu/hr.

Gas-Turbine Exhaust-Heat Recovery

Figure 43 is a schematic {llustration of a gas-t:rbine hegt-recovery
system. The gas turbine is unique among the conventional prime movers included
in this study in that it has no cooling system, all of ite waste hesat being
rejected in the exhaust gases. Consequently, the only weans of recovering waste
heat from a gas-turbine prime mover is with an exhsust heat exchanger. The
recovered heat, as shown in Pigure 43, could be used to power an shsorption-
refrigeration air-condit{oning system, and/or to provide hot water for heatliy,
etc.

e
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The energy available in the exhaust of a gas turbine can be increased
over & useful range cf valuew independently of the shaft power output of the
turbine by by-passing the combustion products around the power turbins and by
use of an auxiliary combustor. The energy svailable for recovery in the cooling
and exhaust systems of diesel, gasoline, and LPG engines varies almost directly
vith the shaft load. Thus, the gas turbine has a significant advantage in
adaptability to a wvaste-heat recovery system where mechanical and heat loads
may vary proportionately to each other.




-86-

Exnhaus! )
Waste -heat boiler | \ N
Auxiliory \ ? .
combus?or F'\f e R )M
\ | ; Circulating
. !
Y e L e
S Ao — , Aeati
Combustion \ X 5 —— K’V\/\r T load "
crhambe AU | | j / ‘
v 4 '\ \\ I 4 IS . k/’ ,
\ \ | .
\ ! — N T
L | ) @1 i
\l \ pl Hot water | |
M -‘;_,.,‘ /,"|‘ [ Lo ...j
- 7 |7 (Chiled waterr — — -
|/ ‘ | I
i i ! / ! L’““"‘"‘" | I
\I ] L-g - /1/ _-11._ _ J
, ) \
Gas turbine -/ /’I / \ L—Co:-ling
: / - Steem \ Absorption loq::
Mechanical load ! cooler
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The waste heat recoverable from a 100-hp regenerative gas turbine,
using the heat-recovery system illustrated in Figure 43 and the data of
Table 8, would be spproximetely 315,000 Btu/hr which would produce 38C gal of
water through a 100 F temperature rise. As for the piston engines, the exhauat
gas lover temperature limit was assumed to be 300 F,

Using the same assumptions as above, a nonregenerative gas turbine of
100-hp capacity would Lave 830,000 Btu/hr of recoverable waste heat in the
exhaust gases. With this emount of heat, approximately 1,000 gal of water could
be heated through a 100 F temperature rise.

Waste-Heat Recovery Tests

Jacket water waste-heat recovery systems would utilize water-to-water
heat exchangers which are readily available in a large variety of types and sizes
at a reagonable cost. However, commsercial exhsust-heat recovery eguipment is not
‘sadily availsble particularly for small enrines because of a lack of demand, and
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lg very expensive because of the long design life. For these reasons, laboratory
tests were conducted to determine the performance of simple and inexpensive exhaust
waste-heat recovery equipment.

The 20-kw diesel engine-generator set used as a demonstration unit was
uged for the exhaust waste-heat recovery tests. Four simple heat-exchanger designs
were evaluated. These were: (1) straight tube, (2) coiled tube, (3) baffled tube,
and (4) straight-fin tube. The heat recovered with the straight tube was about
half cf that recovered with the other three configurations.

Figure 44 shows the laboratory setup used to evaluate the various heat-
exchanger designs.

Heat exchanger

FIGURE 44. LABORATORY EXHAUST HFAT-RECOVERY TEST SETUP

Figure 45 shows three of the four exhaust heat-recovery heat exchangers
tested. The colied-tube heat exchanger was an 18-ft length of 3/8-in. copper
tubing wound into a continuous coil having an inside diameter of 1-1/2 in. and a
length of 3 ft which was constructed at an estimated cost of $10. The baffled

~ straight-tube heat exchanger was fabricated by soldering 3-in. radius, semi-

circular brass baffles to a 3/4-in. Admiralty brass tube at intervals of 2 in.
over a 3-ft length. This configuration cost an estimated $40 to construct.
The straight-fin tube heat exchanger was purchased already fabricated for $50.
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FIGURE 45. HEAT EXCHANGERS FOR EXHAUST HEAT-RECOVERY TESTS
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It contained 20 radial fins, each 3-ft long, 1/2-in. high, and 0.025-in. thick,
soldered to a 3/4-in. Admiralty brass tube. A fourth heat exchanger, not illus-
trated in Figure 45, was a straight 3-ft length of 3/4-in. Admiralty braes tube
without fins or baffles which was purchased for $6. Admiraity brass was selected
for the straight-tube heat exchangers because of its resistance to corrosion by
exhaust gases. Copper tubing was used for the coll heat exchanger because of its
easy workabllity and availability.

For the tests, each heat exchanger was installed, in turn, in a 3-ft
section of insulated 3-in. pipe through which the exhaust gases passed. This
exhaust system test section was identified in Figure 44. Both exhauat gass and
cooling water temperature measurements were made at each end of the test section.
Exhaugt back pressure was also measured.

The coiled-tube heat exchanger was tested with suppiy water circulated
directly through it and discharged to a drain. The three straight-tube heat
exchangers were tested in a free-convection system which included a 20-gal hot
water reservoir open to the atmosphere. Supply water was introduced into the
system about midway in the reservoir and hot water was allowed to cverilow at
the top to maintain a desired maximum water temperature.

Figure 46 shows the heat recovered from the exhaust gases by the
different heat exchangers as a function of generator load. A sketch of the test
section with the coiled tube in siace shows the direction of exhaust gas and
water flow for all the tests. The water and gas flows are parallel; howc er,
calculations indicated that counter-flow operation would increase the heat
transfer by only about 1 per cent.

Table 10 lists additional performance results from these tests. These
data are all representative of full-load operation. The temperature of the
exhaust gases in the exhaust manifold varied from 975 to 1075 F during the tests,
and the back pressure in the exhaust system before the test section was installed
wag about 11 in. HyO0. The computer water-flow-rate data are based on a water-
supply temperature of 60 F and an 80 F rise. The per cent heat recovery is based
on an ambient temperature of 100 F.

A length of 3 ft was arbitrarily selected for all of the test heat
exchangers for convenience and for direct comparison purposes. Longer lengths
would naturally promote higher heat recovery up to the limiting minimum exhaust-
gas temperature of 300 F at which condensation of exhaust gases occurs. Fcr the
short use period of 2 weeks it would probably be acceptable tc design for even
lower final exhaust-gas temperatures.
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TABLE 10. EXHAUST GAS HEAT-EXCHANCER PERFORMANCE
AT FULL-LCAD ENGINE OPERATION

Increase in Water Flow
Exhaust Gas Exhaust Rate at 80 F Heat Recovered
Temperature, F Back Pressure Temp Rise, Btu Per
Heat Exchanger Initial Final in H20 gal per hr per hr Cent
Coiled tube 1075 725 6 47 30,600 36
Straight tube 1015 860 5 24 15,700 17
Baffled 1075 772 59 47 30,600 31
straight
tube
Finned 975 665 3 45 29,500 35
straight

tube
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TIGURE 47. SInGIL.E-PRIME-MOVER MECHANICAL
POWEKL -TRANSMISSION SYSTEM

Figure 48 shows the multiple-prime-mover approach to a mechanical power-
transmission system. In this system separate smaller prime movers are providd
for the two major wechanical loeds and a ti.ird prime mover is coupled at onc end to
a small load and at the other ead to an electric generator which supplies power for
the purely electrical requirements amd for the other smaller mechanical loads. All
of the prime movers are proyided with disengaging clutches when connected to a
mechanical load.

Many factors mmst be considered when a mechanical power-transmission
system is selected for a specific shelter application. Amnug these are: location
of mechanically driven equipment in the shelter, relative cost of several small
prime movers compared witi cost of a single large prime mover, the cost and complexity
of the intermediate trapsmidvion equipment for the single prime mover, the potential
reliability of multiple prime movers, and the cost and complexity of installation of
multiple prime movers.
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FIGURE 48. MULTIPLE-PRIME-MOVER MECHANICAL

POWER -TRANSMISSION SYSTEM

Mechanical systems should have efficlencies of power transmission in
excess of 90 per cent. The relatively simple direct-coupliing and clutch arrange-
ment should have an efficiency greater than 95 per cent. [f gears, belts, or
chains and intermediate line shafts are used, the over-all c¢fficiency will be
closer to 90 per cent. The maintenance requirements for mechanical systems are
minimal. The primary considerations are lubrication of bearings and gear or chain
drives {f used, and protection of critical surfaces and equipment with preservative
coatings. The reliability of mechanfcal systems in general is hi,h. Even greater
reliability can be achieved with multiple-prime-mover systems by interconnecting
the starting systems 8o that each prime mover could provide starting power for any
of the others in an emergency. If any one prime mover of a multiple system should
compietely fall in an emergency, partial power would still be available for the
shelter; however, the equipment it was driving would be inoperative,

The components for mechanical power-transmission systems are inexpensive and

readily available.

The over-all cost of a single-prime-mover power-transmission system

should be significantly lower than the cost of any other power-transmission system.

I S
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The multiple mec' "nical system would also be extremely low in cost, but it would
require a relatively more expensive prime mover installation; consequently, the

combined cost would probably be more comparable to that of an electric generator
system.

Mechanical systems can be made acceptably safe if all moving elements
such as belts, chaina, gears, clutches, and couplings ar= suitably enclosec.! or
guarded. Chain and gear drives are somewhat noisy. A belt drive would bhe signifi-
cantly quieter, and would serve as a shock absorber for torque pulses between the

prime mover and driven equipment, and would be more easily replaced in case of
failure.

Electric-Generator Power-Transmission System

Engine-generator sets have long been the standard for emergency stand-by
power systems and they are presently the most widely used. Electrical energy is
easily transported from generator to motor with low transmission loss and permits
practically noiselese operation. The most adaptable electric system for incorpora-
ting commercially available equipment is the four-wire, three-phase, Y-connected
120/208-volt, 60-cycle system with the generator operating at a speed of either
1200 or 1800 rpm. The generator and prime mover should utilize a common housing or
be mounted on a comuon base to avoid troublesome misalignments.

Figure 49 is a schematic illustration of an electric-generator power-
transmission system. The electrical power from the generator goes i{nto a control
box which contains voltage-control, switch gear, and circuit-breaker components.
From the control box, distribution lines provide power for the various mechanical

and electrical loads throughout the shelter. Commercial electrical power, if availa-

ble, would slso be brought irto the control box and could be used for exercising
operation of the shelter equipment.

Figures 50 and 51 show the full-load efficiencies of electric generators
and motors, respectively. The generator efficiency curve is plotted against the
electrical kilowatt output of the generator, and “he motor efficiency curve {s
plotted against the shaft horsepower cutput of the motor. These data indicate that
single large units are more desirable than several unaller units from the stand-
point of efficiency. Some small electric motors will be needed throughout the
shelter and their low efficiencies cannot be aveided. However, because small
power consumptions are actually iavolved, their effect on the over-all efficiency
of the electric-generator power-transmission system will not be great.

The efficiency of a generator or motor varies only slightly with a load
change between 75 and 125 per cent of rated load. bBelow 75 per cent of rated load
the efficiency begins to fall off and may be about 10 per cent lower at 25 per cent
rated load than st full rated load. Assuming an efficiency of 91 per cent for the
generator, which would be approximately correct for a 70-kw unit (about 100-hp
input), and 85 per cent for an electric motor, which would be about right for a 10-
hp unit (san assumed average size), the over-all efficlency would be 77 per cent.
Line losses would be on the order of 1 per cent for a transmission length of 25 or
30 feet. Thus, a reasonable over-all efficiency for an electric generator power-
transmission system would be about 76 per cent.
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FIGURE 49. ELECTRIC-GENERATOR POWER-TRANSMISSION SYSTEM

The major problem which will be encountered in the maintenance of
electric-generator power-transmission systems is the effect of moisture. The
amount of moisture present in the shelter air will determine the frequency of
maintenance and testing., It will also determine the type of insulating materials
to be used in both th¢ generator and the motors. Condensation of moisture in the
generator or motor could cause rusting of bare iron suifaces and the formation of
mold, and eventually could lead to either mechanfical or electrical failure of the
equipment. Methods for reducing moisture absorption in generators and motors or
providing resistance to moisture include: heating to maintain equipment above the
dew point, dehumidifying the entire shelter, fully enclosing the generator and motors,
encapsulating the stators, and specifying materials impervious to moisture.
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Tab'e 11 liste the {nsulating materials found to be most satisfactory in
resisting damage or deterioration from moisture.(12) These matertals also would be
useful in other components of the auxiliary power system for moisture resistance,

TABLE 11. ELECTRICAL INSULATIONS FOR HUMID CONDITIONS

e T T T T

Material Application
Alumina Ceramics
Asphalt Varnish
Dacron-glass Textiles (with silicone)
Epoxy Enamel, lqiuid resin, varnish
Formvar Enamel
Glass Textiles (with silicone)
Irrathene Plastic tape
Mica block Ceramics
Mica paper Papers
Paint Filled resins and varnishes
Phenolic (modified) Varonish
Polyester Liquid resin
Polyethylene Films, plastic tape
Polyurethane Enamel
Porcelain Ceramics
Silicone Varnish, resin
Silicone rubber Plastic tape
Steatite Ceramics
Teflon Films
Thermoplastic Molded plastics
Urethane

L —

Liquid resin

Note: These materials are also capah'~ of withstanding
short-time immersion in water.

Maintenance requirements of the generators can be reduced further by
using brushlees, rotating, rectifier-type equipment. Such equipment is used
exclusively on railroad refrigeration plants and for similar applications where
minimum maintenance and highest reliability are essential.(10) However, the high
temoerature limit for the semiconductor components used in this type of equipment
is 150 F,(17)

If some moisture is absorbed between exercise periods, but not a
sufficient amount to produce failure at rated voltage, the equipment can be
operated for a period of time sufficient tc ensure that all the absorbed moisture
has been driven out. According to one manufacturer, it may take as long as 4
hours at full load to thoroughly eliminate absorbed moisture. If the other shelter
equipment, including the prime mover, could be properly exercised in much less than
4 hours, the 4-hour drying period for the generator or motors would be a disadvantage.
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There are several tests which will give indications of the relative
condition of the electrical insulation in generators and motors and which wil!
also suggest when equipment should be rewound, replaced, or eimply dried out.(l8)
These tests are briefly described in References (18) through (23). Preliminary
tests for moisture content of the insulation are important to prevent breakdown
upon rapid application of full voltage. There 18 a basic weakness in all electri-
cal tests because the usual causes of low-voltage equipment insulation faillure are
mechanical stresses and physical deterioration rather than electrical breakdown and
all electrical tests are conducted on static equipment. However, in shelter a
applications, physical deterioration and mechanical stresses should not be serious
problems; however, moisture may be a serious problem.

Study of the various electrical tests reveals that the a.c. high-voltage
test gives the best indication of the condition of the equipment. It 18 usually
recommended that this test be preceded by low-voltesgc tests to reveal the extent of
absorbed moisture that may have to be dried out before high potentials can be
safely applied. However, a recently introduced voltage-breakdown tester(2%4) senses
component breakdown, removes tnhe voitage, and shorts the leads microgecunds before
damage can occur, This testsv way, therefore, be used directly on the electrical
equipment without preliminary lcw-voltage testing.

The reliability of electric-generator pover-transmission systems can be
expected to be high 1f proper inspection and operating procedures are observed.
Most air-cooled generators, designed to National Electric Manufacturers Association
(NEMA) specifications, will operate continuously at rated load with an ambient air
temperature between 40 and 50 C (104 to 122 F). The temperature rise in the
generator windings above ambient temperature is limited by the class ol the insula-
tion used in manufacture. If ambient temperature in excess of these limits must be
tolerated, the generator can be either derated, operated with reduced life, or
supplied with a higher-temperature insulation. In some cases a combination of
these would be the best solution.

Following are values for the normal rated allowable temperature rise for
various electrical insulation types, These data are based on 40 { ambicit teupéia-
ture and include & 10 C allowance for hot spots.

Ciass of Insulacion Rated iemperature Rise, C
A 50
B 80
F 105
H 125

For every 10-C increase in ambient-air tewperatures, the allowable
generator-winding temperature rise should be reduced approximately 10 C to maintain
the same maximum insulation temperature. Since the maximum temperature rise for
Class A insulation 18 50 C, a 10-C reduction would be equivalent to about a 20 per
cent reduction in the kilowaLt output of the generator. Deratin; is obviously nut
practical for a very significant increase in ambient air temperature,

Generator-winding lite is approximately 35,000 hours at rated load and
40 C ambient temperatuie conditions. Substantial increases in ambient air tempera-
tures can be withstood 1f a much shorter life expectancy is permitted such as a
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2-week operating period in a community shelter. As a rule of thumb, the insulation
life is approximately halved for each 10-C increase in winding temperature. For
instance, Class A insulation would have an 2vcrage life of about 15,000 hours at

65 C (150 F), or an average iite of about 1,500 hours at 100 C (212 F). It is
suspected that shorteuluy Lhe operating life of the generator in this manner would
have some effect on the reliav:iity, buc no specific informat.on along this line is
available in the literature or from manufacturers.

Figure 52 shows the effect of temperature on average life of generator
and motor windings for three commonly used classes of insulation.(25) These data
show that a higher temperature insulation would allow a substantial increase in
ambient-air temperature and still possess long life. For example, Class F insula-
tion has an average life of 35,000 hours at 100 C ambient temperature or 1,500
hours at 140 C (284 F) ambient temperature. The 100 and 140 C ambient-temperature
limits should be modified in practice by a 10-C allowance for hot spots and a 5-C
allowance for reduced heat-transfer rates at the elevated air temperatures. Thus,
the ambient-air temperatures could be allowed to reach approximately 85 C (185 F)
for a 35,000-hour life and approximately 125 C (257 F) for a 1,500-hour life with
the generator oper ting at full rated load. Although generators could be operated
at temperatures up to 125 C with reduced life, the maximum temperatures at which
prime movers can operate satisfactorily is much lower than 125 C.

Electric generators are available for power outputs from a fraction of a
kilowatt up to about 1,000 kilowatts in semiportable form. The size range availa-
biliity varies from 1/2 to i kilowatt in under 10 kilow-tt 8sizes to 5 to 50 kilowatts
in the larger sizes, There 18 relatively little haza.d in using electric-generator
power ~transmission systems as long as reasonable and proper precautions are taken
during the installation. The noise level of such a system 18 very low,

Figures 53 and 54 show approximate purchase prices for electric generators
and motors, respectively. As in the case of the efficiency curves of Figures 50
and 51, the generator cost curve is plotted against the electrical kilowatt output
of the generator, and the motor cost curve is plotted against the shaft horsepower
output of the motor. It 18 not possible to determine with any reasonable degree
of accuracy the total cost of an electric-generator power-transmission aystem. or,
for that matter, any power-transmission system, without knowing the specific details
of the application.

Hydraulic Power-Transmission System

Figure 55 is a schematic {llustration of a hydraulic power-transmission
system. The basic system consists of a fluid pump driven by the prime mover,
hydraulic lines to deliver the high-pressure fluid throughout the shelter, and
fluid motors to convert the energy in the fluid to power for driving the mechanical
equipment of the shelter. The pump speed is matched to that of the prime mover,
usually between 1200 and 1800 rpm, for the convenience of direct connection. A
clutch is necessary between the prime mover and the pump to allow starting under
n. load. A pump delivery pressure of around 1,000 psig would best match available
industrial equipment. The basic types of available fluid pumps and motors are:
gear, vane, and piston.
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The efficiency of hydraulic systems varies only slightly according to the
8ize and somewhat more according to the type of components used. The efficiency
range of gear pumps and motcrs is 60 to 90 per cent, of vane pumps and mctors 75 to
90 per cent, and of piston pumps and motors RC to 95 per cent .{25)  Considering the
pumps and motors by themselve~ K the over-all efficiency of a hydraulic power-
transmission system would be fairly close to that of an electric-generator power-
transmission system. However, losses in the transmission lines of a hydraulic
system are significant. For example, if a 5-hp vane-type hydraulic motor is
assumed to be located about 25 or 30 feet from the hydraulic pump and connected
with 1/2-inch tubing, the total line pressure drop would be about 89 psi. The
efficiency of power transmission through the lines would be 92 per cent. Using
larger sized tubing would reducc the losses. A compromise would have to be reached
between line efficiency, total riuid ia the system, and total cost of the system.

Assuming a pump efficiency of 88 per cent, average motor efficiencies of
82 per cent, and line losses averaging 6 per cent, the over-all hydraulic power-
transmission system efficiency would be approximately 66 per cent.

The primary maintenance requirement for a hydraulic power-transmission
system is to monitor the condition of the fiiters and the contamination and oxida-
tion levels of the hydraulic fluid. The filters should be changed or cleaned
before the pressure drop across the elements becomes sufficient to open the by-pass
valves. A common design pressure differential {s 15 psi. Metal filter elem:n' .
will remove particles down to about 10 microns in size, and active-earth filters
will remove particles down to 3 to 5 microns. The active-earth filters aiso remove
moisture and tend to neutralize acidity, but they cannot be used with some types of
fluids because they also remove valuable additives. A sample of fluid should be
taken periodically for examination to determine its condition. More frequent
analysis would be required with petroleum-based or emulsion-type hydraulic fluids,
because their storage life is shorter than that of the synthetics or water glycois.

Industrial hydraulic equipment is designed for full-load life expectancices
of 2,000 to 5,000 hours for gear pumps and motors; 3,000 to 6,000 hours for pisten
pumps and mot nrs. (20)  These life expectancies are determined primarily by vearing
life. Excessive bearing wear results in a reduction in pump output pressure. When
cavitation s permitted, such as when there are excessive fluid velocities in the
lines or high viscosities, the life of the equipment will be much shortened.

The operating temperature of the fluid at the pump inlet should be kepi
below a temperature at which the fluid viscosity becomes less than 70 SSU s0 a to
maintain proper lubricating gyualitiers. At startup, the fluid viscosity should uot
be greater than 4000 SSU tu avoid cavitation. Therefore, the temperature limits of
a hydraulic system will depend on the fluid chosen. Industrial equipment and tluids
are normally designed to operate in ambient-air temperatures of 40 to 90 F.(27)

The reliability of a hydraulic power-transmission system could be expected
to be very good i{f good qualit: components are used, if the system is well constructued,
and Lf the proper hydraulic fluid {8 selected. In blast shelters, hvdraulic piping
must be flexibly mounted so that it will not be damaged by ground shock. Numerous
additives are available to improve the hydraulic {luid, particularly in reterence to
reliability of the system. Among these additives are rust ifnhibitors, antioxidants,
anticorrosives, foam inhibitors, and detergents. There are four basic types of
hydraulic fluids which could be used in a hydrauli¢ power-transmission svstem:
water-glycol, synthetic, emulsion-type, and petroleum-based hydraulic fluids.
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The water-glycol hydraulic fluids contain about 40 per cent water, the
remainder being glycol synthetic thickener and additives for corrosion resistance
and increased lubricity. No oxidation will occur if the pH factor remalns about
7.5. The alkalinity factor indicates when the additives need replenishing to
prevent oxidation. The viscosity of this type of fluid is between 150 and 300 SSU
at 100 F, with a maximum temperature limit being 150 F and the recomended operating
temperature being 120 F. The viscosity can be estimated by measuring the water
content., Absorptive-type filters cannot be used because they absorb the additives.
Because of the nature of the fluid, spacial paints, seals, and metals must be used
throughout the system. Epoxy paints are best and seals made of rubber, buna N, butyl,
neoprene, or leather can be used. Zinc and cadmium cannot be used and aluminum
should be anodized. To compensate for the reduced lubricating qualities of water-
glycol fluids, bearings must be oversized. For this reason, pumps of the balanced-
vane or axial-piston types, which reduce bearing loads, are the most satisfactery.

Synthetic hydraulic fluids include phosphate esters and chlorinated
hydrocarbona. These fluids do not oxidize or form sludge upon long contact with
air, and they never break down during operation; thus, they do not require changing.
The viscosity range available is 50 to 1,00C SSU at 100 F, with the most widely
used being ‘bout 230 SSU. The normal maximum temperature limit i8 around 180 F
and the recommended operating temperature is 130 F. These fluids are heavier than
water snd the line water traps must be inverted from the normal position for
petroleum-based fluids. UWater is guite easily separated as it does not mix with
the synthetics. The lubricating quality of the phosphate esters compares very
favorably with that of the mineral oils and, therefore, they are more commonly used
than the water-glycol types., Special paints, pipe sealants, and seals will be
esgsential with synthetic fluids. Paints which can be used include the epoxys, hard-
cured phenolics, and nylons., Seals should be made of butyl, Viton A, or silicon.
Aluminum should be anodized. Screened, expanded-metal, or active-earth types of
filters can be used. Synthetics are designed for closed systems in particular and

are compatible with all types of pumps when proper seal materials and paints are
used.

Emulsion-type hydraulic fluids are water-in-oil emulsions and they con-
tain about 40 per cent water. Lubricating qualities are fairly good because of the
oil content, but not as good as those of the phosphate esters or mineral oils.

The mwa..imum temperature limit 18 150 F if excessive water losses due to evaporation
are to be avoided, and the recommended operating temperature is 120 F. The life

of equipment in which emulsion-type fluids are used will be less than that of
equipment in which regular oil is used because of the decreased lubricating quali-
ties of the emulsion-type fluids. Particles smaller than 150 microns will remain
in suspension in emulsion f’uids. Because these fluids are oil-based, they will
deteriorate with age. Most seal materials are compatible with emulsions, but
special paints are required.

Petroleum~-based hydraulic fluids are the least expensive of the four
types discussed and are, therefore, the most commonly used when fire resistance
snd long-term storage with minimum maintenance are not important factors. These
fluids break down and become less viscous with use. Oxidation, corrosion, foam,
and rust inhibitors should be added. The maximum operating temperature is limited
by the viscos’ty changes of the fluid and is related to the pump design, but may
be around 200 F for some types. Viscosity-index improvers thicken the oil, and
these types are more subject to breakdown of the polymer chains. The presence of
viscosity-iudex improvers such as methylacrylate, which cause adhesion between
particles, actuallv increase contamination-particle growth by their very nature of
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agglomerating small particlea.(zs) These contaminants might clog system filters.
Growth of particles can be minimized by initiai filtering ot particles that may
later combine, by using polar rusdt preventive agents, and by not using methyvl-
acrylate “{scosity-temperaturs improvers.

Hydreulic system components and fluids suitable for a community shelter
power-transmission system are readily avallable. The primary hazards associated
with hydraulic power-transmission systems are fire and fumes. The water-glyccl
and synthetic hydraulic f£luids have the greatest fire resistance and the petroleum-
besed hydraulic fluids have the least.(23) 01l fumes might become objectionable in
the shelter if an oil line or connectiorn failed and hot oil came in contact with any
hot surface.

Hydraulic machinery, particularly high-speed, high-pressure equipment, is
somewhat noisy. The vane or gear pumps and motors are particularly noisy. However,
the hydraulic motors driving mechanical equipment in the shelter would not be very
large and, consequently, they could be enclosed in sound-absorbing housinga. It is
desirable, however, to keep the fluid velocities in the suction lines below 5 feet
per second and below 15 feet per second in the supply lines.(26) The hydraulic
motor speeds should be kept below about 2,000 rpm, not only to reduce noise but alse
to reduce shock forces, flow losses, and erosion in the system,

The costs of hydraulic pumps and motors vary appreciably but will be
approximately as follows:{25) gear pumps and motors $3 per horsepower; vane pumps
and motors $3.50 per horsepower; and piston pumps and motors $6 per horsepower.
Hydraulic fluids also vary in cost depending on the type and on the additives. 1In
general, the cost of the various hydraulic fluids will be approximately as foliows; (30)
synthetics, $3.50 per gallon; water-glycols, $2.25 per gallon; emulsions, $1.25 per
gallon; and petroleums, $0.50 per gallon. The total cost of a hydraulic power-
transmission system would be approximately equivalent to the total cost of an
electric-generator power-transmission system. The cost of the basic components
for the hydraulic system is considerably lower than the cost of the basic components
for the electric-generator power-transmission system; however, the cost of the
auxiliary equipment including hydraulic fluids, accumulators, reservoirs, and pipe-
lines, and the cost of installation are both considerably higher for the hydraulic
power-transmission system,

Some electrical power will be required i.. the shelter for lighting end
communications; consequently, a small electric generator will be required. This
auxiliary power generator could be driven by .i. own small prime mover, by the main
prime mover also driving the hydraulic pump, or by a separate hydraulic motor as
shown in Figure 55.

Pneumatic Power-Transmission System

Figure 56 i3 a schematic illustration of a pneumatic power-transmission
system. The basic system consists of an air compressor directly driven by the
power source, and air motors located throughout the shelter as needed for driving
the various items of mechanical equipment. As in the case of the direct-drive and
hydraulic power-transmission systems, an auxiliary electric generator will be
necessary for lighting and communications. This auxiliary generator could be
direct-driven from the main prime mover, be driven by a small prime mover of its
own, or be driven by an air motor.

|
i
l
1
i
x
u
l
z
x
1
:
n
I
i
x
i
|




Air compressor -

)

+ ;';l
il

1

I Iy
LELALAALELLERR (41 RAALTTALS

JAkil
Ty
’

iide
4

ANTR

1

i

Unlcading valve —

Receiver tank -~

‘\\

Sheiter ioad
(typicai)

Exhaust silencer -
(typical)

Lubricator
(typical)

FIGURE 56.

-107-

s~ Intake filter

{/,

“T Cluteh -~

~Prime mover

y

pan
! i

e )
J__Q“,D___D_DI

$—

)

(]

& {3 \_w 3

~
e

N

|

—Electric generalor

Electric
controls

Electrical

/ load ~ \\

A

- Electric
motor

>~ - Control vaive

Pressure
header

i

Air motor
(typical)

PNEUMATIC POWER-TRANSMISSION SYSTEM

for—

T AEEh AR e -




-

ot GEEE TR e e

-108-

The speed of the alr compressor should be in the range of 1200 to 1800 rpm
to match the operating speeds of most prime movers. A system pressure of 90 to 100
psig would best match commercially available air compressors and motore, A receiver
tank should be used and the compressor should be designed oversize to permit a 50-
to 80-per cent duty cycle to avoid overheating and to allow operation at high
ambient air temperatures.(31) The time required to achieve maximum receiver-tank
pressure for an air-cooled compressor should range between 10 and 30 minutes. The
rest time, or unloaded condition, should be approximately the same. These times
should be recorded at each exercise period because they are an indication of the
fitness of the compressor and will reveal when repairs are needed. The 10-minute
minimum is to prevent condensation buildup in the crankcase, and the 30-minute
maximum 18 to prevent overheating which would shorten operating life and create an
explosion hazard.

Since a great deal of heat 18 generated when ai~ is compressed to 100
psig, a cooling means must be provided. Commercial air compressors are available,
either eir or water cooled. A water-cooled unit would be practically independent of
ambient-air temperatures, If the prime mover itself is water cooled, its coolant
could also be circulated through the air compressor and only one cooling system would
be required. A water-cooled cumpressor would also be more efficient than an air-
cooled unit because the compression process more nearly approaches {sothermal condi-
tions,

The efficiency of a well-designed air compressor is approximately 83 per
cent. Commercially available air motors, on the other hand, are relatively ineffi-
cient mechanisms; for instance, a 5-hp air mntor i3 only about 17 per cent efficient.
Consequently, the over-all efficiency of a pneumatic power-transmission system,
neglecting line losses which are likely to be small in a well-designed system, would
be only about 14 per cent,

Air motor and compressor efficiencies increase very little with increasing
equipment size and, therefore, no substantial improvements in efficiency can be
realized by using large-size equipment, if, for other reasons, the use of several
small units would be advantageous. The conventionally used air notor expansion
ratio of 1.67 cannot be appreciably increased because the air entering such a motor

at 90 psig and 100 F will be discharged at 54 psig and only 37 F. Further expansion

of the air would cause ice crystals to form within a motor; therefore, the effi-
clencies of presently designed air motors cannot be improved upon for this applica-
tion unless nearly all of the water vapor is removed from the compressed air.
Dessicants such as silica gel can lower the dew point temperatures to -50 F or

-100 F if necessary, and depending upon the quantity employed, can last 3 or more
hours. Nevertheless, the standard commercially available equipment 18 nearly all
limited to the 90-psig, 100 F design conditions which limit pneumatic system
efficiencies to about 14 to 18 per cent over-all.

During stand-by the following items of pneumatic  ower-transmission systems
should be checked periodically: oil levels in the compressor and air-line lubrica-
tors, safety valves, minimum-maximum pressure controls, intake air filters, and
cleanliness of heat-exchanger surfaces. Idle periods of up to 1 year can be
tolerated if preservative oil is distributed through the compressor and all openings
are sealed.(31)

If exercising is planned, the recommended frequency is every two or three
weeks. During exercising, the equipment should be run at full load for 30 minutes
and then run unloaded for 15 minutes. Safety valves should be tested during
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exercising to ensure reliable operation. Safety valves are generally set at 10 per
cent above the maximum operating pressure of the system and should be so located
that excessive line pressure buildup would not occur should auny downstream valves
be closed. A safety valve is frequently installed on the inter-cooler between
stages of a multi-stage compressor to prevent damage to the inter-cocler due to
leakage from the high-pressure stage.

Over-lubrication of the compressor cylinders during exercise and emergency
running should be avoided because of the increased rate of deposit buildup on the
valves, cylinder walls, and piston rings which increases maintenance time. Also,
the higher concentration of oil vapor and the incandescence of the deposits increases
the likelihood of explosions, Under-lubrication will cause rapid ring wear and over-
heating due to increased friction.

From the standpoint of reliability, the pneumatic power-transmission
system is satisfactory for community shelter application. Air motors should have a
life expectancy of approximately 2,500 to 3,000 hours between overhauls., A piston
compressor should last approximately 5,000 hours without masintenance.

The pneumatic system components which would be required for a community
shelter are fairly readily available. There should not be any serious safety
hazards associated with pneumatic power-transmission systems, Fire-resistant cr.nk-
case oils could be used to reduce the possibility of creating an explosion or fire
hazard in case of an oil! leak. However, these fire-resistant fluids require special
seal materials, increased lubrication rates, removal of paint from inside surfaces,
and sometimes inversion of water traps because of a specific gravity greater than
that of water. Rust and oxidation inhibitors should also be used in the crankcase
cil because some moisture i8s bound toc c¢ondense in the crankcsse, especially if the
equipment operates in a humid enviroanment.

Air systems are generally quite noisy, especially air motors, and this
would be particularly undesirable if the discharge were into the shelter space. Air
will be exhausted at approximately 54 psig; therefore, there will be sonic velocity
at the exhaust port, A silencer on the cutlet would be almost essential. The
exhaust air will contain oil which may become objectionable in the shelter over a
two-week period. An oil trap incorporated in the silencer may control the concentra-
tion of cil adequately. Otherwise, the exhaust air will have to be piped outside
the shelter or back to the engire room.

As was mentioned previously, the air entering a conventional air motor at
a temperature of 100 F and a pressure of 90 psig would leave at a temperature of 37 F
and a pressure of 54 peig. Allowing this air to expand to atmospheric pressure would
further reduce the temperature to about 33 F. This air could then be used for shelter
cooling. Only & F of additional cooling is obtained in the freae expansion because no
work is being done by the air. By calculation it can be shown that one hundred cfm
of this cool air (the approximate air consumption of a J-hp motor) eantering the
shelter at 33 F and leaving at 85 F would provide about 5700 Btu/hr of cooling.
This cooling is obtained only if the air leaving the compressor is cooled prior to
distribution to individual air motors. If no cooling 18 done at the compressor the
net effect of the pneumstic power-transmission system is to raise the shelter
temperature as occurs with the e’ectric and hydraulic power-transmission systems.
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Freumatic equipment costs about the same as electrical equipment on a
per-horsepower-output basis, However, the pneumatic power-transmission system
over-all efficiency is only about 1/5 that of an electric-generator power-
transmission system. Consequently, the size of the prime mover, the quantity of
fuel to be stored, and the capacity of the heat sink would have to be increased
by a factor of five.
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SYSTEM MOUNT INGS AND DRIVES

The selection of the system mountings and drives will have a significant
influence on the performance and reliability of the total power system installation.
Differences in eagine weights, vibration characteristics, component alignment
requirements, and driven loads greatly change the mounting and drive requirements.
There are various techniques available, each having advantages and disadvantages in
specific applications. Practically all of the techniques would be applicable in
some degree to community shelter auxiliary power systems, but a few would be more
appropriate than the others; hence, a review of the basic considerations and perti-
nent equipment i3 presented in this section.

General Considerations

There a2re four main items to be considered in designing or selecting
mounting and drive methods for an auxiliary power system: (1) alignment, (2) vibra-
tion, (3) service connections, and (4) load type.

For direct coupling, the alignment between the driving and the driven
components (prime-mover and power-transmission System) must be maintained within
reasonably close tolerances. Misalignment can cause bearing or structural failure
in either component, and excessive vibration, Out-of-balance vibration would be
undesirable when transmitted to engine room floor and walls, especially so when it
is passed on at an annoying 1 2l to the shelter occupied space. Too much vibrati{un
of the prime-mover and power-transmission system components may cause component or

instrument failures. Torsional vibration, caused by the torque pulses of a piston
engine, the inertia of the driven load, and thz elasticity of the shafts and con-
nect ing member, could also be destructive to the components of the system.

Service connections such as fuel lines, watev lines, and exhaust and
intake ducting should be sufficiently flexible lu the vicinity of the prime mover
that relative movement between prime mover and floor or wall will not cause fatigue
failure in these parts. The type of load will have some bearing on whether tor-
sional vibration will be a prublem, and it will also indicate whether a clutch will
be needed.

MOunting

The means of mounting prime movers and driven components fall into two
general categories: foundation mounting and skid mounting. A foundation mounting
{8 generally a large mass of concrete or other heavy material upon which the prime
mover and driven component are independently mounted. With skid mounting, on the
other hand, both components are mounted and aligned on a common steel-rail framework.

A mounting is considered flexible if the prime mover or the prime-mover
and driven component combination is free to move. Movement, or vibration, must
generally be allowed in both horizontal and vertical planes. A prime-mover founda-
tion can be flexibly mounted by isolating the concrete mass from the floor and
ground with resilient material such as cork or sand and gravel. Alternatively,
spring or rubber elements can be interposed between the prime mover and the
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foundation to provide freedom of movement for the prime mover alone. This latter
type of mounting arrangement imposes a severe duty on the coupling between the

prime mover and the driven component whether the driven component is flexibly
mounted itself or not,

R A S —

Skid mounting 18 preferred from the standpoint of the coupiing require-
ments as the alignment between the prime mover and driven component is not affected
whether the entire unit is rigidly or flexibly mounted.

A mounting is considered rigid 1if no measurable freedom of movement for
the prime mover is allowed for. This type of mounting is satisfactory for small
piston engines and generally for all sizes of gas turbines. Most driven components,
such as generators and rotary pumps or compressors, may also be rigidly mounted.
Reciprocating pumps and compressors and larger piston engines should not be rigidly
mounted because of the undesirability of the transmitted vibrations and because of
the shock forces within the equipment itself.

In general, 8skid mounting would be preferable tor all community-snelier
auxiliary-power systems, with the skid flexibly mounted on the floor of the engine
room. A built-up foundation or strengthening of the floor section upon which the
unit 18 mounted would not be necessary for any but the very largest of piston-engine
installations the. migh: be considered for community shelters,

Drive rethods

- Drive methods pertin~at to community shelters are: direct coupling,
indirect coupling, and clutch. A clutch may be used with either direct or indirect
coupling.

Direct coupling may be a solid connection between the two shafts, re-
quiring extrewely accurate alignment or it may be a flexible connection which
permits a small amount of misalignment. The solid connection is not recommended
because of the cost involved and the skill required for installation. Flexible
couplings are available in many different forms. Among the design points to be
considered when a flexible coupling is selected are: shaft end play, angular and
parallel misalignment, shaft speed and torque throughput, and orime-mover and
driven-component vibration characteristics.

Indirect coupling means include belts, chains, and gears. These devices
require less critical alignmwent of the shafts and generally provide adequate
flexibility to accommodate out-of -balance and torsio-al vibration. Gears and chains
may be noisy unless fully enclosed. The use of belts, chains, or gears imposes
side loads on the shafts and bearings of the prime mover and driven component. The
equipment must be designed for the extra loads or else outboard bearings must be
provided to share the load and stiffen the shaft assemblies.

A belt, chain, or gear drive is frequently selected because the shaft
speeds of the prime mover and driven component do not match., Indirect coupling,
particularly a belt or chain drive, frequently makes integral skid mounting of the
prime mover and driven component difficult.
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For most community-shelter auxiliary-power-system applications, the
direct-coupling method will be the most satisfactory. In many instances, the
driven component, particularly ‘f it 18 a generator, can be designed to share a

common housing bolted directly to the prime mover so that shaft alignment and
rigidity are not problems.

A clutch will be necessary between the prime mover and driven component
i1f the load requires high torque upon startup or at low speeds, because the
starting ability of prime movers is limited either to no load or to a load which
builds up slowly as speed increases. 1In addition, a clutch 18 desirable if it is
necessary to rotate the prime mover shaft or driven component shaft independently
for servicing or for warm-up., Centrifugal pumps and compressors and electric
generators can be coupled directly to the prime mover for starting. Piston and
rotary-vane pumps and compressors have high starting torques and, hence, require
clutches 8o that they can be disconnected from the prime mover for starting.
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NOISE AND VIBRATION

Noise for the purposes of this study is considered to be any undesirable
sound. Noise generated by shelter auxiliary power equipment, if uncontrolled,
would be undesirable mainly because of psychological effects un the shelter occu-
pants. The noise, even though it might be quite loud, would not damage hearing;
however, because it would be continuous and would have an unchanging frequency
spectrum, it would be extremely annoying to most individuals and probably unbear-
tble to some.

Vibration of the shelter structure, on the other hand, will not be a
ma jor problem. Vibrating equipment can easily be isolated from the structure and,
in addition, the rigidity of the structure would tend to damp out vibrations.

The prime mover In any auxiliary power system will be a major source of
nof 3¢. Piston engines produce ''broad-band' noise. Gas turbines tend to produce
more nearly pure tones at high frequencies, l.e., they 'whine'. Depending on the
type used, the power transmission system may also be a major source of noise. A
piston air compressor used in a pneumatic system would be about d4s noisy as a
piston engine prime mover. A hydraulic system pump would be relatively quiet as
would an electric generator. Fortunately, the use of more than one noisy component
does not greatly increase the noise level above that associated with the operation
of the noisest component. For example, if two components having noise levels of
65 and 68 dB were used together, the resulting noise level would be 69.8 dB.

Noise control can best be achieved in the initial design of the system
by placing the noise-generating equipment in a separatc, tightly sealed enclosure
located as remotely from the occupled space as possible. With the proper selection
of mounting methods, equipment vibraticns will not ve transmitted through the
shelter.

Sound levels are measured with respect to the source and also with
respect to the receiver. The scurce is usually a vibrating object, but it may
also be an a rodynamic pulsation. At any given instant, the source will be
radiating a certain amount of sound power. This sound power level (IWL) is a
function of the source and {s not changec significantly by the environment of
the source. Sounds measured with respect to the recelver are expressed as sound
pressure levels (SPL), usually in units ot dvnes per sq cm. The sound pressure
level is greatly influenced by the size and absorptivity of the environment of
the source and alsc by the distance of the receiver from the source.

The human ear {8 not equally sensitive to sound pressure at all fre-
quencies and for this reason a useful description of a source must specify
frequency as well as sound pressure level. For instance, to the average listener
a 70 dB tone at 4,000 cps sounds as loud as an 85 dB tone at 100 cps.

Although it will be necessary to reduce the nolse level associated with
the operation of auxiliary power systems;, it {s desirable to have a moderate noise
level in the coccupled space {n the shelter fo- masking purposes.

The study of shelter noise and vibration problems was divided into
three parts: (1) determination cf noise criteria, (2) evaluation of methods of
noise control, and (3) experimental investiration of vibration and nuise reduction.
The experimental work was carried out in the Battelle underground test facility
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with the 20-kw demonstration unit. The tests and results are descrited in the
Demonstratior Unit section of this report.

Noige Criteria

Because judgments concerning the undesirability cf any sound are almost
completely subjective, the process of determining noise criteria necessarily
involves averaging the responses of & large number of persons. The statistical
nature of noise criteria precludes prediction of whether or not one individual
will be annoyed by a certain noise, but allows prediction of the percentage of
people that will be annoyed. The relative objectionability and speech inter-
ference produced by noise 18 expresse’ in the form of noise criteria curves.
These curves approximately express the response of the human ear to pure tones
of varicua frequencies.

Figure 57 showa unolse criteria (NCA) cutves(32) for applications where
costs are of primary importance or when the people present have some important
reason to be tolerant of the noise produ.:d (as is the case with an auxiliary
power system providing lighting and ventilation). These curves repreaent a
compromise between loudness and the coist of control measures for noise which is
steady and free of beats between low-frequency pure-tone components. From
these curves and from published noise cri.eria data for rooms(32), it would
appear reasonable to specify an upper limit of NCA 55 as a noise rating for a
shelter.

Methoda of Noise and Vibration Control

A nolse problem can be divided into three aspects: the source, the
path, and the receiver. The source, for the purposes of this discussion, is an
auxiliary power system with vibrating surfaces. The path by which the noilse
travels from the source to the receiver is either directly through the air or
through golid objacts to some radiating surface, and then through the air to the
rece‘ver. The recelver is the shelter occupant.

A noise problem can sometimec be prevented or reduced by proper
selection of equipment. The designer should consider noise output as one of
the factors in eveluating components for ugse in an auxiliary power system,
even though more impovtunt considerastions may dictate final ~election of a nuisy
unit. Standard procedurec for measuring sound power in standard frequency bands
have been established but little or no information is presently available on the
sound power level of commercially available prime movers. It is possible, how-
ever, that if the sale of a large quantity of englnes were at stake, the manu-
fact irers wouild obtain and release noise information.

Treatment of the noise path is the major possibility for shelter
designers in their efforts to control noise. The most commou method of ncise
reduction is placing a berrier or wall between the noige source and the receiver.
Two qualities are of major concern in a wall used for sound reduction: massive-
ness and good sealing against pressure leaks. A wall which does not meet the
ceiling wiil do nore good than no wall at all. However, sealing up the last small
opening can increase effectivenems to a far greater extend than the percentage of
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wall involved might seem to indicate. It is not possible to achieve a noise
transmission reduction of more than 20 dB from one room to the next if the
dividing wall has leaks amounting to 1 per ceit of its area common to both
rooms. To reduce sound leaks substantially, it is necessary to caulk around
pipes pagsing through walls and to use door gaskets that seal on all four edges
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of doors. Poor design practicee, such as installing electrical boxes back to
back in two adjacent rooms, should be avoided,

In general, any crack that will leak air will also leak sound. An
effective sealing does not have to withstand high pressures, for 120 dB SPL
amounte to only about 0.003 psi. Porosity will also permit leaking of scund,
particularly those of higher frequency. Cinder-block walls present particular
difficulties in this respect. However, a coat of plaster or heavy paint will
eliminate such leaks.

Mass is the one characteristic which will always reduce the sound
transmissivity of a pressure-tight wall. Increasing the rigidity may also reduce
transmissivity at some vibration frequencies, but it will increase it at others.
Cther techniques, such as applying vibration-damping material to the wall, or
building a light-weight wall close to but isolated from the vibration of the
original wall, cen sometimes be used to advantage. Fortunately, the concrete
or masonry walls one would expect to find in shelters have sufficliently low
transmissivity for good ncise reduction.

Noise can also be reduced effectively by using two walls separated by
an alr space, Such an arrangement is effective because each transfer of acoustic
energy from the air to the wall and then from the wall to the alr on the other
side 1is inefficient due to the mismatching of acoustic impedances of alr and a
solid wall. The transmissivity 1s low, but transfer occurs ounly twice for a
single wall no matter how massive or tightly sealed it is. With two walls,
transmissivity is halved, but only if the walls are sufficiently far apart. If
they are cloge to each other, the acocustic coupling between them becomes more
effective. A nominal separation distance is 2 feet. This naturally suggests
the simple expedient of planning storage areas or other unoccupied xooms between
shelter engine rooms and living areas.

If it {8 necessary to have an opening for air flow between the engine
room and the living area, a "sound trap" duct should be utilized. Sound traps
are coumercially available and are essentially long, marrow passages lined with
acoustical absorbing materials to attenuate the sound passing through them. A
typical passage might be 7 feet :ong with an open area 4 by 30 inches. Such a
sound trap has an average attenuation of over 40 dB in all frequency bands.
Simply lining a metal duct with glass fiber bats will provide a good degree of
attenuation, but commercial sound traps are optimized for maximum attenuation
and minimum air-flow losses for a given volume. Performance descriptions are
avallable from manufacturers.

The air around the receiver (listener) is the final portion of the
noise path. Because much of the noise reaching the listener has been reflected
from walls and objects in the room with the listener, these surfaces are con-
sidered as a part of the noise path. The difference in sound pressure level
which can be obtained by changing from minimum to maximum sound absorption of
these surfaces is only 6 dB. Consequently, the noise must be controlled primarily
elsewhere in the path. However, most common acoustical materials such as ceiling

tils, upholstered furniture, and various cloth objects have maximum sound absorption

in the range of 500 to 4,000 cps. This 1s also the frequency range in which the
human ear is most sensitive. Hence the absorptive materials tend to reshape the
noise spectrum (loudness level versus frcquency) to one less objectionable.
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Finally, noise may also be reduced through vibration isolation. In

~ ghelters of concrete or masonry the direct transmission of equipment vibration

through the structure to radlating surfaces in the living area should not be g
problem. Simple isolation procedures (such as the use of commercially available
rubber pads under vibrating equipnvnt) will reduce vibration transmiseion. How-
ever, in sheltevs constructed of materials other than concrete or masonry, the
vibration isolation problems will be more complex and require more sophisticated
isolation procedures.

The possibility of vibration transmission through pipes or other paths
which connect engine room and living areas should be considered by the designer
and avoided. For example, Lif engine cooling water is used to heat water in the
living area, it is likely that vibrations would travel through the water pipes.
This could cause noise by exciting resonant frequencies of the heat exchanger or
water tank. A solution would be to install flexible vibration isolstors in the
interconnecting piping close to the engia:e.

Treatment of the noise receiver is not so straightforward. About the
only common technique in this instance is to provide acoustic '"masking' in the form
of steady, broad-band, background noise. This has been used to afford speech
privacy and to cover annoying sound from typewriters and other intermittent devices
in situatione where noise control is inadequate because of light-weight wall parti-
tions, etc. A certaln amount of acoustic 'masking' is provided in most buildings
by ventilating and air-conditioning systems.

In a shelter, the somewhat muted noise from the engine and/or circulating
fans is likely to be the main source of acoustic "masking™ to keep people from
being annoyed by other people's conversation, babies crying, etc., and to give
them some degree of privacy for their own conversation. For this reason, some
low level of equipment noise (perhaps NCA 30 - 35) in the shelter area would be
desirable.
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STAND=RY MAINTINANCE

The auxiliary power system of a community shelter would be much like any
emergency stand~by power system in that it probably would not be called upon to
serve its function for many years. Yet, it must be ready to perform reliably at
all times. Reliability in a somewhat unusual sense is required. Instead of having
long service Iife, the equipment must be able to tolerate long idle life without
loss of ability to start and operate.

Requirements for Stand-By Maintenance

Equipment stored for long periods of time must be protected against
structure deterioration causing structurhl weakness and against surface fouling
causing inoperability. Structure deterioration may result from corrosion, rust,
rottLing, and mold. All of these are accelerated to a considerable degree in the
presence of molsture and oxygen. Surface fouling is caused by gum and sludge
formation, sedimentation, and deposition of solids where fuels, lubricants, and
other liquids are stored within the equipment or are used as preservatives. Air-
borne dirt may also cause surface fouling. In general, a number of measures are
desirable in any stand-by maintenance program: control of the storage atmosphese.
cleanliness of the parts, and high purity and deterioration resistance of the
liquids, lubricants, and preservatives used in the system,

In addition, it is necessary to guard against the loss of stored liquids
and gases through leakage and cvaporation. In some cases sufficient reserve
liquids or gases can be provided to make up normal losses, 1In other cases, such
as in hydraulic or pncumatic starting systems, normal leakage over a long period
of time might reduce the reliability of the system substantially.

Additional problems which may arise from long-term storage include loss
of storage-battery charge in the engine starting system and fretting corrosion in
bearings and other close-fitting parts which remain in one position for a long
time and which are subject during that time to vibration.

Maintenance Techniques

There are two gencral approaches to stand-by maintenance: dynamic
maintenance and static maintcnance., Conventional emergency stand-by power systems
are almost universally dynamically maintained. Dynamic maintenance involves
frequent and periodic inspection and exercising. Static maintenance, on the other
hand, involves preservation of the equipment during long-term storage with,
perhaps, fairly frequent inspection and only infrequent exercising.

Most conventional emergency stand-by power systems are expected to start
immediately and to deliver full power in just a few minutes when an emergency
occurs. There is grcat need, consequently, for a statc of readiness. Starting
must not be delayed by cven the simplest preparatory steps such as removing the
covers and seals and pumping of fucls, lubricants, and coolants into their
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resper .1ve systems, Many stand-by systems start automatically when commercial
power falls and assume the full load within a matter of seconds. The criticality
of instant starting in installations of this type no doubt has exerted a strong
influence on the established pattern of stand-by maintenance. Another important
factor in most conventional installations is that expericnced personnel are readily
available for stand-by maintenance. Hospitals, communications facilities, hotels,
apartment buildings, and many other similar installations have building superin-
tendents or maintenance men who are capable of maintaining and operating emergency
stend-by power equipment. Thus, the cost of a dynamic maintenance program is
easily absorbed in the expense of general maintenance.

On the other hand, the auxiliary power system in a community shelter
probably would not require immediate starting in an emergency. Moreover, maintain-
ing a staff of trained personnel may be economically impractical. A delay of up
to 3 or 4 hours in placing the auxiliary power system into operation would usually
be tolerable if long-shelf-life batteries or a small, easily started, portable
engine-generator set were available to supply the besic lighting and communications
requirements of the shelter. Also, a commnity shelter system might comprise many
relatively small and widely dispersed neighborhood shelters. This could present a
formidable physical and economic problem in a dynamic maintenance program, For
these reasons, serious consideration was given during this investigation to the
possibilities of long-term preservation of the equipment and infrequent exercising
and inspection--that is, to a static maintenance program.

The results of studies on static maintenance by personnel of the
U.S. Navy and the Canadian Army are presented in this section of the report.

Dynamic Maintenance

Dynamic maintenance, as previously stated, is employed almost
universally for conventional emergency stand-by power systems., The chief reasons
for frequent exercising and inspection are to evaporate accumulated moisture from
the system, tc distribute lubricants and fuels over critical surfaces, and to
check for actual or potential trouble spots,

Manufacturers and users of emergency stand-by power systems do not agree
on a single most appropriate frequency of exercising. Frequencies varying between
once a week to once every 6 weeks are common. The most desirable frequency for a
given installation would naturally depend upon the specific equipment in the
system, the temperature and humidity conditions prevailing in the system enclosure,
and the extent of any precaut’ons taken to reduce the amount of moisture and
oxygen coming into contact with the equipment.

The components and subsystems of the auxiliary power system should be
inspected at least as frequently as the system is exercised. The equipment should
be inspected for: (1) evidence of leaka at valves, fittings, gaskets, etc.,

(2) unusual noises in operating mechanisms, and (3) soundness of fastenings,
couplings, covers, etc. Samples of the fuel, lubricants, coolants, and other
liquids in the system should be inspected frr appearance in comparison with stand-
ards or with previous samples. Items to look for in these samples include color
or opaqueness and suspended solids or sediment. The electric generator and
electric motors should be given a voltage check as described {n the section of
this report dealing with power transmission systems.
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A significant ingredient of a successful dyramic maintenance program is
the recording of data during the exercising of the system. The engine performance
data of most significant value are speced, load, and temperature of the coolant,
the lubricant, and the exhaust gases.

The power output of the engine during exercising must be inferred
indirectly from the performance of the rest of the power system. For instance. the
power output of an electric generator could quite easily be measured with
inexpensive instruments, and then an average generator efficiency could be assumed
to determine the power output from the engine. The engine power output with
pneumatic or hydraulic power transmission systems would not be so easily measured;
however, a reasonably useful measure of the power might be obtained with simple
flow- and pressure-measuring equipment,

It is not as important to obtain the absolute power output as it 1is to
obtain a record of any changes during the life of the installation. If the engine
speed and fuel-rack or throttle positions do not change from one exercise period
to the next under equivalent losd conditions, the engine power capability can be
assumed to be adequate.

Tests that should be made regularly but at less frequent intervals than
exercising include: (1) testing of the fuel and lubricants for sulfur and gum
content, corrosiveness, and residue after distillation, and (2) testing of the
coolant for corrosiveness.

Static Maintenance

Static maintenance has been practiced largely in situations where the
time and effort involved in preparation for storage and in subsequent reactivation
were not restricted. Warehouse storage of goods is one example; packaging of
machinery and equipment for overseas shipment is another. Generzlly, an artificial
atmosphere conductive to low rates of deterioration is maintained, as in the ware-
house, or the individual equipment items are thoroughly coated with a preservative
material, as for overseas shipping.

The end of World War II trigpered a very rapid and thorough demobiliza-
tion of our armed forces. To guard against boing caught unprepared once again,
and to salvage some value from the tremendous expenditures that went into war
material which never saw service, considerable work was done to devise improved
mecans for preserving the more costly items of militarv equipment for possible
future use with minimum reactivation effort. Out of this work came the temrm
"mothballing', which mecans long-term preservation.

In 1946, the U.S. Navy sponsored a laboratory test progtam(33) in which
samples of matcrials and cquipment normally found on board ships were stored under
controlled humidity conditions for a period of about 4 vears. Duplicate sample
groups werc stored in sealed cabinets with 15, 30, 45, o3, or 90 per cent humidity
conditions and with no temperature control. Following the storage period, the
items were inspected and in many cases tested for strength and performance.

Among the conclusions drawn from this test are: (1) all material should
be clean before storage to minimize corrosion and mildew, (2) a 30 to 35 per cent
humidity level is the best compromise for most materials, (3) critical metal
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surfaces and parts should be coated with a preservative for added protection, and
(4) limited corrosion does not appear to reduce the strength of materials.

In mothballing ships, the Navy has followed two approaches. For some
shipe entire decks or holds are sealed off from the atmosphere and a dehumidifying
system is installed to mainteain a predetermined humidity condition throughout the
space., For other ships, the mechanical equipment i{s individually sealed in
cocoons and dry circulating air is supplied to the cocoons from acentral dehumidi-
fying system. All equipment and surfaces not included in the sealed cocoons are
coated with a preservative which is periodically renewed.

Reactivation after mothballing is usually an involved process, requiring
30 days or more, depending on the size of the ship or the equipment. During the
reactivation process, parts or components may be replaced, {f inspection indicates
the need, before the equipment is put into operation. Though semiskilled or
unskilled personnel are frequently employed in the reactivation job, a knowledge-
able person is usually in charge.

The Navy experience discussed above is not directly applicable to the
commnity shelter program because of the involved procedures and extensive
equipment. However, certain minimum requirements for long-term storage vere
demonstrated and the mothballing techniques which are developed, though they do
not provide for rapid enough reactivation, may be considered a reasonable starting
point for developing commmi.ity shelter preservation techniques.

A recent technical paper reported on some experience in Canada involving
outdoor storage and reactivation of military vehicles. This experience apparently
applies a little more directly to community shelter problems and requirements .
The authors describe an experiment conducted with a fleet of Canadian army trucks
wvhich had been stored outdoors for 6 to 8 years. The purpose was to evaluate the
effectivenass of the preservative techniques being used at that time and to
ascertain how we!l the veliicles would perferm with a minimum of reactivation
effort.

The trucks were stored on blocks, the tires deflated to one-third normal
pressure, and the cabs sealed. The engines were run briefly before storage, the
fuel being unleaded gasoline. Run-cut was on preservative engine oil, which was
also subsequently sprayed through the spark plug holes imto each cylinder.
Preservative o0il was used in the crankcase; operational ludbricants were used
elsevhers (transmissions, differentiasls, etc.). Every 3 years the angine and
gear lubricants were changed, and once each year during the last 2 years of
storage, the power trains were exercised by manual rotation. Reactivation
involved prim:rily inspecting and checking brakes, lights, wvindehield wipers, and
othar accessories. The only actual work done on the vebicles was that which was
considered essential for safety.

A dozen vehicles, six 3/4-ton trucks and six 2-1/2-ton trucks, were
reactivated in the spring and wers driven, fully loaded, over a course consisting
mostly of pavemant, but also including 80 miles of gravel per 1000 miles, for a
total of adout 10,000 miles during the entire summer. Another four vehicles, two
3/6-ton trucks and two 2-1/2-ton trucks, were reactivated in the winter and driven
in ¢ manner to simulate stop-and-go operation for a total of about 3,800 atfes.
Rach of the 16 vehicles was then driv.n at approximately 15 miles per hour for
200 miles over croes-country terrain.
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All of the vehicles tested were adequately serviceable upon reactivation.
The only serious deficlency noted during the tests was the seizure of brakes on
two of the vehicles. The cause was found to be reduction in the boiling points of
the brake fluids as a result of an accumulation of moisture in the brske systems.

The main conclusions drawn from this program are: the preservation
techniques and materials used were effective in retarding deterioration in storage
and the reactivated vehicles were adequately serviceable.

The basic requirements for a community-shelter static-maintenance pro-
gram, based on the Navy and Canadian experience, would appear to be: (1) clean all
components and surfaces before preparation for storage, (2) coat critical surfaces
with preservative fluid, and (3) maintain a relative humidity of 30 to 35 per cent
during storage,

Some types of auxiliary power-system components may integrate better
into a static-maintenance system than others. For instance, an LPG-fueled gas
turbine, utilizing its fuel in the gaseous state, would present few or no problems
because of gum and varnish deposits from fuel left in the fuel system during
storage. There would also be few problems because of bearing, cylinder wall, and
piston fajlure due to corrosion, etc,, from the atmosphere or from lubricating or
preservative olls or because of rust, or corrosion in the cooling system. Since
LPG fuel has the best storability characteristics of the commercial fuels, it
would be a logical choice for a static-maintenance program. A manual energy-
storage starting system would require no attention or special maintenance equip-
ment and, therefore, it should be well suited to a static-maintenance program.

The chief value of a static-maintenance program for the auxiliary power
system of a community shelter would be a cost saving during the potentially long,
idle stand-by period. With less actual handling and operation of the equipment the
possibility of human error affecting the reliability of the system would also be
reduced.

Scheduling Maintenance

During his program, time was not sufficient for a thorough investiga-
tion of atatic maintenance, However, to establish some measure of the cost,
complexity, snd effectiveness of a static maintenance program as compared with a
dynamic maintenance program, the available information on long-term preservation
was used with appropriate qualifications to formulate static maintenance
procedures for a sample community-shelter auxiliary power system. The suggested
dynamic maintenance procedures presented in this report were formulated for the
same sample commmunity-shelter auxiliary power system.

The following specifications were arbitrarily chosen for the sample
shelter:
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Occupancy - 750 persons
Space - 15 sq ft per person
Prime mover - 100-hp turbocharged diesel engine

Power transmission system - Electric generator and motors

Fuel - Kerosine in sealed, underground tank
Cooling system - Ebullient with steam vented to atmosphere
Starting system - Hydraulic.

Dynamic Maintenance Schedule

The basic elements o: dynamic maintenance are frequent inspection and
frequent exercising. A suggested dynamic maintenance schedule for the sample
community-shelter auxiliary power system is as follows:

(1) Exercise entire system for a total of 3 hours once every month (see
typical exercise schedule for piston-type internal combustion engine
below)

(2) Test generator and motors every 3 months with static-voltage test
(3) Sample and test fuel after 4 years and then at l-year intervals
{4) Replace lubricants every year

(5) Replace fuel when tests indicate deterioration.

A typical exercise schedule for a piston-typc internal combustion engine
might be as follows:

(1) Start the engine under no load and warm it up with the load
gradually being increased from light to full as the oil temperature
inccreases to about 150 F

(2) Operate the engine at full load and rated speed with the oil temper-
ature in excess of 210 F for from 30 minutes to 2 hours

(3) Rer~ve the load except for the power required to operate the engine
sux.liary systems with the engine still running at full speed

{(4) Shut the engine down when the ofl temperature drops below 140 F.

Allowing the engine to warm up under light and increasing load promotes
faster wvarmup and thus reduces startup wear. Full-load operation of the entire
auxiiisry power system should be for a long enough period to assure that all of
the moisture is driven ocut of generator and motor windings and all luhricating and
hydraulic ofl sumps. The length of time this will require wiil vary with the size
and type of the system., Allowing the engine to cool down slowly is desirable to
promote temperature equalization which reduces the danger of failure due to thermal
distortion.




-125-

Exercising the auxiliary power system at full load mey require auxiliary
equipment such as a dummy electrical load or transfer switches to connect the
generator output into the commercial power lines. The iatter scheme would have to
be arranged in cooperation with the local power company. On the other hand, it may
be desirable to exercise all of the shelter mechanical equipment along with the
auxiliary power system. For this purpose a dummy heat source would be required to
load the air conditioning system, Steam from the engine ebullient cooling system
piped through a simple heat ~vrhanger inserted in the shelter ventilation system
would probably provide sufficiznt heat for about 3/4 of the cooling load, which
wnuld be acceptable.

The actual cost of a dynamic mairrenance schedule as outlined above cannot
be accurately estimated without more intimate knowledge of many factors, most of
which are likely to vary considerably from community to community. However, for
comparative purposes a ''rough' estimate for the first 5-year period is as follows:

Labor $1,500

Fuel-exercising,
testing, and

replacement 630

Lubricants and
other fluids 70
$2,200

Static Maintenance Schedule

The basic element of static maintenance is control of the storage
environment. A suggested static maintenance schedule for the sample community
shelter auxiliary power system is as follows:

(1) Drain and flush cooling and lubrication system with light preserva-
tive oil

(2) Coat all criticsl surfaces with light psres>rvative oil
(3) Store fresh lubricating oifl in sealed container

(4) Seal engine room or entire shelter and maintain relative humidity at
30 to 35 per cent

(5) Inspect and exercise every 12 months
(6) Sample and test fuel after 4 years and then at l-year intervals
(7) Replace fuel when tests indicate deterioration.

Preparation of the equipment and components of the auxiliary pocwer svstem
for stand-by storage might be as follows:

(1) Run engine for 5 to 10 minutes with preservative oll in crankcase
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(2) Use preservative oil to purge the fuel aystem and spray some directly
into the cylinders after the engine is stopped

(3) Drain the cooling system and fiush with light preservative oil.

A potentially simple way to maintain the relative humidity in the shelter
between 30 and 35 per cent would be to utilize a mechanical refrigerator-type
package dehumidifier in conjunction with the air-circulation system in the shelter.
During stand-by the static maintenance system should be capable of providing the
proper relative humidity conditions regardless of outside conditions. Consequently.
for this example schedule, a max{mum outside air temperature of 96 F was assumed
along with a reiative humidity of 45 per cent. A total air change once a day was
assumed to be adequate to maintain the proper conditions,

Calculations indicated that a make-up-air blower of 70-cfm capacity would
be required, that a circulating air blower of about 140-cfm capacity wculd be
adequate, and that a dehumidifier of about 10, 000~Btu-per-hour capacity would
satisfactorily remove the moisture from the air under the assumed conditions. The
equipment involved in the stand-by maintenance system would be small compared with
the equipment required for an emergency period. For instance, with the shelter
fully occupied the make-up-air blower would circulate about 2250 cfm, the circulat-
ing air blow.r would circulate about 10,000 cfm, and the air-conditioning system
would remove about 375,000 Btu per hour of heat.

It is quite possible that the make-up-air and circulating-air blowers
could be the same for both stand-by and emergency periods if they were provided
with two drive motors each: a small drive motor for the stand-by period and a
large drive motor for an emerge:ncy period. The dehumidifying system would be
separate from the primary alr-conditioning system and would be similar to an
ordinary home~type 1-ton window air conditiomner,

The yearly schedule of ingpection and exercising of the systems under the
suggested static maintenance schedule would be similar to the monthly dynamic
maintenance schedul.. The entire system would be exercised, the generator and

motors would be tested with the static-voltage test, and fuel and lubricant samples
would be tested,

Reactivation from stand-by for exercising or actual emergency service
would require merely that the cooling water be let into the cooling system, the
preservative oll be drained out of the engine crankcase and the regular lubricant

into it, the engine fuel system be primed with a hand pump, and the auxiliary
power system be started,

The cost for static maintenance for the first 5-year period is roughly
estimated to be:

Electric power $§400

Labor 200

Fuel-exercising,
testing, and
replacement 450

Lubricants and
other fluids 50
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In addition to the above recurving costs there would be an initial cost
for alr circulating and dehumidifying equipment. For the sample shelter this cost
is estimated to be $300,

A comparison of the estimated costs for static and dymamic maintenance
shows that gstatic maintenance is potentially a much less costly method for main-
taining auxiliary power systems in a state of readiness. Because of the many
variables involved, the estimsted costs shown for each maintenance method may not
be indicative of the actual costs but it is felt that they accurately portray the
costs on a relative basis.




DEMONSTRATION UNIT

The study of minimum requirements for auxiliary power systems would have
been incomplete without experimental testing in a simulated shelter environment to
verify the general specifications for design, installation, and operation which
have been discussed in other sections of this report. Consequently, a diesel
engine-generstor set of 20-'w capacity was acquired and an experimental progra.
was conducted, Infoimation was gained from this experimental program which was not
available ‘. the literature. More severe operating conditions were imposed on the
equipment than is recommended practice for the usual long-life installations. The
main emphasis during the experimental testing program was on the effectiveness of
varicus engine-cooliug techniques and on minimum room ventilation rates required to
maintain satisfactory operating temperatures.

Prior to the experimental testing program, visits were made to inapect
several local installations of auxiliary power generators and to obtain information
about operational experience. One visit was also made to a local group fallout
shelter facility which contains a 100-kw diesel-electric power-plant installation.
The unit is cooled with an engine-mounted radiator, and ventilation air for both
the engine room and the cooling system is unfiltered. With *his system, the engine
room can become radioactively contaminated, but persoanel are not expected to be
required to service the engine during an emergency period. Provisions are made to
add oil remotely and to automatically maintain the oil level in the crankcase.
The jacket water is maintained at 120 F by an immersion heater in the engine block
during stand-by. The engine-generator skid is isolated from the floor by vibration
mounts; and the engine room walls are treated with sound-absorbing material to
reduce the noise level in the occupied portion of the shelter,

Description of Equipment

The power unit selected for the experimental investigation was an Aliis-
Chalmers diesel engine-generator set. It incorporated a 35-bhp (continuous rating
at 1800 rpm) naturally aspirated diesel engine with an Onan 20- to 35-kw brushless
generator with Class B insulation. The unit was purchased with the following
auxiliary equi, :nt: electric starting system, voltmeter. ammeter, frequency
meter, hour meter, high-water-temperature cutout, 1ic. pressure cutout, over-
speed cutout, water-temperature gage, oil-pressure gage, muffler, 180 F thermostat,
block-immersion heater, oil and fuel filters, and hand priming pump. An engine-
driven d.c. generator provided power for charging the starting batteries and for
the emergency cutout switches. The total cost of this equipment was $3,690 or
$185/kw for 20-kw operation,

The generator output was connected for 120/208-volt, 3-phase, 4-wire,
60-cycle use and wired to a variable-resistance load bank. The Class B insulation
used in the 20- to 35-kw Onan generator was sufficient for continuous 35-kw opera-
tion with a temperature rise of 80 C (170 F) at a normal ambient air temperature
of 40 C (104 F). The temperature rise was only 50 C (122 F) at 20-kw output and
40 C (104 F) ambient; hence, substantial increases in ambient air temperatures
could be tolerated without damage to the generator.
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Figure 58 gives an over-all view of the experimental unit. The engine
and generator are rigidly mounted to a skid and the controls are fastened to the
generator housing and back panel plate. For the experimental tests, the skid was
mounted on four rubber vibration-isclation pads, each having an area of approxi-
mately 15 square inches. Since the unit weighed about 2,000 1b, the pad pressure
distribution was about 35 psi.

FIGURE 58. DEMONSTRATION UNIT, 20-KW
ENGINE ~-GENERATOR SET

Figure 59 gives the published performance curves and the technical
specifications for the diesel engine. The curves are corrected for sea-level
conditions of 60 F ambient air temperature and 29.92 inches Hg barometric pressure.

The unit was supplied with the same radiator normally used for the four-
cycle, 226-cu in. gasoline engine ordinarily used to drive the generator at its
higher teted output of 35 kw. Therefore, the radiator was oversized for the 175-cu
in., dievel engine which developed only 20 kw from the same generator. This extra
capacity was advantageous during operation with minimum engine room ventilation.

Figure 60 shows the Battelle underground test facility used for the
simulated shelter environment which was originally comstructed for rocket research.
It has a floor space 8 ft 8 in. by 6 ft 4 in. and walls 7 ft high. All sides are
of poured concrete construction 8 in. thick, and the walls and ceiling are lined
with 3-in.-thick ocak planks, A 22-ft entrance hallway adjoins the room and is
separated from it by a door and sound-absorbing duct through which ventilation air
is passed. The entire structure, with the exception of the opening into the hall-
way from outsid’, is completely covered with a mound of earth to a minimum depth
of 3 ft.
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Engine Power Ratings

A MAXIMUM LABORATORY PERFORMANCE: The maximum power the engine will develop for
five minutes without loss in speed. Production engines will deliver maximum
power within 5 per cent of values shown.

B INTERMITTENT DUTY: This represents power available for applications having varying
loads 2nd speeds with full power beiiy rcquired for short periods.

C CONTINUOUS DUTY: This represents power available for driving sustained full loads
for 24 hours per day operatic .

ALTITUDE AND TEMPERATURE RATINGS: Feor approximate ratings, deduct from the intermitte:t
or continuous rating 3 per cent per 1000 feet above 1000 feet altitude and | per cent
per 10 degrees above 60 degrees F.

Engine Specifications

Bore and stroke 3-9/16 x 4-3/8 1inches
Number of « ylinders 4

Piston displacement 175 cubic inches
Horgepower (maximum) 49

Crankcase oil capacity 5 quartis

Radiator and block capacity 16 quarts

Net weight (iacluding fan} 650 pounds
Compression ratio 15.35:1

FIGURE 59, DIESKL ENGINE CHARACTERISTICS
ALLIS- CHALMERS MODEL D- 157
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vescription of Instrumentation

Figure 61 shows some of the instrumentation and acceseories used to
monitor and record data from the performance tests, Additional parameters
measured, which are not indicated on the figure, include oil-sump temperature,
ventilatiori-air inlet and discharge temperatures, ventilition-air €low rate,
generator insulation temperature, generator load, fuel rate, jacket water flow
rate, and room wall temperatures. The temperature measurements were obtalined
using Chromel-Alumel, 1/8-in.-diameter, metal-sheathed thermocouples which were
held in place by compression fittings. The temperatures were recorded on a
Leeds and Northrup 12-point recorder and were siso visually observed on a Brown
48-point indicator.

Two additional cutoff controls were added to tne setup for greater
safety. A manually operated shutoff switch was installed in the hallway and
wired in parallel with the ~.her safety cutout switches for closing the fuel
solenold valve when actuated. A second added safety control, also wired to the
fuel solenoid valve, was a thermostat to sSense the temperature of the alr leaving
the generator cooling system. This safety cutout was added to prevent the room
alt temperature from reaching excessive levels should the ventilation-air blower
stop functicuing during long, unattended test rums. Its location near the
geperator was chosen to assure a ccatinuous air flow past the sensing element.
The cutout temperature was set at 190 F. Since the generator cooling air tempera-
ture rose 15 F above ambient at 20-kw operation, the engine wo:ld be automatically
stopped if the engine room ambfent air temperature exceeded approximately 175 F.
This safety control was not necessary when the radiator was engine mounted within
the room because then the high-water-temperature cutout wouid stop the engine if
the room air temperature reached excessive levels. However, this safety control
was useful when the cooling system was independent of engine room atr tempera-
ture, such as would be the case with an outside radiator, a8 water-to-water heat
excihanger, or an ebuilfeat cooling system.

Experimencal Operation

The tests conducted duripg this experimental program fall generally
into the following categories:

(1) Basic engine performance
(2) Ventilation system effects
(3) Exhaust system etfects

(4) Maximum power performance
{5) Noise and vibration

{6) Exhaust waste-heat recovery
(7) Couling syetem performance.

The basic erngine periormance tosts wero run with the engine-yeneratoer
set installed as received to determine the siynificuent operating parameters and
their relationship to the manufacturer's rutirgs ard specificaticns. During the
ventilating system tests the quantity of the engive room ve-cilating alr was
varied to determine the effects ot ventilation on engine pertormance. The engine
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room ventilatfion air was circulated either by the engine-driven fan or by inde-
pendently driven ventilating blowers. The amount of vent{lation air circulated
was controlled by dampers.

Two long-duration test runs were made to establish equilibrium condi-
tions within the test facility. These tests were conducted to obtain an eaverage
heat balance for the operating engine and to obtain a measure of the heat loss
through the walls of the simulated shelter. The maximum-power performance tests
were made by adjusting the governor externally for full output and increasing
the load until the engine could no longer maintain 1800 rpm shaft speed. These
tests were conducted to determine the effect of overloading on engine operating
temperatures.

The noise and vibration tests were made to verify the adequacy of rela-
tively simple control techniques. The exhaust waste-heat-recovery tests were made
in conjunction with the waste-heat-recovery study. The conduct and results of
these tests are discussed in detail in the waste-heat-recovery section of the
report.

The cooling systems evaluated during the experimental test program are:
an engine-mounted radiator, an outside-mounted radiater, a water-to-water heat
exchanger, and a vented ebullient cooling system. The same radiator was used for
both internal and external locations. When engine mounted, the radiator was cooled
with a six-bladed pusher fan driven by the engine at 1.3 times the engine speed.
The normal unrestricted air flow rate for this system was 3600 cfm at rated engine
speed. When externally located, the radiator was cooled with the same fan driven
by a 2-hp electric motor at 2600 rpm. The air flow rate for this system was
estimated to be approximately 3800 cfm. The outside radiator location was 12 ft
above its previous location on the engine skid; although the radiator was raised
12 ft, the engine water pump produced sufficient flow through the radiator so that
no auxiliary water pump was needed.

The water-to-water heat exchanger was a shell-and-tube-type American
Standard, Model 7M301-2D-6, and it was properly sized for the diesel engine used.
At full generator load output of 20 kw the water flow rate through the heat
exchanger, using city water at 60 F, was about 2 gpm. The cost of the heat
exchanger was $150.

The ebullient cooling system .onsisted of a 20-gal tank used as a reser-
voir and steam separator. The tank was located above ground. The steam was vented
to the atorsphere, and make-up water was supplizd to the tank through a float-
controlled valve. At full load the make-up wate:. {low rate, using city water at
60 F, was about 0.2 gpm. The discharge line from the engine entered the steam
separator above the water level to allow a more rapid steam separation.

The engine fuel used during most of these tests was No. 2 diesel oil;
however, an alternative fuel, kerosene, was tested in the engine ‘o determine
i{ts effect on the maximum performance capabilities of the engine.

The tests were conc.ted using fairly conventional procedures. Approxi-
mately 15 to 30 minutes was found to be necessary for stabilization of operation
for each test condition. The actual time was dependent upon the nature of the
test and the previous cperating condition. After stabilization, data were
recorded at 3- to S-minute intervals for periods up to 30 minutes, again depending
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on the nature of the test. Because of the great amount of data obtained during
each test, it was possible to assess the reliability of the test and justifiable
to ignore inconsistent data points {f they did not occur often.

The vibration of the unit caused two failures during the test program,
one of which may have been serious had it occurred in a shelter under emergency
conditions. C(ne failure was of a part modified by the local distributor and the
other involved a generator control component which was used as supplied by the
manufacturer. In the first instance, an oil fitting vibrated loose and allowed
oil to drain from the engine. This failure emphasized the need for a low-oil-
pressure cutout provision. even though on the demonstration unit the fallure was
detected before the engine was autcomatically stopped. The second failure was a
broken wire {n the generator control box caused by fatigue due to vibration after
only 50 hr of running. The failure, which caused the loss of one phase of the
three-phase output, could have been prevented by more adequate support of the
wires in the control box. In an emergency it is doubtful :hat repairs could have
been made.

A starting problem occurred which was very simple but which, under the
stress of an emergency, might cause considerable difficulty. On several occasions
attempts were made to start the engine without resetting the fuel cutoff switch
because it wae located out of view on the lower left side of the engine. A
better location for this switch would “e on the instrument panel adjacent to the
starting switch. The need for "foolproof'" starting procedures, controls, and
interlocks cannot be overemphasized.

These failure experiences could be indicative of the need for a '"shake-
down" run of 50 to 100 hr {mmediately after installation to uncover potential
failures due to faulty manufacturing, assembly, or installation work. Also it is
recommended that ali of the auxiliary equipment that does not have to be mounted
on the engine-generator set be mounted separately to reduce the danger of vibration-
induced fa.lures.

Experimental Results

The results of the engine-generator set performance tests generaliy
substantiated the manufacturers’' claims and confirmed the performance predictions
obtained from the literature. Essentially the same amount of heat was rejected
from the engine to the cooling system regardless of the cooling technique used.
Engine roum ventilation had a significant influence on engine performance when
the engine-mounted radiator cooling system was used.

At equilibrium opersting conditions about 13 per cent of the total heat
rejected from the engine-generator set was transforred through the walls and
ceiling of the enclosure and to the surrounding earth. On No. 2 diesel oil the
engine developed a maximum power output equivalent to tle manufacturer’'s fater-
mittent duty rating. On kerosene the maximum power output was about J per cent
lower.

The informat.on developed during the experimental proyram indicates
that conventional prime movers can be expected to perform satisfactorily in a
shelter environment if conventional installation practices are followed. The
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results also show that full-load engine performance may be difficult to achieve
with an engine-mounted radiator because of the large quantity of engine room
ventilating air required.

Basic Engine Performance

Figure 02 shows the fuel consumption for the engine-generator set as a
function of load. The scatter in the data reflects the influence of variations
in combustion-air inlet temperatures, jacket-water and lubricating-oil temperatures,
etc. Tte speed of the engine was maintained at 1800 rpm (60 cps), the intake air
temperature was 105 F, and the barometric pressure was 29.2 inches Hg. The
specific fuel consumption at 20 kw, when converted to pounds per bhp-hr and
corrected to sea-level conditions, compares very favorably with the published
performance curve shown in Figure 59,

Figure 63 is a plot of exhaust gas temperatures as a function of load.
A range of temperatures is shown rather than a single curve to illustrate the
influence of variations in intake-air temperature, barometric pressure, jacket-
water and lubricacting-oil temperature, speed- and load-setting inaccuracies, etc.
The exhaust gas temperature increased with an increase in intake-air temperature
with a 10 F increase in intake temperature causing approximately a 20 F increase
in exhaust temperature.

Figure 64 shows the rapidity with which exhaust temperatures reach
equilibrium with a change in load setting and gives an indicat!cn of therma:
sheocks that must be withstuod by the exhaust system. The exlaust system for
these tests consisted of 25 ft of 1lexible 2-1/2-in,-diameter tubing and a
muffler. The muffler was located outside the shelter. The total exhaust system
pressure loss was 15 in. of water, *wo-thirds of which occurred in the muffler.

Cooling System Performance

Figure 65 shows the actual amount of heat removed bv the jacket-water
cooling systems compared with the heat equivalent of the engire shaft ;ower.
The scatter of these data reflects the influence of variations in combustion-
air inlet temperatures, jacket-water and lubricating-oil temperatures, etc.
These data show that all four of the cooling systems tested were capable of
satisfactorily cooling the engine under conditicns of adegiate engine room venti-
lation and adequate make-up water.

Heat -exchanger effectiveness was calculated for the air-cooled radfator
and for the water-to-water heat exchanger using experimental data. The heat-
exchanger effectiveness is defined as the ratio of the actual heat trarsferred to
the maximum rate theoretically possible. Tnc _-ffectiveness of the air-cooled
radiator was calculated as 25 per cent and that cf the water-to-water heat
exchanger as 85 per cent. The signiticance of these values is readily realized
when the physical size of an air-cooled radiator .8 compared with that of a water-
cooled heat exchanger for the same engine. For the 20-kw experimental unit, the
radiator was about 20 in. wide, 24 in. high, and 2-1/2 in. deep while the water-
cooled heat exchanger was only 3 in. in diameter and lbo in. long.
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During the ebuilient cooling system studies the water inlet temperature
&t the engine pump was fairly conatant at 205 F and the outlet temperature at
220 F. The separator tank was 12 ft above the engine; hence, the superheated
water did not boil until it reached a height in the discharge line where the
saturation pressure corresponded to a bolling temperature of 220 F. This occurred
a: a height of about 6 ft above the engine. Therefore, to prevent boiling within
an engine heving s water-discharge temperature of 220 F, the steam separator
should be located at icast & ft sbove the engine if the reservoir is at atmospheric
predsure. A sliyhtly pressurized discharge line could be used if it is impractical
to achieve vertical height, particulsarly if it is necessary to mount the steam
separator within the engine room. A partially closed valve or orifice in the
outlet line would sccomplish the same effect; however, a booster pump may be
necessary under these conditions to assist the engine water pump in creating the
pressure and fiow cunditions.

The thermostat was removed from the discharge line for these tests as it
would have been a restriction. The engine warmed up quite rapidly when an ebul-
lient cooling system was used. During the ebullient cooling system tests the
water flow rate was fairly constant at 13 gpm, and the oil temperature did not
exceed 240 F. The make-up water rate was 11.9 gal per hr for 20-kw operation,
and the heat l~ss amounted to 120G Btu per min.

Vent{lation System Effects

A series of tests was performed using various quantities of ventilating
air to determine the effect of engine room ventilation on engine-generator set
pexformance. In these tests the radiator was mounted on the engine., For one
test i. this series the engine room was completely closed off end no ventilating
eir supplied. Following this teat, a series of tests were conducted in which the
engineé room ventilating air was comtrolled to provide an ambient temperature range
of from 80 to 145 F with unrestricted air flow through the engine radiator. A
final test was conducted with the radiator air discharged through a duct to the
outeide, For this test the air flow through the radiator was only about half its
normal unrestricted value,

Figure 66 shows how rapidly temperatures rise with an engine operating
in an enclceed space with no ortside ventilation air supply. The engine far
continually recirculated engine room air through the engine-mounted radiator. No
thermostat was used in the engine for this test. After the engine was warmed up
to the temperatures shown at zero time, a load of 15 kw was applied to the generator.
Within ouly 14 minutes the room air temperature reached 142 F, the jacket-water
outlet temperature was 215 F, and the oil temperature had reached 200 F. The load
was removed when the water temperature reached 215 F. Otherwise rhe water-temperature
cutoff switch would have stopped the engine. With normal ventilation, oil tempera-
ture generally runs 20 to 25 F higher than water temperature. The curves give no
indication that cquilibrium conditicns were reached at the time of load removal.

For comparison, a similar test was conducted with no ventilation and a
load of only “ kw imposed. However, a 180 F thermostat had been installed, so the
water temperature was initially up to 60 F. The load was disconnected after 100
minutes of running, at which time the room a2ir temperature was 150 F, the water-
outlet temperature was 200 F, and the oil-sump temperature was 225 F. The test
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was concluded because of the higher room temperature. Another similar test was
conducted using approximately 19CO cfm of outside ventilation afr at 62 F anc a
load of 20 kw. This test was stopped after 36 minutes when the water temperature
a ,ain reached 215 F. The oil-sump temperature was then 222 ¥ and the ventilation
air-diecharge temperature was 121 F.

Figure 67 shows the effect of engine room temperature on maximum power
output of the demonstration unit. For these tests the engine room ventilsation
air flow was provided by a separate blower and the engine radiator air flow was
unrestricted. For a given boiling temperature limitation, depending on the
radiator pressure cap, maximum values of generator load and engine room air
tempersture were established. Under these conditions full-load output (20 kw)
was obtained with 195 F jacket-water temperature and 95 F engine room temperature,

When the air flow through the radiator was reduced to 1800 cfm from the
normal flow rate of 3600 cfm, the engine-generator set was able to develop only
sbout two-thirds of full load, at 90 F engine room temperature and 195 r jacket-
water outlet temperature. The restriction to radiator air flow was provided by
2 ft of 12-in,-diameter ducting.

Exhaust Svystem Effects

Two test runs at full load were conducted to determine the effect of
insulating the exhaust system on the distribution of heat losses from the engine.
The radiator was mounted ocutside for these tests to reduce the room ventilatiom
air requirements. The first test run, lasting about 31 hours, was conducted with
no insulacion on the exhaust manifold and tubing (flexible tubing about 8 ft in
length inside the room). The second test run, lasting about 42 hours, was conducted
with a 1 inch thickness of high-temperature insulation covering the exhaust mani-
fold and tubing.

Table 12 shows the approximate heat balances resulting from these tests.
A comparison of the data shows that insulating the exhaust system, a relatively
simple and inexpensive operation, can provide useful reduction in heat losses to
the jacket-water cooling system, to the ventilating air, and to the walls which
would be ultimetely reflected by reduced heat-sink requirements.

The data presented in Table 12 cannot be considered steady-atate dats

because of the short duration of the tests relative to the anticipated two-week
occupancy period.

Noise and Vibration

The sound and vibration measuremente were made with the demcnstration
unit operating in the underground test facility at Battelle. Several means for
reducing the noise level in the simulaced "occupied’ space were experimentally
tested and evaluated. Although not originally designed and constructed a# a
gimulated protective shelter, the underground test facility did provide an
environment suitable for the noise and vibration tests.

B |
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TABLE 12, APPROXIMATE HEAT BALANCES FOR FULL-LOAD
EXHAUST -SYSTEM INSULATION TESTS

Uninsulated lnsulatad
Quantity Exhaust System Exhaust System
Heat in fuel, Btu per min 4,580 4,575
Heat to load, per cent 25 25
Heat to outside radiator, pcr cent 35 34
Heat to exhaust, per cent 21 24
Heat to ventilating air, per cent 10 9
Heat to walls, per cent _9 _8
Total, per cent 100 100

In Figure 60 a cutaway drawing of the Battelle underground test facility
and the 20-kw demonstration unit was shown. Also shown in the drawing were the
aboveground radiator cooling system, the engine room ventilation blower and
aexhaust duct, a "sound trap'" ventilation air inlet duct, the engine room door,
and the simulated "occupied" space.

Figure 68 shows the noise criteria curves presented in Figure 57 with
experimental data from the demonstration unit sound measurements superimposed.
From the plot of sound measurement data which was made in the occupied space of
the underground facility with the engina running at rated load and speed, with no
sound-gbsorbing treatment, it can be seen that the noise level was far above that
which would be tolerated by humans under normal circumstances. The NCA rating of
& given noise is established by the number of the lowest curve tangent to the top

of the msasured noise spactrum curve. Thus, for the untreated underground facility,

the engins produced an NCA rating of nearly 75. If this rating is compared with
the recommended rating of NCA 55, it can be seen that this noise would not be
scceptable for continuous occupancy.

A small-scale program was initiated to reduce the noise in the occupied
space of the shelter. The first need was for a closed door between the engine
room and the occupled space. Air flow between the two areas was necessary for
engine room ventilation, so & commerciasl "sound trap" duct was installed in the
transom over the door. A refrigerator-type rubber door seal was installed to
seal all four edges of the door. All cracks between the sound trap and the walls
aud door frame were caulked so that the aress were essentially pressure isolated
axcept for the sound trap. The "sound trap" duct was lined with sound-absorbing

materisals and had a relati{vely small cross-se:tional open area., Itas noise reduction

effectiveness was about the same as that of the door, a solid-wooden-core, flush-
type, 1-3/4-inch-thick outside house door.
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These provisiouns brought all but the low frequencies down below the NCA
as is shown by the solid line in Figure 68, and greatly reduced the

of the noise. To reduce the fairly high noise peak at 120 cps. a simple
resonator wa# constructed from a 20-gal container and a shuit section of
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duct joined to the engine room end of the sound trap duct. After the resonator
volume was adjusted for maximum cancellation of the 120-cps peak by adding water
to the container, the full noise spectrum in the occupied space was below the
NCA 6C curve, as shown in Figure 68 by the dotted line.

Although this .Inal sound spectrum ¢ -eeded the recommended NCA 55
rating, it is believed thet the type of noise-reduction treatment used in the
Battelle facility would be adequate for fallout shelters. This same amount of
sound pover represented by an NCA rating of 60 in the simulated occupied space
would probably yield an NCA rating of 55 or less in any reasonable sized shelter
living area because of the greater sound absorp.ion in larger occupied enclosures.

Vibration measurements indicated that in an underground concrete
enclosure vibration from the prime mover will not be directly annoying to people.
The vibration levels were well below annoyance levels even with the engine-
gensrator skid resting solidly on the floor. Anchor bolts were not used with
either solid mounting or vibration-pad mounting. However, no movement of the
skid relative to the floor was observed. When vibration pads were used the set
vibrated wuch more than when it was directly in contact with the floor. This
vibration could cause a reliability problem with the engine, generatcr, or other
components. Peak accelerations up to 6 G's were measured on the control box of
the engine-generator set and an electric wire broke after only 50 hours of running.
This type of vibration problem is related more to the general quality of manu-
facture than to any precautions the shelter designer could take.

Other Test Results

Maximum power tests performed in the laboratory revealed that the maxi-
aum power capability of the engine as delivered was 40 corrected bhp at 1800 rpm.
This power output is equivalent to the !ntermittent power rating of the engine as
shown in Figure 59. The maximum laboratory performsnce power rating of 45 corrected
bph at 1800 rpa, also shown in Figure 59, could not be obtained in our tests.
Therefore, it is assumed that the manufacturer specifically prevents excessive
power operation by limiting the fuel pump and governor control settings. Internal
readjustment of the fuel pump and governor would probadly result {n the 45 hp
capability.

Kerosene was tested in the engina as an alternative fue! The engine
ran very well using kerosene but was unable to deliver the same maximum power as
with No. 2 diesel oil. Although the heating value of kerodene {s slightly highe.
on s weight basis than No. 2 diesel oil, on a volums basis {t {s slightly lower.
Therefors, with 8 constant dieplacement fuel pump the total heat added to the
sngine as fuesl is lower using kerosene. The maximum shaft p. .:r attained using
kercsene was 39.0 hp corrected to standard conditions. This represents s reduction
in maximum horsepower output of 3 per cent.
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