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TECHENICAL NOTE NO. 239.

STEAM POWER PLANTS IN AIRCRAFT.
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By E. B, WilaOns
The employment of steam power plants in aircraft has been
frequently proposed. Arguments nre and con have appeared in
many journals. It is the purpose of this paper to make a brief
analysis of the proposal from the broad general viewpoint of
aircraft power plants. Any such analysis may be general or ce-

tailed. If the approximate analysis shows considerable promise,

then an ultimate analysis may be proceeded with.
General Considerations

Power plants for aircraft must meet certain requirements
considerably different from those which other power plants are
required to meet. A primary requisite of an aircraft power
plant is light weight in precportion to the horsepower developed.
Compaotnes% is a fundamental requirement not only because com-
pactness is associated with light weight but also because com-
pactness is, of itself, an important factor in design. On this

light weight horsepower ratio, aircraft power plants must be

unusually reliable and must attain this reliability without atten-
tion in the air. They must develop 2 high percentage of their

maximum horsepower at the beginning of a flight, and must sustain
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a relatively high percentage of their maximum power throughout
the flight. They must attain high economy in fuel not only be-
gause of the cost involved in operation, but &l8o Leoause the

A

weight of fuel consumed neccessarily limits the cruising range
and the pay load. Aircraft engines must be extremely flexible
in operation; that is, capable of quick acceleration or deceler
@tion from idling speced to full throttle, and vite veraa, and of

fine adjustment at any crank speed throughout the flying range.

o

. Aircraft engines do not attain the long life between major over-

hauls required by other power plents at present, but long life
is .likewise of primary importance. To summarize, aircraft power
plants must meet the following difficult requirements:

ag Light weight,
b Reliability

c) Economy,

dg Durability,

e Compactness,
f) Flexibility.

(9]
]

ince the controlling factor in aircraft engine design is
weight, it is important to consider this requirement. We are

accustomed to compare engines on the basis of weight per horse-

power. This coefficient in a given er

= "(

ccine is capeble of reduc-
tion, first, by reduction of the weight itself; and, second, by
increasing.the horsepower. Progress along these lines has béen
rapid and the 1limit has not yet been reached.

In our comsideration of weights, we rust bear in mind that

we are not concerned with the bare eagine weight 2lone, but with
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the vhole power plant weight. The neegssity for this is avpar-
ent ot once vhen we compare conventional water-cooled cngincs
and air-cccled engines. The dry weight per horsepower of thesc
two types of engines is almost the same, but vhen we take into
considercticn the weight of the ccoling system required by the
mater-cooled engine, we find o difference in total power plant
weight of approximately six—-tcnths of & pound per horsepower.
In o problom of this kind, 1% is necessary to carry the
weight analysis etill further. The modern aircraft power plant,
weighing cbout 3 1lb. per hcrsepower and consuming about 0.5 1b.
of fuel per horsepower, will at full throttle consume its own
weight of fuel in approximetely 6 hours. The fuel consumption
of the power plent, then, is of great importance in this weight
congideration. This fuel consumption must also be considered
on a further basis of miles per gallon, and this consideration
involves propeller efficlency. It has been stated as a general
proposition that the aircraft propeller should turn, roughly,
10 R.P.}M. ver mile per hour for best economy. For an airplane
flying 100 miles per hour, the best propeller speed will be in
hborhood of 1000 R.P.M. Airplancs flying at 250 miles

the neil

2
per hour on ‘this same vasis can be Flown with zood P clle

efficiency at a crank speed of 2500 R.P.M. In the slower air-
craft, then, the use of reduction gearing is indicated for
crank speeds greatly in excess of 1800 R.P.M. In any consider-

ation of this matter of wecight, therefore, we must take into
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gonsideration the weight of thc power plant, the weight of the
fuel consumed, and the propeller limitations.,

Our weight-horsepower ratio does not tell the whole story.
Even though this may be excellent as measured from every stand-
point, we rust take into consideration the total weight of the
power plant. As the total weight of the power plant increases,
the wing creca necessary to support it likewise increases and
Ehe weight of the structure to supnort THe power plant 1n-
creascs. In other words, the total power plant weight is re-
flected throughout the whole structure. The sige of an airplane
is of primary importance and is of particular impcrtance in
naval aircraft. The limitations of storage space and handling
gear aboard ship establish definite limitations of the sizcs
of aircraft vhich can be handlcd and this may readily rcquire
a larger number of small aircraft rather than & smaller number
gf large aircraft.

o

In thec past, it has been rather widely felt that weight

)..k

enters more largely into the factor of reliability than is now
believed. A heavy power plant is not necessarily a reliable

power plant. The weight nust bc properly placed, preferably

ot

in siressed parts, and nmust bc eliminated from unstressed
parts. It is hardly fair to comparc the reliability of conven-
tional aircraft power plants with that of ground or surface

installations. Whereas & surface installation may have dupli-

cate auxiliaries, the weight factor in aircraft engines prc-
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cludes the use of multiple auxilisries o a great degree. Thus,
the conditions of opcration in the air are entirely different

from those of normal operation on the ground.

m

iy

here is o general impression that the present aircraft
power plants are comparatively unreligble. 4 careful analysis
of cnginc failures indicates that a large pcrcentage of then
are due to troubles with gasoline, o0il, and water lines. It is
rather surprising to see the mumber of failures which arc cred-
ited to the so-called “plumbing systen." In the effort to re-
duce the total weight of these lines, it is of impcrtance that
we do not go too far and introduce the factor of unrelicbility.
This high percentage of plumbing failurcs will be of interess
to us when we come to investignte steam power plants somewhtt

later in this paper.
Approximate Analysis

With this basis established, we are now ready to malke the
approximate analysis of the suggestion of the employment of
steam vower plants in aircraft. Any steam power plant must

eensist of.

a) The boiler,

b) The engine,

c) The auxiliaries,
d) The condenser.

A condenser is absolutely necessary in aircraft for the
reason ‘that no airplane could posegibly carry sufficient vater

to operate noncondensing.
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Fortunately, we have as a basis of our analysis, a very
thorough iﬁvestigation undertaken by the Bureau of Engineering
of the Navy Department, during the years immediately following
the war. This investigation was carried on by a Committee on
Experimental Power which included among its members some of the
foremost American engineers who have been associated with steam-
driven motor cars and gas turbine-driven torpedoes.

The Committee began its report with the following state-
ment: "It is quite manifest that, theoretically, no steam
plant can compete with the internal combustion engine in economy
and fuel cbnsumption, and in small powers it could not compete
in weight of plant per horsepower." The accuracy of this state-
ment is borne out by the fact that whereas aircraft engines are
operating on a specific fuel consumption of 0.50 1b. of fuel
per brake horsepower per hour, a good average figure for even
a large steam power plant is not better than 1 1b. of oil per
horsepower hour. Roughly, the specific economy of the steanm
power plant is about half that of the internal combustion en-
gine as applied to aircraft. This is inherent in the cycles
employed and the manner of employing them.

The Bureau of Engineering's report further presented the
idea that the development of a practical steam power vlant for

aircraft propulsion presented three distinct problems:
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(1) The production of & stearm engine of minimum weight,

which shall have the highest possiblc efficiency and

iive)y

*a

cst possible fuel consumption, and which shall

ot

possess reliability and durability. In the production

of an engine vossecssing these characteristics, the

Committee favorcd the steam turbine.

s
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roduction of a suitable steam generator automatic
in action. For this purpose,l the Coimmitiee felt that
the fiash boiler was the only one which considcrations

of weight would admit.

(3) The developrment of a condenser. t was comsidered
that this dcvelopment proscnted more difficult prob-

that of thec engine and that the drag of such

)
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a condcnscr, no ratter how well designed, would prob-

2bly bec prohibitive unless some such device as the

"wing" radiator could be used.

The Committee considered that the foundation of a complcte
power plant was the steam generator. The generator fanelly
arrived ot, concisted esscntially of a system of tubing into
one ocnd of which the feed water was forced, while from the
other end the steom issued. o storage space for either sur-
plus watcr or steam was provided. In a gencrator of this tywe,
wherc there is no reservoir or stored heat, such as all watcr-

level boilers posscss, 1t was necessary that the exact proper
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proportions of fuel and water supply should at all times Dbe
maintained accurately. Fluctuations in pressure 2nd tenpera-
ture of stecart due to sudden chonges in the demand or load could
only be prevcntéd by self-acting devices. If controlled by
hand, any changes in steaning rate would have been made cau-
tiously. Such operation would not be practicable in ordinary
usc.

The Cormittee felt that the tagk of de raetical

}J
109}
}._l
e
09
o
S
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generator was divided into two distinct problems. The
was the development of the generator proper, and the second the
production of an efficient and practical system of controlling
it when developed.

The particular form which this generator took was largely
dictated by the fact that fire brick or other refractory lining
for the comousiion charber could not be used on account of its
weight. The combustion chember (Fig. 1) was therefore enclosed
within the walls of steel tubing through which the steam gcner-
ated in the heating coils passed and became super-heated. In
order to conserve the heat radiated from these walls, an Falsing
jacket surrounded the entirc boiler, and air was drawn through

this jacket by a fan blower and delivered to the combustion

chamber. & light shect steel casing encloscd the tubing in or-

der to nrevent hot gases in the combustion chamber from entering

the air jacket, and the latter had an cuter wall of thin shect

alumimm between which and the inner wall was a space of four
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inches through whick the air passed. This method of heat insu-

lation proved excecdingly effective and little heat was radiated
to the otrmosphers.

The ultimate ¢ eoign contemplated the use of fuel oil, Hut
for convenience in experimenting, kerosene was used for fuel.
Neither the Lheating tubes nor the metal casing enclosing theom

gole]

(9}

sed any appreciable structural strength, and to supply

mhee . g 13

. ht truss made of half-inch tubing was placed within

the air jacket. To this, the inside and outside walls were
"attached. The portion of the truss, together with the inner
and outer walls which covered the outer wall of the gencerator,
was made removable so as to give access to the tubing.

In the ultimate design, it was accepted that the fuel pump

would be included in the same housing
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and both pumps, together with the fan blower, would be driven
by a turbine mounted on the pump housing so that the plant as

a whole would be self-contained. For convenience and experi-

1_4)

mentation, however, the fuel pump was mounted on an nd ovendent
foundétion which was driven by an electric moitor by belt, the
éame motor driving the fan blower to which it was coupled by
means of a flexible shaft.

The boiler, in general shape, was a horizontal, multi-

circuit flash boiler to which water was fed in sixteen parallel

streame. These streams without interruption passed parallel

Q

through sixteen flat coils of one-half inch tubing in which
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complete cvaporation took placc. The steam issuing from these

sixteen circuits was thorouzhly mixed in a manifold and then
passcd in seven parallel streams through 3/4" tubes for supecr-

5

heating. The superheatcd steam was delivercd through a swmall
delivery manifold to the automatic throttle which maintained a
constant fixed pressure within the boiler and automaticnlly de-
livered 211 thec stcam gcnecrated at this pressurc.

The ‘superheating tubes werc wound spirally to fomm 2n open
end box with round corners, the tubes being close nitcaed so as
to lic ciosc together, forming the four sides of the ovox. The
chamber formed by these tubes served as o combustion chamber.

The outer surfaces of thece tubes were in contact with o light-

=
@
)
O

metal casing which enclosed the entire tube system. Th
of the supcrheating tubes with the inside of this boiler casing,
coupled with the vositive air circulation which was maintained

over thc outzicde in proportion to the quantity of fuel being

burned, prevented the casing from burning and made insulation
unnecessary. y

The eveporation tubes were wound to form sixteen independ-
ent flat coils which stood on ead in the vertical plane jus
behind +the combustion chamber. The gases leaving the combustion

n the flat coills. These

o+
o
@

sed through the spaces e

1))
o

chamber nas

coils themselves tapered toward the rear and were arranec SO

that toe svace

mnm

between them also gradually contracted. By tap-
ils

ering the coils and contracting the spaces vetween the coil
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are2 through which the gases flowed was gradually reduced to
compensate for the reduction in gas volume. The gases having
passed between the layers of flat evaporating coile, vassed up
the siack which was located in the cover at the extreme rear end.
Thus the combustion took place at the Ifront of the boller and
the zases flowed directly rearward. The water was put into the
rear ond and the steam flowed forward. This made the boilar
gtrictly counter-~low and meintained a maximum temperature dif-
ference between the fluid and the gases at all times

Thig Hoiler proved to be a very &fficient and fleiiolv

gteam generator. It was designed to eveporate 9000 pounds of

n’.‘
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water per hour at 300 to 50 are, and at a temper
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pres

u

ature of 2800 to 900 degrees Fehrenheit. It nroved to be capa-

vater than this and to maintain an
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efficiency of 80% under these full load conditions. On one test

325 pounds geuge and a throttle tem—
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water pusn was reachcd at this flow and this prevented ascer-—
taining the maxirum copacity for evaporaticn of the boiler.

In nrocticel operation, trouble has been experienced with
me, having no surplus water and steam

space, duc to the fact that a sudden change in the throttle

opening oFf the hard-operated valve caused wide fluctuations in
& ~7
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stean pressure, and with a sudden closing of the throttle, an
anount cf "mter might be lost through the syetem through the
gafety volve which, for the purpose for which this generator
is designed, would be scrious. In order to eliminate these
drawbacks, a radical change from the ordinary wmode of operating
the generator was rmade. Both the hand-operated pressure valve
and the sofety valve were dispensed with. In lieu thereof, a

tyoe of throttlc was adopted which was €0 arranged that what-

®

ever night be the ratc of steam produced up to full capacity,

the throttle allowed its outflow tc the engine tut at the same

e

time mointained the predctermined pressure within the gencrator.

Manual regulation was furnished to permit control of the amount
of fuel and water at will. In other wo¥ds, rasual centrol wae
to be over only %the stuff going into the system instead of the
stuff goinz out of the system. This system not only insured a
constant steam pressure under all rates of steaming, but also
dispensec mith the necessity of a blow-off safety valve.
Considerable experimental work was done in the effort to
give adequate control for the generator, and this was finally

effected through the development of some rather intricate acces-

b g’

ories. TWhile these were made to function quite satisfactorily

©]

in the experimental installation,'thc Board vointed out that
intricate dovices of this kind are difficult to maintain in
service, particularly in the rather rough service to which air-
craft ore subjected in landing and takiang off in rough fields

or on rough water.
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By thc.tests kerosene was uced ae a fuel and there is, of
course, o —icde difference, as tiae report pointed out, between
the use of a volatile fuel and that Of & fuel which has to be
Bprayeé under pressure, and to which air suet be supvlied uncer
forced draft from a blower. Resort in general wae had under
these conditions to utilizing multiple burners and by lizating
g greater or less number ol bturners foF any fesired rate of
steaming. Arn ingenious arrangement for taking care of this
problem with kerosene was developed, but in this case as well
as in the case of control of the rate of steam generated, a de-
vice wae used which might involve difficulties in service oper-
ation.

45 a result of all these experiments, a generator was de-

4

veloped from, which it was estimated that the finished weight

0f the generator, including pumps, fans, and &ll other auxiliar-

>

ieg, can be reduced below 3000 pounds which would give a2 gener-
ator weight of less than 3 pounds per horsepower. It was felt
that a generator had been developed with high thermal efficiency
g8 vompared with other bollicrs, which ceuld if Turther developed
have a capacity. for producing steam at any cesired rate of
supcrheat;, vhich had large steaming capacity per unit of weight
and space occupied; which nad adequatec steadiness of steaming
rate under fixed conditions; which had adequate hecat insulation
mdthout the use of fire brick or refraCuory lining: which was

safe from Cisastrous coxplosions =without the usec of a blow-off
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safety valve; which gave excellent automatic distribution of
water through the heating coils, tims preventing overheating of
any coil; which had an efficient automatic throttle eystem main-
taining constant pressure without regard to sudden changes in
the demand for steam with the engine; which had an efficient
and easy method of controlling manually the rate of combustion
and corresponding water supply; which was capable of raising
steam quickly from cold water, and which would be free from
scaling or cracking

It was. felt that there had not been developed adequate
control of steam temperature upon sudden manual changes in the
steaming rate, nor was it felt that the problem of outside
rusting of stecl tubing had been solved. It was felt that the
gensrator had a numbcr of favorable points as a whole, with
special reierence to aircraft propulsion, as follows:

| Reliability and probably durability as compared

with internal combustion engines

2. The use of fuel oil in place of gasoline.

D %d?ptaolll+j for large powerse without increasec in

complexity and with reduced weight per wpiise Of potreTs

4. Retcntion of or possiblc increase in efficiency a

high altitudes.

5. Ease of operation and control.
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The designers felt that the system had certain unfavorable
points as follows:
(1) Low thermal efficiency as compared with internal

combustion engines.

(2) Greater weight per horsepower {than internal combus~—

|
t

tion engines, except possibly for large powers.

(3) Large condensing surface required unless wing sur-

faces could be used.

From the above general statement, it will be seen that a
very conscientious endeavor was made to solve the nroblem of a
steam generator and that excellent progtess was made in the work.

The general details of the procedure have been outlined with a

view to indicating on what basis the total weight per horsepower

of this particular generator was arrived at. From the outline

of the unfavorable points listed by the inventors, it is appar-

J

ent that while the mechanical difficulties of the problem were
well taken care of, some of the major objections to the use of
steam power plants still persisted.

We are now.prepared to continue infour analysis of the prob-
lem, taking in turn the engine, the auxiliaries, and the con-

/

getisers It is well within the realm qf poesibility that a steanm
turbine, with all its auxiliaries, can be built for 1 pound per

aorsepower. Such a turbine will of mecessity incorporate reduc-
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tion gears if the high shaft speeds necessary for turbine effici-
ency with light weight are to be coupled with low propeller

speeds which are likewise necessary for over-all efficiency.

5

By

cing the weight of the boiler as 2 pounds per horsepower and

Ry

assuming an engine weight of 1 pound per horsevower, we arrive

"
wave, then, already

2

aeh

at a weight of 3 pounds per horsepower. We
reached the power plant weight of the Liberty engine as ordinar-
11y installed in- landplanes. -Loré modefn engipnes have & T7er

plant weight of 3 pounds per horsepower. Since we have assumed

)

that the other auxiliaries may be incorporatcd in the total

weizht of the engine, we are nowv prepared to pass on to the

condenser.

In this analysis, we have at hand some experience in
uge of the wing type radiator for internal combustion engincs.
In an airplane having appnroximatcly 850 square feet of total
wing arca, 370 sqguare fect of wing type radiator was required
to cool thc circulating water of a 600 HP. cngine. If now we
use wing radiators on both the upper and lower airfoils, we will
have a total of 1700 square feet of wing type radiator availa-

LN

ble, or avproximately 4.6 times as much surface as is required
for the internal combustion engine. All of this surfacec is, of
gourse, not avallable because of structural intecrferences, and
it is safe to say that four times as much areca is availablc as

i8 required for the internal combustion engine.

The rate of heat dissipated from the cooling water of an
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internal conmbustion engine must now be compared with that of

the rate of heat dissipation from the condensate of the éteam
power plant. If we assume 10 pounds of steam required »nc
horseonower hour in an engine, and assume 1000 B.t.u. per pound
of steam to be disslpated, we have 10,000 divided by €0, or
187 B.t.u. per minute, to be dissipated. .The average aircraft

engine dissipates about 25 B.t.u. per minute per horsepowcr to

the cooling water, so that 6.7 timcs as much area is required
for the steam power plant as for the intcrnal combustion cngine
plant, assuming that the rate of hcat dissipation from water

B0 air oné from steam to air are cqﬁa?. Since we have but

four tines as much area available in &n zirplene 48 18 rO-

guired for cooling an intcrnal combustion engine, it is obvious

The cbhove fizures were based on the assumption that the

for steem condensing in the rediator is

O
=

rate of heat transft

avproximately equal to that of circulating water cooling in the

&

[0

same rodictor. Thie, however, is not the case, and an cxample

’
will illustrote this: A 600 HP. internzl combustion engine
in an airplanc flying at a spced of 60 miles per hour requircs
12 square fecet of frontal area of radiator with a 4-inch core,
or cbout 520 square fect of surface. This is equivalent to .87
square fect of area per brake horsepower of the engine. For a

steam power plant, refcrring to Fig. 3, for an air speed of

80 M.P.H., we sce that approximately 60 square feet of area
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will condense 1 pound of steam per rinute, or 60 pounds of stean
per hour, which is equivalent to 1 square foot of cooling sur-
face condensing 1 pound cf stecam per hour. ©Since now a stear
power plant requires, roughly, 10 pounds of water per horsepover
hour, we will require 10 square feet of area per horsepower to
gcondense the steam of such a power plant. The ratio, then, is
10 to .87 or 11.5, from which it is seen that 11} times as much
cooling area is required per horsepower hour to condense the
steam as is required to cool the circulating water of an inter-
nal combustion engine.

1

et

4 times the area required is availa-

<

We see, too, that o
ble if we use both surfaces of an airplane, whereas 113 times
as much area is required. The wing type radiator is therefor
eliminated from our consideration because of insufficient wing
area available.

Fig. 2 has been calculated from the best information avail-

=

able. The data are quite limited and, like most data for con-

densing apparatus, disclose rather wide discrepancies. In de-
veloping the gurve, an effort has been made to arrive at a
reasonable bééis of comparison. For the purpose of this approx-
imate analysis, Fig. 2 is sufficiently accurate.

It will be noted that the curve is calculated for steam at
2129 and air at 100° Fahrenheit. This steam pressure corre-

sponds, of course, to 14.7 pounds absolute pressure. Any stean

turbine to attain any reasonable efficicncy must of necessity
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gberate at & much lower back pnressure than this. & good tuzbine
should onecrate at about 1/3 pound back prossure provided the
EREL crco is sufficient Vo take cére of the £bgan &t this vol-
une. Yow the temperature corresponding to 1/2 pound “boolutc

is aoproxinately 1000, ot whiech temperaiture with an outside

g torpercture of 100°, which is frequently encountered in op-
eration, there is no temperature differeénce and therefore no

e

posaibility of condensing the stcam. Obviously, we would have

H

L@ chooge sone other back »r

i

essure at which we could attain ell
the econony consistent with maintaining sufficient fempcrature
gii ference nctw“en the steam and trhe outside air to condense

the steam. Hanifestly, anv temnerature lower than 312° would
result in a corresponding increase in the condensing surface
required. In other words, we could not hope to get economy any
where near approaching that of steam power plants on shore with-
out a condencer whose area and weight will be greatly in excess
of what "2lready constitutes an impossible cordenser for air-
craft engines.

ve calculations arc based on the assumption that

ol
-

the wing type radiators could be kept reasonably free Trom

@

water and that the stcam could be kept in reasonable contact
with the cooling surfaces. As a matter of fact, those sur-
faces on the lower side of the wings will prcbably contain a
dead watcr film of considerable thickness and thus considerably

reducce the cffectiveness of this ccoling surface. The calcula~-
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)
(@)

tions orc therefore bascd on assumptions which arc considerably

¢

more favorable to the problcm than would actually be cncountcered

. scrvice.
So far, wec have not considcred the drag of a radiator for
gtear power plants. If we utilize all the wing area avallable

and “hen resort to the core tyoe radiator for the remainder,

we still have twice as much drag arca in the steam power plant
as in the internal combustion engine. The resistance of the
gooling surface due %to the air Ilow varics approximately as
the sguarc of thc Sﬁocd of advance, and the power rcquired
varies as the cubc of the speed of adv « '4n imgrease of
100% in the area of cooling surface required will, at high
speeds, become a serious factor, and it is obvious that since
fuel is recuired to nroduce power, the economy of the stean
power plant over that of an internal combustion engine will
again be impaired.

So far we have not considered the weight of such a radia-
tor. The average weight for an aircraft radiator is about
.3 pound per square foot, 4dry. With .87 square foot of cool-
ing area required per horsepower, a 1000 HP. internal combus-
tion engine would require approximately 261 pounds of radiator
weight. Since it requires 11+ times as much cooling surface
for the steam power plant, we would reach a total of 3000
pounds for a 1000 EP. engine, OT 2 pounds per horsepower. In

other words, the weight of the radiator of the steam power
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plant ig as great as that of a combined boiler and engine esti-
mated above, and the total wcight of such an installation, ex-
glusivg of the enginé¢ and condenser auRiliarios,. wollld bo 6
pounds pcr nhorscpower. This ig just about twice as great as
the average weight of the modern airec¥aft power plant, and on
a weight ’oasis alone, neglecting the zesistance factor, our
steam power nlant would.woigh twice as rmch as our internal
combustion engine and would rcquire about twice as much fuel.
In other vords, if a steam vower plant is to compete with an
internal combustion engine on the all-importent basis of pouncs
per horsepower per mile flown, it will have to show an improve-
ment in toth economy and weight of at least 100%.

Steam power plant economics of the order of 1/2 pound of
fuel pcr'horsepowcr hour are, theoretically, within the realm
of possibility. Their attainment will require higher pres-
sures and higher degrees of superheat than are cusiomary on
the shorc. Certain special installations arc already working
under these conditions, although not yet approaching the theo-
retically possible cconomy. These economies can only be ob-
tained with the development of suitable materials. It is a
matter of common knowledge that improvement in steam powcer
plant economy has been sufficiently rapid to challenge that of
Diesel installatiomns.

In considering this matter, we must keep in mind the all-

important factor of reliability in @liFcrafd and the fact. that
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and toke-off from rough ground or foter vhich will make the

maintoncnce of high pressurc joints somewhat difficult. There

Py

Ll

ig further to be considered thc crash hazard to the crews of
gireraft using a stcom power plent in shich high prcssures and
high tenperatures prevail. There is 'the further danger of Ifire
resulting from such a crash sinse the fuel lines will be in
close proximity to a hot furnece. It 1 now cormonly recog-
nized that in o crosh, fire is much more likely to result from
burning cf the lubricating oil than from the gasoline alone.
Gasgolinc sproved on hot surfaccs cvaporetes so rapidly that it

is less 1likely to ignitc on contact with hot surfaces than is

#he hoavy lubricating oLT ith its low rote of evaporation.
The hazord resulting from the utilization of high pressure
stecm in aircraft power plants must be given due consideration.
Now, there are only thrcc major rensons vhy the use of a
steom pover plant might at first appear attractive
(1) The possibility of an increase in the reliability

end 1life of thc powcr plant.

(2) The possibility of utilizing a’ cheap, heavy fuel

and of reducing the fire hazard.

(3) The possibility of attaining higher powers than

o

arc possible with the present type of intemal

combustion enginc.

aircroft inctallotions arc subjceted to scverc shocks of londing
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craft cngines which have run over 300 hours &

steam oower plant of a tattleship, which will

Most battleships would encounter consideravle

all times. The modern aircraft engine is not

portion of the failures is cdue to piping and

itself.

Yow since our steam »ower plant will have

Comvared with the automobile engine, this ie a

135 pounds per horsepower, this perfommance is

dif3

oI
(]

i rolicbility

reviesr the relia-

bility and life between overhauls of Uhe nresgnt cngincs. The

modern circraft engine is not such &n unrelisble picce of ne-
h' 5 T s A2 "t DY) O 5+ bhe 1 }" A o 3 e ada f TSt )
GELICTY o8 1 appears to DO. G YecOoIra. tEsts 0O ol

fall threttle,

non-stop. Approximated into miles af the rate of 100 nilcs

per hour, this mcans a distance of 30,000 miles at full speed.

comrendable per-

formance even when we remember that the automobile engine weighs

aporoximately 15 pounds per horsepower. Compared with the

weigh roughly

also commendable.

H
e

leulty in

steaming 30,000 miles at full speed even when attended by a

full crew which cen closely supervise the engine operation at

then, so unrelil-

able as it arpears, especially when we remenber that a major

a very much

larger proportion of »iping, we can by the same token expect a

consideravle number of similar failures, partic
reduce the weight of this piping to the point

limitations will require. In other words, by

I T N Pl e o, A=

cularly when we
which weight

the time we have
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Peduced the welght of the st

we nave done in the aircraft
have added to it the necessa

cations neccssary to nmcet th

2539 24

cam power plant to the minimum, as
power plant, and by the iime we
ry ~utomatic appliances and compli-

¢ rogquireme@nts of aireraft, we will

reduced its possible zeliability as to makec it look

extrencly unfavorable in comparison with the internal comoustion

engine. This stands %o reascn wecause the internal combusition

engine is a self-contained unit, whereas the stcam power »nlant

mast divide itself into four scenaratec units and must incornor-

than the aircraft engine

ate morc accessories and applianccs &

@Y ever recguire.
The nossibility of utilizing a cheap hecavy fuel and thus

reducing thce firc hazard is an attractive one. To date, the

possibility of using such a heavy fuel in aircraft has not been

demonstrated by burning it under boilers. It would appear

that the proper course of procedure is to burn this fuel in an

internal combustion engine, and this problem is well on the

way to solution. Even were it possible to burn a cheap heavy

sotal quantity of fuel required foxr the most cconom-

)

ical stezn vpower vplant we can cxpect to design would be 80

great as to wipe out a good ceal of the margin of econony.

The possibility of attaining higher powers than arc possi-

ble with the present type of intecrnal combustion engine is not

so ats the rcason that even with the internal cor—

bustion cngine, the necessity for very large aircraft is not
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apparent. It can

J
©

shown that therd 38 a definite point in

size beyond which it is uneconomical to go cven for weight-
garrying cirplancs. In any event, it 1is »ossible to utilize

intornal comoustions in rmultiple-cylinder installations which
have “he acded attraction, provided the airplane is so designed

<

as to fly on any one cof the multiple ergines, of inereased de—

pendability. This possibility, then, does not lock particularly

well in hecvier than aircraft.

In lighter-than-air craft, it would sceom that stcam dower
plahts might have some better applications. Eowever, the cle-
ment of economy is of relatively greater importance in thes
sircrast . -cotusc they are designet for long range. A central
generating plant with preoellers driven by electric motors is
offered as one posesibility, but the total weight of a combined
turbo-clectric system cven with the central plant can be shown
to be prohivitive.

So far we have discussed the more conventional types of
steanm nower plant. An analysis of the possibilities of an un-
conventicnal development, bqsed on the mercury boiler indicates
that a nearer avproach to the requirements of aircraft can oe

<

f the economy of such a plant can de

ct

-1

made with this plant.
improved to the peint of cque ality with the internal combustion
enginec, then the total weight per horsepower of such a plant

is not of such pressing importance in an airship where the

weight of the fuel carricd is a rmch greater proportion of the
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gross weight of the alrship than is the weight of the power
plant itself. It is only by sone such deve elopment that stean
power plants can ever be applied tc aircraft and the first ap—~
plication, if any, would scem to be in airships. Even undecr
the best conditions, steam power plants in heavier-+than-air

craft appear so unattractive as to be entirely eliminated.
Sumazry

From the above anproximate amalysis it will be seen thot
on the basis of the weight of the power plan 3loﬁe, steanm
power plants for aircraft are precluded. On the basis of econ-
omy alone, they are again nrecluded. On the basis of the re-

gigtance of the cocling surfac

]

required alone, they are »re-
cluded. On the basis of the sun of thece three considerations,
they are absolutely impossible. It would therefore appear

that the ultimate analvsis mentioned in the beginning of this
paper is no longer necessary as no promise whatever resultis
from the approximate analysis.

The foregoing approximate analysis is manifestly based on
practical considerations. The sarme results are indicated, how-
ever, in the theoretical analysis. The starting point of any
theoretical analysis is a comparison of the cyclic efficiencies
of different . ,processes. By comparing possible efficiencies
based on computations for cycles which ap oproach the actual cy-

cles employed in the mechanism, we may arrive at an approxina-
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gauge for dry sat-

solute vack pres-

. 3 = 2l
is about 34%

.
atmosphercs

pressure for modcrn

brcre Tt enzincs, we find o themid SfElciemays Of 48% for the
gyele. Fron this we sce thot the steam cycle is ot a disad-
vantoze from the viewpoint of thermal efficiercy with reespcct
o the Otto cyecle in the ratio of 34 to 48. This, of course
accounts for the low economies of steam »ower rlants.

This whole problem may be

the modern aircraft engine, we may

topal heat of the fuel is caonv

1/3 is rejected to the atmospher

remaining third is rejected to the atmosphere through

ets eithcr indirectly in water-cooled,
engines. Since the heat converted into
dissipatcd inte

engine ma

erted into

e in

assune that

pe said to dissipate all ite heat directly <o

or directly

useful

asout 1/u of ‘Hhe
useful work; about
the exhaust gases, and the

he jack-
in air-cooled

work is likewise

triosphere by the propeller, the modern aircraft
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atmosphere.
In the steam cycle, the heat must first be transferred to
the working fluid, which is water in the ordinary steam cycle,

and to water and mercury in the so-called mercury pboiler system,

=
(P

Both of these liquids must be retained in the system anc

girculated in aircraft engines. For an overall efficiency of
25%, if we convert 25% of the heat into useful work and dissi-

pate it tc the atmosphere, and if in the boiler we attain an
efficiency of 80% and reject 20% directly to the atmosphcre,
then only 45% of the total encrgy is rejceted to the atmosphere
directly. The remaining heat must be transferred irdirccily %0

the atmosphere through +the cooling system. Manifcstly, any
i 4 )

o

such indirect systom which is required to transfer bEﬂ ef the
®otal hcot availablc to the atmecsphereé through some intermediate
heat transfer apparatus will require an apparatus which is hcavy
and offers far more arag than does the ordinary aircraft racia-
for. Thus, on theoretical grounds, we can substantiate the

rrounds.

O

forecgoing uCQJluelO“ bascd on practiecal

When we compare such a system requiring neavy and cumbcr-

=
Q

some apparatus to reijcct the heat by indirect methods with a
system of the modern air-cooled enginc, which rcjects 2ll of
the heat Gircctly to the atmosphere without such intermcdiate

apoarcetus, our steam system is shown to be a2t ecven worse disad-

vantoge. From the practical as well as the theoretical stand-
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point, it rmust appear that the ste
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With the intcrnal combustion cngine in airecraft.

In order that the stcam power Dlant moyv eompete, it is

eccssary to climinate much or all of thie intermediacte copara-

tug, In the mercury boiler in which the heat of con@ensation
of the stearn is transferred to the mereury which, im turn, is
utilized in o turbine, this eliminotion tekes place to a cer-
tain degrec.  There still remains, however, the necessity of
transfcrring'the heat of condensation of the nercury to the at-
moephere. It is nossible that the apparatus regquired will not
e in excess of that now used with water-cooled aircraft cn-
gines. It seems well within the realm of poseibilify thet a
pompleote morcury outfit in comparatively small sizes can be
built for about 5 pounds per horsepcwer, and such on anparatus
would compare favorably, on the bagis of econory, with internsl
combustion engines, as well as eliminating rmch of the cooling
giblocc required. It would, however, 2%ill b camplex when
compared with an internal combustion engine which is, after all,
pne of the simplest of engincs.

Weter-cooled engincs arc rapidly passing out of general
uMee in circraft, only for smaller sigge.. With modern engines,

m?

a power plont weight of 3.3 lb. per horsepower is common. The

r twice as mieh Her

@

mercury installation would then weigh ov

)

horsenower os the air-cooled engine installation in general use.
Bven this system does not offer greets Pronise for zircraft.

For steam to be considered as a propulsive necns for aircraft,
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ary to devise some means of apnlication which will

[63]
(67}
b2

" 18 necees
comoletely eliminate ‘the cooling system, which will permit
power -lant weights of not to exceed 3 1lb. per horsepower,
which will permit economies of better than .50 1b. of fuel per
horsepovier ncr hour, and which will be as simple, ds easily

ma.intatined and operatcd, as rugged, and as dependable as the

modern aircraft engine. From our present knowledge, this is a

rather large order.
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