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Introduction

The purpose of this vaper is to investigate, theoretically, the several
possibilities of internal cocling of engines by water injection to the
cylinder, and the necessary condensor system for obtaining the rejuired
amount of wat er from the exhasust gases,

The radisl air cooled engine is inherently more efficient in regards
t0o weight tunan the inline type either air or liguid cooled., In buth cases
it has tne advantage of a considerably lighter crank shaft , the heaviest
indivi&ual component of a power plant, pius the radiastor system in tne case
of the liquid cooled., With the develonment of tne larger twin rows, it
appears that but little more can be Gone witn the type due to cooling
difficuities. In service conditions the co:vling of this type is bagely
satisfactory, necessitating in generai the use of a considerably richer
mixture than is dictated by either maximum power or economj in order tnat
the incoming charge mgy absorb a portion of the excess heat. Thus the
incresse in power per unit for the radisl engine depends on auxiliary
cooling to aliow an increase in rows of cylinders or an increase in com-
oression ratio, with, of course, tie common possibility of all engines of
increased R.P.ii. The applications discussed in this paper are c:insidered
only in coinnection with the radisl type, although in general applicable to
the inline types.

The tiiree possibiiities of water injection are:

7o

(1)Porward the end of the power stroke taus decreasing tihe gas
teuperature during the exhaust strcke.

(2)Go to a six struke cycle, two of walch are made on a mixture of air
and water oparuicles,

(3)Injection of water with the charge of fuel,



The first two methods will be discussed as to resulting cocling, and

the third in cajunction with the recuired condensing system,

The writer hastens to advise that his experience with airplane power

plants is limited to use under service conditions and the study of books

and reports on the subject.

In this connection the two volumns of D.R.

Pye are strongly recommended to those interested as being unique among

technical books in regards to organization and presentstion,

The Units Emploved

Standard Cubic Foot — SCF - the auantity of gas wiich occupies 1 cubic
foot at 1 atmospheric pressure and 0° C.

Pound Holecule — #UL — is a weight in pounds of a gas equal to its
molecular weight snd occuvpying 359 Cu.ft. at standsrd concitions.

Specific heats will be expressed in foot pounds per 3CF or CHU per NQOL.

CHU - heat recuired to raise 1 1b. of water from 14°C to 15°C,

Fuel-Air Relation Employed in Calculstions

Since the term gasoline covers a mixture of hydrocarbons varying greatly

in number and relstive proportion, for the purpose of calculstions the fuel

in this paper is cinsidered to be composed of 50% each by volumn of Benzene

(Cglg) and Heptaner(C7H16). Their complete combustion by air is as follows,

2CgHg + 180, + 584Ny = 12002 + 8H,0 + 56.2N; + 1,52 % lﬁécﬁU

weights 153 ~2060 2216
volumns 2 TL.4 T4 .4

2C,H » + 220, + 82,.8N,
wei.-ots %Q > ¢5020 < 3820
volumns 2 104.8 112.8

= 14C0, + 18H_0 + 82,8, + 2,155 x 10°CHU

Total weight of fuel is 356, water formed = 22 x 18 = 396,

Thus the ratio of water formed to fuel burned is

gasoline runs ab:ut 1,35 1lbs. of water to 1lb. of

ab-ut 1,20,

fuel,

Average aviation



Actual Cyele Temperatures

To compute either the maeximum temperzture f the combustiin stroke
or the temperature of the gas at the time the exhaust velve cpens for an
actual csse is almost impossible. The total heat energy liberated with a
given fuel air ratio is well enough xnown but the effects of dissociation,
i.e. the fact that at high temperatures carbon, cesrbon monoxide, hyurogen
and oxygen may exist in certain proportions in equilibrium, the effects of
heat transfer tc the walls and the values of the specific heats at high temp-
eratures all cumbine to prevent an snalytical solution., By messurement,
however, the maximum temperatufés of the working substances in a modern
engine vary between 2500°C. and 3000°C, and at the time the exhaust valve
opens, normally 50° to 60° before the end of the combustion stroke, thé gas
is between 1200°C and 1400°C. When this has been expanded to about 15 1bs.
ebsolute pressure its temperature varies from 600°C to 800U°C., If a lean
mixture is used the temperatures are lower during the combustion and higher
during the exhaust stroke since the rate of combustion is reduced.
I. Injection of Water Towards End of Combustiomn Stroke.

hssuming the gas is at a temperature of 1400°C when water is injected,
we can czlculate with sufficient accuracy the temperature resulting for
various amounts injected. Since the specific heats very continously, strict
accuracy would only result from a series of successive approximstions. In

this case mean values as shown mre teken., Referring to tne coumbustion equation:

Gas No. of MOL Cp(CHU/LOL)
002 26 x 14,08 = 366
No 139.2 bre 7.35 = 104
Hs0 22 X v.88 = 217
Heat to be absorbed per degree drop in 1607 CHU

tenperature



Assume the water added is at 100°C. but has lost none of its latent
heat, also that the water is converted to steam at 15 1lbs,Abs., a conservative
assumption since the heat energy absorbed increases with pressure. The latent
heat in CHU per MOL is 9712 at 15 lbs, Abs., and for the range involved for
the injected water the specific nest is taken as 9,05 CHU/%OL.

Let Tr be resulting temversture snd W = no, of 0L of water added.

Then
1807(1420-Tr) = 97L0W + W(Tr-100)Y.05
or 177.5Tr + Trii = 248,500 - ©72W
W i 4 e 1 20 45
Tr 1385 1347 1273 1155 w67
Wt. of water L0861 2GR 505 1.01 240k

Wt. of fuel

Effect of this Type of Injection on Component Cylinder Parts

Sirice by definition any successful engine will be designed up to the
limits aliowed by tne cooling aspects, it is a coroliary that any cooling
will increase performance., However, for an airplsne,verformance is judged
only on a weight bssis. In an attempt to evaluate the cooling resulting
from such an injection, resscnable assumptions @ould not be found from the
general collection of test data. Thus, the following is the only method the writ-
er could visualize,

If we assume that a specific temperature is known, waicu w.uld give the
same resulting wall tewmperatures under c.nditions of a steady state as are
actually realized, the problem becoimes one of merely equating heat transfers.
This "potential" gas temperzture will be a éontinuous variable throughout
the length of the cylinder. The critical points are at the tep of the cylinder
wall, the head, the exhaust valve and the center of the piston. A consideration

of the cycle indicates that excluding the exhaust valve, these parts would



reflect approximately the same "steady state" temperature of the working
substance.

Let Tp be potential gus tenperature for tne top portion of tie
cyiinder wall,

Tsi ingside cyiinder wall temper=siure st the ton,

Tso corresponding outer walli tempersture.

Tm temperature of the cobling air strean.

& the rate of hest transfer ver unit ares, sssuming that slil

heat from the inner wall goes directly to the outer, i.e. no
longitudinal transfer.

For transfer from gas.to inner wall
G=CpVVmCp (Tp-Tsi) where C is a function of the Reynolds
number, snd Vm the mean velocity.
From inner wall to outer wall
Q= % (Tsi—Tso) where K i a conductivity coefficient and t the
wall thickness.
From outer wall to air stream
@ =0Cp Vm Cp (Tsa;Tm) wita constant defined as above,
Thus, the three equations result for any given physical setup in linear
equations for the temperature differences multiplied by some constant.
These constants in the cases of transfer between sclids and gases, above,

are to all purpocses inpogsible of theoreticasl determinati.n,.

Thus we have

o
1
e
3
1)
e®-
-

G = K2 (Tsi-Tso)

£2
|

= Ky (Tso-Tm)

Thus

4D
L]

(K1 KotK5) 0 (Tp-Tm)
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and Tsi = Q -1 +1 +1 + Tp + Tm
2| K K, X 2

Tsi = Tp-Tm K1+KQ+K% ] fi‘; +1 + 1 ‘} + Tp +Tm
2 <

5 = -

Calling the resultant constant X

Tsi = Tp (X+1) + Tm (1-K)
2 2

With this relation if Tp can be determined from other considerstion,
the other temperatures being known, an idea as tou the value of K may be obtained .

Solution for Tp.

As stated the heat transfer between the gas and the wall is given by
the relation:
Q = CpVm Cp(Tp-Tse) where G is a functicn of the Reynclds number,
Xgr; « If the flow ié considered as being completel; turbulent C will be
proportional 7 ;ﬁn; . Neglécting the variations of p and Vm to .15 power we

have
Qe pVm AT

which checks well with experiment,
a7
igi 1s — } ’p o r i ed. The
Figure 1 shows a plot Of'473wx for the four stroke cycle in red
assumptions for 47 are that the maximum temperature is 2800° C., the exhaust
stroke 1400°C, at the tcp of the wall or head temverature is running being

300°C. Vm is assumed to be that <f the piston, and V is plotted in black.
. YVT 1]

At tne time the exhaust valve cpens, V is assumed to increase rapidly to Vmax

and then fall off gradually to zero by the time the piston is again at top

dead center and is shown in dashed black. The ratio of p is shown in blue,
pmax

Thus as stated above the product of these three variasbles should be pro-

portional to the rate of heat transfer from the gas to the wall. In tnis case



only the effects of the exhaust and combustion stroges were cunsidered, the
other two being negiigible in comparison. The green curves give this product
of the three variebles, and the areas A and B will thus give the relative
magnitude of the heat trznsfer from gas to wall for the two sirckes. It is
interesting tc note that A:B::2:3, This indicates that the total heat trans-
fer during the two strokes varies approximately as the mean temperature
differences between the gas and the wall during the strokes, since these

mean temperatures sre themselves spproximately of the ratio 3:2, In other
words, the variations of density and velecity are such as to compensate

each other. We can thus assume our stesdy state conditions such that Tp

will be the arithmetical mean of the temperatures of the working substance.
throughout the cycle, If the effects of the intake and compression stroke
were considered they would cause a reduction in Tp since,except in the latter
portion of the compression strcke, there is a flow of heat from the wall tc

the working substance. Neglecting this effect we may consider Tp as defined as

Tp = Tmaz + T + Te%]-1/4 where T2 is the exhaust temperature with
no water added. Ve mav thus say that a one degree drop in the exhaust gas
due to cooling shculd give a 1/4 of a degree dr.p in Tp.

Determination of K.

Taking s assumed Tmax &s 2830°C. and 1400°C. as the exhaust gas temper-
ature. Since both of the finali ecustions ere expressed on teinperature
differences, it is immaterial whether temperatures are expressed on the

absolute scale or not,

Tp = ’K%soo + 1400 + 1405] 1/4
2

= 875°C,



And, assuming we have a hot cylinder head of 300° or actually at the

top of the cylinder wall with an outside air temperature of 15°C., we obtain

for K
300 = 875 (k+1) + 15 (1-K)
2 2
K = -.337
or Tsi = Tp .33 + Tm .87

Since K is only a function of the physicael setup and independent of the

temperatures, it will remain constant with any internal cooling done,

Resultent Cooling of Head and Exhasust Valves.

It may thus be assumed that a 1° dron in the exhaust temperature will

give .33 x .25 = ,0825° drcp in the
wall or t¢ what amounts to the same

Exhaust valve temperatures run
the cylinder, being on the order of
are used. Since the tempersture of
is due solely to the exhaust gases,
erature will decrease linesrly with

On the basis of the previcusly

following table gives the resultant
Wt of Vister Exhaust temp,
Wit of fuel
0 1400°C,
.051 1385
<202 1347
506 1273
1.01 1158

2,01 967

temperature of the top of the cylinder
thing, the head,

much higher than any other porticnsof
800°C., unless elabcrate cooling devices
the valve sbove that of adjacent portions
it is reasconable to assume tnat its temp-
the exhaust temperature,

determined exhaust temperatures, the

cooling,

Head temp. Fxhauset Valve temp.
300°C, 800°C.
2¢8,.8 792
295,.6 770
289.5 728
280.0 661
264,2 653



The drop in other portions of the cylinder would be proportionately
a little greater than &t the head frcm the same asnalysis. Also, it is
believed that the drop in head temperature would be somewhat greater than
the above since the presence of the very hot exhaust valve has an
appreciable effect on tne rest of the cylinder due both tc conduction and
radiation

As to what effeet this cocling would have on power and fuel consumption
no an éﬁytical enalysis will apply since, if the materials would stand the
tempersture and the fuel not detonate, the hotter the better. As tc test
results, along this line, the following is quoted in suvbstasnce from
Pye. (Ref.l)

"In scme experiments by Gébson the singleexhaust valve was artificaliy
cocled by including a fiuid within the hollow stem and desgigning a tiny

redietor at the end of it, with the following results.

Cyiinder and Compression  Max Petrcl pint  Exhaust valve Valve
valve size RPu Katic BMEP per BHP hour Temnp

5 1/2" x 6 1/2"1650 5 117 .80 4.0°¢, Cooled
Valve 2.3"in dia. 113.4 .62 70.°C  Uneccled

Thus the meximum power was increased about 3% with a simultanecus re-
duction in fuel consumpticn of 3.3%. Furthermcre, tie maximum power
obtainable uncooled could be maintained with a mixture so much weasker es to
reduce the fuel consumption by 8%. The meen temperature of the cylinder head
was lowered 28°C, and the hottest point on the piston by 25°C,."

Conclusions Relative t¢ This Type of Injection.

An analysis of obtaining water from exhaust gas condensation will be
underteken later in the paper, but even withcut this it would seem thet this
method would not te spplicable to airgraft engines. Even though the cooling
effects are desirable it seems that the reduired amount of water would maike

this method of obtaining cocling uneccnomical, If the water content could
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be separated from the rest of the exhaust products and so condensed the weight
of the required instaliation would be greatly reduced,

Separation of the Water Content from the Rest of the Fxhsust Products.

The possibility of such & separation exists in the high velccity
centrifuge. If the mixture could be rotated at velocities of the order of
the mean molecular velccities which are themselves of tie order of the speed
of sound, an sppreciable separaticn could be obtained, The situation is
ideal for this application since the molecular weight of water is 18 whereas
the next lightest molecule is hmitrogen whose weight is 28, In other fields
separations are obtained in this manner, and the rotor of tne present
turbo-super charger reaches velocities of the required order. It would
seem that the development of such-a process may be sccomplished if the value
to be obtained warrants tne effort,

II. Cooling By a Six Stroke Cycle,

By folleowing up the exhaust stroke with en eir intaxe to which a finely
divided water spray was added would be & most effective method of absorbing
the heat from the cylinder wall, especially if the air intake were so located
that the inceming sir were directed perpendicuiar to the cyiinder sxis, thus
giving a high swirl,

The seme intake under the above cinditions would be satisfactory for
the fuel-air mixture. The reason that such wculd be undesirable in present
type engines is that it is desired to have the charge pick up as little of
the wall hest as possible. Aside from the reducing of the wall temperatures
this method would have another important adventesge in that the temperature of

the residual gases left to mix with the fresh charge very much lower giving
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a much lower pre-—compression temperature as stme later calculations wilil

snow, Aside from the effect on the detonatiom, this would mean that the whcle
temperature cycle is reduced which gives two distinet advantages, First, the
Carnot * cvele efficiency is sutomutically increased by tne drop in T, if

the numerstor remsins constant. Secondly, due to tne very rasid increase of
both dissociation and the specific heats at the higher temperstures this

shift of the cyecle tends to increase the svresd between the waximum andé minimum
temnperatures. The sbove gain in efficiency is borne out in the "hit anc
miss” type of engine which gives the highest thermal efficiencies of any tvpe,
In this method of speed centrol a governor closes the gas inliet valve for s
stroke or two, thne cylinder working on air cnly.

Being unable t¢ find any test data applicable upon which to base
calculations it is possible to make only scme general observations as tu the
value of such a scheme., In general you would be dissipating the same amount
of heat as the conventional water jacket and radistor system. Best efficiency
would be obtegined if the steam air mixture were recaptured without mixing
with exhaust products., This cculd be done by keening the exhaust valve
closed forcing the mixture out through the same valve it entered and con to
a2 condensor. If it were to be ejected through the exhaust vaelve a "Y' valve
system would be used. Either method wuuld sdd to the complication of the
cenr and valve mechanism, but cdoes not present any greater technical
difficulties than wany other festures,

The advantages of this would be that: (1) the same total amount of heat
dissipation w.uld result in a much lower crlinder temgerature. (2) The power
olant c .uld be completely cowled, reducing GOnsiderab13 tne total drag

. . . . aregy ' ae s
while, by vproper design, the conaensozﬂcoulq be made negligible. (3) AlL of

xc‘ara,/c’z/: 7-7-

T 2
P
/
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the auxiliary engine ccmponents such as magnetos, generstors, pumps, etc,

wculd operate without present temperature difficulties. (4) A considerabie

increase in economy plus an increase of tue maximum power per stroke. (5)

This method if practical would allow sn indefinite incresse in rows of cylinders.
The obvious disadvantages would be a decrease in maximum power of somewhat

less than one third on the basis of present types,and the condensor system,

It is possible that other factors such as displacement and RPM cculd be

increased to improve the power cutout. A test of tuis principal would not

be difficult and might prove fruitful,
It has been suggested that either this method or the previous uwight

result in the formation of cracks in the walls snd pistons. While no

test date is available it éces not seem that this would be likely, since

the tempersture variations wculd be no greater than those which are ex-

perienced in starting. This is because under throttled overation only

the tximum pressure not the maximum temperature is apireciably recuced,

III., Vater Injection for Detoneticn Supuression at Higher Compressioun Ratiocs,
The thermal efficiency of an internsl combustion engine is a direct

function of the compression ratic, or actuslly the expsnsion ratio at wrich

it may be operated. Thus for a gasnline engine tnis is definitely limited
by the fsct that even the best grades of fuel with an optimum amount of
tetra—ethyl 193@ detrnate at CRs between 6 and 7, This results in prectical
engines of indicated thermal efficiencies of from %1% to 35%, A curve of
indicated thermsl efficiencies sgainst CR ie shown in Fig, 2, both on the
basis of the s0 called asir standard efficiencies which consider the working

substance to be a perfect gas with no¥ heat loss and also for the best actual

test engines., The latter is extropolated by the generally accepted
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experimentally obtained relation, efficiencv = 1- (;_‘)'"6 as given by
Ck

Pye (Ref. 1) for volatile fuel engines, It wili be noted that the
theoretical and exverimental curves are of the same tvpe differing by a
constant amount. There are slso shown exnerimental pointe for two test
diesels operating st two different load conditions.

4t this point it is believed desirable to explain the fundsmentel differences
in the vroblem between the volstile fuel engine and the diesel type. While
with the latter, indicated thermsl efficiencies well above the experimentzal
curve K-¥ may be obtained at high air to fuel rstios and low RPM, 1t has
been found impossible to burn more than 75% of the sir in a high speed
diesel, This is becazuse =z more comolete mixing of thoe fuel and sir cannot
be obtzined in the time availsble, Any further injection of fuel in an
attempt to burn more air results oniy in e vroduction of black suocke with
no appreciable increase in power, This limiteticn would obviously not
apoly to the volatile fuel type which experiences nofovarticular difficuity
on that score, Another limiteti.n which would apply eouslly to both types
of engines at high CRs is that of meximum pressure. At a CR of 12:1 the
diesel on & besis of 75% of the air burned =t close to constant volumn
would give maximum pressures of about 1200-1300 lbs, ver so, inch, while
the volatile fuel engine would develoo pressures of the order of 1500 to
1600 1bs. per sa. inch. The diesel operating at highFRs can evold the high
oressures with 2 consequent reduction in efficiency by delaying the fuel
injection until later in the stroke. The volstile fuel engine would be
afforded no such relief.

Theory of Detonsation

As indicated the major ovroblenm in incressing the thermal efficiency of



a gasoline engine by incresse of CR is the vhenomens of detonetion. Since
this first beceme a problem s vast amount of experimentel work hes given
rise to several thecries as t¢ the acturl cause, Basicallv thece are the =ame
but thew vary widely in attempting to exnlsin =ssocizted phenomena in
connection with "dones". The therrv which sppears to the writer as offering
the best vhysical ewnlanation in the light ~f the wvarious tests is that
affered by Fgerton end reviewed by Pye in Vol,l{Ref.l) and of which the
following is 2 brief summary.

When no detonaticon takes place the flawe started by the spark spreads
out steadils until the fuel-air mixture is consumed with = speed which is
2 function of turbulence, tne fuel itself snd the pre-combustion temperature,
Then the pre—combustion temperature is sueh that only 3 siight increase in
temnerature is recuired to reach the snontanecus ignition temperature of the
mixture, the incresse in rressure of that nertion near the spark piug may
be sufficient to covee the rvest of the mixture tn ignite spontanecusly

giving very high local pressures, Pistons heve zctusliy been broken from
that cause.. It was goon discovered that verinmus substznces would delsy the
meet of detonstion when mived with the fuel in very smell nroonrtions, snd
that there were definite wptimum mixtures in each case. B y far the most
effective is whet is commonly called “tetra-ethyl lead", which is 2 mixture
of lesd ethicle, Fb (62H5) y» #0¢ ethvlene dibrumide, C,HBro, toe latter
being addesd for the nurnose of nreventing evcessive lesd d:posits.

Tn the nuclear drop theory the value of this dope through inck of
more comnlete knowledge is referred to sg an "inhibitor of chemicsl resction”,

v varions tests it hess been determined that st temperatures considerably

below thet of fgnition most fuel-sir mirtures undergo low order ovidations



with the formetion of highly unsteble peroxides, These peroxides

ave

lower ipgnition temnerszture =nd when reszched give s very rooid relesss

bal

af

energy, The formation of these peroxides ic cinsidered t~ be the recuit

o
D

of = resctive chain set up in ti

higher energy mnlecules of fuel and oxygen,

each perrvide molecule formed irdneing the formaticn of more such molecules,

Without going throuch the chemicsl lirne of ressening the preee

ethide romnletelr aunarecses the formstien of therne low fempersture vsr

ovidstirne br bresking un the resctive chains, Thus it c=n

whr leaded fmel ren areyent detmotion onl up to o certein
every one vho hos driven & hot motor realized in practiece,
We thus errive at the noint, that tr inecrease indefinit

detonation the temmerszture, 2t the time of fne spark mes-age of the mivture mm

be reduced o the onint thot the fempersinre of snontaneous

)

.
3f

e

ceen
nint

the onret of

be resched hafore the flame front hee covered tne msjor porhtion of the

combustion chamber, The most orecticrs]l method of Aoing this is

=

«

tne

addition of water to the fuel-sir wmivture, its very high latent hent of

ition will not

veporizetion will anuraciably decresse the temnersture rice Jduring commress-

ion, Thus the woter tn be really effective mict not he sdded as vavor hut

ag finely Adivided wolter narticles

In = water dinjecticn tact ohich 12 not sveilebhle gt oresent 0 the

writer +he Armv Al Coroe Fnoinesring Segtinn, nwerated a teet ensine st

BMEP of §79 1he, ner sr, inech, an almost incomeelvsble figure,

enoines ot nresent orerste ot o mevimm of the order of 140 1bs,

Airoraft

BilFP .

tion 2t Varwﬁnc ﬂomwrpﬂvwnn Ratine,

On the basis just diseussed isc now presented az series of comoutetione

to detarmine the amount of water negessary 1o prevent detom

ation to supcess-—

ot
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ively inereased CRs.

The first phase of this has t5 do with a determination of the maximum
temperature of compression, tsking into aceount tihe resicual exhaust gas
left present when tne fresh cherge is drawm in, A conservative note is add-
ed by teking the temperatnre of the residual cas at R209C, each time, =ince
this temperature would be continuously lower,

Assumptions:

1. b cylinder with 2 swent volumn of 1 cubie foot,

2. "H" as racommended by Pye a2s 1,3%%,

Kv (volametric heat of s-~ecific of a given volumn)

&
L]

p

v = 28,5 1, 1bs, ver SCF for products of combustion for the renge
un tn 800°C,
Kv = 20,5 ft. 1h=s. per SCF for fuel-zir mixture up to 100°C.,

4, BO7C, gs fuel-nir temperzature unon entering the ciylinder but before

miving with the residual exnaust gases,

CR  Vol. of Exhesust Vel.nf Ixhsnst  Vol. fresh Temp. before Nax, Temn of
gas ot 800°C gas st 0°C charge-(°C Gomnression  Comnression

A .20 051 .82 100 % 412 C
7 e 042 .82 102 440
8 143 .036 82 o 481
9 125 .032 B2 2 481

10 111 028 22 88 540

11 100 D25 .82 85 518
12 091 023 .82 82.5 53!

Now if we sesame = given fuel operating st 2 CR of 81 without detonation,

then by =d4ing weter tn the fuel-gir mixture st hicher CRs sufficient +o

bring the meximm tempersture of compression to that of €./  tnsre shcould



be no detonation, This ss=umes thst the injected water is completely mixed
and varorized in the time aliowable., Whether thisz will be true or not,
theory cannot reasmnably state., However, vaporization in other tyoes of
apparatus namely, the cloud chawber, would seem t- indicate that  Fhe
vaporization would be complete. However this ehnuld be one of the first
experiments in case the theory edvanced in this vaner is given an
experimentasl test.

It is necessgry t» make some simplifying assumotions for this
calenlation ss an exact method would be ouite tedious. The basis used is
that the water iz sdded after the compression is comnleted and that the
water 21l changes gtate at o ovrezsure equal to that at the end of the com-
nreasion shtroke, Anv reasonable veriaticn from the above will alter the
results only by 2 very small amount,

The fuel-nir mixture nsed is that given at the first of the naper, It
being easier to work in HOL, the change is made, 2nd the comnutation for a
CR of 7:1 is ag follows,

From stesm tables it ies found thet one MUL of water will sbsorb 10157
CHU in going from water st 10C7C, to steam under s oressure of 180 lbs.
the tempersture of the cheange nf state being aprrovimetelv 184°C, The
vol'metrie heat of steam in that range is about 8,82 CHU per ¥OL. Thus

10157 % + 6,82 (420-184) ¥ = 105
where ¥ = number of WOL of water recuired,

W

It

.00895

Fadd
n

The number of MOL of fuel in the fuel-air mixture usged

4 = 0222,

1R(2,.2

The molecular weight of CgH, = 78 and of CgH,, = 100, thus the mean
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molecnlar weight of the assumed fuel, 50% of esch by volumn iz 8% and the
total weight of fuel in a MOL of the fuel-air mivture is 1.08 l1lbs. Aalso
L0U895 MOL of water is 1Rl 1lbs,

Thus the ratio of the weight of water recuired o tie weight of tfuel

used is 0817, Fell~ming is the result for the werims assumed CR's.

CkR  CR Comn, ey . temn, of CHU/HOL Wt, of water
Pressure Comn,= 420% to be absorbed reguired to fuel uced

6  10.34 159 0° 0

7 1%.% 196 20° 1085 L0817

8 15.85 233 41° 218.5 .1538

9 18.8 274 £1° 2207 251

10 21.4 %14 80° 420 350

11 24.% 556 a8° 515 LA01

12 27,2 400 115° 604 .AT71

GCooling Problem with Increassed CRs.

The increase in CR automatically solves the cooling probliem since The
mean temperatures of both the combustion and exhsust strokes are lower,
This is exemplified by the following test ouoited in substance from
Pye (Ref. 1)

"As regards the effect of CR, Gibson's results show a cuite regular
drop in the fraction of Horse Power to cooling over rated BHP of from .53
to .29 for a series of CRs of 4,5, 5.0, 5,5 and 5 to 1, all tests being 2t
16800 RPM. The reduction of heat to conling water st higher rotios will be
chiefly in that osrt lost during the exhsgust stroke, The higher the ratio
of ewpsnsion, the mowe efficient will be the cycle, and therefore the couler

the working fluid when the exhaust valve opens."

The "notentizl temperature" anslvsis might be apglied to this case, but
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the determinsti.n of the exhaust gas temperztures analybically is a difricult
and dubious process, This tempersture in tne nrevious case was assumed
from actual engine operation.

The real problem in this case is the weight of the crmdensor necessary,
s0 we will now try tn make some reasoneble estimates on that score,
IV. The Condensor System,

As every one knows the later dirigibles snd blimps used condensors
to obtain the water content of the exheust geses in order to obviate tue
valving of its evpensive helium, For these craft the cindensors were
extremely hesvy, those on the Lkron weighing sbout 2000 lbs. pver engine
ineluding attsching structure and comnections, As compared to this tne
oroblem for the airplene can be solved with a small fraction of this
weizght, In the first place the boundury layver around the dirigible is
very thick and it wes found ¢n the Akron that the condenscrs were operating

n a field of greatly reduced velocity as compared to tine craft's soeed.

tde

Secondly, in the case of the dirigible it was necessary to act on tie entire
exhaust products if recovery of 100G% on the bassis of fuel c@nsumed was to be
expected. In anyv of the methods herein conteumplated the water added to the
working substance makes the recovery that much more economiczl for any
given recuired amount, since the total amount of heat in the exhaust products
is 5 constant for s given set up, though of course at a lower mean temperature
differentisl, Thirdly, the sttschment to the structure in the case of the
airnlane ie much mcre simple.

Since any such system if aprliezble at 211 would be oarticul=zrly
advantageous in long range operation such as that carried out by olasnes of

the patrol boat, trans—oceanic commercisl boat or long ranged bombardment
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types, the ideal cindensor loecation would be in the wing section, In the
larger c.ntemplated tyves there will be a deptn at the region between tie
two motors of a f.ur motored ship of around five feet at the msximum soint,
thus allowing ample room, The condenscr structure could be désigned to
sunport the stiffeners and to transmit the torsicnal load., Thus the design
problem from a structural view point while difficult should not be
critically so.

In Fig. 3 is shown a schematic drawing of what the writer believes
would be the most efficient type of condenscr, The theory of the ducted
rediator has received mich attention of late and indicate@ that if the
velocity through the radiator is sufficiently reduced below that of the
free stream, the heat energy added may be made to equsl or even exceed the
energv removed frem the stream thus reducing the drag of the system to a
negligible figure and offering the theoretical possibility of a thrust.

The basic theory is covered in Rand ¥ 168% and 1702. In experimentzl test the
to

drag hzs been reduced to a negligible figure butathe writer's knowledge no

thrust has yet been develoved,

In order to get some idea of just what an outlay a condensor system
would be for varisus recuired recoveries the wiiter used as a basis the
work reported in ACIC No. 44 of M¥asy 1, 1924, "Condensation of Water from
Fngine Exnaust for Airship Ballasting". This was used rather than some of
the more recent types of installation since the velocity was known, thus no
boundary lasyer effects of the airship had to be considered. This appears to
have been the first systematic tests made in regards t¢ this problem and
extensive service tests were made., The Model I whichrased.qs a basis of

extropolation was nothing more thsn a series of 1" pipes 6u feet in length



and arranged in three benks thus giving en over all length of 20 feet, with
the necessary headers and separator. The totali weight of the pipes alone
was about 40Ulbs, and with headers and separator about 450ibs. The power
plant was a Liberty engine wihich with the opripelilor used was calibrsted

at 307 HP at 1680URPY¥. The result of a 890 hour test is summarized as follows:

Average air speed entering condensor 46 .PH
n " temperature entering condensor 15°¢,
Total weight of fuel used 15,075 lbs,
" " " water collected 13,943 1lbse,
Water collected on basis of fuel used 92.5%

It was further stated that due to various leaks considerable water was
lost, the amount not being estimated. The condensor was suspended at a slight
angle to the horizontal, the longer dimension being in tue direction of
fiight, With that type of condensor there must have been a very considerable
loss of cocling efficiency by the very geometry of the system, also the
unsupported tube lengths were 10 feet, making the tube strength ana
consequently the weight considerably greater then would otherwise be necessary,
From tnis and boundary layer considerations along the tubes it is believed a
much more effective system could be worked out and a very conservative
assumption would seem to be that weight of tne conducting surfaced could be
reduced from 1.3 lba. per BiPcocndensed to 1 1b. for identical performance,

Since long ranged aircraft operations is tending towards higher altitudes,
the condensor system should be pnrepared to operate effectively at 20,000
feet at least. Thus we will sttempt to extropolate these test results to that
condition, knowing that if successful their satisfactory operation is
automaticelly assured at lower altitudes,

Effect of Velocity Variation

In the matter of velocity through the condensor the following is assumed.



092

If the velocity is kept at from 1/2 to 1/ of that of the free stream, theory
indicates (Rand M 168%) that the drag will bs negligible with flight velocities
of the order of 200iPH. Thus the expanded velocity is tsken as 72 iPH.

Since the rate of heat dissipation for this type of flow varies experimentslly
with (V)'75 approximately the increase of effectiveness due to this

IS
7e 2 .738. If we hed assumed

——

velocity essumptivn on a weight basis is (48
(72

)
)
a velocity of 1OOUPH as we probably well could with an slwmost negligible

increase in drag this factor would be .622,

Effect of Temperature Varistion.

The extropclation for temperature difference in the cooling sirstream
is a bit more difficult in this case. In the various tests of the
apparatus the temperature varistion along the length of the tubes was not

opmarating

measured, thus it is impossible to give a mean, temperature Sew—eperzting as
a funection of the total dissipating surface. If this mean temperature
were given the correction for ocutside air tewperzture would be very simple,
It seems guite apparent thet this mean temperature would be very much smaller
tham the arithmetical mean, since after the water has sterted to condense
tne amount of heat transfer will be grezter than previously for a given
temperature drop. In other words, a considersble linear proportion of the
c.ndensor will be dissapating heat at temperatures of less than 100°C. This
fact makes the effect of the drop of the outside air temperature of 407C.
between the surface and 20,000 feet result in a very large increase in the
effectiveness of the condensor., For example, that portion where the temp-
erature is 100°C, w uld have its rate of dissipation increased by the follow-

ing factor 378-248 = 135 = 1,59 and in increasing amounts at the lower
373-288 288




temperatures, While it can thus be seen that the temperature decrease of
the outside air would be very effective to the condensor operation, not
knowing the linear variztion another method must be used to obtain an-
analytical expression,

A study of the variation of the final exhaust temperature with
outside air temperature in the report above mentioned indicates that the
mean effect of a 1% drop in outside air is to give a little greater than
a 1° drop in the final exhaust temperature, In the test cited the mean ex-
haust temperature was 35°C. and the cooling air 15°C., the drop furthermore
seemed to be accentuated at the lower air temperatures. Thus if it is
assumed that the 40> drop in outside air will give a decrease in final exhaust
temperature of 20° we mey consider this to also inciude the variation of
mixing rstic with temperature,

The Effect of Velocity and Density Variation with Altitude.

If the velocity through the condensor is sllowed to increase in pro-
portion t¢ the plane's velocity the effect on the drag of the condensor will
be slightly negative., In a plane equipped with turbo super charger and
constant speed oropellors the variation of velocity with altitude may be

. Vi / ] . . ) s
expressed as 7 ETG' up to the critical altitude. The effect of velocity
[}
vee )7 N
in regard to heat dissipation is exoressed by (771/ approximateiy.
4

The heat trsnsfer will vary inversely with the density, taus the factor for

vF ’ 7f I7-” ’ 7.”
the combustion of these two will be UY%éT = 07@#@ =g

Since ¢= at R0,000 feet is ,532 the factor of effectiveness wili be 514,
Combining the various factors with the originelly assumed weight of 1

1b. per BHP c.ndensed _1 x ,7%8 = 1.2 1lbs. ver BHP condensed at 20,000 feet
.514
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with a final exhaust gas temperature of 15°C.

Thus at 15°C, with mixture rastio of 15 y +149 1bs, of water per pound
of fuel burned will be carried out with the saturated exhaust gas. This
is a function of the partial pressure of water vapor, the caiculations being
shown in ACIC Ng.44. As previously assumed cembustion of each pound of the
average aviation type gasoline gives 1.35 1lbs. of water, considering tae air
coming through the carburetor as dry, which makes the amount of water
recovered about 1,20 1bs. plus any water injected per pound of fuel burned,

At this time it should be stated that the water collected will contain
cinsiderable carbon or soot snd alsce small emounts of sulphuric and hydro-
bromic acids. This will necessitate the insgtalistion of mechsnical and
chemical filter but noX pasrticular problem should result from this score,
Another practical difficulty would be the protecting of the water lines, etc.
from freezing.

Evaluation of the Complete System,

From the previous analysis it is possible now 1o determine the weight
added by the condensor system and balance this sgainst the reducticn in fuel
consumption,

No attempt is made to estimate the maximum power wiuich might be developed
from an individual unit as this will be a function of too many othef factors,
In esch case it is assumed that a 1000 HP engine is developed, the following
gssunptions tv cover any increase in weight with the increase in Maximum
pressure, It seems probable that witih sufficient development tihis increasse
in weight would disappear or even go negative, While the increase in maximum
pressure will require an increase in bearing sizes and wall strengths with

constent power, the cubic dimensions will decrease. To be sure of remaining



conservative on this score, however, ,C5 1lbs. per EHP is added for each unit
increase CR above 6 at which the specific weight is taken as 2 1bs, per EHP
developed. The still born Packard Diesel is covered by this allowance since
it weighed 2.27 lbs.per BHr and operated at a CR of 12. Also an allowance is
made for the weight of the injeciors, connections and separstor, ete,

separately as shown.

CR %of Exhaust total st. of Increase in injectors Total
to be coocled cooling suriace wt. of engine Connections, increase
required etc.
7 6.5 76 50 100 226
8 12,3 148 100 120 368
9 17.3 208 150 140 498
10 21.3 256 200 160 616
11 25.0 300 250 180 730
12 28,2 328 300 200 838

From this the folldwing table indicates the effect on range. The
thermal efficiencies are based on an extropalatedAexperimental curve
previously discussed. The brake thermal effiqiencies would all be scme-—~
what lower but since the ratios sho@ld all be the same it makes no difference
in the result as the comparisons are reduced to ratios with the specific
fuel comsumption for the 8:1 engine taken as .40 lbs. per BHP hour. The
type of -peration assumed is maximum patrol boat range which at present
would give a fuel load of 6000 lbs. per 10COHP engine, Any other specific

type of dperaticm could be worked for given conditions.



CR Indicated %increase Ceonsumption Flight hrs  Tobal wt. Total %
thermal dver that per BHP hour to pay for of fuel £light increase
efficiency at CR=6:1 installation carrie@ hours
;b:/%%%)dzc at .76 pwr, uer engine 75 pwr.

3 335 LAC 8000 20,00

7 .368 9.85 .361 7.72 5774 21,20 B

g 389 16.1 536 7 .66 5032 22,80 11,7

9 405 G, 2 317 8.0C 5502 RE R0 18.0

10 420 25.4 L2589 8.15 5384 24,50 20.0

11 .433 29.2 283 B3R 5270 <4 .85 24,2

12 445 32.8 269 .54 5162 25,60 28.0

Conclusion.

As anyone who takes the time to follow tkrough this analysis must very
forcibly realize meny somewhat dubious assumptions have had tc be made.
While in such cases an attempt has been made t¢ keep well to the conservative
side the writer has a very high respect for the laws of perversity and
consequently feels rether pessimistic ec to the ultimste vaiue of the methods
considered. It is believed, however, that a sufficient theoreticel value
exists to warrant the experimental checik of the indicated possibi.ities. It
is not anticipated that the required preliminary experimental work woeuld be
particularly costly. As regard to detcnation suprression by wster injection,
it would seem that test engine messurements could be resdils taxen, if not
alread, in existence. The prelimirary condensgor weork could all be done in
a2 wind tunnel with an essily constructed scsle secticn, and the heat trensfer
determined by a stev by step integrstion after the pressure drod snd velocity
distribution hae been obtained,

Following is a brief summary of salient c-nsiderztions,
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1. Water injection for cocling of exhaust gas only does not seem to be
feasible unless .the water ccntent could be separsted from the rest of the
exhaust products before condensation.

2., No evalueti«n can be made of the six stroke cycle without more
experimental data,

3. Water injection for detoraticn suppressinn seems to offer ressonable
possibilities of ultimste value,

4, In amy condensati:n method &t high altitude the gas tc be operated
on must be kevt at approximstely 15 1bs. absclute vressure ss the exhaust
gas will carry cut teo high 2 water content st reduced pressures in the
saturated stzte, This means that the fracticon condensed must by pass the
turbe suver charger,

5. The #ncresse in opereting compression retiog autométically solves
the cooling problem of the engine itself,

6. The condencsor system can be operszted with a negligible incresse in

totgl drag.
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