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LIQUID COOLING OF AIRCRAFT ENGINES*

'By Hanns Weidinger -
Introduction-

The . constructlon of aircraft engines is now limited
to two highly. developed types of carburetor engines, water-
cooled engines with the cylinders in rows and air~ccoled
radial engines, both .of which seem to have reached their:

extreme linmits of developuent, The rivalry regarding tne
advantages of water cooled engines as’ compared with air-.
cooled cengines is still the same as. at the Heblnnlng of
their development, and the solution’ of the problem seems
to be no nearer,

The problem of aircraft-engine éooling is inseparadly
involved with the demand for the nminimum air resistance,
hile, for this reason, endeavors are pecing made to re-
duce the frontal resistance of air- cooled radial englnes
by strcamlined cowllngs and suitable conduction of the.
coolln' air, and by the use of, good-conducting cylinder
heads forﬁbd in onc pioce frou high-tensile 1ight meotal
into the best form for hoat con&uctlon, to extend the
field of air-cooled cagincs,. the use of cooling liquids
with high boiling points and low ‘freezing points has given
llqu1d~cooled enﬁlnes a correspondlng 1mpetus.

In liguid cooling 1t is easy to prevent 1ocal over-— .
heatlng and to obtain any ues1red temperature in the cyl-
indexr jackets, providing the cool*nv plant is sthably do-
signed. ioreover, tihe eangine temperature can be kept un-
der good control, since all heat disturbancés are mani-"
fested by changes in the temperature of thecwoling liguid,
The great superiority of the liguid-cooled engine in heat
receptivity results in a more uniform temperature. Siace

*UVersucne mit Heisskﬁhlung am Flugmotor." Abstract of a
lecture before the W.G.L, (7fissenschaftliche Gesellschart
fur - Luftfdhrt) at:Kiel in 1931, -Zeitschrift fur Flugtech-
ni%x und liotorluftscaiifahrt, Sept. 28, 1931, pp. 541-6.
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the air~cooled engine. must lose more energy in cooling in
order to avoid local .overheating, the water-cooled -engine
is somewhat more economical. This is demonstrated by the
smaller fuel and oil consumption of the latter,.

In order to retain the advant’ res of water cooling
with a minimun cooling surface and thus approach air cool-
ing, attempts have been made to use ot rer liguids for
cooling aircraft engines,

Especially oa seaplanes, due to the long water run,
the radiators are generally too small for high summer tem-
peratures. As compared with landplanes, the ficdtatioan
gear requires more powver, aql the requisite radiator dinen-
sions offer such a high air sistance that ‘the- taxying,
climbing and flight cnaracter1st1c are appreciably im-
paired, If, however, a reduction in the size of the radi-
ator would be advantageous for seaplanes, it would also be
advantageous for 1aan1aneq. '

Reason and Object of the Tecs ts

h . : . ' ‘ . : 4
It is, of course, obvious why we -at the Travemunde
seaplane testing station, impelled by the cooling diffi-

‘culties of our large flying bvoats in nidsummer, were the

first to try other cooling liguids than water on aircraft,
At our suggestion preliminary tests were made at the iiunich
Polytecanic School under the direction of Dr, Nusselt with
the favorable result that, with increasiang temperature of
the cooling water, there was a considerable reduction in
the quantity of neat abstracted by the cooling water,

The tests were made with water, which was subjected to

- boiling point, on
a six-cylinder 3BUW IV aircraft engine. The rosvlts were
reported by Dr, E., Hocker inthe V.D.i. (Teitschrift des
Vereines deutscher Ingenieure) of April 12, 1230, :

) This met 10d. -0of cooling cou 1d not be euployed directly,
because any lack of tightaess of the radiator would allovw
tne water to evaporate, ‘lioreover, the obstruction to the
circulation of the water would constitute an unjustifiable
impairment of the safety factor,

The use of evaporative cooling would have necessitated
gzreat modifications in the airvlane and power plant, Hence

.

attenpts were first made to do the cooling with some liguid
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Physically similar to water, but with a higher boiling
point, - Since water, aside from its low boiling point and
high. freezing point, has all the advantages for cooling

soume disadvantages must be accepted in us1ng otaer 110u1ds.

The tests at Travemunde were mnade Wlth uhG samo EE
IV engine. as at Munich with three liquids,: namcly,.eth.—
lene glycol (CpHgO2), <coolant 82 (I, G. Farben) and a
transformer o0il (Rhenania Ossag Company). The boiling
point of all these liquids is higher than the maximum
cooling temperatures the engine can stand., Cowmparative
tests were first made with water and the three,above—mane
tioned liquids-on the test-stand in Travemunde, the object
of which was to determine whether. the engine functioned
perfectly at the high temperatures; whother an endurance
run was possible and how the horsepowor and fuel consump=
tion wére affected. .The correctnoss of the test-stand rc-
sults was then to be tested practically with the same en-
ginc on an airplane, A further object was to-determine
the. . maximum attainabdle cooling temperatures., Since the
-more important:thermal relations had alwvcady becen inves-
tigated in Munich, and since a th orough investigation by
the D,V.L. (Doutschc Versuchsanstalt fur Luftfaqrt) T8
nearly finished at the time, the follow*ng tests were male
from a purely practical standpoint, ‘

As had been expected, it was found that the normal-
piston clearance of 0,4 to 0,6 mm (0,016 to 0,024 in,) no
longer. sufficed, Beginning at the head, each piston was
. turned off conically to about 1,2 to 0,6 um {0,047 to 0,024
in,). clearance. Likewise the gap in the piston rings was
increased by 0,1 mm (0,004 in,). These measures proved
very successful, During the whole course of the tests,,
there was no seizing of the pistons, no incrcase in the
0il coasumption was manifest, and the power remained uni-
form, lioreover, special rubber gaskets for aigh temper-
atures, made by the Heede Company in Hannover, were usad
between the cylinders. Those proved very satisfactory
after preliminary tests had shown that the ordinary rub-
bor gaskets were. not damaged by glycol but by the nl”h
temDeratures. :

The Cooling Liquids Used

The essential characterlst1c of a cooling mediun is
that it should have a2 definite minimum boiling point of
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not less than 180°C (356°F.), It is also important that
the cooling liquid_should have no corrosive actioa, should
not attack rubber, should physically resemdle water and
should not be inflammable. No liguid has yet bveen discov-
ered which fulfills all these requirements. The best oncs
seem to be glycol and goolant 82., Glycol, which has boen
successfully uséd in American experiments under the nane
of "Prestone," is an organic liguid which, aside from its
low flash point of 116°C (240.89F.), approximately ful-
£i1is all the requirements. G. W. Frank reports, in the
1929 5.A,E. Journal, successful endurance tests made witna
M"Prestone" by the American Army and Navy toth on the test-
stand and in flight in 1923-1926, It has a aigh boiling
point of 197°C (386,6°F.) and a very low freezing point of
~37°C (~34,6°F.), so that it is an excellent protection
against freezing, Glycol can be mixed with water in any
proportion.. Uafortunately, however, the boiling point
falls very rapidly with tie freezing point, It is a great
disadvantage therefore that the liquid is hygroscopic,.
With the absorption of 10% of water, the boiling point
drops to 140°C (284°F.), while the flash point rises to
130°C (266°F.,). This disadvantage can be largely overcone,
however, by the exercise of sufficient care. With the sane
glycol we flew 42 hours over a period of 11 weeks without
the boiling point falling below 160°C (320°F.), which ia-
dicates a water content of not over 4%, :

. ‘The second cooling liquid, coolant 82 of the I.G.
Farbenindustrie, seems to be almost identical with glycol,
At any rate, the physical properties of the two liguids
are almost the same. : ' '

. The third cooling liguid was a transformer oil pro-
duced by the Rhenania Ossag Company. The boiling point
of this oil is above 200°¢ (392°F.), but does not seem to
be very definite. We had to discontinue the tests with
this 0il, because easily boiling. constituents did not al-
low a2 higher temperature than 14C¢C (28497,), .Its flash
point. is not much higher than that of glycol., The chief
objection to the use ‘of this oil as a cooling medium is
the Tact that it is almost impossible %to -insure tightness
of the cooling plant with rubdber gaskets.

In Figure 1, the specific gravities of the three lig-
uids are plotted against the temperature., . . .

The specific heats, which are necessary for calculat-
ing the amount of heat absorbed by the cooling liguid, are
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pldttéd'aéalist ‘the. temperature .in Figure -2, . These natur-
rally vary w1th “the amount:. of water absorbed by .the lquld
:Tbere are no ‘reliable data:for the rather low. specific
heats of ‘the trunsformer 011." e

'Test—StandaExperiments:-

The qnglne was mounted on a sound damplng te°t—stand
in: xravemunde. The engine bed with the_englne was in-
stdlled -in’ the tunnel-shaped chamber, while the observa-
tion chamber was separated from-it by a concrete wall,
Figure 3 ' showd the engine mounted on the. oendulum fr“me.
The air drawn in by the propeller. came through .the wooden
tunnel shown ' in the foreground, which was connected with-
an air shaft 14 m (46 ft,) high, The air flowed right and
left past the engine and left the test che mber through an
expanding vertical shaft, The engine was cooled oy two
large airplane radiators on opposite sides of”tne propel-
‘ler slipstream, The mean temperature of the Coollng lig-
‘uid was 1‘alsed. by wranplng the radiators with strlps of-.
limen, - : o :

. ? igure 4 is an acdurate -diagram-of the whole arrange-
merrt. ~ The- 01rculat10n of the cooling. llqaid was maintained
‘by an engine- -drivemn pump and ‘remained nearly uniform, as
the r.p.m, of the engine was .not changed:during the tests.
The quantity of the circulating liquid was.determined by

an 1.6G. measuring orifice installed in-the.conducting
pipe.’ Horcover;'an expansion. tank, open at the top, was

. connected with the. pipe, so: that the llqald Was, always un-
"dor atmosnnerlc prossuro. - :

‘A scries of tests was first made with water as the
cooling modium for comparison with the othor liquids., All
the tésts were made at full load. The guantity.of hecat
absorbed by the cooling medium was calculated from the
hourly quantity of ligquid, tho increase in temperature of
the liguid betwecen inlet and outlet and the spocific
heats, R

In Figure 5 the hcat absorbed by the liquid is plotted
avalnst its' mean temperature, : It is about 7% higher than
in’ tie uun:ch ‘tests. This dlflerence is due to :tho differ-
‘ence in thé test equipnent and to ‘the 0'rehter hourly auan-
‘tity of liguid& in the present tests,  The chief rosalt ‘is
that, at about 140°¢ (284°F ) mean temnerature of the 110-
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uid, orly half tne heat is absorbed,. as compared with a
temperature of 50°C (127 o7, ), due to the smaller tempera-
ture difference between. tge gas and the cooling liguid and
to the higher surface emperatare of the engine and the
consequent increase in heat radiation,

In Figure 6 the heat absorbed by the liquid per horse-
power per hour is plotted against the mean temperature of
the liquid, The scattering of the test points is much
greater with glycol than with water, This is ascribable
to the fact that the calculations of the pointes are unre-
liable, due to the changes in the sp301f1c heat and spe-
cific gravity resulting from the absorption of water by
the glycol durinb the tests, . Moreover, since the viscos-~-
ity of glycol is “reatly q1fec'ced by the temperature, the
rate of flow of the llould "varies ; especially at lower
temperatures,. This fact is. llkerSG confirmed by the
course of the two curves, R ' R
. In practice the most important result is that the use
of glycol causes no thormal shifts as compared with wator,
With the same effective radiating area, thoro is almost no
- difference in the mean tomperature of water and glycol,

In Figurc 7 the horsopower N, and the r,p,m, are
plotted against the temperature of the. cooling liquid, 1In
spite of the considerable scattering, which is not strange
with the inaccurate calculation of ¥, (the tests being
‘made on several different days), the maximumn power and
revolution speed were auta1ned a+ a me&r tcruprauure of
the cooling liquid of about 100°C (212°F.)., With a mean
tem Derature of 140°C (284°F,) of the 11qu1d the power

fell 3.5% as compared with that at 70°C (158%F,), which is
small in view of the advantages in other respects, There
was no perceptidble change in power due to the usc of gly-
col instead of water, SimiIar relations obtain in the
‘specific fuel consumption, which is plot ted azainst the.
waan temperature of the licuid in Fi igure 8, ;

Flight Tests

The choice of the first exzperimental airmlane was de-
termined by the fact that we wished to use the samc ean-
gine and that the radiator consisted of several removable
plates, so that its size could oe reduced
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The experiméhtaﬁ'airplane Arado SCID 1241, which ful-
filled these requirements, is shnown in Figure 9, The BHT
IV engine -with normal compression, which was used in the
stand tests, was installed after careful inspection. The
veatilation was improved so as to remove any possibility
of the glycol coming in contact with thc hot engine, A
large vertical sheet-mectal scroen was placed on the ox-
heust side, through which the six exhaust pipcs led, '

The radiator consisted of 19 plates of 0,575 m® each
of effective area and was mounted under the fuselage.

The liquid was kept in circulation by a standard pump.
Reduction in the cooling area and the consequent increase
in the temperature of the liquid was effected by removing
individual plates, The temperature of the liguid, on en-
tering and on leaving the engine, was measured by a steam-
pressure thermometer made by Schafer and Budenborg of Hag-
deburg. All the principal test instruments were installed
in the second cockpit, as shown in Figure 10: on the left,
the two large-scale thermometers for the liquid tempera-
turés; on the right, the thermometer for the temperature
in the o0il sump, the DVL tachometer for accurately indi-
cating the engine r.p.m. and -in the middle a threefold in-
strument for recording the dynamic pressure and the flight
altitude,

- The principal object of these experimments was to de-
termine the reliability of liquid cooling in flight, the
maximum cooling temperature, and to represcant the results
in numerical forme The Ffirst flight tests were made with
19 radiator plates, After a flight of 15 minutes, when
it could be assumed that the eangine was fully warmed up,
an 8-minute horizontal flight was made near the grouad
with wide-open throttle, During this time the triple re-
corder was switched on, the engine r.pe.rs was noted, and
the temperatures of the inflowing and outflowing liguid,
of the o0il and of the outside air were recorded. The same
test was made at three otaner revolution speeds. In flizht
a constant r.p.m. the temperatures guickly became con-

at
tant, :

v

FPurther experiments were tried after removing two
radiator plates at a time and finally one plate at a Time,.
The emaller the numboer of plates, the higher the tempera-
ture of the liquid becamo, until tho maximum limit was
finalily reached, TFor various rcasons (including absorp-
tion of water by the glycol), 150°C (302°F,) should not Do
oxccecded., MThis limit was rcached with six Dlates at an
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outside temporaturc of 11°C (51.8°F.). 1In. a test with five
plates, the temperaturc of the ligquid rose .to over 150°¢
(320°7F,) This sudden great tcmporaturc rise indicated
that the radiator plates nearest the fuselage contributed
but little to the cooling., Presumably the flow resistance
of ‘the radiator had also increased consideradbly, since the
temperature difference of the cooling fluid between the ‘in-
flow and outflow was not less as compared with the stand
tosts, Two measures were therefore adonted, A bDetter
cooling of the radiator plates in the air flow.was effect-
ed by leaving more space between them and the fuselage,

and the amount of ligquid flowing through thom per unit of
time was increased, 'As shown in Figure 11, the radiator
platecs were mounted farther from the fuselage, so that
fligats could be made with only five plates,

Altogether 70 flizhts with a total flying time of 42

hours were made within a period of nine weeks with glycol

as the éooling medium. The measured cooliag-liquid tem-
peratures had to be reduced to a constant outside tempér-
atvre, in order to be able to compare them with one an-
other, Since the mean outside temperature during the

tests was about 11°C (51.8°F.), all valves were correspond-
ingly converted o6n the assumption of a direct pronortion-
ality of the cooling-liquid temperature.

The effective radiator area, which could not be cal-
culated from the test-stand data, could be here deternmined,
The 19 plates, as used for water cooling, had an effectiie
gsurface area of 10,93 u? (117,55 sqg.ft.), This area was

axen as the basis and the effective radiator area was ex-
pressed ia per cent, We thus obtained the curves repre-
senting the effective radiator arca in terms of the cooling-
liguid temperature, (Pige 12,) Tze middle curve, reduced
to. 11°C (51.8°F.) outside tompcrature, represcnts the ef-
fect of removing plates from the bottom., The drop is very
steep, The gradual flattening of the curve is due to the
ineffectiveness of the plates too mnear the fuselaze, Ia-
provement is possible by increasiang the efficisncy of the
radiator by suitable methods, If the radiator is brouzght
more into the wind, thoe left curve is obtained. Poerhaps
still better rcsults can be obtained by giving the radia-
tor, at the outset, tho corroct design for liquid cooliag
at high tcmperaturos,

The most important test result is that, at 145°¢
(293°#,) mean temperature of the cooling 1iguid, only
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.3% of the original effective radiator area is required,
*1 o, o g8 v1ag of  73,7% due to the increase of aboub 70°¢
(12b°m )*1n thé- témperature of the radiator surface., The
reaL1s1te effeptxve radiator area per norsepower is thus
redicod from the original 0,04 to onlv O, 011 me/hn.

If the mean cooling-liquid temperatures ﬂre plotted
agalnst the ‘engine revolution speeds, the f&all iof the
curves Trom right to left represent the fall ¢f the mean
cooling=liquid temperatures due to throttling 'the engine.
I't is obvious from Figure 13 that -a given throttling
vields a greater temperature drop for hlgh cooling tem-
peratures than for low ones, This'result is likewise in-
portant for designing radiators for liquid cooling at high
temperatures, Tigures 14 and 15 show a comparison of tle
original radiator with the smallest one,

During the test period, there was no falling off in
the r.pems, no seizing of the pistons, no valve leakage,
nor other trouble, The rubber gaskets did not ‘give out,
and the spark plugs did not have to be roplaced, Only the
engine became more sensitive with regard to the fuol, The
original 50-50 mixturc of gasoline and benzol had to be
replaced for high cooling temporaturcs by a nixture con-
taining 80% of benzol. -The "Aero H" o0il of the German
Vacuum 011 Company yiclded good rcsults, Thero was no
greater 0il consumption in flight, and the moan tomperature

was 65°0 (149Om ), as in wator'cooling; Unfortunately, the
brcaklng of an cxhaust valve ian the flirht to Kunich after
the completion of the tests re sulted in damage to the pis-
ton and engine housing., It could mnot be detcermined as to
whether the break was caused by liguid cooling at high
temperatures or. by defective material. A careful inspec-
tion of the dismantled engine showed that the wear of &ll
the parts was normal, and that the exhsust valves werc not
distorted,

.

Sumnary

It is sought to solve the prodlem of liguid cooling
at high temperatures, which is an intermediate method be-
tween water and air cooling, by experiments on & test-
stand and on an airplane,

A utilizable cooling medium was found in ethylene gly-
col, wihich has only one disadvantage, namely, that of com-
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‘one’ decided advantage, that it sinmml
protection -dgainst freezing., The absorpt1on of water
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bustibility,  The danger, However, is very slight, It has
L

taneously serves fTor

from the ‘air o might lower the 00111ng pownt so thst tne
liguid would evaporate., -t

As refgards the engine,: no’ oogec*ﬁon has thus far bdoen

found to liguid coollnb at nlfn temperatures, The loss

in engine power is very 'small, provideéed the cooling tem- .
perature. does not'exceed-14500‘(293°E./. This tomperature
was indeed found to be the best, The extended tests on.
the stand’ and in flight show that the engine can stand

the increased thermal stresses, thovgh it is possible that
certain warts (e.g., exXhaust valves) should be made fron
Algh-grade na erlqls. e

RIS L

An important point is the reduction in the size of the
radiator, which has always been difficult to install on an
airplane: Our results admit a reduction of 70% in the
originel ‘radiator area and probably even more. It may bde
assumed that this reduction will not only diminish the »é
sistance of the radiator, but will make it possible to i
stall it in aun airplane in-such a way as to eliminate itg
resistance altogethe er, thus considerably reducing the ér
of the airplanc. A '

The reduction in the size of the radiator will erable
an increase in th -speed of the : 1rplane, 'which may be
quite large on a vory swift airplaﬂc. lioreover, thore is
a saving in weight, about 32 kg (70 1b,) in the presont
case, which is very desirable, - ' = '

It ig still to be determined wa et1c higher-grade

Increoased attention must be given the radiator pack-
. ".
uel should be used in liquid cooling at hig!

4 temperatures,

Further results of liquid cool ing at high tempera-
tures load to tie union of thce radiator and enginc by a
special crlinder jacket and to on incresse in the number
of cooling fins on the engine bousing. We have the small
air resistance of "in-line" engines and cen in any case,
in contrast with air-cooled engines, avoid local overnezt-
ing, since the' cooling liquid reumoves the neat from any
part to an almost unlimited degree.
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In conclusion, I wish to express my thanks to ny co-
worker, Dr, L. Auer, for the performance of the experi-
ments and the evaluation and arrangement of the results.

Translation by Dwight i, iiiner,
National Advisory Committes
for Aeronautics,
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Engine and radiator
on test stand.

Fig.10 Test instruments in
observer's cockpit.

Fig.l4 Original radiator
with 1S plates.

Figs.3,9,10,11,14,15

Experimental airplane
Arado SCI D 1241.

Fig.9

Fig.11 Five radiator plates
farther from fuselage.

Fig.1l5 Seame radiator rednbed

to 6 plates.
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- Water as cooling liquid
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Fig.13 Mean temperature of liquid reduced to 11°C outside temperature
and plotted against engine r.p.m.
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