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TECANICAL MELMORAKNDUM NO, 725

DEVELOPMENT OF AIR-COOLED ENGINES WITH BLOWER COOLING*

]
By Kurt Lohner

This work contains the results of four hitherto un-—
oubllsned researches of the D.V.L. (Deutsche Versuchsan-
stalt fur Iuftfahrt) (lelcreﬁcc 1) during 1928- 1952, S5
order to provide the vasis for the development of air-
cooled internal-combustion congines witlhh dblower cooling,

I, INTRODUCTION

dir-cooled aircraft engines have advantages over
watcr~coolcd ongincs, due to the elimination of the source
of disturbance in the sensitive coolinz plant, Moreover,
the resistance of the ordinary radiators on water-cooled
engines is great. The air-cooled engines in use are ei-
ther radial or in-line and are cooled by the relative wind.
This makes the cooling depend on the flight speed. DMore-
over, the alr resistance is very great, especially at high
speeds, This resistance can be reduced by suitable fair-
ings (N.A.C.A. cowling, Townend ring), though these gener-
ally diminish the cooling effect, It is therefore diffi-
cult to increase the output of engines cooled by the rel-
ative wind,

In forced cooling, the conditions are more favorable,
The air is then delivered, with the aid of blowers, at
the places to be cooled, The volocity of the cooling cur-
rent is largoely indepondent of the flight spced and may
cven oec groater than the latter. Since the air resist-
ance can be smaller than in cooling by the relative wind,
the power absorbed by the blower can be offset azainst
the reduced air resistance. A favorable configuration of
the engine can be obtained by the use of one or more blow-
erses Forced cooling is preferably used with in-line en-
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*"Die Entwicklung 1u;tgekun1ter “otorcn mit Geolaso"uhlung
D.V.L. Revort 324. Automobiltechnische Zeitschrift, July
25 (pps 351~357), and August 10 (pp. 375-383), 1933,
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cines (fig. 1)« If the current of cooling air enters the
aircraft from the direction of flight and leaves it at
the same velocity in the opposite direction, no air re-
sistance ensues. In order to produce this result, the
blower has only to offset the pressure loss from the de-
flections and frictional resistances in the engine, but
does not have to furnish the power for generating the air
velocitye

I1I., FUNDAMENTAL RESEARCHES ON THE POWER REQUIRED
FOR COOLING FIWNED CYLINDERS

1le Test PlLant

The researches were based on triangular fins, Fins
of uniform thickness, whose heat transmission is only
slightly better, but which leave free a smaller cross sec-
tion for the flow of the cooling air, were not used on ac-
count of their weight. As discovered by Schmidt (refer-
ence 2), fins of uniform heat-flow density require the
least material., Here the temperature curve is a straight
line from the temperature of the base to that of the air
at the. tip of the fin, The parts near the tip of the fin
therefore show losses in energy without removing appre-
ciable gquantities of heat. Since the power expended for
cooling must be kept small in an aircraft engine, the
surfaces swept by the cooling air must Dbe utilized to the
best possible advantage. In order to obtain a short struc-
tural length of the engine, the enclosed space mnust Dbe
kept small, The fin of uniform heat-flow density does not
therefore come into the guestion, The triangular fin is
the most practical form, even as regards production,

A special heater was developed for use in determin-
ing the heat transfer from the shrouded and freely swept
finned cylinders. The expenditure of power in forcing
the air between the fins of the shrouded cylinder was also
determined. The cylinders used for the investigation were
madie of pressed lautal, Their inside diameter was 135 mm
(5,31 in.) and their height was 180 mm (7.09 Ins] e  The
diameter of the outside surface, to which the fins were
attached, was 160 mm (643 in,). These dimensions were
‘chosen because, for practical reasons, cylinders of 130
to 160 mm (5.12 to 653 in.) inside diameter are chiefly
used in aircraft engines, a mean of 145 mn (Bl tatl)
which corresponds to the outside diameter of 160 mm of the
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test cylinders, Cylinders of smaller diameter have a
smaller heat loading, so that they can be used without ax-
pensive cooling blowers. Cylinders of over 160 mm (6,3
in,) diameter are not made bvecause their weight and bdbulk
increase in an inadmissible manner,

Three test cylinders with different forms of fins
were used, Form A had intervals of 8 mm (0,315 in.,) be-
tween " the Tipe of " the fins; form B, 5" mm =0, 0% inv.);
form C, 4 mm (0,157 in.) (fig. 2). The first tests were
made with fins 42 mm (1,65 in.) high., The fins were then
cut down to 28 mm (1,10 in.), then to 14 mm (0,55 1h3),
and finally to-7 mm (0,276 in.) in height. A further ‘test
was made with a smooth cylinder without fins.

The finned cylinder was mounted on a cast-silumin
body with slide seat (fig. 3). This body had 15 holes of
14,3 mm (0,563 in,) diameter parallel to the axis, through
which were stuck 8-mm (0,315-in,) silit rods with thick-
ened metal-covered ends embedded at the bottom in 2a in-
sulated contact plate. and connected with the electric cir-
cuit, The upper and lower ends of the silumin body were
insulated againsi ' the loss of heat by 20 to0-30 mm (0,78%
to 1,18 in,) of. asbestos. The maximum heating power of
the direct—current heating was 14 kW at about 100 volts
and 140 amperes, The silit rods were heated to 1,200 to
1,400° ¢. (2,192 to 2,552° F.) and transmitted the heat
to the inner surfaces of the holes in the silumin body,
which in turn transmitted it: to the test cylinder. The
highest temperature allowable with regard to the strength

characteristics of aluminum was 320° ¢, (508° 7.).

The temperature of the finned cylinder was measured
with 20 thermoelectric couples, Wires of coppoer and con-
stantan of 0,3 mm (0,0118 in,) diameter, insulated with
baked varnish and covered with silk, were electrically
welded on the clean ends in hydrogen and inserted in radi-
al holes of 1 mm (0,039 in,) diameter and 3 mm (0,118 in.)
depth in the cylinder between two fins, thus affording
good heat conduction from the cylinder to the head of the
thermoelectric couple. The horizontal temperature distri-
bution shows an increase in the flow direction of 30 to
80 percent of the temperature increase.of ‘the' air, The
temperature increase of the cylinder in.thexflow diréction
nust bg less than that of the air, becawse the heat con-'
ductivity of the cylinder militates 'against the occurrence

of tempcrature differecnces. Iiioreover, the“volocity of
flow and ‘the hoat .é¢onductivity of the air incroase with'
IR 3 the tomporaturc of the air.
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Theé air for cooling the test cylinder is supplied by
a centrifugal blower driven b' a regulatable alternating-
current motor. ‘The cooling air is ‘led through a pipe of
300 mm (11,81 in.,) diameter, in which is installed a VDI
Pitot tube of 120 mm (4,72 in,) diameter for measuring
larger guantities of air, or of 80 mm (3,15 1n.) diameter
for smaller quantlules.

The test cylinder was enclosed at the tips of the
fing by a massive blackensed shroud of hard wood [f3g, 8a
The top was formed by the metal cover of the heating Dvody,.
The air was dled from the air pipe to the shrouded cylin-
der through flat nozzles of a width corresponding to the
height of the fins used. A short straight section was
followed by a curved section to the height of the fins,
The air flowod from the fins past the curved section into
a collector having twice the width of the fins and five
times their height. A metal plate, shaped like a comb
with teeth projecting between the fins, extended to the
end of the collector and insured a uvniform flow of the
air from both sides of the cylinder., The air velocity
between the fins could be determined from the free cross
section and the measured quantity of air, 1In the heat
tests the reference temperature was the mean between the
temperature of the air before contact with the heating
cylinder and the temperature after the absorption of the
heat trdnsnltted to 'the cylinder,

:After the removal of the shroud, the fins were sub-
jected to a free jet of air. Due to the lower velocity
and the smaller amount of heat transferred as the result
of the nature of the centrifugal dlower, it was necessary
to work with lower heating poxers than when the cylinder
was shrouded,

The resistance of the nozzles between the air-deliv-
ery pipe and the shroud was determined by measurements in
a free jet with relation to the quantity of air delivered
and, in the evaluation of the tests, with relation to the
total pressure. Amounts of } to 35 percent of the total

[

pressure had to be deducted,

he tests were made at various air velocities and
heating ‘powers, The meoan temperature of the air and the
temperaturoe of the cylin dcr wero therefore changed., .In
addition to variations in the voloc1tg of the jet, varia-
tions in tho density P, viscosity W, and heat conduc-
tivity N of thoe air woro thus producod. Thc spegific

>
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heat c, was nearly constant, Insofar as the heat dissi-
pation sufficed, five different air velocities, each at
three different heat stages, 4.5, 9:; amd 13.5 EW, corre-—
sponding to heat loadings of the cylinder jacket, 42,800,
85,600, ' and 188,400-kca1/m2h (15,779, 31,558, and 4ot
B.t.u./sq.ft./hr,), were investigated, as also the air re-
sistance of the shrouded cylinder in the cold state.

w g West Rogults
a) Representation of the test.results.~' The resulils

of the experiments are shown in the figures, The air ve-
locity w Dbetween the fins is

The velocity w, of the heated air flowing from the col-~
lector to the ecylinder is

G R T,
fig =
Py )

The heating power N 1is imparted to the air and heats it
by the amount

The difference between the temperature of the cylinder and
that of the cooling air is

_ T, & I
AT @y 5 Sgerly airtrgrT

A cooling factor € is used to designate the amount of heat
transferred from the fins to the air, It represents the
amount of heat per hour transmitted by the fins per sguare
meter of the cylinder jacket of 160 mm (6,3 in,) diameter
and at a temperature difference of one degree ceatigrade
between the cylinder jacket and the air flowing past it.
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.The pressure drop A Pos Which is necessary in the
case of adigbatic flow. for the production of the velocity
v prevalling between .the ribs of the cylinder, is
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The pressure reduction A Pa for generating the outflow
velocity w, is ; - ; T

i Wa2 P Wg2 Py
4Pa = g R

The energy reqtired for producing the wvelocity w between
the cylinder fins in a constant flow is

Lli‘—'Apov

In the heated body the volume V per second is based on
the mean temperature between the cylinder fins, The total
energy . L actually required for producing the flow past
the test cylinders is :

L = (A pe + 8 pul %o

Here A P, denotes the pressure reduction which takes
place during the flow about the cylinder, In addition to
the frictional and vortical losses about the cylinder, it
also contains the vortical losses in the flow between the
cylinder and collector in both directions., A p, 1is ob-
tained directly from the experiments, The volume V, per
sgcond is based on the cold air before contact with the
cylinder, :

In a sinmilar process, employed for judging wind tun-
nels and the like, a "performance ratio" can be deter-
mined, in which the total energy L required for driving
the air between the fins is expressed in relation to the
energy L required to accelerate the air to the velocity
at the cylinder, The energy ratio f represents the
losses in the flow about the cylinder,

gt"

B::

£
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b) Heat transfer of test cylinder in a guided and in
a free air stream.-~ The rosults of the measurements of the
heat transfer of the enclosed test cylinder are shown in
figure 4, which represents tlie cooling factor ¢ for the
fins tested., € is plotted against the velocity w of
the cooling air between the fins of the cylinder. The
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cooling factors ¢, obtained with the three hecat stages
corresponding to 42,800, 85,600 and 128,400 kcal/mzh

heat loading of the cylinder, do not diffor greatly. Om
the wholo, the cooling factors arc somecwhat groater for
low heating, "It is worth noting that, even for high fins,
the incrcase in the cooling factor €, with ‘increasing
velocity of the cooling air, is still considorable, In
figzure 5 the cooling factor € is plotted against the
height of the fins for the cooling-air velocitics of 30Q,
45 and 60 m/s (98,4, 147.6 and 196.8 ft./scc.) for the
different forms of fins, The heat transfor increases with
.the height of the fins, but the increase soon becomes
-small, especially for slender fins of the form C at high
velocities of the air. Two consecutive tests with a fin-

. less cylinder and a shroud 14 mm (0.551 in,) and also 7 mm
(0,276 in.,) from the cylinder surface, whereby in one

case the cylinder was bright and in the other case was
given a high radiation factor by an anodic "Spefas" coat-
ing, showed that the effect of the radiation is negligible,

The differently shaped fins _show. considerable diver-
gencies in heat transmission. This is chiefly attributa-
ble to two influences. The coefficient of heat transfer
on the surface of the fins increases with the velocity
*of the air. This increases the temperatiure reduction from
the base to the tip of the fins, which is especially great
on long thin fins and has a detrimental effect on the heat
dissipation, The second influence comes from the flow of
the air between the fins., Fundamentally the heat-transfer
coefficient, as based on the total area of the finsg, is
somewhat greater with narrow spaces between the fins than
with wide spaces. Moreover, for sharply tapered fins with
narrow intervals the flow velocity, due to air friction,
is less at the base of the fins than at their tips. Hence
the heat-transfer coefficient is smaller at the base of
the fins, Furthermore the slowly flowing air is heated
more.at the base of the fins due to the longer period of
contact, thereby unfavorably affecting the temperature
difference.,

In the experiments with the shrouded cylinder the
quantity of air used for cooling is accurately known,
Hence the actual mean air temperature can be determined,
For the test cylinder exposed to the free flow the quan-
tity of air involved in the cooling is unknown., In the
calculation of the cooling factor the temperature of the
.2lr before the cylinder must therefore be introduced,
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This temperature, however, .due to the large quantity of

air and the groat turbulonce, doecs not differ substantial-

ly from the tomperature of the air near the cylindor,

In figure 6 the cooling factor ¢ for the ¢ylinder tested

in the free. jot is plotted sgainst the velocity 'w of the -
cooling air. Since this velocity is small, the curvature
of the lines is only slight. The temperature reduction
from the base to the tip of the fins is not very noticea-
ble. The improvement in the sweeping of the base of the
fins with incroasing air velocity, due to the elimination
of . the boundary, layer, promotes the equalization., Of the
thrce. forms tosted, the form C yields the greatest val-
ues for the coefficient of heat transfer. The comparison
of forms A .and B shows that, in a freceg air flow, the heat
transfer is not increased by greatly reducing the spaces
between the fins. The best valuc depends on the thickness
of the fins and the velocity of the cooling air, In a
free air flow the cooling factor € depends on the heat =4
loading.. €. diminishes as tho hoat loading increascs.

'The differences between the minimum and maximum hecating

stages run up to 1Q percent of the coqoling factor, In fig-

ure 7 the cooling factor for the cooling-alr velocities

of 12,5 and 25 m/s (41.0 and 82.0 ft./sec.) are plotted

against the height of the fins, beginning with the smooth

bright cylinder., The lines are only slightly curved. In =
comparison with the shrouded cylinder, the heat transfer

of the exposed cylinder is only about two thirds.

¢) Energy required for cooling the test cylinder.- The
energy required for cooling the sirouded finned cylinder
is determined from the pressuro differcnce necéssary to
drive. the air botween tho cooling fins and from the quan-
tity of air used, With a given frce cross section, this
quantity is proportional to the velocity of the air, The
total pressure in the heat teste serves, after deducting
the nozzle losses, to accelerate the air and to overcome
the air friction and the turbulence, It is difficult to
separate these two quantities in the tests. From the
quantity, temperature, pressure and cross section of the-
air, the velocity of the air leaving the collector and the
pressure.necessary to produce this velocity can bo calcu-
lated, The pressure lossos from turbulence produced by
the fins and from the friction of the air on the cylinder
can therefore be determined as the differcence betweecn the
total measurod pressurce (after doducting nozzle losses)
and the velocity head A p, at tho.outlet,

From thése pressures, with conéideration 6f the cor-
responding quantities of air, the energy ratio P can *
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be calculated. In figure 8, B 1is plo*ted againgt the
cooling-air velocity w. B depends on the heat output,
since both the pressure A pgy, corresponding to the'veloc-
ity at'the cylinder, and the pressure A p,, corresponding
to the outflow velocity, depend on the temperature of the
air. In figure 8 the rosults of the cxpcriments with the
unheated cylinder are plotted., The scattering of the test
points is here quite pronounced. Even the results of im-
mediately consecutive tests show discrepancios. This indi-
cates that the flow conditions were not quite stable.

From the curves of the test values for B at 1OO0 o
(212 F.) air temperature and 1,035 absolute atmospheres
in figure 9, is calculated the total pressure required to
overcome the air friction and to accelerate the air by the
amount indicated by the dynamic pressure in the outlet noz-
zle, These values are also valid for the system of air
conduction employed in the experiments,

d) Relation between energy expenditure and heat trans-
fer.~ As shown by the heat-transfer curves, the heat trans-
fer increases with increasing velocity of the cooling air.
The energy required for forcing the air through the cylin-
ders incrocases still more., Since, on an aircraft, this en-
orgy must always be derived from the ongine, the least en-
ergy possible must be used for the cooling. Since, however,
the engine output, thermal efficiency and reliability of op-
.eration d1m1n1sh with increasing cylinder temperature, the
best ratio between the cooling and the energy must bde
sought for every special case, with the utilization of the
best fTorm.of fin, ,

For showing the relation between the degree of cooling
and the cncrgv rcoulrcd for cooling the test cylinder with
air at 100° ¢. (212° P.) and 1.035 abs. atm.,, the heat trans-
ferred for a difference of 1° C. between the air and the
cylinder shroud was determined from the experiments, It is
expressed in kecal/h degrees. The energy required to force
the cooling air between the cylinder fins is measured in
mkg/s. It is necessary to distinguish between the total
amount of energy expended in acceleratlng the air and over-
coming friction and turbulence, and that required, at the
given air velocity, simply for overcoming friction and tur-
bulence,

. In figure 10 the heat transfer Q; is plotted against
the total energy expenditure for the fin forms testeds It
was to be cxpected that the inercase in the amount of heat
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transferred would constantly diminish for a given form' of
'?1n w1th increasing energy expenditure., The longer fins
are; bétter than- the shorter fins for cooling in the region
1nvest1gated with uniform total energy expenditure, A}
hivh energy expenditure the thicker form B of the fins
'43 ram (1 65 in,) long show the same rate 6f heat transfer
as ‘the thinner form C. This is due to the fact that the
“pressure required for forcing the cooling air between the
fins vf the form 3B  is somewhat loss than for the form

Cy, ~and that, at high air wvolocities, tho hoat transfer
from the thinner fins of the form  €° is no loanger sub-
stantially better than from the thickeér fins of the form
Be. Although the resistance of the flow of the cooling

air and, despite the greater quantity of air used, the en-
ergy required for cooling with fins of the form A are
considerably less than for the forms B and C, much more
heat is transferred, for the same energy expenditure, with
the forms B and C than with the form A, dJdue to the
great difference in ‘the cooling factor ¢, . In figure 1l
the amount of heat transferred is plotted against the .
hoight of the fins for 100, 200, snd 400 mkg/s (723,
o447, and 2,893 ft.~1b, /sec ) totdl energy consumption,
Even with a large expenditure of cooling energy and rela-
tively high fims, we find an increase in the amount of
heat trapsferred

In figure 12 the t“ansferred heat Qi is plotted
against the eneérgy required to overcome the resistance of
the cylinder for the diffoerent forms of fins, Thc curves
corrospond to the curve for the total oneorgy expondituro,
but, aside from the smaller oncrgy consumption, there are
varlat ons in the hoat tran31or betweon particular forms
of fins,

2+ Theoretical Investigations

a) Calculation of heat transfer by cylinders with
fins.~ If the coefficient of heat transfer o betweem the
fins and the air and the temperature of the air over the
whole surface of the fins were constant, the heat trans-
ferred by a cooling fin could be calculated, Such is not
the case, however, of a cylinder.exposed to a free air
stream, This assumption is, nevertheless, approximately
applicable to a shrouded cylinder for the most important
forms of flns.

.

Schmidt (refsrence 2) calculated the heat transfer
for a triangular fin on a flat surface with the aid of
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Bessel functions. The calculation was made with the aid
of a series development without the use of transcendental
functions. Using the notation of figure 13, the heat
transmitted by one half of the fin is

in which Aa is the coefficient of heat conduction of
aluminum, PFor half a fin of the diameter and height used
in aircraft engines we obtain approximately

Q b Tmw D, W Sicis £
= - i L1 ( e
m a 76 i B
The functions V¥ and VY1 can be taken from figure 14 and
enable a simple calculations

The coefficicnt of heat transfer o Dbetween the sur-
face of the fin and the air can be approximately deter-
mined from the equation found by Nusselt for the heat
transfer in straight cylindrical tubes. According to Nus-
selt, allowance can be made for thcoc cross~scctional shape
by the introduction of the equivalent diameter dgg =

4 « If the heat transmitted by the cooling fins is thusg

determined, allowance must still be made for the cylinder
surface between the fins,

On comparing the theoretical and experimental results,
they are found, for the forms of fins most commonly used,
to agrece well enough for practical purposes. The calculat-
ed value is up to 15 percent too great, however, for very
narrgw spaces betwoen the fins (forms B 28, B 42, C 14 and
C 28)s

b) Calculation of cnerzy reaguired to drive the cool-
ing air between the fins.- For the shrouded cylinder, the
space included between two fins, the cylinder and the
shrouding may be regarded as a bent tube. In general the
air enters at one end and leaves at the opposite end., If
the curvatures at the inflow and ,outflow of the air are
at first disregarded, we have .two semicircular tubes of
trapezoidal cross section between cach two adjacent fins.
The resistance to the flqQqw in such a. tube can be deter-
mined with close approximation. o B

According to Lorenz (reference 3) the pressure drop
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for overcoming the turbulent wall friction in bent circu-~
lar-tubes. 1s : d '

.

Q) X w2 o)

ae

s

[&p' o=

=y

in which @ is the angle of curvaturo of the tube, r
the radius of curvature of the tube axis, 4,4 = 4F /U the
equivalent tube diameter, P the air density and w the
flow velocitys. ‘“According to tests by Saph and Schoder,
the factor k is e g
C L 0e8E F
)

K = 0,1582 <r-g—'M:\

v Ao /.

According to Lorenz the pressure drop for the vortex for-
mation is : : :

Comparison of calculation and eXxperiment shows that the
curves have the same fundamental course.,. Calculation and
experiment agree well for the fin form C.. For the forms
A and B, however, there are discrepancies in the absolute
values., The calculated flow resistance is somewhat less
than the measurced, which is chiefly dus %o the simplifying
assumptions regarding the inflow and outflow,

III. INVESTIGATION OF A LARGE SINGLE-CYLINDER ENGIWE WITH
RESPECT TO TEMPERATURE DISTRIBUTION, HEAT LOADING
AND ENERGY EXPEVDITURE FOR COOLING

1 ¢ Test Bl and

The engine used for the investigation was a single-
cylinder experimental engineé of 160 mm (663 ins) borerand
220 mm (8,656 in,) stroke., Its output during the experi-
ments was about 60 hp. at 1,500 01,900 repem, It served
for preliminary experiments for the development of a 9~
cylinder radial engine of 550 hp, at full throttle., The
cylinder head is roof-shaped and carries two intake valves
and two salt-cooled exhaust valves. The valves and the
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valve rockors are in a housiang over the cylinder head and
are actuated dy push rods from the crankcase., The o¢x-
haust valves lie in the flow direction before the intake
valves, The cast aluminum cylinder head is screwed, while
hot, on to the open steel cylinder. At the cylinder head
the fins are 12 mm (0,472 in.) apart and up to 30 mm (1,18
ine) high and 5 mm (0.2 in.,) thick at the foot. On the
cylinder body. the fins are 8 mm (0,315 in,) apart, 9 to6

22 mm (0,354 to 0,866 in.) high and 1.6 to 2.6 mm(00SE
bo04102ad ne) thliokuat the ook, In mounting such a ra-
dial engine on the airplane, the crankcase and cylinders
can be shrouded to about the point where the aluminum
head begins, the latter hbeing exposed to the free air

flow and the propeller slipstream,

The uhroudlng of the test cylinder was designed as it
would be used on dlower-cooled engines. Since the cylin-
der was designed for & radial engine with direct air cool-~
ing by the relatife wind, of omurse not so good results
can be obtained as with a cylinder especially designed
for forced cooling. In particular, the distances between
the fins and the free space between the control parts
would have to be coansiderably smaller,

In the case of the cylinder eXposed to a free air
stream, the latter was directed against the cylinder by a
centrifugal blower through a tube of 350 mm (13,78 in,)
diameter (fig. 15). Since the outside diameter of the
cylinder head was about 260 mm (10.24 in.) metal sheets
were placed at the sides of the cylinder to prevent the
air jet from being deflected laterally. The conditions
were therefore similar to those of an exposed radial en-
gine,

In the experiments with the enclosed cylinder (figs,
16 and 17) the air was driven, with the 2id of the cen-
trifugal blower, through an oval nozzle of about 100 mm
(394 in. ) width between the aluminum ca 2sing and the en-
gine A slot with rounded edges insured the smooth out-
flow of the air, Suppleméntary outflow openings were
.made in the intake chamberse.

The first shroud was everywhere 10 mm from the edges
of the fins, The second shroud touched the edges of the
fins, The third shroud was like the second, excepting
that a wooden block was mounted between the intake wvalves,
which strengthened the air flow between the exhaust and
intake valves. This block was screwed to the cam case
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from ﬁelow, touched the fins o; ‘the eylinder head and was
10 mm (O 394 im,) from the intske chambors The crankcase
was c¢ooled by .a fan, The 1uDrlcat1ng oil w 8 forced
tnrough a cogpcr coil and cooled with wator.

*° THe output of the singlo—cylindor engidc was deter-
mlned by a water brake. The temperature of the cylinder
was, measurcd_at 33 places with thérmoelectric couples of
insuldted copper and constantan wires of C.34 mm (0,0134
ihg ) diameter. The heads of these couples were set 3 .mm
(OedlB in,) deep in aluminum and peened, on the steel jack- -
et, with a piece of sheet metal which was insulated by as-
bestos against loss of heat. There wero 8 thermoslectric

couples on the cylinder jacket and 25 oxn the head. he
test points woreo quite uniformly distributed over the cyl=-
inder head, including all the important parts (spark plugs,
valve s&abs and upper part of cylinder). After a number
0f preoliminary tests, the amount of air delivercd by tho
blower and the air velocity at the cylinder were measured
with a Bruhn nozzle., Fof the shrouded cylinder, the total
pressure at the end of the air tube served to determine
the resistance to the air flowing past the cylinder. The
resistance of the oval intake nozzle was determined sep-
arately and subtracted from the total resistance,

2. Temperature Distribution

At the beginning of the investigation a.preliminary:’
test was made with the single-~cylinder engine in a free’
air jet. As shown by figure 18, the operating temperature
was reached in four to six minutos after full throttle.

The results of the tests on the temperature distridu-
tion are shown in figures 19 to 21, The figures give the
temperature dlxzcrences between the indicated points and
the air before the cylinder from the middle axis out. Tho
engine produced 60 hp, at 1,700 r. e and was exposed to -
an air flow of 45 m/s (147.5 ft./seo e Figure 19 shows a
vertical section through the center of the cylinder in the
direction of flows, The temperatures of the cylinder liner
are lower in front than behind, The fact that, on the con-
trary, the temperatures on the cylinder head are higher in %
front is chiefly due to the location of thoe cxhaust valves,

Figure 20 shows a section through the axis of the cyl-
inder perpendicular to tho direction of flow, The tomper-
aturcs on thc right and left sides do -mot differ materially,
0f codrse tho temporature of the outlet chambers is con=:
siderably higher than that of the inlet chambers. Y.

e el e e e
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: Figure 21 shows a horizontal section through the cyl-
.4nder.-head at the height of the spark-plug-holes. The
maximum temperatures are forward laterally‘and at the
_.spark plugs. This is due to the location of the exhaust
which causes additional heating of the neighboring parts
of the cylinder head while, on the rear side of the cylin-
der, the intake has a certain cooling effect, The shroud-
ed cylinder, in which the air is forced past the cooling
fins, has lower temperatures throughout than the cylinder
exposed to the free air jet.

3+ Energy Required to Cool Single~Cylinder Engines

For every shrouding and every air speed, three tests
were made at about 1,500, 1,700 and 1,90C r.p.m. The
tests at 1,500 and 1,900 r.p.m. simply served for control
of the test at 1,700 rsp.mo, which alone was evaluated.

The mean value of the indications of the 25 tliermoelectric
couples was taken as the temperature of the cylinder head.,
The temperature of the hottest places, which lie on both
sides of the cylinder head between the outlet and inlet
chambers, and the mean tempevraturcs of the stcel cylinder
are correspondingly represesnted, The air volocity was rc-
duced from the maximum velocity produccd by the centrifu-
gal blower as far as was consistent with reliability of
opcration.

The resistance of the exposed cylinder head is known
from the researches of the Aerodynamic Institute of the
Aachen Polytechnic School, The energy required for cool-
ing can therefore be determined along with the air veloc-
itys, For the shrouded cylinder, it is obtained from the
measured quantity of air blown through the shroud and from
the pressure required (fige. 22). Theredby two different
energy requirements must be distinguished according to how
the engine is used (fig. 23), When the engine is station-
ary, the energy requirement for accelerating the cooling
air and for overcoming the resistance between the cylin-
der and shrouding must be greater. On an airplane in
flight, the energy for accelerating the cooling air can
be entirely or partially dispensed with, if the air is
taken from the surrounding space at the existing relative
velocity and released at the same velocity in the direc-
tion of flight, Theoretically the same result could be
obtained through the use of diffuser nozzles with the en-
gine stationary, but the efficiency .of such nozzles is
too poor. -
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For effecting: the.energy bYalance of the engine, the
efflclency of the cooling-air btlower must be taken into
consideration: In the use of centrifugal or axial blow-
ers. it can be taken at 50 to 70 percent. Similarly for a
radial engine on an airplane ‘the propeller efficiency can
be .taken at .60 to- 80 percent from which must be deducted
the .structural drag of the fuselage, etc., dve to bhé'pro~
jecting cylinder heads, so that on the whole the efficien-
..y is only about the same as for the production of the.
‘cooling~air current, .

The results of the test runs (figé. 24 and 25) show
that the temperature of the aircraft engine and the ener-
.8y reguired for cooling can be reduced by suitable shroud-
ing and cooling~air control-by blower.  Moreover, it is
.possidle to conduct the air to the points of rnaximum heat
‘loading, so as.to avoid excess ive temperatures at particu~
lar pointse. This gives the designer a free hand in deter-
mining the form of the engine,

The data used for calculating the energy reguired for
cooling a radial engine exposed to & free air flow are
based on tests made with a cylinder by the Aerodynamlcal
'Ingtltute of. the Aachen Polytechnic School., It was found
pos 51b¢e,.by a. better design, especially of the exhaust
stacks, and a few cooling fins, to reduce the air resist-
ance about 20 percent. It may also be expected that the
temperature of the cylinder head will be somewhat further
reduced by improving the conduction of the air current.
On the other hand, the resistance of the radial engine
will be. somewhat increased by using outlet tubes, since
the drag measurements without ex naust pipes were made on-
ly with short exhaust stacks. - :

: The -temperatures of the cylinder head and lining
could be considerably reduced on an engine developed for
blower cooling. Thinner fias and narrower intervals
would be of great advantage which, with the same free
cross section, would increase the heat-emitting area and
the heat-transfer coefficient. The free cross section
between the right and left valve chamhers mlght be maae
smaller .and the cooling of the space betwes 1 the intake
and exhaust valves improvede. With the saie eAeruy expens-
diture for. cooling the engine. might thus yield consider-.
ably higher per TOIrmainces., ' ; pllerrelore copar

The neaaaren?nts 1so e able the determination of the
cooling for the s_rouucd radial engine cooled by the rela-
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tiye wind, if the positive pressure in front of thé in-
-flow opening and the negative pressure bel:ind the engine
at the outflow opening for the cooliang air are measured.
This can be done with a model of the shroud in the wind
tunnel whereby the flow resistance is regulated by screens.

4, Heat Loading and Heat Transfer of
Single~Cylinder Engine

:While an aircraft engine is running, heat is imparted
to the walls by tae working gases. The amount of heat
transferred depends on the temperature of the gases and
walls, as well as on the coefficient of heat transfer, the
area-and the length of time thie gases remain in contact
with the walls., he coefficient of heat transier is wvery
large during combustion, but smaller during expansion aad
exhausts During the intake stroke the mixture absorbs
heat from the walls of the compression chamber and from
the piston, since these are continuously exposed to:the
working gases, while the cylinder limer ig protected pars
of the time by the piston from coantact with the working
gases, The heat imparted to the valves must be transmit-
ted to the valve seats and pipes. The exhaust valve is
strongly heated by the swiftly flowing exhaust gases. The
determination of the heat imparted to the valves has hith-
erto been impossible, Decause the conditiong of heat in-
take and outgo have been so varied. The exhaust stacks
are heated by the outflowing gases, while the intake valve,
on the contrary, is cooled by the cold inflowing mixtures
The heat absorbed by the piston head is almost as much as
that absorbed by the combustion chamber, the temperatures
being also of the same order of magnitude. The heat ab-
sorbed by the pistor and that produced by the frictioa of
the piston is partially imparted dy the piston rings to
the cylinder walls and partially to the oil aad air in the
crankcase., Since the cylinder liner and piston rings are
usually somewhat cooler than the upper part of the cylin-
der, there is a slight heat transfer from the upper to the
lower part of the cylinder.

The walls of the "Neonalium! cylinder head are very
thick and transmit considerable heat which tends to equal-
ize the temperature.. The tepmperature of certain very hot
spotsw(a.g., between the exhaust valves and between the
intake and exhgust valves) is thus reduced, as well as
the effect of the heat transfer by special cooling fins.
The threading between the cylinder head and the steel cyl-
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. <
inder extends down over the upper part of the cylinder.
An-axially directed flow of heat is produced in this light-
metal cover. The cooling of the lower part of .the cylin-
der is somewhat increased by the lubricating oil.

y v

The heat transfer by the fins of a shrouded cylinder
can be determined from the results of the investigation
of the cooling of finned cylinders, if the temperature of
the cylinder is known. The experiments described in sec—
tion III,2, therefore enable the determination of tae
amount of heat imparted to the air by the shrouded single- -
cylinder' engine through the determination of the heat
transferred by each fin., In the calculation of the heat
transferred by the cylinder head, allowance must be made
for the fact that the exhaust stacks absord a considera-
ble gquantity of heat, only a small part of which cones
from the combustion chamber, the larger part coming from

the exhaust gases. In the intake pipes, on the other of
hand, heat is absorbed by the cold inflowing gases.and.
carried into the combustion chamber. The amount of heat
absorbed by the cylinder walls steadily decreases toward
the lower piston dead center. :
The following quantities of heat are transferred:
: : b
rle¢ "Cylinder head to upper edge
of piston at top dead cen-
ter, 1.e., the beginning
of the steel liner ....... 5,618 kcal/h
(22,298 Bybetg/igsd )
2» ~Two exhaust stacks, from
point of contact with
cydinder bhead . is v ik ok 3,200 kcal/h
: (12,698 B.tous/bred
3s Two inlet pipes, from point L
of contact with cylinder
BB 05 o b0 T s el Lcal/h
: (3,016 Batswe/bys)
4, - Cylinder, upper part with &
lower portion of cylinder head
TR R I € [ R ans BB Real)b
(24,909 B.t.uw./hr.)
5« Cylinder, lower part w1ta ;
steel £ins .......... sl ot . 1,665 kecal/h
a2t (6,607 B.t.us/hr. ) .

T
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The total amount of heat given off by the cylinder is
therefore 17,520 kcal/h (69,524 E.t.u./hr.). The engine
output was 60 hp. There were therefore 292 kcal/hp/h
(1,159 B.teus/hp./hr.) imparted to the cooling air. This
value seems probable on comparison with the results of ex-
periments with high-class, water-cooled aircraft engines,
in which, due to lower wall temperatures, somewhat great-
er quantities of heat were carried off, gt is still &G
be taken into account that the housing of a single-cylinder
engine carries off somewhat more heat than that of a ra-
dial engine. It is worth noting that the two exhaust
stacks transmit 18 percent of the total amount of heat.

The heat flow from the cylinder head to the liner can
be calculated from the cross section of the sluminum riag
and the temperature drop known from the tests. The cross
rsection is 108 cm® (16.74 sq.in.), the temperature drop
39° ¢, (70.2 ¥F.) for 48 mm (1.89 in.) length, and the
amount of heat carried off, for a heat conductivity of
aliminum of 125 kcal/mz/h (46,08 B.tou./sq.ft./hr.) is
* therefore 1,090 kcal/h (4,325 B.t.u./hr.). &1L together
therefore, the cylinder head transmits 10,668 kcal/h
(42,333 B.t,u./hr.); the upper part of the cylinder liner,
5,187 kcal/h (20,583 B.t.u./hr.); and the lower part of
the -liner, 1,665 kcal/h (6,607 Beteus/hTa)e.

The mean value of the heat loading of the inner wall
-0of -the compression chamber can be determined, The inner
surface of the compression chamber, including valves bdbut
not piston, is 393 cm?® (60,9 sq.in.); of the two intake
valves, 48 em? (7,44 sq.in.); of the two exhaust valves,
40 cm?® (6.2 sq.in.). Disregarding the axial heat flow in
the aluminum part of the cylinder, the heat loading of the
compression chamber is therefore 244,000 kcal/mg/h (89,954
B.tou./sq.ft./hr.); or, including the axial heat flow,
272,000 kecal/m?/h (100,276 B.t.u./sq.ft./hr.).

For the part of the cyliander on which is screwed the
aluminum head, we obtain, on the basis of the heat trans-
fer by the cooling fins, 199,000 kcal/m2/h (73,363 B.t.u./
sq.ft./hr.) at the top and 145,000 kcal/mz/h (53,456 B.t.u./
sq.ft./hr.) at the bottom. The amounts of heat transmitted
by sthe Jindividual fing sare: :

lst fin, . . 878 keal/n = 145,500 kcal/m2/h’
24 M 945 " = 156,500 "
3d . 1,016 % = 168,000 "
ath 1,085 " = 180,000 "
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5th fin, 1,154 kcal/h = 191,500 kcal/m*/n
6th 1,200, " = 199,000 i
7th ¢ 1,250 " =, 207,000 . "
(kcal/lt X 3,96825 = B.t.w./hr.) 3 guadi
‘Fkcal/m®/h X0.368663 = Bet.us/s8q.ft./hr.) 4 v

“ Tt ‘must be taken into consideration that there is an

axial flow of heat 'inside the aluminum jacket of the upper

“part of “the cylinder. The actual heat loading of the inner
surface of 'the cylinder must therefore be such that the low-

est portion of the cylinder head will have the same heat -
loading as the steel cylinder and that the upper edge of

the steel cylinder will have the same heat loading as the

‘cylinder head. : :

The heat loading of the liner at the top dead center
of the piston would likewise have to be just as great as
that of the cylinder head with uniform heat transfer, If,
in the heat transfer of the cylinder head, the exhaust and
inteke pipes are disregarded and the valve surfaces are
therefore left out, then 5,618 kcal/h (22,294 B.t.u./hr.)
will be transferred for 305 cm® (47,27 sq.in.) of surface.
There is therefore a heat loading of 184,500 kcal/m®/h
(68,018 B.t.u,/sq.ft.,/nr.), To this must be added 1,090
kecal/h (4,325 B.t.u./hr.) removed from the cylinder head .
by the axial heat flow, which, for 393 cm2 (60,91 sq.in.)
of ‘the head (including valves), corresponds to a heat load-
iz ‘of 27,800 kcal/m2/h (10,249 B.t.u./sq.ft./hr.). This
makes the total heat loading of the cylinder head 212,300
kcal/m®/h (78,267 B.twu./sq.ft./hr.), which agrees very

well with the value obtained at the upper edge of the liner. K
The quantities of heat transferred by the steel fins,
including the adjacent cylinder surfaces, are:
lst steel fin '
(bottom) 101 kcal/h = 25,300 kcal/m3/h -
5th steel fin 104 y = 255900 v
10th 2 v 114 B = 28,600 "
14:-bh " 1
(top) 124 % =E0L800 "
. - %

The heat loadings in figure 26 were plotted on the
basis of. . the experiments, The heat loadiang is plotted
vertically over the inner wall of the cylinder. The quan-
tities of heat are not perpendicular to the bent lines.
Curve I represents the mean heat loading of the cylinder
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head disregarding the axial heat flow with inclusion of

the heat transfer by the intake and exhaust pipes. Curve
II takes into account the axial heat flow in the cylindex-
head threading and likewise contains the heat given. off Dby
the intake and exhaust pipes. Curve III contains the heat
transferred by the cylinder head without the heat obtained
from the intake and exhaust pipes and without the axial
flow, as well as without taking the valve surfaces into
consideration, Curve IV contains the heat transferred by
the cylinder head including the axial-heat flow in the
cylinder-head threading, but without taking into account
the heat from the intake and exhaust pipes and the valve
surfaces. Curve V, joining curve IV and represeanting the
heat loading of the cylinder-head threading, was deter-
mined from the known beginning and ending points and the
areas OCurve VI represents the quantity of heat transferred
by the fins of the cylinder—~head threading. Curve VII rep-
resents the heat loading of the steel cylinder.

The quantity of heat transferred to the valve connec-
tions and carried off by them cannot be added directly to
the heat loading calculated for the inner surface of the
cylinder head, because the paths for the heat flow do not
lie immediately in the walls of the compression chamber.
Curves IV, V, and VI therefore correspond to the quanti=
ties of heat transferred by the working gases at every
point- in the cylinder, i.e., to :the.actuwal heat lozdins
of the cylinder. Reliability of operation naturally also
depends largely on quantity of heat transferred to the ex-
haust stacks, :

The heat balance of the engine can be determined from
the experiments. At the compression ratio of 5.8 the mean
fuel consumption was 235 g/hp/h 8052 1b./hp./hr.) for &
mixture of 80 percent benzol and 20 percent gasoline, the
heat value of which can be put at 9,700 kcal (38,492 B.t.u.).
The heat intake was therefore 2,280 kcal/hp/h (9,048 B.t.u./
hp}/hr.). The mean effective pressure was 7.2 kg/cm3
(102.,41-1b./sqg.in.) at 60 hp. and 1,700 r.p.m., correspond-
ing to a piston speed of 12.5 m/s (41.0 ft./sec.). The
mechanical friction can be represented by a mean friction-
al pressure of 0.8 kg/cm® (11.38 1b./sq.in.) (reference 4),
and the flow resistance for intake and exhaust by 0.6 kg/
cm?® (8.53 1b./sqg.in.). The frictiomal heat is partially
included in the heat transferred to tie cylinder, which
is not considered in the balance. The individual items of
the heat balance are generally expressed with relation to
the quantity of heat taken in witi the fuel. With a car-
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buretor engine it is more practical, however, to Sompare
them with the effective power, since an iiicrease in the
specific fuel consumption above a certain amount (about 5 .
percent excess fuel) causes no noticeable change in the
amount .of .héat transferred, but only increases the pro-
portion of unburned gases in the exhaust. In-the First
numerical column of the following table are given the num-
ber of calories per horsepower-hour; in the second column,
their relation to the effective power; and in the third .-
column, to the heat introduced with the fuel,

kcal/hp/h percent percent

Effective power 632 100.0 ansy
Mechéhicai‘frictionv 70 ll.i S iAle
Flow resistance - R 8.3 248
Heat transfer in cylinder 292 " 46.0 12.8
"Heat transfer in oil, about - 29 4,6 $iu2
Exhaust gas and unburned 1,204 191.0 53,0
Total heat in fuel - 2,280 361.0 100.0

(kcal/hp/B X 3.96825 = B.t.u./hp./hr.)

IV. EXPERIMENTS ON A TWELVE-CYLINDER V-ENGINE
WITH COOLING BLOWERS

1. Design and Purpose of Engine

, The air-cooled l2-cylinder engine was built in- 1928
to 1930 for test purposes. Six centrifugal blowers were
installed Dbetween the banks of the 1l2-cyliander V-engine

(figs. 27-29) in such fashion that two opposite cylinders
are cooled by each blower. The cooling air flows from

above to the two lateral intake openings of each blower

and is, conducted to the cylinders by guide vames. The
blower rotors are mounted on a common shaft with two ‘bear-
ings, .The coupling with the driving gear fdorms a ‘third:
bearing. : W Yk ;
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The separate cylinders of forged chrome-nickel steel
have fins of uniform height from the top to the cylinder
flange and are sunk very deep into the crankcase. The
top of the closed bell-shaped cylinder is very thick and
is secured to the aluminum head by l4 bronze screws. he
cylinder heads are separate and carry a common camshaft.
They each have four valves parallel to the cylinder axis.
The intake connections are inside the V, while the ex-
haust connections are on the outside., Ignition ig effecis
ed by two lateral spark plugs. Temporary increase of the
starting power and the maintenance of the power at a mod-
erate altitude is provided for by a removable centrifugal
blower which is designed to increase the suction pressure
by 20 percent.

The dimensions of the engine are: bore, 155 mm (6.10
in.); stroke, 210 mm (8.27 in.); piston displacement,
47,6 liters (2,904.7 cu.in.); compression ratio, € = 5.53
4 Zenith carburetors 75 IR; gear ratio between crankshaft
and blowey shaft, 1:2.19.

The full power of the engine ig 700 hps at 1,600
re.peme & continuous output of 560 hp. at 1,670 r.p.ms can
be maintained with good reliability of operation. With
the blower running, a starting power of 840 hp. at 1,910
r.pem, can be attained for a brief period. The required
powers were mostly attained; the vower with the blower,
exceeded. The cooling, however, presented difficulties.

2. Development of Suitable System of Air Conduction

a)Original system.~ The engine power was determined
by means of a 4-blade calibrated brake propeller of 2,13
m (6,99 ft.) diameter. The cylinders were not enclosed.
The outer side of the cylinders was cooled by the slip-
stream. After extensive preliminary tests by the manufac-
turer, two acceptance runs were conducted by the D.V.L. in
the factory, in which tests the most important temperature
measurements were made for the first time. The most im-
portant results of these tests are given in the table.
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After removal of the engine, further test runs were
made by the D.V.L. Temperature measurements showed that
the cooling of the engine was insufficient, 4Another in-
dication of this was fouad on dismantling the engine., Sev-—
eral valve heads and the heads and upper plates of the
cylinders were warped, the curvature amounting to as much
as 0.4 mm (0.016 in.). The temperatures of the cylinders
and cylinder heads must accordingly have been above the
permissible limit even at 560 hp. The engine was put in
shape for further use only by scraping the cylinder heads
and replacing the damaged valves,

b) Free blower with guides.~ The most important task
was to guide the cooling air so as to cool adequately the
most strongly heated parts of the engine, The cylinder
liner must be kept as cool as possible, in order to main-
tain low piston temperatures and good functioning. For
this purpose tests were made in which the driving gear be~
tween the crankshaft and blower shaft was removed and the
latter was connected directly with a cradle dynamometer.

In order to determine the properties of the free
blower (fig. 29), a test run was first made without the
engine cylinders. The power absorbed by the blower was
68 hps at 2,500 rupems, 126 hps at 2,000 2.Doms, G0N

E

17.4 hp. at 3,460 r.p.m,

c) Cylinders without guides.- Engine, cylinders and
blower were again assembled and the blower shaft was driven
by the cradle dynamometer. The velocity of the air leav-
ing the spaces between the cylinders aad between the fins
of the cylinder heads was measured at 3,600 r.p.m. The re-
sults of the determination of the velocity distribution
are plotted in figure 30,

The velocity of flow is very uneven both on the sides
of the engine and over the individual cylinders. The flow
between the cylinders is essentially rectilinear. The
cooling of the blower side and of the cyliander parts oppo-
site one another is therefore good, but the outer side of
the cylinders is not touched by the cooling air from the
blower and is consequently overheated by the engine. This
can be only partly remedied by guiding the relative wiad.
The power absorbed in driving the blower amounts to 15.2
hp, at 3,600 r.peme In order to determine the quantity of
air delivered by the blower, experiments were performed,
in which an air-tight hood with a VDI measuring nozzle of
120 mm (4.72 in.) diameter was placed over the intake ori-




N.A.C.A. Technical Memorandum No., 725 2%

fice of the cylinders between which the measurements were
made.: The gdjacent intake openings of the blower were
provided with similar hoods, in order to effect a corre-
sponding throttling. The nozzle and hoods produced a neg-
ative pressure before the blower, which reduced the quan-
tity. of air to two thirds of its value on a conventional
engine,

The amount of cooling air drawn between cylinders 2
and 3 at 3,600 r.peme was 0,76 keg/s (1.68 1lbe/sec.); be-
tween cylinders 3 and 4 it was 0,91 kg/s {2:01 lb./sec.)-
The., total amount of air used for cooling an uncowled en-
gine was.accordingly calculated to amount to 4.7 kg/s
{ 10486 1buf@ocs )s

d) Air conduction about the cylinders.-~ The following
experiments served to develop a system of air coanduction
in which, wivh the best possible utilization of the  cools=
ing air delivered by the btlower, all parts of the engine
were cooled according to their heat absorption. The, @ir
was therefore conducted, on the basis of previous investi-
gations, by guiding surfaces and cowlings between the
cylinder fins and over the cylinder heads,-

Since the test runs showed that the cylinder heads
were damaged by overheating due to the reduced ventila-
tion with the original cowling, no cowlings were used,
Moreover, the cooling was improved by conducting an air
current upward from the base of the cylinder through the
triangular passage formed dy the blower wall and the cyl-
inder cowlings with the use of air wiich was saved by the
fairing at the cylinder foot. The cylinder cooling was
improved by conducting the cooling air around it.

The quantity of air flowing between .the individual
cylinders was found by measuring the inflow and outflow
cross sections of the air conduits. The cross sectioas
were made so large at the top of the cylinders that the
flow of the cooling air was not impeded, but they were con-
ically tapered toward the bottom of the cylinders, in or-
der to.reduce the cooling air to 1/2 or 1/5 of the amount
with uncovered cylinders. Air-flow measurements showed
the need of better cooling for the spark plugs .and for the
fins lying immeddiately benind them. This was accomplished
by folding back the guide skects around the spark plugss
Figure 28 shows the inner si of the cylinders with blow=
ers removed. while figure 27 ows the outer side.
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The results of the tests are shown in figure 3l. The
velocity of the cooling air along the cylinder was some-
what greater than with the previous shrouds. The cooling
o0f the cylinder lining is adequate, due to the greater

cooling effect of the flow around the whole cylinder. The
air velocities on the two sides of the cylinders are still
vnequal, even with this shroud.ng, though the discrepan-
cies are not excessive., Mo improvement can be effected
without reconstruction of the blowers. .

v

The air measuremeants at 3,600 r.,pem. yielded O 7 kg /s
(1,54 1b./sec.) between cylinders 2 and 3 and 0,82 LE/

(1.81 1b./sec.) Detwoan cylinders 3 and 4, corresponding
to a total of 4.32 kg/s (9.52 1b./sec. ) for the engine,
This shows a saving of about 10 perceant of the air as com-

pared with the -“exposed cylinders. The power dcvelo ed at
3,600 repem, was 13.8 hp.

3. Temperature Measurements on Running Engine with Two
Different Systems of Air Comnduction

In the acceptance runs at the factory, temperature
measurenents were made on the engine fitted with the orig-
inal air guides. The eangine was eduipped with the brake
propeller and developed in the tests 560 hp. at 1,690
T.P.Mme The table shows the difference betwecen the temper-
ature of the air on entering the blower and the tempera-
ture of the test point.

The measurements show very great temperature differ-
ences between the inner and outer sides of the cylinders,
the latter being too high for reliablg operation of the
engine. The cyllnder~1ead temperatures near the exhaust
approach the upper limit, even exceeding it on certain
cylinder heads, so that, at full load and with the use of
superchargers, there is danger of warping the cylinder
heads, cylinder plates and valves.

Following the development of the DVL system of air

conductlon the engine was mounted om the torque stand and

jtted with thermoslectric couples. In erder to eliminate
the effect of the propeller slipstream, the brake used was
a 4-blade DVL adjustable-pitch pusher propeller., The test
results are likewise shown in the table and in figure 30,
The temperatures at 560 hp. and DeMe., reached the
upper limit. and in some cases exceeded it, so that there
was danger of disturbances in protracted operation. The
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nean temperature of the eungine is hardly any lower than
with the original system of air conduction, but the temper-
ature distribution is considerably more uniform. The
spark-plug temperatiure of 190° C. (374 F.) may be regarded
as low, the temperature of 240° c. (4640 ¥,) with thec orig-
inal air conduction being rather high.

Two supplementary tests (see table) with steeper and
flatter pitch of the brake propeller give an idea of the
possibilities of improvemeat by increasing the revolution
speed of the engine and blower with the same engine power.
The engine ran with 510 hp. effective output at 1,575 aad
1,950 repems The increase in the r.pe.ds neocessitabics Piaios
spite constant effective output, an increase in the .amount
of heat transferred from the combustion gases to the walls.
The simultaneous increase in the blower r.p.ms., however,
improves the cooling sufficiently to reducc tire mean tem-

‘perature of the engine. A brief comparative test with the

4~blade brake propeller showed that the cooling effect was
very greatly impaired by the unfavorable air flow.

4, Increase in Reliability of Operation
from Increased Cooling

In the blower tests with the final form of the DVL
system of air conduction, 4.32 kg/s (9.52 1b./sec.) of air
was delivered at 3,600 r.pe.m, of the blower. The normal
engine speed for a constant output of 560 hp. was 1,695,
corresponding to 3,710 re.pem. of the blower., The amount
of air delivered was calculated as 4.45 kg/s (2.81 1b./sec.)
and the energy absorbed as 15.1 hp., which was 2.7 perceat
of the engine power.

In a2 normal aircooled aircraft engine, about 320 kcal/
hp/h (1,270 B.t.,u./hp./br.) must be removed for medium
loading. In a 560 hp. l2-cylinder eugine, therefore, about
170,000 kcal/h (674,602 B.t.u./hr.) would need to be re-
moved. The temperature of the cooling air would therefore
be raised about 46 C. (1l14.8  F,)

In order to iancreagse the reliability of operation,of
the engine with reteation of the form under investigation,
there remains the possibility of iacreasing the revolution
speed of the blower. If the transmission from crankshaft
t0 blower is raised l.3 fold, i.8sy 2«85, the powex jabs
sorbed by the blower at 1,695 r.pems increases to 2.2
times its former value, which is 33,2 hps or 6 percent of
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the sustained engine output of 560 hp., The energy ab-
“sorved by the blower is ‘'still somewhet smaller than the

loss through the resistance of conveational water radia-
tors or of radial engines.

Since the guantlty of air delivered increases to 5,79
keg/s (L2.76 lbe./sec.), the_temperature incgease of the
@bl e air drops 11 to 35 C¢ (19.8 to 63" F.). ‘S;nce

all hot points of the engine are in the vicinit the
outflow of the cooling air, a temperature drop oi Hbout
'10 C can be assumed. Moreover, the heat transfer is im-
pRoved by the increased velogity: of f£low. The rate ‘of
heat transfer depends’ on the heat 1load of the cooling fins
and on the velocity of flow. According to the first sec~—
tion of this report, we can calculate oa 1.22 fold coeffi-
citent 'of heat transfer at 1.3 fold wvelocity of flow for
the aluminum fins, on 1,16 fold for the highly loaded
stecl fins of the cylinder ia the vicinity of the combus-
tilon"chanber and on 1,2 fold in the vicinity of the cyl—
inder base. The mean improvement in the coefficient of
heat transfer may therefore be estimated as 1,19 fonld.

At the temperature of 300° C.(V720 Py ) In'the victnity of
the cooling-air exit, where the temperature alf;eruncb be-
tweon cooling~air and- the cy AJLdC" is therefore 254° ¢,

(4 57 8 P,) the tempcrt*are differonce is 1owored to about
234F C. (385.2 F.) by the improved coefficient of heat
transfer, so that the temperature is about 2807 05 (5000 Fsla
From the thermal viewpoint, adeoguate reliability of opera-
tion is thus insured. Even better results aro temporari-
ly possible.

The revolution speed of the blower was increascd 27
percent by chaunging the gear wheels. ' The temperatures of

the eangine wcecre measured in variouas test TVAS . The engin
ade several short runs with 560 hp el L7060 i pente. and
w1th 620 hp. at l 808 r.p.ms ' For a:brief:period 578 L@.
st attained at 1,820 r,pem. ‘It was fon:d that the tem
p“raturo" eyl oa the avorage, about 50° as comparcd:
ith- the runs at the lower rovolutidn spced of the blower,
It was also found that the tenpcratures werc lower for
620 hp. at the higher revolution speed of thc blower, than
for 9560 hp. at the lower revolution spced, The obsorvcu
+temperatures are givea in thc tabdble.

With the present arra the exhaust valves are
situated behind tlhe: intake valves in the direction of flow,
The eghaust valves are therefore cooled by the al-
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ready heated air. Exchanging these valves _would make the
exhaust side: of the cylinder head 20 to 30 cooler. In-
creasing the intake side by about the same amount would
make the temperature differences in the cylinder head
smaller, thus lesseaning the tendency to warpe.

The experiments with the engine also showed that it
was very difficult to cool adequately the bell-shaped
closed air-cooled cylinder head with the screwed-on head.
An exposed cylinder, with an aluminum head shrunk orn with
a coarse thread, yields better cooling, Even the flang-
ing of the cylinder head on the open liner at the height
of the upper piston dead center is open to question. The
head can be secured to the cylinder by a larger numbder of
strong ‘screws.

In order to be able to mount the six centrifugal Ddlow~
ers in the space between the cylinder banks, the air flow
must be sharply deflected several times, especially at the
entrance to the blower, with consequent loss of energy.

The air could be delivered, without deflection, to the
first pair of cylianders by means of an axial blower. The
diameter of the blower wheel would be about 360 mm (14.2
ine.) and could be easily installed. The energy reguired

‘for cooling could be easily reduced.

V. SUHMARY

With the aid of a heating device, the heat transfer
to cylinders with conigal fins of various forms is deter-
mined both for shrouded and exposed cylinders. Simulta-
neously the pressure drop for overcoming the resistance to
the motion of the air between the fins of the enclosed
cylinder is measured. Thus the relations between the heat
transfer and the energy required for cooling are discov=-
ered. The investigations show that the heat transfer ina
a conducted air flow is much greater than in a free cur-
rent and that further improvement, as compared with free
exposure, is possible through narrower spaces Dbetween tae
fins. Experiments with a large air-cooled single-cylin-
der engine are then described, which enable comparisons
of the energy expended in cooling a radial eugine by the
relative wind and cooling by blowers with suitable shroud-
ing of the cylinders. he energy required for cooling
remains within permissidble liwmits and is smaller than that
necessary for overcoming the resistance of an air-cooled
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radial engine. Improvement in cooling makes it possible
to attain a greater engine output per cylinder. ' Greater
reliability of operation can be attained, bdbecaunse tie
cooling atr can be conductcd to the points of -greater
heat loading. With the aid of the regults of the: first
investigation, the heat loading of the iandividual parts
oif* the cylinder can be determined from the teomperature
distribution of the single~cylinder engiie and from the
quaatity =nd velocity of the air used for c¢ooling., These
.investigations are of special importance, because there
has  hithoerto been no criterion for higher-=specd engines.
The lieat loading of the cylinder head with 212,000 Xkcal/
mg/h (78,156 B.t.,u./sq.ft./hr.) is about ecight times as
large as that of the liner., The-investigations end with
measuremnents on a 1l2-cylinder -V-eangine provided with six
centrifugal blowers, eacl: cooling two opposite cylinders,

o

firanslation by Dwight M. Miner,
v {

National Advisory Committee
for Asronautics.
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Figure 12.-Heat traas~
fer of
ed cylinder plotted
against energy requir-
ed to overcome fric-
tion and turbulence,
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Direction of flow
of cooling air .

Figs. 19,20,21
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Figure 25.-Heat loading of inner
g i wall of test cylinder.
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Figure 28.-Inner side of 12 cylinder engine with DVL air guides.
(Blower and left bank of cylinders removed.)
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Figure 30.-Air velocities with cylinders exposed.
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Figure 3l.-Air velocities for cylinders with DVL shrouds.




