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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

! 1
f Metric English
sy Abbrevi Abbrevi
. revia- : revia-
Umt tion Unit tion
Length_ .. _.__ l 10157 2) o g I o 4 R Y A m foot (or mile) - .. _.___ ft. (or mi.)
ezt ot i RECORY b R e A S TR 8 second (or hour)_______ sec. (or hr.)
Foree i oz F weight of 1 kilogram_____ kg weight of 1 pound_____
Power_ s« .0 B horsepower (metric) ... _________ horsepower—- - _-______._ hp.
Spebd v kilometers per hour______ k.p.h. miles per hour________ m.p.h.
Pt meters per second_ _ _____ m.p.s. feet per second..._____ f.p.s.
2. GENERAL SYMBOLS
Weight =mg v, Kinematic viscosity
Standard acceleration of gravity=9.80665 p, Density (mass per unit volums)

m/s? or 32.1740 ft./sec.?
Mass = .4
g

Moment of inertia=mk?. (Indicate axis of
radius of gyration k by proper subseript.)
Coefficient of viscosity

Standard density of dry air, 0.12497 kg-m—*s? at
15° C. and 760 mm; or 0.002378 1b.-ft.7* sec.?

Specific weight of ‘““standard” air, 1.2255 kg/m® or
0.07651 Ib./cu.ft.

3. AERODYNAMIC SYMBOLS

Area

Area of wing
Gap

Span

Chord

Aspect, ratio
True air speed

: 1 2
Dynamic pressure =5p

Lift, absolute coefficient O, = ;—S'

Drag, absolute coefficient €= q%

Profile drag, absolute coefficient OD,=%

Induced drag, absolute coefficient Cp, D

qS

Parasite drag, absolute coefficient Co, -%

Cross-wind force, absolute coefficient 0¢-q%,
Resultant force

o Angle of setting of wings (relative to thrust
line)
% Angle of stabilizer setting (relative to thrust
line)
Q, Resultant moment
- 9, Resultant angular velocity

p—> Reynolds Number, where [ is a linear dimension

(e.g., for a model airfoil 3 in. chord, 100

m.p.h. normal pressure at 15° C., the cor-

responding number is 234,000; or for a model

of 10 cm chord, 40 m.p.s. the corresponding

number is 274,000)

C,, Center-of-pressure coefficient (ratio of distance
of ¢.p. from leading edge to chord length)

a, Angle of attack

€, Angle of downwash

o, Angle of attack, infinite aspect ratio

a, Angle of attack, induced

a;,  Angle of attack, absolute (measured from zero-
lift position)

v, Flight-path angle
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COOLING OF AIRPLANE ENGINES AT LOW AIR SPEEDS

By Taropore TuropORSEN, M. J. BrREVOORrT, and Grorce W. STICKLE

SUMMARY

A comprehensive experimental study has been carried
out at full scale in the N. A. C. A. 20-foot wind tunnel,
the general purpose of which is to furnish information in
regard to the functioning of the power plant and propeller
unit under different conditions. This report deals par-
ticularly with the problem of the cooling of an airplane
engine on the ground. The influence of different nose
forms, skirts, flaps, propellers, spinners, and special
blowers has been investigated. Among the more interesting
results are the demonstration of the comparative ineffi-
ciency of adjustable skirt flaps, the detrimental effect of
small-diameter front openings of the cowling, and the very
beneficial effect of a carefully designed airfoil section near
the hub of the propeller. A small axial fan of simple con-
struction was found to give efficient cooling on the ground.

INTRODUCTION

The problem of cooling an airplane engine on the
ground obviously presents the greatest difficulty. The
velocity head in the slipstream is then a minimum.
The engine does not ordinarily develop its maximum
horsepower, but the quantity of heat to be disposed of
is not much reduced. A certain velocity head and a
corresponding pressure drop are generally required to
cool the engine satisfactorily. The problem then be-
comes one of providing a certain pressure drop for cool-
ing on the ground or at a minimum air speed; cooling
at higher speeds, of course, follows. Special devices,
such as flaps on the skirt or fans in front of the cowling,
are sometimes used to improve the cooling on the
ground.

It has been shown (reference 1) that the cooling for
the cruising condition is almost exclusively a function of
air speed, the effect of the propeller slipstream velocity
being of little importance. At low air speeds the situ-
ation is different; the cooling is largely dependent on the
propeller effect. On the ground the cooling depends,
of course, entirely on the propeller. The subject of
primary interest in this paper is the study of the factors
affecting the cooling on the ground.

ANALYSIS OF THE PROBLEM

It was shown in reference 1 that the cooling of an
engine is a function of the pressure drop Ap across the
cylinder bank. Most of the tests reported in this paper

were extended down to the minimum tunnel speed.
This minimum tunnel speed corresponds to the effect
of the local propeller slipstream on the closed-circuit
tunnel and is approximately 20 miles per hour, low
enough to permit an extrapolation of results to the
condition of zero air speed.

At very low air speeds the effect of the slipstream
dominates the situation, the propeller functioning as a
low-pressure blower. TFor the condition of zero air
speed, the quantity Ap/n® has been chosen as the char-
acteristic function, this quantity being independent of
the revolution speed of the propeller. The square root
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FiGURE 1.—Typical curve showing the dependency of +/Ap/n on +/Cp for V/nD=0.

of this quantity is plotted against the advance-diameter
ratio V/nD. Plots of this type conveniently picture the
relationship between the available pressure and the
air speed at any combinations of the other variables
and show directly the primary results of the present
investigation.

In order to apply the results for the condition of zero
air speed, there need be known only the revolution
speed n of the propeller at any particular angle of
attack. For this purpose it is very convenient to plot
the pressure function Ap/n? against the nondimensional
power coefficient Cp at zero air speed, defined as

J& 27 Q)

Or= i DF = put?
where P is the power and @ the torque of the pro-
peller. A curve of this type is illustrated in figure 1

1
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for a particular propeller over the entire range of blade-
angle settings. The ordinate used is actually the square
root of the pressure function, ory/Ap/n, and the abscissa
; is similarlyy/Cp. At a given power and propeller
2 ; W diameter the revolution speed is known at each blade

| @ ] . : angle and, in consequence, also the value of Ap. The
B TR selection of the blade angle producing the highest pres-
' ’ il TEESS sure drop Ap is identical with the selection of the point
o = on the curve having the greatest slope for a straight
] it T line drawn from the point to the origin. It is found,
i | B in general, that this condition corresponds to that of the
g ; maximum speed of the engine and a resulting minimum
g ) 0 b propeller blade-angle setting. In order to representthe
’ : e degree of transmissibility of the baffles, a quantity K
g}l ' ~ e designated “conductivity,’” has been defined in reference
‘: : 1 as

el : ; T K—=— Q__
: By -2
o 7
i Vi where ) is the quantity of the air passing through the
& baffles per second.
I, the cross section of the nacelle as a reference
area.

q, the velocity head.
FiGURE 2—The N. A. C. A. fan installed on the engine. and V| the velocity of the air stream.
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Ficure 3.—Lay-out of the test arrangements.
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DESCRIPTION OF EQUIPMENT ’

This investigation was conducted in the N. A. C. A.
20-foot tunnel, which, with its equipment, is described
in detail in reference 2. The general arrangement of
the test model is shown in figure 2. Detailed descrip-
tion of the particular equipment used is given in refer- |
ence 3. Figure 3 (a) shows the various nose cowlings
and skirts employed in the present investigation, to-
gether with other equipment used. Figure 3 (b)
shows an experimental blower used in conjunction

with nose 15 especially designed to house it. Figure
3 (c¢) shows an axial fan of simple construction here-
inafter referred to as the “N. A. C. A. fan.” Figure
3 (d) shows a circular flat disk 24 inches in diame-
ter, which was attached to the front of the propeller
in some of the following tests and is referred to as
“spinner 6.” Figure 3 (e) shows a normal type of
spinner which was actually an integral part of the
experimental blower shown in figure 3 (b) but which
was sometimes used separately and designated “spin- |
ner 10.” Figure 4 is a photograph of the four pro- |
pellers with the designations employed in this report.
The following table is given for reference from the
associated propeller report (reference 3). A photo- |
graph of the experimental blower is shown in figure
5; the N. A. C. A. fan may be seen just behind the !

propeller in figure 2.

PROPELLER DATA

Propeller Num- 3 J S
< = Diameter Airfoil
designa- Drawing ber of Type Remarks okl
tion blades [ (feet) J section
=sr e L o P e | | ) =
A Hamilton-Standard 6101-0.___________________ 3 10.06 | Controllable_ ‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Clark Y.
B Hamilton-Standard 1C1-0____________ 3 10.04 | Adjustable____| A R A R e T Do.
Bx Hamilton-Standard 1C1-0 (modified)..._._____ 3 102043 S8 8 do_..______| Pitch decreased from the 70 percent Do.
. radius to the tip.
C Navy plan form 5868-9.______________________ 3 10021 ——=d oSS E | S0 TR Py Ce e Do.
D Navy plan form 5868-9_____ ___ - l v T 10. 00 (s do | Same as C except 2 blades.___ Do
’ E Navy plan form 3790 _____________ | 3 | oo ’1,,__,110 ___________________________________________________ R.A.F.-6
RESULTS

Figures 6, 7, 8, and 9 show the basic results of the
investigation. Code numbers appear showing different
arrangements. For example, arrangement 6-2-B-3-0
indicates that nose 6, skirt 2, propeller B, inner cowling
3, and no spinner were used. The ordinate used is
VAp/n and the abscissa is the quantity VinD, as pre-
scribed in the preceding analysis. The range presented
is actually the entire range of flight speed and it is
noted that the slipstream effect gradually diminishes as
the speed is increased. The curves asymptotically
approach straight lines through the origin.

The series given in figure 6 shows, in particular, the
effect of the blade-angle setting, the propellers B,
By, C, D, and E being used on the most neutral cowlings
composed of noses 6 or 7 and skirt 2. It is noticed that |
propeller B, or By, which has a good airfoil section near | FIGURE 5.—Wright blower with propeller C and spinner 10.

142920—37——2
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FIGURE 6.—Dependency of 4/Ap/n on V/nD for several propellers at various blade angles.

the hub, is superior to the almost identical propeller
C with a round hub section. The three-blade propeller
C, and the two-blade propeller D, having identical
blade sections, give available pressure drops almost
proportional to the number of blades.

The next series (fig. 7) gives the effect of the various
noses tested, the propellers used being restricted to B
and C at blade angles of 25° and 35°. The result of
most immediate interest is the apparent inferior cooling

properties of the noses 3 and 9, the available pressure
drop Ap being of the order of one-half or less of those
obtained on the normal designs. It is further noticed
that nose 4, which is characterized by a very flat nose
section pointing radially inward, shows without excep-
tion the highest available pressure at the ground point.
Noses 6 and 7, which are among the best at cruising
condition (reference 1), appear, however, to be fairly
close to the maximum.
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FIGURE 7.—Dependency of +/Ap/n on V/nD for several nose shapes on different propeller arrangements; skirt 2.

Figure 8 reproduces the experimental results in re-
gard to the much-discussed problem relating to the use

of cowling flaps.

The flaps used were of normal de-

inches at the rear end. The results show that the gain

in available pressure is in the order of 15 percent as

in flap angle corresponding to flares of %, 1, 2, and 3
compared with the unflared skirt.

sign, 5 inches long, and were given successive increases

This result is inter-

esting insofar as it shows the performance of normal

short flaps to produce a suction at the slot.

In con-

trast, it is seen that skirts 7 and 8 represent a decided
gain over the narrower skirt 2, this latter gain being in

Similar results are available

for other propellers and blade angles and show sub-

the order of 50 percent.
stantial agreement,



Figure 9 shows the results of a related investigation
on the effect of fans or blowers, presented for comparison
in conjunction with some other typical cases. The
most interesting result is the remarkable effectiveness
of the very simple N. A. C. A. fan. The Wright blower
is seen to be very inefficient, the pressure function re-
maining below 0.2, and is inferior to the propeller B alone.

Improved cooling on the ground is generally attained
at some loss of efficiency at high air speeds. This loss

REPORT NO. 593—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

1s evident from the associated net-efficiency curves of
figure 9. It isnoticed that nose 7 with spinner 10, which
gives poor cooling on the ground, shows the highest
efficiency in flight conditions; whereas the N. A. C. A.
fan, being superior for cooling, shows the lowest net
efficiency.

The following table shows the pressure constants for
the various propeller noses and skirts for the condition
of cooling on the ground.

. - [Ap V
VALUES OF PRESSURE CONSTANT 1;]-AT nl):O
\1 Propeller B ‘ Propeller By Propeller C Propeller D Propeller E
Blade angle — SR = Cl— —_—— - S I AT
(degs.) ‘ ‘ | | ‘ lemarks
‘ 15 20 25 35 ‘ 15 25 30 35 ‘ 40 45 | 15 20 25 35 45 15 35 15 10 20 ' 30 ‘ 40
e ‘ e | | T IR T O I ) ‘.A,,i, -
| Nose | Skirt ‘ | | \ ‘ ‘ ‘ ’
‘ 1 2 ----]0.193(0, 201f_____ -|0. 114/0. 160| = el =
2 2 ‘ S5 ) 03 b IEsas =gl S
3 2 = . 146| 3 |
4 2 . 214 |
6 | 2 188 __ 05
| 7 l 2 198 i} .
{9 ‘ 2 T U SR [ [
] 7 7 [ - |
7 \ 8 | e e
| 7 | 8 - |-- l4-inch flare. |
7 | 8 ‘ . l-inch flare.
7 ‘ 8 ‘ ‘ | [ ‘ 2-inch flare. ‘
7 S| ‘ ,,,,, o |- 3-inch flare.
S e =~ —— | = | — | - = = e
15 2 ‘ ‘ [ ‘ ca ‘ . | ,‘ o
15 2 = A g ‘ e Spinner 10 and Wright
‘ | blower.
15 200l ‘ . | | N. A. C. A. fan.
7 9| i ‘ . |- } Spinner 10.
i TEREE I

N o

Net efficiency, n,
e /

|
T
RN “ ‘} |
15, Wright blower, }
spinner /0**" }
15, N-A.CA. fan|
7 el et
7, spinner: 10 +———
=L Je
.
1.0 )2

(0)

FIGURE 9.—Dependency of +/Ap/n on V/nD and of 7. on 1/3/ P, for propeller C
set 25° at 0.75R with different test units.

Figure 10 shows the pressure functiony/Ap/n on the
ground for the five propellers. As explained in the pre-
vious analysis, the slope of a line drawn from any parti-
cular point on this curve to the origin is proportional to
the square root of the available pressure Ap, the maxi-
mum slope giving the greatest available pressure on the
ground. It is seen that this point, at which the highest
pressure occurs in most cases, corresponds to a blade
angle of less than 15°. Assuming a 550-horsepower
engine with a 10-foot controllable propeller, the mini-
mum blade angle permissible to prevent excess speed is
about 19°, which corresponds to 1,460 r. p. m. of the
propeller. The reason for the more effective action of
the propellers occurring at low pitch settings lies in
the fact that the propeller loading is concentrated more
toward the hub. The practical coneclusion is that, in
order to obtain maximum cooling on the ground, the
propeller should be given a minimum blade-angle set-
ting corresponding to maximum engine speed.

Thus far the discussion has dealt entirely with the
pressure drop and the factors affecting it. Results of
some related tests of temperature measurements that
were conducted at the same time will now be presented.
It has previously been found (reference 1) that an
available pressure drop of 10 pounds per square foot
across the engine, if properly used, will provide suffi-
cient cooling in accordance with present-day practice.
It was found that a very definite relation between the
rear temperature and the pressure drop exists; the
front temperature was shown to depend on several
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L ° 5 measure of the heat transmission. This tem-
g perature is referred to as an “index temperature.”
I o = i Figure 11 shows selected examples of the
_'_]7’/ %) | temperature distribution around a heated cyl-
e inder at various air speeds and for different
e . arrangements. For the cases shown in figure
11 it is necessary to realize that the high tem-
/| peratures shown at the lowest air speeds are
et : = = ~| somewhat misleading, being directly a conse-
(=] .
ad ‘ | quence of the very low revolution speeds of
g -/ £ ‘/g- - o = the propeller in this condition. Comparison
>

other factors. In the present paper, the temperature
distribution around the circumference of a cylinder is
shown in more detail. The particular cylinder on which
the measurements were made contained an electric
heater, the output of which was kept constant at
1.75 kilowatts, the temperature thus being a direct

with results in reference 1 of the available
pressure on the ground and at low speeds indicates
that the extrapolated values of the temperatures at
zero air speed would not be much in excess of those
obtained at the lowest air speed. The revolution speeds
employed in the tests were roughly of the order of
one-half of those on conventional installations since
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(a) Arrangement 7-2-0-3-0; K=0.0424.
(b) Arrangement 7-2-B-3-0; K=0.0424.
(c¢) Arrangement 7-2-B-3-6; K=0.0424.

(d) Arrangement 15-2-C-3-10 (Wright blower); K=0.0424.
(e) High and low speed for two arrangements; K=0.0909.
(f) Baffles removed from arrangement of three nose shapes; K=0.3 to 0.6.

FI1GURE 11.—Distribution of index temperature around the cylinder for various arrangements.
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FIGURE 13.—Dependency of index temperature on Ap for various arrangements.
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only about one-eighth of the power was used. As a
result, the ground cooling pressure amounted to about
one-quarter of actual values and the coefficients of heat
transmission to approximately 47 or about two-
thirds of the values at the proper propeller speed. As
a consequence the temperatures measured are about 50
percent in excess of the values that would be obtained
for the same heat output at normal propeller speeds.
The first four sets of curves of figure 11 are for the
standard baffling, K=0.0424, all taken on the small
nacelle. In figure 11 (a) is shown a case of propeller
off ; the three curves show three different tunnel speeds.
In figure 11 (b) is shown a case with propeller B and
in figure 11 (c¢) a flat spinner has been added. Note
the very beneficial effect of the spinner on the front
temperatures. In figure 11 (d) the results are given
for a special test series on a Wright experimental blower.
The next figure, 11 (e), shows the temperature distri-
bution obtained with a larger gap between the cylinder
and the baffles; K=0.0909 at two air speeds and with
both nacelles. Note the large increase in the rear tem-
peratures. Figure 11 (f) shows the distribution for
minimum air speed for the case of baffles removed;
K=0.3 to 0.6.

Figure 12 shows the relationship between the rear
temperature and the pressure drop across the eylinder
bank as resulting exclusively from the change in the air
speed. The slopes of the resultant curves are some-
what inconsistent, lying apparently between —0.2
and —0.3.

Figure 13 is given to indicate the exponents of the
temperature-pressure relationship at various angular
positions around the cylinder. It is apparent that the
frontal temperature is very independent of the pressure
drop. Figure 13 (e) shows a particularly irregular
result; the heat transmission on the front actually
increasing at low tunnel speeds, especially at the 45°
position, probably indicating a peculiar flow condition.

GENERAL CONCLUSIONS

1. A blade section of proper airfoil shape near the
hub is found to be effective in producing increased
cooling on the ground, being far superior to the con-
ventional round shank. The N. A. C. A. fan of very
simple construction gave the hichest observed available

pressure; it appears, however, that this result could be
equaled by improving the design of the airfoil section
near the hub.

2. Adjustable skirt flaps were found to increase the
pressure drop in the order of 15 percent. Flaps are not
recommended except for very loosely baffled or unbaf-
fled engines.

3. The design of the nose of a cowling is of some
influence in regard to the cooling at the ground point.
Noses with a small frontal opening were found to be
inferior and are not recommended. A nose design
with a radial inward bend of the leading edge (nose 4)
was found to be superior to, but only slightly better
than, the normal designs (nose 7) recommended for
cruising conditions.

4. The charts given in the paper for a number of
conventional propellers indicate the most efficient
blade-angle setting for obtaining the best cooling at the
ground point. The angle is apparently a function
only of the permissible maximum engine speed, which
was found to correspond to a blade angle of about 20°.

5. No very general conclusion is possible in regard to
the temperature distribution. The beneficial influence
of a tight baffling has been demonstrated. A flat plate,
or spinner, in front of the propeller hub has been
demonstrated to improve very effectively the cooling on
the front. The apparently inconsistent results often
obtained on the cooling of the front of the eylinder seem
to indicate that several unknown factors are involved
and leave a field for future study.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,
LancrLey Fiewp, VA., June 2, 1936.
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Positive directions of axes and angles (forces and moments) are shown by arrows
Axis Moment about axis Angle Velocities
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(rolling) (pitching) (yawing)
4. PROPELLER SYMBOLS
D, Diameter : /A
A Power, absolute coefficient Cp=—5+;
P, Geometric pitch Ba e T n’DP
»/D, Pitch ratio C S S ATl VS
3 eed-power coefficient = /2

V',  Inflow velocity e ey Pn?
V.,  Slipstream velocity 7 Efficiency

. g
Z Thrust, absqlute coefficient O’T=m—)z

. L
Q, Torque, absolute coefficient Cp= SniE

1 hp.=76.04 kg-m/s =550 ft-lb./sec.
1 metric horsepower=1.0132 hp.

1 m.p.h.=0.4470 m.p.s.

1 m.p.s.=2.2369 m.p.h

n, Revolutions per second, r.p.s.

P, Effective helix angle =tan™! l)
27rn,

5. NUMERICAL RELATIONS

1 1b,=0.4536 kg.

1 kg =2.2046 1b.

1 mi.=1,609.35 m =5,280 ft.
1 m=3.2808 ft.




