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FULL-SCALE TESTS OF N. A. C. A, COWLINGS 
By THEODORE THEODORSEN, M. J. BREVOORT, and GEORGE W. STICKLE 

SUMMARY 

A comprehensive investigation has been carried on  with 
fzill-scale models in the N. A. C. A. 2O-joot wind tunnel, 
the general purpose of which i s  to - furnish information in 
regard to the physical fundioning of the composite pro- 
peller-nacelle unit u n d ~ r  all conditions of take-03, taxying, 
and normal -flight. Th i s  report deals exclusively with the 
cowling characteristics under conditions qf normal JRight 
and includes the results of tests of numerous combinations 
of more than a dozen nose cowlings, about a dozen skirts, 
two propellers, two sizes of  nacelle, as well as various types 
qf spinners and other devices. 

The optimum shape of a low-drag cowling has been 
determined. The shape of the leading edge and the con- 
tours of the exit passage are the cause of large losses when 
improperly designed. The importance of providing 
means for regulating the quantity of cooling air to the 
min imum that will prevent excessive losses at high speeds 
has been demonstrated. The N. A. C. A. cowlings 
show a remarkably high e$iciency when considered as a 
pump for the cooling air. The superiority of a bafled 
over a n  unbafled engine has been veri$ed and i t  has, 
furthermore, been shown that tightly $tting bafles are 
superior to the dejector type. 

INTRODUCTION 

The general purpose of a cowling has been known for 
&me time. The original tests of N. A. C. A. cowlings 
are given in reference 1 and later studies in references 
2, 3, and 4. The actual design of the engine cowling 
has, however, been based on a very inadequate scientific 
knowledge of its functions, owing largely to a lack of 
conclusive experimental data. The two basic functions 
of the engine cowlings are: (1) To provide an engine 
enclosure having minimum air resistance and (2) to 
act as a pump for the air that is to cool the engine or 
the radiator. 

The cowling is usually designed to fit tightly about 
the engine unit with a rearward taper gradually faired 
into a wing or with a slightly expanding section that 
forms the front portion of a fuselage. The design of 
the portion ahead of the engine has been quite hap- 
hazard and often aerodynamically poor. As the cowling 
has a leading edge quite similar to that of an airfoil, 
i t  must be expected to react aerodynamically in much 
the same manner. The leading edge being fairly thin, 

the cowling must be sensitive to the "angle of attack'' 
of the local air flow at  the leading edge. This question 
has, in fact, been considered as a direct consequence 
of the findings of reference 5, in which an "ideal angle 
of attack" is defined. 

No information has been available until quite recently 
on the function of the cowling as an air pump. 

Since the summer of 1935 the N. A. C. A. has been 
conducting a very extensive investigation of propellers, 
nacelles, and cowlings with numerous special devices 
including a dozen difi'erent cowlings with a variety 
of skirts. Attention is being paid to the mutual 
interference of the parts and to their effect on engine 
cooling. This first report comprises the results of the 
tests of cowlings, nacelles, and spinners under normal- 
flight conditions. 

ANALYSIS OF THE PROBLEM 

As previously stated, the two primary functions of 
the cowling are: (I) To provide an engine enclosure of 
minimum drag and (2) to pump the cooling air through 
the engine or the radiator. These functions are distinct 
because the definite amount of work required to be 
done on the cooling air is distinctly different from the 
ordinary aerodynamic drag of the cowling itself. In  
order to cool the engine, a certain quantity of air Q has 
to be forced through the engine per second a t  a certain 
pressure difference Ap. A related increment is observed 
in the drag D- Do a t  an air speed V. The work done 
per second is thus QAp and the work expended exclusively 
for cooling is (D-Do) V, which gives an efficiency of 
pumping 

Q AP 
""=(D-D~)V 

The qua.ntity Do, which is given considerable signifi- 
cance, is defined as the drag of a closed cowling with 
major dimensions similar to those of the actual cowling 
as indicated by the sketch in figure 1. (See also the 
actual design in fig. 4, nose 19, skirt 5.) 

Writing the total drag of the cowling-nacelle unit 

the problem is stated. It is, of course, evident that 
qp  should be as large and Do should be as small as 
possible. 

1 



2 REPORT NO. 592-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

Thus far the presence of a propeller has been ignored. 
On first consideration one might be led to believe the 
propeller to be nonessential in the sense that all con- 
clusions drawn from a test without a propeller might 
readily be applied. That such a procedure is not permis- 
sible will be evident from the results. The main inter- 
action may, however, be fairly well isolated and de- 
scribed. In  order to determine the pump efficiency with 
a propeller, the net efficiency of the propeller-nacelle 
unit will first be defined as 

RV 
on=  p 

where R is the thrust of the unit and P the power sup- 
plied to the propeller shaft. The value on thus includes 
the useful expenditure to cooling. 

As the propeller is a secondary consideration, i t  will 
be treated very simply as a disk capable of producing 
the desired pressure difference or forward thrust. The 
velocity increase and the contraction of the slipstream 

FIGURE 1.-Basic cowling shape for determining minimum drag. 

are found to be proportional to the unit disk loading, 
defined as 

1 
where q is the dynamic pressure % p V 2  and S is the disk 

7T 
area qD2.1 

Any combinations of P, S, and q (or of V) that give 
fixed values of PC are therefore essentially similar in 
geometrical appearance of the flow field. In the study 
of the effect of the propeller on the cowling, the para- 
meter PC will frequently be employed, or rather the 
more convenient expression 

1 
It may be noted that large values of 7- correspond to 

d P c  
small contractions and vice versa. 

An expression for the pumping efficiency of the 
cowling for the power tests is obtained by recognizing 
the fact that part of the apparent loss in aerodynamic 
efficiency reappears as u.seful work in cooling the engine. 
The net efficiency pertaining to a certain installation 
has been given as on, which is experimentally determined 
for several values of PC. The mechanical cost of the 
cooling is determined by employing the closed cowling 

, in figure 1 to obtain a series of points on the net- - 
1 11 is noted that the power supplied t o  theairstream ns thrust is somewhat less t h a n  

P and that the effective disk area is reduced by tho Goldstein effect. (See reference 0.) 

efficiency curve for this limiting case of no cooling or 
pumping losses. This particular net efficiency is 
denoted as 770. A comparison of these net efficiencies 
at  a value of PC representing a desired standard 
condition gives the pump efficiency at  PC as 

Q AP 
= (110- on) p 

Consider for a moment the product QAp. The 
engine or the radiator permits a rate of flow Q at a 
pressure difference Ap. For a given engine the pressure 
drop across the baffles is obviously very nearly pro- 
portional to the square of the volume and to the 
density p. A nondimensional quantity can easily be 
obtained. Let A be the cross-sectional area of the 
portion of the main air stream in front of the engine, 
which actually enters the engine as cooling air. (See 
fig. 21(d).) For a given engine or radiator this 

- 

volume ,4T7 is proportional to - a  that is, the area dA:7 
is proportional to 4%- The constant of proportion- 

ality may be defined as 

where k is seen to represent an area. In order to obtain 
a nondimensional expression, k may be expressed in 
terms of some representative area, such as the cross- 
sectional area of the nacelle F. Thus 

The term K, which shall be termed "the conductivity 
of the engine," is now a pure number. I t  is easy to 
visuali..e when Ap is equal to q: when the available 

A 
head is used across the resistance. In  this case K=p 

and the conductivity K may be defined as the fraction 
of the total air column with a cross section equal to that 
of the nacelle that enters the inside of the cowling 
when the pressure drop across the resistance is equal 
to the velocity head q. - 

The term "conductivity" has been used from time to 
time in various forms by other authors. It is adopted 
because of a certain analogy to electrical terminology, 
as will be discussed later. 

The value of Ap/q is nearly unity in baffled en,' vines 
and K normally lies between 0.05 and 0.1. Most of 
the reported tests were conducted with tightly fitted 
baffles, in which case the value of K is 0.0424. This 
value of K is referred to as "standard baffling." Sub- 
sequent tests were run with loosely fitting baffles in 
which K was 0.0909. A final series of tests was made 
with the baffles removed and K, approximately 0.5. 
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The great convenience of having the engine-flow 
resistance given by a single number can be realized. 
If the defined qnantity K is used t.o obtain an 
expression for the quantity of the cooling air 

a form is obtained that is particularly convenient 
inasrnuch as a single calibration suffices to determine K 
for each engine baffle or radiator. The method of 
calibration will be described later. 

Introducing K in the efficiency formulas, there is 
obtained for the nacelle tests with D=C, Fq 

as the final formula for the pump efficiency. Similarly 
for the propeller tests 

KF 
where C= -. This formula is convenient as K is a 

s p c  

constant, as are the disk area S and the nacelle cross- 
sectional area F. I t  will later be shown that the value of 

1 

drop across the engine and the pressure to produce the 
velocity head in the exit. The preceding equation 
written in nondimensional form is 

AP AP A p 2  -=-+- 
P P P  

For the pressure drop across the engine there has already 
been obtained the relation 

8-  

For the pressure that produces the velocity head in the 
exit, there is simply 

1 
A P Z = ~ P V ~ ~  

as the internal-friction loss in the passage is considered 
Q 1 negligible. Inasmuch as Vz= - and q=- p V 2 ,  there 
A2 2 

may be written 

The area of the exit of the slot A2 may be written in 
coefficient form as a fraction of the maximum cross- 
sectional area F, as K2F. Then 

and for the total pressure drop the fina.1 relation 
-- , '- - 1.8 has been chosen as a standard of reference. 
d p c  

The influence of the exit area on the flow through 
the cowling is best explained by reference to figure 2. 

FIGURE 2.-Pressures and velocities for defining conductivity. 

Observe that p2 and V2 are the pressure and velocity, 
respectively, in the exit. The static pressure p2 is 
practically identical with the static pressure of the 
outside flow a t  the slot because the flow line dividing 
the external and internal fields is nearly straight,. 
The expression for the total available drop is thus 

where AP is the total head on the front minus the 
static pressure at  the exit. The static pressure a t  the 
exit, as will be seen from a number of pressure plots, is 
usually slightly negative and may in some cases reach 
a value of -0.3 q. The frontal pressure is fairly close 
to q on all normal cowlings. The pressure A P  thus 
ranges from approximately 1 q to 1.3 q.  The right- 
hand terms of the foregoing equation are the pressure 

representing the case of two resistances in series. The 
AP 

pressure drop - corresponds to the voltage V, the 
P 

square of the rate of flow (&>' to t b i  currentJ, and 

the conductivities K to 1/C 
A few remarks on the foregoing equation of flow 

regulation may be in order. Restating, the left-hand 
side is independent of air speed and is equal to slightly 
more than unity. Even with the use of cowling flaps 
the increase is only from about 1.1 to 1.3. The associ- 
ated increase in Q is thus of the order of 10 percent and 
the increase in cooling is very slight. Indeed, if K is of 
the usual small value of baffled engines, not much is 
gained by increasing also the exit conductivity K2. 
Representative values of K and K2 as used in the most 
efficient and satisfactory installations tested are 0.05 
and 0.15, respectively. The pressures across the resist- 

1 
ances are therefore - (0.05)" 

z ,  or in the ratio3 and --- (0.15) 
of 9 to 1. Any possible increase in Kz results in only 
a negligible increase of Q. 

3 For constant cooling, this  ratio decreases as t h e  air speed increases. 
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(a) Nacelle 2, nose 7, skirt 6, propeller B, inner co\\~ling 6 (7--6-B-6-43). (b) Nacelle ?, nose 7, skirt 5, propeller B, inner cowling 3 (7-5-B-3-0). 

4 

(c) Blont view of engine cylinders with baffles and center section of the cornling. (d) Rear view of engine cylinders with baffles and center section of the co~vling 

FIGURE 3.-The test set-up. 
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The conductivity K completely represents the engine 
as regards the aerodynamic tests of the nacelle-propeller 
unit. 

The ,choice of the value of 1.8 is made strictly for 
the convenience of comparison. Each individual pro- 
peller was tested over a complete range of angles of 

1 
attack. A plot of the net efficiency against - 

UP, 
1 

shows that the range of 7 extends from 0 to about 3, 
dl', 

the net efficiency becoming zero at  the latter point. 
This particular shape of the efficiency curve is, of course, 
a function of the present test set-up, which consists 
solely of an engine-nacelle unit. It is obvious that the 
presence of a wing section or of an entire airplane would 

propeller g cylinders 

ard equipment is described in reference 7. The full- 
scale cowling model was attached to the standard 
balance frame by the supports shown in figures 3 '(a) 
and 3 (b). The supports were shielded from the air 
stream in the regular manner to minimize tare drag. 
The cowlings were built to enclose a Pratt B WThitney 
VCTasp engine having a maximum diameter of 52 inches. 
The dummy engine used in the main series of tests 
consisted of Wasp engine cylinders mounted on the 
front half of the crankcase (figs. 3 (c) and 3 (d)). The 
engine was pivoted on an axis at  the top (fig. 4) and the 
force was taken by a bell crank oonnected to a scale 
at  the bottom. This arrangement permitted the direct 
determination of the axial force on the engine and the 
ring-cowling assembly. 

FIGURE 4.-Test model lay-out with cowling shapes. 

/ (b) Toil pump 

change the shape of the entire curve. I t  is fairly safe 
to assume, however, that the differences in propellers, 
cowlings, spinners, etc., would manifest themselves in 
the same relative manner. 

A 150-horsepower, 3-phase, wound-rotor induction 
motor was mounted in the nacelle behind the dummy 
engine (fig. 4). This motor was calibrated in a special 
brake test over the entire range of speed and torque. 

1 
The condition - = 1.8 might be more easily kept 

Ui? 
The propeller was mounted in proper relation to the 
engine by an extension shaft, which replaced the engine 

in mind as a fixed slipstream contraction; it is used $0 

permit a comparison of the effect of the propeller on the 
cowling-nacelle unit under equal or similar conditions of 

APPARATUS 

The cowling investigation was conducted in the 
N.  A. C. A. 20-foot wind tunnel, which with its stand- 

4 For example, the value l/i/z=!.8 is represented by n 550-horsepower engine 
and a 10-foot propeller at  about 180 mlles per hour or by a ZOO-horsepower engine and 
an 8-foot propeller a t  about 150 miles per hour. 

shaft. The speed and the power output were controlled 
by resistance in the rotor circuit. This arrangement 
permitted a flexibility and accuracy far superior to those 
obtainable on an engine run on its own power. Another 
important reason for the electric drive is its dependa- 
bility. With t,he complex installation comprised of 
more than 100 pressure tubes and several dozen ther- 
mocouples all over the unit, inechanical 
have been cumbersome. 
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The heat transmission tllrough tile cylinders IF-:IS 

obtai~lecl by tlle employment of a 2-l~ilon-att electric 
heater of fixed output nlounted insitle cylinder I ,  ~1-11ich 
was completely sealed. The mensurec~ surface temper- 
atures thus furnished an accurate irlcles of tlre coefh- 
cient of heat transmission, not subject to the multi- 
plicity of errors associated nit11 tests of a gasoline 
engine. Tllese temperatures 11-ill be referrecl to in tlre 
test  ancl tables as "inclex" teirlperatures T,. ii short 
preliminary series were run on an  actual engine, a Prat t  
& Wllitney Wasp SlH1-G, bafflecl in the average man- 
ner ancl run by its own power. Cond~ct~iv i ty  and 
temperature distribution were measurecl in several 
cases for reference purposes. 

Cowlings.-All co~vlings usecl in this in\-estigation 
are s-i~rfaces of revolution about the propeller axis. Tlle 

struction, Xoses 1 anti 4 lracl tlle same size of frorlt 
openi~lg hut llacl very different angles of attack a t  tlie 
leacling etlge. Nose 5 clifferecl from nose 4 by haring 
tlre leading eclgc clesigned as an airfoil section. Kose 
6 n ns itlenticnl x~-itll nose 5 escept for a sllorterling of 
0 inches in tho axial length. Nose 7 mas designed ~v i th  i 

l a greater radius of curvature than nose 0, representing 
n co~~vling very neutral to the clirection of the oncoming 
air flow. Nose 8 ,  which was built on the basic form 
of nose 1, represents a completely closed nose used for 
special purposes. Nose 9 is built on nose G with a 
for~varcl reversed curvature. Nose 15 is especially 
clesigned for housing a blower attacllecl to the propeller 
shaft. Nose 17 is a clesign to determine tlle effect of 
rednci~lg tlre nlain cliameter of tlle coxvling by placing 
bumps over the roclcer boxes to house them. The  

hTnse 1 FIGURE 5.-Nose shapes of cowlings tested. Nosa 2 

various forms are represented by profile lines in figure 4. 
For convenience, the rear portion enclosing tlre electric 
motor mill be referrecl to as the "nacelle." The por- 
tion forward of the exit opening mill be referred to as 
the "cowling." Tlle comling may be consiclerecl to 
consist of three parts: (1) Nose, (2) center section, 
and (3) skirt. The center section of the comling is 
attachecl permanently to the engine cylinclers (figs. 3 (c) 
ancl 3 (d)).  The same center section was used through- 
out all tests with the exception of the single test on the 
conlplete cowling 17. The nose ancl skirt sections 
were attached to the center section, care being talcell 
to form a continuous snloot11 line. A photograph of 
each nose shape testecl is reproduced in figure 5. 

The  original series comprised nose sllapes 1, 2, 3, 
and 4, all being of the same length ancl general con- 

basic shape is shon-n in figure 4 ancl in figure 5. Nose 
1s  is a combination of a perforated clisli and nose 2. 
Nose 19 is a con~bination of a solicl plate ancl nose 2. 

Tlle various shapes of skirt section testecl are sho~vn 
in figure 4. Sliirts 5, 9, ancl 10 closed up the rear open- 
ing to the cowling. Sliirt 8 hacl flaps of 5-inch chorcl 
ancl 6-inch span turned out in the positions shown in 
figure 4. 

Nacelles.-Nacelles 1 and 2, 44 and 50 inches in 
cliameter, respectively, were usecl in this investigation. 
The leacling contour of the nacelle formecl the inner 
surface for the co\vling slot ancl is termed "inner coiill- 
ing." Iniler cowlings 2 anel 3 were usecl with nacelle 
1 ; h e r  cowlings 4, 5, ancl 0 were usecl wit11 nacelle 
2. These inner cowlings ancl the nacelles are s11orn11 
in figure 4. 
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Baffles.-Bafics of conrerltio~lnl sliape were used in 
this inr~estigation. (See figs. 3 (c) mltl 3 (d).) They 
were in contact 11-it11 tllr cylincler barrel fins from the 

tliese tests. Propeller B (Flanliltoil Standard drnning 
ICl-0) has airfoil sectiolls close to tlse prol~eller hub. 
Propeller C ( N a ~ y  pl:til I'orm 5868-9) lias the rourltl 

100" position to the 145O position (see fig. 0;) for the 1 part of tltcx slranll c:wryiltg fartlier ant on tlw blade :I 

stanrlard-baffle cornlition s1lo11-11 in table I. I n  order 1 fairiisg slo~vly into an airfoil section. Propeller B, 

Nose 3 
4 

Nose B FIGURE 5.-Continued. Nose shapes of corrlings tested Nose i 

to cover different degrees of baffling in this investiga- 
tion, the baffles were inovecl back jd hlch for n few tests. 
The  bafles were reinovecl for several tests, as shon711 
in table I. 

Propellers.-Two 10-foot diameter, 3-blade Hailsilton 
Standard adjustable propellers (fig. 7) were usecl for 

141671-37----2 

tlle same as propeller B except that the clistributioil 
of blacle-angle setting beyoiscl the 70-percent mdius 
lias been changecl. A inore complete clescription of the 
propellers is given in tlie nssocintecl report on pro- 
pellers (reference 8 ) .  
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Nose 8 Nose 9 

Nose 15 Nose 17 

Nose 18 FIGURE 5.-Continued. hTose shapes of cowlings tested. Nose 19 
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FT'LL-SCALE TESTS O F  N. 4 .  C A. COWLINGS 

A i r  f l o w  

' ,? /80° 
Ejcif 

FIGURE 6.-Standard baffle arrangement. 

4..  {3 2., ,/ 
'%sifioni-' 

Spinner 1 

L 

Forward o f  
prope//er 
(Revolved wi fh 

FIGURE 7.-Propellers used for the cowling tests. 

Spinner 3 Sphners 2 ood 3 

Spinner 6 

FIGURE 8.-Spinner shapes and positions. 

Spinners.-Dimensioned drawings of the spinner 
shapes and their positions with reference to the plane 
of the propeller are given in figure 8. (See also fig. 9.) 
Spinner 9 was the only spinner that  acln~itted air 
through the center. 

Special devices.-Several special devices were 
tested in orcler to gain some insight into their effects 
on the normal arrangement. 

1. Auxiliary airfoil: A circular airfoil of the section 
shown in figure 4(a) was used in corntination with 
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nose 7. ,luxiliary airfoil 1 was tried in two positions 
as slio~~-il.  Auxiliary airfoil 2 hacl the same chorcl 
as airfoil 1, but  the lending edge was turiletl clo~i-11 as 
slro~t n in the (Iran ing. It was triecl o~i ly  in position I .  

2. I n  orcler to investigate the possibility of dis- 
charging the cooling air tl~rough the rear of the nacelle, 
the special design shosi~n in figure 4(b) was tested. 

air ifo~i eel arouncl the cylinder. Four pitot tubes and 
four static-pressure tubes were placecl across the exit 
of the bafiles to deterilline the energy in the air a t  
that plnt,e, Sixteen pitot tubes and tiglrt static-prcs- 
sure tubes were placed in the exit of tlie skirt to measure 
the air flow througll the engine. Survey tubes were 
placecl a t  irltervals outside the c o ~ ~ ~ l i n g  surface to 

Uilfortunately, the resistance through the iiacelle was 
too large to permit a sufficient range to be covered. 

Pressure and temperature apparatus.-Static-pres- 
sure orifices were placecl over the i i~ner  aiicl outer 
surfaces of the co1i7ling to give a sufficieilt number of 
measurements to cleternlii~e the static pressure a t  ally 
poilit on tllese surfaces. Twelve pitot tubes ancl 
twelve static-pressure tubes were placecl b e t ~ e e a  the 
fins on a cylincler to measure the loss in energy as the 

determine the flow conditioi~ ~ v i t h  cliffereilt cowling 
shapes. A survey was nlacle of the air stream a t  six 
locations along the axis of the nacelle with each pro- 
peller ailcl with no propeller. 

Thel-nlocouples were placed a t  positions arouiicl the 
cylii~tler corresponding to the positioi~s of the pressure 
measurements. Hot-wire ai~enionieters were usecl in 
the front ancl the rear of the cyliilcler to cletermiiie 
the relative cooling obtaineel in each place. 
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RESULTS 

The top speed actually employed in the tunnel was 
approximately 100 miles per hour. The V/nD values 
were, however, extended to depict conditions up to 
300 miles per hour a t  one-third the actual Reynolds 
Number. The present paper is confined to a report 
on the results of the aerodynamic properties of cowlings 
a t  normal-flight speeds. Several of the tests were also 
concerned with the cooling properties. 

All propellers were actually tested throughout the 
blade-angle range of 15" to 45" (reference 8). The 
present report includes only propellers B and C a t  a 
blade-angle setting of 25". The tests were actually 
extended over the complete range of PC and it is en- 
tirely for convenience that the results of this paper are 
confined to a representation of a normal cruising 
condition. All conclusions in regard to the results are 
definitely identical with those obtainable at  any other 
value of Po in the cruising range. The conditions 
obtained in the lower end of the speed range are pre- 
sented in a separate report (reference 9). The tests, in 
general, comprised the following measurements: 

Drag, or thrust, and the power supplied. 
Pressure distribution over nose, skirt, and nacelles. 
Pressures in the front and rear of engine unit. 
Velocities through baffles and skirt opening. 
Temperatures of heated-cylinder barrel. 
Table I summarizes the condensed results pertaining 

to the experiments on cowlings under a cruising condi- 
tion and includes pertinent related information. The 
subdivisions relate to specific variables. The main 
division is on the basis of conductivity with secondary 
divisions for the nacelles, spinners, and other special 
devices. 

Each unit was given a designation made up of five 
numbers or letters separated by dashes. These num- 
bers refer to the of the "unit shown in figure 4 
and are, in order, nose-skirt-propeller-inner cowl- 
ing-spinner. Thus 7-2-C-3-7 represents a test 
made on nose 7, skirt 2, propeller C, inner cowling 3, 
and spinner 7. A missing part is represented by the 
number 0. These designations are gi:ven in column 1 
of table I. Column 2 is the pressure p, in front of 
the engine divided by the air-stream velocity head q. 
Column 3 is the pressure in the rear of the engine p, 
divided by p. Column 4 is the difference between 
columns 2 and 3, or Ap/q. Column 5 gives the values 
of the conventional drag coefficient CD = D/qF. Col- 
umn 6 gives the drag a t  p=25.6 pounds per square 
foot, which corresponds to a speed of 100 miles an hour 
at  standard conditions, or the thrust a t  a value of l/YPe 
of 1.8 at  a q of 25.6 pounds per square foot. Column 
7 is the net efficiency of the arrangement at  the value 
of l/dR of 1.8. Column 8 presents the pump effi- 
ciency. Columns 9 and 10 give the index tempera- 
tures a t  the front and back, respectively, of the barrel 
of the electrically heated cylinder. The index temper- 

atures are the temperature differences between the 
cylinder and the air stream. 

FORCE MEASUREMENTS 

The total drag for the test arrangement 7-2-0- 
3-0 for a range of q up to 28 pounds per square foot 
is given in figure 10. In order to have a representative 
picture in a particular case of the drag distribution of 
each part of the set-up, the pressure distribution over 
the whole unit is shown in figure 11 (a). The values 
plotted are the nondimensional pressures p/q measured 
a.long the surface of the body. The recorded pressures 
are plotted on normals to the surface a t  the point 
where the orifice was located. Both positive and neg- 
ative values are plotted on the outside of the body, the 
appropriate sign being indicated. 

Using the same values, secondary plots (fig. 11) give 
the graphical integration of the axial force with the 
pressure plotted against the radius. The area under 
the plots represents the pressure drag of the body. 
The figures also give the individual contribution of 
each part, the momentum in the exit slot being included. 

The actual measured drag for the unit was 72.5 
pounds and the value given by the pressure plot is 57 
pounds. To the latter value should be added 10 
pounds, or more, estimated for the skin friction. The 
essential point in this comparison is not the closeness 
of the agreement but the picture obtained of the rela- 
tive effect of the several parts of the set-up. 

The same set-up was tested with propeller B operat- 
ing (7-2-B-3-0). The conventional curves of 
propeller thrust coefficient CT, power coefficient Cp, 
and propulsive efficiency q are plotted against VJnD 
in the usual manner (fig. 12(a)). Of more direct 
concern in the present paper is, however, the curve of 
net efficiency 7, plotted against the quantity l/YPC 
(fig. 12 (b)), both quantities having been defined in the 
earlier analysis of the problem. As previously men- 
tioned, the values of 17, included in table I were taken 
from such curves of 17, against 1/+'z for a value of 
1 / Y z  of 1.8. 

1 FIGURE 10.-Sample drag curve for test arrangement 7-2-0-3-0. 
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PRESSURE DISTRIBUTION 

As mentioned in the introduction, the drag of an 
arrangement without the propeller operating is not a 
safe criterion of performance. This section and table I 
show how Ihe pressures over the body change with 
propellers operating in front of the body. Under the 
cruising condition reported here the effect of t,he pro- 

cowling or, more specifically, may be traced back to the 
nose section. Another cause of large losses may be 
traced back to an inefficient skirt section. An indirect 
effect of the nose manifests itself in a variation of the 
static pressure on the frontal area of the engine, this 
pressure being always somewhat less than the corre- 
sponding total head of the air stream. This pressure 

Radius, inches 
/6 24 

Radius, inches 
16 24 

Radli/s, inches 

FIGURE 11.-Pressure distribution on the test arrangement 7-2-4-3-0 and the integrated drag from the pressure distribution. 

peller is less marked than in the condition of climb or 
take-off. 

From the distribution of the static pressure over the 
entire unit as given graphically in figure 11, an impres- 
sion of the relative importance of the various parts is 
obtained. A study of a number of similar plots shou-s 
that the pressure drag of the rear portion, or nacelle, 
remains fairly constant, resulting in the important 
conclusion that the cause of essential differences in the 

, drags of the several arrangements is to be found in the 

on the front of the engine must be measured with con- 
siderable care in order to obtain reasonable accuracy 
in the integrated pressure drag. An error of 0.05 p at 
a value of q of 25.6 pounds per square foot corre- 
sponds to an error of 19 pounds in the pressure drag. 

The pressures p,/p on the front of the engine, taken 
as an average of several simultaneous measurements 
over the area, are given in table I. The pressure 
distribution over a number of individual cowlings is 
given in figure 13. The pressure distribution over a 
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(b) Curves of rl. against 1 / c  

FIGURE 12.-Sample curve's. Arrangement 7-2-B-3--0. Blade angle set 25' at 0.75R. 

number of skirts tested in conjunction with nose 7 
is given in figure 14. The effect of a propeller on the 
pressure distribution on armngement 7-2-B-3-0 
is given in figure 15 for several air speeds. The greatest 
value of such pressure plots lies in the possibility of 

Attention will be called to the fact that care must be 
taken to obtain the pressure distribution under the c,or- 1 

rect conditions. Some noses, in particular nose 1, are 
very critical in regard to the effect of the propeller 
slipstream. This effect has been referred to in the in- 

qualitatively distinguishing between desirable and 
undesirable flow characteristics. I t  is possible to 
associate an efficient nose with a smooth distribution 
of the static pressure. On such a basis one would 

troduction as an effect of the relative direction of the 
local air flow with respect to the leading edge or con- 
tour of the nose. It is interesting to observe that nose 
1, which is unusually inefficient a t  normal air speeds, 

evidently select nose 2, 3, or 7. approaches u reasonable efficiency a t  low air speeds. 
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FIGURE 13.-Pressure distribution over various cowling shapes. 
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---'- 

Skirf 8, Flare, 0 inch 

Skirt 6 

/ 

Shirf 8, F/are, 2 inches I 

Skirf 8, Flare, 3 inches 4 
FIGURE 14.-Pressure distribution over the various skirts for test arrangement 7-X-0-3-0. 

Curve Arrangemen f Prope//er Speed q 
seffing (r.p.m.) @b./.sgft) 

A 7-2-0-3-0 25.80 
6 7-2-6-3-0 648 .64 

2.5" C 7-2-B-3-0 of 675 2.94 
D 7-2-B-3-0 0 . 7 5 ~  766 11.32 
E 7-2-6'-3-0 835 /8./5 
F 7-2-6-3-0 87/ 21.80 

FIGURE 15.-The effect of the propeller on pressure distribution at several air speeds. 
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Thus with a proper consideration of the effect of 
Reynolds Number and the propeller slipstream, it is 
concludetl that the pressure distribution is an excellent 
although somewhat indirect method for evolving an 
aerodynamically efficient cowling design, the procedure 
being to adjust the shape repeatedly until the smooth- 
est pressure distribution is reached in whatever range 
may be desired. Cowling 7 was directly produced as 
a result of this type of procedure, this cowling being 
the least critical to changes in operating conditions, 
combined with high efficiency. The high negative 
pressure on the nose of the cowling is utilized in the new 
nose-slot cowling (reference 10) to give a higher pressure 
drop across the engine for cooling. 

CONDUCTIVITY 

The physical definition of the term "conductivity" 
has already been given. Two measurements are needed 
to determine experimentally this quantity K: the pres- 
sure drop Aplq across the resistance and the rate of air 
flow Q. The value Ap/g is obtained directly by a 
system of pressure tubes placed over the front and the 
rear areas of the engine unit, the averages being given 
in table I. The rate of flow is determined by a number 
of permanent installations for velocity surveys across 
the exit opening, a total of 24 tubes, 16 impact and 8 
static, being used. As previously mentioned, the 
conductivity is obtained by the formula 

0 

I t  is to be noted that, thus defined, the quantity K is 
entirely a function of engine-baffle design. That this 
assertion is strictly true was confirmed by tests of a 
given baffle arrangement with a variety of different 
noses and skirts, all resulting substantially in the same 
value of K. Independence of the Reynolds Number 
was similarly established by tests over the entire range 
of air speeds. This independency of the Reynolds 
Number is explained by the fact that the pressure loss 
in the baffles consists primarily of the exit loss and is 
therefore nearly proportional to the square of the 
velocity. 

Three values of conductivity are used in the present 
investigation: 

(1) K=0.0424, representing the case of the baffles 
fitting tightly against the cylinder 
barrel. 

(2) K=0.0909, representing the case of the baffles 
moved back % inch, giving a somewhat 
diverging channel along the back of the 
cylinder barrel. 

(3) K= about 0.5, representing the case of an un- 
baffled engine, the pressure drop bcing 
too small to be measured with sufficient 
accuracy. 

The accuracy in determining the values (1) and (2) by 
the above-described method is within 1 percent. 

These conductivities cover the useful range, as the 
value of the conductivity for an actual'engine with 
commercial type of baffles of satisfactory design had 
been determined in the preliminary test as K=0.06. 
Deeper fins and more cylinders in parallel, as used in 
2-row radials, might increase this value to as much as 
0.15. 

In  regard to the optimum conductivity of the engine- 
baffle unit, it  is to be observed that a minimum quantit,y 
of air is necessary to carry away a given quantity of 
heat. The maximum temperature difference between 
the air and the cylinder is of the order of 400' F. By the 
reduction of the quantity of cooling air, a condition is 
soon reached in which the effect of the reduced tem- 
perature difference more than offsets other advantages. 
A reasonable increase in the temperature of the cooling 
air on passing through the baffles is of the order of 50" 
to 60" F. The corresponding air quantity may be 
considered the minimum and the related conductivity 
the optimum. 

The "apparent conductivity" of the skirt exit open- 
ings, defined as A2/F, is found to be large compared with 
the conductivity of the engine. The pressure drop 
through the skirt is therefore small in comparison with 
the pressure across the engine, except for the narrowest 
skirt 3. This condition is different for the unbaffled 
engine. In  such an engine the pressure drop is largely 
used to create velocity in the exit opening. It may, in 
consequence, be seen from table I that a value of very 
nearly lq is available for cooling under ordinary con- 
ditions. 

PUMP EFFICIENCY 

I t  has been shown in the first part of the paper that 
the pump efficiency is given by formula (3) 

for the case of the propeller off. Similarly, formula (4) 

is used for the power tests. The values of Coo and 70, 

which quantities relate to the closed basic contour indi- 
cated in figure 1, were determined by tests of the actual 
shape 19-5-0-3-0 as CD0=0.112, or a drag of 42 
pounds at  100 miles per hour, and by tests of the shape 
19-5-C-3-0 as qo=74.2 percent. 

For propellers B and C the values of the constant C, 
representing KF/"3P,, in formula (4) at  the standard 
value of 1 / V z  of 1.8 are 0.046 and 0.099 for the con- 
ductivities K of 0.0424 and 0.0909, respectively. 

The experimentally determined purnp efficiencies are 
given in table I. These efficicncies arc in strict accord- 
ance with the definition given in the introductory 
analysis and in complete agreement with one adopted 
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in reference 11. The drag obtained on the closed basic 
cowling shape (fig. 1) is to a certain extent arbitrary, 
thus permitting efficiencies in excess of unity as may 
be noted in a few cases. I t  must be realized that such a 
definition permits efficiencies in excess of unity, ex- 
plainable by the fact that some duct arrangements 
improve the flow to some extent, which condition might 

- 
Skir f o~eni/7q, sa in. - .  

FIGURE 16.-Pump efficiency against skirt exit area for several skirts. 

be expected to occur on somewhat inefficient forms, 
that is, forms with poor streamlining. 

The table shows widely varying pump efficiencies 
from almost zero to more t'han unity (i. e., 100 percent). 
Some of the results are reproduced in figures 16, 17, and 
18. In figure 16 the pump efficiency is plotted against 

therefore, does not necessarily attain the optimum 
efficiency at  each skirt size. This fact is particularly 
true for the small and the large skirt openings. Notice 
that skirt 2 yields efficiencies of from 50 to more than 
80 percent for normal conductivities of baffled engines, 
and of 100 percent for the unbaffled engine. As might 
be expected, the pump efficiency is seen to increase 

120 

/oo 
X 

8 
$ 80 
? * 
3 60 
C 
.2 8 40 

0 
Skir f opening, sq. in. 

FIGURE 18.-Pump efficiency against skirt exit area. 

with increase in flow velocity through the exit opening, 
indicating that the major loss is of the nature of mixing 
or impact loss occurring along the nacelle. 

Figure 17 is a cross plot of figure 16, the efficiency 
being plotted against the conductivity, each curve repre- 
senting a given skirt. Note, in particular, that the 
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Conduc fivity, K Flop angle, degrees 

FIGURE 17.-Pump efficiency against conductivity for nose 
7. Each curve is for a particular skirt. FIGURE 19.-The effect of flaps applied to skirt 8 for test arrangement 7-8-0-3-0; K=0.0424. 

the area of the exit opening; each of the three curves 
relate to a constant conductivity. Note that the peak 
efficiencies increase with the conductivity and occur 
at successively larger exit openings. It is to be noted 

the pump efficiency depends to a considerable 
extent on the shape of opening and not only on its 
cross-sectional area. The curve for each conductivity, 

smaller skirt openings yield considerably higher effi- 
ciencies at  the low conductivities corresponding to 
standard type hffles. The dotted curve obtained on the 
large nacelle 2 with a small skirt opening, shown in this 
figure for comparison, gives an efficiency of from 80 to 
90 percent in the same range of conductivity, indicat- 
ing definitely a beneficial influence from the increase 
in nacelle diameter. 
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Figure 18 refers to the large nacelle, 2. Note that 
the efficiencies exceed those from the tests of the small 
nacelle, all lying in the range from 70 to 100 percent. 
These tests were obtained with skirt 6, the exit opening 
being varied by increasing or decreasing the actual 
length of the skirt. As skirt 6 is cylindrical, the exit 
area was varied without changing the external contour 
of the body. 

The effect of flaps on the pump efficiency is shown in 
figure 19, in which the pump efficiency is plotted against 
the flap angle in degrees. The steep slope of the curve 
at  small angles confirms the importance of careful stream- 
lining in order to attain the highest efficiencies. These 
tests were obtained on skirt 8, which was successively 
bent in the shapes indicated in the main drawing (fig. 
4). I t  is of interest to note that the available pressure 
drop is increased only very slightly by the flaps (table 

ing figures 21(b-e) serve to illustrate the direction of 
the flow lines in front of the engine and the magnitude 
of the conductivity. The value of the conductivity 
obtained from the location of the streamline outlining 
the flow into the cowling is in expected agreement with 
the calculated value; this particular streamline corre- 
sponds very nearly to the smoke line shown in figure 
21(d). In  figure 21 (c) all the smoke flows outside, 
while in 21(e) all the smoke flows definitely through 
the cowling. Note the closeness of the smolre nozzle 
to the axis. These figures also demonstrate the 
instability of the flow around the nose of a cowling, as 
the smoke stream oscillates alternately in and out of 
the cowling. 

COOLING 

The photographic smoke-flow stuclies show a violent 
large-grain turbulence in front of the engine. This 

FIGURE 20.-Measured streamlines for test arrangement 7-2-B,-3-0. 

I) the maximum increase amounting to less than 20 per- fact must be kept in mind when analyzing the results 
cent and associated with a decrease in pump efficiency. of the cooling tests. These results are given in com- 

STUDY OF FLOW LINES I pact form in the main table I. The temperatures given 

In  order to gain a quantitative insight into the con- 
dition of the flow around and into the cowling, the actual 
flow lines were determined as shown in figure 20 (the 
method used will be described in a later paper) and a 
photographic study of smoke flow was carried out. 
Figure 21 shows a group of smoke pictures taken with a 
moving-picture camera. A study of these films in 
slow motion reveals several interesting details. There 
seem to exist certain fairly well-defined main flows 
almost stationary in character. The flow appears, on 
the whole, extremely turbulent with disturbances of 
large size. Figure 21 (a) shows the flow in front of the 
engine. Notice the very disturbed flow. The remain- 

are the temperatures of the front and the back of the 
cylinder barrel. Figure 22(a) is an example of the 
actual distribution of the temperature around the 
electrically heated cylinder, the front being indicated 
by the 0'. This test refers to the standard baffle 
arrangement shown in cross section in figure 6. The 
temperatures plotted are the differences between the 
cylinder temperature and that of the tunnel air stream. 
The electric heat input was held constant throughout 
all tests a t  1.75 kilowatts so that the index temperature 
is a direct measure of the local heat transfer. All 
heat-transfer tests are taken a t  a tunnel speed of 100 
miles per hour. 
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(a) Smoke flow in front of the conling without the propeller. (b) Smoke flow into the colrling v7ithout the propelier 

FIGURE 2l.-Sr11oke BOW around cowlings. 



R E P O R T  NO. 592-NATIONAT, ADT'ISORV C O h I M l T T E E  FOR AERC>SAT'TICS 

(c) Smoke floxx- into the cowling outside the streamline with the propeller (cl) Smoke flow into the comling with the propeller operating; streamline. 
operating. 

FIGURE 21.-Continued. Smoke flow around cowlings. 
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(e) Smoke flow into the coxvlinp inside the streamline with the propeller 
operating. 
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fa) Several cases with no propeller. 

Fronf Rear 
Angular posifion oround cylinder, degrees 

(b) Reference case with no propeller and with propeller B; I<-0.0624. 
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Fronf Reor 
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(c) Condition corresponding to most efficient cooling; Ir'=0.0124. 

FIGURE 21.-Continued. Smoke flow around cowlings. I Frcun~ 22.-Temperature distribution around the electrically heated cylinder. 
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A reference point for the index temperatures tabu- 
lated in table I is obtained by comparing any given case 
with the temperatures given for the test arrangement 
7-2-B-3-0, which copies an actual power run of a 
siinilar engine of 550 horsepower tested a t  the same 
tunnel velocity of 100 miles per hour and using the 
same external cowling arrangement. This engine 

showed a maximum cylinder temperature of 400" F. 
above that of the air stream. The index temperature 
of 73" shown in table I for this particular test repre- 
sents, therefore, exactly the same condition of cooling; 
that is, a rear temperature of more than 73" may be 
considered unsatisfactory in the same sense as a tem- 
perature in excess of 400" I?. above that of the sur- 

FIGURE 24.-Rear index temperature against A p  for the various skirts for nose 7 with 
no propeller; K=0.0424. 
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roundings in the actual case. Other plots of tempera- 
ture distribution around the cylinder barrel are shown 
in figures 22 (b) and (c). It is to be noted that the 
condition constituting sufficient cooling on the Pratt 

I & Whitney Wasp SlH1-G might be too conservative. 
It is entirely possible that a reference temperature of 
80" I?. or even of 90" F. might represent sufEcient 
cooling on improved designs. 

4 I5 

Figures 23, 24, 25, and 26 illustrate the dependency 
of the rear index temperature on the pressure drop 
across the engine, plotted on logarithmic scales. The 
slope of the line that seems to fit the experimental 
results the closest is -0.31, or T,=CAP-O.~~. Figure 
23 shows results for the various nose shapes using skirt 
2 and no propeller; figure 24, the results for various 

I 

2 3 4 6 810 / 5 2 0  3040 6000/00 
AR /b/sq ff 

FIGURE 25.-Rear index temperature against a p  for the various spinners on noses 2 
and 7 with skirt 2; K=0.0424. 

lo 
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skirts in conjunction with nose 7 ; figure 25 gives the 
results for a number of combinations of propellers and 
spinners on noses 2 and 7 ;  and figure 26 shows the 
results for the conductivity 0.0909 both for the large 
and the small nacelles. Two main conclusions may be 
drawn from these results: 

( I )  That the rear index temperature for a given con- 
ductivity depends only on the pressure drop through 

Ap, /bjsq. ft. 
FIGURE 26.-Rear index temperature against A p  for several arrangements; K=0.0909. 

the baffle. All points lie reasonably close to the aver- 
age line drawn in the figures. 

( 2 )  That the increased conductivity has a detri- 
mental effect on the heat transmission. I t  is seen by 
comparing the results in figures 25 and 26 representing 
the conductivities of 0.0424 and 0.0909, respectively, 
that the temperature is increased from 78" F. to 102" 
F. a t  a given pressure drop of Ap=10 pounds per 
square foot. 



FULL-SCALE TESTS OF N. A. C. A. COWLINGS 23 

FIGURE 27.-Rear index temperature azainst s, for all cases of 0.0424 conduct~vity with curves designating equal perrormance in respect to rooling and efficiency. 
Small nacelle used. 
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FIGURE 28.-Rear index temperature against net efficiency. 
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In figures 27 and 28 the index temperature is plotted I Table I1 shows the front temperatures obtained on 
against the net efficiency a, in figure 27 for the stand- 
ard conductivity K=0.0424 and the small nacelle, and 
in figure 28 for the large conductivity K=0.0909 for 
tests on both the small and large nacelles. These 
charts give in a compact form the entire results of this 
investigation. The cost of the cooling is represented 
by the distance between the particular point q, and 
the ordinnte representing the ideal efficiency a t  q0=74.2 
percent. The temperatures are seen to range from 54" 
F. to more than 100" P. The curves drawn in the 
figures are considered to be curves of constant 
performance. They are obtained by the following 
reasoning: If overcooling exists in a certain test, 
there is a possible and permissible gain in the net 
efficiency, which can be realized by using a narrower 
skirt. Assuming a constant pump efficiency there exist 
the following relations: 

The index temperature T,=AP-O.~~ constant and the 
work done 7,-q=Ap 3/2constant and thus, by elimina- 
tion of Ap, T,=(qo-qn)-0.206 constant or T, is nearly 
proportional to the inverse of +=. Thus it is seen 
that the change in T, due to a regulation in the quantity 
of cooling air can be predicted on the basis of the net 
efficiency. A given increase in index temperature is 
thus associated with a definite increase in net efficiency. 

Although the rear cylinder temperatures seem to 
depend in a very regular manner on the pressure drop 
Ap, the front temperature shows no such relationship. 
I t  is rather remarkable that the front portion of the 
cylinders cools, on the whole, just as well as the baffled 
portion. The very unstable three-dimensional flow in 
front of the cowling is obviously very beneficial to the 
heat transmission. As the present investigation is 
restricted primarily to the matter of cowling design, 
only a few remarks will be made here. I t  is noted 
(fig. 22(a)) that an unbaffled engin9 is overcooled on 
the front and overheated on the rear, demonstrating 
conclusively the t,echnical value of the baffles. A 
comparison of figures 22(b) and (c) shows the apparent 
value of a spinner in improving the frontal heat trans- 
mission. A study of the main table I reveals several 
cases of good front cooling. Spinner 3 appears to show 
a very low front temperature. 

In  regard to the cost of the cooling on the front, i t  is 
observed in table I that the drag of the basic cowling 
shape is 42 pounds a t  100 miles per hour and that the 
drag of the better streamline form employing nose 8 is 
only 32 pounds. It seems necessary to conclude that 
the difference of 10 pounds represents the cost of the 
comparatively poor aerodynamic shape of the nose of 
the conventional type cowling, which, on the other 
hand, reappears as a beneficial effect in regard to the 
cooling of the front of the cylinders. I t  might be 
expected that the reasonably large spinner might re- 
claim a certain fraction, at  least, of the 10-pound drag 

, loss. The various spinners tested have been described 
(fig. 9). It is quite interesting to observe that several of 
these spinners show a large beneficial influence on the 
front cooling, particularly the flat spinners 1, 3, and 6. 

various spinners. 
Figure 29 shows the pressure distribution obtained 

on nose 7 in the presence of three typical spinners. In 
this group the plot (b) for spinner 7 is of the most 
interest, owing to the fact that this test represents the 
most efficient arrangement obtained throughout the 
entire series. (Cf. fig. 27.) The high net efficiency 
and the good cooling are in this case definitely attribu- 
table to the spinner. The relatively small dimensions 
of this spinner make possible the practical realization 
of these gains. 

g propeller 

/ / Propeller axis I (b) For 7-2-C-3-7 

I 
( Propeller axis (c) For 7-2-C-3-9 

FIGURE 29.-The pressure distribution as affeeted by several spinners. 
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There is, finally, another problem that will be touched 
upon. It concerns the matter of baffle design. The 
present investigation confined itself to tests on a single 
baffle as described. Pitot tubes installed between the 
fins of the cylinder permitted the determination of the 
energy loss along the flow path. Results obtained in 
parallel with the temperature curves just presented 
(in fig. 22) are given for the total pressures in figure 30. 
Figure 30(a) shows these curves for the two lowest 
conductivities. It may be seen in figure 6 that the 
baffle covers about 45", extending from 100' to 145" 
for the tightly fitting baffle. I t  is interesting so 
observe that only about one-third of the energy lost 

takes place inside the baffle and two-thirds behind. 
The baffle transposed rearward one-half inch and 
forming a diverging channel appears to provide a more 
efficient design, the exit loss being fairly small. The 
next figure 30(b) shows several cases with baffles 
removed. The low pressure in front of the cylinder 
with nose 3 is rather noticeable. The standard baffle 
is shown again in figure 30(c). Notice the slight 
effect of the propeller. Figure 30(d) is of interest 
as it refers to the test arrangement 7-2-C-3-7, 
which represents in every respect the best combination 
discovered in the investigation. 
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GENERAL CONCLUSIONS 

It has been found that the basic 
'Owling shape Of an engine has drag 
somewhat in excess of that of a more properly stream- 
line such as an airship It was "Own 
that the blunt nose is the cause of an instability in the 
air flow in front of the cowling that sets up a large- 

This accounts for the 
good On the front Of the engine 

The mechanical cost of this particular cooling compares 
favorably with the pressure cooling obtained on the 
rear of the engine. 

2. The pumping the ratio Of the 
work done to the work the 
increase in has been found t~ range from 
zero more than unity. The pump is 
largely On the and the 
of the exit passage. 

3. The leading edge of the cowling should be given a 
smooth, very rounded such as nose 7. The 
diameter of the cowling nose Opening was found 
to be of little significance, either in regard to drag or 
in regard to "'ling. As a general the larger the 
opening, the care being taken Only to Provide 
a Proper design Of the nose contour. In this 
it is worth keeping in lnind that the flow 
in front of the cowling is almost radial. A too straight 
cowling gives rise to a condition of breakdown of the 
flow at the front edge Of the This effect was 
demonstrated in the present investigation in the case 
of cowling 1. 

4. It has been found that a smooth contour line for the 
skirt design is a primary requirement. The rear 
edge of the skirt should not project into the air stream. 
The necessary exit opening should be obtained by a 
retraction of the inner cowling. The design of the 
inner cowling is less critical. 

5. The most obvious method of varying the pressure 
across the engine is to vary the area of the exit opening. 
If this increase in area is accompanied by an outward 
flare of the trailing edge as is accomplished by the 
use of cowl flaps, a slightly greater increase in the pres- 
sure difference can be obtained than that resulting from 
a simple increase in area. 

COMMITTEE FOR AERONAUTICS 

6. I t  is obvious from theoretical considerations that 
in a normal cruising condition the propeller causes only 
a slight contraction of the streamlines around the nacelle 
and that therefore no important effects of any kind are 
to be expected. This effect was amply verified by the 
test results. The propeller actually shows a blocking 

that gives a slight decrease in cooling Spinners 
influence the stability of the flow around the front of 
the cowling and do, in some cases, improve the over-all 
performance of the Spinner 7 on cowling 
7 showed both an increase in net efficiency and improved 
cooling. The condition at low air speed is discussed 
reference 9. 

7. Tests performed on the with the 
larger aterbody .showed a consistent increase in per- 
formance, demonstrating the importance of a smooth 
merging of the contour lines of the front and afterbody 
and the value of a better exposure of the exit opening 
of the unexpanded and stabler air stream. 

8. The main result of the cooling problem studied in 
this investigation is that a tightly baffled engine is 
definitely superior in regard to cooling eficiency. The 

Q. 

results obtained at the minimum conductivity K= 
0.0424 are in every respect better than those obtained 
at  the conductivity K=0.0909 or on an unbaffled en- 
gine. Another important result is the observation that 
the inherent large-scale turbulence occurring in front of 
the cowling accounts for the good cooling on the ex- 
posed frontal area of the engine. This effect should, of 
course, be used to the fullest extent in the design of 
baffles. 

9. I t  is of interest to note that, although increased 
conductivity of an engine is beneficial to pump efficiency, 
the detrimental effect on cooling is so much greater that 
no comprom;se is possible. words, tightly 
baffled engine is superior in over-811 performance in 
spite of an inferior pumping eaciency. with a new 
type of nose-slot cowling greater pump efficiency is ob- 
tained at lorn, conductivities. 

LANGLEY MEMORIAL AERONAUTICAL LABORATORY, 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 

LANGLEY FIELD, VA., May 18, 1936. 
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LIST OF SYMBOLS 

p,, pressure in front of the engine. 
p,, pressure in rear of the engine. 
Ap, pressure drop across the engine, Ap=p,-p,. 
D, drag of the cowling-nacelle unit. 
Do, drag of a smooth nacelle entirely enclosing the 

engine. 
q, dynamic pressure of the air stream. 
p, density of the air. 
F, frontal area of the engine. 

&, quantity of the air flowing through the cowling. 
V, velocity of the air stream. 

QAp 
7 pump efficiency, without propeller. '"= (D-Do) V 

R, net force on the thrust balance with propeller on. 
T= R +- D, propulsive thrust. 
P, power supplied to propeller. 

R V  
q,=-7 net efficiency of propeller-nacelle unit. P 
S,  propeller disk area. 

P P - -7 unit disk loading. "-aSV 

70, net propeller-nacelle efficiency obtained on same 
set-up as used for Do. 

7 pump efficiency with propeller oper- '": ( ~ o - r ~ n ) P  

ating . 
A, area of the free air stream entering the cowling. 

conductivity of the engine. 

,- 

p,, static pressure at  the exit of the slot. 
V,, velocity in the exit of the slot. 
Ap,, pressure drop through exit passage. 
A,, area of exit of the slot. 

AP=Ap+ Ap,, total pressure drop across cowling. 
Kz, apparent conductivity of the exit slot. 

g=(A)2[L+&17 F V  K2 K2- relation of conductivities of 
q 

engine and slot exit. 
n, revolutions per second of the propeller. 
D, diameter of the propeller. 

7 thrust coefficient. C T = ~  
P Cp= m7 power coefficient. 

v 
a 7  advance-diameter ratio of the propeller. 

TV '= --, propulsive efficiency. P 
Ti, index temperature. 
W, work done by the cooling air. 
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I N A C E L L E  1-ZERO AIR I 

TABLE I.-CONDENSED EXPERIMENTAL RESULTS 

F L A P S  

I I I I I I I I I I 

%-inch flare. 
Do. 

1-inch flare. 
Do. 

2-inch flare. 
DO. 

3-inch flare. 
Do. 

Remarks 

F L A T  D I S K  

19- 0 - 3 0  - 0 . 3  0.1259 47.5 
19- 5-0 -3-0 ............... ... 42. 0 
19- 5-B -3-0 . ........ ........ ........ 
19-- 5--C -3-0 

8 

S T R E A M L I N E  S H A P E  

6 

Drag in Ib. a t  
~ 2 5 . 6  Ib. per 
sq. ft., or thrust 
a t  l / v X = 1 . 8  
and q=25.6 lb. 

per sq. ft. 

1 

Designation of arrangement 

bm 

.... - 
% k z 0 %  

a -  % % j  
m a 3 2  g 2  ""'" 

7 
- 

v,  a t  
11 v E = 1 . 8  

4 
---- 

(2-3) 
AP/g 

9 1 10 

Index tempera- 
tures 

Zero cooling air. 
DO. 

5 

CD 
(D/qF) 

2 

p,q 
Front 
TI 

NOSE T O  F I T  BLOWER 

15- 2--0 -3-0 .................. 0.984 -0.031 
1 5  !&C -3-0 ................. 1 ,893 1 -.M4 1 '1% l---?-!?!-l 2;;:; I.......:; if.1 O:% 1 :!:: 1 :::: 1 

P E R F O R A T E D  DISK 

1 0 0 .................. 0 793 -0.074 0.867 0.1908 72.0 ............ 0.429 ................ 
18- %-B --3-0 .................. -. 083 .851 .......... 223.0 0.640 ,354 ..........--.--- 
I&-bC-3-0 .............. 1 : % I  -.0861 .778/  ......... / 229.01 . 6 5 5 /  . 3 6 5 ( 1 1 0 . 0 /  71.01 

64.0 
75.0 
69.0 

3 

p,q 
Rear 
T, 

73.0 
74.0 
68.0 

............ 
0. I353 
.643 

8- 3-0 -2-0 
8- 0 0 
9- S O  -3-0 .................. 
9- B - 3 0  .................. 
9- !&C -3-0 .................. 

.................................... 

.................................... 
0.497 
.456 
.408 

0.1007 
.0861 
.I987 

.......... 

.......... 

38.0 
32.5 
75.0 

228.0 
224.0 

.............................................. 

.............................................. 
0.959 
.842 
.836 

-0.058 -. 077 -. 080 

1.017 
.919 
.916 
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TABLE I.-CONDENSED EXPERIMENTAL RESULTS-Continued 

I I I I I I I 

SPECIAL DEVICES-HONEYCOMB 

Position 1. 
Do. 

Position 2. 

1 

Designation of arrangement 

M .- 's 3 E g  

Dishpan. 
Do. 

position 1. 
Do. 
Do. 

SPINNERS 

I I I I I I 

Dishpan. 

Remarks 

- 

2 

pi,q 

9 1 10 

Index tempera- 
tures 

AUXILIARY AIRFOIL 
- 

I I I I I I I I I I 

Front 
TI 

No. 1 position 1. 
Do. 

No. 1 position 2. 
Do. 

No. 2 position 1. 
Do. 

-- 

Rear 
T, 

I I I I I I I I I I 

TAIL PUMP CONDUCTIVITY 0.0250 

............ 19- 5-0 -3-0 0.1087 41. 0 Zero cooling air. 

............ 2- 5-0 -3-0 0.928 48.0 .................. 
....... % 5-B -3-0 .................. 

NACELLE 1-BAFFLES BACK % INCH-CONDUCTIVITY 0.0909 

7 
-- 

q .  at 
i j + E = i . 8  

6 

Drag in Ib. at 
q=25.6 Ib. per 
sq. ft., or thrust 
at 1 / Y Z = 1 . 8  
and q=25.6 lb. 

per sq. ft. 

3 

p,,q 

NACELLE 1-BAFFLES REMOVED-CONDUCTIVITY APPROXIMATELY 0.3-0.6 

, I I I I I I I 

8 

" 

I BUMPED COWLING 

1 I I I I I I I 

4 
---- 

(2-3) 
AP/Y 

17- 0-0 -2-0 .................. 0.916 0.866 0.050 0.1259 47.5 .................................... 
17-0-(3-2-0 .................. 8 6 5  8 0 0  0 6 5  .......... ( 2 5 0 . 0  0.7161 ........ 1 ........ 1 ........ 1 

.................................... 17-104 -2-0 .............................................. .I232 46.5 Nose closed off. 
........................ 17-10-C -7r-O ........................................................ 255.0 .730 DO. 

5 

CD 
(DlqR) 
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I NACELLE 2-STANDARD BAFFLES-CONDUCTIVITY 0.0424 I 

TABLE I.-CONDENSED EXPERIMENTAL RESULTS-Continued 

1 1 1 1 1 : 1 0.713 1 ..... 1 . .  1 ........ 1 position 1. 7- 9 - 1  .................. 0.523 .............................. 
........................ 7- 9-C -6-1 ,312 .691 Position 3. .................. .............................. 
........................ 7- 9-C -6-1 .................. ,257 .............................. 1 237.0 .679 Position 4. 

I 

Remarks 

19- 9-0 -6-0 
7- 7-4 -4-0 .................. 
7- 7 - 4  .............. 
7- 7 4 0  .............. 
7- 0 - 5 0  .................. 
7- 6-Bx-5-0 .................. 
7- 0 - 0  .................. 
7- 6 - - 0  .................. 
7- 0 5 .................. 
7- 6 - B - 0  .................. 
7- 0 - 0  .................. 
7- 0 - 6 0  .................. 
7- 6 - - 6  .................. 
7- 0 0 .................. 
7- 6 - 0  .................. 
7- - 0  - 0  .................. 
7- 8-B,-6-0 .................. 
7- 9 - 4  -6-0 .................. 
7- 9-C -6-0 .................. 

I N A C E L L E  2-BAFFLES BACK $6 INCH-CONDUCTIVITY 0.0909 I 

6 

Drag in lb. a t  
q=25.6 lb. per 
sq. ft., o g h r u s t  
a t  l/#P,=1.8 
and q=25.6 Ib. 

per sq. ft. 

1 

Designation of arrangement 

M 
.- 
3 

2 g z  g g 2 . 2  
z r n ~  d 3  

S P I N N E R S  

.............................................. 
0.962 
.889 
,886 
,967 
,878 
,973 
,892 
,959 
,881 
,963 
.982 
.877 
,993 
.885 
,953 
,872 
9 0  
,890 

TABLE 11.-FRONT CYLINDER TEMPERATURES 
OBTAINED WITH VARIOUS SPINNERS 

7 ' 8  

92.0 
84.0 
88.0 
72.0 
97.0 
73.0 

Designation of 
arrangement 

-- 

~ , a t  
l/i/P,=1.8 

9 / 1 0  

Index tempera- 
tures 

-0.205 
-. 256 
-. 241 

.082 

.075 
,026 
,023 

-. 029 
-. 033 
-. 139 

,028 
.024 
.I47 
. 134 

-. 282 -. 425 

1%-inch rear gap. 
2%-inch rear gap. 
1%-inch rear gap. 
2-inch rear gap. 

Do. 
2%-inch rear gap. 

5 

CD 
(D/!lF) 

2 

" 
Front 

TI 

Ratio of 
front to real 

cylinder 
temper- 

ature 

Tf - 
'I; 

Rear 
T, 

1.167 
1.145 
1.127 
.885 
,803 
,947 
,869 
,988 
,914 

1.102 
,954 
.853 
,846 
,751 

1.235 
1.297 

.................... 

.............................. 

- 

Remarks 

3 

, 

Front 
cylinder 

Dishpan behind propeller. 
DO. 

Position 1. 
Do. 
Do. 

Dishpan behind propeller. 

4 

(2-3) 
AP/q 

0.1126 
.2680 

.......... 

.......... 
. 1696 

.......... 
,1762 

.......... 
. 1855 

.......... 
.2070 
.I749 

.......... 
.I630 

.......... 
.4480 

.......... 
.I193 

tempera- 
ature 

TI 

(OF.) 
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42.5 
101.0 
208.0 
205.0 
64.0 

236.0 
66.5 

234.0 
70.0 

233.0 
78.0 
66.0 

237.0 
61.5 

241.0 
169.0 
156.0 
45.0 

251.0 

............ 
0.595 
,587 

............ 
.677 

. .  
,671 

............ 
.668 

............ 

............ 
,679 

............ 
,692 

............. 
,447 

,720 

.................................... 
0.339 
,384 
,357 
.602 
-508 
,597 
.522 
.562 
,543 
,510 
,617 
.574 
.635 
,599 
172 

2 3 0  
.................................... 

80.0 
91.0 

59.0 
98.0 
83.0 

100.0 

........................ 

53.0 
67.0 

....-.-......... 
87.0 
74.0 
57.0 
75.0 

................ 

................ 

................ 

................ 

................ 

................ 

................ 

................ 

................ 

Zero air. 

1.7-inch opening. 

2.5-inch opening. 

3.9-inch opening. 

11%-inch rear opening. 

rear opening. 
2-inch flare. 

DO. 






