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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 

Unit Abbrevia- Unit Abbrevia-
tion tion 

Length __ ____ l meter ___ -------------- m foot (or mile) ___ ______ ft. (or mi. ) 
Time ________ t second _ __ ------------- s sccond (or hour) _______ sec. (or hr.) 
Force _______ F weight of 1 kilogram _____ kg weight of 1 pound _____ lb. 

Power _______ P horsepower (metric) _____ -------- - - horsepower ___ ________ bp. 
Speed ___ ____ y {kilometers per hour ______ k.p.h. miles per hour ____ ____ m.p.h. 

meters per second ___ ____ m.p.s. feet per second _______ Lp.s. 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity=9.80665 

m/s2 or 32.1740 ft./sec. 2 

W 
Mass=g 
Moment of inertia=mP. (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of yiscosity 

II, Kinematic viscosity 
p, Density (mass per unit yolume) 
Standard density of dry air, 0.12497 kg_m-4_s2 at 

15° C. and 760 mm; or 0.002378 Ib.-ft.-4 sec.2 

Specific weight of "standard" air, 1.2255 kg/m3 or 
0.07651 lb. /cu. ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure=~p 172 

Lift, absolute coefficient OL= :s 
Drag, absolute coefficient Ov= ~ 

Profile drag, absolute coefficient ODO= ~S 

Induced drag, absolute coefficient OVi=~S 

Parasite drag, absolute coefficient Ovp=~S 

Cross-wind force, absolute coefficient 00 = q~ 

i w, 

Q, 
n, 

n 
p - ' 

Jl 

Angle of setting of wings (relatiye to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds umber, where lis a linear dimension 
(e.g., for a model airfoil 3 ill. 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) 

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

Angle of attack 
Angle of downwash 
Angle of attack, inbnite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero

lift IJosition) 
Flight-path angle 

R, Resultant force 
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COOLING TESTS OF A SINGLE-ROW RADIAL ENGINE WITH SEVERAL 
N. A. C. A. COWLINGS 

By iVI. J. BHEVOOIl'I', GEOR ,E \Y. S 'l' I CKLE, and H EHMAN H. ELLEHBHOCK, Jr. 

SUMMARY 

The cooling oj a single-row Tadial air-cooled engine 
using several cowling arrangement ha been tudied in the 
N. A. O. A. 20100t wind tunnel. The results how the 
effect oj the l)1"opeller and seveTal cowling arrangements on 
cooling j or various mlues oj the indicated 11,01' epower in 
the climb cond~tion. A table giving compamtive peljorm
ance oj the various cowl il1g arrangemel1ts is pre ented. 
The dependence oj temperature on indicated horsepower 
and pressute drop across the ba.ffles is shown by charts . 
Other charts show the limiting indicated hor epower 
against the pre ure drop acro the engine and the heat 
dissipated at variMls values oj the in dicated horsepower. 

INTRODUCTION 

A tudy WitS mitcle to dete rmine the coolmg harac
teristic and perfOrllHlnCe of a typicitl mdial air-cooled 
engine, u ing everill cowlmg armngements. Th e te t 
were made in tbe . A. C . A. 20-foot wind tunnel, 
which has a maximum peed of 110 mile per hour. 
With uch a maximum speed the tests are obviously 
confined to the condition of climb. From practical 
con ideration such it range is ideal because, except 
lin leI' very special opcratmg condition , the problem of 
cooling is mo t important elm'ina climb . It follows, 
then, that all conclusions concerning aerodynamic 
characteristics and efficiency drawn from these test 
relate to the condition of climb alon e. In test cover
ing the complete range of take-off, climb, and crui ing 
condition [ 01' everal cowlings (references 1 and 2), it 
WitS shown that certain cowling which appear aero
dynamically good in climb itre poor in the crui ing 
condition. 

The results how, for a particular engine, the relation
ship existing between the cooling and the developed 
hoI' epo\' er and the pressure drop acro the baffle . 
It i obvious that the results ar~ , in detail, applicable 
only to thi engine. In the eli cu sion of the re nIts, 
however, th chief emphil si i laid on geneml consid era
tion and on th e mechanism of cooling. It i believed 
tha,t, although the details are intere ting, th e more 
important a pect of the investiaation i the contribution 
to a cleitrer picture of the mechani m of cooling. 

EQUIPMENT A D TESTS 

The ena-ine wa mounted in the N. A. C. A. 20-foot 
wind tunnel (reference 3) as shown in figure 1. The 
engine is a 9-cylinder radial R- 1340 SIH1- G Pratt & 
Whitney Wasp. The over-all diameter is 5 n {6 inche . 
It i rated at 550 horsepower at 2,200 r. p . m. and at 

,000 feet alti tude. It has a 3: 2 reduction gear, it 

compre ion ratio of 6, and i equipped with a geared 

(a) Bare engine. 

(b) With cowling. 

F IGVRE l.-Engine a nd nacelle set-ups. 

centrifu gal supercharger that operates at 12 times 
engine speed. The bore of the cylinder i 5.75 inches 
and the troke i 5.75 inches . 

The two propellers used are shown in figure 2. 
Propeller A is a H amilton tandard con trollable 
propeller of blade form No. 6101- 0 and propeller B is 
a Hamilton tandard adjustable propeller of blade 
form No . 1CI- 0. 

1 
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Figure 3 is a profile drawing of the engine and nacelle 
with the various no es, kirt, and inner cowling llsed 
in this tudy. 

('onl rolln ble (.\ ) . .\ <Ijugl n hie (B ). 

FHil ICE 2.- Vl'olle- lIers lIHed. 

Figure 4 shows the arrangement of bames on the 
head and barrel of th e cylind er. ote that the e 
bame are no t tightly fitting in the en e that they touch 

tPrope//er rf.Enqine 

I 4 y-::::::;~-:::1i:---~:::::::::=== ·Sklrts , I . 

- Inner co wling 2 

'1 

FIG UltE ~.-bketcb 01 cowlings tested. 

the fin tips but that they are comparatively clo e-fitting 
bame. 

The temperature of the engine was measured by 24 
thermocouple connected to a recording pyrometer. 
The th ermo ouples were peened to the head and pot
welded to the barrel of the cylinder. The thermocouple 
location on cylinder 3 are hown by figure 5. Thermo
coul l s 1 to 9 were located on cylind er 1 to 9, re pec
tively, at the position indicated for thermocouple 3 in 
figure 5. Thermocouples 10, 11, 12, and 13 \ ere 
located on cylind ers 1, 3, 5, and 7 at the po ition 
shown for thermocouple 11. Thermocouple 24 was 
located on cylinder 8 at the position of thermocouple 

23 on cylinder 3. The remaining thermocouples were 
located on cylind er 3. Cylinders are numbereel counter
clockwi e, cylinder 1 being at the top. 

Air temperatures in front of and behind the engine, 
oil-in and oil-ou t temperatures, and carburetor-air 
temperatures were mea ured by shielded 1"e istance 
thermometers. The oil was cooled by a wa tel' radiator 
loca ted insi Ie the nacelle. 

The drop in pres ure acro s the engin e was measured 
by pitot- tatic tubes located in front of and behind 
the cylind ers. The quantity of air passing through 
the bame was mea ured by pitot-sta tic tubes located 
in the skirt exit. 

The engine power wa con trolled by varying the 
manifold pre sure. The manifold pres lire, engin e 
peed, and air temperature gave the horsepo \\·er from 

a calibration furni heel by the manufacturer. The 
fuel consumption was measured an d freq uen t check 
were made on the exh floll , t-gas ana1ysis from each 
cylinder. 

The routine of an individu al test was as follow: 
The engine speed, the horsepower, and the tunnel 
peed were adjllstecl to the desired values. ufficien t 

\rasp Sllil -G engine fa iring a nd cowlings. 

time was allowed for all temperatures to become 
tabiliz.ed. All temperature and press ures were then 

record ed. This procedure \Va repeated for various 
values of engine speed, indicated hoI' epo \\" er , and 
tunnel speed. Each co wling arrangmen t wa tested 
in this manner. Ranges of engul e peed from 1,600 
to 2,000 r. p . m., power from 300 to 550 hoI' epower, 
and ail' peeds from 0 to 110 miles pel' hour were 
covere 1. Drag te ts with propeller off were made. 

LIST OF SYMBOL 

Q, quanti ty of cooling air pas ing through the 
engine per second . 
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t1p, pressure drop acro s the baffle. 

A 

K=~F ) conductivity of the engine. 
t1]) 
q 

P, cross-sectiollal area of tIl e engin e. 
p, mas drnsity of the air. 

.11, area of the free air stream en terino- (he 
enO-Ine. 

q= ~p 1 ' 2, dynamic pre 'sure of the free air stream. 

p , pre sure ill fron t of the cylinder. 
P:, pressure in rear of the cylinder. 
V, veloci ty of the free air stream. 

Pc= q%v' propeller disk loading cocffici ent. 

P, power lIpplied to the p1'op<'l1er. 
S, elisk arrH of t he propellrr. 
7/, l' volu tions pCI' second of ihe propeller. 
D, diameter of the propeller. 

t1T, difl'erence between the temperature of a 
particular point on the cylinder and that 
of the inlet cooling air. 

NALYSIS OF THE PROBLEM 

The 1I eflll work don e in cooling the engine is Qt1p , 
and Q i proportional to t1p. The power to cool can 
then be written a proportional to (t1p )'1' . It ha been 
shown in reference 1 that 

. /2KF(t17) ) 'I' 
Power to cool = \ . ' 

A 
F 

K=,-~-

~t1t 

..,Ip 

The value K = 0.06 was con tant throughout the in
ve tigatioo. It depends en tirely upon the filming and 
the baffling of the cylinder. The pre sure drop t1p is a 
function of the air-stream velocity and of the cowling 
and baffie de ign. It i obvious from the foregoing 
equation that the election of the minimum values of 
K and t1p which will provide adeq lIate cooling is very 
de irable from the standpoint of aerodynamic efficiency. 

R eference 1 has hown that it is practically impo ::ti
bl e to develop a t1p of more than 1.3q £01' thi general 
type of cowling. uch a high value, moreover, i 
attained at very low effi cirncy. 

The problem, then, i. to determin e under what con
dition and how efficiently the modern engine can be 
cooled with various pre ure drops . This study of the 
climb con tition answers a part of that que tion. 

In such a study it i extremely important that only 
the quantity under con ideration be permitted to vary, 

all other factor remaining con tanto Thi condition 
is particularly difficult wh en the tests are made on an 
actual engine, wh ere variations in air-fuel ratio, car
buretor-air temperature, oil temperature, oil pres ure, 

CylInder 
barrel 

Barfl~ 

(a) 

Cyltnder 
barrel ', 

Baffle 

(b) 

(e) 

ExiT 
(a) Barrel. 

AIr flo w 

I 

Exit 
(b) l.O\l'er head . 

(e) Head. 

FIGU H>: 4.-B afTIe a rrangement. 

and mechanical condition of the engine must be elim
in ated a far as po_sible. T e t have shown (reference 
4) that a variation of 1.0 in the air-fuel ratio willre ult 
in a change of app roximately 20° F. in the cylinder 
tempera ture. The maximum variation from cylinder 
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to cylinder wa 0.8 of a ratio, which hould result in a 
temperatme variation of 16° F. Th e carburetor-air 
temperature never varied more than 24° F . for a single 
cowling te t nor more than 58° F. for all the tests. 
Such variation will, according to unpublished test 
results, cau e temperature variations of 3° F. and ° F., 
re pectively. The oil temperature and pre ure were 
maintained relatively con tant and the spark plugs 
and mechanical condition of the engin e were checked 
at frequent intervals. 

It is believed that the careful control of the 0 vari
able reduced the yariation in results due to undesired 

RESULTS 

T able I is presented as a hort resume of the results 
for all the cowlings for a particular horsepower, engine 
speed, and air speed. Column 1 gives the number of 
the nose; column 2 give the number of the skirt ; 
column 3 gives the numb er of the inner cowling. These 
three numbers are used, in the ame order, to de ignate 
the complete cowling. Column 4 gives the mea ured 
drag of the engine and nacelle at a dynamic pres ure of 
25.6 pounds per square foot. Column 5 gives the 
propeller designation. Column 6 give the pressure in 
front of the cylin der divided by the dynamic pressure; 

FIG URE 5.- Thermocouple locations on cylinder 3. 

causes to a minimum. The air-fuel ratio was checked 
by exhaust-ga analysi and the fuel consumption was 
maintained constant at 0.57 lb./h. hp .-hr. by the u e of 
a fuel flow meter. The variations of air-fu el ratio from 
cylinder to cylind er are characteristic of the engin e and 
cbeck the cylinder-to-cylinder temperature variation 
reasonably well. Any variation due to carburetor-air 
temperature 01' over-all air-fuel ratio affects all cylinders 
and cau es discrepancies resulting in a scattering of the 
points. This type of variation was relatively mall. 

I solated ca es of temperature that appear to be in 
errol' by as much a 40° F. will be found bu t, in general, 
the temperaturfls are accurate to ± 10° F. 

column 7 gives the pressure in rear of the cylinders 
divided by the dynamic pressure; column 8 is the 
di:fi'erence between columns 6 and 7, or the pressure drop, 
in percentage of q, acros the baffle . Column 9 is the 
actual pressure drop across the baffles in pound per 
square foot at a dynamic pre sure of 25.6 pound per 
square foot , wllich corresponds to 100 miles pel' hour 
under standard conditions. Column 10 give the tem
perature in front of the cylinder , an average of thermo
couples 10 through 13; colunm 11 gives the temperature 
in the rear of the cylinder, an average of thermocouples 
1 through 9. Throughout the report, all temperatu res 
are given as the difference between the temperature at 
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a particular point on the cylinder and that of the inlet 
cooling aIr. Column 12 gIves the net thru t of the 
engine-propeller-nacelle unit at a value of 1/ 3 Pc = 1.12 
and a velocity of 100 miles per hour. 

TABLE I 

[100 m. p . h .; 425 i. hp.; 1,800 r. p. m. ; 380 b. bp.] 

--
I 2 3 4 5 6 7 8 9 lO I II 12 

--- -----------
~~ fir - '" bO 

Tempera- .ci n ~~ 
" '""":" .0 :;; tu re diC- :- l~ !.ci-
~ 

.0-
~ 

C-~ Cerence 
2 2 -g~ :::;'<0 gd 8 ~ ....; 2 

~ 
",,- ~ g; ~;; 

..c- ~c.. 

~ ~ '" ~HCr ~I-.,£:! . 

" e oW 0 . .D 

"" -""'" .", ." ~ e.... ~~ Q)- - -

Z en .9 A p.. ~l"" ';>:1'" <I'" <I Z 
--- ------------- - - ---

I 1 I 152. <I orr 1.00 -!:~~ I. 252 32.0 
I I I A 0. 7 2 I. 290 32. I 273 239 931 
I 2 I 117. I orr .990 -.091 1.0 I 27.7 
I 2 I A .770 -. 03 .853 21.1 293 279 963 
I 3 I 106. OIT .975 . 091 4 22.6 
I 3 I A .849 .227 .622 15.2 292 296 979 
2 3 I 5:3.5 orr .977 · 1.59 18 21. 3 
2 3 I A :~~ .271 .553 13.7 275 313 950 
2 2 I 69.0 orr -. 068 I. 046 26.5 
2 2 I A .752 -.114 .866 21. 0 265 291 925 
2 I I 110. 9 orr .972 -.280 I. 25? 31. 4 
2 I I A .725 -.512 I. 237 29.7 265 267 97 
3 I I 110.5 Ofr .868 -.299 I. 167 29.8 
3 I I A .560 -.514 I. 074 26.0 257 275 916 
3 2 I 68.0 orr . 903 -. 099 I. 002 25.7 
3 2 I A .628 - .137 .765 18.8 286 309 942 
3 3 I 55.2 orr .920 · 141 .779 20. 3 
3 3 I A . ti71 · I 6 . 485 I I. 8 315 357 937 
4 3 I 56.0 OIT :~~~ · Ifi2 .822 21. 4 
4 3 I A . 247 .561 13.7 304 320 Q4 7 
4 I I II I. 0 OfT 1.000 -.273 I. 273 32. I 
4 I I A .852 -.519 I. 37 1 32.9 274 268 875 
3 I 2 121. 5 orr .913 -. 268 I. 181 30.5 
3 I 2 A .628 -. 464 I. 092 26.8 266 274 906 
2 I 2 11 9.0 orr .955 -.28'1 I. 239 32.0 
2 I 2 A .726 -.'191 I. 217 29. 7 265 290 884 
1 I 2 150.0 orr . 949 - . 288 

H~ 
31. 2 

I I 2 A .808 -.40 32.3 266 241 916 
<I I 2 11 9.2 orr . 945 -.281 I. 226 31. 5 
4 I 2 A 36 -. 4 I I. 317 33.2 263 260 70 
4 2 2 73.0 orr .950 - . 042 .992 25.5 
4 2 2 A . 8 10 -. 042 .852 20. <I 292 296 907 

The dependence of the temperature upon the pressme 
drop is quite apparent. It can also be seen that large 
pressure drop are very costly in drag. It is evident 
that, for cases of propeller on , the pressure in front of 
the cylinder is decrea ed and that in the rear is exag
gerated ; that i , a negative pre sure behind the cylinder 
with propeller off becomes more negative with propeller 
on and a positive pressw'e becomes more positive. It 
i well to remember that this effect of the slip tream is 
of importance only in the low-speed range; it becomes 
negligible under crUl mg conditions. Further, excep t 
in a few arrangements using skirt 1, which has a wide 
opening, D.p/q is actualiy higher without the propeller 
operating. Another point of interest is that the maxi
mum value of D.p/q is apprQ},::i.mately 1.3 in pite of the 
high power put into the slip tream. 

The net thrust of the engine-prop eller-nacelle unit a 
given in column 12 shows that nose 1 give the greatest 
net thru t. It can be een that this same nose gave 
the bigbe t drag with the propeller off (column 4). 
This seemingly contradictory re ult i cau ed by the 
cri tical flow over the leading edge of no e l and i con
si tent with the results of references 1 and 2. Atten 
tion is called to the fact that ])0 e li again inferior in 
the high- peed range (reference 1) . This result brings 

out the importance of te ting cowlings at the operating 
condi tion under which be t operation is desired. 

T able I introduces the type of 1'e ult derived from 
the tests. The plan of pre entation of the results will 
be to show by charts the interdependence of the various 
quantitie a the engine power, the air speed, etc., are 
varied. 

Figure 6 hows plot of , / D. p/n against V /nD for the 
10-foot-diameter propeller used. Plot of this type con
veniently picture the relationship between the available 
preSSUTe, the air speed, and the propeller speed. These 
result are not directly comparable with those presented 
in reference 2. The pre ent tests were made using a 
controllable propeller, the blade-angle setting varying 
throughout the range of V /nD; whereas the te ts of 
references 1 and 2 were made using an adj ustable pro-

.2 

. I 

o 

.2 

:Z 
~ .I 

o 
.3 

.2 

. I 

o 

r- T- I I I 
Nose / 

--- " 2 
'-

----- " 3 
- --- ------ " 4 -

- I--

- -

- --

./ .2 .3 

Cowling 4 -3-2 d~ 
J-- J--t- --""'" 

__ ?' f::;:-:..--'·-2-3-/ 
-r::- - ''3-3 -/ 

- --
Skirt 3 

-

Cowling 1-2- I V:: ~ 
~ p.~ 

p----1--

4-2-2 -- --.:1:---t -- ''.]-2- / 

f- .-
2-2-1 -- --

Skirt 2 

Cowltnq 4 -1-1 ,," f.::-:: 
~ :---" ~ - . 

1- 1- 1- ~'..., ?': ::-- r '2-1- / 

----,,- " ' '3-1- I 

Skirt / 

.4 .5 .6 .7 .8 .9 
V/nD 

FIG URE 6.- Variation of the pressure constan t " r;;:;jn with VlnD and cowling 
arrangemen ts . 

peller, the setting remaining constant thl'oughout the 
range of V jnD. Figure 7 hows plots of , /D.p/n against 
V jnD for the varioll arrangements, with a dashed line 
showing the case of propeller off. Such a line i 1000wn 
to pas through the origin and to have aslope of D.p DjV 
so that i t can be precisely drawn. It is of interest 
to show the little-realized fact that a propeller with a 
large hub an d a round blade section near Lhe hub often 
decrease in tead of increasing the D.p obtained wi thout 
the propeller. One exception i noted, the arrangement 
4- 1- 1, shown in figure 7 (d). Propellers with a good 
airfoil ection neal' the hub, uch a propeller B in 
figure 7 (d), give an increase in D.p. 

Figure 8 shows the temperature difference plotted 
again t the indicated horsepower. The points deter
minino' a given line are for a con tant D.p . The scatter
ing of the points can be explained by small variations 
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in tip. T be condition under which the test were run 
are indicated. Although the range is not sufficient to 
define the slope precisely, lines drawn with a slope of 
0.37 are quite consi tent with the data . This result is 
all the more convincing when one considers that the 
points are taken for several engine speeds. Further, 

performn.nce to be able to correct for variations in 
horsepower. The determin ation of such a slope makes 
this possible. 

ero plots (fig. 9) of the curves of figure , in which 
the indicated horsepower is plotted again t tip for three 
temperature differences, give three curves that how 

.3 f---l--+--+--+--I-1t--f1 -I-
1-+--+-+--+ - - - -- Propeller off -I- - r-- I- .- I-- - I--

" A 
.2 f.-l--t--t--+ ________ _ ,. 8 +-+--+--+-+-1--1- . -'- 1-'1-+_-+-+.-:::1-~....q-I-+--+-+--i--t--+ 

· II-t---t--t-_t_-t--t--! ~ 1--
- Cowling c-I-I 

I-+--+-+--+-t--+~I--t-t _.- - - - - -r--
.21---- -

./ 

- --t-t---'I-t- - 1-- - 1--1--

OI-,-+-+-~-t--+-+-+-+~--I_t--+-+-~~~I~-+-+-+~--I_t--+-+-~-t--+-+-+-+-1--~--~ 

: - .~v;5/VI-- - - -4 - - __ --~rf -

.2 - .-
I-,-+-+--l--t--+-l;:--f,_..<v -
II-~_~~_-+-+~~c~ --

· (~) -+--+--+--+--+--+--+--+- 1--+-+C_o+-w_1 i+nq-+I -_2+-_1 -+-+_ (b) -+--+--+-+ Cowling 2-3-1 

~~Ol-~,-+--.-+-+-·_j_-+-+-t-t-+_+_-+-+-+-t-t-+_+_-+_+-+-t-t-+-+--+-+_+-+-I----~ 
n 1-+-+--+--+-+-+-1--- _ 1-_ I 

.21--1----1--1-+-+ 
___ --- f-/ _ 

____ --- __ c.----- __ I t--r---
r-~~~~-+-t~~+__t__j__+-+-t-t-+_+_~-_+_+_+~~~~_+~~I_~,_+_+__t 

'/ 1--t--t--t--t--+~~r-r'-+- -+-r---t-:;~O~W-/~in'-g-3~_~3~_~/+--+-+-+~I-+--+~_~r---+~-+-+-r~-t-~~fi~_I
I-+--t-_j__+-+-+-+~~l---t-+-+--t-_j__+_+-+-+~I-t-+-+-~ 

Cowling 4-2-2 
I -- --' ..-- -:::....:::::.-r---· I-t--+-~-~-t--r I--

Cowling 3-2-1 

o ./ .2 .3 .4 .5 .6 .7 .8 0 ./ .2 .3 .4 .5 .6 .7 .8 .9 
V/nlJ 

(a) Kose l. (b) "ose 2. (e) :\osc3. (d) Nose 4. 

FIGt:RE 7.-Comparison of t he a\l\i lahle pic'sli re e1 rop for the conditions of propeller off and propeller on. 

this slope i of the same magnitude as that found by 
Schey and Pinkel (reference 5) from fligh t te ts on a 
Pratt & 'VVhitn ey 1535 uperchtlrged engin e. It is 
recognized that this slope i a function of the baffling, 
the cylinder finning, and the mechanidn of cooling; 
con equ ently, it can be u ed ooly for the arrangement 
tested. It is nece sary, 110we\,er , in st.udying cowling 

the limi ting indicated horsepower permi ible at various 
value of tip, Tbese curves show the advantage, with 
limited power, of all owing as high a cylinder tempera
ture n.s possible, 

The slope fOl ll1 cl in figure is u, ed in figure 10, in 
which the temperature difference divided by the indi
cated hoI' epower to the 0.37 power i plotted again t 

----_. - - - - -
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2t>p . The alue 2t>p i u cd in tead of t>p for conven
ience in plotting. The e curves show rea onable lopes 
for th e dependence of coolin o- on t>p . The lope may 
vary from -0.4 to 0, - ·0.4 re ulting from a completely 
turbulent boundary layer on fins of narrow width. 
The minimum slope will result when the cooling doe 
not depend upon the velocity flow . Intermediate 
value of the lope ('orre r ond to longer fin (reference 
6) fLnd lamin ar flow in th e boundary IfLyer . Thus, 
when par t of the cooling is accompli hed by other 
mean than n. directed yelocity flow of air over the fin , 
the lope will be Ie s than was ('xpected. Thi result 
i particularly true of the front of th e cylind er, wh ere 
there i no directed veloci ty. The only reason for the 

500,
r-

400 r-

']00e- h. 

:-c kl~!d 

Figure 12 how the dependence of t>T on t>p for 
everal posi tions on the cylinder a t a constan t horse

power. The re ul tare sh own for bo th tIl e adj II ta bi e 
and th e controllable propellers. The temperature in 
the rear show th e arne dependence on t>p a in the 
prenous charts. The temperatures on the front show 
a lack of dependence on t>p that cannot be explained. 

It has been shown, in the analysi of the problem, 
. . I 2" KF(t> 'rI) 3/2 

that th e power req uIred to (',oo11s . It hns 
p 

been calculated for the te t of cowling 2, 3, an d 4 and 
i shown in figure 13 plotted again t the tempe mture 
difference. This chart serve to empha ize the well
known fact that a mall reduction in temperature i 
accomplished at a large expendi ture of power to cool. 

I I 
100;00 500 /00 200 ,]00 500300 500 100 200 ,]00 500 ,]00 500 100 200 300 500 

Indicated horsepower 

Cow li ng 
Approxi
mate air 
speed, 

m. p. h. 

Pressure 
drop across 

cylinder 
tJ.p, lb ./sq. 

ft . 

(a) ______ _____ ________________________ __ _____ _ ]-2-1 
1-3-1 
1- 1-2 

o 
100 
110 

?l. t 
14.2 
31.8 

(b) _______________ __ _________________________ _ 
(c) ___ _______ ____ ________________________ __ __ -

FIG t:R E .-The eJfect of indicated horsepower on the cylinder temperature ditTerence. Fuel con umption. 0.57 pound per brake horsepower-hour . 

exi tence of a slope i the fact that both turbulence and 
t> p are function of the air- tream velo ity . It has been 
hown (reference 1) tha t the cooling in the fron t of the 

cylind er i accompli hed by uch large-scale turbulence. 
Th consi tently lower lopes found for th e th ermo
couples on the fron t than on the rear of the cylinder in 
thi tudy confirm thi re ult. 

Figure 11 hows plot imilar to tho e of figure 10 for 
no e 2, 3, and 4. H ere again it is noted tha t th e 
curve for the thermocouple on the fron t of the cylinder 
have lower lope. The wide attering of the points 
in orne ca es for the front thermocouples can pos ibly 
be explained a follow : t>p can be varied in two ways, 
by varying the air-stream velocity and, as a result, th e 
tmbulence, or by varying the skirt exit. \iVb en t>p i 
simul tuneo ll ly yaried by both mean , it is qui te likely 
to cause con iderable cattering. 
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cO 30 50 lOa 20 ,]0 
Ap, Ib.jsq. ff. 

FI Gl' RE ~.-The etTect of .lp on the limiting horsepower at seyera l constant tempera, 
ture ditTerences. A verage of thermocouples I to 9. 

It become all th e more striking wh en i t i remembered 
that large expenclitUl'es of power are, in general, made 
at relatively low efficiencic . Ifi t i assllmed thata rca-
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on able operating temperatme involves a temperature 
difference of 300 0 F ., then it i evident (fig . 13) that 
the co t in power to cool i from 1 to 1.5 percent of the 
indicated hor epower. 

A a rule, the heat di sipated i not directly eli cussed 
in such an analy i . M easmements were made, how-
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ever, that allow a rough determination of the heat 
dissipated both to the cooling air and to the oil cooler. 
Figure 14 how the amoun t of heat di ipated to the 
cooling air for everal arrangement, and fi O'ure 15 

show the amount di sipated to the oil cooler. The 
percentage of the indicated horsepower di ipateel 
varies from 40 to 75. It will be noted that the per
centage of heat dis ipated is relatively higher at lower 
indicated horsepower. 
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DISCUSSION 

In the pre en tation of the re LIlts, con ielerable 
empha i has been placed on the fact that the tempera
ture on th e fron t of the cylinder do no t, in general, 
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depend on !:"p but upon large-scale turbulence. Such 
emphasis is justified by the general mi conceptioD that, 
if the required !:"p is developed, the cooling problem 
ha been solved . It is, however, quite possible to 
develop a desired !:"p that will cool the baffled part of 
the cylinder atisfactorily yet be so deficient in larO'e
scale turbulence on the front of the cylind er that little 

500 

40.0 
--::;:Slope ; ~ t.t,tL " "L!-

Slope: -0.22 t 

~ 

.300. 

200 

ISO. 

f ... ; 100 
<l 

40.0 

.30.0 

20.0 

150. 

la~a 

A 

v "'-c P-
o '<:Jr'- I - 9~ 

:::i 
C) 
\.) 
C) 

t 
Qj 

:;:: 
"'-
0 

-' ~ ~ I-- ~ o W-
~Ll;: ~ Slope; -0.22 

10-13 Qj I I -II R I-

I I I . I I 
o AdJustable propeller 

f flTIIO

Tl
b

(1 j j 
20. .30 50. /0 20. 30 

!'J.p, Ib./sq. ft. 

14 

~ g. 
C) 
() 
0 
E: 
~ 
is 

15 

50 

-

I--

L-

I--

I--

-

FIGU RE 12.- The effeci of Ap on temperaiu re difference wiih ad justable and conirol
lable propellers . Cow li ng 4-2- 2; indica ted horsepower, 430; specific (uel consump
tion, 0.57 pound per bra ke horsepower-hour ; a ir speed, 80 io 110 miles per hour 
approx imately. 

cooling re ult there. A suction fan behind th e engine 
would furni h just this type of cooling. A blower on 
the fron t, connected to the propeller may, or may not, 
develop the required turbulence for cooling. Thi 
turbulence, which is so important in the cooling of the 
unbaffled front of the cylinder and cylinder head, i of 
no importance in the cooling of the baffled and rear 
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FIG RE l3.- Horsepower requi red (or cool ing (or various temperature difTerences at 
several constant horsepowers. Nose~ 2, 3, and 4; thermocou ples 1 to 9. 

part of the cylinder. Here tbe only consid eration is 
the development of a valu e of !:"p and, a a result a 
velocity flow over the surface of the fins, sufficient to 
carry away the required amount of heat. The con-
istency of all the re ults for rear temperatures bear 

out this statement. A slope of - 0.22 in the plots of 

!:"p against C btl ~o .37 is found consistently throughou t 
1. p. 

these tests for the baffled par t of the cylinJer. Thi 
slope is somewhat lower than the value given in reference 
1. This difference is probably due to the difference in 
the location of the thermocouples in the two eries of 
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f'I GUIlE 14.- The effect o( indica ted horsepower on the percentage o( heai carried 
a way by the cooli ng air (or "arious cowling arrangements. Ai r speed, 100 miles per 
hour ; engine speed, 1, 00 r. f1 111. 

tes t. In the former tests the thermocouples were 
located at the rear of the barrel itself ; in the present 
serie of tes t the thermocouple were located on the 
rear spark-plug bo s. It is quite po sible that there i 
ufficient difference in the mechanism of cooling clue to 
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FIGl' IlE l5.- The effecL of indicated horsepower on the percentage o( heat ca rr ied away 
by t he oi l (or several cowling arrangements. 

the finning neal' the spark-plu o. bo and the cylinder 
barrel to account for the difference in slope. It is al 0 

conceivable that the temperature of the spark-plug 
bo s i affected less by velocity than that of the fins 
th emselves . If thi a sumption is correct, the difference 
is in the righ t direction . 
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The effect of the propeller lip tream ha also been 
empha ized in the present report. Th e misconception 
i often encountered that the propeiler lipstream, re
gardle s of the design uf the propeller, increa es the 
D.p available for cooling. Reference 1 and 2 haye 
hown that, in general, this assumption is untenable. 

On the ontrary, the D.p at a particular lipstream con
traction is dependent on the blade-angle di tribution, 
especially near the hub. 1 [oreover, it has been pointed 

ut that by designing for a large blowing action from 
the bla Ie section near the hub, a considerable increa e 
in D.p can be realized. The large hub i not believed 
to contribute dir ctly to the lower D.p. Indirectly, 
tIle difficulty encountered in de igning a good airfoil 
section near the axis of the propeller limit the available 
blowing action. 

IO errect of 8lwine poed 011 cooling eould he found. 
With it given indicated hor epower and D.]J the engine 
speed eould he varied from 1,600 to 2,200 r. p . m. 
without any measurable deviation in temperature. It 
i obviou that, to the extent that D.p wa changed, 
ther wn.s a one pondino- eHect on the rear tempera
ture. It might be expected that the propeller would 
uperimpo come flow that would improve the cooling 

on the front of the cylinder. 0 such ffect could be 
fOll nd. 

The percell tage of the i ndicH-Led horsepower req uircd 
to cool varied from 1 to 1.5 and i based on the assump
tion that the D.p i developed at 100 percent efliciency. 
Reference 1 shows that the efficiency varies with both 
kirt hape and skirt opening. In the analysis of the 

problem it has been shown that the u eful powel ex
pended in cooling is proportional to (D.p )%. It follow, 
then, that the value of 1 to 1.5 percent of the indi
cated horsepower apply to a particular fJ.p or to a 
particular air speed alone. At higher air peed, with 
a given arrangement, a larger fJ.p will be developed 
and a corre pondingly higher power will be u ed. 

The limiting indicated hoI' epower at various values 
of D.p for thr e vitlues of the temperature wa found. 
Both the percentao-e of indicated horsepower required 
to cool and the limiting indicated horsepower, wh n 
onsid red together, bring out learly the expensivene s 

of overcooling. The obvious recommendation is to 
decrea e the kirt exit and thu decrease the D.p at 
high air speeds. It ha been shown (reference 1) that 
by decreasing the skirt exit in the proper manner the 
,,-'it orifice or pump could be made to act more efficiently. 

Th II the real co t of cooling will be lower tb an the 
COITO ponding decrease in D.p would indicate. The 
1'e ult presented her how that thi engine, when 
developing 500 horsepower, ,,'ill cool so that the hotte t 

point (thermocouple 15) does not exceed 400 0 I~. above 
cooling-air temperature with a D.p of 25 pounds per 
square foot. It ba been shown (reference 1) that by 
using do er baffling this value can be appreciably 
reduced. 

The amount of heat that must be eli sipateel to pro
vide adequate coolin o- was determined. The present 
value, or any value, is useful only when all engine con
ditions, uch a cylind er size,finning, baffling, tempera
ture di tribl.l tion on the cylind er surface, compression 
ratio, air-fuel ratio, and mechanical condition of the 
engine are reproduced. The relative values of heat 
dissipated at high an llow value of the indicated hoI' e
power are of the mo t importance. Comparatively, 
the 1'e ul t should be usable. 

CO CL SIO S 

'rests 0 11 Hll H 1340 11-11- 0 PraLL & WhiLney Wasp 
engine with, everal cooling arrangements howed: 

1. A pre ure drop sufficient for cooling in climb under 
full power can be developed. 

2, Th e controllable propeller had no beneficial eO'ecL 
on coolino- and the adjustable propeller improved the 
cooling only sligh tly. 

3. Equally good cooling, for a particular prossure 
drop, re ulted from each of the cowlino-s tested. 

4. With a given bafTling and finning on the cylinders, 
til kirt i the controlling factor in cooling in climb. 

Langley Memorial Ael'onau tical Laboratory, 
ational Advisory Committee for Aeronautics, 
Langley Field, Va., August 20,1936. 
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z 
Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Designation Sym-
bol 

LongitudinaL ____ X 
LateraL ______ y 
NormaL _________ Z 

Absolute co fficients of moment 

C ='£ 0 = M 
I qbS m qcS 

(rolling) (pitching) 

Force 
(pa.rallel 
to axis) 
symbol 

X 
y 
Z 

Designation 

Rolling ____ _ 
Pitching ____ 
Ya\\ing ____ 

N 
Cn = qbS 
(yawing) 

Linear 
Sym- Positi\'e Designa- Sym- (compo- Angular bol 

L 
J1J 
N 

direction tion bol nent along 
axis) 

--
Y ----) Z RolL ____ 

'" 
u p 

Z----) X Pitch ___ _ 0 v q 
X ----t Y' Yaw __ ___ if! w r 

Angle of set of control sw-facc (relative to neutral 
position), o. (Indicate sw-face by proper subscript.) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
V', 
V., 

T , 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipst ream velocity 

T 
Thrust, absolute coefficient CT = 2 ru 

pn V' 

Torque, absolute coefficient CQ = 9
D

5 
pn 

P, Power, absolute coefficient Cp = ~ nr. 
pn II 

C., Speed-power coefIlCient=-V ~~: 
1], Efficiency 
n, Revolutions per second, r.p .s. 

Efbctive helix angle=tan-{ 2:n) 

5. NUMERICAL RELATIONS 

1 hp.=7G.04 kg-m/s =550 ft-Ib. /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. 

1 Ib.=0.4536 kg. 
1 kg=2.2046 lb. 
1 mi.=1,609.35 m=5,2S0 ft. 
1 m=3.2S0S ft. 




