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NATIONAL ADVISORY COMMIT TEE FOR AERONAUTICS 

TECHNICAL NOTE NO . 584 

EFFECT OF SEVERAL FACTORS ON THE COOLING 

OF A RADIAL ENGINE I N FLIGHT 

By Os car W. Schey and Benjamin Pinkel 

Fli g~t tests of a Grumman Scout (XS F- 2) a irplane 
fitted with a Pratt ~ Whitney 1 535 supercharged eng i ne 
were conducted to dete r mine the effect o f eng i ne power, 
mass fl ow of the cooling air, and n. t mosph e ric te~pe r ature 

one ~' l in d 8 r temp era t u r e • The t es t sin die a t edt hat t he 
diffcrence in tenperature between the cylin der wall and 
the cooling air varied as the 0.38 p ower of the brake 
horsepower for a constan t mass flow of cooling air, cool
ing-air tenperature , engine speed, and brake fuel consump 
tion . Tbe difference in temp e rature was also f ound to va r y 
inversely as the 0.3 9 p o we r of the mass fl o w for points on 
th e head and the 0 . 35 p o w~r for p oints on the barrel, pro 
vided that engine p o we r, eng in e speed, brake fue l consunp
tion, and cooling-air te npe r ature were kep t co nstant . The 
results of the tests of the ef f ect of atnospheric tempera
tu r e on cylinder tempe rature uere in conclusive owi ng to 
unfavorable weather condit ions preva i ling at the time of 
the tests. The nethod used for controlling the test con
ditio n s, howeve r, was found t o be foasi ble . 

I HT :rl.ODU CT ION 

The Co mmitt ee has invest i gated the effect of the i m
portant engine and co olins cond itions on the cylinder 
temperatures of air-cooled engines with blower-cool ed sin
g le-c y linder te st engines and with multicylinder eng ines 
mounted in wind tu~nels . The investigation covered the 
effects of manifol d p ressure, engine speed, fuel consump
ti on, mass flow of t~e cooling air, and atmospheric tem
perature on the cylinder temperatures . The results o f 
so me of the tes ts have boen pablished ( refere nc es 1 and 2). 
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I t is r e c o gnized , however , that in some respects con
dition s i n fl i ght differ from those in the laboratory, 
especial l y fr o m the conditions on a blower- cooled single
cylinder test engine where the direction of air flow with 
respect to the fins 'ma'y be different and ~'here the effect 
of turbulence o f the ai r ahead of the engine and the ef
fect of the slipstream are missing . Information as to the 
e xt ent that the resu l ts obtained in laboratory and wind
t unnel t e sts are applicab l e to fli ght being important , a 
program of fl i ght tests was started to ob ta in data to sup
p leme nt tho se from the laboratory tests of single- cylinder 
engines . 

This report presen ts the results of fl i ght tests made 
to dete rm i ne the effect of eng ine p ower, mass flow of cool
ing air , and air temperature on cylinder temperature . 

DESCRIPT IO N OF APPARATUS 

The a i rplane used in the tests is a 2 - place biplane 
Grumman S c out (XSF- 2 ) supp li ed by the Bureau of Aeronau
tics . Th e airplane is equippe d with a Pratt & Whitney 
R- 1535- 72 engine, a 14- cYlinder 2 -row radial air-cooled 
engine rated a t 650 brake horsepower at 2,200 r . p . m. at 
7 , 500 feet altitude . The comp ression ratio of the eng ine 
is 6 . 7 and the blower sp eed is 12 time s the crankshaft 
s p e ed . 

Tests were made to investiga te the cooling of front
row cylinders 4 and 1 2 , the axes of which are horizontal 
and therefore least affected by the angle of attack of the 
a irp l a ne . The locations of the thermocouples on cylinder 
4 are shown in fi bure 1 . Seven ' th e r mocoup les were located 
on tle head , four on the barrel, and one on the flange. 
Tn. e thermocouple locations were chosen from the 34 loca
tions , used as standard in the sing le- cylinder tests and the 
numbers corresp o nd to those used in the single- cylinder 
test ,s (reference 2). The r mocouples ~Ie re also locat ed on 
cy linder 12 at p o sitions corresponding to 6 , 12, 14, 15, 
19, and 29 to pro vide a means for checki~g the results 
ootained o n cy l ind e r 4 . 

The the r mo coupl e wires we re led to a bank of knife 
switches in the observe r ' s c ocY-p it where the cold junctions 
of the thermocouples and the p otentiometer were located. 
A me rcury thermometer measured t he cold- junction tempera-

'J 
--------------------------~--------------------~--~~-
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tur e. A res i stance the r mometer wa s used for measur i ng the 
car bu re t o r - air temperature . The atmo spheric temperature 
was measured by an alcohol thermometer located on a st r ut 
of the airplane . 

A continuously variable Smith propeller fr o m which 
the st ops had been removed was installed to regulate the 
engine speed . 

An N. A.C.A . fuel flowmeter was placed in the fuel 
line fo r measuring the rate of fuel consumpti~n . The man
ifold- pressure gage, a l timete r, tachometer, and air - speed 
head with which the airplane was equipped were reta i ned. 

A static-pressure tube was mounted under the cowling 
ahead of c ylinder 4 and another static- pressure tube was 
mounted behind the cylinder at locations where the veloci
ty head was negligible . Each static tube was conm cted to 
ono side of an individual pressure cell of a recording 
manometer . The other side of each of the cells was con
nected to the static tube of the air - speed meter so that 
the cells ind~cated the differences between the static 
pressures under the cowling and the static pressure in the 
free air stream . Impact and static - pressure tubes 0 . 040 
inch in diameter were mounted between the fins on the head 
and the barrel for measuring the cooling- air velocity 
through the fins . The tubes we re l o cated 1350 .from the 
front of the eylinder at the ~ositions designated by Au. 
A·s> Bp> and Bs in figure l(b) . The subscript p r~fe~s 
to the pitot tube and s to the static tube , which were 
located in adjacent fin spaces . Each pair of tubes was 
connected to opposite sides o f separate pressure cells in 
the recording manometer . The deflection of the cell dia
phragm measured the velocity head . 

The air - speed meter , altimeter, manifold- pressure 
gaee , tachomete r, fuel fl owmeter, resistance thermometer 
in the carburetor intake, and manometer pressure cells 
were calibrated before the tests. A calibration curve of 
the engine (fig . 2) ,vas obtained from a ravy report on the 
SR- 1535 engine . 

METHOD 

The tests were made to dotermine the independent ef 
fect of engine power, mass flow of the cooling ai r , and 
c oolin g - air temperatures o n engine -cylinder tempe r ature . 
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Each 0 f the seq ua n tit i e s \va s va r i e din t urn w h i 1 e the 0 t h
e rs were held const an t . During each tes t the engine s pee d 
a nd the brake fuel consumption were h eld a s constant a s 
p r ac t i c ab 1 e • All t est s we r e mad e i n 1 e ve 1 . f 1 i g h t to al low 
sufficient time for equilibrium c onditions to be a ttain ed . 

Th e spark plugs of th e re a ~ r o w of cylinders were 
connected to kn ife switches located in the observer's 
cockpit and could be individual l y g ro unded , thus providing 
a mean s for varying the airplane velocity indep endent of 
the power of cylinders 4 and 12 . The p owe r of cylind e rs 
4 and 12 was vari ed by altering the man ifold pressure and 
the eng ine speed was controll ed by mea ns of the controlla
ble propelle r. 

Th e p ow er g iv e n in the report is on the basis of a ll 
cylinde rs firing as g iven by fi gu re 2 , or 14 times the 
p o we r of cylinder 4 . 

The tests of the effect o f engine p ower and of mass 
fl ow on cylinder tempe r ature we re made at a constant pr es 
sure a ltitude . In the former te sts the engine power was 
varied by varying the manifold pressure while the re qu ired 
number of cylinders we re cu t out by shorting the spark 
p lug s and the p ro pe ller p itch was adjusted to maintain 
constant airplane velocity and constant engine speed . In 
the latter t e sts the manifold p re ssure was held constant 
a nd the airplane speed was cha n ged by shorting the s pa rk 
p lugs . Th e eng ine speed was held constant as before by 
adjusting the propelle r pitch. At the beginning of each 
flight the mixture control was, set by the p ilot to the 
full - rich condition and no furth er adjustment was made . 

In the t e st s t 0 de t e r min 0 the e f f e c t 0 f air temp e ra
t ure on cylinder tempe ratur e, the variation in air temper 
atur e was obtain ed by flying at v arious alt itud e s. At 
each altitude the thrott le, the propell e r-pitch control, 
and the mixture contro l had to be readjus te d to obtain 
constan t engine conditions . The velocity of the a irpl ane 
was con t roll ed by cutting out the required number of c yl 
inders to g ive a const a nt mass flow . 

In this report the mass fl o w is g iven in terms of the 
ratio of the true mas s f lo w VaPa t o a standard density 

P o and its un its are the same as thos e of v elocity, where 

P is the a ir d ens it y , V is the velocity of the a ir at 
a a 

the p oint mea sured, and Po is the dens ity corresponding 
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o 
to standard sea- level pressure and a tempe r ature of 70 F . 

The value of Pa in VaPa/ P o between the fins should 
be an average density of the air as it passes around the 
fins . In th is report it is the product of the s quar e root 
of the air density at the 1350 position Dy the square root 
of the atmospheric density . The error introduced, howev e r, 
is negligible. 

Tests \ere made at the following conditio n s : 

.A..:i r 
stream Pre s-

Engine Engine Brake fuel mass sure 
power spee d I consumpt ion flow altj.-

VaPa /p o tude 

b. lip . I r . p . m. Ib. / b . hp . -hr . m. p.h . feet 

A - Effect of 
engine power varied l l,850 0 . 53 134 3 , 200 

B - Effect of 
mass flow: 
(l)First run 417 2 , 1 70 . 53 varied 4,000 
(2) Second run 554 2,170 . 46 do • 2 , 400 
(3)Third run 555 2 ,170 . 52 do. 2,400 

C - Eff e ct of 

I a ir tempera-
tUre 425 2 , 17.rj 

I 
- III varied 

I ~ the tests of the effect of air tempe rature, three 
similar runs were made at conditions substantially as 
listed in the taole . The altitude was varied from 1 , 000 
to 17 , 000 feet, ~roviding a difference in cooling- air tem
perature of 40 0 ~ . in t he first run, 25 0 F . in the second, 
33 0 F . in the third, and a total difference for the three 
runs of 53 0 F . The small change of temperature with alti
tude was caused by the p reva iling cold weath e r . Diffi 
culty was experienced in maintaining a constant brake fuel 
consumption a s th e altitude was changed . I n the limited 
time a vailable for each run a n accurate adjustment of the 
fuel consumption could n ot De made . The fuel consumption 
will be shown to get her witl1 tl""e results of these tests . 
In future t est s a commercia l air-fuel - ratio indicator 



6 N . A . C.A. Technical Note No . 584 

should be provided so that the mixture may be quickly ad
justed . • 

RESULTS 

The results for t.he tests of the eff·ect . of en g ine 
power 0 n c~,r 1 in d e r temp e ra t u res are g i v en in . tab 1 e I and 
a r e pl otted in figure 3 on lo~arithnic coordinates . The 
ordinate .in figure 3 is the temperature difference b etwee n 
th e cylind e r and the cooling air. P a rallel lin e s having 
slopes of 0 . 38 fitted the test points for all the thermo 
coupl e s with in the limits of accuracy of the data, indi
cating th~t the tempe rature difference betw ee n the cylin
de r and cooling air varied as the 0.38 p ower of the bra~e 
horsepower for cons t ant brak e fuel consumption, engine 
speed , and mass flow of the c o oling air. 

It will be not e d in tabl~ ~ that run 1 was made at a 
smaller mass flow than the remaining runs . Since, as will 
be seen later, a given percentage increase in mass flow 
h as approxi mately t h e opposite e f fect on cylinder tempera
ture a s the same p ercentage incr ease in brake horsepower, 
thi s run was corrected to an equivalent mass flow of 134 
mil e s p e r hour by increasing the brake horsepower in the 
same ratio as th e increase in mass flow . No ad justment of 
brake fuel consumpt ion was made during the test after the 
initial a~justment of the mixtur e control. The brake fuel 
consumption decreas e d slightly as the manifold pre ssu re 
decreased , but the variation was sma ll and p robably did 
not app reciably af fect the r esults. It would be prefera
ble in tests of this nature to mainta in a constant aii 
fue l ratio . 

An estimate was made of the indicated horsepower in 
this test · by apply i ng a co rrection for friction and for 
the p ower absorbed by throttling the supercharger. The 
friction of the eng ine was obtain ed from curves given in a 
recent Navy report on the Pratt & Whitney 1535 engin~ . It 
was found tha t tho temperature difference betw e en the cyl
inder and tho ai r varied as the 0 .40 power of the indicat
e d horsepower . 

The results for t he effect of mass fl ow on cylind e r 
t empe r at ure a re g iven in table II corresponding to the 
condition B(l ) previousl y g iv e n and are plotted on loga
rithmi c coordinates in fig~rA 4 . T~e ordinate in figure 
4 is the difference in temperatu r e bet~Gen the cylinder 
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and the air , and the abscissa is the ratio of the mass flow 
to the standard sea- level density . Except for thermocouple 
17 the exponents for the v a riation of temuerature differ
ence with mass fl ow on the head group clO~elY about' a mean 
v a lue of - 0.39 . Thermocoup l e 17 is probabl y in error . 
The ~xponents for the points on the barrel are more scat
tered and average to - 0 . 35 . The exponent for the flange 
is - 0 . 23 . In this test, as in the previous one , the brake 
fuel consumption was adjusted in the first run and, al 
though no add itional adjustment was made, it remained sub
st ant i a lly constant dur ing the remainder of the test . 

In the check tests B( 2 ) a nd B( 3 ), the test conditions 
were not maintained qu ite as constant as in B(l) and the 
results were more erratic . Thoy did , ho wever, show sub
stantial agreement wit h the results of B(l). 

Th e results for the three t e sts are listed below: 

Head Barrel Flange 
exponent exponen t exponent 

B ( 1) . . - 0.39 - 0 . 35 -0. 23 

B (2) . . - .37 -. 33 -.17 

B ( 3) • -. 36 -. 40 -. 34 

The temperatures of cylinder 12 were in most cases 
low e r than those of cylinder 4 and somewhat errat ic but 
the average exponents showed substantial agreement with 
those obtained on cylinder 4 . 

Attention is directed to the fact that the change in 
pressure "drop was obtained by varying the airplane speed . 
Increasing the pressure drop by increasing the opening in 
the exit of the cowling would have a somewhat different 
effect on cylinder t emperature. The cooling of the front 
half of the cylinder is produc ed mainly by air movement 
Or turbulence under t he cowling resulting from the veloc
ity of tho airplane and this air movement is influenced 
only slightly by opening the cowling exit . It is ev id ent 
that, although th e temperaturos at the rear of the cyli n 
ders would increase in a manner similar to that indicated 
in figure 3, mu ch s mal ler increases in temperature would 
be obtain ed for t he f ront ha lf of the cylinder . 
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The e xpone n ts given in figures 3 and 4 for the varia
ti on o f cy linde r temperature wit h mass f lo w and e ngine 
p o we r app l y for the con d i tions at which the tests were 
I!iade . A smal l va riation in these exponents is to be ex
pe c ted wit h chan ge in test conditions . 

The va ri ation of pressure drop across the cy linder 
6P wi th the v ol oci ty in the froe air stream , with the 
vel o c i t y betw e en the fin s on tho head at point A, and 
with the ve loc ity between the fins on the barre l at point 
B a re sho wn pl o tted on l o gar i thmic coord i nates in figure 
5 . Th e pressur e dr op a n d vel o c i ties were multipl i ed by 
Pa/p o' L i n e s hav i ng a . sl ope of 2 . 0 drawn thr ough tho 

points in f i gur e 5 rep r esent the data with a good deg r e e 
of accuracy, i ndicat i ng that th e pressure drop varies as 
the s quare of th~ vel o c i ty . At the low ai r plane veloci 
t i es the points for the v ariati o n of pr essure drop with 
airp l ane v el o c it y deviate from the line , showing that at 
these vel o c i tie s the square l aw begins to break down . 
This dev i atio n may be caused by the larg e ch a nge in angle 
of attack o f the a irp l ane and by the increased importance 
of th e sl i pstream at the s e low velo c iti es . The curves 
for the variati o n of the velocity b e tw ee n the fins with 
pressure drop , as may be expect ed, a r e . not inf~uenced by 
the se factors . Except for t~e low v eloci t y range, the ve 
locities b etw ee n the fins are directly p ro p ortiona l to the 
velocity of the fr ee air stream . 

Figure 6 shows the ratio of the pressures under the 
cowling to the dyna~ i c pressure q of the free air stream 
plotted against mass flow . The curves i ndicate that , for 
the larges t par t of the r ange of airplane spe ed s, the pres
sure ahead of the cylinde r is about 0 . 7q and the p r e ssu re 
beh i nd the c yli n der is a bout O . 2q above the fr ee- air- stream 
p re s sure . Th e se v a lu e s falloff sl i ght ly at the lower ai r 
plane spe e ds , as may be expected f rom t~e discussion of 
figure 5 . The l o ss i n head of 0 . 3q in front of the en g ine 
is high and ind i cates a poor cowling -nose design . A lower 
pressu r e behind the engine would be obta ined if the cowl 
ing ski r t were flared to a grea t e r degree and if the clear
anco botween the baffle s and the f ins we r e reduced . 

The resul ts of t he tests of t he effect of a tm o spheric 
temperatu r e on c y lind e r t empera ture were considerably more 
erratic than those of the ot~er variables t e st e d . More 
adjustmen t s were r eq i r ed to ma in tai n the test conditions 
an d , owi n g to the multi p li city of the duties of the ob
s e r v e r , more pe r sona l error cou l d be expected in th e read
ing s . 
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An examination of the data for the a tmospheric - temper
ature tests showed that , although the mass flow based on 
the free air-stream velocity was kept constant, the mass 
flow betwe en the fins on the head and barrel and the pres
sure drrrp across ' the cylinder varie~, the last three items 
showing fair agreement with each other. It was therefore 
decided to cOrrect the cylinder temperatures to the same 
mass flow between fins , using the exponents obtained in 
the tests of the effect of mass flow on cylinder tempera
ture . Th e temperatures were a lso corrected to the same 
en~ine pouer. No correction could be applied for the var~

a t ion in brake fuel consumption , and the results arC in 
error to the extent that the variation in brake fuel con
sumption . af·focts c-ylinde r temp~rature. The brake fuel 
consumption for each p oint is shown plotted in figure 7 . 
During the first flight of this series of tests, the fuel 
flowmeter failed and no values of brake fuel consumption 
were obtained for several of the tests of this ' flight .• 
The fuel flowmeter was repaired and functioned satisfacto- ' 
rily for the remainder of the flights. 

Owing to the small varia t ion of tempcrature uith alti
tude, the results of each flight were inconclusive . A 
larger r ange in a tmosph e ric temperature was co vered and 
more consistent results were obtain ed by plotting the re
sults of several of the fli ghts together . These results 
ar e also shown in figure 7 . The slope of the curves repre
sents the change in cylinder temperature per degree change 
in air temperature. Similar laboratory tests of a cylinder 
from a Pratt & Whitney 1535 eng in e gave average correction 
factors of 0.83 for the rear spark-plug gasket, 0.77 for 
the head , 0 . 70 for the barrel , and 0 . 60 for the flange. 

Experience with these tests indicates that the method 
used is feasible for obtaining the va~iation of cylinder 
temperature with atmospheric temperature and that under 
more favorable weather conditions than existed in the pres 
ent test~; better results would be obtained . It is hoped 
to Bake further tests when a la~ger atmospheric tomperature 
gr.:?.dient exists. 

CONCLUS IONS 

1 . Th e difference in temperature between the cylinder 
wall and the cooling air varied as the 0 . 38 power of the 
brake ho rsepowe r for a constant mass flow of cooling air , 
cooling- air temperature, engine speed, and brake fuel con
sumption . 
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2 . The difference i n temperature between the cylin
de r wa ll a nd coolin g a ir v a ri e d inv e rsely as the 0 . 39 
p owe r of the ma ss fl ow fo r poi nts on the ~ead an d 0 . 35 
p ower for p oints on the bar rel provided t ha t the engine 
p o we r, the eng in e speed , th e brake fue l consumption, and 
the co oli n g- a i r temperature re mained constant . 

3 . The velocity b e t wee n the fin s on the h ead and the 
bar r e l var i ed li near ly wit h the fr ee ai r - str eam veloci ty 
e xcep t in tho r ange of lo w a irp l ane speeds . 

4 . Th e s t atic p ressure und e r the co wling ahead of 
the cylinder was 0.7q and b eh ind th o c y lind e r was 0 . 2q for 
the g re a t e r pa rt of the velocity r ang e of the a irp l a ne . 
At l o w v el o cities these values fell off sli ghtly . 

5 . The tests o f the e ffect o f atmospheric temperature 
on cylinder temperatur e were inconclus iv e - bu t did ind ic a te 
t hat the method used wa s feas ible and tha t , under conditions 
g iving a g r eater temperature range with a ltitude , better 
r esu l ts could be o btain e d . 

Lang l ey Hemo rial Aer o na ut j.cal La b o ra tory , 
Nat i onal Advi s ory Co mm i ttee for Aer o naut ics, 

La ngle y Field , Va ., Oc tobe r 5 , 193 6 . 
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TABLE I 

:aFFECT OF BRAKE HOR SEPOWER ON CYLINDER TEMPERATURE 

, 
Run 

Brake horsepower 

Va Pa/p o· fr ee a ir stream , 

m. p . h . . 
Brake fuel consumptio n . 

1 b . / b . hp . -hr . 

Cooling- air tempe r ature. OF. 

v aPa /p o ' fins on head, m. p . h . 

vaPa/ p o ' fins on barre l , 

m. p . h . 

P I q, f ront of cylinder 

ill q I rear of cy linder 

Thermocouple 

2 
4 
6 
8 

12 
14 
15 
17 
19 
2 1 
;J9 
33 

1 2 3 4 

536 352 320 262 

1 24 134 134 134 

0 . 55 0 . 54 0 . 52 0 . 52 

9 . 5 11.3 11.3 11 . 3 

82.5 92.2 92 . 2 94 . 4 

I 
I 

68 . 2 78 . 4 78 . 4 77 . 6 

. 560 . 633 . 651 . 668 

. 19 6 . 202 . 219 . 239 

Di ffer en ce betw e en cylin de r 
temperature a nd cooling- air 
temperature, degrees F . 

252 210 197 191 
257 219 209 200 
342 307 289 277 
297 254 243 223 
515 43 7 422 393 
261 241 22 9 2 1 8 
351 270 258 257 
27 1 225 219 211 
442 372 367 330 
39 1 324 319 298 
498 415 415 380 
468 389 389 359 
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TABLE II 

EFFECT OF 1.fASS FLOW OF COOL I NG AIR ON CYL I NDER TF.MPERATURE 

Run 

Brake h ors ep ower 

VaP a/p o · fr ee a ir stream , 

m. p . h . 

Brake fuel consumpti on, 
1 b . / b • hp . - hr . 

Cooling- a ir temperature. of . 

VaPa/P o ' fins on head . m. p . h . 

VaPa/p o ' fins on barre l . 

m. p . h . 

p/ q. fron t of c y l ind. e r 

p/q. rear of cylinder 

Thermocouple 

2 
4 
6 
8 

12 
1 4 
15 
17 
19 
21 
29 
33 

1 2 3 4 

4 17 4 1 7 417 417 

159 137 117 9 9 

0 . 52 0 . 53 0 . 52 o • 55 

27 .5 27 . 5 27 . 5 27 . 5 

114.6 - 85 . 2 70 . 9 

100 . 2 - 72 . 3 59 . 5 

. S'!\' 4 - . 667 . 511 

. 205 - . 205 . 1 3 1 

Di fference b etween cylinder 
temperature and cooling- a ir 
temperature. de b rees F . 

208 2 1 5 217 240 
223 236 238 258 
286 298 305 33 7 
230 242 258 273 
41 6 428 456 504 
231 236 235 256 
261 269 292 317 
230 238 257 298 
365 37 7 397 442 
303 318 340 368 
400 41 5 442 485 
372 388 415 453 
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(a) Front (b) Rear 

Figure 1.- Thermocouple locations on cylinder 4 from Pratt a Whitney 1535 engine. 
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Figure 2.- Calibration of Pratt & Whitney 1535 engine. 
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