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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

1-
Metric English 

Symbol 
Abbrevia- Abbrevia-

Unit tion 
Unit tion 

Length _______ l meter ________ -- --- -- --- m foot (or mile) _________ ft. (or mi.) 
Time _________ t 

second ___________ ______ s second (or hour) _______ sec. (or hr.) 
F01·ce _________ F weight of 1 kilogram _____ kg weight of 1 pound _____ lb. 

Power ________ p horsepower (metric) ------ ----------
horsepower _________ -- hp. 

Speed _________ V {kilometers per hour __ - - -- k.p.h. miles per hOUL _______ m.p.h. 

meters per second - - - - - -- m.p.s. feet per secoud __ -- - - -- 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=mk2
• (Indicate axis of 

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

v, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m-'-s2 at 

15° C. and 760 mm; or 0.0023781b.-ft.-4 see.2 

Specific weight of "standard" air, 1.2255 kg/rna or 
0.07651 Ib./cu.£t. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure -~p V2 

Lift, absolute coefficient OL = is 
Drag, absolute coefficient OD - ~ 

Profile drag, absolute coefficient OD. -~S 
Induced drag, absolute coefficient OD, = ~S 
Parasite drag, absolute coefficient OD - DS7J • q 

Cross-wind force, absolute coefficient Oc- ib 
Resultant force 

ilJ), 

t" 

Q, 
n, 
Vl 

p- , 
p. 

Angle of setting of wmgs (relative to thrust 
lin c) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C., the cor­
responding number is 234,000; or for a model 
of 10 em 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, infinite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero­

lift position) 
Flight-path angle 
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BLOWER COOLING OF FINNED CYLINDERS 
By 0 CAR W. SCHEY and HERMAN H. ELLERBROCK, JR. 

S MMARY 

Several electrically heated finned steel cylinders enclosed 
in jackets were cooled by ail' jrom a blower. The effect oj 
the air conditions andfin dimensions on the average surjace 
heat-tran jer coefficient q and the POWe1' required to jorce 
the air around the cylinders were determined. Tests were 
conducted at ail' velocitie between the fins jrom 10 to 130 
miles per hour and at specific weights oj the air varying 
jrom 0.04.6 to 0.071,. pound per cubic foot. The fin 
dimensions oj the cylinders covered a range oj fin pitche 
.from 0.057 to 0 .25 inch, average fin thicknessesjrom 0.035 
to 0.01,. inch, andfin widthsjrom 0.67 to 1.22 inches. 

The value oj q, based on the difference between the cylin­
del' temperature and the inlet-air temperature, varied as 
the 0.6"67 power o.f the weight velocity oj the cooling ail' jor 
cylinders having spaces jrom 0.077 to 0.21 inch between 
fins. B elow O.077-inch space the exponent oj the curves 
incl'e(~sedjor ecwh successive decrease in space. The value 
oj q was independent oj fin width jor the range oj widths 
te ted and decreased as the space between the fins decreased. 

The power required jor cooling, neglecting the kinetic 
energy lost jrom the exit oj the jacket, varied as the 2.69 
power oj the weight velocity jor a given specijic weight and 
inversely as the square oj the specijic weight jor a given 
weight velocity oj the cooling air. For a given weight 
velocity oj the cooling air or a given power and jor a fin 
width oj 1.22 inches, the fin space giving the maximum 
heat transjer was approximately 0.045 inch. 

I TRODUCTION 

A general investigation is being conducted by the 
Committee to determine the comparative cooling of 
cylinders having fins of varying pitch, thickness, and 
width when tested in a free air stream and when tested 
with blower cooling. For the conditions in a free air 
stream the cylinders arc tested with and without 
baffles and, for the conditions in which the blower is 
used, tbe cylinder are ell elo cd in a jacket. 

The fu'st report publi hed on the investigation (refer­
ence 1) present tbe results of exten. ive tests to deter­
mine the beat-trallsfer coefficients of fi_nned cylinders 
in a free au' stream and a method for calculating the 
heat di sipated, utilizing these coefficients . . The second 
report (reference 2) includes results showing how the 
heat-transfer coeffi cien t may be increased by using 
baffles to direct the air toward the rear of tbe cylinder. 

Tests on nine steel cylinders, herein reported, were 
conducted to investigate blower cooling. Tests were 
made on all of the cylinders to determine the effect of 
velocity and specific weight of the cooling air on the 
heat transfer and on five of the cylinders to determine 
the effect of the same factor on power requu'ed. The 
cylinder had fins of varying width and pitch; the 
range of fin width investigated varied from 0.67 in h 
to l.22 inches, the pitch from 0.057 inch to 0.25 inch , 
and the thicknes from 0.035 inch to 0.040 inch . 

APPARATUS 

TE '1' CYLJ DEn 

The constructio n of the Lest lInit is shown in figure I . 
This unit, which has been de cribed in detail in pre­
cedi.ng reports (references 1 and 3), consi ts essentinll)' 

(a) 

"-

0.166' ~~ ~ 
O.OZ· i.xJ 
0.035' C\J 

OOI8'R -.; 

(b) 
(a) Details or construction. (b) Individual fio section. 

FIG URE 1.- onstruction of test uoit. 

of three electrically heated finned cylinders, the central 
one forming the test ection and the ones on each end 
serving as guard rings to preven t heat losses through 
the ends. The guard rings are of practically the same 
construction as the test section except that each ring 
is only one-half as long as the test section. The hea t 
input to each guard ring and test specimen can be 
eparately controlled by oil-cooled rheostats. A com­

plete wiring diagram of the test set-up is shown in 
reference l. 

FoUl' of the cylinders were machined from a steel 
billet so that the fins were integral with the cylinder 
wall. The other five cylinders were built up of indi.-

1 
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vidually constructed fins (see fig. 1 (b)) held in place 
by solder, a method that facilitated the making of 
cylinders having closely spaced wide fms. With this 
method of construction the same fins miLy be used on 
several cylinders of different pitch by cutting down in 
uccessive steps the thickness of the wall section and 

thus reducing the spiLce between the fins. As the 
space is reduced, more fins are added so that the same 
cylinder length is maintained and the same heating 
unit can be used. 

For convenience in referring to the finned cylinders, 
the designations composed of the fin pitch, width, and 
thickness adopted in reference 1 are also used in thi 
report. For example, the designation 0.25-0.67- 0.04 

a·, 
Orifice tonk 

orifice·/·L.-"""II"':-___ ~.,..,..----.,._;_--' -····--orifice 
"'0 

AIR SYSTEM 

The quantiLy of cooling air supplied was measured 
by harp-edge orifices placed at each end of a tank. 
The air system used in testing the 0.25- 1.22 .04,0.25-
0.97-0.04,0.25- 0.67- 0.04, and 0.15- 0.97- 0.04 cylinders, 
hereinafter designated "series A" tests, is shown 
diagrammatically in figure 2 (a) . A tanlc was placed 
in the air duct on each ide of the supercharger to reduce 
the pressure pulsations created by the Roots blower. 
At the entrance of the jacket there was another tank 
equipped with a valve fOT throttling the ail' when the 
specific weight was varied. 

The cooling air was directed around the cy'linder by a 
jacket placed approximately % inch from the fin tips, 

a Thermometer 
b Manometer 

lielector 
switch 

(a) Equipment used to test the 0 2",,1.22-{).O4, 0.2~.97-o.04, 0.2~.67-0.0I, and 0.1~.97-0.04 cylinders. 

a Thermometer 
b Manometer 
c Orifice 
d Pyrometer 
e Cold Junction 
f Cylinder jacke t 

(0) Equipmcnt lISed to test the 0.166-1. 22-{). 035, 0.137-1.22-0.035, 0.IJ2-1.22-{).035, 0.083-1.22-{).035, and 0.057-1. 22-0 035 cylinders. 

FIGURE 2.-Diagrammatic sketch of equipment. 

. indicates a finned cylinder having a fin pitch of 0.25 
inch, a fin width of 0.67 inch, and an average fin thick­
ness of 0.04 inch. The fin proportions for each of the 
nine cylinders tested are shown in the following table 
iLnd in figure 8. 

Pin pitch Fin width Fin thick· Fin space 
(inch) (inches) ness (inch) (inch) 

0.25 1.22 0.04 0.21 
.25 .97 .04 .21 
.25 .67 .04 .21 
.15 .97 .04 .11 
. 166 1.22 .035 .131 
.137 1.22 .035 .102 

I 
. 1l2 1.22 .035 .077 
. 083 1.22 .035 .048 
. 057 1.22 .035 .022 

The diameter of the cylinders at the fin root was 4.66 
inches, th length of the test sections] 0 inche , and the 
length of each guard ring 5 inches. 

as shown in figure 3 (a). Whenever the outside diameter 
(fin width) of the test cylinder was reduced, the X-inch 
clearance at the tip was maintained by using sleeves 
inside the jacket. The inlet of the jacket was faired 
and proportioned in such a manner as to reduce as 
much as possible the breakaway of the air from the 
walls. 

The air system used to test the 0.166-1.22-0.035, 
0.137-1.22-0.035, 0.112-1.22-0.035, 0.083-1.22-0.035, 
and 0.057-1.22-0.035 cylinders, hereinafter desig­
nated "series B" te ts, is shown diagrammatically in 
figure 2 (b). The jacket used on these five cylinders 
was in contact with the fin tips (fig. 3 (b)) . 

INSTRUMENTS 

The cylinder temperatures were measured 'with 24 
iron-constantan thermocouples connected through a 
selector switch to a portable pyrometer. 'rhe thermo-
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L 

16J{' 

0.125" Clearance between fin 
tip and jacket 

III 
9,ff''---' -t,ff"l-

----12" J 

A 
-I 

/I" 

/2%" III 
; 

3" pipk 
nipple 

(a> JackeL used to (e, 1 0.25- 1.22 0.01. 0.25-0.0; 001. O.2S-0.fii- 0.01, and O.lo-O.Oi-O.OI (')' Iindors ' 

~---7jf"---' 
-,,---

15./?O 

II%" 

llf-----,---------,----I 
(b) Jacket used LO tC3t 0.166-1. 22-0.035, 0.l3i-1.22-0.35, 0.112-1.22-D.035, 0.083-1. 22-0.035, aoil 

0.05i-1.22-0.035 cylinders. 

FIGURE 3.-Sketcho(of jackets. 

couples were made of 0,013-inch-diameter silk­
covered enameled wire and were welded to the 
cooling surface at the points shown in figure 4, 
Differential thermocouples, which were con­
nected to sensitive galvanometers, were placed 
on the adjacent surfaces between the guard 
rings and the test ylinder to facilitate adjusting 
the heat input to the guard rings so that there 
would be no heat exchange between the test 
section and the guard rings. Ammeters and 
yoltmeters were used to measure the electrical 
power input to the test cylinder and guard rings. 

The temperature of the air at the entrance 
of the jacket was measured with an alcohol ther-

Rear 

~'IGURE 4.-Location of thermocouples 00 lest cylinder. 

mometer and at the exit of the jacket with three 
chromel- constantan thermocouples connected 
through a selector switch to a low-resistance 
portable pyrometer. In the eries A tests the 
pressures at the entrance and the exit of the 
jacket and the presslire drop across the orifice 
La,nk were mea urecl wiLh waLeI' manorneters.. 
In the series B te t the pressure drop acro s the 
orifice tank and the pressure in the depre sion 
tank were measured with water manometer. 

TESTS 

Tests were conducted at air velocities from 10 
to 130 miles per hour and at specific air weights 
from 0.046 to 0.074 pound pel' cubic foot. The 
recorded data were the electrical power input to 
the guard rings and test cylinder, the tempera­
ture of the air entering the orifice tank, the tem­
perature of ail' entering and leaving the cool-
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ing jacket, the pres ure drop across the orifice tank, the 
pressure at the entrance and exit of the jacket in series 
A tests, the pre ure in the depres ion tank in series 
B test, and th temperatur s at the variou points 
on the cooling surface. 

The ,elocity wa n rieel by changing the speed of the 
blower. The pecific air weight was ,aried in the serie 
A tests by throttlinO" the air at the entrance of the de­
pre ion tank. The pecific weight of the air was not 
varied in the eries B te ts. 

The heat inputs 'al1.ed from 3 to 97 B.t.u. per quare 
inch wall area per hour (0.0326 to 0.03 1 horsepower 
per square inch wall area) for the variou cylinders; 
the heat input wa approximately constant, however, 
for anyone cylinder. 

The series A tests were conducted principally to de­
termine the effect of fin width on heat transfer; tho e 
of series B were conducted to determine the effect of 
fin spacing on heat tran fer and power required. 

CALC LATIONS 

The re ult were obtained by the following formulas: 
Specific weight of the air, Pig: 

_ 1.325 X PI (1 ) 
Plg- 460 + T

I 

11ean velocity of the air between the fins, Vm: 

(2) 

(The method of calculating WI is given in reference 4.) 
Experimental and calculated heat-transfer coefficients, 
U.xP and Uta I: 

where 

r ' Q 
Ue xp = AbBb 

q {2( W) I 1 [ ral = :S+ t a 1+ 2Rb tanh aw +. i 

(( = /Zq 
-V kf 

ThE' ,-alllE' of k = 2.1 i for thiR J'E'port. 

(3 ) 

(4 ) 

~ctualion (4) iR cl(lriH'd :I f' rctlJ3tion (l~) 111 rE'rElr­
(lnce 1. 

A '-erage ou Liet cooling-air lemperature T2 : 

The ou tlet cooling-air temperature is au a vernge of 
the indicated temperature of the three thermocouple 
after corrections have been npplied for iJl tru111ent 
cnlibrution and cold-junction temperature. 
Power required across the te t cylinder, PI: 

PI= O.OOO 93V mA t{ PI - (P2+ 0.00022V m2PIgA N AI2)} (5) 

In tili formula the specific weight of the air at the 
inlet of the jacket wa used in tead of the pecific 
weigh ts at, th r inlet nnd ou tlet as th eoretically should 
be done. The elTor introduced by this method is 

small, however, and formub (5) is simpler than the 
rigorously correct one. It wa very difficult to meas­
ure the static head at the entrance and e cit of the 
jacket so that in formula (5) PI i the total head in 
the orifice tank ( ee fig. 2 (a)) and P2 is the (,atic head 
in the depre sion tank. The u e of the !trads lends 
to "ery little error unle s t.here is n yena ontractn 1]1 

the entrance nnd exit. 
Power required to generate the outlet veiocit.y, Pa: 

P a= 1.965 X 1O- 7A1P2gr23 (6) 

RES LTS A D DISCU SIO T 

The problem of blower cooling can be divided into 
two paTts, a study of the heat tran fer obtained and 
of the blower power required for various conditions of 
operation. The heat transfer for a given case can be 
calculated when the surface heat-transfer coefficient q 
of the fins i known, u e being made of equation (4). 
A study will now be made of the dependen e of q and 
the blower power on the fill dimension , the physical 
properties of the air, and the air peed. Becau e a 
large number of variable are involved, dimensional 
t,heory i u ed in clarifying and simplifying the analy is. 

A q depend on Lhe pecific weight, viscosily, specific 
heat, thermal conductivity, -velocity of th air, and the 
various dimen ions of the finned cylinder, by clinlen­
ional analysis the following e>.:pression can be set up 

( ee equation (1), reference 1): 

(7) 

With the exception of the specific heat and the 
conductivity of the air, the blower power depend on 
the same group of variables and the following relation 
can be obtained: 

P V 3Dj (PlgVmD t w ) 
t= PIg m !-L' J)' J)' 15 ( ) 

where PI is the power per uni length of cylinder. In 
thi analysis the flow is assumed as two-dimel1 ional, 
\\'hich condit.ion tlte test very clo. rly . imuln tro. 

I~FFECT OF VATUARLE.· 0 <t 

Weight velocity of the air and fin dimension.­
Equation (7) ho\\'s that, when nIl other quantitieR 
romain con 'tant, the "due of q varies (IS tbe weight 
,·elocity of the coolillg air, F ", PI!7. Te Ls presen ted 
herein were performed in which both the "elocity and 
specific weight were independently yaried. T lw yalue 
of q obtained from these tests are plotted ngainst weight 
velocity on logaritlmlic-coordinn te paper in figure 5 
and 6. For anyone test cylinder a straiO"ht line fitted 
the data fairly well. 

The ~UTVe of fiO"ure 5 for the cylinders hnving pitche 
from 0.112 to 0.25 inch, inclusive, haye b<'en drawn 
parallel and have a lope of 0.667. For cylinders with 
pitches less than 0.112 inch the slope become increaR­
ingly greater as the pitch is decreased. From the 
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relation between q and weight velocity shown in figure 
5 for cylinders having pitches of 0.112 inch or greater, 
equation (7) can be modified as follows: 

_ 7' (Pig 1 ~1nD)-O.333 ,(J.lC1l t W s) 
q- C1!Plg 1 711 J.l j Ta' 15' 15' 15 (g) 

Belo\\' 0.11 2-inch pitch the exponent - 0.333 derrea es 
flS (he pitch docrell es. 
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FIGURE 5.-Effect of weight velocity of the cooling air on the average surface heat· 
transfer coefficients, based on the difference between the cylinder temperature and 
the inlet·air temperature. 

The curve of figure 5 in which the value of q is 
based on the difference between the inlet-air tempera­
ture and the average cylinder temperature show that, 
when the pitch is decreased, the value of q will decrease 
even though the weight velocity of the cooling air 
remains constant. If the values of q are based on the 
diiTer<'nce between the average cooling-air temperature 
:l nd the average cylinder tcmperatlll'e, the results will 
be' as shown in figure 6. The outlet-air temperature 
W!1 S cnlclllflted from thc weigh t .of air Howing over the 
Les!' cylinc1<'r, !'he heat input to the test cylinder, the 
sp<'cific heat of the air, and the inlet-air temperature. 
It was found that more than three thermocouples in the 
outlet of the jacket were neces ary to give a correct 
average temperature. Because the effect of the heating 
of the air on the value of q is greater at low all' peeds 
than at high air speeds, the slope of the curves in figure 
6 is much less than the slope of the curves in figure 5; 
all the curves in figure 6 have the same slope. 

Figure 7 was obtained by cross-plotting figure 5 at 
a weight velocity of the air of 4 pounds per econd per 
square foot and shows the effect of fin space on q. 
The surface heat-transfer coefficient varies as the 0.386 
power of the fin space from 0.09- to 0.21-inch space. 

From 0.048- to 0.09-inch space the slope is a little 
greater than 0.386, and below 0.048 inch q decreases 
rapidly. 
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It is interesting to note that the value of q, even when 
corrected for the heating of the all', is les for cylinders 
with closely spaced fins than for cylinders with widely 
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FIGURE 7.-Effect of fin space on tbe average surface heat-transfer coefficient. Weight 
velocity 4 pounds per second per square foot. 

spaced fins although the average weight velocity be­
tween the fins is the same. Recent tests (reference 5) 
based on a study of air flow between fins indicated tbn t 
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the cooling was best with a 0.031-inch space between 
the fins, the minimum used in the air-flow tests. The 
cooling with closely spaced fins is greatly impaired 
because the flow pattern between the fins is not so 
onducive to a high over-all heat-transfer coefficient 

flS the flow' pattern for more widely spaced fins . 
The test results indicate that fin width had little effect 

on q for t, 0 of the cylinders tested, the 0.25-0.97-0.04 
and the 0.25- 0.67- 0.04. The values of q for the 0.25-
l.22- 0.04 cylinders are, however, greater than for the 
other two cylinders. 

Previous tests conducted on finned cylinders having 
pitches of 0.15 and 0.25 inch and mounted in a free air 
stream indicated that, for fin widths greater than 0.4 
inch, the value of q varied little with change in width 
(reference 1). For the tests herein reported the air was 
guided around the cylinder and the velocity di tribution 
along the :fin width was more uniform than for the 
cylinder in the free air stream (reference 5). The varia­
tion in q with fin width for two cylinders, as expected, 
,,-as less than in tests on cylinders in a free air stream 
(reference 1). Be ause of the lmex-pected increase in q 
for the 0.25- l.22- 0.04 cylinder, further tests are being 
made to determine the effect of :fin width on q. 

The te ts on the cylinders in a free air stream also 
indicated that :fin thickness had a minor effect on the 
value of q and it is reasonable to ex-pect that the same 
would hold true for cylinder wTounded by a jacket. 
Therefore, no tests were conducted to determine the 
effect of fin thickness. 

Air temperatur e.- Although no experiments were 
made to determine the effect of temperatme of the air 
on q, some idea of the effect can be obtained from equa­
tion (9). The quantities u, Cp , ka, and Pig depend on the 
temperature of the air. The effect of Pig on q ha been 
determined. For the range of temperatures encountered 
in an ordinary altitude change, however, Cp , 'Ucv/ka, and 
1/0 .333 are practicall constant. The heat-transfer coefIi­
rient, q is therefore affected by t.emperatuJ'c or the air 
only a.s the latter afrecLs Pig. 

EFFECT OF VARIABLE ON" 

Weight velocity of the air and fin dimensions.- A 
the amount of base surface a,~ailable on a cylinder for 
finning is limited, a fin design should be elected that 
giyes the maximmn value of U- the heat carried a.way 
per unit wall area per degree temperatme difference 
between the cylinder wall and the cooling air per hOUL 
Therefore, in the design of fins, the maximum cooling 
surface consistent with a high value of q must be used 
to obtain maximum cooling. The calculated values of 
U shown in figure 8, except for the 0.25-l.22-0.04 
cylinder, were determined from equation (4) and from 
the values of q given in figUTe 5; the experimental value 
were compu ted from te t results. The calclilated val­
ues of U for the 0.25- 1.22- 0.04 cylinder shown in figure 
8 were obtained from equation (4) and from the value 

of q shown in figure 5 for the 0.25-0.97-0.04 and 0.25-
0.67-0.04 cylinders. Values of U calculated from the 
values of q for the 0.25-l.22- 0.04 cylinder in figure 5 
did not check the experimental values of U. This 
discrepancy is a further indication that the experi­
mental values of q for the 0.25-1.22- 0.04 cylinder are 
questionable and that :fin width has little effect on q. 
These curves show that the agreement between the 
calculated and the expenmental values is sufficiently 
good to justify the use of equation (4) in calculating the 
heat dissipated by a cylinder enclosed by a jacket. 

Figure 9 is a cross plot of the experimental values of 
U in figure 8 and shows the effect of :fin pitch on U at 
several constant weight velocities of the air for the 
cylinders with l.22-inch :fin width and 0.035-inch :fin 
thickness. The value of U for these curves is based on 
the difference between the inlet-air temperature and 
the average cylinder-wall temperature. The values 
of U for the 0.112-1.22-0.035 and the 0.13'7-1.22-0.035 
cylinders did not fall on the faired curves as well as the 
values of U for the other cylinders but were sufficiently 
close to establi!:'h this part of the curve. The calcu­
lated values of U for cylinders 0.112- 1.22- 0.035 and 
0.137-1.22-0.035 were very close to the faired curves. 
The results show that for all weight velocities of the 
cooling air investigated the maximum heat transfer 
falls between cylinders of 0.057-inch and 0.083-inch 
pitch or 0.022-inch to 0.048-inch space. The curves 
have been dotted between these two values as no data 
were taken to establish definitely these portions of the 
curves. The curves show tha.t the heat-transfer 
coefficient is not sensitive to the number of fins per inch 
for values on either side of and near the aximum. 
For example, with 11 or 16 :fins per inch the heat-trans­
fer coefficient U i 95 percent of the maximum value, 
obtained with approximately 13 fins per inch of 0.035 
thickness. The:fin space giving the maximum value 
of the heat-transfer coefficient U will ya1'y 9S the fin 
thickness is varied and the number of fin per inch will 
increase a the fin thickness decreases. 

The experimental values of U for the curve. in figure 
10 are based on the difference between the average 
cylinder-wall temperature and the average air temper­
ature. The difference between the values of U in 
figures 9 and 10 is caused by the beating of the air. 
Witb a:fin pitch of 0.05 inch and with a weight velocity 
of 3 pounds per square foot per second the heat-transfer 
coefficient is approximately 55 percent higher when 
based on the average cooling-air temperature; whereas, 
with a weight velocity of pounds, the coefficient 
would be approximately 19 percent greater when based 
on the average cooling-air temperature. Likewise with 
a :fin pitch of 0.15 inch and with a weight velocity of 
3 pounds per square foot per second the heat-transfer 
coefficient would be approximately 29.6 percent greater 
when based on the average cooling-ai.l' temperature; 
whereas, ;mth a weight velocity of 8, the heat-transfer 
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coefficient would be approximately 17.6 percent greater. 
The curves in figure 10, like those in figure 9, show that 
the pitch for the maximum heat tran fer lies between 
0.057 and 0.083 inch. 

EFFECT OF VARIABLES ON BLOWER POWER REQUIRED 

The blower power required can be diyided into two 
main pa.rts: that required across the cylinder and that 
requiJ.'ed to generate the outlet velocity . For a given 
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test arrangement, the power required to generate the 
outlet velocity may be reduced a small amount by a 
properly expanding exit passage. 

Weight velocity of the air and the fin dimensions,­
The effect of weight velocity of the cooling air on power 
for five of the cylinders tested is shown in figure 11, 
hy plotting P t(P Ig )2jw against 17mPlg on logarithmic 
paper. The jacket around these cylinders was in 
('on tad with t.llC un Lips, as shown in figure 3 (b). 
From equation (8), p t(Plg )2 varies as a function of 
FmPlg. The efIect of a small variation in the Sl)ecific 
weight was eliminated by plotting the result in thi 
form. Also P t(PIg )2 was divided by tbe fin width 
before plotting as it seemed reasonable to expect the 
pressure drop to change very little with fin width ; the 
power would therefore vary diJ:ectly as the fin width. 

The slope of the curve in figure 11 shows that 
P t(Plg)2/W varies as the 2.69 power of the 'weight 
velocity of the air. The data eem to show that there 
is a break in the C1ll'ves at the lower values of weight 
velocity, probably cau ed by a change from turbulent 
to laminar flow but, as there arc not enough points 
definitely to establish this break, the curves have been 
dotted at the lower values of weight velocity. 

Dryden and Kuethe (reference 6) have shown that 
[or fiat plates the friction drag is theoretically propor­
tional to the 1. power of the velocity for turbulent 
(low. Unpublished tests made at the Massachu etts 
Institute of Technology by R. H. Smith and R. T. 
"auerwein show that for Yariou finned plate the drag 
'·Rried as the velocity to the 1.75 to 1.96 power) depend­
ing on the pitch anel width of the fin. A the drag is 
directly proportional to the pressure drop in tho pre enL 
tests and as the power i proportional to the producL of 
the pressure drop and the volume, the power required 
for friction drag should theoretically vary as the 
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velocity to the 2.8 power, which is very close Lo whaL 
was obtained. 

From these results in order to give - the observed 
variation of blower power with specific weight and 
weight velocity of the air, equation (8) must take the 
form 

P = (Pig V m)3D (Pig V mD)-O.3Ijf(E.. i W) (10) 
'(Plg)2 p.. D' D' D 

Figure 11 shows that the power required for cooling 
increases as the space between the fins decreases for the 
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same weight veloci ty of the air excep t for the 0.166 
cylinder. The data for the 0.166 cylinder fell on the 
same curve as the data for the 0.137-inch pi tch cylinder . 
This result was surpri inO' as it wa expected that less 

.0 100 0 
I I I 

0 I I I 
I I I 

.0.080 

Cylinder 
O - A. 0.057- 1. 22- 0 .0.35 0 

A == B. 0..0.83 - 1.22 -0..0.35 0 

.0060. 

_ C. 0.112- 1.22- 0.035 ", 
0._0 ,0..137- 1.22 -0..0.35 + .0.040 E , 0.166- 1.22- 0..035 x 

I 
I 

/ 
/ 

.0.0200 I 
I 

S lope = 2.69 18, ~ 
.0.0./0.0. 

• A I 
I II I }-{~ 

I 
.00080 

.00060 

.0.0.0.40. 

.00.0.20. 

.0.0.0.10. 

.00008 

.000.0.6 

.0000.4 

.00.0.0.2 

1/ 11 + 

I II 

I II 
I I II 

VI li 
I fill 

II III 

I I . 

III 

I 
! 

I 
I 

I 
I ' 

I If. 1 

I I I 
0 

II I 
I 

+ / 
I I 

~; 
2 3 4- 5 6 78910. v.. p . 9 , Ib.js ec./ sq.ft . 

FIGl' R>: 11.- E fTcct of weight velocity of the cooling air on P ,(p, u)'lw. 

power would be required to force air by more widely 
paced fin. An analysis of the pressure drops around 

cylinder to be pre en ted in a later report shows that 
power increa es a pace decreases but for the 0.166-
and 0.137-inch pitch cylinders the difference is very 
small . 

Curves of PO(Plg)2/W plotLed against weight velocity 
of the air are shown in figure 12 for the same cylinder 

as are shown in figure 11, where P o is the total power 
loss across the jacket and includes both P I and the 
kinetic energy 10 t at the exit. The total power varied 
as the 2.61 power of the weight velocity for all the 
cylinders and increased a the pitch decrea ed, below 
O. 112-inch pitch , for a con tant weight velocity. The 
data for the 0.166,0 .1:17 , and 0.112 cylinders arc repre-
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sented by a single curve. It can be hown from figure 
11 and the change in 10 out the e)..it for the three 
cylinders, wi th a con tant jacket exit area and weight 
velocity over the fin , that the total power required for 
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the 0.166, the 0.137, and the 0.112 cylinder is ap­
proximately constant. 

Further tests are being made to determine the effect 
of fin pitch, width, and Reynold umber on the power 
required. 

Air temperature .- The temperatme of the air affects 
it pecific weight and vi co ity . The effect of varia­
tion in pecific weight on power has been shown. 
Equation (10) shows that the power varies as the 0.31 
power of the viscosity. For the range of temperature 
encountered in an ordinary altitude change, the effect 
of change in viscosity would be small. 
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RELATJO BETWEEN HEAT DIS IPATJO AND BLOWER POWER 

The wall heat-transfer coefficient U is shown plotted 
against the power p. in figure 13 for a pecific weight 
of the air of 0.0717 pound per cubic foot. Thes 
results were obtained from figures 9 and 11 and indi­
cate that for a given power the hea,t tranlSfel' can be 
increased by decreasing the pitch up to a limiting value 
of approximately 0.08 inch; below this pitch the heat 
transfer decreases as the piteh decreases. Thus, with 
0.10 horsepower, U increases from 1.24 B.t.u. per 
square inch per OF. per hour for the 0.166 cylinder to 
1.885 for the 0.083 cylinder, an increase of approxi­
mately 52 percent, and then decreases to 1.53 B.t.u . 
per square inch per OF. per hom for the 0.057 cylinder. 
With a given horsepower, except for the 0.166-inch 
pitch, the weight velocity of the air decreases as the 
fin pitch decreases. This decrease in weight velocity 
tends to decrease U but decreasing the fin pitch tends 
to increase U until a limiting value is reached. As the 
effect of fin pitch predominates, the fin pitch giving 

maximum heat transfer for a given weight yelocity will 
give maximum heat transfer for a given power. 

Figme 14 shows cmves similar to figure 13 in which 
the power lost as kinetic energy in the air lea ing the 
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exit passage of the jacket is included in ealcula~ing the 
required power. As previously stated, the power lost 
at the exit can be somewhat decreased by providing a 
properly expanding passage. The curves of figme 14 
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\\'ere obtained from J1gures 9 and 12 and show Lbe same 
trends as do tho e of figure 13. 

Figure 15, obtained from figure 13, is a, plo~ of the 
percentage saving in P II the power required for cooling, 
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through the use of a fin pitch of 0.083 inch instead of 
0.137 inch at various values of U. The saving in 
cooling power is appreciable and, as cylinders used in 
conventional practice usually have fin pitches greater 
than 0.137 inch, it might be thought that much is to 
be gained from a power consideration by decreasing 
Lhe pitch. The percentage of engine power required ' 
for blower cooling of conventional cylinders is, however, 
a small percentage of the total engine power. Lohner 
(reference 7) gives a value of 3.5 percent of the brake 
horsepower required for cooling a multicylinder en­
gine with blowers and 8.3 percent for a single-cylinder 
engine. It has been found in tests of a single-cylinder 
engine (reference 8) that the power required for cooling 
varied from approximately 2.9 to 8.6 percent of the 
engine power, based on a blower efficiency of 70 percent 
and a temperature difference of 405 0 F. at a point 
between the exhaust valve and the rear spark plug, de­
pending on cylinder and jacket design and engine­
opel'ftting conditions. 

CO CLUSIONS 

1. The average surface heat-transfer coefficient q, 
based on the temperature difference between the 
cylinder and the inlet air, varied as the 0.667 power 
of the weight velocity of the cooling air for cylinder 
with fin spaces from 0.077 to 0.21 inch. Below 0.077 
inch the exponent of the curves increased for each suc­
cessive decrease in space. 

2. The average surface heat-transfer coefficient q, 
based on the temperature difference between the cylin­
der and the inlet air, was independent of fin width for a 
range of fill widths from 0.67 inch to 1.22 inches and 

. decreased as the space between the fins decreased. 
Below approximately 0.048 inch the decrease of q with 
fin space was very rapid. 

3. The average urface heat-transfer coefficient q, 
ba ed on the difference between the cylinder tempera­
ture and the average air temperatul'e, remained con­
stant for a given weight velocity of the air, for fin 
spaces from 0.04 to 0.131 inch; below approximately 
0.048 inch q decreased and above 0.131 inch q increased. 

4. The power required to force the air around the 
cylinder varied directly as the 2.69 power of the weight 
velocity for a constant specific weight and inversely as 
the square of the specific weight for a constant weight 
velocity of the cooling air. 

5. For a given power expended in cooling, the heat 
dissipated from the cylinder could be increased by 
decreasing the space between the fins to approximately 
0.045 inch for a cylinder with fins 1.22 inches wide. 
Below 0.045- inch space the heat dissipated decreased. 

LANGLEY :MEMORIAL AERONAUTICAL LABORATORY, 

ATIONAL ADVISORY OOMMITTEE FOR AERONAUTICS, 

LANGLEY FIELD, VA., November 14, 1936. 



APPENDIX 
YMBOLS 

w, fin width, inches. 
w', effective fin width (w' =w+t/2). 
t, average thickne of fin , inches. 
s, average space between adjacent fin surface, inche . 
p, pitch of fin , p=s+t, inches. 
D, cylinder diameter at fin root, inche . 
R b, radius from center of cylinder to fin root, inches 

(Rb= D/2). 
Ra, average radius from center of cylinder to finned 

surface, inches (Ra= R b+w/2). 
A b , outside base area of test cylinder, quare inches 

(7rDl). 
, total area of heated urface expo ed to air tream 

(including fin area), quare inche . 
A I, total area of pace between fin of the test 

cylinder per inch of cylinder length, square inche . 
AI" total area of spaces between fins of both the t.e t 

cylinder and the guard ring, quare inches. 
AI, area of outlet of jacket, around te t cylinder per 

inch of cylinder length, square inche . 
Il" I, total weight of air flowing acro s test cylind er and 

O"lIare! rings, pound per second. 
PI, absolute total pre sure of the air in the orifice 

Lanle, inches Hg. 
P2 absolute static pre ure of the air in the depression 

tanlc (fig. 2 (b», inches Hg. 
TI , temperature of the air at the inlet of the jacket, 

OF. 
T2, average temperature of the air at the outlet of the 

jacket, OF. 
Vm , average velocity of the air across the fins, feet 

per second. 
Tb, average temperature of the root of the fin, OF. 
T m, average temperature of the root of the fin and 

fins of the test cylinder, OF. (These two quantities, 
Tb and T m , were calculated from the test data, as 
m ... 1>lained in refel;ence 1.) 

(h, average temperature difference between the root 
of the fin and the air, OF. Uh= T b - T I ). 

8m , average temperature difference between the test 
cylinder and the air, OF. (8m= T m- TI). 

Q, total heat input to test cylinder, B.t.u. per hour. 
U, average over-all heat-transfer coefficient, B .t.u. 

per square inch base area (Ab) per hour, per OF. tem­
perature difference between the cylinder wall and the 
cooling air (8 b). 
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q, average surface heat-transfer coefficient, B. t. u. 
per square inch total urface area (S) per hour, per OF. 
temperature difference between the urface and the 
cooling air (81/1). 

cp , specific heat of the air at constant pressure, 
B .t .u. per pound per OF. (c v =1.41 c.) . 

J.I., absolute vi cosity of the air, pounds per second per 
foot . 

ka , thermal conductivity of the air, B .t.u. per square 
foot per OF. through 1 foot per second. 

k, thermal conductivity of the meta.l, B .t.u. per 
square inch per OF. through 1 inch per hour. 

Pig, pecific weight of the air at the inl t of the jacket., 
pounds per cubic foot. 

P.2g, pecific weight of the air at the outlet of the 
jacket, pound per cubic foot. 

V2, velocity of the air at the outlet of t he ja ket, 
feet per second. 

P " total hor epower per inch of cylinder length 
required by test cylinder to overcome 10 e. 

P a, horsepo'i er req uired per inch of cylind .r length 
to accelerate outlet air . 

P b, horsepower required per inch of cylinder length to 
accelerate outlet air and overcome all 10 e (P b = 
Pa+P I ) . 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel 

Sym- to axis) 
Designation bol symbol 

LongitudinaL __ X X 
LateraL _______ Y Y NormaL _______ Z Z 

Absolute coefficients of moment 
L M 

0 1 = qbS am = qcS 
(rolling) (pitching) 

Designation 

Rolling _____ 
Pitching ____ 
yawing _____ 

N 
0,,= qbS 
(yawing) 

Sym-
bol 

L 
M 
N 

Linear 
Positive Designa- Sym- (compo- Angular 
direction tion bol nent along 

axis) 

Y---+Z RoIL ____ <I> u p 
Z---+X Pitch ____ 8 II IJ 
X---+Y yaw _____ tit w r 

Angle of set of control surface (relative to neutral 
position), o. (Indicate surface by proper Bubscript.) 

4. PROPELLER SYMBOLS 

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

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient oT= ID4 
pn 

Torque, absolute coefficient 00 = ~D5 
pn 

P, 

0" 
7], 

n, 

<1>, 

Power, absolute coefficient op= ~D5 
pn 

Speed-power coefficient = ~ ~~: 
Efficiency 
Revolutions per second, r.p.s. 

Effective helix angle = tan-1 (2:) 

5. NUM.ERICAL RELATIONS 

I hp. = 76.04 kg-m/s = 550 ft-lb./sec. 
I metric horsepower = 1.0132 hp. 
1 m.p.h. = 0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h 

1 lb. = 0.4536 kg. 
1 kg = 2.2046 lb. 
I mi. = 1,609.35 m=5,280 ft. 
1 m=3.2808 ft. 


