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THE DESIGN OF FINS FOR AIR-COOLED CYLINDERS

By Arworp E. BiervanNN and Heruan H. ELrLERBROCE, Jr.

SUMMARY

An analysis was made to defermine the proportions of
fins made of aluminum, copper, magnesium, and steel
necessary to dissipate maximum quantities of heat for
different fin widths, fin weights, and air-flow conditions.
-The analysis also concerns the determination of the opti-
mum fin proportions when specified limits are placed on
the fin dimensions. The calculation of the heat flow in the
fins 18 based on an experimentally verified, theoretical
equation. The surface heai-fransfer coefficients wused
with this equation were taken from previously reported
experiments.

In addition to the presentation of fin-design informa-
tion, this investigation shows that optimum fin dimen-
stons are inappreciably affected by the differences in air
Aow that are obtained with different air-flow arrange-
menis or by small changes in the length of the air-flow
path. For a given fin tweight, the highest heat transfer
can be obtained with fins of a magnesium alloy; pure
copper and aluminum-alloy fins are only slightly inferior
to magnesium~alloy fins and will dissipate several times
more heat than steel.

INTRODUCTION

Previous investigations on the subject of cooling
surfaces by means of metal fins have shown that the
heat dissipated can be expressed fairly accurately by
an equation involving the fin dimensions, the thermal
conductivity of the metal, and the surface heat-transfer
coefficient ¢ (references 1 +to 5). Experimental
values of ¢ have been determined for a wide range of
air-flow conditions (reference 5). From the infor-
mation previously obtained, it is possible to calculate
the over-all heat transfer of finned cylinders in the range
of general interest. '

The problem of fin design for any one air-flow condi-
tion involves the determination of the fin proportions
that will give the greatest heat transfer for (1) a given
weight of fin material or for (2) a given fin width.
Previous investigations of optimum fin proportions
(references 1 and 6) have generally been made to deter-

mine the greatest heat transfer for given weights of
fin material. In these investigations it has been shown
that, for every value of fin weight and air-flow condi-
tion, only one particular fin design will give & maximum
heat flow.

In reference 6, fin-design information was presented
for one cylinder diameter and one baffle arrangement.
The more complete data of the value of g presented in
reference 5 make it possible to widen the range of fin-
design data. The object of the present report is to
give fin-design information for several conditions of air
flow, different cylinder diameters, and several metals.
The criterions for excellence of fin design have been
based upon the maximum heat transfer for a given fin
weight and the maximum heat transfer for a given fin
width.

SYMBOLS

Wn specific weight of fin material, poundsper cubicinch

D  cylinder diameter at fin root, inches

k. thermal conduetivity of metal, Btu per square
inch through 1 inch per hour per °F

k., thermal conductivity of cooling air, Bftu per
square inch through 1 inch per second per °F

l equivalent length for straight tube (¢R,), feet

M weight of fins, pounds per square inch of outside-
wall area

q surface heat-transfer coefficient, Btu per square
inch total surface area per hour per °F tem-
perature difference between surface and inlet
cooling air :

¢s» surface heat-transfer coefficient, Btu per square
inch total surface area per hour per °F tem-
perature difference between surface and aver-
age cooling air

R, average radius from center of cylinder to

Rb w
finned surface (1—2+M)’ feet

R, radius from center of cylinder to fin root (D/2),
inghes
8 average space between adjacent fin surfaces,
inches
401
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t average thickness of fins, inches

U™ over-all heat-transfer coefficient, Btu. per
square inch outside-wall area per °F tem-
perature difference betwcen cylinder wall
and inlet cooling air per hour

Vv velocity of cooling air, feet per second

w fin width, inches

w’ w-¢/2, inches

[/ acceleration of gravity, feet per second per
second. _ . L

ng specific weight of cooling air in front of cylin-
der, pounds per cubie foot _

P24 specific weight of cooling air in rear of cy].m—
der, pounds per cubic foot

Pard average specific weight of cooling air (pig+
p29)/2, pounds per cubic foot

Pod specific weight of cooling air at 29.92 inches
of mercury and 80° F (0.0734 Ib per cu ft),
pounds per cubic foot

m absolute viscosity of cooling air, pounds per
second per foot

@ equivalent angle of curvature, 180° minus one-
half the angle subtended by front opening
of baffle

Ap; pressure difference across cylinder, inches of
water

Ap, pressure dlﬁerence cansed by loss of velocity
head from exit of skirt of baffle or jacket,
inches of wator .

APwwi total pressure difference across set-up (Ap,+

Apg), inches of water

ANALYSIS

In the cooling of engine cylinders, two oufstanding
requirements must be considered. One requirement is
to protect the surfaces; the other is to reduce the knock
or the tendencies to preignition caused by hot surfaces
that come in contact with the fuel mixture. The
lubricated working surfaces must be kept at a suffi-
ciently low temperature to insure the maintenance of
an adequate oil film. High piston and cylinder-wall
temperatures usually cause sticking of the piston rings
and rapid wear of the piston rings and the cylinder wall.

An additional problem of cooling is the prevention of
undue distortion of the cylinder barrels, such as might
be caused by uneven temperature distributions. Al-
though difficulties arising from thermal distortion of
cylinder barrels have been alleviated to some extent
with specially ground pistons, it appears desirable to
retain round cylinders by means of a uniform or other-
wise satisfactory temperature distribution.

Of the several available methods of securing uniform
temperatures around the cylinder, two methods are of
particular interest. One method is so to distribute the
effective fin area as to achieve the desired temperature
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distribution. . The other method is to control the air
velocities arcund the cylinder by means of buffles sur-
rounding the cylinder. In general, either of the fore-
going methods will result in some loss in the maximum
over-all heat transfer otherwise obtained for the same
fin weight. In experimental work, it has been found
that baffles designed for maximum over-all heat fow
will not give a uniform temperature distribution and,
conversely, baffles designed to give a uniform tempera-
ture distribution do so with a considerable sacrifice in
over-all heat transfer. When the exhaust valves and
the piston erowns are somewhat centrally located with
respect to the finned surfaces that cool.them, these parts
generally are better cooled when & maximum over-all
heat transfer of the finned surfaces is obtained at the
expense of a uniform temperature distribution. In the
present report, emphasis has therefore been placed on
providing fins for obtaining high over-ell heat transfer
rather than on securing uniform cylinder temperatures.’

The over-all heat-transfer coefficient U7 has bheen cal-
culated from the following equation, which was derived
in reference 1:

U=ﬁ—([g(l -[-Q%U?—) tanh uw’+s:|

where a=+/2¢/knt and k. is the thermal conductivity
of the metal (2.17 for steel; 7.66 for eluminum Y alloy;
18.04 for copper; and 7.54 for magnesium alloy). In
this report aluminum and magnesium alloys are referred
to as “aluminum” and “magnesium,” respectively.

This equation has been experimentally verified
(references'1 to 6) for fins of steel, copper, and alumi-
num alloy. Experiments have also shown that equa-
tion (1) holds equally well for rectangular or tapered
fins, provided that the average values of the fin thick-
ness and space are used in the calculations.

It has been found (reference 5) that thoe surface
heat-transfer coefficicnt ¢ can be correlated for each
air-flow arrangement in terms of functions defining a
single curve and involving the fin dimensions, the
cylinder diameter, and the air-stream characteristics.
Thus, {or cylinders in a free air stream with and with-
out baffles and for cylinders at a 45° fin-plane/air-
stream angle,

(1)

'[ 2
'/C— f‘(lZpogfw“ 45) ) (3)
where V7 is the velomty of the free air stream and, for
cylinders enclosed in a Jacket and cooled bv a blowe

£ty 3)

where V is the velocity of the cooling air between the
fins. Figure 1 shows the variation of ¢ with fin and
cylinder dimensions and air-stream characteristics for
the four air-flow arrangements.
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FIeURE 2.—Effect of welght veloelty of cooling air on pressure difference per nnit
fength of path for several fin spaces.

For any one air-low arrangement for which the
pressure differences scross the cylinders are available,
¢ can be determined as a function of the pressure
difference instead of the weight velocity of the cooling
air. Previous tests of cylinders enclosed in jackets and
cooled by a blower (references 5 and 7) have shown that
the pressure difference across the cylinder Ap; for a
given fin space and weight velocity is proportional to
the length of flow path { which, in turn, is determined
by the cylinder diameter, the fin dimensions, and the
jacket design. The pressure differences across the
cylinders for various lengths of path, fin spaces, and
weight velocities are presented in figure 2. From this
figure, it can be shown that

AT)I PMI/PO =f8(81f;sz; T’plg) (4‘
and, as ‘
Apapacfpo=Ts(V o1g) (5)
it follows that
I"l:’lg=f5 (-‘?,f,w;D:APmaz Pav/PD) (6)

The weight of fins per square inch of outside cylinder-
wall area is given by the equation

wi

ZL[= .H ms__i_t<1 +2_‘Q£;)= .H)mfo (slt,w}D) (7)

where T, is the specific weight of the fin material
(0.282 for steel; 0.101 for aluminum Y alloy; 0.322 for
copper; and 0.0848 for magnesium alloy).
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FIGURE 3.—Effect of weight velocity of coollng air on pressure difference across
finned cylinders for several fin spaces. Average fin width, 0.835 inch; cylinder
dlameter, 4.66 Inches; fin thickness, 0.035 inch; blower-cooling set-up.
From equations (1) and (3), it is evident that, for a
given metal,

U=f 7 (8: t:w:D :I’Plg) (8)

When fin weight is more important than fin width, w
can be eliminated from equation (8) by means of equa-
tion (7). Then

U=fs(s, t,A1,D, Veg) ©

The over-all heat-transfer coefficient U can be expressed
as a function of Ap,. psfpe by combining equations
(6), (7), and (9), or

U=.f9<srt;ﬂ;‘[:D)Aplolal Pu/PD) (10)

The method of obtaining optimum fins followed in
this report is generally to hold constant the values of
the variables that are specified by the design conditions
and, from a plot of U against values of the remaining
variebles, to obtain the rest of the dimensions that
give maximum heat transfer.

The design of fins for given values of Af and
AP to1at Pas/po s more difficult than for constant values
of M and Vp,g because the length of the flow path and
the losses from the baffle exit enter into the calculations.
Both the length of the flow path and the exit losses
depend upon the fin dimensions and the baffle design.
A method of designing fins for a constant pressure
difference, using an average length of flow path and
assuming that all the pressure difference is available
for cooling, would considerably simplify the caleula-
tions. Computations have shown that the difference
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between the weight velocity based on the exact flow
path and including the exit losses and the weight
velocity based on an average flow-path length and neg-
lecting the exit losses has very little effect on the correct
fin proportions. Copsequently, figure 3 has been used
to determine pressure differences for this report.

It is evident from equation (10) that, for given values.
of cylinder diameter, weight of fins, and pressure drop,
U is & function only of s and {. As an illustration,
figure 4 (a) shows a plot of U against s and £ for constant
values of M, Apipes/ps, and D.  Figure 4 (b) is a cross
plot of figure 4 (a). Either part of figure 4 clearly
shows that, for one pair of values of ¢ and ¢, the heat
transfer is a maximum. The peak values of the curves
of constant s shown in figure 4 (a) and of similar curves
plotted for other values of M and Ap;p../p are shown
in subsequent fgures and are labeled “specified s&”
curves. Similarly, the peak values of the curves of
constant values of ¢ shown in figure 4 (b) and of similar
curves plotted for other values of M and Apipa/po are
shown in subsequent figures and are laheled “specified ¢’
curves. The specified s curves. are used when a
lower limit is set on the value of & and the specified ¢
curves are used when a lower limit is set on the value
of t.

For given values of M, D, Apipas/po and & specified
value of ¢, the value of ¢ for which U is a maximum cen
also be found by setting the derivative of U with respect
to ¢ in equation (10) equal to zero and solving the
resulting equation. In order to obtain an expression
for the function in equation (10), an equation would

'3

have to_be fitted to the curve in figure 1... Making the
substitution  previously indicated in obtaining equa-
tion (10) would result in a complicated relationship.
The work involved in solving the resulting cquation for
the optimum value of ¢ would be considerably more
than the work of obtaining figures 4 (2) and 4 (b) and
picking the values of optimum s and ¢ from these
curves.”

Plots of the type shown in figure 4 were obtained for

other values of M and Appa/py by means of figures 1
and 3 and equations (1) and (7). For each value of s
and ¢ in figure 4, the associated value of w can be cal-
culated from equation (7). The heat-transfer coeffi-
cient I7 can also be plotted against ¢ for various valucs
of w and the optimum value of ¢ can be obtained for
the maximum value of U for each value of specified w.
In this case, the value of ¢ is unrestricted and may be
obtained from equation (7).

Figure 4 shows that, for given values of Apipa/po and
M, definite values of s and ¢ exist for which U is &
maximum. Although these values of s and ¢ may be
outside the practicable manufacturing range, a wide .
range of fins becomes available for values of U § percent
below the maximum. Figure 5 is a cross plot of figure
4,8 having been plotted against ¢ for several percentages
of maximum U. It is evident from figure § that a
single pair of values of ¢ and ¢ represents the optimum
fin design as indicated by 100 percent U. In case the
menufacture of these fins is impracticable because & and
¢ are too smell, some sacrifice in U/ must be made if the
fin weight is to remain constant. For example, when
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U is decreased to 95 percent of the maximum value, an
infinite number of pairs of values of & and ¢ will give
this heat transfer as shown by the points on the 95-
percent Iine. Yhen the minimum value of s is limited
by manufacturing reasons, the points on line A give
the maximum values of ¢ and, if the value of ¢ is limited,
the points on line B give the maximum values of ¢.
The shaded area between A and B is the only region of
practical interest on these curves because the fins in
this region give the indicated heat transfer with the
highest values of ¢ and ¢. The specified s curves in
this report correspond to the values of s and ¢ along
the line A of graphs of the type shown in figure 5; the
specified ¢ curves correspond to the values of ¢ and ¢
along the line B of graphs of the type shown in figure
5. Asigevident from figure 5, reasonably close approx-
imations of values of 8 and ¢ Iying between the specified
8 line (A) and the specified ¢ line (B) can be obtained
by assuming a straight line between corresponding
heat-transfer points on lines A and B. Similarly, in
the charts presented later in this report, values of fin
dimensions lying between the specified ¢ and the speci-
fied ¢t charts may be approximated by assuming a
linear relationship between similar dimensions on each
chart.

Very often the fin width is of more importance than
the fin weight. In certain types of engine, such as
in-line engines, the small distance between cylinders
places a restriction on maximum fin width. From
equations (6) and (8), U can evidently be written as a
function involving width instead of weight.

Z-T_—_flo(s:t:w:D;Ap totalpan/PO) (1 I)

For a given cylinder diameter, fin width, and pres-
sure drop, U is again evidently a function only of s and
¢t and curves similar to those in figure 4 can be plotted.
The curves of optimum fin proportions for specified s
and ¢ are obtained in a manner similar to that previously
indicated for the case in which weight was the criterion
and are shown later in the report. The specified &
curves represent the best fins that fulfill the restrictions
placed on s and w; the specified £ curves represent the
best fins that fulfill the restrictions placed on ¢ and w.

When the fin-design information is applied to engine
cylinders, the fin proportions may be determined from
an average value of the surface heat-transfer coefficient
¢ for an entire cylinder circumference or may possibly
be determined for each portion of the cylinder circum-
ference from the local heat-transfer coefficients. As
most aircraft-engine cylinders are composed of several
cylindrical areas, it is believed to be most practicable
in applying the fin-dimension information to consider
each of these areas separately. The outside-wall sur-
face of a conventional cylinder can thus be considered
as five separate areas: The barrel, the lower head, the
intake-valve stack, the exhaust-valve stack, and the
curved surface between the intake-valve and the

exhaust-valve stacks. Further refinement that might
be obtained by the consideration of smaller areas is
believed unwarranted in view of the impracticability of
changing fin sections and spacing from one point to
another around a cylindrical surface.

In heat-transfer investigations, the heat-transfer
coefficient is customarily based on the difference
between the surface and the average fluid tempera-
tures. The problem of determining fin proportions is,
however, very much simplified when the coefficients are
based on the intake cooling-air temperature. When the
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FIGURE 5.—Variation of & and ¢ for several percentages of maximom heat-transfer
coefficlent. Constant Af and Apipedp,

over-all heat-transfer coefficient U is calculated from
the surface heat-transfer coefficient based on the aver-
age air temperature, it is necessary to determine the
temperature rise of the air, which in turn depends upon
the value of 77 being determined. In the present report,
the over-all heat-transfer coefficients have therefore
been based on the intake-air temperature.

Equations (10) and (11) show that Uis a functmn of
the cylinder diameter. In most of the calculations of
this report, the length of the flow path was that for a
4.66-inch-diameter cylinder; this value is a representa-
tive average of the various diameters of the cylindrical
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portions of a range of conventional aircraft-engine
cylinders. The diameter of the valve stacks is usually
much less than 4.66 inches whereas, except for small
cylinders, the barrel and the head diameters are larger.
In cases where the length of flow path is greatly different
from that for a 4.86-inch-diameter cylinder, corrections
can be made for differences in the temperature rise of the
cooling air. Most attempts to obtain greater accuracy
than can be obtained by using the data.for the 4.66-
inch diameter are unwarranted because calculations
have shown that an appreciable change in flow-path
length is required to effect much change in fin propor-
tions although such a change in flow-path length will
change the absolute values of U7. In all caleulations
for determining ¢, the viscosity of the cooling air u
was assumed to be 130X 107 pounds per second per foot
and the thermal conductivity %, to be 3.4X1077 Btu
per inch per second per °F. The effect of variation of
both x and k, on the optimum fin proportions with the
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temperature range encountered is inappreciable, and
the assumed values give results that are accurate enough
for all practical purposes,

An exact determination of optimum fin proportions
would require a different, solution for every condition of
air flow that might be caused by differences in baffie and
cowling design. Furthermors, in order to cover the
problem completely, it would also be necessary to
determine fin proportions for variations of fin weight,
fin dimensions, pressure drop, weight velocity, and
power to cool. It has been necessary, in order to limit
the scope of the present report, to choose for the final
calculations a limited range of conditions believed to be
of the greatest practical interest. The problem has
been simplified, where possible, by eliminating several of
the variables havmg 11tt.le or no eﬂect on the ﬁn
dimensions.

The determination of the most meortant of the fore-
going variables will depend upon ther application.
For example, when the cooling-air flow through an
engine is -induced by the movement of the airplane
through the air and the slipstream from the propeller,
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the pressure difference available for forcing the air
over the cylinders may be insufficient for cooling at the
power output desired. In this case, it may be desirable
to add fin weight to obtain sufficient cooling with
the limited value of the pressure drop. When the
cooling air is supplied by a blower, a wide range of
pressures may be available and the power required for
cooling may be equally as important as the pressure
drop or the weight of the fins,

The determination of optimum fin dimensions for
constant weight-velocity and power conditions is of
interest only in special cases. If the cooling air is
furnished by a blower and the power required for

‘cooling is used as & criterion of fin dosign, the total

blower power and not the power required to force the
air across the cylinder should be used. The efficiency
of a blower is particularly dependent on the pressure
difference used and, if fins are designed for a constant
cooling-air power, the pressure difference required may
be such 2s to lio in a very inefficient part of the power
curve of the blower.

The results of calculations to determine optimum fin
dimensions for constant pressure drop, constant weight
velocity, and constant power conditions show that, in
general, the optimum fin spaco or thickness changes
with the different bases. The desired valucs of s, when
t is specified, are somewhat smaller for constant weight
velocity and power than for constant pressuro difference.
When s is specified, the values of ¢ are generally lowest
for the constant weight-velocity condition and highest
for the constant power condition.

Although the optimum s and ¢ are somewhal different
for the conditions of constant-pressure difference and
constant power to cool Py, the difference between the

heat transfer obtained for a given power to cool and the n

heat transfer obtained for a given pressure drop is very
slight, as is shown in figure 6. These curves were ob-
tained by determining the optimum fin designs for
several constant assumed powers and pressure differ-
ences. In these calculations, the fin weight was held
constant for each metal. The slight difference in U
shown by these curves makes the design of fins from a
power-to-cool basis of little interest. An advantage of
fins designed on a pressure-difference basis is that the
optimum thickness and space are greater than for fins
designed on a power-to-cool basis. _

Optimum fin designs were also determined for three
air-low arrangements: Cylinders in a free air stream,
with and without baflles, and cylinders at a 45° fin-
plane/air-stream angle. The calculations were based
on a constant fin weight and a constant air-stream
velocity. These results show that differences in air
flow caused by these air-flow sirangements do not
materially affect the best fin dimensions.

From the foregoing results, it is believed that fin-
design information for cylinders enclosed in a jacket
will apply with reasonable accuracy to other conditions
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of flow as caused by different baffle arrangements. As
the power-to-cool and the weight-velocity bases are of
interest only in special cases, the fin-design data sub-
mitted in this report have been calculated for constant
values of pressure difference across a cylinder-jacket
arrangement. Although the material of this report
was derived from data for cylindrical barrels, the small
effect of different air-flow characteristics on the opti-
mum fin dimensions would appear to justify the appli-
cation of the material of the report to complicated
shapes such as cylinder heads.

The conditions covered in this report with fin weight
as the basis of design are listed in table I and the con-
ditions with fin width as the basis of design are listed
in table II.

TaBre I.—CONDITIONS FOR WHICH CALCULATIONS
WERE MADE USING FIN WEIGHT AS CRITERION

ggllnctier {:‘in‘i;:lumel Fl(x;bwelght dP[rﬂ_&smo
meter | (cu in. per per erence
Flnmateriel | ot 85 root | 3q tn, wail | sqin. wall |  (im. of
area) ares) water}

Steel ... .. 468 T ‘logg | L4&12

120 . 3384

| e
Aluminum. . _. 4,686 ‘45 C 0455 1,4,8,12

L20 L1212
Copper...... .66 12 S0387 4

.40 . 1288

0 % O.glllgg
Magnesium. ._. 4.86 129 078 4

2.00 . 1208

TaerLe IT.—CONDITIONS FOR WHICH CALCULATIONS
WERE MADE TUSING FIN WIDTH AS CRITERION

Cylinder
diemeter | Fin width | Eressure dit-
Fln materlal ference (in.
at 1(11_.1111' lioot (In.) of water)
0.4
N}
Bteel.__........ 4.66 .8 4
Lo
L5
0.5
1.0
Alurinum_ ... 4.68 { 15 } 4
2.0
2.5

The values of the over-all heat-transfer coefficients
U for the various conditions listed in these tables and
from which curves such as shown in figure 4 were drawn
have been tabulated in nine tables, which are available
upon request from the National Advisory Committec
for Aeronauties.

The values of the peaks of the curves of the type
shown in figure 4 were used in plotting the final charts
which are presented later in the report and in which
both fin weight and fin width are used as eriterions.
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The peaks of some of the curves of the type shown in
figure 4 are fairly flat; the values of & and £ may con-
sequently be varied somewhat without changing the
heat transfer.

OPTIMUM FIN DESIGNS WITH LIMITED FIN WEIGHT
SPECIFIED SPACE AND THICKNESS

Figures 7, 8, 9, and 10 show the relation between the
optimum fin dimensions and U when s or ¢ is specified
for both steel and aluminum with fin weight as the
criterion. As each graph is for a constant weight of
material, it is apparent that the peaks of the pressure-
difference curves represent the fin designs that will
give the maximum heat transfer for the given weight
and pressure difference. The values of U, s, £, and w
at the peak point are the same for both the specified
¢ and the specified ¢ charts.

Several characteristics of these graphs are of par-
ticular intereést. The wide range over which both ¢
and ¢ may be varied without much change in U is very
noticeable, especially for steel at low fin weights and
low pressure differonces. In general, the peak point
of U occurs at smaller values of s and ¢ as the pressure
difference is increased. The fins indicated by the pesak
points, particularly for aluminum, are gemerally too
thin for practical use. Although the value of s can be
varied over quite a range without affecting maximum
U, it may be desirable in some engine installations to
limit s to small values in order to have & minimum vol-
ume of air passing through the engine cowling.

Information similar to that already presented for
steel and aluminum fins is shown for copper and mag-
nesium fins for a pressure difference of 4 inches of
water in figures 11 to 14. Copper is of particular in-
terest owing to its high thermal conductivity, and the
use of magnesium is significant because of its low weight
combined with fairly good thermal conduetivity. A
comparison of the proportions of fins of steel, mag-
nesium, aluminum, and copper for maximum heat
transfer shows that fins of metals having a high thermal
conductivity are extremely thin. A comparison of the
maximum heat transfer obtainable with steel, alum-
inum, copper, and magnesium is shown in figure 15 for
different fin weights. These data were taken from the
peak points of the curves of figures 7 to 14. Magnesium
alloy of the thermal conduectivity chosen has a slight
advantage over the other metals; whereas copper and
aluminum, although somewhat less effective than
magnesium, are equally good, both being several times
as effective as steel for a given fin weight. A plot similar
to that of figure 15 could be made showing maximum U
against width of fins as the criterion. Such a plot
would show a definite advantage for copper with
aluminum, magnesium, and steel following in the order
of their relative effectiveness.
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SPECIFIED WIDTH

In certain cases of fin design, imiting values of the
fin width « will be more important than limiting values
of 8 or £. One chart for aluminum fins in which w is
specified and in which fin weight is the criterion is
shown in figure 20. In the calculations for figure 20,
U was found to be a2 maxirnum when s was 0.072 inch
regardless of fin width or fin weight. This figure also
shows that, for every fin width, only one fin thickness
and fin weight give & maximum heat transfer.

OPTIMUM FIN DESIGNS WITH LIMITED FIN WIDTH

For certain cases in which fin width is limited, it will
be desirable to obtain a maximum heat transfer irre-
spective of fin weight. The fins for the adjacent sur-
faces of the cylinder heads of in-line cngines are an
example of this type. In this case, an addition of fin
width may cause a corresponding increase in the length
of the engine.

Curves of maximum U when fin width is limited are
shown in figures 21 and 22 for steel and aluminum,
respectively. In these figures, the fin spacing corre-
sponding to the peak point of each width of curve
slightly decreases as the fin width increases. The
optimum spacing for both steel and aluminum is approx-
imataly 0.07 inch for the range of fin widths shown.
The fin dimensions at the peak points of each constant-
width curve are the same whether fin space or fin
thickness is spacified.

When fins of different metals are compared on the
basis of width as the criterion, metals of high thermal
conductivity are obviously superior, For this reason,
copper should prove of definite advantage in applica-
tions where w is limited.

APPLICATION OF RESULTS

The following examples are intended to illustrate not
only the use of the material of the report but also
possible improvements in fin design. For simplicity in
the solution of these examples, it will be assumed that
the total heat from the cylinder changes inappreciably
with change in cylinder temperature.

Two methods of designing fins for a new engine eylin-
der are possible. One method consists in obfaining the
ratio of the heat-transfar coefficient required to cool the
new cylinder to the heat-transfer coefficient of an exist-
ing cylinder from a consideration of relative power and
size of the cylinders and then in obtaining a fin design
that gives this ratio of the heat-transfer coefficients for
fins Iocated at similar positions on the two cylinders.
The heat-transfer coefficients of the fins on both cylin-
ders can thus be determined from the data given in
this report.

The second method consists in estimating the
quantity of heat to be dissipated and in using the heat-
transfer coefficients given in this report for obtaining
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' the fin dimensions. As the fins were tested under some- -

what different conditions of air flow than may exist in
flight and, furthermore, as the estimation of the heat
to be dissipated is rather indeterminate, the accuracy
of the second method is questionable. In the firsl
method, however, differences in flow conditions should
not appreciably change the rclative heat~transfer coeffi-
cient ‘of different fins when both cocfficients are used
under the same conditions. The first method is there-
fore helieved to be more reliable.

Example 1.—Let it be required to lower the wall
temperature of an aluminum-alloy, cylindrical surface
having ¢ = 0.142 inch, ¢ = 0.08 inch, w = 0.6 inch, and
D = 7.0 inches from 480° F {o 380° F, assuming a
specific weight of the air p.g of 0.0734 pound per cubic
foot, an air temperature of 80° F¥, and a pressure differ-
ence, Api, of 4 inches of water. Let it also be assumed
that both minimum fin weight and narrow fin width
£ shall not be less than 0.08 inch and 0.03 inch, respec-
tively. The final choice of fin dimensions will be made
upon inspection of the several resulting fin designs.

As previously stated, the graphs of this report are
for & D of 4.66 inches. Other diameters will affect U
but will not materially affect the fin dimensions. Any
change in U effected by changing fin dimensions for
either of two different diameters will cause a propor-
tional change in U for either diameter; this fact will bc. .
demonstrated in the present example. '

The over-all heat-transfer coefficient for the original
cylinder is obtained from equation (1) as follows:
From figure 1, ¢ can be determined from

V 2
asfte=1{ 152 )

From figure 3 at §=0.142 inch, Vp,g=7.6 pounds per

second per square foot.

Vowgs® 7.6X0,1422
124D 12X 130X 107 X4.6674

From figure 1, gefk,=63,200

_63200X0.00000034
0.142

inch per °F per hour

670

=0.1512Btupersquare

w'=w+—2’5=o.e+o.o4=o.64 inch

a=~/2¢[kmt=1/ (2 X0.1512)/(7.66 < 0.08) =0.703
tanh aw!=0.422 (Sec reference 1, fig. 15.}

U=41—t{:g<1 +2—%r-)t,nnh aw’ +s] (1)

0.1512 [9X0.422/
=0.142+0.08_ 0703 \' 11, 06)+0 14‘]

=1.03 Btu per square inch per °F per hour
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A reduction of temperalure ﬁom 480° F to 380° F
requires

The fin dimensions as .determined for a U of_ .37
Btu per square inch per °F per hour, minimum s of

r UAtl 1.03 480—80Y _ 1.37 0.08 inch, and minimum ¢ of 0.03 inch are as fol-
=My '\ 380—80 lows:
' ¢ Af T
Solution Chart Criterlon (i) . () | Gbfsain) | (Btujsq infEmD

1 Speclfied ¢ (Ag. 18 g}; ......... Welght............ 0.90 02 .03 0.014 1.37
PR B g | e | e |

4 Specifled ¢ ii"g.'.'_'_'_::: Widtk DI lne 2005 .| Com 137

5 Specifled & b2 ¢) 1) IR F i I 70 187 .03 .015 137

Original cyl!nder .................................... .60 | 142 .08 025 LC3

From the foregoing table, the designer can pick the
combination of fin dimensions that will best suit his
particular requirements. When the values for this
table were caleulated, solutions with minimum ¢=0.08
inch and minimum #=0.03 inch were not obtainable
from all cherts. It was felt, however, that the inclusion
of the next best solution possible in these cases would
be of interest.

The percentage increase in U/ obtained can now be
compared with the corresponding increase in I’ had a
diameter of 7 inches been used:

U for the original cylinder with a D of 7
(0.928 Btu per square inch per °F per hour.

U7 for solution 4 for a D of 7 inches=1.28 Btu per
square inch per °F per hour.

If all fins are now assumed to be on a 7-inch-diameter
cylinder, the increase in U for the fin design of solution
4 over the original design is 88 percent. The corre-
sponding increase in U for solution 5 is 32 percent.
These values check with fair accuracy the increase of
33 percent obtained for a diameter of 4.66 inches.

Example 2.—Let it be required to determine whether
the fin design of solution 4 of example 1 will be ade-
quate for cooling at an altitude of 23,000 feet, if the
same total heat is assumed to be dissipated with o
eylinder-wall temperature of 380° F and a _pressure
difference Ap, of 4 inches of water.

At 23,000 feet, the cooling-air temperature is —23° F,
and p;g is 0.0368 pound per cubic foot. From the fore-

going,

inches=

1.28(380—80)
(380123)
per °F per hour

. The weight velocity between the fins is proportional
to Ap;pig. When p,g=0.0734 pound per cubic foot,

0.0368
0.0734

=0.953 Btu per square inch

4 altitude™

=2 inches of water

AI)1=4: K

From figure 3, Vp,g=4.1 pounds per second per square
foot when Ap,=2 inches of water, p,g=0.0734 pound
per cubic foot, and 8=0.095 inch. The value of 77 as
determined by equation (1), as in example 1, is 0.973
Btu per square inch per °F per hour, which is greater
than the U" required and therefore the fin design is
satisfactory. If the caleulated I7 had been less than
that required (0.953), & new fin design would have
buen necessary.

Example 3.—Let it be required to determine how
much the power of a cylinder having the fin dimensions
of the original cylinder of example 1 with a wall tem-
perature of 480° F can be increased without exceeding
a wall temperature of 380° F by substituting a new fin
design having a value of g not less than 0.14 inch, of ¢
not less than 0.08 inch, and of w not greater than 1.5
inches. Let the cooling-air temperature and the
pressure difference available for cooling be thie same as
in example 1. The possible solutions from the data
of this report, which are for a cylinder diameter of 4 66
inches, are:

L & i M u
LE 0.26 0.08 0. 055 180
LS 14 .025 029 L o0
LS .072 .08 07 213
L6 <14 .12 .10 L8L
LE .20 .08 .05 L g8

For solution 5, U is equal to 2.104 Btu per square inch
per °F per hour for a D of 7 inches.

The following equation, which expresses the power in
terms of the ¢ylinder temperature and U, can be derived
from reference 8.

T, 1.54
U( b ) v 380—80
L_| AT=T/|_ -104<1150 380/ |_; g

yh Ty~ Tay 480—80
U Tr_Thz) 0'928<1150'—480

430134°—42——28

where

I indicated horsepower

T, average temperature over
face, °F

T, inlet temperature of cooling air, °F

T, effective gas temperature inside cylinder, °F

n’ anexponent

cylinder-wall  sur-

These caleulations indicate that the new fin design
should permit an increase in indicated power output of
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almost twice that of the original value before the
specified temperature limit of 380° F is attained.

- Example 4—The effect on U of decreasing the value
of & and ¢ used in example 3 to minimum values of 0.07
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inch and 0.035 inch, respectively, and of a maximum
value of w=2 inches will be illustrated. The six pos-
sible solutions available from the data of this report
are:

o 3 t M B U
Solution Chert (m) | o) | (n) | (bjsqin) | (Btufsg inFhe)
] Spectfied f (Ag. 18 (B))omnvveeno. 2 0.085 | 0.035 o.oi | 2.68
: Speclﬂeds&ﬂg; 19(13)...—. 2 . 145 .035 054 | ! 230
| A I 1hE AT
‘| Shecified { (A 22 (&) o1 2 -070 -038 2105 29
Specified s (8. 22 (D)) 2 L070 041 1110 20

If solution 4 is taken as the accepted design, the in-
crease in U over the original design (U=1.98) is 45
percent.

Example b.—Let it be required to determine how
much the heat transfer of the steel barrel of a cylinder
having an s of 0.115 inch, a ¢ of 0.026 inch, a w of 0.5
inch, and a diameter of 4.66 inches can be increased
when the limiting dimensions are: Minimum s, 0.07

inch; minimum ¢, 0.03 inch; and maximum w, 1.2
inches.

With & Ap; pes/po Of 4 inches of water, IV is 1.08 Btu
per square inch per °F per hour for the original cylinder.
Only four solutions are possible from the graphs of this
report because the curve for steel with a specified w
and with weight as the criterion has been omitted for
the sake of brevity.

® ] i M . U
Solution Chert Criterion (in.) o) (n) | (bfsqin) | (Btufsqin./*F/an)
| S, Specified £ (8. 16 (b))-oenn...| Welght— ... 1.2 0.089 | 0.0 0.107 131
G I Shecified s {fis. 1151;3)---_._____ JRRR L2 .085 .03 L1028 133
E Specified 7 (fig. 21 (8))_-....._.. Width. 222700 L2 .070 .038 .155 140
4TI Specified ¢ (Ag. 21 (b))~ o |oaeoe do T L2 .07 .041 -160 1.43

Solution 4 gives a 32-percent increase of U/ over the
original cylinder. This increase of U is, however, ob-
tained at the expense of an increase of fin weight of
460 percent.

The foregoing examples illustrate methods of improv-
ing the fin design of a given cylinder. Another problem,
as has been noted, is the determination of fin dimensjons
for a new cylinder design. For practical purposes, the
solution of such a problem may be determined as follows.

From reference 8 it can be shown that

Ue (@@, 0T (To—Twa (Ta—Te)s
(el

o/ L) ] (To—Th)o (Th—Toa
where subseript @ denotes one cylinder; subseript &
denotes another cylinder; i, inside cylinder-wall area;
@y outside cylinder-wall area; T, Te, Ty, I, and 2’ have
been previously defined in example 3; and » is dis-
placement volume. For simplicity, it will be assumed
as in the foregoing examples that the total heat from
the eylinder changes inappreciably with change in cylin-
der temperature and, furthermore, that the ratio of a,/a,
is 1, which is justified except for thick-wall cylinders.
Then

Us

=
From the pressure difference available for cooling,

U, can be determined from the fin dimensions for an

existing cylinder from the material of the present report.
Thie foregoing equation can then be solved for U, from

(I /v)a:l"’(T 21— Ta)s
(ool (Th—Tey)a

known values of (Ta—Te)a and (I/v), at the pressure
difference available and from required values of
(Ts—T4)» and (I/v)s. The determination of fin pro-
portions for obtaining the desired heat transfer for the
new cylinder U, is similar to that for the other cxamples
presented.

INCREASING THE COOLING BY USING HIGH AIR

VELOCITIES :

In the foregoing examples, improvements in heal

transfer have been made by increasing the effective fin

80 T T T T 7 T
Fin weight, M, I . f
Ibfsq in. wall area Aluminum
50 o .0/3 o .0040 |- ————Stee/
J a 3384 xj212 | ;
F40 NEEENE 2]
E AP, Panfo=4 in. water |4+
g ——
530 ’/ o =
3 ) / -l 2
o I g I i
A 14 HENEE
/| - - i
/’ P - !
10 T »
15 Od 08 Jj2 /6 20 24 28 32 .36

Horsepower required for cooling per .
cylinder lengih, F [pajps)*

F1aUBR 28.—Varlation of maximnm heat transfer with power required for cooling.
Criterion, fin weight.

area. Corresponding increases can be made by using
higher air velocities. In references 8 and 9, however, it
has been shown that, from considerations of power
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required for cooling P,, the method of increasing the
fin arca is greatly superior to the method of using
higher air velocities. Figure 23 has been prepared to
illustrate this same point for optimum fin designs. The
power required for cooling was calculated for the fin
designs giving maximum heat transfer for several fin
weights from figures 16 (b), 16 (d), 18 (b), and 18 (d)
and is plotted in figure 23. For a given U, the power
required is in some cases three times as great for a
pressure difference of 12 inches of water as it is for a
pressure difference of 4 inches of water for both steel
and sluminum. The fin weight corresponding to any
value of U can be obtained from the original figures.
From considerations of the power required for cooling,
it is thus apparent that, in order to increase the heat
transfer, a greater effective fin area should be used in
preference to increasing the air velocity. The problem
of determining how much the fin weight should be
increased in order to decrease the power required for
cooling depends upon the particular engine-airplanc
combination involved.

INCREASING THE COOLING BY USING SHORT FLOW
PATHS .

In the application of closely spaced fins, a definite
advantage has been noted (reference 4) in making flow
paths as short as practicable. Short flow paths increase
the heat transfer becguse of the lower air-temperature
rise and the higher weight velocities of the cooling air
for the same pressure difference as long fow paths. It
has been noted in the present report that, for the range
of cylinder diameters and fin widths used on conven-
tional aircraft-engine cylinders, the flow path does not
change enough to affect appreciably optimum fin pro-
portions. For very short flow paths, however, the
optimum fin spacing decreases as the flow path
decreases, as has been noted in reference 10.

Calculations have been made to compsare the opti-
mum fin spacing obtained with aluminum ecylibders
having o flow-path length of approximately 8 inches
with the optimum fin spacing .obtained for cylinders
having a flow-path length of 1 inch. In both cases, the
pressure difference sssumed was 1 inch of water. The
corresponding weight velocities were obtained from
figure 3 for the long-path cylinder (Ap:pa/po=1) and
from figure 2 for the short-path cylinder [(Ap: puo/00) I=1].
The over-all heat-transfer coefficients for the short-
path cylinder were celculated from the values of the
surface heat-transfer coefficients at the front of the
eylinders tested in the work reported in reference 5.
The fin weight was taken as the criterion in these cal-
culations and a weight of 0.0455 pound per square inch
of wall area was used for both cases.
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The following table gives the optimum spacings and
over-all heat-transfer coefficients for the long and the
short paths for the several thicknesses assumed.

Specified ¢ Optimom spacing U
(in.) (in.) (Btufsq In./°F/br)
Short path | Long path | Short path | Long polh
0. 005 &é/a‘ 0.0756 &Bgd L44
.01 . <41 .083 3.8 L&9
02 .058 . 105 3.9 1,62
.03 :110 210 3.25 1.39
.08 . 140 <300 2.76 1.19

The foregoing table shows that the deecrease in the
length of path from 8 inches to 1 inch reduces the
optimum spacing to approximately one-half its original
value and increases the heat transfer & little more than
twice its original value. It is thus apparent that short
paths are advantageous and that the optimum fin
dimensions are appreciably different for extreme differ-
cnces in the length of the flow path. The difficultics
in the breaking up of a long flow path into more than
two paths in parallel presents some practical objections.

CONCLUSIONS

'The charts presented in this report indicate that:

1. The fin spacing and the fin thickness for maximum
heat transfer at a given pressure difference are practi-
cally constant for a large range of fin weights, with the
spacing increasing and the thickness decreasing at very
low fin weights.

2. The optimum fn spacing and thickness decrease
slightly with increase of the pressure difference.

3. For a given fin weight, the highest heat transfer
can be obtained with fins of a magnesium alloy. In this
respect, pure copper and aluminum-alloy fins are only
slightly inferior to magnesium-alloy fins and will
transfer several times more heat than stecl.

4. For a given fin width, the highest heat transfer
can be obtained with metals having a high thermal
conductivity. Of the metals considered, the highest
heat transfer will be obtained when copper is used;
aluminum, magnesium, and steel follow in the order of
their respective effectiveness.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,
NatioNAL Apvisory COMMITTEE FOR AERONATUTICS,
LanerEYy FieLp, Va., June 28, 1989.
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