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THE HEAT TRANSYER OF COOLING FINS ON MOVING AIR*

By Hans Doetsch
SUMMARY

The present report is a comparison of the experimen-
tally defined temperature and heat ouvtput of cooling fins
in the air stream with the theory. The agreement is close
on the basis of a mean coefficient of heat transfer with
respect to the total surface. A relationship is estab-
lished between the mean coefficient of heat transfer, the
dimensions of the fin arrangement, and the air velocity.

I. INTRODUCTION

The usa of cooling fins is advisable in cases where
with thermal conduction threugh metallic walls, the coef-
ficients of heat transfer on the two sides are widely at
variance. The thermal conductivity is, as known, lower
than the minimum coefficient of heat transfer. Now, the
passage of heat may be imprnved by providing cooling finsg
at the side of the lower thermal conductivity, which ine-
creases the heat exchanging surface. But owing to its
lewer temperature, the fin surface is not as efficient as
the base surface to which the fins are attached.

Let: y = distance from root of fin (m),
h = fin depth (m),

4 = temperature difference between fin and
cooling medium at point y (°c¢),

9, = temperature difference between base sur-
face and coocling medium (°¢),

@ = coefficient of heat transfer (-X-Cal
m® h °¢

*MDje Wgrmeﬁbertragung von Kuhlrippen an stromende Luft,."
Abhandlungen aus dem Aerodynamischen Institut an der
Technischen Hochschule Aachen, ¥o. 14, 1934, pp. 3-23,
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The amount of heat given off per meter of fin side
is:

- k caly
Q=oa /o dy [= ]

If the temperature of the fin side were that of base sur-
face 3, the amount of heat removed would be:

h
Thus the efficiency of the fin surface can be expressed
ith: ' o
wit h n
a/f day [ 8 dy
ng = 0 - 0
a 9% h % h

In order to determine the heat removal from the fin,
we must first define the temperature in the fin, This
problem may be treated by means of the differential equa-
tions of heat conduction.

For the practice, however, the following question
needs to be elucidated: In the case of closely spaced
fins, the coefficient of heat transfer o wvaries for a
stated flow attitude of the cooling medium considerably
from coefficient of heat transfer of the flat wall. The
evalunation of the effectiveness of a fin arrangement and
the analysis of the transferred heat volume is contingent
upon the relationship existing between coefficient of heat
transfer and flow velocity and the dimensions of the fin
arrangement. This problem cannot be solved theoretically.
The magnitude of the coefficient of heat transfer must be
determined from experiments.

The purpose of the present report is first to com-
pare the temperature distribution and heat output of the
fin as obtained from the differential equation of heat
conduction with the experimentally defined values, and
then to determine the magnitude of the coefficient of heat
transfer for a number of fin arrangements and velocities.
An attempt was to be made to establish a relationship for
the coefficient of heat transfer with respect to the ve-
locity and the dimensions of the fin arrangement.
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The investigations were made on plates with straight
“cooling fins into air. This case is mathematically and
experimentally more readily tractabdle than the technically
equally important case of circumferential fin on a finned
tubes Obviously certain results and inferences are egual-
ly applicable to round fins.

IT, THEORETICAL PRINCIPLES
The simplifying assumptions preceding the calculation
of the cooling fins are:
le The amount of heat given off into the air by the
fin surface in unit time is proportional to the
temperature difference between surface and un-

disturbed air stream;

2. The coefficient of heat transfer is constant over
the whole fin surface;

3« The temperatures are steady;
4, The temperature at the fin root is constant;
5. The temperature over the fin thickness is constant;

6+ The effect of the fin ends is disregarded.

Notation
a, coefficient of heat transfer [;E—Qi%—
me h ~C
. s . . k cal
N, thermal conductivity of the fin material [——5—55]
m
¥, temperature difference between fin and undisturbed

stream (°C)
o+ semifin thickness at root (m)
h, fin depth (m)

¥, distance from root of fin (m)
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_ The -differential equation for the stral ht rectangu-
lar f1n (flg.Ala) igs o -

(k Zg dy = a.é
.d_‘.i‘g. - _._g'_..—. S = 0
dy*® N zo

The general solution for & is:
XE; «/;\zo

~The heat carrled off at the fin’ ‘head i's disregarded for
the present. Then the boundary condltlons are:

$ =

o for ¥y =0;.

dy —‘O forA y o= h.

it as it
Tith m = / =, it gives:
'\/ 7\,20
emoh . gmh
A =9 QT é~mh3 B-= J oBh 4 -ma

cosh m(z;i h)
cosh m h

'!S:’B‘o

The temperature at the fin tip for y = h is:

190
ﬂRS =

: /_a_
cosh}/ = h
o

The heat removal per meter of fin side 1is:

h
Q_:: o4 f .&dy
[e]

The insertion of the term for ¥ followed by integration
glves:
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Q . /o k ecal 5 -
- Fy =0 A ZQ_p%Q?-AZAzo h [m,h_kc’C:I

The amount of heat leaving the head of the fin can
be approximately allowed for in the heat-output equation
when using ‘quantity . (h + z,) instead of h for fin depth.

The differential equation for the straight triangular
fin (fig. 1D) is:

4. asy _
- <?\z dy>_ QS

In this case the fin.thickness is a function of y. With

we have:
a9 . 148 _ ah & _
-3 + - =
dy y dy  Azo ¥

The equaticn is simplified by substituting

Zo
so that:

iy , 1ay _ o

= 0
dv? v dv v

The general soluticn reads:

% =4 J, (21/v) + B Ny (21/v)

J and N are Begsel functions of zero order with imag-
o o)
inary arguments.

As ¥ must be positive real for y = 0, the solution
reduces to

$ = A T, (2i/v)

With the boundary condition: # = ¥, for y = h and re-
insertion of the term for v, it is:
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V.
g (21/ *X%;,/y n )

/

50 (205550 ).

The temperature at the fin tip is for ¥y = O:

JQB:L'\/—:;::_—’\

The heat dissipation per meter of fin side is:
4 . n . o
Q = a f $ dy

Y = B

6RS

The term for & is 1ntroduced and 1ntegrat10n gives:
[~ iJ, <21 / 5% h\J
Z ; k 1
5%“:«/(}.)\.20 — - : 9 4 [ Ca]

(o)
0 . /.y =2’
o (_21/ Nz B >

For purpcses of comprehensive graphical representa-
tion of temperature and heat dissipation of both fin forms
a new nondimensional quantity is introduced and we write:

a  -3/=2
u = 4F J/% Zg

wherein F = —

On the rectangular fin F = of the fin section;

AN

on the triangular fin F = % fin section. The heat out—
i

put of tne . rectangular fin 1is:

=Ja 4F/ -1/3 tanhg—

The temperature at the fin tip is:

s _ Yo
RS — Lo
coih 5



N.A.C.A, Technicael Memorandum No. 763 7

The equivalent termsg for the triangular fin are:

' - a3 LT ;:'%wcv-:ihw;;
:g’::m /‘4F f—% VL [- 1 J (i)l

Jo (i u)

and :
o= o

‘RS Jo (1 u)

The equations of heat dissipation for the rectangular
and triangular fin are identical in construction, exzcept
for the Bessel instead of the hyperbolical functions on
the triangular fin.

Q
3, A/():)\A/;F «/ﬁ%

against wu for both fin forms. Both functions manifest a
maximum. This means that with fizxed o, A, and F values,
the heat output of the fin yields a maximum for a certain
ratio of fin thickness to fin depth. In this case the ma-
terial required for a given heat output is minimum,

Figure 2 shows the dimensionless term

Figure 2 also manifests that the heat output of the
rectangular fin is not substantially higher than that of
the triangular fin of identical thickness at the base and
identical height. The margin of the first over the lat-
ter is greatest near the maximum of the two functions, iees.,
about 1l.5 percent in this particular case.

This small gain in output is faced with twice as great
an amount of material required. The triangular is prefer—
able to the rectangular fin, for reasons of saving of ma-
terial,

In figure 3 the fin-tip temperature for both types
of fins is plotted against wu. Here the discrepancies are
more pronounced than with the heat output.

The exact triangular shape is not realizabdble in prac-
tice. The fins usually have a definite thickness at the
tips;- that is, they have a tapered section.

We reproduce the equations for wedge-shaped fins (fig.
lc) from Harper and Brown's report (reference 1):
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H, (ibg) Jo(iby) + 1 Hy(iby) i Jy (iby) = 7
© Hy(1bg) Jo(iby) + 1 Hy(idby) 1 Jy (ib,)

Q @ dn  Hy(iby)i J, (iby)-i Jl(ibh)Hl(ibo)[ k cal,

% 7 28° cos 8 Hy(ib,)d,(iby)+1 & (iby)1 Hy(1b:) m b ¢

e = / e
a ‘ A sin §
- zp (1 = tan §) .
b, = 2g J/ “tan §
L v/“ zy. (1 - tan §)
by =28 / ¥y + 7 tan's

o » . Zy (l - tan 8)
. = 1

~wherein

Harper aﬁd Bfown make an approx1maté'allcwanbe for the
am»unt of heat floW1ng from the fin head by wrltlng
(h + zh) = h' instead of height h.

Tne figureg for the ‘heat dissipation 6f the wedge-
shaped fin rarnge between those of the trlangular and the
.. rectangular fin, which form the boundary conditions for
2p-= 0 and zn = 25. :

The numerical evalustion of Harper and Brown'!s equa-
tions 1s very tedious because of the complicated exprés—~
sien of the Bessel functions. In most cases the equaticns
~for the triangular fin will be serviceabls as practlcal
approximation, espec1ally in cases where the thickness
ratio of fin tip to fin root is small. :

We shall forego all further theoretical considera-
tions and refer, for the rest, to Harper and Brown's re-
port (reference 1) and to E. Schmidt's report in the’
.V.D.I. (referenco 2).
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IITI. TEST ARRANGEMENTS ANDAPROCEDURE

The tests were made in the small wind tunnel of the
Aachen Institute. The tunnel has an opén'experlmertal
:chamber and an entrance cone of 500 by 300 mm (19.69 by
11,82 in.). The air is supplied by a fan in a closed
circuit, The hollow guide vanes of the tunnel can be con-
nected to the water system and serve to coocl the air
stream, The rough control of the air velocity was ob-
tained by adjusting the terminal voltage of the engine;
the fine control, by regulating the field current. ’

The program included a flat plate without fins and six
fin specimens, The plates were exposed to the air stream
parallel to the base and parallel to the fins. The length
inn the flow directicn was 500 mm in all cases, the width
of the plates 210 mm (8.27 in.). The changes effected on
the .finned plates included depth, spacing, and thickness-
at fin root. The dimensions of the examined plates are
appended in table I. The flat plate and finned plate No.

1l were of ultralumin, the others of silumin,. The thermal
conductivity of the material was obtained from coupons

by the Phys.-Techn. State Institute at Berlin.. It amount-
ed to: o

A = 145 [—15_%%] for ultralumin

and ,
N = 142 [=-22= 1 for silumin
mh -C

he finned plates were machined from a solid casting, thus.
assuring an accurate fin profile and a smooth surface.

The test plate was built up with a detachable frame
and a top of idential material into a flat box, screwed
together by means of cap screws on the rear side, so as

to insure a smooth front surface devoid of holes or screw
heads.

The thus built-up box was filled with o0il and con-
tained in addition a heating resistance consisting of in-
d1v1dua11y controllable constantan wire coils. The heat-
ing elements were mounted perpendicular to the direction
of air flow, and the switching on and off of individual
elements assured a constant plate temperature in the flow
direction as desirable for the purpose of comparing the
results with the theory. Two agitators (stirrers) in the
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box, activated from the back of the box, provided an appro-
priate swirl of the oil,

_ Thé'(our narrow sides of the box were sheeted in a
weoden frame, its front formlng a p01nted enterlng edge,
On the finned plates the metal fins extended over the width
_of this flow profile with equally ‘tapered wooden fin, This
" arrangoement served to effect an undisturbed entry of the
alr inte the passage between every two fins. and . to pro-
v1de a uniform formation of the velocity . boundary layers
of the fin sides and the base surface, The narrow back of
the box was fitted with a longer, parallsl pilece of wood,
.“thus sassuring a:more equal velocity distribution over the

" “tunnel section. In order to minimize the Heat loss of the

‘axperlmental set-up, the 1id of the box - that is, the sur-
face facing the experimental plate -~ was outwardly covered
by an "expansit" plate of 5 cm (1,97 in,) thickness. Figw
‘ure 4 is a sketch of the experimental box with covering,.
For better guidance of the air the plate was covered on top
and bottom by boards spaced to correspond to the 300 mm
helght of the entrance cecne, .

Below the test plate was a lathe bed set on comcrete,
on which the speed and temperature recording instruments
could be mounted. .

The measurements in the principal tests were those of
air velocity, electric power input, temperature of base
- plate, fins, 1lid, and air temperature.

Velocity.~ The air velocity was measured with a Prandtl
‘pitot tube and a Prandtl dynamic pressure indicator. The
necessary constant velocity of the undisturbed flow along
the plate was maintained by different devices. The veloc~
ity field between the fins was measured with a fine pitot
tube of 0,25 mm (0.0l in.) inside and 0.4 mm (0.016 in,)
outside diameter. It was made from a bent hypodermic nee-
dle soldered onto a larger tube. The orifice of the needle
was.carefully polished. Comparison with a standard pitot
tube revealed perfect agreement after an adjustment inter-
val of about 2 minutes.

Power.—~ The electric heat input was determined with a

Siemens precision ammeter and voltmeter.

Temperature.~ It was measured with constantan and man-
ganin thermocouples, soldered together prior to mounting
on the plate and artificially aged about 24 hours through
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"an électrical current. Subséguently they were calibrated
ina thermostat filled with transformer oil by comparison
with a- ‘mercury thermomeéter teésted 4n "thé Physt Techn.. In-
stitute., The hot jJunction of the element was pressed
againsgt the: thermometer bulb and dipped directly in the.
0il, while the cold junction was in a thermostat filled
with crushed ice during the calibration and the test. The

surface tﬂermocouples were soldered in grooves w1tn dural-
umln solder.’ : > A R

:To'checkithelabsence.of'Changés.invthermal forece due
to the heating of.the Jjunction during solderiing to the -
plate., several thermocouples were carefully cut out along
‘with a small strip of the plate and tested again in the
thérmostat. A comparison with the previously obtained.
test curve revealed an exact accord.-

Owing to the numerous. temperature stations the compen-—
sation method was too tedious, thus the thermal current
was measured with a Siemens-~Halske needle galvanometer and
moving coil measuring instrument and strip suspension.
The deflection was adapted to-thée temperature differences
by means of siuitabdle. series resistances. The elements
pertaining to a cold junction were all of the same length
and within one common. calibratioen curve. The ratio of *~
galvanometer deflection to temperaturé difference . was
plotted against galvanometer deflecticn which made for more
convenient evaluation. The test curves within the explored
temperature range were straight. The base-plate tempera-
ture.was determined with 12 thermocouples of 0.5 mm (0.02
in.) diameter soldered on the inside of the base plate. -
This made it necessary to compute the temperature of the
surface exposed to the air by ascertaining the temperature
gradient in the wall, but it precluded a disturbance of
the veloecity field before the plate otherwise occurring
if the thermocouples had been mounted on the outside.

-The temperature .gradient in the wall follows from

AT, At
Qp = =5~
- where  Qp = heat dissipation of plate per hour into air,
A = thermal conductivity of the material,
F, = base surface of plété,

o
I

plate thickness.
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The temperature gradient in the wall during the tests
ranged between 0.2 and 1.5 percent of the gradient between
base and air, depending on the heat charge of the plate.

Starting from the junctions, the thermocouple wires
passed in sets of 4's through carefully sealed openings
to the wooden frame and from there to the switch panel.

The temperature of the side of a fin was measured at
different points from the plate edge with 0.3 mm (0.012
in.) thermocouples, which afforded the fin temperature in/
and perpendicular to the flow direction. The temperature
in the undisturbed air stream was obtained with a fixed
thermocouple on the entrance cone and a second one adjust-
able in/and perpendicular to the direction of flow. It
was constant in all tests within range of the test plate.
The temperature of the 1id on the back arnd the temperature
on the surface of the wooden frame were also recorded.

Boundary layer thermocouple.- The temperature in the
boundary layer between the fins was recorded with a spe-
cial thermocouple for point-temperature reading (fig. 5).
The glass tube is of 0.5 mm (0.02 in.) outside and 0.3 mm
(0.012 in.) inside diameter, open on both ends, the junc-
tion of the 0.05 mm (0,002 in.) thermocouple wires lying
directly at the front opening. The wires pass along the
outside of the tube to the glass holder.

This thermocouple was checked in boundary-layer tests
of a flat plate and compared with anothier thermocouple of
known arrangement as used by F. Flids (reference 3). The
test data were in perfect accord for this two-dimensional
case, so that a temperature record sufficiently accurate
for our purposes was likewise expected for the three-dimen-
sional case of boundary layer between fins.

Loss experiments.~ The heat given off by the test
plate into the air constituted the difference between the
eleectrical heat input and the heat losses of the test set-
up. The heat losses occurred chiefly on the exposed back
of the test arrangement and on the front of the frame,

The losses on the back and on the upper and lower parts of
the frame not exposed to the air, werec determined sepa-
rately.

To this end the test box was fitted with a flat plate
and carefully insulated at both front and back so as to
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assure symmetry &n the new arrangement about the median
. plane of the oil-filled box,

The power input of this arrangement was determined
for different air velocities concurrently with the temper-
ature at the front and back of the test boxe The mean
temperatures on the front and back were the same during
all loss experiments. In a test with the normal experimen—
tal set~up the heat loss on the back and narrow sides of
the wooden frame for equal temperature over the air of the
bex 1id and for equal air velocities had to be equal to
half the power absorbed with the new arrangement. The loss
at the front of the wooden frame wasg determined as follows:
The temperature distribution on the surface of the wooden
frame was recorded with eight thermocouples, and the mean
temperature over the air Jp, of the frame was plotted,
thus giving the frame losses with

Qra = PRa FRa @

where Fpa = proportion of frame surface promoting heat
dissipation,

o = heat transfer coefficient defined from tests
on flat plates.

There were also radiation losses. The heat exchange
through radiation between two surfaces F, and T, is

: T, Nk eal
%1 = Fo Cou [@%5) - (555” [k-gal]

Here To = absclute temperature of plate surface (°¢),

Ty = " " " gsurrounding sur-
faces (°¢),

F, = area of plate (m®),

Coy = effective radiation [ —(4rs—p—]
m

The exact determination of Coy * 1s limited to a few tech-
nical cases only.,

For computing the radiation losses of the flat plate,
we resorted to Nusselt's approximation formula for (g
(reference 4):
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f S T . )
001 = Go 6‘1—; GO = €o CS; Cl = €l CS
S

Cg is the radiation constant of the absolutely black body.
e ' C‘s = 44:.“96-' -

. For polished Al. €, = 0.13; for masonry €1 = 0.93

| Cor = €o €, Cg = 046 ——Z—

;The.radiafion loss of the flat plate amounted to 0.6 to
"1l.5 percent of the heat energy.

As concerns the finned plates, the radiation is not
easily computable because of the complicated mutual inter-
ference between the adjaceat fins. The radiation heat of
tihe finned plates relative to the heat by conduction could
be neglected during the temperatures maintained in the
testss The total heat output loss in the flat-plate test
averaged about 18 percent, and around 5 to 8 percent for
the sxplored finned plates.

Principal tests.~ These were chiefly made at night be-
cause of the voltage fluctuations in the power lines dur-
ing daytime. he plate was first. brought to the desired
temperature with running stirrer and still air, Then the
fan was started and the air velocity regulated. As a rule
it was possible to reach the desired steady state after
four to five hours by means of the water-cocling system of
the wind tunnel. Heat output, air velocity, air tempera-
ture, and plate temperature were observed during the whole
test, which was terminated only after the temperatures had
remained stationary for two hours.

IV. RESULTS OF TESTS - EVALUATION

The investigation covered one flat plate and six
fianed plates at from 9 to 42 m/s (29.5 to 137.8 ft./sec.)
ailr velocities. The temperature difference &4, between

base plate and air was 36 to 40 °C in all tests. [The evalu-

ation was made on the basis of the figures corresponding to

_______ temperature.
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1.

to vtémpeiaﬁﬁré'of'plate surface . F¢,i'

J>tL ='€émpe;étﬁfé of undisturbed air stream.

‘The flat plate.~ The results for the flat plate are
gjven. in figure 6,  in comparison with the. theory and

:Jurges' test data (table I1) ’reference 5)

For the turbulent range we computed von, Karman‘s and
LatzLo's data (reference. 6) on the heat. dissipation of a
flat plate on the basis of the analogy between friction
and heat transfer, This analogy is rigorously exact only
when the Reynolds Number Re = UX/U equals the Peclet Hum-

ber Pe = UXC/M,. Hereby,
U = velocity of free air ;tream'(m/s),
X = plate length in stream direction (m),
V = kinematic viscosity of the air (m?/s),
¢ = specific heat of the air (k cal/m® °¢),
A, = thermal conductivity of the air (k c¢al/m h °¢).

On these premises von Karmdn and Latzko's calculations
for the heat dissipation of a plate strip of width 1 up to
point X gave: .

1/s
= : 1 k_cal
Qexy = 00856 ¢ U 9 X :E> [ ]

The conventional coefficient of heat transfer o (ex-
pressed in Xk cal/m® h °¢) is:

3600 NI
= X)) 2PFY 1
o= g2 3600 X 0.0856 C U (Re>

There is no possible analogy between friction and
heat transfer unless both processes proceed from the same
boundary conditions, i.e., unless the start of the ther-—
mal 1s coincident with the start of the hydrodynamical ac—~
tion. This condition was not met in our experiments be-
cause of the cold 10 cm (4 in.) long entering edge placed
before the heat~ g1351pat1ng ‘plate. The unheated entrance
length used by Jurges was 31 cm (12.2 in.); the length of
his heated plate was 50 cm (197 in.), as in our tests.

This discrepancy in test conditions from the theoretical
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assumptisns sheuld give a lower coefficient. cf heat trans-
fer relative to the calculation, but this influence ap=
pears to be negligibly small (reference 3).

Wigure 6 shows the d1mens1on1ess quantlty e—%LXL—~
‘% X C U

agalnst the Reynolds Number.; ¥y own experlments check N
very closely with Jurges' tests. The shape of the measured
curve also.is similar to that of. the theoretical curve.
The marked discrepancy of the theoretical curve, which is.
contrary-to what was expected according to the above con-
sideration, is probably due to the. fact that the assump—

‘t-ion"lig = ¢ = 1 ‘does not hold.
Pe
In my tests ¢ = 1.38. Under these c1rcumstances

there really is a certain’ arbitrariness as to the presence
of Re«. If Pe 1is used instead of Re, it changes the
coefficient' of heat transfer in the ratic of

fE: f1.38'= 1.065,

whereby the theoretical curve ap@roééhes the test points
by 6.5 percent, Pchlhausen's theoretical curve (refer-
ence 7) is valid for the laminar range. EHere

1/2

Qxy = 4 (0) Ny 8, (Re)

For our case 0 = %A= 0.73. A (0) = 0.594. Our own

test points lie in the turbulent zone.

Figure 7 gives the experimental results in logarithmic
plotting. They may be illustrated by a straight line

n .
The expoanent =n in sfgLXl~~ = const (—l) is 0.22,
against Karman's n=0.2. vo X C U Re

The finned plates.-— By comparing the recorded temper—
atures and heat outputs of the finned plates with the
analysis, it was attempted to ascertain the extent of per-
missibility between the omissions made in the theory of
the fins and the assumptions for the practical calculation
of the heat dissipation and temperature conditions.

The assumptions 1, and 3 to 6, are complied with in
our exPerlments and also in the magorlty of cases in prac-
tice. Assumption 2, that is, coefficient of heat transfer
constant over the whole fin surface, does not-hold,.
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'To begin with, a changes in stream: direction aloung
the plate. It is nighest at tﬁelnobe of the plate and .
drops toward the plate end. The results of the flat plate
are representative of the course « with the plate length.
Then there is the change of « over the fin side perpen-
dicular to the flow direction. o

" The investigation of the velocity and temperature
field in the air between the fins manifested a drop in ve-
1oc1ty at the fin root and a rise in velocity re;atlve to.
the conditions prevailing at the tip. Figures 8 and 9
give as examples for finned plate No. 1, the lines of equal

temperature and velocity between -the fids at &, = 39, 2%

and U = 2546 m/s. The temperature and velocity gradient
in all investigated cases decreased perpendicularly to the
fin surface from the fin tip toward the roote.

From this it may be inferred that the coefficient of
heat transfer also decreases from the fin tip toward the
rocot, Harper and Brown ecstimate the decrease . of o from
tip to root at 10 to 15 percent at the most., Rogaerts
(reference 8) obtained considerably greater deviations
from the recorded tempsrature distribution in a round fin
(maximum difference about 50 percent). Besides, his maxi-
mum is not at the fin head but at about one third to one
half of the fin depth from the root. To what effects this
surprising result is attributadble, is difficult to explailn,
As far as our own experiments are concerned, the fact that
theory and experiment are largely in accord, mskes such
marked variability of o improbable.

Fin temveratures.~ Examples of recorded temperature
curves for different finned plates and velocities are given
in figures 10 to 15, that is, the temperature versus the
fin depth at point x = 420 mm (1l6.54 in.,) and the tempera-~
ture at the fin tip versus the plate length. The tempera-
ture of the fin side dropped as the air velocity increased.
The temperature drop, i.e., the reduction in effectiveness
of the fin surface increases with the thinness of the fin.
For a certain velocity the temperature at the fin tip rises
at first rapidly with increasing distance from the plate
border, then more slowly. Here the influence of the
changeability of the coefficient of heat transfer with the
plate length, becomes apparent.

The comparison of theory and test data vwas made as fol-
lows: We establishied a mean value for « over the whole
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surface of the fin arrangement, that'is,-fin~sides includ-
ing the' area between the fins., Then we defined the mean
temperatiure of the total surface from the recorded tem=
perature curve.- : R

WOTATION

G, ‘mean temperature over the alr of the. Whole gurface ( c).
o, - mean coefficient of neat transfer for the total sur-

‘face (k cal/m2 n °¢).
F, total surface (m?).

Q(X)’ heat dlsslpatlon per meter surface per. second’ and .
quantity of heat dissipation up to point X (k.cal/m s).

Yo » base surface temperature over the air (°0)..

Qg > coefflclent of heat transfer referred to baee sur-
face (X cal/me h- Oc)

Fyo base surface = flat~p1ate erface l(ﬁé).

Qé, ‘heat dissipaﬁion of test plate (k cel/h).

Equation aF 4= 0 Fo % = Qy gives:

With this value for o, we computed the temperature
in the fin conformably to the previously deduced equation
for the triangular fin:

J (2' /¥ &
0\ L e ¥

e 29 4
%o Qzl /r:g_ h>

Figures 16 to 21 show the computed and the recorded tem-
peratures. :

The fin-tip tewperature is nlotted agalnst the mean-:
coefficient of heat transfer stlpulated as basis of the cal-
culation., Owing to the variability of « over the plate
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1ength'ﬁne'figures,recoraed"for"x ="80, "x'= 166, X =
250, -and +x =420 mm (3.15, 6.53,.9.84, and 16.54 iny re-
spectlvely) cannot agree with the theorstical figure. -
For that reason, we formed the- average of the tip- ‘temper—
ature over the plate length from the measurements., The
comparison of the thus defined mean temperatures at the
fin tlp with the- theoretlcal curve for the trlangular fin
is osten51b1y agreeable.

The appended flgures 1nc1ude the temperature versus

“fin depth for different cases compared with the analysis.

The temperatures recorded at x = 166 mm’'and x = 420 mm
are plotted., Here also the experimental values at x =
166 mm and x = 420 mm caanot exactly agree with the
theoretical result because of the variadility of o with
the plate length. The theoretical curve lies Dbetween the
two measured curves., It is readily seen that here also
the theoretical value as mean value over the plate 1ength
is representative of the conditions.

In all investigated fins the recorded temperatures
over the fin depth evince a systematlc deviation from the
theoretical curve. The experimental curve has a censist-—
ently greater curvature, wnile the theeretical curve is
more nearly a straight line. This discrepancy is greatest
in the curves for finned plates 1 and 3, which had fias
of identical dimensions; only the fin spacing of o 1 was
30 mm (11.8 in.), and that of No. 3, 15 mm (0.6 in.). 4
comparison of the fin-tip temperature for both plates, in
fig. 19 manifests a close agreement.

The discrepancy between the theoretical and the ex-
perimental curve is.attributable to the influence of the
finite thickness at the fin tip, which was from 0.8 to
1.0 mm (0.03 to 0.04 in.). In the finned plates 1 and 3,
wiich showed the greatest discrepancy between theory and
experiment, the thickness ratio of fin tip to fin root
Zn/ %4, 1s greatest.

In one case we computed the temperature course for
the exact wedge shape according to the above cited equa-

~tions.

Figure 21 shows the theoretical curves for the trian~
gular and the wedge-shaped fins. The assumption of more
pronounced curvature of the temperature curve due to the
finite thickness of the fin tip, is substantiated. The
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theoretlcal curve: for. tne Wedge~shaped fin. dlscloses an’
even greater curvature and a higher fin-tip temperature
thzh ‘the’ experimental curve, so that thé récorded mean
fin-tip temperature lies between the’ thebretical figures
for ‘the trlangular and for the wedge~shaped fin.

The locatlon of the tneoretlcal curve for the wedge
shape at the fin tip above the experlmental is a result
of ‘the simplifying boundary condition intrnduced in the
differential equation, namely, that d&/dy 0 at the
fin tipe This means that the heat d1331pat10n at the fin
head is disregarded.

The exact condition should read:

k gg = Q &

which, however, would complicate the equations for the
wedge—-shaped fin, already very unwieldy, even more.

SIn most praétical casesﬁfhe equations for the trian-
gular fin can be employed except when zh/z3 assumes &b

normally high values. Even if the computed temperature
curves of the two fin specimens manifest the discrepancies
outlined above, the calculation of the heat output of the
fins discloses only very small differences. For the above-
cited case, fianed plate No. 3: -

U = 14.95 m/s
It cal
o = 3%8.8 [m2 - OC]

the heat output of the finned plate is

k cal
= 234,55 | ===
%o [mz h OC]

on the basis of the equations for Wedge—shapedifin. With
the equations for the triangular fin the approximate calcu-
lation disclosed

- I 1 .
d = 231 [ el
'9 : m?® 1 °¢C
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The difference 1s 1.5 percent. . In this case the quantity
~uoia figure 2, which gives the heat performance curves
of ‘the triangular and rectan@ular fins, equals 1, 22. For
increasing wu, that is, .for increasing '« with the same
-fin . profile, the difference between the approximate and
the more exact calculation, is slightly.greater. :

Heat performance of finned plates.~ The heat output
of a flat plate fitted with fins comprises.the heat given
off by the fins. and that of the plate 1y1ng between the
Ting.-

For an assumed equal coéfflclent of heat traunsfer,
the heat dissipation of the finned plate ist -

‘szznx<~9»\19 +(b-—2néo)X1900c=ocoFo 3 .
Here n = number of finé,‘
X = 3TIsngth in flow direction,
%; = Tnegat output per meter of fin side k cal/m h %,
b = width of fianed plate,
Zn = SPUltﬂlCLuPSS of fiﬁs at root.

This gives:

2n X /C{\ (b - 2n z4) X
- —9“/ + U

Fo \Yo/ o

and inserting the value Q/&o for the triangular fin,-we
have:

pm——

~2E—’£m (22 x A B ) X

- FO

This formmla was used for plotting o, against «
in figure 22. The experinental Gy ~re in close agree-—
nent with the calculation. Therefore the calculation of

~the heat output of finned plates by means of the above

formula in conjunction with a mean value for a is per-—
nissible,
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~Phus the preliminary calculation of a fin assembly
exposed. to-alr at a stated speed is possible when.the
mean Q@ -for. the particular.érréngement is known, I have
attempted —~ on the basis nf the test data - to develop an
empirical formula for. o applicable with any fin arrange-
ment and velocity. . I I

To this end I resorted to Taylor and Rehbock's report
on fin élements (reference 9), and compared their data
with our own. Their experiments were made on copper.
plates in a closed~throat tunnel at velocities of from 20
to 70 m/s (65.62 to 229.7 ft./sec.). (See tadble III.) The
plates were: & inches square; the fins were 1 inch deep and
0.20 inch thick. .The fin spacing for the nine plates
ranged between 1/2 inch to 1/12 inch. The results are
shown in figure 23, where a5 1is plottad against air ve-
locity U ' : . - :

As Taylor and Rehbsck failed to determine the mean
coefficient of heat transfer o for their. experiments,
and likewise omitted the temperature distribution in the
fing, we defined 4 by means of eguation:

2n- X , QN (b - 2n z,) X
ap = —=— (5= *
FO o/ Fo

a

With tha Q/¥, value for the rectangular fin, the equa-
tion reads: ' '

2n X - o (b - 2n z.) X
Gy = —=—+Va A tanh / = h + ° a
: . NZg

Fo

o £ (a) were ccmputed

conforming to which, the curves a, =
24,)

e
for diffarent plates. (See fig.

From figures 23 and 24, 0o = £ (U) and ap = f (a)
'Were_determined o for each plate with respect to U.

Figure 25 illustrates in logarithmic plotting the
nondinmensional quantity:

Q(x) . G
$ X CU 3600 C U

versus the Reynolds Number for Taylor and Rehbock's exper-
iments, while our corresponding test data (see also tadle
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II) are given in figure 26. Equation

T E S NI <§g\,

$ XCU -

corresponds to.the relation cited prev1ously for the flat
plate.

Bvery fin arrangement.iSjaccompahied.by-such»an equa-—
tion, waereby quantity Xk for each arrangement has a def-
inite value depevident upon'the'hydrodynamically influential
dimensions.

In general, we can -therefore put:

':9—%(“% TR <§“ £y (Xatin)
where a! = mean inside spacing between each fin,
h = fin_depth,
X = lenéth in flow direction.

Figures 25 and 256 reveal that within the explored

range Re\ is suitably e:pressed by a power function,
/

We write:

_Ux) L (LD
$XCU i \ Re

\n(A,a‘ 11)
, £, (X;at;h).

dere n 1is again a fuanction of X, a', and h.

Tow we could surnise .thaat n and fl were functions
1 . . 1 L .
of %* and a'h; %H is the aspect ratio, a'h the sec~

tion of the air passage formed by two fins. The most ele-
nentary nond1mens~ona1 combination of the gquantities

1
a
R e th, and X is:

The transition from fianmned to flat plate may be ef~
fected in simple fashion, e@ther with h =0 or with al
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infinitely great. In both cases:

= F=o0.

PRI E I et X
The Tgf c U values are plotted against 5 for

Re = 4 X 10® in figure 27. Our own test points are guite
in accord with those of Taylor and Reabock, excepting the
-ihownts Z = 18 and L= 34 of tne finned plates at 1/2

B B

and l/o inch spacinge.

The obtained interdependence of coefficient of heat
transfer o and P implies the following: If, under
otherwise identical conditions, the fin depth is made m
times as great, the inside fin spacing a must De made

3 R . s
,/ m as great in order to assure the same coefficient of
heat transfer.

Accordingly, the general egquation for the coefficient
of heat transfer on fiumned and flat plates reads:

: n(k\
\ /
Ay @) 8 ()
4 X
Figure 28 saows 1 = < drops at first from
0.22 for the flat plate as ' increases, then less rap-
1dly and assumes the then constant value 0,12 at about

= 140,

™[4

This regularity is, of course, valid only for a stated
range of Reynolds Number. For very high velocities, i.e.,
hizh Reynolds Humbers, the curves Q(x)/8£CU f(UX/U) in

figures 25 and 26 approach asymptotically the curve for

the flat »late. In reality the curves are curved lines
rather than straight lines, but may be closely approximated
by straight lines for the explored range. '

UX o
U x) < -
Figure 29 gives EY X_E_ﬁ_ = f <§>.
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Each dot represents a finned plate. Our test data
~and those of Taylor and Rehbock are in close agreement.

As their finned plates and air velocities were altogéther
different from ours, .it .is possible.to apply the data on
the basis.of the results to other. arrangements also; that
ig, -in the .heighborhood of the examined Reynolds Numbers
and with fin spacing wide enough to av01d laminar flow
betveen the finse. : - :

With the above limitations the coefficient of heat
transfer o relative to the air velocity can be computed
for any fin arrangement with the aid of figures 28 and
29, It is possible to.so define the fin dimensions and
distances for a base surface of stated size that the heat
performance «a, of the base surface gives a maximum for
a stated air velocity or for a limited part of it. The
procedure for solving this important practical problem is
as follows: -

The conventional form of the fin' is wedge-shaped
because it is easy to manufacture and utilizes the mate-
rial guite satisfactorily. The amount of material for a
fin rises as the 34 power of the heat output, consequent—
ly the fin depth will be kept as small as. consistent with
structural reasouns, but in nlace of that the number of
fins may be increased. Starting from the fin thickness,
the height of the fin is determined on the basis of an
appraisal of "a, so as to approach the optimum dimensions
as closely as possible. Then the fin spacing may be as-
certained at which the Lieat output of the base surface is
maximum, The realization of appropriate fin dimeansions
assumes here particular significance, because in the inter-
‘est of a very high coefficient of heat transfer it is im~
portant not. to. unnecessarily reduce the flow section avail-
able between the fins.

Grateful ackiaowledgment of indebtedness is here made
to Professor Dr. Th. v. Kdrmdn for his invaluable aid in
this report, and to the Society for the Support of Science
in Germany for the means of the experimental equipment.

Transiation by J. Vanier,
National Advisory Committee
for Aeronautics,
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TABLE I. Dimensions of Test Plates
Length | Width ,
X b a a' h Zo | zh (B :—8}41— a'h % s | Material
nm mo | mm| mm mm mm | mm om mm
Flat plate 499 209 -7 - - - - ® 0 10 |Ultralumin
Pinned plate No. 1 | 500 210 | 20 '28.2 145.0| 1.4 | 0.4 2.23 22.4 110 "
" " No. 2 | 500 210 | 30 124.5 |46.3|5.010.5 1.81 27.6 |10 |Silumin’
" " No. 3 | 500 210 { 15| 13.0 {45.2 | 1.5 ] 0.5 0.698 71.7 } 10 "
" " No. 4 | 500 210 | 15| 9.5 145.015.010.5 Q.437 114.5 | 10 n
" " ¥s. 5] 509 210 | 15 {11.3 |45.1| 3.0 ;0.7 0.587 188.0110 "
" " No. 6 | 500 210 | 15 712.1 {22.,312.5|0.4 0.893 56.514 10 "
i

mn x 0.03937 = in.

cm x 0.3937 = in.

VoY N

* Ol WNPUBIOWSJ TEOTUYDOJ

£94

22
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Table II.Experimental values for investigated plates.

Flat plate n=0.22

28

S « UX)”
U Re Pe o « 56—00%5 v / | Average
keal keal 3600CU
m/sec m?h °C m? h °C
9,5 2,78-105 2,01-105 34,8 0,00382 0,0603
12,55 3,72-105 2,7 -108 42,7 0,00352 0,0592
15,05 4,4 +105 3,2 -105 50,7 0,00350 0,0608
18,15 5,63-105 4,08-105 60,0 0,00325 0,0597
19,3 5,61-105 4,08-105 60,9 0,00328 0,0602
24,7 7.1 105 5,16-105 73,5 0,00312 0,0603
28,6 8,18-105 5,96-105 81,9 0,00302 0,0601
33,9 9,5 -105 6,95+105 94,2 0,00293 0,0606
41,7 11,45-105 8,33-105 110,5 0,00285 0,0612 0,0603
Finned plate I »=0,195.
9,1 2,6 -105 1,87-105 105,0 29,5 0,00341 0,0389
14,8 4,33-105 3,16-105 149,5 44,1 0,00305 0,0384
19,8 5,75-105 4,19-10% 182,0 55,6 0,00291 0,0386
25,6 7,46+ 105 5,42-105 216,0 68,5 0,00275 0,0384
34,8 9,8 -10° 7,07-105 259,5 85,2 0,00260 0,0383 0,0385
Pinned plate II » —o0,187.
8,9 2,58-105 1,87-105 100,3 28,2 0,00331 0,0340
14,7 4,27-105 3,09-105 148,0 42,1 0,00299 0,0338
19,9 5,75-108 4,17-10% 188,5 54,3 0,00286 0,0340
19,9 5,62-105 4,08-105 186,0 53,6 0,00286 0,0339
25,7 7,32-105 5,3 105 229,0 67,0 0,00274 0,0342
34,9 9,7 -108 6,97-105 286,0 84,8 0,00260 0,0342
42,0 11,6 -105 8,43-105 328,5 98,8 0,00251 0,0341 0,0340
Pinned plate III , —o,14.
9,1 2,6 -105 1,88-105 152,0 24,4 0,00286 0,0164
14,95 4,38-105 3,18-105 230,5 38,8 0,00268 0,0165
20,0 5,87-105 4,26-105 284,0 49,5 0,00256 0,0164
25,6 7,30-105 5,25-105 341,0 61,4 0,00254 0,0167
30,1 8,90-105 6,40-105 387,0 71,7 0,00245 0,0167
35,0 10,15-108 7,38-105 428,0 81,0 0,00239 0,0166
41,0 12,0 105 8,7 -105 466,0 90,0 0,00228 0,0162 0,0165
Pinned plate IV , — o122
9,1 2,63-105 1,91-105 135,0 22,2 0,00255 0,0117
15,0 4,26-105 3,08-105 208,0 34,6 0,00245 0,0116
18,8 5,61-105 4,05-105 259,0 43,3 0,00237 0,0119
20,0 5,78-106 4,18-105 273,0 45,7 0,00238 0,0120
25,6 7,37-105 5,34-105 334,0 56,4 0,00230 0,0119
30,1 8,62-105 6,25-105 379,0 64,8 0,00226 0,0119
34,7 9,7 -105 7,07-105 425,0 73,5 0,00224 0,0120
41,2 11,23-105 8,2 -105 472,0 82,7 0,00218 0,0119 0,0119
Pinned plate V , —o,13.
9,1 2,66-105 1,91-105 152,0 23,9 0,00276 0,0140
15,1 4,42-105 3,19-105 238,0 38,1 0,00263 0,0143
15,1 4,44-105 3,2 105 235,5 37,7 0,00261 0,0142
20,0 5,85-105 4,22-105 300,0 49,1 0,00256 0,0144
20,0 5,85-105 4,22-105 299,0 49,0 0,00256 0,0144
25,5 7,37-105 5,34.105 358,0 59,9 0,00247 0,0143
25,6 7,52-105 5,45-105 363,0 60,7 0,00245 0,0142
30,2 8,67-105 6,28-105 401,0 68,0 0,00238 0,0141
34,8 99 -105 7,17-105 445,0 76,8 0,00235 0,0142
41,2 11,63-105 8,43-105 507,0 89,0 0,00229 0,0141 0,0142
Finned plate VI , —¢,157.
9,3 2,64-105 1,91-108 96,0 26,4 0,00300 0,0212
14,8 4,28-105 3,1 -10° 143,0 39,6 0,00280 0,0213
20,55 5,82-105 4,22-105 184,0 51,2 0,00265 0,0212
25,7 7,26-105 5,26-105 218,0 61,2 0,00253 0,0210
30,2 8,53-105 6,18-105 249,5 70,4 0,00246 0,0209
35,7 9,86 105 7,16-105 280,0 79,5 0,00239 0,0209
42,1 11,58- 108 8,42-108 3240 92,7 0,00236 0,0211 0,0211




TABLE III. Taylor and Rehbock Experiments
Fin spacing
a 1/2 | 1/3 1/4 { 1/6 1/7 | 1/8 1/9 | 1/10 | 1/12

inches

% 18.0 | 34.0 | 54.5 | 106.7 140 | 177 218 | =266 376
n 0.2 | 0.18{ 0.16] 0.123 | 0.12 | 0.12 | 0.12 | 0.12 | 0.12
fu ¢ \® *
ocDX) mean value | 0.0267(0.0283 | C.0206{0.0120 {0.0121|0.0114 { 0.0113}0.0106 | 0.0091
3600 U

.V.O.V-I\I
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Figure 4.- Experimental frame.
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Figure 16.- Pinned plate I, fin tip temserature, analysis
compared with experiment.
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Figure 17.- Finned plate II, fin tip temverature, analysis
compared with test.
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Figure 18.- Finned plate VI, fin tip temverature, theory
versus exveriment.
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Figure 19.- Fin tip temverature, finned vlate I compared
with finned plate III,
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Tigure 27.- Heat outout of finned vlotes~
Taylor and Rehboc:.: test data.
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Figure 24.- Theoretical aeat output of finned plates-
Taylor and Rehbock data.
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Pigure 26.- Coefficient of heat transfer for Taylor-
Rehbocit svecimens.
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Tigure 26.- Coefficient of heat transfer for exclored
vrofiles for finned plates I to VI,
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Figure 27.- Comparison of experimental values at
R=4x10° with Taylor-Rehbock records.
0.3 ¥
O Tajlor - Rghbock fests
§ X Owh tests
0.2 0x;
Q.
S
n X
X OX—0-++—0 o o
0.1
o) 50 100 120 200 250 200
/g
Figure 28
0.06%
\ 0{ Tayldr - Rehbjocl
\ tedts
0.04 p
[Qz}n X X} Own tests
N q
sxcy 0.02 ’x&
“ocol-oda 1o o
0 100 200 F00 400
x/8

Figure 29.- Cpoefficient of heat transfer for flat and
Tinned plates,
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