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INVESTIGATION IN THE 7- BY 10~FOOT WIND TUNNEL OF DUCTS
FOR COOLING RADIATORS WITHIN AN AIRPLANE WING

By Thomas A. Harris and Isidore G. Recant
SUMMARY

An investigation was made in the N.A.C.A. 7- by 10-
foot wind tunnel of a large~chord wing model with a duct
to house a simnulated radiator suitable for a liquid-cooled
engine. The duct was expanded to reduce the radiator
losges, and the installation of the duct and radiator was
made entirely within the wing to reduce form and interfer-
ence drage The tests were made using a two-dimensional-
flow set-up with a full-span duct and radiator.

Section aerodynamic characteristics of the basic air-
foil are given and also curves showing the characteristics
of the various duct-~radiator combinations. An expression
for efficiency, the primary criterion of merit of any duct,
and the effect of the several design parameters of the
duct-radiator arrangement are discussed. The problem of
throttling is considered and o discussion of the power re-
gquired for cooling is included.

It was found that radiators could be mounted in the
wing and efficiently pass enough air for cooling with duct
outlets located at any point from 0.25¢ to 0.70c from the

~wing leading edge on the upper surface. The duct~inlet

position was found to be ecritiecal and, for nmaximum effi-
ciency, had to be at the stagnation point of the airfoil
and to change with flight attitude. The flow could be ef-
ficiently throttled only by a simultaneous variation of
duct inlet and outlet sizes and of inlet position. It was
desirable to round both inlet and outlet lips, With cer-
tain arrangements of duct, the power required for cooling
at high speed was a very low percentage of the engine vower.

INTRODUCTION

- Cooling and interference drag of the power-plant in-
stallation on many present-day airplanes with externally
mounted radiators absorbs from 14 to 20 percent of the
available power at high speed. The cooling drag of radi-
ators can be materially reduced by nounting them in prop-
erly designed ducts (reference 1), Tests indicate that



interference drag is substantially decreased and a consider-
able saving in total cooling power is realized by building
thegse ducts into the wing.

The energy loss in a ducted-radiator system built into
a wing is comprised of the following components:

1. ~An external loss due to breaks in the wing sur-
face at the inlet and the outlet of the duct.

2. An internal losg due to friction on the duct walls,
rate of duct expansion, and ohstructions.

3« An internal logs due to the radiator core,.

4, A loss caused by the weight of the radiator and
the duct.

The present investigation, whieh ig part of a compre—
hensive study of radiators in wing ducts, is primarily
concerned with the determination of the optinmum inlet and
outlet positionsg and sizes for minimum total cooling power;
no attenpt is made to separate and measure the individual
logses. The investigation has also been confined to tests
of a model representing a cold standard Army 9-inch-core
Prestonc radiator. The effects of duct inlet and outlet
position, size, and shape were investigated with radiators
of gseveral heights located at two different positions
within the wing. The data are sufficiently conplete to
pernit the rational design of efficient duct and radiator
combinations within the wing, although due consideration
‘must be given to the fact that they were obtained from two-
dimensional-flow tests and allowance nust be made when
they are applied to ducts of finite span.

APPARATUS AND TESTS

Airfoil

The basic model, or plain airfoil, tested has a chord
of 3 feet and a span of 7 feet. The N.A.C.A. 23017 sec-
tion was used because it is representative in thickness of
wings in which radiators are likely to be installed and
also because the results could be compared with results
from tcsts of a wing of this section in the full-scale tun-
nel. The nodel (fig. 1) was duilt with solid nose and

-



trailing-cdgze plileces and has five solid ribs. The wing
was covered with pressed-wood board to the required profile
with an accuracy of *0.,015 inch. Openings could bec made

at practically any point on the upper or lower surface of
the ving for taking in and digcharging air and there was

no interaal structurc to interfere with installation of

the ducts.

Ducts

The ducts were built into the four compariments of
the wing and were full span except for the ribs (fig. 1).
The inlet and outlet of each duct were made of sgolid wood
or netaly the top and the bottom of the duet to the radia-
tor were of plywood or flat metal, the wing ribs formning
the ends. The inlet and outlet posgitions of the ducts
were sclccted from considerations of pressure distribu-
tion and location of the stagnation point at various an-
gles of attack.

Duct desgignation.- The various ducts tested are des-~
ignated by groups of four numbers to show the position and
size of the inlet and outlet openings at the surface of the
wing (fizs. 2 to 7). The designations give approxinately
the position and sige of the openings at the surface in
percentage of wing chord. The exact positions and sizes
of the varioug surface openings are shown in the sketches
and tables. ‘

The key to the designations is as follows:
inlet size - inlet position - outlet size - outlet position.

1. The first number in the group refers to the nini-
mun size of inlet opening and is shown by the letter ¥
in tho skotches.

2. The gecond nunber refers to the position fronm the
leading edge on the wing surface of the first break in the
surface ot the inlet. This distance is shown by the lot-
ter x for distances on the lower surface of the wing
parallel to the chord line back of the leading ecdge, and
by the letter x, for distances perpendicular to and above

the chord line; for this casc the second number ig followed
by an appended a, as la, 2a, etc.

3s The third number gives the size of the outlet and
is shown Dby the letter p on the sketches.
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4, The fourth nunmber refers to the first break in
the upper surface of the wing at the duct outlet and is
shown by the letter o on the sketches. Thus, a duct des-~
ignated 6-1-8-«70 has an inlet opening 6 percent of the wing
chord with the first break in the surface 1 percent of the
wing chord behimd the leading edge. The outlet opening is
8 percent of the wing chord and is located 70 percent of
the wing chord behind the leading edge.

Duct combinations tested.~ In figures 2 to 7 the up-
per sketeh shows the various inlet shapes tested and the
lower sketch is a sectional view of the duct showing the
general arrangement; the table shows the proportions of
the various duet combinations and arrangements tested. The
positions and sizes of the inlet and the outlet openings
are accurate to within 10.00lc.

Rgdiators

In the tests, the radiator (as has often been done .
heretofore) is simulated by a screcen. The radiator chosen :
for representation was a standard Army 9-inch-core type
made of O,23-inch-diameter tubes with a 64.5-percent free- -
area ratio, f.

The screen used to represent the radiator is made in -
four sections of brass plate 1/4-inch thick with a suita-
ble number of 1/4-inch holes so that the pressure drop for
a given flow is the same as for the actwal radiator.
Tests of various screens showed that, for an approximate
representation of the radiator, the screen should have a
freewarca ratio of about 42 percent. =

A comparison of the characteristics of the radiator
and of the screen is shown in figure 8. In thisg figure
the pressure drop AP +through the radiator or screen in
terms of the dynamic pressure gqg at the face of the radi-
ator or screen is plotted against the air velocity in the
duct Vp. The radiator cannot be exactly represented at

all velocities by this screen because of scale effect on

the radiator; nevertheless figure 8 shows that, for the -
duct velocities encountered in the tests (30 to 40 miles

per hour), the deviation of the screen from the radiator

is small. This method of representation is therefore be- s
lieved to be satisfactory; and, furthermore, there is.close
agrccmont between the amounts of air passing through the



gserecon and the radiator when they are installed in ducts
outside the wing, the screen permitting 46 percent to pass
and the radiator, 44 percent.

In order to measure the quantity of air passing through
the duct without making detailed surveys for each arrange-
ment, static-pressure and total-head tubes were Dbuilt into .
one sectlon of the radiator (the screen will be referred
to hereinafter asg a "radiator") as shown in figure 9. Cal=-
ibration showed that such an arrangement was not very scn-
sitive to air direction and that the quantity of air could
be measured fo within %2 percent with duct arrangements
similar to those used in the tests. The calibration also
showed that the difference in pressure between the totalw-
head and the static-pressure tubes was directly proportion=-
al to the dynomic pressure ahead of the radiator. The 24
pairs of the total-head and the staticepressure tubes were
connected to a special multiple manometer for measurement
during the tests of the dynamic pressure in three vertical
and in eight horizontal planes in the holes of the radia-
tor, The dynamic pressure ahead of the radiator was detor-
nined fron the ealibration constants. The radiator scc-
tion with the measuring unit was nmounted in onec of the in~
board wing compartments.

Radiators of different heights were obtained by alter-
ing the duet in such a way as to block off equal amounts
on the top and the bottom of the radiator. (See fig. 3.)

Wind Tunnel and Balance

The HehAeC,A, 7~ by 10-foot closed-throat wind tunnel
and balance described in references 2 and 3 were used for
making the tests.

Tegtsg

The two-dimensional-flow installation described in
reference 2 was used for the tests. The model completely
spans the jet vertically in this installation and the re-
sults obtained are practically section characteristics,

A dynamic pressure of 16,37 pounds per square foot
was naintained for all the tests and corresponds to an air
veloclty of about 80 miles per hour under standard sca=-
level atmospheriec conditions and to an average test
Reynolds Hunber of 2,190,000.



Tests were first made to obtain the characteristics
of the plain wing for comparison with the various winge
duct combinations to be tested. The plain wing and the
wing with the various duct arrangements were tested over
the complete angle-of-attack range from zero to maximun.
l1ift. Data were obtained at 2° increments in angle of at=~
tack for all arrangements. Lift, drag, and pitching mo-
ment were measured for all combinations and, in addition,
the guantity of air flowing through the radiator was meas-—
ured for all arrangements with ducts.

RESULTS AND DISCUSSION
Coefficients
All acerodynamic characteristics of the wing with or
without ducts are given in standard section nondimensional
coefficient form, corrected as explained in reference 2.
a,. section angle of attack.

¢, sectiom 1ift coefficient (1/ge). .

cd;, section profile-drag coefficient (do/qc)

c. ) sectioﬁ pitching-moment coefficient about aero-
3 . s 8
2+Ce dynamic center of plain wing (m, . /ac?).
where
1 is the section 1lift.

-dQ, section drag.

Mg, e,» Section pitching moment about aerodynamic center.

gy dynamic pressure (3 p VZ).
¢,  chord of wing.

e

In addition, the section characteristics of the duct are
given in the following nondimensional forn.

Vp/V, duct section flow ratio. , ’

N, over=all duct section efficiency (QOAP/AdOV)



where Vg is the air velocity in duct at face of radiator.
vV, air velocity_in free stream, or flight speed.

Qy. quantity of air passing through duct per unit
frontal area.

AP, pressure drop through radiator per unit frontal
area. ’

increase in section profile drag caused by the
duct at any given 1ift coefficient.

The flow ratio Vp/¥ 1is a measurc of the guantity of

air flowing through the radiator per unit frontal area.

At a given flow ratio, the size of radiator required for 2o
given installation may be determined, when the flight specd
V and guantity of air Q are knowm, from the relationship
Q = AVp, or

PO T (1)
@) v
v .
where A ig the area of the radiator.

The efficiency T of a given installation is a crite-
rion of the relative merit of the arrangement. The ex-
pression for efficiency was derived as follows:

n = useful work _ Pg
total work Prp

which is a Dasic efficiency formula. In this expression
the useful work is considered to be the power expended in
forcing the air through the radiator and the total work is
the additional power required to pull the ducted wing
through the air. . Then

and PTz'Ad.OV::AchqSV
wvhere K = 92 = R,7
4R

(see fig. 8) and other symbols have Dbeen previously defined.
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Thercfore, N = EE*-~ R) (2)
4y

where S 4is the area of the wing, The total power re=
quired for a given installation may then be obtained from
the cxpresgion

T 3
= 5&2 ‘R ve o (2)

where p 1is the mass density of the ailr.

Substituting the expression given by equation (1) for
A, equation (3) becomes

Vg a

Pp = = p V2 KQ ~=Z (4)

T 2 n
or

(—‘f—@>
XQ W

Pr =g 5" (5)

where g is the wing loading of the airplane

For unit quantity and unit wing loading

2
<)
227 AV / (6)
Pp = cr 0
so that at any give? sgeed the power will be a minimum
when the ratio ——Bﬁ~~— is a2 nininum.

The expression for duct efficiency is not an absolute
criterion of merit for the complete cooling installation.
It is merely "pump efficiency" and is a measure of the duct
losg in terms of the radiator loss. An efficiency of 1,0
(100 percont) indicates that the duct itself is not con-
trivuting to the increase in drag as measured or that favor-
able interference effects compensate for all losses except
the loss through the radiator. Therefore, two duct-~radiator



installations, each having the same efficiency, may not
have the game merit: that is, one may absorb more power
than the other, The detrrmining factor would then be the
flow ratio, the one with the smaller flow ratio requiriang
less power. The total-power equation shows that the power
is inversely proportional to the efficiency and directly
proportional %o the square of Vg/V, which indicates very

large radiators. The final selection of radiator size
will therefore be a compromige arrived at from considera-
tiong of the weight of the radiator installation.

Efficiencies greater than 1.0 can be explained by fa-
vorable interference effects that more than counterbalance
the duct losses.

Precision

The accuracy of the various conponents measured in the
force tests is:

O cieieaen.na. £0,10  cy. ab e, =0 ..... £0.0003
0
¢ eeesves 0,03 c at ¢, = 1,0 ... £0,0006
Unax - 4o v
c e eees 0,003 c at ¢ e e.. 00,0020
maOCo dO T'max

Although the error in the determination of the dynamice
pressure in the duet gy 1is no greater than 2 percent, the

error in the flow ratio Vg/V may be much larger, as Vg
has beexn determined from the average qp obtained by a

mechanical integration of the dynamic-pressure surveys at
the radiator. Thig error is also present in the computa-
tion of efficiency. The magnitude of the error in the

flow ratio, however, is an inverse function of the uniform-
ity of the dynanic-pressure distribution across the face

of the radiator., All duct arrangements with efficiencies
above about 0.6 have a very ncarly uniform dynanic-pressure
distribution over the radiator, and the error in Ty

caused by this method of computation is less ¥%han 2 pefcent
for cases checked by integration of ,/qp distributions.
For low efficiencies, Vp may Dbe in error as much as 25

percent; the lower the efficiency, the greater the error.
The low efficiencies are, in general, a result of burbled
air flow on either the upper or the lower entrance lip,
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which causes a large increase in drag and a nonuniforn
dynamnic-pressure distribution at the radiator. Such arrange~
nents are of no practical interest and it was considered

that the additional work required to obtain Vyp more accu=-
rately was not justified. The ratios of Vg/V and 0

(as affected by V) are believed to be accurate to within

X4 percent for all cases where 1 is greater than about
0.6, his procedure also assumed the flow to be symmetri-
cal in the compartment in which it was measured and to be
of the sanc value in the other three wing conpartments.

An additional error may be introduced into the efficiency
by inaccuracy in drag ncasurement and the consequont crror
in the detcrnination of Acdo.

Plain Airfoil

The section aerodynamic characteristics of the plain
TaAsC.As 273017 airfoil, as determined from the two-dimen~
sional~flow tests, are given in figure 10, There is some
variation between these characteristics and those obbtained
from finite~-apan-model tests corrected to infinite aspect
ratio. The slope of the 1lift curve, and the minimum pro-
file-drag coefficient arc slightly higher for the two-
dinensional~flow set-up; the pitching-moment coefficients
about the aerodynamic center are approxinmately ecqual. The
chordwise location of the acrodynamic center ig about the
same 1in both cases, but its vertical distance above the
chord is greater for the finite-spamw model. The degroe of
variation of the N.A.C.A, 23017 airfoil characteristics as
obtained by each of the previously nmentioned methods is _
about the same as the variations of the N.d.C.A. 23012 air-
foill characteristics when obtained by finite-span and twow
dinengional-flow tests. (See reference 2.)

Airfoil with Duects

Dynamic-pressure distribution at radiator.- Figure 11
gives sample vertical and horizontal dynanic-pressure dig-
tributions at the face of the radiator at low and high an-
gles of attack for two ducts, each having inlet radii of
0.005¢, outlet radii of 0.08c, radiator heights of 0O.l4c,
and radiator location of 0.20c¢ behind the leading edge.

Duect 8~1lo-8-25 (fig. 7(a)), which is used for illustration
of high angle-of-attack distridbution, shows a fairly uni-
forn vertical distribution (fig. 11(a)), although the dynan-
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ic pressure falls off mear the bottom of the duct, probably
owving to flow separation over the lower lip., In the case
of duct 5-4a-3-32 at 2° angle of attack, it can be seen
from figure 7(b) that the inlet angle is not excessive and
that the duct is fairly symmetrical about the center line
of the tube of air entering it, so that the vertical dis-
tridbution (fig. 11(a)) is therefore quitc uniform. The
horizontal distribution (fig. 11(b)) for both ducts is
very regular., It is to be remarkecd that ducts which give
fairly uniform distribution have reasonably high effi-
ciencies. OConversely, poor distributions are associated
with low efficiencies.

Effect of ducts on plain-wing characterigtics.~ In
general, the ducts increase the drag, decrease the maxinum
1ift, and shift the 1lift curve so as to give a lower 1ift
at the same angle of attack thar the plain wing. The drag
increase is, of course, due to the breaks in the wing sur-
face, to the radiator, to the friction of the duet walls,
etece The decrease in 1ift and the shift of the 1ift curve
are probably duc to tho energy losses in the duct, which
result in a decrease in circulatioan around the wing. In
several instances where the outlet openings arc small,
causing high outlet speceds, the maximum 1ift does not drop
off and sometimes surpasses the maxinum 1ift of the plain
winga

Effect of inlet radii.- Figurc 12 shows the effect
of (a) lower lip and (b) upver 1lip inlet radii. The

cy, increases with an increase in the radius of either
nax '

lip until o radius of 0,005c¢ is reachied. TFor this valuc
of uppor-lip radius, the is nearly the same as

G .

lmax
that of the plain wing. Further increasc in the radius
has elther no eoffect or an unfavorable one.

The flow ratio, Vgp/V, 4is practically unaffected by

the rodius of either 1lip at high specd (low 1ift cooffiw
cients) until a value of 0.005c is reached. Larger radiil
are unfavorable. At low-spced 1ift coefficicnts, Vg/V
incrcases with an inerease in lower~lip radius but is un-
affected by the upper-lip radius.

At low speed (high 1ift coefficients) the efficiency
N increases with an increase in the lower-lip radius,
and 1s proctically unaffected by upper-lip radii of 0.005c¢
or below. At high speed (low 1ift cocefficients) a radius
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of either 1lip greater than 0,005c¢ has an unfavorable ef- - . -
fect on the efficiency. All subsequent tests were therefore
made with both inlet radii of -0.005c.

Effect of outlet radius.- Figure 13 shows the effect
of outlet radius (a) with the outlet at 0.70c¢c, (b) with
outlet at 0.45¢c, and (c) with outlet at 0.25¢. It is in-
teresting to note that the 0.08c radius gives the highest
ctmax~ no nmatter which outlet position is chosgen, dut it
is possible that this value holds only for the N.A.C.A.
23017 airfoil section. In all cases the flow ratio Vgy/7V
decrcascs with a decreasc in outlet radius. Thig effect
igs to bec expeoeted since the gmaller the radius, the smaller
the opening on the upper surface of the wing. :

The cfficiency at high-spced 1ift coefficients de-
creascs with a decroasc in the outlet radius for all out-
let positions, although the degrece of dcercase varies with
the outlet vositiom. At low-speced 1ift coefficionts the
efficiency increases with a decrease in outlet radius with-
in limitss This result is clearly shown at the O0.25c out~
let position (fig. 13(c)), where at high lift coefficients
the efficiency increases as the radius decreases from 0.20¢
to 0.,08¢c. VWhen the radius is decreased to zero, however,
the efficiency is sharply reducecd.

It is evident from figure 13(c) that a rounded outlet
is desirable because of its favorable effects on M, Vy/7V,
and ctqu. The best radius gize is arrived at by compro-
mise and varies with the outlet position. With outlet po-
sitions between 0.45¢ and 0.70c¢, a 0.25c¢c radius gives the
best results. As the ocutlet position movesg forward fron
the 0445c¢ point, the radius should become smaller and, at
the 0.25¢ position, an 0,08¢ radius is best.

e i e e e e e, S AL A S-S NS

were investigated with the duct outlet at 0.70¢; the results

arc shown in figure 14. The flow ratio and the efficiency

are both decreased when the radiator position is moved-

ahead from 0.50¢ to 0.20c¢c. This result, which was antici-

pated, is caused by the excessgsive duct inlet angle and -
consequent large duct losses when the radiator is in the

forward position. It wasg necessary, however, to locate

the radiator in the forward position in order to investi- o
gate outlet openings near the leadlng cdge of the wing

where largzger pregssure differences are available for forcing
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air through the radiator. It will be shown later that high
efficiencies and flow ratios may be obtained with the radi-
ator in the forward position and with the outlet near the
leading edge. :

Effect of inlet posgition.- PFigures 15 to 17 show the
effect of inlet position. It can be seen from the figures
that, whereas the oy, is only slightly affected by va-

mnax
riation of position from the leading edge to 0.02c¢ behind
the leading edge; movement of the position above the chord
causes the ¢y to fall off, the magnitude of the lossg

. nax .
varying with the distance above the chord. Positions 0.0lc
to 0.02¢ back of the leading edge markedly deereasc tho
slopec of the 1ift curve in the high-~specd rango.

The flow ratio increases as the inlet position noves
forward and above the chord. This increase is most narked
at the highwspeed 1ift coefficients, probadbly ewing to the
fact that, for vositions behind the leading cdge and below
the chord, the upper lip makes a large angle with the air
flow and causes considerable burbling. '

The efficiency increases congiderably as the inlet
position is moved forward and above the chord, particular-
ly at low 1ift coofficiecnts. This incrcase is probably
duc to the increase in the flow ratio, because the drag is
increasecd oas the position moves forward. Apparently, the
flow increaseg much faster than does the drage. Thus, 1t
is possible to obtain efficicncies from 0.85 to 1.0 for a
1ift coofficicnt range of 0.2 to 0.8 for any outlet posi-
tion.

The results presented in figures 15 to 17 show quite
clearly that it is impossible efficiontly to throttle the
flow by variation of inlet position alone. TFor example,
figurc 15(a) shows that approximatcly proper throttling
from low-specd flow ratio to high-speed flow ratio may be
obtained by varying the inlet position from 0.02¢c above
the chord to 0.02¢ behind tho leading ¢dge as flight spood
ieg increascd. Under such conditions, the efficicncecy of
the arrangement will drop from about 1.0 at low speeds to
about 0.2 at high speeds with the conscquent incrcase in
power required. ’

Effect of outlet position.- Figure 18 shows the effect
‘of outlet pogition (a) with the radiator at the 0.50c

“
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point and (b) with the radiator at the 0.20c point. The -
¢y decreases slightly as the outlet position is moved
max :

forward from the 0.70c¢c point to the 0.45c point. Addition-
al movement forwvard of the outlet causes a sharp decrease

in cy, . The shape of the 1ift curve is markedly changed
mnax

as the outlet position is moved forward. Algo, there isg a
small uvafavorable shift of the 1ift curve as the outlet is
moved forward,

The flow ratio slightly increases as the outlet moves
forward from 0.,70c¢ to 0.45c, but additional forward move=-
ment cguses it to increase rapidly until, at the 0.25¢
point, it approaches 0,44 for a 1lift coefficient corre-
gsponding to c¢limb. This wvalue is about equal to the flow
ratio of the radiator exposed in a free air stream so
that, with the 0.25¢c outlet, it would be possible to use
a radlator that wuld be no larger than thoge used in ex-
ternally exposed installations.

The efficiency at low-~speed 1ift coefficients is sub-
stantially reduced as the outlet position igs moved forward,
varying from 1.0 at the 0.70c outlet to 0.65 at the 0.25¢
outlet., At high-spoed 1ift coefficicnts, however, the ef~-
ficicney is practically unaffected as the outlet position
ig moved forward, provided that the proper inlet position
ig uscd.

Effcoect of inlet gize.- The effects of duct inlet size
with three heights of radiator are showa in figure 19 with
the duct outlet at 0.70e. The cy decreases with de=-

max

creasing inlet size but, with inlet and outlet size the
same, the is about the same as for the plain wing

clmax -
with any of the radiator heights. Some boundary-layer
control is obtained with the inlet opening slightly larger
than the outlet (fig. 19(c)) and a slight gain in maximum
1ift ig obtained over that of the plain wing. The shift
in 1ift at o given angle is about the same in all cases.

The flow ratio decreases, as might be expected, with
decrease in inlot size for all radiator heights. It is
of interest to note that the maximum flow ratio obtained
with any of these arrangements is about the same in spite -
of the fact that the relative size of gurface openings to
radiator height igs much greater for the smallest radiator.



The cofficiency, in general, decreases as the inlet

sizc decreases if the inlet size is never larger than the
outlot size., With the radiator height of O.ldc (fig. 19(a)),
the officlcency decrosses when the inlet size is increased
from 0,06¢c to 0.08c over the flight range from climb to
high gpeed. It is believed, however, that this decreasc
is o result of the poor ontry shape of the upper lip with
the 0.,08c inlet size. The efficiency also decreases with
decrcasing height of radiator, which indicates that, for
best results, the duct span at the wing surface should be
as small ags possidle. -

The results plotted in figure 19 show that the inlet
opening should be about the same sigze as the outlet open«
ing for bost results and that the inlot area should be
about 70 percont of the frec areca of the radiator wvhen the
radiator height is a maximum. The results also show that
it is impossible to throttle the flow ecfficiontly by vari-.
ation of inlet sizec alone in a chordwise direction. It
may be possidble to throttle the flow efficiently by a vari-
ation of the inlet size in o spanwise dircection, but this
mothod of throttling could not be employed in these tosts.

The effect of inlet sigze with the duct outlet at 0.45¢c
is shown in figure 20, The effects of varying the inlet
size with this outlet position are about the same as for
the outlet at 0.,70c. The flow ratio is slightly greater
for this outlet position with the optimum sizes of inlet
and outlet. The highest efficiency is obtained with the
inlet and outlet opening about the same size Ddut it is
slightly legs than with the outlet at 0.70c.

The effect of variation of inlet size with the outlet
at 0.32¢c is shown in figure 21 for two outlet sizes and
two inlet positions. If a flow ratio of 0.44 is available
at climb, the ducts shown in figure 21(b) give about the
required amount of flow for high speed and, at the same
time, the 1ift curves are shifted only a small amount. An
efficiency of about 0.90 with the proper flow ratio can be
obtained with the duct inlet 0.04c¢ above the chord dut,
with this inlet position, there is a large loss in maxinum
1ift coefficient. Both the efficieney and the flow ratio.
inerease with increase in inlet size at climb or low specd.
The large logss in efficlency with the smallest inlet open=
ings nay be attridbuted to burbled air flow in tho duct bew
cause of the angle at which the air enters the duct and
the large expansion angle in the duct.
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The effect of inlet size on the various parameters is
about the same with the outlet at 0.28c¢c (fig. 22) as with .
the outlet at 0.32¢., The flow ratio is higher because of
the larger outlet size. This outlet position is an intor-
mediate position of an arrangement that was designed for
throttling by movement of the upper outlet 1lip.

With the outlet at 0.25¢ (fige. 23), the variation of
inlct size had about the same effect as for the other oute
let positionse When the inlet is 0.0lec above the chord
(fig. 23(a)) and the outlet and inlet are the same sizc,
the highest cfficicncics are obtainecd at climd with a flow
ratio of about 0.,45. The large loss in maximun 1ift nay
be recovered by reducing the outlet size to that of the
arrangonent  shown in figure 21(a). A further discussion
of throttling this arrangement will be givon later. With
the inlct 0.04c above the chord (fig. 23(b)), the results
arc not of much interest because of the large flow ratio
at hlgh speced, the drop in cfficiency at climdb, and the
large loss in maxinum 1ift coefficient.

‘Effect of outlet sige.- The effect of a variation in
the outlet size with the outlet at 0.70c¢ (fig. 24) is typ-
ical of the effect with the outlet at the other locations.
From these results it may be seen that, regardless of radi-
ator height, the 1ift curve is shifted favorably as the
outlet size is decreased. Furthermore, when the outlet
size 1s small comparced with the inlet size, boundary-layer
control is obtained and the maxinum 1ift coefficienﬁ is
narkedly increased over that of the plain airfoil. The
flow ratio, as might be expected, decreascs with decrecas-
ing outlet size. In every case, however, when the outlet
size is decreased to throttle the flow at high speed, the
efficiency is greatly reduced although the power required
for cooling may be decreased. ‘The arrangement with the
entrance 0.02c above the chord line (fig. 24(c)) does,
however, give 'an efficiency of over 0.80 when approximate-
ly throttled for high speed by a variation of only outlet
size. Thig result is not obtained in climb, where gsone
boundary-layer control is obtained and the efficiency is
increased ag the outlet size is decrcasced for the 0.l4c
radiator. (See fig. 24(a), (bv), and {(c).) 4 comparison
of figures 21 to 23 shows the same results with the outlet
located between 0.25¢ and 0.32c (arrangements that were
degigned for throttling) as with the 0470c outlet pogition,

°
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Application of Data,

Selcection of duct for throttling.~ For automatic throt-
tling of a given duct arrangement, it is necessary that
VR ©be the same for all speeds or that the flow ratio be

proportional to the square root of e, -i.e.,

ﬁ% = K SO | ' (7)

Practically none of the arrangenents satisfy this condi=-
tion, the flow wusually being too high at low 1ift coeffi-
cients, Whenever a particular duct gives a flow ratio
approxinmately following this law, the efficicenecy Is very
small at high speed. It is therefore nccessary to use
some nechanical means of throttling the flow while main-
taining a high efficiency at high spced. It has already
been shown that efficient throttling at this speed proba-
bly cannot be obtained by decreasing chordwise inlet or
outlet size alone. An analysis of the test results shows
that it is possible efficiently to throttle the flow by a
simultaneous variation of the inlet and outlet sizes and
also by o variation of the inlet mosition. The flow ratio
at clind probably determines the size of radiator necessary
for cooling and, if it is desired that the radiator-in the
duct be no larger than one fully exposed to the alr, this
ratio should be about 0O,44. Duct 8~la-8-25 (fig, 23(2))
has a flow ratio of 0.45 and an efficiency of 0.84 at

¢} = 0.7, an assuned 1lift coefficient for climb. This
duct arrangement shifte the angle of attack for the given
1ift about 4° but, since the duct width will probably be
small, it is believed that the change in the induced drag
will not be large. Thig additional drag may be conputed.

It has been assumed, for illustration, that high speed
will occur at ¢, = 0.25. Now from equation (7) the flow

ratio at high speed for satisfactory cooling should be 0.27,
Duct 5-4a-3=«32 (fig. 21(b)) gives nearly the correct flow
ratio with an efficiency of 0.92 at high speed. The shift
in the angle of attack for ¢, = 0.25 1is only about 1/2°

and, therefore, the additional interference drag should be
negligible. In order to obtain an arrangement with exact-
ly the correct flow ratio and the highest efficiency, it

is necessary to cross-plot (from figs. 21(v), 22(b), and
23(b)) the flow ratio and the efficiency against outlet
size. (The actual outlet size should be used in this plot.)
Thig nethod has been used for e, = 0.25 and the regult
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is shown in figure 25(a). PFrom figure 25(a) the efficien-
cy for a flow ratio of 0.27 has been plotted against inlet
size with the outlet gige indicated on the plot, as shown
in figure 25(b). The optimun-arrangement with the flow
ratio of 0,27 has an inlet opening of 0.052¢c and an outlet
opening of 0,040c¢, which gives an efficiency of about 0.93.
The cooling power required for this duct with the flow
throttled will therefore be about 10 percent less at high
speed than at c¢limb since, for a given installation prop-
erly throttled for all speeds, the cooling power varies
inversely ag the efficiency. Such a method of throttling
would be practicable in a design having the upper and the
lowver inlet lips and the upper outlet 1ip adjustadle. In
order to recover the section 1ift for landing, the inlet
opening should be get for climd and the outlet opening for
high specd.

Hone of the data presented herein show whether it
will be possible to obtain cooling on the ground dbut it is
probable that, with an arrangement having adjustable sizes
of inlet and outlet and variable inlet position, cooling
nay be obtained on the ground if the duct is located in
the propeller slipstrean.

Power required for cooling.- The power required for
cooling has been given by equation (3)

This equation may be rewritten in terms of horsepower and
gives, when the value of X = 3.7 1is substituted,

1.85 Ap \ (7)

where 'V is in feet per second and A 1is in square feet.
If, for duct arrangement 8-la-8-25 (fig. 23(a)), it.is as-
sumed that the flight speed is 170 feet per second at climd
and that the quantity of air required to cool a 1,000-
horsepower engine with Prestone cooling is 283 cublc feet
per sccond, then from equation (1) :

A = 283 = 3.7 square feet

( )v 0.45 x 170
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VR/V = 0.45 at ¢y, = 0.7 from figure 23(a). Algo from
this figure, N 1is equal to 0.84 at ¢y = 0,70, The to-

tal horséPOWer required for cooling, neglecting secondary
interference effecects and radiator weight, will be:

o o (1.85) (0.002378) (3.7) (0.45)% (170)®

Py = 15,8 hp.

; 0.84 X 550

This arrangement has a radiator of about the same size as
a conventional arrangement and is belicved to use about
1.5 percent of the engine power for cooling at climb, A%t
high spcoed, if throttled as indicated in the previous
section, the total horsepower required will e

.8 = 14.3 horsepower

or only leb percent of the engine power as comparcd with
present liguid-cooled installations that use from 14 to 20
percent of the engine power for cooling.

Equation (6) shows that the total cooling power is

proportional to the ratio ——=————, Hence, it ig possible

for the efficiency TN to be quite low without any increase
in cooling power if there is a corregponding decrease in
the flow ratio Vgp/V. The following table comparecs some

of the better duct-radiator combinations on a power basis
at climb and at high speed for unit gquantity of air and
wing loading.

Then the table (p. 20) is used it must be kept in
mind that, although some combinations with small efficicn-
cies require low power for cooling, the small flow ratios

which make such a condition possible neccssitate larger
radiator frontal areas and, conscquently, greator radiator
weights. I% will probably be necessary to compute the ef-
fect of added weight for each individual installation, and
a conplete analysis of the problem is desirable. Treat-
ments of the effect of radiator weight may be found in
referencesg 1 and 4.



POWER COEFFICIENTS OF DUCT-RADIATOR COMBINATIONS

TABLE I

Power coef-
. Efficienc Flow ratio ficient
Combination n ¥ Va/v 3.7 (VR/V)Q
cl ™

Radi~ Radi- Qutlet

ator ator radius
Designation fgi;_ height ct=0.7 cL=0.25 ct=0.7 cl=0.25 CT=O'7 ct=0.25

(per- (per- | (per-

cent c)| cent ¢)| cent ¢)
6~28-8-70 50 14 25 0.79 1.04 1 0.357 | 0.352 0.85 1,76
6-2a-6-70 50 14 25 .96 1.00 + 325, «305 .58 1.38
6~2a~4-~70 50 14 25 1.16 .86 264 245 32 1.03
6~2a~23-70 50 14 25 «43 22 «150 .140 28 1.32
6-0-8-70 50 14 25 1.00 .64 +374 315 .74 2.29
6~-0-6~70 50 14 25 1.11 «45 « 329 «250 .52 2.06
E=0= 470 50 14 25 1.16 31 +280 207 31 2.05
6-0=~6-70 50 10 25 .90 +48 365 292 .78 2.63
6-0~4-70 50 10 25 85 32 «300 230 56 2.45
6=Q=2=70 50 10 25 .58 09 .120 .134 33 2.95
8-1a-8-25 20 14 8 .84 «48 «450 345 1.27 3467
8-la~6-32 20 14 20 .91 .44 -394 307 <90 317
8~-la-4-32 20 14 20 .24 «29 300 «233 .51 2.77
8-2a~8-25 20 14 8 .89 «78 426 380 1.08 2.74
6~48-3-32 20 14 8 .81 .74 273 235 .49 1.1Q
5edg~3-32 20 14 8 46 .92 272 w242 .85 .94
4-45-3~-32 20 14 8 «15 73 234 «350 1.93 1.27

02
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CONCLUSIONS

The results of the tests reported herein showed thatt

l. The power regquired for cooling wag only the power
required to forcc air through the radiator for optiﬂum
duct~radiator arrangements within the wing.

2, The duct inlet position for mdximum efficioncy
was depen@ent upon the angle of attack,

3e Maxinmunm efficiencies were obtained when the stag-
nation point on the airfoil was at the duct-inlet opening.

4. The quantity of air could be cfficiently throt-
tled by o sinultancous variation of duct inlet and outlet
size and of inlet position. :

5+ High efficiencies could be obtained with the out-
let at any positiom on the upper surface of the wing fron
26 to 70 poercent from the leading cdge.

6. Radii worc dosirable on both the uwpper and lower
inlet lips and on the lower outlet 1lipe.

7. Tor maximum officiencies, the spanwise duct open~ ;7 +-

ings should Dbe as short as possibdble.

8« The best efficiencics wore obtained with the duct
inlet and outlet approximately the same size, neglecting
the expansion of air due to a hot radiator.

9. The computed power required for cooling with a
good duct-radiator combination for any flight condition
was less than 2 percent of the engine power.

Langley llemorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., June 9, 1938.
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FPIGURE LEGENDS

l.- Diagram of plain wing.
2.~ Duct arrangements with
3+~ Duct arrangements with
4,~ Duct arrangements with

5.~ Duct arrangements with

at 0.20¢c.,

6e= Duct arrangements with

7e~ Duct arrangements with

0.32¢c.

Figure

Figure

various inlet radii.
various radiator heighis.
varioﬁs dutiet sizes,

outlet at 0.70c and radia-

outlet at 0;450.

outlets from 0.25¢c to

8.~ Comparison of screen and radiator pressure drop.

9a.~ Fressure~tube locations on screen.

Figure 10.- Section aerodynamic characteristics of N.A.C.A.
23017 airfoil.

Figure 1ll.- Dynamic~pressure distribution at radiator for
ducts 8-~1a-8-25 and 5-4a-3-32.
exit radius, 0.08c¢c; radiator height, 0.1l4c; radiator
location, 0.20c.

(a)
()

Figure
(a)
(p)

Figure
(a)
(b)
(c)

Figure
Figure

(a)
()

Vertical distribution.
Horizontal distribution.

Entrance radii, 0.005c¢;

12.- Effect of inlet radii.

Lower lip.
Upper lip.

13.- BEffect of outlet radius.

Outlet at 0.70c.
Outlet at 0.45c.
Outlet at 0.25¢c.

l4.- Effect of radiator position.

15.,~- Effect of inlet position with outlet at 0.70c,

Inlet size, 0.06c.
Inlet size, 0.08c.
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Figure 16.~- Effect of inlet position with outlet at 0.45c.

Figure 17.~ Effect of inlet position.
(a) Outlet at 0.25¢c.
(b) Outlet at 0.28c.
(¢) Outlet at 0.32c.

Figure 18.- Effect of outlet position.
(a) Radiator at 0.50c¢c.
{P) Radiator at 0.20c.

Figure 19.- Effect of inlet size with outlet at 0.70c.
(a) Radiator 0.l4c high. .
(b) Rediator 0.10c high.
(¢) Radiator 0.06c high.

Figurc 20.~ Effect of inlet size with outlet at 0.45c.

Figure 2l.~ Effect of inlet size with outlet at 0.32c.
(a) Inlet position 0.0lc above chord. o
(b) Inlet position 0.04c above chord.

Figure 22.- Effect of inlet size with outlet 2t 0.28c.
(a) Inlet position 0.0lc above chord.
(b) Inlet position 0.04c above chord.

Figure 23.- Effect of inlet size with outlet at 0.25c¢c.
(a) Inlet position 0.0lc above chord.
(b) Inlet position 0.04c above chord.

Figure 24.~ BEffect of outlet size with outlet at 0.70c.
(a) Radiator 0.l4c high.
(b) Inlet position 0.0lc above chord.
(¢) Inlet position 0.02¢c above chord.
(d) Radiator 0.0lc high.

Figure 25.~ Duct inlet and outlet sizes for throttling.
(a) Selection of m for VR/V. cq 0.25.

(b) Optimum size of openings c 0.25; VR/V, 0.27.
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