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FULL-SCALE WIND-TUNNEL INVESTIGATION OF WING COOLING DUCTS

By F. R. Nickle and Arthur B. Freeman

SUMMARY

The systematic investigation of wing cooling ducts at
the ¥.A.C.A. laboratory has been continued with tests in
the full-scale wind tunnel on ducts of finite span. These
results extend the previous investigation on. section char-
acteristics of ducts to higher Reynolds Numbers and indi-
cate the losses due to the duct ends. The data include
comparisons between ducts completely within the wing and
the conventional underslung ducts. Methods of flow regu-
lation were studied and data were obtained for a wide

range of internal duct resistance.

The results show satisfactory correlation between the
finite span and the previously measured section character-
istics obtained with full-span ducts. The effects of the
various design parameters on the duct characteristics are
discussed. The cooling power reguired for the internal
duct installation is shown to be only a small percentage
of the engine power.

INTRODUCTION

The aerodynamic advantages resulting from the rela-
tively small frontal areas of liquid-cooled engines have
been largely offset hy the excessive high-speed drag of
conventional radiator installations. HMHeredith (referpnce
1) and Worth (reference 2) have shown that the internal or
cooling drag is materially reduced by placing the radiator
at the low velocity section of an expanding duct. Exter-
nal drag, attributed mainly %to interference and exposed
frontal area, can be reduced by locating such a radiator
duct assembly wholly within an essential part of the air-
plane such as the wing. The net gain realized from this
cooling installation depends on the extent to. which the
following losses may be reduced:

1. Interference losses caused by breaks in tho
wing surface at the inlet and outlet of the duct.

2. Bnergy losses in the air passiag through the
duct, due to the expansion and to the friction along
the duct walls.



3. Induced drag loss due to the increased
weight of the radiators required for the low vecloc-
ity cooling.

Systematic investigations of wing-duct cooling are aow
in progress at this laboratory. Recent tests made in the
N.4.0.A, full-scale wind tunnel (reference 3) and in the
7- by 10-foot closed-throat wind tunnel (reference 4) in-
dicate that duct~radiator combinations may be mounted in a
wing so that interference and duct losses are small. The
total loss in such a cooling system, neglecting weight, is
only slightly greater than the power required to force the
air through the radiator core. The tests referred to in
reference 4 were made with a full-span duct and simulated
radiator, under two-dimensional-flow conditions, and the
results are presented as section characteristics.

The purpose of the present full-scale investigation
is to correlate the duct section characteristics found in
reference 4 with the performance of installations of fi-
nite span and to extend the test data to higher Reynolds
Numbers. The results of the full-scale-tunnel tests in-
clude data on the characteristics of several of the through
duct arrangements described in reference 4, underslung ra-
diator ducts, and .cross-wing radiator-duct comdinations
with inlet on the lower and outlet on the upper wing sur-
face. The effects of variations in radiator pressure drop
and methods for efficiently controlling the air flow
through the ducts were also investigated.

Design parameters, such as size, shape, and location
of duct inlets and outlets, were varied systematically.
Estimates of the power absorbed by various duct-radiator
combinations, neglecting the effect of weight and heat,
are given., The effects of propeller .slipstream, recovery
of heat energy, and ground cooling characteristics of duct
radiators are included in a further investigation.

APPARATUS AFD TESTS
Wing

o

The fabric-covered 2:1 tapered ai:fﬁ&l described in
reference 5 and modified a8 outlined %n the following par-
agraph was used for this investigatdion. The span was



45.75 feet, center-section chord 9,37 feet, area 337.5
square feet, and aspect ratio 8.20. Ailerons were locked
in the neutral position and all gaps were sealed.

The constant-chord center section, extending over
10.7 percent of the wing span, was altered to an N.A.C.A,
23017 section whiech is representative of modern design
and affords a direct comparison with the results of ref-
erence 4. The transition from the U.S.A. 45 to the
JeA.C.A. 23017 section was extended over approximately
one-half the semispan. For convenience in changing duct
inlets, the portion of the center section extending from
the leading edge to the 20-percent-chord point was made
readily detachable. The duct span extended over 8.38 per-
cent of wing span. The wing, including a typical duct
installation, is shown in figure 1. The center section
was covered with sheet aluminum and the internal structure
was arranged so that there were no obstructions except the
radiator to the air flow through the duct passages. A 20-
percent chord, split trailing-edge flap, with a span egual
to the standard duct width, was installed at the center
section.

Radiator

A perforated flat
simulate a radiator. 7

ate was unsed in these tests to
is plate, hereafter referred to
as the "radiator", had 3/4-inch holes spaced on l-inch
centers, and measured 15 by 45 by 1 inches. Since large
exnansion ratlios were desired, the radiator height used
was determined by the maximum whiclh: conld be installed in
the given thickness of the wing. Calibration tests showed
that this radiator gave a static-pressure drop of approxi-
mately four times the face dynamic pressure, which is in
close agrecment with the pressure drop across a standard
Army Alr Corps 0.230~ by 0.260- by 9-inch radiator core.
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Although the basic radiator was used for all the toests,
other cooling installations, including a baffled air-cooled
ngine, were simulated by increasing the radiator pressure
drop. This was accomplished by placing wire screens of 16

and 40 meshes per inch behind the radiator and plugging a
number of the radiator holes. Relative pressure drops for
each arrangement, as determined by preliminary tests of the
radiator installed in a duct, are plotted in figure 2 asg
functions of the velocity at the radiator face. Some scale
effect is evident, especially for the higher pressure-drop
arranZements.



Twenty-five pairs of static-pressure and total-head
tubes were built into the radiator for the purpose of de-
termining the quantity of air passing through the ducts.
The method of installation was similar to that described
in reference 4. Calibrations showed that the dynanic
pressure measured by the tubes was dircctly proportional
to the dynamic pressure immediately ahead of the radiator
and that the arrangement was not sensitive to changes in
air dircetion. To sgimplify the measuring equipment, the
- tubes were confined to onc-half the radiator width, sym-
metrical flow deing assuncd about the vertical center line
of the radiator. A photographically recording, multiple-
tube manometer was employed to record the tudbe proessures.

Ducts

The various radiator-duct combinations tested are
clagsified under three general headings:

1. Through duct.

2. nderslung duct.
3. Cross-wing duct.

Tae radiator was located at the maximun section of each
duct. All ducts were mounted at the center section of the
wing and were rectangular in cross section. A standard
duct width of 46 inches (8.38 percent of the wing span)
was naintained for all combinations except those termed
"narrow smwet." With the exception of the restricted inlet
combinations, expansion occurred only in the vertical
plane. Duct dimensions are given in percentages of tae
T.A.C.A, 23017 center-section chord, unless otherwise noted.
Inlet and outlet sizes are specified as minimum distances
between upper and lower duct surfaces.

Through duct.- The through duct was mounted entirely
within the wing, the radiator being located 0.5¢ hehind
the leading edge. The ratio of the area at the inlet to
the radiator area varied with inlet size from 1/1.7 to
1/23.9. Adjustadle upper and lowver duct surfaces provided

uniform expansion for each installatiorn.

Inlet openings were formed by replacing the plain
wing nosepicce with combinations of upper and lower noses.
These noscs had a leading-edge radius of 0.005¢ as recom-
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mended in reference 4., Tlce six upper rnoses used are shown
ian combination with a typlcal lower nose in figure 3. The
position of the firgt break in the wing surface caused by
each upper nose is noted and becomes the designation for
that nose. Tigure 4 shows the five lower nosecs used.
Combination of these upper and lower noses gave a range

of inlet sizes from 0.03% to 0.08c. A typical through
duet inlet is shown in figure 5.

As previous tests (reference 4) indicated that varia-
tions in ouwtlet position on the uprer surface of wing from
0.60c to 0.75¢c had negligible effects on duct character-
istics, the outlet position was held within these limits

"in providing outlet openings varying in size from 0.02c to

0.08c (fig. 6a). TFigure 7 shows an 0.08c outlet installa-
tion. An alternate type of outlet (fig. 6¢) was provided
by the deflection of the 0.20c¢c trailing-edge split flap,
which is shown deflected 15° in figure 8. -

Devices for regulating the air flow by varylng the .
duect openings in flight were installed on several through
duct combinations. The inlet flap shown in figures 6b and
9 resembled an airfoil in cross section and was hinged at
its leading edge. Deflection of this flap had an effect
equivalent to moving the inlet position rearward and gave
a variation of inlet size from 0.033¢ to 0.074c. Two
types of outlet flaps were tested. Type A, shown in fig-
ure 6b, was used with a normal 0.08c outlet and varied the
outlet sigze from 0.02c¢c to 0.,06c. Type B (fig. 6f) resecm-
bled a symmetrical airfoil in cross section and was hinged
about its trailing edge. In the closed position this flap
conformed to the contour of the upper wing surface and re-
stricted the outlet size to 0.04c; with the flap deflected
the outlet size was 0.08c.

Harrow ducts were formed Dby blocking off approximately
one~half the standard duct width as shown in figure 10.
The spanwise width of the narrow duct was 24 inches.

Restricted inlets were formed by blocking off one-
third or two-thirds of the width of inlet of the standard
tuct. The side walls behind the inlet expanded to the
standard duct width at the radiastor. Thig modification
was applied to one of the arrangements having a 0.056c¢c in-
17t size; the resulting expansior ratios were 1/3.2 and
1/9.5.



Underslung duct.- Details of the underslung duct ar-
rangement appear in figure 6d. The radiator was located
Oe«45c benind the leading edge and extended below the wing.
The lower cowling and the straight duct side walls were
attached to the radiastor and the entire assembly was re-
tractable. The upper duct surface was formed within the
wing and was slotted to allow vertical movement of the
radiator. Inlet size, ontlet size, and exposed radiator
area varied with the amount of radiator extension. The
expansion ratio for 2o given inlet size was varied by alfter-
~ing the upper duct surface. Figure 11 shows a typilcal
underslung duct installation.

Cross-wing duct.~ The cross-wing duct (fig. 6e) had
an underslung-duct inlet and a normal through-duct outlet.
The radiator was inclined to the chord line, its center
being located approximately 0.50c¢c behind the leading edge.
Movements of the hinged inlet lip varied the inlet size
from 0.04c to 0.08¢. OCutlet variations were identical to
thoso shown for the through dvet in figure 6a.

Duct designation.- This report employs the samne sys-
tem of duet designation described in reference 4. EBach
duect arrangement is represented by four terms, grouped as
follows:

Inlet size.
Inlet position.
Outlet size.
Outlet position.

Inlet and outlet sizes were previously defined; the
method for specifying inlet and outlet positions is indi-
cated in figure 6. For the through duct, the inlet posi-
tion is specified by giving the upper nose designation,
(See fig. 3.) The meaning of symbols, consisting of let-
ters and numbPers, that comprise the four terms of the vari-
ous duct designations are tabulated below. The interpre-
tations of five sample duct designations follow the tadle.



TERI. AXND

TYPICAL
SIGWIFICANCE STUBOLS UEANITG OF SYNBOLS
First: 3.5, 5.0 Linear dimension of ianlet size
Mininum (fig. 6)
size of
inlet Fl, ¥4 One of five inlet flap positions
opening (fig. 6b)
1,5 Distance of inlet position behind
leading edge of wing
Second: {figs. 3 and §6)
Inlet 2a, 4a Distance of inlet position above
position chord line
(fig. 3)
L3l Inlet opening located below wing
: (figs, 64 and 6e)
2, 4 TLicear dimension of outlet size
(fig. 6)
Third: AZ One of two type-A outlet flap
positions
(fig. &b)
Yinimum
size of B3 Oune of three type-B outlet flap
outlet positions
openin (fig. 6f)
¥5, F10 Trailing-edge outlet flap deflected
5%, 109, etec.
(fig. 6¢c)
Fourth: 81, 75 Distance of outlet position be-
hind leading edge of wiag
(fig. 6)
Outlet TE Trailing-edge split flap used as
nogition outlet
L57 Outlet'opéning located below wing

(fig. 64)



4.8 - 2a - 2 - 75 represents a through duct (no let-
ter "L" appears), minimum inlet opening 4.6 percent of
center-section chord (first term), inlet position 2 per-
cent above chord line {second term), minimum outlet open-
ing 2 percent of chord (third term), outlet position 75
percent of chord behind leading edge (fourth term).

6.0 - 0 - F15 - T8 indicates a through duct, 6 per-
cent inlet, inlet position at intersection of chord line
and wing surface, trailing-edge outlet flap deflected 15°,
outlet at trailing edge of wing.

Fl - 2a - B3 - 61 indicates a through duct, inlet
flap in position 1, inlet position 2 percent above chord
line, outlet flap B in position 3, 61 percent outlet posi-
tione.

4.0 - L31 - 5 - 65 indicates a cross-wing duct ("L
in second term but not in fourth), 4 percent inlet, 31
percent inlet position with opening below wing, 6 percent
outlet, 65 percent outlet position.

345 - L31 -~ 3.5 - 1B7 indicates an underslung duct
("IL" ia second and fourth terms), 3,5 percent inlet, 31
percent inlet position with opening below wing, 3.5 per-
cent outlet, 57 percent outlet position with opening below
Wi'ﬂgc

Tests

The tests were made in the N.A,C.A., full-scale wind
tunnel (reference 6). Figure 12 shows the plain wing
(without duct) mounted in the wind tunmel. TLift and drag
of the plain wing were measured over the complete angle-
of-attack range from below zero 1ift to maximum 1ift.
Similar tests were made with each duct arrangement in-
stalled in the wing. Measurements of the air velocity in
the duct at the radiator face werce taken at 1ift coeffi-
cients of approximately 0O, 0.2, 0.6, and 1.0. '

All combinations were tested at a tunnel velocity of
approximately 60 miles per hour. A4 number of combinations
were tested at various air speeds from 25 to 100 miles
per hour to dectermine possible scalec effects.

W
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AP,
K,
AD,
VR/V’
>
Pps

CP,

SYKBOLS

wiang 1ift coefficient.

center-scction 1ift coefficient.

wing chord at center sectioﬁ.u

area of wiag.

minimun area §f duct inlet opening.

radiator frontal area.

quahtity of air passing fhfough radiator (ARVR).
air velocity in free stream, or flight speed.
air velocity in duct at radiator face.

free stream dynamic pressure (% 0 Va).
radiator face dynamic pressure (3 p Vp°).
pressure 4drop across the radiator.

relative pressure drop (AP/qR).

drag increment of radiator-duect combinations.
flow ratio.

duct effiicliency.

rower required for cooling.

2
(Vg/
cooling power coefficient Cp = ~~EL§1~

rr]

RESULTS AND DISCUSSION

The important radiator-duct characteristics are given

by means of three parameters, VR/V’ T, and CP' The

air-flow ratio, VR/V’ is the ratio of the air velocitlty
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at the face of the radiator to the free stream air velocity
and ig a measure of the guantity of air that will flow
through the duct.

The duct efficiency, mn, 1is the ratio of the useful
power expended in forcing air through the radiator core to
the total power required to overcome the added drag due
to the radiator-duct installation. (Power due to changes
in radiator weight is omitted throughout the discussion.)

useful work _ QAP’.

n = “total work ADV
Q = AglVg -
AP = Kq,*

AD = ACDqS'

n = 2n'riR -
- ACpgsY
rq o I_{_%_E... (v )3 .
ACyS R/V

It is important to note that m 1is a measure of the
"duct efficiency" and does not indicate the optimum
"radiator-duct" combination.

The power coefficient C¢g 1is given as a figure of

merit for comparing the various radiator-duct combinations,
the optimum radiator-duct arrangement having the lowest
value of Cp. -

The total power required for cooling is:
Fp = ADV = Achsv}‘“

Substituting

and



Ao = & .
R
g
The.u.
in which
2
o = Va/v)
p =
e 'r'l

The total power reguired for a given radiator-duct
combination depends therefore on the power coefficient,
air quantity, relative pressure drop through radiators,
and the free-stream dynamic pregsure.

The duct parameters VR/V’ and m are plotted
against Cy in figures 13 to 28 for all the test arrange-

ments, and a summary of the important duct characteristics
for the representative high speed and clind C; values of

0.2 and 0.7 is given in table I. Ho important scale of-
fect on VR/V or m wos found (fig. 29), so that the

data for test speeds other than 60 miles per hour are not
gshown.

In general, the maximum 1ift was not affected appre-
ciably by the better duct arrangements. Serlous adverse
effects were noted for only one arrangement, the through
duct with the 4a inlet position. Slight increases occurred
in several cases. Typical 1ift curves for various duct
arrangemnents are shown in figure 30. The angle-o¥f-zero
1ift was affected but slightly by the prcsence of the duct.

Through-Duct Characteristics

Inlet size.~- The variationsin VR/V and m with in-
let size for the high~speed attitvde (Cp = 0.2) are

T

shown in figure 31. TFor each curve, the inlet position,
outlet size, and outlet position are comstant. Results
for the 2a nose with &6- and 8-percent outlets indicate
that best duwet efficiency is obtained witk an inlet somc-
wvhat smaller than the outlet. The flow ratio, VR/V’ is

not. affected by changes in inlet sige, except for inlet
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sizes congiderably smaller than those for best efficiency.
The power coefficient, CP’ is therefore lowest for the

ducts of highest efficiencies. These trends are similar
for the O nose except that inlet size variations have
little effect on efficiency.

At the climd condition (Cp = 0.7, table 1), effi-

ciency tends to increase as the inlet size increases. Re-
sults for the 2a and O noses are somewhat erratic, espe-
cially for the 2- and 4-percent ountlets. The effects of
inlet size on VR/V and GP' are similar to those noted

for the high-speed condition.

It was noted from the velocity distribution measure-
ments at the radiator that when the inlet size became so0
small that the included expansion angle in the duct ex-
ceeded about 9° to 10°, flow separation occurred at the
duet walls, and the flow measurements became erratic. The
results obtained with duct inlet sizes smaller than 4 per-
cent are therefore somewhat less consistent than those
for the larger inlets,

Inlet position.- The curves of figure 32a, plotted
for the high-speed condition, indicate that inlet position
is the most ecritical factor in duct design. As the inlet
position moves forward and above the chord line both the
flow ratio and efficiency increase. As the inlet posi-
tion is moved below the chord and toward the trailing
edge, the flow decreases until a point is reached where
there is no flow. At the climb condition (fig. 32b), due
to the changed pressure distribution over the wing, the
O or 1 nose gives the greatest flow ratio and efficiency;
and in contrast to the high-speed condition, VR/V varies

but slightly with inlet position.

These results indicate for an optimum duct arrange-
ment that the inlet position should vary with the 1ift co-
efficient and the inlet flap arrangement is suggested for
this purpose in a later chapter. s
Qutlet size.~ Figure 33 shows the effect of outlet.
size on m and VR/V for the high-speed condition. These

curves are shown for a 6-percent inlet with three differ-
ent nosc positions, 2a, 0, and 3. In each case the flow
ratio increases almost directly with the outlet size. Re-
sults for the c¢limb condition arc similar. This trend is
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consistent with previous tests (reference 4), indicating
that the alir flow can be readily controlled at the outlet,

For the 2a nose, an outlet size equal to or slightly
greater than the inlet size gives best efficiency at high
speed. . The power coefficient is approximately constant
for outlet sizes of 6 percent or smaller but increases for
the 8~percent outlet. TFor the O nose with &-~percent inlet
(CL = 0.,2) the efficiency docs not peak within the limits

of the test, incrcasing directly with outlet size. The
outlet size for maximum efficiency will probably be only
slightly larger than 8 percent. The power coefficient
tends to be minimum for the 6-percent outlet, dut varia-
tions with outlet size are small.

For the ¢limb condition, all inlet sizes and posi-
tiong tested show best duct efficiencies with the 6-percent
outlet. The power coefficicent, however, incrcases with
ouvtlect size with the rate of increase becoming markedly
grecater for outlet sizes greater than S percent. :

Qutlet position.- The effect of varying the outlet
position has not been studied in this investigation. To
aid in the design of the various ducts, the outlet posi~
tion was aliowed to vary from the 51~ to 75~percent-chord

position; however, the results of reference 4 have shown

that these variations do not appreciably change the duct

characterigstics.

Yarrow duct.- The results of reference 4 indicate
that best soction efficiencies are obtained with maximum
radiator heights, which might imply the use of the narrow-
est possible duect for any given cooling installation. The
duct. cfficiencices for finite span duets, however, decrease
as the duet spans become smaller owing to the end losses.
To study the effects of the duct ends on the efficiency,
tests of a duct having approximately one-half the standard
duct width were made using a 6.0-0 inlet with four differ-
ent outlets. The results are plotted in figure 25 and
compared to characteristics for similar ducts of standard
width in figure 34.

The narrow-duct characteristics show the same trend
as those for the standard duet for 1ift coefficients below
0.7, At the higher 1ift coefficients, efficiencies for
the narrow duct decrease, whereas this is true for the
standard duet only when the 8-percent outlet is umsed, It
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should be noted that the duct end effects are particularly
large when the duct ig throttled by the small outlets,
whereas when the duct outlet is opened and a large flow
occurs the end effects become relatively unimportant.

This may be due to the disturbed flow over the sharp edges
of the duct at the leading cdge, and indicates the desir-
ability of rounding the side entries of the duct to obtain
high efficiencies in the high-speed conditions.

Restricted-inlet duct.- Throttling the air flow by
varying the span of the inlet has been suggested, and the
results of several tests with an arrangement in which the
inlet was restricted to two-thirds and one-third the full
radiator span, are shown in figure 24. The test data for
the one-third opening were erratic and unreliable owing to
the excessive rate of expansion of the air along the side
walls of the duct. The flow ratios for the two-thirds
opening and for an inlet with no restrictions are egscn-
tially the same. These results indicate that throttling
by spanwise restrictiow of the inlet opening may be unsat-
isfactory since if the inlet is closed sufficiently to
throttle the air flow, breakdown in flow occurs on the
duct side walls with resultant loss in efficiency.

Change in pressure drop.~ The data in table I are di-
rectly applicable to the design of radiator-duct installa-
tions only when the design radiator has approximately the
same relative pressure drop as the test radiator. A lim-
ited number of tests were made to determine the effect of
variations in radiator pressure drop on the duct character-
isticss These tests were confined to the 6.0-2a inlet with
four different outlets. The resistance in the duct was
varied from the condition of full closed (K = o) $o full

open (X = 0), and the results arc shown in figure 26.
The highest efficiency was obtained for all arrangements
with a relative pressure drop X = 13.2,

Variations of VR/V’ m. and AOD with relative

pressure drop are shown in figure 35 for CL = 0+2. The
funetion ——————— is used mainly for convenience in the

plotting. Dotted portions of the efficiency curves have
been_extrapolated. '

Flgures 36 and 37 are presented as aids in converting

the VR/V and CP values given in table I to approxi-
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nmately comparable values for a given design pressure drop
other than that for the standard radiator used for the
tests.

(fig. 32) indicated that the optimum position for the in-
let occurred with nose 2a or 4a in the high-speed condi-
tion and with nose 0 or 1 in the c¢limb condition, an inlet
flap was designed (fig. 6b) by means of which it was possi-
ble to change from a small inlet in position 2a in the
high-speed condition to a larger inlet extending well be-
low the chord line for climb, Best efficiencies could
then be obtained in both the high~speed and climb conditions.
It was found that ducts having an inlet flap in these two
_positions show characteristics (fig., 17 and tadle I) very
similar to those for plain through duct with inlet and out-
lets in similar positions. '

The inlet opening for the closed flap position (F1)
was 3.3 percent of the chord; and, as previously mentioned,
the results tend to be inconsistent owing to the too rapid
eXxpansion in the inlet, and an opening of 4.6 percent
would probadbly be preferable.

Qutlet flaps.~— The purpose of the outlet flaps is to
control the amount of air flow through the duct by vary-
ing the outlet size so that the required Vg/y value may

be obtained for all flight conditions.

The type-A outlet flap, used in combination with the
plain 6-percent outlet, effectively throttles the flow.
The A4 position gives approximately the same flow ratio
obtained previously with the plain 4-percent outlet; simi-
lariy, the A2 position may be compared to the plain 2-
percent outlet (fig. 18 and table I). The efficiencies
and power coefficients, although somewhat erratic, tend to
be higher for these flapped outlets than for the straight
ocutlets providing the same VR/V ratio.

Figures 19 to 21 show test results for the type-B
outlet flaps, The Bl position corresponds to a 4-percent
plain outlet; the B2 position corresponds to an 8-percent
plain outlet. Approximately the same flow ratios are
shown for corresponding plain and flapped outlets (tabdle
I), and the power coefficients are essentially the same.
The characteristics of the type-B flap may therefore be
predicted with considerable accuracy from the data on the
corregponding through ducts.



In comparing the relative merits of flaps A and B
it will Dbe noted (table I) that in many cases the flaps
are of equal merit; however, in several cases flap B ap-
pears to be superior.

Combined inlet and outlet flaps.~ The foregoing dig-
cussion indicates that a duect arrangement combining the
advantages of inlet and outlet flaps will be superior to
any other through-duet arrangement. A linited number of
tests were made with a through-duet arrangement having a
2a nose, inlet flap, and type-B3 outlet flap. The results
are shown in figure 22 and tadble I. In general, the flap
combinations duplicated the performance of similar plain
ducts. '

These results are shown mainly to indicate the possi-
bilities of flap combinations. At the time the tests were
made, sufficlent information was not availabdle for select-
ing an optimum arrangement. For example, the inlet open~
ing of 3.3 percent of the chord selected for high speed is
not the best (see section on "Inlet Flap'), and further
the plain-duct results show that a 2-percent outlet would
give better efficiency at high speed than the 4-percent
outlet tested (flap in position Bl). A study of table I
indicates that a flap which varies the inlet from 4.6-2a
to 7.4-2a used in combination with an outlet flap having
a range from 2 percent to 6 percent will provide an arrange-
ment superior to the one tested.

Thc use of the outlet flap will be necessary in a
practical design both to properly control the air guantity
and to reduce the cooling power reguired in high-spced
flight. The inlet flap may in many cases not be needed,
and by reference to table I it may be noted that ducts with
exccllent efficiency may be designed without the inlet
flap. TFor the best possiblec arrangement, however, both
flaps are required.

Trailing-edge flap outlet.- Tast results for the trail-
ing~edge split-flap outlet are shown in figure 23 and table
I. 1In general, this outlet is inferio¥ to the normal
through-~duct outlet. The flow ratio increages with flap
deflection for both high speed and climb, but power coeffi-
cients are excessively high for the larger deflections.

At Cp = 0.2, the 5° flap position shows erratic results,
indicating an irregular veloecity distribution at the radi-
ater., In one case (6.0 - 1 - F5 - TE), negative flows
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were indicated and the results were therefore omitted from
table I. o

Underslung Duct

The results of the tests on the underslung ducts are
shown in figure 27. 3Both the flow ratio and power coeffi-
cient for any given inlet size are higher than for the
corresponding through-duct arrangement. The flow ratio
(VR/V) does not change appreciadbly with the 1ift coeffi-

cient; however, the ¢fficiency and power coefficient are
more favorable at climb,

The effect of the expansion between the inlet and the
radiator on the power coefficlent, OCp, 1is shown in fig-

ure 38. These data indicate that for the same air quanti-
ty the minimum power consumption is obtained with a large
expansion ratio. Flow separation in the inlet will no
doubt 1limit the zain possibdle from larger expansion ratios.

By retracting the radiator and cowling for the high-
speed condition, a minimum value of CP = 0.18 was ob-

tained for the high-speed condition. Comparison with the
best CP values of about 0.10 obtained with the through

ducts indicates the relative merits of the installations
tested. More extensive tests with underslung cowlings are
recommended, particularly with ducts having well-rounded
entries on the side walls and greater lengths of expan-
sion passages to reduce the expansion angle.

Cross-Wing Duct

Results on the cross-wing duct, which is essentially
a hybrid arrangement between the underslung and through
duct, are given in figure 28. The flow ratio is satisfac-
tory for all cases with little variation between the high-
speed and climb conditions (a characteristic of all scoop-
tyne inlets). The duct efficiencies are consistently low,
however, '‘and the power coefficients correspondingly high.
The poor performance of this arrangement ‘is attributed to
the rapid expansion in the inlet and to the exposed inlet
SCO0DPe ' ‘ ‘ : o

Comparison with Section Characteristics

A comparison of the results of this report'with those
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of reference 4 appears in tadle II. The "full'"-gspan data
(taken directly from reference 4) are compared with the
finite-span results on a basis of egual section 1ift coef-
ficients. The tests of reference 4, as noted elsewhere,
were rade so as to give section characteristics directly,
while in the finite~span tests of this report the section
Lift was determined by calculation from pressure-distribu-
tion measurements at the center section.

In general, the finite arrangements give slightly
lower flow ratios, lower efficiencies, and require more
power. This inferior performance is caused by the end
losses of the finite duct and the induced drag effects not
included in the section characteristics.

Although in certain cases the power consunption of
the finite-span duct is as much as 50 percent greater than
that of the infinite-span duct, the total power will in
nost cases be sufficiently small so that this apparently
large discrepancy may amount to only 1 or 2 percent of to-
tal engine horsepower.

APPLICATION TO DESIGN

A satisfactory duct-cooling installation should ful-
fill the following requirements:

1. Provide sufficient cooling air for all flight
conditions.

2. Expend a minimum power, particularly in the
high-speed condition.

In the latter reguirement the total power'should in-
clude both the cooling power and that required to over-
cone the induced drag due to the radiator weight.

The following procedure for designing radiator-duct
combinations from the data given in this report is tenta-
tively suggested. ZXnowing values of X and Q for any
given design, a radiator area is ossumed .for a trial cal-
culation, and the VR necessary to provide the required

air guantity is computed. Values of VR/V are then de-

ternined from the known or estimated high speed and climb-
ing speed. Duct and flap arrangoments giving the reguired
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VR/V for high speed and climb are noted (table I and fig-
ures). A comparison of the high-speed and clinbd Cp val-

ues will then indicate the best arrangement g for the area

chosen and the cooling horsepower reguired may be computed
from the power equation.

A typical example of radiator-duct computation for an
airplane operating at sea level will Dbe used to illustrate
the sugzested design procedure. The same type radiator
core, flight conditions, and cooling requirements assumed

in presenting a sinilar example in reference 4 are used
heres

Rated horsepower at high speed and clinb = 1,000 horse-
power.

Haximum speed (Cp = 0.25) = 284 feet per second
(124 miles per hour)

Best speed for climb (CL = ©0.7) = 170 feet per second
(116 miles per hour)

Radiator - Army Air Corps 0.230- by 0.260~ by 9-inch
core, X = 3.7. :

Cooling air quantity required, engine radiator and oil
cooler, Q = 283 cubic feet per second.

For an assumed radiator area of 6.25 square. feet, the
required Vp is 45.3 feet per second.

Therefore
45,7%
' = 2222 = 0,18
'R/V(CL = 0.25) 284
© 45,3
A = %2:2 - g,27
B/V(, = 0.y 170

The difference in pressure drop between the design
radiator (XK = 3.7) and the test radiator (X = 4.1) 1is

suall; however, for illustrative purpose allowance will
be made for the difference.

From figure 36
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(Vo) = 0.98 (V)
R/V test R/X design -
Therefore

(v 0.16 X 0.98 0.157

i
i

R/V> _
' (CL—O.25)

I

il
@
av)

0.27 X 0,98 65

(Vo /)
R/S (CL:O.7)

From figure 13 (table I is applicadble only for Cp =
002) at CL == 0-25-

Desiecnation VELE n PC (computed)
4.6 - 2a - 2 - 75 0.16 26 0.10
5.0 - 2a - 2 - 75 .15 21 .12

It is evident from table I that either of these arrange-
nents can be converted to a 7.4 - 2a - 8 - 81 arrange-
ment for climb by the use of inlet and outlet flaps. This
duct combination has a VR/V of 0.28 and a CP of 0.10

at Ci = 0.7. Since duct arrangement 4.6 - 2a - 2 - 75
has the lower value of Cp at Gy, = 0.25, it is chosen
for the high-speed condition,

The Cp values of table I are now coaverted to the
eguivalent design values by the use of figure 37.

= 0.10 X 1,03 = 0,1
P high speed ©.10 OS. ©.103

Co cilimb = 0.10 X 1.03 = 0,103

The high-speed and clinb power requirements may now
be obtained by substitution in the power equation

B CoXQq

P, S,

T T T5Eg
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(high speed) HPp = 0.108X5.7X283X96 _ 14,8 horsepower

5890

or 1.88-percent engine power

] e L] X‘jl X .4
(elind) HPT = 0.103%3 25883 34 = 6.7 horsepower

or O.67—percent'engine power

After similar computations have been made for several
different assumed radiator areas and the weight horsepower
for each arrangenment determined, the best radiator duct ar-
rangenent can be sclected.

In the event that the radiator duct is to be placed
in a wing section other than the T.A.C.A. 23017 used for
thig investigation, ducts having the same characteristics
as those reported herein could undoubtedly be designed by
the aid of a comparison of the pressure distributions for
the W.A.C.,A, 23017 and the design section. It is particu-
larly important that the inlet occupy the same relative
position to the stagnation point on the design section as
occurs on the N.A.C.A, 23017 gsection,

CONCLUDING REMARKS

The characteristics of finite~span cooling ducts are
in substantial agreement with section characteristics pre-
viously obtained for full-span ducts in two-dimensional ‘
flow (reference'4)., The quantity of air that will flow
through the duct nay be predicted with considerable accu-
racy from the section data; however, the power absorbed
by the duct will be underestimated unless consideration 1is
given to the loss at the duct ends. The results show that
for the usual cases these duct-end losses will not exceed
1 percent to 2 pércent of the engine nower. Tests of ducts
of several widths showed that the losses duvue to the duct
ends are greatest when the flow through the duct is re-
stricted. Rounding of the entry of the duct at the side
walls is suggested,

For satisfactory air-flow control and low power con-
sumption at high speed, a flap should be provided at the
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duct outlet. TFor optimum duct performance at both the
high-speed and climb conditions, both an inlet and outlet
flap are reguired. The results showed that an outlet
through the upper surface was superior to a flapped outlet
through the trailing edge.

The underslung duct arrangements tested were less ef-
ficlent than the ducts within the wing; however, they were
efficient enough to merit design consideration for cases
in which through ducts are structurally impossible.

The duct characteristics showed no inportant scale

effects within the test Reynolds Number range of 4,000,000
to 10,000,000,

Langley Menorial Aeronautical Labofatory,
National Advisory Committee for Aeronautics,
Langley Field, Va., August 28, 1938,
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Tabke I — AERODYNAMIC CHARACTERISTICS OF IDIETS
) : C.=02 C=07 Figure
Typical  diagram Arrangement [ LRSI = ?Va
60-4a-8-61 .31 |.64 .15 29|32 |.26
7.2-45-8-61 |.31 |60 |.16 |.32 {48 | .21 |loa
8.0-4a-8-61. |.31 .57 .7 |.32163.].16
) Yo 4.6-2a-2-77 |15 23|40 |44 13/ | .06
C— 6.0-20-2-75 |15 | 18 |z | 4% | 29-) o7 |13
46-2a-4-70 |22 |41 |4z |.20|45 .09
60-2a-4-70 |22 139 |.42|.21]39|.11 [Ma
46-2a-6-65 |.27 (.65 |1 [.23 |50 .l |
6.0-2a-6-65" | 26 |56 | 42 | 27 |64 | .U |54
74-Pa~6-65 |26 |46 |05 | 2818/ |.ID
46-2a-8-61 |28 |42 |./9 |.2¢6 |24 |.28
6.0-2a-8-6/ |.31 54 .18 |.3/ |47 |.20
69-2a-8-61 | .31 .58 .07 | .32 |70 | .15 |1bb
74 -Z2a-8+6] |.31. 54 |.18].33|.45]|.17
o 33-0-2-75 gz |6 | .07 .13 {70 | .0z 3b
6.0-0-2-75 |.J2.107 |.z2l|.15 (.55 | .04
3.3-0-4-70 A6 [a6 |76 .17 131 | .07 4b
6.0-0-4-70 7106 .18 1,231 9/ | .06
‘33-0-6-65 |gs |4z |.z25|.19|.9 .12
60-0-6-65 .2l | .24 |.i8 |.29|.89 | .09 ||5b
69-0-6-65 |2/ |.20|.22 .29 1.94 |.0%9
4+9-0-8-6/ 27135 | .21 | .30 {4/ | .22 .
6.0-0-8-4/ 27133 |.22 .33 |51 |.2] {|be
. 6.9- 0-8-6/ 27 1,33 1.221.33 |60 | .48
50—1-8-61 27 401 18| .32 |46 | .22
6.0-/-8-6/ |.27 |34 |.2/|.33 .64 .17 |j6d
6.3-1-8-6/ .28 | 36.1.,221.33 |66 | .47
44-3-6-45 L3l o | - {5493
60-3-6-65 |.03|0 |- |28|53|.5 |I5¢
2.9-3-8-4/ o05lo |- .16 .07 .36
44-3-8-6/ o710 |- |.321.54|.9 |1be
6.0-3-8-¢/ L0710 |- |, 32149 .21
36-5-8-4/ vzlo - Vezli7]| .28
S.2-5-8-6/ 0210 1= 130138 .24 ||6f
6.0-5-8-4/ O510 (- .3 143 ].22
Fi-2a-2-75 |.17128 .10 (09106 |.00 {ITa
Fi-2a-4=70 |6 L. /4 .48 1.12105].29 LhiTb
F/~-Za—6~65 |7 |1/ |.26| .13 .06 |.28 {17¢
Fl-2a—8-6/ |20 |15 | 27|45 ].06| .37 7d
FZ-8a—8-6] 25129 | .22|.231.79 .28 {174
F32a-8-4/ B0153 | /7 1.291.37 .23 ['7d
F4-2a-2-75 |.14 .09 | .22].05}.69].03 |!Ta
F4-2a-4-70 |.20%.25 | .16 |.21 1.6/ }.07 |17b
Fd-2a-6-65 |25 |40 |./6 |.2T |74 .00 |7z
F4-2a-8-61 |.30 |48 | .19 |.32|.51 | .20 {174
F&5-2a-2-15 oVo |~ sl 21079172
F5-2a—-4-70 oo |- |.zot.37 .00 |I7b}
EFo-Pa-6-65 | 0 |0 |- | 727145../6 [I7¢C
6.0-2a-A2-65 | 14 |10 | .20 .14 | 08| 24 |I18b
6.0-0 —A2~65 .4 105 |.24|.014 .09 | .24 |18c
4.6-2a-A4-65 | 25150 | .13 .21 1.30]|.15 |18a
6.0-2a—A4-65 |25 |30 | .18 |.23|.30| .48 |18b
6.0-0 -A4-65 | 47 |18 | 16 | 23| 49| .2/ |16c
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Table I~ AERODYNAMIC  CHARACTERISTICS OF DICTS
: - C. <02 C,-0.7 A
Typical diagram Arrangerment | T VRl e F%z'fe
46-2a-8ré; | .2/ 35 .3 | ./1791.38 .10 | 19a
46-Ca-B2-6/ | .28 |40 |20 |.25 (.32 |.20 |20a
46-2a-B836/ . |.30 |37 |.24 .27 .24 |.3% |2la
60-2a- Bl-61 .21 |40 | .17 V.20 |46 | .09 9a
b6.0-2a-82-61 |.29 .52 .76 |.291.65|./3 |20a
6.0-2a-83-61 |32 |5/ |.201.32.4¢ .22 |21a
7.4-2a-Bi-¢1 .20 .27 |15 .20 55| .07 | I9a
74-2a-82-6/ |.29 |45 |.19 | .30|.69 |./13 |20a
74--2c-83-6 |33 153 1|.211.33..58 |.19 |2ia
3.3-0-B/~6/ .76 |14 .81 .16 .32 [.08 [19b
33-0-8B2-6/ |.20|.16 |.251.20 .g4‘1: .29 |20b
33-0-B3-6/ .2/ 143 |34 1.2t1.y2 .37 |21b
b0-0-8/-61/ .7 |15 1791 .20 |.60 | .07 | 9B
6.0-0-82-61 |26 |.30 {.23]| .30|.62 | .15 {20b
6.0-0-83-6/ .29 (32 |.26 |.331.5/ | .2/ [2]b
Fl-Za-Bl-6é1 |./5 )5 |45 .72 |09 | /8
@ Fa-2q-82-6/ |28 |49 |16 | 30|69 | 13 |5,
Fé-2a-83-6/ |.32 |5/ |.20|.33 .56 | .19
F52a-B3-6/ | o0 10 | — 32143 |,27
Resfridéd 6.0-0-8-61 25 .29 .21 1.30 | .44 .20
@ Intet 60-0-6-¢5  |.22 |25 |49 | .28 |47 | .15 240
Foren 6.0-0-44-65 1.9 120 1.78 | .24!.321 .8
Restricted 6.0-0-8-61 oo | — |21 ].4].3
ket 60-0-6-65 | o | o~ 1.ue | /5|.2¢ |24a
3 open 6.0-0-A4-65 .16 |4 {.18 {.i7 | /2 1.24
@ Narow | p-0-2-75 |09 |0z| 40| .14 |3/ | 06
rride 6.0-0~4-70 /6 |07 |28 | .20 |51 103 |, o
& wide 60-0-645 |2z 1,9 25| .27 160 |2
5 6.0-0- 8-6/ 26 .26 | 261 .30 .5 18
5./ b.0-2a-8-6/ 29156 | — {.30149 ] — lzed
% /0 6.0-2a- 8-6/ 24160 | -~ 1 p5156 | - |26d
3.2 6.0-2a- 2-75 J3 137 | - 3|98 | - |2ea
13.2 6.0-2a- 470 J8 52| - .18 .76 | ~ |eeb
H{y/’/er pressvre /3.2 6.0-2g-6-465 21 el | - NIRRT RE 2ec
Arop  thru  radiator| 132 6.0-2a-8-6/ 23 168 | - | .24 .65 | — |26d
100 bo-2a-2-75 OT W27 | = 1.08[.70 | — (2ea
100 6.0-2a-4-70 D7 |40 |~ 1.09].56 | - |26b
100 6.0-2a-6-65 |.0735 |- |.07|50 | - |26c
/00 6.0-2a-8-b6/ 10 135 | - lo7|3/ | = {26d
6.0-2a-F5-TE | .10 |07 | 44 |.1] | 13| .09
@ 6.0-2a-FIO-TE | 77 |.25 | ¢ | .21 .57 | .1/ |23a
6.0-2q-FI5-TE | 25136 | 7 | .26 |41 | .17
' 60-0-F&5-TE o V0 | — |43 |./3 | /3
6.0- O~ FIO-TE 42 |07 |16 |.221.37 |./3 23 b
6.0-0-FIS-TE |20 .23 .17 | .27 |40 |.18
6.0-0-F25TE |.3/ .23 | 42 | 35| 43 | .28
6.0-/-F5-TE | = | - | = {434 |72
6.0-1-FIO-TE |./9 /2 |.301.2] |.35 |./3 {23¢
6.0-1-FIG-TE |24 |/9 |.30 .27 |#0 |./8
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Table I AERODYNAMIC — CHARACTERISTICS OF DUCTS
’ . £, =02 =07 Figure
Typ ical d/agrdm Arrangerment YT e Ay 1o v
40-13/-6-65 |18 |02 |.271.22|.201 .24
60-L3/—6-65 |.23 .20 |.26}|.27 |.38 | ./7 |28a
80-131—-6-65 .27 |.12 | .6l | .29 |.33 {.25
40-L3/-8-6/ 22|05 | .32 V.26 |.19 |.36
6.0-L31-F-¢6/ 29 |.33 | .25 .32 |.37 1.28 |28b
3.0-13/-8-6/ 3/ .21 | 46 1.33 {,35 | .3/
RadiaFor
| Size - inches
S 5.0-1.3/)-5.0-157 | .37 |.50 | 27 |.34 |.65 |.20 |27d.
H 3.5-13/-3.5-L57 | .22 |27 | .18 | .24 143 .13 2Te
/1 70-131-70-1L57 | .37 |47 .29 |.36 1.5/ |.25
13 5.0-L3(~-50-L57 | .29 .4/ | .20 |.30 |.6/ | .)F 27b
13 35-131-85-L57 | .38 ' 45 .32 )|.37 |5/ |.27
/5 [0-L31-70-157 | .33 (48 |.23] .32 |67 | /5 127=

Tagve T - CoMPARISON

oF INFINITE

AND FINITE  puyuets

Spanw{sc . . .
Avrrange ment Ducd High spéed - Llimb
Widiw VR/V '7 C‘? &/\/ 7 C.p
60- 23-2~1% | Fo\ A 20 g0 AS S 0s
Y& wnches Y A8 W\ REE .29 \07
6.0~ 2a- 4-"10 Foll A A4 08 b AT 06
MG nches, 2 .29 e 2\ .39 A
6.0-2a3-6-651 Full 30 a0 10 RN WO A
Uo \nches b 58 AT 21 by A
60-23-8-6) Full 34 Al VA 36 A 4
46 mc\ae‘: \‘b\ xS‘-l- \\8 .3\ \H’”( \7-0
6.0- 0= k-"10 Full - - - Vb 1.00 .07
Yb rackes a1 Ak 18 Ly LA\ 06
24 wnches e 0 28 2l G 09
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LEGENDS

(a) N.A.C.A. 23017 center
section, no duct.

(b) N.A.C.A. 23017 center sec-
tion showing typlical duct

installation.

Figure l.~ Cooling wing and duct arrangement.

Figure 2a,- Relative pressure drop of radiator assemblies.
g ¥ P

Figure 2b.- Relative pressure drop of radiator assemdblies

Figure 3.-~ Upper noses used to form duct inlets, showing
inlet positions in percent of N.A.C.A. 23017

gsection chord

(throuzh duct).

Figure 4.- Lower noses used to form duct inleis (through

duct ).
Figure 5.~ Typical through

(a) Through duct installa-
tion, showing exit
sizes and location.

(b) Through duct showing
noge flap and exit
flap 'A' for control-
ling air flow.

(¢) Through duct showing
exit through trailing
edge split flap.

duect installation.

(d) Underslung radiator ar-
rangement.

(e) Cross-wing duct arrange-
ment.

(£) Through duct showing exit
flap 'B' for controlling
alr flow.

Figure 6.-Radiator duct arranzgements.

Figure 7.-Typical through duct outlet installation,

Figure 8.~ Typical trailing edge split flap outlet installa-

tion.

Figure 9.~ Inlet flap installation. ¥Flap in position F3.

(a) Inlet. (b) Outlet.

Figure 10.~ Narrow duct ing

tallation,.
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Figure 1l,~ Typical underslung duct installation,

Figure 12,~ Plain wing mounted in full-scale wind tunnel

(a) Nose dosition 2a. (b) Nose position O.

Figure 13.~ Variation of duct efficiency and flow ratio with
1ift coefficient. Through duct, 2 percent
outlet.

(a) Nose position 2a. (p) Nose position O.

FPigure 14.~ Variation of duct efficiency and flow ratio with
1ift coefficient. Through duct, 4 percent out-
let.

(a) Nose position 2a. (b) Nose position O.

(c) Nose position 3.

Figure 15.~ Variation of duct efficiency and flow ratio with
1if% coefficient. Through duct, 6 percent

outlet,
(a) Wose position 4a. {d) Nose position 1.
(b) Nose position 2a. (e) Nose position 3.
(¢) Nose position O. (f) Nose position 5.

Figure 16.~ Variation of duect efficiency and flow ratio with
1ift coefficient. Through duct, 8 percent

outlet.
(a)‘2 percent outlet. (¢) 6 percent outlet.
(b) 4 percent outlet. (d) 8 percent outlet.

Figure 17,~ Variation of dﬁct efficiency and flow ratio with
' 1lift coefficient. Through duct with inlet

flap.
(a) Nose position 2a, ° () Nose position 2a, 6 per-
4,6 percent inlet. cent inlet,

(¢) Nose position O,
6 percent inlet.

Figure 18.~ Variation of duct efficiency and flow ratio with
lift coefficient. Through duct with type A
outlet flap.
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(a) Nose position 2a. (b) Nose position O.

Figure 19.-~ Variation of duct efficiency and flow ratio with
1ift coefficient. Through duct with type B
outlet flap in 1 position,

(a) Nose position 2a. (b) Nose position O.

Figure 20.- Variation of duct efficiency and flow ratio with
1ift coefficient. Through duct with type 3B
outlet flap in B2 position.

(a) Nose position 2a. (p) Nose position O.

Figure 21l.- Variation of duct efficiencyAan& flow ratio with
1ift coofficient. Through duct with type 3B
outlet flap in 33 position.

Figure 22.~ Variation of duct efficloncy and flow ratio with
1ift coefficient. Through duct with both in-
. let and type B outlet flap.
(a) ¥ose position 2a. . (b) Wose position O.
(¢) Wose position 1.

Figure 23.- Variation of duct officiency and flow ratio with
1ift coefficient. Through duct with T.E.
split flap outloet. :

(a) Inlet 1/3 open. (v) Inlet 2/% open.

Figure 24.- Variation in duct cfficioncy and flow ratio with

. 1ift coeffiecient. .Through duct with restricted

inlet.,

Figure 25,~ Variation in duct efficiency.and flow ratio with
1ift coefficient. HNarrow through-duct arrange-

nent.
(a) Arrangement 6.0 - 2a - (¢) Arrangement 6.0 ~ 2a = & =
2 - 75, . © 5.
(b) Arrangement 6.0 ~ 2a = (4) Arrangement 6.0 =~ 2a - 8 -
4 - 70. 61,

Figure 26.~ Variation in duct efficiency and flow ratio with
1ift coefficient. Through duct with radiators
of varioug pregssure 4rops.
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(a) Radiator height 15 (¢) Radiator height 11
inches (same as in inches.
through ducts).

(b) Radiator height 13 (d) Radiator height 9

inches. inches.

Figure 27.~ Variation of duct efficiency and flow ratio with
1ift coefficient. Underslung duct.

(a) 6 percent outlet. (b) 8 percent outlet.

Figure 28.- Variation of duct efficiency and flow ratio with
1ift coefficient. COross-wing duct.

Figure 29.- Scale effect on flow ratio and power coefficient.

Figure 30.~ Typical 1lift curves for the plain wing and var-
ious duct arrangements.

(a) 2=75 outlet. - (c) 665 outlet.
(b) 4-70 outlet. (d) 8-61 outlet.

Figure 3l.- Effect of inlet opening size on duct efficiency
and flow ratio. O = 0.2,

(‘:1) CL = 0.2. ‘ (b) GL = 0.7,

Figure 32.- Effect of inlet position on duct efficiency and
flow ratio. 6 percent inlet.

Figure 33.- Effect of outlet opening size on duct efficiency
" and flow ratio. 6 percent inlets, Oy = 0.2.

(a) Arrangement 6,0 = 0O -} (e¢) Arrangeméﬁt 6.0 = 0 = B =
2 - 75, 65.

(b) Arrang ement 6 0 -0 - (a) Arrangement 6,0 - 0 - 8 =
4 - 70 61,

Figure 34.; Comparison of narrow and full width ducts of
similar arrangement,.

Figure 35.4 Variation of drag, flow ratio, and duct eff1c1ency
with the conductivity factor, 1/ 1+K.

CL = 0.2.
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Figure 36.~ Flow ratio multiplying factors for radiators
of various pressure drops.

Pigure 37,~ Power coefficient multiplying factors for radia-
tors of various pressure drops.

Figure 38.,- Effect of expansion ratio on radiator-duct power
coefficient. TUnderslung duct.
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N.A.C.A. o Figs. 27d,28a
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N.A.C.A. ’ Figs. 28b,29
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N.A.C.A. Figs. 3la,3lb
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N.A.C.A. ) Figs. 3lc,31d
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32a,32b
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N.A.C.A. o Figs. 33,34a
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N.A.C.A. . Figs. 34b,34c
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Figs. 34d.,36
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N.A.C.A, B Fig.
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Figs. 37,38

N.A.C.A.
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