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NATIONAL ADVISORY COMMITTEE FOR ARRONAUTICS

MEMORANDUM REPORT

for the
Army Air Forces, Alr Technical Service Command
ESTIMATION OF THE PERFORMANCE AND LONGITUDINAL STABILITY
AND CONTROL OF A LIFTING-BODY TYPE OF CARGO
ATRPLANE FROM T&ESTS OF SIMPLIFIED MODEILS

By D. Feigenbaum
SUMMARY

Tests were made in the Langley stability tunnel to
compare the drag of eirplane configuretions having con=-
ventional bodies with that of 2n airplane configuration
intended to carry cargo in a detachable airfoil-shaped
body., The results of these tests are presented graphi-
cally. An analysis of the performance and longitudinal
stability end control cheracteristics of & lifting-body
cargo airplene is also presented, and this type is com-
pared with a more conventional cargo eirplene.

Comperison of the polars obteined by the analysis
with the exverimentsl results obtained for e specific
model shows that the methods used will give ressonably
good compsrative performance estimates. Although the
specific assumotions ussd mey be open to question, the.
comparison of the proposed design with a conventional
airplsne indicates the practicability of the design. No
further investigetion of the general aerodynamic charac-
teristics of the lifting-body type of airplene is con-
sidered necessary.

INTRCDUCTION

At the request of the Army Air Forces, Air Technical
Service Command, a2 preliminary investigation of the draih
of several configurstions of a lifting-body cargo airplanhe
was conducted in the Langley stebility tunnel.
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In order to investigate the aerodynsmic character-
istics of such e cargo airplane, an enalysis was made of
the performance and of the longitudinel stability and
control cheracteristics of a specific design. The methods
used eand assumptions Involved in the anslysis are presented
in the appendices. The stebility and control analysis
considared meinly the effect of body location end center-
of ~grevity locatlion on the tall area required.

COEFFICIENTS AND SYMBOLS

The coefficients snd symbols used in this report are
defined s follows:

L 1ift

D drag

M pitching moment measured sbcut quarter-chord point
¢p, 1ift coefficient = 'cil‘éj

Cp drag coefficient = é%

Ol profile-drag coefficlent

Cpm  pltching-moment coefficient about gqusrter-chord
M

gsSc

Cm, piteching-moment coefficient at zero 1lift

point =

S projected area

S! wing area not covered by cergo body S = kS!
g projected area of test models

c chord

b Span

v distance of tail quarter=-chord point from wing

querter-chord point

a distence of body quarter-chord point shead of wing
quarter-chord point
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x distence of center of gravity behind wing quarter-
chord point

X distence of neutral point behind wing quarter-chord
point

% distance of center of gravity behind cargo body
guarter~chord polnt

R flight range
hp horsepower

A aspect ratio

We weight of fuel

i fuel consumption rate

q dynamic pressure = %QV2

Vv airspeed

o} air density

9 engine~-propeller efficiency
a angle of attack

Qg section angle of attack

as induced angle of attack

Aapr effective change in angle of zero 1lift due to flap

deflection
dcr,
C —
Lo 4q
o} angle of deflection of flap or control surface
3 angle of incidence
€ downwash angle at tail
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Subscripts:

b refers to cargo body

c+b refers to cargo body and booms

t refers te horizeontsl tail

S refers to vertical teail

A refers to flep

c refers to cargo

n refers to engine nacelles

e refers to airplane with cargo body off

w . refers to wing, when used, otherwise wing perameters

have no subscripts

m refers to sceale model
1 refers to the spenwise portion of wings without flaps
2 refers to the flapped spanwise portion of the wing

outside the slipstream

%) refers to the spenwise portion of the wing in the
slipstream

Tests were made on simplified models representing
several configurations of a cargo airplane using a large-
chord short-span girfoil-sheped body and twin booms. The
body had a section with a 0.25¢ maximum thickness at 0.4Oc
snd a meximum camber of 0.02¢ at O.l0c; the chord ¢
was 30,2 inches end the span was varied; L-,12-,and 22-inch
spans were tested. The body-boom combinations, body alone,
and booms alone were tested on the wings. In one of the
tests of the booms, the wing chord between the booms was
increased by extending the leading edge 23 percent. For
comparison, tests were also made on more conventional
bodies;: one of 5 by 7.55<inch rectangular cross section,
and snother of o-inch-diameter circular cross section,
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geometrically similar to the fuselage of the Douglas C~7M
The conventional bodies have cargo capacities approxi-
mately equal to that of the 4-inch cargo body. Illus-
trations of these models are shown in figures 1, 2, 3, b,
and 5.

All the bodiss were testsd on the same 1l2-inch-chord
dural sirfoil of NACA L4318 section, which completely
spanned the tunnel. The cargo=body models were mounted
S0 Tthet their quarter chord points were 6.58 inches ahead
of the wing quarter-chord point. The right end of the
airfoil pﬂssed through the tunnel wall and was fastened
to the balance frame outside the tunnel. The gap around
the wing where it passed through the tunnel wall was
gbout l/lb inch wide. The left end ef the salrfoil eame
almost to the tunnel well, lsaving epproximately a 1/16-inch
gap between the wing and the wall. This end of the air-
foil was mounted on the balance frame by means of a shaft
which was fastened to the end of the wing and passed
through the tumnnel wall., The construction of the wing
and mount can be seen in figure 2, and a model with the
same configuration as showvn in figure 2(a) is shown
mounted in the tunnel in {igure 5,

TESTS AND RESULTS

The tests were made in the 6- by 6-foot test section
of the Langley stability tunnel at a constant dynamic
pressure q of 6L.3 pounds per sguare foot, corresponding
to a Reynolds number of 1.L), x 10° based on the 1l-foot
wing chord. Measurements were mede of 1lift, drag, and
pitehing moments. The data were corrected for tunnel=
well effects and are presented in standard NACA coefficient
form., '

The results of the tests are "qown in figures 6
through 16. A resumé of the tests and results is given
in the following table:
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Model configuration . Figure no.
Wing 2lone ' A
i

Wing + 22-inchh cargo body + booms 5

i + }2 -inch cergo bodv + boors}' ig =0 7
+ J-inch cargo body + booms

- Ly . g o lOf -0

Wing + 22-inch cargo body + booms, i, = 07, 25 $ !5 8

Wing + 22-inch body

Wing + 12 inch body 1y = §° 9

Wing + i-inch body

Wing + booms at 22-inch spacing constent

chord wing
Wing + booms at 12-inch specing constenti, _ .0

chord wing [ w 0 10
Wing + booms at M inch spacing constant |

chord wing J

Wing alone

Wing + 1l2-inch ceargo body + booms

Wing + 12-inch cergo body 6

Wing + booms at l2-inch spscing constent Pi, = O 11
chord wing

Wing + booms at 1l2-inch spacing incressed
chord wing between booms

-~
5-inch conventional body, iy = of 12
o -1° Lo
Circulsr body, high wing, i, =07, 25 25 13
10
Circular body, low wing, 1, = 0%, 25, 5° iy
Wing alone R
Wing + li=inch cargo body + boomst o
Wing + 5-inch conventional body > i, = O 15
Wing + circulsr body, high wing
Wing + circular body, low wing
Wing + 22-inch cargo body + booms o
Wing + 22-inch cargo body + booms iy = O 16

extended T.H.
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The tests on the wing alone can be considered as two-
dimensional tests, and the data in figure 6 are section
dats. The other tests are of three-dimensional bodies
superimposed on a twe-dimensional wing.

The data presented in figures 8 and 13 cannot be
compared directly with the other data presented, since
the tests from which the results on these two figures
were obteined were run with the gap around the wing at
the tunnel wall sesled. These two flgures are comparable
only within themselves to show the effects of wing inci-
dence. All other data were obtained with the gap around
the wing unsealed.

DISCUSSION

Test Data

The drag data from the tests were broken up into
several components to determine where the drag could be
reduced. All the drag coefficients were based on the wing
area of 6 square feet. Figure 17 shows the values of
minimum drag coefficient of the various components of the
cargo airplene, The variestion of the cargo-body drag
increment with body width (from fig. 9) was not zero when
extrapolated to zero body width. The skin friction of
the sides of the cargo boay was calculated at a Reynolds
number based on the test airspeed and body chord, assuming
a turbulent boundary layer on the body sides. The computed
skin=friction drag coefficient coincided with the drag
increment at zero body width.

From the tests of the booms alone on the wings (see
fig. 10), the drag of the booms was found to be independent
of the boom spacing. Also, there seemed to be no drag
Interference between the booms snd cargo body, because
the increment of drag added by the booms was the same
whether or not the cargo body was present. This can be
seen clearly in figure 17.

Tuft studies were made and showed thet the flow at
the trailing edge of the sirfoil-section cargo body was
always seperated. The flow on the upper surface was
segarated to some extent near the trailing edge even at
-8~ angle of attack. This separated flow occurred on the
body when tested either with or without the booms. 1In

R R
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an sttempt to eliminete the flow separstion, the cargo~
body length was incressed 10 percent by extending the
trailing edge as shown in figure 1, thereby reducing the
trailing-edge sngle from 50° to sbout 200, Tuft tests
showed that this modification eliminated the flow sepa-
ration on the upper surface for the negative angle-of-
atvack renge, and made 1t less widespread for small
positive angles of attack. Torce Gests showed that the
drag was decreased in the minimum drag range. The
results of these force tests are shown in figure 36 4

In figure 11, it cam be seen that the booms have
some interference effect on the pitching moments of the
cargo body. Adding the booms %o the wing end cargo-body
combination nroduced a piltching-moment increment greater
than thet produced by sdding the booms to the wing alone.
This is probably s result of the Interference effects
between the forward portion of the cargo body end the
large portion of the booms extending in front of the cargo
body.

Malysis

The deta were applied to an analysis of the perform-
ance nd the longitudinal stability eand control character-
istics of a full-size cargo airplene utilizing the airfoil-
shaped cargo oody. However, no attempt wes made to esti-
mate the control forces. The specific design chosen for
analysis was suggested by Col. C. F. Greene, Lialson
Officer betwesn the Alr Technical Service Command and the

Lengley Laboratory of the National Advisory Committee for
Aeroneutics. The characteristics of the airplane are as
follows:

The airplane considered 1is & four-engine high-wing
cargo carrier, designed to accommodate bulky and neavy
equipment and materlal. The body for carrying the cargo,
which is detachable for simple and rapild loeding and
unlosding, has an airfoil-shaped longitudinel section.

The remeining portion of the airplane is a complete flyable
unit in itself. A three-view drawing of the basic airplane
1s shown in figure 18, and the meain dimensions are listed
in table T.

The methods used in the snalysis end the values
assumed or estimated for the various parameters are given
in appendix A. An anslysis of the test data to Justify
some of the assumptions made is glven in appendix B.
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The values given in teble II and in figures 19
thirough 22 are only approximations, since the drag data
were estimated, or teken from low Reynolds number tests
of a simple body and boom combination mounted on a
constent-chord wing which completely spanned the wind
tunnel., In order to justify the method used in estimating
the drag characteristics, a lift-drag polar was estimated
for the Douglas ¢-Th, using the test data in figure 1 for
thg model with the circular fuselage and low wing at
2% incidence. In figure 19, this polar is compared with

data obtsined from tests of a complete C—?h model. The

comparison between the coﬁputed and measured drags of the
C-74 indicates that the method of estimating the drag is
satisfactory.

Perfcrmance.- The drag of the complete airplane was
estimated, as shown in appendix A, from the test data, with
a suitable allowance made for the decrease in drag when
booms not extending in front of the body are used. The
estimated lift-drag polars for the complete airplane, and
the airpleane with the cargo body removed end the drag
equivalent of flat plates of 0-, 50-, and 100-square-foot
areas placed between the booms to represent large items
of cargo hung from the wing but not enclosed in the body,
are shown in figure 20,

It is desireble to compare the 1lifting-body type of
airplane with a more conventionszl cargo airplane in order
to show their relative performances The C-TL cargo eir-
plene, however, cannot be used for this comparison because
the sizes and wing loadings are different for the two air-
planes, In order to compare the two types of airplane on
the same basis, the polar was estimated for an airplane
with a fuselage similar to that of a C-7l, but with a cargo
volume, gross weight, and wing size and plan form the same
as those of the lifting-body design. The drag coefficients
of the airplane are compared with those of the lifting-
body airplene in figure 20. The minimum drag coefficient
of this comparison airplane was slightly lower than that
of the complete cargo airplane (0.0223 as compsred with
Ox 02797 ) s

Power required versus speed curves were drawn from
the estimated 1lift-drag polars. A power available versus
speed curve for normal rated power (8800 bhp) was estimated
from the engine-propeller characteristics. The estimated
power curves and a curve showing the power required to
overcome the induced drag at a wing loading of L0 pounds
per square foot is shown in figure 21,
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Also shown is the power required for the large conven-
tional type of airplene for comparison. This conven-
tional type 1s the one mentioned previously, which has 'a
fuselage similar to thet of the C=7lt but with its weight
and wings the same as those of the lifting-body cargo
egirplane,

The sea=level performance of the cargo zirplane was
estimeted from the power curves for three conditions:
body on, design gross weight; body on, light load (as at
the end of a long-range flight); and body off, light load.
The cargo loesd versus range characteristics at constant
brake horsepower and at constant 1ift coefficient, which
are presented in the form of curves in figure 22, were
estimated from the power curves and fuel consumption dsata
of the engine at minumum horsenower required (L760 bhp)
and at 6000 bhp and at the maximum lift-drag ratio. Flight
at the maximum 1lift-drag ratio represents the most effi-
cient flying conditions, and the maximum renge for any
loading may be attained by this method. However, 1t is
easier for the pilot to fly at constant brake horsepower,
since this requires a single throttle setting and no
ad justments of power during flight.

The landing speed was also estimated. The maximum
1ift coefficient was obtained from figure 6, and an incre-
ment in section 1lift coefficient resulting from a flap
deflection of about 50° was estimaeted from data in refer-
ences 1 and 2. The effect of half rated power on the
meximum 1lift coefficient was obtained from data on tests
of powered models of multiengine airplanes. This 1lift
coefficient determined the landing speed.

The maximum level speed, maximum rate of climb,
speed for best climb, and landing speed for the three
loading conditions mentioned above and also the maximum

range for three flying conditions are presented in table II.

The values given are for sea-level performance.

Figure 21 seems to indicate that greater power would
be required by the conventional=body airplane then by the
lifting=body sirplane at low speeds, but actually this
would probably not be so. The model from which the drag
coefficients for the conventional body were estimated had
no fillets, and with the type of fuselage-wing Jjuncture
used, proper filleting would greatly reduce the drag, and
hence the power required at low speeds. Thus, to be fair,
the low-speed characteristics should not be compared
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- directly, and, therefore, the range, lending speed, and
rate of climb should not be estimated for the conventional-
body airplane from the power curves shown. However, at
high speeds, where the filleting has little effect, the
power curves for botih types of cargo airplane are very
closely similsr, indicating that the fuselage shepe In
this case mekes only a small difference in the performeance.

Longitudinal stability and control.- The estimated
longitudinal stability end control charsacteristics are
summerized in the form of horizontal-tail area required
for various cergo-body locations. The most critical
requirements were for stabllity with the center of gravity
in its most rearwerd position and for trim in the landing
attitude with a fixed stebilizer with the center of gravity
in its nost forward position. The tail area required for
any body-wing configuration and center-of-gravity range
is shown in figure 2%. The curves sloping downward to the
right indicate the tail area required for power-off neutral
stebility;: the curves sloping upward to the right indi-
cate the tail area required to trim the airplane in the
landing condition with the body on, fully loaded; the
" horizontsl line indicates the tail area required to trim

the airplane for landing with the cargo body off. The
dotted lines have the same significance as the solid lines,
except that they show the tail area required with all the

centers of gravity in their normal positions. The normal
centers of gravity ere:

Airplane, body off 50 percent M. AC.
Cargo body 35 percent body chord
Cargo 325 percent body chord

The center of gravity of the airplane with the body
of f was varied *5 percent mean serodynemic chord, and the
cargo center of gravity was varied #5, *10, *15, %20,
end *¥25 percent mean aerodyrnamic chord from the normal
position. The body-off center of gravity was considered
to be in its maximum forward position when the cargo was
forward, and vice versa.

- renge chosen, the minimum tsil area required to trim the
airplsne in landing is 18.8 percent of the wing area, the
absolute minimum of tail area required for the airplane

¢ regardless of cargo center-of-gravity vosition or body

T e

|
|
With the body off, and for the center-of-gravity |
|
\
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location. However, the restrictions imposed by the cargo ' v
center-of-grevity position or body location may require |
a lerger minimum tail area. For example, suppose the ‘
maximum rearward cargo center-of-gravity shift is limited }
to 15 percent mesan serodynamic chord and the maximum
forward shift to 20 percent mean serodynamic chord. The
body position at which the same tell area will be Jjust
sufficient for both stability and trim will be found at
the point of intersection of the curves in figure 23 for
the cargo center of gravity 15 percent behnind and 20 per-
cent sahead of the normal center of gravity. The minimum
teil ares required for this condition is 19.9 percent of
the wing ares, and the body location to meet these con-
ditions is such thet the body quarter-chord point is
percent mean aerodynamic chord shead of the wing quarter-
chord point. If the body is located farther ahead of the
wing, a larger tail ares will be required to trim the air-
plane for lending; this tall area will be more than suf-
ficient to give neutral stability. If the maximum forwerd
location of the cargo center of gravity in the above
exemple is restricted to 10 percent shead of the normal
position, then the minimum tall area is governed by the
requirements for lending with the body off, end will be v
independent of body location, as long as the body quarter-
chord point is located between 12 and 16.5 percent mean
serodynemic chord shead of the wing quarter-chord point.

The curves in figure 2%, however, are generally
applicable only to vower-off flight, since the eflects
of power were neglected in the calculations on which the
curves were based. The effects of power would be difficult
to determine without making further tests. Probably, how-
ever, with power on, the tall arsa required for stability
would be increased while the tsail area required for trim
would be decreased. Figure 2% shows that the effect on
the minimum tall area required will depend on the relative
magnitude of the stability and trim effects of power, but
regardless of the relative magnitude of these effects,
the body location that reguires the smallest tell area
will be further forwerd than indicated in figure 23.

In figure 2} is shown the variation of the center of
gravity of the complete sirplene with cargo-body location
for different cargo center-oi-gravity locations. The
cargo-body locetion end center-of-gravity locations .
correspond to those shown in figure 23 on the curves which
indicate the tail erea required for neutral stablility.
Since the center-of-gravity location in e nesutrally stable

b e AL
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airplane corresponds to the airplane'!s neutral point,

the center of gravity of the airplane from figure 2l cor-
esponding to any given cargo body and cargo location will

give the neutral point corresponding to the horizontal tail
area found in figure 23 from the same cargo body and cargo
location. Thus, the power-off neutral point of the cargo
airplene msy be found by use of figures 23% and 2l.

Once the neutrszsl point is determined, the static
margin for any center-of-gravity location may be ascertained
by finding the distance between the neutral point and the
center of gravity. Figure 2 may be used for finding the
static margin for any of the conditions in the range cov-
ered by this figure. However, to be perfectly general for
any combinstion of centers of gravity of the empty airplane
and cargo load, the center of gravity of the complete airplane

may be celculated by use of equation (A-5) in appendix A.
CONCLUDING REMARKS

The performasnce =2nd longitudinal stability and control
cheracteristics estimeted in this report sre only approxi=-
mations, neglecting certain factors end making assumptions
or estimations of others. However, a comparison of the
polars obteined by the method of analysis used with experi-
mental results obtained for a complete model of a specific
airplene shows that the method will give reasonsbly good
comparative pverformance estimates. Comparison of the
power curves for the vroposed design with those for a
conventional airnlane of the seme size indicates no great
difference in potential performance. The anslysis also
indicates that stability and ccntrol problems are no more
difficult to solve than for other large airplanes. There-
fore, no further investigation of the general serodynamic
charscteristics of the lifting-body type of eirplane is
considered necessary; however, the usual wind-tunnel tests
of a powered model of any specific design would still be
desirable.,

On the basis of the comperison made, any advantages
which the 1lifting-body type of cargo airpleane may have
over the more conventional types sre probably chiefly
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dependent on nonaerodynamic factors, which were not con-
sidered in this report.

Langley Memorial Aeronautical Leboratory
National Advisory Committee for Aeronautics
Lengley Field, Va,
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APPENDTX A

PERFORMANCE CATICULATIONS

(All performance figures are at sea level.)

Drag.- The minimum profile drag was estimated by
adding Increments of drag coefficients due to wing, cargo
body, booms, tail, and engine necelles. The coefficients
were all based on the total wing area, including that
part within the booms and cargo body.

/s - 500)
Wing increment = Cp. | <= le: giane7
DOW \ g / s gL
where Cp = 0.0110 (fige Hu)
“YOw

500 is the wing area within the cargo body.
Body and boom increment = ¢ A @i, 0.00961
Ei o - "Pogsp S B T
where Cp = 0.0102. (See appendix B and fig. 17.)
Oc+b
8" = 6 sq £t
S% = 1.888 sq ft
Sy, = 1300 sq It
il i e (S s \ =:0 2
fall increment = CDOt\_S yi - » 00259

CDOt is the minimum profile-drag coefficient of NACA
0009 = 0.007L (reference 3),

St+g = 35 percent S.

n ; J sy
Engine nacelle increment = CDoy, e 0.0013l
Cp = 0.092 (reference l).
.

8, = 15.9 89 Tt
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Total minimum dreag coefficient:
Chg = 0.0097l + 2.00951 + 0.00259 + 0.00134 = 0.0233

~ The minimum protile-drag coefficient for the Douglas
C=7l was calculeted in the same manner from data in fig-
. 3 . : B 0
urs 1l with the wing incidence at 2—:E °
e
tests of a fuselege representing the ¢-7l, and the minimum
profile drag 1is

These data are for

Clre 1 CDOW + body increment + tall increment + engine
nacelle increment = 0.0245

Cpg. = 0.0110
w

n
Body increment = Cpg, %— = 0,008%3
m
St = § 8q- Tt

Sm 1s the wing area which a scale model with the
same body would have = 3,6 sq ft

o o S
Tell increment = Op,, 2% - 0,00286

S
where the ratio of tail to wing erea corresponds to that
of the full-size sirplane.

Len

Nacelle increment = Cp
o, S

1|

Lift-drag polars.- The estimated 1ift-drag polar for
the Douglas C-(4 1s shown In figure 19. Vith it are shown
experimental values of the 1ift and drag of a complete
model of the C-T7li. These experimental data were obtained
at approximately the same Reynolds number and turbulence
factor as the present tests. The disagreement between
the estimated and experimental polars at high 11ift
coefficients results from the fact that the data in
figure 1l were obtained from tests of & low-wing and
circular-fuselagse model without fillets at the wind-
fuselage juncture, which leads to early separation and
high drag at moderately high angles of attack. The
agreement between the estimated and experimental values
throughout most of the 1ift range indicates that the
method used for obtaining the lift-drag polars is fairly
good.

= 0.0023L
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A lift-profile-drag polar was drawn approximately
parallel to the polars in figure 7 for the wing l2-inch
body-boom combination, but using the minimum drag coef-
ficient estimates above. The induced drag of the wing,

equal to FK_’ was added to the values of drag obtained
from this polsr where (1, 1is the 1lift coefficient corre-
sponding to the profile-drag coefficient on the polar,
and A 1is the wing aspect rstio of 9.15.

In figure 20, the complete airplene lift-drag polar
is shown, and with it are compared the polars for the
cargo 2irplane with the body off, and with the body replaced
by drag equivalent to flat plates of 50 and 100 square
feet,

In order to meke the comparison between the lifting
body and the conventional body directly, the drasg wes
estimated for sn airplane with a body the shape of that
of the C~7lL but with a cargo space, gross weight, and
wing area the same as thst of the 1lifting-body eirplane
being considered. The calculations were made in the same
manner as above, and the minimum profile-drag coefficient
was estimated to be 0.0217. Using the lift-profile-drag
polar from figure 1l as before and adding the wing induced
drag, the value of minimum drag coefficient was found to
be 0,0223, and the complete polar is shown in figure 20.

Power curves.- The horsepower required was calculated
from the relationship:

Cp(Sp/2)v3
hpp, = — (A-1)
550
where Cp drag coefficlent at a given 1ift coefficient

L4375 sq ft
0.002378 slug/cu ft

S

P

V = airspeed, ft/sec; calculated from the given 1lift
coefficient for wing loadings of 4O 1lb/sq ft for the fully
loaded airplane, 25 1lb/sq ft for the lightly loaded air-
plene, and 20 1lb/sq ft for the sirplane with the body off,

The horsepower-available curve was prepared from an engine-
propeller charscteristic chart for full rated power (8§OO i ) o
The power curves are shown in figure 21.
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Performance.- The maximum spesd occurs where the
required horsepower is equal to the avallable horsepower,
thet is, where the power curves intersect. The speed for
the best climb occurs at the speed where the difference
between the horsepower available and the horsepower required
is greatest, and can be found from the power curves where
the difference in ordinates 1s greatest. Tc find the maxi-
mum rate of climb, the maximum excess horsepower is
multiplied by 550 to get foot-pound per second units of
power end divided by the weight of the airplane to get
the rate of climb in feet per second.

The range was calculated at the maximum lift-drag
ratio and at two values of constant brake horsepower, the
minimum breke horsepower required for the fully loaded
airplene and an arbitrery velue of 6000 breke horsepower.
The minimum brake horsepower requirsd (L4760 bhp) was
obtained from figure 21 by dividing the minimum value of
the horsevpower-required curve by the engine-propeller
efficiency. In figure 22 1s shown the maximum range that
the airplane can be flown with any weight of cargo,
assuming an initial gross weight of 175,000 pounds.

The range at constent lift-drag ratio was calculated
from the following equation:

" nkt S - . 5
R= 3157 p 108 3y W e

where I/D 1is the maximum liftndfag ratio obtained from
figure 19, =1 = 0.8 £ = 07

At constent power, the range was cslculated from
the equation
Wf X V

R = 5-;—55 - (A-3)

where V 1is an average between the full loaded and empty
speeds for the given horsevower (fig. 20)

£ = 0.46 at 1,760 bhp

0.53 at 6000 bhp
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Landing speed.- The maximum 1lift coefficient of 1.35
was obtained from figure 6, and the increment in section
1ift coefficient of 1.15 caused by the flaps was estimated
from references 1 and 2. The assuwaption was mede that
landings would be made with half rated power, and the
effects of power on the maximum 1ift coefficients obtain-
able were estimated from data on tests of several powered
wind-tunnel models. It was assumed that the effect of
propeller operation was to increase the dynamic pressure
over that part of the wing immersed in the slipstream.
The data used for the specific calculations were taken
from the afore-mentioned tests of the Douglas C-Th since
the C-7l. used the same type of engine and is almost as
large as the cargo airplane considered in this report.
The effective increase in dynamic pressure in the
slipstream was calculated as follows:

At a given angle of attack, the difference between
the 1ift coefficisnts with the power off and the 1lift
coefficients with power on was measured for several model
configurations. - Assuming that the additional 1ift with
the power on came only from that part of the wing immersed
in the slipstresm snd that the power-off 1lift coefficient
was uniform across the span (since the model had full-span
flaps ), the measured 1lift coefficient increment was
divided by the fraction of the wing area immersed in the
slipstreesm and sddsd to the power-off 1lift coefficient
and this sum was divided by the power-off 1lift coefficient
to get the ratio of dynamic pressure in the slipstream
to the free-stream dynamic pressure, which proved to
be 5/3. The process was then reversed to get the 1ift
coefficient of the part of the cargo eirplane wing immersed
in the slipstreem. The meximum 1ift coefficient was then
obtained by adding the 1lift as follows:

where Cr; 1s the meximum section 1lift coefficient

without flaps = 1l.35, and Crp is the maximum section
1ift coefficient with flaps deflected = 2.50

S1

e = OQLI.29

0.206

mltﬂca
¥
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The additionel 1ift due to the cargo body weas not
considered, since it was assumed that this would be
nullified by the negative lift required for trim.

This gives a maximum 1lift coefficient of 2.62. The
landing speed in miles per hour is given by

Wi . & 3
where g 1s the wing loading.

For wing losdings of iC pounds per squere foot (full
load), 25 pounds per gquare foot (light load, body on),
end 20 pounds per squere oot (light load, body off), the
landing speeds are 78, 61, and 55 miles per hour, respec-
tively.

The setting of the wing relative to the body was
chosen to give a uniform spanwise 1lift distribution in
the vicinity of the cargo bedy at a cruising 1lift coef-
ficient of 0.75 to secure as high a lift-drag ratio as
possible. This setting was obtained as follows:

9.75 =

a

6 w
Ay

..C.:_\.’! O_'.’Z_i = ab
b OLg,

i1y = Qg = Gy = engle between the zero-lift lines of wing

and body. Cpg = 0.0828 for wing and 0.0L0 for body. The

. . . . o
wing incidence was estimated to be 37,

STARILITY AND CONTROL CALCULATIONS

Tn the stability snd control analysis, the geometric
configurstions previously described and the maximum cargo
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load of LO percent of the gross weight were assumed. In
addition, the following approximations sand assumptions-
were made:

The effects of power were neglscted.

The effect of the vertical® locaficn of the
center of gravity was naglected.
Cr, of the wing end teil were 0.0828 and

0.0720, respectively, taken from section data (refer-
ence 3) and corrected for the assumed aspect ratio.
The ground effect on these liftescurve slopes was
small and, therefore, neglected,

e 0.0L. The basis for this assumption is
given in appendix R,
The aerodynamic centers of the wing, body, and
teil were considered to be at their respective quarter=-

ehord points.

Cm, = =0.076

Cm~. = =0.100
=
Cp,. =4
mot
qt/q = Gt
de

s is 045 in free alr and 0,15 nesr
- the ground.

The reduction in downwash near the ground was estimated

from reference 5. The value of 0.5 in free air was
obtained from an snalysis of pitching-moment data for an
airplane of similer configuration. It wes assumed that
the trailing vortices shed by the cargo body would cause
a downwash over the central portion of the tail and an
upwash over the part of the tail outside the booms, s0
that the average effective downwash on the tail would be
unaffected by the presence or absence of the cargo body.

References 6 and 7 indicate an elevator effectiveness
of 0.7 for the tall configuration used. Data from tests
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of a tail configuration similar to that of the airplane
under consideration were used to find the maximum tail
1ift coefficient for the landing condition. Estimating
the angle of attack of the tall by:

o)
By = [;(l - %&) - Aap \3é> - i_] - (a-L)

|
!

‘and using a maximum elevator deflection of -25°9, the 1lift
coefficient of the tail was estimated at -0.5.

The tail setting 14 was assumed to be fixed, and
to be set for trim with zero elevator deflection at a
crulising 1ift coefficient of 0,75 with the centers of
gravity in their normal locations. This tail setting will
very with body location and tall erea, but an average
value of about =-7° was used. This corresponds to a setting
of sbout =3° with respect to the wing chord line.

Full flap deflection of 500 was assumed for the
landing condition. The center of pressure of the flap
1ift was assumed to be at 0.55¢c. At full deflection,

a section 1lift coefficient increment due to the flaps
was estimated from references 1 and 2 to be 1l.15, which
gives a value of 0.65 for CLe based on the total wing

area.
o
a = 16 for the lsnding condition

S = 375 sq ft, S' = 3875 sq ft since 500 sq ft of
wing area is within the cargo body

S
k= 08 = mdy

S

=% = 0.3355
Ch _

=2 = 2.97
14 W

EE = 0.297
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The center-of-gravity position varies with the cergo-body
location according to the following relationship:

/ %
0.4 / Xe Zb EC a | X
T = 0.1155° % i (4-5)
p - B¢
where o is the location of the cargo ahead of its

normal position. The neutral point was calculated from
the following relationship:

/ ée\ O 5 4 Sp a i
l -3 5720 ==22¢
Bty [& oaj g ST e Lg, ~ 57 T YLayp | b
c Sy de qt St
CL i 3T L,Lab + <l - '5“>q 3T CLCLt

St 1s used for calculetions with the body on, and
S 1s used instead of §' with the body off.

The tall area required for stability is that area
which makes x, = x for a given cargo-body location.

To get the tail area required to trim the sairplane
in the landing condition, the following relstionship
was used:

Sp °pb x . (% b (a + x)

& _?_____ Cm & Cmo+a CLa =20 il (‘LfI\E - o.3> (a— \'._S— La i~ :
_S (o] b (¢} b "
ks___ i (A"'?)

9t 7 - x
CLt q c

k was used for calculstions with body on, and was
not used with body off.
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APPENDIX B

The drag data from the tests were broken up into
several components and plotted in figure 17 for analysis.

The cargo-body drasg increment, when extrapolated to
zero body width, was not zero. The drag increment at
zero body width coincided with the calculated skin friction
of the sides, as indicated in the discussion of the test
data. The minimum profile drag of the cargo body wes
estimated from figures 91 end 92 of reference 3 eand this
value was used to calculate the drag of the wing-body
combination with different body widths according to the
relations:

Bbal ¥ p, 8p

CDO = s

The veristion of this drag plus the skin friction
of the sides with body width compared with the measured
value of the drag of the wing-body combination is shown
in figure 17. There is a discrepancy of about 0.0028
between the measured end calculated velues of minimum
drag coefficient at the largest body width. However, tuft
tests made on the model showed bad flow breakaway around
the fairly blunt trailing edge of the body, even at
negative sangles of attack. The tralling-edge angle of
the body section used was sabout 500, and additional tests
were mede with the tresiling edge of the body extended to
form en angle of about 30°. Tuft tests indicated that
the flow was grestly improved, and force tests showed a
decrease in minimum dreg coefficient of 0.0030. (see
fig. 16.) These additional tests were made with the wing
22-inch body-boom combination and the measured value of
the drag is shown in figure 17. When the decrease in drag
of this combination is subtracted from the measured drag
of the wing-body combinestion, the agreement between the
measured and calculated drag is good. The difference in
drag coefficient is 0.0002, which is less then the experi-
mental error involved.

It wes assumed that the reduction in drag caused
by extending the trailing edge of the body was due to the
reduction of the trailing-edge angle to 30°. Since the
NACA four-digit series sairfoils of 25 percent thickness
have a trailing-edge sngle of about 30°, a section of
this type was chosen for the cargo-body configuration.
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Another consideration involved in choosing the section

was that 1t had to enclose the wing plus a2 cargo space
about 10 feet high and L0 feet long. The NACA 6325 sec-
tion met these conditions, but this seclion had to be
modified by reflexing the trailing edge from the 00 per-
cent chord point back to sllow ground clearance for the
body and booms during lending. This modification did not
affect the trailing-edge angle or the cargo space.
Regardless of the spacing of the booms, the increment of
drag added to the wing by the bcoms is shown to be constant.
(See fig. 10.) Ths skin~-friction drag of the booms was
calculated st a Reynolds number based on the test velocity
and boom length, assuming & turbulent boundery layer along
the boom. The total drag coefficisnt increment of the two
booms was 0,0078, while the calculated skin=friction incre-
ment was 0.,0063, or about 81 percent of the totsl boom
drage. The rest wes form and interference drag.

The drag of the wing-body-boom combination, from fig-
ure 7, was just the simple sum of the drags of the three
components. The difference between the drag of this
combination and of the wing-body combination is constant
end equal to the increment of drag of the booms on the
wing alone, This indicates that the interference between
the body and the booms was equal to the skin friction of
the sides of the body and the part of the booms not exposed
to the air stream.

The value of the cargo body-boom drag ussd in the
performance calculations in appendix A was obtained as
follows:

The skin friction of booms similer to those shown in
figure 18 was calculeted at a Reynolds number corresponding
to the test conditions. To this was added the form drag
and wing-boom interference, which were assumed to be the
same as for the large booms used in the tests. The inter-
ference between the booms and body wzs assumed to be
reduced by an amount equal to the skin friction on the
body sides, and so the calculated drag of a2 cargo body of
the seme span-chord ratio as that used in the cargo air-
plane analysis, not including the skin friction of the
sides, was sdded to the boom drag. This drag coefficient
increment of the cargo body-boom combination is shown in
figure 17, and its value is 0.,0102.

The slope of the lift curve of the cargo body is of
great interest in all the calculations. Therefore, the
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velue of this slope was estimated from the data of fig-
ures 6 and 9 and checked from simple theoretical con-
siderations. :

The experimentally estimated slope was obtained Dby
subtracting the 1lift of the part of the wing not covered
by the body from the 1lift of the wing-body combination
st the same engle of attack and getting the resultant body
1ift coefficient based on the body ares. The 1lift coef-
ficient of the body was then plotted against the angle
of atteck and the slope measured. The method of getting
the 1ift, by subtracting one large value from another to
get a small increment, is not very accurate; therefore,
the data obteined did not give a very smooth curve. The
average slope for the l2-inch bodywas between 0.0L5 and 0,050,

The slope was then csclulated by replacing the wing
end the body with two simple, superimposed horseshoe
vortices, one representing the wing, and the other
representing the body.

The angles of attack induced by the vortices on the
wing and on the body are given by:

_ (L/p)w
aiw ~ Tgby Bk
1 (L/b)b = (L/b)w (B-2)
lb ﬂqbb

The angle of attack of the wing and body are given by:
Ay = Q + Qa3 B>
W Ow Ly (B-3)

Ap = Qo *+ O3+ Q3 (B-4)

b
Assuming for the sake of simplicity that the wing 1is
at zero incidence. and that the angle of attaeck of the
wing is not affected by the body vortex since thel body
span is small compared to the wing span, then ay = ap

and

Goy = Cop *+ Gy (B=5)
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substituting for aib from (B-2)

(L/b)p = (L/b)y
Ow b mQDy,

assuming that the section liftecurve slopes of both wing
and body sre equal to 2w per radian,

(L/o)p _

Cb i;/b)w

Ao, Cw Ao,

(B-7)

combining (B~6) and (B-7), \\

/ ity = Cf
IO €757 G SR (B-8)
aow = aob qub \ aow /// B-
- .

but

= (B-10)

Now

~
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but since Cg, = Cr,
a
Gop, Ow
C T a
_.Ja O
b-_b (B-11)
a
CLaw w

1

herefore, combining (B-10) and (B=11),

1 2cw
b
Cr,. = 1, R T (B-12)
o} w o)
1 brsted
by,
For the test conditions with the 12-inch body,
2z
Lim
C = 0.096 — — = 0.0L477 per degree
Lao J 2 x 30.2 WTT ¥ g
M B R
12

which checks very well with the experimental value esti-

mated from figure 12. The corresponding value for the

full-scale sairplane configuration is CLa = 0.0852. The
b

value used in the snalysis wes slightly higher, since it
was assumed that the booms would increase this value
slightly,

As an additional check, the angle of zero lift of
the wing-body combinations tested was calculeted and
compared with the measured values.

G‘L = (B~l5)
e Cry, Sb * Crq Sw
G.b Oy

where Orq is the angle of zero lift of a conventional

b
NACA section having approximately the same thickness and
meen camber line as the cargo-body section, = -2.0°. .
Alg is the wing angle of zero 1lift from figure 6, = o L

W
Ol is the value calculated for each body width.
b

The comparison between measured and calculated values of
the zero 1lift angle 1s shown in table III.
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TABLE T

Specifications of vroposed cargo alrplane

Weights Pounds

Empty airplane with no cargo body . . 80,000
Cargo body . . o % & s e iR ECINGEREC RN )
Cergo and/or f FUBYL o v« n T
Crew, oil, and fuel (minimum) . . .

Gross 175,000

Wing
Area (includinz area coverad by body),
il T R O T . o
Asnect watlio <. 5 5o . il
Meen aerodynamic chord b AR
Airfoil section . . o o . . . g
Incidence (between wing chord line and

body chord 1ine). . . .« + « ‘sl si 2l

. .
- .
.

. e

Wing flaps
T,Vpe - * 3 . . . . . . . v °

» _1,500

design:

Percent
of gross

100.00

. 4375

. 200

. - 9,15
o & el
‘NACA u318

kae

slotted

Chord « « « + '« o« « ¢« « « s+ « o &5 percént wing chord

Span . . v + o+ ¢« « o« o o 50 percent wing spean

Angular deflection . . . . e o slwox SBE® down WMEX.
Body

R, 80 18 v » p s o' e w b enad slbe < l% . « 1300

SEEE T8 7 @ s o v e s v e m e o kel 08 20

Cherd, Tt . « & e «Lls 65

SECEION + + « + o v v v v 4+ + . NACA 622 Hodlfled)

Cargo space, ft (spproximately) . EO by 20 by 10
Horizontal tail (origineal design)

BPOE o o« v s s 0 o v s o s o« SOONEE FUESEE S SRS

EREBRERET | s 5 s e e e s e « el ol
cklord’ ft . L] - - - . - . . . o L] o 15
Aspect ratio . . o ol b b

Alrfoil sectlon . . . . . NACA 0009

Elevator srea . . .

Tail length (from c/l} of wing

350 sq £t L3.5

wing area

pereent
tail area

to c/lh of t81l) . .. v . . s = 4%0 £ 500 herbent

M.A.C.
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TABIE I - Concluded

Engines
DB s o o o+ o o o o v s & s SEE I CEEEREREERE IR RS 00
W ED © « » o v s wo v %A JREEE " S Lol ] PR
Take-off horsepower . . o wa I Ha B, B R SO0
Normal rated horsepower . « « « « o« » 2200 at 2500 ft

Propellers
Number of blades . . .« 5. x « EEEE TR S U %
Dlametor ,£L « o« « o o o o« s ‘xS SRR S

Normal centers of gravity
Alrplane center of gravity, body off. . at 30 percent
M.A.Co
Center of gravity of csrgo body . « « . at 35 percent
of body ehord
Center of gravity of cargo « « « » « » at 35 percent

of body chord

NATIONAL ADVISORY
COMMITTEE FOR AER"NAUTICS
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rat e!n

Maximum

range at

!

TABLE II
; T . e
teximum| Maximum| o Lending speedl
Load | level |rste o¢,ibgfd iorb with 1/2 a Byt %6000 h|
condition speed | climb | 990 SO power |8Mex. L/D|Pliln, bp op ‘
mph) | (fpm) | R (mon) | 27.1) ¢ (4760)
. = : | (miles) (miles) (miles)
S e NI ST S SRS, £V NN Y = ISR
| i
Body on, ) i
%ross weight| 209 627 U2 78 61110 51400 11350
{5,000 1b '
(5, )! { |
| |
Body on, ' )
light lo=d 216 1165 12% 61
(110,000 1b)
Body off,
light load 231 2060 125 55
(37,500 1b) |

|
|
i
!
|
i
f
I
l
|
\

8t an average
Pat an average
CAt en average

cruising speed of 135 miles per hour
cruising sveed of 155 miles per hour

cruising speed of 180 miles per hour

COMMITTEE

NATTONAL ADVISORY

FOR

AERONAUTICS

T o HN

,
ut |

B6OT!
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TABLE III
- L t

Body width ! Calculated aLo Bxperimental ar
o

Glne ) (deg) (deg)

n -%.98 -l.0

i -3.68 #0.7

22 - FLin 5, 35

NATION AL ADVISORY
COMMITTEE FOR AERON AUTICS
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Frgure .= Cargo-body and boom

models.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

] L * . %
A
/22— - 302 » 3
P B B PPy e
| [ n ) S
| | ‘;\’ /8 cresct ne = = ~x—Trailing edge
]_ _______ IL_ _____ ‘L- o exTension
Ordinates of Cargo Body Prof//e.

St O |.377|.755|1.5/|2.27|3.02|4.53\6.04| 755| 5.06/|/208|/5.10|/8./12 \ZL. 14| 24.16 27 /18 28.69| 30.2
Upper| O |.98|1.39|/97\24/|2.75|3.29 3.7/ |40/ |¢.22|4 3742840/ |34+ |262 150\ .758| O
Lower | O 789 24 /68 |20/ 226r260-284+30/3.10+3./7t3 10284 252,961,258 | O

5875 -
———— /O .
255 2
)
Q
Gt i

*ON MW

B60HS T
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(a) Wing, 22-inch cargo body, and booms,

Figure 2.- Cargo bbdy and boom configurations tested,
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(d) Wing and booms, with increased chord wing between booms.

Figure 2.- Concluded,
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Figure 3 - Convenliona/ kody models.
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(a) Conventional rectangular body.

Figure 4.- Conventional body configurations tested.
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