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INVESTIGATION

BOMB-BAY

AT SUPERSONIC SPEEDS OF THE EFFECTS OF

CONKEURATION UPON THE AERODYNAMIC

CHARACTERISTICS OF l?W3ELAGESWITH

NONCIRCULAR CROSS SECTIONS

By Robert W. Rainey

EHJMMARY

An investigation has been made in the Langley g-inch supersonic
tunnel to ascertain the lift, drag, and pitching moments of typical
body-bomb-bay configurations with and without bomb. The bodies had
elliptical, triangular, and teardrop cross sections. The present

. investigation was sm extension of that reported in NACA Resesrch
Memorandum L55E27 in which a body of revolution was used.

w’ Measurements were made at angles of attack from -4° to 80 for all
the combinations of components at Mach numbers of”l.62, 1.94, and 2.40.
Boundsry-lsyer transition was induced artificially shead of the bomb bsy.

The results indicate that, in general, at an sngle of attack of 0°,
the drags of the noncircular cross-sectional bodies in conibinationwith
the various bomb bays were less than the drags of the conibinationsusing
the circular cross-sectional fuselage. However, the incremental drags
due to adding a bonibbay to the noncirculsr cross-sectional body were,
in general, no less than those realized with the circular cross-sectional
body. Also, in general, “thelowest drag at an angle of attack of 0° was
realized by the body-bonib-bay combination using the elliptical cross-
sectional body with the minor axis of the ellipse in the cross-flow plane.
The addition of an internal-type bomb bay with bonibresulted in about the
same drag penalty as the addition of the semietiernal boti which had the
least incremental drags of the external type of bomb bay.

In general, adding a bomb bay increased the slope of the lift curve
as well as the drag at an angle of attack of OO. Changing body cross-
sectional shape had a lsrge effect upon lift-curve slope at each test
Mach number; however, Mach number variation had little effect upon theb
ratio of the lift-curve slopes of the noncircuisr cross-sectional bodies
to the lift-curve slope of a circulsr body.
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INTRODUCTION

Some of the incremental.aerodynamic characteristicswhich result
when various bomb-bay configurations are combined with a body having a
circular cross section have been determined recently (ref. 1). That
investigation has been extended by the present investigation to bodies
having elliptical, modified-triangular,and teardrop cross secti~sj

the bomb-bay and bomb configurations reported in reference 1 were used
in the present investigation.

Force tests were made in the Langley g-inch,supersonic tunnel.
Lift, drag, end pitching moment were measured at angles.of attack from
-4° to 80 at Mach numbers of 1.62, 1.94, and 2.4o. Boundary-layer
transition was induced artificially ahead of the bomb bay.

SYMBOLS

Dcagdrag coefficient, —
QJl

drag coefficient at a = 0°

lift coefficient, ~
%$

pitching-moment coefficient (referenced to ~ percent of body

length), Pitching
q#

incremental drag coefficient,

(
CD for b~

)(
-bomb-bay configuration - CD for body

)

incremental Ilft coefficient,

( )(
CL forbaiy-bomb-bay configuration - CL for body)

incremental pitching-moment coefficient,

(c. for b*-bfJmb-mY c-w-q -(% f’or w)
dCL

C%==

dCL at ~

c%lQ=K
=@

*

v“

&
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“s xac

Axac

a

body length

free+stream Mach number

free-stresm dynamic pressure

Reynolds number, based on body

frontal area of basic body

frontal area of bomb baiy

length

frontal srea of exposed portion of bomb when used in conjunction
with bomb bay 4B

aerodynamic-center location referenced to body nose, 0.50 -
%L

incremental chsmge in aeroiiynsmic-centerlocation,

(
xac of bcdy-bomb-bay configuration) - (~ of body)

sngle of attack, positive when bomb-bay location is on windward
side

APPARATUS AND NK3DELS

Wind Tunnel

All tests were made in the Langley 9-inch supersonic tunnel which
is a continuous-operation complete-return type of tunnel in which the
absolute stagnation pressure may be varied and controlled from about
1/10 atmosphere to about 4 atmospheres. The stagnation temperature and
de~oint may also be varied and controlled. The l&ch number is varied

b by interchanging nozzle blocks which form test sections approximately
9 inches square.

%
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Models

me basic bodies. boti-bay inserts. and bombs were constructed of. .
metal, and all the exterior surfaces were smooth. The width and height
of all Imdies were constructed within ill.C03 inch of the specified
dimensions. The internal bomb-%ay dimensions, the maximum diameter of
the bcrib,smd the thickness of the bomb fins were within &3.001 inch of
the specified dimensions. All other dimensions we believed to be
within .W.005 of the specified values.

Basic bodies.- All bodies were designed to have the same Kn@tu.
dinal cross-sectional-areadistribution as body 1 which was reported in
reference 1. This body (fig.“l(a))consisted of a conical nose to
station 1.7~, a circulsr arc of revoluticm to station 2.697, a cy~n-
der to station 5.000, and a circulsr arc of revolution to the base.
The base srea of each body was W percent of the maximum cross-sectional
area. me shapes of the cross sections were designed to be similsr to
some of the shapes considered in reference 2 and are summarized in
table 1.

A removable insert located ~ inches behind the nose facilitated

the interchange of bomb-bay and bomb configurations (figs. l(a) and
l(b)). The use of the solid bomb-lxqyinsert, designated as bonibbay 1
(fig. l(b)) resulted in a “clean body” configuration which is referred
to as the “basic body” throughout this report (for instance, fig. l(a)).
A transition strip 1/4 inch wide and about 0.006 inch thick was installed
on the noncircular cross-section bodies investigated herein with its
rear edge 1/2 inch ahead of the bonib-bay-insertopening. This strip
consisted of fairly evenly distributed aluminum-oxide crystals. The
thickness of this strip was in keeping with the findings of reference 3
snd was somewhat thinner than that used in reference 1. Previous
experience has indicated that either thictiess will usually induce
boundary-Qyer transition with a negligible strip pressure drag.

Bcmb and bodb bays.- The bomb (fig. l(c)) and bonib-bay(fig. l(b))
configurations utilized in the present tests were the same as those
utilized in reference 1; however, the numerical designations of some
of the bomb bays have been changed
fig. l(b).)

Mdel Installation

The
ence 1.
external

in the present tests. (See

and Balance Systen.

model installation was identical to that described in refer-
The bodies were sting mounted to the model support of the
balance system. The sting was shielded by a windshield and,

●

✟
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h
therefore, was not subjected to air loads. !lhewindshield was equipped
with four pressure tubes open at the snout of the windshield to measure

d thetiel base pressure (fig. 2). The gap between the model base and
the snout of the windshield was about 0.020 inch for all tests.

The balance system used in these tests was a six-component, exter-
nal ty_pewhich utilized mechanical, self-balancing beams for force meas-
urements. Ih the present tests only three of the six components were
used. A detailed description of the balance system is presented in the
appendix of reference 1.

TESTS

The tests were conducted at Mach numbers of 1.62, 1.94, and 2.4o

and at Reynolds numbers of 9.0 x l@, 8.6 x l&, and 7.6 x 106, respec-
tively, based on body length and free-stream conditions. Since transi-
tion was induced artificial, the effective Reynolds numbers of the
flow, based on bcdy length, were higher than the aforementioned values.

. Each body was a.linedin the test section at the start of a series
of tests at each Mach ntier and was not removed until dl tests using
that body at that Mch number were completed. Consequently, any extra-

d neous forces due to initial alinement, flow inclination, or nmdel sym-
metry are about constant for all tests of a body at a particular Wch
number.

Corrections, which have been standardized and considered routine
for all sting-mounted model tests in the Iangley 9-inch supersonic
tunnel, were-app~ed to the drag of each configuration to account for
the difference between free-stream static pressure and (1) the measured
pressure on the base annulus of the basic bcdy and (2) the measured
pressure in the fixed-windshield+hield+bdan cc-box enclosure.

During the course of testing, occasional repeat readings were taken
at various angles of attack to determine whether the alinement of the
movable windshield with respect to the model base would chsmge the meas-
ured characteristics. h no instance did the snout of the windshield
unport appreciably from behind the model base. The effects of such
misalinement were found to be within the limits of the experimental
accuracy for all bcdies and Mach nuuibers.
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KU. lxxlieswere initially referenced with respect to the tunnel
walls within .ti.C%O;singlesof attack with respect to each other were
accurate within *O.O1°. Surveys of the test section indicate msximum

flow inclination of the order of ~“.
—

A summary of the estimated maximum probable errors for the tests
of mdels using the external balance system is presented in the fol-
lowing table:

Test Maximum probable errors in -
l$ach
number % I

R
I CL I %ICD

-.

PRESENTATION OF RESULTS

The measured aerodynamic characteristics are
5. 4, 5, and 6 as a function of a for bodies 2,

.

*

presented in figures
3, 4, md 5, respec-

iiveiy;- It should be noted that the use of bomb bay 1 results in a
clean-body configurationwhich is referred to as the basic body in many
instances. b figure 7 is presented the departure of CL and ~ for

the basic bodies frcm values dictated by C
b

and
%

at & = 1.62.

The increments, as a result of adding a bomb bay or a bomb bay and bomb
to the basic bcdy, are presented as a function of CL in figures 8, 9,
and 10. Included are the values of CD for the iso~ted bomb (refs” 1

and 4) at the same free-stream Reynolds nuuiberof the bomb used in the

%e
present tests of bomb bay IB and the values of ~CD for the isolated

%
bomb at a Reynolds number of 7.65x 106. !Ihiswas the highest Reynofi8
number of the isolated bomb tests and should be more indicative of ~

for the semiexternalbomb (bomb bay 4B) which is located within a
turbulent boundary layer.

*

~ figure 11, the effects of body cross-sectional shape upon

c%’ “o ‘d ‘“o
sre compared as a function of Mmh number. Some .4

—.
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of the measured results and incremental lifts, drags, and aerodynamic-
center locations at u = 00 using various bonibbays are compared in
figure 12 as a function of Mach nuniber.

DISCUSSION

lZ!?fectsof Angle-of-Attack Variation

Measured results.- All the ba8ic data (figs. 3 to 6)’ exhibit the
increase in C~ and decrease in ~ with u shown previously to be

typical of the circular cross-sectional body (ref. 1). It is believed
that the viscous effects associated with the cross-flow component of
the flow caused a large portion of the slope chamges.

For the majority of the configurations tested, ~. decreased and

%3
increased as M& increased; however, the drag due to lift

increased as M~ increased. h many cases, this resulted in higher

values of CD at a = 80 for the higher Mach nuxriberresults.

Cmmpsrisdn of basic bodies.- The experimental viscous contribution
to c= and Cm for four of the basic bodies at ~ = 1.62 is pre-

sented in figure 7 and compared with calculated values. The calculated
values were obtained by using only the viscous (last) term in the fol-
lowing equations from reference 5

CL= CL ( )Basesarea ~ + c (Plan-form sxea
%=900 )

~2

% s

[

‘volume ,(- base area Z - x
Cm=c )Cg

% Sz 1
a+

c (Plan-farm area
)(

Xcg
)

- ‘a=goo #
%900 s z

where ,

%

potential lift-curve slope

C%9(Y
cross-flow drag coefficient (ref. 6)
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x distance from nose to pitching-momentCg
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s
reference

distance frcm nose to center of viscous cross force
v

‘-900
(centroid of plan-form area)

The potential (first) term of the equations was not used in view of the
obvious difficulties for obtaining the potential lift-curve slope for a
body with nonaxial symmetry. Although the agreement between experimen-
tal and calculated values (fig. 7) is only fair, the results indicate
that the tiscous effects axe of the correct magnitude and account for
the effects of changes in body cross-sectional shape. Furthermore, the
agreement would be expected toimprove for bodies with higher fineness
ratios as has been shown to be the case for bodies of revolution.

For the nonsymmetrical basic bodies 4 and 5, C~ end ~ did

not change magnitude near a = 0° as a progressed @om negative to
positive (figs. 5(a) and 6(a)). Similar lift-curve results were reported
in references 7 and 8. h the higher angle:of-attack.rsnge where the
cross-flow effects became important to the lift contribution, the values “-
of CL and C~ at the same positive and negative numerical values of .

a were different (also noted in refs. 7 and 8). For the present tests
the negative angle-of-attack range (figs. 5(a) smd 6(a)) was not

.

extended far enough to assess these effects of angle of att~kj however,
it is be~eved that the viscous contribution to CL would be larger for e
the angles of attack whether positive or negative, at which cross-flow
drag coefficientswere highest. -—- .

Comparison of various bcmibbays.- For the bodies utilizing internal
types of bomb bays, the greatest variation of ACD with u at & = 1.62

was evident usingbdy 3 (fig. 8(b)). For this cross=sectional shape
the internal cutout exposed the forward and rearward surfaces of the
bomb bay more than was the case for the other body cross-sectional shapes ““
(fig. l(b)). It is probable that as a increased, the flow more readily
impinged upon the rear forward-facing bomb-bay surface and substantially
increased ACD (fig. 8(b)). In general, for all bodies, the effect of

inserting the bomb into the bomb bay in the low sngle-of-attack range “was
to reduce ACD, probably by a reduction in the flow imi~ement uPon this

rearward surface. ~smination of the results for ACL (fig. 8(b)) shows

that, in general, in the low angle-of-attack range, ACL is decreased by

the addition of the bomb or baffles or by the use of bcdies whose lower
contour (as viewed normal to the body axis) had the comparatively higher
rates of change in curvature (bcdies 3 aqd5, figs. 8(b) and 8(d)). As
mentioned in reference 1, it is believed that the magnitude of the cir-
culation tithin the bomb bay determined, in pert, ML. It is believed

that a reduction in this circulation resulted in less negative pressures
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h

acting upon the upper bcuib-baysurface, and, consequently, ML WSS

less negative. This assumption appears reasonable, and it appears prob-
* able that the addition of a bomb or baffles, or the partial removal of

the bcmib-bayenclosure by body cross-sectional contouring, reduced the
circulation and, consequently, ML. It appesrs likely, in view of the

small values of ~, that the effects of bonib-bayinterference upon the

afterbody pressure distribution were small (fig. 8(b)).

For the bodies utilizing external types of bomb bays, MD for
configuration using bomb bay HI (external bomb) was substantially
greater than ~ of the isolated bomb and nearly constant throughout

the rsmge of angle of attack (for instance, fig. 8(b)). h approxi-
mation of the drag of the bomb-support struts was made; it was”assumed
that the forward half of the struts was subjected to the stagnation
pressure behind normal shock and that the rearward half of the struts
was subjected to zero absolute pressure. This accounted for about
one-third of the strut-plus-interference drag which was the difference
between CD for the isolated bomb and MD due to the addition of
bomb bay III(external bomb) using body 3 (fig. 8(b)). In general,
for these external types, ACm was negative and ACL positive at values

. of a greater than -1° (fig. 8). It was found that the MD contri-
bution to ~ would approximately account for the negative ~ which

w suggests that the effects of bomb interference on the afterbody were
either small or compensating.

The use of the semiexternal cavity (bonibbay 4) increased the drag
as much as or more than the use of the semiexternal bomb (bomb bay 4B)
and resulted in positive values of ML and negative values of *

(fig. 8). me co~~ison of MD of bomb bay 4B with the corresponding

values of
SB,e ~
s~

~ of isolated bomb indicated small interference drags

(fig. 8). The hag increments for bomb bay 4Bwere the least of the
external types and for many conditions were competitive with those of
the internal t~es.

.
In general the incremental results at J& = 1.94 and I&= 2.4o

(figs. 9 and 10) were similar
(fig. 8).

Effects of Mach

to those just discussed at & = 1.62

Number Variation at a = 00

Comparison of various bcdies.- The effects of bdy cross-sectional
shape upon lift-curve slope and hag are presented in fi~e n(a) for
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A

each bomb-bay configuraticm. Since C
%)

was obtained at values of

u between -1° and 1°, viscous effects upon lift should be minor; and
the changes in

9

%
were due primsrlly to the change in cross-sectional

shape. As might be expected, the higher values of
%

were obtained

with the wider bodies. However, froma consideration of slender-body
theory, the lifting pressures due to angle of attack are those that
result from integration over the length of the body of the two-dimensional
incompressible pressure differential between the upper and lower surfaces
of an elemental length of the bcdy subjected to the cross-flow velocity.
It is therefore apparent that body width is not the only parameter that
determines C~. This wase*ibited inreference 7,andfurtherexsm-

ination of the present data exhibits this also. The present results also

indicate that Mach number had little effect upon the ratio of
‘h

of a noncircular cross-sectionalbasic body to
%

of the circular

cross-sectiunal basic body. fi general, the addition of bomb bays to
the basic bmiies increased .

%

The C% results (fig. n(a)) indicate that, in general, the basic .
bcdy of circular cross sec~lon had the highest total drag throughout
Mach nuniberrange. Because this body had the least.surface area and
transition was induced artificially at the sane longitudinal station
all bodies, it is believed that the skin-friction drag of the basic
circular body was least of the basic bodies. This sumzests that the

the

on w

wave drag of-the basic circular cross-sectionalbcd.y~&dY 1) would be
higher them that of the basic noncircular cross-sectionalbodies. This
is in agreement with the results of reference 9 which considers circular
and elliptical cross-sectionalbcdies. The same conclusion was slso
noted in reference 2 for conical bodies without axial symmetry. Adding
the various bomb bays (except lB) to body 1, in general, resulted in the
highest values of CDO. Also, in general, the conibinationof body 2

with various bomb bays resulted in the lowest values of C% (fig. u(a)).

Although the use of body 1, in combination with the various bomb
bays, generally resulted in the highest values of CDO (fig. u(a)),

the consequence of higher basic body drags for body 1 resulted in values
of ACD at a = 0° (fig. n(b)) for body 1 that were not generally the

highest. h fact, the ACD as a res’ultof adding bonibbay III(at all.

values of &) and bomb bay kB (at ~ <2) were least when used in
,combinationwith the circular cross-sectional

~-

body (bodyl). *

“



.

NACA RM L56H20 Xl

Comparison of various bonibbays.- The effects of increasing Mach
nuuiberat a = (fig. 12) were to increase

%
, decrease Cm,

and shift the aerodynamic center rearwsrd for all the basic body config-
urations tested; this is also typical for bodies of revolution. The
addition of an internal @e of bonh bay did not alter these trends
althou@, generally,

%
and ~ were increased and the aerodyna-

mic center shifted rearward. ti figure 12(b), the negative ML for
the imternal types mentioned previously is shown to exist at all Mach
numbers, generally becoming smeller as Mach number increased. The
effects of adding the bomb to the bomb bsy were generally to reduce the
measured increments (fig. ii?(b))probably through a reduction of cir-
culation and of flow impingement within the bomb bay.

The addition of an external type of bomb bay did not alter the
general trends of the basic-body results exhibited in figure 12(a) with
the exception of body 3, bonibbay 4, at ~ = 1.94. The high values of
~, md consequently Ac~ (fig. X2(b)), using boti bay lB existed

throughout the test Mach number range. It is of interest to note that
~ for bomb bay 4 was of the same order as CD for the isolated bonib

(fig. 12(b)). ~s ~ge ACD is believed to have been due to the.
expansion and separation of the flow (md accompanying reduced pressure)
in the forward portion of the cavity and compression of the flow (and

w accompanying increased pressure) in the’reerward portion of the cavity,
both of which undoubtedly tended to increase the drag. !l%esepositive
incremental pressures were believed to have been predominant and caused
the positive ACL tith little change in aerdynamic-center location.

The values of ~ for bomb bay 4B were the least of the external types

((fig. 12(b)) and indicated little interference drag compare AC= with

SB e ) \ —
~ ~ for isolated bomb, fig. 12(b] throughout the ~ch nuuiberrange.

CONCLUSIONS

me results of an experimental investigation at ~ch nunibersof
1.62, 1.94, and 2.4o of several bomb-bay and bomb-bonib-bay configura-
tions in cotiination with four bodies having noncirculsr cross sections
indicate the following conclusions:

1. The addition of the internal type bonib-bayconfigurations with
* bomb at an singleof attack of @ resulted in about the same order of

drag penalty as the addition of the semiexternal bomb which had the
least incremental drags of the efiernal types of bonibbays.

.
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2. Iarge changes
angle of attack of 0°
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in lift-curve slope of the basic bodies at an
resulted from changes in body cross-sectional

shape at each Mach number; however, Mach nunibervariation had little
effect upon the ratio of the lift-curve slope of a noncircular cross-
sectional body to the lift-curve slope of a circular cross-sectional
body.

3. h general, the highest-drag at an angle of attack of @ was
realized by the use of the circular cross-sectionalbody in combination
with the various bomb bays. However, the incrementa~ drags due to

.—

adding a bomb bay to the circular cross-sectionalbody were, in general,
no greater than those realized as a result of using a noncircular cross-
sectional body.

4. The highest lift-curve slope and, in general, the lowest drag
at an angle of attack of Oo were realized by the body-bomb-bay config-
urations using the elliptical-cross-sectionalbody with the minor axis
of the e~ipse in the cross-flow plane.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

kngley Field, Vs., August 16, 1956.
.

w
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TABLE1. MOD~ CROSS-SECTIONALSHAPES

&aximumfrontal=ea of basicbodies= 0.5@7 sq in.3
w= totalwidth;D = totaldepth~

ea
b Ezdy2

Ellipticalcrosssection
@ a 1/2

.

-3
Elliptical crom section

a/b = 1/2

@“
R

u8.80 c ‘

b

R R
a

Body4
bbdified-triangularcrosssection

a/R = 2.794
b/R= 1.538
c/R = 2.5C0
W/D= 1.258

Y
Parabolic

t -5

I

L
Tesxdrop--crosssection

~/R= 0.33
L/R = 1.35

E x W/D= 0.747
Equationof parabola:

1“#-5.# = y - 1.35R-— .

.
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