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AERODYNAMIC INTERFERENCE EFFECTS ON NORMAL. AND AXTAI, FORCE
COEFFICIENIS OF SEVERAL ENGINE-STRUT-BODY OONFIGURATIONS
AT MACH NUMBERS OF 1.8 AND 2.0

By Emll d. Kremzler and Murray Dryer

SUMMARY

Aerodynamic interference effects associated with a missile config-
uration, consisting of & pointed body of revolution with one or Hwo ram-
Jet englnes strut-mounted in a vertical plane through the cenber line
of the body, were investigated for several engine locations relative to
the body and for a range of angles of atback from O° to 10°. The inves-
tlgation wes conducted in the Lewls 8- by 6-foot supersonic wind tunnel
at Mach numbers of 1.8 and 2.0 and at a test Reynolds number of approxi-

mately 28X10° based on body length.

The experimentel data indlicabted increases in slope of the normsl
force curve with ocubtward movement of the engines. Several of the oub-
board englne positions actually resulted in normal force curve slopes
8lightly In excess of the gum of the slopes of the normal force curves
of the isolated components.

Decreases in axlal force occurred with inboard rearward movement
of the englnes., Maximum decreases Iln axlal forces of the order of 20
to 34 percent less than the sum of the axlal Porces of the i1solated com-
ponents were nobted for the varlous configurations.

Validity of the theoretical prediction of normal and axial force
Interference offects was limited to the spproximaste determinatlion of the
trend of these effects with changes in engine location; magnitudes of
theoretlcal and experimental values showed agreement in only a few
isolated cases. Body viscous crosg-flow separatlon at higher angles of
attack affected the flow fleld of the upper engine to such an extent
that theoretical normal force evaluabtion was not feasible.

Comparison of lift-drsg ratlos of varlous conflgurations in combina-
tlon wilth & hypothetical wing of glven lift-drag ratio indicabed that the
trend. of lift-drag ratlio of the complets configuration with varying engine
position was govermed by conflguration drag whereas the effect of config-
uration 1ift was not noticeable. The trend of lift-drag ratlos for the
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varlous conflgurations wes not necesgarlly the same as that for the
various cambinations with a wing; this difference indlcated the neces-
81ty of consildering = complete alrcraft in the evaluation of lift-drag
ratlo.

INTRODUCTION

In the design of supersonlc alrcraft incorporating a nacelle-body
camblnation, the locatlon of the nacelle with respect to the body has
an important Influence on zerodynamlc lnbterference effects from the
standpoint of aircreft 1ift and drag. Some typical transonic and high
subsonlc investigatlons of conflgurations wilth nacelle-like bodies of
revolution mounted in various positlons on sweptback wings &re reported
In references 1 and 2. The results of these investlgations show favor-
eble drag Interference effects at zero 1ift for certaln nacelle loca-
tlons. As part of a genorsl program at the NACA Lewis laboratory to
investigate aerodynamlc Interference effects of nacelle-body combilnations
at supersonic Mach numbers, reference 3 presents experimental data for
various combinations of one and two nacelles (hereinafter called engines)
mounted on struts ln the vertlcal pleme through the center line of s
body. This report 1s an extension of reference 3 and includes an anal-
ysls of the data and a comparison wlth theory where possible. A brilef
anelysls of the effect of englne location on configuration lift-drag
ratio 1s glso included.

Configuretion normal and axial force cosfficients were determined
for various englne locations at Mach mumbers of 1.8 and 2.0 through &
range of angles of attack from 0° to 10°. The tests were conducted in
the lewls 8- by 6-foot supersonlic wind tunnel at a Reynolds number of

approximately 28x10° based on body length.

APPARATUS AND FROCEDURE

A sketch of the model which consisted of the NACA RM-10 body with
two ram-jet engines mounted symmetrically in a vertical plame through
the center line of the body is shown in figure 1. Engine location wilth
regpect to the body was varisble, end the upper or lower englne was
separately removable. Force and pressure lnstrumentation were lincor-
porated s described 1n reference 3.

Lift and drag coefficients of reference 3 were reduced to normal
and axial force coefflcoients for purposes of amalysls. All force coef-
ficlents were obtailned from forebody forces only; that isg, the base
pressures were corrected to free-stream static pressure, and the internal
asrodynamic forces were excluded from the balance readings. Normal
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forces resulting from the turning of the lnternal stream tube 1ln the
vicinity of the engine inlet are included in the normal force coeffli-
clents, inasmuch as they are essentlally independent of engine internal
Plow conditlions for supercritical flow.

RESULTS AND DISCUSSION
Characterlstics of Isolated Tomponents

In order to evaluate the effects of aerodynamic lnterference on the
body-engine configuration, the characteristics of the lsolated components
must be consldered.

Isolated body. - Normal and axial force coefflclents for the isolated
body have been plotted as a fumction of angle of atbback for Mach numbers
of 1.8 ard 2.0 in figure 2. Theoretleal normal force coefficients were
calculated by the method of reference 4. Theoretical axial force coef-
Pilclents at zero angle of atback were obtalned fram the sum of the pres-
sure drag given by linearized potential theory and the friction drag cal-~
culated from the equation for turbulent incompressible flow over a smooth
flat plate (reference 5). The axial friction force coefficlent was
agssumed constant with angle of attack, and the axlal pressure force
coefficlent was assumed to vary in accordance wilth linearized potential
theory. As observed from the flgure, reasonably good agreement is noted
between experiment and theory. Furthermore, these date, which were pre-
sented in terms of 1ift and drag coefficilent curves in reference 3, sub-
ptantiate reasonably well the results presented In references 6 and 7
for previous investigations of the RM-10 body.

Isolated engine. - Normal and axial force coefficlents -are presented
in Pigure 3 for the seme range of varlables covered with the lsolsted
body. Theoretical curves for the external normal force coefflcient were
obtalned by the method of reference 4, the equatlons of which were modi-
Pied to apply to an open-nosed body. Internal normal force was evaluated
from the momentum change 1n a full-inlet stream tube in turning from the
Pree-stream to the axial dlrectlon of the engine. The theoretiocal axial
force coefflclents at zero angle of attack were obtalned from the sum of
the theoretical friction drag (based on two-dimensional campressible
flow theory of reference 8) and the theoreblcal pressure drag calculated
from the curves presented 1u reference 2. Friction forces wers then
esgumed constant with angle of attack and pressure forces were again
essumed to vary in accordance wlth linearized potential theory. A com-
perison between the experimsntel end the theoretical curves indicates
reasongbly good agreement.

Normal force curves for both the lsolated body and the lsolated
engine exhibit continuously increasing slopes wlth increaslng angle of
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attack. The variation of axlal force coefficient with angle of atbtack
is qulte small for both body end engine.

Characteristiocs of Representative Conflgurations

The trends of the curves for normal and axisl force coefflcients as
& function of angle of attack are simlilar for most conflgurations Inves-
tlgated. These trends are lllustrated in flgure 4 for a representative
configuretion (B~ZB) at Mach numbers of 1.8 and 2.0. As noted for the
lsolated body and Isolated emgline, the normal force curve slope exhliblts
a gradual continuous lncrease wlth increasing angle of attack, whereas
the variation In axlsl force throughout the angle of attack range 1s
quite small. Several of the configurations (upper engine) have slight .
decreasges ln thelr normal force curve slopes at the hlgher angles of
attack ag a direct result of the logs in normal force of the upper engine
ag 1t becomes immersed In the body wake. A more detalled dlscussion of -
these phenomens wlll be presented later.

8eye

Interference Effects

Experimental normal force. - In order that soms concept as to the
magnltude and trend of the effects of aerodynamic interference on the
normal force curve slope may be acquired, a normal farce lnterference
factor 1y 1s defined as

NEECES
ERE

(A1l symbols are defined in appendix A.) A negative interference faotor
therefore indlcates that the slope of the curve for the camplete config-

uration is less than the sum of the slopes of 1ts individual components.

For convenilence, interference factors 1y were evaluated at angles of

sbtack of 20 and 8° so that representative interference effects 1n the

lower (0° < o <.4°) and higher (6° < o < 10°) ranges of angles of

attack could be compared. The use of normal force curve slopes 1n the
evaluation of 1x gives qualitative comparlsons of normal force inter-

ference effects; however, actual values of the normal force coefficlent

at angles of attack of 26 and 8° are tebulated in table I, together with !
the corresponding slope of the curve at these angles for the various
configurations Investigated. In calculating the interference factor,
normal force effects due to the presence of the englne mountlng struts
were neglected, inesmuch as these effects are bellieved to be quite small.
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The solid lines of figures 5 and 6 are expsrimental contour plots
of lines of constant normsl force lnberference factor at amgles of
attack of 2° and 8°, regpectively, for the range of engine locatlons
investigated. Coordinates of the curves represent the positlion of inter-
sectlon of the englne and strut cen'ber lines 1n the vertlical plane
relative to the body.

In general, the Interference factor varied from same negative value
to a sllght positive value with oubtward movement of the engines and, in the
abgence of the strut, would return to & zero value when the respective
body and englne flow flelds become sufflcilently separated that no inter-
actlon occurred, but the range of engine locatlions investigated was gen-
erally insufficient to verify this condlition. A general trend of less
negatlve Interference factor with rearward movement of the engines was
also noted on most of the plots, although this verlstion was small cam-
pared with that observed wlth outward movemsnt of the engines. No
significant Mach number effects were noted.

Variation of (11")@-:20 wlth lateral movement of the engines was

groater for twin-engine confi atlons than that for upper- or lower-
engine configurations (fig. Sfur For example, (1N)a=20 for twin-engine

conflgurations at & Mach number of 2.0 varied from -0,25 for Inboard
engine positions to +0.05 for outboard positions; whereas normal
force curve slopes for inboard englne positlons of single-englne con-
figurations exhibited a maximum reduction of 10 to 15 percent of that
Por the sum of the slopes of the lsolated components. If the negative
interference factors of lower- and upper-englne configurations are
added algsbraically, approximate results for twin-engine conflgura-
tlons are obtalned; this result Indlcates negliglble engine-engine
interference effects. Interference of .body wake on the englnes or
engine wake on the body 1s small at low angles of attack, as
evidenced by the quantitative simllarity of the family of curves in
figures 5(b) and 5(c) for lower- and upper-engine configurations,
respectively.

Contours of the normal force interference factor (iN)owe° are

shown In figure 6. A comparison of the slopes of the contours for the
twin-engine and upper-engine conflgurations st angles of attack of 2°
(figs. 5(a) and 5(¢)) and 8° (figs. 6(a) and 6(c)) shows & reversal in the
trend of Iix wlth longitudinal engine movement. The varlation of

(iN) q=8° with lateral engine movement is also much greater than that of
(1N) 20 for these configurations. This reverssl in trend of the
(iN) go ourves, together with the rather severe reduction in normsl

force curve slope for inboard englne positions, 1s believed to be caused
by the immersion of the upper englne in the cross-flow vortex fleld of
the body, the formation of which occurs at the higher angles of atbtack
a8 discussed in references 10 and 11. The energy losses sssociated with
this vortex fleld cause reductions in the normal force contribution of
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the upper englne. The magnitude of this reductlon will, of course, be
dependent upon the extent of lmmersion of the engine in the vortex fleld.
On the other hand, (11‘1)@:80 contours for the lower-engine conflgura-

tioms (fig. 6(b)) show variations that are compareble ((iN)a.-_-BO = - 0.10

for inboard forwerd engine positions) to those noted at an angle of
attack of 2° (fig. 5(b)); similar negligible engine wake effects are thus
indicated. For ex=mmple, the configuration with the upper englne mounted
in the rearmost inboard posltion has a normal force curve slope aboutb

50 percent of that of the sum of the slopes of the indlvidual components,
wherees the analogous lower-englne positlon shows no interference. It is
concluded that even for high angles of attack of the order of 8°, lower-
engline conflgurations will experlence normsl force lnterference effects
due primerlly to downwash or upwash rather than to viscous effects exper-
lenced by upper- and twin-englne configurations.

8eve

Theoretical normal force. - An attempt was made to predict theoreti- -
cally the slopes of the normal force curves for the various configurations.
Accordingly, Iinterference 1ift curve slopes for the various body-engine
combinations were caloulated by the method presented in reference 12 and
outlined in sppendix B.

In order to compare the results of thls theoretlcal treatment of the
1ift curve slope with experimental values, theoretlcal lift interference
factors were calculated In the same manner as the normal force lnterfer-
ence factor (iN)cngO for the varlous configurations. The theorstlcal

1ifts (considered now as normal force &b the low angles of attack) per
unlt angle of attack for the separate components were calculated by means
of slender-boly theory. The resulbs are shown as dashed line contours

In figure 5 for btwln-, lower-, and upper-englne configurations, respec-
tively, at Mach numbers of 1.8 and 2,0.

Theoretical and experimental curves of flgure 5 both show the same
qualitative trends and magnltudes. The magnltudes, however, are seldom
exactly the same. The theoretical treatment may therefore he used as a
guide for predicting the trend of the normsl force interference effects
as well as approximate magnitudes for various engine locgtlons. When the
distance between body and englne center lines is of the same order of
magnitude as the body or engine diameter, the slender-body spproximation
is less valld and results In misle=sding interference factors. This
phenomenon is especlally marked in the vicinlty of forward englne loca-
tlons (fig. 5). In any event, these discrepancies indicate the need for
further refinements 1n the theoretical treatment.

At the higher angles of atteck where linearlzed theory does not
account for the viscous cross forces on the body end ome or both engines,
an average value of the body upwash calculated by the method of refer- -
ence 12 was arbitrarily used. Thils upwash provided a constant cross flow

e ORI T L AT, 20
= 2= — e =
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along the length of the englne and, together wlth the method outlined
in reference 4, a viscous cross force due to thls Interference upwash
was calculated and presented in the same manner ss the preceding inter-
ference Pactor. The 1ift curve slopes of the body and engine alone were
also adjusted to asccount for the viscous cross forces. The results are
also presented as interference factor contours for lower-englne config-
urstions and appeer as dashed lines in figure 6(b). When compared with
experimental results, thls technique is satisfactory only for lower-
engine locatlons in the vicinity of the forward engine position.
Because of the small variation in normal force interference factor with
engine positlon, viscous lmbterference effects are of secondary impor-
tance for lower-engine conflgurations at the higher angles of attack.
The upwagh, which is of primary Importance, produces & small amount of
Pavorable experimental interference for reerwerd engine locatlons

(fig. 6(b)) which is not predicted by this method. The theoretical
results obtained for twin- and upper-engine confilgurations are similar
to those obtained for lower-engine confligurations bubt are not presented
because of the poor agreement obtained as a result of large adverse
effects of the vortex street on the upper engline whlch are not predicted
by any presemtly avallable theory.

erimental axial force. - The variation in axlal force coefflclent
wlth angle of attack was quite small for gll conflguratlons Investigated,
as previously illustrated in figure 4., Consequently, only zero angle of
attack date will be used in discussing sxial force interference effects.
Accordingly, an axial force interference factor 1s defined as

L e Cp,o - (CA,'D +Cp o + CA,S)

A
Ca,v * Cae * Cas

A negatlive valus of iA indlcates that the axlal force of the complets

configuration 1s less than the sum of the axlal forces of the isolated
components. Strut axlal force coefflcient was obtained by multiplying
the exposed strut length by the exial force coefficient per unit length
based on meximum body dlameter. The drag of the body with two struts

Por btwo different strut lengths as presented in reference 3 was used to
determine the strut drag per unit length (CA s) at zero angle of attack
(same ss axial force). Values of C, . of 0700450 per inch at My of

1.8 and 0.00464 per inch at M, of 2.0 were obtained.

Contour plots of experimental axial force interference factor are
presented in figure 7 (solid lines). Single-engine configuration plots
were obtained from average falred values of axial force coefflclents of
corresponiing upper- and lower-engine configurations since their exial
forces are actuslly the same. In general, the interference factor varies
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from gpproximately zero for the foremost position of the englines to some
negatlive value for the resrmost inboard englne positlion. Flgure 7 indi-
cates that these negative values of i, wresult in reductions of axial
force coefficlent of from 20 to 34 percent of that obtained from the sum
of the axlgl forces of the individual components. For btwin-engine con-
figurations, 1, decreases wlth Increassing strut length to soame minimum
value and then Increases again for forward englne positions. Thus, it

ig posslble to have two different strut lengths exhibiting the same value
of 1, 1In one of these given forward longitudinal engine positions.

Theoretlical axlal force. - Theoretical lmteractlon drag for the
various conflgurations investigated may be determined by the method of
reference 13. This Interasction drag evaluated in the form of an axial
force Interference factor contour plot for single- and twin-engine con-
figurations at Mach numbers of 1.8 and 2.0 is presented in figure 7
(dashed lines). A consildersble difference in magnitude bebtween experi-
ment and theory is observed particularly for the inboard engine positions.
For example, an experimental drag decrease of gbout 25 percent is noted
for configuration C-1B (fig. 7{a), My = 1.8), whereas theory predicts a
value of ebout 15 psrcent. These differences probably arise largely from
Inaccuracies asssoclated wlth slender-body theory when the dlstance between
center lines of Interacting bodles becomes small in comparison with the
body diemeters. Furthermore, the body interference dreg that results
from the flow field generated by the engine dué to presence of the body
wes neglected. The radlasl velocity component, which wass not considered
in the theory, may also have same effect on the drag when the englines are
mounted close to the body. Strut interaction drag is another factor that
was not considered in the theoretical calculations, although the contri-
bution of the struts is probably negligible for the shorter strut lengths.
It is evldent, therefore, that a more exact theoretical treatment is
desirable. Deaspite the differences ln magnitude noted bebween the exper-
imental and theoretical values of 1 p» the theoretical values indicate

the grestest decreese in drag wlth the engines in the rearmost inboard

posltion. This decreasse has also been noted experimentally and a value
less than the sum of the axlal forces of the lsolated components results
directly from location of the engines in a region of favoreble buoyancy.

Base pressure. - Body base-pressure coefficient as a fumction of
engine-body center-llne distence for the varlous configurations investi-
gated is presented 1n flgure 8 for zero angle of atback and Msch numbers
of 1.8 and 2.0. The dashed lines glve values of base-pressure coeffl-
clent for the isolated body.

Inconsletancies are noted in the trends of the coefficlents with
Increasing strut length as shown in figure 8 for the various configu-
rations. However, the base pressures generally are more negetive for the
body-engline configurations at zero angle of attack than for the isolated

8sve
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body. Reference 6 also shows decreases In base pressure for the RM-10
body with the addltlonal stabilizing fins, Indlcating that the addition
of external appendages causes Ilncreases in base drag for all cases cited.

Effect of Englne ILocation on Lift-Drag Ratio

In order to evaluate the significance of the trend of configuration
lift-drag ratios with engine position, comparison of the conflguration
1lift-drag ratio (I./D)c with a composite aircraft lift-drag ratio (con-

figuration with wing) (L/D), will be made. Since the range of angles

of attack covered 1n the present investigabtlon 41d not permit attainment
of pesk conflguration 1lift-drag ratios (reference 3), varlation of
(L/D), and (L/D); with engine movement at a Pixed angle of attack

wlll be considered.

Contour plots of lines of comstant (L/D), for various engine
locations are shown In figures 9(a), 10(a), and 11(a) for twin-engine,
lower-engine, and upper-engine configurations, respectively, at MO of
2.0 and «a, of 8°. The contours are governed by the relative varia-

tlons of the 1ift and drag coefficlents for various englne locations,
and no consistent trends among the three flgures are noted.

If a composite aircraft is simulated by combining the preceding
configuratlons wlth a wing of glven lift-drag ratio snd neglecting the
interference effects between the wing and the engine-body combination,
the alrcraft lift-drag ratio becomses

(L/D)y = (1)

(z/p),,

Figures 9(b), 10(b), and 1I(b) present contour plots of (I./D).b utiliz-

ing & wlng combined with the twin-englne, lower-engine, and upper-engine
configurations, respectively. The following assumptlons were mede:

Wy = 50,000 pownds a5 = 678 pounds per sq_ﬁare foot
Altitude = 50,000 feet (L/p),, = 5.0
o)
Sm = 27.2 feet Qg = 8
MO = 2.0 NACA standard atmosphere
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The value of (I./D).b for all confilgurations 1s seen to increase with

rearward Inboard englne movement. The decrease of configuration drag
with Inward, rearward positioning of the engines (reference 3) supports
the trend of the (I./‘.D)t contours. Decreases of configuration 1lift with
lnward movement of the engines oppose this tremd. It may be concluded,
therefore, that configuration drag governms the tremd of the silrcraft
(L/D)t, whereas conflgurablon 1ift 1s only of secondary lmportance.

Thus, a comparison of the configuration alone with the configurstion with
wing curves (figs. 9 to 11) shows that the addition of a wing msy changs
the lift-drag ratlo characterlstics of englne-body combinablions., In

any event, the complete alrcraft should be considered when an engine-
body conflguration 1s chosen as part of the airoraft.

SUMMARY OF RESULTS

Englne-strut-body configursastions with the engines mounted 1ln & ver-
tical plane through the center line of the body were investigated in the
Iewls 8~ by 6-foot supersonic wind tunnel at Mach numbers of 1.8 and 2.0.
The followlng Interference effects on the aerodynamic characteristics
were nobted:

1. For twin-engine (above and below body) as well as single-engine
(above body or below body) configurations with the engines located close
to the body, the normal force curve slopes were sbout 10 to 25 percent
less than the sum of the slopes for the individual components at
0° < a < 49, where o is the angle of attack. As one or both engines
were moved outward and rearward, this interference effect diminished to
zero and then became slightly favoreble. The adverse interference was
greater for twin-engine configuratlons because of apparent additive
interference from each engine. Theoretical calculations may be used as
a gulde for predicting the sbove trend of normal force curve slopes,
although quantitative egreement was only falr.

2. For single-engine configurations &t 8°< a < 10° with the
englnes mounted under the body In forward inboard positions, normal force
ourve slopes were about 10 percent less than the sum of the slopes for
the individual components. Rearward engine movement resulted 1n inter-
ference effects similar to those experienced at 0°< o < 4°, which indi-
cated negligible viscous interference. For twin-engine and single-engine
above~-body configurations at 8%< o < 10 , normal force curve slopes
were reduced ag much as 50 percent of the sum of the slopes for the indl-
vidual components for inboard engine posltions because of immersion of
the upper engime in the body vortex field. Oubward movement of one or
both englnes resulbted in diminishing viscous effects until negligible
interference occurred.

1 8€¥2
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Theoretlcal calculatlions, which included & small viscous approxims-
tlon, falled to predlct the viscous interference for twin- and upper-
englne configurations bscause of the largs effect of the viscous cross
flow on the upper englne. The calculation, however, partly verlfied the
dominant role of Interference upwash for lower engine configurations.

3. Decreases in axial force coefficlent for all configurations with
inboard rearwerd movement of the engines were noted. For the verious
configurations, decreases 1ln exial force of the order of 20 to 34 percent
less than the sum of the axlal forces of the lsolated components were
obtalned. Theoretical calculations also indicated that the greatest
decreases In axlal force were obtalned wilth the engines in the rearmost
inboard positlion, although quentitative agreement between experiment
and theory was poor.

4. Caloulations of lift-4rag ratio of a composite alrcraft utilizing
the configuratlions investigated indicated that conflguration drag played
& dominant role in determining the magnitude of the lift-drag ratio whereas
configuraetion 1ift was only of secondary importance. Comparison of the
trend of the lift-draeg ratios of the conflgurations with a hypothetical
wing end the lift-drag ratios of the configurations alone with varying
engine location showed that the 1ift-drag ratlios of the configurations
alonse may or mey nobt have the same trend as the complete configurstions.
The complebe sircraft should thus be considered when lift-drag ratio is
evaluated.

Lewis Flight Propulsion Iaboratory
National Advisory Cammittes for Aeronsutlcs
Cleveland, Ohlo
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APPENDIX A
SIMBOIS

A external forebody axlsal force
Acyl cross-gectional area of hypothetical cylinder whose volume 1s

equal to portion of body between 1b and 2b and whose length

is equal to (2b - 1b)
b locel bedy radlus
Cp axial forebody forece coefflclent, A/qosm
Cp external forebody drag coefficlent, D/ S,
Cr, 11ft coefficlent, L/qyS,
Oy normal force coefficient, N/g,8
Cp_b base-pressure coefficlent, (py-by)/ag
Cp internal thrust coefficlent, F/g 8,
D external forebody drag
F internal thrust

c - (G + C + C )
i, axial force interference factor, 2,0 G A’bc 4, ec A8
Ab *lAe tUAE
d.GN] Cx A.Cy
&, " \& /T \& /s
iy normal force Interference factor, -
[CCN (ch>
— +
do b e )

L 1ift

(1/D) o 1ift-drag ratio of engine-body configuration

(1./1)),G lift-drag retio of combined wing and engine-body configuration
(I./'D)W 1ift-drag ratio of wing |

M, free-stream Mach number

N normal force

PO T I A

BEV<S
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base pressure

Pree-stream static pressure

free-gtream dynamlic pressure

crosg~-gectional ares

cross-sectlonal area of hypothetlcal cylinder whose volume is
equal to portion of engline between le and 2e and whose lengbh
is equal to (2e - le)

maximim cross-sectlonal area of body

perturbation velocity in x-direcilon

free-gtream veloclty

perturbation velocity in z-directlon

gross welght

longltudinal distance from body nose to locel statlon along body

distance between body and englne center llmes in the vertilcal
plane

angle of attack, deg

slope of normsl force curve

Subscripts

)

isolated body

base of body

base of englne
body-engine configuration
isolated engine

inlet of engine

isolated strub
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le

2e

Ib

2b

i deinttile. | LTIt
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statlon at englne inlet

statlon at intersection of engine center line and Mach line
from body bese

station at intersectlion of body center line and Mach line
from engine lit

gtatlion at lntersection of body center line and Mach line
origlnating from corner of engline base

Configuration designation (fig. 1):

A - 4L

strut center-line position—j\ [_ L - lower only

engine location{ U - upper only

center-line dlstance B - both

8eve
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APPENDIX B
EQUATIORS FOR THE DETERMINATION OF INTERFERENCE LIFT
As noted in reference 12, the following assumptions are made:

(1) The linesrized differential equation of motion 1s assumed o
apply.

(2) The 1lifts of the individual components are determined using
glender-body theory.

(3) The upwash 1s constant around each body and is considered equal
to 1ts value at the center llne.

(4) The contribution of the sidewash is negligible, essuming con-
gtant sldewash around sach body.

Assumption (1) leads to the relation of the pressures to the upwash
field by the condition of irrotationality,

-2 =

From sssumption (2) the 1lift coefficient of the body alone ls the
game as thebt resulting from an incompressible flow about an Inclined

body, namely,

cI.,'b = 2a -SL-E (B2)

Spy

where o 1s given 1ln rasdlans.

Tt should be pointed out that flow separation actually prevents the
development of negative L1ift downstream of the body meximum Cross-
sectional area. Egquabtion (:BZ) does not take iInto comsideration this
phenomenon and results in 1lift cuxrve slopes which are gbout half those
Sbtained experimentally, as noted In the following table:

Experiment Theory

1.8/0.0275(0.0280 || 0.0129{0.0244
2012.0{ .0292| .0280 .0128| .0244
1.8
2.0

80 0.0748{0.0453 || 0.0370|0.0327
.0855| .0445| .0370| .0327
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If S, were used instead of S.B,b (assuming complete separstion at
Sm), better "theoretical" results would be cobtained; however, it is

desirable for these purposes to maintain slender-body theory in order
to establlsh a datum upon which further approximations (for example,
possible separation at Sm) may later be made.

The 1ift coefficlent of the englne alone 1s simllarly written as

the sum of the Internal and external (slender-body theory) 1ifts, namely,

Jp,e + 81 6
—e )
GL,e = 20 < Sm (35)

When the engine 1s located within the flow field of the body, the
upwash due to the body and felt by the engine masy be taken as a flrst
approximation along the center line of the engine accordlng to assump-
tion (3). The resulting total external 1ift coefficlent for the engine

is then
<CL e> = 2q W:gée + l> °B,e (B4)
’/ external Sm

The internal 1lift coefficlent (assuming supercritical flow through the
inlet) from momentum considerations is

VI,e 51,6
<CI"6) internal o (Tr‘?- ¥ l) -E; (BE_’_)

Since each engine 1s immersed in an upwash fleld which varies
laterally, a further correction is mede to account for the resulting
buoyancy effects. As shown in reference 12, the resulting buoyant 1ift
coefficient for the englne 1s

W W S
(), == %] o)
?7 buoyant Sy

Similerly, the buoyant 1ift coefficient for the body due to the upwash
generated by the engine is

¥1b "2b] Aoy
= 2a - (B7)
(cL’ 1) buoyant [ﬁa. Ua_f Sp

Asidé from the buoysnt forces considered previously, no consldera-
tion 1s made regasrding the 1ift of the body that results from the upwash
generated by the engine due to the presence of the body.

AW RV AR E
Ao —

 8ET2
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TABLE T - SUMMARY OF EXPERIMENTAL FORCE CHARACTERISTICS FOR VARIOUS CONFIGURATIONS
Configu Mach mumber, M,
ration
1.8 | 2.0
Angle of attaeck, a
(deg)
o] e | 8 2z | 8 0 oj 2 | 8 2 a 0
Normal force Slope of Axial Normal force Slope o;
coefficlent normal force coefficient m‘:r:u.ta.lPe £ éxial
C foroe curve oroe
N coeff1 CN force curve |[coeffi-
dﬁ clent 4Gy clent
do Ca i Cy
Bady o] 0.049 [0.322 | 0.0275 | 0.0748 | 0.113 | O 0.047 | 0.350 |0.0292 | 0.0855 { 0,113
Engine |0 057 | .269 ] .0280 | .0A53 .039 10 .063 .287 .0280 .0445 .0355
A-1B 0 .140 | .593 .0619 | .0985| .208]0 .136 619 .0644 | L1114} ,185
A-2B 0 .120 | .622 | .06804 L1334 1971 0 .130 | .670 .0652 .1519 .176
A-3B 0 .117 692 .0678 | .1536 2191 0 .138 .761 0761 | .1689 .191
A-4B 0 .152 .765 .0772 1576 242 0 . 176 .807 .0824 .1865 224
B-1B 0 143 .602 .0627 .0921| .160| 0 .126 | .639 .0624 .1017 143
B-2B [s} 133 .6886 .0685 | .1227 .170] 0 .132 .721 .0699 .1386 | .151
B-3B 0 .129 .T41 0713 .1628 .207]1 0 .145 .822 .0793 .1778 .175
B-4B 0 .170 .826 .0834 1671 .230) O 177 .884 .080 .1780 215
Cc-18 0 .123 .566 | .0625 | .0857) .149}| 0 132 .603 .0884 | ,0999 .126
C-2B 2] . 154 .879 0672 .1148 .165| O 140 132 .0730 1314 137
C-3B 0 150 ( 788 .0760 | .16827 .185! 0 .162 | .884 .0822 .1712 .157
C-4B 0 147 .836 .0821 .1621 210 O 164 .891 .0806 .1682 .188
A-1L 0.017 |0.110 {0.515 | 0.0485 {0.1027 | 0.147{ 0.020 } 0.118 |0.535 | 0.0509 | 0.1121 | 0.134
A-21, 017 .109 537 .0499 L1114 .152 .032 127 .580 .0518 .1220 .145
A-3L 034 .128 561 .0509 1127 .168 .036 141 611 .0543 .1229 .145
A-4L 021 ( .128 } .578 | .0533 L1151 | .181] .024| .122 .619 L0570 | .1238 .168
B-1L .065 | 161 | .602 ] .0505 .1163 .142 074 .165 | .835 .0511 ] .1261} .l28
B-2L .057 .162 .612 .0526 .1187 145 062 171 .661 .0570 .1270 .128
B-3L 042 145 | L607 | .0549 .1217 .155( .082 .158 .655 .0568 .1284 .140
B-4L .043 .150 | .632 .0589 | .1202 .163 043 .160 | .668 .0588 .1287 . 184
C=11L .013 .108 544 .0503 | .1202 135 .020 .122 .608 L0551 | .1316 .113
C-2L .008 | 111 | .586 | .0519 .1284 | .130| .016| .127 .649 .0596 L1545 | .113
C-3L .021] .120} .15} .0560 ) .1265| .155| .040| .iS51 | .891 .0619 1346 ) 134
C-4L .039 | .153 .50 | .0601 | .1216 .162 049 .167 . 704 .06832 .1304 .130
A-10 }-0.032 | 0.055 | 0.403 | 0.0456 |0.0817 | 0.148}-0.032 | 0.049 ) 0.438 } 0.0475 } 0.0927 | 0.133
A-2T0 -.028 .066 465 L0471 » 1059 .180] -.044 .055 488 .0500 .1210 133
A-30 -.046 .054 | .482 . 0506 .1207 .165| -.044 .060 | .523 0530 | 1354 | .140
A-4T -.025 077 .513 .0522 .1221 .178} -.027 .070 544 .0546 1313 .158
B-1T -.053 .035 391 .0480 06841 .130| -.064 034 418 .0484 .0701 113
B-20 -.058 .029 | .450 | .0488 | .0968| .150| -.067 .023 .488 .0529 .1050 .125
B-30 -.063 .041 ] .487 ] .0525 .1233 .160] -.084| .036 534 .0551 | .1384 ] .130
B-~4U -.047 | .059 | .518| .0545 | .1232 .170{ -s056 .057 545 0579 | 1315 .140
C-1U -.017 .076 387 . 0483 .0502 .128f -.020} .077 413 .0509 | .0545 .100
C-2U -,012 .082 492 .0513 .0748 .128] -.024 .080 .520 .0545 .0808 .110
C-3U -.038 .068 5221 .0549 | .1213 .147| -.055 .085 | .559 06815 | .1282 .130
C-~4U =-,043 .068 5851 .0576 .1213 .163| =.057 .065 | .570 .0618 .1286 130
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Figure 2. - Characteristics of isolated body.
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Figure 3. - Characteristics of isolated engine coefficients based on body geometry.
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Normal force coefficlent, Cy
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Figure 4. - Characteristics of representative configuration (B-2B).
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Figure 6. - Contours of normal forece interference factor. Angle of attack, 8°.
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number, 2.0; angle of attack of configuration, 8%°; 1ift-drag retio of wing,
5.0.
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Figure 10. - Contours of 1if{-drag ratio for lower-engine configurations. Mach
number, 2.0; angle of attack of confliguration, Bo; 1ift-drag ratio of wing,
5.0.
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Figure 11. - Contours of lift-drag ratio for upper-engine configurations. Mach
number, 2.0; angle of attack of configuration, 8°; lift-dreg ratio of wing,
5.0.
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