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RESEARCH MEMORANDUM 

INVESTIG AT ION OF INTERFERENCE LIFT, DRAG, AND PITCHING 

MOMENT OF A SERIES OF RECTANG ULAR WING AND 

BODY COMBINATIONS AT MACH NUMBERS 

OF 1.62, 1 . 93 , AND 2 .41 

By Donal d E. Coletti 

SUMMARY 

An investigati on was made of a series of r e c tangular wing and body 
combinations at Mach number s 1. 62 , 1. 93 , and 2 . 41 to dete rmine the effects 
of aspect r atiO, incidence angle , and for ebody length on the inter fe r ence 
lift , dr ag , and pitching moment . Also , a l imited investigation was made 
to determine the effect of Reynolds number on the wings in the pr esence 
of the body . 

The models consisted of a series of 6-per cent biconvex circular-arc 
r ectangular wings of aspect r at i o 2 , 3, and 4 with incidence angles of 
appr oximately 00 and 30 on bodies of f i neness r atio 9 .13 and 10 . 27 . 

The results of the investigation indicated no effect of fo r ebody 
length on the inter fe r ence quantities . The values of inter fe r ence lift , 
pitching moment , and dr ag wer e found to be functions of both Mach number 
and aspect r atio. In addition, Reynol ds number was found to have appr eci ­
able effect upon the wings i n the p r esence of the body. The method of 
Tucker gave the best pr ediction of the inter fer ence lift on the wing due 
to the body . A modified slender-body theor y was in favorable agreement 
with the exper imental l ift of the wing in the pr esence of the body at 
the higher Reynolds number s at all Mach number s . The methods of Tucker 
and of Nielsen and Kaattar i gave good pr edictions of the exper i mental 
lift on the body due to the Wing . 

INTRODUCTION 

For some time it has been r ealized that the inter ference between a 
wing and body may be of such magnitude that it would have considerable 

-~~~~~---~~~--------~----------------------~-------
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effect on the aer odynamic characteri stics of super sonic aircraft and 
missiles . Consequently , a gre at deal of effor t is being devoted both 
to obtaining exper imental information on this inter ference and to the 
development of theor etical methods which will predict its magnitude 
r eliably . 

Numer ous analytical appr oaches have been made towards the solution 
of the problem (refs . 1 to 14) . One of the fi r st attempts to make an 
appr oximation of wing-body interference was made by Spr eiter (ref . 1) . 
On the assumption that the wing-body combination to be ver y slender and 
of very low aspect r atio , the flo w was appr oximated by considering it 
to be two dimensional in planes perpendicular to the body center line . 
The high- aspect -ratio pr oblem was consider ed by Ferrari (ref . 3) , who 
devi sed an iteration pr ocedure for solving it . Fir st - or de r appr oximations 
of the pre ssure field acting on the wing were obtained by assuming the 
wing to be acting in the field of the body alone . By assuming the body 
to be acting in the field of the wing alone, the pressure field acting 
on the body was appr oximated . Conti nuing the calculations beyond the 
fi r st appr oximation becomes increasingly long and difficult. Lagerstrom 
and Gr aham (ref . 8) used the slender- ·body theory of Spr eiter as a basis 
fo r applying corrections for both planar and nonplanar systems . The 
corrections for these systems were "estimated f r om consider ations of 
planar systems where exact linearized solutions exist and f r om a gener al 
theor em about low- aspect -ratio configurations ." Nielsen, Katzen) and 
Tang (ref . 12) also used slender-body theory as a basis fo r applying 
corrections to nonslender wings of wing-body combinations . They have 
shown that the ratio of the lift of ~he wing-body combination to that 
of the "wing alone " is accur ately pr edicted by slender-·body theory . This 
method is limited to triangular wing -body combinations . However, Nielsen 
and Kaattari (ref. 13) extended this method to include other wing plan 
forms . I n addition to this , a prediction of the interference lift on 
the body due to the wing was obtained by the use of seve r al simplifying 
assumptions as to the pr ocess by which the lift is carried over from the 
wing onto the body . In r efer ence 14) Tucker presents an appr oximate 
me thod for obtaining the lift components of wing -body combinations for 
r ectangular and t riangular wings . The principal assumption is that the 
body is f l at and the various components of lift may be calculated by 
standard linearized theor y methods . Some experimental work has been 
per fo rmed in obtaining interference character istics (refs . 15 to 19) ; 
however, a por tion of the wor k was somewhat isolated in that it was done 
fo r the purpose of correlation with a particular theory. 

The pur pose of the pr esent investigation was to pr ovide force data 
f r om tests of a systematic series of r ectangular wing -body configurations 
over a r ange of super sonic Mach numbers in or der to assess the various 
theoretical estimates and to determine the r elative importance of various 
inter fe r ence quantities . Thi s test pr ogram investigated at Mach numbers 
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of 1.62, 1.93, and 2. 41 the interference effects of configurations con­
sisting of wings with aspect ratio 2 , 3, and 4 at incidence angles of 
approximately 00 and 30 using two different fo r ebody lengths. In addi­
tion, an investigation was made on the wings in the presence of the 
body at the three Mach number s over a range of Reynolds numbers. 
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SYMBOLS 

aspect ratio, b/c 

angle of attack of body 

total wing span 

wing chord 

lift coefficient , Lift/qS 

drag coefficient , Drag/qS 

pitching-moment coefficient about 50-percent chord, Moment/qSc 

longitudinal fo rce coefficient for total wing in presence of 
body, X/qS 

at CL = 0 

at CL =: 0 

at CL = 0 

body diameter 

angle of wing incidence 

total body length 

Mach number 

fineness ratio, L/dmax 
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q dynamic pressure , pV2/2 

p stream density 

R Reynolds number , pVc/~ 

S total wing area including por tion submerged in body 

t maximum wing thickness 

tic thickness r atio 

X longitudinal force, positive rearward 

x longitudinal coordinate from nose of body 

~ coefficient of viscosity 

A.C. aerodynamic - center position relative to 50-percent chord, 
positive forward 

Subscripts: 

min minimum 

max maximum 

Configuration identification: 

Direct measurements 

B body alone 

W total wing alone 

exposed wing alone excluding portion submer ged in body 

WE total wing and body in combination 

W(B) total wing in the presence of the body 

Derived measurements 

b(w) 

w(b) 

interference on body due to wing 

interference on wing due to body 

WE - ~(B) + BJ 

W(B) - We 

I 

--------------_________________ J 
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APPARATUS AND TESTS 

Tunnel .- The LangJey 9 - inch super sonic tunnel is a closed- throat , 
single-return, continuous oper ating tunnel in which the test section is 
approximately 9 inches square . The Mach number may be changed by means 
of removable two - dimensional nozzl e blocks which f orm the top and bottom 
walls of the test section. The pr essur e and humidity can be control led 
at all time s during the tunnel oper ation . 

Models.- The basic models consisted of a body having interchangeable 
noses to give f ineness ratio of 9 .13 and 10 . 27 and a series of biconvex 
cir cular - arc rectangular wings having design aspect ratio of 2, 3, and 
4 wi t h each aspect ratio consisting of two wings with two inci dence 
angles (approximately 00 and 30 ). Table I gives the body coor dinates 
and wing-shape parameters . A sketch of the models is shown in figur e 1 . 

A change f r om one model configur ation to another is readily pr ovi ded 
as illustrated in f i gur e 2 . The wing was mounted on a three -component 
strain-gage balance located in a hol low chamber of the body . A cover, 
forming the outside body sur face , was pl aced ove r the balance and the 
rectangular center section of the wing . Two r ectangular slots , 1800 

apart, were cut through the body shell to accommodate the wing . An 
average gap of about 0 . 007 inch was maintained around the wing in the 
slot to prevent fouling . 

Internal balance . - The inter nal str ain- ·gage balance was designed to 
obtain the lift , dr ag , and pitching-moment of any type wing in the pre s ­
ence of the body . The balance was compr ised of three str ain-·gage be ams , 
the wing carriage , and the flexur e pivots . (See figs. 1 and 2 .) Each 
beam had four str ain-gage grids mounted near the point of maximum 
bending moment of the beam. The beams we r e then wir ed into a full br idge 
circuit independentl y of one another. The for ces we r e indicated by an 
SR- 4 indicator. The summation of t he fo rces of the two beams labeled Ll 
and 12 (fig . 1) obtained the normal fo rce , and the beam labeled D 
obtained the l ongitudinal f or ce i n t he dir ection of the body axis . The 
pitching moment was obtained by resol ving the for ces of Ll, L2 , and D 
about the refer ence point of the wing . In or der to minimize the inter­
action between the nor mal and longitudinal fo r ces , the flexur e pivots 
were made as thin as possibl e - i n fact , no inter action was dete cted on 
the normal - force beam due to a l ongi t udinal fo rce . However , a longitu­
dinal f orce was detected due to a normal force . This one - way inter action 
was found to be a small per centage of the total force and was taken into 
account in the final calibr ation . Preliminar y tests made with pr essure 
outlets installed at various positions in the balance chamber indicated 
no pressure gradients in the chamber between ±6° angle of attack with 
the 0.007-inch gap . Calibration was made of the small tempe r ature effects 
in the balance and account of these effects was made in the data . 

--------~- -- ------
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Exter nal balance .- The lift , drag , and pitching-moment of the wing­
body combination, of the two bodies alone , and of the wings alone we r e 
obtained by an exter nal balance system. The configur ations we r e sting­
mounted to a system of self -balancing beam scales . A windshield was 
used to cover the sting so that all unnecessary exter nal forces could 
be eliminated . For a mor e detai l ed description of the windshield in 
relation to the body , see r efer ence 20 . The nose of the windshield was 
made flush with the r ear of the body, and the pr essur e within was 
adjusted to f r ee- str eam static pr essur e . Consequently, all the data 
pr esented are for the case of zer o base dr ag . For the case of the wings 
alone , a special sting and windshield we r e r equired . The sting was 
r ectangular in shape and very small in pr opor tion to the wing size . 
Other geometr ic par amete r s between the sting and windshield plus effects 
due to tare may be found in r efer ence 21 . 

Tests , gener al .- Tests we r e conducted at Mach number s of 1 . 62 , 1 . 93 , 
and 2.41 . Measur ements we r e made of lift , dr ag , and p i t ching moment about 
the wing 50- per cent chor d for the wings alone , bodies alone , wings i n the 
pr esence of the bodies , and the wing-body combinations . Reynolds number s 

of the tests based on the wing chor d a r e 0 . 46 x 106 at M = 1 . 62 ; 

0 . 42 X 106 , and M = 1 . 93 ; 0 . 33 x 106 and at M = 2 . 41 . A limited ser i e s 
of tests wer e made with the internal balance to obtain the fo r ces on t he 

wings in the pr esence of the body at Reynolds number s of 1 . 05 x 106 and 

1 . 40 x 106 at M = 1 . 62 ; 1 . 28 X 106 at M = 1 . 93 ; 1 . 02 X 106 at M = 2 . 41 . 
The angle of attack of each configur ation was indicated on a scale , gr ad­
uated in degr ees , by means of a light r eflected f r om a small mirror 
mounted flush on the r ear of the body and on the sting in the case of 
the wing alone . The range of angl e of attack was appr oximately ±60 • 

Throughout the tests , the dew point in the tunnel was maintained 
at a level where condensation effects would be negligible . 

PRECISION OF DATA 

The pr eciSion of the various quantities involved in the t est ing is 
listed in table II . The estimated uncer tainties in a given quantity 
obtained from the str ain- gage balance we r e combined by the method which 
follows f r om the theory of least squares outlined in r eference 22 . For 
the case where the pr ecision varies with the lift , the accur acy was 
determined at the appr oximate end of linearity of the lift . The uncer ­
tainties of both the strain- gage and scale data are pr esented as ave r ages 
of all wings and bodies since ther e was a random variation of inaccuracies 
due to varying wing plan for m, body length , Mach number , and Reynolds num­
ber. As stated previously, the pr essur e at the base of the model was 

---------------------------------- ~ 
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held approximately at the f r ee - str eam static pr essure. The maximum 
difference encounter ed between the two pr essur es gave an e r ror of ±0 . 0002 
in CD. This inaccuracy was a part of the total uncer tainty given in 
table II . 

The inaccur acy of the slopes of the lift and pitching-moment curves 
for all the configur ations is appr oximately ±0 . 0002. By use of the 
theory of least squares } the pr ecision of the inter ference lift and 
pitching-moment cur ve slopes on the body due to the wing, b(w )} is 
±0.00035 . The r esulting pr ecision of the aerodynamic center is i ll per ­
cent. The inter fe r ence drag is ±0 . 0012 . The pr ecision of the inter ­
ference lift and pitching-moment cur ve slopes on the wing due to the 
body, w(b), is ±0 . 00028 and fo r the aerodynamic center it is ±13 per ­
cent. The precision of the i nte r fe r ence drag is ±0.0012 . 

The incidence angles of the wi ngs wer e obtained from repeated 
measurements at var ious spanwi se pOSitions on all the wings . The inac ­
curacy in the measur ement of these wings was of a random natur e and the 
total uncertainty was evaluated by using the theor y of least squares . 
A special test was made to deter mine whether the angle of attack of the 
wing in the presence of the body changed r elative to the body when the 
forces increased with incr easing angles of attack . This angle was indi­
cated by means of a small mi rror mounted flush in the wing . It was 
found that the r elative angle incr eased to a maximum of 0.020 at 70 body 
angle of attack . This effect was believed to be negligible ; therefor e} 
no correction was appl i ed to the data . 

The accuracy of str eam Mach number r epresents a maximum variation 
about a mean Mach number throughout the test section. 

PRESENTATI ON OF DATA 

In figures 3 to 33} the aer odynamic characteristics CL , CD , CX, 
and Cm of the wings alone } bodi es alone } wings and bodies in combina­
tion, and wings in the pr esence of t he bodies are pr esented as a function 
of angle of attack . All the coeffi c ients are based on the total wing 
area of the particular configur ation . The Reynolds number is equal to 

0.46 x 106 for the data in f i gur es 3 to 11, 0 . 42 x 106 in figur es 12 to 

20, and 0 . 33 x 106 in figures 21 to 29 . The Reynolds numbers for the 
data in figures 30 to 33 are given on those figur es . 

In the discussion , all of the wings will be r eferred to by the design 
aspect ratio and nominal incidence angles of 00 and 30 rathe r than by the 
actual values ( see table I ) fo r r easons of br evity; however , the actual 
values were used in all of the plotting and data r eduction . 
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It will be noted that several of the configurations were not tested 

at all three Mach numbers. This was due primarily to lack of time since 

the major part of the test program was to be completed before repowering 

of the tunnel . The 9-inch supersonic wind tunnel originally had only 

sufficient power to obtain a maximum Reynolds number correspond~ng to a 

stagnation pressure of approximately 30 inches of mercury. The repowered 

tunnel is capable of attaining a Reynolds number equivalent to 120 inches 

of mercury stagnation pressure. In addition, considerable difficulty was 

encountered in achieving satisfactory operation of the internal balance, 

resulting in a decrease of the allotted time for testing. It was thus 

decided that where no major differences could be detected in the lift 

and moment curve slopes due to varying incidence angle and forebody 

length, a portion of the test program would be eliminated. The moment 

data for the wings at M = 1.93 and M = 2 . 41 were obtained but were 

in error from undetermined causes; consequently, these results are not 

presented but are estimated indirectly. The data for the curve of CD 

against ~ at M = 1 . 62 for the rectangular wing of i ~ 30 on the 

short body were incorrect and are therefore not included in figure ll. 

With the above omiSSions, it was necessary in some cases to extra­

polate for the necessary values in order to obtain the interference 

effects. This procedure will be covered in more detail under the 

Discussion of Results. 

The aerodynamic characteristics for the wings in the presence of 

the body in figures 30 to 33 were obtained after the tunnel was repowered, 

at which time no external balance was available. These results were 

obtained at higher Reynolds numbers than those used in figures 3 to 29. 

Sufficient data were not obtained for the evaluation of interference 

quantities; however these results will be used for a comparison with 

those of like configurations. 

DISCUSSION OF RESULTS 

Wing Lift, General 

A comparison between the theoretical and experimental values of the 

lift-curve slopes at a = 00 of the rectangular wings alone is given in 

figure 34. Since the wings of aspect ratio 2 , 3, and 4 were not tested 

at M = 1.62, the curves were extrapolated to that Mach number as repre­

sented by the dashed lines. It is believed that the values of the lift­

curve slopes at M = 1.62 arrived at in this manner are sufficiently 

accurate to be used in obtaining the interference quantities. Indications 

are that the theoretical predictions are slightly high, possibly because 

of the low Reynolds numbers of these tests. 
" I 

I 

I 
I 

------.------ ------__________ I 
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To determine the effect the body has on the lift of a wing, a com­
parison is made between the exposed wing alone and the exposed wing in 
the presence of the body due to varying incidence angle. The exposed 
wing alone, We, is defineQ herein as that portion of the wing outside 
the body, and its characteristics are those of a wing of reduced aspect 
ratio made by putting the two exposed halves together. This configura­
tion is in contrast to the total wing alone, which includes that portion 
of the wing enclosed by the body. In figures 35, 36, and 37 are shown 
the incremental lift-curve slopes of the exposed rectangular wings in 
the presence of the body due to varying the incidence angle as a function 
of the angle of attack at the three Mach numbers. All of the values, 
except those at a = 0°, were obtained from the faired curves of lift 
coefficient, and the symbols are used merely to distinguish between the 
two body lengths. The incremental lift-curve slope at a given angle of 
attack was obtained as the differeqce of the lift coefficients for the 
two incidence angles divided by the difference of the incidence angles. 
It should be mentioned here that the incidence angles of the wings were 
changed by "rotating" about the 50-percent--chord pOint. Also included 
on these figures are the theoretical lift-curve slopes of the exposed 
wings alone obtained from the theory shown in figure 34. The effect of 
interference is the difference between the values of the exposed wing 
alone lift-curve slope and that of the incremental lift-curve slope. 
This loss in lift, shown by the incremental lift--curve slopes, is due to 
the effective wing area being reduced at the wing-body juncture. Further­
more, it can be assumed that identical body upwash prevails at the small 
incidence angles at any given angle of attack. 

Also presented in figures 35, 36, and 37 are the theoretical estimates 
of the lifts of the wings in the presence of the body due to varying inci­
dence angle obtained by Tucker in reference 14. In most instances, the 
agreement with the experimental results is excellent. 

The exposed wing alone halves might also be considered to be mounted 
in free stream on two infinite reflection planes, one body diameter apart. 
Comparison of the experimental lift of the exposed wings alone with that 
of the exposed wings due to varying incidence angle (figs. 35, 36, and 37) 
as a function of both the Mach number and aspect ratio is shown in fig­
ure 38. Experimentally, the characteris tics of the exposed wings alone 
were obtained from figure 34 in the same manner as were the theoretical 
estimates previously mentioned. Thus a true picture is obtained with 
the body at a = 00 regarding the effect of the wing-root pressures 
bleeding over the body as compared to the case of a reflection plane at 
the wing root. It is seen that, as the Mach number and aspect ratio 
increase, the eff ect of the wing-root-pressure bleed-off decreases, par­
ticularly for increasing aspect ratio. Figure 39 shows that the region 
of influence behind the Mach line emanating from the root of the wing 
leading edge decreases as the Mach number increases. It may be said that 

- ------- -
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the region of influence behind this Mach line decreases in proportion 

with increasing Mach number and aspect ratio. As an example, the con­

figuration of aspect ratio 2 has about 15 to 20 percent less lift than 

the same configuration ass,~ed to have a reflection plane at the wing 

root; however, at aspect ratio 4, the lift reduction is almost negligible. 

Basic Quantities for Interference Evaluation 

Figures 40(a), (b), and (c) show, for the various aspect ratios, 

the variation of lift-curve slope, pitching-moment slope, and the mini­

mum drag values with Mach number for the wing and body in combination 

WE, wing in the presence of the body WeB), body alone B, and the 

exposed wing alone We. A summary of these quantities is given in 

table III. The quantities are takep directly from the curves in fig­

ures 3 to 29, where no corrections have been made for the drag due to 

the variable wing thicknesses. Since the forebody length has negligible 

effect on the values of CLa and Clla , the average values for the two 

forebody lengths are presented. A similar situation exists for these 

parameters at the two incidence angles; therefore, the data were treated 

in the same manner. Since the direct measurement of pitching moment for 

the total wing alone was incorrect, an indirect method was used in 

obtaining these values. They were constructed from the interference 

value of the pitching moment for the wing in the presence of the body; 

however, a more detailed explanation will be given under the section 

dealing with interference quantities. 

The drag correction given below was applied to all of the wing data 

in order to account for the small differences in thickness ratios (see 

table I). A value of t = 0.06 was selected as the correct thickness. 
c 

CDmin(correctad) 
rr. !((~)correc~2 

= tDmin( actual) - CDlamJ (!) + CDlam 

c actual (1) 

The corrected values reduced the difference exhibited between the two 

incidence angles for both the wings of aspect ratio 2 and 3, so that an 

average curve could be drawn. For the aspect-ratio-4 wing, the situa­

tion required further examination. The correction reduced the differ­

ences but not sufficiently to allow average values to be substituted. 

Upon closer examination of the aspect-ratio-4 wing with a 30 incidence, 

the leading edge was found to be quite blunt in comparison with that of 

the other wings. It is believed that this condition could be the cause 

for the di~ferences shown in figure 4o(c). As for CLa and Clla, the 

_._-------------------------------------
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forebody length had no measur able effect on the CDmin values for the 

wing in the presence of the body . 

Inter fe r ence Quantities 

General.- Included in figur e 40 is a dashed cur ve representing the 
summation of the values fo r the wing in the pr esence of the body and 
the values for the body alone (W(B) + B). The difference between this 
addition and the value for the wing- body combination WE is the inter­
ference on the body due to the wing b (w) . In like manner, the inter­
ference on the wing due to the body, w(b) , is the difference between 
the forces on the wing in the pr esence of the body, W(B), and on the 
exposed wing alone , We , in f r ee str eam. 

A summation of the interfer ence quantities for the body due to the 
wing, b(w), and the wing due to the body, w(b) , is presented in fig­
ure 41 for all Mach number s and aspect r atios . The values for the 
exposed wing alone wer e obtained indir ectly (as explained in a pr evious 
section), the symbol s for the values in figure 41 (b) are used only to 
differentiate between the three curves . Since there was no effect of 
forebody length on the basic quantities, the r e is naturally no effect 
on the interference quantities . In figur es 41 (a) and (b), the values 
are again based on the total wing area, wher eas in figures 41(c) and 
(d) the values are based on the maximum cross - sectional body area. 
Unless so stated , the following discussions per tain to the values based 
upon the total wing area. 

Lift, b(w) .- With r efer ence to figure 39 , it is seen that as both 
the Mach number and aspect r atio incr ease , the induced downwash on the 
body, created by the wing tip , would decr ease as the region of influence 
is farther removed from the tips . If this were the case, the results of 
the interference lift of the body due to the wing would, when based upon 
a common reference ar ea, show a decr easi ng spr ead between the curves in 
going from a low to a high aspect r atio , and the cur ves would tend to 
converge in going to the higher Mach number s . As seen in figure 41(c), 
a slight convergence of the cur ves is noted , but the decreasing spread 
with increasing aspect ratio is not ~pparent. This result is probably 
due to the fact that the wing- tiIrinduced negative lift on the body is 
a small percentage of the total inter fer ence . 

Presented in figure 42 is a comparison of theoretical estimates 
with the experimental values of the lift - curve slopes for the body due 
to the wing as a function of both aspect r atio and Mach number. Spreiter's 
slender-body theory (ref . 1) is not altogether applicable to the configu­
rations under discussion; howeve r , as was pointed out by Nielsen and 
Kaattari in reference l3, the r atio of the lift carried by the body of 
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the combination to the lift on the wing alone may be accurately pre­
dicted by slender-body theory. By applying the linear theory lift­
curve slope of the exposed wing alone to this ratio, the lift on the 
body due to the wing is obtained and is preclented as modified slender­
body theory in figure 42. For the most part, the lift is overestimated 
by this theory. 

Nielsen's and Kaattari's method for estimating this interference 
lift (represented by ref, 13) agrees very well with the experimental 
results at M = 1.62 and is in fair agreement at the higher Mach num­
bers. The method is inapplicable wherever the wing-tip cone intersects 
the body in the region of the wing· ··root chord; this occurs for the 
aspect-ratio-2 wing at Mach number 1.62 (see fig. 39). In obtaining 
the lift carry-over onto the body from the Wing, this method makes use 
of assumptions in slender-body theory that the straight portion of a 
body develops no lift and that the interference lift is due primarily 
to lift carried over from the wing onto the body. The body is collapsed 
to a plane and the Mach helixes become Mach lines. Another assumption 
is that the lift from a point on the wing does not decrease as it is 
carried downstream within its Mach cone regardless of body cross sec­
tion. The interference lift is obtained only in the region of the body 
bounded by the Mach lines emanating from the leading- and trailing-edge 
root-chord juncture. The theory does not take into account tip effects. 

The method presented by Tucker (ref. 14) is seen to be in as good 
agreement with the experimental values as that of Nielsen and Kaattari. 
Tucker has broken the problem down into a superposition scheme proposed 
by Lagerstrom and Van Dyke (ref. 7). Assumptions are made that the body 
is replaced by a flat plate, and that the lift on the body is confined 
between the Mach lines emanating from the Wing-root leading and trailing 
edges. The wing-body combination is represented by a source distribution, 
and the velocity potential is obtained in the various appropriate areas 
of the combination. By numerically integrating over the wing and over 
the body, the net lift on each component is obtained. 

A model similar to the configurations of this report was tested by 
Moskowitz and Maslen (ref. 15). The model had a rectangular wing of 
aspect ratio 2.33 mounted on the cylindrical section of a body; however 
the ratio of wing chord to body diameter was 2 compared to 1.43 for the 
present tests. The ratio of body diameter to wing span was 0.214. The 
tests were made at a Mach number of 1.90 and consisted of detailed pres­
sure measurements on both the wing and the body. By integrating the 
lifting pressures on the body in the region between the Mach planes 
emanating from the wing leading and trailing edges, a value of 0.006 was 
obtained for CLab(w)' based on the total wing area. This did not take 

into account the tip effects. The value does not agree too well with 
the present data; however, by considering that this lift is a function 

I 

I 
~ I 

I 
I 
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I 
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of the rat io of body diameter to wing span and ~A, where ~ = VM2 - 1, 
a value may be obtained that agrees favorably with that of the aspect­
ratio-3 wing at Mach number 1.62. 

Pitching moment, b(w) .- Figure 41(a) shows that the interference 
pitching moment on the body due to the wing is a function of both Mach 
number and aspect ratio. With reference to the sketches of figure 39, 
the wing-root lift carry-over onto the body acts behind the midchord 
pOint, so that a negative pitching moment is obtained. The tip-induced 
negative lift would give a positive moment, but as was mentioned pre­
viously, this lift is perhaps a small percentage of the total inter­
f erence lift and would be difficult to isolate unless a program varying 
afterbody length .rere undertaken. As the Mach number is increased, 
the lift carry-over moves rearward along the body, giving a larger 
pitching moment, as shown in figure 41(i). It is noticed in figure 39(c) 
that the nose shocks cross the tips of the aspect-ratio-4 wing. This 

/ 

fact was not discovered until completion of the tests and is the result 
of an error in body design . The effect of this phenomenon is believed 
to be negligible since no effect of fo r ebody length could be found in 
the lift and moment curve slopes for the wing in the presence of the 
body. 

Aerodynamic centers, b(w).- The combined effects of the two com­
ponents of wing-induced body lift and their aerodynamic-center locations 
give the interference aerodynamic -center variation (fig. 41(a)). The 
location of the aerodynamic center of the lift on the body due to the 
wing moves back with both increasing aspect ratio and Mach number. 

Drag, b(w).- The interference drag values were obtained in the 
same manner as those of the lift and moment. These variations with Mach 
number and aspect ratio are small . It appears quite clear that the dif­
ferences in minimum drag as affected by fo re body length both for the 
body-alone curves and the curves for the wing-body combination (fig. 40) 
are predominantly wave-drag effects. An approximation was made of the 
skin friction on the body of n = 10.27 with and without a wing. First, 
it is known that the boundary layer is laminar on the body alone at this 
Reynolds number. Also, it was assumed that the wave drag was constant 
regardless of the type of boundary layer, and that for the wing-body 
combinat i on the boundary layer changed from laminar to turbulent at a 
station on the body coincident with the wing midchord. The results of 
this approximation for the increase in body drag due to increase in skin 
friction indicated, within the experimental accuracy of the drag measure­
ments, that the interference effects of the wing upon the minimum body 
drag are predominantly skin-friction effects. 

Lift} w(b).- The lift of the wing due to the body decreases with 
increasing Mach number, and aspect ratio appear s to have little or no 
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effect . The latter result simply indicates that the body upwash effects 
on wing lift are pr edominantly confined to the wing-root sections . 

Presented in figur e 43 is a comparison of various theoretical esti­
mates with the exper i mental values of the lift - cur ve slopes fo r the wing 
in the pr esence of the body , W(B), and of the interfer ence lift - curve 
slopes for wing due to the body, w(b) , as a function of both aspect 
ratio and Mach number. For comparison, theor etical estimates are included 
for the expose d wing alone ( ze r o inter fe r ence) . Also shown are some 
effects of Reynolds number variation . It is seen that as the Reynol ds 
number is incr eased fo r the case of the wing in the presence of the body 
at anyone Mach number, the value of the lift - curve slope incr eases . 
The lower Reynolds number s pr obably lead to mor e separation at the wing 
trailing edge and body junctur e than would be the case for higher Reynolds 
number s ; conse quently, the exper imental incr emental lift on the wing due 
to the body is reduced by a greater amount than would be the case for 
the isolated wing . It is fur the r seen that as both the aspect r atio and 
Mach number incr ease, the val ues t end to conver ge . This conve r gence may 
be attr ibuted to the r oot effects becoming a relatively decreasing part 
of the total lift . 

The most common estimate of the lift of a straight wing mounted on 
a body of cylindrical or near -cylindr ical section is made by assuming 
that the wing is in the upwash field gener ated by an infinite cylinder 
ahead of the wing . The lift of the wing is then summed over the span 
on the assumption that the local lift change is pr opor tional to the 
local change in angle of attack at each spanwise station . Such an assump­
tion yields the cor rect linear theor y value only when the spanwise varia­
tion of angle · of attack is linear . The r esult of such a calculation is 
shown by the upper solid curve , and it is apparent that the simple strip 
integr ation overestimates the effects of the pr esence of the body . 

The dashed curve was obtained f r om a linear - theor y calculation in 
which the cylindr ical upwash was used, but spanwise gradients in angle 
of attack wer e accounted for. It was assumed in this case that the wing 
was mounted f r om a r eflection plane at the body intersection and that 
the flow- angle distr ibution ahead of the wing was r etained . Such.a cal­
culation gives the correct boundary condition at the inter section of the 
wing leading edge and body and out along the Mach line on the wing f r om 
this pOint . However , the pr essures obtained are too high in the r e gion 
of the t r ailing edge and body junctur e . In othe r wor ds, the pr essures 
which would normally "bleed- off" ar ound the body sur face ar e r estr icted 
by the r eflection plane . As seen f r om figur e 43(a), at Mach number 1 . 62 , 
the results of this calculation are identical with that of the simple 
str ip integr ation . However, at a Mach number of 1.93, the linear theory 
gives a better answer but still too much interference lift. 

I _______ --.J 
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The opposite extreme in boundary conditions is illustrated in the 
first step in Ferrari's iteration procedure in which the body is assumed 
to be replaced with a flat plate or a continuation of the wing, still 
with the spanwise angle-of-attack distribution ahead of the wing. This 
case gives pressures at the wing root which are too low by allowing com­
plete "bleed off," so to speak; consequently, less interference lift is 
predicted than is actually the case. This is shown more clearly by com­
paring the experimental values of the lift of the wing due to the body 
with Ferrari's theory at the bottom of figure 43. The theoretical curves 
were obtained as the difference between the theoretical lift of the wing 
in the presence of the body and the theoretical lift of the exposed wing 
alone. It would be expected that in the limit of increasing chord for 
a given body diameter, Ferrari's first-step solution would be correct 
and that the reflection-plane boundary estimate would be correct in the 
limit of decreasing chord for a given body diameter. As the aspect ratio 
is increased indefinitely, both solutions should of course converge to 
a common curve as the root effects become a relatively small part of the 
total. 

Also presented in figure 43 is the modified slender-body theory for 
the lifts of the wing in the presence of the body and the lifts on the 
wing due to the body. The same method of application of the theory was 
made here as was made for the lift on the body due to the wing (ref. 13). 
The prediction of the lift of the wing in the presence of the body by 
this method is in good agreement with the experimental results obtained 
at the higher Reynolds numbers at M = 1.62 and 1.93. Tucker's method 
(ref. 14) is in very good agreement with the experimental results of the 
lift on the wing due to the body at Mach numbers of 1.93 and 2.41. How­
ever, it should again be pointed out that the interference lift on the 
wing will probably be altered as the Reynolds number is increased because 
of reduced separation, thus, the agreement between experiment and the 
various theoretical estimates may be altered somewhat at still higher 
test Reynolds numbers. 

Pitching moment and aerodynamic centers, w(b).- The interference 
pitching moment and aerodynamic center on the wing due to the body are 
presented jointly in the following discussion since the pitching-moment 
values were obtained indirectly. It was necessary to resort to a some­
what roundabout method since the moment data for the exposed wing alone 
were found to be incorrect, as mentioned in connection with figure 40. 
Presented in figure 44 are the aerodynamic centers of the wings in the 
presence of the bodies due to varying angle of attack and varying inci­
dence. It is seen that the values obtained by varying angle of attack 
alone are approximately the same as those obtained by varying angle of 
incidence. From thiS, the conclusion may be reached that the inter­
ference aerodynamic center of the lift of the wing due to the body is 
essentially the same as the aerodynamic center of the lift of the wing 
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in the presence of the body . From the above analogy, the interference 
pitching moment resulting from the interference lift of the wing due to 
the body is then obtained as the product of the aerodynamic center and 
the interference lift and is pr esented in figure 41(b) with the other 
interference quantities. The pitching moment of the exposed wing alone 
was then obtained as the difference of the wing in the presence of the 
body and the interference of the wing due to the body. This method for 
obtaining the pitching moment of the exposed wing alone is supported by 
unpublished test data from the 9-inch supersonic tunnel. Rectangular 
wings of aspect ratio approximately 2 were investigated and the pitching 
moments (known to be correct) agreed very well with the pitching moments 
obtained by the method described above . The interference aerodynamic 
center of the wing due to the body shown in figure 41(b) is, of course, 
the same as that in figure 44, but is added here in order that all of 
the interfer ence quantities may be readily compared . Also presented in 
figure 44 are the theoretical aer odynamic centers of the exposed wings 
alone . The experimental centers are about 10 percent ahead of the 
theoretical centers. 

Drag, w(b).- The drag of the wing due to the body (fig. 41(b)) 
indicates a thrusting force on the aspect ratio 2 and the zero incidence, 
aspect-ratio-4 wings; however , the accuracy constitutes about one-quarter 
of the maximum spread between all the curves. As a result the interference 
drag may be considered negligible fo r all wings except the aspect-ratio-2 
wing . The thrusting interference shown by this wing may be due to the 
interference created at the wing-body juncture, since there is indication 
of a decreasing thrust as the aspect ratio increases. Also, it should be 
mentioned that the low Reynolds numbers of this portion of the tests pr oba­
bly led to more extensive separation at the wing trailing edge and body 
juncture than would be the case for high Reynolds numbers. 

Contributions of the Basic and Interference Components 

In order to assess the relative effects of each component on the 
complete configuration, all of the basic and interference components of 
lift, pitching moment, and drag are shown in figure 45 as a fraction of 
these totals . The individual components are then added graphically to 
one another rather than referenced to zero so that they can be separated 
and their effects indicated . Presented in parts (a), (b), and (c) are 
the fractional breakdowns of the various elements for the configurations 
involving the wings of aspect ratio 2, 3, and 4, respectively, and the 
body of fineness ratio 10.27 . There was no change in the lift and 
pitching moment due to the different incidence angles for anyone con­
figuration. The minimum drag values for the various configurations of 
the body of fineness ratio 9.13 are plotted in figures 45(d), (e), and 
(f). The values of the lifts and pitching moments are the same for this 
reduced body length as for those of the longer body; consequently, they 
are not presented. 

I 
I 
I 

I 
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As seen in figure 45(a) , about one -half of the total lift of the 
wing of aspect ratio 2 is contributed by the exposed wing alone. Adding 
the lift on the wing due to the body gives the lift of the wing in pres ­
ence of the body. This inter fe r ence lift constitutes about 8 percent of 
the total lift. The next lift increments are those for the body alone 
and the lift on the body due to the wing. It is seen that the inter ­
fe rence lift on the body is about one -half the total body lift and con­
stitutes about 20 percent of the total lift. In like manner the inter­
ference lift on the wing due to the body for the wings of aspect ratio 3 
and 4 is about 10 percent of the total lift of the wing-body combination, 
whereas, the interfer ence lift on the body due to the wing is approxi ­
mately l2 percent . 

The moment contribution of the various lift elements for the three 
wings (figs. 45(a) , (b) , and (c)) illustrates clearly that the lift on 
the body due to the wing acts well behind the midchord of the wing and 
is a function of both Mach number and aspect r at i o . Both the exposed 
wing alone and the lift on the wing in presence of the body contribute 
positive moment , that is, the aerodynamic center of both is ahead of the 
midchord point . The moment contribution of the body is by far the larg­
est positive moment since its aer odynamic center is in the region of the 
nose of the body. The interference moment of the body due to the wing 
generally has a greater negative moment as the aspect ratio increases. 
It is seen from figur e 39 that the r egion of influence of the wing tips 
on the body is farthe r r emoved f rom the tips for the higher aspect r atio 
than would be the case for the lower aspect r atio and , also, this region 
of tip influence is moving off of the body as the Mach number incr eases . 
The amount of inter ference the tips contribute decreases as both the Mach 
number and aspect r atio increases so that the positive lift at the wing 
root is left to pr edominate ; this effect has caused the proportionate 
increase in body interference. 

For the case of the wing configuration of aspect ratio 2, the thrust 
interference on the wing due to the body is approximately 5 to 15 percent 
of the total drag at the three Mach numbers. 

concept of Wing-Lift Carry-Over 

Presented in figur e 46 are curves illustrating to what extent the 
use of the "rule of thumb" concept of wing lift carry-over may be justi­
fied within the range of Mach numbers and aspect r atios investigated. 
This concept assumes that the lift of the portion of the wing enclosed 
by the body is preserved . The curves at the top of the figure show the 
summation of the lifts of the total wing alone and body, as if wing lift 
carried over the body and no interference ex isted, in terms of the lift 
of the wing-body combination. As seen f r om these curves, the values of 
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lift carry-over vary considerably with Mach number and aspect ratio. To 
obtain interference values for configurations similar to the ones tested, 
the curves at the bottom of the figure have been included. These curves 
show the carry-over concept in terms of the absolute value of 6CLa 
which (as shown by the equation) gives the algebraic sum of the gain in 
body lift (as a result of the wings' presence) and the loss of wing lift 
(as a result of the body's presence). Thus a value of zero for 6CLa 

indicates that the wing lift carry-over concept is exact. Values greater 
(or less) than zero indicate the absolute value of the gain (or loss) in 
lift-curve slope, based on total wing area, for the complete configura­
tion. It is seen that for certain conditions of Mach number and aspect 
ratiO, the "rule of thumb" concept holds; however, for most of the cases, 
the concept is not too reliable. 

General Remarks 

From the results obtained in this test program, indications are that 
the Reynolds number has appreciable effect on the wing in the presence of 
the body and may have appreciable effect on the body due to the wing; con­
sequently, the obtainment of higher test Reynolds numbers should be given 
serious consideration as an important factor in planning future investi­
gations of the type reported herein. An investigation of low-aspect-ratio 
wings with variable afterbody length seems desirable in order to separate 
the effects of wing-root and tip interference; or, conversely, to assess 
interference forces on the afterbody. 

CONCLUSIONS 

An investigation of interference effects was made on a series of 
rectangular wings having aspect ratio of 2, 3, and 4 mounted on a slender 
body having two different forebody lengths. The ratio of wing-chord to 
body-diameter was 1.43, and the ratios of body-diameter to wing-span were 
0.35, 0.23, and 0.18. Basic measurements of lift, drag, and pitching 
moment were obtained for the wing-body combinations, wing in presence of 
the body, wing alone, and body alone at Mach numbers 1.62, 1.93, and 2.41. 
Interference lifts, drags, and pitching moments were obtained from the 
basic measurements. The results indicate that: 

1. Changing the forebody length so that the fineness ratio of the 
body changed from 9.13 to 10.27 had no effect on the interference quantities. 

2. The interference lift, drag, and pitching-moment quantities were 
functions of both Mach number ~d aspect ratio. 

I 
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3. The method by Tucker best predicted the interference lift on the 
wing due to the body while a modified slender-body theory agreed favora­
bly with the lift of the wing in the presence of the body. 

4. The interfer ence lift on the body due to the wing was favorably 
predicted by the method of Nielsen and Kaattari and by the method of 
Tucker. The interfer ence lifts and pitching-moments were influenced by 
the wing tips as well as the wing-root pr essur es ; thus the need for 
including consideration of the after body is indicated. 

5. The lift of the wing in presence of the body was increased as 
much as 13 percent for the aspect-ratio- 2 wing at Mach number 1.62 by 

increasing the Reynolds number f r om 0 . 46 X 106 to 1.40 X 106; thus that 
viscous effects are indicated to be an important factor in wing-body 
interference. 

6. The drag interferences on the wings due to the body were small . 
The wing of aspect r atio 2 indicated a thrust interference of the order 
of 5 to 15 percent of the total drag for all Mach numbers. However, it 
appears likely that this effect may not be present at higher Reynolds 
numbers. 

7. The method of Tucker for predicting the incremental lift-curve 
slopes of the wings in presence of the body due to varying incidence 
angle agrees well with the experimental r esults . 

Langley Aeronautical Laboratory 
National Advisory Committee fo r Aeronautics 

Langley Field , Va . 
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Body 

Diameter, in. 
x, in. 

n = 10.27 n = 9.13 

0 0.002 -----
.500 .154 -----

1.000 . 296 0 
1.500 .430 . 262 
2.000 .552 .462 
2.500 .660 . 620 
3.000 .746 .728 
3.500 .820 .814 
3.750 .846 .846 
4.000 .860 I 4.625 .872 
5.000 .876 Same as 
5.500 .874 n = 10.27 
6.000 .872 

j 6.500 .866 
7.250 .794 , 

8.000 .692 
8.375 .628 
9.000 .500 

TABLE I 

BODY COORDINATES AND WING-SHAPE PARAMETERS 

[}lee fig. iJ 

6-percent-thick biconvex circular-arc rectangular wings 

Type Adesign Aactual i b c t 
tic (deg) (in. ) (in. ) (in. ) 

2 2.00 0.11 2.500 1.249 0.0738 0.0591 
3 2.99 .04 3.752 1.254 .075 .0598 

Wing in 4 3.92 -.06 4.930 1.259 .075 .0596 
presence 
of body 2 1.99 3.16 2.504 1.259 .075 .0596 

3 2.99 3.12 3.755 1.257 .0745 .0593 
4 3.98 3.02 4.977 1.250 .083 .0664 

Wing 2 1.99 ---- 2.505 1.258 .0745 .0592 
alone 3 2.98 ---- 3.753 1.259 .075 .0596 ' 

4 3.97 ---- 4.985 1.257 .072 .0573 I 

- -- --- - ---- - - - ---- ---- ---- --- ~-----
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TABLE II 

SUMMARY OF TOTAL UNCERTAINTIES 

Configuration Quantity Accuracy for CL = 0 
Accuracy at appr ox . 

end of linearity 

All wi ngs in CL ±O.OO09 ±0.0012 

t he pre sence 
±.0006 ±.0009 of the body Cm 

( strain gage) 
CD ±.0003 ------

Wing-body in CL ±.0002 -- ----
combination, 

wings alone, and Cm ±.0009 ---- --
bodie salone 

( scales) CD ±.0007 ------

Initial 
All angle of ±. O3° ------

• attack 

Relative 
All angle of ±. Olo ------

attack 

Incidence 
All angle of ±.03° ------

wings 

All 
Mach ±.Ol numbers -- ----

All 
Reynolds 

±15,000 ------numbers 

Str eam 1 All ±l - percent ------
pressure 2 



TABLE I II 

SUMMARY OF LIFT AND PITCHING - MOMENT CURVE SLOPES, AND MIN IMUM 

DRAG VALUES AT ZERO LIFT FROM FIGURES 3 TO 29 

\ving-body in combination, WE 
Wing in pr esence of! Wing, W 

body, W(B) , 

Wing i , deg 
M aspect CDmin 

r atio (nominal) CLa CIDa CL Cm C
Dmin 

CL CIDa CDmin 
a a a 

n = 10 . 27 n = 9 .13 

1.62 2 
0 0 .0420 0 .0249 0 . 383 0 . 0437 0 .0273 ' 0 .0054 0 .01 30

1 
I 3 .0270 .0056 . 0110 

3 
0 .0489 .0170 .0334 .0370 .0368 .0057 .0153 

3 .0365 .0053 . 0144 

4 
0 . 0410 .0057 .0151 

\ 3 .0512 .0135 . 0350 .0375 .0413 .0055 .0195 

1.93 2 
0 .0389 .0192 .0337 .0391 .0226 .0036 .0102 0 .0338 0 .0181 

3 .0230 .0036 '.0102 

3 
0 .0413 .0130 . 0294 .0329 .0290 .0040 . 0137 .0351 .0174 

3 .0290 .0036 .0127 

4 0 .0416 .0094 . 0255 .0285 .0329 .0040 . 0135 .0365 .0165 

\V 3 .0418 .0097 .0303 .0335 .0329 .0040 .0177 

2 . 41 2 
0 .0346 .0169 .0335 .0383 .0195 .0029 .0103 .0277 .0170 

3 . 0199 .0034 .0098 

3 
0 .0351 .0100 .0281 .0319 .0236 .0028 .0127 .0281 . 0160 

3 .0238 .0031 .0114 

4 
0 .0259 .0030 .0120 .0285 . 0158 

\ Ii 3 .0341 .0090 .0291 .0312 .0263 .0028 . 0176 
- - --

• 

CLa. 

0. 0062 

.0042 

.0031 

.0067 

.0045 

.0035 

.0075 

.0051 

.0038 

- - --

Body, B 

CDm n 
CIlla. 

n = 10 .27 n = 9 .13 

0 .0199 0 .0171 0 .0226 

.0132 .0113 .0151 

. 0097 .0095 .0112 

.0190 .0150 .0202 

.0125 . 0100 . 0134 
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