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SUMMARY 

Classical drag equations have been used to calculate total and induced drag and 
ratios of stabilizer lift to wing lift for a variety of conventional and canard configurations. 
The study was conducted to compare the flight efficiencies of such configurations that are 
trimmed in pitch and have various values of static margin. Another purpose was to make 
comparisons of the classical calculation methods with more modern lifting-surface theory. 

Results from the calculations show that the conventional configurations generally had 
lower configuration drag coefficients, and hence higher flight efficiencies, than canard con­
figurations with comparable values of gap, static margin, and ratio of stabilizer span to  
wing span. Also, in general, the canard configurations had larger variations of induced 
drag with static margin than the conventional configurations except for span ratios near 
zero, which a r e  not usually employed. The minimum-induced-drag coefficient determined 
by the classical method was generally in agreement with that determined by lifting-surface 
theory for the canard configuration studied. This gives confidence in the accuracy of the 
classical calculation method. 

INTRODUCTION 

Airplane designs may range from conventional designs, with stabilizer aft; to tandem 
designs, with wings of equal o r  nearly equal spans; to canard designs, with stabilizer for­
ward. With aircraft  operating costs increasing, it is desirable to compare the perform­
ance of these various configurations in order  to determine more efficient configurations. 
The classical biplane theories of Munk and Prandtl (see refs. 1to 4) provide formulas for 
calculating the induced drag and minimum induced drag of wing and stabilizer configura­
tions. The total drag of these configurations may be determined by .adding profile drag. 
These calculations are quite simple and permit the evaluation of the performance of many 
configurations with little effort. In reference 5 Munk's theory is used to show that the 



induced drag  of inplane versions of canard and conventional configurations is the same if 
the canard and tail a r e  carrying equal but opposite t r im  loads. 

The purpose of this paper is to assess the performance of various wing and stabi­
lizer configurations by use  of the classical biplane theory with constraints added to specify 
static margin and t r im  for each configuration. Drag and lift ratios a r e  determined for  
many vertical-gap and span ratios on conventional, tandem; and canard configurations. 
The drag  performance is compared for the different configurations and related to an ideal 
minimum drag  (Prandtl's method). Also, results from Prandtl's minimum-drag method 
a r e  compared with some values of minimum induced drag calculated by the vortex-lattice 
method (ref. 6). 

SYMBOLS 

A aspect ratio, b2/S 

b surface span 

cD drag coefficient, D/qS, 

total profile -drag coefficient, (cD,P)w(l + 9 
cL lift coefficient, L/qSw 

C
L a  

lift-curve slope 

C 
mCL static margin, fraction of Cw 

Cm,o zero-lift pitching-moment coefficient, MY ,o 

cmcY 
pitching -moment -curve slope 

-
C 

D 

G 

K 


2 

mean aerodynamic chord 


drag 


vertical gap between stabilizer and wing 


ratio of wing lift to total lift, &/L 




1 - K  ratio of stabilizer l i f t  to  total lift, Ls/L 

L total lift; individual surface lift when subscripted 

4 s’ 
positive to rear1 distance from center of gravity to 1c 

1 - 1 ­distance from - c4 w  to 4 cs 

M y l o  pitching moment at zero lift 

4 dynamic pressure 

S surface area 

V free-stream velocity 

W normal induced velocity about a surface 

4 w’ 
positive to r e a rX distance from center of gravity to .i 

a! angle of attack 

. Ax distance from reference point to t r im point in wing semispans 
w 2 

h ratio of stabilizer aspect ratio to wing aspect ratio, &/Aw 

P ratio of stabilizer span to wing span, bs/bw 

0 interference factor 

-	a �  rate of change of downwash with angle of attacka a  

Subscripts : 

i induced 

min minimum 

P profile 
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S 


W 

stabilizer 

wing 

THEORY 

Classical Theory 

The classical equation developed by Munk and Prandtl  for  the total induced drag of a 
biplane is 

This equation is given in references 3 and 4.  
equation is that both lifting surfaces have elliptical span loadings. The t e rms  Lw2/nqbw
and Ls 2/nqbs2 represent the induced drag of the wing and of the stabilizer, respectively. 

An assumption in the development of this 

The te rm 20LwLs/nqbWbs represents the drag that results from mutual interference 
between the wing and stabilizer. Munk's equivalence theorem for stagger (ref. 3) allows 
the d r a g  equation to be extended to conventional and canard configurations. The theorem 
states that the total induced drag of any multiplane system is unaltered if any of the lifting 
elements are moved in the direction of motion, provided that the element is moved along a 
streamline and is adjusted in attitude to maintain the same distribution of lift between the 
surfaces. 

The te rm 0 in equation (1)is the factor for flow interference on one surface caused 
by the vortex system from the other surface. The vortices induce a flow field normal to  
the generating wing. This flow field extends upstream and downstream from the wing and 
affects other objects there. According to reference 3, the interference drag between two 
surfaces may be determined by integrating, ac ross  the span of one surface, the normal 
velocity induced by the other surface. Thus, from reference 3, 

Values for  the interference factor 0, shown in figure 1, were obtained from reference 4 
and additional calculations. The factor was calculated by assuming an elliptic lift distri­
bution on each surface and is given as a function of the ratios of gap to wing span G/b, 
and of stabilizer span to  wing span p. The span ratio p should never be larger than 1 
for this theory to be applicable. 

4 
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Prandtl obtained an equation for the minimum induced drag  of a biplane by satisfying 
necessary conditions for a minimum without either a requirement for longitudinal trim or 
a specified level of static margin. The result from references 3 and 4 is 

The ratio of stabilizer lift to wing lift for minimum induced drag is 

Extension of Theory 

Drag equations.- The total drag of a configuration is the sum of profile drag  and 
induced drag, or 

D = D
P 

+ D i  (5) 

The profile drag  may be expressed as 

P = qsw(CD,p)w -k qss( C D , P ) ~  

If this equation is combined with equation (l),the total d rag  is 

By using the ratios 

and assuming that 

equation (6) may be rewritten as 
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D = q(CD,p)wSw(l + c)+ =[KL2 2 + 2 0 K E  + (' - "1 (7)
I-L P2 

or, in normalized coefficient form, 

cD -
CL2/,Aw CL2/nAw P 

where 

and 

I-1 

The value K for the lift ratio in equation (8) may be chosen arbitrari ly for use in this 
expression o r  chosen to reflect selected values of static margin a t  t r im  conditions. The 
development of K for these practical constraints is given in the following section. 

Similarly, the equation for minimum induced d rag  (eq. (3)) may be written 

The te rm CL2/.Aw is the induced-drag coefficient of an isolated elliptically loaded wing. 

Lift equations.- The value of the l i f t  for each of the surfaces must be known in order 
to calculate the d rag  coefficient. Specifically, an expression is needed for relating surface 
lift t o  a static margin and to a trimmed lift condition. The conditions required for t r im  
are that the sum of the vertical forces and the sum of the pitching moments be zero. That 
is, 

Lw + Ls - L = 0 

- L g  - L,1 - My,o = 0 
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The lift ratio is calculated by applying Cramer's  rule and using the definitions of 
lift and pitching-moment coefficients : 

Ix +  'm,o 
Ls - C'W CL-

The locations of the wing and stabilizer with respect to a center of gravity (c.g.) a r e  given 
by x/cw and l/". If the center of gravity is properly located, a particular configura­
tion will have a desired static margin C m c  L' The static margin for a conventional con­

figuration may be expressed by the following equation: 

-x +  
cW 

1 +  


This equation was obtained by combining 

- 1 

Similarly, the static margin for a canard configuration may be  expressed by 
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- - 

-
W 

( 1 - % )a, 

This equation was obtained by combining 

C 
-Cm 

(%I CL, 

NOW -2 - % + A, where 2, I-cw is the distance in wing chords between Ew/4 and 
cw & cw 

2aAs 

= q7T 

A 
s=2 wP ­
sW AS 
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- - -  

Thus equations (12) and (13) can be solved to obtain xl cw and l/Ew in terms of static 
margin C and stabilizer length 1 Ew. For a conventional configuration,

mCL S I  

-1 = -c + %lEW 

EW 	 mCL 
1 + P  As + 2 

A + 2  
P2 

A, + 2 

A + 2  
l + P 2  cW 

As + 2 

and for a canard configuration, 

A + 2  


x - p2 A:+ 2 lS
--

cW c"CL A + 2 C w  

As + 2 

Equations (14) and (15) are substituted into equation (11) to obtain the lift ratio for a 
conventional configuration, and equations (16) and (17) are substituted into equation (11) to 
obtain the lift ratio for a canard configuration. These lift ratios are used in equation (8) 
to calculate the drag  coefficients of various configurations. 

The downwash used in the determination of static margin was calculated according 
to the method presented in reference 7. This method includes the effects, a t  a distance 
behind the wing, of the bound vortex and the effects, at the wing-body center line an infinite 
distance behind the wing, of the rolled trailing vortices. The calculations have been modi­
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fied to account for a spanwise variation of downwash from the trailing vortex system and 
fo r  the effect of stabilizer or wing height. 

RESULTS AND DISCUSSION 

Scope of Calculations 

Calculations of total-drag coefficient, induced-drag coefficient, profile-drag coeffi­
cient, and ratio of stabilizer lift to wing lift were made for both conventional and canard 
configurations over a range of pertinent parameters.  The drag  coefficients were generally 

normalized by CL2 /T%. The parameters  consisted of span ratio bs/bw = b, gap ratio 

G/bw, static margin C ,and zero-lift pitching-moment coefficient Cm,o. The fol­
mCL 

lowing parameters  were fixed for most calculations : wing and stabilizer aspect ratios, 
t r im lift coefficient, profile-drag coefficient, and distance from wing to stabilizer. Some 
calculations for minimum induced drag  were made according to classical theory, in which 
no constraint is placed on static margin. 

Figure 2 is provided to aid in defining configuration geometry. The ratio of sta­
bilizer span to wing span bs/bw, o r  p, was varied from 0.1 to 1.0, and gap to wing span 
ratios G/bw of 0, 0.2, and 0.4 were employed. Static margin C was varied from 

mCL 
-0.6 to 0.2 in various calculations. Zero-lift pitching-moment coefficients C,,o of 0 
and 0.12 were used along with a wing profile-drag coefficient of 0.01. Except where other­
wise indicated, wing and stabilizer aspect ratios were 6, the t r im  lift coefficient was 0.6, 
and the distance between wing and stabilizer was 3Ew. 

Comparison With Classical Minimum-Drag Theory 

The first results of this investigation (see fig. 3) a r e  presented to compare the drag  
coefficients of conventional and canard configurations at  various span ratios and to relate 
these values of drag  to an ideal minimum drag. The plots of induced drag show that the 
conventional configurations have nearly minimum induced drag  and that static margin has 
very little effect. The canard configurations have greater induced drag, and hence lower 
flight efficiencies, than the conventional configurations at the same span ratio and show an 
increase in induced-drag coefficient with an increase in static margin. The induced-drag 
coefficients for both conventional and canard configurations decrease as gap and span ratios 
increase, with the tandem configurations having the lowest induced drag. This decrease in 
induced drag for both configurations as span ratio is increased is caused by the transfer of 
some of the wing loading to the canard or tail. (See the lift ratios in fig. 3.) The induced 
drag  for the tandem configuration decreases as gap ratio is increased because of a decrease 
in the interference factor. (See fig. 1.) The profile-drag coefficient shown in figure 3 is 
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the same for each of the configurations and increases with increase in span ratio because 
of the corresponding increase in surface area. 

The plots of total-drag coefficients show that the differences between conventional 
and canard configurations and the effects of static margin are s imilar  to those for the 
induced-drag coefficient. However, as span ratio is increased, the total-drag coefficient 
increases because. of the addition of profile drag. As a result, the tandem configuration 
has a higher total-drag coefficient than either a conventional or a canard configuration. 
One should note that the total-drag coefficient (see eq. (8)) is the sum of the profile-drag 
and induced-drag coefficients; hence, any variation with span ratio is dependent on the 
relative magnitudes of the profile-drag coefficient CD,P 

and the induced-drag param­

eter CL2/n-Aw. Thus at a higher l i f t  coefficient or a lower profile-drag coefficient, the 
variation of total drag with 1-1 may show different trends from those of figure 3. 

The ratios of stabilizer l i f t  to wing l i f t  for canard configurations are higher than 
those fo r  the conventional configurations of a given span ratio. (See fig. 3.) The higher 
lift ratios of the canard configuration result from the static-margin constraint. This 
"loading up" of the canard results in a higher drag for the canard configuration than for 
the conventional configuration. At some points the lift ratio for the conventional configu­
ration is lower than the lift ratio for the minimum-drag configuration. In these instances 
the induced drag is essentially the same. (See figs. 3(b) and 3(c).) 

Effects of Static Margin 

The effects of variations in static margin on the induced-drag coefficients and l i f t  
ratios of conventional and canard configurations with zero gap ratio are shown in figure 4. 
For a static margin of about zero and a span ratio of 0.6, the induced d rag  is about 15 per­
cent less for the conventional configuration than for the canard configuration. The canard 
configuration shows larger variations of induced drag with static margin than the conven­
tional configuration except for span ratios near zero, which are not usually employed. The 
lift-ratio plots show that for large span ratios, the canard is loaded to a greater extent than 
is the tail on the conventional configuration. 

In reference 5, Munk's theory is used to  calculate the t r i m  drag of a conventional and 
a canard configuration with respectively down and up stabilizer loads of 10 percent of the 
total lift for t r im  purposes. The calculations showed that the induced drag was the same 
for both configurations. These points are plotted in figure 4 so that the static margin can 
be seen. The static margin in these two instances is considerably different. The canard 
monoplane from reference 5 has a static margin of about 0.1, which is unstable; the con­
ventional monoplane from reference 5 has a static margin of about -0.5, which is usually 
considered excessively stable. 

11 



Effect of Zero-Lift Pitching-Moment Coefficient 

The zero-lift pitching-moment coefficient Cm,o can have a large effect on config­
uration drag  by changing the magnitude of the t r im loads. To illustrate the effects of 

‘m,?’ a study was made of the lift ratios and drag  coefficients for conventional and canard 
configurations having various static margins, two gap ratios, and two values of Cm,o. 
The configurations had a span ratio of 0.3 and C values of 0 and 0.12. The results 

m,o
of this study a r e  presented in figure 5 as a function of static margin. 

The conventional configurations have lower drag  values than the canard configura­
tions at the larger  static margins. The effect of adding a positive Cm,o is to reduce 
the drag of the conventional configuration at the higher static margins and to reduce the 
drag of the canard configuration through nearly all of the static margin range. For 
Cm,o = 0.12, the canard configurations in the region of interest, near zero static margin, 
have lower drag values than conventional configurations. 

The effect on the lift ratio of adding a positive Cm,o is to reduce stabilizer t r im  
loads for both the conventional and canard configurations. This effect can be seen in fig­
u re  5 as an upward shift of the lift ratios for the conventional configurations and the down­
ward shift for the canard configurations. 

Comparison With Lifting-Surface Theory 

The results presented so  far have been based on the assumption of elliptically loaded 
surfaces. In practice, the interference effects between the wing and the stabilizer will 
result in distortion of the lift distribution on the aft surface. This effect is likely to be 
most severe for a canard configuration. A comparison of the results of the present method 
with those obtained by a more accurate analysis is therefore of interest. Some calculations 
of induced drag  by a vortex-lattice method given in reference 6 a r e  used for this purpose. 

Induced-drag coefficients for  the canard configuration of reference 6 a r e  given as a 
function of moment t r im  point in figure 6 for  five values of gap to wing-span ratio GIbw. 
The configuration planform shown in figure 6 has a ratio of canard span to wing span 1-1 
of 0.67. The value of the total lift coefficient is 0.2. As indicated in reference 6, the span-
wise lift distribution for each surface is almost elliptical. The different values of moment 
t r im  points (center-of-gravity locations) were obtained by varying the ratio of canard lift to 
wing lift. The induced-drag portion of equation (9) was used together with interference 
factors from figure 1to calculate a minimum-induced-drag coefficient for each gap ratio 

of figure 6. These values are plotted at the proper value of Ax in figure 6. The min­
b,-/2..,

imum induced drag  obtained by this method gives good results. The difference betweeh 
the induced-drag coefficients calculated by the two methods is less than 2 counts (0.0002). 
The close fore-and-aft positions of the canard and wing m,ay contribute to the good agree­
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ment shown in figure 6. If the two surfaces were farther apart  in the fore-and-aft direc­
tion, greater uncertainty would exist in the. relative positions of the wing and the vortex 
systems. 

CONCLUDING REMARKS 

Classical d rag  equations have been used to calculate total and induced drag and 
ratios of stabilizer l i f t  to  wing lift for a variety of conventional and canard configurations. 
The study was conducted to compare the flight efficiencies of such configurations that are 
trimmed in pitch and have various values of static margin. Another purpose was to make 
comparisons of the classical calculation methods with more modern lifting-surface theory. 
The following observations are made on an analysis of this work: 

The conventional configurations generally had lower configuration drag coefficients, 
and hence higher flight efficiencies, than canard configurations with comparable values of 
gap, static margin, and ratio of stabilizer span to wing span. 

In general the canard configurations showed larger variations of induced drag with 
static margin than the conventional configurations except for span ratios near zero, which 
a r e  not usually employed. 

For a zero-lift pitching-moment coefficient of 0.12 in the vicinity of zero to small-
negative static margins (stable), the canard configurations have lower drag characteristics 
than conventional configurations with similar values of gap and ratio of stabilizer span to  
wing span. 

The minimum induced-drag coefficient determined by the classical calculation 
method was generally in agreement with that determined by the lifting-surface theory for 
the canard configuration studied. This gives confidence in the accuracy of the classical 
calculation method. 

Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
February 11, 1977 

13 




REFERENCES 


1. Munk, Max M.: General Biplane Theory. NACA Rep. 151, 1922. 

2. 	Prandtl, L.: Applications of Modern Hydrodynamics to Aeronautics. NACA Rep. 116, 
1921. 

3. 	Glauert, H.: The Elements of Aerofoil and Airscrew Theory. Second ed., Cambridge 
Univ. Press, 1948. 

4. Diehl, Walter Stuart: Engineering Aerodynamics. Rev. ed., Ronald Press Co., 1936. 

5. 	 Larrabee, E. E.: Trim Drag in the Light of Munk's Stagger Theorem. Proceedings 
of the NASA, Industry, University General Aviation Drag Reduction Workshop, 
Jan Roskam, ed., Univ. of Kansas, July 1975, pp. 319-329. (Available as NASA 
CR- 145627.) 

6 .  	Lamar, John E. : A Vortex-Lattice Method for the Mean Camber Shapes of Trimmed 
Noncoplanar Planforms With Minimum Vortex Drag. NASA TN D-8090, 1976. 

7. Decker, James L.: Prediction of Downwash at Various Angles of Attack for Arbitrary 
Tail Locations. Aeronaut. Eng. Rev., vol. 15, no. 8, Aug. 1956, pp. 22-27, 61. 

14 




Span ratio, p 

Figure 1.- Prandtl's drag interference factor for multiplane configurations 
with elliptical span loadings. 
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Figure 2. - General configuration geometry. 
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S 
= 6; 1S Icw = 3; Cm,o = 0; (cD,~),  = 0.01; and CL = 0.6. 
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Figure 3. - Continued. 
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Figure 4.- Induced-drag coefficients and lift ratios for conventional and canard configura­
tions as a function of span ratio for various static margins. Aw = 6 ;  As = 3; 

2S = 3c,; c,,o = 0. 
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Figure 5 . - Drag coefficients and lift ratios for conventional and canard configurations 
as a function of static margin. Aw = 6; A, = 6; 1-1 = 0.3; cD,p= 0.01; 
1

S 
= 3Ew; CL = 0.6. 
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Figure 6. - Induced-drag coefficients calculated by the vortex-lattice method and 
minimum-induced -drag coefficients calculated by Prandtl's method, both as 
a function of moment t r im  point for a canard configuration a t  five values of 
gap ratio. p = 0.67; A

W 
= 2.5; A 
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= 1.03; 1, IEw = 1.13; CL = 0.2; 

c,,o = 0; CD,p = 0. 
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Information receiving limited distribution 
because of preliminary data, security classifica­
tion, or other reasons. Also includes conference 
proceedings with either limited or unlimited 
distribution. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 

TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS : Information 
derived from or of value to NASA activities. 
‘Publications include final reports of major 
projects, monographs, data compilations, 
handbooks, sourcebooks, and special 
bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other-non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and 
Technology Surveys. 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE 

N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  
Washington, D.C. 20546 


