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NATIONAL ADVISORY COMMITTIEE FOR AERONAUTICS.
ECHNICAL NOTE NO. 269.

THE DISTRIBUTION OF LOADS BETWEEN THE WINGS OF
A BIPLANE HAVING DECALAGE.

By Richard M. Mock.

Introduction

It is known that in a biplane the load is not distributed
equally between the wings. The presence of one wing will af-
fect the 1ift characteristics of the other wing. A designer
must know the total load each wing carries in order that ic
may design an adequate structure.

The purpose of this thesis is to determine the distribu-
tion of loads between the wings of a biplane at various angles
of decalage, when the gap/chord ratio is one, and there is no
stagger.

Since the distribution of loads between wings is the ratio
of the 1ift of one wing to the 1ift of the other, the effective
1ift of each wing will bhave to be determined. This can be cal-
culated if the effect of the presence of one wing on the 1ift
of the other wing is known. The effective 1ift of each wing

was first investigated, using the vortex theory and later by

experiments in the wind tunnel. In order to obliterate a possi-

*A Thesis submitted to the faculty of the College of Engineer-
ing, New York University, in partial fulfillment of the re-
quirements for the degree in Bachelor of Science in Mechan-
ical Engineering, May, 1937.



ble sourcc of error, two airfoils wcre used, namely, the U.S.A.237
and the GOottingen 387. Extensive tests were made, using the
U.3.A.27 airfoil, and when the results showed a possible error
they were checked with the G%ttingen 387 airfoil.

The author is indebted to Professor Alexander Xlemin and Mr.

Frederick Knack for their many helpful suggestions on the theo-

retical calculations, on the relative values of the vortex theory.

calculations, and on the wind tunnel results.
The Terms Defined

The decalage, gep, stagger, and angle of attack are measured
according to the definitions given by the National Advisory Com~
mittee for Aeronautics in their report No. 240 (Reference 1).

The decalage shall be called positive when the lower wing
has a smaller angle of attack than the upper wing. The decalage
shall be called negative when the lower wing has a larger angle
of attack than the upper wing. The angle of decalage is the
acute angle between the chords of the wings of a biplane.

The gap is the distance between the planes of the chords
of any two adjacent wings, measured along a line perpendicular
to the chord of the upper wing at any designated point of its
leading edge.

The stagger is the amount of advance of the leading edge

of the upper wing of a biplane, triplane, or multiplane, over
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that of a lower wing, expressed as a percentage of gap or in

degree of the angle whose tangent is the percentage just re-

ferred to. It is considered positive when the upper wing is

forward and is measured from the leading edge of the upper
wing along its chord to the point of intersection of the chord
with a line drawn perpendicularly to the chord of the upper
wing at the leading edge of the lower wing, all lines being
drawn in a plane parallel to the plane of symmetry.

Al11 calculations will be made in absolute units employing
feet, pounds, and seconds. For a biplane, the following terms

shall be used:

0 = 1ift coefficient (absolute)

¢ = @g@p

bg = span of upper wing

by = span of lower wing

8 = area of upper wing

S, = area of lower wing

P = angle of stagger

L = +total 1ift on a wing

D = total drag on a wing

CLo = effective 1ift coefficient of upper wing
Oty = effective 1ift coefficient of lower wing

If the lower wing of a biplane were removed the upper wing
would have a 1ift coefficient of (. When the lower wing 1s

replaced the 1ift of the upper is affected. The 1ift coeffici-
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ent of the upper wing will then be called OCp, or the effective
1ift coefficient of the upper wing of a biplane. Similarly,
the effective 1ift coefficient of the lower wing will be called
Opue

The effect of the lower wing on the 1ift coefficient of

the upper will be called A Cpyq-
A Cryo = Ono — O (upper wing alone)

The effect of the upper wing on the 1ift coefficient of

the lower will be called A Opqyy

& Quon = Qu - & (lower wing alone) .

As the 1ift coefficient is a function of the 1ift, all
calculations will be made, using coefficients in order that

the results may be applicable to other cases.
The Vortex Theory Applied to the Biplane

For purposes of calculation, the airfoil is replaced by a
line at one—third of the wing chord. The circulation about the
airfoil and the circulation about this imaginary line are equal.
The circulation about one wing is disturbed by the presence of
the other in two ways. Every wing, about which there 1s a cir-
culation, has two factors affecting the air around ity the
transverse vortex and the tip vortices coming from the ends of
the wing. In a biplane these vortices cause a disturbance in

the air flow about each wing. The change in the air flow can be
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attributed to a velocity having a horizontal and a vertical com-
ponent. The horizontal velocity affects the circulation, while
the vertical velocity tends to change the angle of attack.

The velocity at the lower wing, due to the upper trans-
verse vortex, at a point x distance from the center of the

wing is (Reference 3a):

bO 444444 cam ool IR ST R 0o o b e M e 3} DO .....
_ T cospB g A T ]
NwETET B b &
/(O+x\ //—Q—- '
oosaﬁ T CoseB

The velocity at the same point, due to the tip vortices is:

L = 1+ CALES ]

2
o = b 2
T 2 0l = Q= L NS 2
4 J/G + Q% x/ J/; -+<2 x) cos?B

The derivations for the above are not necessary in this

i ¢

paper.

It ig accepted that the circulation about any wing is:

O, SV
1 -1 S

Therefore, the circulation about the upper wing 1is:

. Oro S0 W
@ & bg
and that about the lower wing is:

T GLu Su Wy
b a8 By

Il

where Vyp 1is the velocity of the air without any external in-

terference.
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The change in the horizontal velocity of the lower wing due

to the upper wing is A Vg, (Reference 2b):

AVoy OLo So
W = R B W (Reference 2b)

and similarly,
Cry ©

A vuo 195
= R ,
7 R b (Reference 2b)

The value of u in terms of the angle of stagger B8 and A is
given in Figure 1. The value of A 1is given below.
The change in the vertical velocity at the lower wing due

to the presence of the upper wing is A qgy (Reference 2c)

C S
D Lun Yo o
B G ™ S (v + x) (Reference 2¢)

and similarly,

CLu Su

gl (v ~ 3 Refe
o (v x) (Reference 3c)

A oye

The value of v and x are given in Figufes 2 and 3, respective-
1y. The integration of the above equations in order to obtain
the values ziven in Figures 1, 3, and 3, was made graphically by

Fuchs and Hopf (References 2d and 2e).
cosB (,/ 1.~ Neos®B-- 1) (Refer-
: ence 21)

Il
Il

uo= plng) —u(rg); (N

sinB (/1 + A cos®B= 1) +

(1 + sing) (/1 )

+ loge i s e AT
ging & /1 + N cos® B

v = ving) —ulnz); v(A)

x = 2{A,) - 2(ha): =(=MN = % logs (1 + i
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by + by by ~ by

where A, = 5 G and Ap = e

Since an increase in horizontal wind velocity or in the
angle of attack will incremse the 1ift of an aizxfoll, the in-

crease in 1lift will be approximately:

At =2abavs+dlhAc +DAa - (Reference 2g)
aVv oa negligible

As the 1ift of a wing is:

S Vyp®
2

L =p Cg

the increase in 1ift on the lower wing, due to the presence of

the upper wing is:

V2
, S g
T (P Cpou 52— Sl B {0 Op, 8, W) e
ki 3 Vy d a

- 20 1% S'Ll v S RT
ALP Opou 25 ) = PO Bu o - AV 40 5 Ac

G

3 C
where 3 aPu is the slope of the 1ift curve of the airfoil used.

The change in 1ift of the lower wing, due to the presence

of the upper is:
AV 3 Oy

&8an = 3 Sy AW 4 =

A G
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Substituting, we obtain:

Ay . =8 @ [:__E_L_O__S__O___.U,J_aCLLl[57'3SO(U+X)]
Lou Lu 4% Yo by 3 a 4T bg by
(Due to change in (Due to change
horizontal viloaity) in vertical

velocity)

(57.3 changes radians to dezrees)

By changing the signs, the effect on the upper wing can be

feound.

9 Cru

G (@
[ o e (4] i SR 7 3
B)) 10t

Slkne < 8 Yl TN, b

Su (v - X)
4 ]

4 T bg by

Application of the Theory

The wings used for the investigation were two metal wind
tunnel model 18-inch by 3-inch U.S.A.37 airfoils and two wooden
" .
wind tumnel model 18-inch by 3-inch Gottingen 387 airfoils. .

It has been stated in the introduction that the biplane was in-—

vestigated at various decalages, when the gap chord ratio was

one, and there was no stagger. The angles of decalage that
t

were investigated were: -2°, - 1°, 0o, +1°, +29, 439, +4°.

The characteristics of each airfoil were determined by test-

ing the airfoil in the wind tunnel. The results of these tests
are given in Figure 4. Since in each biplane combination the
upper and lower wing have the same span, the same area, and

the same 1ift characterigtics.
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Su = 5o
b =Db
2 o 3 o i

The above can be reduced to the following form {Reference 2h):

B S
A Crou =’<— 5‘;7E§x (CLo GLu) - ( o > - > CLo

A { BBY . o /573\/U”X\Hc
CLuo 3 n B (CLo CLu) W Te e (CLu)

Il

In order to know the values of MK, v and x from Figures

1, 3, and 3, we must determine A, and Ao

>\2=—————b§ébu=o
From these values
. o=@l kgl = 8= Bl
8 = P ksl -0 =0
g =% Ligd =~ 0% JuB.

B =0 as there is no stagger
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TABLE I.
Us Godin 2%
Theoretical A Cp,,, effect on upper wing due to lower.
Angle -30° -1° No +10© +2 +30 +4.0
of 4 deca- deca- deca- deca-— deca- deca- deca-
attack lage lage lage lage lage lage lage
g G -uilee) | - 00801 | -.00%10 - - - -
~ &7 - 62947 | -.0083%6 | -.01586 | -.01251 | ~.00911 —— —
g% 1-.0tvgs | -.0055 | -.0137 |-.0117 | -.001011f —.O0788|-.C0050S
+ 2% |-,0070 |-.0064 |-.0088 |[-.0050 | ~.00445|~,00375|-.00335
+ 4° | +.0077 | +.0071 | +.0058 | +.0058 | +.0053 | +.0045 |+.00417
+ 6° 7| +.0274 | +.0357 | +.02340 | +.0320 | +.0203 | +.0183 |+.0166
+ 8% | +.0522 | +.0499 | +.0464 | +.0435 | +.0403 | +.0371 |+.0343
+10° | +.0810 | +.0188 | +.0728 | +.0695 | +.0645 | +.0603 |+.0560
+12° | +.1125 | +.1080 | +.1035 | +.0983 ! +.0930 | +.0889 |+.0828
JeP & 40872 | #1345 | +.1332 | +.1380 | +.1235 | +.1163 | +.1100
+18° — +.0920 | +.1446 | +.1404 | +.1350 | +.1298 |+.1230
+18° e e +.0379 | +.0435 % +.0435 | +.0408 |+.0393

¥*Angle of attack

is measured on upper wing.
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TABLE II.

U.S.A.37

11

Theoretical effective Cp,, abs.

1ift coefficient of upper wing.

Angle -3° -1° No +10° +2° +309 +40
of deca— deca— deca~— deca-— deca~— deca— deca—
attack* lage lage lage lage lage lage lage
- 47 17719| .18199| .18688 —— - - -
w @ .31653| .32962| .33214 | .33549] .33889 —— -
g® .45315| .4545 | .4567 .4583 | .AB989 | .46202| .46421
+ 20 .6024 .8086 | .6093 .610 . 61055 .61122# .81175
+ 4° . 7557 .7551 | .7538 .7538 | .7533 .7535 75317
+ 62| .9104 .9087 | .907 .905 .9032 .9013 8996
« 89 li1.0783 | 1.0699 [1.0864 |1.0835 |1.0608 |1.0571 |1.0522
#® | 1.231 1.2268 |1.2228 |1.3195 |1.3145 | 1.3103 | 1.206
#1289 11,2955 | 1.391 |1.3865 |1.38123 |1.3760 | 1.3719 | 1.3658
4049 13,4772 | 1.5845 |1.58%2 |1.518 | 1.5185 | 1.5083 | 1.800
+15° i 1.5233 |1.5356 |1.5714 |1.5660 | 1.5608 | 1.5540
+16° - s L9379 .9535 | .9535 .9508 | .9493

*Angle of attack is measured on upper wing.
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U.5.4. 37

13

Theoretical ACyq,, effect on lower wing due to upper

Angle -3° -1° No +1° +2° +3° +4.°
of deca— deca-— deca— deca~— deca~— deca~— deca~—
attack 1lage lage lage lage lage lage | 1lage
- 4° | -.03798 |-.03601|-.08396] —- e W e
] |
- 8% | -.05438|-.05137|-.04864|-.04523! —. 04168 ke ——
o ~.08275f—.0773 < D738 1-.0693. | =, 00574 ~.0811  |-05885
+8° |-.1193 |-.1136 |{~,1083 |-.1012 |-.09619 —-.09065 |{—-.0860
) |
B WO LU0 [~ 1B |- 1450 [-,1881 |-.1316 | <1280 | -.2190
|
R L ante | 1987 |-, 1875 1184 |-, 1718 | . 1631 |-.1554
BN L3RR e OB |- B850 |- B3B3 |« 2168 | —.8073 | -.1983
|
410° | -.3085 {-.2961 |-.2858 |-.2775 |-.2656 | -.2550 |-.2443
B BE0E o BE10 [n BB 330 |~ B18Y [ ~u3004 | ~.2084
FhU " —eB008 [=e3B81 |~«P008 |=+3808 |~.3702 | -+ 8578 |«,0453
+18° o b BB Ly BR0D @000 | 2017 | 3815 - |wuwBO85
+187 ik s | IGBE 1 B806 |-, 2568 | =« 2891 | ~«2426
b

*Angle of attack is measured on

upper wing.
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TABLE IV.
1 UeBods 87
Theoretical effective VCLu, gbs. 1ift coefficient of lower wing
Angle ~2° ~1° No +19 420 +39 . +4.°
of deca~ deca- deca— deca— deca~ deca- deca~—
at back* lage lage lage lage lage lage lage
= G ~323002 | .24899| .17604 s b e i
- 3° 41562 | .B6EV3| .20936| .35978] .15833 - -
e .53235| .4537 | .3965 | .3337 | .28236| .2139 |1.4365
+ 2° .6282 | .5664 | .5068 | .4288 | .37385| .31235 | .2630
+ 4° «72342 .6640 | .6030 | .5419 .4834 | .4070 . 3530
+ 6° .8162 | .7563 | .6955 | .6360 | .5767 | .5169 L4596
+ 8© .8967 | .8490 | .7844 | .7357 | .6664 | .6083 . 5499
+10° .9765 | .9209 | .8642 | .8175 | .7544 | .6970 .6387
+32% 11,0297 | .9860 | .9415 | .887 .8317 | .7856 « 1856
+14° .6097 |1.0349 | .9992 | .9563 | .9137 | .8593 .8047
+15° = .6010 {1.020 .9880 | .9453 | .9015 .8485
+186° — - .7135 |1.1704 {1.1344 |1.0879 [1.0404

¥*Angle of attack is measured on upper wing.
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From Figure 4:

o C
L _ .0877 for the U.S+A.27 airfoil
@ o b)
o Gy, ' i . : !
- .0747 for the Gottingen 387 airfoil.

As the airfoils are 18-inch by 3-inch, and the gap chord

ratio one
8o=Sy = 375 sq.ft.
by =1b = 1.5 ft.
= .35 ft.

The above equations can be simplified still further to fit

this gpecial case.

U.S.A.37 airfoils:

Lo obEag ([ BY5) 5¥.3 ( 375)
ACou =~ "o q (1.5)7 Cle Vi 30 (1.8) (1. C.)zCLO(.OG'??)

= -.1355 O, Opy —-0927 Opq

A CLUO == +-1355 CLO CLu *-0927 CLu

Gottingen 387 airfoils:

b ~ . L5 o g . B1a3 (1.8)(.378) g (.0747)
Thou 3 (1. 5) Lo 4 T (1.5)8 Lo
= —.1355 GLO GLu - .1023 CLO
A Ctuo = +-1355 CL CLu -+ 1028 GLu

The effect of the presence of the lower wing on the 1ift of

the upper, and the effect of the presence of the upper wing on the
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1ift of the lower were calculated for decalage of —20, —10, +1o,

+2°, +3°, +4° for the U.S.4.27 airfoil and +2° for the GOttingen
387 airfoil. Each biplane combination was calculated for 16 an-
gles of attack. These calcuiations were made by substituting the
values obtained from Figure 4 in the above equations. The angle
of attack was measured on the upper wing, thus an increase in
decalage causes a decrease in the angle of the lower wing. The
numerical results for the calculations for the U.S.A.27 airfoil
are given in Tables I and III. The results for the thtingen 387
airfoil are given below. Figures 5 and 6 show the same values
plotted against the 1ift of the upper wing alone. That is, 1if
the upper wing had the same angle of attack and its 1ift was not
disturbed by the presence of the lower wing.

From the values given in Figure 4, the effective 1ift of -
the upper and lower wings were calculated by means of the above
results. The numerical results of these calculations for the
U.S.A.37 airfoil are given in Tables II and IV, while the re-

sults for the GBttingen 387 airfoil are given below:

Angle of Attack CLuo 010 (effective)
~ 49
- 2° ~.011%156 . 38585
i ~.01155 .5119
- 2° ~. 0050 . 6830
- P —.0105 .8785
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Angle of Attack CLuo OLo (effective)
- 8° ~.058 1.3290
-10° —-.0856 1.3836
~-12° ~,1180 1.5430
~14° -«14213 1.6283
-18° —-.1490 1.6590
~16° ~.1538 1.6758

The distribution of loads between wings is the ratio of the
effective 1ift of the upper wing to the effective 1ift of the
lower wing. The distribution of the load between the wings was
calculated from the above results. The ratios are plotted in
Figure 7.

The Results of the Theoretical Investigation

In discussing the results of the investigation from the
view of the vortex theory at this point the wind tunnel test re-
sults or any conclusions drawn from them will be omitted.

The variation of A Cpyo with the Cp of the upper wing
alone, as given in Figure 5, show that at angles of attack be-
low 3° for the U.S.4.27 airfoil and below 3.35° for the Gottingen
387 airfoil, the effect of the vertical velocity at the upper
wing, due to the lower wing, is greater than the effect due to
the horizontal velocity. Above these values the effect due to
the horizontal velocity component is greater. The vertical ve-

loclty tends to decrease the 1ift of the upper wing, while the
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horizontal velocity tends to increase the 1ift. Therefore,

CLuo Will be negative below these values and positive above.

As the horizontal velocity component is @ function of the square
of the 1ift on the upper wing, and the vertical velocity compo-
nent ie directly proportional to the 1ift on the upper wing,
there is a point at which the two components are equal. This is
the point when the U.S.A.27 airfoil is at 3° and the thtingeﬁ 387
is at 3.85°% At angles above 3° for the U.S.A.37, and above
Bu25° for the thtingen 387, the effect of the horizontal compo-
nent is predominant, therefore A Cpyp will increase with an
increase in decalage. Below these angles the effect will be re-
versed. Therefore, at small angles of attack an increase in
decalage increases Ciyo-

As pvoth the horizontal and vertical velocity at the lower
wing, due to the upper wing, tend to decrease the 1ift of the
lower wing, Cruyo will be negative. As an increase in deca-
lage causes a decrease in 1ift on the lower wing A Opuo will
have less effect with increased decalage. This phenomenon is
shown graphically in Figure 6.

With positive decalage the 1ift on the upper wing will be
greater than that on the lower wing, at all angles of attack
of the biplane. This is caused by the upper wing having a
larger angle of attack. Neglecting the effect of one wing on
the 1ift of the other, the ratio of the 1ift of the upper to
the 1ift of the lower will be greater than one. Similarly this

ratio will be less than one when there is a negative decalage.
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From‘Figures 5 and 6 it can be seen that at large angles
of attack the 1ift on the upper wing is increased and the 1ift
on the lower wing decreased. Therefore, the ratio of the ef-
fective 1ift on the upper wing to that on the lower wing will be
greater than it would be if this effect were neglected. At
small angles the décrease in the 1ift on the lower wing is so
much more than the decrease in the 1ift on the upper wing that
the same result is produced, thereby increasing the ratio at
all points. At some angles the ratio 1s not increased as much
as at high angles of attack; therefore, the curves in Figure 7

have a general upward slope€e.

The Experimental Investigation

The Apparatus

In tests in the wind tunnel the most probable source of
error is in setting the model to be tested. In this experiment
every possible precaution was taken to eliminate any error from
this source.

One wing was set in the chuck of the wind tunnel in the
usual mammer. This chuck rests on the balances. 4Another chuck
was screwed to roof of the wind tunnel directly above the chuck
used for the wing just mentioned. The upper chuck was centered
accurately by means of a plumb bob. In this upper chuck was
set a spindle, offset by a link at 7 inches above the wing.

The interfering or dummy wing was mounted on this spindle. The
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link had a slot in one end to permit a certain amount of freedom
in puttiné the wing in place. It is this interfering or dummy
wing that nffects the 1ift on the wing in the lower chueck. By
rotating the upper spindle in the chuck the interfering or dummy
wing was used either as the upper or lower wing of the biplane.
Of course in one position the wing ws turned to kegp the lead-
ing edge into the wind. Figure 8a is a photograph of the appa-
ratus in the wind tumnel.

In the photograph the wings are in position to give read-
ings for the efifective 1ift on the lower wing. Figure 8 gives
the dimensions for the apparatus. In the tests a rod was
screwed into the lower part of the interfering wing, directly
below the spindle. As the rod was long cenough to reach the
floor of the tunnel, it prevented any possible vibration of the
interfering wing. This rod 1is noﬁ shown in the photograph.

Procedure

The investigation was made in 4-foot wind tunnel at New York
University. All tests were made with a wind velocity of 40
miles per hour.

The decalage was measured with a pair of drawing dividers
having very sharp points. Two fine crosses were scratched on
the end of each wing. For each decalage to be investigated a
full-scale drawing, showing these crosses, was made of the wings.

The wings were placed in the tunnel at approximately the desired




N.A.C.A. Technical Note No. 269 2Q

decalage. The drawing dividers were then set by placing them on
the full scale drawing. With the dividers held 6ver the crosses,
scratched on the wings, the wings were moved delicately until
the crosses, and therefore the wings, were in the desired posi-
tion.

It has been stated that the 1ift was investigated at various
angles of decalage, when the gep/chord ratio was one, and there
was no stagger. The gap/chdrd ratio was always equal to one
since the full drawing, used to place the wings, was made with
that gap/chord rafio.

It may appear that there was a possible source of error in
measuring the stagger. According to the National Advisory Com-

o

mittee for Aeronautics definition, there is no stagger when the

. leading edge of the lower wing lies in a perpendicular to the

chord of the uppe wing drawn at the leading edge.of the upper
wing.

In order to prevent the wings from having any stagger, a
small jigvwes used. It consisted of a small "T" made of alumi-
num. Great pains were taken in making the "T" perfectly square.
A spring clamp was screwed to the stem of the "T". This clamp
held the stem against the lower side of the upper wing so that
one edge of the stem coincided with the chord of the upper wing.
One side of the head of the "T" was pressed against the lecading
edge of the upper wing so that when the leading cdge of the lower

wing was brought up flush with the other side of the head of the
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"T" there was no possibility of any stagger.

One airfoil was set up in the lower chuck (connected to the
balance).. It was then tested for 1ift at the ordinary angles of
attack.

To measure the effective 1ift of the upper wing, the wing in
the chuck, juét described, was used as the upper wing. The lower
wing was then put in place. After the "T" shaped jig was clamped
to the upper wing, the lower wing was carefully set at the cor-
rect decalage by means of the dividers. The lower wing was then
locked in place and the decalage checked. After the "T" clamp
was re&oved, the tunnel was started and a reading taken. With
the decalage set, the wings were both rotated about the same axis,
so that readings could be taken at all angles of attack, without
further adjustment. To prevent any error, the decalage was
checked before and after the reading at each angle of attack.
Great care was taken to keep the wings parallel for each test.

In a similar way the effective 1ift of the lower wing was
measured. The interfering wing was then removed and monoplane
readings were again taken on the wing in the lower chuck. The
tests were run without removing the wing in the lower cluck be-
tween runs. In this way, another possible source of error was

removed.
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TABLE V.
UsBedin 27
Wind, tunnel results for ACyyuqo, effect on upper wing due to lower
Angle 30 7@ o L 430 140
of deca- deca—| deca- deca— deca— deca~ deca—
attack* lage lage lage lage lage lage lage
- 49 ; +.0123
- 90 | ~+ 043
g —-.089 | -.081 ]—.044 «.0315| ~.017 +.0135| +.059
+ 2° e | -
+ 409 ~+086 | —«084 |-.077 | -.0868 | —.051 ~. 030 —-.032
+ g° | —~. 073
+ 89 Lains | -3 |-.098 ) w0 | 2.0es —.078 -.073
+10° —-.099
+12° ~.158 | ~.147 |-.134 | -.113 | -.105 -.098 -.083
+140 -, 107
+15° |
+18°

*Angle of attack is measured on upper wing.
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TABLE VI.
U B da 27
Wind tunnel resuits for effective Cp,, abs. 1ift coef. of upper
Angle BW T 3% | We | ¥l 480 | 350 +40
of deca~| deca- deca- | deca~ deca-| deca- deca—
attack* lage | lage lage | lage -lage | lage lage
- 4P <1758
- 3° . 305
§® B4 | .262 .379 | .3915 .4086 . 4365 L4723
+ g9 . 587
+ 49 5862 | .664 671 | .€88 . 897 .718 .726
+ 809 810
+ 89 .893 | .907 .922 | .9239 «935 .942 .947
+10° 1.05
+12° 188 |1.338 |1.:150 13,07 1308 114288 1.30
+14° 1. 283
+15°
+16°

*Angle of attack is measured on upper wing.
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TABLE VII.
U.S.4. 37
Wind tumnel results for AOCp,,, effect on lower wing due to upper
Angle . il No +1° Y +3° +4°
of deca~ dece—~| deca- deca— deca- deca~ deca-
attack* lage lage lage lage lage lage lage
I +.0055
~ 2% ~.0428
g w043 | -,038 | ~.0838 | ~.0B1B] —+1145 | =~«1167] -.1308
+ 2° -, 099 ~.168
a8 1 soapn | o.105 | —.308 | -»120 | =.3455 | -.099 | -,207
+ 89 —-.118
+ 8° 2177 | =809 | —e197 -.211 | -,314 ~.2045| —.180
+10° -.197
+12° —.230 —.243 | —.R46 —~+233 —.2623 —-e2b3 —.048
+14° ~.250 ~-.232
+1509 ~.315 | —.2337
+16° -.218

*Angle of attack is measured on upper wing.
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TABLE VIII.

UC.58.4.23

Wind tunnel results for effective Cpy, abs. 1ift coef. of lower wing

Angle ~30 -10° o +19 +3° +5° +4°
of deca- deca- deca- deca- deca- deca- deca~
attack® | lage lage lage lage lage lage lage
- 4 - LE8B
- 3 .1204
0 572 | .494 | .4065 | .3345 | .2335 | .1403 | 1.0332
B
+ 4 179 «T1L . 643 . 563 4735 L4223 « 180
+ ©
* & 973 BT .873 741 . 669 - ) 0
+10
Fl2 «116 1.094 1. 087 ol . 888 . 833 « 568
+14 1.14
+15 1.068 1.046
+16
|

*Angle of attack is measured on upper wing.
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The Results of the Wind Tunnel Experiments

The results of the tests with the wing alone are given in
Figure 4. It was upon these results that the theoretical cal-
culations were based.

From readings of the 1ift on the wing, alone in the tunnel,
and the 1ift when the other wing is present, the effect of the
presence of one wing upon the 1ift of the other was calculated.

The experimental results for the effective 1ift of both upper

.and lower wings are given in Tables VI and VIII, respectively.

The effect of the presence of one wing upon the 1ift of the
other, as obtained in the wind tunnel, is given in Tables V and |
VII. The same results are shown graphically in Figures 9 and 10.
Filgure 11 gives the ratlio of the effective 1ift of the up-
per wing to that of the lower as obtained from these tests (See

Fig. 13 for comparison with Fig. 7).
Discussion of the Experimental Results

It can readily be seen that there is a difference between
the results obtained by the experimental and by the theoretical
investigations. After the nature of the wind {funnel results have
been discussed, the reasons for this difference will be explained.

The results obtained in the wind tunnel for A Cryo, 28
shown in Figure 9, are hardly similar to the thedretical results

shown in Figure 5. The wind tunnel results for the U.S5.4.37 air-
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foil were calculated, vlotted, and found to give some very con-
sistent results. It was thought that there might have been a
possible error, since the curves obtained from the wind tumnel
investigation did not conform with those obtained by the appli~
cation of the vortex theory. For this reason a new set-up was
made in the wind tunnel, using two Géttingen 387 airfolls ase a
check on the results obtained by the U.S.A.37 airfoils. The
G8ttingen airfoils were tested at a decalage of +2°. The re-
sults of this test gives a curve very similar to that obtained
at +2° decalage with the U.S.A.37 airfoil. Of course these curves
do not coincide since the two airfoils have different 1ift char-
acteristics.

Figure 9 shows that the lower wing reduces the 1ift of the
upper when the angle of attack of the biplane is increased. The
1ift on the upper wing is increased with an increase in decalage.

The plotting of the wind tunnel results for A Cp,,, the
effect of the upper wing upon the 1ift characteristics of the
lower, give a curve with a slope very similar to that obtained
by the theoretical investigation. Though the erfect increases
with the angle of attack, the 1ift on the lower wing decreases
with an increase in decalage, contrary to the results given by :
the application of the vortex theory.

Since the 1ift on the upper wing is decreased at a large
angle of attack, the ratio of the 1ift on the upper wing to that

on the lower wing will be less than that obtained theoretically.
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As the reduction in 1ift on the lower wing increases faster than
that on the upper wing, the curves will still have the same up—

ward slope as in the theoretical results.

A Comparison of the Results Obtained by the Theoretical

and Experimental Investigations

It has been shown that there is a difference between the
wind tunnel test results and the calculated results based on
the vortex theory.

The fact that the wind tunnel tests were accurate can be
proven in two ways. The results obtained from the readings in
the wind tunnel, when plotted, gave smooth consistent curves.
Secondly, the results were checked by using a different set pf
airfoils and.a new set-up still obtaining the same results.

It may be stated here that the possibility of an error in set-
ting up the apparatus is negligible as the wing on which the '
readings were made was not moved in the chuck between any of the
tests, including the tests with the wing alone in the tunnel.

The reason for the difference in the results is in the
method of applying the vortex theory. The airfoils of the bi-
plane were replaced by lines at one-third the wing chord. All
the calculations were based on the circulation about these lines.
When the decalage is varied from —2° to +4°, and the gap kept
constant, these lines come approximately 3/32 of an inch closer

together, while the trailing edges of the wing are moved approx—
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imately 7/16 of an inch. (The distancesbetween the leading edges
remain constant.) The vortex theory as developed by Dr. Fuchs
and Dr. Hopf (Reference 2i) does not recognize the movement of
these lines or the fact that the distance between the trailing
edges is not the same as the gap. The theory has been developed
only including the interference betwecen the circulations and the
vortices. The Venturi effect produced by having the trailing
edges of the wings closer together when there is positive deca-
lage and by having the trailing edges farther apart when there
is negative decalage has been neglected. With positive, this
Venturi effect tends to increase the velocity of the air be-
tween the wings, reducing the circulation about the upper wing
and increasing the circulation about the lower wing. It has
been shown that the 1ift of a wing is a function of the circula-
tion. Figures 5 and 6 show an increased 1ift on the upper wing
and a decreased 1ift on the lower wing, due to the circulation
about a line replacing the airfoil and neglecting the Venturi
effect. The increased 1ift is small compared to the decreased
1ift of the lower wing. (The scale of Figure 6 is five times
that of Figure 5.) When the Venturi effect is taken into g
count, the 1ift on the upper wing is decreased until it is below
the value for the wing alone, making A Cp,, negative, as in
Figure 9. The increased 1ift of the lower wing will decrease
the slope in Figure 6. As the scale of Figure 6 is larger,

the effect is not noticeable at first. This is shown in Figure
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10. Thus it can be shown that the Venturl effect does affect
the 1ift of the wings. It ia well to keep in mind that the ef-
fect of the interfering circulations is greater than the Venturi
effect.

When the decalage is increased the Venturi effect increases,
increasing the 1ift of the lower wing, or reducing the effect of
the upper wing on the lower wing. This explains the reversed
order of the lines in Figure 10 when compare ‘with Figure 6 (See
Figure 12).

The reduced value of the ratio of the effective 1ift of the
upper wing to that of the lower wing has already been discussed.

The experimental results bring out many other points in the
vortex theory as applied to biplanes. When the wind tunnel re-
sults are applied to the equations developed from the vortex
theory for ACyyun, they show that actually the vertical veloo-
ity increases faster than the horizontal velocity. The hori-
zontal velocity tends to increase the 1ift of the upper wing,
while vertical velocity tends to reduce the 1ift. According to
the constants determined by the graphic integration of Dr. Fuchs
and Dr. Hopf (Reference 3j), the vertical velocity does not in-
crease as fast as the horizontal velocity. It may be that these
constants are not applicable.

In applying the vortex theory, Dr. Fuchs and Dr. Hopf have
neglected the fact that when a biplane with no stagger is at a

high angle of attack, the same effect is produced as if there
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were stagger, since one wing meets the wind before the other.
This may cause the lower wing to be less affected by the tip
vortices of the upper wing, the transverse vortices remaining
the same. It may be recalled that the tip vortices tend to
reduce the 1ift of either wing.

As the wing approaches an elliptical loading the vortices
are leaving the wing in an increasing amount from the center to
the tip of the wing. Dr. Fuchs and Dr. Hopf (Reference 2j)
should have made their integration using an elliptical loading

when they obtained the constants for Figures 1, 2 and 3.
Conclusions

In a biplane the 1ift of the upper wing will be greater
than that of the lower wing, due to the circulation of the lower
wing, incrcasing the wind velocity at the upper wing and the
circulation of the upper wing, decreasing the wind velocity of
the lower wing. The increased velocity between the wings due to
the Venturi effect tends to decrease the circulation of the up—
per wing and increase the circulation of the lower wing. The
Venturi effect is not as great as that produced by the inter-
ference of the circulations.

The tip vortices of each wing tend to decrease the 1ift of
the other. It has becen shown that the 1ift of each wing is de-
creased, due to the presence of the other, the 1ift of the lower

wing being decreascd more than'that of the other. Therefore,
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the total 1ift of a bivlane is less than that of two similar mon-
oplane wings.

Since the 1ift of each wing is decreased and that of the
lower wing is decreased more than that of the upper, the ratio
of the effective 1ift of the upper wing to that of the lower
wing will be greater than one except at small angles of attack
and when there is no or negative decalage. When the decalage 1s
negative, the lower wing has a greater angle of attack and a
greater 1ift, consequently the ratio is less thanbone.

The equation for the application of the vortex theory to a
biplane should be corrected for the Venturi effect (by replacing

the airfoil by more than one 1ine), the effect of the vortices

‘leaving the wing before they reach the end (using elliptical

loading), and the effect of the stagger at high angles of attack.
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