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Iutroduction.

It is obvious that, ir accordance with Newton's sec-
ond law, the 1ift on an aercfoil must be equal to the ver-
tical momentum communicated per second to the alr mass
affected. Consequently a lifting aerofoil in flight is
trailed by a wash which has a definite inclination corres-

: ponding to the factors producing the 1ift. IV is though
that sufficient data, theoretical and experimental, are
! now available for a complete determination of this wash
. with respect to the variation of its angle of inclination
to the originating aerofoil and with respect GO the law
which governs its decay in space.
lunk's Formula for Downwasai.
] Although it has long been known that the angie of down-
l wash € , as observed at a given point behind the aero-
[ foil, is directly proportional to the 1ift of the merofoil
| :
s (Br. A.C.A. R. & M. No.196) and inversely proportionel to
. the aspsct ratio (Lancasster "Aerial Flight" Vol. 1, Chap-
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ter VIII, Br. A.C,A, R, & M, No.161), Munk (Technische Ber-
ichte III-1) seems to have been the first %o propose a quan-—
titative sclution. He asserts that ¢ must be reprssented
as the product of some constant and the angle of attack as

-

expressed by the formula (Betz, T.B.I-4),

e 5
Qo= T < A LIS

where b 1is the span, L, is the 1ift coefficient and S 1is
the aresa of the aerofoil. The formula for downwash then

becones
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the value of the constant ¢ being determined by experi-
ment. The formula as given applies to monoplanes but wmay
be applied to multiplanes, according to Munk, by ths intro-
duction of another constant k which reduces the span b
to the span of the equivalent monoplane.

The values of ¢ were determined for sevsral models
by photographing a series of streamers. Owing toc the lack
of certain vital data, the results have not been included
in this study, but the conclusions are given instead. It
appears that the equation, as given above, is not general.
The values of ¢ vary somewhat more than is allowable for
& "constant". No attempt wius made to determine the variation
of ¢ with aspect ratio, nor wes any allowance made for
the inevitable dying out or the wash effect in space. It

appears, however, that the angle of dowmnwash is substanti-




ally constant over about eight-tenths of the span, with

sudden changes near the tips.

N. P. L. FEorals

The most comprehensive series of tests on downwash,
which have been published, are those by Sandison, Glauert,
and Jones (Br. A.C.A. RH. & M. No.426). 1In this investigation
the variation 6f downwash was determined in space fof a
number of points behind, above, and below the trailing edge
of the aerofoil. It was found that, in accordance with
hydrodynamic theory,* the angle of downwash decreases ex-
ponentially with the distance from the aerofoil (a bi-

Plane in this case) and might be exXpressed by the empiri-

ceal formula
eV £ ~ovos
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where
¢ ' 1s the distance behind the wing in chord lengths,
1s the distance below the chord of the upper wing
in terms of the gap,
and €, 1s a constant for any given arrangement.

This appears to have been the first attempt to express

the variation of ¢, from point to point. With a satis-
factory law for the veriation of €5 it would have been
complete.

Derivation of a Comprehensive Downwash Formula.

It is now possible to derive a comprehensive downwash

- formula based on the thtingen theoretical and the W.P.L.

* See Lanchester, Aerial Flight, Vol. I, Chap. III,




empirical formulae. It is ¥known definitely that downwash

o

varies exponentially with distance from the trailing edgé.
The plotved results of N.P.L. investigations, which show
tnis variation vertically and horiéontally, are given in
Figs, 1 and 2, respectively. The data in Fig. 1 have been
replotied on a 1ogaritﬁmic scale in Fig. -3, With the wver-
tical distance from the trailing edge eipressed in caoxc -
lengths plus one chord length* as abscissa and angles of
dowmnwash as orainates. It is found that for a given angle
of attack, the angles of downwash at various vertical dis-
tances from the trailing edge lie on a straight line.
The lines corresponding tc¢ the various angles of attack
are all parallel and have a slope of -13° # 0.5°. This
indicates that the variation of angle of downwash with ver-
tical distance from the trailing edge can be represented
by an equation of the form:

& = oy il

2

where ¢, = - a constant,

77

i

the vertical distance, of the point under con-
sideration, in chord lengths, from the trailing
edge,

¥

tan (-13° £ 0.5°)

i

and n
= -0,83 £ 0,01,

In a similar maﬁner the data from Fig. & have been

plotted in Fig. 4. The points again fall near parallel

straight lines but their slope, -21° # 0.59, is steeper

—

than that in Fig. 3. The indicated variation of the angle

* This is necessary so as to provide a finite value at the
trailing edge.
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of dowmnwash with variation of horizontal distance from

the trailing edge is of the form

R l)n
2
where ¢ = a constant,

X = the horizon*al distance, ¢f the point under con-
sideration in chord lengths, from the trailing
edge,;

and
n = tan (-31° £ 0.5°)

= -0.38 £ 0.01.
In order to eliminate the calculations involving frac-
tional expenents the functions,

Z

(v + 21

)"0-38

and

7 (% < 1

have Dbeen evaluated and plotted in Fig. 5.

Data from five series of downwash determinations have
been plotted in Fig. 6, with angles of downwash as ordi-
nates and 1ift coefficients as abscissae. The slope of
the straight line, which passes through the points repre-
senting a series of tests, determines the value of Ac/ALC
for that particular arrangement and the point in space at
which the observations were taken. The aspect ratio, the
value of Ae/ALC, and the coordinates of the observation
paint are given, for each series of Tests, in Table I,

it is evident from inspection of Fig. 6 that € var-
ies directly with 1ift coefficient. 1I{ has also been showm
by data from the tests of Sandison, Glauert, and Jones

(Br. A.C.A. R. & M., No0.426) how ¢ varies in space. Munk's
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equation indicates that ¢ varies inversely as the aspect |

rasio, n. Therefore the angle of downwash should be given

by \~0+38
)
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where K is a'ccnstant, numerically equal %o AeﬁALC at t
trailing edge of a wing of aspect ratié unity.

The value of K is determined for eaéh of the five
ies of tests. alvich are plotted in FPigi 6, by subgtitut
the proper values for the functions of x and y and
the aspect ratio n. The procsdure is indicated by the
headings of colummns in Table I.

1t 1g8 found that X is substantially constant, vary

vl 164 1o 176; a single exception of 158 corresponds to

& series of tests on a biplane arrangementc, the wings o
which were equipped with flaps and represent abnormal ¢
ditions. It therefore appears that the angle of downwa
can be represented to a good approximation by

a X0 e 023
(x +,1) °°28 JCles L,

=-'——~_vF-".7
T n x - By >

Fx and F, being the values of the functions of x and

(O}

which are given in Fig. 5.

The validity of this formula is obvicusly confined
to that range of angle of attack or 1if: ccefficient in
which the air flow about the aerofoil is not abnormelly

bulent.
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Application of the Downwash Formula.

The chief use of a downwash formula is the calculation
of the aerodynamic angle of attack of the horizontal tail
surfaces. For this purpose a reference point is taken on
the leading edge of the horizontal tail surfaces and the
values of & obtained from the formula. The aerodynamic .
ghizle of attack of the tail surfaces will then be

G =a -8 -¢
where e is the angle of attack of the wing and B is the
acute angle between the chord lines of the wings and hori-
zontal tail surfaces, considered positi#e (in the equation)
if the tail is set at a less apparent angle than the wings,

The data from tests seem to indicate that in case

& biplane the waximum angle of dowmwash occurs in the

Hh

o}
horizontal plane midway between the two wings. The effect

is so slight, however, that the above method may be used,
referring the coordinates of the reference point to the near-
est wing {preferably to the no lift line), with the assur-
ance that the results so obtained will be as precise as

it is practicable to calculate them with the data ncw avail-

able.




o

TABLE I,
DETERMINATION OF K IN THE EQUATION
K
€ = E . FX - Fy Lc
Source of:Aspect: : : T A ):A e(K:i )
Data ; Ratloz %ﬁi A Fy : Fy fALc‘fx Fy EALC FX.FY
N6 - 2

N ¢-1 s 3 %, - ? 2
Curtiss B8 -211.80:2.5: O :.B85:0 100¢ 17.9 170

Tests $ ; ; £ : s
BRI OE c 6 :15.20:2.3:0.55:.84 - .90 26.4 158
R&l #4286 6 :14.70:3.0:0.617.585: .g88- 37.8 167
R&M #4236 : & :16.00:3.0:0.43:.595:.915: 29.3 178
BEM 4515 : 7.73 :11.8 :2.6:0,6 .62 = S80S 2085 164

NOTE:

There will be a slight decrease in the valus of Be /DL,
with increase in 1ift coefficient if the reference

point is not fixed in space.

This is caused by the

change in the coordinates of the point with change
in angle and the effect may easily be accounted for.

Let D =
ersnce point'P
b %
then X I . ats 8
V= T DIEEEE -l g

distance from trailing edge, T,

50 ref-

Inclination to horizontal of line TP
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