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LEASED IN THE INTEREST OF MAKING AVAILABLE
AS MUCQI{ INFORMATION AS POSSIBLE.



LATIONAL ADVISORY QQMMITTEE FOR AZRONAUTICS.
TECENICAL HMEMORANDUM NO 337.

A UETHOD FOR THE DIRECT DETIRMINATION OF WING-SZCTION DRAG.*
By A, Betz.

The wing theory teaches us that a large part of the drag
of a wing is due to the losses at the tips, constituting the
so-called induced drag. It is almost independent of the shape
of the wing section (or profile) and can be determined mathe-
matically with a fair degree of accuracy. The rest of the
drag depends on the shape of the wing section and is there-
fore called the wing-section (or profile) drag. It is orii-
narily found by subtracting the calculated theoretical induceé
drag from the total wing drag measured in a wind tunnel. This
method, however, gives rise to various inaccuracies. The wing-
section drag 1s often only a small fraction of the total wing
drag, so that a slight error in the determination of the lat-
ter makes considerable percentile difference in the former.
Moreover, the theorctical celculation of the induced drag 1is
only approximately correct and the points therein disregardcd
principally affcct the wing-section drag, on account of the
smallness of the latter. The problem therefore becomes impor-
tant when we wish to tcst in a wind tunnel, the effect of the

indcx velue. For this purpose we must use wings with very

. . 3] . - ) s oo
* From "Zeitschrift fur Flugtechnik und hotorluftschiffahrt,'
Fcoruary 14, 1925, pp. 43-44.
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X

long chords, though we cannot correspondingly increase the
span, on account of the limited dimensions of the wind tunnel.
Hitherto, in guch casesg, we have placed bvarriers at the ends
of the wings, in order to producc a uniform current by pre-
venting the air from flowing around the wing tips.* Even
this method, however, has sources of error. The flow around
the wing is disturbed in the vicinity of the walls by the
boundary layer of air on the walls. This disturbance can
cause a separation of the flow at the wing tips. The result-
ing decreasc in 1ift is, however, azain accompaniced by induced
drag. Although this is smaller than the induced drag without
wallg, its magnitude ig still so uncertain asg to render any
accurate determination of the wing-section drag impossible.
We can, indeed, by speclal precautionary wmcasures, diminish
the disturbing effect of the walls, out all such measures are
of the nature of makeshifts and the increasc in accuracy is
not very creat.

On account of thesge ¢ifficulties, :ilr. Ackeret undcrtook
to work out a method for calculating the wing-section drag di-

L.
tne

rectly from the energy loss of the air. If we measure

so-called total pressure p + 5 v2 (p = static pressure of

the air and % = dynamic pressure), then this quantity is con-

stant in & constant or potcential flow. If losses occur during

oo

* Betz, "Untersuchung ciner Schukowskyschen Tragfléohe,"
"Zeiltschrift fur Flugtechnik und lotorluftschiffahrt," 1215,
De 1756 Yieselsberger, "Der Zinfluss des Kennwertes auf die
Luftkrafte von Tragflugeln" in "Ergebnissec der Aerodynamischen
Versuchsanstalt zu Gottingen," Report I, p. 54.



bt

W

N.es.Cole Technical Mcomorandum Ho. 337 3

the course of the flow, they arc manifested by a decrease in
the total pressure. When, therefore, we mcasurc the total
pressures behind the wing in a line pcrpendicular to its span,
we must be cnabled to determine the wing-section drag of the
corresponding front portion of the wing from the difference be-
tween the total pressures behiod and in front of the wing.

Agide from the fact that by such a method, we can obtain
the wing-section dragz directly, (i.e., not simply as the dif-
fercnce betwecen the total and induced drags), this method has
the further advantaze of cnabling us to determine the wing-
scction drag for cach individual section. This may be impor-
tant, inasmich as the wing-scction drog varicecs throughout the
span. This method has still another great advantage, in that
the rcguisite determination can 2lso be made on full-sized air-
planes. This affords a means £0r comparing the results ob-
tained on the mocdel and on a full-sized airplane at just the
point whore the effect of the index value is greatest. Before
employing this method, it is mecessary to undcrstand the theo-
retical principles on which it is based. This will be ex—
plained in what follows.

In order that the method may be more ecasily understood,
we will first consgider the simpler case when there is no 1ift,
but onlv drag, and when the streamlines at the measuring point
behind the obstacle are ncarly parallel. korcover, the flow

is acsumed not to deviate nmuch from the two-dimensional flow.
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The velocity in front of the body ig denoted by v and the

0

static pressure by » Thesc two quantities vary somcwhat from

Rge}

s

place to nlace, due to the Gisturbance caused by the body, but
the total pressurc 8o = po + § V& is constant (Fig. 1). A%
the measuring point behind the body, the pressure p and the
velocity v likewige vary from place to »lace and, if no
losses occur, the total oSressure is here clso g = p + % VE = goe
Only in o rmall region behind the body is g smaller than g5
(Fiz. 2).

We can determine the drag of the body cnly witn the aelp
of the impulse law We imagine, before and behind the body, a
control surface which extends to infinity both above and below
and 1g perpendicular to the plane 1 of the diagram. The force
exerted on a section of the body of the length 1 1is then
found as the diiference 2f the pressures and of the impulses

on both control surfaces

+eo
W=1/ pyg - p) + P (vy® - v®)]a vy
S
If we put

v2

i
o

Po + % VoS T 8o and p +

LA

we obtain
+65

] T p 2
W=1/(go~-8) dvy~+ 3 v/ (vg - vE)dy
-
The first of the two integrals contains the difference of the
total pressures and is relatively simple to determine. The in-

tegrzl Gocs not nced to ve extended to infinity, since g dif-
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fers from g, only on a limited recgion, the vortical rcgion
bchind the body (Fig. 2), so that, outside of this region, the
integrand g, -~ g everywhere vanishes. The sccond integral
ig lcss favorable in this respect. We can, however, transform
it in such o manner that only one integration is required in
the vortical region.

We will imagine 2 potential flow which, outside of the
vortical region, is identical with the flow producing the drag
and let v' denote itg velocity. Then, outside the vortical
region, v' = v Dbchind tihe body and vy' = vy in front of
the body. In the vorticel region, however, v' 1is greater
than v (Fig. 2). In order to bring this into harmony with
the continuity condition, wc must assume sgsourcces for the poten-
tial flow, whose total yield for the section of tﬁe body con-
cerned is E =1/ (v' - v)d yv. A simple potcntial flow is

known to oroduce no drag. If, however, sources are connected

#ith tae vody, =s in the present casc, & negativegrog is pro-

duced, W' = - 0 v, T, vwherein v, denotcs the velocity in
infinity.* If we perform the samec calculation for this poten-
tial flow, ag above in the determination of W, since every

where

* Sce Lg gally, "serechauag der Zrafte und Homente, die strom-
cnce Tlvs@1g£oluen auf ihre Begrenzung ausuben in "Zeitschrift
fur angewandte Methematik und fechanik," 1833, p. 409. Thc
law is crtirely analogous to the known law of Xutta and Schu-
kowsky, namcly, that A =0 v I 1l (A= 1ift and T = circula-
tion) and can also be demonstrated in a very similar wmanncr.
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we obtdin

W =-p v, E= % l~£+cn(v02 ~ v13)d vy.
By subtracting this equation from tue above equation for W, we
obtain
W+o v, E=1/(gs~gld v+ g-l S (viP- vl y
f we introduce E =1 /(v' - v)d vy, we then obtain, after a

simple calculation,

.~ -

T=1/(gg~edy- -g V(v - v) (83, - v! - v)d v,

Moreover, the second integral is 1o Ye extended likewisc oanly
over the vortilcal region, since it disappears outside of tae
same, where V' - v 1g everywhere zero.

The difference (gg - g) of the total pressures can de
very easily determined by placing before snd behind the obsta-
cle, a bent tube (or even an ordinary Fitot tube) with its
mouth toward the air stream, and connecting it with both arms
of a micromanometer (Fig. 1). The detcrmingtion of the quan-
tities contained in tue second integral is somewhat more
troublesome. For this purpose, moreover, it is also necessary
to meacgure the static pressures. A 1little deliberation shows,

-

however, that with a propsrly selected measuring point, the
shar: of the second integral is so small that a rough estimate
of it is usually sufficient. The course of the pressures is
plotted in Fig. 2. The farther from the experimental body we

get, the smeller are the differences between g, and g and
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. Vo = V
between p and p, Then v' approximates v, and mv
[e0.0)
approximates 8o~ & . Thereby, however, the integrand of the
D
2 = VvV
2 (g, - &)

— (hence in the ratio ~§5:~§;

second integral

is smaller than in the first. 1If, thereforeé, the maximum value
V% , which can usually be at-

tained, then the share of the second integral is less than g%

of gy - g is smaller than

(o3l
2] ©

of the first.

In our previous deliberations, we have assumed, for the
sake of simplicity, that there was no 1ift and, consequently,
no drag. We will now turn, however, to the case of a 1ift-
producing wing, which, indeed, interests us most. Here the

\

alr oehind the wing has a vertical component w (Fig. 3), in
addition to the horizontal velocity component v. The total

pressure is p + % (v - w2). If we utilize the impulse law

in the same manner as in the first calculation, we obtain

4o
W=1/ [(po-p)+ (vo? -v2]davyv=1/ (g0~ gldy+
400

& o) -
21 <
+ g _é (v

2 2 2
o - vE + W) dy

If we likewise imagine here a potential flow with corresponding
sources of the output E = 1/ (vt = v 4 y)* then such a poten-
tial flow causes an induced drag Wi, since the downward ve-
locity w 1is due essentially to the vortices passing off the
wing tips. Since we have not changed the value of w, the

1ift algo retains its value. The induced drag is therefore

* More accurately 1 / (J/v'® + w® - /v?® + w?)d y, but the
difference is negligible.
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the same in both cases Taking into consideration the effect

of the sources, we obtain, for the potential flow, the drag

o +o0
W= Wi -P vV, BE=51/ (vo? - v'® + w2) d vy

—~C0
By gubtracting this equation from the preceding one for W

and also introducing the wing-section drag for W - Wy = Wp,

we obtain

Wp=-pv, L/ (v -v)ady + 1/ (g - g) dy + g-lf(v'e— v?) dy

il

1/ (8o - g) ay -

O

V(v -v) (B v, - v - v) dy.

which is exectly the same result as for the body without 1ift.
The same considerations regarding the order of magnitude of the
second member also hold gonod for the case vith 1lift.

We can thercefore determine the wing-scction drag by this
method =without any difficulties in principle. For this purpose
it is ncceesary, however, to plot a whole curve instcad of wmak-
ing only = single wmeasurcmont. If the method proves to be good
othervwige, ve hope thet the process of application can be made
simple enough to be practically utilizable in the majority of

the caczesg.

Translation by Dwight L. Iliner,
National Advisory Coumittee
for Acronautics.
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