Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

US Department of Commerce
Springfield, VA. 22151




L

NATIONAL ADVISCRY COVMITTEZE FOR AERONAUTICS.

TECHNICAL MEMORANDUM NO. 395.

REMOVING BOUNDARY LAYER BY SUCTION.*
By J. Ackevet.

Through the utilization of the "Magnus effect" on the
Flettner rotor ship, the attention of the public has been direct—
ed to the underlying physicali principle. It has been found that
the Prandtl boundary-layer theory fuinishes a satisfactory ex-
planation of the observed phenoamena.

Prandtl, in his fundamental treatise,** describes an exper-

iment intended to serve ag the basis for the cone ption that

the vortex phenomena (with whose existence the great forces of
resistance, at first theoretic

ally ircompreheneible, are so

closely connected), are produced by the scparation phenomena in

the boundary layer. The present article dzals with the preven-

tion of this separation or detachmant of the flow by drawing the
boundary Jayer into the inside of the body through a slot or
slots in its surface.

This methed gives results which extend far beyond the pure-
ly physical domain and are of practical importance for obtaining
certain technical information on the subject of flow. The fol-

1WW1Ag experiments demonstrate the pcssibility of producing,

* "Grenzschic HLaHU”uGhn“ "

deutecher Ingenieur " Mtﬂ ;1
I S R meghn_cai he‘or ndam Nep., 374 and 3
** L. Prandti, "Verhandlungen des dritten in
matischen norerSbes" in Heidelberg, 1504, p.
Leipzig in 1905.
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through suction, certain forms of flow which stand in surprising
disagreement with the so-called "hydraulic sense.”

The technicist has long been famillar with the fact that the
retardation of the velocity in flowing fluids (conversion of ki-
netic energy into energy of pressure) is a far more difficult
task than the acceleration of the flow. The loss of energy in
nozzles where pressure is converted into velocity is sometimes
less than 1%. A suction tube capable of converting velocity in-
to pressﬁre with 99% efficiency has never been discovered and
vprobably never will be. An efficiency of 85% is considered very
good.

" This fundamental difference is oobviocusly due %to the fact
that the effects of viscesity differ greatly in pressure in-
crease and decrease. The theory of nonviscous flow has been de-
veloped so far as to leave only mathematical difficulties yet to
be overcome. Physical ¢ifficultles no longer exist. It is now
very natural to think that nonviscous or frictionless flow is
the 1imit toward which a viscous flow tends with constantly di-
minishing viscosity coefficients. Experience has showvn, how-
ever, that this is not always the case. Even when the inertia
forces greatly exceed the viscosity forces (vhen the so-called
"Reynolds Number" is large), the observed relative energy losses
are of almost constant magnitude.

This difficulty disappears, however, when a property of flu-

ids, adhesion to solid surfaces, is considered, which, unfortu-
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nately, is always regarded as included in the viscosity. While
the viscosity can be diminished as much as desired (by heating,
etc.), the adhesion is @ condition, which is, so to speak, al-
ways 100% present. Enough emphasis can not be placed on the im-
portance of this fact. The molecular forces which bind the
fluid molecules together suffice, in conjunction with very small
viscesity forces, to account for the extraordinary deviations

of the actual flows from the logical results of the nonviséous
theory.

I have already mentioned that the inertia forces are gener-
ally much greater than the viscosity forces. Disregarding the
flow of very viscous fluids (lubriceting oils, etc.), the pre-
ponderance of.the inertia forces is espacially great in the
technically most important fluids. In order to iilustrate this,
we will consider a simple examwpie. We wiil assume that water is
flowing at the vate of 3 m (6.56 ft.) per second against a round
pile of 2 meters diameter. A water molecule at the position A
(Fig. 1) 1 meter (3.28 feet) in front of the pile is retarded,
since it is moving directly toward the center of dynamic pres-
sure P. The viscosity forces also participate somewhat in
this retardation, but it can be easily calculated that they
cause only a miilionth part of the total retardation. Therefore
the viscosity forces in the fluid can not come into considera-
tion at first.

The adhesion of the fluid to the fixed wall, however, en-
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ables the viscosity forces to teke effect. The viscosity ten-
sions are obtained as the product of a viscosity factor and the
velocity decrease across the direction of flow. When, however,
the fluid near the mall flows swiftly over the exceedingly thin
layer of adhering molecules, the second factor ( the velocity
decrease) is almost infinitely great, so that, even with a small
viscosity factor, the v»roduct may attain a non-negligible me g—
nitude.

In fact, the following can be cbserved. 4 thin layer of
retarded molecules is formed on the surface of the obstructing
body, the thickness of this layer gradually increasing in the
direction of flow. The question regarding the effect of the
vigcosity now reverts to the effect of this boundary layer.

The most important voint would now be a consideration of the me-
chanics of this boundary layer. Since, however, this subject
has already been exhaustively treated in rotvor literature (in-
cluding this magazine), I will here give only a brief summnary.™

Roughly speaking, the boundary layer is subjected %o three
forces! the retarding viscosity forces W, proceeding from the
wall; the accelerating viscosity forces S, from the outer more
swiftly flowing fluid; end the pressure forces D exerted from
without. In pipes andé ¢iffusers, for example, these are chiefly

determined by the cross—secticnal relaticns. It all depends on

* A. Betz, "Zeitschrifi ces Vereinss dsuischer Ingenieure," Jon.
3, 1925, pp. 9-14 (K.&.C.Ae Vechnical Memorandunm Nos 330). ke
Prandtl, "Navurwissenschaften," 1925, pp. 95-108 (N.A.C.4- Tech-
nical lerorandum No. 367). J. Ackeret, "Das Rotorschiff," Got-
tingen, 1835. :
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the sum D + S + W= K. In outflow terminals, D is positive
(pressure decrcase), S is always positive, W is always nega-
tive end generally of greater megnitude than &. K is here pos-
itive, that is, the boundary layer is affected more by the ac-
celerating forces. In suction pipes, however, the negative D
may produce 2 negative K, which means a retardation of the
boundary layer particles and consequent danger of separation.
The separation is occasioned by the retardation of the fluid in
the boundary layer till its motion is stopped and a return flow
sets in, which causes a turbulent accumulation and forces the
flow away from the wall. It has been shown by Prandtl, Blasilus,
Karman, Pohlhausen and o?hers how these qualitative results can
be more accurately detemined. Although it is not yet possible
to follow, with mathematlcal accuracy, the formation of the
boundary layer with accelerated and retarded motion, an early
solution of this very imvortant oroblem is hoped for, in view
of the progress already mace in turbulence researches.

The separation of the flow from the fixed walls has very
far-reaching results. In the first place, the desired flow is
not obtained and, in the second place, we obtain, in and behind
the separation zone, a very turbulent flow, which is designated
in German as "Totwasser" (dead weter) and in which the energy of
flow is constantly being converted into heat.

Hitherto the separabticn has been prevented by suitably shap-

ing the walls. Diffusers are slightly widened into the form of
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cones. 4irship hulls, airplane fuselages, wings, etc., are
"streamlined." The purpose of these measures is to cive thra
zone of pressure increase such a shape that the pressure increase
per unit length will be kept as small as pessible and that the
accompanying force S can act on large areas. The total pres-
sure increase must, of course, be restricted.

The Magnus effect provides another possibility for prevent-
ing the separation, the viscosity force W being removed by the
accompanying motion of the surface. If we could make the sur-
face move so that it would have at every point the velocity of
the theoretical flow, no boundary layer coculd then be developed.
Structural difficulties, however, generally prevent the applica-
tion of this principle.

There is still a third poseibility, the already-mentioned
removal of the boundary layer by suction. Its operation can
best be understood from an example. As such we will choose a
strongly divergent diffuser or exit cone (Figs. 2-4). Without
further measures the flow soon separates, since the boundary
layer can not proceed against the strong pressure increase.

The boundary layer increcses greatly in thickness before sepa-
rating. If now an opening is made at the point A4 (Fig. 2),
where the thickening begins, and the boundary-layer material is
drawn off through the wall, the separation can no longer occur,
because the retarded matter, which would displace the normal

flow, has disappeared. The flow then conforms at this point
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(Fig. 3), but a new boundary layer begins to develop which, un-
der some circumstances, with further pressure increase, may
again-be in danger of separating, thus necessitating further
openings. The removal by suction can be made continuous by mak-

ing the whole wall of perforated sheet metal (Fig. 4). TFurther

on we will see that this arrangement is favorable for certain

purposes.
For the practical arplication there are two especially im-

portant questions: 1. How about the stability of the flow thus

produced? Can it be permanently maintained? 2. How much

power is required for the suction? i
In reply to question 1, it may be said that difficulties (

can arise, when the openings are very far apart or when, for the

sake of saving power, they are introduced as nearly as possible

to the point of immediate danger of separation. If, for in-

stance, through some accidental disturbance, the flow separates

before reaching the suction holes, it can again conform, only

when all the turbulent fluid is drawn off with sufficient rapid-

ity. In a much disturbed flow, it is therefore preferable to

apoly the suction a 1little in advance of the point where there

is any danger of separation. Perforated sheet metal is suita-
ble for this purpose.

% The second question is very important, since the economy of
the whole process depends on its answer. The power of the suc-

tion pump is found from the suction pressure and the amount of
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fluid removed. The amount can be rouzhly estimated from the
boundary-layer calculations. We cbioin wachemabically very small
quantities, whereby it is to be borme in muna taut the boundary
layer in a large diffuser is reliatively thiurer than in a small
one. The walls in contact with the sirean should be as smooth
as possible, since roughness increases the thickness of the
boundary layer. Likewise all projecting edges should be avoided,
since they cause local separation and the turbulent accumula-
tiong thus produced must then also be removed by suction. The
suction pressure, to be introduced into the power calculations,

is chiefly determined by the pressure at the suction point, but

there are additions to be made for the pressure losses in the

suction openings, which can be quite large under certain condi-
tions. When there are several suction stages, it is better to
employ different suction pressures. No special suction pump
is necessary, where the exhaust fluid cen be simply led into a
region of lower pressure. The situation is analogous to that of
multi-stage pumps or turbocompressors, where the boundary-layer
material can be led back to a previous stage. There are here
many structural possibilities.

On the basis of certain experiments performed in the Got-
tingen aerodynamic laboratory, we will now show how the removal
of the boundary laver by suction opens up some entirely new flow

possibilities.™

* I would not longer neglect to mention that Dr. 4. Betz has tak-
en the liveliest 11+eresm in all the researches related to the
removal of the boundary layer and has constantly assisted me by
his friendly counsel.
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1. Sphere from which the boundery layer is removed by suc—

tion (N.A.C-A. Technical Memorardur Fo. %£8).— The ephere is usu-

ally taken as the example to show how poeozly tre theory of the
potential flow agrees with the reality. Accoiding to this theo-
ry the flow before and behind the sphere tchould be perfectly
symmetrical and consequently develop no resistance. We know,
however, that this is not even approximately true. Behind the
sphere there is an extensive region of turbulence, as shown in
Fig. 5, through the introduction of smoke, the air flow being
from the right. When the suction is applied, the flow conforms
to the surface of the sphere far back, the turbulent region be-
comes smaller and might ultimately be entirely eliminated by a
better arrangement and stronger suction (Fig. 6). The removal oy
suction is accomolished in three stages, through anmular strips
of wire gauze. These strips are likewise shown in Fig. 7
(drawn from Fig. 6). It is seen that at a the separation oc-
curs some distance behind the last strip, while at b, it sets
in immediately. That the flow at a 1is not permanently stable,
however, is shown by the fact that turbulence is developed at

c. This turbulence can only come from a flow similar to D
which prevailed a few instants earlier. The resistance of the
sphere decreases simultaneously with the application of the
suction and approximates that of well-shaped airship hulls.
These experiments will be more minutely described in an article

soon to be published in "Zeitschrift fur Flugtechnik und Motor-
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luftschiffahrt."

2. Airfoils.— For airfoils the remeval of the boundary
layer by suction is prospectively of special irportance. The
maximum 1ift, which plays such a decisive role in the landing of
airplanes, is limited by the separation of the flow on the suc-
tion side of the wings at large angles of attack. Fig. 8 shows
an airfoil with the boundary layer removed by suction from the
upper side. The angle of attack is not less than 459, but the
fiow nevertheless conforms smoothly to the surface of the air-
foil, as indicated by the position of the threads in the air
stream. The maximum 1ift reaches threefold that of an ordinary
airfoil. More detailed information concerning this experiment
is given in No. 4 (November, 1925) of "Vorlaufige Mitteilungen
der Aerodynamischen Versuchsanstalt zu Gottingen" (N.A.C.A.

Technical Memorandum No. 374).

2. Deflection of a free air flow 180° by a unilateral re-

moval of the boundary laver by suction.— Figs. 9-12 show that

very singular forms of flow can be produced by removing the
boundary layer by suction. # free air flow was made to change
ite course 180° around a semicylindrical surface from which the
boundary layer was removed by suction. When the suction was re-
moved, the flow went straight ahead without the least regard to
the semicylindrical surface. In Figs. 9-10, which are further

elucidated by the diagrammatic Figs. 11-12, the air flow is in-

dicated by the silk threads. While the flow is straight ahead in
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Fig. 9, ite deflection is very clearly shown in Fig. 10. On the
gide where the flow is free, there iz a sirong unavoidable mix-
ing with the surrounding quiet air. ‘This is shown by the flut-
tering of the upper threads. Of course 1t is €lso possible to
prevent the separation from any kind of curved surfaces and cor-

responding experiments have actually shown that the flow losses

in the deflection can be diminished..

4, Diffuger from which the boundary layer is removed by
suction.~ In a final example, we will consider the experimental
details somewhat more thoroughly. This example concerns the
flow in strongly diverging diffusers with circular cross sec-
tions. Figs. 13-14 show the forms tested and the hatched sur-
faces indicate the actual diffusers or exit cones, the points
where the pressures were measured being indicated by Roman numer—
als.  The width of the single suction slot is indicated by s.:
A current rectifier was placed in the entrance cone, in order
to remove the disturbing rotation of the air caused by the pro-
peller. The exit cone was made very long, since it was found
that pressure increasc could bé observed 2 long way from the
narrowest cross section, due to the intermingling of portions
of the air stream flowing at different velocities.

The mouth of the exit cone could be throttled, thus render-
ing it possible to vary the pressure at the suction point, so
that the boundary layer would automatically flow through the

slot and the pump could be dispensed with. In both cases the
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ratio of divergence is 4. The vpressures were measured with mer-
cury columns and plotted in Figs. 15-16 in percentages of the
maximum pressure increase computed from the kinetic energy in
the constricted section (corresponding to a velocity head ho)
and from the chosen cross-sectional ratio. The abscissa repre-
sents the ratio of its distance x (from the smallest cross sec-
tion) to ite diameter d. The elimination of the suction is in-
dicated by s = 0. It is evicdent from the pressure data that
the efficiency of very divergent diffusers can be improved by
suction, though it 1s of little use to provide suction for good
tapering forms. Tables I and II contain data for the types 4

and B at certain "throttle" positions.

Table I - Type A.

| Q (hry-h11 | hry-byg :
s b, Q Qs |e=22| theo- | meas- hy | 71 o?
, Q@ iretical ; ured i
i 3
‘ m 1 ! e m | m m q d.
M e ter 1/s | 1/e = j water | water |water | &
0 8.42 [1.93 |0 0 | 788 | 2.94 -~ 175 o)
BRE L v32 13492 [ 0031] 1«86 7.80 | £.50 4.83 {82.3 | 1.235
0.3 | 8.48 [1.94 | 0.040| 3.1 | 7.95 | 6.65 4.66 |83.3 | 1.55
0.4 [8.41 [1.93 [0.056| 2.9 | 7.90 | 6.65 | 4.70 |82.4 | 2.15
: | i
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Table IN - Type B.

hiy-hyz |hiv-hix
8 hg Q Qa <Z=E§ theo— meas- hg m a
Q@ | retical [ ureq
nm m. 1 1/a 1 Ve % m n m
= water ;/ / x water | water water ¥ a
0 8.45 |1.94 | 0 0 7.92 3.06 e 4 8 0
0.2 | B.50 11,91 | 0,084 1.8 7.80 4.78 3.89 | 61 143
0.3 | 8.47 !1.94 | C.048]| 2.4 7.93 5. 09 4,17 | 83 1.55
el o.as 11,93 | 0.07 | 8.85 7.88 | 85.88 { 4.25 | 73 3,5
s Eda8l 11,97 | 0.0 4.50 825 6. 8% 4.58 | 78 K 100
0.6 | 8.46 [1.94 | 0.094 | 4.9 7.98 6.68 445 [B1l:2 ] Bt
8.7 | B.8O [1.96 | 0.15 | 7.7 8.12 6.80 4.46 | 79.5 | 5.3
i P |

The quantity of water Q 1is calculated from the pressure
drop hy - hyr with consideration of the inflow velocity in
section I and under the assumption of a nozzle factor of 97. 5%,
in order to allow in some measure for the formation of a bound-
ary layer on the walls. The quantity Qe removed by suction was
determined directly by means of a measuring vessel and recorded

fva
\ Q /

The theoretical pressure increase does not equal the total veloc-

in column 5 in % of the total quantity of water

ity head h,, which the water has in the narrowest cross sec—
tion, since it is not retarded to zero velocity, but only to a
fourth of the velocity in the narrowest orosszseotion.* Hence
there remains an excess velocity head of (%) hg = f%'ho and
the theoretical pressure increase hyy - hyr is %% hy. The

pressure increase hyy — hyr 1is given in column 7.

* With suction, however, this is not strictly accurate, since
the quantity of fluid flowing through the enlarged Cross section
is diminished by thec quantity remeved by suction. The calculat-
e%)pressure increase is tnerefore a little too large (less than
1%) .
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The suction effect is determined as follows. We proceed
from the assumption that all the water, including that removed
by suction, is to be brought ultimately to the pressure head .
hiy. The latter, however, is greater than the pressure outside
the suction slot. A pump is therefore necessary to raise the
boundary-layer material from the surrounding pressure to hyy.
The pressure head, which the pump must overcome, is given in
column 8 as the suction préssure by I have put the efficien-
cy of the pump at 75%, at which, under favorable conditions, the
efficiency of the actuating electric motor can also be main-

tained. The efficiency m was calculated by the formula

@ ilgy ~ Byl . Hew ~ Bey

. .- ‘
15 Qa ha 15 € hy
%6 ¢ %o * “5%e 16 Mo * 5795

The values thus found are given in column 9.

Lastly, column 10 shows what fraction (a) of the power
passing through the narrowest cross section of the suction pipe
must be utilized as the suction power (with 75% pump efficiency).
The values obtained enable us to hope.for a favorable result in
practice. I will indicate briefly the dimensions required for
the suction pump in a given case.

A low-pressure water turbine of about 10,000 HP. at 7 m
(23 ft.) head and 136 m® (4450 cu.ft.) per second is provided
with a suction pipe according to Table II, corresponding to

s = 0.6. The diameter of the rotor wheel is about 5 m (15.4 ft.).
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The kinetic energy of the water in the narrowest cross section
is then about 28.5% of the to%al enexgy, i.e., a value such as
@dcurs in recent power »lants. The susticn sl¢i would bhave to
be about 1.5 m (4.9 ft.) below the zotor and have a widih of 23
cm (8.66 in.). In comection with the leiter nunber, it should
be noted that a proportional enlargement of the dimensions of
the relatively small experimental model is a too unfavorable as-
sumption. The boundary layer can safely be assumed to be rela-
tively thinner in the full-sized apparatus and the size of the
slot and the quantity of fluid removed by suction can be corre-
spondingly smaller. If, however, we retain the model value in
spite of this fact, we remove 6.2 m® (219 cu.ft.) per second,
generate a suction pressure of 1.05 m (41.3 in.) and a suction
(at 75% pump efficiency) of 116 HP., which is not much more
than 1% of the power of the turbine. With continuous suction,
it may be possible to obtain still better results. Further ex~
periments are being planned.

The removal of the boundary layer counts under certain cir-
cumstances, even in problems of heat transmission. This is evi-
denced by the fact that the portions of radiator pipes firet
brought into contact with the flow, and where the boundary layer
is still thin, transmit the heat considerably better than the
following portidns. For this reason automobile and airplane
radiators are mede short. The removal of the boundary laver at

a few points, however, extends the favorable conditions of the
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first portion, with correspondingly better heat transmission.

In wing radiators, as recently used on airplanes, where the
boundary layer is especizlly thick, due 4o she orecssure increase
on the upper or suction side of the wing, the hsut transmission
would prcbably be greatly improved by removing the boundary
layer by suction.

The results, as a whole, raise the hope that we may some
time succeed in relieving engineers, through the removal of the
boundary layer by suction, of the necessity of employing very
special shapes. Then we shall be able to put to practical use
much of the large amount of technical information we have ac-
quired in frictionless or nonviscous hydrodynamics. We must,

however, first obtain further theoretical and experimental bases.

A'D B e nd i %

P <

On the Theory of Removing Boundary Layer by Suction.*

It seems possible to establish a theory for the case of con-
stant removal of the boundary layer by suctionr and for moderate
pressure increases on the basis of the so-called Prandtl-Karman
"Siebtel" Law.**

We will next consgicder the behavior of the boundary layer on

* Dr. Tollmien, Géttingen, suome time ago developed a theory of
removal by suction on the basis of laminar boundary-layer flow,
on which he is etill to repost. [ have here discussed the prac-
tically more important turbulent ficw.

** Von Karman, "Zeitschrift fir angewandte Mathematik und Mechan—
Rky" Yel. I (1981), p. 853.
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a flat plate without suction (Fig. 17), as represented by

1/

S
(.'-’\
O L

u="U (1)

in which U 1is the uniform velocity outside tin: toundary layer,
8 the thickness of the boundary layer and y +he distance
from the wall. Moreover, the shearing stress on the wall is

v"/“' v 4

T = 0.0225 p -——E;g;-— (2)

in which P = density of fluid and v the kinetic viscosity.
It is known that the thickness of the boundary layer increases
in the direction of the flow, since new portions of the origin-
ally undisturoed fluid are constantly retarded. The thickness

& 1is increased, in the distance dx, by

If the boundary layer (in harmony with what has been observed)
has a velocity distribution according to equation (1), it must
include, from the undisturbed fluid, a certain quantity gq vper
unit area and time. fhe value of q, for the flow along a
plate, is found as follows:
di‘é
gbax=0hdx ax s u & ¥s

which, according to equation (1), is eguivalent to

Zpaxudd,
8 ax
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Hence

. (3)

i

- 10

q=%U

>

in which b 1is the width of the surface considered. Since, more-
over, this quantity occurs with the undisturbed velocity U, it

brings the momentum

2 46

dax (ga)

pqU=Lp U

With the aid of the momentum theory, it is now easy to compute

the increase d&/dx. It is, namely,

5
a
bdzxpgqUeTbdx+bdxge é'p>u3 d vy
or
: 7 dasd
pal=74g 80 B3
the solution of which gives
< A __T_g = 0.2%1 pl/ 4 (4}
dx ¥ .U fab T LA T

From {(3a) and (4) we obtain further

—~
Ul
~

pgqlil=9%

We now come to our real task. There is supposed to be a
retarding pressure-increace %% . Furthermore, a portion of the
boundary layer is supposed to be drawvn into the inside of the
body. It is not possible to make a definite statement on the
amount to be removed by suction. The task, however, becomes

perfectly clear, if we make the following assumptions:
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1. The velocity distribution shall be given by formula (1)
afterwards as well as befcre.

2. The shearing stress shall likswise be determined Dy
formula (2).

3, The momentum entering from without shall even now have

the value given in formula (5).

ao.
ax

sideration of the pressure increase. There then arises, with the

4. shall be calculated with the momentum law with con-
continuity equation within the boundary layer, a disagreement,
which cen be eliminated only by removing by suction a certain

quantity q, (at zero velocity).

If we make allowance for the decrease in the outside veloc-

ity U with pressure increase, the momentum theory reads

3 8 d
bdquU:bdxac—_‘:(fpuzdy+bdxr+bdx*~d§6
(¢}
or < ! 2 d!
i e (PR e B
Pal=p7 g,

According to assumption 3, the left side equals 9T, introduc—-

ing which we obtain

b i y

The outside flow then conforms to Bernouilli's law

ge dp
RY ax ~ dx (

(6))
~




N.A.C.A. Technical Yemorandum No. 395 20

and hence
8'1':—"'5"‘6;264"— Ueg_{)_.
9 dx 9 i
Then
dx i p{? 7 de pi?

We now come to the application of the continuity equation

to the boundary-layer flow. The quantity flowing in through

91

AB equals oU b d x according to assumption 3. A greater

quantity generally flows out through BC than through AD.
The excess is

g, DR e B 1
bdx Judvs= gbadx . g (Ud).

Reduced to unit area:

& Q_. ash
8 ( i BxS

With the aid of equations (6) and (7), it is further transformed

to

b8 - 13X

__5_\,
i T ;

oU

™ |2
b il
g8

Referred to unit area and time, the difference between the total

inflowing and outflowing quantities is

_9_1_91+%_£_6_

hence a value differing from zero and, in the sense of assumption

4, we find, for the difference to be removed by suction,
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(8)

Q]QA
R ke

g, =125

For any given flat flow according to equation (7) at any
initial value of &6, +there is generally no difficulty in deter-
mining the whole course of the boundary-layer thickness, by cal-
culating U and %% according to the ordinary method of the
potential theory. The quantity to be removed bf suction is rel-
atively very small, so that the flow deviates but slightly from
the potential flow. The quantity can then be caiculated accord—
ing to equation (8). Furthermore, the transmission to rotation-
al hollow spaces is easily possible.

It is still rather uncertain as to whether our assumptions
are correct. We can, however, safely ascert that the calcula-
tion yields correct results for small pressure increases, be-
cause, for vanishing %%, equation (7) is convertible into the
well-established equation (4), while, according to equation (53,
q, naturally vanishes. With vanishing pressure increase, no
removal by suction is necessary. With greater increases, it is
to be expected that the assumptions will not all be strictly
Cerect. Assumption 3, in particular, will have to be modified,
since the entering momentum will then probably be greater.*

Are we then certain that there is no danger of separation?
From equation (7) we find that & increases very gradually. >t

can not therefore become infinite (separation), except in the

* T obtained this viewpoint from a discussion with Betz, who
kindly assisted me in regard to assumption 3. ©Sec also Prondtl,
"Zeitschrift fur angewandte Mathematik und Mechanik," 1935, p.
136.
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vicinity of the center of dynamic pressure. Likewise no return

flow can occur, since assumption 2 presupposes a finite positive

v

eal st

s

shearing stress r. Although no bility investigation
has been made, we need not, for thess reasons, entertain any
doubt of the stability. We will not here uncertake the computa-
tion of special examples. I hope to be able to recur to this
subject, after further experiments have been tried. The purpose
of the above discussion is only to give a preliminary survey of
the theoretically anticipated quantities to be removed by suc-
tion.

Bupplement

The three accompanying pictures were shown in connection
with my Zurich lecture. Water, whose motion could be rendered
visible by strewing powdered aluminum on it, flowed through an
opeén horizontal rectangular trough. This trough was greatly
constricted by placing in it two bent metal sheets. The stream,
being forced to pass through this constriction, was thereby
greatly accelerated. Had the potential flow prevailed after
passing through the constriction, it would have become slower
and unifomly filled the whole cross section. It did not do
this, however, but continued as a free stream with its acquired
velocity (Fig. 18), having separated from both walls. When the
boundary layer was removed by suction through the slots in one

of the walls, the flow followed that wall without separation




(Fig. 19). Lastly, when the suction was applied symmetrically
to both walls, it was found possible to eliminate all the turbu-

lence and produce an approximately potential flow (Fig. 20).

Translation by Dwight M. Miner,
National Advisery Committee
for Aeronautics.
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Fig.l Flow in front of the center of pressure.

Fig.2 Diffuser Fig.3 Diffuser Fig.4 Diffuser

without suction. with suction. with suction
through suc-
cessive slots.

S —

Fig.1ll Interpretation of Fig.9.

Fig.1l2 Interpretation
of Fig.10.
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Fig.13 Diffuser, type A.
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Fig.14 Diffuser, type B.
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Fig.1l7 On theory of remov
by suction.
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Fig.1l6 Pressure in diffu-



