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WATIONAL ADVISORY COMIITTEE FOR AERONAUTICS

TECHNICAL IEnORANDUM NO., 722

GUIDE VANES FOR DEFLECTING FLUID CURREHNTS
WITH SMALL LOSS OF EWERGY*

By G. Krdbver
I. INTRODUCTION

wumerons articles have already been written regard-
ing currents in bent pipes and elbows and on the present
problem, namely improvinz the flow in a sharp bend by in-
stalling guiding devices., ©Nevertheless the designing of
wind tunnels for aerodynsmic experiments called for new
and more comprehensive tests. There was also need of im-
proving the flow in the bends of gas and liguié¢ conduits,
as, €.8., in the smoke flues and vertilating shafts of
large factories.

Several devices have been tested in wind tunnels
(reference 1), and the results of a series of model tests
in bends (reference 2) and elbows (referemce 3) with
built-in partitions and guide vanes have already been
published. There is, however, some hesitation about a-
dopting these forms for newly projected wind tunnels, in
waich the maximum economy in the driving force is neces=
sary, due to the much greater performances required. Since
the previous forms were determined emgpirically for the
most part, there was no way of telling whether they could
be used in other dimensions without modification. 1In par-
ticular the influence of the cross-sectional shape of tae
tunnel was not fully determined.

Every deflection of a ligquid or gas curreant ianvolves
losses and a disturbance of the state of motion. ‘hen
there is a regular velocity profile more or less developed
before the deflection according to the length of the ap-
proach (reference 4), an entirely different picture is ob-
served after the defleciion (reference 5). .- 4 new velocity
distribution is produced by the centrifugal forces. There

¥*tSchaufelgitter zur Umlenkwms skeitsstrémungen
mit geringem Energieverlust." Ingenieur-srchiv, vol., III,
882, Ppe HL16~541.
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are also disturbances due to friction (secondary flows and
separation from the ovter and inner walls). The energy
losses and the disturbance of the velocity distribution in
flowing through a bend or elbow increase with the sharpnress
of the bend. The encrgy losses may amount to about 100 per-
cent of the momentum of the flowing medium, as based on the
mean velocity in the inlet cross section* (reference ¢&).

in the standard

The main reason for the great losse
i marked separa-

s
bends with small radius of cvrvature is the

tion from the inner side of ‘the-bend. To this are added
bhe losses due. to the lost kinetie energy of the vortices
of the secondary flow and to the increased friction in the
adjoining channel resulting from uneven velocity distri-
bution and from the consumption of energy ia the restora-
tion of the undisturbed distribution.

ikt s\ thiere fone. .of pxlme imrortance to adopt measnres
for preventing separation and oeconqary flows. The most
effective remedy is the division of the curved portion of
a broad caannel with unfavorable ratio of the radius of
gorvature R to the width b into a series of narrower
channels with more favoratle R/D ratio. ‘

The transverse momentum of the deflected zir stream
to be absorbed is divided between all the intermediate and
outside walls, sc that the pressure increuse on each wall
is.much smaller and the danger of separatio. is diminished.
The formation of secoadary vortices is also greatly dimin-
ished.**

s

There are two *rwnc1pal ways of dividing the. channel:

; 1, Pivision of a bend with unfavorable R/b ratio by

ingtalling partitions throughout the eatire hend, as shown

in figure 1, the widths of the .individual channels being so
adjusted that each will nave the same R/D ratio.

*The writer obtained about 160 percent in.an elbow of square
cross section and very short avprocach.

*¥Aside from the possibility of improvement by the installa-
tion of partitions, there are also otkher ways for attainin
the same goal. ‘I have in mind particularly the removal of
the boundary layer by suction, althoungh this method has yet
yielded no positive resuvlts. Sigce this w:ethod, moreover,
necessitates great expenditures for structural parts, wind
tuanels, and sometimes even pumps, etc., it is seldom em-
ployed. : '
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2. The ddptailatien of wi like guide vaneg waich
rroduce the reguisite transverse force for deflectiuy the
alrl strebm. These vanes may bs either plain (fig. 28) of

=8
T

streamlined (fig. 2b).

The first way (fig. 1) was ounce guite thorougaly in-

vestigated by the writer. In order to obtain a gopd Fes
locity distribution in the cross section immediately after

tue bend, it was necessary to install a large aumber of
partitions. This naturaily tailed much 'surface’ Iriction,

istance and great redue-
reit iongs s bnn thick most
22 to, 24 percent of The
iy @bout 18 pepesii
btained in prezzous

which was manifested in a bk
tien of the velocity behind
favorable case the energy 1
orizinal momentum, while lo
with wing-like guide vanes had beea 0D
vears.

In experiments with partitions im the
found best to widen all the component chaan
dle of the bend in such a way as g*auuwlla
urvature of the walls from the leading edye
ing edge.*

desired to deflect a current so that its
ts velocity and pressure distributions

7 will be disturdbed. gg ddttle
is best produced by OnNLY..i0pe
of Ygrid' without involving

fihen it, is
nature (i.e., i
throughout the cross sect1
as®possible, the deflectio
set of vaanes forming a sor
the walls, since otnerwise, duc to their fuandamentally dif-
ferent shape with respect %to the air stream (the outer wall
being coacave and the inner wall coavex), unsymmetrical re-
lations always exi « The preblem is therefore to" develop
a form of grid, which will deflect & current through a
large angle with good efficiency without affecti its ve-
loeityea

e

It seems logical, in calculatiag the guil de vanes, GO
assume a pure ~1otwﬂtlal flow. Closer ianvestigation, how-
ever, shows that this alone does not suffice. HRather it is

ecessary to allow for the efiect of the energy loss on Thae
pressure districution over the guide-vane profiles. This
is ‘done in what follows. Tae effect of ‘the vigcosity O
the loss of energy is also coasidered, and, lagtly, the re-

4

sults of an iuvestigation of the vortex reglon-behind-tle

*The subsequently reported iipper nents showed that
it was advisable to reduace the radivs of the outside wall
of a right-angzle bend so that the chiannel would be somewhat
wider in the center of the bend.

cexXpel

2 r:"
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guide vanes are given.

There is a fondamental difference between the present
investigation and the previously reported investigations
by Christiani (refereace 6), Schilhansl (reference 7) and
others (refererce 8). The object of these investigations
was to determine the physical flow characteristics of giv-
én profile forms, while here a method is sihown for deter-
mining a profile form with definite characteristics (def-
inite circwlation).

II. DETERMINATION OF FAVORABLE FROFILE FORMS
I¥ CURVILISEAR CURRENTS*

1., The Method

The method proposed here for the development of the
gulde vanes is based on the following line of reasoning,
The flow through the deflecting yrid may bec regarded in
Tarst approximation as a potential flow. - According to the
method of Dr. 3etz (refereaces 9 and 10) we will first im-
agiae the guide vanes replaced by a series of concentrated
vortices. The strength of each vortex must equal tae cir-
culation about the vane replaced by it and is easily cal-

cnlated from the required deflection:of the flow for a pre-

determined distance between the vanes.

In the field of potential flow determined by the vor-
tex strength and the inflow velocity, a profile, whose
characteristics in parallel planar flow are nowan and which
has the requisite circulation, is conformally transformed,
s0 that the center of gravity of its circulation falls in
the line connecting the individuwal vortices replacing the
other vanes. In the transformation we must allow for the
effect of friction, as already indicated. 1In the transfor-
mation of the profile, the curvature is changed aand conse-
queantly the pressure distribution, as likewise the pressure
increase which in turn produces significant changes in the
behavior of the boundary layers. In tiais work it was found
that the displacement of the center of gravity of the cir-
culation may considerably affect the results.

*In the preparation of this section, I have been greatly
assisted by Dr. Betz.

s
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From the outset we must expect that the deflecting
system, thus determined, will always require certain cor-
rections, since the field of flow, which forms the basis
for the transformation, can be only approximately correct.
~ second approximation can be made, not by calculating
the field of flow with the aid of co=centrated vortices,
but by suitably distributing the circulation over the pro-
file found according to the first approximation and thean
calcuvlating anew the field of flow and repeating the trans-
formation. (This "detachment" of the vortex is possible
only when the first approximation of the profile form is
known, since there is otherwise no basis for the location
of the elementary circulation).

2. Development of the Profile of First Aprroximation

low.~ We will firat Gom-

eegs The potential fune-
tion of the vortex seriegs, which is conceived as repiagins
the vane can be calculated, siance the plane of the grid
(whick will be called the 2z 7plane) can be represeanted
a simple periodic fuaction on a plane witik only a single
vortex (¢ plane) (reference 9).

a) Calculat
sider a flow def

B

by

A graphic method based on this relationship, as pro=
posed by Betz (refsrence 10), was used for plottiang the
flow dia_,ram. The flow throuagh the grid can be represeanted
by -the superposition (1) of a paralliel flow perpendicular
to the direction of the grid and (2) of a flow which is
produced bty all the vortices replaciung the vanes and whieh
is essentially parallel to the grid and therefore causes
the deflection of the current (fiz. 3).

In figures 3 and 4 we have: S, division of grid
(= distance between vortices); v, veloecity componeat nor-
mal %e ‘direction of grid; sm, welocity component PEHDaEEL

Y

tio” gridy w, Tesultant: velbcity vefiore and! behind: g e
it a great distance from the grid (fig. 3)%
1. *he vel

el
the parallel fl
produces Mo ‘mot

ocity components v 2 = v_, resulting from
ow., (At a great 4¥Etance, the s opbie z webl o g
ion normal to the ~rid. direction).

resulting

2. The velocity componeats wu, and u
from the vortex series Ug = ~Uge
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Tear the grid we must distinguish (fig. 4) between

$o= votbew  and- U = u', where +v!. and ‘m' .are the
flow velocities induced by.the vortexz series.. (In un-
.symmetrical flow. involving a change of w another par-

allel component -u had to be added.):

Ifn @igure: :3; if a field of the width .8 48 :1laid -out
the. line integral along the boundary lines is Jjust equal
Bow thedieirctulation of swvortex,.: The length 1 .is.86
great that, in the field of the boundary lines parallel
to: tag: grid;,  .the fluctuations of U ;and. V have died out,
The-circulation then becomes ;

+1/"> iy "'.L/B

1‘~=sul+fVc11-su $ .7 F a8l
bt * +1/2
or
Ergla, -~ ug)
since
' ; +1/2 -1/2
dos Balluilss ¢ Le S B
=lite .+l 2

ffhe total deflection, corresponding to the prohlem, is
90 degrees, ard w therefore incloses, with wu, an angle
of 45 aogreus, Hence we can aleo write

e

&2 pld
Now the v:locity components ' and v'. resulting from
the vortex series can be calculated in a simple way with
the aid of the Betz graphs at sufficient points of the
fields The flow diagram can be plotted after the addition
of the velocity components Ve

In order to decide how the profile must be introduced
into the flow, one must know how the field of flow appears
when the vortexz is absent at the point where the vane is to
stand. One desires to remove the vane from the simple par-

allel flow, i.e., by conformal transformation and appropri-:

ately utilizes for this purpose the streamline diagram as
it appears when the vane is not present (straight stream-
lines and straight potential lines perpendicular to them).
The other vortices are necessary, since the curved field is
only created by them as a whole (being always infinitely
many, notwitiustanding the missing one). The Betz graphs

-
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are also unused for the case wnen a vortex is missing. TFig-
mPe 5 18 tne low disgram of the series with one vortex
missing.

b} Determining the diuensions of ths basic profile
(single vane is rectilinear flow) and trsansfer to the
T e

curved field.- & single vané in a rectilinea
jected to a "1iftV of

o

\

A =0 We X e = ca Q- !‘:ye:"g'\;

in which we have:

o
[

W, véloedty of“parallel "fTlow in’ iaTiggdy (m/seS);
t, chord of vane (m);
cg, Lift coefficient;
o density of flowing medium (g neczjmf).

The circulation about each wvane is therefors

0n™the" other agad,i“the¥eircuila

when w, is the resultant velocity for before and behind the
. (=} . . ~ - - -
L.rld 81 in conformal transformation, the C1rcu1at10n

Hb
)
ctvm

’
d, we have

e

or
= 5 o) /,z
5 Cg We t =8 Won/ 2 (3)
according to eguations (1) and (2 The ‘scale for" the cooRdas
nates of the z and ¢ planeg are so chosesn that W, '=
Fe = W We thus obtain the same coordinate systems inm both
planes at a great distance from the profile. Applying this

to equation (3), we obtain
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According to figure 6, in which

(b = width of square channel, for which the grid series is
calculated, measured normal to w; n = number of vanes,
the inner and outer wall counting together as one vane), -
we have

4 b

t = ——— (8)
n Cg -

In order to obtain vanes with chords corresponding
somewnat to tested forms, we admit c5 = 1.35. Then we
dc not need to fear that the lift-drag ratio will be un-
favorable. The correctness of this assumption is con-
firmed by .tests, especially by photographs of the flow*,

We will choose a profile form corresponding to the
gpecifications in Hutte, wvol, 1, 26th edition, p. 401, " fig-
fire 97, his profile form was determined by Birnbaum (ref-
erence 11) on the basis of a 1lift distribution which can 3
be conveniently represented by a formula. If I' 1is the
circulation about the profile and X = o'/dx 1is the cir-
culation per unit length, the distribution of the circula- -
tion over the vane chord t 1is

. =2 x/%

2
o= gin o T T
t sin (@ + B - 2v) w2 2%

=

5 r
4 aiy g / 2 x\z]
v Sl N == - ( — - e ~, = P
+ sin P val S sin vy ”V/l < ]

in which

1/4 (v + 3), v = 1/4 (¥ + ) ]

™
il

(figs. 7). The theoretical 1ift is then

e, = B 7 Bia{h + P )

¥On this high ¢, value is based, however, the marked dis-
placement of the vortex c.g. which materially affects the
result, as already mentioned.
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and the moment coefficient is

ey = g sin (o +.2 B - 5/4 v)

. The theoretical, infinitely thin profiles have the advan-
tege that no velocity changes due to the altered cross
section need to be considered., One was chosen with the
notations of figure 7,

y = 128° o= 6°

We then obtain, for cy = 1.35, an angle of atbaek = o=
8C 40' and. a moment coefficient ¢, = 0.428. The center

of pressure lies at x, = 0,317 1,
Figure 8 shows the basic profile, thus plotted, at
- 80 40! angle of attack with superposed square-mesh system
and below it the mesh system of the grid flow in the re-
gion of the omitted vortex. If it is observed that the
center of pressure of the profile must coincide with the
< center of the omitted vo“tcx, the transformation automati-
cally follows with the aid of the mesh system and yields
the basic profile with an angle of attack of 549 45' to
. the direction of the flow.,

I o8

3. Behavior of the Profile of First Approximation

i1 ' .The test results (section III) show that a profile
was found which very well satisfies the s»eﬁi?iea condi—
tions of good distribution of thesveloel
pressure in the emerging jet and involves minimum losses.
Since, however, in order to obtain this result, still an-
other change of 8.2F degrees is necessary, the agrecmént

3
b between the theory and test results must be considered
entirely uasatisfactory. EHence our next task is to dis-
cover the cause of these discrepancies. TFor this purpose
we will compare the measured circulation distribution with
the theoretical.
»> The theoretical circulat n al ihut ig kaown, |

lculated by
it distribu-~
planar flow

since the equation for
Birnbeum from a suitabd
tiofs s Por the igdividx»
he 1ift is
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t
al’
A=pw a3 ¥
0
or
&
A=pw [ kdx
0
if we again introduce
a =y
d x

Figure 20 represents the circulation distribution in non-

dimensional form as k/w. The abscissa x, which, theo-

retically, is to be taken along the projection in the oo

flow direction, is here taken approximately along the de-

velopment of the profile. The theoretical distribution of
the circulation along the development of the grid profile

is then ezsily determined from the formula

t
= frax= fEKazx
0 (o]

i

X, in this case, also being taken along the profile. We
then have

gtz dig-= Evl'§

or
e G B kd x

Ke="Rigss and i

i 1 . w wad X

Instead of an analytical transformation function, we use,
Just as in the transformation of the profile, the square-
nesh system, taken directly from the distortion scale
dx/dX for all points.

The measured circulation distribution is derived in
simple manner from the pressure distrivution. If pd'

and ps' denote the pressures on the pressure and suction
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sides of an individual wvane, then, for an element of the
individual vane calculated along the vane profile in par-
allel planar flow with w as the velocity in infinity,

d A= (py' - Bt ® = .0 Tl 'y

and
al Pt 2w 1 Ba' - Pg!
TN A 28 2RAERT. and = = 28 .ld .55._.
d x oW w p w<

Correspondingly, if 4 Py denotes the force acting
on an element 4 X of the vane profile in the griid [dianees
tion, v the velocity normal to the grid direction, 6
the angle between the profile element and the direction

of v, and pg and p, the respective pressureson the
pressure and suction sides, we have at the vane in the
grid .

G Bl (pg - pPg) & X cos B=p will F

and

d I =R = Pd,__:_lz_s_ cos 6 and. I_{. o5 E.d._:A._.E_S_ cOos 0
de X PGy w V. N e

We must remember that the velocity component v normal

to the grid is not constant, It is derived from the field
of flow (in the region of the missing vortex)for each
point of the contour, i

From the comparison of the circulation distribution
measured at the grid vane with the theoretical (fig. 23)
it appears.that the circulation is considerably more con®
centrated in the middle of the profile, while %too little
1ift is generated in the forward portion of the profile.
The after portion works approximately in the desired man-
ner.

These discrepancies are obviously due to the fact -
that, in the sharply curved flow oa the forward portion
of the vane, there is a strong pressure increase on-which
is superposed the pressure increase on the suction ‘side
of "the normal vane which ic imstalled in this flow. There
is thus produced a pressure increase of such magnitude:
that the boundary layer is detached. On the leading edge

(€
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of the guide vane vorivices are aow produced which modify
the pressure distribution untill the pressure increase be-
comes mormal.

This change in the pres°““e distribution causes a
rearward shift of the center of gravity of the vortex.
loreover, with the sharp curvature ol the vane profile,
the center of gravity of the vortex layer can no longer
renain on the contour, as we could assume in the first ap-
nrox i:aulon for the basic profile,

For our theoretical calculation, it was only assumed
nat the concentrated vortices substituted for the vane
e in th“_circulation Csges of the wane, Hence, if this
«Se 18 shifted, the vane must also be. shifted, so that
the c.gs of tae circulation dlSleDuulon will be restored
ve 1ite correct location.

In figure 8 whe dash line represents the profile as
shifted by the amount of the travel of the c.g. The dis-
placement must be effected by transferring the circulation
Cuefs (designated by Z in figure 8), as found on the vane
profile, to the basic profile with the.aid of the square-
mesh system; letting thls point Z coincide with the center
of the omitted vortex in the grid field of flow (2' iden~-
tical with 0); and repeatlﬂb the diagram with the aid of
the mesh syctenm. '

We thus obtain a profile with an angle of attack of
59 @egrees in the inflow direction, which is gquite accu~
rately congruent with the original profile of first approx-
imation. The difference in the angle of attack is oanly a-
bout 29 30' eas compared with the correctly measured angle.

4¢ The Profile of Second Approximation

In deducing the profile of first approximation, it
was assumed that, for calculating the field of flow in
which the profile is installed, the vaneée with its circula-
tion can. be considered as concentrated in a point. Now the
egarvature of the streamlines determines the curvature of
the profile. It could therefore be assumed that the con-
centration of the vortex im a point is too inaccurate.
Hence a second approximation was made for the vane form,
in which a distribution of the circulation corresponding
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to the actual relations (here appropriately the distribu-

titon © fotad  ¥nithesfirst approximation) was taken as the
basis.

The field of flow was again calculated according to
the above-mentioned Betz method, only with the difference
that the interference velocities u and v for every
point of the field first had to be obtained from an inte-
gration of the ‘elementary flows, each of which was derived
from the elementary circulation d I' of a vane (fig. 9).
The field of flow, as thus calculated, is represented in
the region of the missing vortex in figure 10 as a square-
mesh system. In this system the profile of second approx-
imation is plotted with comnsideration of the location of
the vortex c.g. as determined for the profile of first ap-
prozimation. In figure 10 the vortex c.g. is assumed %o
be located on the contour. It is of no importance in this
case, since the actual shifting into the interior of the
region included in the profile has already been allowed
for in the plotting of the field of flow by the ‘.location
of the elementary circulations. We thus obtain a 56-degree
angle of attack with the direction of inflow, while the
experiments showed that the most favorable angle of attack

for this 'profile was 55 degrees.

On comparing the practically obtained circulation
distributions for the profiles of first and secoad appros-
imation (fig. 23), we find that no appreciably better ap-
proximation of the circulation distribution to the the-
oretically desired was not attained. Both profiles behaved
almost the same. The error due to the comncentration of the
vortices is of no practical significance even for very pro-
nounced vortices.

As regards low resistance and uniform velocity distri-
bution behind the guide vanes the profiles of the first
and seconé approximations may be regarded as practically
equivalent, the profile of first approximatior having oaly
a very slight aerodynamic superiority.

III. THE EXPERIMENTS

ith Profiles.of
ng to Section

1. Investlgation of a Deflection Angl
First Approximation Developed Accord
II in a 'Square Twnnel,

@
]
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In judging a deflection corner with installations, we
rmust distinguish the influence of the installatioans from
the influence of the cross-sectional shape. With a square
or rectangular cross section, we can, at least for the mid-
dle section (parallel to the plane of the bend) calculate
for an approximately two-dimensional flow, which had to be
zssumed in the theoretical treatment. ''A square-section of
200 Dby 200 millimeters was therefore chosen.

The arrangement shown in figure .1l served for the in-
vestigation of the cormer in a square tunnel. Guide vanes
and scveral narrow-meshed pieces of wire gauze in the con-
dunit from the fan to the test space insured uniform dis-
tribetion of the velocjity over the .gross section (fig. 12).
Tne portion of the tunnel before the.bend was made very
short, in order to reduce the development.of the .boundary
layers as much-as-possible, With a length of about 1.5
times the width of the tunnel, another tu & p01nt for the
pressure p, could be added.

4% the test point for the pressure wu_, a strong
brass plate had to ve set into the tunnel alW since the
orifice in the original thin zinec wall did not prove suf-
ficiently reliable and the slight local deflections of the
wall affected the pressure . indications considerably. At
3he corner a straight piece with a length equal to twice
tae width of the tunnel was added before the full blast
was used.

)

The vanes were mounted in a removable frame whieh e~
avled their eacsy exchange and adjustment without: taking

- the whole apparatus apartv and also greatly facilitated the
‘ecoitrol of the aceuracy of the work.

g

e mean velocity - w in the experimental tunnel was
about 28 m/s, and the Reyunolds Number was about 4 X 10
Tae velocity w was deta“mlned from the pressures P, and
D (zg/m2) according to the Tormula

3 AP, - 0. )
W — — SRS, By - SN
AR

=
&

fhe value of AN was found, from measuring the velocities
i the cross section before the hemd, to be 1.00%.

*0n tﬂg bawls of the cross-sectional relatlons and the
Bernoulli equation, the velocity in the center of the cross
section would be A= 1,07. Due, however, to the retardation
alocg the walls, the mean velocity was somewhat.smaller
(fig. 12), namely 1.00, as given above.
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The velocity distribution behind the bend wag deter-
mined in the outlet cross section. ‘here it .could besas-
sumed that the static pressure was constant tiaroughout
the cross section, so that the velocity measurements nay
be considered very reliable. The static pressure was also
measured in a plane 20 mm behind the trailing edges of the
guide vanes. For this purpose the measuring iastrument
had to be placed at 45 degrees to the tunnel wall, ~After
various experiments the static-pressure indicator shown
in figure 13 was fourd to te the most suitables

In the investigation of the corner with profiles of
first approximation (fig. 14), it was immediately evident
that the first-calculated angle of attack of 649 45' was
too large. It was therefore graduwally reduced to 569, 501
as the most favorable angle. 4s shown in figure 15, a
variation between 56 and 58 degrees does not have nuch ef-
fect on the velocity distribution, but probably does oa
the distribution of the static pressure behind the vanes
and on the pressure loss.

Figures 16 and 17 show the respective velocity distri-
butions behind a 90-degree elbow and behind a 90-degree
bend without guide vanes. Comparison with figure 15 very
clearly shows the advantage of the guide vanes.

amen-

At this point I will call attention to some fund
essure
p/
n

tal principles regarding the determination of the p
and of the lost energy. 1Ia practical aydraulics it
customary for the calculation of the energy losses 1
fluid conduits to employ the resistance coefficient,. { ©Ff
the individual members (%tuwbe cross section, bends, etes ba
This coefficient ¢ indicatcs that the passage of a cer-
tain amount of gas or liquid through auny part of the con-
duit requires a certain pressure difference A p equal %o
{ times the dynamic pressure g of the mean Yelocity w
in the entrance cross section. gq =3 p & and ¥ = Q/F,
where Q@ is the quantity of fluid passing through per unit
of time (ma/sec) and F is the entrance cross section.
Hence,

o

n
14
S

¢ = e
= =2

i il
According to what precedes, this formula for the pressure-
loss coefficient is based on the unidimensional viewpoint,
as if the velocity were uniformly distributed over

(= Y

i . )
the lerogsisection, In a bead the different fluid partieles
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generally undergo very different energy losses, so that
it ‘may be necessary to allow for these differences in the
devermination of the energy consumption,

The total energy content per unit volume is the to-
Ul "predisure p + ; p w2, . where p  1is the gtatic pres-
sure and 3 p w2 1is the dynamic pressure. The elementary
outputs are the quantities of energy per second flowing:
past the 1ﬂd1v1dual points. They are represented by the
formula {

'

(p+3pwe) wdF

F

4 % 2 " o )
in which thée unit is (mkg/sec). The total energy loss
as based on tae momentum before the corner, is

¢ = LL(p+Epu?)wa

s e

o
|
[/(%pwadFﬂ before bvend

before bend - [ flp+ipw2)wdF] after bend

It is seen that, with w and p assumed to be constant
throughout the cross section, the equation passes into the
expression for (.

The coef*lc1ent of loss K is important, when it is
desired to allow for ene;by transformations which affect
the nature of the flow. For the deflection angles tested
in this investigation, it is only necessary to use the
loss coefficient {, since the deflection does not appre-
ciably affect the nature of the flow.

¥or the most favorable angle of attack of 56° 30!,
the coefficient of resistance was ¢ = 0,134, This high
value is due, however, to the insufficient length of ap-
precack for eliminating the strong initial disturbances of
tiae flow. ror the calculation of the resistance of con-
duits with built-in elbows, this value seldom comes in
guestions

Z2e Fressure-Distribution lMeasurements at tl:e Bxit Profile
and at the Profile of First Approximation. Total Pressure
Distribution in the Vortex Trail.

the bohav

-

res
L0
the actual cir

Distribution Measurements.- For judging
the profiles, it was necessar)y to compare
lation distributions with the theoretical.,
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The actual circulation distribution was de tern'ned aa ek~
ready described, from the pressures meas ured on the surs
face offthe profiles.

It seemed desirable at first to verify exnerlmen badd i
the circalatlon distribution of the basic profile (1nd1v1d-
unal vane in parallel rectilinear flow).® Since however, it
was to be expected from the outset that, for an individual
vaite, such .a high value of ¢, (1.35) as was adopted ToX
it design of the vuide vane, due to -the separation phenomn-
“énma on tle suction side, could no longer be attained (at
lesst -not with the theoretical angle of attack), the com-
parison between the theoretical circulation distribution
and ‘tHet determined experimentally with the help of pres-
sure-distribution measurcements was made with a theoretical
6 o1 KOs In order to measure the surface pressure at the
exit.profile, a double-walled model of the profile was macde.
Thes chord £, was 176 mmj the span, 250 nm; and the thick-
ness, about 3 mm (figs. 18 and 19). The middle section Wwas
provided with test holes of 0.5 mm diameter, which were ' eons
nected with brass tubes. From these brass tubes, rubber
tubes led to the tubes of a multiple manometor. Themnead-
ings ‘were made by photographing the manometer tubes together
with the accompanying scale., Terminal disks of 310 mm diam-
eter-were attached to the ends of the vane, in order to ob-
tain a smooth flow. PFigure 18 shows the suspension of the
vane ‘in the. wind tunnel, the nearer terminal disk having
been removed in order to show the vane. The angle of at-
tack was regulated by turaning the bars oan the outer sides
of the dlshs about their pivots. ;

In ‘figure 20 the upper curve vewresents the theoretd-
cal‘ecircvlation distribution for £ P )50 the middle
curve, the theoratical distribution for -c_ = 1.00; and
the bottom curve, the theoretical dlstrlou%Lon fori et

e
1.00 and the angle of attack a = 59 30!,

The comparison of the theoretical with the measured
circulation distribution shows that the character of the
two curves is much the same excepting that the ¢, value
found by planimetry is only about 65 percent of tne thier
oretical., This observation that the integration of the
pressures along the surface of the vane yie >1lds a consider-
ably lower 1lift than the theoretical, agrees with the ear-
lier observation by Betz (reference 12). This is chiefly
due to the surface friction, An enlargement of the é&nd
digks would only lessen the induced drag, but have no ap-
preciable effect on the magnitude of the 1ift in the middle
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.
section., That here only about 65 percent of the theoret-
ical 1lift was obtained (instead of 75 to 80 percent , whiech
can ordinarily be assumed) is probably due in part to the
fact that a plate-like profile, such as used here, offers
more resistance than the customary wing profile, a

For the grid flow, despite this discrepancy, we must
at first calculate with the theoretical 1ift distribution.
Due to the different nature of the vressure increases, etc.,
the behavior of the boundary layers will be quite different.
Our task is therefore to study these effects. Due to the
pressure drop in the vicinity of the trailing edge of the
vane, 1t is probable that, where we have the maximum devi-
ations from the theoretical values for the isolated vane,
we obtain only a small error for the assembled vane. The
following comparison of the total-nressure measurements
behind the trailing edge of the isolated vane and of the
assembled vane, will show how much less the disturbance A
due to friction (separation) is in the grid.

A special model according to figure 21 was made for
measuring the pressure distribution on the guide vanes,
since the dimensions of the wind-tunnel model were too
small for this purpose. It consisted of five vanes, which
were mounted between top and bottom plates at intervals v
of 85 mm and could be rotated, The grid model correspond-
ed exactly in scale to the model of the individual vaae,
The middle vane was made hollow and was provided, in its
middle section, with a series of 0.5 mm holes. The diam-
eter of the air jet directed against the vanes was 300 mm,
and the distance between the top and bottom plates, ree =
quired to produce a smooth flow, was 250 mm., The direc-
tion of the deflected air flow was read on an angle scale
with the aid of three silk threads at three different
heights.

Figure 22 shows the pressure distribution on the sur-
face of the grid profile of first approximation for three
angles of attack, The 90-degree deflection was effected
for o = 56° 30! in absolute agreement with the measure-

" ment in the closed tunnel, "i.e., 'the deflection was pro-
duced entirely by the guide vanes without the assistance
of the walls. The circulation distribution (fig. 23), as 4
calculated from the pressure distridbution, and the coanclu-
guions' deduced will be ziwvea in seetion II, 3.

ibution in the wvortex trail.-
r stream after passing ‘the

b) Total-pressure
The loss of energy in
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profile is a criterion for the losses through fpdetion
(separation). It is therefore possible to determine the
frictional losses by determining the total pressure in a
cross section of the vortex trail (reference 13). The in-
vestigation of the vortex trail was undertaken with the
models used for determining the circulation distribution,
since the vanes in the closed tunnel were too small for
this purpose.

The measuring plane, both for the individual vane and
for the grid as a whole, was 15 mm behind the trailing
edges. The results are plotted nondimensionally in figure
24, he total energy loss from surface frictioa and sepa-
ration is represented by the area between the line corre-
sponding to the total pressure before the vane

(. Prot \ , 4 &
— = 1> and the curve for the total pressure behind

"the. vane.

Ths total pressure behind the individual vane was
measured at 5° 30! angle of attack, the same angle at
which the pressure-distribution measurements were made,
so that the circulation about the isolated vane correspond-
ing to €, tneqp, = 10O in the ratio 6.60/8.88 was smaller
than the circulation about the assembled vane. It is reec-
ognized that, despite the smaller circulation, the loss of
energy from profile resistance is greater for the isolated
vane than for the assembled vane. Hence even here we fimd
our original assumption confirmed that the vane in the grid
can withstand a relatively heavy load without producing un-
fa¥orable resistauce conditions.

The loss through friction and separation on the wvanes,
as determined by plarimetry of the loss areas, is only a-
bout 5 percent of the momentum, while the pressure loss
measured in the closed tunnel is 13 to 14 percent. The
principal losses do not tirerefore depend on the lift-drag
ratio of the vane profile, so that no appreclable reduction
of the losses can be expected from a furtherimprovement of
he prefilte.

P
&
%
:

3. Experimental Investigation of the Profile of Second Ap-
proximation

The experimental investigation of this priofiie (fig.
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25) corresponded exactly to that of the profile of first
approximation. The theoretical investigation yielded an
angle of attack of 56° for the profile of second approxi-
mation with consideration of the travel of the circulation
c.g. produced by the high ca‘ in conjunction with . the
sharp curvature and con ;1rmed in the first approximastions
The most favorable distribution of static pressure and ve-
iocity throuzhout the cross section behiné the vanes, with
simultaneous minimum pressurc loss, was obtained at an an-
gle of attack of 55° (fig. 26). The coefficient of resist-
ance is 0.138, i.e., somewhat larger than for the profile
of first zpproximation (0.134). The conrse. of the pressure-
distribution curve, which is less uniform on the suection
side of the profile of second approximation (fig. 27) than
for the first arproximation, .likewise indicates a certain
superiority of the profile of first approximation. 1In like
manner the result of the total-pressure measurement in the
vortex trail shows a somewhat greater resistance (£3c, 24),

4., Experiments with Other Deflection Angles and Groups of
Deflection Angles*

a)Bxperiments with other deflection angles**,- In ad-
dition to deflection angles of 90 degrees, tests were also
made at angles of 50, 45, and 30 degress (figs. 28-30), the
profiles being made according to the first approximation.

For the deflection of 60 degrees, the calculatlon was made
with ‘¢, = 1.35, while, for deflections of 45 and 30 degrees
the pro%ilfs were based on ¢y, = 1.00, since otherwise the
vanes wounld not have been close enough.

The velocity and »nressure distributions are represented
in figures 21-33, Tor losses and angles of attack, see
table in section IV. It is noteworthy that, at 30 and 40
degrees deflection, no change from the theoretical angle of
*The experiments of this section were performed by Dr.
Flachsvart, to whom I am greatly iacdebted for the use of
tae experimental results., ‘ '

*¥**¥The experiments in this section were tried at the sugges-
tion and under the direction of Dr. Flachsbart, to whom: I
mn greatly indebted for the privilege of using the results.
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attack is required. This means that, at the larger angles
of attack, the marked discrepancies are attributabdle, at
least in part, to the high cg4. On the other hand, the
curvature of the streamlines is here considerably less, so
that a shifting of the profile along the streamlines does
rot affect the angle of attack so much.

b) Experiments with 539EP§"95 deflegtionwgggles.- The
Sytate of flow is known to be affected for a long distance
by a normal bend or elbow in the adjoining conduit. 1 4
€.2., a second bend is introduced into the conducting sys-
tem before the distumrbance has died out, this second bead
will have a different coefficient of loss froem ther fanisier
which has an uadisturbed inflow*.

The better the deflection in our sease is, i.e., the
less the nature of the flow is changed, just so much less
the mutual influence will be., In the ideal case the caef-
ficients of loss, even at short distances between the in-
dividual angles, must simply be added.

The following group arrangements
2 X 90° 2 X 459 % X80

were investigated with the profil o
according to the first approximation (figs. 34-36). The
loss coefficients (see table), in all three arrangements,
are smaller than the sum of the 1o coefficients of the
corresponding individval angles. This result is acciden-
tal, as shown by subsequent conirol teésts at the individ-
nal angles of a group. The above-found energy losses for
individual angles are not absolute minima, but can be re-
duced in vertain cases by particularly careful finishing
of the gaice vanes in the workshop. In the groupaiithiecns
were someé angles which caused somewhat less energy loss
than the previously tested individual angles.

5. Ninety-Degrec Deflection in Tunnel
with Circular Cross Section

The ‘difiference in the

b v
ferent cross~sectional shapes de

vior of ‘deflectiong YofNdaEs-
pends on the different ‘de-

*Tn this connection, numerous tests have already been made
by Weisbach (referenceld).
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velopment of the secondary currents (reference 15). The
latter consist essentially of double vortices produced by
the friction, with their axes in the direction of flow,
Their unfavorable effect on the pressure loss in bends is
due to the fact that they converge the boundary-layer ma-
terial, especially that retarded by friction, on the inner
wall of the bend, where there is already a tendency toward
separation, thus greatly promoting separation and the for-
mation of vortices. -

If it is now possible, through suitable devices(guide
vanes or the like) to restrict the separation on the inner
wall, as likewise the formation of the secondary flow, to
the rear part of the bend, the effect of the cross~sectional
shape on the resistance will disappear.

The profile of first approxiwation was selected for
the installation in the bend of the tunael of circular
cross section, because it showed the least resistance of
any of the profiles tested, The test fully confirmed the
above considerations (fig, 37) and yielded exactly the same
result as for the installation in the square tunnel, namely
the angle of attack of 56° 30!', aand almost the same loss
coefficient (0.135 instead of 0.134). The cross-sectional
shape does not affect the behavior of the deflection with
favorable profiles.

6. Taking Flow Pictures

The arrangement shown in figure 38 gerved for obtain-
ing photographs of the flow through the grid., A channel
of 200 mm width was set in a water tank about 200 mm deep.
The guide vanes were those of first approximation, the an-
gle of attack being 56° 30'., The second bend in the chan-
nel (on the right-hand side of the picture) did not serve
for observations, but was necessary for conducting the wa-
ter smoothly through the channel.

The direction of the flow was rendered visible by
means of fine aluminum powder sprinkled on the surface of
‘the water, which had to be colored red to prevent reflec-
tion of light from the botiton of the channel., 'Figure 39
is a picture with the complete row of guide vanes, while
in figure 40 one of the vanes in the middle had been re-
moved, in order to create conditions similar to those on
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which the calculation was based. Pictures thus obtained
cannot be expected to furnish a perfectly accurate basis
for checkinz the calculation. The omission of one vane
changes the circulation about the neighboring vanes, though
he theory requires all vortices to be of egual strength.
The neighboring vanes should therefore have bteen shifted
so as to restore the original circulation. The developing
of marked vortex formations on the backs of the neighbor-
ing inpner vanes, however, made this impossible from the
outset.,

at During the experiment it was observed that, with the
great density of the powder required for the large area
to be photographed and by the corresponding distance from
the camera, the scattered particles, despite all pregau-~
tionary measures such as paraffining the walls and the
vanes, showed so great a tendency to accumnlate on one side

- or the other of the channel that sometimes the streamlines
on the surface differed noticeably from the deeper flow as
recognized by direct observation of the added coloring mat-
ter. Therefore the pittures give only a relatively rough

. idea of the actual conditions, but are nevertheless very

instructive. The narrowaness of the wake and of the vortex
trail behind the vanes is particularly noticeable.

IV. SUMMARY AND CONCLUSIONS

The results of the investigation may be summed up as

- follows. By taking as the basis profiles with high cg,
such as have proved practically favorable, it was not pos-
sible to find a s&tisfactory form of grid simply on the as-
sumption that the flow is potential. The requirements
called for the most uniform possible velocity distribution
behind the bend and the smallest possible losses. In order
to meet them, it was necessary to take friction and its ef-

% fects into account., The pressure increments in the flow,
modified with respect to the conditions for a simple air-
plane wing, change the separation phenomena with the chosen

high c¢,, so that the center of pressure travels rearward.
: By taking this into account, a satisfactory agreement is
- obtained between the theoretical consideration and 'the ex-
perimental results. It may be assumed, with the choice of
a more suitables exit profile, which (w4th the cent er™om
\ pressure farther rearwvard at the outs et) yields a more fa-

vorable pressure distributioan on the ;orward part of the
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grid, that better agreement will be obtained between po-
tential theory and reality. At low c, (30 and 45 de-
grees deflection) we obtain, according to the potential
theory, results which require no ftarther correction.

The state of the jet leaving the grid differs so
little from that before the bend that several deflections
may occur closely behind one another, without their be-
havior being materially influenced.

. As a further result of the. fact that the nature of the -
jet is not changed in passing through the grid (i.e., that
no appreciable separation from the inner wall of the bend
nor formation of secondary vortices occurs), it was found
that the cross-sectional shape of the channel (excepting
extreme forms) has no perceptible effect on its behavior,

The table coantains a summary of the vane forms tested. -
From it the calculated and the experimental angles of at-
tack and the loss coefficients can be taken. Furthermore
the loss coefficients, which were obtained without the in-
stallation of vanes, are included.

in figures 14, 25, 28, 29, and 30 the forms of apgles
tested are represented with the installations in their fi- -
nal position., PFigure 41 shows the profiles of first ap-
proximation with their principal dimensions, based on the
distance between the vanes, for the various angles of at-
tack.

What improvements with respect to the energy loss are
to be effected by the installation of guide vanes, are
shown by the graphical comparison of the loss coefficients.
from the most important energy measurements in bends and
elbows with the loss coefficients found for various deflec-
tion angles after the installation of suitably shaped guide
vanes (fig. 42). 1In addition to the recent measurement by
Zirchbach (ref. 16), the previous measurement by Weisbach
(ref. 17) is included, since the Weisbach values are still
commonly used in practice. The resistance coefficients
for elbows with square cross section were obtained from the
same models, which served for the investigation of the de-
flection angles with vane grids. They were included for r
the sake of completeness, although, due to the short out-
let, they could make no claim to general applicability.

For bends in cylindrical tubes, we have plotted a
series of measurements by Hofmann (reference 18), which
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includes bends of various bending ratios R/d and various
degrees of roughness but only one deflection angle (90 de-
grees), and also a series of measurements by Bouchayer
(reference 19) with only one bending ratio, but various
deflection angles. DBouchayer's experiments were made with
power-plant pipes, which were quite rough but probably
corresponded well with normal conditions.

If it is desired to leep the energy loss as small as
possible, guide vanes can be advantageously installed in
elbows down to about 30 degrees deflection angle, when the
elbow cannot be replaced by a bend of adequate radivses 4F
a velocity distribution of greatest possible vniformity
behind the deflection is desired, the installation of a
vane grid may be justified for even smaller deflection an-
gles.,

"A uniform velocity distribution in the inflow is as-
sumed for small energy loss in deflections with the aid
of guide vanes in every case according to direction and
magnitude.

Translation by Dwight M. Miner,
National Advisory Committee
for Aeronautics.
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TABLE
Angle of Shepe of Form of grid Angle of attack Coefficient of resistance
deflection Cross with without
section theoretical |experimental guide vanes
909 Square Profile. of 1st 640 15'*
approximation and 59° 560 30! 0.134 1.63%*
900 Square Profile of 2nd
approximation 560 550 0.138 1.63
|
900 Circular | Profile of 1st
' approximation 59° 1 - 56° 3ot 0.136 10
600 Square | Profile of 1st
) | approximation 430 3a° 0.146 1.08
45% i  Scquare Profile of lst
E approximation 330 15t% 339 15¢ 0.142 0.53
300 % Square Profile of 1lst
: approximation 220 30'» <0 Zo! 0.100 0.15
4
!
2 x 900 |  Square Profile of 1lst
= | spproximation 599 560 30! 0.260
2 x 45° Square | Profile of 1st
; | approximation 339 15t 32° 15t C.266
3 x 609 | Sqguare Profile of 1lst
I spproximation 430% 389 0.304
9Q°
ben . i
- e Square Partitions - - 0.24 1.30
4 = 0.7
4

*Calculated without taking into account

the displacement of the circulation c.g.

**Too high, due to the inadeguate length of the outlet channel.

*Y'O'V'R
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Pigure 5.-Field of flow of vortex
series(one vortex omitted).
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