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EXPERIMENTAL STUDIES ON THE INFLUENCE OF THE DEGREE OF TURBULENCE
AND OF A TURBULENCE THREAD ON THE COMPRESSIBLE SUBSONIC FLOW
THROUGH FLAT COMPRESSOR CASCADES

K. Barsun

Institute for Aerodynamics, German Aeronautics and Space’
Research Center, Braunschwelg

Synepsis ‘ FL%

The study concerns the #nfluence of an inecreased degree of
in the oncoming flow and the influence of a turbulence thread
placed on the vane suction side on the flow through two straight
compressor cascades. The cascades consist of profiles NACA 65-608
and NACA 65-612 with a vane angge of Bg = 130° (measured against
the cascade front) and a spacing ratiohof t71 1.

The study included wake and pressure distribution measurements

and were carried out at Reynolds numbers of Rel = 1 x 105 and

130° and 148° and at

]

b ox 105, angles of incidence between B,

mach numbers between Ma. = 0.3 and 0.9.

1

The measurements revealed that at low Reynolds numbers the
profile loss is considerably reduced both by the lncreased degree
6f turbulence and by a turbulence thread, while it is somewhatb
increased at high Reynolds numbers, and that a profile loss
reduction is connected wifth an increase in deflection and in
pressure shirft.

The turbulence generator 1s most effective on the one hand
in the middle of the operating range of the cascades, and on the
other- at very high Mach numbers together with a large angle of
incidence.

¥ Numbers in the margin indicate pagination in the foreign text.



1. Introduction /3

As everyone knows, turbulence boundary layers can tolerate
a considerably greater increase in pressure without separdtion
than laminaryboundary layers. Therefore, it is of critical
importance for flows through retarding vane cascades whether the
boundary layers on the bladesaare laminar or turbulent and how
the laminarsturbulent transition proceéds.

Since the calculation of the transition has so far not been
solved for all cases, one still has to fall back on measurements
in studying this problem for blade cascades. For this reason,
the high velocity cascade wind tunne® of the German Aeronautics
and Space Research Center is well suited for this because it
allows the Mach number and Reynolds number of the cascade flow to
be varied independently of one another. On the other hand,
however, measurerient facilities for direct boundary layer measure-
ments on the blade cascades are not available so that these studies
remain restricted to wake and pressure distribution measurements.

Using this wind tunne®, studies have been done 1n past years
on the influence of the degree of turbulence and of the surface
roughness on the flow through straight vane cascades.

The studies on turbine cascades (NACA 8410) are summarized
in [1]. 4s a followup to this, two compressor cascades made of
profile NACA 65-608 and NACA 65-612 were studied with different
types of turbulence [2], to be sure only at one angle of incidence
in the middle of the operating range.

This report concerns the extension 6f the studies described
in [2],te the entire useful angle of incidence range of both
compressor cascades. The measurements were carried out in the
high velocity cascade wind tunnel between March and July, 1966.



In addition, a few measurements with incompressible flow,
which were carried out as preliminary studies to [2], are

evaluated in this report and compared with the results obtained
by J. Bahr [3,47. '
The experiment covered in report [2] and in this report,
Insofar as they concern compressible flow, were reported on in
a brief paper (formal contribution) at the Royal Society
Conference on Internal Aerodynamics (Turbo-machinery) "Wates
Foundation" in Cambridge, England, July 19-21, 1967.
2. Notation (See Fig. 1)
This list contains the most important variables; additional
symboils are explained in the text.
2.1 Geometric Variables
7 €H6rd length
t cascade spacing
t/1 cascade spacing ratio
a greatest profile thickness
a’/i profile thickness ratio
h vane height (span width)
h/1 vane aspect ratio .
BS vane angle, measured against the cascade
front
81385 %?%ii of flow, measured against the cascade
IPENT
deflection of flow through the cascade
X3y perpendicular profile eoordinates, x in the
profile ehord direction
ayu;z rectangular cascade coordinates; a perpen-—
dicular to the cascade front, u in the
diré€ction of the cascade front z in the
span width direction
e distance of the wake measurement plane from

the wvane cascade



Ve median line ordinate
ﬁd local profile thickness
Vg suction side ordinate
yD pressure 8ide ordinate
dF turbulence thread diameter
Xp rearward position of thread (position of
the turbulence thread on the profile
suction side)
NACA 65-612 Profile désignation, interpreted as follows:
6 serial number
5 position of the pressure minimum
on the symmetric profile with parallel
oncoming flow at x/7 = 0.5
6 camber: cA* = 0.6
12 thickness ratio; d/1 = 0.12.
“ V_g:27FlQﬁ_Y§riables
CA* potential theory 1lift coefficient of a
single median line (t/7 ¥ =) with chord
parallel oncoming flow
Po total flow pressure
r static flow pressure
qQ =P, P dynamic flow pressure
B(x) static pressure on the blade contour
TTTEE -ey .
Ch1 = 1 local pressure ceofficient

4

pabove3 pbelow

static pressure on the bottom walls of the
working section in front of the suction
slots

flow velocity

turbulent velocity fluctuation in the
direction of flow

sound velocity of the flowing air
air density

kinematic viscosity &6f the air
Mach number



Re = Yol Reynolds number

Ta = %-I/w’2-100 %0 degree of turbulence in %

§2) . . .
e average value of the square variation in
velocity over time

Pyt .- Po2 .
tv1 = q loss coefficient of the flat compressor
1 cascades
Ap P27 Pt
- -9 ) pressure shift of the flat compressor cas-—
cade
= 92%2a . i
Q1¥1a |

contraction coefficiendt

2.3 Indicies

homogeneoug oncoming flow state

2 homogeneous outflow state (far behind the
cascade)

2u outflow state in the wake measurement
plane

m mean value

S profile suction silde

D profile pressure side

3. Measurement PBrocedure

3.1 Apparatus

The low speed cascade wind tunnel (LST) of the DFL Institute
for aerodynamics is described in detail in [5], and the high
speed cascade wind tunnel (HST) in [6].

The maximum alr speed in the working section of the LST
(if notturbulence screen is built in) is about wy o 65 m/s with
a working section height of 250 mm and w, = 38 m/s with a working
section height of 500 mm. The corresponding Mach numbers are



Mal = 0,19 and 0.11 respectively and the corresponding Reynolds
numbers Re:L = 2.5 x 105 and 1.5 x 105 respectively, with respect
to a profile depth of & = 60 mm.

The HST stands in a chamber which can be evacuated to 0¢.05
ata (corresponding to an altitude of 20 km). Therefore, by
changing the static pressure and dynamlc pressure, the Mach
number and the Reynolds number can be adjusted largely indepen-
dently of one another.

Since the working sections of both tunnels have the same
dimensions, the same cascade can be built into both working
sections. The oncoming flow angle Bl can be continuously adjusted,
since both wvane carriers of the cascade are fixed into two turn-
tables on the end of the dise walls. The vane angle BS is
changed by turning the individuval blade around #ts longitudinal
axls.

The boundary layers en the bottom walls of both working
sections can be sucked off through slots in front of the cascade.
In so doing, the amount of air sucked off is set by throttle
slides so that the static pressure on the bottom walls in front
of the suction slots equals the static pressure on the side
walls.

The boundary layers on the side walls of the working sectlon
cannot be sucked off because the existing suction facilities are
not powerfullenough for this.

The total pressure pOl of the oncoming flow is measured in /8
the prechamber and the static pressure P4 of the oncoming TIdw
is measured through bore holes in the sidewalls of the working
section. Thé total pressure Pgo (u), statiec pressure Do (u) and
the outflow angle Bz(u) are measured in the wake working plane



with a wake probe. The outflow angle is measured by setting the
probe parallel to the flow direction. This setting is carried
out in the range between the wake depressions and is maintained
within the wake depression.

If a turbulence screen is built in between the prechamber
and the working section, the total pressure of the oncoming

cascade flow p cannot be measured in the prechamper. In this

case, a pitot gibe ig inserted Into the flow through ene of the
turntales just in front of the cascade. The probe opening 1is ha
halfway up the height of the working section, 50 mm from the
sidewall and the same distance in front of the cascade as the

Py boreholes. Since as a result of the built-in turbulence
sereen the total pressure in the z divection (span width direction)
was no longer constant, the reading fon Po1 in the wake
measurements was corrected such that Po1 equaled the reading

for poe(y), which was measured behind the cascade between two
wake depressions. (The wake probe is in the cross-—section of
the cascade, the pitot tube in froent of the cascade 1s 100 mm

away from the wake probe in the z direction.)

If no turbulence screen is built in, the degree of turbulénce
of the flow in the working section depends only on the size of
the working section cross-section and (in the HST) on the static
pressure. In the LST, the degree of turbulence for an average
working section height of 350 mm is about Tgl = 0.3%; in the
HST, depending on the height of the werking section and the
static pressure, ¥t lies between Tul = 0.15% and 1%.

Tn the measurements reperted in [2], a wire mesh screen
wag built into the parallel portion ef the oncoming Tlow
channel perpendicular to the flow and 500 mm in front &Ff the
central vane. In this arrangement, the wake depressions of the
screen wires inferfereddwith the measurement behind the cascade,



and for this reason in our measurements we used a turbulence

screen like that shown in Fig. 2. This was built into the nozzle
and produced a degree of turbulence between Tu; = 2.5% and 4.5 /9
in the working section. 'The degree of turbulence produced by this
sereen was obtained from earlier cascade experiments [7] in which
the same turbulence screen was used. Flg. 3 shows the degree of
turbulence for an average working section height of 350 mm. The
figure shows that the degree of fturbulence wtih a bullt-in
turbulence screen alsc depends on: the Mach number.

The degree of tubbulence in [7] was measured with DISA hot
wire probes (wire diameter 0.005 mm) and with a DISA constant
temperature anemometer No. 55 A 01.

3.2 The Cascades Studied

In each situation a cascade of profiles NACA 65-608 and
NACA 65-612 were studied. For these profilés it was known [3,4]
that with normal wind tunnel turbulence and at small Reynolds
numbers small laminar separation bubbles appear on the contour.
The cascade arrangement is the same as in [2], namely /1 = 1
and gS = 130°, The profiles and cascade arrangement are shown
in Fig. %, and the profile coordinates and location of the
pressure measurement boreholes can be obtained from Tables 1 and 2.

The vanes have a profile depth of 7 = 60 mm, a height
(span width) of h = 300 mm and an aspect ratic of h/l = 5. Each
cascade consists of 7-8 vanes. The two central vanes each contain
12 or 13 pressure measurement boreholes on the suction side or
pressure side in the cross-—section, all of which lie on The same
cascade flow channel. a

3.3 Types of Turbulence Studied

The following types of turbulence were studied:
1) the blades have a smooth surface, oncoming flow turbulenece



is normal (Tul ~ 0.15% to 1%).

2) The blades have a smooth surface, oncoming flow turbulence
~ 2.5% to 4.5%).

is increased by a screen GTul

3) The blades have a turbulence thread (d = 0.06 mm) on the /10
suction side (at x/7 = 0.25), the oncoming flow turbulence
is normal (Tul =~ 0.15% to 1%).

Case L4 (sand roughness on the profile nose), in contrast
to [2], was not further investigated. On the one hand, the
measurement program was not meant to be too comprehensive, and
on the other it had been shown [2] that at small Reynolds numbers
the sand roughness had an effect of similar size on the gseparation
bubbles as the turbulence thread, but that at higher Reynolds
numbers the additional resistance of the sand roughness 18 con-
siderably greater than that of the turbulence thread.

In case 3, the pressure measurement bore holé on the suction
side at x/1 = 0225 cannot be used because of the turbulence thread

in the same place.

3.1 Measurement -Program

The megsurements consisteddof wake measurements over a vane
spacing and pressure distribution measurements (both in cross-
section),=and were carried out on the high speed cascade wind
tunnel at Reynolds numbers of Re1 =1 X 105 and U4 x 105. As
a followup to this, using the low speed cascade wind tunnel at
a Reynolds number of Re1 =1x 105, the vane boundary layers were
visualized by painting the vanes with an emulsion of benzene,
petroda&um and aluminum oxide powder.

In April, 1964, measurements on the same cascade (with /11
turbyplence type 1) were made by H.H. Hebbel for the case of
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TABLE 31: MEASUREMENT PROGRAM FOR COMPRESSIBLE FLOW

Profile . NACA 65-608
) NACA 6bE612
Spacing ratio t/1 1.0
Vane angle Bg 130°
Reynolds number Rel 1 x 105
b x 10?
Mach number Mal 0.3 to 0.9
Oncoming flow angle Bl 130°
[+]
135
1h0°
1h45¢°
148¢°
Type of turbulence 1 2 3
Working plane position e/7 0.5

incompressible flow over the entire operating range. These
measurements-s in which the boundary layer was sucked off on the
bottom walls, were preliminary experiments to [2]. Fpom these

it should be determined how the operating range of the cascade
changes in comparison tot[3], since for the measurements reported
in[B3] only adjustable baffle plates were available instead of -
suction. These measurements will be compared in this report,
since so far they have nobt been evaluated in any report.

1. Tables 1 and 2 appear at the end of the article.



TABLE 4: MEASUREMENT PROGRAM FOR INCOMPRESSIBLE FLOW

/12

Profile NACA 65-608
NACA 65-612
Spacing ratio t/27 1.0
Vane angle BS 130°
Reynolds number  R&, 1 x 1@2'“
2 x 10
Dynamic pressure qq 39 mm HoO
157 mm HZG
po T L N
Mach number  Ma, 0.08
- 0.15
Oncoming flow angle 81, 1309 - 150°

Type of turbulence

1{Tu =« 0.3%)

Working plane

position e/7

0.5

4, Evaluation

of Measurements

4,1 Wake

Measurement

The wake

flow were evaluated according to the momentum method outlined by
This method
basically consists of using a momentum theorem to convert the

N. Scholz [8] for flat incompressible cascade flow.

measurement for incompressible and compressible

flow in the wake working plane to a homogeneous outflow {(cf. Fig.l).

As shown by G. Kynast [9], the method may also be used for com-
pressible flows, because the equalizing of the wake flow to a

11



homogeneous flow generally takes place with an insignificantly

small density change. In order to use this method on compressor /13
cascades the following variables must be measured along awane '
spacing (from u to u + t, Fig. 1).

Measuring point coordinate u

Dyngmic pressure of the on- ql = po1 - p1

coming flow

Local total pressure loss jdﬁé(uj‘;‘§61 - Poé(u)
%gﬁgécztatlc pressure 4ifg Ap(u) = pp(u) - P4
Local outflow angle Bt

Using thé Scholz method presupposes that the wake depressions
of the individual vanes are still separate from one another,
but that the static pressure p2(2T over the vane spacing is
already nearly constant. Both requiremenfis can be fulfilled by
setting the wake measurement plane a sulfable distance away
(e/Zf, except if the flow on the vane 1s very strongly separated.
Tt has also been shown that it is’ suffieient to determine the
local outflow angle Bz(u) as the arithemetic mean value of a
fewmmeasured values of B,(u) outside the loss depression. There
the gradient of pg(u) in the u direction is zero. This has been

amply confirmed by numerous measurements (cf. also [8]).

The results of the wake measurement give the following
aerodynamic coefficients for flat compressor cascades. according
to [8]:

loss coefficient: ]__f%1
{

D.4 =D
-0l 02 o _ g (D)
94

pressure shift: | Ap P2 — Py 2
{ 1 T = P + 2K sin® B,

(2)

It



o |

dynamic pressure of outflow: ;= = 1-ﬁv1-ﬁ?2 ‘I 430
1 _‘_ji'!____ - - - :.1
outflow angle: - [; K - ! ()
co = + * co .
2 1-@-?] Zm\
L
flow deflection: F e _a -8
on Aﬁ = ﬁ'] - ﬁQ“_ (5)

The following abbreviations are used #n these equations:

Mean vaikue of the local total pressure loss:

[T wE ( T*—j
1 Poj ~ Pl !
F G = I .[‘ g du |

RS S

(6)

Mean value of the local static pressure difference:

‘ wtt --WW_%___W
- (u) -
VP‘%‘[udul

L ) Q*i : ' €7)

Scholgz correction:

u+t u+t

a, (u) a,(u) ;
K = % f 2q du - % f 2q dul|
-1 L b 1 5 (8)

Mean outflow angle in the wake measurement plane:

e (o%

All coefficients are related to the dynamic pressure ql =

- Py of the oncoming flow. Eq. (8) was evaluated according

to the method given in [8]. For the formation 8f sums. in

Egs. (6} and (7) the weights g, as per Eltermann [10] were
calculated with the following formulas for nonequidistant

support points u, and quadratic interpolation:

13



. ™
g, = % .[- h, ¢+ 3h, +3 hv+ﬁ - hu+2] s v uneven
1 i
gy = % -[4 h, + 4 hv+1] ; v even 5 (10)
v =1, 2, 3,000, 2n + 1 ; " . n integer
Chy=u, - uyq e _ g
The total number of measurement points must be uneven if /15

the integration weightg as per Eg. (10) are calculated.

"For incompressible flow, eyl T N/ql*l was also calculated
in addition to the normal force coefficient. (N== normal
force per unit length of the vane, acting perpendicular to the
chord.) The weight measurement glves the following:

[ sin2ﬁ1
e = |fg,*'c08 O _ + ¢, 3in a Y ————
1 A o0 W m] 2
, o sin"fy, (11)
with Ty =By ~ B s :
cot B, = % (cot By + cot 32) .
2
in®p
- t - - 1 t . a i____@. »
ey =2 ° 7 (cot B, — cot 51) sin B + ¢ l:V‘l siziEB cos B
£ ﬁ s:i.nBEie0 1
[ m— [ T me——————
and W= V1 Sin231
L

4,2 Pressure Distribution,

Thé local static pressure p(x) on the vane contour is
measured against the static pressure P of the oncoming flow and

divided by the dynamic pressure of the oncoming flow d4y = pol-pl.
The resulting pressure coefficlent
p(x}-p
o g = Tt (12)

pl Q1



is plotted over the profile depth x/I referred to.

By integrating the pressure distribution we can calculate
Cy1 of
the cascade if we ignore the frictional force on the vane sur-

ingn approximate manner the normal force coefflcient

face. - With the flow under consideration this can be done without
any hesitation because then the frictional force is directed
almost parallel to the profile chord. Then according to [8] the

normal force coefficient turns out to be:

; (13)

The coefficient c¢ is given with the correct sign (positive, ¥16

if N points in the pos?%ive y direction), if the pressure dis-
tribution on the pressure side is progressively integrated in the
posittiveex direction and on the suection side in the negative x
direction. Eq. (13) is evaluated numerically according to Eg.

Eq. (10).

L,3 Jet Contraction

The growth of the side wall boundary layers in the flow
difection within the vane grid results in the fact that even in
the cross-section the two-dimensional continuity equation is no
longer satisfied; inskbead the mass flow density Increases there.
This deviation from flat flow is expressed by the contraction
coefficient

Qp Wpg Qp Wp 83N P
f4 = 81 Y1a T Q4 Wy sin 51

(14)

in the compressibde case. In this equation the angles Bl and 82
are known directly from the wake measurement; the relationship

of the densities and velocities can be calculated as follows from

15



16

the results of the wake measurements [1l]:

. 1 =
Q2 H Hn -
W 1‘[ - 1[
Q4 0 (15)
H—1 H—1 .
Wy non - (16)
-ﬁ':l- = T + = T
™
*=1 2,
—— Ma.]

For the sake of brevity, the pressure ratio w and the loss factor

LS (also called the throttle factor) are introduced into
Egs. (15) and (16). They are obtained from the wake measurement"

results:
. _ » )
“=£2'=1’;"A_B'[(1+-“—'11-1a2)m-1 (17)
P ey L2 vy
Poz N ] 1
‘Eo =-p—o-; = 1 “Ev,l’ 1 -~ _}}T (18)
(1 + 251 wa 5y |

With Egs. (15) and (16), Eq. (14) for the contraction coefficient

becomes:

n=l w1
1 H—-1 . no_ "
% -1r-.51n Bo Al s LI b (14a)
H = T * Tio ——Sin B_‘t 1 ) ) H=—1
He i
= Mey T

The method given by N. Scholz [8] for correcting jet contraction
was not used. The measured contraction coefficients are given.

7171



4.4 Degree of Turbulence .

The degree of turbulence is the relationship of the average
turbulent velocity fluctuation to the mean flow wvelocity. As
measurements by H.L. Dryden have shown, the fluctuations in all
directions are the same size iIn wind tunnels at some distance
behind the screenszand rectifiers, so that the degree of turbulence
for the working section of a wind tunnel can simply beewritten
as follows:

i (19)

To determine this, a calibration curve E_ _, = f(w) is first
plotted, and in so doing the temperature must be constant and
therefore monltored with a thermoelement next to the hot-wire
probe. The velocity w is measuréd with a Prandti-tube. As per
DISA, from the slope of the calibration curve the degree of

turbulence turns out to be

Wt T aw (20)

The potentials E_ rp and E .are indicated by the anemometer.

1

5. Results of Breliminary Experiments with Incompressible Flow /18

In the cascade measurements by J. Bahr [3,4] no boundary
layer suction was available on the working sections of the

LST and HST. The static pressure p on the

above and Phelow
bottom walls was made equal to the static pressure p, on the

side walls by adjusting . moVable baffle plates. After suction
was installed, H.H. Hebbel carried out measurements on the NACA
65~-608 and 65-612 compressor cascades with top and bottom suction
in order to determine the effect of suction on the cascade flow,

in parfiuclarly the operating range. In so doing, the same vanes,

17
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18 Same number of vanes in the cascade and the same welght
probe were used as by J. Bahr. The Reynolds numbers used differ
by about 20% or 10% and are shown in the figures. Only case 1
was studied.(smooth vanes, low degree of turbulence).

Fig. 5 shows the results of the wake measurements, namely
the loss coefficient fy,, the deflectien A, the pressure shift
zfsp/q1 and the contraction coefficient p. The numerical values

of these measurements with suction are listed in Table 5.

The loss coefficients measured by Bahr (dashed curve, without
suction) and Hebbel (solid curve, with suction) agrees fairly
satisfactorily in the left and central portion of the polar
curves for the cascade. The fluctuations in this regionscan be
attributed to the difference in Reynolds numbers, since precisely
in this Reynolds number range the influence of the Reynolds number
change is very large, as can be seen from Fig. 10. By contrast,
the cascade polar curvesddiffer greatly from one another on the
right branch. With suction, the loss increase fipst begins at
greater oncoming flow angles, i.e. the useful oncoming fTow angle
regionsof the cascade (operating range) in #ncreased by the
suction.

Based on the measurement results for inCOmpressibie flow
with suction (above and below), the five oncoming flow angles
(Bl = 130°, 135°, 1h0°, 145°, 148°) were determined for the
experiments with compressible flow (also with suction}.

The purpose of the preliminary experiments was to determine /19
the above five values for Bl‘ In addition, they offer the
possibility of studying the effect of boundary layer suction on
the cascade flow by comparison with Bahr's measurements. This
wlll be done us#dfig the results of the wake and pressure distribution
measurements.



The cascade polar curves (espeecially NAECA 65-608) and also
the pressure shift curve show that the jet contraction in the
cascade has a noticéeable effect on the vane boundary layers at
higher wvane loads. This becomes smaller wlth decreasing vane
loadsand, moreover, in this case is covered by the effect of the
Reynolds number change. Since the vane profiiles studied are
only slightly cambered (CA* = 0.6), "high vane load" in this case
means a deflection of flow of about 15°=20°., In other wordsg,
the assumption made by Scholz [8], that the repercussion of
jet contraction on the vane boundary layers is insignificantly
small, applies in the case of compressor cascades only if the
deflection of flow is not greater than about 10°-15°,

The flow deflection with suction was measured about 1° less
than without suection, while the pressure shift was measured
larger with suction. With planar flow, hewever, a smaller
deflection also corré&sponds to a smaller pressure shift (as
long as B8, > 90°). From this it follows that at least the
cascade flow without suction studied by Bahr was not two-41
dimensional. It also follows from the equations ffor the
Scholz jet contraction correction [8] that as a result of
contracted flow the pressure shift drops, but the deflection
increases. For example, the following eqguation is valid for the
outflow angle:

et ——— A~ o~ &

e
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{COt B2eben = PA'COt B2
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with u, = outflow contraction (p > 1), i.e. in‘planar flow
cot 62 and 82 are larger and the deflection 81—82 is smaller.
Likewise, the differences in the pressure shift, which rise
sharply with large oncoming flow angilés are to be attributed
to contraction of the jet.

The contraction coefficient p curve with and without suction /20
is plotted in Fig. 5. The jet contraction effect further
results from the pressure distributions which are plotted for
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the NACA 65-608 cascadé in Figs. 6 and 7 and for 65-612 in Figs.
8 and 9. The pressure distributions are valid f£or Re, = 1x 105
and 1.2 x 10°

Re2 = 2 X 105 do net contribute anything hew with respect to

respectively. The pressure distributions for

jet contraction. Therefore, each figure shows only one pressure

distribution for Rel =2 X 105 in. order to keep the graphs. as

clear as possible. (On the pressure side of the vanes the

pressure distributions for Re, = 1 x 16° and 2 x 10°

We see that with the cascade flow without suction the velocity

coinecide.)

level on the wanes is considerably increased as a result of
jet contraction and that even in the outflow (curve plotted

at x/? = 1) the same pressure increase is not obtained as with

-suction.

The contraction coefficients ¥ for the measurements without
suction plotted in Fig. 5 are noet given in [4], but they can
easily be calculated from the results of the wake measurements.
Comparison of the contracfion coefficlents between the
measurements with and without suctlon in Fig. 5 shows how strong
the flow in the middle of the cascade is accelerated if the
boundary layers on the fdur walls are not stcked off.

The claim made in. [3] and [4] that the jet contraction due
to the absence of suction is insignificant, 1s thus not true.

A numerical example may suffice to explain this:
-

i
Cascade dimensions: f NACA 65-612
/1 =1 ‘
- Bg = 130° > of. Fig. §,
| By = 140° | 1ower row of
8 numbers: .
Reynolds num Re, = 2,2+10° ' Qiagrams
Mach number: : . ‘ l
’ M&1 =0,15 :
M et e . /

e e gt e e

For this cascade flow the following measurements were made
by Bahr T4],(first row of figures in the following table):



6\?1 AP/Q1 Aﬁ f‘t "/_2—]:'

Measured values from [4] 0,0159 0,2493 13,1° 1,066 |

Corrected values __ 0,0142 0,3297 12,9° 0,997

For the correction as per [8], the value of the contraction
function was assumed to be ., l1.e. 90% of the total jet
contraction takes place between plane "1" and the plane of the
center of life of the profile. The corrected values must give
the contraction coefficient u = 1, which is also the case within
the 1limits of rounding off error.

Although in the example chosen the deflection and contraction
coefficient are relatively small, the correction gives a change
in the loss coefficient of 11% and in the pressure shift of 36%
(with respect to the measured values). The differences cannot
be termed insignificant. Another question, to be sure, is
whether the coefficients (QVl’ Ap/ql, AB) calculated by the
correction can also be realized in a two-dimensional flow,
expecially with strong deflection.

In opposition to this numerical example is Table 1 in [4],
page 9, in which measured values and corrected values are also
compared. The corrected values given there for ch and Ap[ql
are wrong. Moreover, the correction does not apply to the out-
flow angle. If, as a check, we calculate the new contraction
coefficient from the corrected values. in [4] ineluding the corz
rected outflow angle, we do not obtain p = 1, as is required, but
u = 1,07, i,e. almost the same result as from the measured values.

The curves for p in Figs. 5ndnd 28 show that with compressor
cascades with more than 10°-~15° deflection a two-dimensional flow
without suction on 21l sides cannot be achieved. Whether with
smaller deflections the measured coefficients correspond to those

21
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for planar flow, must be checked by measurements with boundary

layer suction on all sides.

Besides the contraction éoefficient, a measure of the two-
dimensionality of cascade flow -is the difference between the
normal force coefficlenbts Cyn1 which can be calcualted from the
wake and pressure distribution measurements. In the case of
adjacent flow, this difference (within the limits of measurement
accuracy) must be zero if the flow is two~dimensional. The
cﬁl values in Table 5 already Ft B = 140° a difference of
about 10°, whia2 the values for p are around 1.02 here. If we
do not want to attribute this contradiction exclusively to
measurement error, then only jet measurements over an extended
range behind the cascade can provide information on how far the
flow is three—~dimensional.

After thils manuscript was finishéd- a paper appeared by
Heilmann [12] in which detailed experimental and boundary layer
theory studies are described on the effect of jet contraction on
cascade low,.

6. Results. for Compressible Flow .

6.1 Summary of a Few Results from [2]]

Before discussing the results of the measurements over the
entire oncoming flow angle range, we will once more brlefly give
the most important results from [2]. These are shown in Fig. 10.
Hebbel [2] studied only one oncoming flow angle in the middle of
the operating range. Fig. 10 sheWws the influence of the degree
of turbulence (case 2) and the surface roughness (turbulent thread
and sand roughness, cases 3 and 4) on compressible flow due to
a NACA 65-612 compressor cascade at different Reynolds numbers.
The oncoming flow angles studied,-B1 = 140°, lieg in the middle
of the operating range, i.e. the flow is completely adjacent
at high Reynolds numbers. The mach number 1s Mal = 0.5 and the

flow on the profile is therefore subcritical.



Fig. 10 shows that in case 1 (smooth vanes, low degree of
turbulence) the loss coefficient of the cascade below a certain
Reynolds number rises sharply. Connected with this is a simul-
taneous drop in deflection and pressure shift. The reason for /23
this 1s the appearance of locally limited separations of Bhe
laminary boundary layer (8eparation bubbles) on the profile. The
appearance of the separation bubbles can be shifted to smaller
Reynolds numbers both by increasing the degree of turbulence of
the oncoming flow and by inereasing the roughness on the profile.
On the other hand, increasing the degree of turbulence or
roughness causes the loss coefficient to rise in the region of
high Reynolds numbers, because no separation bubbles appear there
in case 1.

This report studies only the effect of increased turbulence
in the entire operating range fer both Reynolds numbers: Rél =
1 x 105 (appearance of laminar separation in case 1) and Rel =
4 x lO5 (adjacent flow in case 1). Case U4 (sand roughness) was
not investigated further.

The results of the comprehensive measurements are summarized
in tables 6 and 7.

6.2 Flow Loss

Low Reynolds Number

For the two compressor cascades studied, NACA 65-608 and
NACA 65-612, 'the loss coefficient tyy 1s plotted -over the oncoming
flow angle (cascade polar curves) in Figs. 11 and 12, and in
Figs. 13 and 34 over the Mach number (transverse plot to the
cascade poelar curves). The upper.diagrams in the figures are for
the low Reynolds number Req; = 1 X 10° '

The cascade polar curves in Figs. 11 and 12 shows that the
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separation bubbles in case 1 (smooth vanes, low degree of
turbulence) are more pronounced in the center of the operating
range (smooth flow) than at the edges. With a jerky oncoming
flow, the colleecting point on the profile nose obviously counter-
acts the formation of separation bubbles. The pélar curves also
show that with the thicker profile the separation bubbles allow
the loss to increase more sharply than with the thinner profiles
This can be €aslily explained, since the excess velocities on the
profile and thus the necessary decéleration with the profile
thickness increase.

By increasing the degree of turbulence {(case 2) or by
attaching a turbulence thread (case 3) the loss coefficient
can be considerably reduced with respect to case 1 of normal
cascade flow, At mach numbers Mal = 0.3-0.7, thids reduction
(with respect to case 1) on a percentage basis is of the same
order of magnitude and therefore, in absolute terms, greater
at higher mach numbers, because here the loss is also greater.
In the middle of the polar curwves the loss reduction is greater

than at the edges.

With profile NACA 65-608, cases 2 and 3 are about equivalent
with respect to the loss reduction, while with profile NACA 65—
612 in the lower mach number-range, case 3 gives bebtter results
than case 2. From this it fellows that both formthe magnitude
of the degree of turbulence and also for the thickness and
position of the turbulence thread. there are optimum values which
depend on the profile geometry and pressure distribution (pres-—
sure gradient, boundary layer thickness), but which were not
present in these experiments. -

This is also confirmed by the flow patterns shown in Fig. 15
(Re1 = 1 X 105, incompressible flow), which show that in cases

2 and 3 the separation bubbles are indeed reduced in size, but
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they have not disappeared. According to these patterns, the

result of increasing the degree of turbulence (case 2) is that

the width of the separation bubble on the pressure side is

reduced. In this connectlon-the beginning of the bubble (point.

of separation) remains unchanged, while the end of the bubble
(paiint of reattachment) on the profile migrates forward. This

is the same effect which is observed when the Reynolds number 1is
inereased [2]. 'Thus, with respect to the laminarzturbulent
transitiong inereasing the degree of turbulence increases the
effective Reynolds nlmber of the cascade. On the suctionddide,

on the other hand, inecreasing the degree of turbulence surprisingly
does not reduce the size of bhe separationbbubble, but shifts

it downstream, and indeed this shift is greater, the greater the
oncoming flow angle. To be sure, this also reduces the flow loss,
but not to the same degree as if the size of the-separation

bubble were reduced. It can also be seen thattthe range of
oncoming flow angles in which the separation bubbles occur is /25
narrowed down at a higher degree of turbulence.

For the turbulence thread on the suction side of the vanes
(case 3), the flow patterns do not show any significant difs
ference in comparison with case 1, although the measured losses
differeconsiderably in the middle:of the polar curves, Obviously
the paint patterns on the vanes cannot always be produced with
sufficient accuracy. On the-onehhand, gravity affects the
distribution of the emulsion with the low dynamic pressures, and
on the obker hand the cascade flow is disturbed by the application
of the emulsion and by the emulsion layer on the vanes. Yet the
layer thickness is of the same order of magnitude as the
turbulence thread, which in this case has a diameter of only
0.06 mm. We therefore suspect that the effectiveness of the
turbulence thread on the emulsion-Eovered vane was cancelled by
the emulsion. In comparing flow patterns .and less curves 1t
must also not be forgotten that the flow pagterns show only the
length of the bubble, but not its thickness.
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It is also evident from Figs. 11 and 12 that the polar
curves for cases 2 and 3 deviate sharply from one another at the
greatest oncoming flow angles and mach numbers (Mal = 0.7).

In case 3 the flow separates considerably earlier than in case
2. This can be explained by:means of the pressure distribution
shown in Figs. 23 and 27. Since Wwitth increasing Mach number the
beginning of the bubble migrates upstream (also see [2]), the
turbulence thread at these Mach numbers 1lies within the
separation bubble or just in front of it in such a thick
boundary layer that its effectiveness is caneelled. This effect
could supposedly be prevented by selecting the turbulence thread

so thiek that the separation bubbile disappears completely.

The phenomenon mentioned in the last paragraph alsc shows up
in the graphs of the loss coefficient over the Mach number (Figs.
13 and 14). Here, too, the sharp increase in loss begins earlier
in case 3 than in case 2, especially with large oncoming flow
angi#és. On the other hand, the loss in case 3 is smaller as
long as the flow has nbdt yet separated. Thus in the range of
suberitical flow, cases 2 and 3 are suitable for reducing the

loss, and in this connection-case 3 (turbulence thread) is better.

On the other hand, case 2 (high degree of turbulence) is better
suited than case 3 for increasing the critical Mach number (i.e.

. Mach number of the ineipient loss increase). It must be borne

in mind, however, that this result can turn out differently if
other values are chosen for the thickness of the turbulence
thread or for the degree of turbulence.

High Reynolds Number

The lower diagrams in Figs. 11-14 show the measured
losses for .the Reynolds number Rel = U x 105. Comparison of
the two Reynolds numbers studied shows first of all that the
loss level at Re1 = U x 105 is considerably lower. Separation
bubbles are present on the profine not at all or only to a small
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extent. Also compare this with Figw 10. Accordingly, the polar
curves are flatter, especially with the thicker of ‘the two
profiles.

It is to be expected with high Reynolds numbers that both a
turbulente thread on the profile,{case 3) and the increased
degree of turbulence (case 2) will cause an additional flow loss
with respect to normal flow (case 1), For the degree of turbu-
lence this is confirmed by the measurements on thé thicker
profile. TFor the thinner profile, on the other hand, the polar
curves for cases*1 and 2 overlap: With small and averageoon-

coming flow angles the loss In case 2 is a little higher, and
with large oncoming flow angaés .it is sometimes lower than in
case 1. The accompanying pressure distributions do not give a
sufficient. explanation 68 this. Therefore, it is assumed that
the collecting point on the profile nose plays a role. FPerhaps
the flow behind the collecfing point can be more favorably
slowed down at certain oncoming flow angles and mach numbers at
8 higher degree of turbulence; although even at lower degrees
of turbulence the boundary layer is already turbulent. This is
also in accordance with the faect that the increase in loss for
large oncoming flow angles and large Mach numbers in cases 2 and

*

3 begin somewhat later than in casell. ,

[

For the turbulence thread (case 3) the increase in loss 1s

smaller than expected. In places the differences between case 1 /27
18 1le¢ within the ‘accuracy of measurement. _However, ) T
evenaat this Reynolds nimber it could still not be determlned 1f
the loss at large oncoming.fTow angées 1s decreased by the
turbulence thread. FEvidently, at large oncoming flow angles the
turbulence thread has a favorable effect bn the turbulence
boundary layers so that the friction loss within the boundary

layer becomes smagller,
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623 Flow Deflection

The measured deflections Af are plotted over the oncoming
flow angle in Figs. 16 and 17 and the pressure shifts Bp/q1 are
plotted in Figs. 18 and 19, also over the oncoming TTow angle.

Low Reynodds Number

With the Reynolds number Re1 = 1 X 105, the pressure
shift in cases 2 and 3 is significantly higher than in case 1,
in accordance with the lower losses. In this connection, the
difference with the fthicker profile is considerably greater, so
that the reduction in size of the-separation bubbles also mani-
fests itselfl here in an increase in deflection, whiig with the
thinner proflle differences in deflection are present only at
high Mach numbers, where in fact the separation bhbbles increase
in size due to the Mach number influence. The additional loss
cansed by the laminar separation bubbles therefore primarily
affects the static pressure shift, while it less strongly
influences the deflection. '

With respect to deflection and'pressure shift, cases 2 and 3
are falrly equivalentf as with flow loss, with the exception of
large oncoming flow .angles wibh simultaneously high mach numbers.
Here, especlally with the thicker. préfile, case 2 (high degree of
turbulence) is clearly the best. At high (i.eg supercritical)
oncoming IIowamach numbers and low Reynolds numbers, the increase
in the degree of fturbulence could be termed a suitable means for
increasing the maximum 1ift.

High Reynelds Number /28

For the thinner profile at Rel = L x 105 no differences
appear ih deflection and pressure shift, and only slight
differences appear with the thicker profile.



6.4 Pressure Distributions

The pressure distributions for cascade NACA 65-608 are
shown in Figs. 20-23 and those for cascade NACA 56-612 are shown
in Figs. 24-27. At x/7 = 1, the values Bp/ql of the wake
measurements are redorded in order to farily correctly infer
the pressure distributions.

Low Reynolds Number

The pressure distributions, just like the loss and
deflection, also differ significantly from one anobher in cases
1-3. The differences are greatest at high Mach numbers. The
influehce of the degree of turbulence and the turbulence thread
can clearly be seen in the region of the separation bubbles,
especially on the sucklion side. To a vast extent the pressure
distribution is improved more by the increasedddegree of turbulence
than by the turbulence thread. This is not in agreemeﬁt with
the fact that the turbulence thread often causes smaller losses
than the increased degree of turbulence (for example) NACA 65-

608 Bl = 145° at Mal
mentioned in section 6.2 that in fact the turbulence thread

= 0.3=0.6). This-strengthens the assumption

reduces the friction loss in the boundary layer in many cases,.

High Reynolds Number

Here the pressure distributions in cases 1-3 differ
only slightly from one ancother. Even at Re:L = U x 105,£aint
separation bubbles are still present on the suction side and
pressure side. Presumably these should be totally suppressed by
a higher degree of turbulence or a thicker turbulence thread.

6.5 ‘Jet Contraction /29

Because of the lake of side wall suction it was not possible
to influence the flow density ratio in the axial directilon.
Therefore a jet contraction deviating more or less from 1 was
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present in the measurements. This 1s plotted in Figs 28 over the
deflectlion AB for both compressor cascades studied and for both
Reynolds numbers. Fig. 28 clearly shows that with compressor cas-
cades the deflection &f flow 1s crucial for the size of the con-
traction coefficlient u. By contrast, the effects of the Mach
number, Reynolds, profile thickness and three types of turbulence
on the contraction céefficient can be dgnored.

A fairly two-dimensional flow with the two cascades exists
only in the rapge of AB= 0° up to about 10° (this corresponds
to a B& up to about 137°. However, since the contraction coef-
ficient for the three types of turbulenée studied are about equal,
the results of cases 1-3 can be compared with one another without
reservations.

The jet contraction is also the main reason why the curves
Ap/q1 over Bl become horizontal earlier than the curves AR over
Bl}. Afother reason for this is the loss already increases (right
branch of polar curve) before the flow separates.

7. Summary

This report is concerned with the effect of an increased
degree of turbulence and a profile turbulence thread on the com-
pressible flow through two straight compressor cascades at
different Reynolds numbers, mach numbers and oncoming flow angles.

The two compressor cascades consist of NACA 65-608 and NACA
65-612 vane profiles. The Wvane angle was §%== 130° and the spacing
rationt/?7 = 1. The oncoming flow angle was varied from Bl = 130°
to 148°, the Reynolds numbers were Re, = 1 x 10° and U x 105, and

1
the Mach numbers were between Mal = 0,3 and 0.9.

The cascades were studied for the following three cases: /30

1) Smooth vanes, low degree of turbulence (0.2-1%)



2) Smooth vanes, high degree of turbulence (2.5-2.5%)

3) Vanes with turbulence threads (d = 0.06 mm) on the
suchblion side (at x/7 = 0.25), low degree of turbulence
(0.2-1%).

The experiments included wake and pressure distribut®#én
measurements and formed the continuation of the studies begun in
[2]. The strong influence of the Reynolds number omr the action
of the turbulence generator found in [2] was confirmed. Further-
more, 1t turns out that also the Mach number and especially the
oncoming flow angle are Important.

Low Réynolds Numbers, Re:L = 1 X 105

The reduction in profile loss in cases 2 and 3 as against
case 1 is zero at oncoming flow angles close to the vane angle.
It is greatest in the middle of the operating range of the
cascade and falls off again at large oncoming flow angles. In
this connection, case 3 (turbulence thread) is sometimes just as
good as case 2 (high degree of turbulence) sometimes better.

In the range below the crifiecal Mach number (i.e. the Mach
number at Which the loss coefficient suddenly increases) the
relative decrease in the loss coefficient over the Mach number
is fa®Ply constant (for a fixed oncoming flow angle). Above
the critical Mach number the separation of flow 1s shifted
towards largerroncoming flow angles, and to be sure considefably
more sSo in case 2 than in case 3.

Together with the drop in profile loss we obtain an increase
in the pressure shift, and to a smaller extent also an lncrease
in deflection. The effectiveness of the turbulence generator
is more prominent with the thicker profile tﬁaﬁ with the
thinner one.
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High Reynolds Numbers, Re, = 4 x 10°

In all three cases the profile losses are without exception
smalier than with Rel = 1 x 105. As a result, in cases 2 and 3
the separation bubbles on the profile were only reduced in size
at the lower Reynolds number but they were not entirely sup-

pressed. This is confirmed by the pressure distribution.

At Re, = 4 x 105 an additlional loss frequently arises in
cases 2 and 3, but this is small in comparision wibh the decrease

in loss at Re., = 1 x 10°.

1
With large oncoming flow angles a drop in ‘the loss

coefficient can cccur even at Re1 = I x 105 in cases 2 and 3,

in particularly if at the same time the Mach number of the

oncoming flow is high. It appears athat the frietion resistance

of the turbulent, compressible boundary layer can also be

reduced in these cases by an increasgsed degree of turbulence,

but especially by the turbulence thread.

In the lightcoT preliminary experiments with incompressible
flow, the importance of sucking ofif the boundary layer for the
two-dimensionality of the cascade flow was also discussed.
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fdr Luflfohed {DFL)
taatitut far Aerodyacmik

Profile coordinaves and lo-
cation of mezsurement points

Frofile NACA 65-608

D-

Gk

Table 1

Nose radius 100F =0425

y | ) ]
~ B SO e __.
X
® ® &
% LotoorT bop

0 0 0 0 0 2 1

125 10324 |-063 | 133 {gos5 | — —

2.50 |0558 |-073 |188 |1267 | & 3

500 0948 |-076 | 27 |15 | 6 5

75 |1272 |-083 | 339 |2a178 | ~ | —

10 |1557 |-q90 {392 (2432 8 7

15 |2019 |-095 |488 |2931 | 10

20 |2388 |-098 | 565 |32712 | 12 11

30 | 2916 |-093 | 668 |2805 | %% 12

k0 | 3213 |-087 |10 (3998 | 16 | 15

50 |as09 |-060 | 109 |3857 | 18 | 17

50 13212 |-015 | 652 (3337} 20 | 19

700 | 2976 |+035 | 545 2553 22 | 21

80" | 2388 |+076 |398 |7617 | 24 | 23

o0 | 1551 [+090 (224 |0666| — | —

95 logeg leoss 120 |oz5z2] — | — From

700 0 0 0 ] — — r:?pogg/j
Brobelel: Schugpe 4+ " 22.8.60 St Bkt 28/ 3
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Deutsche Forschungsansiclt | FTQI1le coordinates . and locau:l.bn p. 65
far Leftfabrt (DFL) of measurement points
ekitet fr Aeredynomit’ | T = Profile NACA 65-672 | Table 2
. Wosaraafms 100 f‘ 1000
y 7 () - . T
@l® |9 i @ﬁ"
% B
iz S— e ‘ .
p—————— X A
00 § |00 ¥ Jwo¥ |oo%s Top2e ;ff::ﬁ;:: '
0 0 0 0 0 2 T
725 | 032k 1-095 | 180 (1387 | — | — -
25 | 0558 |-129 | 261 |1972 & 3
50 1058 |-163 | 372 [2620 | & 5
75 | 1272 |-183 | 451 3178 | — —
10 11557 |-199 | 524 | 3666 | 8 7
B 2019 |-231) 64t | 4396 | 70 g
20 12388 [-25k | 733 |ugst | 12 | 77
30 | 2816 |-284 | 852 5706 | # . | 13 g
40 | 3273 |-289 | 905 15996 | 7 7%
90 | 3309 |-257 | 896 |5.800 | 18 77
60 | 3213 |-189 | 872 [s5036 | 20 | .79
; 70 | 2916 (-098 | 676 |3870 | 27 21
} 80 123881 o 491 [ 2,466 2 23
S0 | 1557 [-056 | 261 | 1020 | 26 | 25 1003285
95 1098 |-05+ | 7133 | p390| _ — | rer
700 o 0 g 0 — —— Repggr/’f:ﬁ_
Bl schuppe | O*™ 22 850 Stszensiatt b - o B8/ 34




ORIGINAL PAGE
OF POOR QUALITY

Deutschs Forschungsanstalll Woke measurments with 15'"“ -66
far Luft-u. Raumfahrl (DFL) incompress:’cble—f‘low S
Inslifat far Aerodynomik Table 5
[+] o31. o
Re1 31[ ] c'w 4v/q E':-3[ ] Ag[ ] % ¥a.l Cw Dr M
130 {0,036 |-0,008 | 128,53 | 1,7 | 0,055 |0,060C |1,011%
35 | 0,018 0,153 | 128,0| 7,0 0,773 10,rP65 |1,014
1-10° 140 [G,019 | 0,277 | 128,3 | 11,7 | 0,455 {0,408 1,025 | =
145 10,013 | 0,396 [ 129,1 | 15,9/ 0,591 {0,559 11,036 |©
147,5] 0,051 | 0,397 | 130,6 | 16,9 | 0,615 | 0,551 |14,067 g
130 0,922 | 0,054 |127,0] 3,0(¢,113 |C,114 1,002 :§
135 0,017 | 0,195 (127,71 | 7,9 }0,372 0,309 ]1,001 | <
2410 | 140 |o,014 | 0,798 | 127,90 {12,1 {0,468 |0,419 [1,017 | <
45 |C,016 | 0,387 129,0 {16,0] 0,593 | 0,543 |1,046
141,3| 6,025 0,408 | 130,56 [ 16,9 | 0,621 |¢,558 |1,065
13¢ |0,027| 0,025 [ 127,8 | 2,2 {-0,077 | 0,092 1,004
135 |0,026 | 0,145 | 128,3 | 6,710,267 | 0,263 |1,011
1.10° | 140 |{c,028) 0,265 | 129,71 ['10,9 [ 0,425 0,374 |1,016
145 | 0,020 | 0,358 | 129,4 |"15,6 | 0,581 [ 0,503 [1,061 [
147,560,619 | ¢,407 | 129,7 17,8 10,644 10,534 (1,085 |G
150 |¢,077 | 0,397 | 130,9 119,1 | 0,676 [ 0,596 [1,148 |14
(7]
130 |0,619 { 0,020 | 128,86 | 1,2 | 0,042 | 0,098 [0,998 |
135 10,617 | 0,196 | 127,7| 7,3 | 0,291 {0,275 0,992 | Q
2-10? 140 | 0;016 ] C,297 1 128,1 | 11,9 | 9,461 [0,4268 (1,044 | =
145 |0,013 ] 0,385 | 128,6 16,4 | 9,606 | 0,532 [1,059
147,51 ¢,016 | 0,420 | 128,0 | 18,5 | 0,662 | 0,568 |1,086
150 |o,058 | 0,388 131,5 | 18,5 0,656 {0,598 |1,125
Grid arrangement 4rn - 4
- - [«]
B, = 130 -
Vanes? smooth .
mw!';;n . ofm -‘Eurb . @ Tu-l = 0,3 O/O
Boundary layer sucked off through top and bottom slots
Bearbatfef, Ba /Sch Dal'um.'.l 9,1C, 1367 Skerzenblall Nr.. Berlcht Ne: 68 /3 4

Wiki, Fedciy, revstiresly T 210
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| Dovlache Fertehungransiall esults ol wake mea- P- 67
tor Luft- v Roumtehet (DR U T ements Tor F
Plitaf far Avrodynoaih i NACA Gs_soapraf”e Ta.bleﬁ
NACA s m,;g;a’ vanes with burh Red I ¢ +4
mnoo vanes vanes uw Urt¥ amotT vanes —] shooth vanes Tgsmooth vanes w
65-608 | smooth vanes T oyEpti, JENCE. thread s - with turb, scrhrsturb thread
Tues0,2 = L%0 Tum2,5:= 4 o/g | Tum0,2 = 1 o/o Ten 02 7 10/% Nquads = 4 /e Tues 0,7 = 1 o/o
e B o) oo [Av/a Jao®] 2 ey, [dv/ay| 40T # | (ae/a 40l] g f cyy Tavia JaoB B [y, laviay| 4e £ oy [ae7a] a2l
0,003 0,028 3,901,014 0,083 0,000 3,811,011 0,035 o 063 3,2 0,998 0,016] ¢,061] 3,7 1,013 0,020 Q04 o 1,012 0,029 0,06 R
o.afvi0sof0.010| 3,0l 1 015 0,039 ojakdl 314 10016] 0,01 050¢3 Fral0)99ckoi0ig| o0c0cs] 3i4l 1001l o ban %0 IR BT H O e 3 1iee
130] o, Jv,0ic] -0,07[ 2.6]| 1,000l cl0asl o 2001 1,010 0,049 0,017 2, 110,32000,007) 0,062 5,80 1,01¢f 0,097 07051 575 1,017 0,028 01063l 302l 15003
0,1 9,0601 -0.07 1,311,013 0,054 -0,001 1,9} 1.0140 0,068 -6,06 1.2 1:06i007030 0l048) 3021 110100 0033 0l03e| 5.3 1'a1e] v esd alocy 2’5 1ton3
0,030,724 0,18 -0,811,016f 0,065) -G,09 1,2 3,013f 0,081 ~0, 14 ~1,8] 0,901 0,1043| 0,075f 3.4] 1,01c] 0053 6:015| 3'0| 1:008) 020151 01031 2.8 ' e5g
03 |0-026l 8162l 8.0} 1.093/0,023F 0, 101 8, 87,0231 0,093 0, 19 7,9( 1,004 3,071 0, 198 0,5 1,079, 012( D, 193] 5,5 1.5Te 56735208~ EA| T
0,4 0032|0158 7,6} 1,021) 0,028 01175 16| 17054 01074 01138 418k 1'004k0 015l 9" 2e] sas| 17017 07015 00008 6.9 1o1g 201 3 8.1 1,008
202 19:031 9o 123 13| 1.0741 0,007 0, 1811 8,511,030 0,077 0, 194) 7.9 1;014f0.013( 012te| a:| 11097 010141 01516 6.2 11018] 0,015 0u215| 0,3 1,017
g.g“ 8,8-” g,;;} g.g :.g;? 0,037 ©,187 @, 1,026 0,031 0,204 7,6 1,017 0,085/ 0,749 0,5 1,012 0,014| 0,298 8,4] 1,02t] 0,015/ 0,226 8,001,017
v35lgir  olossf ol toa] sisl1051| 0 0451 0,169 6,8 1,020 0,040{ 0,193 7,4/ 1,024 0,018] 0,744] 8,41
: . , o7s| 0,017 0, ) W0l 1,
0,750 0,057| 02077 1,8(11025] 0,053 02148 518| +1076| 01056 01133 5 1| 110s ' A0 T 0:243 8,21 1,07510,017) 0,244 8,0 1,070
g.gc 0,074 0,057 3,7 1,00 0032 0
N 37 2531 8,1 1,0258 0, 004 0,249 g,1 1,031 0,025 &,265] 8,1 1,00
0.0 0,083 0,307 4,5 1007 1 N aroe| 01098 350 9na
0,3 F0,627 0,285 17,911,039 0,019 0,296 12,8[ 1,035 0,015 0,263 17,6 1,0420G,012| 0,315 13,4 1,036] ¢,014| 0,320 13,7 1,0 O,316f 13,1} 1
0,4 10,029 0,297 17,8[1,037) 0,023 0. 290] 17,7 1.032] 0:021] 01208 15:5] 1705 0 015 0’353 1311 1:034] 01013| 01390 1370 1102;‘0’0'3 S R
Or2 | 0,001 0,301 12,3 1039 0,021 0,370 12,6] 1,041 0,020 0,203 12,5 1,04ch0,012( 0,535 1311] 1,040| 0.013| 51340 13.9] 1,052} 0,014 0,334] 13,1 1,037
$r8 13,537 0,308 12.311,042.0,07 0,517 12,51 1,046} 0,025] 0,317 12,41 1,04¢f 01017 0134¢| 1311 11046} 010531 01359 1314 1. 035] 9014 0y345| 4301] 11018
120} 97 101055 0,289 10,3/ 1,078 0,024 0,331} 15.6] 1,057 8:0% g.gg; 1.2 1195440.014) 0,359} 13,4 1,06210,073f 0,368 1372 11045] 0 015] 01558 1312 17058
[ L} 1 ] T 1
0815 978 0,249 8,2/1,01018,035 0,337 12,5 1,086) 0,058 ©,29 10.4| 1,0 310,016/ 0,363] 13,5 1,084 0,025 0,374 13,7 1,06¢| 0,017 0.370| 134/ 1 6
02+40,083] 0,24¢) 0,8]1,037( 0,050 0,376 11,7] 1,064) 0,074 0,2€1] 10,0] 1,057} 0.02€] 0:363| 13. & 1,090] 07034] 0137¢] 13:7( 1/06+] 0" 024] o' 2eel 13'3 A
019 0,034] 0,260] 9,0( 11036 ©,079] 0,316 10,1/ 1,036) 0,066 0,354 11,3 1,048 07073 0313 16 ¢l 1,020
83 [9:842 01368 17,011,069/ 0,03410, 369 16,B] 1,075| 0,020 0,371} 17,2 T,08] 0,035 0, 364 16, 9| 1,055 5,028 0,306 176 T 554 06760 3585 oI e
0.4 10.04480, 3751 17,011,071 0,057 0,373 16,9] 1,029) 0,023 0,385( 17,4 5100.§ 01033 o) 306 16,9] 1°071] 01057 0’ 360 1701 ::ogv 9l014 olgag 1771 ‘:céé
0,5 0,055 0, 377| 17,0 1,087 0,030 0,377 16,9] 1,006 0,071 0,573 17)3 1,11310,0%¢( 0,387 17,5/ 1,096} ¢,029f 0,302 17,0 1,077 0L 019 ©,39?7 17,1 1,096
145|808 104092t 03041 17, 111,090} 0,034) 0,379) 16,8 1,306[ 0,C24f 0,508) 57,2 1,112] 0,036{ 04391 1755] 1,106] 0103¢ 0.408] 160 1" ooA 0,028 01398 1704) 1312
0,6¢40,053| 0,301 170/ 11093 0,027 0,309) 1712] 11123 0,071 61338 1702 11121
§r7¢|©+137) 04309 14,6(0,3961 0,036 0,302 17,0} 1,130) 0,079 €,391| 14.2] 1,08¢] 0,057 0,393 17, 1,106| 0,038 0,41e] 17,1 1,108 o 908 0,397 17,3] 1,135
8,15 0,011 0,301 15.5] 1. 106 O 109 ©1283 12:9) 1301¢F 03099| 04391 17, ) 1,07 0009l 0 o 0,024 0,308] 17.8] 1,156
] a1 1,121 0, N 1
0,85 0,094 0,367 12,8 1 080 1530 0159 199 110gd @07 0393 1549 12103
3% 110451 0,368 18,311,126/ 0, 6571 0,369 18,6/ 1,121 0,039 0, 377 16,3] 1,157} 0,050| 0,307 37,3 1,075| 0,654 6 405 783 T-974 5 0315 17,5 1,108
o 130049 0,375 18,0 1, 1191 0,053 0,387 10,6 1,120 0,030 0,383 10,0! 1,124f 0,048] 0.333] t770] 17091 01087 0405 13 1o 0,034/ 0,392 113 11T
313.|30023) 0.30¢) 17,611,118 0,055 0,384f 10,5 1,132 0,057 0,393 17,6[ 1,107 01044] 07333] 1707 3112 1) 0’ 060| 0 40d 19°4 1’ wo 0,044 0,385 17,2 11111
148{@r52| 0,067 0)38] 17,4] 15115 1ol 1| 90989 0301 1736 1,104 0, 114F 0:381) 1713 1006 0,060 6,395 16.9] 1,099
O'Gr 0097 0,38¢ 16,9 1,966 ¢, 087 0,384 18,6/ 1,145 0,124 0,375 17,10 1,06640,115 0,318 17,7 1,082 0,075 0,400 17,6 1,105 0,004] ¢,399] t6,8] 1,068
0,6500,107 0,360) 16,7] 1,017) 0,064 0,354 18'8| 1,158 k 0,133 0,275 17,5 1,076 0,093 0,389 17,2} 1,047
8 0,097 0,362 18,3] 10131 ©,19%] 0,367 17,9] 1,032 0,003 0,400 18, 1] 1,11
V75 0,128 0,395 17.3] 1,09:

N

Terieie, Ty AT e
l “ha/ceh 38,7, 1967 | et e . lc " ge i3k

B faboly drvnivbewy T fika
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ORIGINAL PAGE IS
OF POOR QUALITY

Deutsche Forrchngaonifoy] REsult Et‘.DI deKe e p. 68
far Lufl-v Ravmtehed (0FL)} gurements o) .
Tasfifel tir Atcwdynamih NACA 65'6’.2. H'o!”eTable 7
e .
NACA Re;=1-10 Rep= 4. 10 vanes with ___
-Tvanes with T Emooth vanes Tsméoth vanes, -
- 512lsmooth vanes 'c‘} oth vanes, Sim 4 h turb. thread
65 - 612 Tr02 o 1T o Tfmgwfzjs’ng 4353/5' t"v}?,‘Ln,:T'Er'ef'ld/o Tam0y? — 1 %0 33'1.5{;1}1“%-’/.:3(21"‘ Tuwmd,? = 1%y
B.[° 3'01 ﬁv.‘ !Jp/q, dﬂfe’}‘ [L rq” ﬂp/qT Aol® f“l CVT AF/‘]1 Aﬂlol F C\” Ap/(h dglﬂ] )u C\H AP/Q] dnloj /u r.v'u-' AFI'EH dﬂ[cj I
3 [0,03316G,0410F 2,9[1,010]0,000]a,054 110000, 053510, 061 3, G F 1,001 1, 01710, 000015, 4 Jbuylu,vee o, 0dd 3 1,0 10[ 0,090 [0.662 | 3,517,600
3.3 n,o?g ~0,07] 8,0 1.012 dr04d 01017 .?’Ir: nott|orosgolep| 214 1.86840,02010,059(5,5 [1,011]0,02F (8,033 3]0 1,613]0,00210,054 [ 3,0[1,005
O3 |2,0471=0,08| 1,311,017 0 082 |-4,02] 2,011,011)0! 056 0,041 1,311,009)0,023[0,023(3,7 {1:014[0 059 0.03510 2,911,01010,02% [0,040] 2,6|1 003
15010,359,0531-0, 10} 0,6{1,018|0,058(-0,07| 1.4 |1'01e 0,628(0,024] 2,5|1,011
0,6 13,075]-0,18[-1,0(1,008{0,073]-0, t4[-0, 1 [1.010 9,986(-0,16/-0,81,008f0,0300,034| 3,1 nor510,04000,01¢( 2,3[1,016/0,033 0,037 2,6[1,005
0,520, 115)-0,48] <4, 9]0 901 04097|-0,24|~1,9]0,999
D, 65 0,0781-0,17|-1,110,996 0,09%{-0,12] o0 [0,989
0 3 0 O | O T T [ T U2 [0, U2 [0, 16T TS B T g ooy OB T T U O T [, 2078, 5 1, O TG (0705 o T LTI 0, ¥y [, 70 | T, 5 [T 008
0.4 §2.04310,125] 6,411,015]0,035(0,149) 7,7 1,025 }o.032 0,160) 7,011,007)0,013 [0,205{ B8,4[1,017{0!617 0,186( 7,9/1,018
0,5 §0,051/0,000( 5,3|1,012 g,gz? g.ﬁg ;.: }.ggg; 0,¢3510,158] 6,6 (1,011f0]017 |0,713] nlnl1l017 0,016)0, 1241 7,8[1,026|0,015 {0,216 | 7,8{1,009
0,55 v ' ' '
135{0.¢" [9,088]0,0¢6 4.3[1,012{2,05119,110( 5,8(1,076]0,051 0,125 518|1,01330,017 (0,224 8,1(1,018)0,010 9,203( 7,6[1.021{0,015 [0,275 | 7,8]1,014
0,65 0,060(0,072) 4,611,017 0,019 10,2261 7,711,046
Q.7 |0.066(-0,04| 9,711,007]6,065(0,040 3:6(1,012]0,075]~0,01] 2,3 1,00510,073 0,279 7,351,013 9,03410,207] 7,5|1,019]0,01a)0, 738 Ti6{1,017
¢,7510,017|-0,06| 2,3]1,015| 0,039 |0,709( 6,4 |1,0060,058 /0,171 5.8 1,006)0,024 lo,25381 7,6 |1,070
0,78 1054 |0, 1991 6,111,002
0,8
0¢3 I0,63810,245111,5(1,039| 0,029 [0, 275 12,311,03610,0230,289]12,2 1,029 9,01310,315113,111,031(0,017 {0,301 [ 17,6 1,030 0,01310,314 12,5 {1,003
0,4 12,040)0,265 11,4 |1,070)0, 023 |02 585 | 1275 [1 ' 05s 01074 10,290112,11,03510,013 |0, 3581303 (11033 ' ! 4 o
903 §0,04610,2501 10,711,034 [0,034 |01 240 $109(1,035{0,007 10,292 12,0 |1/0%} 0,013 10,336113,011,036[0,01970,328]12,5 1,02910,015(0,332 |12,6 1,037
0,6 19,05210,7341 9,6]1,031]0,078 0,793(11,811,042{0,031{0,208{11,4 1,04210,014 10,337 [13,1]1,045 0013 0,343112,411,033]0,015 (0,342 [17,5]1/C39
0,7 [0:082/0,187| &,7{1,015[0,0i7 |0} 308 V,411,043]0,04110,209(11,2 | 1,05100 015 0,358112,911,054 (0,022 0,356]{15,3 | 1oi7 0,01710,353 (17,4 }1,049
140 (0,75 0,058(0,745(10,1 /1,056
0,8 10,09310,153 6,7|1,027|0,052 0,290 13,511,053 9,074 0,359 17,4 11,064 10,032 Jo,361]11,9 1,04910,021)0,361 12,51, 066
0,85 0,080 10,285 | B,611,015[0,655 fo,33%|107¢ 1,04€40,044 (0,3281{10,5 [1,¢51
G, BB R 0,097 0,223 | 6,8{t,210
0,9 0,13010,169] 6,3|1,003
2,3 J0.02710,363116,5[1,078]0,078(0, 374 16,5 |1,06840,025 0,387 16,5 |1,062|0.015 2,400117,311,06810,021 10,401 (16,8 ]1,055 0,015 0,407 17,011,059
0.4 19,03210,36116,0(1,078[0,029 |0, 571 16,711,00410,02510,378116,4 | 1.076]0 014 0,406 |17,5 |1,078 0,01710,408{17,2[1,¢71
0,5 10,03510,365|15,9/1,085{0, 000 ©,377116,811,096]0,030 |9, 380 16:511,007]0,015 0,403 [17.5 1,09810,003|0,418(16,a 1,066 )0 015 0,405 @.4 1,083
046 10,04010,364 (15,4 11,093/0,031 0,376 (16,711,111 [0,039 10,366/ 15,7 1.09600,017 0,388 (17,6 [1,120}0, 002 0,414 116,01,090(0,017]0,401 ¥, 61118
145 {0,6540,045 [0,355114,6 1,082 0,10910,300|10,9 [1,0112
0,7 19.12010,259 5,3 0,988)0,050 |0, 374 16,5 1+13040,13000,226] 7.8 |0,99510,019 [0, 394 17,711, 14740,024 0,213 ]17,0{1,117[5,020 0,397 17,901, 147
0,75 ©,05810,362 (15,011,105 0,02710,389 17,7 |1,150[0,027 (0,411 | 16,6 |1, 175 0,026)0,381 [17,5[1,155
0,6 G 11100,323 12,5 [1,055] * 0,10410,370 14,3 [1,056|0, 056 [0, 397 {1515 $,10310,400(0,376 [135,5[1,0%2
0,05 cert [0,11610,344 [13,1] 1,058
0,9 0,154 0,287 10,9]1,036
2,3 [9,02510,385119,0{1,140]6,034 |0, 386 18,911, 12910,02510,390(18,9 |1, 134 [0, 083 O 419117,21,065|0,03510,424{18,0[1,078 0,03810,413 (17,811,084
0,4 19,02810,384 |14,7[1,145|0,035]0, 302 18,6 [1,13110,027 (0,391 [ 19,01, 175 0.05510,417117,1 11,06410,055 [01426] 180 1,08710,051 (0,412 117,111,071
¢,5 [2,042]0,386 (10,0 {1,135]0/038 0,385 18,6 |§,130}0,0300,3587 | 18,7 10161]0,05810,411 [17,4 {1,086 0.039§0,417{$8,1[1,110]0,050]0, 406 {174 1,064
0,55)0,065[0,367[17,0(1,107 0,03t 10,3851 18,5 |1,16410,052 00411 |17'9 1,11t
14810,6 £0,121]0,353(13,3]1,004|0,039 ©0,3686118,81,171[0,086 [0,371|15.7 1,68210,04910,406:18,9 {1, 146{0, 036 0,415118,7[1,347)0,031(0,323 19,4 } 1,577
0,65[0,159]0,306 13,3 lo, 979 0+12110,296112,5 |1,058]0,053 (0,403 19,0 1,157 0,024 (0,356 (20,311,215
0,7 0,066|0,378[18,01, 161 0,096 0,594 18,4 {1,123 |0,037]0,410] 18, 7 14177]0,068{0,359 (17,671,141
0,75 0,19710,355 [14,7 [, 084 0,09110,3961 17,411,123 f
0,8 0,154 (0,309 {13,0 (1,065 0,134 |0,371{16,2]1,00p ?
7
I Bearbeitels Datemt ' Skitiendlelt Hr, I Barkehl e+ &8 /3 A
WA Fuimp, Mpemenbeey T ATRY i}




