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Considering the special operational conditions of airplane
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thickness on the flow processés in plane compressor blade cas-
cades, over a wide range of Reynolds numbers and over the en-
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it is important to know the influence of the profile thickness on the
flow in axial turbo machines. For example, the maximum throughput 1is
for the most part determined by the profile thickness (blocking Mach
number) . From this point of view, one would have to use thin profiles
in order to- achieve the highest possible blocking Mach number. On the
other hand, the high flow velocities require high flotation rates, which
in furn requires a high strength of the blades, and therefore thick
profiles. [The profile thickness influences the fIow considerably] -

in the blade cascades at these very high velocities, but also over the
entire subsonic range, as can be derived from measurements using single
wings of various thicknesses in the subsonic range [1, 2].

It is difficult to make a theoretical analysis. of an axial wheel,
and experiments are also difficult. However, by unrolling single co-
axial cylinder..segments into several plane blade cascades, 1t becomes
possible to analyze them more easily. They are also more sulted for
fundamental research.

Of the many publications on plane blade cascades in incompressible
flow, we will mention several. L. J. Herrig and coworkers [3] discuss
measurement results gbout the influence of profile thickness on plane
compressor flows using NACA 65 series profiles. W. Held [4] established
semi-empirical relationships for determining an optiﬁum cascade for a
given velocity triangle, and the profile thickness 1s also considered.
Also, B. Eckert [5] gave similar information about the influence of the
finite profile thickness. In all of these investigations, it was found
that thin profiles are better in terms of losses and deflections, com—
pared with thick profiles if the incident flow has .no shocks. On the
other hand, large deflections [3] are possible by using thick profiles.
Several extensive American investigations about plane compressor flows
using the NACA 65-series profiles were concerned with the influence of
curvature [6-8], and skeleton line load [6]. A summary about the in-
fluence of the various cascade parameters was given by H. Schlichting
[91.

In the range of compressible plane blade cascade flow, there are
a number of publications. For example, there are publications about
general experiments regarding the influence of Mach number [10-12], or
methods for calculating pressure distributions in potential flow [13-
16]. Systematic investigations about the influence of individual pro-

flte parameters for compressible flow have only been performed in

2



investigations of the influence of;curvature [1771. =

In order to clarify the influence of profile thickness on the plane
-flow through compressor cascades, we carried out experiments over the
entire subsonic range (incident Mach number Mal = wl/al = 0.30 to 0.80,
where Wy 1s the incident flow veloqity, and a. is the speed of sound in
L= wl/v, = 0.5 x 10° to

is the klnematlc viscosity

1
the incident flow). . For Reynolds numbers Re

6 x 105 (where 1 is the blade chord and v
of the incident flow). The change in Re

i
is iwportant for the following

reasons. In fixed axial machines,’espec%ally in compressors, the Rey-
nolds numbers which occur are above the critical Reynolds number be-
cause of the high velocity and the large air density near the ground,

so that the blade boundary layers are completely turbulent®. In this
case, the influence of the Reynolds number on the behavior of a blade
cascade remains small [4, 5].  In aircraft engines, on the other hand,
which operate primarily at high altitudes, that is, at low ailr densities,
the Reynolds numbers are much .smaller. From the diagram in {183, one
can establish how the Reynolds num,ber.Re1 changes with flight altitude
and tflight Mach number. For example, for a flight Mach number of 1.5
at a flight altitude of 23 km, the Reynolds number Rel

only about 10% of its value on the ground. "~ If we assume Re

in the engine is
L= 5 x 10°
for installations on the ground, then at high flight altitudes, one can

count on Reynolds numbers of Rei =5 X'105. In the range of incident

> < Re, < 5 x 105m there are considerable

1
changes in. the aerodynamic coefficients with Reynolds number (see for

Reynolds numbers of 4.5 x 10

example [19]. Therefore, we expanded the described cascade investiga-

tions to this range of Rel. |
The Mach number range which occurs in the engine is between that

|0f almost incompressible flow and the blocking Mach number (Mal = 0.2

to about 0.9). Since in the upper Mach number range, the aerodynamic /15

coefficients change very much with Mach . number, as is .known from single

wings, there is an urgent requirement ‘to investigate cascades using in-

dependent changes in Mach number aﬁd Reynolds number.

¥With an incident flow velocity wi = 260 m/s (Msy = 0.80), a blade ¢
chord_of 1 = 40 mm and a kinematic air viscosity of vy = 2.0 x 10~
m ﬁs on the ground, the Reynolds number becomes Rey = wll/v ;%’5 X
10 ! '



~In addition, at'small Reynoldé number the degree of turbulence of
the flow has a substantial "influence on the aerodynamic coefficients of
a blade cascade. This-was discussed in the publications by H. H. Hebbel
[25]. |

In our investigations, we used slightly curved NACA-65 Series pro-
files [20], which have been developed in the United States for bilades
in axial compressors. The profiles only differ by their thickness. The
entire program is structured into an experimental part (wake measure-
ments and pressure distribution measurements) and.'a theoretical part
(investigation of potential theory pressure distributions). For the
most part, the -influence of the ‘prcfile thickness for constant cascade
configuration and constant cascade division was investigated. In ad-
dition, we show briefly how the thickness influence differs when there
is a change in the grid division ratio. In the high velocity cascade
tunnel, [21, 22] which has often been described the wind velocity can
be varied from 10 to 300 m/s, and at the same time the static pressure
.can be changed from 0.05 to 1.0 at, at any wind velocity. Therefore,
it is possible te independently change Reynolds number and Mach number

over the entire Reynolds number and Mach number range given -above.

2. EXPERIMENTAL INVESTIGATIONS

2.1 Test Execution and Evaluation

2.11 Blade cascade, measurement programs, and test configuration:

The measurements were performed using plane compressor cascades, made
up of blades with the profiles NACA 65-604, 65-606, 65-608, 65-610,
and 65-612 of the NACA 65 series [20]. Figure la te le shows the pro-
files used, which differ by their thicknesses of 4, 6, 8, 10, and 12%
of the blade chord 1. The blades had a chord of 1 = 60 mm and a length
(span) of-h = 300 mm. They were used without turbulence producers.
The investigations were made for only one blade angle Bél=-l30°,
but for three division ratios t/1 = 0.75, 1.00, and 1.25, according
to Figure 2a through. 2¢ (where t is the blade division). Most of the
investigations were done for a division ratio of t/1 = 1.0, for which
the incident flow angle Bl was changed over the entire useful range.
In the case of cascades with the smaller and larger division ratio,
the measurements extended only over one incident flow angle 81 in the
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Figures la - l¢: Profiles used.

a- blade length b— profile 1- blade chord

a) Profile NACA 65—605, b} Profile NACA 65-606
c¢) Profile ‘NACA 65-608 d) Profile NACA 65-610
e) Profile NACA 65-612; the profile coordinates
can be taken from [20].

range of incident flow directions -without shocks. Table 1 gives the
measurement program.

The measurement program included the following:

1. Wake measurements in the central section over one division t©
at a distance of € = 0.5 1 = 30 mm from the cascade outlet plane,
Figure 3;

2. Pressure distribution: measurements on a profile contour in
the center of the blade. We were able to produce pressure distribu-
tion measurement blades only for -the three profiles with the maximum
thicknesses of d = 0.08 1, 0.10 1 and 0.12 1. The other profiles were
Too tnin for this. e

Figures 2a - 2c¢: Cascades Investigated.
a- blade length b— profile c¢- cascade front

¢'— trailing edge plane 1- chord t- division, :
W= incident flow velocity, Bl— incident flow

angle 140°, go— blade angle {for all cascades,

130°); a) cascades with ©/1 = 0.75, g, = 140°;
b) cascades with t/1 = 1 and g = l%@ to 150°,
¢) cascades with t/1 = 1.25 an& Bl = 1L40°.



We measure the following variables (see Figure 3): stagnation pres-

sure of incident flow Iql = pgl {where pglt:is_:the;-tobal pressure, and Py is the!

static pressure of incident flow), the local total pressure loss Apg(y')
= pgl - pgz(y‘) (where pge(y’) is the local tTotal pressure in the wake
measurement plane and y' is the coordinate parallel to it), the loecal
static pressure difference Ap(y') = pz(y') - py with pz(y') ias the local
static pressure in the wake measurement plane, the local outlet flow
angle Bz(y') in the wake measurement plane, and the static pressure di-
ference p(x) = D4 along the profile contour (where p(x) is the static
pressure on the profile contour at a distance x from the nose in the
chord direction). The two-dimensional directional probes used in these
wake measurements were described by U. Hopkes [11].

The degree of turbulenceimééﬁﬁﬁéﬁ of the cascade wind tunnel (where
U is the average flow velocity, u' is the turbulent fluctuation velo- /15
city, and 3@ is the time average of w2 ) lies between 0.9 and 1.6%
(24, 257 in the investigated Mach number and Reynolds number range.
It is independent of the incident flow velocity and decreases with de-~
creasing pressure level in the tunnel somewhat. The tunnel boundary
layers, especially the side-wall boundary layers in the range of the
cascade, were not sucked off. For a blade height ratie of h/1.= 5, there
is a sufficiently large range of about 3 to 4 1 in the center of the cas-
cade which is available. The static pressure Py of the incident flow,
which is pilcked off at adjustable measurement points, was matched to the
pressure of'a static calibration probe before each wake measurement and
the taps were located at a different distance of 1 blade chord ahead of
the cascade shown in Figure 4. The cascades consisted of 7 or 9 blades,
depending on the division ratio. In order to match the test cenfigura-
tion to the cascades with infinitely many blades, there were adjustable
direction vanes at a distance of one-half of the division on the top and
bottom sides of the cascade, which were curved according to the skeleton
lines of the blade.(see Figure 4). By turning these directional vanes

around their rotation points, it_was possible to egualize the static

pressures p0 and P, along the top and bottom floor to the static pres-
sure py of the incident flow.

2.12 Evaluation of measurements: The wake measurements were done
using the momentum method of N. Scholz [23] (see Figure 3). In this
method, which 1s well-known for a single profile, the inhomogeneous
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Figure 3: Notation for the blade cascade for evaluating wake measure-
ments according to [23].

a- blade length b- profile c¢- cascade front c¢'— trailing
; edge plane (cascade exit plane) d- maximum profile thick-
ness, 1- blade chord, t- division, Bg~ blade angle, x and y
coordinates in the direction of the blade chord and perpen-
. dicular to it. I- central streamline between the bladels, 1
plane for the undisturbed incident flow (velocity wl), flow
angle 3j, static pressure pp, total pressure pg,p, velocity
distribution IIy), 2 plane in the undisturbed cutflow (velo-
city wp, flow angle Bo, !'static pressure ps, total pressure
Dg2, velocity distribution IIo, 2' wake measurement plane at
a distance e from the cascade. outlet plane (velocity wo(y'),
flow angle 3(y'), static pressure pp(y'), total pressure
pg2(y'), veloclty distribution II»',) x! and y'- coeordinates
pérpendicular to the plane 2', X control suriface.

flow of the wake is calculated close to and behind the cascade, and
from this one calculates. the homoggneous flow .very far behind tﬁg cas-
cade using the momentum theorem. The final results of measurement are
given for the homogeneous flow far |behind the cascade. N. Schulz de-
veloped these momentum measurement methods for incompressible flow, but
G. Kynast [26] showed that it can %lso be used for compressible flows
in this form. ?

‘ In compressor cascades, the aérodynamic coefficients are usually
‘referred to the stagqa?;on pressur% qq of the inpident flow. If pg is
the total pressure, and p is the stationary pressure, and if subscripts

7



Figure 4: Diagram of Test Configuration

a- channel walls b- directive vanes c¢- cascade blades

d- wake measurement planes e- wake probe (can be dis-
placed parallel te d); - static calibration probe

g—- statie taps in probe A adjustable measurement point
for static pressure ps of incident flow, B rotating point
for the directive wvanes, L. blade chord +t division, pq
and py static pressure at the top and lower channel walls
ahead of cascade; LAY flcw velocity

Table 1: Measurement Program

. Profile NACA
Variable ] T . N .
| 85604 | 65-606 | 65-608| 65.610} 65-612
blade angle 8, i a0
division ratio t/1 i 075, 10, 125
incident # 1 130° | 1300 | 130° |*130° | 130°
inciden flow ang;le B1 136 | 136° | 135° | 135° | 13%°

140° | 140° | 140° | 140° | 1407
142,6° 142,5° 142,59 142,5°
1457 | 145° | 145° | 145°
147% | 14%° { 147 | 147°

150° | 150*
incident Mach number May- | . 0.30 to 0.60
incident Reynclids no. Rel 1 05 10% 1-10% 2-10% 4- 105,
i ¢ 10

FFor t/1 = 0.75 and .25, measurements only ab By = 140°.

¥¥The investigations at Rey = 6 x 10> were restricted because of the
performance limits of the high velocity cascade wind tunnel and the
strength of the blades. The results are substantially different from
those at Re; = A x 105, We will not present them here.


http:1i10'.2o

c 1 and 2 apply for the 1n01dent flow (plane 1 in Flgure 3), and for the
homogeneous outflow (plane 2}, thep the - dimensionless total pressure

loss is given by the following'fonmula; that is, the total loss coéf-

ficient L vy referred to qq:

1=:Ps:1 —Pg‘z; (1)

and the dimensionless static pressure conversioen is given by
1 -

i Ap S pa— 1, (2)

@ @
i

S | L
where Ap = Psy = pl. By integrating the local dimensionless total pres-
sure dlfference{pu—qsz)Mh measured between plane 1 and the wake measure-

‘ment 2! and by .integrating the local dimensionless static pressure dif-
ference WOWW-PHTM over a division t, one. first obtains the dlmen51on—
+ less average ve1001ty total pressure loss

|y Tnesain,
Pgi — P2 Y
G=7§“——g—r— v, (3)

(] - L

i
H
)

v

and the dimensionless average static pressure diiference

i, ' _}§P2(J)—?1dd, ' (4)
_The third wake measurement varlable, the local outgoing flow angle Bz(y'),
'was only measured at several points outslde of the wake depression.
fFrom these measured values, we calculated the average departing flow /17
1angle 82 using arithmetic averaglng
The recalculatien of the average values G, P, and 6 for homo-
sgeneous outgoing flow conditions WEfﬂ far behind the cascade (plane 2)
15 used in the correction quantltle which was calculated universally
by N. Scholz [23], and is given in)a nomogram. One finally obtains the
loss coefficient ¢ v1° the dlmen51onless static pressure conversion Ap/ql,

"and the departing flow angle 82 frcm the following equations:
I

;
: Ty bvi=G- K - (5)
i : |
e T T T e RARaiF . o
i .A_p. - 1’ + 8 K-sin? fam,

P T s (6)
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4‘. e : K s -
bty Bs =(1 + 1__1—“‘—_(;) otg ﬁﬂmj (7)

s et e Ve o ke e hearee s ————

I
'Details of the calculation can beé %aken from [23].

The quantity ¢ vl is calculated using eguations (3) and (5) with
con51deratlon of the blades in the;cascade configuration. This loss
coefflclent therefore depends enthe divislon ratio t/1, even though
“the’ aerodynamic processes over thejindividual blades remain the same
‘when t/1 is changed. In order to analyze the influence of the profile
thickness with variable -division, it is apprbpriate to make the loss
coefflclent independent of the lelSlon ratio. By multiplying ¢ - with
the division ratvio., we cbfain. the ”fractlon profile loss coefficient™

!

\ ST T T ‘

! I Cypr = LVl 71 (8)
l i

|

,whlch coreesponds to the drag coeff1c1ent ¢, of an-individual cascade
blade [23, 26]. (see also section 2- 22) From‘the pressure distributions

imeasured in the central section of;the blade contour, we form the di-

|

?mensionless pressure coefficient |}

}%,aﬁfﬁz (9)
1 ﬁ

- . ;
»

1

- m———

'and then plot} it as the function of _the profile coordinate x/1. In [.
{order to determine the critical Mach number Malkr,.for which the speed
.of sound is reached at the blade cqntour, the critical pressure coef-

‘ficient must be known (¢

pkr)‘ It is found according to [10] as follows
. ; 2 " x o
: o ( F— Magi)”_— =1
: e = b ST L (10)
: Pt (1 4+ 2 5 1 Llag)”“' 1 i
] 5

ey

and for a certain flow medium, depends on the ratio = of the specific

heats and the Mach number Ma only;

l 1
;

‘2.2 Discussion of Measurement Results

2.2) General Remarks. Before;we w1ll discuss the influences of

‘the profile thickness on the flew, through compressoer cascades, we will’
|

malee -seme .- general- remarks .regarding. the .influence of Mach number and

10 : - -
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Cascades from blades with the profile NACA 65-612 with the
blade angle Bg = 130° and the division ratio t/1 = 1 for an

ineident Mach number Mal = 0.3.
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Figure 6: Influence of the inecident Mach number Ma-, on the loss co-
efficient gy., for different incident’ Reynolds numbers Req,
for an inciddnt angle of flow g, = 1H0° in the center of %he
polar. Cascade 1like in Figure %E Malkr is the critical in-
cident Mach number.

Reynolds number on the boundary layer flow over blade profiles.

I we plot the loss coefficient Tyl of a cascade over the incident
flow angle By (cascade polar) for different Reynolds numbers, then it
is found that Tyl in the Reynolds number range 0.5 x 102 < Re1 < h x 105
depends substantially on Re1 as well as B As the Reynolds number de-
creases, the losses Increase, especially 1n the center of the polar,
which is a region of ineident flow without shocks.

The influence of the Mach number on the cascade losses can be seen
in Figure 6. One can also see that the influence of the Mach number
is great and depends greatly on Reynolds number. AT high Reynolds num-

bers, (Rel = 4 x 105), the increase of &yy 1s relatively small in the

1



lower Mach number range, as Mal inéreases. It is only in the vicinity
of the critical Mach number that it is greater [11]. For small Rey-
nolds number, the loss increase starts already at small Mach numbers,
far away from the critical Mach number. The relatively great influence
'of Mal and Rel on the flow through;a blade cagcade below the critical
Mach number is based onprocesses in the blade boundary layer. We mean
primarily bounda?y layer separations. The dependence of- the non-sepa-

rated boundary layer on Ma. and Rei (see [27]) can be ignored in this

discussion. Three differeit kinds of houndary layer separation ocecur:

1. Separation of the laminary bouﬁdary’layer, 2. Separation of the

laminar boundary layer with tunbulént reattachment ~ 3. Separation of
‘turbulent boundary layer. The processes during complete separations
according to 1. and 3. are known adcording to [27]. In the case of the
'so-called separation bubble, according to 2., this is a special form of
transition from laminar te the turbulent boundary layer [28]. Figure

T is a diagram of the structure ofisuch a bubble. It assumes a laminar
,incident boundary layer, and it seﬁarates from the blade as fhe pressure /18
‘increases. The separator boundary layer becomes turbulent and reat-

itaches to the blade again. i

Figure T: Schematic (non-scaled) d%sign of a laminar separation bubble.

a) body contour b, c) laminar and turbulent boundary layers,
d) separation bubble e) flow direction f) tangent at the
separation parallel to body contour, A separation point,

B beginning of transition in boundary layer to the turbulent
state, C position of reattachment Oy » angle of turbulent jet
propagation. !

The dependence of the 1aminar:separation bubble on the Mach number
.and Reynolds number is determined by the manner in which the separation

point and the reattachment point dépend on these two wvariables. The

i2
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Figure 8a - 8d: Influence of incident. Reynolds number Req and incident

Mach number Maj; on the pressure distribution around the
profile ' characterized by the pressure coefficient c
given by equation (9). Division ratio t/1, blade angle
Bg = 130°, incident flow angle Req;

al), b) curves with Reynolds number Re; as the parameter
at Maj-= 0.7 for the cascades made up of blades with a
profile NACA 65-608 or NACA 65-612, c), d) curyes
with Mach no. Ma; as a parameter at Re; = 2 x 10% for

the cascade made up of blades with a profile NACA 65-608
or NACA 65-612.

calculation of the laminar boundary layer for a lifting profile for
compressible subsonic flow using the method of E. Gruschwitz [29] showed

[27] that the separation point migrates upstream semewhat with increasing

Mach number.

On the other hand, the Reynolds number has no influence on
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the position of the separation point. Both results are confirmed by

the new measurements shown in Figures 8a through 84, which is an example
of pressure disributions of two compressor cascades with profiles of
various thickness, once with the Reynolds number, and once with the
Maqh number as a parameter.

A simple law was found for the reattachment point, and this point
ecannot be derived theoretically (see for example Figures 8a through 8d).
It is independent of the Mach number, and with increasing Reynolds num-
ber it is displaced somewhat upstream. Since the transition point,
which lies ahead of the reattachment peint, cannot be derived from the
pressure distributions, is directly related to the reattachment point
and the neutral point¥*, this experimental result agrees with the result
of theoretical calculations of the neutral point [27]. Accordingly,
the Mach number only has a very small influence on the neuftral point
in the case of an impermeable wall, and it meves upstream with increasing
Reynolds number. This means that as Mach number increases and Reynolds
number decreases, a laminar separation bubble becomes larger, and in this
way increases the profile losses.

2.22 Influence of Profile Thickness on Losses: According to the
previous discussion, one should expect a great deal of dependence of
the profile thickness influence on Mach number and Reynolds number.
Figures 9a through 9% show the results in the form of cascade polars
(loss coefficient £,y Plotted against sl) where the profile thickness
is a paramefter, or the profile used) for different Mach numbers and
Reynolds numbers. This shows the following:

1. The polars become wider with increasing profile thickness,
especially the right branch of the polar; that is, for large incident
flow angles (large load on the cascade).

2. The losses in general increase with increasing profile thick-

ness,.

#The neutral point of a laminar. boundary layer flow is the point on
the body in the flow where the Reynelds number formed with the path

_length or boundary layer thickness reaches a value which indicates
laminar flow according to the stability limit theory. Above this cri-
tical Reynolds number, the boundary layer is unstable, and can be
transferred into the turbulent state under certain conditlons.
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3. The loss increase with profile thickness depends on the inci-
dent flow angle and reaches especially high values in the center of the
polar (in the region of incident flow directlon without shocks).

L, With decreasing Reynolds number, and incéreasing Mach number.
the influence of the profile thickness on the leosses increases.

From the results of the smallest Mach number Ma; = 0.30, we will
discuss the circumstances which will determine the variation of the
polars. We already pointed out that the Reynolds number is very impor-—
tant in these processes. For the largest Reynolds number Réq ='4;X-l05,

X
the polars differ only by the increasing width as the profile thickness
increases. For smaller Reynolds numbers Req = 2 X 105, in addition /19

there is an increase in the losses in-the center of the polar as the
profile thickness increases. For.Rel =1Xx 105, this influence is even
greater. For the smallest Reynolds number Rel = 0.5 x 105, it is the
most pronounced.

Losses like this in the center of the polar, which is the region
of the incident flow angle which-is usually the most favorable and has
no shocks, are based on separation phenomena of the laminar, boundary
layer. Either there is a complete separation or a separdation bubble
(laminar separation with turbulent reattachment, as already discussed ~
in section 2.21).

At Rel = U0 x 105, the Reynolds number of the outer flow is so great
that the boundary layer transfers at the correct time and for the most
part there 1s no separation of the formation bubbles. The polars differ
only in terms of width, but the boundary layers in the central polar
region are not completely turbulent at this Reynolds number®. It is
only for large incident flow angles that the suctien side boundary layer
undergoes transition already at the profile nose, because of the large
sucfion peaks,.whereas the ﬁoundary layer at the bldde pressure side 1is
still.laminar here. The increase in the losses on the right polar
branch, which starts already for small incident flow angles for thin
profiles, must be attributed to the completely turbulent boundary layer
on the blade suction side, which always will bring about higher loss
coefficients than a partially turbulent boundary layer with a laminar
feed part, even though no or very small separation bubbles are formed.

#The critical Reynolds number of the investigatid profiles is above
4 x 105 for the degree of turbulence of the high velocity cascade
wind tunnel.
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Figure 9a - 9t: Influence of profile thickness on cascade polars for
various values of the incident Reynolds number Re; and
the incident Mach number Mai.

Division ratio and blade angle ag in Figures 8a - Be;
a) to d4) - polars for Rej = 0.5 x 10° for Ma; = 0.30,
0.50, 0.60, "or 0.70; e) to i) - polars for Re; =

1 x 10™at May = 0.30, 0.50, 0.60, 0.70, or 0.80;

k) to o) -~ polars for Rej = 2 X 104 for Ma;, like in
e) to i); p) to t), polars for Re; = 4 x 105 for Ma. .
as in e) to i). i
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At even greater incident flow angles; the losses increase again because
of the beginning trailing edge separation.

By reducing the Reynolds number to Re1 = 2 x 105 the transition
point of the separated laminar boundary layer migrates downstream,
whereas the separation point is independent of .the Reynolds number at
the same point, as shown in Figuré 8. 1In- general the bubbles become
larger, so that the influence of profile thickness can devélop to a
high degree. We will discuss why the loss coefficient changes so much

with a profile thickness; for example, Rel 1 x 105. If we compare

the pressure distributions of the profiles of various -thickness for an
average incident flow angle, Figure 10a, then one finds a large change
in the pressure distribution and therefore in the boundary layer flow,

. both on the suction side and the pressure side. The size of the bubble
' increases with increasing profile'thickness. The separation peint mi-
@Eéié%:]upstream, whereas the reattachment point changes hardly at all.
In addition to this purely geometric change in the bubble, the -loss

is determined essentially by the pressure increase in the reattachment
point region, which increases greatly with increasing profile thickness.
- The consequences of an increased pressure increase are thicker boundary
layers and therefore higher losses. At large incident flow angles, /20
the processes onthe blade suction side vrimarily determine the behavior
of the cascade shown in Figure 10b. The incident flow angle 1in tThis
example also lies in a range in which thin proefiles have especially
high losses due to the excessive cascade angle of attack (see Figure

* 9e) for Rel = 1 X 105, Mal 0.30 at Bl = 147°. The pressure distri-
butions in Figure 10b can be used to derive the following boundary

il

layer behavior. The pressure variation on the profile underside re-
mains almost independent of profile thickness. The boundary layer is
laminar. On the other hand, on the suction side, there is a small
separation bubble in the case of-the thickest profile (d/1 = 0.12).
The laminar incident boundary layer keeps the loss small. The next

thinner profilel{(d/1 = 0.10) has a campletely turbulent boundary layer, which is\
associated with higher losses. The even greater loss coefficient for
d/1 = 0.08 is based on the beginn%ng turbulent trailing edge separation.
The Reynolds number Rei = 0.5, 105 is so small that there is no
longer a bubble in the region of the central polar, because the transi-
tion ocecurs too far downstream. This completely laminar boundary layer
separation is intensified with inéreasing cascade angle of attack, and
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Pigure 10a - 10b: Influence of profile thickness on the pressure
distribution around the profile characterized by
the pressure coefficient ch according to Eg. (9).
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dent Mach number Ma; = 0.30. a) pressure distri-
bution for average blade load, incident flow angle
By = 135°, b) pressure distribution for large
blade load (87 = 147°).
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Figures 12a - 12b: Change of the Pressure dlstrlbutlon around the
profile, with thickness at various division
ratiosnt/l, characterized by the pressure coef-
ficient c,, given by Eg. (9). Blade angle By =
130°, incident flew angle 87 = 140°, incident
Reynolds number Re; = 2 x 105, incident Mach

i

number, Ma; = 0.60; a) - b) - for t/1 = 0.75
and 1.25.
results in very high losses. The transition-enhancing effect of /21

the suction peaks only becomes effective at relatively high incident

flow angles, compared with Re1 =1 x 105, )
and this results in a sudden and sometimes substantial decrease in
the loss coefficient. If the incident flow angle 1s increased fur-
ther, the loss i1s increased because of the turbulent trailing edge
separation.

The previously-described processes only depend on Mach number to
the extent that with increasing Mal the separation point migrates
upstream, so that the loss coefficients in general 1ncrease. After

the critical Mach numbers iare exceeded, the boundary layers are disturbed

by the compressilon shocks, which leads to very high losses. The
eritical Mach number depends on the incident flow angle. Because the
polars are reached more easily in the vicinity of the profile nose Than
in the central part, because of the large suction peaks, -the polars
become NaArrower.

Finally, let us discuss the influence of the profile thickness
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Figures 13a - 13d: Comparisoﬁ of the Influence of profile thickness
on the loss coefficient Evl and the deflection AB

Blade angle B_ = 130°, division ratio t/1 = 1, in-
cident Mach number Mai = 0.50; a) and b) ~ loss
coefficient for incident Reynolds numbers, Rey =
0.5 x 104, or 4 x 105; ¢) and d) - deflection at
Rey = 0.5 x 105 or 4 x 105.

when there is a changing division. It is appropriate to use equation
(8), the profile loss coefficient Lvpl which does not depend on the
division ratio t/1.

As t/1 increases, the polar of a blade cascade becomes narrower
in general [9]. This is a consequence of a reduced guidance of the
flow in the cascade., Considering our 1lnvestigation, one ecan railse /22
the question whether for average incident flow angles (in the range
of incident flow without shocks), the change in the division has an
effect. - As long as there are no or very small separation bubbles at
sufficiently high Reynolds numbers, the influence of the profile
thickness for the most part will remain independent of the divislon
ratio. It is only at smaller Reynolds numbers that the influence
becomes substantially greater with decreasing divisien, as the plot

of Cypy VErsus Ma1 shows, where profile thickness is a parameter, for

20



F 0 NARAGS o s —dos . BhsBos Ces—ol0 T Gsool

s ,_T:.uv | e piyz 030 | | B) d) 1 V/_ &) {;
N, AR —wim Moy 0| [ / R
i pimen] o Moy 0,60 | | / A \
el i s | \ .f//1 1 A Xt\_/ /“ Roy =
B vl | S NN s
"-’aw—-'——\' \-Jyﬁ \'\\\\\é ti/ ‘ yl__ _&l,}:&‘ ¥/
N ==
ol . —
M) g) ) h) i ! 1B 11
| YN (mEarl
o LA L BERAT IR e
BRNEERIRNGA RN (A1 »«\1) INEaN B
. ao¥ \\.\\\\ o ;JJF/ \E\.—r—-«\ l'_ \:\\‘ —"::"17-’ \::%i\j:\;\‘d -
_‘_i ﬂm"» \E? f — :/ \'_':: ‘x-s‘/ [ -":/ ' f*::
5 o * | . : L
:gww d | m) B o 9| | )
LR | | T T
0 . . \ : - '
pEEEER|EEN i WY
a 1 | i \ R /4 A\ | 2-10°
AN PG RS BN AR
oot / \ N AR f N~ AN
N NS S NS Rssl
. r M --—'1’ l-_--r' ' . . 3
4 -
. an s l - |
" aw ) ' 2 2 N i" ! \\;‘f/

L N \ N R
I T ]
8o6|— / . — .
| N i )/éj/l \L 1 W
IR\ - . X .
WA \NEE WL NV RS-
NG = == S
K 735° W 128 ' 13!5’ : w50 - 1257 135° : s st 131_5" : ws? o 1es? 35 - Wil

. . {incident flow anlg‘le 1B
Figure 1ll4a - 1llu: Cascade polars of the investigated preofiles in a

plane compressor cascade with the incident Mach

number Maj; as a parameter for various ilncident
Reynolds numbers Rej.

Division ratio t/1 = 1, blade angle Bs =.130°; a) to e), at Rej;=]

0.5 x 10~ for Profiles NACA 65-604, 65-606, 65-608, 65-610, and| 65-612;

£ tok) - at Re; x 1 x 10D for profiles as in a) to e); 1) to p)
at Rep = 2 x 10% for profiles as in a) to e); q) te u)- at Rey =
4 x 105 for the profiles as 'in a) to e).
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Figure 15a - 15u: Deflection’AB of ‘the investigated profiles in a plane
: compressor cascade with the incident Mach number Maj
as a parameter for different incident Reynelds number.
Re i
1

Caption same as in Figures 1l8a - 1hu.
‘different division ratlos (Figure 1lla - 1lc). In the fleow channels
‘'which are narrow for small division values, a change in the profile
thickness brings about a greater cﬂange in the velecity.distribution
or pressure distribution than for é large blade separation (Figures
12a - 12b). This has a .special effect on the pressure jump in the
region of the reattachment polnt of the separated boundary layer, which
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1tse1f has a great 1nf1uence on the thlckness of the reattached boun-
dary layer, and on the losses.

2.23 Influence of Profile Thickness on the Deflection: One can
establish a direct relationship between the ‘loss coefficient and the
departing flow angle, that is, the deflection, by consideration of the
'processes in the boundary layers. iFigures 132 - 134 give an example
of the loss coefflclent L vl and the deflection AB = B 82 for one Mach
number and two Reynolds numbers. Tt follows from thls that there 1is a
large influence of the profile thickness on the losses, and for the
‘deflection as well (Rel = -.5 x 10°). It is found that large losses
are connected with small deflections, and vice-versa. If the loss

coefficient depends slightly on the profile thickness, the changes
'in the deflection also remain small (Re1 = 0l 4l x 105).

2.24 Influence of Mach Number and Reynolds Number on aerodynamic
goefficients: PFigures lia to 14ﬁ and 15a to 15u shew the cascade
polars and the deflections of the five investigated proflles with

1

Mach number as a parameter of the different Reynolds -numbers. The

:influence of Mal and Rel was already discussed in journal terms, in
section 2.21, so that we do not have to give a detailed discussion

‘of Figures llta to 14u and 15a to 15u.

2.25 Influence of Profile Thickness on Critical Mach number. By

;eritical Mach number Malkr’ we understand the value of Mal, for which
‘the speed of sound is reached locally over the profile. Above the
critical Mach. number,- there are supersonic fields with compression
shocks, which have a great influence on the boundary layers and lead
Lo increased losses.

In order-to determine Ma,, ., the smallest pressure p._ (x) over
the profile must be known. It can be found from the pressure distri-
bution (Figures 1l6a and b). If one plots the values for the smallest
pressure coefficient Cpmin = [pmln(x) - plj/ql accoerding to Figure 17
as a function of Mach number, then ithe critical Mach ‘number is found
as the intersection point with the curve c_,

pkr
‘equation’ (10). E

= f(Mal) according to

Figures 18a to 18c show Ha for three preofiles as a funetion of

1kr
‘incident flow angle for different Reynolds numbers. In the range of
incident flow without shocks, (B, 4 140°), the curves have a maximum

because here the pressure distributions havethe smallest suction peaks.
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Figure 16a - 16b:

Determination of the smallest pressure coefficient

cpmin from the dimensionless pressure distribution
around the profile. Division ratio t/1 = 1, blade
angle Bg = 130°, incident flow angle 87 = 1409,
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Figures 18a - 18c: Influence of profile thickness on the critical Mach
number Majy, as a function of the incident flow
angle B for different Reynolds numbers Rej.

!

! ¥

) - Division ratioit/1 = 1, blade_angle Bs = 130°. ,
! a) to e) - foriRey |= 0.5 x 10, 1x10°7or M.x 10|

‘There is only a large influence of 'the profile thickness for large in-

'cident flow angles, compared with @he:angle for incident flow without

i
!shocks. The critical Mach number, itherefore, decreases with decreasing

;profile thickness. This is because the smaller nose radii of the thin
:profiles produce higher suction peéks in the flew around the blade
'leading edge. !

) As the Reynolds number decreaées,.Malkr increases. This is due

 to the effect of boundary layer separation, which influences the flow
upstream in such a manner that theisuction peaks are reduced (Figure

+16a and 16b). The more extensive ﬁhe separations, the greater will

‘tbe their influence. ‘

'3, THEORETICAL ANALYSIS J
'3.1 Computer Program i

f The theoretical analysis of the laminar, separation bubbles, which
have a substantlal influence on the flow through a blade cascade for ?
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Table 2: Computer Program.

. Profile
Investigated Quantity. NACA 65-604, NACA 65-608, NACA 65-612
Blade angle BS 130°
Division ratio t/1 1
Incident Flow Angle Bl © 135°, 140°, 145°, 150°
Mach number Maq 0, 0.4, 0.8

small Reynolds. numbers cannot yet be performed. In the following, we
will only show that based on potential theory pressure distributions,

in conjunction with experimental results, one can derive information
about the occurrence of separation bubbles and predict the behavior of
blade cascades when individual cascade profile parameters are changed.
Using the methods of H. Schlichtiﬁé‘{30], as well as H. Schlichting /24
‘and E. @. Feindt [13],  we calculated pressure distributiens. Ian the
first case, this is a singularity method for incompressible flow. The
second method is based on the use of the Prandtl-Glauert rule, for the
rascade, and considers thé influence of compressibility at high subsonic

~velocities.

3.2 Results )

Figures 19a to 19m show the calculatéd dimensionless pressure dis-
tributions where profile thickness is the parameter for different values
of Bl and Mal.
incident flow angles decreases with increasing incident flow angles.

The substantial influence of profile thickness at small

The deEEIEQ of the suction peaks and the pressure gradient are
the most important factors for bouﬁdary layer separation. The incident
flow angle also plays a role here.; At a moderate incident flow'angléj
(8, |
the blade for the thick profiles. Since the pressure gradients in this

1

135° and 140°), the smallestlpressures prevail in the center of

case remained relatively small, one would only expect a noticeable in-
fluence of profile thickness when laminar boundary layers occur over the
blades at Reynolds numbers (see Figures 9a to 9t for Rel ;_Eix 105).
Laminar boundary layers are very sensitive to increasing pressure. They
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Flgures 19a - 19m:

foae

Calculated” dlmen31onless pressure dlstrlbutlons
around the profile for pure potential flow for dif-
ferent profile thicknesses, different incident flow
angles Bl and different ineident Maech numbers Mal.

Division ratio't/1 = 1, blade angle B, = 130°,

d- maximal profile thickness; 1- blage chord,

D and S- variation on.the pressure and suction side;
a) - d) - fer May = 0 at g; = 135, 140°, 145° and
150°, e) - h), for May; = “0.4 at 84 according to

a) and d@); i) = m) - for May = 0.8, for B1 according
to a) and 4).

have a greater tendency to separaté from thick profiles than. from thin

profiles. In addition, the wake bécomes wider because of the greater

pressure increase and produces higher losses. At high Reynolds numbers,

Figure 9a to 9t for Rey = U x 1d5,‘where the boundary layers are turbulent
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at least downstream from.the suction peak, and therefore produce sub-
stantially greater pressure increéses, there is hardly any influence
of a change in profile thickness.

If one increases the incident flow angle, then the suction peaks
will appear in the leading edge area because of the sharp flow around
the profile nose. Now, one finds‘that the thinner profiles produce
the greater suction peaks because of‘tﬁeir peinted noses. Related to
this are the very great pressure increases, which make laminar boun-
dary layers undergo transition and which make turbulent boundary layers
separate.. PFor large cascade angles of attack, this means that thin /25
profiles are in much greater danger of separation. The Reynolds number
plays no role here because the extremely sharp suction peaks resulft in
turbulent boundary layers even for lew Reynolds .numbers.
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