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SUMMARY 

The present work is the first part of stuaies on the 

use of the tandem cascade concept for application in the field 

of high turning angles. Two 1.61* :1 scale mouels of a tanuem 

cascaue stator (ref. 2) - the second mouel was a slightly 

changed version of the original design - were tested in a 

cascade wind tunnel for free stream Mach numbers of M ** -5 to 

.9 and incidence angles of I ■ —U0 to +8°. Pressure measurements 

upstream; downstream and on the blade surfaces as well as 

schlieren pictures were taken. Application of back pressure 

was found to be necessary in order to get highest efficiencies 

and static pressure ratio. Side wall flaring or suction of the 

boundary layer at the side walls seem to be advisable for 

further testing. 

The schlieren pictures show the strong influence of 

back pressure on the flow pattern insiae the passage. The 

optimum values obtained for both tandem cascades are' 

For M » .8 

turning angle 6 

total pressure loss u 

static pressure rise c 

tanuem cascade I 

,115 

c73 
P 



• • 

-IX" 

LIST OF SYMBOLS 

C chord 

Q pitch 

X/Y coordinates parallel and normal to the cascade 

X/G displacement parallel to the cascade in per cent of 

the pitch (fig* lb) 

Y/C displacement normal to the cascade in per cent of 

the chord (fig. lb) 

y stagger angle 

o solidity 

t maximum thickness relative to chord 

M Mach number 

P total pressure 
o 

P static pressure 
8 

Q dynamic pressure 

u total pressure loss coefficient 

C static presaure rise coefficient 
P 

I incidence angle 

6 deviation angle 

6 air turning angle 

6 flow angle 

0' blade angle 

t blade turning angle 

p density 

V axial velocity 

W velocity 

Suffixes and abbreviations 

1#2 upstream, downstream 

I/II the first and the second blade row 

E single airfoil 
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G influence of the other blades in the same row 

J influence of the other blade row 

PS pressure side (intrados) 

SS suction side (extrados) 

Supercriots 

- average value 
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1. INTRODUCTION 

The development in turbamachinery leads more and more 

to highly loaded blades and therewith to high turning angles, 

because of the demand for few stages and therefore small weight, 

particularly in the field of high flight speeds and VTOL 

application. Turning angles exceeding the usual limits of a 

compressor design are encountered in the following cases: 

1. Use of a big front fan for a ¿et engine 

2. In lift engines 

3. At the outlet of compressors with high subsonic 

axial Mach numberst 

The last problem is also given in our test facility 

R-2 for a supersonic blunt trailing edge rotOrc Outlet anglos 

of 56° to 00° occur along the blade height and because of tie 

demand for an axial outlet flow, turning angles of the samo 

order have to be realized. 

Two types of stators were considered for the solution 

!» Blunt trailing edge concept 

2, Tandem cascade concepts 

The last concept was used by R. Kiock for the design 

of a stator (ref. 2) for the above mentioned rotor in R-20 For 

a better understanding and judgement of the operation of this 

concept an investigation of the mid-section of this tandem 

stator had to be carried out in the C-2 wind tunnel. The outlet 

angle of the flow at the mid-section of the rotor was measured 

to be 6U (ref, l) which with a calculated optimum incidence 

angle of 10° leads to a stator blade angle of 51*0 (ref0 2). 
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2 » COHCEPT AllD THEORY OF A TANDEM CASCADE 

While in accelerating cascades for turbines, high 

turning angles can be reached vithout too much difficulties 

due to the favourable pressure gradient, the strong adverse 

pressure gradient in a highly loaded compressor will easily 

lead to strong separations and therewith to high losses« In 

order to improve the flow pattern in a high turning passage, 

the passage is split into two rows so that one can achieve with 

each part of the cascade turning angles and loading coefficients 

which are within the usual limits« (fig0 l) 

Unfortunately, all the experiments and theoretical 

investigations appearing in the literature are performed in 

the low subsonic region, so that the author could not compare 

his results with those available elsewhere» 

A brief review of the technical literature concerning 

experimental and theoretical resfearch on the tandem cascade is 

given below» 

H, OHASHI (ref0 3) applies a variation of Schlichting’s method 

for the calculation of the flow field» He takes into account 

the induced velocity from the other blade row by 

W » W + W 4- W. 
£« G J 

Conclusion agreement between experiment and theory for the 

first row fairly good, but very poor for the row II, due to 

the mutual interference of wake and boundary layer» The best 

agreement is found for the optimum configuration» 

P»PAL (ref» ^ ï determines the flow field by the Martencen 

method. The calculation procedure is extended in order to take 
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more accurately into account the shape of the trailing edge 

of the first blade, 

the Pressure distributions are rather good as long 

as no separation occurs. The optimal configuration has proved 

to be that one where the axial displacement is zero and the 

circumferential displacement shows the configuration of slotted 

blades! that is, the second blade is placed close below the 

first one (see fig, la, lb). Separation point and outlet angle 

have for both the theory and the experiment the same tendency. 

The losses for the optimal configuration can be approximately 

calculated and may be smaller than the losses without inter¬ 

ference, 

Hjj^JjjlLEIJFELD (ref, 5) gives the criteria for the optimal dis¬ 

placement: the wake of the first blade must grow together with 

the suction side boundary layer at the trailing edge of the 

second cascade, that is, only one peak in the wake behind the 

cascade (fig. 2), Additional, both rows fehould have the same 

loading. Observing these c onditions a tandem cascade design 

may result in better aerodynamic coefficients than the sum of 

the two single rows, 

(ref, 6) investigated tandem cascades in a one 

stage fan. He found also the slotted blades to be the optimal 

configuration, for tandem stators even with a small axial over¬ 

lap, At the optimal displacement the highest efficiency as well 

as the highest pressure rise coefficient will occur together. 

W, RAILLY and M,E» EL-SARHA (ref, T) extended the Ackeret 

method for the design of tandem cascaaes. They provide us with 

the only simple design method of this subject. This method shall 

be eminently suitable to solution on a digital computer. 
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The advantageous effect of a tandem cascade in the 

special configuration of slotted blades is due to; 

1. a decrease in the suction peak at the leading edge of the 

second profile, 

2, the injection of energy through the slot into the boundary 

layer on the suction side,. 

Both effects push the separation point towards the trailing 

edge» 

Setting blade II above blade I is unfavourable because 

of separation on the suction side of blade I due to the pres¬ 

sure increase jcaused by the presence of the profile nose of 

blade II0 
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3o DESCRIPTION OF THE SET UP 

The C-2 wind tunnel used for the tests is very 

similar to the one described in reference 98 

The tunnel is of the blowdown type, with high pressure 

air supply -(60 m3 at 1*0 kg/m). Wooden asymmetrical nozzles 

allow to operate at Mach numbers in the subsonic range as well 

as in the supersonic range* The side walls consist of plane 

perspex plates and allow visual survey of the flow. The arran¬ 

gement of the outlet duct allows air turning angles by the 

cascade up to 90°, The downstream pressure can be varied by a 

throttling valve system* 

The cascade as shown in fig* 1 represents the 1,64;1 

scale model of the mid-section of the tandem stator, designed 

by R0 Kiock (ref, 2), The two rows -each of them with six blades- 

are fixed in two disks which for different incidence angles 

can be rotated. The upper and lower porous wall in the test 

section can be adapted to the setting of the cascades The main 

characteristics of the cascade are shown below; 

stator I stator II 

profile double circular double circular 

arc blades arc blades 

maxothickness 6£ 6¾ 
t/c 

solidity o 

stagger angle y 

blade camber 
angle $ 

displacement 

2 

hk° 

1Q°30» 

Y/C = 0 

2 

20° 

59°30* 

X/G * ,.78 
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**. TEST PROGAM T 

The following test program was performed with the 
above tandem cascade. 

1. Measured data; 

». pressure distribution on the blade surfaoe. 

b. static pressure increase 

Co total pressure losses 

d, deviation angle (turning angle) 

2o Range of investigation 

Test series I: Mach numbers ,5 to ,8 

incidence angle:-?0 to 8° 

Test series IIsMach numbers 08 to *9 

incidence angles-1 to 5° 

without backpressure 

medium backpressure 

high back pressure 

3« Schlieren pictures 

Mach number: 07 to «,9 

Incidence angle: -1 to +5°0 
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5. TEST RESULTS AND DISCUSSIOH 

5 ol ¿chlierenpictures 

For a better understanding and judgement of the 

measurements ve should look first at the schlieren picturest 

which show us also the important influence of back pressure 

for high subsonic inlet Mach numberst 

Pictures 3 and U show that the inlet flow isnot quite 

uniform. The lower blades produce a slightly accelerated flow, 

combined with a slight change in the angle of attack, for the 

upper blades , 

The inlet Mach number for the pictures in fig^ 3 is 

kept constant (M » 075 for i ® -2°) - total and static pressure 

are kept constant - while the outlet Mach number is varied by 

an increase of back pressureo Starting with very low back pres¬ 

sure, outlet pressure is equal to atmospheric pressure, the 

following flow and shock pattern are observed. 

The acceleration of the flow due to the camber of 

the suction side as well as the acceleration around the leading 

edge to the pressure side leads the high subsonic free stream 

flow to supersonic velocityc This in turn will produce right 

behind the leading edge at the pressure side, an obliq.ue shocks 

An oblique shock extended to the suction surface of the lower 

blade may be reflectedc The flow, being still supersonic, will 

be further accelerated due to the divergent passage, as it is 

shown by weak Mach waves on the pictures« At the transition 

point from cascade I to cascade II several shock waves occur 

influencing each other. First an oblique shock will be produced 

at the trailing edge of the lower blade due to the angle between 
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blade surface and wake. This shock will interact near the 

leading edge of the upper blade II with a normal shock, 

generated by the presence of this blade, which will result in 

an oblique shock extending to the suction side of the lower 

blade II0 Behind this shock exists a second oblique shock, 

almost parallel to the first one, attached to the leading edge 

of the upper blade because the flow behind the first oblique 

shock is still supersonicj or, the subsonic flow behind the 

normal shock, which has only a very short extension, is already 

again accelerated to supersonic velocity. The interaction of 

these shocks with the boundary layer on the suction side of 

the lower blade II causes a strong separation. The normal 

shock oduring behind the second oblique shock in the upper 

half of the passage cannot extend to the suction side because 

of this strong separation and will, therefore, end up in a 

bifurcated shock, called A-shock. The left part of this A-shock 

consists of compression waves generated by the angle between 

the blade surface and the sudden thickening of the boundary 

layer. Further dowhstream the boundary layer will increase in 

such a way that the rest of the cascade happens to be a conver-« 

gent channel for the uniform flow that leads up to the outlet 

flow to normal shocks in this region. This shock pattern may 

result in an overall pressure decrease that is, acceleration, 

with very high losses. Unfortunately, no pressure distributions 

are available for this case. But the same tendency can be seen 

from fig. 10b (C -curve for M » .8). 
*r 

Increasing back pressure will push the whole shock 

system out of the second cascade (pict. 3a to 3d). Finally, 

we observe the above mentioned oblique shock at the leading 

edge of cascade I and somewhere further downstream a normal 

shockj the position is of course a function of the strength of 
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the applied back pressure0 Separation is observed on the 

suction side as veil as on the pressure 8idec 

It seems to be possible that there exist some shock 

configurations for which ve may encounter higher losses with 

increasing back pressures Let us for instance compare the 

following two cases: 

1« a normal shock placed at the trailing edge of the first“' 

cascade and; 

2» a normal shock which is placed very closely to the attachment 

point of the oblique shock on the suction surface in the first 

cascade. 

The last one may cause separation with increasing losses, while 

the first one cannot affect the boundary layer due to the 

positive slot effect (see also discussion of the measured data). 

The schlieren pictur series in fig, U is taken for a 

slight change in Mach number and incidence angle compared with 

those of fig, 3, The inlet Mach number could also not be kept 

quite constant, but the same influence of the bapk pressure on 

the development of the shock configuration is observed as in 

figo 3, The central passage shows for the case of outlet at 

atmospheric pressure at the transition point of the two cascades 

two normal shocks, one right at the trailing edge of blade II, 

the second one at the leading edge of blade II, Back pressure 

pushes the normal shock, located at the trailing edge, further 

upstream, while the second one vanishes. For both cases an 

oblique shock exists at the leading edge of blade I, 

The incidence angle for the 3 schlieren picture 

series in fig, 5 is increased to +3,5° while the Mach number 

varies as follows: M « ,65, ,0, ,9' The outlet pressure is 
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constant (outlet pressure equal atmospheric pressure)„ As it 

can be seen from the tendency in the development of the pres¬ 

sure distributions (see chapter 5o2 and figc 6, 7, 8), the 

local velocity will be much lower for I ■ 3*5° than for 

I ° “2°o The acceleration around the leading edge to the pres¬ 

sure surface does not exist any more so that even for M = 08 

no oblique shocks occur at the leading edges of the central 

passage» Further downstream supersonic velocities are reached 

due to a decrease of area» A normal shock located at about 50% 
of the passage length leads the flow again to subsonic velocity« 

For M = ,0, in fig, 5c, the flow picture is again 

more sophisticated« The shock system can be described with a 

normal shock right at the leading edge which develops down to 

the lower blade into an oblique shock« The blade surface ' 

reflects this shock and finally a normal shock leads to sub¬ 

sonic velocities« The last shock causes strong separations on 

the suction side« By a decrease of the flow area due to the 

presence of the second blade and the thick boundary layer, the 

flow is again accelerated to supersonic velocity at the leading 

edge of blade II as it is shown by weak shocks,« 

The performance of the slot seems to have a remark¬ 

able influence on the boundary layer development on the suction 

side of blade II, 

The slot form can be divergent, convergent or of 

constant area. In the case of the investigated tandem cascade 

without overlap a slight convergent passage is established by 

the wake of the first blade and the suction surface of the 

second blade. The length of this passage is dependent on the 

length of the sharp limited zone of the wake which in turn is 
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influenced by the past history of the boundary layer of blade 

I. The flow coming from the pressure side in the first row 

will be accelerated in the slot and introduces high kinetic 

energy into the vake consisting almost alone of the boundary 

of the suction side. This jet stream tries always to resist 

a flow separation, which will be caused by a too high inverse 

pressure gradient or shock-boundary layer interaction. The 

energy of the jet stream is exhausted by friction onthe suction 

side and by mixing within the wake. 

Some particular pattern of this passage flow are 

shown in picture 3 nhere the flow inside the channel is super¬ 

sonic and presents a shock system very similar to that of a 

supersonic pipe flow. This shock pattern vanishes with increasing 

back pressure as well as the shock system in the second cascade. 

The influence of a convergent slot is dealt with in chapter 

5.2. 

5.2 Static pressure distributions 

The static pressure distributions are plotted in 

figs 6, 7, 8. The pressures are n\ade non-dimensional by 

dividing the difference of local and upstream static pressure 

by the dynamic head. The curve for 2° incidence angle represents 

the best performance. 

Unfortunately, the pressure distributions do not 

correspond exactly to the schlieren pictures, but the experience 

gained from those may be a good help for the interpretation 

of those curves. 

The curves presented include the following parameters: 
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incitience angle t Mach number and back pressure* 

The incidence angle is responsible for the position 

of the maximal velocity. A variation of the incidence angle 

from -2 to +6 influences the position of the maximal velocity 

for M ■ .6 in both cascades only by a very little amount, while 

the maximal velocity for +2° shows a minimum for both cascades. 

For M ■ ,8 the suction peak shifts with increasing incidence 

angle (-2° to 6°) towards the leading edge of the first cascade, 

while the maximum velocity has again a minimum for I •» 2o0 

The influence of the Mach number is small for 1*2°, 

but it increases with increasing deviation from the angle, 

particularly in the direction of negative incidences. Shocks 

occur for M » .8, for I«2° and I ■ 6°, 

The best performance, that is, the lowest losses can 

be expected for an incidence angle of 2° because of the smooth 

behavior of the pressure development. Only, in this case the 

contribution to the overall static pressure rise is the same 

for both cascades. As it can be seen from fig, 6,7, the flow 

leaving cascade I may, for other incidences, even be accelerated, 

(M » .8). This was already known from the schlieren pictures. 

The accleration on the suction surface II is mainly 

caused by the jet stream through the slot, but, on the other 

hand, also by the cascade flow being slightly inclined against 

the suction surface II, Using the same blades, a divergent slot 

could be established by changing the stagger angles. Such a 

variation would result in a deceleration of the velocity in 

the slot as well as in a smaller inclination of the main flow 

igainst the suction surface II, Both effects would diminish 

the suction peak in the second row. 
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It should be noticed that the optimum incidence angle of the 

actual stator vas calculated to I ■ 10°, while in the cascade 

the optimum incidence angle vas found to be I - 2°. Knowing now 

hov strong the influence of a variation of the incidence angle 

on the performance of the cascade is, particularly for high 

subsonic Mach numbers, ve have to expect results in the actual 

stator which differ a great deal from the optimal results 

measured in the wind tunnel. 

5«3 Total pressure losses 

Fig.9a and 9b present the curve for the total loss 
P -P 
* 02 r01 

coefficient » “ a » Fig. 9a shows <*> as a function of the 

incidence angle with the free, stream Mach number as para¬ 

meter for the case of applied back pressure; figc 9b shows a 

similar graph for the case of outlet at atmospheric pressure. 

The following statements can be made: 

a. for an outlet at atmospheric pressure 

1» All curves have about the same optimal incidence angle 

of +2°, This is against the experience, meaning that 

the optimal incidence angle for blades with a shafp 

leading edge increases with inareasing Mach number, 

2, The minimum losses are measured to 

w « .11 to .12 for M = .5, .6, ,7 dnd to 

w a .13 for M ■ .8 

3. The range of operation reaches 

for M = ,5, .6 from -8° to 

for M » .7 from -1,5° to 

for M = o 8 from - .5° to 

The operation range is limited by loss values being 

twice as high as the minimum losses^ 

+6.5° 

+6.5° 

+5.5° 



for back pressure applied 

1, The optimum incidence at 2,5° is a little bit higher than 

in the case without back pressurej however, the lowest 

losses occur for all inlet velocities again at the same 

incidence anglee 

2c The minimum losses for M * *5, ,6, ,7 are about 1 point 

lower1 than the values above, but for M = e8 losses are 

recorded being two points higher than the above. An 

explanation has already been attempted in chapter 5C1* 

Measurements taken for M = ,0 come out with w . 
min 

20, 

3» The operation range is limited 

for M = ,5, ,6 from -6,5° 

for M *= c7 from -2° 

for M = c8 from -1,5° 

for M = c9 from -2° 

ihe definition of the operating range is not very 

useful for high Mach numbers, because operation in this 

regime leads to too high losses. 

From these statements the following conclusions can be drawn: 

to 

to 

to 

to 

♦7,5° 

+6° 

+6° 

+8C 

1« From the point of view of iossesj, application of back 

pressure does not improve the performance in each casej 

2t Considering the range of operation the advantage of the 

application is limited to high free stream Mach numbersc 

3» The main advantage of applying back pressure for low Mach 

numbers M = *5, lies on the relative decrease of losses 

for higher positive incidence angles, that is, for increasing 

turning angles. The improvement for I = +6° is about 6 

points, for optimum incidence only one point. 

5 o^ Sjtatjc pressure ¡increase 

Figs, lüa and 10b show the overall static pressure 
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rise, expressed as ■ 
P -P 
S2 SI as a function of the incidence 

angle for different Mach numbers and back pressures. The 

superiority of the application of back pressure can clearly 

be seen. 

The following statements can be made: 

a, about the case of an outlet at atmospheric pressure, fig,10b 

1» The optimum pressure rise cones out to be at the same 

incidence angle as the lowest losses, 

2, High Mach numbers M = ,7, ,0 yield already for I = -2°, 

respectively I = +.5°, negative C values; that is, the 
P 

cascade acts as a turbine cascade. This possibility was 

already shown by the schlieren pictures fig, 3 and by 

the pressure distributions fig, 6, 

3, The optimal point increases with decreasing Mach number 

from C = ,37 for M » ,8 to C = for M = ,5, .6. 
P P 

1*, The range of operation increase with decreasing Mach 

number, 

b, about the case of back pressure applied 

1, The optimum incidence angle shifts from 1=2° for 

M = o7, ,8 (test series l) to I ** i for M = .5, ,6, The 

deviation from the optimum incidence of the loss curves 

is small and results only in a small variation of the 

C values, 
P 

2, The range as well as the pressure increase itself has 

been improved a great deal, particularly for high Mach 

numbers and incidence angles away from the optimum one, 

3, The optimum values differ only a little amount from 

each other, C 3 oU0 for all Mach numbers, 
P 

ht The additional test series II with a further increase 

of back pressure yields a much higher pressure rise with 

maximum values for M = ,8 of C = ,55 and for M =r9 
P 
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witli Cp « »63,, The optimum incidence is here measured 

to I = 0°, These values seem to be rather high, even if 

we consider that, by pushing the normal shock (see 

schlieren pictures) in the first cascade through an 

increase of back pressure further towards the leading 

•dge, higher Cp values than those of series 1 can be 

expected. 

Summarizing these statements, we can finally say 

that the application of back pressure is to be recommended, 

because: 

1, the agreement of optimal incidence angle of the w- and 

Cp-curves is still very good, 

2, back pressure extends the operating range for all Mach 

numbers and 

3» increases the overall static pressure rise, particularly 

for high Mach numbers for negative incidences. 

The advantageous effect of increasing back pressure has to be 

fully utilized, 

A comparison of the static pressure rise measured by 

the probe and that one which has to be expected by the pressure 

distribution on the blade surfaces gives in general good 

agreement (see fig. 10 a,b series 1 and figs, Ct Jt 8), Slight 

deviations observed do not give any exact tendencies,, 

5 • 5 pe_viation angle and air turning anfile 

Figs, 11 a,b give the deviation angle as a function 

of the inlet angle. 
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The results for the case of an outlet at atmcspheric 

pressure confirm the experiences that the deviation angle in 

first approximation can be taken as independent on the inlet 

angle, that is, of course, only true within a certain range 

of incidence an.gles.lt is also shown that the incidence angle 

is almost independent on the Mach number as it can be seen 

from the following figures: 

for I » -2° is 6=9° for M = „5, ¢6, »7 

for I « +6° is 6 ■ 9ol0 for M = ,5 

and 6 = 8,6° for M = .6, .7, »8 

A completely different picture is shown by the graphs for the 

case of back pressure applied0 Within a range of I = -2° to 

I a +6° the deviation angle varies for all Mach numbers of 

about 1*°, the maximum deviation being at the optimum incidence 

angle for the losses and the overall static pressure increase. 

From 1=2° with 6 = 12° for M a .5, ,6, »7 and 6 = 11° for 

M * ,8, the curves come down to 6 = 8° for !1 = c5, .6,,7 for 

M a ,0, 

The values for the test series II with back pressure 

further increased, show about 6 = 12° = constant for M » ,8 

and for M “ ,9 in the optimum po:nt a value close to that of 

M » ,8 of series 16 

These results applied to the turning angle, give 

the following conclusions (see figs, 12 a,b), 

1, The turning angles for all measured Mach numbers for an 

outlet at atmosoheric pressure increase at the same rate 

as the incidence angles and they can be presented by a 

single curve, 

2, The turning angles for applied back pressure are almost 

constant up to 2° incidence, except for series II, Above 2° 
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the turning angles increase even at a higher rate than 

in the case without back pressure and end up for I«6° 

with 0 ■ 62° respectively 6l° for M ■ .5, ,6, ,7 and 

M ■ o8, compared with 0 » 6l° for the first case« 

5 «6 Axial velocity ratio 

Po *Vp 
Figs 13 a(b present the mass flow ratio A - ■ ■■■■ 

P1 V1 
where Vg and are the axial velocities downstream and 

upstream. For the case of a two dimensional flow this yatio 

should be A “ 1, Disregarding the error in the measuring 

systemj a deviation from A = 1 is due to the disturbance of 

the two dimensionality of the flow, which can be explained: 

1, by some leaks in the test section as for instance the slot 

for the probe which cannot be air tight closed; 

2, by boundary layer separations at the side walls. The latter 

one giving the main contr^bvition to a value A > 1. Assuming 

that a change in the density ratio (>2^1 to 8ide wall 

boundary layer effect is small, A > 1 is mainly a variation 

in the axial velocity ratio; therefore, the curves in fig, 13 

may be regarded as a change in axial velocity ratio in 

funçtion of the incidence angle« 

In general, the curves in fig, 13 show a tendency 

for A to increase with increasing incidence angle, because 

higher incidences give higher turning angles and therewith 

higher deceleration and separation at the side walls, leading 

to an acceleration of the outlet flow in the measuring plane. 

We witness again the favourable influence of back pressure on 

the flow behavior, however, this influence on A is limited. 

For the optimum incidence I = 2°, an average value of A » 1,25 

for the different Mach numbers was measured for the case of 
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back pressure applied as well as for the case without back 

pressure. For the other incidences A is in general a little 

bit lower for back pressure applied. 

The flow separation at the side walls has, however, 

a favourable influence on the flow in the measuring plane. 

W. Heilmann (ref. Õ) made some investigations on this subject. 

A suction system enabled him to diminish the ratio A to the 

value 1, corresponding to a two dimensional flow, or even 

lower. He found out that the total pressure losses and the 

deviation angle increase very fast with a decreasing velocity 

ratio. The results can then be expected to be slightly 

optimistic. 
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6, TEST PROGRAM II 

The results of the investigation of tandem cascade I, 

brought up the question of whether it would be possible to 

increase the turning angle with this cascade by increasing the 

stagger angle of blade I and how the flow behavior of this 

changed version would be, A simple calculation shows that 

8 
2 I 

16° 

For this reason the attempt was made to increase the stagger 

angle of blade row I from UU° to At the same time the 

axial displacement of the two stators was slightly changed to: 

Y/C = -0u0l* X/C » 0,87 

The measuring program for the new tandem cascade II was about the 
anaem 

same as for cascade I except that no schlieren pictures were 

taken, ->ome tests showed that the range of incidence angles 

would have an upper limit of 1 = 2° because for higher 

incidence angles the downstream uniformity could no longer be 

preserved. 
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7. TEST RESULTS OF TANDEM CASCADE II AND DISCUSSION 

According to the higher stagger angle and therewith 

to a minimized throat area sonic conditions will be reached 

much earlier than for cascade I, This in turn already indicates 

a higher influence of back pressure application. The main 

discussion will therefore be restricted to this problem, 

To1 Static pressure distribution 

Static pressure distributions are presented only 

for Mach number M =,8, and incidence angle 1=1°, and 

several back pressures. 

The picture in fig, lh gives an idea about the high 

influence of back pressure application and shows theraain 

difference between both versions of the tandem cascade, 

a. The position of the maximal velocity in the stator I is 

reached for all back pressures applied at about 50Í» of the 

chord downstream. Increasing back pressure decreases con¬ 

stantly the peak velocity, 

b. Stator II shows a completely different and rather unusual 

picture. The main difference relies in a negative lift 

between 35/» and 70¾ of the chord downstream. The following 

explanation was found:the slot corresponding to the increased 

stagger angle is no longer convergent but almost of 

constant area. Furthermore, the flow coming from the suction 

surface of blade I is no longer inclined against the suction 

surface of blade II, Both effects result in a further con¬ 

tinuous deceleration of the flow or even higher because of 

the higher camber angle of blade II until the boundary 

layer can no longer resist the adverse pressure gradient. 
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On the other hand^ the flow is now inclined against the 

pressure surface of blade II leading first to an accelera¬ 

tion of the flown Further downstream deceleration occurs 

again due to the area increase. 

The extremely strong deceleration on the suction side and 

the acceleration in the first part of the pressure side 

result in the above mentionned negative lift. 

7,2 T_ot_al__pj^g_g_sjure_jLojs and static pressure increase 

Figures 15 a.b^c show us an impressive drop in the 

loss curve for increasing back pressure. Optimum values of 

u “ ,22 for the lowest back pressure come down to w = ,12 for 

the highest back pressure, 

A similar picture is shown in the figs l6 ajb.c, 

which present the static pressure rise as a function of the 

incidence angle with the back pressure as parameter. Highest 

values of a „75 are recorded, that is an increase of 20 to 

25¾ between the lowest and the highest back pressure. The 

influence of Mach number is not very strong. The optimum values 

are measured for the losses as well as for the static pressure 

increase for an incidence angle of -Io to -2°, 

Plotting now the losses u versus the static pressure 

increase C^, we make the following interesting statements! 

1, u, as a function of for one Mach number, can be presented 

by a single curve, 

2. Values for incidence angles between -5° and 2° fit this 

single curve very well. Restrictions must be made for low 

5 values where the points have a rather strong scatter. 

This means for the longest and most important part of the 

curve, the range of operation covers at least a field of 
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about 7° incidence angle, 

3* In the region from u ■ ,20 down to the lowest values the 

curves for all three Mach numbers measured are almost 

identical, while the curves show an increasing divergence 

for higher losses. The curve for M ■ ,6 is a straight line 

but shows in this part for M a ,8 a parabolic development, 

4, The dependence of u on as it is shown by these graphs was 

also found in other cascade tests in supersonic flow and in 

transonic flow as well, (ref,10), A comparison with these 

gives a good agreement in the characteristic symptoms, 

7• 3 Dejj^ató^n^anjgle^jin^^a^r^jtuj^injB^an^l^ 

Figs. 18 a,b,c present the deviation angle as a function 

of the incidence angle. The optimum values lie for all Mach 

numbers and back pressures at about I n o. The best results 

show again only a very small difference, 6 = lb to 15°. 

Increasing values are recorded for incidence angles deviating 

from the optimum one. For these graphs and all the others, 

the curves with the lowest back pressure show an unsteady 

behavior. This makes it difficult to give a more detailed 

discussion of these datas. 

The calculation of the air turning angles gives us 

finally the information of whether the purpose of the tests — 

to get a higher turning angle with reasonable losses - was 

reached or not. Although restrictions must be made because of 

the rather small range of datas available for the turning 

angles, it can be stated: 

1, The development of the curves are different fer both cas¬ 

cades: steady increase of 6 with I for tanuem cascade I ^ 

optimum value of 0 for tanuem oascauo II, 
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2. The turning angle for the point of lowest losses could be 

raised only by h° from 53° to 5h° for tandem cascade I to 57° 

to 50° for tandem cascade II ( The tests performed with outlet 

at atmospheric pressure are not taken into account for this 

comparison ). 

The improvement in the turning angle is in fact less 

than what we would expect from the results obtained for the 

static pressure increase and the total pressure losses. It is 

rather difficult to find an explanation for this phenomena. 



8. CONCLUSIONS 

The investigated tandem cascades bring out high turning 

angles combined with reasonable total pressure losses and 

considerable static pressure increase. 

The minimum total pressure loss and the maximum static 

pressure increase occur about the same incidence angle. 

The application of back pressure is found to be advantageous 

and has to be fully utilized, A comparison of tandem cascade 

I and tandem cascade II makes it probable that a further 

increase of the back pressure could improve the performance 

of tandem cascade II, 

The slot dimensions are in both cases not yet optimal and 

they play an important role for the flow behavior on the 

blade surfaces. 

The stagger angle Yj for tanaem cascade II was choosen too high. 

An increase of 5° only instead of 10° will probably be the 

correct value. 

Strong flow separations at the side wall make the applica« 

tion of side wall flaring advisable. 
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