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Summarv.--Detailed investigations have been made by  optical and physical methods in a high-speed wind tunnel of 
the flow characteristics of two compressor blade cascades. 

In  Part  1 a representative high-camber cascade was examined at zero incidence over entry air velocities ranging 
from low to critical. Traverses were made of discharge angles and wake losses at all heights so that  a relation between 
two and three-dimensional losses could be obtained. Some records were also made of the nature of the vortices induced 
in the discharge flow. 

In Part  2 the blade and passage designwas conditioned by the findings of Par t  1, with the aim of so modifying the 
cascade that  its efficiency in the critical flow region would be improved. Optical and physical examinations were again 
carried out over a range of both incidence and velocity. 

The results from Part  1 indicate that  although fully developed shock formations can be used to bring about reduction 
in profile drag, the net performance of a conventional cascade is prohibitively low when shock occurs, by reason of the 
shock losses themselves. 

The results from Par t  2 show that  by delaying the advent of shock, and by reducing its intensity and complexity, 
an improvement in high-speed performance can be achieved, although at a somewhat limited incidence range. 

I~troduction.--Tests on a turbine runner blade cascade, published elsewhere by Todd 1 (1947) 
have revealed tha t  certain peculiarities of the shock-wave development result in improvement 
of the cascade efficiency at conditions of critical entry velocity. 

I t  was therefore decided to conduct an analogous series of tests into flow conditions through 
a cascade of compressor blades of conventional section, high camber and medium stagger 
(Part 1). 

As a result of these tests it was shown that  at the design incidence the conventional cascade 
shock stalled at some 75 p e r c e n t  of the critical inlet velocity. Optical analysis of this shock 
stall led to the conclusion tha t  its initiation was accelerated by the rapid curvatures incurred 
at and near to the blunt leading edge, and that  a contributory factor was also the existence of the 
position of maximum thickness of the blade at 32.6 per cent of the chord. 

Moreover, the conventional section, when set up at medium pitch and stagger, yielded a 
passage shape in which the ratio of inlet area to throat  area (contraction ratio) was less than 
unity, and whence the tendency to achieve local sonic velocity ahead of the geometrical throat  

posi t ion was incipient. 
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It was decided therefore in Part 2 to construct a cascade in which the blade section had no 
rapid curvatures near the leading edge, i.e., in which the nose was razor sharp, and in which the 
point of maximum thickness was at 50 per cent chord. The passages were constructed to the same 
pitch and stagger as in Part 1 but the experimental blade camber was reduced so that  contraction 
ratio of unity was achieved at zero incidence. 

Apparatus.--The Metropolitan-Vickers high-speed cascade tunnel, described elsewhere by 
Todd 1 (1947) was used throughout these investigations• This is a suction tunnel with a working- 
section of 10 sq in. having boundary-layer extraction through slots provided on all four walls, 
the quanti ty extracted from each slot being inde])endently controlled. The tunnel motive power 
is a supercharger used as a suction pump and driven through increasing gear from a 400 h.p. 
variable speed a.c. motor• 

Instrumentation.--The majority of the tests were made with a cylindrical pitot-yawmeter of 
0. 070 in. o.d. having 0. 010 in. pitot and yaw holes, with the angle included between the radial 
axes of the yaw holes at 100 deg. The instrument projected through the tunnel floor and roof, 
lying in the plane of the blades, so that  resistance to flow was constant irrespective of the height 
at which observations were made, or of the angular setting• 

All static pressures were observed by 0. 020 in. wall tappings, the holes being slightly chamfered 
to eliminate burrs. 

Investigations of secondary flow in Part 1 involved searches for trailing-edge vortices down- 
stream of the cascade. This necessitated the manufacture and development of a special instrument 
in the form of an air-floated swirl vane with remote observation of direction and speed of rotation• 

Optical testing was done by the Toepler schlieren system, using high-quality parabolic mirrors 
of 36 in. focal length, and 6 in. diameter• As source of light either a continuous mercury-arc 
lamp or a short-duration Xenon-filled flash-lamp was used, giving exposure times of the order of 
3 microseconds• When optical studies were in progress the brass tunnel roof and floor were 
replaced by glass panels, the blades being pinned into position by pegs let into holes drilled in the 
glass. 

All these specially developed instruments, together with their calibrations, are described 
elsewhere by Todd ~ (1949). 

Cascade Details (see Fig. 1):-- 

Section .. 

Camber .. 

Chord .. 

Stagger .. 
Height .. 

Blade inlet angle 

Blade outlet angle 

Pitch/chord ratio . . . . . . . . .  

Aspect ratio . . . . . . . .  

Number of blades . . . . . . . .  

Maximum-thickness/chord . . . .  

Contraction ratio at 0 deg incidence .. 

2 

Part 1 Part 2 
RAF 27 + 10 per cent 8068 G 

45 deg 27.5 deg 

1" 0 in. O" 926 in. 

-- 30 deg -- 30 deg 

2.0 in. 2.0 in. 

37.5 deg 47.5 deg to line 
of cascade 

97.5 deg 105 deg to line 
of cascade 

O. 80 O. 865 

2.0 2.16 

8 8 

O. 1104 0.081 

0.915 1.02 



In Part  1 choice of camber, stagger, and aspect ratio was made specifically to create the full 
gamut of shock and secondary-flow conditions within the scope of the tunnel, and within a passage 
which would be large enough for satisfactory optical investigation. I t  was appreciated that  the 
low aspect ratio might involve poor absolute performance of the blading, but as the objectives 
were qualitative rather than quantitative, this limitation was accepted. 

Inlet Conditions.--In Fig. 2 is shown a model of the arrangement of apparatus and measuring 
points about  the test cascade. I t  will be noted that  two rows of upstream static-pressure tappings 
were provided, with the floor and roof boundary-layer suction-slots disposed between them. 
The side-wall suction-slots were formed between the extremities of the inlet side walls and the 
end blade leading edges. 

Side-wall suction quantities were manipulated until  the static pressures between points B and C 
in the second static row were as uniform as possible for the inlet Mach Number required. The 
floor and roof-suction quantities were then adjusted in parallel until  the static pressure at A in 
the first static row equalled the mean of the pressures between B and C. 

I t  was thus ensured that  a column of air in which the streamlines were reasonably parallel 
in height and width was presented to the central portion of the test cascade. The floor and roof 
boundary layers were by no means removed by this technique since only some 3 per cent of the 
mass flow was extracted, but they were reduced from a thickness of 15 per cent of blade height 
to 10 per cent of its height, when measured immediately ahead of the blades. 

A typical example of entry conditions is plotted in Fig. 3. 

Outlet Conditions.--No outlet side walls were applied in these tests, although the effect of their 
presence upon discharge conditions was known to be considerable. The qualitative nature of the 
programme, and the simplification thus ensured, justified their exclusion. The floor and roof 
of the tunnel working-section was, of course, continued well downstream of the cascade. 

All traverses were made in a plane one-chord downstream of the cascade trailing edges. T h e y  
were arranged to span two adjacent pitches, from the middle of the passage bounded by blades 
3 and 4, to the middle of that  between blades 5 and 6. Observations were taken at interVals of 
0.1 in. over the span of 1-8 in., giving 17 readings per traverse. 

In addition to the s tandard '  mid-height '  traverses for providing two-dimensional characteristics, 
Part  1 of the programme included a series of 10 traverses at heights varying from 0.1 in. from the 
floor to 1.9 in. from the floor for the purpose of assessing three-dimensional characteristics. 

Downstream static pressures were observed by roof tappings arranged at intervals of 0.2 in. 
across the same two-pitch span as for the pitot-yaw traverses. Results were generally found to 
be uniform across this range, and mean values only have been recorded. I t  should be realJsed 
however that  when shock conditions are present in a flow the wall-tapping statics do not 
necessarily represent the local midstream pressures. 

Test Programme. Part l . - -The  cascade was tested at zero incidence only. I t  was first 
calibrated in terms of inlet velocity by running at a full range of supercharger impeller speeds, 
the boundaryqayer  suction quantities being adjusted at each speed to give the optimum inlet 
static-pressure uniformity. Inlet static, pitot, and yaw values were then noted so that  Mach 
number, Reynolds number and actual incidence could be plotted against supercharger impeller 
speed. 

Impeller speed rather than inlet Mach number was chosen as abscissa for all plots so t h a t  
clustering of the results where the inlet Mach number was approaching its critical (maximum) 
value might be avoided. 

Inlet conditions having been ascertained, the cascade was placed between glass panels for the 
recording of a complete set of schlieren photographs at Mach numbers up to and well within the 
critical flow region. 
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Optical s tudy was followed by detailed downstream traversing of the pitot-yawmeter and 
static-pressure observations at mid-height of passage. 

The complete two-dimensional characteristics resulting from these tests were oriented to the 
shock records and used for selection of five representative speeds at which to carry out three- 
dimensional investigations. At these five points, non-mid-height pitot-yaw, and swirl-vane 
studies were completed, after which the whole programme was reviewed and analysis and 
conclusions leading to Part  2 were evolved. 

The method of calculation of performances is shown in the Appendix. 

Part 2.--The range of incidence selected was from -- 10 deg through 5 deg intervals to 
+ 10 deg with particular at tention to the zero incidence setting. At each incidence a full range 
of inlet velocities was examined. 

As in Part  1 the cascade was first calibrated in terms of inlet velocity, then studied by schlieren 
technique, then examined by traversing of instruments, and finally checked for outlet static 
pressure values. 

In Part  2 testing was confined to mid-passage height, and use was not made of the swirl vane. 

Test Data. Part 1.--Optical Tests.--In Fig. 4 are shown six seLs of schlieren photographs of 
the development of shock and wake formation from the point at which compressibility first becomes 
evident up to the extreme suction condition available at the supercharger. 

Each set of records is made up of two photos, the lower one being observed with the cut-off 
knife edge vertical to accentuate shock conditions and the upper one with cut-off horizontal to 
accentuate boundary-layer conditions. This change in knife edge orientation is the reason for the 
fact tha t  the shock systems in the upper pictures appear as black lines, whereas those in the 
lower pictures appear white. 

I t  will also be noted tha t  despite every effort to unify the flow across the cascade entry plane 
there is evidence of slight variations in velocity between passages. In the following analysis 
therefore, the uppermost passage has been considered, although identical conditions are to be seen 
in the other passages at slightly displaced speeds. 

In  Set 1 the presence of a series of small ' whisker ' shocks is to be seen near the blade leading 
edge on the convex surface. These shocks occur quite in accordance with theory for flow in 
curved channels, and they are accompanied by detachment of the laminar boundary layer from 
the blade surface with consequent wide wake originating early on the blade surface. The disturbed 
flow within this wake is discernible in the photographs. 

These ' w h i s k e r '  shocks are also in accord with the findings of Ackeret, Feldmann & Rott  ~ 
(1946) for shock development on a laminar boundary layer, and if their development is studied 
at later stages of flow they will be found to coalesce into a characteristic ' lambda ' shock system. 

Set 2 of the photographs shows the gradual hardening of the wide wake boundary layer and tile 
development of a compression region at the leading edge of the blade. There is also to be seen a 
slight expansion region at the blade trailing edge, whose later development should be noted. 

In Set 3 the nose shocks have assumed a lambda formation, and the wake boundary layers 
have hardened sufficiently to create ~n effectively convergent flow passage, despite the geometrical 
divergence. This convergence permits regeneration of sonic conditions after the nose-shock / 
breakdown, with the consequence tha t  a second compression shock is formed well within the 
passage. 

In Set 4 the second shock system has developed to a stage where its lower extremity may be 
seen to bifurcate, forming the characteristic lambda formation which indicates the probability 
tha t  the boundary layer on the blade concave surface is laminar. The upper extremity, however, 
is single and merges into the turbulent wake boundary. This wake boundary may be seen to have 



fallen back towards the blade surface as compared with earlier photos, and transition can be seen 
to be about mid-chord, despite the early detachment of the back face boundary layer by the nose 
shock. 

Between the now fully developed nose shock, and the mid-passage shock may be seen a shockless 
compression region originating at the blade leading edge and extending across the effective 
passage throat. Very smaU shocks may also be seen just downstream of this region and forming 
on the concave side of the leading edge, from the presence of which it may be deduced that there 
is detachment of the laminar boundary layer on the concave side of the blade as well as on the 
convex surface. 

It  has been shown by Fage and SargenO (1948) and others that the assumption that bifurcated 
shock and laminar boundary layer always occur together is incorrect. Nevertheless it is 
suggested that for the order of velocity here under consideration the probability that  bifurcated 
shock indicates laminar boundary layer is a reasonable deduction. 

The expansion region characteristic of supersonic flow into a low-pressure region over a sharp 
edge (Ewald, Poschl and PrandtP, 1936) is now plainly visible at the blade trailing edge, and there 
appears to be sufficient regeneration even downstream of the blades to originate a further shock 
system beyond this region. 

At this stage it is worth pausing to consider the shock configuration. We now have the 
following : - -  

(1) A minute shock at the leading edge characterised by / ~ , , .  
boundary-layer breakaway. 'x  ' ]~, , ~ ~ / ,  t ,~- ,~  

(2) A fully developed compression shock at mid-passage . . . . . . .  
of which the lower half is of lambda formation, " ' ,  
originating on the concave surface boundary layer " - . . .  
(probably laminar), and the upper ha l f  is single, ~ s  "t~" 
originating on the convex surface turbulent /3 
boundary layer after transition. 

(3) A downstream Compression shock produced by regeneration of velocity through the 
effectively convergent flow passage bounded by the blade wake. 

(4) A fully developed and very stable lambda shock upstream of the passage throat, and 
evidently forming on a boundary layer which, though detached from the blade surface, 
may still be laminar. 

(5) A Prandtl-Meyer expansion obliquely off the blade trailing edge and into the supersonic 
region between shocks 2 and 3. 

In addition there is a shockless compression region in the passage throat between (1) and (2) 
and minute shocks visible on the concave side of the blade leading edge. 

In Set 5 a quite definite and instantaneous rearrangement of shock becomes visible in the 
downstream part of the passage. Here shock 2 has progressed to the blade trailing edge where it 
merges with the expansion region to form the characteristic shock assembly for a supersonic 
divergent nozzle. The wake on the blade back face suddenly collapses and falls back on to the 
blade, whereat shock 4 reflects as an expansion diagonally across the passage from the convex 
boundary of the throat to the trailing edge. 

Immediately ahead of this expansion there may also be noted a shock reflected from the rear 
branch of shock 4. This shock appears to reach across to the trailing edge of the next blade more 
clearly than the expansion, which is very much dispersed before it has extended far. 
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At this stage of the flow development the shock configuration may be depicted thus 

' • L A D  E SU RFAC.E. 

BOUN'DARY EAYER SEPARATION 

/ / . ~ COMPRESSION 
• / 2 ND BRANCH ~ ' ~ %  . . . . .  

SOMET,MES P ESENT'   EFLEC EO  XPANS,ON 

SHOCK ,ROMPO,   OF 
SEPARATION 

The reattachment of the separated boundary layer is linked with the deflection back to the 
surface of the streamlines at the foot of the incident shock and its reflected expansion. 

The reasons behind this sudden re-orientation of shock must be associated with the maintenance 
of the general flow equations in ~/n unstable flow region. The outcome is undoubtedly the sudden 
and vigorous reduction of the blade wake width and hence of the profile drag, accompanied by the 
formation of a well-defined shock system between the blade trailing edges. 

It is significant that not until the changes just related, and recorded in view 5, occur, does the 
cascade inlet velocity reach its limiting value, at an impeller speed of 18,000 r.p.m. 

At still higher impeller speeds no marked alterations have been noted although a general 
sharpening of the wave fronts is to be seen. The downstream shock formations assume the 
cruciform shape typifying supersonic discharge from a divergent nozzle and the profile drag is 
palpably low as evidenced by the almost complete disappearance of the wake. There must 
obviously be, however, a considerable energy loss through the intense shock systems at the 
passage outlet. 

(Note : The dark patches to be seen in view 6 near the passage exit were produced by 
accumu]ation of foreign matter on the glass walls of the tunnel at these high flow conditions, and 
may be disregarded ) . 

Two-Dime~sional Loss and Deviation Tests.--In Fig. 5 ha~/e been tabulated the principal 
observations and calculated data showing the variations of inlet and outlet Mach numbers, 
velocities, pressure ratios, Reynolds numbers, losses, etc., obtained by traverses at mid-passage 
height. 

At the bottom of this summary sheet have been noted the speed conditions at which the 
various special tests were carried out. 

Derivation of the various calculated functions has been shown in the Appendix, but it may be 
accepted that deviation and deflection have their usual meanings, and loss has been expressed as 
percentage of the inlet velocity head, the units being converted from pressure to heat to conform 
with turbine engineering practice. 

Reynolds number has been expressed here in terms of mean inlet velocity and blade chord, 
.with kinematic viscosity corrected for change in density and temperature. 

Fig. 6 shows all the relevant data of Fig. 4 plotted against impeller r.p.m, as abscissa. This 
abscissa was chosen deliberately for reasons already stated, but, as may be seen from its linear 
relationship to theoretical outlet Mach number (assuming no pitot-pressure loss) the use of this 
overall Mach number might equally have been selected. 

6 



In the plots shown in Fig. 6 it may be noted that  high losses and deviation due to Reynolds 
number effects were visible at impeller speeds below 6000, which implied inlet Mach numbers 
below 0-3 and Reynolds numbers below 1.6 × 105. In this range the pressure ratio across the 
cascade barely attained a value of unity. 

At impeller speeds between 6000 and 10,000 r.p.m., or inlet Mach numbers 0.3 to 0.65 the loss 
and deviation values were at their lowest, being respectively of the order of 3.5 per cent and 10 deg. 
Pressure ratio rose gradually over this range to a maximum value of 1.095. 

: At just above 10,000 r.p.m, of the impeller, or at a Mach number Of 0.65 the loss and deviation 
soared to approximately 30 per cent and 21 deg by reason of the advent of shock 1 in the blade 
passages, with consequent boundary-layer detachment. 

At about 16,000 r.p.m., coincident with the sudden changes in shock formation already described, 
there was found to be a marked reduction in the mean deviations from 21 deg to 18 deg. This fall 
in deviation, indicating a reduction in the wake width beyond the blades, occurred just at the 
point where pressure ratio across the cascade fell once more to less than unity. 

At 18,000 r.p.m, of the impeller the inlet 3/iach number became constant at 0.91, the critical 
value, the deviation having risen again to 20 deg. 

At speeds above this critical value there became evident in the pitot traverses the advent oi a 
second trough between those associated with the blade wakes. This trough increased in depth 
and width with speed increase, while the normal wake trough became less in width. The 
secondary trough was caused by loss through the shock which by now spanned the blade passage 
outlet, and it was possible, b y  assessing the proportions of the wake and shock trough relative 
to the inclusive loss, to show that  at speeds beyond the critical value the profile loss began to fall 
rapidly, although the shock loss correspondingly increased to maintain the inclusive loss at the 
very high value of 40 per cent. 

In this high-speed region the deviation also showed signs of failing again although the super- 
charger limitations permitted only one test result above 20,000 r.p.m. At these limit conditions 
also, the pressure ratio across the cascade was down to 0.8, so that  no overall compression was 
available despite pressure rises through the shock systems.  In fact of course, the best compression 
obtained at the upper limit of the low loss working range, i.e., at inlet Mach number 0.65, a value 
only 71.5 per cent Of the critical Mach number. 

Fig. 7 shows calculated contraction coefficients and total  percentage boundary-layer suction 
quantities over the tes t  range, as an aid to assessment of the general validity Of the tests from a 
performance standpoint. Contraction coefficients, or the ratio of the inlet to outlet axial velocity 
components were evident ly rather lower than could have been wished for inside the low-loss 
range, but at the high-velocity range where most testing was carried out they were close to unity. 
They are of course materially affected by the amounts of boundary-layer suction applied. 

Fig. 8 shows plots of observed pitot pressures and deviations at five impeller speeds chosen to 
represent the especial pectlliarities found in the flow characteristics. Here the very considerable 
increase in wake width once shock has developed, is indicated in the test at 14,000 r.p.m. T h e  
14,000 and 16,000 r.p.m, tests show the changeover to reduction in wake width and deviation 
value at  this stage of the flow, and the 21,000 r.p.m, test indicates clearly the development of a 
secondary trough between the wakes, together with still further reduction in wake Width. The 
secondary trough is also supported by a like peaking in the deviation traverse at that  speed. 

Three-Dimensional Loss and Deviation Tests.--The five representative speeds of 4000, 8000, 
14,000, 16,000 and 21,000 r.p.m, of the impeller were again used for pitot-yaw traverses at heights 
other than mid-height so that  an integrated loss over the full passage area, representative of the 
three-dimensional losses, might be obtained for comparison with the mid-height losses as 
representing the two-dimensional losses. 
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In Fig. 9 are shown loss and deviation contour plots for these five test speeds. Here the black 
areas show the regions of high loss (over 50 per cent) and deviation (over 20 deg) and the light 
regions the lowest loss values of 0 per cent and deviations below 10 deg. 

I t  is convenient when considering these results to regard the passage height as divided into 
upper, middle and lower thirds. I t  is at once evident that  the greatest changes occur in the middle 
third, the upper and lower third being largely within the downstream floor and roof boundary 
layers and therefore in a relatively low-velocity stream throughout the test range~ 

Consider first the low-velocity test where the two-dimensional loss was high due to low Reynolds 
number. 

I t  will be seen tha t  the mid-height loss is of the same order as that  at all other heights, but the 
flow generally shows a lack of formation if compared with the higher speed tests. The deduction 
here is tha t  the lack of entry air velocity and mass was such that  the passage was not flowing full 
and there was therefore little persuasion for the air to follow the blade contours. In other words 
laminar-flow regions had not yet  developed on the passage boundaries and so los'ses and deviations 
were still high. In fact the mid-height, or two-dimensional loss was still 100 per cent of the inte- 
grated three-dimensional loss, both being of the order of 17 per cent of the inlet velocity head. 

In  the second series at 8000 r.p.m, impeller speed the upper and lower-thirds of the passage 
have remained at fairly high loss, but the middle-third loss is much reduced by reason of tile closure 
of the wake onto tile blade back face and the large area of zero pitot loss. As a result of this 
configuration there is apparent a marked ' warping '  of the peak-loss trace away from the blade 
edge as tile trace point is moved away from the passage mid-height. This warping is a character~ 
istic of compressor cascades in the working range, and can be associated both theoretically and 
practically with the ' downwash ' consequent upon secondary-flow considerations. 

At this stage, in the middle of the cascade working range the two-dimensional loss of 4-2 per 
cent is only 25 per cent of the three-dimensional integrated loss of 17.1 per cent, which incidently 
remains at the same approximate value as tha t  for the low-velocity test series. 

Before leaving this 8000 r.p.m, range it is interesting to note how closely the deviation contours 
support the configuration of the loss contours. 

Consider now the two tests at 14,000 and 16,000 r.p.m., just before and just after the shock- 
wave re-orientations already discussed in the optical tests. 

Here again it is in the middle-third tha t  the greater changes are evident, and as might be 
expected with the two-dimensional loss already of the order of 30 per cent, it is in the deviation 
changes the most interest is found. The two-degree fall in mid-height mean deviation at the higher 
test speed is supported by the increase in the low deviation area between the blades. Otherwise 
there is little difference between the two test series and the two-dimensional losses of 28.1 per cent 
and  35.3 per cent are respectively 83 per cent and 91 per cent of the three-dimensional loss 
evaluations. The characteristic warping has entirely disappeared. 

FinatIy at the top speed test series the secondary loss due to shock formation has become 
clearly evident and extends over the full middle-third of the passage height. I t  is only between 
the critical speed of 18,000 r.p.m, and the top speed of 21,000 r.p.m, tha t  this secondary trough 
develops and it increases not only in width across the passage but  also in height of passage. I t  is 
supported by  an increased deviation region. 

The ' warping ' of the peak loss traces at different stages in the test range has already been 
referred to but  it is made more clear by  plotting, as in Fig. 10 the relative positions over passage 
height of the minimum points reached in the loss trough in one passage at each traverse position. 
In the top-speed test this same technique has also been applied to the shock-loss trough as shown 
by the broken line. 

8 



Secondary Flow Investigation.--As a result of deductions inspi redby the tests so far considered, 
and of argllmen{s set forth by  CarteP (1948), it was thought  desirable to at tempt the observation 
of secondary-flow vortices, and/or trailing vortices in the wakes of the test cascade at some 
of the representative speeds chosen. 

To this end the swirl vane already referred to was developed, and yielded interesting results. 

Before considering these results, however, it may be of use to refer briefly to the theory under- 
lying this part  of the test programme. 

In Fig. 11 is drawn a perspective diagram of the secondary-flow conditions prevailing in a 
cascade of blades where the roots and tips are bounded by floor and roof walls. I t  is well known 
that  when flow takes place through a system of curved channels the resultant centrifugal forces 
on the air must be balanced by pressure gradients in which the pressure falls towards the inner 
side of the bend, i.e., towards the convex blade surface. Since, however, the velocities Of flow 
are reduced near tile floor and roof walls by  reason of boundary-layer build-up, the centrifugal 
forces and pressure gradients will be less near  the walls than at the blade mid-height. This 
variation over height results in the formation of systems of vortices V within the blade passages. 

These vortices V will persist independently in each passage of the cascade until  silch time as 
they  meet at the blade trailing edges. Here they bring about a discontinuity of velocity which 
results in a vortex sheet at the blade edges. In the course of its movement downstream this 
unstable vortex sheet rolls up to form a new system of vortices W within the blade wakes. These 
are consistent with the trailing vortices which would be expected if the cascade be considered as a 
system of single aerofoils undergoing normal aerodynamic flow. 

Whether or not the original vortices V be considered as inducing or being induced by  the 
trailing vortices W is a mat ter  for argument, as also is the possibility of their continuing to exist 
at some distance downstream of the blades, in the form of vortices V1. 

Now it will be noted tha t  the result of the vortex pairs W on the flow downstream of the  
cascade is tending to reduce the deviation at blade mid-height and increase it near the root and tip, 
whereas that  of the systems V1 (if still existing) would be in the opposite sense. 

In  practice, as has already been shown in the deviation contour plots, there is a marked 
deviation reduction at blade mid-height within the low-loss flow range, and it seems clear tha t  this 
is due to the downwash of the trailing vortices W. 

In Fig. 12 are shown contours of constant swirl-vane r.p.m, which were observed in a plane one 
chord beyond the blades when viewed from upstream. The tests were made at 3 velocities corre- 
sponding to high loss from low Reynolds number effect (4000 r.p.m.), low-loss high-efficiency 
conditions (8000) and high loss due to shock effects (20,000). 

I t  will be immediately seen tha t  at the low-loss test speed there existed a definite system of 
vortices consistent with ~ those marked W in the diagram in Fig. 11, with evident downwash at 
blade mid-height. Comparison of this vortex plot with the appropriate loss contour plot in Fig. 9 
shows a like warping in the flow. 

Similarly, in the low-speed test the multiple system of small vortices (although still consistent 
with those marked W and still showing downwash) indicates a lack of conformity of the flow 
consistent with its not having achieved the full controlling effect of the passage bounding walls. 

At the high-speed end of the test range, a considerable number of tests were made in an 
endeavour to trace vorticity after the advent of shock. As is shown however, little or no vortici ty 
was detectable above impeller speeds of 11,000 r.p.m., and tha t  which was found was well out 
towards the blade roots and tips. 

Two practical details of the swirl-vane tests may here be noted. The first is tha t  physical size 
of the instrument prevented observations as near to the floor and roof walls as could have been 
desired, and the second is tha t  although in theory the vane r.p.m, over the whole field of a Vortex 
should remain constant, it was found possible in practice to locate the core of the vortex by plotting 
iso-speeds around the highest measured position, as had been done in the figure. 



A third point was the fact that  With very high air speeds there was a tendency for the axial 
thrust  on the swirl vane to reduce its freedom of rotation, and this fault was thought to be a 
possible reason for the apparent lack of vorticity in the critical-flow test. The vane  was found 
to be still free when exposed to a full sonic velocity air jet in tile open atmosphere, and as has 
already been stated, a considerable number of tests were made before it was concluded tha t  
vorticity of measurable intensity was non-existent at the high-speed end of the range. 

Summary of Flow Characteristics.--In Fig. 13 an at tempt has been made to depict the various 
stages of development of the flow in this test cascade in the light of the several researches above 
reported. 

In view of the limitations in respect of aspect ratio and maximum air speed it would be imprudent 
to generalise too broadly, but it is thought reasonable to suggest that  .for aspect ratios of the order 
normally considered in compressor design these flow characteristics may be encountered. 

In the first place, it must be appreciated that  optical analyses show only the cross-sections 
of shock-wave developments. But since shock must develop over an area of flow which has 
height as well as width, it is essential to consider loss contour plots as well as shock analyses for a 
full understanding. 

I t  would seem then that  for this aspect ratio it is chiefly the middle-third of the flow passage 
which is affected by shock developments, with a tendency to increase to the middle-half once fully 
developed shocks are existing. 

The expansion in height of such shock systems as do occur means that  the velocity in front 
of them also tends towards uniformity over height, and the physical characteristics underlying 
secondary flow and trailing vortex development are forced outwards towards the blade roots and 
tips. This hypothesis explains the inability to detect trailing vortices at the high-speed end of the 
test range, and the lack of warping in the loss and deviation contours, consequent upon lack of 
downwash. 

Referring again to Fig. 13, sketch 1, shows approximately the wake distribution over blade 
height due to Reynolds numbers and velocities so low that  the air is not yet constrained to the 
blade boundaries. Consistent with this explanation are the numerous indeterminate vortices 
apparent in the wake. 

Sketch 2 shows how as inlet air speed and Reynolds number rises the trailing vortices become 
well defined and bring with them marked downwash which induces low loss and deviation in the 
middle-third of the passage, with consequent discrepancy between two and three-dimensional loss 
evaluation, and warping. 

Sketch 3 indicates by the shaded area near the convex leading edge that  shock has just been 
achieved. The consequence is to raise the loss in the middle-third, by reason of wake boundary- 
layer detachment, and thence to force the trailing vortices, out towards the blade root and tip 
sections. Warping disappears and two-dimensional loss begins to approach the three-dimensional 
value. 

In Sketch 4 shock has developed to the stage of four compression shocks in series, two being of 
a lambda pattern, and the middle-third loss has developed still further towards the three- 
dimensional value. I t  is surmised also that  the trailing vortices are still further relegated to the 
blade root and tip regions. 

In Sketches 5 and 6 are two stages of the shock development where flow has been once again 
forced back on to the convex blade surface by reason of the diagonal expansions originating at the 
sharp trailing edges. The result is a general reduction in Wake width, plus a gradual increase of 
shock loss, so that  although profile-drag loss is being rapidly reduced, inclusive loss remains high. 

I t  is believed tha t  were the downstream pressure to be still further reduced a fourth stage of 
shock would develop where typical supersonic nozzle shock characteristics would become visible. 
This stage however was beyond the scope of the power plant in these tests. 
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As a result of this detailed flow study it was concluded tha t  by delaying the  advent of the initial 
whisker shock until  the inlet velocity to the blading was closer to the critical value, and by also 
so designing the passage tha t  for zero incidence the contraction ratio was not less than unity, 
it might be possible to improve both the high sub-critical cascade performance and reduce the 
shock loss when it occurred. 

As means to this end a blade was constructed in which the leading edge was sharp, the maximum 
thickness was displaced to 50 per cent chord as compared with 32.6 per cent for the conventional 
section, and the thickness/chord ratio reduced from 11.04 per cent to 8.1 per cent~ The stagger 
was maintained at -- 30 deg for both sections, but the camber of the experimental section was so 
reduced tha t  for zero incidence the contraction ratio was near unity. 

Test Data. Part 2.--Optical Tests.--In Fig. 14 are shown reduced photographs of the complete 
set of schlieren records. They are set out so tha t  s tudy from left to right shows the effect of 
increasing inlet velocity at constant incidence, and s tudy  from top to bottom shows the effect 
of decreasing incidence, and hence of  increasing contraction ratio at constant impeller speed. 
This does not mean constant inlet velocity, however, for which comparison it  is necessary to follow 
a diagonal line from top left to bottom right of the set of pictures. 

Although much may be learned from a close study of these photographs it is thought  perferable 
to discuss in detail a few selected pictures which will be found fulbsize in Fig. 15. They show 
from top-left to bottom-right the effect of decreasing incidence and increasing contraction ratio 
for an inlet velocity which is of the order of 90 per cent of the critical value. From bottom-left to 
top-right is shown the effect of increase of inlet velocity from 60 per cent of critical up to 100 per 
cent of critical with constant incidence. 

Considering first the constant-incidence records C1, C3 and C6, it will be seen tha t  shock is not 
initiated until  some 80 per cent of the critical entry velocity, and that  it then forms at the point 
of maximum thickness of the blade and not near the leading edge as was the case for the conven- 
tional section. 

Shock brings with it the familiar boundary4ayer  detachment on the back of the blade with 
consequent profile-drag increase, as shown by the wake width increase in C3. As shock develops 
a simple normal shock-wave first spans the passage and later moves down to the trailing edge, 
forcing the wake back on to the blade and forming a characteristic cruciform system downstream 
of the passages. The passage itself is left with a fairly weak system of simple oblique shocks. 

Comparison of t h i s  shock system with tha t  for a conventional blade under similar operating 
conditions shows tha t  there is much less complication in the flow and the assumption tha t  
simplification brings with it reduction in shock loss is supported by the pressure traverse tests. 

I t  should be remembered here tha t  zero incidence on this cascade includes a contraction ratio 
of unity. 

If now the pictures A3, C3 and E3 be studied one sees immediately tha t  positive incidence 
(A3) brings With Jt a contraction ratio of less than uni ty  (0.84) and a strong shock system upstream 
of the passage throat  with an extension across the inlet section from each successive blade. In 
fact the range of pictures at + 10 deg incidence bears a closeresemblance in form and complexity 
to those taken of the conventional cascade. 

The improvement in shock pat tern brought about by increasing the contraction ratio to uni ty  
is dear ly  shown by comparing A3 with C3. 

Photo E3 and others in the -- 10 deg incidence group show the price tha t  must be paid for 
reducing the curvatures at the blade leading edge by applying sharpness. Here the incidence is 
such tha t  a stall is precipitated on the concave surface of the blade even before shock occurs, and 
then the arrival of shock adds further to the profile drag by the shock stall on the convex surface. 
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I t  may be concluded from s tudy of the shock photographs that  the design premises of this 
experimental section are justified, and tha t  the salient features to be aimed for are sharp nose, 
maximum thickness well back along the chord, medium camber and curvature of the blade 
surface, and contraction ratio not less than uni ty  within the working range of incidence. The 
disadvantages of these features may be expected to be a fairly severe limitation in working 
range of incidence and some reduction in blade strength, but  performance at high entry velocities 
may be expected to be better than that  of a conventional section. 

Performame A~alysis.--Proceeding now to the quanti tat ive examination of cascade perform- 
ance by wake pressure traversing, the full summary of observations and calculations is given in 
Fig. 16. 

The various calculated characteristics have been obtained by methods shown in the Appendix, 
and the shock photographs have been associated with their appropriate pressure tests by  the key 
added at the bottom of the tabulation. 

In Fig. 17 are plotted tl~e contraction coefficients for each test, and the total  boundary-layer 
suction quantities as percentages of the inlet mass flow. These plots serve as an indication of the 
tunnel conditions prevailing for any given test, and they are seen to be reasonably satisfactory. 
The low-speed tests tend to permit removal of rather more boundary layer than is advisable, 
although this condition is usually conjunct to the establishment of the entry conditions, and its 
effect on the contraction coefficient does not seem to be unduly marked. 

Fig. 18 shows the estimated performance of this cascade for all five test incidences. From 
these curves it will be seen tha t  the working range of incidence is from + 5 dog to at least -- 5 deg, 
a not unsatisfactory range, and tha t  within this range losses are of the order of 3 per cent of the 
inlet velocity head and deviations of the order of 2 dog. 

At negative incidences the pressure rise available across the blading, as shown by the pressure 
ratio plots, is very small, but at increasing positive incidence it is at peak quite satisfactory. 

Reynolds number effects appear at values less than approximately 15 x l0 s, which correspond 
to inlet Mach numbers for this blade ctiord of the order of 0.3. 

Shock stall becomes evident from the increase in loss at Mach numbers in the region of 65 per 
cent of the critical value, but pressure ratio is still available without prohibitive shock loss up to 
Mach numbers as high as 91 per cent of the critical Math number. Moreover, the advent of shock 
does not appear to increase loss nearly so precipitately for this blade as for the conventional 
section. Even under fully developed shock-stall conditions the total-head losses are of the order 
of only 20 per cent in the working range, as compared with 40 per cent in the conventional cascade. 

The loss and pressure-ratio characteristics have been replotted in Fig. 19 as a three-dimensional 
graph so tha t  the working range of incidence and inlet Mach number may be more clearly assessed. 
Here the working range has been limited to that  region where the loss is not greater than 5 per 
cent. If 6 or 7 per cent loss be permitted the working range of entry velocity is considerably 
increased, as also is the available peak pressure-ratio. 

Finally, in Fig. 20, is shown a comparison of the loss, deviation, and pressure-ratio characteristics 
at zero incidence for this blade section and the standard RAF. 27 + 10 per cent section. Here 
it may  be seen tha t  despite considerable reduction in camber the experimental blade maintains 
the same peak pressure-ratio as the conventional blade with a somewhat better ratio at the low- 
speed end of its range, but  with a lower value in the low-loss region. 

The peak pressure occurs at 91 per cent of the critical entry Mach number, and a loss of 13 per 
cent for the experimental blade as compared with 75 per cent of critical Mach number and 20 per 
cent loss for the conventional blade. 

Deviation for the experimental blade is 2 dog as compared with 10 dog in the working range, 
and maximum loss, fully shock stalled, is 20 per cent as compared with 40 per cent. The increase 
of loss with increasing shock loss is also considerably less severe. 

At the low-speed end of the range, Reynolds number effects become apparent at the same value 
for both sections. 
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Conclusions.--Arising from these two research programmes, and bearing in mind that many 
variables are involved both in regard to the blade shapes and the passage shapes defined by the 
orientation of the blades, the following conclusions are drawn :--  

(1) That even for aspect ratios of 2 the two-dimensional losses in a cascade are approximately 
equal to the three-dimensional losses at all test speeds except those in the high-~fficiency 
working range. In this range the two-dimensional loss is roughly 25 per cent of the 
three-dimensional loss. 

(2) That operation beyond the critical inlet velocity of a cascade can induce marked reduction 
in prone drag from the blades, although such advantage may be lost by the advent of 
shock losses. 

(3) That shock loss within the critical-flow region may be delayed or reduced, thus reaping 
benefit from reduced profile drag in this region, by ensuring that the compressor blade 
and passage design includes the following :--  

(a) Sharp leading edge and shallow curvature, particularly in the leading-half of the 
section. 

(b) Maximum thickness in the region of 50 per cent chord and not greater in dimension 
than 10 per cent chord. 

(c) Medium camber with pitch/chord ratio of the order of 0.8. 

(d) Stagger and incidence chosen so that contraction ratio does not fall below unity. 

(4) That improved high-speed performance by the above means will probably involve 
reduction in working incidence range. 
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assistance given by the staff of the Aerodynamics Division of the National Physical Laboratory 
in the interpretation of some of the results. 

4 

5 

6 

Author 

K. W. Todd . . . . . . . .  

K. W. Todd . . . . . . . .  

J. Ackeret, F. Feldmann and N. Rott 

A. Fage and R. F. Sargent . . . .  

P. P. Ewald, Th. Poschl and L. Prandtl 

A. D. S. Carter . . . . . .  

REFERENCES 
Title, etc. 

Practical Aspects of Cascade Wind Tunnel Research. Proc. I. Mech. E., 
Vol. 157, p. 482. 1947. 

Some Developments in Instrumentation for Air Flow Analysis. Proc. I. 
Mech. E., Vol. 161, p. 213. 1949. 

Investigations into Compression Shocks and Boundary Layers in rapidly 
moving gases. Mitteilungen aus dem Institut fi~r Aerodynamik. 
Zurich. No. 10. 1946. 

Shock-Wave and Boundary-Layer Phenomena near a Flat Surface. 
Proc. Roy. Soc. June, 1947. 

Physics of Solids and Fluids. Ch. VII. Blackie & Son, Ltd., London. 
1936. 

Three-Dimensional Flow Theories for Axial Compressors and Turbines. 
Proc. I. Mech. E., Vol. 159, p. 255. 1948. 

13 
(60593) B 



A P P E N D I X  

Notation. 
Ambient temp. 

Total pressure 

Static pressure 

Air velocity 

Air inlet angle 

Air outlet angle 

Calculation of Performance Characteristics 

T 

P 

S 

W 

Suffix 0 for inlet and i for outlet 

To line of cascade 

Specific heat at constant pressure 

Specific heat at constant volume 

Ratio of specific heats 

Mechanical equivalent of heat 

Air density 

Derivations. 

Mach number 

Kv 
Kp/Kr------ N 

J 
P 

2 p 3--1 

2 N--1 
Overall Maeh number = ~ /{  N 1 [ (  PO~T 1]}  

Total-head loss 100 ~i/i as percentage 

where ai is heat equivalent of pressure change dP = P0 -- P~ 

and i is heat equivalent of pressure change P0 -- So. 

These heat equivalents were derived from plotted relationships between il, ~/T and bP/P for 
adiabatic expansion from conditions 1 to 2 where : -  

Pressure ratio = St~So 
Axial component of inlet velocity 

Contraction coefficient = Axial component of outlet velocity 

Theoretical axial component of outlet velocity assuming 
continuity of mass flow 

-- Observed axial component of outlet velocity 

= Wop0 sin a/W~p~ sin [~ 
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