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1. Summary.--The experimental work consisted of the separate testing of three cascades of axial-flow compressor 
blades of camber angles 20 deg, 30 deg and 40 deg respectively. Measurements were made of the distribution of static 
pressure over the central cross-section of the middle blade of each cascade, together with traverses of static pressure, 
total head and angle of flow at inlet and outlet to each cascade in the plane of the central cross-section. The tests 
covered a range of actual Reynolds number from 3 × 104 to 5 × 105, based on the inlet air velocity and the blade 
chord, and also a range of inlet air angle ~, from 35 deg to 60 deg. In the tests there were numerous cases of laminar 
boundary-layer separation at low Reynolds numbers and a few cases of turbulent separation at higher Reynolds 
numbers. These occurred on the convex surfaces of the blades. There were also a few cases of laminar separation from 
the concave surfaces of the blades. The results show the effect of Reynolds number, blade camber, and inlet air angle 
Oil cascade performance. The type of pressure distribution likely to give good performance over a wide range of 
Reynolds number is discussed. 

2. In troduct ion. - - In  axial-flow compressor blade passages separat ion of the  b o u n d a r y  layer  
f rom the  blade surfaces increases the  losses and  reduces the pressure rise. Separat ion of ei ther  
the  laminar  or tu rbu len t  b o u n d a r y  layers can occur, depending on the  Reynolds  n u m b e r  at  
which tile passage is operating. The presence of separat ion can be observed f rom measurement s  
of s ta t ic  pressure on the  blade surfaces. This takes  the  form of an interrupt ion,  at  the  point  of 
separation,  in a positive pressure gradient ,  the pressure tending to become cons tant  if separat ion 
is complete.  I t  can also be observed f rom traverses of to ta l  head  across the blade wakes at  
out le t  f rom the  cascade, showing as a broadening of the  wakes. 

Ini t ia l ly  it was decided to test  compressor blades in s t a t ionary  cascades. The tests included 
the  m e a s u r e m e n t  of the  dis t r ibut ion of s tat ic  pressure over the surface of the  middle  blade of 
each cascade at  tile centra l  cross-section, and  t raverses of s tat ic  pressure, to ta l  head and  angle 
of flow at  inlet and  out le t  to each cascade in the  plane of the centra l  cross-section. 

Tile range of Reynolds  numbers  was chosen so as to be low enough to include, in m a n y  cases, 
those Reynolds  numbers  at  which laminar  bounda ry - l aye r  separat ion occurs, and  to be high 
enough to cover the  pract ical  range of Reynolds  number ,  possibly also including some cases of 
tu rbu len t  bounda ry - l aye r  separation.  Blades of large chord were necessary in order  to give a 
sufficient n u m b e r  of s tat ic-pressure tappings,  and, for the range of Reynolds  numbers  covered, 
to resul t  in compressibil i ty effects being negligible. 
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i t  was thought advisable to test blades of a shape and setting which had already been, tested 
in other tunnels, for efficiency and angle of deflection, so that  additional evidence would then  be 
available concerning the effects of the tunnel on cascade performance. In consultation with the 
National Gas Turbine Establishment, it was decided that  three blade shapes, suitable for axial- 
flow compressor blades should each be tested at the same pitch/chord ratio, and at a stagger 
chosen in each case to give approximately the same outlet air angle ~. The pitch/chord ratio 
and the outlet air angle c~2 have a major effect on compressor performance, so that  comparisons 
are best made for fixed values of these quantities. The blade length was sufficient to reduce to 
a small value the effect of the blade ends on the outlet traverses, "taken in the plane of the central 
cross-section over the middle two or three blades. The tests were carried out over a sufficiently 
wide range of inlet air angle ~ to give data on both the positive and negative stalling of the 
cascades. 

3. Apparatus.--3.1. Cascades.--For the three cascades tested, the data specifying the blade 
shapes and staggers are given in Figs. 4 and 5. It  will be seen that  the three blade shapes were 
the C.4 profile of the National Gas Turbine Establishment based on circular-arc centre-lines of 
camber angle 20 deg, 30 deg and 40 deg respectively, the stagger angles were fixed at -- 34 deg, 

- -  36 deg and -- 38 deg respectively, the blade chord was 6 in., the pitch/chord ratio unity and 
the aspect ratio 3. There were nine blades in each cascade, the three blades on each side of the 
middle three were cast in dental plaster. The surfaces of the blades were painted with several 
layers of Phenoglaze, smoothed with carborundum paper, which resulted in the blades having 
comparatively hard and smooth surfaces. The middle three blades were fabricated using brass 
bridge pieces of the correct aerofoil shape, the bridge pieces being attached to each other by 
brass rods placed in the direction of the blade length, excepting that  the middle blade, on which 
the static-pressure readings were to be taken, had static-pressure tubes instead of rods. In the 
middle blade there were 44 tubes each leading to a 0-020-in. diameter static-pressure hole drilled 
on the central cross-section of this blade, where the pressure measurements were taken. In 
each of the middle three blades the space between the bridges was fared off by dental plaster, 
to the correct shape and finally the blades were painted similar to the other blades in the cascade. 
The blades were then mounted in the wooden frameworks of the cascades, each of which was 
48 in. long resulting from 8-blade passages each of 6-in. pitch. At the cascade exit the side walls 
extended only about 1 in. beyond the blade trailing edges (see Fig. 3). The provision of longer 
side walls was not expected to affect the mid-span performance. 

At that  end of the cascade where the blade passage is convex, the boundary layer due to the 
tunnel wall would tend to cause separation of the air from the convex surface. This boundary 
layer was therefore sucked off through a {-in. wide slot, formed in the tunnel wall adjacent to the 
leading edge of this blade, extending over its full length. For this a separate fan operating as an 
exhauster was installed. The duty of this fan was to suck off an amount of air up to about 
15 per cent of all the air whick flowed through one blade passage. The air was sucked through 
the slot into a box mounted on the end of the cascade, which was connected to the exhauster by 
two 5-in. diameter pipes. The suction arrangements were designed so that  the air would be 
sucked off approximately uniformly over the whole blade length. 

3.2. Wind Tu~ml . - -The  size of blades and cascades adopted, together with the range of 
Reynolds numbers to be covered, resulted in a desired rate of air flow of almost 50,000 c u f t  per 
rain. The design and development of this tunnel are described in Ref. 1. A sketch of the 
arrangement is given in Fig. 1, and photographs of the test assembly in Figs. 2 and 3. 

The design was such that  the cascades could be bolted on to the wooden ends of the tunnel. 
Making-up pieces of the correct taper were inserted to adjust the inlet air angle c~1 to the desired 
value. The internal width of the tunnel end was 18 in. to accommodate the blades lengthwise, 
but  the internal height of the tunnel end had to be adjusted to suit each different value of gl. 

Arrangements were provided at the tunnel end so that  traverses of the angle of flow, total 
head and static pressure could be made in the plane of the central cross-section over the middle 
three blades, at one chord distance upstream and one chord downstream of the cascade leading 



and trailing edges respectively. On the inlet side of the cascade, a sliding shutter was fitted in the 
tunnel wall to prevent air leakage during the inlet traverses. The traversing gear, operated by a 
friction drive, was mounted on a graduated tube supported at the side of the tunnel. This can 
be seen in the photograph of Fig. 3. The traversing gear carried the tubes for measurement of 
total  head, static pressure and angle of flow. The arrangement of these tubes was .similar to tha t  
described by Harris and Fairthorne in Ref. 3: The zero angle of the yaw-meter was calibrated 
in a separate test by  blowing air down a hollow tube, the angle.of inclination of the hollow tube 
being measured by an accurate clinometer. 

Due to the necessity for pressure plotting, which involves taking large numbers of static- 
pressure readings very quickly, it w a s  decided to use ~/ multi-tube tilting manometer of the 
National Physical Laborator7~ pat tern having 36 tubes. This was suitable for measuring pressures 
accurately down to the small values resulting from air velocities at inlet to the  cascades of about 
30 ft/sec. For the lowest inlet air velocities, i.e., from 30 ft/sec down to 10 ft/sec a Chattock 
gauge was used. This was sensitive to pressure heads of the order of 1/4,000 in. of water, which 
seemed to be satisfactory. 

A traverse was taken over the rectangular area at inlet to one of the cascades to investigate 
any non-uniformity of total  head, velocity and angle of flow. The traverse was made using the 
30-deg camber cascade at an inlet air angle ~1 of 50 deg and at a Reynolds number of 2.67 × 105. 
The results showed that,  over the proposed test length, the variation of (a) total  head in excess 
of atmospheric, and (b) velocity, did not exceed plus and minus ½ per cent of the mean values, 
and the variation in inlet air angle did not exceed plus and minus 20 minutes. These variations 
were considered to be small enough for the programme of cascade tests. 

The longitudinal component of the intensi ty of turbulence in the main stream at inlet to the 
cascade was measured by a hot-wire apparatus. Readings were tal~en at a point just upstream 
of the central cross-section of the middle blade of the cascade. Using a tunnel exit area which 
corresponded ~co an inlet air angle c~1 of 50 deg and over a range of air velocities from 40 to 100 
ft/sec, the intensity of turbulence was found to be approximately 0.22 per cent. This was 
considered to be sufficiently small for this programme of cascade tests. I t  was intended tha t  
this programme should be followed by other tests, in which the main stream turbulence at inlet 
to the cascades was increased up to about 3 per cent, in order to observe the effect of increased 
turbulence on boundary-layer separation. 

4. Tests.--4.1. Programme of Cascade Tests.--The three cascades were tested over a range of 
actual Reynolds numbers of 3 × 10 ~ to 5 x 105, based on the inlet air velocity and on the blade 
chord. This resulted in the air velocity at inlet to the cascades ranging from 10 ft/sec to 160 
ft/sec. Six groups of tests were carried out corresponding to nominal values of the inlet air 
angle c~1 of 35deg, 40 deg, 45 deg, 50 deg, 55 deg and 60 deg respectively. Measurements were 
taken of the distribution of the static pressure over thesurface of the middle blade of each cascade 
at the central cross-section. Traverses were made of static pressure, total head and angle of 
flow at inlet and outlet from each cascade in the plane of the central cross-section, at one chord 
distance upstream of the leading edge and one chord downstream of the trailing edge respectively. 

4.2. Cascade Test Procedure.--Since during any one test it was not practicable to take, at the 
same time, the inlet and outlet traverses and the static-pressure readings at the blade surfaces, 
careful procedure had to be adopted to ensure tha t  all the pressure readings for any one test, 
related to the same air volume through the cascade. This  was done by  reading the static pressure 
in the tunnel, at a point where the air velocity was small, that  is at the point A in Fig. 1. Since 
it was known that  the pressure readings at the  cascade would be closely proportional to the tunnel 
static pressure, the procedure was to run during any one test, at approximately the same tunnel 
static pressure. A small correction was applied to any of the readings which did not correspond 
exactly to the chosen tunnel static pressure for tha t  test and therefore for the same volume 
flow during the test. 

3 
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A typical graph of the inlet static pressure plotted against distance along the cascade is shown 
in Fig. 6. This was taken by pressure tappings in the side wall of the tunnel end, one chord 
distance upstream of the cascade leading edge. In  every test the boundary-layer suction was 
adjusted until  the inlet static-pressure distribution was uniform over as much as possible of the 
cascade length. The amount of air sucked off was kept at a constant rate during any one test, 
by  noting the  pressure drop across an orifice through which all the air was sucked and adjusting 
the rate of flow to maintain a constant pressure drop. 

Init ial ly the traversing at inlet and outlet to a cascade in the plane of the central cross-section 
extended over the middle three blades of each cascade. This was soon reduced to extend over 
two blades only, as it was felt that  the additional labour resulting from the longer traverse was 
unnecessary. 

At the beginning of the programme of testing, thirteen tests on each of the three cascades were 
carried out at each value of the inlet air angle ~1. These tests were approximately equally spaced 
over the full range of Reynolds number. Later in the programme some of the individual tests 
were omitted as these were thought  to be unnecessary. 

5. Test Results.--Figs. 7 and 8 show typical traverses of total head and angle of flow at one 
chord distance downstream of the trailing edge in the plane of tile central cross-section. These 
are for the lowest and highest Reynolds number tests carried out at a medium value of the 
inlet air angle ~1. ,o 

The effect of Reynolds number on the inlet and outlet air angles is shown by Figs. 9 to 17, 
on the contraction at outlet by  Figs. 18 to 20 and on the loss of head through the cascades by  
Figs. 21 to 26. 

Figs. 27 to 44 show the plots of static pressure over the surface of the middle blade of each 
cascade at the central cross-section. The pressures are plotted on a non-dimensional basis, the 
ordinate being the static pressure at the point on the blade surface minus the static pressure 
at outlet from the cascade, expressed as a fraction of the outlet velocity head. This is in line 
with the recommendation of Howell and Carter in Ref. 2. This basis of pressure plotting facilitates 
comparison with turbine cascades and with isolated aerofoils, since the values of static pressure 
near the trailing edge are numerically zero for all these arrangements. 

Figs. 45 to 47 show the blading efficiency plot ted  against the actual Reynolds number. This 
efficiency has been calculated from" 

total-head loss 
Efficiency = 1 -- reduction o~ v e l o c i t y  h e a d  " 

In the calculations of efficiency, the readings were weighted for mass flow before integrating 
the losses. This is the so-called energy method which evaluates the energy in the air at the inlet 
and outlet traverses. Due to the gradual dissipation of the blade wakes in the air flowing from the 
cascade, the value of this efficiency will be dependent to some extent 'on the position of the outlet 
traverse. Assuming that  the air velocity ult imately becomes uniform in a two-dimensional 
manner, the principle of constant momentum can be applied to the air stream between the outlet 
traverse plane and the plane where uniformity has occurred, and the small loss of energy during 
this smoothing out process can be evaluated. The so-called momentum method of evaluating 
the efficiency includes this small loss of energy with the loss in the cascade giving an efficiency 
which is therefore independent of the position of the outlet traverse, and whose value is sl ightly 
lower than tha t  plotted in Figs. 45 to 47. I t  can be shown (see Ref. 4) that  the evaluated 
efficiencies by the momentum method are approximately the same as those obtained by not 
weighting the energy readings for mass flow before integrating the losses at the actual traverse 
positions. 

6. Discussion of Results.--6.1. Three-dimensional Effects.--In these tests, since the boundary 
layers at the tunnel side walls were not sucked away, there was a gradient of inlet velocity over 
the end portions of the blades where they project into the boundary layers. This resulted in 
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secondary flows which induced a modified flow at the cascade exit. The programme of tests has 
been mainly concerned with traverses in the plane of the blade central cross-sections one chord 
distance upstream and downstream of the blades, so that  the induced effects at this outlet 
traverse position should be considered. Since the tunnel boundary-layer thickness was small in 
comparison with the blade length, it would appear, therefore, that  the induced secondary effects 
on the centre-line were relatively small. The effect on the mean loss of total head was negligible. 
The question of secondary flow and the resulting effects in these cascades are discussed in Ref. 
No. 5. 

One of the important  factors in modifying the numerical values of the results is the lateral 
contraction of the air stream in the cascade and at exit from it. A measure of this contraction is 
given by the so-called percentage contraction, calculated from the readings taken in the plane 
of the blade central cross-sections, one chord distance upstream and downstream of the blades. 
This percentage contraction is given by : - 

(1 - V l c ° s c q )  
V~ cos ~ × 100 per cent, 

in which V is the air velocity and the suffixes 1 and 2 refer to the inlet and outlet traverses 
respectively. Values are plotted in Figs. 18 to 20. I t  will be seen that  large values of this con- 
traction are associated With large air deflections, but  tha t  the contraction is n o t  greater than 
about 10 per cent until  deflections exceed 20 deg, This contraction produces an acceleration in 
opposition to the diffusing effect of the cascades, which results in the static-pressure rise being 
less than tha t  calculated from the measured deflectionsl assuming two-dimensional flow. Also 
the static-pressure distributions over the surface of the middle blade at the central cross-section 
do not correspond to two-dimensional flow. Adverse pressure gradients are reduced and boundary- 
layer separation from the blade surfaces tends to be suppressed. Therefore it is necessary in 
the interpretation of test results giving pressure distributions, efficiency and air deflection, to 
evaluate and specify the contraction, associated with particular test results. 

A description is given in Ref. 4 of results obtained in an electric tank to give the two-dimensional 
potential-flow solution of static-pressure distribution. A set of model blades was used of identical 
shape and setting to the 40-deg camber blades as used in the wind-tunnel tests. These model 
blades were tested under conditions which corresponded to the same range of inlet angle as in 
the wind-tunnel tests. An empirical method was developed for correcting the two-dimensional 
potential-flow pressure distributions, as given by the electric tank, to give distributions having 
the same contraction through the cascade, as occurred in the wind-tunnel tests. The cases 
considered were at the highest inlet Reynolds numbers, because for these cases the boundary- 
layer thicknesses on the blade surfaces were small and therefore caused only slight modification 
to the potential-flow distributions. 

6.2. Boundary-layer Separatio~c.--Separation from the blade surfaces increases the losses 
seriously reducing the efficiency of the cascades, as can be seen in Figs. 45 to 47. The effect of 
separation can be detected on the curves of static-pressure distribution over the blade surfaces, 
as a reduction in the positive pressure gradient (see Figs. 27 to 44). When separation is complete 
the curves are horizontal with no further rise of stat ic pressure. An example of this can be seen 
in  Fig. 36, which shows the effect of laminar separation at low Reynolds number on the convex 
surface of the blades of the 30-deg camber cascade at an incidence of -- 1 deg. Separation 
results in the pressure at the trailing edge being less than the outlet static pressure, so that  when 
the pressure-distribution curves are extrapolated to the trailing edge the ordinates there are 
negative. 

When transition occurs in the boundary layer before the laminar separation point is reached, 
separation of the laminar layer does not occur and the local pressure rise is maintained after 
transition. This procedure tends to occur at the higher inlet Reynolds numbers, and can also be 
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seen on the convex surface of the blades in Fig. 36. On reducing the inlet Reynolds number the 
point of transition moves back towards the trailing edge, whereas the point at which laminar 
separation is likely to occur remains approximately fixed until  the Reynolds number is reduced 
to a very low value. This is pointed out in section 6.3. Hence the point of transition moves 
back until  it reaches the separation point. Further slight reduction of the inlet Reynolds number, 
therefore, causes separation to commence. This is discontinued at transition when the boundary 
layer returns to the surface in the turbulent form. Further reduction allows separation to develop 
fully before transition and there is then no further rise of static pressure. This process can be 
observed in Fig. 36, partial separation showing as a hump on the pressure-distribution curves, 
and is the so-called ' bubble of turbulence '  referred to in Ref. 6. I t  will be seen from these curves 
that  the hump grows larger as the Reynolds number is decreased until  separation is complete. 

Separation affects the outlet traverses of total head by broadening the wakes to the extent, 
in some cases, of covering the full pitch of the blades. An example of this can be seen by 
comparing Figs. 7 and 8. 

Separation reduces the air deflection by increasing the outlet air angle c~. This reduces the 
efficiency still further. An example of this increase of outlet air angle can be seen by comparing 
the traverses in Figs. 7 and 8. The angle is fairly uniform between the wakes. The variation 
within the wakes is fictitious and due to the inability of the claw-type yawmeter to read the 
angle correctly, when placed in a region having a transverse gradient of total  head. 

In these tests the following types of separation occurred : 
(i) From the convex surfaces of the blades: 

(a) Complete laminar separation at low Reynolds numbers, occurring in the following 
cases : 

Cascade camber  (deg) .. 20 

C~ 1 (deg) . . . .  

Angle of incidence (deg) 

Fig. No . . . . .  

• .  35 40 45 

.. - ; - - - T  + 1  

.. T c  28 2 £  

30 

35 r 40 [ 45 50 5S 

-T IT - - 2 T - T G T  

%3--34 35 T 37 

40 

35 40 45 50 55 

~ - 2 3  - - 1 8 - ~ 1 3  - -8  ~ - - 3 -  _ _  

39 40 41 42 43 

6O 

-/2 

44 

I t  will be noticed that  reducing the incidence increases the tendency to this type of 
separation. 

(b) Partial  laminar separation at rather higher Reynolds numbers, occurring in the 
following cases: 

Cascade camber  (deg) 20 30 40 

~1 (deg) . . . . . .  

Angle of incidence (deg) 

Fig. No . . . .  . .  

35 40 45 

- -9  - -4  + 1  

27 28 29 

50 35 40 

+6 --16 --II 

30 33 34 

45 50 55 

- - 6  - - 1  - t -4  

35 36 37 

60 40 45 

+ 9  - -18  - -13  

38 40 41 / 
1 

50 

--8 

42 

55 60 

- -3  -/2 

43 44 

I t  will be noticed that  wi th  t h e  40-deg camber cascade at a n  angle of incidence of 
- -  23 deg (Fig. 39) laminar separation from the convex surface was complete over 
the full range of Reynolds number. 

(c) Partial laminar separation near the leading edge at high positive incidences, occurring 
in tt~e ca.se of the 20-deg camber cascade at an angle of incidence of 16 deg (Fig. 32).. 
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This separation seems to be followed quickly by transition, after which there is 
COilsiderable pressure recovery but  with reat tachment of the turbulent layer 
apparently incomplete, resulting in a very low efficiency, as can be seen in Fig. 45. 

(d) Turbulent separation at high Reynolds numbers, occurring in the case of the 20-deg 
camber cascade at an angle of incidence of 11 deg (Fig. 31) and the 30-deg camber 
cascade at an angle of incidence of 9 deg (Fig. 38). 

(e) Separation at low Reynolds numbers near the trailing edge, in the 30-deg camber 
cascade at an angle of incidence of 9 deg (Fig. 38). This is likely to be turbulent 
separation occurring due to the large increase in boundary-layer thickness at low 
Reynolds numbers. 

(ii) From the concave surfaces of the blades: 
These separations are mainly near the leading edge, where the surfaces are actually 

convex. - 
(a) Laminar separation occurring near the leading edge at the higher ReynOlds numbers 

in the case of the 40-deg camber cascade at the high negative incidence of -- 23 deg 
(Fig. 39). This disappears at lower Reynolds numbers. 

(b) Partial  laminar separation occurring in the following cases: 

Cascade camber (deg) . . . .  30 40 

el (deg) . . . . . .  40 

Angle of incidence (deg) 

Fig. No . . . . .  

. .  3 5  

• .  - - 1 6  

33 

4O 

--11 

45 35 4O 45 
--S- 

5O 

T 

55 

--3 

43 

It  will be noticed that  in this type of separation also, reducing the incidence increases 
the tendency to separate. 

6.3. The Laminar Layer.--In Ref. 7 Thwaites has developed equations predicting the growth 
and separation of the laminar boundary layer. This method, developed from the yon KSrm~n 
momentum equation; results in .a non-dimensional form parameter for the velocity distribution 
across the laminar layer, which is a function both of the velocity in the main stream just outside 
the boundary layer, and the distance from the leading edge. This parameter is shown to be 
proportional to the velocity gradient along the blade surface just outside the boundary layer. 
Separation is expected to occur when this parameter reaches a given value. According to this 
method, therefore, the position of the laminar-separation point is determined by the form of the 
non-dimensional pressure distribution over the blade surface up to that  point. Since this distribu- 
tion remains constant over a wide range of inlet Reynolds number the position of laminar 
separation is approximately independent of variations in the inlet Reynolds number. In the 
cascade tests, it  was found that  when the Reynolds number was reduced to very low values the 
laminar-separation point was somewhat delayed. This can be explained by Thwaites' analysis, 
which indicates that  for similar pressure distributions the momentum thickness is inversely 
proportional to the square root Of the inlet Reynolds number. Hence as the Reynolds number is, 
reduced to a 10w value the displacement thickness increases to a large value. This results in 
an effect on t h e  pressure distribution which is somewhat similar to that  caused by the lateral 
contraction of the air stream, in that  it reduces the positive pressure gradients. This has the 
effect of delaying laminar separation. 

The relative positions of laminar separation and transition are of great importance in deciding 
the performance of the blades. In these tests important  factors affecting transition are Reynolds 
number and pressure gradients on the blade surface. As already pointed out reducing the  
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Reynolds number delays transition. Negative pressure gradients also delay transition and cause 
it to be more gradual when it does occur. On the other hand large positive pressure gradients 
tend to promote it. 

In Ref. 4 Stuart has applied Thwaites' equations to the cascade tests. He considered the 
three cascades at various values of the inlet air angle ~1 and Reynolds numbers of approximately 
2 × 10 ~ and 5 × l0 B. The positions of laminar separation predicted by this method agree well 
with the experimental results. 

Experiments have also been carried out to study the boundary-layer behaviour by observing a 
smoke filament introduced into the main air stream through a narrow slot in the suction surface 
of one of the blades near the leading edge. These tests showed the following three types of flow 
as the Reynolds number was reduced: (a) smooth uninterrupted flow with the turbulent layer 
adjacent to the surface, (b) local separation of the laminar layer enclosing a '  bubble of turbulence ', 
followed by the turbulent layer adjacent to the surface, and (c) complete laminar-layer separation. 
These tests therefore gave the position of separation, which was found to agree with the cascade 
results and with the theoretical predictions using Thwaites' equations. 

At high posit ive incidences there seems to be a critical incidence above which efficiencies fall 
rapidly. See for example Fig. 45, for the 20-deg camber blade at an inlet air angle ~ of 60 deg 
(incidence + 16 deg). The corresponding pressure distributions in Fig. 32 show a very sharp 
suction peak close to the leading edge on the convex surface of the blades, followed by a steep 
positive pressure gradient. The theoretical considerations based on Thwaites' equations confirm 
that  separation will occur with such a pressure distribution soon after the suction peak, even 
although this is close to the leading edge, providing the positive pressure gradient is very steep. 
On a moderate reduction of the incidence from this very high positive value, the suction peak 
becomes less sharp and the positive pressure gradient less steep. This is a type of pressure 
distribution which tends to give good performance, because the positive pressure gradient is not 
steep enough to produce early separation, but  is however steep enough to give appreciable 
pressure rise after the suction peak. This  is beneficial in promoting early transition before 
separation tends to occur. If the suction peak is smaller still, rounder and occurs further from the 
leading edge, separation will tend to occur in smaller positive pressure gradients ,because of the 
.greater distance from the leading edge, whilst the pressure rise subsecluent to the suction peak 
is so small that  transition is delayed. 

6.4. The Turbule~ct Layer.--Usually there is a considerable pressure rise occurring in the 
turbulent layer on the convex surface of the blades, so that  it is of importance to consider the 
behaviour of the turbulent layer in a positive pressure gradient. Fortunately, the turbulent 
layer is able to remain in contact with the blade surface even in the presence of considerable 
increases of static pressure. However, there were some cases of turbulent boundary-layer 
separation observed in the tests, as is illustrated in the case of the 30-deg camber cascade at an 
~1 of 60 deg, as seen in Fig. 38. This takes  the form of a flattening of the pressure-distribution 
curve near the trailing edge at the highest Reynolds number. This results in the efficiency curve 
beginning to fall at the higher Reynolds numbers, as is seen in Fig. 46. Hewson in Ref. 8 has 
developed equations to determine the point of turbulent boundary-layer separation. Stuart in 
Ref. 4 has applied these equations to the cascade results. In the few cases where there is 
turbulent separation, Hewson's equations locate the positions of separation at points agreeing 
with the cascade results. 

Since the skin friction per unit area in the turbulent layer is greater than in the laminar layer 
it would b e  expected that  as the Reynolds number is increased, resultiiag in earlier transition, 
the skin-friction coefficient for the blades would also increase, and the advantage of designing 
for early transition to avoid laminar separation at low Reynolds numbers would be part ly offset 
by the increased skin-friction drag at high Reynolds numbers. However, the loss of total head 
curves in Figs. 24 to 26 show that,  providing turbulent separation has not occurred, there is no 
appreciable increase of total-drag coefficient on increasing the Reynolds number. This means 
that  the increase in skin-friction coefficient is approximately balanced by the reduction in the 
fgrm-drag coefficient. 



6.5. Theoretical Velocity Distributions.--In Ref. 4 theoretical velocity distributions over the 
blade surfaces have been derived, aimed at obtaining the maximum pressure rise without separa- 
tion occurring. The criteria for separation devised by  Thwaites in the laminar layer and Hewson 
in the turbulent layer have been used, together with assumed positions of the suction peak. 

6.6. Air Angles and Deflection.--Curves of ~1 against ~2 at various Reynolds numbers are plotted 
in Figs. 15 to 17. I t  can be seen from these curves tha t  when there was negative incidence, a 
reduction of Reynolds number caused large increases in ~,  due to the onset of laminar separation. 
The effect of Reynolds number on ~ was small at positive incidences of 2 deg to 6 deg, and above 
about 6 deg increasing the Reynolds number caused increases in ~,  due to the onset of turbulent 
separation. 

6.7. Loss of Total Head.--In Figs. 21 to 23 is plotted, for constant incidences, the log of the 
percentage loss of total  head against the log of the Reynolds number. If tests at high positive 
and negative incidences are omitted, the results indicate that,  at a constant incidence, there is 
an approximate straight-line relationship between these two co-ordinates. Therefore the 
percentage loss (L) is related to the Reynolds number (R) by  an equation of the form L = aRL 
in which, for any one incidence, a and n are constants. The plotted results suggest the following 
approximate values for n : 

Camber .. 20 deg 30 deg 40 deg 

n . . . .  - -0 .44 - -0 .56  - -0 .90  

There was no general tendency for n to increase in the laminar separation region. 

7. Conclusionsi--At normal values of angle of incidence, there is an optimum Reynolds number 
for high efficiency. At extreme values of Reynolds number, separation of the boundary layer 
occurs from the convex surface of the blades: laminar separation at low values and turbulent  
separation at high values. 

In the case of laminar separation the larger camber blades are worse, since on reducing the 
Reynolds number laminar separation occurs at a higher Reynolds number the larger the camber. 
The effect of this can be seen on the efficiency curves in Figs. 45 to 47. Freedom from laminar 
separation at rather low Reynolds numbers seems to result from a fairly sharp suction peak on 
the pressure distribution near the leading edge of the convex surface. This tends for transition 
to occur before laminar separation is able to develop, by  delaying the tendency to separate and 
t~astening transition to some extent. If the suction peak is too sharp it is likely tha t  the very 
steep positive pressure gradient immediately after the suction peak will result in laminar separa- 
tion. In addition in order to offset the chance of turbulent separation subsequently occurring, as 
the trailing edge is approached, the pressure rise from the suction peak to the trailing edge must  
not be excessive. A large pressure rise on the convex surface of the blades can be best at tained 
if there is a fairly steep pressure gradient immediately after the suction peak, with the suction 
peak located close to the leading edge. This allows more of the pressure rise to occur in the 
laminar layer. The pressure gradient can then be progressively reduced in the turbulent layer 
as the trailing edge is approached. These desirable features are illustrated by the good per- 
formance, over a wide range of Reynolds number, of the 20-deg camber cascade at an air inlet 
angle ~1 of 50 deg. This can be seen in Figs. 30 and 45. 

Promoting early transition in order to offset the tendency for the laminar layer to separate at 
low Reynolds numbers has the disadvantage tha t  the skin-friction loss in the turbulent layer is 
increased. Appreciable reduction of skin-friction loss appears possible only in cases where 
performance at low Reynolds mlmbers is unimportant,  in which case the transition point need 
not occur near the leading edge. 

,~9. 
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