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1.0 INTRODUCTION

An experimental investigation on the flow in centrifugal
impellers has been in progress in the Engine Laboratory since 1963.
It has become very clear that the detachment of flow from the blade
surfaces is one of the major influences on the poor distribution of
flow in the impeller channels. From mid 1968 to mid 1969 a general
exploration was carried out on this flow detachment in impeller
channels and on isolated blades, and was reported in Lab Memo NRC-
ENG-62 (Ref.l). It was there concluded that the most useful method
of delaying this detachment in a compressor rotor appeared to be the
use of slotted blades. Since that date, experiments have been carried
out on the flow control obtainable from slotted blades under condi-
tions simulating an impeller rotor. This Memo presents a report on
this phase of the investigation.

2.0 AIM OF INVESTIGATION

It had been shown that slotted blades appear likely to
present a practical method of delaying flow detachment in a centri-
fugal compressor impeller. It was, therefore, necessary to assess
quantitatively the aerodynamic capabilities and penalties of such a
system, and also to discover an optimum configuration for application
to a rotor. The ultimate aim of the programme is to raise the
efficiency and broaden the operating range of centrifugal compressors.

3.0 THE EXPERIMENTAL APPROACH USED

The impeller is usually considered as a group of
rotating quasi-radial channels, and therefore a problem in diffusing
channel flow, with superimposed inertial effects due to rotation.
However, it is also valid to regard it as a space containing a
number of aerofoils, moving in a flow whose natural path is radial
(in absolute coordinates) or a spiral (relative to the rotating
blades). The work done by the impeller through its blades is there-
fore characterised by the degree by which they deflect the flow out
of this natural path. In the relative reference frame, this implies
the deflection of the flow to a different spiral path, while in the
absolute frame, the work of the impeller blading is measured by the
amount the flow is deflected from its original (absolute) radial
path. In such an absolute framework a stationary straight blade at
0°  incidence would do no work. However, a cambered blade would
deflect an initially straight flow, and give a valid simulation of
a rotating impeller blade doing work on the fluid flowing past it.
Hence it may properly be argued that the deflection of the flow
produced by the blade will bear a relation to its effectiveness in
the impeller, and the total pressure loss will be a measure of the
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inefficiency of the process. Furthermore, while the single blade
will accord with the conception of the impeller as a set of
rotating aerofoils, the flow on the left and right sides of the
blade will correspond in a very real way to that on the right and
left sides respectively of a rotating channel. Moreover, it was
concluded in NRC Report ME229(2), from experimental evidence
reported there, that even when discussing the impeller as a series
of rotating channels, the exit-end interaction between flow in
adjacent channels exerts a major effect on the flow in each channel.
This interaction is, of course, fully reproduced in the ’’single-
bladd’ experiment.

This model of the impeller as a set of rotating aero-
foils is of additional merit, since it brings into play the well-
developed body of information on axial flow cascades, with certain
concepts such as the effects of incidence, spacing/chord ratio
(or 1/solidity), camber angle, deflection and deviation angles,
critical Mach number, the effect of aerofoil thickness and shape,
and so on.

While the data accumulated in the axial flow field do
not apply directly and quantitatively, the general concepts and
tendencies certainly appear to have quite direct bearing on the
centrifugal rotor blading.

It was therefore decided that the relative merits of
various blade-slotting arrangements could be assessed quickly and
simply by a straight two-dimensional wind-tunnel experiment, in
which a single blade of considerable camber was placed at a series
of incidences to an incoming air stream, and pi tot-yawmeter
traverses downstream of the blade measured the deflection and
stream total pressure. The deficit of total pressure in the wake
measured the loss suffered, and the measured turning angle of the
air (camber minus deviation) gave the actual turning exerted by
the blade of given camber angle. The incidence at which the blade
"stalled” and the flow detached from it was naturally of critical
importance, as this was considered to give some relative indica-
tion of the onset of stall in the compressor impeller.

The experiments were carried out at approximately
constant air speed in a simple two-dimensional blowing tunnel
with freedom of exit. The total pressure loss was divided by free-
stream dynamic pressure at blade-inlet plane, and expressed as a
non-dimensional Loss Factor, and the exit airflow angle was
measured directly as the deviation from the exit blade direction,
while the blades were set at a series of incidence angles between
inlet blade direction and free stream direction.
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A pitot-static probe was temporarily inserted into the
tunnel one chord upstream of the blade to measure the inlet dynamic
pressure before each run, and the outlet pressure and flow directions
were measured at mid blade height by a combined pitot-arrowhead yaw-
meter probe traversed just downstream of the blade trailing edge. The
tunnel and traverse planes are shown in Fig. 1. A diagram of blade and
flow-angle nomenclature is given in Fig. 2.

4.0 ARRANGEMENTS TESTED

An index of the arrangements tested is presented in
Fig. 3; A summary of Loss Factors and Deviation Angles plotted
on a base of Incidence Angle is presented in Figs. 4,5, 6 and 7. Details
of blade and slot profiles, and traverse data are presented in Appendix
"C".

4.1 Description of Blades

In all cases the blades tested were of C-4 Section (see
Appendix "A") with max. thickness (at 30% C) equal to 12% C. The
chord length (C) was in all cases 8.7", and the chord line was a
straight line in blades A and B, and a circular arc of 6.6" radius,
subtending 75°, in all other blades. The blades are therefore
orthodox axial compressor aerofoils. The blades were all 5" in the
spanwise direction.

4.2 Description of Slots

Four rules were proposed for the design of the slots
as follows:

1) The slot must inhale with minimum loss and
disturbance from flow parallel to the blade pressure surface.

2) The radius of curvature of the slot centreline
must be kept as large as possible, and the rate of change of area
shall be roughly constant through the slot.

3) The slot must eject flow as nearly parallel to the
blade suction surface as possible, with as little disturbance as
possible.

4) Total pressure loss in the slot must be a minimum.
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Conditions 1, 2, and 3 control the slot centre-line geometry. Ideally,
it should be formed by two circular arcs of equal radii. In practise
it is made as near to this as possible.

These slot centreline radii are controlled by the aero-
foil thickness, the required area ratio (A,/Αχ) through the slot, and
the points a & i on the surfaces, where flow is to enter and leave.
These points are governed by the flow field round the aerofoil, and
were determined experimentally. They are defined by the percentage of
chord aft of the leading edge (-&» and , to stations a* & i' on the
chord line). Condition 4 is complex. Ideally, the slot should admit
air at the local velocity near the slot inlet, and accelerate it at a
reasonably constant rate, so that it leaves the slot at the correspond-
ing local velocity in the region of the slot exit, assuming ideal
flow around the aerofoil. If a flow quantity through the slot is
chosen, and the flow field round the aerofoil specified, the slot pro-
file can then be defined.
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In point of fact, the experiments reported in reference 1
gave sufficient indication of the size of slot required to give an
effective flow, without letting too much of the total airflow ’’blow
through the blades”. Also, since the blade has to operate over a range
of angles of incidence, which means a range of different velocity
distributions round the blade, the degree of acceleration from slot
inlet to outlet must be some compromise selected to cover a range of
values. It was found that an Area Ratio Aj/A* of around 5.5 produced
satisfactory results, with a Flap Gap (see Section 4.3) of from 2.0%
to 2.5%.

Finally, the slot inlet lip is faired into the aerofoil
pressure surface with radius to avoid detachment either from the slot
wall or off the aerofoil surface downstream of the slot lip, as the
incidence and local flow change.

The points on pressure and suction surfaces where the
slot enters and leaves were initially chosen from inspection of
boundary layer detachment points visualised by smoke; from then on
the effects of slot shift, different numbers of slots, etc. , were
investigated in the experimental programme described herein.

The slots used were designed in a very empirical
manner as the above rules were evolved. They are analysed in retro-
spect in Figs. 8, 9 and 10 on the basis of these rules.

4.3 Comparison with Foster 1s Paper (A1AA 71-96)
(Ref.3)

A paper by Foster of RAE, (”The Flow round wing
sections with high-lift devices”) describing experiments on slots
in wings became available in Jan. 1971. It discussed work directly
comparable to the investigation described here, although with much
lower camber and deflection angles. Foster uses "Flap Gap” Ξ (slot
throat width/chord) % as the parameter describing his geometries,
and his results show a strong optimum over the range from 1.5% to
2.5%, with a peak at about 2.2%. It was observed with considerable
interest that the two slots in the most successful arrangement
described in the present paper (as typical of the slots tested in
the present programme) have "Flap Gap” values of 2.42% and 2.06%.

The flow visualisations carried out in this programme
also agree with Foster’s conclusion, based on wake pressure surveys,
(Foster’s Fig.7) which is that:- "The optimum gap is at, or very
near to, the smallest gap at which the boundary layer on the flap
and the boundary layer on the wing lower surface are just separate”.
In other words, the gap must be wide enough to allow a jet of free-
stream air from the pressure side of the aerofoil to be transferred
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onto the suc t ion  side downstream of the s lo t ,  so tha t  the suc t ion  side
is  i n su l a t ed  from the low energy boundary layer which has bu i l t  up
upstream of the s lo t .

Such qua l i t a t i ve  and quan t i t a t ive  agreement between
re su l t s  der ived  from very d i f f e r en t  sources  was extremely encouraging.
I t  a lso suggested that  provided th i s  conc lus ion  was r ea l i s ed ,  the
system should not be s ens i t i ve  to Reynolds Number changes.

5.0 EXPERIMENTS AND ANALYSIS

5. 1 Experimental  Procedure

The blade was clamped between two t ransparen t  p l a s t i c
d i sc s  with pins and screws,  and the assembly placed in the t unne l ,
as shown in Fig. 1. A cons tan t  speed ■§· H.'P. e l ec t r i c  motor drove the
20" d. ax i a l  fan at  1725 r . p .m .  , supplying an a i r s t r eam at app rox i -
mately 50 f t /second to the t e s t  s ec t i on .  The blade and disc
assembly was ro ta ted  to the des i r ed  inc idence  angle and clamped, and
the two loose i n l e t  wal l s  were set to give a pa ra l l e l  i n l e t  channel
of su i t ab le  width ,  and also clamped.

The i n l e t  a i r speed  va r i ed  a l i t t l e  between t e s t s  due to
d i f f e r en t  blockage at  each i nc idence  s e t t i ng .  A ca l i b r a t ed  p i t o t -
s t a t i c  probe was put in to  the tunnel  on the cen t r e - l i ne  upstream of
the b lade ,  and the i n l e t  dynamic p re s su re  measured. This probe was
removed, and the traversing pi tot-yawmeter probe i n se r t ed  in the down-
stream t raverse  s l i de .  This s l i de  moved in a s lo t  downstream of
the b lade ,  in the upper p l a s t i c  d i s c .  The s lo t  ran at  r i gh t  ang le s
to the blade ex i t  axis  Qi . e .  to the ex i t  flow d i r ec t i on  assuming
zero devia t ion]  and the yaw sca le  was ca l i b r a t ed  d i r ec t l y  in dev i a -
t ion ang le s .  Readings of t o t a l  p r e s su re  and a i r  ex i t  angle were
taken every .2" ac ros s  a 7.2” a rb i t ra ry  "pas sage" ,  with ex t ra  r ead ings
each .1" where needed.

This p roces s  was repeated at  a number of i nc idence
ang le s .  The flow was examined v i sua l ly  at  each se t t i ng  with a smoke
plume from a s tandard Ammonia-Sulphur d iox ide  smoke probe.  Uns tab le
flow, po in t s  of detachment ,  s t a l l -bubb le s ,  e tc .  were c l ea r ly  v i s ib l e .

5. 2 Ana lys i s  of Resu l t s

The to t a l  p ressure  and ex i t  angle t r averses  were
p lo t t ed  (for example see Appendix "C").  I t  was c l ea r ly  understood
that th i s  program aimed at  a comparative eva lua t ion  of the va r ious
blade and s lo t  con f igu ra t i ons ,  and not at  determining abso lu t e
va lues .  I t  was therefore cons idered  l eg i t imate  to r e fe r  a l l  r e su l t s
to an arbi t rary passage  width of 7 .2" .
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While inspections of the total pressure curve showed
the width and character of the blade-wake, a simple graphical
integration gave the mean total pressure loss across the blade-
wake, and this mean loss divided by the inlet dynamic pressure was
accepted as the Pressure Loss Factor for the configuration, after
normal cascade practise. [See Appendix "B" - Calculation of Loss
Factors].

A similar graphical integration gave a Mean Deviation
Angle across the passage and blade-wake.

The complete data on blade profiles, pressure loss and
exit angle traverse profiles, together with the plots of Loss
Factor versus Incidence and Deviation versus Incidence derived from
these mean values are given in Appendix "C".

6.0 DISCUSSION OF RESULTS

In the main, this discussion is based on the curves of
Loss Factor and Deviation plotted against Incidence Angle in Figs. 4,
5, 6 and 7. These curves are arranged in two groups. Figs 4 and 5
compare the performance of blades A to E, showing basic simple blade
and slot performance, and the difference of performance between
unslotted and simple slotted blades. Figs. 6 and 7 then illustrate
tests on a number of slot configurations, in an attempt to discover
the optimum arrangement for testing on an actual rotor.

6.1 Blade "A" (0° camber, No slots)

This blade was tested to find the skin friction wake
of the blade itself, without any loss due to turning of the air-
stream. Losses above this would be due to turning work. Strictly,
the above is true only at zero incidence, but the curve shows that
the minimum loss holds over a + 5° incidence range.

6.2 Blade "B" (0° Camber, 1 slot at 50% chord)

It was interesting to see that the presence of the slot
made the blade-wake much thicker, and therefore increased the loss.
At less than + 4° incidence, slight instability increased the loss in
this thick wake, and at around zero incidence a strong instability
was setup, as flow reversed from side to side through the slot.

6.3 Blade "C" (75° camber, No slots)

This blade was the basic standard cambered aerofoil,
to which all slot configurations were subsequently applied. In this
(unslotted) configuration, the pressure side caused some turning of
the air, but the flow was completely detached from the suction
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surface, at all incidences tested. The wake was extremely wide and
severe, with a very high Loss Factor indeed.

6.4 Blade "D" (75° camber, 1 slot)

The presence of the single slot allows the blade to
operate properly over a fair range of incidence, with a Loss Factor
approaching that of a straight unslotted blade doing zero turning,
although this blade is in fact turning the air through some 51°.
(75 camber at 0° incidence minus 24° deviation). The blade reaches
a stall point at + 2° incidence, after which it is bistable. Either
attached flow or stalled flow could be induced up to the -+- 8°
incidence test limit, but external interference was needed to change
from stalled to attached flow, or vice-versa. The practical range
was therefore limited to +2° incidence max.

The tremendous improvement due to the single slot gave
hope of definite performance gains if the system could be applied
to a compressor blade.

6.5 Blade "E" (75° camber, 2 slots)

This blade shows similar characteristics to the
previous, single-slotted blade. The Loss Factor is on the whole
a little lower, and the Deviation about 4° greater over the working
range, but the working range is considerably improved. Stall does
not occur until + 6° incidence, a 4° improvement. The same bis-
table attached flow or stall behaviour is noted.

This blade was considered to demonstrate considerable
improvement over the unslotted standard blade. A series of further
configurations was therefore compared with blade "E", to gain
better understanding of slot behaviour, and approach an optimum con-
figuration.

6.6 Blade "F" (75° camber, 4 slots)

This blade, with four slots in it, was considered to
be about the reasonable mechanical limit which could be applied to
a compressor, - and, in fact, probably beyond the economic limit.

Its performance was most interesting. It did not stall,in
the normal sense, but as the incidence increased, the wake became
broad and turbulent, showing that the blade was behaving in a qua si-
porous manner, and "letting the wind blow through it" if the
pressure drop across it was high enough. In view of the broad
turbulent wake and the difficulty of producing such a blade, it was
considered that four slots was above the useful range.
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6.7 Blade "G” (75° camber, 3 slots)

This was in fact blade "F" with the front slot filled
in. It performed poorly. The Loss Factor was very high, and
although the deviation was a little lower than "E", blade "G"
stalled at about + 4° incidence, 2° earlier than blade "E". The
long unprotected front part of the suction side permitted early
flow detachment, and the slots further aft did not pull the flow
blade into the blade.

6.8 Blade "H" (75° camber, 2 slots)

This blade was identical to blade"E", except that the
front slot was moved a little over one slot-width further forward.
The performance was extremely poor. The wake generated was both
wide, and of very high loss. It became unstable early in the
incidence range, and stalled early at about + 3° incidence. There
appeared to be a tendency for the jet from the front slot to blow
the flow off the surface, rather than to attach it. It may well
have injected flow at an unsuitable point in the pressure field.

6.9 Blade "I" (75° camber, 2 slots)

This blade was again identical to blade "E", except
that in this case the forward slot was moved a little over one
slot-width aft. It again behaved poorly, having a characteristic
of high loss and early stall almost identical to that of blade
"G". It appears to have been ‘shown conclusively that the optimum
position of the forward slot is as in Blade "E". The aft slot
seems less critical, but blade "E" appears to be satisfactory.

6.10 Blade "J" (75° camber, 2 wide slots)

This blade was identical to blade "E", except that
the front element was moved 1.2% C upwards, and the rear element
1.2% C down, widening both slots by about this amount. The
characteristic was almost identical to that of blade "E".

6.11 Blade "K" (75° camber, 2 narrow slots)

This blade was again identical to blade "E", except
that in this case both slots were narrowed, by moving the front
element down 1.2% C, and the rear element 1.2% C up. Apart from a
higher deviation, the performance was very like that of "E" or
"J". However, the narrow slots would be more difficult and critical
to manufacture, and more susceptible to blockage by dirt.
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7.0 CONCLUSIONS

It is concluded that slotted blades might well be used
in a centifugal blower impeller with the intention of increasing
the operating range before reaching the stall point.

Of the blades tested, the configuration "E" appears
to represent the optimum slot arrangement.

The slot design criteria are described in detail in
Section 4.2 and Figs. 8,9 and 10. They are in agreement with the
findings of Foster (Ref.3).

Blades with slots designed on the basis of this Memo
should be tested in a rotor on the Low Speed Centrifugal Compressor'
Rig, and their performance compared with that of similar blades
without slots.
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INDEX OF BLADES TESTED

All blades were C-4 aerofoil section,
12% max.thickness/chord, of 8.7" chord.
The cambered blades were all based on a
circular-arc camber line.

BLADE CAMBER SLOTS SLOT POSITIONS (% of chord)

A 0° None -

B 0° 1 symmetrical at 50% C.

C 75° None -

D 75° 1 (21% - 63%)

E 75° 2 (11% - 43%) & (40% - 77%)

F 75° 4 (4% - 31%),(21% - 63%),(63% - 84%), and
(76% - 92%).

G 75° 3 Blade 'F', with (4% - 31%) slot filled in.

H 75° 2 (4% - 31%) & (40% - 77%) (Blade Έ' with
front slot moved forward).

I 75° 2 (17% - 49%), & (40% - 77%) (Blade Έ"
with front slot moved aft).

J 75° 2 Blade Έ', with front element 1.2% 0 up,
and rear element 1.2% C down, relative
to mid-element, opening up both slots.

K 75° 2 Blade Έ', with front element 1.2% C
down, and rear element 1.2% C up,
relative to mid-element, reducing both
slots.

The system of slot position dimensioning is shown in Fig. 2

FIG. 3
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APPENDIX B-l
LABORATORY MEMORANDUM

CALCULATION OF LOSS FACTOR

It must be clearly understood that the purpose of this
program is to compare various "blade and slot configurations
being tested in a very simple two-dimensional tunnel. No
attempt has been made to obtain absolute values.

Since in every case the thickness and chord of the
blade was the same, it was considered that the area-based
quantity, the sum of the elemental pressure losses, gives
a fair comparative measure of the total magnitude of the
wake, accounting in a single number for both its severity
of total pressure loss and width. If this is non-
dimens ionalised by dividing it by the free-stream velocity
head ( pV 2 ) upstream of the blade, then the resulting
"Loss Factor" is of a similar form to that normally used
in internal aerodynamics.

It must be remembered that this represents the Loss
Factor of the wake of one blade . In cascade test results,
the Loss Coefficient ΔΡ/ pV 2 refers to the loss over one
channel or blade pitch, and includes the very small loss
over the part of the channel not affected by the blade wake.
If it was wished to compare the above Loss Factors with
this Cascade Loss Coefficient, the total loss would have
to be that across the whole of the arbitrarily selected
pitch (of 7.2” in this case), and the Loss Factor would be
calculated, using 36 elements of .2" width each, in the
7.2" pitch, as:-
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APPENDIX B - 2

MECHANICAL ENGINEERING

LABORATORY MEMORANDUM

Loss in one element = APt x 1 element
• r XLoss in wake x elements wide = ) APt x 1.L o

Loss in other (36-x) elements is zero.

Total Loss in 36 element pitch = £°APtxl + £°6”X zeroxl.

y x APt + o
• w τ.. Mean Loss = ----τ-τ---

ZX APt• L‘ o.. Mean Loss Factor for whole pitch = ---------- .
%pV 2 x 36

(which is the Cascade Loss Coefficient)

However, in the present case, as explained above, the
Loss Factor for the blade wake alone has been calculated,
a s : " [ X APtυoLoss Factor in Wake = ----- .

îgpV 2

The values thus obtained are in the convenient range of
around 1 to 30, whereas the more usual Cascade Loss
Coefficients, besides involving the arbitrary choice of
a rather mythical pitch, would have fallen in the less
convenient range of .027 to .85.

The deviation angles, however, represent the angle of
the exit flow, not the wake. They are therefore given
in their simplest form, as the arithmetic mean of the 36
elementary exit angle readings taken during the traverse.
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APPENDIX C

DETAILS OF TRAVERSE DATA

[BLADES "A" - "K"]
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