C.P. No. 693

C.P. No. 693

. LEBRR o
RCTAL ARG AR

MINISTRY OF AVIATION

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

Tunnel Tests on a Double Cascade to Determine
the Interaction between the Rotor and the

Nozzles of a Supersonic Turbine

By

B.S. Stratford and G.E. Sansome

LONDON: HER MAJESTY'S STATIONERY OFFICE

1963
PRICE 4s 6d NET






U.D.C. No. 621,438-253,5:533.6,011.5

C.P. No, 693

Tunnel tests on a double cascade to determine the interaction
between the rotor and the nozzles of a supersonic turbine
- By -

B. 3, Stratfard and ¢. E, Sansome

August, 1962
SUMMARY

Experimental confarmation has been required that in a supersonic turbine
the leading e dges of the rotor governs the rotor incidence and, hence, the
gas exit angle fram the nozzles. Evidence has also been required that, once
the rotor incidence has been allowed for, there is no adverse effect of the
rotors on the nozzle flow, even when the rotors have a large turning angle.

The present test cascade represented the stationary configuration of a
turbine of 2.5 nozzle Mach number and 74  swirl angle, the rotors being
designed to operate at 1.9 relative Mach number and to provide a turning
angle of 140°, In the tests, fully supersonic flow could be established
through the system, but the losses were fairly high and an increase in loss
of about 25% would have caused choking in the rotar,

The flow in the nozzles appeared well behaved, According to the
Schlieren photographs the individual shock waves fram the leading edges of
the rotors were fairly well attenuated befare reaching the nozzle exit,
with the result that, for a given exit angle, the flow in the nozzles
appeared to be unaffected by the presence of the rotors., The gas exit
angle fran the nozzles and hence the incidence on the rotors were determined
as expected by conditions downstream, in this instance the leading edge of
the rotor blades. Considerable secondary flow occurred in and just ahead of
the rotor blades at the ends of the span. The rotor incidence agreed with
simple theory in which an allewance is made for boundary layer growth on the
convex surface of the blade, but not for losses through the bow shocks, nor
faor the secondary flow at the ends of the span.

In a turbine rotor with energy extraction considerable flare might be
needed to prevent choking, while the three-dimensional effects from the
flare and from the centrifugal field could somewhat modify the interaction
between the nozzles and the rotors,
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1. Introduction

Considerable theoretical and experimental work has been carried out
on the mode of operation of cascades for supersonic compressors and tur-
bines, as for example, in References 1 to 9. One of the features charac-
teristic of such cascades 1s that the 1ncidence on to a downstream blade
row is determined by the thickness of the leading edges of that blade row,
provided the axial component of velocity is subsonic, As a result the gas
angle and static pressure at the exit from, ssy, a nozzle cascade 1s
determined by the leading edge geometry nf the succeeding rotor cascade.
The theoretical arguments for this beheviour in two dimensional flow seem
conclusive, but the evidence from experiment is sparse. Consequently as
part of the N.G.T.E, progrsmme on supersonic turbines7,8,9 tunnel tests
have been made on a double cascade contazining & row of nozzle blades of
Mach number 2.,% and a stationary row of rotor blades.

"Initially the doubletunnel cascade had been planned because in
the turbine tests of R:ference 7 the rotor was found to prevent the full
expansion of the nozzle flow. In some instances at least the behaviour
could be explained by incidence effects resulting from the non-zero thick-
ness of the rotor leading edges, but there seemed the possibility that
other interaction effects could be present, including choking of a subse-
quent blade row, It was therefore required to demonstrate that a fully
expanded supersonic flow could in fact be obtained through two successive
cascades having large turning angles, If the flow were fully supersonic
in the doble cascade the effects of leading edge thickness could then be
investigated,

2. Apparatus

Figures 1 and 2 show the daible cascade tunnel, which consisted of
the nozzle cascade tunnel tested in Reference 8 (where all detarls will
be found) modified to take a row of rotor blades just downstream, The
nozzle blades were 1,56 times turbine scale, whereas the rotors were spare
blades from the turbine itself, so the axaal distance between the blade
rovs was made 1} times turbine scale.

The test programme included three designs of rotor blades, being
the three designs tested in the turbine first-stage rotar and described
in Reference 7, The profiles at the leading edge are shown in Figure 3,
(As indicated in Figure 3a it is only the thickness 't' on the upper, or
convex, side of the leading edge that enters into the theoretical caclu-
lation of incidence,) The leading edges in the first and second designs
were chamfersd on the convex surface of the blade. Inspection figures for
the second design showed that 70% of the blades had a leading edge thick-
ness within oﬁboz in, of the mean for the cascade, Foar the third design
the leading edges of the first design were cut back on the concave surface
to give a nominally zero value for the thickness 't'; from 1nspect10n the
mean blockage effective in causing incidence was probably about 5?’



The follosing builds were tested:

Test 1 1st turbine blade design; 3% tip clearance®; face ABF at 78°
Test 2 Z2nd turbine blade design; no tip clearance; face AB  at 75°
Test 3 2nd turbine blade design; no tip clearance; face AB at 78°
Test & 2nd turbine blade design; 3% taip clearance; face AR at 78°
Test 5 3rd turbine blade design; 3% tip clearance; face AB  at 75°
Test 6 3rd turbine blade design; no tip clearance; face AB  at 75°
Test 7 3rd turbine blade design; 3% tip clearance; face AB at 78°
Test 8 3rd turbine blade design; no tip clearance; face AB at 78°

*The tip clearance indicated in the programme was confined to the rotor blades,

/The face AB, shown in Figure 2, formed the control for the gas angle at the nozzle
outlet 1n the previous tests of Reference 8,

Figaire 1 shows the static tappings, which consigted of the previocus row &t
the nozzle exit augmented at one end by three additional positions, numbered
24 to 26, and several further positions at the rotor mid-chord and downstream
of the rotor exit, No attempt was made to traverse the flow by yawmeter ar
pitot tube because of the rapad variaticns in flow angle and total pressure.

3. Results and discussion

3.1 General behaviour

The composite Schlieren photograph for Test 3 shown in Figure 4 indacates
that supersonic flow was obtained throughout the double cascade, that the flow
in the nozzle was well behaved and fully expanded, and that the individual
shock waves from the roter leading edges were fairly well attenuated before
reaching the nozzle, Separation occurs inside the rotor blades - as might be
expected at such a high-off-design Mach number?.

The Schlieren photographs for Tests 1, 2 and 4 were very similar to
those for Test 3. In the photographs for the remainder of the tests, i.e.,
Tests 5 to 8, the shock waves were much weaker and lay at slightly smaller
inclinations to the centre lines of the passages, except at the rotor exit,
where the Mach angles indicated rather lower Mach numbers than for Test 2,

In Figure 5 liquid on the end walls indicates something of the type of flow
existing at the ends of the span., The flow visualisation first occurred by
accident, phosphoric acid from the mancmeters reaching the tunnel through the
inter-blade row static connections in Figure ba,
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Subsequently, liquid was allowed to lesk into the cascade at the down-
stream pin locating the right-hand nozzle blade (Figure 1) and gave the
pictures of Figures 5b to 5f. The liquid traces show that the flow
near the end walls is highly three-dimensional, the boundary layer appa-
rently having dif ficulty in penetrating the bow shock system, In photo-
graphs b and ¢, where the liquid is ingected to give flow visualization
at the end of the span having tip clearance, the flow at the lsading edge
appears to be almost entirely in a peripheral direction, suggestive of
reverse flow through the tip clearance. In photograph d the 1liguid
penetrates the cascade in same blade passages but not in others,

3,2 The analysis for incidence

The static pressure distribution % in, ax1ally downstream of the
plane of the trailing edges are shown in Figures 6 and 7. These show
high pressures in passage 1 when the well AB is at 78", and low pressures
for 75 , the actual values agreeing with those of Reference 8, Unlike
the results from Reference 8, however, the influence of the wall angle AB
is lost as one crosses into passage 2, It will be seen on a close exa-
mination that the pressure levels to which the distraibutions are tending
may be correlated wath the thickness of the rotor leading edge - the lower
pressures occurring with the thinner leading edges. Thus Tests 6 and 8
with nominally zero leading edge thickness and no tip clearance give a
static pressure tending to settle at a steady 0,050 of the inlet total
pressure, while Tests 2 to 4 with 6.7% leading edge thickness give pressures
osci1llating araind about 0.064 of the inlet total pressure, (The sharp
rise of pressure at statics 24 to 26 is attributed to an end effect in.
the cascade, perhaps associated with an accumulation of the three-
@imensional flows noted in Figure 5.) Pigure 8 has been prepared from
the results o the nozzle cascade tests of Reference 8 in order to
relate the static pressure at the nozzle outlet to the gas exit angle.
From Figure 8 the estimated asymptotic pressure levels in Figures 6 and 7
have been converted to estimated flow angles, and hence rotor incidences,
and these are tabulated in Table I,

TABLE I
Values of rotor incidence deduced from

the estimated values of the asmtotic

static pressure at the nozzle exat

incidence

Test No, 1 2 3 L 5 6 7 8
Pstat/Ttot | 0.059 | 0.063 | 0.065 | 0.063 | o.054 | 0.050 | 0.053 | 0.050
gas exdt | o g0 1o 9% 1 75.2° b m.o® | 73.2° | 71.9° | 72.9° | 71.9°
angle - [ ] - { ] . L 2 - -
rotor 5.3° | 45.9° | 5.2° | w9® | 3.2° | 1.9° | 2.9° | 1.9°
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A somewhat similar process of comparison with Reference 8 allows values of
the rotor incidence to be deduced fram the nozzle shock positioms in the Schlieren
photographs., The results are shown in Table II, together wath the mean values
obtained from both techniques,

TABLE 1T
(a) Values of rotar ancidence deduced from &

comparison of the Schlieren photographs
with those of Reference 8

(b) Mean of Tabie T and/Table II (a)

Test No. 1 2 3 4 5 6 7 8

(a) rotor incidence

deduced fram L 4e o o o o o o o

Schlieren (uncert&in) 5."+ 5-3 5-5 2.5 2.55 3,2 2.6

photographs

rotor incidence

from Table I b, 3° 5.9° | 5.2° | 4.9° | 3.20 | 1.9° 1 2.9° | 1.9°
(b) mean values®* . 30 5,1° 5.30 5,00 2. 8° 2, 2° 3,0° 2,2°

*When rounding for mean values reference was made to previous rounding

The mean experimental values of the incidence from Table II are plotted in
Figure 9, where comparison may be made with theory, It will be seen that the
incidences from the experiment are larger than those of the thearetical curve
'a' - deduced for two-dimensional inviscid flow with zero shock loss, as in
Reference 8.

Curve 'b' in Figure 9 represents an extension of the theary to take into
account a boundary layer on the convex surface of the blade, the derivation
being indicated in the Appendix. The agreement between the experamental points
and the thearetical curve 'b' is good,

The agreement just noted indicates that at least the trends presented
are probably correct. The exactness of the agreement - to within a %° for the
results without tip clearance - must be fortuitous as the expepimental
techmques are scarcely this accurate, while the theory neglects shock losses
as well as the boundary layer and secondary flow at the ends of the span
(see Figure 5); furthermore, the calculation for the boundary layer on the
convex surface has been much simplified, Consequently, further work would be
needed to provide an absolute reliability of sgy one degree or better, In
the present tests, an additionsl complication occurred in that inspection
subsequent tc the completion of the experiment showed that the nozzle dimensicns
had been somewhat different in Tests 2 to 4 from the values in Tests 1 and 5
to 8 althaugh the resulting effect on the apparent variation of incidence is
thoight to be less than 3°, In future tests care should be taken to maintain
the nozzle dimensions constant, (In the present tests the mean value of the
exit to throat area ratio for the left-hand two passages - passages 2 end 3 -
remained constant throughout the tests, and the static pressures in pessage 1
indicate that the dimensions here must also have been near constant.
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The general level of incidence in the present tests agrees with that found
by Johnston and Dransfield for the turbine. An exact comparison is not
appropriate as the upstream Mach numbers differ,

3,3 Losses, and application to a turbine

From the Mach angles and static pressures at the rotor exit independent
rough estimates could be made of the rotor exit Mach number and the overall
losses, According to these calculations the average Mach number just downstream
of the rotor exit was about 1.65, whereas for isentropic flow it would be 2,83,
The corresponding overall total preasure coefficient for the double cascade is
about 0.36 and the velocity coefficient, based on an isentropic Mach number of
2,50 (see Reference 8), is 0,85, Choking would have occurred inside the rotor
passagesat a velocity coefficient of 0.815, i.e., for about a 25% greater loss.

In a turbine installation energy is extracted from the flow, while three-
dimensional losses are probably greater than in the tunnel because of the .
centrifugal field, Consequently one might expect to require considerable flare
in order to prevent choking of the rotor when installed in a turbine, On the
other hand the rotor in a turbine could be operating at its design Mach number,
while the level of Mach number in the rotor would be somewhat lower than in the
tunnel;’ both of these factors should tend to reduce the losses in the turbine
installation., The additional three-dimensional effects present in the turbine
as a result of the centrifugal field and of the flare could modify scmewhat
the interactions between the rotor and the nozzle.

b,  Conclusions

In a superscnic cascade having the axial component of velocity subsanic
the small region of the blade profile at the leading edge cen significantly
alter the incidence at which the cascade operates, The theary so far developed
includes only a simplified treatment for the boundary layer and takes no account
of three-dimensional effects at the ends of the blade span; morsover, in the
simple contimuity form of the theory used here no account is taken of shock
losses. Simllarly the present experiment is subject to uncertainties of
techniques and may not be reliable to better than, say, 1°, Nevertheless,
very similar trends are shown by the theory and the experiment. A blade of
zero thickness at the leading edge operates at a small positive incidence =
which is about 2 to 3° for the present cascade, This incidence is largely due
to the presence of the boundary layer on the convex surface of the blade, the
theory for two-dimensional inviscid flow predicting zero incidence for a blade
of zero leading edge thickness. A blade of non-zero thickness at the leading
edge operates at an incidence a few degrees higher than that of the blade with
the zero thickness leading edge. Only that portion of the thickness on the
upper, or convex, side of the leading edge tip is effective in altering the
incidence and here a thickness equal to 7% of the passage width (s cos ﬁ1)
increases the incidence in the present cascade about 2 to 3°, The effect is
non-linear, ‘

In general in the present type of flow it is the thickness of the
leading edge and the value of the upstream Mach number - rather than the
blade ocutlet angle of the upstream blade row - that governs the incidence and,
hence, the gas inlet angle.

The losses of a two-dimensional double cascade with supersonic flow can
be fairly high and considerable flare may be needed in the rotor of a turbine
in order to prevent cheoking. The three-dimensional effects present in a
turbine could somewhat modify the results on flow angle.



List of symbols

s blade pitch
Ba blade angle relative to the turbine axis

t thickness of the leading edge as defined by Figure 3e

X distance from the leading edge
o* displacement thickness of the boundary layer
Xy distance defined in Appendix I and Figure 10
£, quantity defined in Appendix I

M Mach number
Rx Reynolds number based on x and the free-stream comditions
v ratio of the specifiic heats
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APPENDIY 1

Extension of the theary of rotor blade incidence to allow
for a boundary layer on the convex surface of the blade

When calculating the incidence for a blade with boundary layer the effective
profile is that containing the displacement thickness &%*. Figure 10 shows a
blade with 1ts boundary layer displacement thickness, the thickness of the lead-
ing edge of the blade being shown as zero for clarity, It will be seen that the
whole of the effective profile of the upper, or convex, surface 1s now curved,
instead of containing an extensive flat region as in the basic blade, Such a
flat regon is a necessary condition for the validity of the theory of Reference
8. The latter theory requires generalisation in order to apply to a fully curved
surface, as the uniform one-dimensional flow assumed 1n the theory inside the
blade passages no longer exists. The result of such generalisation may be
expressed as follows, TLet the point B at x = x; an Figure 10 be the position
such that a Mach line drawn from 1t becomes incident on the leading edge E of
the next blade., The inclination of the effective profile, at x = x4 , to the
original blade surface is (d8%/dx); , while the depth of the profile relative
to 8 1line through the leading edge A parallel Yo the tangent to the profile at
B is [8.* - x; (a6%/dx),]. Let us suppose that that blockage on the basic
blade which would have caused an incidence equal in value to (d&*/dx); is
denoted g,. Then the curve 'b' in Figure 9 for the profile including bandary
layer is derived from that withaut boundary layer, 1.e., ‘a' in Figure 9, by
displacing the latter along the axis of blockage a distance
-[6,% - x4 (dﬁ*/dx),_ +e4].

The point B is important in the analysis as it is only the profile upstream
of B that can influence the flow upstream of the blade row. Consequently the
incidence is determined by the profile AB alone, whatever the profile downstream
of B (provided it does not canse shock waves which could intersect the Mach line
BE). Consequently for the purpecse of analysis the simplest profile may be chosen
dowmstream of B, Figure 10 showing a profile consisting of the tangent BC., If AD
1s now drawn parallel to BC, and if AD is regarded as a datum direction for a
calculathon of the type explaired in Reference 8, the result quoted in the
previous paragraph mey be obtained.

For the present cascade the Reynolds number based on the distance x, is
about 25,000, so that the boundary layer 1is assumed to be laminar, For a
laminar boundary layer

1
&% o x°2
s¢ that
&% - x(as*/dax) = 8*/2

From Reference 10 an adequate formula for 6* may be taken as

=

& = 1.721 [1 + 0,693 (y - 1)¥%] xRX-

The value of &,%/2 is calculated to be about 1.0% of the passage width
s cos B, (see Figure 3) and (d8*/dx), is about 1.0°, Figure 9, curve ‘a',
shows that % blockage on the basic blade would be required to cause 1,0° incidence,
Hence curve 'b' is obtained from curve 'a' by displacing i1t (-1%%) along the
scale of blockage. The numerical values Jjust given have to be obtained by
successive approximation as x4 1s initially unknown, the angle of the Mach line
depending upon &,%*, (d5*/dx), and, strictly, the incidence, In the calcula-
tions a consitant static pressure has been assumed between the points x = 0 and
X = Xyq.
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7L° swirl angle, the rotors being designed to operate at
1.9 relative Mach number and to provide a turning angle
of 140°, In the tests, fully supersonic flow could be
established through the system, but the losses were fairly
high and an increase in loss of about 25% would have
caused choking in the rotor.
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