C.P. No. 131
—— ) (14,300)
ST A.R.C. Technical Report

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

An Analysis of the Air Flow through the

Nozzle Blades of a Single Stage Turbine

By

I. H. Johnston

LONDON : HER MAIJESTY'S STATIONERY OFFICE

1953
THREE SHILLINGS NET






RESTRICTED - C. P, No.i3d.

Memorandum No, M,108.

February, 1951.

NATIONAL GAS TURBINE ESTABLISHMENT

An Analysis of the Air Flow through the
Nozzle Blades of a Single Stage Turbine

_by_

I.H. Johnaton.

L]

SUMMARY

it i

This memo, presents the results of detailed traverses made on three
of the nozzle aszcmblies designed for a single ztage experimentsl turbine,
The cffects of pitch/chord ratio on gas outlct snple and total head loss arc
recorded and discussed in the light of oorresponding work published else-
where. The value of pitch/chord ratio giving mnimum total head loss 1s
found to compare well with the optimum pitching given by two dimensional

regults obtained from cascade tests on blades of a similar nature,
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1.0 Introduction

The three nozzle assemblies used in this investigation are all com-
posed of the same type of blading, the only dafference being in the number
of blades per row, i.e, pitch/chord ratio.

This note, which records the first part of a series of tesis to deter-
mine the importance of blade pitching on turbine performance, 13 almed first
at determining optimum S/C for a nozzle row, and second at providing data
regarding total pressure losses and flow patterns for the nozzles tested,

An attempt 1s made to enelyse the results with regard to the following
poants,

1. Comparison of axial and swirl velocity distributaions with those re-
guired by condatzons of radial eguilibraium,

2. Comparison of gas ouklet angles with those corres ondang to the simple
cos =1 04 rule (viz: outlet flow angle = cos =1 O/g).
3. Compariscon of total head loss with the results of cascade tests,

2.0 Blade Details

The blade profile, which was the same for all S/C's 1s shown in Fag,

It 18 built up from circular arcs and has zerc inlet blade angle and
an ocutlet blade angle of 65,75°, Both blade chord and stagger are constant
at all blade heights, the choid being 1.33" and the stagger angle equal to
L1°, The blade spacings tested were:- Case (1) 36 blades, mean §/C = 0,739,
Case (2) 27 blades, mean §/C = 0.935; Oase (3) 22 blades, mean S/C = 1.208,

3.0 Apparatus, Instrumentation and Test Procedure

3.4  Apparatus

A general laycut of the turbine casing and traversing gear is shown
in Fig. 1. The turbine inlet volute consists of a tapering pipe which en-
circles the turbine and from which the air passes to the inlet annulus via
elght radial passages.

3.2  Instrumentation

(a) Inlet; Four static tappings and four pitot tubes are located around
the annulus., The pitots are enclosed in streamlined shields which also
house thermocouples at three different radiz,

(b) Outlet: Tour statics are set in the outer wall and in the same plane
there is a three-pronged static probe which i1s used to explore the static
pressure gradient. A further four statics are set i1n the exhaust cone of
the turbaine, the common connection from these tappings being led out through
one of the support spiders.

(c) Traversing gear: The traversing gear which was constructed for these
tests 18 shown un Fag, 1. It has three principle components: the dasc
which occupies the position of the turbine rotor and from which protrudes
lhe pitot yawmeterﬁﬁthe shaf't which runs in the turbine bearangs and in
vhich the concentric cont¥ol Fods of the traversing mechanism are ocarried,
and the cage whlch houses the two control wheels with their smaller record-
ing daisca,

The wheel farthest from the turbinc casing 1s clamped to the central
spindle which controls the rad:al position of the pitot tube while the other
wheel determines the yaw of the instrument. Circumfercntial movement 23
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over the entire 360°, the angular position being fixed by a ratchet system
which provides for movement in steps of down to 1°, The pitot yawmeter was
manufactured from millimetre tubing and is of 'L' form wixth chamfered yaw
tubes,

Also located i1n the traversing gear disc are four stafzic tappings which
are equally spaced arcund the rim,

(d) A1r flow; The arr flow through the turbine volute was controlled by
a throttle valve situated i1n the ducting leading from the main air supply
compressor,

4,0 Procedure

Throughout the tests the mass flew was maintained substantially con-
stant, Thas resulted 1n an outlet Mach number range of from 0,70 in case
1 to 0.40 1n case 3 but for this type of blading 1t 1s reasonsble to assume
that flow condations are unaffected by this range of Mach number (c.f, Ref.1),

The corresponding Reynolds numbers based on blade chord and outlet
velocity ranged from 4.60 x 105 in case 1 to 2.60 x 105 1n case 3,

h.4 Inlet Traverse

The inlet annulus was traversed to determine the velocity profiles,
both ciroumferential and radial, at entry to the nozzles. For a number of
radiil readings of AP, the difference between the total head measured by the
faxed instrument and that indicated by the traversing pitot, wers taken at
39 antervals round the annulus and these are plotted in terms of APZL v.2

in Fig.'3, V4 being the velocity as measured at the inlet pitots.

In the curves of Fig, 3, the wakes from the pitot/thermocouple anstru-
ments are olearly defined but they affect only a small proportion of the
annulus crogs section, The variations of total head over the annulus apart
from the boundary layer regions and the aforesaid wakes are all within about
+ I of the mean dynamic head.

L.2 Nozzle Traverses

The nozzle traversing was restricted to the investigation of flow
behind two adjacent blade passages and at thas stage the choice of the L-type
pitot yawmeter proved troublesome as 1t could not be yawed without a’'result-
ant alteration in the posation of the open end of the pitot tube., The
instrument was aocordingly celibrated in terms of yaw difference and total
head, the dotum yaw being set by lining up a 3 ft, pipe of approximately &
bore parallel to the shaft of the traversing gear to ensure true axaal dlrec»
tion. All yaw readings may be subject to an error of up to + %° due to a
small degree of back lash in the gear mechanism,

In order that the loss distribution should be determined as accurately
ag possible the circumferential shift of the car from the leading edge of the
nozzle 10 the open end of the pitot tube was approximately evaluated and
token into account during the computation,

4.3 Method of Plotting Results

In all cases where variation of loss 1s plotted agoinst blade height the
circumferential mean values for each radius are token., These were obtoined
by graphical integration of the orrcumferentisl traverses so thal for any
radius r;-
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6o

P = I/ &P a6
©9

65

O
where 6P 1s the local change in total head at any girven radius and 61 and 65
are the limts of the traverse arc.

In obtaining the overall total head loss for each nozzls the area mean
value was also calculated by graphical antcgration,

AP = 2mor AP dr
T , ,
w (r," = )

where r1 and r, are the inner and outer radai:,

5.0 DPreserntation and Analysis of Results

5.1 Inlet Velocity Distraibution

Va /e
In Fig, ha the inlet velocity 1s plotted in the form a/Va against r

where V, 1s the circumferential mean at each radius and va 1s the arca mean
velocirty entering the nozzles, This a‘-ca mean velocity equals 0,97 V,
where V4 1s the velocity measured at the inlet pitots,

Expressed in ancther form we have

By = Patar, = 0.943 x (Prusrrument - Pstat,)

5.2 Radial Dastributions of Outlet Velocity

The distributioens of total ges outlet velocity are shown in Fig. La
and comparison with the anlet dastribution shows that whareas the boundary
layer at the outer wall appears unchanged, the boundary layer next to the
inner wall increases in thickness during a1ts passage through the nozzle row,

The irregularity near the outer wall in case 3 can be attributed to

breakaway which, as will be shown later, ocecurs over the outer half of the
blades on thas nozzle row,

The radial dastributions of axial and swirl velocities are shown in
Figa, 4b and 5a and may be compared with those required to give radaal
equilrbrium for the observed total heads and gas outlet angles, Also, shown
are what mght be termed the ‘'ideal' velocity dastributions, which give
radial equilibraium for an angle distribution according to the cos -1 0/s
rule and for the assumption of* constant total head along the blade heipht.
Comparason of the obsserved velocities with those giving radial equilibrium
gives good agreement over most of the annulus height - apart from the region
of flow close to the inner wall where thc low velocities can be attributed
to the thickening boundary layer. Considering the axial velocity profile
of case 1 there are two regions of high velccity., As S/C increases, the
high velocity region near the outer wal. 1s meautsained but tends to widen
and move inwards, but the high velocity near the inner wall disappears in
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cases 2 and 3. Now, high axzal velocities correspond to low outlet angles,
thus as S/b is 1ncfeased the gas angles in the outer part of the annulus de-
crease relative to mean dismeiter conditions and the angles near the imner
wall increéase.

5.3 Radial Distribution of Gas Qutlet Angle

The 9¥t1et angle distributions are shown in Pig. Sh together with the
three cos 0/S dastributions and, considerang the limits of accuracy, the
observed_gngles at mean drameter agree closely with the values obtained by
the cos rule. There is, however, a marked fallang-off in outlet angle in
the outer half of the annulus, this effect ancreasang with 8/C.

At first sight this decrease in angle might be attributed to breakaway
from the upper surfaces of the nozzle blades, but inspsction of the loss
contours and loss distrabutions (Fig. 6a) reveals that case 3 is the only one
in which marked separation is occuring.

When considering these outlet angles it ig advaisable to bear in mind
the secondary flows existing in the system., These flows and their effects
have been established and degscribed in some detail in Refs. 7 and 8 and are
represented pictorially in Fig. 6b. This sketch shows the secondary flows
which oraiginate in a blade passage togeéther with the vortices which are shed
near each end of the trailing edge of a blade, and the resultant gas outlet
angles can be compared with the cos ~' (/8 distribution., Returning to Fig.
5b we ses that these secondary flow effects are clearly in evidence nsar ths
outer wall, but do not appear at the inner wall, also that the effuvcts scem
to increase with 5/0. This increase with S/C is not unexpected as it is
generally accepted that the secondary flows vary with the circulation at mean
blade height which for comparable deflections increases with blade pitching.

Tests made by Lyth (Ref. 6) on the nozzles of the W2/500 turbine show
a samalszy distribution of outlet angle near the outer wall,

Anerican work on this subject, reported in Ref, 4 and 5 has produced
gsomewhat dafferent results. For nozzles of similar blade form an cutlet
angle distribution 15 recorded in which there are little or no secondary
cffects at the outer wall, but very high outlet angles near the inner wall.
These are atirabuted to a thick layer of 'dead' flow indicated by total head
traverses near the inner wall. As, however, no inlet traverses are recorded
1t 1s dmpossible to zay whether this thick retarded layer is a result of
faulty inlet design or that it 1s caused by reduced blade spacing, the §/C
beang 0.66 in the Ameracen tests as compared with 0.739 in case 1.

Further tests with the present rig on a nozzle row of small S/C will be
necessary bvefore any useful comparison can be made between the two sets of
resulis,

The momentum mean outlet angle, related to the mcan diametor, veg evalua-
ted for gach blade spacing. These mean outlet angles were 62, 7 s 5%, 1° ang
52, 8° for cases 1, 2 and 3 respectively.

5.4 Radaal Distributions of Total Head Loss

The +total head losses across each nozzle row are shown in the form of
contours in Pigs. 7, 8 and 9.  The apparent off-set line of the wakes is due
to the radizal variation of outlet angle and in Fig, 9 it is interesting to
note the increase in width of the wake at the —region of breskaway. The
influence of the secondary flows in reducing this separation near the outer
wall is also noticesble,

In Fig. Ha the radial distrabutions of circumferentinl mean loss are
shown and again the separation over thc outer half of the blades of case 3 is
¢learly indicated,
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From these results the arca mean of total head lozs for each row was
calculated ond the resultant values sre shown in #1g. 10 plotted against 5/C
from which curve it can be secen that the S/C for minimum loss is opproximately
0-9¢

Shewn also in Fig, 10 15 the variation in profile loss for this {type of
bladaing obtained from the general performance curves for turbine nozzles
produced by Ainley in Ref, 2. It is interesting to note that the 8/C for
mnimum profile loss coincaides with that giving minimum total head loss,

Applying the approximations for secondory losses and annulug loss
suggested in Ref, 2, good agreement 1s found in cases 1 and 3 but the empirai-
cal rules foil for the intermediate S/G's and they indrcate an 5/C for mni-
mum loss which is mach below the cbserved value,

Finally, although Bradle (Ref. 1) has shovm that for a wide range of
turbine blades there 1s lattle or no change in profile loss with Mach No,,
the results presented here can only be assumed valid for the Mach number
range considered,

Further tests will be requared to determine the voristaion of total head
loss with Mach number,

6.0 Conclusions

1. The distribution of axial velocity around the inlet to the turbine
nozzles 15 tolerably uniform and suffers little interference from the
inlet instruments,

2. The axial velocity leaving the nozzles is comparatively uniform over
most of the blade height for the threce values of S/C,

3. The agreement between obscrved axial and swirl velocities and those

based on radial equilibrium requirements 1s fair over most of the
annulus height apart from regions close to the walls,

L, The S§/C for minimum total head loss 1s approximately 0,9 which ogrees
with the corresponding figure for cascade tests on blades of simlar
profile, .

5. The mean outlet angles for the three S/C's based on equivelent angular
momentum are; -

Row 1 2 3
s/c 759 .985 1.208
q 2 62.7 59 .1 52.8
6. The area mean values of total hend loss are: -
Row 1 2 3
5/C 7359 .985 1,208
P .
- 0.0612 0.0556 0,114 |
PZ - Psta‘t2
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FIG. S.
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FIG. 6.
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