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SUMIARY

Four stages of Free Vortex blades were tested st low speed an

the 106 compressor to determine the effects cf lacing wire upon stage

efficiency and temperature rise.

With lacing wire of 0.4 in. diameter
and with blades of height 2% in., the loss in
12 per cent, but if 0.14 in. diameter tubular
the blade pitch to & more streamlined section
drop 1n stege efficiency would be about 5 per

Tt 15 estimated that for the circular

in the rofor and stator,
stage efficiency 1s about
lacing 1s deformed within
of 2%:1‘f1neness ratio, the
cent.

wire 30 per cent of the

inerecse 1n 1oss 1s due t2 the wire drag itself and 70 per cent is due

to interference by the wire in the normal blade flow.
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1,0 Introduction

When the problem of aerodynamic buffeting end subsequent blade
failure arose in exial compressors, lacing was considered as a possible
solution and an investigation to determine the aerodynamic effects of
lacing wire &t low speeds was initiated.

The most likely mode of blade vibration to produce failure is the
fundamental in which there is a maximum amplitude at the blade tap
decreasing to zerc at the root, and to effectively damp this vibration
the lacing wire wust be near the tip, The dimensions of the lacing wire
in the rotor blades are governed by the bending forces imposed on the
short length of wire betieen blades. With increasing radius or blade
speed the strength required in the lacing becomes greater and the pro-
Jected area of the wire 1n the direction of flow is almost bound to
inecrease, The wake produced by the wire in this direction contributes to
the losses in the compresscor stage.

A further consideration which can adversely affect the compressor
performance 18 the chordwice position of the lacing wire relative to the
blade. The most robust form of lacing as far as the blade 1s concerned
is probably that in whnch the lacing wire passes through the thickest
part of the blode section., Chordwise this position 1s very near the
throat of the blade passage, and the wire will considerably reduce the
efficiency of the diffusion process downstream of the throzt. Attaching
the wire to the trailing edge would probably reduce this effect to a
minimum but 1s not a very sstisfectory method mechanically.

In view of these considerations, the lacing of the rotor blades
for the tests reported here was at the point of maximum thickness of the
blzde and two thirds of the blade height from the root. This position
reprcrents & compromise between lacing et the rotor tips for maximum

damzing and the other extreme of using the lacing wire 28 near the inner

diameter as possible for minimum stresses. The stator blades were laced
neor the tip at the poinl of maximum thickness of the section.

The purpose of the tests was to find the low speed aercdynamic
effects of three types of lacing wire in rotor dblades and stator blades
and to seek an explanation of these effects by means of detailed flow
Lavestigations betwecn blade rows., In the analysis of the results an
attempt is mode to distinguish quantitatively between losses due to the
lacing vire vioke 1tself and the secondary effects of the wire on the
Tlow over tne blades.

2.0 The compressor and laeing techniques

2.1 ¥echonical details

An illustration of the 106 Compressox, Ref. 1, and some details of
the Free Vortex blades with which the compressor was fitted for these
investigations are shown in Fig. 1. The aerodynamic design of the blades
is gaven in Appendix 1. Four stages of blades werz used at a spacing
of /3 chord between rows. The lengths of lacing wire were threaded
through holes drilled in the blades, each length being sufficient to
span ten blades. At the ends of each length the wire was either soft
soldered or deformed to keep 1t in position, but it was not attached
to each individual blade. The three forms of lacing wire used in the
tests wereiw )
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(1) Stranded cable 0.124 1n. diameter wade up of bundles of
20 gtrands of 0.009 in., ware twisted together.

(2) Smooth tube 0,443 in. diameter.

(3) The same tube pressed intd spproximetely elliptical form
between blades. Major axis 0,196 in. Minor axis 0.07L 1n.
Subsequently called 'flattened tube'.

The cable zs not a practical form of lacing but it was used in the

rotor for these low

spsed tests because of the dafficulty of lscing with

stiif wire or btube without disturbing the rotor blades. The stator blades

viere much easwer to

lace because the cooing is in halves, s0 the stators

were laced successively with cable, circular tube and flattened tube. A
performance invesiigation was mode for each arrangsment. The anlet guide
blades were not laced for ony of the tests.

A1l the bls
into the compressor
The performance of
pressor vith the la

des were drilled to accept the lacing wire before assembly
50 that they would not have to be subsequently moved.

the unlaced compressor was found by testing the com

¢ing holes [11led@ vath wax and this performence was used

as o basis for comparison.

2,2 Oivdcr of testrng

The ordcr o

f testing for the verious errangements of lacing was:-

(1) Four stage compressor with drilled but wax filled lacing
holes.

(2) Four rotor rovs leced with cable, stator rows unlaced,

(3) Four rotor rows laced with cable, four stator rows laced
wxzth cable.

(1) Four rotor rows laced wth cable, four stator rows laced
with circuler tube.

(5) Four rotor rous laced with cable, four siator rows laced
with flattened tube,

3.0 Aerodynamic propsrtics of the lacing wire

The dreg co
Fig. 2 were meazure

effzcient for the three forms of lacing wire shown in
a at a Reynolds number of 0,9 x 10F and are:=-

Cp
Stranded ceble 0.124 in, 0.D. 1.215
Smootn circuler tube 0.74.3 0.D. 1.06
Flattened tube 0.496 in. 0,074 .n.
{bozed on munor axis) 0.47

The Reymola
1.0 x 10%. zHef. 3
at this Reynolds nu
Cp is O0,4. ¥Excluad.
a circular lacing w

s number of the lacing wire in the compressor was about
gives a drag coefficient (Op) of 1.1 for a smooth cylinder
mber and at a Reynolds nutber of 20 x 104% the value of

rg Mach number effects therefore the drag coefficient for
ire in a comprsszor may be anywhere betwesn thess two
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values depending on the design. There is a similar variation in the drag
coefficient for an elliptical tube so the results are directly applicable
only for the drag coefficient values quoted.

In the compressor the velocity normal to the axls of the wire
varies slong the length of wire in one blade pirtch, For ease of defini-
tion therefore the relevant velocity for the expression of drag coefficient
and Reynolds number is taken to be the mean axial velocity corrected by a
simple ratio for blade blockage in the annulus at the plane of the lacing
wire.

Va x Amnnulus Area
Annulus Area « Blockage Area

Velocity of approach to wire =

4,0 Compressor characteristics

The overall compressor characteristics are shown in Fig. 3. They
are plotted as lean Btage Characteristics i.e. the overall pressure and
temperature coefficient divided by the number of steges. The non-
dimensional pressure coe{ficient 1s expressed in terms of the measured
total pressure rise, the density based on the mean of total conditions
at inlet and outlet, end the mean blade speed. The 'total' density used
in this expression is more convenient to use than the true mean density

both for computation and conversion should this necessary.

The efficiency 1s the i1sentropic effirciency derived from pressure
ratio, mass flow, torque and rotational speed measurements,

The tests were carried ocut at a speed of 3,000 r.p.m. giving a
mean blade gpeed of 229 ft./sec. end a Reynolds number based on this speed
of 1.3 x 102,

| Mean stape nerformance

One of the comparative teasts carried out was that of rotor laced
with cable end stator laced first waith cable then with circular section
tube. The tube had, as has been stated a somewhat larger diameter and in
tunnel tests the drag of these twe was about the same,

Cp d Cpxad
Cable 1.215 0.124 0.151

Tube 1.06 0,143 0.152

There was ain fact no difference in compressor performance with
these twe formas of lacing. It is assumed therefore that the two are
equivalent and in presenting the results they will be considered so and
called circular section lacing wire as opposed to flattened tube,

The variation in mean stage performence of the compressor with
circular wire and flattened tube lacing is summarised in Fig. 3, Lacing
both rotor and stator with circular wire reduces the maximum stage effi-
ciency by 12 per cent and the work done at a flow coefficient of 0,60 by
about 8 per cent. Lacing the rotor only with ciroculer wire the reduction
in maximum efficiency is 7% per cent and of the work done 3 per cent. This
reduction in efficiency and work dons is prohibitive if the majoraity of
the stages in a compressor have to be laced but 1f the blade rows an
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which failure 1s likely can be 1dentified and are few in number then lacing
would probably be acceptable. A reduced loss an efficiency can be obtained
by lacing both rotor and stator with the more stresmlined flattened tube.
The test series did not include this arrangement as such because only the
stator blsdes could be laced conveniently wath the tube but an estimate of
the probable performesnce 18 shown in Fig, 3, The reduction in maximum stage
efficiency 15 about 5 per cent., This figure 1s si1ll comparatively large
and the explanation may be that the wire i1s flattened between the blades
only, snd retains i1ts circular section nesr to the blade surface, Under
these circumstences the interference by the wire on the blade boundary
layer flow will be of the same degree as for the circular section wire.

4.2 Stape characteristics

The individual stage static pressure characteristics for the four
stages of each lacing arrsngement are shown in Pigs. 4 and 5. The values
for the pressure ccelfficient at a porticular flow are about the same as
for the Mean Stage characteristics Fig, 3.

Tne unlaced compregsor hag a first stege performance which 1s
better than that of the three following stages. This effect has been
noted previsugly in Ref. 4 ard 1s attributed to the smallness of the
annulus boundery layer st this stoge. Lacing the rotor blades with circu-
lar section wire gives a set of chnaracteristics which are almost ¢oin-
cident at a flo7 coefficient of 0.6. The lacing in the first stage rotor
therefore concels cny benefit obtained from a good veleccity profile bui
lacing 2ll the rotor rovs does not lead to any stage fo stage deteriora-
tion in performence. The atage characteristics when both rotor and stator
blades are laced do however iadicate a steady deterioration in performance
from stage one to four at low {low coefficients.

4.3 Flo7 investigation at the fourth stage

An iavestigation of the flow over one blede pitch was carried out
half a chord dovmstream of the fourth stator for each lacing arrangement,
The investigation consisted of radial traverses with yaw angle. total pres-
sure and static instruments from outer diameter to lnner diameter for a
series of circumferential positions over the area of one blade pitch. By
removing the stator ring and replacing it by an unbladed ring a simlar
traverse was obtained for ihe fourth stage rotor. The traverse plane was
therefore one and a half chords downstream of the rotor blades and half a
chord dommstream of the stator blades,

The results obvtained are shom an Figs. 6, 7, 8 and 9. In Figs. 6
and 7 are the {fourth stage rotor gas zngles and axial velocities and in
Fags, € and 9 the fourth stage stator angles and axial velocities.

Consadering farst the fourth stege of the unlaced compressor as a
besis for comparison, the cotor blades have gas outlet angles which corres-
pond closely to the predicted velues (see Appendix I) over most of the
blade hexight, The gas angles at outlet from the stator blades are about
one snd & half degrees higher than the predicted values, the incidence 1in
both rotor and stotor being vell below the stalling incidernce.

Introducing lacing wire into the rotor blades at two thirds blade
height from the root causes the outlet angle to ancresse in the rotor blade
row. The increase amounts to cbout 7 or 8 degrees and extends over rost of
the outer half of the annulus.
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The lacing wire also distorts the axial velocity profile so that
the incidence on the fvllowing stator is above the stalling incidence,
The unlaced stator is stalled theresfore, over a proportion of the blade
length which is almost as great as thst for the laced rotor blades them~
selves,

Lacing the stator blades also produces a high deviation in both
rotor and stator at the lacing wire rsdius. This rardius i1s however near
the inner diameter so the effects upon inlet and outlet angle are less
extended, being wmore like thosc produced by a thack annulus boundscy lsyer.
Figs., 7 and 9 show the axial velocity profiles dovmstream of the fourth
stage stator and rotor blade rows when all the rotor and stotor blades are
laced with circular wire, The profile dowvnstresm of the stator blade row
shows & considersbhle thickening of ithe inner onnulus boundary layer at
this position but not oppsrently after the rotor blades. If the performance
of the fourth stsge rs aimrlar to the performance of the other three stages,
ag the atage characteristics supggest, there umst be considerable radial
flow between blade rows.

The circumferential mean loss coefficient distribution for a blade
in the fourth stator row i1s shown in Fig. 9, also for comparison the two
dimensional wake of the wire obtained in a wind tunnel at about the same
Reynolds nuwber. It is cbvaious thet the losscs associated with the lacing
are much greater than the pure wake effects of the wire., It will be showm
that the interference losses due to the effects of the wire on the flow
over the blade constitute about 70 per cent of the total additional losses
due to lacing in the gtator blades.

5.0 Some comments on the vrigin of losses die to lacing wire

Considering first the circular section lacing wire., If this is
pleced in an annulus with some other blockage effect the pressure loss is

/ K YWz
n 3 i
Aw - . d/k oVQ i
( EPUm2 B CD -1; Um ‘1
wire \ /
vhere k 15 the bleckage factor,
X = Annulus Area

Annulus Area - Blockage Aree

In this 1nstence the rotor blade blockege ky is 1.16 and the
stator blade blockage kg = 1.205.

The figure for the estimsted pressure loss due to drag of the
circular section wire cen be compared with the experimental values 1in

Fig. 3.
Fig, 3 (Vo/Un = 0.54)

AE/%pUﬁ? Unlaced = Q.71
AE/%PUhF Rotor and Stator leced

with circular wire = 0.560
Pressure loss due to lacing = 0.141

Esiimated pressure losg due to lacing
viare vake in rotoy and stator = 0,051
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The wire drag therefore contributes about one thard of the total
increase 1n loss, A similar estimate was made from the loss curves in
Figs. 8 and 9 and the figures showed that a little more than a quarter of
the totel additional loss due to lacing was contributed by the wake of the
lacing wire itself., Approximetely therefore 30 per cent of the drop in
efficiency s the drag effect of the wire and 70 per cent 1s interfersnce
with the flow over the blade surface.

Equivalent figures for the flattened tube are 13 per cent drag and
87 per cent interference effects, This is probacly beczuse the wire was
flattened between the blades only and at the blade surface the section of
the wire renained circular, The interference losses would therefore not
be reduced in the same proportiom as the wire drag losses.

6.0 Conclusions

With lacing wire of 0.14 in. dismeter in the rotor and stator blades
of a compressor stsge with a blade height of 2,5 in., the maxamum efficiency
of the stage is reduced by 12 per ceat, If the 0.14 in. diemeter tube 18
deformed within the blade pitch to a more streamlined shape of 2z:1 fineness
ratio the drop in efficirency is estimated to be only 5 per cent which may
be acceptable 1f only a progortion of blade rows in a multistage compressor
are laced, -

The test Reynolds number of the lacing wire was 1 x 10% corres-
ponding to a Cp of 1.1 for the circular wire. At higher Reynolds numbers
the CD reaches a minimum of 0.4 and ain these circumstances the effect of
lacing wire on the comoressor efficiency would be reduced., The same is
true for the flsattened wire.

In the compressor tested the lacing in a blade row produced very
high ges angle deviations from the blades in that row ond also from the
unleced blade row dowvnstream, The increase in deviation caused by circuler
lacing in both rotor and stator blade rows caused a reduction of 8 per cent
in work denc at a flow coufficient of 0.6,

Of the increcse in losses due to locing wath circular scction wire
30 per cent is contributed by the wake from the wire and 70 per cent by
the 1nterference of the wire with the flow over the blades.
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HOTATION
Blade speed
Axial velocity
Radius
Total tewperature rise
Total pressure rise
Density
Blade patch
Blade chiord
Gas deflection angle
Blade stagger angle measured from axial direction
Gas angle weacured from axicl direction
Blade angle measured from axial direction
Work done factor
fiean total pressure loss
Dramcter of lacing wire

Tszentropic efficiency

Elade height
SUFFICES

After stator row of previous stage

Before rotor blade row

After rotor blade row

Before stator blade row

After stator blede row

Mean annulus diameter

Meon of compressor inlet and outlet conditions
Rotor

Stator
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Assunptions
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Reaction

then: -

3
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and at the radius of

tano_ - tan o =
3

The design gas angles

Um
0 Va

- 11 =
APEENDIX I
Design of Free VYVortex blades

= constant

1.5

= 0.8 including work done factor
= 0.95
= 50 per cent et r/ry = O.h9‘

tan . e 1/r

tan Qg o 1/r

s 22 X (tanc.t.3 - tan a,o)ﬂ

= 1.27 X (tan a3z - tancno)

50 per cent reaction that 1s at r/rm = 0.9

r
. ;a = 1.35

are therefore:

ay | 43.6 | 47.3 | 50,4 | 53.1 | 55.5

a, | 123 | 22,0 ; 30.0 | 36.6 | 42.0
!

o 1186 1 17.3 Va2 L as2 o

ol Rl Bl

7.5 | 8.12( 8.75{ 9.37! 10.0

0.86 0.93 1.00 1.07 1.14
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APPENDIX I {(Cont'd)

The rotor has 58 blades ond the stator 60 so with blades of 1.14,
1.1 and 1,06 in, crord at rcot boss, mean and tip diameters respectively,
the blade angles are:-

: * i
Coxn D75 oBaz | BT | 937 100
! : !
By i W39 | &TA 1 k9.5 1 511 | 523 |
1 ; ' i {
| B2 | 2.5 3.7 | 23.0 | 31.0 | 37.4
Do | w0 | 337 4 265 L2001 | 4.9
L s/ . 0.712 1 0.787 | 0.862; 0.9%42 | 1.020 |
; t/c! 0.12 L E 0.10 | 0.08 |
: ! B S T
| B3 475 k5.0 124 400§ 575
fog 1 9.8 1 9.0 1 8§ 7.7 6.9 1
LT ‘ | ; ;
L0} 3T 360 g0y 523 | 50.6 g
1 ; i ’
| s/e ! O.740; 0.788! 0.8331 0.876! 0,918 |
; ¢ I § | 1 i
©ot/e 0.0 "ot | 0.12 J.
t : u .

The blades have circular arc camber lines and ere designed to the
deviation rule mevfs/c given in Refarence 2.

The design details of the Inlet Guide Vanes are:-

" i 7.5 8.12 8.75 9.37 i 10.0
B-" I -101 "2-3 -307 —5-1 ; "'6-"(-
| e
Bp | 24 | ~20.6 | -19.2 | -17.8 § -6k |
. ] i
s/ct 0740 0.788 | 0.835 | 0.876 | 0.918
|
/g 5 0.10 0.1 | i 0.12
[ | :
| ay | 186 - 7.3 | 16.2 J 15,2 | 4.3
] ! {
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