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1	 INTRODUCTION

The rotor's vibra'.ion behavior plays an essential role in the

operating safety of turbomachines of any kind. The interfering

	

i^	 running disorders can be divided here into those depending on
4 ^

the rotation rate and those unrelated to it. Rotation frequency

related motions are forced vibrations of the rotor system,

caused by mechanical or thermal unbalance. They have been in the

foreground of consideration for many years. Today, due to

si;nificant improvements in balancing techniques, a more precise

knowledge of the thermal behavior of rotors and more precise 	 =^

pre-calculations of resonance velocities and amplitudes, there

is a Sufficient availability of methods to avoid operation 	 k,'

interruptions due to forced vibration. Today, interruption or

restriction of operations caused by rotor vibrations unrelated

to the rotation frequency are becoming increasingly important.

The cause of such vibrations is overwhelmingly to be found in

system self-excitation, and hence theft are indicative of rotor

motion instability.

One instability of this kind - particularly serious, when it

occurs - is the so-called "oil whip". The cause of this

phenomenon which has been extensively studied, these past years,

lies in the anisotropic elastic and damping characteristics of

the bearing's lubricating film. In this case, instability occurs

above a certain rotatic.i velocity. Exceeding a certain output

may trigger the occurrence of another, equally dangerous form of

self-excited rotor vibration. In view of the worldwide effort to

	

f	 increabe the output of machine units, in turbomachine

engineering, it seems necessary to investigate the kind and

magnitude of output-dependent excitation mechanisms more

intensively than has been done.

* Numbers in the margin indicate foreign pagination
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1.1. Current research status

While numerous experimental and theoretical studies are

available regarding the problem of bearing instability, there

are few publications on the problem of output-dependent

excitation mec r anisms. Thomas [1] first pointed out the

possibility of stimulation of self-excited vibration caused by

variable seal-losses along the perimeter, in thermal

turbomachines (gap or clearance excitation). Gasch [2] expanded

the stability study of rigidly supported shafts by taking into

consideration the internal damping and determined the excitation

force as in [1], but using newer gap loss equations, from [17].

In addition to the transverse forces caused by eccentric rotor

positioning, pressure differences can arise in the seal gaps -

due to variable leakage along the perimeter - that generate

stimulating forces L3, 4, 5, 19, 20]. If we consider, under

simplifying assumptions, the rotor stressing that is produced

for small deflections and deflection velocities of the shaft, as

a consequence of modified flow conditions at the rotor, then we

can calculate a series of forces and moments [6].

Theoretical stability considerations for both simple and complex

rotor systems that take into account friction bearing and fluid

forces can be found in a number of publications 17 through 14],

while in the area of experimental studies regarding gap

excitation we have only Winter's [15] and, in a more limited

way, Pollmann's [9] studies. However, from the stability limits

found in these studies, it is possible only to determine

conditioned gap excitation forces, since the required

sufficiently exact determination of the damping forces occurring

in test installations presents considerable difficulties.

2
3
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1.2. Objective

It seems necessary - from the development of turbomachines to

ever greater unit output - to be able to calculate the

output-dependent self-excited vibrations more precisely than had

been possible. This would provide information to the designer to

enable him to build the rotor in such a manner that a sufficient

safety margin to the stability limit can be maintained. Besides

suitable calculation procedures to determine the stability

limits, it is necessary to ready realistic coefficients for the

calculation of the external forces noting on the shafts.

Voluminous test data are already avii.Lable for the

bearing-related forces (for insta,:^e. [161), while only
theoretical bases exist for flow generation-related

coefficients.

Within the context of this study, flow-dynamic force

coefficients proportional to the deflection are experimentally

determined for three typical steam turbine stages, as a function

of various stage parameters. To this end, the forces and moments

acting on the rotor are measured for eccentric positioning with

respect to the housing (force measurements). In these

measurements, the gap e&citation forces - which for rotor

misalignment manifest themselves as stationary transverse forces

vertical to the direction of deflection - are in the

foreground. To a lesser extent are measured the force3 acting in

the direction of deflection, as well as the momenta acting on

the rotor; the coefficients for the vibration calculations are

derived fron these measurements.

Supplementary kinetic tests are intended to estimate the effect

of fluid forces proportional to the velocity. The foundation for

these measurements is a detailed theoretical consideration on

the damping behavior of a vibration model corresponding to the

test installation.

3
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This study concludes with an analytical investigation of the

effect of the fluid forces measured on the stability behavior of

a simple, friction bearing supported model rotor.
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2	 THEORETICAL FOUNDATION 	 OF POOR QUALITY

2.1 General definitions

We wish to describe the changes in the forces and momenta acting

through the flow medium on the rotor of a turbomachine, when the

latter moves with respect to its stationary position.

Y

n

LL1L^ J	 '
^.

C.
d C.	 d,

d,

*, e

a-7

Figure 2.1 Rotor model and coordinate system

Figure 2.1, above, shows the spatial coordinate system x,y,z

to be used. The z axis falls on the line combining the centers

of the trunnions during stationary equilibrium. The rotation of

the rotor is described by the angular velocity vector (0,0,w).

If we represent the deformed shaft center-line in top and side

projection (Figure 2.1, below), then we have, for the bending

angle,

`fix--^,	 T, -	 2.i)

The external fcrces acting on th-3 rotor are defined as positive

in the direction of the coordinates, as usual. The same

convention is applied to the right-handed system chosEn for the

external momenta.

5
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-.	 Figure 2.2 Definition of forces on the rotor model

Assuming small dynamic displacements, the external force: and

momenta present besides the stationary stress can as a first

approximation be taken as linear with respect to the motion. 	 /1

In conformance with this linear theory, the load vector ri can

be described in matrix notation, as a function of the movement

vector b	 as follows:

9>.&w.k^	 ( 2.2

The load vector yr and the movement vector ,o	 defined as

F	 x
X

FY	 Y

x	 ix
T YJ

( 2.3 )

while the coefficient patterns of the deflection matri° x and

the velocity matri., & are as follows:
r.

6
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r 11 r 12 1 r13 r 111	 k11 k121 k11 k14
- r 2	 22r i r.[]	 21	 22 23 21r	 k	 k	 k	 k	 2.41	 21 	 ^	 1

	

r 31 r 321 r 33 r 34	 k31 k 321 k 33 k34

	

r 41 r 42! r 43 r 41	 k41 k 42^'43 k44

Because of the problem's isotropy, the two-row, two-column

matrices outlined have certain symmetry characteristics: theu:
elements of the principal diagonals are the same; the elements

of the secondary iagonals differ on ly in their s i gn.Y	 .	 Y	 ^

In a dimensionless representation of flow-conditioned forces and

momenta in turbine stages, equation (2.2) can be written as

fol tows :

X^ . ^& 4 } tl

or

SF
xT. K1	 - K 2	 K 3 K4 x

T
Al - A 2	 A 3 

A4
2A

dmw

^ I

Y	
' K2	 K1	 -K4 K3 *

A 2	 A l -A4 A
aM

-

^2MS

3-U	 I
L 1	 - L 2	 L 3 L 4

d
M i

♦

3

B1	 - B 2	 B ,1	
B4I

.

Wx

(	 2.5	 )

^2MS I	 I

d-U 
J	

IL2
L1 'L4 L3L

^d

If LB,	 B 1 -B 4 B 3] 1 4
-

.

Here US is the isentropic peripheral or tangential Force, d m the

average diameter, 1" the blade length and w the rotor's angular

velocity. The matrices xS and g, contain dimensionless

coefficients of the flovi-conditioned forces and momenta. in

which the above symmetry condition has already been taken into

account. The coefficier+,' signs depend on the shaft's direction

of rotation and the fluid's direction of flow .'hrcugh the rotor.

7	
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The signs defined in (2.5) are apFlicabl_e to positive direction

of rotation and of flow (in the direction of the z axis).

It is possible to represent the bearings'	 dynamic restoring

forces in a similar manner, in the coordinate system x, y. The

symmetry condition mentioned above is not satisfied here, 	 as a

rule.	 In contrast, assuming punctiform support, the external

':. moments vanish. In addition, in general forces due to the
t

bearings'	 cant are usually neglected. We thus have

$L -k - kL10

or

Ll
F  _ _ 

C
xx 

C
xy	 x	 dxx d xy	 x

1
 ( 2.6 )L

FY 	 CYx cYY	 Y	 dYx dYY	
yl .

	

r	 J

a

The bearings' characteristic magnitudes are composed of four

force and damping constants or coefficients, whose sign is

established by the system of coordinates adopted above. For the

usual friction jearings voluminous measurement results are

already available, from Glienicke [16]. It should be pointed out

that in [16] the positive direction of rotation is defined

inversely, with the consequent sign change in the coupling term,

when the coefficients c ik and d ik , respectively, are transferred

into the coordinate system here adopted.

	

M"	 2.2. Calculation of flow-conditioned forces

During a displacement of the turbine rotor in the housing,

necessarily different gap width along the perimeter of the

stator and the rotor will be caused, at the non-contact seal

gaps This changes the gap loss and the distribution of the

/L

Jr
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tangential forces over the rotor; as a consequence, a resulting

force will act on the shaft. At the same time, the pr-ssure

distribution in the seal gaps will become asymmetrical, also

generating a force to act on the rotor. In a vibration

calculation, both portions - the transverse force Q S due to the

gap loss and that arising from the pressure distribution, Q  -

must be added. Since the deflections are the same, the

coefficients of the deflection matrix Vs will also be composed

of two portions,

Q - QS 4 Qp .	 K . KS ♦ K p .	 ( 2.7 )

From another viewpoint, one could start, with Piltz [6), from

the premise that _rotor displacements cause a variation in the

local flow cross-sectional areas and velocities, and hence, that

due to modifications in the triangle of velocities, forces and

momenta act on the rotor.

Due to the isotropy- of flow-conditioned forces, it is sufficient

to determine the coefficients in a co-rotating system for

displacements in only one direction. Below, this direction is

identified by subscript "1", while the axis perpendicular to it

is characterized by a "2".

2.2.1. Forces due to variable seal losses caused by eccentric

rotor position

A first physicl explanation for the generation of an excitation

force [1] starts from the premise that, as shown in Figure 2.3
below, a turbine rotor that suffers a deflection e will °xlibit

uneven tangential forces. For a small local seal gap (^ = 0),

due to the smaller gap loss a larger tangential force will

occur; this force will be correspondingly smaller at the

diametrically opposed location.

9
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Figure 2.3 Derivation of the gap excitation forces

The tangential force U  at a turbine stage results from the

specific work a i , the throughput m and the tangential velocity u

am
1	 2.8 )U1 - U

The dependence of the internal tangential force U  on the gap

width can be described either by the reduced work a 	 - as in
sp

1171 - or as in [1], due to the loss of volume m sp . Both effects

can be combined in the tangential force lost in the gap,

UsP - U  - U1	 ( 2.9 )

dP

d U

71f.

where Uu is the tangential force without gap loss. If we define

with U s the isentropic tangential force that could be attained

in a loss-free flow, then the inner and the tangential

efficiency, as well as the gap loss, can be defined as force

ratios:

U U
- Ui	 ri	 CSP - U—SP	 ( 1.10 )

The local tangential force then becomes

10
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U 
	 U

dU -	 dip	 T -(n u - CaP)•dp	 ( 2.11 )

Integrating along tree rotor perimec!r, from Figure 2.3 we obtain

the transverse forces

2W	
U 2

fc
SP

n
Q1S - -IdU•sin^p d-p - 1 (^P) • sin%p d%p0 

( 2.12 }
2^	

U 2e

Q2S - fdU• cos p d p- -Tfc sP ( gyp ) coup d y
C 

As a first approximation, the gap loss ,. sp (fl for the stator and

the rotor can be set as proportional to the local gap width

n' ),0) - s 	 - ecoas: ,	 a"00) - a' - ecos gp	 ( 2.11 )

of the stator or respectively, rotor seal:

CaP(d) - k ' • s' (.0) + k•	 NO)	 f 2. id

Hence, the transverse forces are

Q lS - 0	 `(
( 2.1S )

Q25 - I . Us • (k' + k') • e .

The magni'Uudes k' and k" can be determined, for instance, from

gap loss equations in Traupel [17]; for blading with labyrinth

seals we obtain

k' - KII	
do	

xII	
di	

2.16f^ d^ainnl	 k" - ;:w * d.P sind2	 (	 )

Here a 1 and R2 designate the ang7_cs of emergence, l' and 1" the

blade lengths of the stator and, respectively, the rotor, z' and

11
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z" the - l imber of seal peaks in the stator and respectively,

rotor labyrinths and 
KII 

and 
KII 

are gap loss coefficients

that can be taken from Figure 2.4 below as a function of the

/10
	 ,r

0: .

Figure 2.4 Gap loss coefficient K II for labyrinth

seals, from [17]

relative gradient 2 Ahs/ci for the stator, or respectively,

2Ahs/w2 for the rotor. Here, for the stat-)r we must use the

gradient Ahs i at the foot of the blade, and for thr rotor, the
1

gradient Ah" at the head of the blade. For a dimensionlesssa
description it seems appropriate to relate the deflection e to

the length 1" of the rotor blade; we thus obtain

°-cS _

	

	 ( 2.17 )e

where

RII	 an IT +	 KII	 ^
2S	

1)	
2.18	 !K	 K2S ^ x 2S ^ 2 ' ^	 ^	 )	 ^

fz' sina^ m	 sinBZ  m

1

The so-called gap excitati

of the relative excitation

eccentricity e/1". For the

obtain a sign reversal for

effect.

3n coefficient K 
2 

reflects the slope

force Q2S/Us over the relative

opposite direction of rotation we

K2S , but the flow direction has no

12
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The transverse forces and coefficients, respectively, due to a

variable axial gap loss caused by an inclination of the rotors,

can be calculated in a similar manner [20].

2.2.2. Forces arising out of the pressure distribution in the

seal gap

For a seal gap that is not uniform along the perimeter, under

flow conditions the throughput and the pressure will change with

the local gap width. For a purely axial flow, a characteristic

pressure distribution results along the perimeter, with a

maximum at the narrowest width (cf. curve in Figure 2.5, below).

/11

1

Oz '10)

or-%.	 r
b

-150	 0	 # •i5D

W,

Figure 2.5 Qualitative pressure curve
a) Purely axial flow

b) Torsionally affected flow

This pressure course, described by Lomakin [18] for a smooth

gap, gives rise to a transverse force against the direction of

deflection.

It is not possible, in general, to start from a purely axial

flow through the seal gap, with thermal turbomachines. The

runner's rotation can impart a tangential component to th3 gap

flow, analogous to that of gas bearings [24]. However, because

of the relatively large gap widths or respectively, large

chamber height in labyrinths, as well as the low tangential

13
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rotor velocity, this effect will be small in stage sealing. In

contrast, —ith turbines there will be a strong torsional effect

on the flow in the direction of rotation, especially before the
j

rotor gap. Considering the changes in the seal gap flow caused

by this, the smallest flow will occur already before the

narrowest gap	 0), and as illustrated in Figure 2.5 above,

in curve b, the pressure maximum will occur before the narrowest

gap. The integration of this pressure curve along the perimeter

results not only in a force opposed to the direction of

v reflection, but also a vibration exciting force perpenaicular to

the deflection.

Considerations similar to these for a smooth rotor gap can be

transferred also to the labyrinth seals customary in turbines.

/12

According to Alford C31, forces are also caused by the shaft's 	 L

vibrational motion, if the gap width at the entrance seal peaks

is sma : ler than that ac the exit. However, in a recent

publication Spurk r4] comes to the opposite conclusion when he

takes the equalizing flow in tangential direction into account.

Under the assumption that the velocity energy is completely

turbulent at a seal peak, Kostyuk [5] derived vibration exciting

forces, generated in a labyrith seal for shaft inclination.

However, displacements parallel to the axis do not generate

transverse forces, under the assumption of complete turbulence.

Assuming an oblique flow across the gap, which may be the result

of shaft rotation or also of torsional effects on the incident

flow, Rosenberg [19] investigated the pressure distribution in

labyrinths both theoretically and experimentally, for eccentric

rotor positioning (spiral effect). Qualitatively he obtained the

pressure curve described in Figure 2.5 b, for torsional flow.

Rosenberg's calculation of the pressure distribution is based on

knowledge of the course of the flow lines, in the seal gap;

however, usually this course is not known.

-}	 14
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The processes occurring in turbine stage seal gaps under

torsional flow were extensively studied by Urlichs [20]. By

means of adjacently placed stream tubes of variable

cross-section, it is possible to describe almost any arbitrary

geometry, characterized in turbines by means of a radial

entrance, a radial gap that is variable for eccentric

pisitioning, and a radial exit. From the tangential velocity cuE

before the gap and the pressure gradient AP B between gap

entrance and exit, it is possible to describe a relative afflux

energy

oct
cE . 2e	 ( 2.19 )

pB

for the incident flow. It is characteristic of the flow-line

course and the pressure distribution within the gap.

By means of the pressure differential AP B , the diameter d l and

the gap width. b (or respectively, that of the shroud band), as

well as the relative eccentricity e - referred to the radial gap 	 f
width s - it is possible to calculate the maximum attainable

compressive force,

QB- g•epBdlwb.s 	(2 .20 )

If we now relate the force Q 2 stemming from the pressure

distribution to this force, then we obtain the course as a

function of the relative afflux energy shown in Figure 2.6,

valid for the gap shape of stage C, to be investigated later. In

the calculation according to [20], we have assumed here that the

velocity energy generated at the peaks is not fully turbulent in

the labyrinth chamber. At increased turbulence - i.e.,

increasing c  - weaker forces are obtained, which vanish

completely for complete turbulence, C S = 1. While for an axial

incident flow to the gap - CE = 0 - there also is no excitation

15
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Figure 2.6 Relative excitation force from [20] for a rotor'

shroud band with three seal peaks (d 1 = 500 mm, b = 27 mm)

1	 and different loss coefficients Cs

force Q2D generated in the pressure distribution, a strong	 /14

increa3e results as CE increases. It follows from this that 	 -

f

	

	 constant pressure stages are particularly endangered by

excitation forces out of the pressure distribution, since they

are characterized by large CE values. However, because of the

greater pressure gradient and lower incident flow torsion,

reaction stages have smaller CE values and hence, considerably

smaller excitation forces out of the pressure distribution.

Although Urlichs [20] obtained good agreement between

measurements and theory for a constant pressure stage, we shall

not draw on the calculation procedure for extensive comparison

studies, here. His calculations presuppose knowledge of the loss

coefficients that describe the complex flow processes in the

gap. Fundamental parameter studies for this have already been 	 1

performed, in [20], which provide qualitative agreement with the

measurements here presented, as shall be shown in section 3.6.4.
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2.2.3. Rotor stressing according to Piltz

Starting with several simplifying assumptions, Piltz [6] derived

the stress to the rotor of a chamber turbine stage due to

deflection,	 inclination,	 deflection velocities and inclination

velocities of the shaft. 	 This made it possible to detor.•mine

theoretically all the coefficients for the matrices 	 RS	and	 k y .

However, while considering the flow conditions at the rotor,

several correction coefficients are introduced, without any

indication as to their magnitude, since they had to be

determined experimentally. Since as has been shown also in [13],

only the coefficient ': 2 has a substantial effect on a

turbo-rotor's stabili-cy behavior, we shall only provide its

value,	 here.	 According to equation (33)	 in [6],	 and using the	 r

designations in Figure 2.3 for thf	 transverse force Q 2 , we

obtain	 i

3	 UQ1	
7 '1211-1 .	 ( 1.11

Here U = Lc  is the tangential force for central positioning

and Y21 is a correction factor for the change in the axial

velocity component for shaft deflection e. By means of the

factor Y21 - which can be only experimentally determined - we

could also take into account any effects caused by the as yet

disregarded stator gland flow. Taking (2.5) into consideration

and the definition of the internal efficiency n i given in

(2.10), we obtain the gap excitation coefficient K 2P , after

Piltz:

K 2 - 0,75 y 21 ri i '	 ( 1.11 )

Comparison to K 
2 

values from (2.18) show relatively good

agreement when only the rotor seal is taken into consideration,

if we assume Y21 i

The remaining values are readily provided by means of a

/15-

t1
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coefficient comparison, but because of the unknown correction

factors, there seems to be no purpose in the practical

calculation, for comparison. To this must be added that all the

coefficients were derived disregarding a possible flow asymmetry

at the stator's exit, and finally, forces from an uneven

pressure distribution over an eventually used shroud band were

also disregarded.

2.3.	 Measurement procedures to determine the flow-conditioned

forces

t

In principle, flow-conditioned forces could be determined by
	 f	

1

means of so-called limiting output tests. These can be

envisioned such that the tangential force of a -;urrine rotor is

increased, using either known or computable bearing data, until

instability just sets in. However, a reaso,-,aoly precise

determination of the excitation forces acting at the stability

limit is possible only when the remaining magnitudes affecting

the vibrational system are sufficiently well-known. Here, an 	 i

essential role must be assigned the damping forces whose pre- 	 /16

cise pre-determination still presents considerable difficulties.

Making such tests even more difficult is the fact that in
Y	 ^

general the stability limit can not be precisely measured.

A better hope for correct measurement results is offered by the
	

r

so-called damping tests, in which a turbine rotor is stimulated

to eigen-vibrations by means of the appropriate device, for

various operating conditions; the damping of that vibration

provides a measure of the system damping. By correlation of the

damping factors measured at different outputs with a

theoretically determined course, it then becomes possible to

establish gap excitation coefficients. The advantage of these

tests over limiting output measurements is that any desired

18
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number of measurement points can be used, with diffAring

excitation and otherwise unchanged system parameters. Here, the

calculation of system damping and stability limits is based on

linear equations for the elastic, damping and excitation forces.

Hence it must be assumed, in damping tests, that the springs and

dampers used have linear characteristics. The excitation 	 n

determined from kinetic tests, however, always represents the

totality of possible excitation and ding forces, due to all

the coefficients indicated in the matrices XS and aS .

A separate determination of individual coefficients of the

matrix as proportional to the deflection is possible,

corresponding to their definition, through static measurements.

In these so-called force measurements, the forces acting o.i a

turbine rotor are determined, &s a function of its relative

position with regard to the housing. In similarity to the stator

tests, first measurements c p n be taken with a standing rotor

(static tests), then passing on to tests with rotating runner

(quasi-static measurements). The result of the force

measurements is the course of the forces acting on the runner,

as a function of its position with regard to the housing. The

coefficients of the deflection matrix AS are then determined

from the slope of the forces as a function of the deflection. /iz

'his measurement procedure allows it to individually determine

the coefficients of the deflection matrix, by measuring the

forces or respectively, the momenta, in the direction of

deflection and pernc;idicuiar to it. It is suitable here to fix

in space the rotor at which the forces are to be measured, and

to displace the housing correspondingly. This procedure ha- :ie

advantage that for a corresponding housing design, through

separate adjustments of the stator and rotor seals,

respectively, their individual contributions to the gap

excitation force can be measured separately, in accordance with

equation (2.18). In addition, the inclination of the rotor with

respect to the housing can be studied independently of any

eccentricity. Although in a real turbine both cases would not

I^

4
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occur alone, they facilitate obtaining knowledge essential to the

theory of gap excitation. A further advantage of quasi-static

force measurements is that at the housing, pressure

distributions in the seal gap are relatively easy to measure.

Last but not least, the measurement prDcedure above allows the

verification of the assumption of linearity for the forces over

the deflection, made for the vibration calculation.

Since we expected considerably more differeritia.ted results from

the force measurements, they were performed very thoroughly, in

the context of this study.

Ii
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The goal of these measurements is the determination of

coefficients proportional to the deflection, to calculate

flow-conditioned forces and momenta for various re^-`i.stic

turbine: stages, wit h the highest possible precision; tilis, in

turn, will make it possible to reliably calculate the stability

limits of actual high-power turbines. To this end, for _%ee aral

operating conditions of the test turbine, different

eccentricities are obtained by displacing the external housing

in relation to the spatially fixed, rotating runner, and then

measuring the transverse forces acting on the rotor. Using

equipment with two pressure gauges at the rotor's front and back

ends, under translational displacement of the extel-nal housing

it is possible to measure; besiaes the coefficients K 1 and K2,

also the moment coefficients L 1 dnd 1, 2* The measurement of the

inclination coefficients K 3 and K4 on a small constant-pressure

stage is reported in [21].

t

3.1. Test arrangement

Figures 3.1 and 3.2 below show the arrangement of the test

turbine, with a reaction stage drawn in as an example. The rotor

a is fastened to the relatively rigid shaft b by means of hoop

tension elements. The shaft is supported by roller bearing,, c.

whose ou r -Ir ring d is slzspended vertically from flat keep
springs e and in horizontal direction by prestressed pressure

gauges -. Oil supply and drainage tubes are installed for

bearing lubrication. However, the oil mist lubrication plan-

ned was somewhat cumbersome during test operation, since the

environmental pressure at the two bearings varied considerably

cerrc;sponding to the stage' inlet and back pressures; hence,

grease lubrication was adopted. The axial thrust is received by

21
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Figure 3.1 Longitudinal section of the test installation

the external housing via the front bearing in conjunction with a

bending tensile bar g. For subsequent tests, this tensile bar

was replaced by a stc? cable, which could be retightened from

the outside, during operation. The transfer of the output to the

eddy-current brake h was accomplished nearly free of transverse

forces by means of a multiple-disk clutch i. After the first

measurement series, this clutch was replaced with a diaphragm

clutch, which insured sm311er disturbing effects on the rotor 	 /20

Suspension. The cushioning bearings k prevent excessive rotor

deflection; they are controlled by means of non-contact,

temperature compensated inductive transmitters 1. The shaft's

central position with respect to the cushioning bearings can be

adjusted by means of spindles on the spring joint pins m and the

pressure gauge mounting n. The rotor's eccentricity is adjusted

by means of internal housing displacements. For this purpose,

the two unsplit inner rings o, p are supported by means of two

pins g each in vertical longitudinal ball bearings r. Through

i

1"`
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Figure 3.2 Test turbine cross-section

rotation of the spindles s - on which the lower pins stand - the

internal rings can be jointly or individually adjusted in

vertical direction. The ball boxes are fastened in plates t 	 /21

by means of conical adapter sleeves for no-play adjustment. By

displacing the plates perpendicularly to the plane of the

drawing, within the boxes u, adjustment in horizontal direction

becomes possible. Finally, b5 axial displacement of the boxes u,

the axial gap can be modified. The position of the inner rings

perpendicular to the rotor axis is verified by means of four

tt	 dial gauges v and corrected using the cam followers w. The

radial position of the inner rings with respect to the fixed

rotor can be controlled via four dial gauges x.

The turbine was assembled vertically on a mounting plate. After

mating the individual rings and placing the rotor, the rings are

firmly bolted to the upper part of the housing and the mounting

plate; after rotation to a horizontal position and removal of

23
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the plate, the assembly is placed in the lower part of the

housing. During these o perations the shaft is fixed to the front

bearing bracket through the cushioning bearings and a crosstie.

o-

Figure 3.3 Test installation circuit diagram

The test turbine is built into a closed air circuit as shown in

Figure 3.3, above. The maximum pressure is 7 bar and the mass
flow can be increased to 26,000 m 3/h under standard conditions,

with regulation of both mass and gradient possible over a very

wide range (rate of rotation of the driving motor can be 	 /22

regulated to 70i of nominal velocity, torsion throttle
regulation of the radial compressor and finally, bypass

pipeline). The highest power of the eddy-current brake B is 400

kW at a rotation rate of 5500/min.

3.2.	 Equipment and instruments

Considering the multiplicity of measurements, the r r -st extensive

automation of measurement data recording and processing seemed
i

indicated; however, this was possible only within the

limitations of the measurement instruments available. All

measurement magnitudes are transformed into electrical values by

24
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means of appropriate sensors and recorded by a printer through a

selector switch coupled to a digital voltmeter. The printer tape

is read optically and the values are stored on magnetic tape for

subsequent processing by an EDP*.

Figure 3.4, below, shows the arrangement of the measure-Ant

Mo

Figure 3.4 Test installation measurement point schematic

points. The temperatures 
tBl 

and t B2 at the measurement orifices

1 and 2 are obtained irora 3 mm diameter iron-constantan
thermoelements. Four 3mm diameter iron-constantan elements,

displaced by 90 1 with respect to each other and connected as one

thermoelement are used to determine the temperatures t o and to

before and after the turbine. The cold junctions of all

thermoelements are in a common ice-water mixture.

The pressure sensors at the measurement orifices are annular

chambers with annular slots (see Figure 3.5, below). The
pressure before the turbine and the static pressure gradient are

determined at the inner and outer flow-guides before and after

the blading. Since the pressure differences in tangential

direc•ion at the measurement points were very small even for

eccentric positioning, the four measurement drill-holes could be

connected by means of a ring conduit.

* EDV = elektronische Datenverarbeitung = electronic data

processing = EDP

?5
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Figure 3.5 Measurement orifice adapter

Since the evaluation refers to average values, it is sufficient

to form an average with the pressures at the inner and outer

limits, by interlocking them. The schematic for the connection

of the pressure line can be seen in Figure 3.4.

/24

U-tubes were built as a parallel indication to the pressure

transducers; this was necessary for verification of the pressure

transducer system calibration. Table 3.1, below, provides a

:vey of the pressure transducer systems used.

Measurement of horizontal forces (KV and KH) acting on the

rotors is accomplished via two prestressed pressure gauges

(0 - 50 N); that of the tangential force U  at the brake, with a

pressure gauge (0 - 2000 N). The force measurement is based on a

resistance variation in a glued-on wire-strain gauge,

proportional to the change in length of a measurement element;

this resistance  change is transformed into a voltage pulse

proportional to the acting force by means of a Wheatstone bridge

circuit and a carrier frequency amplifier. To eliminate the

26
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TABLE 1. Review of pressure transducer systems used

Desig- Measurement	 Operation

nation	 range

DPB 1	 0 - 0.2 b	 The movements of a multiple return spring capsule are

transmitted directly to she y iidEr on a carbon-fil poten-
tiometer with practically infinite resolution. The re -
sistance proportional to the measurement value ran then

be taken from the potentiometer slider.

DPB 12	 ±5000 Pa	 The deformation of a pressure capsule is transferred

DPBT	 ±2500 Pa	 mechanically to the slider of a miniature precision wire
potentiometer. The resistance proportional to the measure-
ment value can then be taken from the potentiometer slider.

DPB 2	 0 - 1 bar	 The movement of the valve stem of a Barton cell is trans-

DPT	 0 - 4 bar	 ferred to an inductive sensing system and then transformed
into a voltage pulse proportional to the measurement value.

PE	 0 - 6 bar	 The pressure applied causes a proportional, tangential
deflection at a Bourdon tube pressure gauge, which is
transferred to an inductive sensing system and then trans-
formed into a voltage pulse proportional to the measure-

ment value.

out-oi-balance force - which is proportional to the rate of

rotation - the amplifier output pulses pass through a low-pass

filter before reaching the selector switch. In addition, the

three forces are recorded in triplicate at each measurement

point; an average value is obtained during evaluation. The

magnitude and direction of the eccentricity of the inner rings

selected for a measurement point is indicated in each case by

two inductive transmitters displaced by 90 1 with respect to each

other, which measure the position of the inner rings with

respect to the outer housing in non-contact manner. The control

of the axial gap is accomplished via four axial dials that can

be read through plexiglass windows during testing, in addition

to a non-contact distance indicator that measures the position

of the rotor with respect to the fixed housing. From the dial

readings and the value on the axial transmitters, the actual

axial gap is then obtained, with the distance from the rotor

shroud band to the inner r.ng's front edge, i, measured directly

27
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during assembly. Monitoring of the rotor's rate of rotation is

accomplished by means of a digital frequency counter and a pulse

generator placed across from a disk with 60 marks along the

perimeter. The rate of rotation is kept constant during a

measurement series through a regulator built into the

eddy-current brake's control instrument.

Normally, a measurement sequence proceeds as follows:

First, the inner rings are perfectly centered with respect to

the rotor, by turning the spindles s (with the system at rest)

for the vertical direction and the plates t for the horizontal

direction, until contact is just made with the rotor: due to the

sensitive pressure gauges, this is immediately recognizable; the

radial dials are then set to 0. From the maximum possible

displacements - which can be measured during the operation above

- the gap widths at the stator and rotor seals are obtained

simultaneously. Once the compressor and the turbine have

attained operating condition and a certain period of time has

elapsed to achieve thermal balance in the circuit, the desired

turbine rotation rate and tangential force are adjusted. Within

a measurement sequence, several measurement series at various

pressure values for the turbine may be run; the variation in the

pressure value is accomplished either by changing the turbine's

rate of rotation or - more frequently - by increasing or

decreasing the pressure for the stage. An additional increase in

output can be obtained by a stepwise increase in the circuit's

load. Each measurement series of a measurement sequence is

composed of three parts:

1. One or more measurement points, with simultaneouj reading of

the pressures on the U-tubs, to determine the calibration

curve for the pressure transducer.

r
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2. Measurement points at differing inititial stressing forces -

with the approximate magnitude of the expected excitation

,I
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forces - of the pressure gauges KV and KH, to determine the

applicable calibration curve.

•	 /26

3. Measurement points for various eccentric positions of the
inner housing with respect to the rotor, that can be adjusted

by means of rotation of the spindles s at the lower box or

respectively, by displacement of the plates t.

The pressure gauge calibration that precedes each force

measurement at any selected operating condition and central

rotor positioning, has the advantage that during the actual

force measurement, the horizontal, stationary rotor deflection -

which results from the transverse forces acti„g on it and the

rigidity of the force measuring devices - need not be

compensated for by displacing the pressure gauge attachment.

This would be necessary, since for horizontal rotor deflections

flow-conditioned forces could be generated in the direction of

deflection, that would falsify the transverse force to be

measured. By means of the pressure gauge calibration it is 	 s_
simultaneously possible to take into consideration any changes

in the rigidity of the frontal suspension due to differing axial

forces, as well as any eventually occurring restoration forces,

through the coupling at the rotor's back end.

For each measurement point, the electrical initial readings of

all pressure transducers, thermoelements, transmitters for

eccentricity and axial gap measurements, and the pressure gauges

are recorded - W uh a code number - on the printer tape. With

the triplicate force measurements, this results in 24 values.

After transferring the numerical values to magnetic tape by

reading with an optical scanner, a preliminary program sorts the

data in such a manner that a data file results for each

measurement sequence, containing all the data necessary to the

evaluation program, with exception of the reference magnitudes.

29
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It is assumed for evaluation purposes that the fluid behaves

like an ideal gas. The starting point for the computation of the

essential turbine or respectively, stage data is the

determination of the mass flow m, measured by means of two

sequentially arranged measurement orifices. According to DIN*

1952 we have

z
A- OE U

• T 'r26PBP	
( 3.I )

where D is the pipe diameter and u the aperture ratio d 2/D 2 of

the orifice, at the operating temperature. The density p is

obtained from the equation, since pressure and temperature at

the orifice are known. The expansion coefficient

e = e(p 2/p i , u 2 ), and the flow coefficient a = a(Re, u 2 ) are

obtaineu by linear interpolation between the values tabulated in

DIN 1952 (K = 1.4). For the calculation of Reynold's number Re
... L

we set the dynamic viscosity of air at

\ T

	 ` 0, 7,6

	I M lL 	1 , 72 10S 2 	 X1 	
2	

( 3. 2 )	
J'i

The dependence of Reynold's number on the resulting mass flow

requires an iterative calculation of the throughput.

iFrom the pressure and temperature at the turbine entrance and

the turbine's pressure gradient, we obtain the isentropic

gradient

K RT	 K-111II

	

eh , - T • I _ I I _ PT ) K J

	

( 3.3 )

Pe

* DIN = Deutsche Industrienorm = German Industrial Standard
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and from it and the mass flow cbtained from equation (3.1), the

reference magnitude chosen for the measuree' forces, the

isentropic tangential force

where u is the tangential velocity in the centrai section.

The effective turbine output P is derived from the force U  that

acts on the lever arm ha , at the brake:

P - 2h auBnr,	 ( 3.5 )

where n is the rotation rate.

The turbine's measured effective efficiency is

v-

f

P
ry e 	 ]63,^
	

( 3.6 )

where we have set the entrance velocity c o equal to the exit

velocity c 2 , for simplification purposes. Correspondingly, from

the measured temperatures before (subscript e) and after the

turbine (subscript a) we can determine the inner turbine

efficiency,

^(te-ta)
n1	 (

an
	3.7 )

9

Once the turbine data have been calculated, we can continue with

the calculation of data for the stage. Por a single-stage

turbine, the entrance and exit conditions become conditions "0"

and "2", before and after the stage. For a multistage

arrangement, a suitable gradient subdivision must be found. For

the case of a three-^tage group studied here, this subdivision

is performed corresponding to the different tangential

31
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velocities u at the rotor center, assuming a constant pressure

coefficient 41 and disregarding the heat recovery (very low,

here):

AhNV	 I • uV.	 IAh aV . Ah a ,	 v	 1,1,3.	 ( 3.B )

To determine the temperatures, we shall further assume, in

conformance to Figure 3.6, below, that they behave as the

isentropic gradient does:

6h 91: Ah i1
	

Ali s3- at,	 at 	 : At 
31

( 3.9 )
at, + At 1 + at  ' to - t o .

n;.

c

yl

W

1

V174 a

phi

Ah

I

^t3

to

Ahz3

Figure 3.6 Gradient subdivision for a
3-stage group (ideal gas)

A more precise determination of the gradient subdivision for a

multi-stage group does not appear necessary here, since it is

used onl;r for the calculation of the gap loss coefficients for

the individual stages, from which an average excitation force

for all stages is computed, for comparison with measurement

data.

To estimate the excitation forces derived from the gap loss

32
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using the existing theory, it was necessary to know the

triangles of velocities for the individual stages= first the

pr , :;sure pl anu the velocity c l at the stator exit are cul-

culated. For c 1 we obtain, with the blading efficiency q' of the

stator buckets

	

C
	

^'	 IR	 l

K- 1
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O	
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O

where the velocity c o is obtained from the mass flow and the

stator's condition

IVT lAssuming an ideal gas (c p = const.), we obtain the temperature

T 1 at the stater exit from the energy equation:

r	
K=1

1 

L

` 1

2 
	 r-1 {	 .(FI) K l	 ( 5.12 )T1 . --I K RToR .	

Po	 J

With the continuity equation, we finally obtain

RT .c
1 dmr1'sina l . 41 - fie	 ( 3.13 )

P1 

where m sp refers to the gap loss at the stator seal, calculated

according to Traupel [17]. From equations (3.10) to (3.13) we

obtain the quantities pl and u l, by iteration. From the

pressure pl we derive the percentage reaction

K_1	 K=1

r	
Ahs	

^ P 	 ` ) K^-	 —1	 ( 3.14 )

t _ f P 2^ K

No
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Assuming a flow distribution in agreement with the potential

vortex law we obtain the percenti,.:-e reaction values below fo ,.-

the blade base, r  and the blade head, r -

	

d 2	 d 
2

	

^	 .
r 1	 1 ---^ • (1 -r) , r a	 1 -	 m 2 (1 -r)	 ( 3. IS )

(dw 1')	 (dm+1")

With the now known velocity c l , the flow angles a l and R2 as

well as the blading efficiency n" for the rotor, wig now obtain,

corresponding to Figure 3.7, below,

f

C1611111161 	 arct^ncicosaI- u 	wi	 ^ci + u - 2ucicosa.

W	 n^(2r! 	Qh^:^^)	 cZ	 w^ + u - 2uw 2 cos8 2 	i 3.16 )

w2s1n82
0 2 - arctanw2cos 

2
-u	 Acu - c

l Cosa, + c2ccsa2

Al

Figure 3.7 Triangle of velocities

The peripheral efficiency rlu becorcCs

uCc
n u . T^ ,	 ( 3.17 )

0	 2
oh s +^-^

as well as the pressure coefficient

2Ah
—2	 ( 3.1s )

U

a	

I

1	 1

1
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and the throughput coefficient

The gap loss can now be calculated with the equations in section

2.2.1. For the gradient at the blade base or head, respectively,

we have

Ahi1 . Ah o . (1- r 1 ) .	 Ah;,, - Ah o ra .	 ( 3.20 )

from which we obtain the gap loss coefficients with an

approximate curve corresponding to Figure 2.4

K'	 0,685 • 	 0,'85 • 	( 3.21 )
1	 1

T ' then becomes possible to provide calculated gap excitation

coefficients K2S , from the gap loss, in accordance with equation

(2.18).

Applying the method of the least squares, a straight line

y = a + bx is then fitted to the m ,3asured forces y i as a

function of the displacement, x i . For the estimated values of

the coefficients, with r• as the number of measurement points, we

obtain, according to [22],

e
	 Y	 I(x1-x)•I(Y1-y) z	

b	
^[lx1-x)•(Y1-Y))	 1

L(XCX)	 VXCX)	 ( 3.22 j

X	 -•ix1	 Y ` L ry

where the sums must always range from i = 1 to i = n. In
G

excitation force measurements, the slope b corresponds then to

the so-called excitation constant, q 2 , from which the gap

excitation coefficient

i
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O

is calculated. The factor sign M takes into account the
	 /32

direction of rotatic)i of the different stages, since the sign of

the gap excitation coefficient depends on the direction of

rotation. From the measured values we also obtain a slope pl for

the moment curve as a function of the eccentricity, from which

the moment coefficient L 1 is obtained

L 1 1 P110-7-	
( 3.Z4 )

s m

For appropriately adjusted rotor positions, we obtain the

coefficients K 1 and L 2 in a similar manner. For separate adjust-

m2nts, it is also possible to determine coefficients for the stator

and rotor, individually.

In the evaluation program, for each measurement sequence first a

pressure sensor calibration takes place, in which the values yi

read on the U-tubes and the simultaneously recorded electric

signals x i of the pressure transducers are used to obtain a straight

line y = a + bx, by the least squares method. The coefficients a

and b are calculated using Equation (3.22). An example of pressure

sensor calibration is provided in Table Al, in the Appendix.

For each calibration point are listed the values read on the

U-tubes, the resulting pressures at the pressure transducers,

and the corresponding electrical values. The uncertainties

indicated for each calibration factor correspond to

the standard deviation of the parameters fitted. For

control purposes, a diagram is plotted for each pressure

transducer, record ; ng the individual calibration points and the

calculated calibration curve (see Figure 3.8, below). From the

recorded electrical values and the corresponding calibration

line, all essential pressures in the circuit are obtained, for

each measurement point. The temperatures are calculated by 	 /33

means of conversion factors determined in separate experiments,

before the thermoelements or respectively, thermoelement chain,

36
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Voltage(volt)

Figure 3.8 Calibration of pressure transducec PE

is built into the installation. The calibration curves for the

non-contact distance gauges, necessary to determine the

eccentricity as well as the axial jap, are als( obi;ained in the

corresponding test measurements, a ,3 is the sensitivity of 'the

tangential force pressure gauge U We are now ready for theC'	t^	 B'
evaluation of the individual measurement points. The mass flow

is calculated from the conditions reported at the two

measurement orifices and equations (3.1) and (3.2). An average

of the two values is obtained and ^used in subsequent

calculations. Control is provided by an axpression of the

deviation of the mass flow as a percentage of the average.C-1

Further data for the stage group are computed from equations

(3.3) throuGh (3.7). All the essential data for a stage group

are re,^orted in tabular form, with a simultaneous computation of

the mean value, x, as well as the standard deviation of the mean

in units of s— and as percentages, sv, for the n measurement
x	

0

pnints of trie series

E(X -
	

2-
3.2Srx,	

_n 777 T 7n	 X
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For the so-called pressure gauge calibration, a corresponding

curve is calculated from equ4tion (3.22), using the electrical

values of the two pressure gauges KV and KIi and the

corresponding weights; the coefficients obtained are stored.

Control is provided by a table listing the calibration weights

supplied (KV[N]), the recorded values (IN[volt]) and the forces

obtained theref=om, using the :,.alibraL'ion curve (KVG[N]). Table

A2 compiles the stage group's calculated data, as well as the

pressure gauge calibration for measurement series 293. Appended

to the Table with the individual values for the pressure gauge

are listed the coefficients of the regression curve determined.

To coi^iplete the picture, there is a listing of the standard

deviations ( = uncertainties) for the line a c id the coefficients.
It is also possible, for linearity veriiication, to use a

reference variable and prepare a plot with the calibration

poiits and the straight line fitted through them (see Figure

3 . 9, below). The calibration factors thus determined may be

valid for several consecutive measurement series, if no sub- 	 /)4

stantial changes occurred in the turbine's operating conditions

(pressure coefficient, rotation rate, load). As a rule this is

the case for three measurement series (stator, rctor and stage

adjustment) in a given parameter combination.

In an actual fc,rce measurement, the data for the stage group are

again calculated for each measurement point. The calcula;_Lon of

the stage data in a measurement series that are essential to the

excitation forces, start from the mean values for the stage

group. This seems appropriate, in view of the very small

deviations of individual measurement values in a measurement

series, to reduce the calculation time. For a multi-stage

arrangement, the averages are obtained for the data for each

stage, for comparison. Table A3 shows the results for the stage

group and individual stage calculations, for measurement series

490, corresponding to a three-stage arrangement.

For the evaluation of forces and momenta, distinctions are made
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Figure 3.9 Calibrscion of pressure gauge KV (MR 293)

between stator, rotor and stage adjustment, based on the

measured eccentricities of the stator or rotor ring,

respectively. Next to the chosen deflection indicated for eac'L

measurement point, are reported the theoretically computable

excitation forces

Q2S r 1" ^a K 25	 Q25	 1^ U a 2S	 Q2S - Q2S + QZS ( 3 . 26 )

as well as the measured forces and momenta

Q2 - KV + KH ,	 M, . -KV-A + KH-B . 	 ( 3.27 )

.*f: M

to

^c

	

/Ii
	

i
Here, A and B refer to the distance between the rotor and the

front, or respectively, back bearing. Using equation (3.22) we

then calculate - by linear regress:iLon on the displacements and

the forces measured - the corresponding excitation coefficients

q2 or respectively, moment slopes p l , as well as the therefrom

resulting gap excitation coefficients K 2 from equation (3.23) ►
or respectively, moment coefficients _L l from equation (3.24).
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Table A4 shows, as an example, the evaluation of measurement

series 293, with stator adjustement.

In order to be able to provide tabulated surveys, all parameters

and average values of a measurement series are stored in data

files arraged by measurement series number. The equally stored

data for displacement and force, or moment, respectively, for

each measurement point can be used, as a control of the course

of forces or momenta, respectively, to obtain a graphical record

by means of a separate plotter program.

3.4.	 Error computation

As a measure of possible random error in the excitation force

measurements, in correspondence with DIN 1319 we shall use the

measurement uncertainty f, with the understanding that we shall

always refer to the 95 51 confidence level for the measured

magnitude. Because of the calibration measurements performed in

each measurement sequence or series, respectively, systematic

errors are excluded. Only the cold junctions necessary to

temperature measurements by means of thermoelements could cause

small, systematic deviations, since in the ice-water mixture

used, small upward temperature variation.3 a--e conceivable due to

incomplete thermal equilibrium; this could make the

temperatures indicated slightly low. However, the small

F	 temperature fluctuations at the cold ,junctions can be neglected

here, since even deviations of 1.5 K_ in temperatures near 300 K

represent an error of only 0.51. Additional possibilities of

error may exist at the temperature measurement locations (due to

radiation, heat conduction, flow velocity), which can be

neglected however, as shown by estimations, for the measurements

performed here at relatively low temperatures and velocities.

/)

i

:%►, 1
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The measurement uncertainty fX at the 95o confidence level is

obtained from the standard deviation s- of the measured variable
x

x, obtained as the mean value of n measurements,

Here t9 -1 repres,

distribution for

regression y = a

e -timated values

ants the 95o confidence limit in a Student

n-1 degrees of freedom. For the linear

+ bx corresponding to equation (3.22), the

for the standard deviation from [22] are

L(y - y(x i ))	 ^	
x2

s Y	 sa	 SY n

	

L(x-x)	 ( 3.29 )

•b - ,Y L(x X

as well as 95% confidence ranges

f ^ to-2'a	
f . t

o-2	
n-2

V

y	 951 Y	 a	 951 

a 

a	 fb . t951 9 b	 ( 3. 30 )

where in this case the 950 limit of the Student distribution for

n-2 degrees of freedom is relevant. if the measurement result is

a function of one or more measurement variables, then the

uncertainty in the measurement results is determined by the

rules of error propagation and

Y - F(x 1 )	 fY	
(,^fxlax I	 1 3.31 )

i

An external EDP program was written for the throughput

calculations, which performed an error computation for every

pressure sensor calibration point, whose result could be used as

the measurement uncertainty in the mass flow corresponding to

the measurement series of which this point was a part. An error

propagation calculation does not seem necessary for each point,

since there waslittle scattering in the values within a given

41
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measurement series (see Tables A2 and A3). The measurement

tolerance for the throughput is given in DIN 1952 for individual

measurements, as

--	 --- F
tq	

'rT ♦ `T C + T ap * 7T G
 . Tp (2Q I a Ta (2+2Q )	 ( 3.32 )

/2Z
Since T  is valid with a statistical certainty that can be

assumed higher than 950, T  well corresponds to the measurement

uncertainty mentioned above. We thus obtain

m
ff' - Tq '	 fm	 0'Tq	 ( 3.33 )

where f * designates the mass flow uncertainty in o and fm that

in mass flow units. From DIN 1952, the tolerance of the

throughput coefficient a is then

ITQI	 IT O I + IT. p I + IT ex I + ITfrI

• *[0,35 + u2 f 0,3,,(1g(Re)-6)2^^ .	 ( 3.34 )

4

where due to the measurement orifice adapte r (see Figure 3.5,

page 26) T sp , T eX and T er can be taken = 0. Furthermore, for the

tolerance of the expansion constant e we have

	

T • t1
PB s	 ( 3.35 )	 1

C	
pB

Luring the pressure sensor calibration we obtain the measurement

uncertainty f  for each pressure tran3ducer for the calibration

curve, from equation (3.22), corresponding to equations (3.29)

R	 and (3.30). Therefore

	

f^P • 100	 ( 3. 36 )Tap	
apB

To determine the measurement uncertainty in the density p before

the measurement orifice, we must first determine the
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uncertainties in the pressure PB and the temperature T B before

that orifice. Since the absolute value of the pressure p  is

calculated by addition of several pressure differences to the

measured absolute pressure p e , we obtain from the error

propagation law (3.31),

fpB1	 ^fBA + fpe + f8pBT + fGpB2 + f6pB12 + fApB1'
( 3.37 )	 "

r2	 2	 2	 2
fpB2	 fBA + fpe + f&pBT + fGpB2

t•

	

	 Here fBA is the measurement uncertainty in the barometer

reading, approximately 30 Pa. The magnitudes f
pe , f4pBT' 

f 
ApB2'

f ApB12 and f ApB , are obtained from the 95% confidence limits for
the fitted straight lines derived from the pressure sensor

calibration. Corresponding to the calibration tests for the

thermoelements, the uncertainty 
fTB 

can be assumed to be 0.5 K;

t
we finally obtain	 /1

fp 1

fP,)2 + (	 fTB)2	 Tp	 9 .1 00	 f	 3.38	 )

^ 1

The tolerances	
q  

and	 Td for the pipe and measurement orifice

diameters are negligibly small,	 in comparison to the other

tolerances. Table	 A5 compiles the results of the error

calculations for a measurement sequence. 	 The uncertainty for the

average mass flow is obtained from the individual uncertainties

of the two measurement orifices,
i

(	 3.39	 )

1

Starting with this value, the uncertainty for the measured gap

excitation coefficient is calculated for each measurement

series:	 first,	 the measurement uncertainty of the isentropic

gradient must be determined.	 It is obtained from the

uncertainties fpe ,	 f^pT , fTe applying the law of error
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propagation to equation (3.3), where we can disregard they

scatter of the mean values of Ali s and U s , since they are small

in comparison to the measurement uncertainty. j.

I	 eP )	 \	 ) 2

f Ahn 
,I//I`ĉ ' R 1 - I1 - pe I.:.f 1, e/I +	

PS
• (1 - Pe K • fApT	 +

	

1	 1+ (R T.6PT . (j - ePr I K . f Pe
)

2 	
3.40

 •/

In the same manner we obtain for the isentropic tangential

force, corresponding to equation (3.4)

3h • 	 1z
fU•	 u
	 f

	 (±11 -fah.)	
( 3.41 )

and finally

F	
fK2	 9	 . U, )	

+ (!U: f
	

3.42
9 g2)2	

(	 )
•	 /	 1

i

For 
fq2 

we must us.; the 95% confidence limit obtained for the

standard deviation of the slope of the regression line. The

measurement uncertainty thus determined for the gap excitation

coefficient may be considered representative only if the course

of the excitation force curve has a linear tendency. For some of

the measurements, however,	 the course was more "s" shaped than

linear; while fitting a straight line to all points yielded K2

values,	 their 95% confidence limit, 	 calculated as shown above,

did not contain the various possible slopes. In such cases,

slopes and uncertainties should be calculated only for more or

less linear segments.

The measurement uncertainties for the deflection and moment

_.; coefficient are obtained by similar procedures.
Y^
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3.5•	 Test program

The design of the test installation allows the investigation of

different turbine stages. In the context of this study, we shall

report on the force measurements of three typical single stages /40

Figure 3.10 Stages studied

(see Figure 3.10, above) and one three-stage group (see Figure

3.11, below). The internal diameter of all stages is 420 mm. The

essential dimensions are shown in Table 3.2. Stages A and B and

the three-stage group are fashioned in the reaction type of

construction, while stage C was built in the chamber type with

weak reaction blading. The Reynold's numbers for the turbines -

obtained from the incident flow velocity and the chord length -

ranged from 4 . 104 to 2 . 10 5 in these tests.

/41

The following parameters could be varied, during these tests:	 ",j

a) the pressure coefficient, either by increasing the pressure

before the stage at constant reaction and constant rate of

rotation, or by varying the rotation rate at constant stage

gradient=

45	 °.

) .; I_ 	 _	 _J
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TABLE 3.2 Dimensions of the test stages
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Figure 3.11 Three-stage group

Designation Stage A Stage B groupge Stage C

No.	 of blades	 Stator 129 50 50 63
Rotc r 129 50 50 99

Blade length	 Stator	 re.,i 40.0 40.8 a0.8 39.5/38.6
Rotor	 mm 40.0 41.3 41.2 40.0

Covering	 Inner	 mm 0 0 0 0.5
Outer	 mm 0 0.5 0.7 0/0.9

Exit angle	 a	 deg. 31.0 17.3 17.3 12.9
a 1	 deg. 31.0 17.3 17.3 20.1

2

Gan width	 Stator	 mm 0.7 0.48 0.48 0.5
Rotor	 mm 0.5 0.4? 0.44 0.4

Shroud band width	 Stator	 mm	 12.0 22.7	 22.7 36.0
Rotor	 mm	 14.0 19.0	 19.0 27.0

46
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b) the density of the working fluid, by charging the closed

circui t;

c) the axial gap, which should be defined by the distance from

t,ie rotor shroud-band to the stator ring;

d) for stage C, the hub ratio, the sizs and number of balance

holes, as well as the outer cover that marks the

discontinuity of the outer , limit of the meridian channel,

between stator Exit and rotor entrance.

Naturally, it was necessary to select the most significant from

among the large number of resulting parameter combinations,

which are also affected by the results of the preceding

measurements. We began with the determination of the excitation

force for simultaneous eccentric positioning of the stator seal

and the rotor seal (stage adjustment STV). To determine the

effect of an eccentricity of only the stator or the rotor seal,

during subsequent tests besides the stage adjustment, a separate

adjustment was performed of the stator seal (stator adjustment

LEV) or respectively, the rotor seal (rotor adjustment LAV).

Table 3.3, below, shows the force measurement parameters

investigated. The comb.iration outlined in a heavier line

represents a reference condition, starting from which the effect

of the individual parameters was investigated. The predominant

portion of the measurements was devoted to the determination of

the gap excitation coefficient K 2 and the simultaneously

obtained moment coefficient L 1 , while the less significant

coefficients K 1 and L 2 usually were measured only for the

reference state parameter combination. We renounced Ue

determination of the coefficients due to rotor inclination -

possible in principle on the test installation used here - since

measurements performed at a different test installation [21] led

us to expect relatively small values, unessential for practical

stability calculati)ns.

47
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TABLE 3.3 Parameters for excitation force measurements

Press.coeff. 2,0 :,S 3,0 3,5 4.0 4,S	 1 5,0

_C Axial gap (mm) I,6 ",o 2.5 1.1 3,6

ob r(ot . rate (1 /min) 2400 !000 ±600
ro
L Load(bar) 0 0,5 1,0

Ad *j ustment I
,Tv

Press.c oeff. 2,0	 2,5 3,0 3,5 4,0 4,5 5.0

Axialgap(mm) 3,3

66z Rot.rate(1/min) 2830 2980 3160 3380	 5650 4000 1310

Load( bar) o 0,4 o,e ,2 1,6

Adjustment LEV STV LAS

Press.coeff. 1,1 1,6 2,0 2 , 4 2,8 3,2

0Q'02 Axial gap mm 2.9
ro 7
+^ o

Rot.rate	 1	 mini 2000 _, 460 3700 4000 4500

Load( bar) 0
Adjustment STV'

S,C)Press.coeff. 2,0 2,5 3,0 3,S 4,0 4,5

Axial gap(mm) 0,5 1,0 1.5 2,0 2,5 3,0 3,5 4,0 4,5 i	 S,0
U

Rot.rate	 I 1/min, 3000 4000 4400 4650 5000

^ Load(bar) o o,ts 0, 35 O,SO .-S 1.1

Adjustment LCv sry LAV'

Hub ratio 0,35 0,53 0,70

Outer covering 0 0,9

3.6.	 Force measurement results

The definition (2.5) of the flow-conditioned coefficients had

assumed a linear dependence of the forces and moments on the

displacement. However, the measurements showed - especially so

for stage A - in part very strong non-linear dependences. For

this reason, in Figure 3.12 we show the courses of the relative

forces, or respectively. relative moments as a function of the

relative eccentricity, for selected measurement series.

According to the definition, the slope of the resulting curves

then represents the corresponding coefficient. In each of the

small figures, four parameters of the measurement series are

recorded, besides the MR* number:

* MR = Messreihe = measurement series
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- the rotation rate N (1/min)

- the isentropic tan-ential force US (N)

- the load PUE (bar) or hub ratio DN/DI,1

- the axial gap SAX (mm)

.t	 .1
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Figure 3.12 Stage A:

(Relative excitation force Q2/US

eccentricity

Stage adjustment

U as a function of the relativP

E/LS 1%))
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For excitation force measurements (to determine t1 lle gap

excitation coefficient K ), a straight line was alsc drawn

corresponding to the course expected theorei;ica]lf, from

equation (2.17).

Tables .,6 through A26, in the Ap pendix, provide a survey of all

the measurement series performed, witft all essential parameters

and results.

3.6.1. lap excitation coefficients, stage A

Figure 3.12 above shows that in the case of the measurements on 	 }

stage A, the determination of the gap excitation coefficient R2

is nct always unequivocally poc:ible, since it i_s obtained from

the slo-?e of the excitation force carve. The determining

in^lu:^nce responsible for the different deviations of the
measured forces from a linear coarse have as ,yet not been

clearly IdentifieJ. However, the axial gap and the gradient

:applied to the stage should be of significant importance. For

both small ( .-1.5 mm) and large ( =3.5 mm) axial gaps, "s" 	 .

shaped curves are obtained ('SIR 79 -73, 8 7 -52); for axial gaps
between 2.0 and 2.6 mm a linear course may be assumed for /46

low tangential forces (MR 70 and 68, 37 and 39). For a value of

Sax -2.7 mm an instability occurs, in a .';ay , in that double-"s"
;

curves are obtained (MR 29, 2 1) and 34) which at larger values

(= 3.1 mm) pass on to asymmetrical shapes (RIR 61-54). Large

gradients (^ >3.5, U s >500I1) usually lead to slightly "s"-.shaped

curves (cf. the right half of Figure 3.12).

Besides the axial gap ana the gradient, in pairs of measurement

series the rotation coefficient (bIR 31, 30) and the load (32,

33) were varied, by adjusting the stage's gradient in such a

manner that approximately the same pressure coefficient was

obtained for all measurement series. Figure 3.13, below shows

the excitation forces measured under those conditions, as a
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Figure 3.13 Stage A: Stage adjustment

(Relative excitation force Q2/US (c^) as a function of relative

eccentricity E/LS (%,))

function of deflection. Changes in the rate of rotation or the
I oad provide better linearity for the excitation	 curves,

whose slope and hence, gap excitation ,oefficient K 2 , however,

change only -little.
4

Y

The significant variation in the individual measuring points for 	 -^

IJ! 40, in Figure 3,12 - already suggested in neighboring
parameter combinations (MR 65, 54) - is remarkable. The

unbalance in the rotor evident in this measurement series leads

one to suspect flow instabilities at the rotor shroud-bard, that

can occur for _, ertain values of the axial gap, covering and	 /47

stator exit velocity. La Roche [23] also pointed out such

effects.	 i

To obtain the gap excitation coefficients K2 for stage A, the

slopes of the excitation force curves were tak3n only from

approximately linear curve portions. The K 2 values thus derived

are reported in Tables A6 and A7. A selection of them was

plotted in Figure 3,14, below, as a function of the pressure

coefficient. It can be observed that in this stage construction

tyke somewhat smaller values of the gap excitation coefficients
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Figure 3.1 4 Stage A: stage adjustment

can be expected, in comparison to the values obtained from the

gap loss.	 1.

3.6.2. Gap excitation coefficients, stage B and three-stage

group

I n excitation force measurements with an added reaction stage

(stage B) no such extreme :ion-linearities were observed, but

under certain operating conditions ( i^ = 3.0, U s =40011) certain

irregularities again occurred, which were not as evident at

higher or lower stage load conditions. Figure 3.15, below, shows

characteristic force courses for stator, rotor and stage

adjustments of stage B*. Besides changez_ in the gradient, in

In th.e representation of the excitation forces as a function

of (,he eccentricity, for stages B and C, as well as for the

three-stage group, the opposite direction of rotation was
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Figure 3.15 Stage B (Relative excitation force Q"/US (o) as

a function of the relative eccentricity E/LS (°^))

this stage the load and the rotation rate were varied over a
	 << ti

larger range (cf. Tables A8 and 49). Based on the measurements 	 x

for stages A and C, changes in the axial gap seemed unnecessartr,

since except for extremely small values - which hardly occur, in
	 I

practice - nc substantial effect was expected. Figure 3.16,	 /48
below, shows the K. values obtained from the slopes of the

excitation force curves, as a function of the pressure

coefficient, From the partially non-linear force curves, a

global elope was always found that considered all measurement

points; .-his led to the relatively large scatter (cf.

measiii-ement uncertainty FK2 in Tables A8 and A9). Beth for the
1	 stage adjustizent (STV) and for the rotor adjustment (LAV) an

approximately parabolic course is obtained, with a minimum at

^ = 3 . 5• For the stator adjustment (LE'.), relatively small

values are obtained, with a maximum at approximately 4i = 3.5.

(conL.) considered, compared to stage A, so that here, too, a

positive deflection would cause a positive force.
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Figure 3.10' Stage B: SAX=3.3mm Figure 3.17 Stage B: SAX=3.3mm

For comparison purposes, the broken line represents values 	 1

obtained by means of Traupel's [17] equations based on gap loss.

According to existing theory, the excitation coefficient q 2 is

linearly dependent on the rotor's isentropic tangential force,

and therefore a dimensionless plot of the measured excitation

coefficients as a function of the isentropic tangential force

can shed more light on characteristic tendencies. For variable

gradients we then obtain a non-linear course, as shown in Figure

3.17, above. For very small gradients, the curve will apprcach

the broken line (obtained f,.^r: the gap loss) from above; for

very large gradients, from below-. In the transition range of

intermediate gradients are to be found the largest

non-linearities in the measured excitation force curves (cf.

Figure 3.15, page 53)•

An increase in the fluid's density (load) always gives rise to
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excitation coefficients that lie above existing theories,

although for large tangential forces a tendency similar to that

for measurements without load seems to suggest itself. This may

be based on the fact that as the load is increased, the gradient

across the stage - and hence, the flow geometry - hardly change

at all, in contrast to measurements performed under variable

gradient (cf. Table A8).

In order to evaluate the effect of the rotation rate, Figure

3.18, below, shows the measured excitation coefficients and

"J

^ 4

Lv

+LSr

tNi.	 f1M.	 fib.	 {Mi.	 N}i
Rot.coeff. N(]/min)

STV meas.	 from SPV talc.
• LAV meas.	 from SPV talc.
• LEV meas.
z _rom SPV talc.

Figure 3.18 Stage B, SAX = 3.3 mm

those calculated from the gap loss, as a function of the

rotation rate, at approximately constant stage gradient. The

measurement points do not allow a generally valid statement on

the effect of a variation in rotation rate, since due to the

slightly "s"-shaped course, the slope of the excitation force

curves appears somewhat uncertain. However, for the practical

application of the test results, the effect of the rotation rate
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on the gap excitation coefficient may be considered relatively

small. The lower part of Figure 3.18 shows the results for

separate adjustments of the stator and rotor seal, as a

function of the rotation rate. The curves show that the stage

excitation (stage adjustment STV) can be obtained directly as a

sum of separately measured stator excitation (stator adjustment

LEV) and rotor excitation (rotor adjustment LAV). While the

stator excitation is always only approximately 50% of the value

calculated fom the stator gap loss, the rotor excitation lies

substantially above the value calculated from the rotor gap

loss. It can furthe=re be observed that the course of the stage

excitation is characterized essentially by the excitation

mechanism at the rotor shroud band. This also follows from

Figure 3.19, below, which shows the course of the stator and

rotor excitation as a function of the isotropic tangential force

for the measurement with variable gradient and load.

E:
Ux

z

C'4'

% per

11 Zw
L44,
Q) —

L '
	

r 
LEY

X	 /

Isentrop.tang.fce. US (N)

. LAV var.grad	 n LEV var. loading

	

LAV var.loading	 Calc.from SPV
• LEV var.grad.	 = Calc.from SPV

Figure 3.19 Stage B, SAX = 3.3 mm

It can be seen, once again, that the stator excitation remains

substantially below and the rotor excj.cation - especially under

load - remains above the values calculated from the gap loss 151

(cf. also Table A9).
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Viewed overall, for the gap excitation coefficients

corresponding to this stage one should take at least 1.5 times

the values obtained to date from the linear theory. This is

particularly true for high-pressure stages, since here, due to

the high fluid density - as can be derived from the tests under

load - relatively large excitation coefficients may occur.

Only a few measurement series were performed on the three-stage

group, built by adding a stator and a rotor each before and

after stage B, and in ,aem all stator and rotor gaps were

adjusted jointly (cf. Table A10).

Figure 3.20 shows a plot of the common excitation coefficient,

RQ. 	 - A00.	 M.	 1M.	 1•b•.

Isentrop.tang.fce. JS (N)

• Var.grad. Ist meas.
Var.grad. 2nd meas.

Var.grad. 3rd meas.

Calc.(gap loss)

Figure 3.20 Three-stage group

s	 as a function of the isentropic tangential force, similarly as

for the single stages. Once again we can see a somewhat

s	 non-linear course, as with the measurements for the single

stages. If we consider that the group's first two stages were

operated under loaded conditions, in these tests, then it is
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possible to explain the slightly higher excitation coefficients

for the three-stage group in terms of the higher values of the 1.^L2

individual stages under loads conversely, this also means a

confirmation of the single stage results.

For comparison, Figure 3.21 shows the gap excitation coef-

Press.coeff. PSI

Sole.stage 1st meas. 	 0 Calc.from SPV (sgle.stage)
Sgle.stage 2nd meas.	 + Calc.from SPV (3-stage gp.)
3-stage gp. 1st meas

• 3-stage gp. 2nd meas.

.1

}
N

I
Figure 3.21 Stage construction type B

ficients K 2 for the stage adjustment of the single stage, as

compared to those of the three-stage group. Within the

measurement uncertainties - conditioned mainly by the partially

non-linear excitation force curves - tr.ere is no noticeable

difference between the gap excitation coefficients for the

single stages and those for the three-stage group.

3.6.3. Gap excitation coei'ficient, stage C

Besides the two drum stages (A and B), we investigated a chamber
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stage with weak reaction buckets (stage C).

The measurements can be subdivided into two main sections:

a) External covering or overlap U  = 0 mm (MR 91-253)
b) External covering or overlap ti  = 0.9 mm (MR 254-431)#

After the first test measurements (MR 91-96), the multiple disk

clutch used to that point was replaced by a membrane coupling.

As Table All shows, there was no noticeable change. In the

measurement series 91-124, the balance holes at the rotor were

as large as possible (AB = 8x30 mm diameter). Later,

corresponding to a calculated gap loss at the stator bottom, 	 /12
they were reduced to 4X18 mm diameter.

Figure 3.22 shows, first and for the measurement series with AB

8x30 mm, the gap excitation coefficients K 2 resulting from the

slopes of the excitation force curves, as a function of the

pressure coefficient and the axial gap (cf. also Table A11). All

measured coefficients lie within a scatter band of ±-(% and

decrease with increasing pressure coefficient.

For stage C, the excitation forces for a given stage adjustment

are always larger by a factor of 2 to 3 than those calculated

from the gap loss. Hence the absolute value of the forces to be

measured will also be 2 to 3 times larger than in stages A or B,

respectively, which has a favorable effect on the measurement.

This may also be a contributing reason to the reduced scatter in

the excitation force curves, which for this stage in general

follow a linear course - with the exception of the stator

adiustment - as car be seen in Figure 3.23, below. (Regarding

the force curve, see foo mote on page 52).

R
Ct

r*
	 # For external covering see page 47; ua = UEA
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Figure 3.22 Stage C, STV UEA = 0 mm	 .I

^ZMR11y^4
5 	 11R 146 	nR 152

W ! M	 4^ Y{ ^• 	WA ^!	 I^ff

Press.coeff.

Figure 3.23 Stage adjustment UEA = 0 mm

(Relative excitation force Q2/US (a) as a function of the relative
eccentricity E/LS (o))

Table Al2 compiles the measurements with AB = 4x8 mm diameter.

Figure 3.24, below, shows the measured K 2 values for this

construction variation. If we disregard the small axial gap

(1.17 mm), then all measured values lie within a scatter band of

±7%. We shall refer later to the dependence of the K 2 value on

the axial gap. The K 2 values measured coincide fairly r,recisely

with those of Figure 3.22, above; the balance holes apparently

have no measurable effect on the gap excitation.

60

E AW 6



ORiG.INAL f :-	 j.,j

CIF POOR QUALITY
A I

^V .1

^aI

Press.coeff.	 PST.

p^/. r.N ni. MI n

•	 11.1.17 Ifll O Yi•1.11 ^
• 1!•f.ff 1 • M,•1. ti 1
n t•n.n . h lil n 1t•41 h 1n1

N
x ^w

W 1

W

0
U

1J ^

Ur

x
v
a^
ro

+ Cal.c. (gap ioss)

Figure 3.24 Stage C, STV UEA = 0 min
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!	 Figure 3.25 Stage C, STV UEA = 0 mm

The Effect of the loading was studied for a medium axial gap of

3.25 mm, in stage C, with d o/dm = 0.35 and u  = 0 min. For

comparison, Figure 3.25 above shows the measured K 2 values as a

f unctiOrL of the pressure coefficient, both for the loaded

measurement series (IdR 153-159) and fcr the measurement series

61.
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145-152 performed for the same axial gap. We can conclude, from

the quality of the agreement, that the density of the working

fluid had no effect on the gap excitation coefficient, in the

..ange investigated for this stage (cf. Table A13).

/.i
The purpose of she next measurement series was to investigatet,	

the effect of the hub ratio or. the gap excitation coefficients.

For medium hub ratios d o/dm = 0.53, the balance holes were

enlarged to 4x21 mm dia,,.ctei-, corresponding to the higher stator

gap loss. For design reasons there are no balance holes at do/dm

0.70, since the hub installed wouldcover the possible

openings (see Figure 3.10, page 45). All tests were performed at

a medium axial gap of approximately 3 mm and an external

covering (UEA) of 0 mm. Figure j.26 below shows the effect of

the hub ratio on

T-

-^i
•^- -^y^ ~-may-

DN / Dff

yy

8.6	 t.{	 •.{

Press.coett. PSI

0 DO/DM. ." 5A1 .2.7 Mw r Ca1c. from SPV
• DO/DM-52 SA1 .5.1 Mr • C a 1 c . from  SPVD 00 1014. ,10 UX-3.1 M

• Calc. from SPV

Figure 3.26 Stage C, STV UEA = 0 mm

stage excitation. For variable hub diameters, the gap excitation

coefficients calculated from the gap loss also vary. for

approximately constant radiate gap widths, since the stator gap

loss is directly proportional to the hub diameter (cf. Table

A14). In contrast to the calculated values, measurements show a

decrease in the gap excitation coefficient with increasing hub
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diameter. The cause for this must essentially be sought in

stator excitation, since no decisive changes can occur at the

rotor bucket head as the hub diameter varies.

This can also be seen in Figure 3.27, below, which shows the

DM/DM

u
•

C14 e

W
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Press.coeff. PSI

• o«/om-.is	 •M « Cale . from  SPV
. o« oM..s: s«a.iFM • Cale. from SPVe on roM..^o s^r.s.i «^

Cale. from SPV

figure 3.27 Sage C, LEV UEA = 0 mm

results of measurements at stage C with variable h.ib ratios, for

the stator adjustment. Tne measured K 2 values are always below

those calculated from the stator gap loss, even becoming

negative for large hub ratios. As can be seen from Table A15 and

in Figure 3.26, below, the forces measured are relatively small

and in part, not linearly dependent on the eccentricity. For the

hub ratio 0.53, the excitation coefficient can be set = 0 for

practically all pressure coefficients, if for non-linear curve

courses we assume that the slope of the excitation force curve

near the origin is representative, similarly to what we did

during the evaluation of the measurements for stage A. In

addition, it can not always be assumed, in separate adjustments
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Figure 3.23 Stage C, stator adjustment UEA = 0 mm
(Relative excitation force Q2/US (o) as a function of the

relative eccentricity E/LS (o))

of the stator ring, that the rotor ring does not move,

minimally. Since the rotor excitation, as measured, is nearly an

i	 order of magnitude higher than the stator excitation, rotur 	 Aa
ring displacements of the order of even 1/!00 of a mm already 	 j

noticeably affect the measurement of the stator excitation. TK.s

becomes particularly clear when the 0-point is reset (cf. also

Figure 3.37)•

:igure 3.29 below shows the gap excitation coefficients for the

statoc, as a function of the hub ratio, for three different

pressure coefficients and at nearly constant axial gap width.

The - L^ason for the course of the curve - opposite to that based

on existing theory - has as yet not been identified, but it is

probably conditioned by the pressure distribution at the stator

hub.
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The measurement results for the separate rotor adjustment are

shown in Figure 3.30, above, and compiled in Table A16.

Disregarding negligible variations, rotor excitation per se can

be considered independent of the hub ratio.

Foy the measi,.rer!ent series following, the entrance bucket was

shortened, to result in an external covering by 0.9 mm. Since

significant effects from the covering can be expected only in

conjunction with the axial gap, a large number of measurement

series were performed, at a hub ratio of 0.35, varying the

a^-i2l gap (see tables A17 to A19). here, besides the stage

adjustment, separate adjustments were made for the stator and

the rotor.

If we compare the results for the stage adjustment with ua

ram (Figure 3.31, beic.,) with those for U  = 0 mm (Figure 3.24,

page 61), no effect of the covering seems noticeable.
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Figure 3.31 S';age C STV	 Figu.-e 3.32 Stage C STV

UEA = 0.9 mr.i	 PSI = 3.5

This becomes even clearer if we plot the measured gap excitation

coefficients as a function of the axial gap (Figure 3.32,

below), for a constant pressure coefficient. Figure 3.32 shows

that for this Etage, the axial gap takes on some importance only

at relatively :.ow values. For gaps below 1.5 mm one must expect

a steep increase in the gap excitation coefficient; it then can

increase up to a fourfold of the value calculated from the gap

loss alone. Th3 increase in the value of K 2 with decreasing

axial gap can De explained in terms of increasing transverse

forces arising out of the pressure distribution over the rotor

shroud band. A3 shown in section 2.2.2., the excitation forces

out of the pressure distribution increase with increasing

relative afflux energy at the gap entrance. Pressure

measurements performed in the rotor labyrinth's first chamber,

in this series, showed a decrease in the pressure gradient at

the rotor shroud band, for sinall axial gaps. However, all other
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parameters remaining equal, thereby the relative energy of the

incoming flow would increase, with an increase in the forces due

to the pressure distribution, as a consequence. Since the rotor

excitation forms the main portion of the stage's excitation,the 	 .,

latter will brhave similarly to the former.
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Figure 3.33 Stage C LAV	 Figure 3.34 Stage C LEV

UEA = 0.9 mm	 UEA = 0.9 mm

For completeness, Figure 3.33 above shows the measurement

results for the rotor adjustment with outer covering U  = 0.9

mm. These measurement values also corresponded to those obtained

for outer covering 'a G = 0 mm (see Figure 3.30, page 65).

/50

The effect of the axial gap and the pressure coefficient on the

stator excitation is shown in Figure 3.34, above. For average

values of the pressure coefficient and the axial gap, the gap

excitation coefficient for the stator lies considerably below

that calculated from the gap .loss, increasing for small pressure

coefficients at average axial gaps. At very small and extremely
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large axial gaps, there is a tendency towards deviations that

are affected by the thereby arising small gaps between Stator

bottom, and the covering or wheel disk rotating with it.

Due to the small magnitude of the forces measured, the

measurement uncertainties for the gap excitation coefficients

indicated are relatively large, but even so play no significant

role for practical applications, since t r,e stator excitation is

only a fraction of the stage excitation that is determining in

the vibration calculation.

For an average axial gap of 2.75 mm, several measurement series

were performed at different rotation rates. The corresponding

data are compiled in the upper third of each of the Tables A20

to A22. The effect of the rotation rate was to be determined at 	 v

a constant pressure coefficient (smaller ;radient at smaller

rotation rates), as well as at approximately constant tangential

force (constant gradient). If, 	 in analogy to stage B (Figure

3.18, page 55),	 -ae plot the measured excitation coefficients and
^.

those calculated from, the gap loss, as a function of the rate of

rotation,	 then we obtain a picture that states nothing, 	 since

the curves for the measured and for the calculated values are

very far	 apart. The effect of the rotation rate is more readily

seen from the ratio of measured/calculated values. As can be

seen in Figure 3.35, below, both the stage and the rotor exci- 	 /61

tation increase slightly with increasing rotation rate, while

that for the stator decreases. A decrease in stator excitation

for increasing rate of rotation can also be seen in Figure 3.18

for stage B. The steeper slope for rotor and stage excitation

with increasing rotation rate in the tests at constant gradient

(dot-dash line)	 can be attributed to the simultaneously rlxisting

effect of the pressure coefficient, since at lower rotation

rates and constant gradient the pressure coefficient increases.

The preceding measurements clearly show a decrease in the idtio

measurement/calculation, at increasing pressure coefficients.
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Taking into consideration the measurement uncertainties, in

these tests we can start from the prem,.se that at least in the

range investigated, the effect of t:,,::: rotation rate - and hence,

that of the tangential velocity of the rotor shroud band, for
	 1*1

instance - on the gap excitation coefficient is negligibly

small.

The hub ratio was also varied for the outer covering ii  = 0.9

mm, although due to an assembly error for d o/dm = 0.52 the axial

gap was only approximately 1.0 mm, while for d o/dm = 0.70 the

axial gap had the usual value of 3.0 mm. The corresponding

measurment data are reported in the lower halves of Tables A20

to A22. The results of the tests with the average hub ratio

do/dm = 0.52 are shown in Figure 3.36, above. The magnitude and

the course of the rotor excitation (LAV) match earlier results

quite ;ell, taking the axial gap into account (1 mm) (cf. Fig- /62

ure 3.33 page 67). As to the stator excitation, especially at

low pressure coefficients strongly bent excitation force curves
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Figure 3.38 Stage C UEA = 0.9 mm

are obtained. Their slope near the center, however, corresponds

approximately to the value calculated from the gap loss (cf.

Figure 3.37, first row, below), As was true of earlier

measurements, the measured stage excitation agrees fairly well
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with the sum of rotor and stator excitation.

Figure 3.32 finally, shows the measurement results for d o/dm =

0.70 and U = 0.9 mm. While the measured rotor excitation

coefficients correspond approximately to those at a  = 0 mm

(Figure 3.30, page 65) - i.e., no measurable effect from the
t

modified covering - for the stator adjustment the excitation

force curves deviate more strongly from comparable measurements

(MR 230-254) (cf. also Figures 3.28 and 3.37). The cause for

these differences in force course has not yet been identified,

but will probably be found in the stator seal, for

assembly-conditioned geometrical charges. In addition, due to

shortening of the stator buckets - tc modify the covering - a

different percent reaction was obtained, compared to similar

measurements. For the rest, a very painstaking investigation of

the relatively small stator excitation forces for this stage - 	 9

in comparison to the forces acting at the rotor shroud band - /L

does not seem urgent, from a practical point of view.

The stage excitation measured in this measurement sequence lies 	 -„_^

slightly above comparable measurements with u a = 0 mm (MR 250-254,	 ? '
figure 3.26), especially at the lovier pressure coefficients; this is 	

J•.

mainly due to the greater stator excitation at lower pre3siare

coefficients, for u  = 0.9 mm.

/64

3.6.4. Comparison of all stages and effect of the pressure

distribution

Figure 3.39 shows a comparison of the excitation force measure-

ment results obtained for the stages investigated. Since because

of design differences different calculated excitation forces

result for each stage type, for comparison purposes we plotted,

for each case, the ratio of the measured gap excitation

coefficient for that stage ("measurement"), to the value

calculated from the gap loss ("calculation"), as a function of
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Figure 3.39	 Comparison of all stages

the pressure coefficient.

For stage C, we only plotted the values for s ax >2 mm and do/dm 1

=	 0.35,	 since for the other stages no measurements exist for

either very small axial gaps or variable hub ratios.

For stage A, the ratio measurement/calculation lies below 1 for

all measurements; thus,	 for stages of this design, 	 with

relatively small buckets, we should not expect gap excitation

coefficients that are significantly above the values calculated
i
1

from the gap loss.

For stage B id the three-stage group the bard of points is
I

parabolical. In the usual range of application of ^ <3, 	 in Ruch

stages we can expect gap excitation coefficients that are 20-50 l

o higher than those calculated to date.

The excitation coefficients determined in the tests with stage C
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are always higher by a factor of 2-3 than the values calculated

to date from the gap loss.

/^l
For a practical application of the results, we must start from

the premise that flow-conditioned excitation forces are

essentially composed of two parts. Besides the excitation forces

that can be calculated as shown by Thomas [1] - due to a

non-uniform gap loss distribution along the perimeter - there

are the transverse forces, already reported in [20], which arise

out of the non-uniform pressure distr.tution across the rotor

shroud band and at the stator hub. These compressive forces can

cause an increase in the excitation forces, especially at the

rotor, as well as a decrease. If we start from the premise that

during the tests the forces due to the gap loss, calculated by

Thomas [1] with gap loss equations from Traupel [17] are fully
effective, then deviating results must essentially be

conditioned by varying pressure distributions over the shroud

bands. For otherwise constant parameters the magnitude of the

transverse forces out of the pressure distribution surely is

proportional to the shroudband width, for which reason larger
	

'!I
excitation forces ensue in stage C. In addition, the torsional

effect on the flow at the gap entrance has a significant

importance for the magnitude of the resulting compressive

forces, as explained in section 2.2.2. In correspondence with

the stator exit angle in the stages investigated, the effect of

the pressure d:.stribution on rotor excitation will be greater

for stage C (a, = 12.9 0 ), than for stage B ((x 1 = 17.3°). In

s	 addition, stage B has no continuous shroud bands. A pressure

'	 equalization with the meridian channel is conceivable, through

1	 the gaps between blade cover-plates, which could have a decisive

1

	

	 effect on the pressure distribution over the shroud band. In

accordance with U c very large stater exit ,^uzgle for state A ( al = Fl o ), we

should expect relatively small excitation forces due to the

pressure distribution over the motor shroud band.
P__

The magnitude of the excitation force Q 2D due only to an uneven
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pressure distribution over the rotor shroud band can be

expressed, in terms of the tests with rotor adjustment,

approximately as the difference betweE the measured excitation

force Q"
2

	the excitation force Q2 S calculated from the rotor

gap loss:

02D ' "2 - Q2S 	( 3.43 )

/65

0.	 _ 0.1	 1.	 1.5	 t.

Rel.afflux energy CEx

Rotor adjustment Stage B

Rotor adjustment Stage C

Figure 3.40 Pressure distribution_ forces

Figure 3.40, above, shows these compressive forces Q 2 -

corresponding to Urlich's work [20], described in section 2.2.2.

- as the relative magnitude 
Q2D/QB' 

as a function of the

relative afflux energy CE. The magnitudes Cx and Q B are derived

from equations (2.19) and (2.20), where for stage C we used the

additionally measured pressure difference at the rotor shroud

band, while for stage B this pressure difference was determined

from the pressure p l , calculated for the center section and

assuming a flow distribution from the potential vortex law,

beuween the stator and the rotor.

74



1 (+_^'Y

^° 19
pt?l:::	 {

uF ^'4

For stage C, two curves were drawn, calculated for different

loss coefficients c  from [20] (cf. Figure 2.6, page 16). For

the assumptions made, e obtain good agreement, here, between

measurement and theory. No comparative calculations were

performed for stage B, since the effect of the slits in the

rotor shroud band on the pressure distribution, in this stage,

is still unclear. The points plottea merely show that the CE

s	 values obtained from the measurement data for reaction s'cages

are considerably smaller than those obtained for constant

pressure stages, as already mentioned.

To perform further comparative calculations according to [20],

more precise studies are required on the flew processes in the

seal gap, taking into consideration the inflow and exit flow

conditions, as well as modified geometries, where applicable (for

^-	 instance, for variable axial gaps).
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Figure 3.41 Stages C Rotor adjustment (Relative excitation
excitation force Q2/US (%) as a function of the

relative eccentricity E/LS (J))
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The large effect of the torsional incoming flow, 	 at the rotor

shroud band, can also be seen from the ad.ditior .1 measurements

for stage C, compiled in Table A23. We started from the premise

that radial web _.jlates in the rotor seal's labyrinth chambers

("strips") would reduce the torsional effect in the flcw over

the shroud band, which should hale smaller excitation forces out

of the pressure distribution, as a consequence.* Ao can be seen

in Figure 3.41,	 above,	 in comparison to the usual construction,

(a), such strips cause a substantial change in the exciting

transverse forces, for eccentric rotor positioning. While for an

arrangement with web plates in the first three labyrinth

chambers (b)	 the gap excitation coefficient K 2 practically

becomes 0,	 if the strips are used only in the first chamber (c),

negative K2 values result, which eventually could lead to a
r

self-excited vibration running against the dire%tion of

rotation. The introduction of strips into the labyrinth cham- 	 /68

bers of the high-pressure portion of a 300 MW turboset with a

tendency towards self-excited vibration brought about a

cancellation or respectively, a substantial reduction in the

natural-frequency disturbing vibration, such that the machine

could now be operated up to maximum output perfectly

undisturbed. This is shown already by a confirmation of these

tests with a high-power turbine.

At the stator seal, the incoming and exit flow conditions at the

seal gap are fundamentally different from those at the rotor

shroud band; for this reason it is quite possible for opposite

compressive forces to occur, that reduce the excitation. The

partially strongly non-linear or respectively, asymmetrical

excitation force curves observed in many measurements can

essentially be conditioned by differing pressure distributions,

since local pressure distributions are also very sensitive to

* Footnote:expansion unknown, abbreviation unintelligible; could

refer to a patent application
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even the smallest geometry errors (for instance, burrs at the

seal peaks).

Qualitative statements about the magnitudes and caependence of

the pressure distribution in the stages investig,.ted would be

possible, by means of further theoretical studies after [20], as

(	 well as corresponding pressure measurements. 1hese should be

: performed at all surfaces that come in contact with the flow

medium (such as hub, upper and underside of the rotor shroud

band, internal cross-•section of the rotor, etc.).

3.6.5. Moment coefficients L1

In all excitation Force measurements , besides the transverse

force Q 2 , a moment M also results (equation (3.2?)), from which

follows the moment coefficient L 1 , corresponding to the

definition, equation (2.5). The effect this coefficient has on

*=

	

	 the stability behavior of -eal rotors is slaall, however, in

comparison to the gap excitation coefficient K 2 and hence a less

detailed description seems adequate, for the measured values of

L 1 . To obtain an overall view of the possible order of magnitude	 s

of this coefficient, suffice to determine its upper and lower

'.imits and some characteristic tendencies. For more detailed

statements we refer the reader to the values in the tables, in

tree Appendix (Tables A6 to A23). Figure 3.42 shows an overview

of measured L 1 coefficient ; for all stage types, and the usual

axial gap. For the two reaction stages the values are relatively

low, betwen 0 and -0.15 for stage A, while for stage B and the

3-stage group we can expect values between 0 and 0.2.

Corrsponding to the negative sense of rotation of stage A, in

comparison to the positive rocaLion u^ "Lu f;e n, we could draw

the conclusion., here, that the coefficient L 1 depends on the

direction of rotation according to
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_	 -ssure coefficients. For the usual design
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The course of the measured moments as a function of the

deflection is usually linear - within the measurement

uncertainties - as shown, for example, in Figures 3.43 and 31.47.

Furthermore, we can see from Figure 3.43 that for stage A the

moment, coefficient L i takes the highest absolute value for an
average axial gap, and is nearly zero for very small or very

t	 large axial gaps.

1.6	 !.f	 1.6	 4.9	 {.t

Press.coeft.PSI

• single stage e , -agle stage
singles'-age • triple stage

Figure 3.44 Stage B SAX = 3.3 mm

Figure 3.44, above, shows the differing effect of the stator and

the rotor when they are adjusted separately, in stage B. While

the stator adjustment (LEV) shows an approximately constant

moment coefficient L 1 of approximately 0.2 at all pressure
coefficients, the rotor adjustment (LAV) caused predominantly

negative coefficient--, which with increasing pressure

coefficient decrease to approximately -0.4. The L 1 values
obtainer for stage adjustment (STV) correspond - as was the case

for the K. values - quite well to the sum of the separately

measured stator and rotor coefficients. Fcr the three - stage
group, the measured 1, 1 values were rractically zero; the

.rr
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relatively large L 1 values of the individual stages at low

pressure coefficients are not observable for the stage group.

In correspondence to the force measurements, many L 1 values were

measured for stage C. Because of the chamber design, it seems

particularly appropriate for a fundamental insight into this

stage, to study separately the effect of the various parameters

on the moment coefficients. Figure 3.45, below, shows the L1

values from the stator adjustment as a function of the hub

9.43	 a. u	 o. n	 0.79

Hub ratio UN /i)ii

• rst-c.o ^.c^-v.. ^w

. nt-s.s uu-v.a iw

n nt-s.o ta<w-v.. iw

L.	 t.a	 a_	 C'21a.

Axial gap SAX(mm)

• qtr nt-c.o n u: rat-t.a

• LL ► y t4.a ><• L,	 rtt-a.a
n LIT rfld.0 • U T ral{.o

in

Figure 3.45 Stage C LEV 	 Figure 3.46 Stage C

SAX = 3 mm	 DN/DM = 0.35

ratio, for different pressure coefficients and an axial gap of

approximately 3 ►am• In spite of the occasionally large scatter,
a clear maximum can be observed for intermediate hub ratios. In

addition, the L 1 value decreases steeply with increasing

pressure coefficients.

r	
The effect of the axial gap at various pressure coefficients on

i-

:w

80
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the moment coefficients L 1 for the stator, or respectively,

rotor can be seen in Figure 3.46, above. While for the stator

adjustment (LEV) we obtain positive values of L 1 , which once

again iecrease with increasing pressure coefficient, for the

rotor adjustment (LAV) we obtain negative L 1 values which

de;,rease steeply for low axial gap widths. The absolute value of

the coefficients increase;,' slightly with increasing pressure

coefficient.

_ Hub ratio _y

Stater
adjustment

M1RISKa. 
y.	

^ul1a 
W	

nn
K7t^ KS t+	 " I.M'	 I	 itV C ai, !:,I

-----^—Axial gap

^,	 3

-̂t^

	 Stator

M zet	 nRI2i9	 R!! 97•

a 	
r f.•	 . ^.•	 ^ a.e

Rotor
adjustm^nc

nn^2e"	 u^^	 -.a 37s

Figure 3.47 Stage C 'Relative moment 2 Mi/D14 US 	 as a
function of the relative eccentricity E/LS (J))

Figure 3.47, above, shows t:-se generally linear course of the
measured moments as a function of ie displacement in

'	 dimensionless representation, for some selected measurement

Series. in the upper -^ow is shown the effect of the flub ratio
daring stator adjustment, while the two lower rows show the /Z

effect o;' the axial gap for stator, or respectively, rotor

adjustment.	 A

`rl

1
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3.6.6. Deflection coefficients K1
F p r DR QilAt I'''"

For selected parameter combinations (usually close to the

stage's design parameters), by displacing the housing in

horizontal direction, the deflection coefficient K 1 and the

moment coefficient L 2 were determines', in addition to the gap

excitation coefficient K2 and the moment coefficient L 1 . These

measurements ar= compiled in Tablet A24 to A26.

While the effect of the deflection coefficient K 1 on a real

rotor's stability behavior is usually small, in comparison to

that of the gap excitation coefficient K 2 , its influence can not

always be neglected. Negative coefficients K 1 act on the rotor

in the sense of increasing system rigidity, which is equivalent

to an increase in the eigen-frequency and hence, to a

stabili--ing effect. Contrariwise, a positive value of K 1 has a

destabilizing effect.

.t	 re

	

"t71 
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N^." I IL ' 12 	 PAR ...1 Wt.M	 I& M I LLl t.M

Axial gap --i

Figure 3.48 Stage A Stage Adjustment (Relative deflection

force Q1/US ( o) as a function of relative eccentricity E/LS (je)',)

'-r-'or stage H only three measurement series with stage adjustment

are mailable, w?iich show the effect of the axial gap on the

deflection force at intermediate pressure coefficients. If we

disregard the non-linearities at high eccentricities, Figure

3.48 above indicates K 1 values of approximately 0.9 to ?.4, for
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small and intermediate axial gaps, while for large axial gaps K1

becomes almost zero.

For stage B, Figure 3.49, below, shows the course of the rela-

	

Stator	 Rotor	 Stage adjst.

MR /EO	 MR 47^	 HRIl71

	

.L ice.. CA sit	 .L -- 1Z...10	 PL :'r I, M

Figure 3.49 Stage B (Relative deflection force Q1/US (%) as a
function of the relative eccentricity E/LS (%))

tive deflection force as a function of the eccentricity, for an

intermediate tangential force. While for adjustment of he

stator only we obtain a K 1 value of -0.34, for rotor and stage

adjustment the K 1 values obtained are -3.6 and -3.9,

respectively.
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v
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Rot'n rate (]/min)

Figure 3.50 3-stage group

SAX = 3 mm, US = const.

Measurements on the three-stage group with approximately three
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times the tangential force and at nominal rotation rates (4000

rpm) also yielded K 1 values of approximately -3.6 (see Figure

50, above). The figure also shows the effect of the rotation

rate on the K 1 value, at nearly constant tangential force. As we

can see, there is a linear increase in the value of the

deflection coefficient with an increase in the rotation rate.

Figure 3.51 Stage C PSI =3.5 Figure 3.52 Stage C SAX=3mm

Figure 3.51, above, shows the effect of the axial gap on the

deflection coefficient K 1 , for stage C. For an approximately

constant pressure coefficient ^ = 3.5 and a hub ratio of d n 'd m =

0.35 ► the K 1 value first linearly decreases - both for rotor and

for stage adjustment: - with decreasing axial gap, becoming

strongly negative for very small axial gaps ( plot customary, in

practice). For stator displacements, nearly constant, throughout

positive values of the deflection coefficient are obtained,

which show a shallow minimum for intermediate axial gaps.

For the stator, however, the K 1 values for this stage depend

strongly on the pressure coefficient and the hub ratio, as can /21
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be seen in Figure 3.52, above, for a 3 mm axial gap.

Corresponding to the stator coefficients, the deflection

coefficient for the stage decreases approximately parabolically

with increasing pressure coefficient, but with increasing hub

diameter relatively large positive coefficients are obtained,

caused predominantly by the stator, since as expected, the

coefficients for the rotor are independent of the hub ratio.

Figures 3.51 and 3.52 once again show good agreement of the

stage coefficients with the sum of the coefficients measured

separately for the stator and the rotor.

3.6.7. Moment coefficients L2

A,
As was the case for excitation force measurements, so also .n

deflection force measurments do we obtain, `rota the two forces

at the rotor's front and back end, moments M 2 , from whose course

over the eccentricity we can determine a moment coefficient, L 2 .	 F

Figure 3.53. below, shows the measured courses of the relative /Z6

Axial gap

nR	 ); MR B i nR Do
• f.s Cy• '̂s} 	

I^	 'N77	 ....	 .7•/1! +... C. 1. M	 M•• ...1 W I. •	 I-A .. N Y. •.Y

i

1

Figure 3.53 Stage A Stage adjustment (Relative moment 	 ?
2 • M2/DM-US (%) as a function of relative eccentricity E/LS(%))

moment 2M2/(dm • U s ) as a function of the relative eccentricity

e/1", both in %, for stage A. We can see from the quite linear

course that for small to intermediate axial gaps (1 - 2 mm) the

L 2 value is approximately 0.45, while for larger axial gaps

(> 3.5 mm) the values increase to appr,^ximately 0.7.
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;,	 Figure 3.54 Stage B (Relative moment 2 • P^I2/DM • US (^) as a

i	 function of relative eccentricity E/LS (J))

rAs Figure 3.54, above, shows, for stage B at intermediate

_	 pressure coefficients of approximately ^ =2.5 and an axial gap

of approximately 3.3 mm, !^^e obtain a positive coefficient L 2 =

1.1 for stator adjustments, while for the rotor adjustments a

negative value of L 2 = -0.7 is obtained. For the stage, the

^'^	 moment coefficient is approximately L 2 = 0.4, corresponding also
k	 to the sum of the stator and rotor values.

^,

..

	

nR ► D]	 nRI5o9	 nR 514

"	 Figure 3.55 Three-stage group (Relative moment 2 •1^T2/DM • US (/)
as a function of relative eccentricity E/LS (^)	 .^

Figure 3.55, above, shows that for the three-stage group, for

t}ie same pressure coefficient and a slightly smaller axial gap,

the L 2 values range from 0.3 to 0.7. We also see that the momen±

coefficients L2 of multi-stage arrangements are similar in

magnitude to those of single stages.

/^
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Figure 3.57 Stage C SAX=3mm

The effect of the axial gap on the moment coefficient L 2 of

stage C, for a hub ratio c:n/dm = 0.35 and a pressure coefficient

l^ = 3.5, is shown in Figure 3. >^, above. While the rotor's L2
values are always negative, decreasing slight]_y from -0.8 to

-^.4 for decreasing axial gap widths, the always positive stator

values increase very steeply for small axial gaps. During stage

adjustment, the two opposing momenta approximately cancel each

other - except for the smaller axial gaps - so that for the

stage, at the above hub ratio and pressure coefficient, the L^

vall^Ps are relatively small, between 0.2 and -0.4.

As Figure 3.57 above shows, the pressure coefficient has a

relai;ively small effect on the L 2 va^.ues. For this stage, the

^:-	 stator coefficient increases with the hub diameter, resulting in

^^	 somewhat higher stage coefficients, of approximately 0.8.
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3.6.8. Summary of force measurements

TABLE 3.4 Review of measured coefficients from force

measurements

Stator adjustment

t^	 I A; I.	 I L:

Stage B -0,3 .0,2 .0,2 <1,1

Stage C
d ^, (d m 	 /
,0^6	 •^,"

°°x	 /

o,: L	 0	 .o,c

d^(dm	
/

•o,c	 .^,6	 •z,n

°°x	 ^►

o,c	 .O^g	 •^,z

i
J

Rotor adjustment

K I K` LI L`

Stage B _3^6 +lp	 .I.e -^.c	 -0,2	 0 -0,7
^	 \ \	 ^	 ^

Stage C
°°x	 /

_^ (,	 —p / 7	 0
°°x	 ^

•2,0	 ♦2, L	 •4,0
^ ^	 °ax

1,4	 _p 3 -Ofl

Stage adjustment

K I K1 LI 1.2

Stage A

^	 ^° n

o	 • 1,0

^	 °°x

0.^	 •0,7 - 0,1
pax

.0,4	 .o,^
\	 •

Stage B - 3,9 .1,c	 •z,o ^•o,^ .0,4
^	 ^ ^	 ^.

3-Stage

group
^	 ^	 ^ ^	 ^

Stage C

°ax	 ^

-z.^ 
L=J•z.o

°°x	 ^

•z,o	 2,4	 .
`
a,o

d^/Jm	 ^

.0^5	 .z,o
°ex	 ^

^.z,a I

W	 \

`: , ^

4C.•
s..

.,

^^
f

Table 3.4, above, compiles the numerical va7.ues of the me^^4ured

coefficients ^f fiow—conditioned forces a.nd momenta, to provide
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an overviaw of the force measurements performed ^n the context

oi' this study ^approximatel •y 500 measurement series, with 10,000

measurement points). In each case, an average value was recorded

which should be x •epresentativa for the individual stages of a

designs where available, upper and lower limiting values that

'^	 can occur during upward ( 	 ) or downward (	 ) variation

'	 of the parameter specified, are also indicated. The values of
^:

the individual parameters can be obtained from Table 3.3, as

well as Tables A6 to A26; here, the design case corresponds

approximately to the hea: rily outl^.ned parameter combination in

Table 3.3•

Based on the measurements for stage C, fox adjustment of the

stator only we would expect mostly positive va?_ues for the

coefficient K 1 , while for rotor adjustment we w^u:l.d expect it to

be negative. Foy a practical application of the results, we may

start from the premise that in general, for stapes ^, and C the

K, values for the typi^:al stage data will be close to 0, i.e.,
1

-

	

	 that they can be neglected for stability calculations. For

stages built similarly to stage B or the three-stage group,

respectively, negative K 1 of the order of -3 tc - 4 may occur,
w}iich however ex^x •t a stabilizing effect.

^.

The gap excitation coefficient K 2 usually lies below the values

cal^.ulated from the gwp loss, fox• Stator adjustments, e^•en

becoming negative f'or .large hub diameters, in s-i,age C. If - as

in ^1^ - we take zni;o account a possible equalizing flow in

tangential direction by comp:zting tr.e stator gap excitation

^;	 coefficient K?S with an additional factor do/dm , thee; in many of

1	 the mea g ^,^ren^ents a bettiex• agreement between experimental and

^

	

	 calculated values could be established. However, t11e negative KL

values for stator adjustment ir_ stage C can at this point be

explained. only in terms of as yet unknown forces arising out of

the prESSUre distribution at the },ub, and acting in that sense.

The re?atively large K 2 values for rotor adjustment are

essentially to be attributed to additional excitation fcr.ce5 	 /80
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caused by the pressure

tre«tad in more detail

magnitude of the K 2 va

that for t}ie different
also ,iiiferent, due to
in the Appen3ix).

distribution at the shroud ban g?, as

in earlier sections. When judging the

lue, it must }^e taken into consideration

stages the c^lculatad values of K 2S are

the differing gap lcsses (cf, also Tables
t

The momenta M 1 and M2 acting on the rotor can be explained in

terms of diiferences in the axial pressure differences along the

perimeter. Apparently the effects of the stator and rotor

eccentricities on thew pressure differences oppose each other,

so that relatively small L 1 and L2 values are obtained, during

stage adjustments. For ^t<<ge C rowever, at large hub diameters

nigher L 1 values must be expected, and in addition, extremely r

small axial gaps lead to la: `e L 2 values.	 ^^

.t

'^^	 ``
r^ ^. _	 L•1
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4	 KINETIC TESTS	 /81

The purpose of the kinetic tests is to m^asur •e the glow-condi^ioned

forces on a vibrating rotor. The underlying idea is to determine

the forces generated by the fluid flow, from the measured damping
^	 ^

cr stabilityy behavior respectively, of the system. This is

^'^

	

	 accomplished by a comparison of measured damping factors wits

calculated values. The: calculation of dampi;zg factors as a function

of flov3 -conditioned forces presupposes the most precise possible

knov3 ledge of other system magnitudes affecting the 3amping behavior 	 ''

(mass, rigidity, damping), and for this reason the vibrating s,^stem

to be studied should the simpleat posible construeion.

^.^	 4.1. Vibration and stability behavior of a simple rotor

In order to perform the kinetic tests, first we shall investiba-te
^ ^^

the effect of the individual system ;ara^.^eters on the damping or

stability behavior, respectively, of a simple .rotor. Lit it consist 	 ^^

i	 of a mass-less shaft of rig^_dity c with a disk of mass m located

midway between the two bearings, on which acts ^. floc3-conditioned

excitation .force, summarized in t}lP coefficients (proport^_onGl to

the deflection)

of the matrix ^ (cf. section 2.2). At the two identical bearings,

besides the forces from the deflection matrix ^.^, only the

uncoupled damping forces xdxx and 
jrdyy 

arm. assumed to be acting.

The coupling terms of the bearing damn	 are not taken into

consideration, here, since they are .,o^^ datermina:a e in the

positioning of the t:^st rotor describea ^oelov 3 . In ac.^ition, the

namber of parameters remains limited to a control-lab^.e meas^ir^,

thereby.
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The system's damping factors u correspond - for solutions of the

form

/82

for the differential equation cf vibration - to the real

portions of the complex eigen-values a.

we define as syst erg damping

^s	 — wk	 ( 4.3 )

the damping factor, related ^o the eigen-frequency w k , of the

system's most weakly damped eigen-vibration. The system damping

is a measure of how rapidly the disturbance-stimulated

eigen-vibrations decay or increase in frequency.

4.1.1. Derivation of the characteristic equation

ti, 1

Figure 4.1 Forces at a unit mass, symmetrical rotor
0 : Trunnion center, stationary state
OL: Trunnion center, vibrating state
OS: Disk center, vibrating state
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To set up the equation of motion for the symmetrical_ rotor • , we

shall here consider only translational displacement.

In correspondence with the definitions in section 2.2. and the

assumptions made above, we obtain the external forces acting on 	 n

the bearing trunnion center OL and the ,:isk center OS, as shown

in Figure 4.1, above:

s
F x - - mzS - g z y s ,

Py - - my S + g2xS	 ^

L	 ^ 0.0 )

fx - - d xx fcL - c xx ::L - c ^.Y L .
L	 ^

Fy	

- aYY}L - cYYYL	 cYxxL ^

/^L
From the equilibrium condition for the external forces at the

rotor, we obtain:

	

e^x5 • q 2 f,. ^ 1l ^i xx^L ^ c :<^c x l. + `^ xi' t•t	 , ^ `	 1 1.5 )

	

my - q xJ • 2(d y • c Y + ^' x )	 J ^^
5	 2	 }'Y L	 YY L	 yx I.

r•
C:

and from the condition that the sum of the forces acting on the ^.
disk alone must be zero: 	 y

m}i 5 + g ZlS + c(xS - x L 1 - 0 ,^
my 5 - q^x5 + cly 5 - y L l - 0	 T	 ^ 0.6 )

From these we obtain

q	 ^

xL	
c•zS + x

S + Ẑ •y 5 	YL - ^ 1' S + YS - 2̂• xS . ( 0.7 )

If we differentiate the above equations once with respect to

time, we have

_ m	 q2	 _ m	 _ 9 2 ,E	 ( d.8 1x L	 c ^S + xS + c } 5	 YL	 C ^ .5 ^ ^S	 c	 S'

Replacing equations (4.7) and (4.8) in (4.5), we obtain two

coupled linear differential equations of the third order:
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0^ PCO^^ QUALITY
s )( + a ^ + a 5^ + e is + a, y + a x ^ a y • - O ,
1 S	 2 S	 3 5	 I S	 ^ S	 6 S	 7 S

bl ys + b^y S ♦ b^z^ . b + ^ S + b S icS + b E y s + b 7 xS - 0 ,

al	 =	 ldxx
bl - 

2dYY

a Z - 2cxx + c b^ - 2cYY * c

a 3 	= 2c xY b3 - 2cyx

c
a4	 2dxx.m

b4 ^- 2dyy'm
9 2 9Z

a 5 	2dxx•m bs -2dyy'm

q `1
ab 	= 2cxx • m - 2c xy •m2 bb = 2cYY •m + 2cyx•mz

9 ^:
a 7 	= 2cxY• m + ( 2c xx+c) ^ nZ b - 2cYx• m - f 2cYY +c) •^ m

1 ^.9 )

/84
Replacing the solution (4.2) in (4.9) yields a homogeneous,

linear system of equations for the unknowns A and B:

A • (a l a 3 + aZ a^ + a,a + a b ) + g•ra 3 7, 2 + a 5 x r n^) - Or
( 4.1p )

A•(b 3 a^ ♦ b s :. + b^) + B • (b l a 3 + b 2 a^ + b^71 + b b ) - O.

This system has a non-trivial solution only when the determinant

of the coefficients is zero. This condition provides the

characteristic equation sought,

J`_ ♦ A l a ♦ AZ ;. 2 + A 3 a 3 ♦ A,a^ + pS a S + A 6 ^ 6
 _ O I

/b - abbb - a7b7
A l - a^b b + a 6 b^ - a sb^ - a^b5

AZ	 albb + a 6 b Z + a 'b , + a 3 b 7 + a7b3
( 4.11 )

A3	 albs + a 6 b l ' a Zb^ • a^b^ - a 3b5 - a5b3
A, - a l b, + a /b l + a Zb 2 - e3b3

A S	 aZbl . alb2

A6 - a l b l	 •

The real components ui of the generally complex solutions ai

represent the damping factors of the eigen-vibrations

characterized by the imaginary component w i . Negative damping
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system rigidity fc	 .c	 1•cxx yy
^s ^ c +c +c

xx	 yy	 ( A.I: )
c
su,k 	^

.{
ti
t ^

.. ^	 ( Jl

OF P001^ QUALITY
•^

factors indicate damping vibration, i.e., stability, while

positive values mean instability. The stability limit is defined 	
^i

'-	 by the condition u = 0.

i •	 /^

4.1.2. Effect of the bearing's characteristic magnitudes

In this section we shall show how changes in bearing rigidity
	

!I
and damping, as well as t}ie shaft rigidity, affect the coursE of

system damping as a f unction of the flow-conditioned excitation

acting on the system.

6Ve defined the following reference magnitudes to obtain the most

generally valid description possible of the calculation results.

eigen cyclic frequency

This makes it possible to describe the excitations characterized

by q2 and the damping factor u of the most weakly damped

eigen-vibration as dimensionless magnitudes

System excitation	 ^
s	 ?z^^

System damping	 °o ' Wk

The variation of the bearing's characteristic magnitudes is

described by the following parameters:

shaft/bearing rigidity ratic 	 F.	 ` I
cxx.c

YY

;5

4	 1

J
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bearing rigidity anisotropy	 ^ . `.rY
cxx	 I

bearing rigidity coupling degree K-^^
xxc	 (	 4.14	 1

bearing coupling anisotropy 	 ^-^v

bearing damping	 o - 2i3xx

2c m
xx

d

bearing damping anisotropy 	 e-a
xx

/86

The system parameters were so chosen, for the calculations, that

they approximately correspond to those ocurring in the damping 	 -	 ,

measurements to be described below (cf. Table 4.?.). The 	 ^.,

following magnitudes are fixed by the test installation's designs

Tdass	 m = 100 kg	 _

Bearing rigidity	 c = 200 N/mm	 t a.is ^
xx

Shaft rigidity	 c = 70,000 N/mm,	 ,`
•.

For isotropic positioning (A = 1, cxx= c yy ) we then have

cs - 399 N / mn,	 ^k - 63 ,1 s - ^,	 F = 1'S	 ( 4.16 )

As a start, Figure 4.2, below, s'^ows the effect of bearing

rigidity anisotropy on the course of system damping as a

f uncti^^n of system excitatio^^. Intermediate values are assumed

for isotropic bearing damping (D = 0.10, B = 0), with the

coupling rigidities equal 0 (K = 0, C = 1). Staring from a

linear decrease in system damping with increasing excitation for

isotropic bearing rigidity (A = 1), for anisotropic bearing

positioning (A = 1) a clear increase in t}^e limit of stability

is obtained (D s = 0). Over a certain range system damping

remains constant, for increasing excitation, but then falls

steeply.
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Figure 4.2 Effect of aniso-
tropy A in the bearing rigid-
ity without coupling (K = 0,
C = 1) for isotropic bearing
3amping (D = 0.10)

Figure 4.3 E°fect of aniso-
tropy A in the bearing rigid-
ity without coupling (K = 0,
C = 1) for isotropic bearing
damping (D = 0.10)

For increased bearing rigidity ir. one direction (A = 1.25 or

1.50, respectively), the resulting lower limit of stability (Ds

= 0) is only apparen^, when compared to an equally large

decrease (A = 0.75 or 0.50, respectively), since both system

damping D s and the system excitation contain system rigidity cs

in the denominator and c s increases with A >1, decreasing with

A <l. If we observe - as in the dimensioned representation in

Fig^^re 4.3, above - the course of the damping factor as a 	 /^

f unction of the excitation coefficients, we see teat the curves

for A = 0.75 and A = 1.25 almost overlap, as do those for A =

0.50 and A = 1.50. There are marginally higher limits of

stability for A >1 (D^ = 0). This means that the stabilizing
J

effect izi bearing rigidity anisotropy is nearly independent of

whether the rigidity is larger in one direction (A >i) or
smaller (A < 1) , than in the other, provided t;^e differe^ice in

bearing rigidities remains equally large.

The stab^.lizing effect of bearing rigidity anisotropy is based

on the chanbe in the mode of vibration's path - brought about by

thF differing rigidities - to an ellyptical shape. As can be

shown, in an elliptical vibration path the energy supplied

..1,

."+
w
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through the excitation coefficient ;2 is smaller than for a

circt^.iar path, as it occurs for isotropic bearing positioning

^25^^

The bearing's isotropic coupling rigidity coefficients c xy = cyx

(K ^ 0, C = 1) have an effect similar to that of bearing

rigidity anisotropy, on the course of system damping, as a

function of system excitation. Figure 4.4, below, shows their

0.	 0. t	 o. i	 u. ^	 u..

Syst.excit. 5

Figure 4.4 Effect of isotropic (C = 1) bearing coupling K for
isotropic bearing rigidity (A = 1) and isotropic (B = 1) bearing

damping D = 0.10

effect for isotropic bearing rigiditiy (A = 1) and an isotropic

bearing damping of D = 0.10 (B = 1). We again obtain - for

increasing degree of coupling K - a considerable increase in the

limit cf stability, as well as the cr.aracteri^tic sudden drop	 /88
in the curve. Negative values of K in the same amount result in

superimposed curves.

Figure 4.5 below shows the course of system excitation as a

function of anisotropy A and the degree of coupling K of the

bearing rigidity, for isotropic bearir_g damping (D = 0.10, B =

1). The curves - Nhich once again steeply drop off at a certain

excitation - show that the stabilizing effect of anisotropy and

coupling are approximately additivE, if we consider the increase

in the limit of stability in relation to the isotropic case (A =

1, K = 0).
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Figure 4.5 Effect of the anisotropy A of the bearing rigidity
and isotropic (C=1) bearing coupling K for isotropic (B=1)

bearing damping D=0.10

r .,^ ^
h, ^ 1 i;

1
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^^
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r
M^

Syst.excit'n S

Figure 4.6 Effect of anisotropy ^ of bearing coupling, for a
degree of coupling K=0.125 in the case of isotropic bearing
rigidity (A=1) and isotropic (B=1) bearing damping D=0.10

In contrast to the dependences considered so far - which were

independent of the sign of the excitation - anisotropy of the

coupling rigidity (C #1) towards the ordina±e results in

strongly asymmetrical curves, as can be seen in Figure 4.6,

above. The dependence shown applies to isotropic bearing

rigidity and damping (A = 1, B = 1, D = 0.10) as well as a

%egree of coupling of K = 0.125. The characteristic point is at

excitation S = -K. Starting from it, the stable range strongly

widens in the direction of positive excitation, for C >-1, while

for increasingly negative excitation the range of stability 	 /^

becomes smaller. For C <-1 we obtain curves that mirror those

for C >-1, centered on S = -K (cf. C = -2 and C = 0). For
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negative degrees of coupling K in the same amount, we obtain

curves that are the mirror image with respect to the ordinate of

those obtained for positve K.
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Figure 4.7 Effect of anisotropy B of the ^^=?t • i:lg damping,
for bearing dam ing D = 0.10 and isotropic bearing rigidity 	 •

(A = 1^, witho^^t coupling (K -= 0, C = 1 )

One •obvious measure to improve the operating quietness or

stability, respectively, is to increase bearing damping. As can

be seen :romr'igure 4.7, above, an increase in bearing damping

in one direction (D = 0.10, B >1) brings about - for isotropic

bearing rigidity (A = 1) and vanishing coupling rigidities (K =

0, C = 1) - an increase in the limit of stability as well as a

somewhat flatter course ^f system damping, as compared to

isotropic bearing damping (B = 1). ^^nen bearing damping is

decreased in one direction (B <1), the _limit of stability is

correspondingly lowered and system damping - especially for

small system excitation - decreases markedly, compared to B 1.

Thus, for the system damping at zero excitation, the smaller

damping coefficient of the bearings is determining, in the first

place.

The joint effect of the anisotropy of bearing rigidity A and

bearing damping B is shown in Figure 4.8, below. Bearing damping	 •

D is 0.10, the coupling rigidities are 0 (K = 0, C = 1). We can

see again that the separate effects are approximately additive,

viewing the change in relation to the isotropic case According
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Figure 4.8 Effect of aniso-	 Figure 4.9 Effect of aniso-
tropy B of bearing damping	 tropy B of bearing damping and
and anisotropy A of bearing	 isotropic (C = 1) bearing cou-
rigidity, for bearing damp-	 pling K for bearing damping D=
ing D=0.10, without coupling	 0.10 and isotropic bearinb D=

^_	 (K =0, C = 1 )	 rigidity (A= 1 )

to Figure 4.9, above, this is ju;^t e.s t.rue in regard to changes

'

	

	 i7: the limit of stability for aniaotropic bearing damping (D =

0.10, B ^ 1) and isotropic bearing coupling (K # 0, C = 1), as

well as isotropic bearing rigidity. Due to the bearing cou- 	 /^0

pling hoH^^ver, in this case we obtain higher system damping when

bearing damping increases in one direction (B> 1). For

decreasing bearing dampi.zg in one direction (B <1), we also

obtain higher :,ystem damping values as when there is no coupling

(cf. Figure 4.7, page 100).

..	 ,
^,

6.	 1. 1	 O. t	 0. t	 0. ^

Sj^SC.eXC1C.S

Figure 4.10 Effect of bearing damping D for isotropic bearing
positioning, without coupling (A = 1, K = O, C = 1, B=1) and aniso-

tropic positioning with isotrop^_c coupling (A=1.25,
K=0.125, C = 1, B=2)

Finally, Figure 4.10, above, shows the effect of bearing darnping
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D on the course of system damping, as a f unction of system

excitation, for isotropic bearing positioning without coupling

(A = 1, K = 0, C = 1, B = 1), as well as a selected isotropic

arrangement with coupling (A = 1.25, K = 0.125, ^ = 1, B = 2).

As can be seen, for isotropic bearings, system damping and the 	 .;

limit of stability increase linearly with the bearing damping ?),

while the stabilizing effect of anisotropy and coupling - com- /^1

pared to the isotropic case - becomes smaller with increasing D.

The dependence relationships shown to this point are valid

throughout for arrangements vrith very rigid shafts (F = 175). As

the rigidity ratio ^^ decreases, the magnitude of system damping

and the limit of stability alsc decrease marl,e^i yy. Figure 4.11

shovrs t}:e course of the c;zrves for selected parameters, for four
different F values. For isotropic coupli*ig (C = 1), curves 	 ^^ n

symmetrical with respect to the ordinate are obtained, which

drop ever more steeply towards tl^e limit of stability (Ds = 0)

with decreasing shaft rigidity. The stab^iizing effect of

a:^isotropy or the coupling of bearing rigidity, respectively, is

much stronger at smaller F values, although system damping for S

= 0 decreases slightly, in comparison to the isotropic case (cf.

curves d, e, f, g with b). In contrast, for larger bearing

damping, system damping and the limit ^f stability are raised

nearly linearly for all rigidity ratios (curves a, b and c). For

aniso^ropic coupling rigidities (C ^ 1), asymmetrical courses

^cnur, which for a positive degree of coupling K showed an

increased stability range for positive excitation, which for

negati^^e degrees of coupling can be found mirrored with respect

to the ordinate, for negative excitation (curves f and g). The

same symmetry condition also applies to a selected anisotropic

positioning (curves h ana i).

Figures 4.2 to 4.11 show that the limit of stability of the

vibration model under consideration can be increased relatively

simply by changing the anisotropy or the coupling of bearing

rigidities. However, increased system damping and hence faster
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Figure 4.11 Effect of the rigidity ratio F f or various
bearing parameters
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damping of stochastic disturbances cat: be achieved only b^ • ^^?ans

of increased damping in both directions.

For tests from which the excitation is to be determined from the

measured damping factor an isotropic system is best suited,

since there the damping factor depends linearly on the

excitation.

4.1.3. Effect %,t the flow-conditioned forces at^d momenta
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The coefficients of the characteristic equation (4.11) can ^.n

principle be determined also by taking into consideration the

matrices ^^ and a 5	as well as all characte.,:istic magnitudes

off' `;he bearing. Ii we generalize the prob?.em by removing the
assumption of ^► symmetrical arrangeme,lt, the calculations
procedure become: very clear. It is appropriate, in that case,

to use La.ndz'^erg's L7] procedure, for instance, enlarged by

Vogel [10] to include tho general case o° a:iisotropic

positionin; a,_3 consideration of all flow-conditioned forces acid
momenta. However, this method of calculati^^n of the frequency

equation by means of transfer matrices, proviaes ^atiafactory

results on];y as long a^ the number n of subdivisions of the

rotor remains within bounds, since the maximum degree ^f the

re^•ultirg end polyncmial is 8n.

In view of the kinec^.c tests to be d.iscu5sed la .,e r, by means of

which the combined destabilizing effect of al^ f^ow-cc^ditioned

forces and momet;ta is determined, we shall now calculate the

f^ffect of the individual coefficients on the stability behavior

of a symmetrical Laval shaft, usir.^ the procedures indicated by

I,aildzberg or Vogel, respectively. The system parameters selected

approximately corrosporid ^o those of the test installation (cf.

^sable 4.2):

MISS

Shaft rigidity

Bearing rigidity

Shaft/bearing rigidity ratio

Anisotropy of the bearing rigidity

Bearing rigidity degree of coupling

Anisotropy of bearing coupling

Bearing damping

Anisotropy of bearing damping
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rm =	 111	 kg

c = 70,000 N/mm	 ^

= 200 N/mm
'xx

F -	 17,

A =	 1.00 ^ a.ie ^

K =	 -0.04

c =	 1.25

n =	 o.lc	 J

B =	 1.00
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For the previously described calculation procedures for tI>.e 	 /^

effect of the bearing parameters on the damping behavior, only

translational vibration motion was considered; when external

momenta exist, because of the coefficients ?^ i and ?iso to

include the gyrostatic effect, it is necessary to take into

account the moment of inertia J i , when the characteristic

equation is set up. For the rotor under study, we have the

following values

Jx ^ JY ^ 1,85 kg m 2 	 J= ^ 1,23 kg m 2 .	 ( 4.17 )

Furthermore, in order to calculate the coefficients r
ik °r hik'

respectively, of the matrices +^ or It	 respectively, from the

coefficients Ii i and L i , or Ai and B i , respectively, eve must

M ill establish the following magnitudes:

Motor blade length
	

1" = 40 mm

Average rotor diameter
	

dm = 460 mm	 ( a . 1 s )

Operating rotation rate	 n	 = 5000/mi

At constant coefficients, `.he chant es occurring in the

flow-conditioned forces acting on the system take place through

variations in the isentr^^pic tangential force U s , which for

constant rotation rate is directly proportional to the output.

For a dimensionles^^ d°scription we introduce the tangential

force or output ratio, respectively,

U
x ^ ^	 ( 4. id )

n

where the reference magnitude Us = 800 N is selec^ed in such a

manner that for the c:^lculations performed the limit of

stability (D s = 0) lies at approximately X = 1.

For a systematic i^>vestigation of the destabilizing or

stabilizing effects, respectively, of the individual

coefficients of the forces proportional to the deflection, we

shall assume -	 sed on the results of the force measurements -
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an average gap excitation coefficient value of K = 2, which is

r?r:eser_tative of the usual turbine stages. On the base of the

meas^.^rements performed in the context of this and Urlich's [20]

studies, as well as in accordance with Piltz's theoretical

considerations, we may sta: •t from the assumption that the

remaining coefficients of the flow-conditioned forces

proportional to the deflection lie within the range -2 to +2.

^^

k^. t 2

K 7. 0

. K,. 0

K,.2	 ^ Kr-2

I
^	 K, • 2	 ^

o.^	 o.^	 a.^	 i.e

Output ratio GHi

Figure 4.12 Effect of the deflection coefficient K and
the gap excitation coefficient K on the damping be}^avior

of the test ^otor

In the first place, Figure 'r.12, abcve, shows the effect of the

deflection coefficient K 1 and the gap excitation coefficient K2

on the course of system damping, as a function of the output

ratio X (CHI). Vlhile for K 1 = ±2 them is no change in system

damping with increasing output, for K 2 = 2 we obtain the

characteristic course, with a sadden, steep drop at a cErt«in

output. This feature is retained even when we take K 1 in^o

account, in addition to K2 . Positive K 1 values have a slightly

destabilizing effect, while that of negative K 1 is stabilizing.

Hovrever, changes ;_n system damping are relatively minor, in

comparison to the effect of K 2 . If the ec,efficient K 2 only is to

be considered, vre could also use the system excitation S,

defined earlier, for the output ratio X; with the parameters

chosen here, S = 0.1•X.
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The effect of the inclination coefficients K 3 and K4 - as well

as the gap excitation coefficient K 2 - on the damping behavior

of the test rotor is shown in Figure 4.13, below. It can be seen

0	 0.7	 C./	 C./	 I.i	 1.1	 I.t

Output ratio CHI

Figure 4.13 Effect of the inclination coefficients K and
K4 and the gap excitation coefficient K on the dam^ing

behavior of the test roto^

that despite the assumption vi a symmetrical rotor, the

	

==	 inclination coefficients cause minor changes in system damp- 	 /^

ing, even though compared to the gap excitation coefficient

their effect is very small.

Calculations that take into account the moment coefficients L1

through L^ shovr that these coefficients cause no changes in the

most weakly damped eigen-frequency, as long as the values for K3

and K4 are equal to zero. This fact is understandable, since the

L-values have momen^ca acting on the rotor, as a consequence,

that in the case considered here can excite only the

higher-frequency and more strongly damped eigen-vibrations, with

l:redominating inclination movements of the disk. If the

inclination coefficients K 3 or K4 , respectively, are not null,

then the moment coefficients L i affect also the most weakly

	

r

	 damped, mainly translational eigen-vibrations, since external

	

^.	 momenta cause small rotor inclinations; due to the K 3 or K4

values, respectively, these inclinations give rise to small

transverse forces. To estimate tre effect of the L-values in

conjunction with K 3 or K 4 values, respectively, we started by

calculating the course of system damping as a function of tre

output ratio for a gap excitation coefficient K2 = 2, with
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simultaneous effect of an L and either a K 3 or a K4 value. Since

the curves run very close together, a tabular presentation of

the results is to be preferred to a graphical one, for the

calculated numerical values. Table 4.1, below, shows, for each

TABLE 4.1 Percentage change in the test rotor's limit of

stability for additional consideration, in each case,

of an L and a K 3 or K4 value, respectively, compared

to the effect of K 2 = 2 alone

L I	 Z L 	 2 L 3 L4 - 2 L i	 -2 L Z • -1 L 3 • -' L Q	 -

K 3 • 1 -0 - 88 72 ,0 ; -0 , 1 -0,29 7,6,06 • 1 , 33 ^>^,	 2 =p; 8

K 4	 1 • 1,04 -1 45 -0,3' -1,11 -2, 4•f -0.58

K^	 -' •0,80 vfyl • 0,6' • 0,44 -0JKZ -0 , 4 ,4 .1;«

- 0.64 • i,,l^ -0,34 1,83 '^.fg • 0, 0_.

case, the percentage of change in the test rotor's limit of

stability, in relation to the effect of K 2 alone. The maximum

change to be expected is ±2.5;. In reality, it is not only

either a K 3 or a K4 that occur together with an L value, besides

K 2 , but rather, the rotor's damping behavior is determined by

the simultaneous effect of all K  and L i . Table 4.1 shows that

in comparison to the single effect of K 2 = 2, the combination

K 2 ..2	 K 3 . K Q . -2	 L I • 1. 3 • L Q	 2	 L 2 ..2	 ( 4 20 )

leads us to expect the highest stabilizing effect, while

K 2 • • 2	 K 3 • 9 4 - 4 2	 L 1 • L 3 • L 4 • -2	 L 2 • • 2	 ( 4.11 )

would have the most unfavorable, destabilizing effect.

Figure 4.14, below, shows the system damping curves as a

function of the output ratio for the value combinations (4.20)

and (4.21), in comparison to the curve obtained considering only

J

t

is

i
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0	 •2	 •2	 +2	 -Z	 • 2	 -2	 -2
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a

a. 3

.ti

E

J,
r	 'L F	 -

K2 = 2 (curves a and c). In addition are shown curves b and d,

indicating the maximum possible additional effect of K1.

0.3	 0.3	 o.•	 1.t

Output ratio CHI

Figure 4.14 Effect of the coefficients K  and L i - proportional

to the deflection - on the test rotor's damping behavior

If we start from the premise that for K 2 = 2 the coefficients

for the other forces and momenta proportional to fi r e deflection

lie between +2 and -2, then we can establish, with the aid of

Figure 4.14 above, that the test rotor's stability behavior is

essentially determined by the gap excitation coefficient K2

alone. with the other coefficients able to affect the limit of

stability by a maximum of 100, upwards or downwards.

/9
For thE: coefficients A. and B. of the flow-conditioned forces

and momenta that are proportional to the velocity, there are

only theoretical studies 13, 4, 6] available, to date. According

to them, these coefficients also lie between +2 and -2, for the

usual steam turbine stages. Based on the definition (2.5), we

can estimate the magnitude A i and B  would have to have to give

rise to forces and momenta approximately equal to those

generated oy the coefficients K  and L i , proportional to the

deflection. Assuming a circumpolar vibrational movement of

angular frequency w  we obtain, from the condition of equally

large maximum forces or momenta, respectively, the following
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Here	 designates the operating angular frequency, d m the

average diameter and 1" the stage's rotor blade length. The

factor p has a value - for instance, for the kinetic

measurements described below - of approximately 50, while it

lies near approximately 10 for the usual high-pressure stages of

power plant turbines. Thus, we may expect substantial effects of

the force:. and momenta proportional to the velocity, on the

stability behavior of rotors built in actual practice, when

their coefficients A i and B  lie within the order of magnitude

between 10 and 100.

Uutput ratio CHI

Figure 4.15 Effect of only the coefficient Ai = 100, of the
forces proportional to the velocity, on the test rotor's

damping behavior

To investigate the effect of the forces and momenta proportional

to the velocity, on the test rotor's stability behavior, we

shall assume extreme values of ±100 for the coefficients A. and

B i , respectively. Figure 4.15, above, shows the course of system

damping as a function of the output ratio, taking into account

one A i coefficient each time. The resulting carves are similar to

those for the K-values, except that here L'he coefficient A l has
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the decisive effect. It

circumpolar motion lies

the excitation force ch,

Negative K 1 values have

positive value of A l of

instability.

describes a damping force that for
along the same line of application as

aracterized by the coefficient K2.

a stabilizing effect, while those with a

corresponding magnitude can cause

/22

Calculations with B. =±100 show - as was the case with the
i

L-values - no effect on the most weakly damped eigen-vibrations.

We shall not here engage in a detailed investigation of the

effect of different combinations :' A and B values, since as was

the case for the coefficients proportional to the deflection,

the effect of the remaining A i or B  values, respectively,

should not exceed the order of ±100, in comparison to the effect

of coefficient A l alone.
	 Nrl

Yw

i

0.	 0.7	 0.8	 0.*	 1.1

Output ratio CHI

Figure 4.16 Effect of the force coefficient A - proportional
to the velocity - and of the gap excitation coefficient K2

on the test rotor's stability behavior

Figure 4.16, above, shows the effe^t of various A l values on the

course of the test rotor's system damping, in comparison to the

effect of K 2 = 2. Even at relatively large A l values of ±10, the

resulting changes in the limit of stability are only ±7.5%, with

negative values of K 1 having a stabilizing effect, while that of

positive values is destabili-ing. The effect of the remaining Ai

and B  coefficients - in comparison to K 2 - is hence very small,

in agreement with the statements above.
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4.2. Test ;arrangement, equipment and measurement procedures

In order to perform the damping measurements, the bearing

suspension of the test turbine described in section 3.1 was

modifi c-a. Figure 4.17, below, shows the attachment of the

9

Figure 4.17 Bearing suspension for kinetic tests

bearing's external ring a at two mutually perpendicular

spring-bars b and c. The rigidity can be modified by displacing

the load application point. The bearing suspension's coupling

rigidity can be reduced by indenting the lead-in rods d and e;

in addition, the taperings offer a good possibility for

non-contact sealing with small leak-losses. The dampers f 	 /101

and y, are filled with a viscous liquid (a mixture of Oppanol B
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10 and Oppanol B 3), in which the rod dips. The arrangement of
the dampers shown has been the best for the tests performed to

date, since it precludes the liquid from running out. The damper

liquid's temperature is maintaned constant by means of water

circuit regulated by a thermostat. The damping coefficient can

be adjusted by varying the liquid's temperature, the rod's depth

of immersion, or the rod diameter. The same bearing suspension

is used for both front and back bearings, so that with a runner

centrally located on the shaft we can assume that the rotor is

symmetrical. The test-turbine construction just described makes
a.

it possible to vary the following vibration system parameters:
L

a) the bearing rigidity, in either x or y direction, and hence

the system's eigen-frequency or positioning anisotropy,

respectively;

b) bearing damping, in the x or y direction, respectively;

c) the excitation acting on the system, by changing the turbine

output.
rw

By means of two cables, whose ends are attached to the front or

back load-in rods, respectively, the rotor may be deflected in

either t?--.o horizontal or vertical direction, as needed. By

,craping the tense cable against an edge, a shock-like

excitation can be imparted to the runner, to translational

vibration. The resulting shaft movement is sensed by two

non-contact displacement pick-ups displaced by 90 with respect

to each other at the .front and rear bearings; after

amplification, the signals are stored on magnetic tape.

Normally, the course of a measurement series is as follows:

As was the case with the force measurements, first the housing

is adjusted centrally to the rotor. Then the bearing

suspension's force constant is determined. To this end the
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runner is deflected in horizontal direction with the tensioning

device for the pressure gauge (see Figure 3.2, page 23), by

applying weights at the front and back bearings; the ensueing 1102

displacement is recorded by means of the pick-ups. For the

vertical direction, weights are placed on a bridge connecting

the two vertically placed damper containers.

Next,	 the damping constant for each direction is determined, by

striking in the x or y direction, respectively, and evaluating

the resulting damping curves. It is desirable to obtain damping

values as similar as possible for both directions, which is

accomplished by varying the immersion depth of the damping rods

(isotropic damping). The different immersion dep^'-h for the same

temperature of the liquid is a result of the rod motion, which

is different	 in the two directions. With the mf!thod indicated, ;	 14

anisotropic damping can be measured precisely only with

vanishing coupling of the two directions. The small coupling

rigidit;r present during the tests will occasion only small

measurement errors, fol amall anisotropy of the damping values,

which will not be significant in comparison to the remaining

measurement uncertainties.

P I

The determination of the force and damping constants of the

bearing suspension is repeated at very low output, once the

turbine has been started and has attained operating regime.

Next, the output is increased stepwise, at constant rotation

rate, by increasing the inlet pressure. The runner is deflected

and released three times in each direction, for each operating

point. As was the case for the force measurements, besides

recording the displacement paths, all pressures and temperatures

as well as the position of the inner rings and the tangential

force, are measured.

4.3. Evaluation of damping tests

4
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IThe calculation of all turbine or stage data, respectively, for

each measurement point, is performed as described in section 3.3

(page 30). Excluded are the pressure gauge calibration and the

evaluation of the transverse forces.

/-LO-2
To determine the excitation acting at the individual measurement

points, it is necessary first to determine the damping factors

for the individual vibration curves. The envelope of the

amplitude maxima after the sudden release of the shaft

corresponds - at linear force, damping and excitation constants

- to the equation

A - o0e-ut	 ( 4.21 )

where the damping factor u is a measure of damping. The

evaluation of the damping factors is shown in Figure 4.18,

below. After shaping in the corresponding amplifiers, the

signals from the four vibration receivers are stored on magnetic

tape. A two-beam, X-Y oscillograph is provided for visual

control of the runner movements during the tests. The

reproduction and recording of the vibrations by means of a

liquid-jet oscillograph is performed separately for the front

and back measurement points. Since the analog components used

(band-pass filter, amplitude computer, logarithmator) yield more

precise results at operating tensions of approximately 5 volt,

the sensor signals are amplified by a factor of 20. The purpose

of the band passes is to filter out vibration signals due to

unbalance and stochastic disturbances not essential to the

problem. An analog component forms the vibration amplitude from

both directions. With a subsequent analog calculator, a

logarithmic recording of the vibrational motion can be obtained.

The initial tension U  of the logarithmator is given by the

equation

Ua	 219(loUe)
	

( 4.24 )
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Figure 4.18 Recording and evaluation of damping curves

where U  is the input tension. For the displacement pick-up

used, that voltage is a linear function of the runner's

amplitude. We thus obtain, with (4.23)

Ua	 21g(1oC1e-ut) w C 2 - rte • (-ut)	 ( 4.25 )

i.e., the course of the logarithmated amplitude maxima is a

linear function of time. The damping factor u of the vibration
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is thus given by the slope s of the straight-line envelope of

the amplitudes

/105

U - - 
InIO
 .a	 1,1513•	 f J.:6 1

u •1

where s is defined as a positive quantity for a damping

vibration, as seen in Figure 4.18. During 'che evaluation, the

slope S of the straight line was measured in mm per 10 cm paper

advance and therefore equation (4.26) takes the form

0,011513 • S • V	 ( 4.:7 )

where V is the paper advance in cm/s. The initially very steep

decrease in amplitude must be considered a building-up process 	 I
and hence not taken into consideration for the determination of

the damping factor. In this ada.lner, 12 slope values are obtained

per measurement point, to be :'ormed from the six damping curves

each at the front ar, bask bearing, for triplicate stimulation 	 a

each in horizontal ana TPrtical direction. Table A27 shows the

determination of the damp:.ng constant for a measurement series.

The measuren.f-nt points 7200 and 7214 were taken for the standin;* 	 A
rotor, point 7201 under rotation but at very low output. The

first line contains 	 besides the paper advance V selected - the

slopes of the damping curve determined for the front bearing, in

columns SX1 to SY3. From the average for a given direction we

obtain, using equation (4.27), a damping factor UX or UY,

respectively. Correspondingly the same applies also to the

values for the rear bearing, in the second line. Omitted slope

values c,laracterize damping curves that because of interfering

external influences did not provide unequivocal values. For an

uncoupled linear vibration system we obtain, from the damping

factor u, the damping constant

d - -2n,t ,	 ( 4.28 )

where m is the vibrator's majs. For an arrangement with one
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damper each at both bearings we obtain, for the individual

damping constants,

dxV + dX
r
dxV . mu

xV 	 dx11 - -muxH	 dx ' 	2 	 r ( 4.29 )

• d .,

dyV . - muYV	 dYN - -muYH 	dY
	

d Y V	
Y

The three measurments are used to form an average for each

direction, expressed with the 95o confidence range resulting

frota the various slopes.

I	 ^

1	 4

16

C

0

Figure 4.19 Measurement of the force constant

The determination of the force constants for the four bearings

is accomplished b^' the stepwise application of weights. During

the first measurement series with n different forces F li in the

x direction, we do not only get deflections x li in the x

direction, but because of the coupling members, also

displacements y ii in the y direction (see Figure 4.19, above).

From tr y equilibrium of forces hetween the applied forces Fli

and the restoring forces of the bearing suspension we obtain,

keeping in mind defini.tion (2.6) of the bearing rigidity,

1i8



A

OF POOR QLi„^tiY

rli - -icxxx li + cNYYlil

0 - -(cYxxti + cyYYll) .

( 4.30 )

Correspondingly, in a second measurement series also with n

forces F 
2 

in the y direction, we obtain the deflections x 21 and

y2i shown in Figure 4.19 and from them, because of the

equilibrium of forces,

0 - -(c
xx x 21 + cxYy21)

(
 4.31 )

F21 - -(c
yxx 21 + cYYl21) .

For the same number n of measurement points in both measurement

series we obtain, from the forces applied and the displacement

measured, the relationships

// o z
F 	 -cxxxli*(1 - k1)	 F11 - cxyyli (1 + ^) .

F21 - 
-cYYY21*(1 - k1)
	 i21	

cYxx21•(1 + ki )	 ( 4.32 )

k	 - x21v11 ,	 i - 1, 2, ..., n .
1	 xliy21

By fitting a straight line to the n measurement points by the

least squares method, the four force constants of the bearing

suspensi-n can be determined, from these equations. In

conjunction with the masses of all. vibrating parts determined by

weig'.1ing, prior to assembly, following section 4.1 we can now

calculate the course of the damping factor as a f,.unction of the

excitation, From this relation of dependence we obtain an

excitation co,istauit q with the damping factor a determined for
Each measurement point, which contains all flow--conditioned
e.xcitazion and damping mafnitudes. The determination can be

performed graphically - as shown in Figure 4.20, below - or by

iterative ,-alculation from 'Uhe vibration differential equati,_)ns
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Figure 4.20 Determination of the excitation from the

measured damping factor 	 A

(see section 4.1) - as performed during the evaluation of the

measurements. To this end, the excitation must be varied until

the damping factor obtained from the solution of the

characteristic equation agrees with the measured value. Table

A28 compiles the results of the evaluation for one measurement

series. At the top are listed the parameters of the test series,

to be considered constant during the measurement. The

designations corresponded to the definitions in section 4.1.2. /108

The slopes (SX1 to SY3) determined from the dampin g curves are

indicated, for each measurement point. From the average of the

slopes and the corresponding paper advance V we obtain the
	

i

damping factor U from equation (4.27), as well as a 95%
confidence range FU, as measurement uncertainty, From the

damping factor and the remaining system parameters we calculate
the excitation coefficient or constant g, with the aid of which 	 is

we form a K-value, for comparison with the results from the

fsrce measurements:
	

IN

120

t

1'\'

Ij



•

n

y . ^.l- .	 ( 4.33

s

Here, 1" is the rotor blade length and U s the isentropoic

tangential force, calculated from the data recorded at each

measurement poi-it, as during the force measurements. For each

measurement point, system damping (DS) and system excitation (S)

are indicated, besides the pressure coefficient (PSI).

4.4. Results

^i
Damping measurements yield gap excitation coefficients K that

must be thought of as containing the effects of all the

coefficients of the defelection matrix It s and of the velocity

matrix Is (see equation (2.5)). As we have shown in section

4.1., the effect of the remaining coefficients is relatively

small, when compared to that of the gap excitation coefficient

K2 . Numerical values are already available for most of the	 f
coefficients proportional to the deflection, from the force,

measurements (cf. Table 3.4, as well as [21]). With the

exception of K,,, for the design parameters of the stages

investigated, their numerical values are essentially smaller

than 2, so that we can disregard their effect on the darping

behavior, during the tests performed here.

S-nce again with the exception of A l the effect of the

coefficients proportional to the velocity can be regarded as

vanishingly small, by comparison to the force measurements, the

kinetic tests can provide some insight into the magnitude of A1.

Table 4.2, below, provides an overview of the system parameters

for the kinetic test series performed in the context of this

12.
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TABLE 4.2 Parameters for kinetic tests series
n

_ (Designations as in section 1i.1.2.)

KINETIC TESTS SHAFT RIGIDITY C = 71000 N/PL'

•	 r

nR T.c1 MA)^ CXX Cry (XV EYX 1'4	 '•• F	 n 1 Y.	 A K C n e
k' M / M n P4/ "M h/nfl 11/.II! MS/ 4 '; M S/1.y Its

1 A 61.4 :ti0.1 196. .4 -2.11 -2.r u.n / 6 0.0 ► 1j 179	 /6.3	 1.nG - I ,ol 1.PV O.V193 1.00

2 4 C 11'..0 196.0 194.0 -7.7 -4.! (i.4 u 1	 0 .362 17n 39.6 0.99 -''.U4 1121 G.121 5 0.95
2'.1 C Ili.-' ,90.0 19h.0 -7.7 -4.1 n.395	 '006 170 79.0 0.99 - 1'•U4 1.21 0.1194 U.911
13 l lll.0 l9n.e 194.0 -7.7 -9.e 0.31.-'	 0.3.42 179	 39.0 0. q 9 -0.0 4 1.2 1 n.096 q l.ul
21 t. lll.0 196 . 0 194.0 -7.7 -9.P 0.2 ve u.)19 176 39.0 0.99 -n.o% 1.2/ x.0 901 1.u/
11 l 11 ► .0 1v6.0 1'x•.0 -7.7 -9.8 0.2 . 3 1 .2%% 1'0 39.6 O. 0 9 -11.0• 1.2 1 G.073 7 1.uU
25 111.0 196.0 l/r.t, -7 0 7 -9.1 ;:.1u6 0.216 179 )9.6 n.99 -r.0 • 1.21 0.06 23 1.u3

26 C 111.0 163.4 194.0 -7.7 -12.0 n.4.4n U.309 71.	 34.3	 1.11 -U.03 1034 6.1 4 1 6 0.91
2 1 C 111.11 103.9 194.0 -7,7 -12.r 0.331	 '.3u1 i14	 34.3	 1.11 -0.03 1.54 r..1(190 0.91

L 20 C 111.1 103.9 154. 5 -1.0 -11.0 o.3a t, 	0.307 214 34.3 0. 94 - 11 .05 1. 1-Y Q.12PO 1.00

3,. 3ST	 113.' 1 1 9; .1 2 C e . 1, ^10.8 -lU.f o.3u7 0.46n	 178 14 6.2 1.06 - n .0>	 1. 1'U (1 . 0 7 1 9 1.50
31 3ST 10>.0 JU>.9 210. ft -11.8 -11. f 0.2> q U . ,ill	 17U •7.2 1.01 - 0 . 06 1.' .0 n.O59 4 1.59

t

t	 11 -3000 1/71n SAX91.25 NM

331 11-4VUU 1 1M1M SAX-3.10 MM

C	 N-SVUU 1/ML'1 SAX-3.00 MM o 1 '10M-u.70 UEA n , q MM

study. At this point a more detailed investigation of the stage

parameters - as was done for the force measurements - seems

unnecessary, since damping measurements provide only the overall

destabilizing effect of all flow-conditioned forces. In

addition, due to the relatively large measurement uncertainties

for these measurements, the mostly small effects of parameter

variations are hard to identify. 	 i

Figure 4.21, below, shows the results of the reasurements with

stage A. The individual measurement points of the damping curve

are significantly scattered, in parts; however, viewed overall,

the K-values determined kinetically correspond - within

measurement uncertainties - to those from the force

:measurements, shown for comparison (solid curve or solid

triangular points, respectively).
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Figure 4.21 Stage C SAX = 3 mm

The broken line represents the values obtained from the gap

loss.

The increase in bearing damping made possible by the greater

excitation forces in the three-stage group and stage C, allowed

a considerable improvement in measurement precision, since the

portion o_ uncontrollable structure damping became

correspondingly smaller.

In the damping tests with stage C, besides changes in bearing

damhirg (MR 20-25), there were also variations in bearing	 /111

rigidity and the a-nlsotropy of bearing rigidity (MR 26-28).

Figures 4.22 and 4.23, below, 2how the K-values determined, as a

function of the pressure coefficient ^. In comparison to the

corresponding values from the force measurements (solid line,

corresponding to Figure 3.38 (page 70)), the resulting values of

the excitation coefficients are 10 to 20% lower, for this stage.

It must be taken into consideration, here, that the
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Figure 4.22 Stage C	 Figure 4.23 Stage C	 "r:

kinetic measurements
	

kinetic measurements

determination of the bearing suspension's spring rigidity was

performed only in measurement series 20 and 28. The measurement

uncertainties for th'_s measurement have the same effect for all
intermediate measurement series; for this reason, for an

unequivocal statement about the trend of the kineti,; test

results, only the values of measurement series 20 and 28 should

be considered. The values of the other measurement series can

show only the satisfactory reproducibility of the results, as

well as the effect of variable bearing damping.

The results of the kinetic tests with the throe-stage group are

shown in F;-;uses 4.24 ani 4.25, below. In analogy to the force
measurements (cf. Figure 3.21, page 58), with decreasing

pressure coefficients and starting at ^ = 2.3, increasing gap

excitation coefficients are obtained, that for ^ = 1.5 have a

value that is nearly 1.5-fold that calculated from the gap 	 /112

loss (Figure 4.24). For variable rotation rates and

approximately constant tangential velocity, the kinetic tests
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Figure 4.24 3-stage group 	 Figure 4.25 3-stage group

SAX = 3 mm	 SAX = 3 mm

show (Figure 4.25) - in agreement with the force measurements

(cf. Table A10) - a slight increase in the gap excitation

coefficient for increasing rotation rates, as well as a decrease

at lower rotation rates, each case compared to the values

calculated from the gap loss.

Taking into consideration the measurement uncertainties -

especially in the determination of the force constants - for the

kinetic tests performed we can start from the premise that the

effect of fluid forces proportional to the velocity, on the

stability behavior of thermal turborotors is very small, when

compared to that of the forces proportional to the deflection.

it
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4.5. Considerations on error in damping tests
	 / i2

It is the purpose of these considerations to estimate the

magnitude of the system parameter errors, as well as their

effect on the excitation constant determined. The latter is

expressed as a function of all system parameters:

9 ' 9 (m , c , cxx .cYY .cxY .cYx ,d x ,dY ,U)
	

( r ..a )

According to the law of error propagation, the total error f 

will be

f q	 (Pf.) + (^fc) 2 + (^f c ) 2 + ... + ( Sf c ) 2	 ( 4.35 )	 ►;
4 -	 xx xx

j
where f ln , f c , fc,xx ... fu are the measurement uncertainties for

the individual system magnitudes, and the expressions

E

^

a V

C a,	 , 
C 
xx . .....	 ( 4 .36 )	 ` a I

describe the effect of the individual measurement uncertainties
J '

on the measured variable g. These weighting factors can be

determined by sequentially varying the individual system

parameters by the estimated measurement uncertaini.;,r , and then

calculating the variation caused in g using the evaluation
program. From the individu ,-.l weighting factors and measurement

uncertainties, and usirS equation (4.35) we then obtain the

total error expected.

The measurement uncertainties to be expected from the

measurements performed are:

- the weighing error for all vibrating parts is certainly less

than 1%=
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- the shaft rigidity is calculated from the shaft diameter and
the distance between bearings. The maximum deviation from the

actual value will be less than 1%1

- in the determination of spring rigidities in the bearing

suspension by fitting a straight line to the measurement

points, 95o confidence bands are obtained for the calculated

slope, which correspond to the rigidity measurement 	 q

uncertainty. For the rigidities c xx or cyy , respectively,	 /114

those uncertainties are of the order of 20, while for the

coupling magnitudes c xy and cyx - due to the very small

displacement to be measured - relatively large measurement

errors, of the order of 200, can occur;

- the damping values as well as the damping factor are formed as

averages of several measurements. The 95% confidence range of

the average corresponds to the measurement uncertainty, here.

The measurement uncertainty obtained for the damping constant,

in the evaluation, was of approximately 5% (see Table A27),

while for the damping factors the 95o confidence ranges lie

between 3% and 25% (cf. column FU in Table A28). However, if

the measurement uncertainties are expressed as percentages, it

must be taken into considera-ion that for deviations of the

same magnitude, the numbers for small values of the measured

variable will appear relatively large.

To estimate the effect of the measurement uncertainties, an

error calculation was performed for each measurement series,

whose results are partially shown in Table A29. As an example,

we selected in each case the average of the measured damping

factors, and as measurement uncertainty, the average of the 950

confidence ranges. As a control, we investigated both upward and

downward deviations of the measurement parameters, in all

calculations; approximately equal changes were obtained for the

excitation constant.
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The error calculation shows that the measurement uncertainties

of mass and shaft rigidity have a very small effect, while

deviations in bearing rigidity - which substantially affect the

course of the damping factor as a function of the excitation -

cause relatively large errors in the determination of the

excitation. The measurement uncertainties in bearing danping and

the damping factors, in contrast, have a less signiicint

•	 effect.

In spite of the relatively large measurement uncertainties (10 -

20%) in the determination of the bearing rigiditi9s and damping

factors, the overall error for the kinetic tests is no larger

than approximately 100, on the average.
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	 EFFECT OF GAP FLOW-CONDITIONED FORCES ON THE STABILITY /115

BEHAVIOR OF FRICTION-BEARING SUSPENDED ROTORS

Building on Thomas' fundamental work [1], several publications
	 t

formulate theortical considerations on the effect of external

forces on the stability behavior of simple rotor models. While

in analogy to Thomas, Gasch [2] investigates only the single

effect of the excitation constants q2 - derived from the gap

excitation coefficient K 2 by means of equation (3.23), for rigid

bearing suspension - Piltz 1137 considers - also for rigid

suspension - all the coefficients of the matrices as and AS

whose magnitude was estimated by him from theory E61. Kraemer

[8], Pollmann L91 and Vogel [10] have calculated the limit of

stability for a singly fitted Lzva]_ shaft with friction
	

1

bearings, taking into consideration the gap excitation constant

or coefficient q2.	
I

0,0010 2

r	 ,
K

a'a
I
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?

K

oc• t

Z
M

.5K

stable

K Circularbearin
Z Double-wedge
M MGF-bearing

bearing -

0,6	 1,0	 1,4	 1,6	 40

Adjustment 41/Wk

0,
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v
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Figure 5.1
Stabili ty chart for a symmetrical, single-mass vibrator

with friction bearings (so k=0.2, b/d=0.5)
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As an example of such calculations, Figure 5.1, above, shows the

f	
5ommerfeld coefficient of the bearings related to the critical

'	 rotation i },e

m̂
So
k 2b3 4%	 ( 5.1

and a width ratio b/d of the stability coefficient a = q 2/c, /116

as a function of the adjustment w/w k of the shaft, for various

types of friction bearing, for various values of a magnitudes

designat-ed "relative shaft elasticity",

a . M.--L . A. I	 ( 5.2

It indicates the statistical bending of the shaft under its

weight, in relation to the bearings' diameter clearance. It can

be seen that the circular bearing often has lower stability

coefficients than other kinds of bearings. The a-values sharply

decrease with increasing shaft elasticity a. The abrupt drop of

for increasing w/w k characterizes the instability due to the

so-called "oil whip".

In all previous publications, to date, regarding the stability

behavior of friction bearing-supported rotors, only the gap

excitation constant or gap excitation coefficient K2,

respectively, were taken into consideration. Here, using some

examples, we shall also illustrate the effect of other

coefficients - measured within the context of thi:T study - on

the damping and stability behavior of frict-on bearing supported

rotors. The calculations were performed using t::e method

indicated by Landzberg [7] as expanded by Vogel [10], without
considering here internal damping and the gyrostatic effect.

The rotor model investigated, in similarity to the high-pressure

part of a 300 MW turbine set, had the following data:
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bearing distance	 1 = 5000 mm

Mass (centered between bearings)	 m = 3000 kg
( 5.3 )

Shaft rigidity	 c = 300,000 N/mm

Operating rotation rate	 n = 3000/min J

The turborotor's individual stages shall be summarized into a

representative stage located midway between the bearings, with

the following data i

isentropic nominal output p s = 100 Mw'

average rotor diameter	 dm = 800 mm	 (5.4)

rotor blade length	 1" = 50 mm

A characterization of the bearing's character stic magnitudes as

in (4.13) seems inappropriate for Ghe typical friction bearings,

since the individual dimensionless quantities - SUch as the

anisotropies of the rigidity, damping and coupling - can not be

varied independently of each other. In addition, the -, •alues of

the dimensionless quantities for the various types of friction

bearing, are usually well beyond numerical values applicable to

the test i-istallation, as described in section 4.1.2. Since the

friction bearings' force and damping constants depe,id

essentially onlj on the bearing shape and the Sommerfeld

ccefficient

2m 
So

it should suffice here to investigate the effect of the 	 !

bearings' characteristic quantities on the basis of th-ee t ypes	 !

of bearings (circular, double-wedge and MGF--triple-wedge

bearings), with a width ratio b/d = 0.8 and two Sommerfeld

coefficients each (So = 0.2 and 0.5). The required bear;ng

constants are taken from the tables given by Glienicke in [16].
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The following values shall be considered representative, in

correspondence with the measurement results (cf. Table 3.4, as

well as [20]), of the coefficients of flow-conditioned forces

and momenta:

deflection coefficient K1 = 2

gap excitation coefficient K2 =	 2.5

i_n,lination coefficient K3 =	 0.5	 (	 5.E•	 )

inclination coefficient K4 =	 -0.5

moment coefficient L1 = 2

moment coefficient L2 = 2

ThZ moment coefficients L 3 and L4 are also disregarded, as were

coefficients proportional to the velocity, A
i
 and B i , since

reliable indications are lacking as to the magnitude of these

coefficients.

In order to describe the calculation results, we shall plot, for

each case, the system damping

D - - —	 rs.7)
S	 a 

/118

as a function of the output ratio

X - P -P 6	 ( S.8 )

The rigid angular eigen-frequency of the rotor,

shall be used here as a reference angular frequency.

In general, the solutions to the frequency equation consist of

two conjugated, complex eigen-values, whicY. change with

increasing X while the remaining eigen-values remain nearly

constant. If we consider the real portion of the two conjugated

1 i2
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ccmpiex eigen-values, dependent on X and determining for system

damping, then we will observe that as x, increases, one of them

decreases, while the other increase-- It nay occur that the

increasing solution shows a smaller r, ,.al part, for X = 0, that

the solution decreasing with X.

Output ratio CH?

Figure 5.2 Circular rearing
So=0.2 Effect of deflection
coefficient K for a gays ex-
citation coefficient k =2.5

Output ratio CHI

Figure 5 . 3	 Circular	 bear-
ing, S0=0.5 Effect of deilcc-
tion_ coefficient K for a gar,
excitation coefficient K =c.5

r

Figure 5.2, above, shows the course of system damping Ds as a

function of the output ratio X, for a rotor suspension in

cii-cular bearings with an Se coefficient of 0.2. According to

the definition, system damping shall be the relative real

portion of the most weakly damped eigen-vibration; for this

reason, curves with a bend occur since for small outputs the

solution increasing with X is determining. The great influence

of the deflection coefficient K 1 continues to be remarkable.

Taking this coefficient into consideration, in addition to the

gap excitation coefficient, Ln this case, for a negative K_ 1 = /112

-2, causes a substantial Increase in the limit of stability by a.

good 805_ 1 in comparison to the effect of K 2 = 2.5 alone; in

contrast, a positive K 1 = 2 lowers the limit of stability by

40%.

Changes in syz^:em damping due to the remaining coefficients - K3

= 0.5, K4 = -0.5, L 1 = L2 = 2 - in comparison to the effect of

K2 and K i lies always below 0.1%, here and for all other bearing
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In a circular bearing, an increase in the Sommerfeld coefficient

to 0.5 causes a considerable decrease in tho syste=m damping

value and in the limit of stability. Figura .3, above, shows

the resulting curves for the effect of K 2 = 2.5 alone, as well

as also considering K i . The increase in the limit of stability

due to a negative deflection coefficient K i = -2 is almost 50%

here, while for a positive K 1 = 2 the limit of stability is

lowered by 25

In the suspensi^n of the rotor in double-wedge bearings with ar.

So = 0.2, for no gap excitation (X = 0) we obtain relatively

high system damping values (see Figure 5.4, below), which

decrease with increasing output, however. The effect of the

deflection coefficient K 1 is not as strong, in this case, as it

was in a suspension in circular bearings. The increase in the /120

limit of stability, compared to the efect of K 2 - 2.5 31one, was

almost 305 for a negative K, = -2, while for a p(;SitivE 1; 1 = 2 a

20e- decre?se occurred.

1

4

o

0

o

i

Output ratio CHI.

Figure 5.4 Double-wedge bear-
; ing, So=0.2 Effect of deflec-

tion coefficient K for a gap
excitation coefficient K =2.5

1

L	 0.1 9.6 0.1 1. ^.

Output ratio CHI

Figure 5.5 Double-wedge bear-
ing, So=0.5 Effect of deflec-
tion coefficient K for a gap
excitation coefficient K =2.5

a
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ro
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m

t
1

An increase in the So coefficient to 0.5 also results in greater

system damping in the double-wedge bearing, as well as increased

limit of stability (Figure 5.5, above). Here, the influence on

the limit of stability by the deflection coefficient K 1 = -2 or
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k l = 2, respectively, is reduced to approximately ±10%.

Finally, Figure 5.6 below, shows the course of system damping as

a function of the output ratio for a suspension of the rotor in

MGF-bearings. Relatively srall system damping values are

obtained, here, which incri:ase slightly with increasing output,

however and then drop rapidly, once a certain output has been

reached. Although system damping decreases slightly as the So

coefficient increases, the limit of stability increases

considerably. In this type of bearing the effect of the

deflection coefficient K 1 is very small, affecting the limit of

stability by a maximum of y2.5%

0

,Q•oi

•^.{

^f •2

l 1.-2

n I •^

Output ratio CHI

Figure 5.6 MGF-three-wedge bearing Effect of the deflection
coefficient K 1 and the So coefficient for a gap excitation

coefficient K2=2.5

/12'
The calculations performed show tl.at in practical stability

considerations the significance of the deflection coefficient K1

- in addition to that of the gap Excitation coefficient K 2 -

must not be underestimated. Measurements at the three turbine

stages in part yielded positive K 1 -values, which have a

destabilizing effect. In turbomachines, for eccentric rotor

positions, considerable transverse forces - generated in

non-uniform pressure distributions at shaft seals - can occur

[18, 241, which in general act against the direction of

deflection and hence have a stabilizing effect.
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The effect of the remaining coefficients of flow-conditioned

forces and momenta on the stability beha y.or of thermal

turborotors can be considered small, in comparison, judging from

the information here presented regarding their magnitude.

t

s ^

V f
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6 SUMMARY

Flow-conditioned forces can stimulate thermal tur3o-machines to

self-excited vibrations. Since these forces increase in

proportion to the turbine's output, their consequence can be

severe operational limitation: to the affected power plant.

Thus, in order to predetermine the vibration and stability

behavior of turborotors to be constructed, besides the

characteristic quantities of the bearings we need reliable

information on the magnitude and effect of flow-conditioned

forces. Dimensionless coefficients are introduced to describe

the forces caused by the fluid flow. as a function of the

displacement. The so-called gap excitation coefficient K2 is of

decisiva significance to the stability behavior; it describe,3 a

vibration-causing transverse force acting perpendicularly to the

deflection. In part, this excitation force can be explained as

the resultant of the variable tangential 'orce of a turbine

stage, caused by non-uniform gap losses at eccentrically

positioned rotors; also in part, as resulting from a non-uniform

pressure distribution along the perimeter, in the seal gap,

caused by a torsional effect on the flow.

122

A test installation was built for the experimental determination

of the flow-conditioned forces, which made it possible to

measure the forces and momenta acting on a turborotor, as a

function of its eccentric positioning with respect to the

housing. Force measurements were performed on two c0% reaction

stages in drum design, with recessed shroud bands over stator

and rotor blading, as well as on a three-stage group of this

design, These measurements resulted in gap excitation

coefficients of a magnitude that is the same as that derived

theoretically from gap losses at the stator and the rotor

blading. In contrast, significantly higher excitation forces

occurred during force measurements on a weak reaction stage in

chamber construction.
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stage excitation made possible by the test installation's

design, yielded relatively small excitation forces in all stages

for an eccentric stator seal, whose values were below those

calculated from stator gap loss. In contrast, significantly

higher excita + ion forces were generated by an eccentricity of

only the rotor seal, than those calculated to date from gap

losses. As we have shown, this may be attributed to the

additional effect of compressive forces produced during

torsional flow through the rotor gap.

To a smaller extent, experimentally determined deflection and

moment coefficients are reported for the stages investigated,

besides the gap excitation coefficient.

The coefficients measured always represent an average of many

individual measurements. Possible measurement uncertainties are

analyzed and estimated.

By modifying the rotor's bearing suspension in the test

installation, it became possible to measure the overall effect

of all flow-conditioned forces on the vibrating rotor, during

kinetic tests. To perform and evaluate such tests, we carried

out calculations of the effect of the bearing's characteristic

magnitudes, as well as that of the flow-conditioned forces, on

the damping and stability behavior of the test rotor. It was

discovered that the anisotropy of the bearing rigidity exerted

a particularly stabilizing effect. In addition, the test rotor's

stability behavior is determined essentially by the gap

excitation coefficient K 2 , for fixed bearing characateristics,
with the effect of the remaining coefficients - to the extent

that they are of the order of magnitude of K 2 - being small, in
comparison.

The kinetic measurements were performed for one of the two 50%
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reaction stages, the three-stage groip and the weak reaction

stage; there was good agreement with the force measurements.

Thus - at least for the relatively low vibration frequencies

investigated - the effect of coefficients proportional to the

velocity on the stability behavior may be considered negligibly

small.

To conclude, the stability behavior of turborotors suspended in
P^

friction bearings is investigated, taking into consideration the

measured coefficients for flow-conditioned forces. It was

discovered that for certain types of friction bearing the effect

of the deflection coefficient, compared to that of the gap

„	 excitation coefficient, is not always negligible, while the
i'

^

	

	 remaining coefficients practically have no stabilizing or

destabilizing effect.
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/1268	 DESIGNATIONS

A	 Anisotropy in bearing rigidity

i
Force coefficients proportional to the velocity

B	 Anisotropy in bearing damping

B i	Moment coefficients proportional to the velocity

C	 Anisotropy in bearing coupling

CE	 relative incident flow energy

D	 relative bearing damping

Ds	system damping

F	 Force; shaft/bearing rigidity ratio

J	 Moment of inertia

K 1	Deflection coefficient

K2	Gap excitation coefficient

K
3
, K4	Inclination, coefficients

KII' KII Gap loss coefficients
L.	 Moment coefficients

1

M	 Moment

MR	 Measurement series

P	 Output

Q	 Trans,•erse force

Q 2	Gap excitation force

R	 Gas constant

S	 System excitation

T	 Kelvin (absolute) temperature

U	 Tangential force; tension

V	 Paper advance

a	 specific work

b	 shroud band width

C	 absolute flow velocity; shaft rigidity

c ik	 Spring rigidity

d	 diameter

d ik	 damping constants

e	 eccen`-icity
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1

f	 measurement uncertaint.ir

g	 acceleration of gravity

Ah^	 isotropic gradient

1 u	 blade length

m	 mass
m	 throughput

n	 rotation rate

p	 pressure

j2	 gF.p excitaLt ion constant
percentage reaction

rik	
coefficients of the load matrix, proportional to the

velocity

s	 standard deviation

s ax	 axial gap

t	 time; temperature

u	 damping factor; tangential velocity
w	 relative flow velocity

X, y, z spatial coordinates

z', z"	 number of seal peaks

A	 Difference

X	 output or tangential force ratio, resp.

a	 flow angle at turbine blading; throughput coeff.

R	 flow angle at turbine blading

C	 expansion coefficient

C sp	 gap loss

n	 efficiency; dynamic viscosity

K	 isentropic exponent

X	 complex frequency

P	 density
T	 tolerance or measurement uncertainty, resp.

tending or tangential ar_g'.e; throughput coeff.

pr,.suure coefficien'

W	 angular frequency

ZY	 load vector
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A	
I oad matrix, proportional to the velocity

load matrix, proportionate to the deflection
w	

movement vector

/128

Subscripts and superscripts=

f	 D out cf the pressure distribution

_	 L steramir.g fr_ 3m the bearing

S stemming from flow medium; cal;culated from the gap

1Cs3

4

a exit

e entrance

i inner;	 internal; variable counter

k critical; variable counter

m intermediate,	 average

s isentropic

x,	 y in x or y direction, 	 respectively

0 before the stator

1 between stator and rotor;	 in the direction of

deflection

'	 2 after rotor; perpendicular to the direction of

deflection

' stator

" rotor

M	 I
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Clarification of designations used in the computer printouts, in

alphabetical order:

AB equalizing drill-hole in the rotor

AL2 flow angle	 2 from (3.16)

B p i flow angle	 1 from (3.16)

:0-OAX flow velocity c o from (3.11)

C1 flow velocity c 1 from (3.10 to 3.13)

C2 flow velocity c 2 from (3.16)

DhSST isentropic gradient of the stage, from (3.8)

DN/DM hub ratio

DPB1 Pressure differencials (Figure 3.4)

DPB12 "	 "	 "

DPB2 itit

DPBT "	 "	 of

DPT "	 "	 to

ETAE effective efficiency of the stake group, from (3.6)

ETAI internal efficiency of the stage group, from (3.7)

ETAU Tangential efficiency of the stage, from (3.17)

FDP Measurement uncertainty for the measurement orifice

pressure differential	 pB

FKI

FK2 Measurement uncertainties of the meaiured coeffi-

FL1	 J cients K 1 ,	 K 2 ,	 L 1 and L2 ,	 from (3.42)

FL2

FM Measurement uncertainty for the throughput, from

(3.32)	 and	 (3.33)
FP Measurement uncertainty for the pressure before the
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measurement, orifice, from (3.37)

FRHO Measurement uncertainty for the density before the

measurement orifice, from (3.38)

FT Measurement uncertainty for the temperature before

the measurement orifice

HSG isentropic gradient for the stage group, from (3.3)

KH force at the rear bearing

KV force at the front bearing

K1 measured deflection coefficient K1

K2 measured gap excitation coefficient K 2 , from (3.23)

US gap excitation coefficient K2S calculated from the

gap loss; from (2.18)

"0 rotor blade length 1"

L1 measured moment coefficient L 1 from (3.24)

L2 measured moment coefficient L2

M throughput, from (3.])

MNR measurement point number

MP indicates a measurement point

MR measurement series number

MW average value

M1 measurement moment M 1 from (3.27)

1411	 -	 M2 deviation cf the measured throughputs at measurement

orifices 1 and 2
N turbine rotation rate

P turbine output,	 from (3.5)
PA pressure at turbine exit

PE pressure at turbine ent :^ anc e
PE/PA pressure ratio for stage group

PHI throughput coefficient 	 from (3.19)

PSI pressure coefficient 	 , from (3.18)

PO pressure before stage stator

P1 pressure after stage stator, from (3.10 to 3.13)

Q2 measured excitation force Q2 , from (3.27)

Q2S stage excitation force calculated from the gap loss,

from	 (3.26)

Q2SLA rotor excitation force calculated from the gap loss,

'DI
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c

f

F•

i

from	 (3.26)

Q2SLE stator excitation force calculated from the gap loss,

from	 (3.26)

REAK percentage reaction r in the central section, from

(3.14)

SAX axial gap s ax
STAB standard deviation of the mean t from (3.25)

STREUUNG standard deviation of the coefficients of the fitted

straight line, from (3.29)
TA temperature at turbine exit

TAUA measurement uncertainty for throughput coefficient

from (3-34) i
TAUE measurement uncertainty for the expansion coefficient

from (3.35)
TE temperature at turbine entrance`'

TO temperature before the stator

U measured stage group tangential velocity -

US isentropic tangential force U s , from (3.4)

UEA external covering or overlap 	 /1_32 si"

W1 flow velocity w 1 , from (3.16)

W2 flow velocity w2 , from (3.16)

XLA rotor displacement with regard to housing

YLA in the x or y direction, respectively

XLE stator hub displacement with respect to the stator
t.

YLE in the x or y direction, respectively

The designations used in Tables A27 to A29 have been explained

in the corresponding chapters 4.3 (page 114) and 4.5 (page 126)
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TABLE Al Protocol for pressure sensor calibration

I
I

=. Illegible

r. t11 :raE^ .;r_ 1 t 1	 MILLIMETER

1-
I	 I 171.1	 121	 121	 1129	 112'1	 '120 117:1 H2O MG	 ^1G M6

r.rp	 1	 2'	 I	 4	 5	 6 '7 A A	 A C
a -4713	 1113.-1 	.77.	 n72 .01034.1	 1122.(, 	892.0 lUOB.J 1003.0	 1173.0 912.0 911.3,1 1735	 113'.^	 581.-	 ^o3.f	 lu4'1.1	 11470	 n6A.n 999.0	 1222.0 Se9.J 888.0
- 9752	 11('2. -1	 1 85..	 9,,.n	 1U41j. 1 	1171.0	 1!44.0 1u01.0 998.0	 1267 .0 866.0 853.0

171.7	 111 1, 	 ^1. 1 1 55.0	 Iu52. •	 1193. r ,	 ?24.0 tQln.-7 997.J	 1309.0 844.0 843.5
-3
r

my	 II R	 1 N •	 P	 E n P A T O P B 2
i •I R	 V IL T 	AA"	 V''LT BAR VILT AAR VOLTn X718	 -I.tSn'. - 1 1 7 D7i - y	 0. 3520	 563 16 1 -6 -O.uOQ A -703d4 1 -5 -n.0226 364261-6

_ 1 . 4 .48 -11 6 1 n -- y 	U. 403	 71 7 41 1 -6 -O.u004 -238 7 4 1 -5 -0.0274 464371-6
L 3 71 2	 - 1 .514	 -140 .0 1 -S 	 UO340	 16546 1 -6 -0.(,'1l1 -27238 1• -5 -0.11321 571041-6
1 3T("'	 - ).h1 -11 	- 1 • ,3-jd 1 -5	 160V6	 10004 1 -5 -0.0013 -77249 1 -5 -n.U362 669921-6

rrt	 n -,.,11113-7137	 .3,7226276h,11	 ♦ VOLT
;I p t 1::1;	 1.11;77,150:	 0.. )-1360S 99U6 0 P A	 1	 2 C P 8	 1

AAR VOLT DAR VOLT
' t	 11'1 ^5581,	 -6..'50531 1% m11	 • VOLT 0.9061 - 3 9 01 41 - 5 -0.0231 617221-5

7 1 V 	 q • 1.;	 1.1182 ( 4 1 14 11	 e. Jt9 ,1 4 ,^5n92 0.0073 -449 12 1 - 5 -0.0282 739871-S
± 0.0084 -56427 1 -5 -n.0330 866801-5

,r%r	 n 	 •,11"141'4,2'1	 .0.,/U5`17 7 Sa7n	 •	 VJLT 0.009S -6n5e5 1 -5 -0.0373 9661Q1-5
Tkl Jl' L:	 l,n 115,1	 58'1	 C. 1 1.2 1 31 7 ,)u9 w _

15.+2'4165	 -0.45858%3875 • V710
•
7^11'1	 1 1 - ; -•	 I,n1J76'2ti15	 n .JC5U5216 n 5 ..

1 rt l7	 .	 1.n .,4 7 -.1132	 -0.11462x+6912	 • V 3LT .
1r1 4"13	 ,, 11,116„7.27	 0. , j1 ► n 13351

1r 81	 .	 ^.^11n111 1 45	 •	 V3LT
- 10 1. - ';	 1 --	 11411/7 /69 	 0. -U059•,C556
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'!'ABLE A2 Protocol for stage group calculation and pressure gauge

calibration for measurement series 293

rA	 1'E	 rA	 yr/2A	 K6	 J	 v	 is	 ETAS ETA?
C	 d0'	 84r	 -	 %iJ/K.;	 4	 K d	 Y	 --	 --

l2!;	 ^.:	 +1,n )1.' 1.1 ts 1 2 ". )h12 1.1662	 14.677	 20!.13	 24..o2	 255.86	 3.79. o.pb2
• '2	 3.b :1. 1 1. 14	 4011 !..15 0 ,1	 la,eht	 263.4	 Z

	

e	 ♦. sos	 25S. 14	 1+.796 0.885
^.1	 +.o )1. 	 1.14.11 '.4h2	 1..4 1. 3	 14..67 1 	) p 4.23	 24.515	 25b.59	 1.796 0.otb5

► .	 1.1411 +,1617 1.1-• 4	 !..ohs	 2r(q .'15	 24.5 F3	 25 1+.21	 J.' o4 o.ee5
z.;	 4.5 2+.' 1.14..9 1',9611 l.lths	 .4.b 1 h	 204.16	 24.013	 z5t`.77	 1).79b -.666

	13.E I +. 1 1. 1611 0 .961 1 :.lint	 14.673	 zO4.d4.	 Z4. boa	 25 ., .26	 n. 700 1.867
)^	 '^.	 ll.o ) t. + 1.1412 1 .0619 1.1d75	 14 '171	 200.20	 Z4.332	 25'1 .667 ).861

2	 3.7	 L. 1421 ^.a61q	
. 9	 .

1 .111	 .'i X	 2 .'	
n t

	

1.1874.	 ta.7hz 217.38 za.93o zs+.TS n.eo
,
 1.888

"	 ^.1	 •	 •^,6 2l, 1 1.1411 1 . 9f, 1 7 1.1866	 14. 7 00	 204. 7 3	 2 4 4 656	 25h.70	 0.74 7 0.866

^ ► .^	 •,t	 • . A ': . it l	 I. to	 0.^0	 n.'+0	 ').nl	 3.35	 ^.+15	 0.G41	 ?.On	 3.00
. t3 I .n .	 v.'2	 0.-1	 O.nZ	 1.13	 0.22	 1.22	 n.16	 3	 3.07

FORCE MEASUREMENT CALIBRATION

	

KV;i	 Alt	 {(:I	 hlf,
tLT	 t	 I	 vJLT	 )

	

-. c 5 7 3	 il.On" 0.0 n in -1.02all
1: '^	 -	 )1{)	 i. i l'^2	 1.9613 -'.3472	 1.93nK
1:1 4 	-'.'"0	 1 .4414	 3.9227 -'1.7.179	 3.9alit)

	

;r, -.'.^2"14.	 -1. 46 1 3 	 1 .3561 -1. 41-?3
3)	 -	 .':`.% - 1 .3 1 7	 -3. 9 27 7 	 01.7351 -7.9815

r 1 )	 - . '13^	 .^1z5	 0.JO'.1 O.J166 -'.1562
:7	 - . 1Z7^	 5+7	 n,00^n -3.0 n 4A	 `.0604

417 .141-7 n..)0nn 3.3-13 . j 21

FORCE MEASUREMENT	 FORCE -"J	 -1.n99h)6aS14. -5.3912167035 • V^LT	 .-,).075 v

	

SCATTER	 n . )2 6 '^ 77 254. 1.)65539t.473

FORCE MEASUREMENT	 FORCE	 ; - 10343 1123 .95 - 5.4616631338 • VILT	 .-1,051 14

	

SCATTER	 0.11 ^c1543	 ?a5217g031

As

7 )^
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(Illegible) STAG'
.ac-. . ..., , • t. ••..	 -.	 .JU*a

STATOR ROTOR
BEAAING WIDTH 21.7j1 11.1n .1	 :
(Il l Pgible) ANGLE 17.3-1 17.31	 r.RA.
(IlleQibl°) '.'/'' .1.9n

NO. OF SEAT, PEAKS + 3

STAGE	 n	 15s'	 11 REAK "S1	 N11 C •)AY C1 C2 Al2 %t
r ,c,	 ►'. i /a'	 ,AK :/C 1 /S h/S GRO WS

•	 1.41-0	 1''. 111 	1.,147 ',445 2.3,	 0,31 11.1 178.2 2 9 .3 9#-.2 33.0
1.'•	 7	 '^.^.4	 .1011 '.43h 2.34	 ^.31 11.4 10 13.5 2 9 . 3 95.8 33.5

..	 1.'	 ' 1 ' •	 : 1 . 1"'	 1 . ' 101 .415 2.34	 1 .11 32.1 112.2 2 4 .2 99.2 34.9

`	 1.' • `'	 1	 '. 75 .°	 l . 1'152 1 . 43 2 Z.3,	 1.31 31.! 11 1 .0 2-0.3 96.4 33.8

^ r

^E1	 d2	 ETa
r.R0	 "/S

77, 1	08.4
1 6.1	 °R.1 ).876
7 3.2	 '11 .0 3.807

7 5.5	 9 ► .6 x.396

0
I"

e:	 -
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TABLE A3 Protocol for stage group and individual stage calcula-

tion for measurement series 490

STAGE GROUP MEASUREMENT SERIES 490 (EXCITATION FORCE)
•^ ^	 ao-1 ► .•c. t ..71+: a . J j a .a ^a :., a. Jarat Raiaa^ata J• ta^a ♦ a

(Illegible) ROTATION RATE 4000RPM

'.-	 'E	 T A	 PE	 PA	 nF/^A	 'ISG	 J	 v	 '1s	 E7nF	 E TA,
'+ A Q	 9Af	 V..j/KG	 4	 K w

	

1^.' 1. , 0 1. 2 ". 0 636 1. 4 S73	 32.750 755,37 7 3.076 981.94	 .8511 n.1 39

	

r.. 1 	!,	 ,,1	 . n .' !	 '

	

1. 408 , ! ,/674	 7	 3 2 . 816 	 7 b 81,	 4	 1	 9
^,..s	 ,• ^	 -	 1. 5 65	 '3.112	 81._8	 ^.95	 ,1.939

	

l	 ^.2 1 •. • 1. • 0 1 2 1 .7641 1. 4 5 7 3	 37.879	 758,37 '9 3.2"` 842.52	 ?,857 1.741

	

7	 '.	 1	 1..018 ".96`S 1.45(•1 	 32.785	 756.59 73.0-4d	 8e').95 ^057 0.943
} .^	 `1••.	 t, " .	 ,,: . 7 ,0	 .^ 1. 4 0,8 '1 .'1 641 1.45 ?0	 32. d 5 7	757. 7 2	 7 3,20 7 	 862.13	 u.45 1 u.942

	

1. •n^2 0.9656 1.45h3 32.942	 757.19 7 3.233 882.09	 1 1 85 7 1.743
t'.n ^^•^ .,.'• • R . 1 1'•' 1.+015 .1,9h'17 1 57 32. 9 11 7 5 7 .53 7 3.1d 6 961.13 7 . 8 5 9 0.7x1
.7

	

5 1.45 71 • 925 . 1.96 S	 7 6.9	 T	 1	 t.1	 2	 1.45 7 1	 32.952	 3	 2	 3.1Z^	 882.'16	 859 o. ?40
` 7^ 1 t . `	 •r . 7 1'• 	 1.-013 0.4614 1. , 566 37.946 757.85 73.21 9 R67.2 4 J .85 7 0.942

+	 `'	 t.	 cl • A ,° 1 1 .' 1.-042 ".7641 1.436 ♦ 	 32.952	 757.38	 73,174	 882.21	 (1 .45 7 0.9,*2A .,._, 47_	 1 7.	 1.60.2 0.4h19 1. 4 5n9 37.864	 757.35 73.171 887.36 0.859 0.941

1T •• 1	 1^;,6 ^.2 1 	!.'0	 ).1n	 n,^0	 1.02	 0.02	 0.0Z	 1'.32	 '1,03	 0.00
1 .14 1.3•.	 b. '3	 0.04	 ,1,,:1	 .1.07	 003	 O.0	 ,.JI	 0.12	 0.05

T}
31
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TABLE A4 Protocol for force measurements evaluation for a

measurement series with stator adjustment

Illegible

STATOR ROTOR MEASUREMENT
r	 L . ,L"	

t2', .L.1	 rL.1 11;51;.	 ' 25 )cv K-)	 02	 42/JS r/LS '1.•.	 t.t .1 '1 t	 N	 n/0 0/0 Vy

..	 1.	 ^^	 . .	 I	 IV	 .1,	 1 .V 1	 .nil 2 -,1.	 -rl	 ".OI 1.01 -3 0 3i -).044 - 1 .017 J.01 -O.Ut 91: )1	 .1) r, p,	 -.11.16 ,.	 1	 - ,.14 -0.22 1.19 -).n2n -^. n 10 .23 ^	 11 4l:	 t	 1 , 1.	 _^,^ . ,CO..	 - .n11n 1. - ;	 37 ).32 -J.259 -J. 09 33 :.SO J.2(.)1.	 t' ^'	 - . ,. c 1 ."1 -. 0 1 1 ').J'+	 -1.5, -u.82 ).55	 -1.2 7 2	 -	 .1 j 5 0.74 ).37 q
f

1;;•	 ., t" -" .1•U t 	 .n • 'n .n. i0	 -).'1 -1.16 1.09 -1.4 7 0 - r. 112 0.97 1.51^41 _• 1	 ,..	 ^:,' ox .	 .. ^ .In ,.:•	 .24 ).31 -1.16	 ).163	 3.061 -3.2 7 -0.1)51.	 1: Li ,	 „	 • ).1' .tl)^	 ..'}"^, ,.24	 ..•L 1.41 -1. J6	 1.13 ,4	 ^.054 - 1.52 -0.2151;	 .	 1 _,	 . „	 ,.^ • .	 ,^).,	 -.)''	 a 1 .•'4	 1 .6 1 ).76 -1.55	 1 .207	 3.08^ -3.77 -0.3]2 
1 6..2	 1.'v 7.04 - 108	 3.263	 J. 102 - 1	 .1 -1,,•,,7.1	 1: •.^ _,	 11•.	 ^`.''1 .Jtl • 7	 ..rn,l ^.,;7	 , .Cl J.U6 J. )6	 "1 .11 1)	'. 04 6 -7.J1 -0 .0 0'

(Illegible) CONSTANT
LC LA	 ST''FE

(Illegible) CONSTANT
ltl?^

142
1a34

A42
;)/,
!1/Y

Illegible • 2R5 •^' .2n5

Illegible
g

.111 •^ .111

Illegible
 .4.SJ .nnJ .459

9

7
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TABLE A5 Error computation fo g mass flow measurements

(Illegib1 )
ERROR COMPUTATION' '7- i 11: ;si+' 'E MEASUREMENT SERIES1^.1• ♦ ^Ir1.,/•IIIIIu •r1^^I ♦ IY t^1/"71111 •^^1/

293 FF

MEAS,ORIFICE 1, MEASUREMENT UNCERTAINTY
TEMPERAEURE

P RESSURE BEFORE ORIFICE 1)1	 ^^
PRESSURE DIFFERENTIAL 24	 P1

: ,7 F	 , rAi)A TAr)E F i
10 J/1 U/) 3/1 (W5

11'.5 L +5 la
o.

 1,1ti	 ),]] J.43 t,nl
11 17 L') r ,lr. J ...5

),ZS	 ),2.1	 7 . 7 5
3.53

S9
).42 r).1^ .717•

13+t1i 3,•d
+lo ),1a	 '.J ► 	 ).71 ). S S

1 .42 D.11 .)1Il1
1, ,/	 ),i7	 1.	 %5 J. 7'1

1.42 t .1J .)171
1 4 ..) itl t,1

J 
•2,
	

), a 3	 1  .11 J. 76
).:j
).4214.5 31 5 t,lh J, 31	 ).35	 1.05 1.	 4 1.43

n,q8
0, r)6

. )15 +

.)1!1
14 rti !Z^ lA  h

	 ,. ^)	 r, 12
)7	 +,

1 .51 .42 r).11 • )173
1751 3J5 • .lh

1T
',1 ,74	

5

_,,h1

t .55
:),42 11 .11 , )1 )S

1 „7 f; r ,lr• ) ,17	 ,J7
).61 1 . 1 2 .)194

o .1 4 .)1)9

ME
AS.ORIFICE 2, MEASUREMENT UNCERTAINTIES

'I' SP.PE RATURE
PRESSURE BEFORE ORIFICE ;ir5,	 vA

PRESSURE DIFFERENTIAL 15 `4
li ;^ Fr Fn F 	 11 F t rAt)1 TAUE c1

1255 Z+1 ,1r. 1
,J1 1.54 1. :?4 ).43 ^.07 .)lati

11 , 1 „a ,1.. )^Z, .25  Q
),,a ).42 n .11 .)13)

i1 3y1 { •1'' 1.22 27 1.^0i ^: J
i. 1 i 1 '.29 1.Z5

7.71
r, 11

1,42 n,11 .)195
x.45

t,,j .r1a .)13A
1G .5 315 r. 1,. ).1S .it ^•:5

2 1.2)
).^2 ')..)a

1.;7 117 .la t ,Zl .17 r,	 ,7 ,.^
).4 3 ).1', . )7 )4

1 55 3J) ,	 1,. ),11 1,25 ). )3 1,55
.41 ).)1 .113

y7

1,42 ).11 . )1 9+
32 .In +,14 +.2: 53 +. 5s ).41 + .1 5 .)217

V

i4

s
7 )

1

fm

N
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TABLE A6 STAGE A VARIATION OF nTFFERENT PARAMETERS

FORCE MEASI •REYEN': PERPENDICULAR f DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STAGE ADJUSTMENT VARIATIOi. PREfSURE COEFFICIENT

f.

MR PSI SAX	 1	 TE	 ► E	 M	 OPT

	

U/IM C	 OAR KG/S BAR

2 9 2.0 2.3 J OCO 24 1.01 . 6 2.78 .0616
49 2.2 2.5 3000 23 1.02 rt/ 2.96 .0692
25 3.6 2. 7 3000 16 1.0130 3.15 .1136
2 7 3.9 1. 7 3000 37 1.07C5 3.77 .1175
43 4.8 2.6 3000 23 1.11 ; 2 4.54 .1570
24 5.2 1.8 3 000 26 1.12 7 8 4.69 .1675
45 5.3 2. 7 3000 2 4 1.13 6 6 4.79 .1741
26 5.6 2.4 3000 21 1.1257 4.66 .1V24
46 5.8 2. 7 30C I) 24 1.13 6 0 5.06 .1935

US	 K2S
N

204 0.76
242 0.76
5o3 0.76
571 0.76
792 0.75
876 0.75
919 0.75
906 0.75

1067 0.75

	

K2 FK2	 L.	 FL1

	

0/0	 0/"

	

0.18	 18 -0.11	 22

	

0.55	 11 -0.15	 7

	

U.22	 46 -0.15	 1c

	

0.17	 54 -C.12	 10

	

0.27	 19 -0.11	 5

	

0.35	 -0.11	 15

	

0.18	 -0.11	 5

	

0.33	 -0.10	 9

	

0.34	 8 -0.09	 A

STAGE ADJUSTMENT VARIATION AXIAL GAP

36 3.7 2.1 3000 17 1.01 3 2 3.17 .1111 524 0.76 0.46 7 -0.07 12
34 3.8 2. 7 3000 31 1.0434 3.44 .1176 524 0. 7 6 0.22 39 -0.13 16
35 3.7 3.. JOCU 1C: 1.I/ 4 3 3.19 .11/F 52b 0.76 0.39 11 -0.06 27
52 3.6 3.1 3000 28 1.0121 3.92 .1204 543 0.76 0.46 8 -0.14 11
51 5.0 3.2 3000 29' 1.1225 4.75 .1592 416 0.75 0.43 6 -0.0 7 11

STAGE ADJUSTMENT VARIATION ROTATION RATE

	31 3.7 1.6 2.CO 28 1.02 1 6 3.02 .0 7 18 323 0. 7 5 0.65	 2 -0.0 9	1p

	

34 3.8 2.7 3000 31 1.0134 3.14 .1176 524 0. 7 6 0.22	 39 -0.13	 1&

	

30 3.9 2.1 36cO 31 1.12 9 3 4.62 .1 7 65 771 0. 7 6 0.44	 6 -0.12	 14

STAGF. ADJUSTMENT' VARIATION LOADING

	34 3.0 2.7 3JCO 31 1.0134 3.14 .1176 524 0. 7 6 0.22 39 -0.13	 16
31 3.7 2.0 LOCO 3 7 1.5123 5.46 .1653 731 0.76 0.32 15 -0.0 8 24

	

33 4.0 2. Q 30LO 45 2.10 7 2 7 .13 .2392 1121 0. 7 5 0.35	 0 -0.08	 17

w1
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TABLE A7 STAGE A VARIATION OF THE PRESSURE 
COEFFICIENT AND

THE AXIAL GAP

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION
(EXCITATION FORCE MEASUREMENT)

STAGE ADJUSTMENT

MR PSI SAX	 1	 TE	 PE	 M	 OPT	 US	 K2S	 k2 FK2	 L1 FL1

	

UPM C	 SAM KG/S OAK	 r1	 0/0	 0/0
19 1.9 1,5 3000 27 1 ,0224 2.70 .0511	 107 0.76 0,41	 .

	

2.5 1.5 3000 18 1.0409 7.09 	 05	 10

	

.0756 276 0.76	 ,	 -0

♦ -0
05 16

	

17 3. 6 1.5 3 000 31 1.05 0 9 7.44 ,0 9]6 379 0.76 00,46
41	 1

76 3.6 1.6 3000 33 1.07 7 1	 ♦ -0.03 2!
72 3.
	

3,74 1097 400 0.76 0.45	
6 -0.03 1M

	

77 4,1 16 3.000 3 5 1.U1 3.69 .1110 467 0.76 0.4 !	3 -0.03 24

	

U93	

.

1 3.99 ,1262	 591 0.75

	

74 4,6 1.0 3 000 40 1 ,10 3 6 4 .2! .1420 705 p,7! 0
' 43	 3 "0.03 23

	

73 5.1 1.7 3000 40 1 .12 4 0 4.46 .1513 124 0.75 0.44	 4 -0.04 13

	

0.43	 3 -0.06	 0
70 2.0 2.0 3000 29 1.0213 2.73 .0589 	 193 0.76 0,63

	

69 2.6 2.0 3 000 32 1.0411 3.13 .0 78• 293 0. 7 6 0.
	 3 :!1, 00 11

	

63	 5 -0.05 24
006 3.6

	

6 3,2 2.1 3000 33 1.05 9 8 3.40 .0960 396 0.76 0.59 	 5 -0.08 17
2.1 3

000 3S i^U7C2 3.74 .110 9 490 	0.76 0.45	 9 -0.00 In65 3.8	
I-08 C3 1.83 .1160 525 0.7664 4.1 2.1 3000 33 1.09C1 4,01 .1270 	 ^0.07 11594 1,76 0.3963 4.6 2.1 3 000 l3 1,1077 4 ,29 ,1439	 711 0.75	

0.30	
7 -0.00	 962 3.0 2.1 3000 31 1 .12 3 1 4.33 ,1392 020 0.75	 4 -0.08	 90.33 

	

6 ^0.08	 9
37 1.9 2.3 3000 19 1 .01 9 0 2,79 .0604	 196 0.76 0.6531 2,6 2,4 3000 20 1.0436 3.29	 10 -0.07 I7
3 9 3.1 2.4 30Lo 20 1 0549 3.37 .0032 314 0.76 0.74	 4 -0.07 1 4

	

. 0 97040 3.5 2.4 3000 11 1,0736 3,83 .1120 486 0.76 0.69	 4 -0.11	 6
48 3.0 2.6 3000 26 1.0830 3.97 .1201 545 0.76 0.47 15 -0.13 I7
41 4.1 2.6 3000 22 1,09 4 0 4,17 ,131 14 616 0,76 0.29 2

1 -0.13	 7
42 4.4 2,6 3 oco 23 1 • :056 4.34 .1433 695 0,75 0,27 21 -0.10 	 5

	

44 5.1 2.6 3000 24 1.1287 4,68 .1660 810 0,75 0.25
	

17 -0,11	 S

	

^0.12	 ol
61 2.0 3.0 3 000 27 1 .02 4 4 2.77 .0599 197 0,76 0.40

	

59 2.6 3.1 3
000 27 1,0439 3,17 ,0799 298 0.76 0.60

	
12 -0.06 27

58 3.1 3,1 3000 29 1	 8 -0,03	 17

	

,0613 3.51 .0')73 399 0.76 0,64 	 6 -0.10	 In

	

13 3,9 3.1 3000 31 1,0845 3.80 .1135 500 0. 76 0,58	 6 -0.093 3,89 .1202 343 0.T♦ 0,5554 4 .1 3.2 

3	
7 -0.08	 9

	

000 33 1^D943 
4 .06 .1294 605 0,76 0.53	 12 -0.08	 1753 *.3 3.2 3	 0 6 4 .26 .1425 699 0.75 0,40565 - C 3.2 3 000 32 1,1239 4,!1 .1580 811 0.75
	

6 -0.06	 0
 0,41	 6 -0.06	 7

B7 2,u 3,5 3000 27 1.6325 2,80 ,0617 204 0.76 	 0,50	 11 -0.02 112

	

86 2.6 3.5 l
oco 29 1.0527 3.20 .0802 301 0.76 0.53 	 8 -0.02	 71

	

05 3.2 3.6 3
000 31 1,0727 3.55 .0999 414 0.76 0.6e) 	 5 -0.04	 1981 3.8 3,6 3 p CO 31 1.0911 3.88 ,1190	 531 0. 7 6	 0.63	 6 -0.05	 10

	

0U 4.5 3.0 LOCO 30 1,1176 4 .33 .1' 36 697 0.7 5 	
0.50	

7 -0.02	 35

	

81 5.1 ),7 3 000 36 1,1339 4,53 ..r Jl	 828 0.75	 0,36	 10 -0.04	 12
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BLE A8 STAGE S VARIATION OF THE PRESSUPE COEFFICIENT, THE

ROTATION RATE AND THE LOADING

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

/140

A

STAGE ADJUSTMENT

MK 051 SAX	 1 T1	 ► E	 M	 0 ► 7	 US	 KZS
WPM C	 BAN KO/S IAX	 N

661 1.7 3.3 6000 40 1.0609 1.94 .0911 161 1.46
142 l. q 3.4 40c0 30 1.06 10 2.05 .1034 166 1.66
641 2.6 3.4 6000 •0 1.10 5 1 2.35 .1605 2 90 1946
666 3.3 3.4 NOCO 50 1.1.23 2.10 .1 770 401 1.66
669 3.1 3.3 4000 3 1..11 77 3.02 .223P 990 1.66
490 4 .3 3.3 4000 3^ 1.21 19 3.21 .2521 662 1.63
653 4.6 3.2 4000 40 192!02 3,41 .2166 799 1.62
454 5.3 3.4 4000 31 1.24 77 3.66 .3250 944 1.42
655 9.9 3.3 6000 37 1.32 36 3.11 .3632 10 97 1.41

696 2.0 3.3 4000 17 1.0160 2.16 .1116 206 1.46
659 2.9 3.4 6000 31 1.11 61 2.41 .1420 290 1.46
NO 3.0 3.4 6000 35 1.14 7 9 2.69 .1727 316 1.49
663 3.5 3.4 4000 40 1.1791 2.19 .2006 412 1.44
664 4.1 3.3 6000 43 1.2069 3.07 .233 0 eol 1.45
667 6.6 3.4 6000 49 1.23 5 3 3.23 .264n 719 1.42
661 5.1 3.3 4000 51 1.2616 3,44 .2911 199 1.42

472 2.1 3.3 6311 26 1.11 62 2.42 .1614 263 1.46
699 2.3 394 6000 31 1.11 61 2.41 .1620 2 90 1.46
473 2.9 3.4 3690 2 7 1.11 59 2.42 .1412 313 1.43
476 3.4 3.4 3311 I I 1 . 11 31 2:4i .1406 331 1.46
477 3.9 3.3 3162 21 1.1121 2.41 .1607 361 1.43
610 4.4 3.3 2941 21 1.1120 2.42 .1405 319 1.42
461 4 .9 3.3 2121 26 1.1104 2.62 .1404 406 1.41

411 2.0 3.4 4000 39 1.1365 2.97 .1574 343 1.45
417 2.7 3.4 4000 43 1.6090 3.31 .2146 464 1.45
416 2.7 3.3 4000 31 2.01 7 2 4 .21 .2995 357 1.45
415 2.7 3.3 4000 61 2.4727 5.06 93069 694 1.49
612 2.5 3.4 4000 4 9 3.0209 6.25 .3674 760 1.46

K2 FK2	 11 ill

	

0/0	 0/^

2.11'	 9	 0.70	 1p

	

1.11	 7 0.41 35

	

1. 7 3	 4 0.32 35
1.35 10 0.1 4 14s
1.21 29-0.0 369

	

1.01	 0 +0.07 222
	1.23 	 4 -0.12 04

1.31 12 0:10 122

	

1.33	 6 0.05 63

	

1,63	 7 0.16 32

	

1.69	 7 0.01 76
1130	 9 0.13 46
1.30 10 0.00 999

	

1.12	 6 0.03 101

	

1.31	 v -0.04 91

	

1.36	 7 0.01 439

	

1.19	 6 0:21	 10

	

1.69	 7 0.01 70

	

1.67	 9 0.12 26

	

1.39	 9 0.12 41

	

1.29	 6 0.07 29

	

1.32	 5 0:05 116

	

1.64	 6 0:07 42

	

1.61	 6 0.20 52

	

1.71	 4 0.13 65

	

2.01	 7 0.09 64

	

1.90	 7 0.06 12r

	

1.74	 6 0.12 as

i^
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TABLE A9 STAGE R VARIATION OF THE PRESSURE COEFFIC?ENT, THE

ROTA`T'ION RATE AND THE LOADING

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STATOR AJUSTMENT

rR PSI SAX	 N Tk	 ► t	 A	 DFT
UPM z	 841 KO/S BAR

447 2.6 7.4 4000 7 7 1.10 6 0 2.17 .1%17
447 3.7 1.4 4 000 3J 1.18%9 1.02 .2204
671 4.8 3.2 4 000 39 1.250a 3.41 .2870

457 2.5 7.4 4000 30 1.11 6 8 2.42 .1421
461 3.5 3.3 4 000 3 0 1.1779 2.16 .2012
467 4.6 300 4 000 47 1.2367 3.25 .2651

437 2.5 3.4 4000 30 1.1166 2.42 .1422
474 3.4 3.4 3311 28 1.1179 2.41 .1404
478 4.4 3.3 2961 25 1.1119 2.42 .1401

US	 K2S
11

2 0 2 0.67
744 0.67
795 0.67

291 0.67
463 0.67
7:' 0.67

291 0.67
337 0.67
314 0.67

	

Ks	 ,,.2	 L1	 PL1
0/0	 0/0

0.01 46 0.20 17
0.29 41 0.29 26

	

0.16	 14 0.04 31

	

x.17 25 0.24	 9

	

0. 3 0 10 0.21	 In

	

0.27	 It 0.23	 13

	

0.17 27 0.24	 9

	

0.38	 7 0.23	 9
	0.39 	 7 0.26	 6

483 2.7 3.3 4 000 56 2.4619 5.10 .3079 696 0.67 0.19 19 0.26	 6

ROTOR ADJUSTMENT

444 2.6 3,4 4 000 39 1 .10 7 1 2.75 .1107
448 3.7 5.4 4 000 2 9 1.1863 3.03 .2213
452 4.8 3.2 4000 40 1.2500 3.41 .2170

458 2.5 3.4 4000 31 1.11 7 0 2.42 .1421
462 3.7 3.4 4 000 39 1.1757 2.85 .2017
466 4.6 3.4 4 000 49 1.23 6 2 3.24 .2647

451 2.7 3.4 4000 31 1.11 7 0 2.42 .1421
475 3.4 3.4 3381 26 1.11 4 0 2.41 .1406
479 4.4 3.3 2961 28 1.1120 2.42 .1404

290 0.79
546 0.77
796 0.79

291 0.79
484 0.77
721 0.76

291 0.79
377 0.17
le y 0.75

1.63	 4 0.11	 82
0.97 26 -0.33 105
0.97	 4 -0.39 2m

1.52	 9 -0.11	 71
0.91	 21 -0.25	 13
0.94	 8 -0.34	 13

1.52	 9 -0.11	 56
1.09	 1 1 -0.17	 17
1.19	 4 -0.21	 16

484 2.7 3.3 4 000 59 2.4726 5.09 .7074 657 0. 7 9 1.63	 11 -0.28	 1°

I
r

I

i)
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TAPLE A10 THREE-STAGE GROUP VARIATION OF THE PRESSURE COEFFI-

CIENT AND THE ROTATION RATE

L
f

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCTTAT_ION FORCE MEASUREMENT)

STAGE ADJUSTMENT ALL S'TACES

Mm PSI SAX 1 TE PE M	 OPT US K29 K1 FK2 L1 /L1
0" C GAR KG/S	 BAR N 010 pin

493 1.3 2.1 4 0LO 57 1.:8 4 2 1.77	 .2137 339 1, 4 3 2.04 3 -C.21 94
489 1.9 2. 9 4 000 36 1.3106 2.32	 .3519 63 7 1. i7 1.83 5 0.00 676
490 2.3 2. 9 4000 4E 1.4042 2.59	 . 4 404 881 1.44 1.37 2 -0.02 104
491 2.8 2. 9 4 000 61 1.4910 Z.V.	 .3269 1162 1. 4 6 1.33 6 0.06 114
492 3.2 3.0 4 000 67 1.57 9 9 3.08	 .6173 1440 1: 4 5 1. 44 6 0.0 4 51

494 1.6 2.4 4000 35 1.2419 2.10	 .2 9 03 489 1. 4 6 2.06 4 -0.07 107
495 2.1 2.9 4 000 53 1.32 6 2 2.31	 .3668 692 1.46 1.82 5 0.0 7 20 n 	^S
494 2.5 2.6 4000 67 1.39 7 . 2.50	 .a388 902 1. 4 o 1.46 6 -0.13 67

its 496 2.9 2.8 4000 68 1.4919 2.77	 .321 9 11 68 1. 4 5 1.65 4 0.03 332

• 499 3.2 2.0 4000 64 1.5755 3.07	 .6128 1414 1.45 1.60 8 -0.03 263	 ^-

501 1.5 3.0 4 000 21 1.2427 2.17	 .2908 481 1. 4 6 1.89 17 0.1 9 116
90 2.2 2.9 4000 25 1.4086 2.74	 .4342 893 1. 4 6 1.71 21 0.46 147
50 0 2.3 1.8 4000 39 1.3968 2.61	 .4364 859 1.46 1.34 21 0.05 352
512 2.4 2.0 4000 50 1.39 9 5 2.58	 .4451 898 1.46 1.41 26 0.24 97

511 6.9 2.8 ZOCO 42 1.23 4 1 2.17	 .3026 1078 1.37 0. 7 4 44 0.1 7 104
302 3.2 2.6 3464 50 1. 4 107 2.61	 .4477 1047 1.45 1.3i 11 -0.08 10 5 	^,•
901 2.8 2.8 37C2 52 1.4092 2.39	 .4463 973 1. 4 6 1.72 9 O.US 89
300 2.4 2.8 4000 33 1.4073 2.37	 .4443 901 1.46 1.44 3 -0.57 19
513 2.n 2.8'4300 53 1.4337 2.6'1	 ,4787 886 1.47 1.89 39 -0.11 242

I=
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TABLE All STAGE C VARIATION OF THE PRESSURE COEFFICIENT, THE

AXIAL GAP AND THE CLUTCH

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STAGE ADJUSTMENT UEA • .0 M11 o N /O r ..33 18.8*30 MULTIPLE DISK CLUTCH

/143

I

It

MR ► S1 SAX	 1	 TE	 PE	 M	 OPT

	

UPM C	 BAR KG/S BAR

94 2.1 2.4 5000 30 1.15 0 6 Z.25 .1940
90 1.7 2.4 3000 29 1.2113 2.59 .2336
92 2.9 ..5 5 000 31 1.23C1 2.69 .2686
91 3.2 2.4 5 000 32 1.26 8 9 2.90 .3011
95 3.5 2.7 5000 32 1.3063 3.09 .3434
96 3.8 2.5 5000 34 1.3384 3.24 .3749

us	 X25
1.

291 1.04
I' 4 1.03
40 1.00
564 0.99
658 0.97
743 0.96

K2	 FKZ	 11	 ► 1,1

	

0/0	 C)

	

2.87	 2	 0.99	 2

	

2.93	 1	 0.83	 7

	

2.77	 1	 0.75	 2

	

2.75	 1	 0.70	 2

	

2.48	 1	 0.66	 1

	

2.43	 1	 0.65	 1

10

STAGE ADJUSTMENT UEA • .0 MM O P I/O M• .35 AB 0 e 030 MEMBRANE CLUTCH

98 2.5 2.4 5000 17 1.2049 2.54 .2356 382 1.02
99 3.2 2.4 5000 33 1.2 79 1 2.92 .3000 560 0.99
100 3.1 2.5 5000 33 1.3528 3.30 .3798 751 0.96
101 4.4 2.5 3000 35 1. 4 22 ) 3.61 .4dill	 951 0.93
10: 4.9 2.5 50;0 27 1.~1 90 3.19 .5162 1153 0.q1

10 4 2.5 2.2 5 000 24 1.1/ 77 2.3i .2297 372 1.03
105 3.0 2.2 5000 27 1.1.29 2.14 .26 68 517 1.00
lob 3.5 2.2 30(0 19 1.21i6 3.09 .3390 051 0.97
106 4.1 2.3 5 000 )2 1.3430 3.36 . 4 .21	 832 0.94
109 4 .6 2.3 50c0 46 1.3116 7.47 .4389 962 0.91
110 5.2 2.3 50co 54 1.47 74 3.08 .4987 11*8 0.14

111 2.6 3.1 5000 29 1.19C1 2.56 .2426 4o6 1.02
11 5 4 .3 :.3 5000 53 1.3261 3.22 .3 906 829 0.91
116 4.1 3.3 5000 56 1.37 5 0 3.42 .4433 990 0.91
11 7 5.3 3.4 5 000 59 1.4301 3.66 .501 4 11 78 0.68

11 8 2.6 4.2 5000 36 1.1864 ;.48 .2270	 394 1.02
11 9 3.2 4.2 5 000 42 1.2313 3.75 .2890 532 0.99
,20 3. 7 4.2 5000 45 1.2712 2.96 .3335 654 0.96
112 4.3 4.2 5000 49 1.3197 3.25 .3954 839 0.93
123 4.1 4.2 5000 52 1.3767 3.46 .4480 1000 0.91
124 5.3 4.2 5000 56 1.4247 7.05 .5016 116 9 0.88

z,13	 1 o.ee	 3
l.Ot	 1	 0.71	 3
2.31	 1	 0.61	 2
2.31	 1	 0.61	 2
1.16	 1	 0.5 -)	 2

2.86	 1	 0.81	 4
2.09	 1	 0.76	 2
2.62	 1 0.74	 2
Z.54	 0 0.63	 3
2.41	 1	 0.57	 5
Z.25	 1	 0.52	 4

2.90	 3 0.99	 5
2.30	 2 0.70	 6
2.11	 2 0.57	 4
2.12	 3 0.60	 A

3.09	 7	 1.03	 IQ
2.53	 7 0.72	 4
2.40	 2 0.71	 4
2.39	 A 0.66	 ►
2.16	 3 0.59	 In
1.15	 5 0.55 V
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TABLE Al2 STAGE C VARIATION OF TIDE PRESSURE COEFFICIENT AND THE

AXIAL GAP

mb

L? r, 1•

OF POO 

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STAGE ADJUSITIENT uEA-.0 Mn DQUI-5.35 A8.6018

MR PSI SAX	 I	 T 	 PE	 H	 OPT	 u5	 KZ5
U/M C	 aA R KO/S BAR	 h

129 2.0 1.1 5 0(0 2 4 1,15 6 6 2,13 ,1823 264 1.05

	

133 2.5 1.2 50'0 20 1.20 9 0 2.55 .2361	 385 1.U2

	

131 3.1 1.2 5000 31 1.26 4 9 2.85 . 2 9 2 7	 525 1.0o
13: 3.5 1.2 5000 34 1.31 3 0 3.10 .3 6 10 652 0.97
13 6 4 .0 1.2 5 000 36 1.3744 3.39 . 6 01 6 621 0.95
135 4.5 1.2 5 0(0 3 7 1.42 7 3 3.66 .6551 977 0.93
136 6.9 1.Z :OCO 39 1.46 .1 6 3.88 .5136 1156 0.91

137 1.9 2.2 5000 28 1.1519 2.17 .1772 254 1.05
136 2.5 2.2 5000 3C 1.20 6 0 2.52 .2332 379 1.01
139 3.0 2.2 3 000 32 1.2630 2.5. .2 9 11 520 1.00
160 3.5 2.) 5000 33 1.31 4 1 3.10 .3607 651 0.97
142 4.0 2.3 5000 3(a 1.3768 3.41 .404r 828 0.95
143 6.5 2.3 50CG 35 1..302 3. 1sC .6566 987 0.92
144 4.) 2.1 5 000 3: 1,48 3 0 3.67 .5122 1145 0.91

145 1.9 3.1 50(0 15 1.1484 2.11 .176 9 252 1.05
146 2.5 3,1 5 000 2 6 1.20 5 1 2.52 .2323 376 1.02
147 3.0 3.1 5000 30 1.26'3 2.84 .2903 517 1.00
148 3.5 3.2 5000 31 1.3124 3.11 .3603 648 0.97
13U 4 .11 3.2 5 000 33 1.3754 3.41 . 4 02 8 821 0.95
171 4.5 3.2.5000 34 1.4305 3.67 .1.594 986 0.92
152 4,9 3.2 50(0 3 7 1.46 4 2 3.88 .5136 1146 0.91

i6J 2.0 6.2 5000 28 1.1460 2.17 .1 789 258 1.04

	

161 2.7 4.2 5gCo 3L, 1.034 Z.57 .2341 	 382 1.02
161 3.1 4.2 5 000 32 1.23 9 6 2.84 .2 923 525 0.99
163 3.5 4.2 5060 32 1.3095 3.10 .3399 649 0.97

	

155 4.0 4.2 5000 34 1.37 7 9 3.43 .4071	 835 0.95
4 66 4.3 4.2 3 000 36 1.4310 3.68 .4621 1000 J.o?
16 7 :.' 4.2 50:0 38 1.4864 3.89 .5172 1162 0.9n

16: 2.0 3.2 5000 2' 1.1432 2.19 .1799 267 1.07

	

16 9 '.5 5.2 5000 29 1.19 9 4 2.52 .2334	 381 1.02

	

17 1) 3.: 5.2 5000 32 1.2581 2.64 .2 9 12	 526 0.99
171 3.5 5,2 =CCO 35 1.3026 3.05 .3357 640 0.97
173 4.L' 

-
	 5000 3' 1.36 7 6 3.37 .3 0 91	 015 0.95

174 4.5 5.1 5 0 1 0 !, 1.4116 3.62 .4536 977 0.92
175 4.9 5.i >000 40 1.4700 3.83 .508P 1137 0.91

	

K2 FKZ	 L1	 FL1

	

0/0	 0/r

	

3,39	 1	 G.Zu	 27

	

3.26	 1	 0.1 7 	17

	

3.07	 1	 0.15	 1 

	

2.69	 1	 0.21	 21

	

2.66	 1	 0.22	 2Q

	

2.56	 1	 0.25	 2r

	

2.48	 1	 O.2B	 17

	

3.C4	 1	 0.50	 6

	

2.95	 1	 0.68	 h

	

2.78	 1	 0.65	 5

	

2.63	 0	 0 '.35	 7

	

2.50	 1	 0.10	 11

	

2.36	 1	 0.1 8 	17

	

2.25	 1	 0.17	 0

	

1,87	 r	 0.71	 R

	

2.79	 0.74	 3

	

2.67	 1	 0.62	 1

	

2.56	 1	 0.52	 5

	

2.39	 1	 0.3 7 	R

	

2.28	 1	 C.2 9 	11

	

2.16	 1	 0.31	 9

	

2. 77 	2	 0.92	 3

	

2.65	 1	 0.71	 3
2.5:	 1	 0.52	 4

	

2.37	 1	 0.47	 h

	

2.26	 1	 0.36	 9

	

2,15	 1	 0.32	 9
2,OR	 1	 0.33	 R

	

3.12	 21.41	 2

	

2.86	 2	 1.02	 2

	

2.71	 2	 0.72	 3

	

2.59	 z	 o.66	 4

	

2.44	 2	 0.60

	

2.29	 2	 0.55	 9

	

2.19	 2	 0. 4 1 	 R

w7
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TABLE A13 STAGE C VARIATION OF THE LOADING

FORCE PEASUREMENT PERPENDICULAR TO DEFLECTION CORRECTION

(EX.CITATION FORCE MEASUREMENT)

STAGE ADJUSTMENT LEA-.0 MM ou/0M..35 AB•4+18 VARIATION GRADIENT

MR PS1 SAX	 1	 TE	 PE	 11	 UPT	 us	 K2S
UP" C	 BAR KGiS BAR	 11

	148 3.5 3.1 5000 31 1.31 2 4 3.11 .3403	 648 0.97

	

150 4,C 3.2 SOLO 33 1.3754 3.41 .4028 	 821 0.95
131 4.5 3.2 SOCO 34 1.4305 3.67 .4594 980 0.92
152 4.9 3.Z 5 000 37 1.4842 3.88 .5136 11 40 0.91

STAGE ADJUSTMENT UEA • .0 MM 0N/0N• .35 AB •4•le VARIATION LOADING

	153 3.6 3.2 5000 31 1.303 6 3.11 .3464 666 0.97 2.53	 1	 0.48	 5

	

159 3.6 3.2 5000 35 1.3228 3.14 .348b 675 0.97 2.50	 1 0.46	 4

	

IN3 '.5 3.2 3000 37 1.51 8 1 3.55 .3690 743 0.97 2.54	 1	 0.48	 4

	

157 3.4 3.2 5 000 38 1.7457 4.03 .4339 821 0. 9 8 2.58	 1	 0.46	 4

	

156 3.3 3.3 5000 39 1.9483 4.43 .4 7 16 679 0. 0 5 2.63	 1 0.47	 5

	

155 3.2 3.3 5000 40 2.3006 5.12 .5340 973 0.99 2.66	 1 0.48	 5

	

154 3.0 3..3 3 000 40 2.7927 6.06 .6131 1082 1.00 2.68	 1 ,,.50	 4

	

K2 FK2	 11	 FL1
0	 0/r

	

2.5b	 1	 0.52

	

2.39	 3	 0.37	 8

	

2.28	 1	 0.2 9	11

	

2.1s	 1	 0.31	 9

/145
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TABLE A14 STAGE C VARIATION OF THE PRESSURE COEFFICIENT AND

THE HUB RATIO

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STAGE AUJUJ1C11; N1 UEA • . 0 MM D4/0 1, -.35 AS•4 ► 16

MR PSI SA X	1 TE	 PE	 M	 OPT	 US	 K25
UPM C	 BAR KG/; BAR	 11

176 1.9 2.6 5000 22 1.1449 2.17 .1754 240 1.05
177 2.4 1.6 5000 26 1.z005 2.51 .2302 370 1.03

	

178 3.0 2.6 5000 28 1.25 1'2 2.84 .2894	 514 1.00
179 3.4 2.6 5000 31 1.3055 3.06 .3365 67 9 0.98
112 4.0 2. 7 5000 36 1.36 4 9 3.36 .3961 809 0.95
113 4.5 2. 7 SOCo 38 1. 4 1 9 2 3.61 .4505 968 0.92
184 4.9 2. 7 loco 42 1. 19610 3.10 .5002 1120 0.90
111 3.3 2. 7 5 000 34 1.30 3 1 3.06 .3341 636 0.98

204 2.5 2.9 5 000 40 1.1747 2.3c .2:15 362 1.02
203 3.6 2.9 5000 4 4 1.2794 2.96 .3278 C14 0.97
202 3.0 2.9 SOCO 46 1.4434 ,.73 .4977 112 7 0.90

STAGE ADJUSTMENT UE4 6 .0 MM ON/DM0.53 A8.4.21

207 2.0 3.0 3000 31 1.1355 2.14 .1771 257 1.16

	

210 2.5 3.1 5000 36 1.11 7 1 2.46 .2291	 377 1.12
21 3 3.1 3.1 SOCO 30 1.24 4 0 2.77 .2862 520 1.09
216 3.6 ;.1 5 0C: 41 1.2935 3.03 .3357 653 1.07
223 4,1 3.1 5 000 44 1.3495 3.30 .3940 81 9 1.06
226 4.n 5.2 5000 4 7 1.40C9 3.52 .4660 975 1.02
229 5.1 3.2 50LO 50 1.4538 3.73 .4919 1139 0.99

STAGE ADJUSTiENT UEA • .0 MM ON/D" • .70 AB•0

	

K2 FK2	 L1 FL1

	

0/0	 0/cl

	

2.78	 2	 0.61	 11

	

2.79	 2 0.59 1 

	

2.63	 1	 0.52	 p

	

2.54	 2 0.44	 9

	

2.46	 1	 0.29	 9

	

2.35	 7 0.28 0

	

2.25	 0.26	 11

	

2.56	 2 0.42	 9

	

2.63	 1 0.66	 4

	

2.36	 2 0.44	 3

	

2.04	 3 0.26	 8

	

2.^7	 4	 1.83	 2

	

2.74	 2	 1155	 3

	

2 . 5 1	 2	 1.33	 1

	

2.35	 2	 1.25	 2

	

2.16	 1	 1.07	 3

	

2.06	 2 0.96	 2

	

1.98	 2 0.86	 3

232 2.0 2.9 5000 35 1.1337 2.11 .1755	 254 1.27 2.06	 4 0.74	 4
235 2.6 2. 9 5000 38 1.1915 2.45 .2311 	 380 1.25	 2.25	 1 0.63	 7
236 3.1 3.0 5 000 42 1.2465 2.74 .284 0 51 5 1.23	 2.18	 2 0.47	 4
241 3.6 3.1 5000 45 1.79 4 6 2.99 .3325	 645 1.21	 2.06	 2 0.50	 3
24 7 4.2 3.1 5000 53 1.J515 3.23 .3167	 810 1.18	 2.06	 1	 0.59	 in
250 4.6 3.1 5 000 40 1. 4 7 3 6 3.62 . 4 610 1000 1.16	 1.93	 2 0.50	 3
252 5.0 3.1 5 000 40 1.4711 3.82 .5089 1142 1.15 	 1.8i	 3 0.47	 5
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TABLE A15 STAGE C VARIATION OF THE PRESSURE COEFFICIENT AND

THE HUB RATIO

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STATOR ADJUSTMENT UEA-.0 MM ON/DM*.15 AP46*11

Z

MR PSI SAX	 I•	 TE	 PE	 M	 OFT	 U3	 V25
UPM C	 BAR K(./S BAR	 N

194 2.0 2.1 5000 27 1.12 7 6 2.14 .1 1 60 272 0.21
197 2.5 2.a 5000 30 1.1112 2.46 .2292 372 0.21
196 3.1 2.9 5000 34 1.2355 2.77 .2151 512 0.21
197 3.5 2. 9 5000 36 1.28 4 0 3.02 .3333 660 0.28

	

1 99 4 .1 2. 9 5000 38 1.3467 3.32 .3961 	 117 0.18
200 4.c, 2.9 5000 41 1.39 9 4 1.74 .4492 973 0.21
201 5.0 2. 9 5000 44 1.4525 1.77 .5025 1130 0.21

	

K2 FK1	 L1 Fll

	

0/0	 0:^

O.2i	 5 0.84
0.14	 7 0.82	 3
0.11	 8 0.66	 3

	

0.10 10 0.60	 3

	

0.09 li 0.52	 2

	

0.09 11 0.45	 2

	

0.09 19 0.38	 2

STATOR ADJUSTMENT IDEA-.O MM ON/OM ..51 A8 8 6. 11 	 4:

	203 2.0 3.0 5000 ,9 1.13 52 2.15 .1 769 256 0. 4 1 -0.11 21 2.11	 3

	

:vZ 2.5 3.1 5000 34 1.1879 2.47 .2293 376 0. 4 1 -0.09 35	 1.94	 3

	

211 3.1 3.1 5000 39 1.2435 2.77 .2860 	 519 0. 4 2 -0.04	 52	 1.58	 3

	

214 3.6 3.1 5000 40 1.2925 3.03 .3340 648 0.42 -0.05 9 5 1.4 7	2

	

221 4.1 3.1 )OCO 4 3 1.34 9 9 3.31 .3939 $18 0. 4 2 -0.02	 73	 1.16	 3

	

224 4.6 3.2 5000 45 :.4022 3.34 .4468 977 0.42 -0.01 297 1.06 	 3

	

22 7 5.1 3.2 5 000 49 1.4540 3.74 .4989 113 6 0. 4 2 0.001213 0.9b	 4	 4.t

w:
STATOR ADJUSTMENT UEA 8 .0 MM Dr, /DF+.. 70 AB•0

	

230 1.0 2.9 5000 34 1.13 3 3 2.11 .1751	 253 0.55 -0.60	 7	 1.19	 5

	

233 2.6 2.9 5000 37 1.1900 2.45 .2301	 378 0.53 -0.47	 9	 1.10	 3

	

236 3.1 3.0 5000 41 1.24 7 6 2.77 .2861	 517 0. 5 5 -0.31	 10 0.97	 4

	

13 9 3.6 3.1 5000 45 1.2946 2.99 .3315 644 0.55 -0.41 	 6 0.97	 4

	

245 4.2 3.1 5000 51 1.3521 3.24 .3693 	 810 0.55 -0.42	 A 0.69	 9

	

248 4.6 3.1 5000 43 1.4117 3.58 .4561	 992 0.55 -0.4i	 / 0.8 7	4

	

251 5.0 3.1 5000 40 1.4723 3.83 .510 7 1147 0.55 -0.35	 4 0.75	 4
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TABLE A16 STAGE C VARIATION OF THE PRESSURE COEFFICIENT AND

THE HUB RATIO

FORCE MEASUREMENT PERPENDICULAK TU DEFLECTION DIPECTION

(EXCITATION FORCE'MEASUREMENT)

ROTOR ADJUSTMENT UEA -.D MPt D N /D ► '-.35 AB-4016

MR rat sax	 1	 rE	 PE	 n	 Dal

	

UPM c	 LAS KG/S BAR

189 1.9 2.1 OOCO 26 1,12 6 5 2.13 .1743
116 2.5 2.9 =t:0 30 1.1100 2.46 .2270
11 ► 3.1 2. 9 5000 35 1 22 1 3 2.76 .2141
101 3.9 2.1 5000 37 1.2!25 3.01 .3311
191 4.1 2." :OC:. 44 1.33 ; 6 x.27 .39C3
112 4.6 Z.9 S OCO 44 1.3938 1.51 .6436
193 5.0 3.0 5000 46 1.4461 3.73 .4977

u5	 KZS
11

249 0. 77
3b1 0.75
511 0.72
63 7 0.69
eo9 0.66
963 0.64

112 9 0.62

	

K2 FK2	 11 FL1

	o/n 	 o/p

	

2.i1 2	 1 -c.ze	 is

	

2.09	 1 -0.14	 15

	

2.57	 1 -0.17	 14

	

2.5i	 2 -0.16	 12

	

2.25	 z -0.15	 20

	

Z.17	 2 -0.14	 13

	

2.01	 1 -0.0 9	13

ROTOR ADJUSTMENT UEA • .0 Mil DWOM 8.53 Ae -..021

206 2.0 3 . 0 5000 30 1.1351 2.15 .1770 257 0.73
209 4.9 3.1 5000 33 1 .11 7 8 2.46 ,220! 377 0.70
212 ',l 3.1 3000 39 1.2434 2.77 .283 0 51 0 0.h7
115 3.6 3.1 3000 41 1.2921 3.03 .334A 6:1 0.65
222 4.1 :.1 5000 43 1.304 3,30 .3 0 sr 8; 4 O.b2
225 4.6 3.2 5000 4b 1.4019 3.53 ./065 976 0.60
228 5.1 3.2 5000 SO 1.4337 3. 7 4 .4 4 16 113 8 0.57

ROTOR ADJUSTMENT UEA -.0 MM ON/O M s.70 A8.0

231 Z.o 2.9 5Q(:0 34 1.1333 2.11 .1753 254 0.72
234 2.6 2.9 5000 34 1.1912 2.45 .230 7 379 0.70
23 7 3.1 3.0 3000 42 1.24 7 1 2.75 .2137 51 7 0.bb
240 3.6 3.1 5 000 45 1.2943 2.99 .3324 645 0.65
246 4.2 3.1 5 000 52 1.3519 3.k3 .318b 80 9 0.63
249 4.0 3.1 5 000 41 1.4211 3.6i .4392 997 0.60
232 5.0 3.1 5000 40 i.4719 3.1? .5101 11f.6 0.59

	

2.70	 2 -0.32	 10

	

2.67	 3 .0.19 21

	

2.b3	 1 -0 .' 	 31

	

2.51	 1 -0.1 8 	43

	

2.24	 2 -0.15	 21

	

2.10	 2 -0.11	 63

	

2.03	 2 -0.12	 61

	

2.86	 2 -0.54	 7

	

2.85	 1 -0.4 7	11

	

2.67	 1 -0.52	 p

	

2.53	 2 -0.47	 7

	

2.51	 2 -0.33	 1n

	

2.45	 3 -0.34	 11

	

2.21	 4 -0.30 Ia

165

J



n^

0RIG;lt'1A-
OF POOR

/149

TABLE A17 STAGE C VARIATION OF THE PRESSURE COEFFICIENT AND

THE AXIAL GAP

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STAGE ADJUSTMENT U E A • . 9 M' 0f+ /0 ..35 A8.4.18

MR F SI 5AX 1, TE DE M OFT US K25 K2 FKZ L1 FLl
UPn C BAR KG/5 BAR 0/0 0/n

^.^ 27" 2.0 U.6 5000 32 1.1430 2.12 .1 7 92 25 7 1.01 4.10 5 -0.15 49

280 3.1 U.0 5000 35 1.27 0 1 2.79 .2940 SZ5 0. 9 5 3.80 3 ^0.15 59^.
283 3.6 0.5 5000 38 1.3038 3.01 .3390 645 0. 9 3 3.77 4 . 0.33 19
289 4.1 0.5 5000 42 1.36 6 3 3.30 .401S 820 0. 9 0 3.46 8 "0.30 44
292 5.0 0.5 50(0 45 1.4726 3.76 .5104 11 4 2 0. 8 3 2.67 13 -0.7 9 42

r

256 2.0 1.7 5000 27 1.1430 2.13 .1782 252 1.01 3.02 2 0.33 21
279 3.1 1.6 5000 30 1.2001 2.82 .2941 7Z1 0.96 2.73 1 0.09 49
262 3.5 1.6 5000 32 1.3113 3.08 .3441 634 0. 9 7 2.62 2 0.21 47
268 3.5 1.6 5000 32 1.3120 3.	 9 .3467 658 0.93 2.52 6 0.08 69
271 4 .1 :.6 S OCO 38 1.36 9 6 3.34 .4036 821 0. 9 0 2.46 3 0.14 33
274 5.0 1.7 5 000 42 1.48C0 3.80 .5171 1151 0. 8 3 2.34 6 0.00 999

295 2.0 2.( 5000 34 1.1426 1.11 .1806 259 1.01 2.64 3 0.48 1^
310 2.6 2.' 5000 38 1.1932 2.42 .2303 373 0.99 2.6, 3 0.52 14
298 3.1 2.1 5000 36 1.2550 2.77 .2899 517 0. 9 5 2..3 5 0.34 13
301 3.t 2., 5 000 40 1.3036 3.01 .3389 647 0. 9 3 2 .38 4 0.20 46
328 4.1 2.7 7 000 42 1.3614 3.28 .3971 810 0. 1 0 2.16 7 0.29 21
331 5.0 2. 7 5 000 45 1.4746 3.77 .5114 1147 0. 8 3 1.99 9 C.07 35

334 2.0 3.3 5000 32 1.1426 2.14 .1806 261 1.01 2.72 1 0.7 4 14
137 3.1 3.4 5 000 34 I.Z583 2.79 .2933 521 0. 9 6 2.57 7 0.43 13
340 3.6 3.5 5000 3 7 1.3066 3.04 .3413 651 0. 9 3 2.38 9 0.32 23
346 4.1 3.5 5000 39 1.36 6 2 3.32 .4013 818 0.89 2.2 4 5 0.40 12
349 5.0 3.4 5000 42 1.4759 3.78 .7119 113 9 0.84 2.07 7 0.25 11

352 2.0 4.0 5000 26 1.1436 2.15 .'814 259 1.01 2.75 4 0.76 6
355 3.1 4.0 5 000 30 1.25 9 4 2.81 .2 0 38 519 0.9s 2.38 7 0.71 2
356 3.5 4 .0 5000 34 1.3058 3.04 .3409 644 0.93 2.41 11 0.41 6
304 4.1 3.9 5 000 37 1.3663 3.32 . 4 00 4 811 0. 9 0 2.12 11 0.31 12
3)7 5.0 4.0 5 000 41 1.4611 3.80 .5156 114 7 0.84 1.98 s 0.21 16

37o 2.o 4.7 5 000 30 1.1434 2.13 .1 7 9 7 257 1.01 3.13 4 1.12 10
373 3.1 4.7 5000 33 1.2610 2.80 .2944 724 0.95 2.77 9 0.63 7
376 3.5 4.7 5000 36 1.30 5 2 3.03 .3390 643 0.93 2.41 12 0.44 11
362 4.1 4.7 SOLO 39 1.36 7 2 3.31 . 4 00 7 815 0.90 2.21 9 0.46 9
385 5.0 4.6 5000 43 1.4770 3.78 .511 0 1141 0.53 1.99 7 0.33 7
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TABLE A18 STAGE C VARIATION OF THE PRESSURE COEFFICIENT AND

THE AXIAL GAP

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

ROTOR ADJUSTMENT UEA • .9 MM DN/O" • .35 A8 .4*18

Ma PSI SAX	 f	 TE	 FE	 t1	 OPT	 US	 KZS	 K2 Fn2	 11 F11
UPM C	 BAR KG/S BAR	 tt	 0/0	 0/'

	

276 2.o 0.6 5000 32 1.1426 2.12 .1 7 95 257 0. 7 1 4.12	 8 -1.24	 6

	

27 9 3.1 0.4 5000 35 1.25 8 8 2.79 .2 9 34 523 O.b7 3.34	 5 -1.05	 6

	

282 3.6 u.5 5000 38 1.3038 3.02 .3391 645 0.64 3.62 	 6 -1.12	 17

	

288 4.1 0.5 5000 42 1.3666 3.30 .4014 820 0. 6 1	 3.17 10 -0.92 1r
291 5.o 0.5 5000 45 1.4735 3. 76 .510E 1142 0. 5 5 2.79 17 -0.86 21

	

258 3.1 1.0 5000 29 1.2605 2.82 .2944 521 0.67 2.55	 2 -0.6 9	4

	

261 3.5 1.6 7000 31 1.3098 3.08 .343+2 650 0.64 	 2.51	 1 -0.61	 ft

	

26 7 3.3 1.0 5000 31 1.3110 3.06 .3460 655 0.64 2.41 10 -0.6 7	9
270 4.1 1.6 5000 37 1.3703 3.34 .4045 823 0.61 2.36 13 -0.48 In

	

1 7 3 S.o 1.5 50c0 42 1.4801 3.61 .51 ,60 1152 0.55	 2.05	 7 -0.44	 9

	

294 2.0 2.8 50cO 34 • .1423 2.11 .1802 25 9 0. 7 2	 1.68	 2 -0.37	 IF

	

309 2.6 2. 7 5000 38 1.192 7 2.42 .230n 3 7 2 0. 70 2.66	 4 -0.2b 14

	

W 1 .1 2. 7 5000 36 1.25 4 8 2.77 .2895 516 0.67 2.56	 -0.32 12

	

3OU 3.0 2.7 5000 39 1.3036 3.01 .3389 647 0.64 2.32 	 9 -0.30 12
32 7 4 .1 2. 7 7000 42 1.3621 3.28 .3972 809 0.61 2.16 10 -0.19 33
330 5.0 2. 7 5000 45 1.4747 3.77 .5116 1146 0. 5 5 1.99 10 -0.24 26

	

333 2.0 3.3 5000 32 1.1420 2.13 .1006 260 0. 7 3 2.65	 7 -0.23 23

	

336 3.1 3.6 5000 36 1.25 7 7 2. 7 9 .2 9 27 520 0. 6 7 2.40	 3 -0.21 In

	

33 9 3.6 3.4 WO 37 1.3068 3.04 .3412 650 0. 64 2.37	 5 -0,24 16

	

343 4.1 3.5 5 000 39 1.3666 3.32 .4016 81 9 0.61	 2.23	 18 -0.12 112

	

348 5.0 3.4 5000 42 1.4756 3.78 .511n 1135 0.55 2.0o 	 9 -0.10 37

	

351 2.0 4.0 SOLO 26 1.1434 1.15 .1816 279 0.73 2.57 	 2 -0.20 64

	

354 3.1 4.0 5000 29 1.25 8 9 2.61 .2935 518 0.67 2.48 	 6 -0.18	 11

	

357 3.5 4.0 5000 33 1.30 7 3 3.05 .3415 66b 0. 6 5 2.36	 11 -0.15 24

	

363 4.1 3.9 5000 37 1.3662 3.32 .4005 611_ 0.61 2.19 	 9 -0.18	 15
366 5.0 4.0 3000 41 1.4812 1.81 .5160 11- 0.55 1.95 10 -0.18 43

	

169 2.0 4.7 5000 30 1.1425 2.12 .1792 256 0.75 2.77 	 8 -0.13 56

	

372 3.1 4.7 5000 33 1.25 9 5 2.80 .2 437 522 0.6 7 2.53	 9 -0.11	 13

	

175 3.5 4.7 5000 36 1.3053 3.03 .3791 643 0.65 2.25	 14 -0.16 25

	

381 4 .1 4.7 5 000 39 1.36 7 0 3.31 . 4 006 81 5 0. 6 1	 2.07	 7 -0.07 41

	

314 5.G 4.6 50c0 43 1.4786 3.79 .513n 11 44 0.55	 1.97	 S -0.13 22
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TABLE A19 STAGE C VARIATION OF THE PRESSURE COEFFICIENT AND

THE AXIAL GAP

i

/151

°tea

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STATOR ADJI 1 STMENT UEA • .9 MM ON/Dm-.35 AD-14019

MK PSI SAX	 I, TE	 PE	 M	 O P TUS	 K2S

	

UPM C	 BAR KG/S BAR	 tl

	

275 2.0 0.6 SOCO 32 1.1425 2.12 .1 7 97	 X57 0,28
271 3.1 O.o 3000 34 1,25 7 9 2.79 .2 9 28 522 0.29
281 3.5 0.5 5000 37 1.3034 3.0: .3393 644 0.29
287 4.1 0. 5 5 000 tit 1.3667 3.30 . 4 012 111 0.29
290 5.0 0.5 5 000 45 1,4725 3.76 .5102 113 9 0,29

234 2.0 1.6 5000 26 1.1426 2.13 .1771 251 0.21
277 3.1 1.6 5000 29 1,2594 2,12 ,2933 519 0.29
260 3.5 1.6 5000 31 1.3084 3.07 .3429 647 0.29

	

266 3.5 1.6 5000 30 1.3097 3,08 .3451	 652 0.29

	

269 4.1 1.6 5 000 36 1.3700 3.35 .4048	 822 0.29
272 5.0 1.5 7000 41 1,4796 3.81 .5157 1150 0.29

293 2.0 2.6 5 000 34 1.1416 2.11 .1799 251 0.21
308 2.6 2. 7 7000 38 1..926 2.42 .2302 373 0.26

	

296 3.1 2.7 7000 36 1.2558 2.77 .2 9 05	 518 0.24
299 3.6 2. 7 5000 39 1.3036 3.01 .3390 667 0.29
326 4,1 2.7 5000 42 1.3610 3,Z8 .3970 809 0.29
32 9 S.0 2.7 5 000 44 1.4741 3.76 .5108 1140 0.29

	

332 2.0 3.3 5000 32 1.1416 2.13 .1404	 260 0.28

	

335 3.1 3. 4 5000 33 1.25 7 3 2.79 .2 9 22	 518 0.29
338 3.3 3.4 5000 36 1.3064 3.04 .3 4 12 650 0.29

	

344 4.1 3.5 3 000 39 1.3668 3.32 .4018	 818 0.29
747 5.0 3.4 3000 41 1.4757 3.78 ,5108 1132 0.29

	

350 2.0 4.U. 5000 25 1.1430 2.15 .1812 	 258 0.28

	

353 3.1 4.0 5000 29 1.23 8 3 2.81 .2930	 516 0.29
356 3.5 4.0 3000 33 1.3067 3.U5 ,3414 645 0.29
362 4.1 3.9 3 000 37 1.3662 3.32 . 4 01C 812 0.29
363 5.0 4.0 3000 40 1.4813 3.81 .5161 1146 0.29

	

368 2.0 4.7 5000 30 1.1421 2.12 .1718	 255 0.26

	

571 3.1 4,7 3000 32 1.2389 2.80 .2935	 521 0.29
374 3.5 4.7 5000 35 1.30 5 8 3.03 .3393 043 0.29

	

381 4.1 4.7 D OCO 39 1.36 7 2 3.31 .4008	 815 0.29
383 5.0 4.6 5000 42 1.4785 3.79 .3129 1142 0.29

168

	K2 FK2	 L1 FL1

	

0/0	 0/0

	

0.19 22	 1.08	 2

	

0.24 32 0.8 9	5

	

0.20 25 0.75	 5

	

0.30 26 0.56	 11
0.21 32 0.2 9 23

0.22 34 0.83 10

	

0.07 30 0,77	 6
	0.13 21 0.70	 5

	

0.10 29 0.64	 6

	

0,13	 33 0.51	 In
0.19 23 0.40 0

	

0.13 29 0.81	 5

	

0.09 30 0.75	 3
0,01 3o o.ob	 4

	

0.07 39 0.53	 S

	

0.11	 26 0,43	 6

	

0.14	 16 0.28	 in

	

0.25	 13	 0.92	 4
0.14 22 0.66

	

0.13 19 0.56	 In

	

0.15	 19 0.30	 7

	

0.12	 24	 0.38	 14

	

0.24 21	 0.9 7	4

	

0.16 26 0.6 7	3

	

0.12 23 0.35	 4

	

0,10 13 0.48	 6

	

0,10	 14 0.36	 5

	

0.53	 10	 1.11	 2

	

0,32	 6 0.7 7	3

	

0.21	 14 0.6 4	6

	

0.16	 1 0.5 4	3

	

U.16 14 0.43	 4

i
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TABLE A20 STAGE C VARIATION OF THE RO`1'ATION RATE, THE PRESSURE

COEFFICIENT AND THE HUB RATIO

FORCE MEASUREMENT PERPENDICULAR TO : DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STALE ADJUSTMENT UEA 1 .9 Mn ON/DP
i;

MK Iii SAX	 ► 	 TE	 PE	 M	 0 ► T
(,FM C	 LAK KC/S BAR

r
316 3.9 2.6 JOCO 37 1.0113 1.76 .1181y	 113 7.5 2. 7 A9C0 36 1.1301 2.23 .1661
307 3.7 2.7 44CO 39 1.22 7 7 2.64 .2605

701 3.6 2. 7 3000 40 1.3036 1.01 .3119

325 4.c 2. 7 6650 40 1.26 7 1 1.95 .3225
322 4.3 2.1 4350 40 1.27C6 2.90 .3066
31 9 4.9 2. 7 4000 39 1.23 4 3 2.14 .2915

•.35 A6.4.18

03	 K23	 K2 FK2	 L1 Fll
N	 0/0	 0/C

26 9 0. 9 2	 2,15	 2	 0.24	 12
364 0.93	 2.3e	 7	 0.31	 3 ►'
517 0.92	 2.35	 5	 0.25	 e

647 0.93 2.36	 6 0.20 48

650 0.90 2.23	 6 0.20 20
659 0.68 2.13	 6 0.13 69
672 0.16	 1.89	 D	 0.08	 31

W

STAGE ADJUSTMENT UEA • .9 MM ON/OM • .53 AI•6621

311 2.0 1.0 5 000 27 1.13 9 0 2.15 .1107 259 1.15

	

391 2.!` 1." 5 000 2 9 1.1974 2.49 .2776	 385 1.12
394 3.1 1.j 50CC 31 1. 554 2.82 .2 9 59 329 1.09
397 3.3 1.0 5000 34 1.30 2 0 3.04 .3412 650 1.07
601 4 .1 1.1: 5000 39 1.3614 3.32 .4020 122 1.04

	

607 4.6 1.^ 5000 38 1.4229 3.60 .4611	 981 1.01
610 5.0 l.L' 5000 41 1.4754 3.10 .5144 '147 0.96

	

3.51	 3	 1.81	 1r

	

3.5m	 6	 1.34	 24

	

3.34	 5	 1.28	 13

	

3.18	 1	 1.11	 13

	

3.02	 5	 0.95	 26

	

2.83	 1	 0.90	 13

	

2.70	 6 0.76 31

-s

9
STAGE ADJUSTMENT	 ,; rA • .9 MM. oN /0M

613 2.0 3.i 5000 27 1.1426 2.14 ,1808
416 2.6 3.1 5 0c0 z9 1.2027 2.49 .2381
61 9 3.1 3.1 5000 32 1.2613 2.8n .z95P
622 3.5 3.2 5 000 36 1.3086 3.04 .3426
428 C.1 3.1 5000 36 1.3722 3.34 .4062
631 4.6 7.1 5000 39 1.4294 7.58 .4635

n .70 A/•0

256 1.29
384 1.26
5c4 1.24
666 1.22
8:2 1.19
967 1.16

	

2.53	 6	 0.91	 A

	

2,05	 5	 0.51	 16

	

2.46	 2 0.39	 16

	

2.35	 6 0.44 26

	

2.18	 5	 0.46	 h

	

2.00	 6	 0.43	 12
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US	 KIS	 KI
N

253 0.62 2.I0
363 0. 6 1 2.29
516 0.63 2.33

647 0.64 2.32

657 0.62 2.26
e y e 0.60 2.14
671 0.57 !.8.

FK2	 L1 FL1
0/0	 0/0

	

5 -0.30	 9

6 -0.26 19

	

• -0.31	 14

9 -0.30 12

6 -0.27 10
6 -0.30 14

	

10 -0.'0	 9
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TABLE A21 STAGE C VARIATION OF THE ROTATION RATE, THE PRESSURE

COEFFICIENT AND THE HUB RATIO

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

ROTOR ADJUSTMENT UEA • .9 MM ON / O f's.35 A6.6*16

/153

MR PSI SAX	 K TE	 PE	 M	 OPT
UPM C	 6AA KG/S 8AR

315 3.9 2,8 3000 37 1.0832 1.79 .1197
712 3.5 2.7 3900 36 1.1301 2.22 •1667
306 3.7 2.7 44 CO 39 1.22 3 . 2.66 .2601

300 3.6 2.7 3000 39 1.3036 3.01 .3369

32. 4.0 2. 7 4650 40 1.2669 2.95 .3226
321 4.3 2.6 4350 39 1.2703 2.90 .3063
31 8 4.9 2.7 4000 39 1.25 4 1 2.84 .2910

ROTOR ADJUSTMENT UEA n .9 MM ON / OM•.53 A866*21

38 7 2.0 1.0 5000 26 1.1306 2.15 .1606 250 0.77 3.43
390 2.6 1.0 5 000 2 9 1.19 7 1 2.49 .2373 364 0.70 3.2i
393 3.1 1.0 5000 1 1 1.2558 2.82 .2953 527 0.67 2.94
396 3.5 1.0 5000 34 1.30 2 4 3.05 .3411 6.9 0.64 2.85
402 4.1 1.0 7000 39 1.3619 3.32 .4023 623 0.61 2.59
606 4.6 1.0 5 000 37 1.4225 3.60 . 4611 987 0.56 2.52
600 5.0 1.0 5000 40 1.4756 3.8i .5146 1140 0.55 2.30

ROTOR ADJUSTMENT UEA • .9 MM DN/OM . .70 !.6.0

^ •1:07	 5
• -1.05	 7

1 -0.94	 4
3 -1.03	 5
5 -0.92	 5
• -0.76 14
2 -0.63 26

412 2.0 3.1 5000 27 1.1430 2.14 .1601
415 2.6 3.1 5000 2 9 1.2026 2.49 .1379
416 3.1 3.1 50LO 32 1.2611 2,60 .1955
611 3.5 3.2 5000 33 1.3062 3.04 .3425
62 7 4.1 3.1 5000 36 1.3716 3.34 .4059
43U 4.6 3.1 5 000 39 1.4296 3.58 .4636

256 0.72
363 0.70
523 0.67
646 0.65
621 0.62
967 0.60

	3.03 	 4 -0.52	 13

	

2.69	 6 -0.65 15

	

2.64	 6 -0.69 21

	

2.59	 6 -0.60 17

	

2.42	 E -0.57 17
	2.26 	 6 -0.51	 13

- JI
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TABLE A22 STAGE C VARIATION OF THE ROTATION RATE, THE PRESSURE

COEFFICIENT AND THE HYB RATIO

FUKUL MhA5UKtPlhNI PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMENT)

STATOR ADJUSTMENT UEA • .9 MII Dli/Dr..35 AS44.18

KA PST SAX	 TE	 PE	 M	 DoT

	

UFM C	 SAM KG/S BAR

31 4 4 .1 2.0 3010 37 1.06 9 2 1.84 .1239
111 3.9 2.7 39 CO 3 7 1.14 5 9 2.22 .186E
309 3. 7 2. 7 4400 40 1.22 3 7 2.64 .2h03

299 3.6 7, 7 SOLO 39 1.3036 3.0i .3390

323 4.0 2.7 4650 40 1.21 7 0 2.95 .3217
120 4.3 1. 6 4350 3 9 1.2703 2.89 .3062
31 7 4.9 2. 7 •OCO 38 1.2536 2.84 .2909

US	 K25
M

272 0.29
364 0.2E
517 0.29

647 0.29

657 0.20
657 0.29
670 0.29

K2 FK2
0/0

	

0. 15	 17
0.10 26

	

0.10	 2!

C.07 39

0.07 49
0.0E 31
0.10 29

	

11	 FLI
0/cl

	

0.47	 6

	

0.58	 5
0.51

3 1
	0.53 	 5

	

0.4 7	6

	

0.42	 7

	

0.35	 8

STATOR ADJUSTMENT UEA • .9 MM DN/0 00. .53 AB-4a21

116 2.0 1.0 5000 26 1.13 8 4 2.14 .1605 257 0.42 0.19 50 2.68 2
349 2.6 1.0 5 000 2 9 1.1965 2.49 .2361 383 0.'+2 0.30 35 2.15 4 +392 3.1 1.0 5010 31 1. 1 549 2.82 .2949 726 0.43 0.30 34 j.04 4
393 3.5 1.0 5000 34 1.3023 3.05 .3411 649 0.43 U.3 0 22 1.98 3401 4 .1 1.0 5000 38 1.3621 1.33 .4024 822 0. 4 3 0.40 29 1.73 7
409 4.5 1.0 5000 3 7 1.4211 3.60 .4604 984 0.43 0.43 16 1.56 1 j
401 5.0 1.0 S OCO 40 1.4759 3.81 .5150 114 8 0.43 0. 4 0 11 1.33 7

STATOR ADJUSTMENT UCA • . a Mr DN/Df • .70 AE-U

411 2.0 3.1 S OLO 26 1.1424 2.14 . 1 7 97 255 0.5U -0.60 21 1.32 6
414 2.6 3.1 30cO 29 1.2026 2.49 .2381 363 0.56 -0.33 17 1.33 5
41 7 3.1 3.1 SCCO 31 1.2606 2.10 .2952 5zz o.56 •-0.26 29 1.19 6
420 3.5 3.2 SOCC 33 1.30 7 8 3.04 .3421 645 0.57 .0.20 31 1.19 5426 4 .1 3.1 5 000 36 1.3119 3.34 .4035 81 9 0.57 -0.20 24 1.06 3-429 4.6 3.1 5000 31 1.4297 3.58 .4636 987 0.;7 -0.17 23 0.96 3

1/1
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TABLE A23 STAGE C VARIATION it' THE PRESSURE COEFFICIENT AND

THE ROTOR LABYRINTH (WEBS)

FORCE MEASUREMENT PERPENDICULAR TO DEFLECTION DIRECTION

(EXCITATION FORCE MEASUREMFNT)

ROTOR ADJUSTMENT 61A n . q 04.1 D fo /0 04 •.53 Au-4*21 WITHOUT WEB

MN PSI SA X	I.	 7E	 PE	 M	 OPT	 US	 KZS	 K2 FK2	 L1	 FL1
UPM C	 BAN KG/S SAIL	 it	 0/l1	 0/0

559 2.1 3.o 5000 29 1.13 3 5 2.16 .1039 267 0.73 2.84	 2 -0.2 q 45
362 3.5 3.0 5000 36 1.28 7 9 3.00 .3343 63 J.64 2.27	 0 -0.43 11
565 5.0 2.9 5000 43 1.4634 3.78 .5100 1148 0.54 	 1.70	 1 -0.63	 14

ALL CHAMBERS WITH WEBS

549 2.0 3.0 50(0 38 1.13 7 3 2.lo .1 7 54 255 0. 7 7 0.11 76 -0.00 999
552 3.6 3.4 5000 50 1.2910 2.93 .3262 636 0.64 0.06 8 1 U.23	 5
555 5.0 2.0 3000 52 1.4547 1.67 .49i^ 110 7 0. 5 4 0.02 110 0.31	 16

FIRST CHAMBL c WITH 14EBS

568 2.1 3.0 5000 34 1.1330 2.15 .183F 273 0.71 -1.67	 6 -0.02 536
571 3.6 2.9 5010 42 1.2624 2.97 .3316 .640 0.64 -0.94 16 0.1 7 50
574 :.7 2.9 5 000 51 1.4507 1.74 .5086 1163 0.52 -0.57 13 0.2n 29
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TABLE A24 REACTION STAGES

FORCE MEASUREMENT IN DEFLECTION DIRECTION

STAGE ADJUSTMEN STAGE A

MR PSI SAX	 I	 TE	 PE	 11	 DPT
UFM C	 BA R KG/S BAR

1 3.6 1.6 3000 31 1.0 7 2 3.71 .1129
0 7 3.6 2.i 7000 3 3 1.0751 3.74 .1103
on 3.1 3.6 3000 21 1.0901 3.90 .1111

STATOR ADJUSTMENT STAGE B

469 2.3 3.3 4000 31 1.1153 2.4U .1393

ROTOR ADJUSTMENT STAGE B

470 2. 4 3,3 4010 30 1.11 4-1 2.39 .1316

US	 K1	 Fi.1	 L2	 FL2
h	 0/0	 0/0

487 0.61	 1C 0 9 43	 5
487 0.30 20 0.44	 3
321 0.04 133 0.71	 2

284 -0.34	 7 1.05	 4

280 -3.60	 5 -0.66 33

STAGE ADJUSTMENT STAGE B

471 2.3 3.3 4000 27 1.11 6 2.44 .1441 29 •. -3.b6	 9 000 33

STAGE ADJUSTMENT 3-STAGE GROUP

311 6.9 2.8 LOCO 42 1.23 4 1 2.17 .3016 1078 -2.53 	 4 0.41	 19
497 2.3 2. 9 4000 72 1.39 4 3 2.47 .4347 899 -3.061?	 6 0.77	 23
309 2.3 2. 1 4 000 39 1.3968 2.61 .4364 839 -?.59	 6 0.62 33
312 2.4 2.1 4000 SO 1.39 9 3 2.58 .4431	 595 -3.4{;	 7 0.27 69
313 2.0 2.1 43C0 52 1.4337 2.69 .4787 680 -3.8< 	 14	 ':29 91

IN
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TABLE A25 STAGE C VARTATION OF THE AXIAL GAP AND COVERING
	 /157

w

FORCE MEASUREMENT IN DEFLECTION DIRECTION

STAGE ADJUSTMENT L1A • .0 M,1 UN /019.35 A564010

hk P SI SAX	 1	 71	 Pr.	 M	 DPT
Ufl:	 L	 OAI	 KG/S	 8AIl

133 3.5 1.2 SU,.O 34 1 .1113 3.U9 .3403
141 3.5 1.2 5 UCO 3J I.J154 3.11 .3419
180 3.5 2. 7 5OLU 33 1.3017 J.o$ .33ly
la g 3.5 J.: ^OLU 31 I.J1 J 1 3.11 .3411
164 3.5 -r.2 5010 J2 1 .30 7 5 3.U9 .3314
172 3.5 5.Z 5 00 34 1.309 3.06 .3342

US	 K1 FK1	 L2 FL?
11	 0/0	 0/0

652 -0.02 290 0.25 23
654 -•0.17	 30 -0.13	 30
047 -O.U9 83 -0.11 29
670 0.14 46 -0.44 11
642 0.90 10 -0.65	 9
63d 1.00 13 0.1 9 76

STAGE, ADJUSTMENT %o[A'.9 MM DW OP6.35 u86018

286 3.6 0.5 5 010 40 1.1036 J.O1 .339!
205 3.6 1,6 5010 3J 1.3181 3 ,11 .3710
304 3.6 2.7 5000 41 1 .30 3 2 3.00 .3360
34J 3.6 3.4 5 000 38 I.J057 3.03 .)407
361 3.5 4.0 5000 35 1.3059 3.03 .3409
379 3.5 4.7 5000 3. 1.3051 3 .02 .3309

ROTOR ADJUSTMENT uCA-.9 MM 011/ W.

285 3.6 0.5 5 000 39 1.30 k 1 3.ul .3394
264 3.6 1.6 5000 32 1.3157 3.10 .3488
303 3.6 2.7 5 000 41 1.3032 3.01 .3389
342 3.6 3.4 5000 30 ;.1062 3.03 .3409
361 3.5 4.0 50CU 35 1.JO65 3.04 .3407
378 3.5 4./ 5 000 37 1.3054 3 .UZ .3367

644 -1.99	 4 2.15	 3
674 •0, )7 30 o.10 42
649	 32 -0.12 22
651 0.25 42 -OiA9 21
64-7 0046	 13 -0.e,3	 10
644 0.79 14 -0-25 24

.35 AB n 4018

648 -3.01	 12 -1.72	 !6
:.60 -1.13	 9 -1.44	 6
649 -0.63 14 -1.1 7	7
651 -0.34 30 -0.99	 5
646 -0.19 68 -0.90	 7
644 0.14 89 -0.81	 7

STATOR ADJUSTMENT UCA -.9 HH D1i /D r n . 35 AS-4818

	

284 3.6 U.5 5000 39 1.10 4 0 3.01 .3397	 647 0.78	 12 3.32	 5

	

302 3. 5
 Z^7 5000 32 1.3137 3.U9 .3471	 660 0.65	 8 1.58	 7

	

CCU 4J 1.3034 3,01 .3392 649 0.39 10 0.98 	 3

	

341 J.6 3.4 5000 J7 1.3007 3.04 .3410 650	 0.55	 13 0.62	 17

	

35 7 3.5 4,U 5000 34 I.J066 3.04 . 34 11	 645 0.66	 8 0.45 25

	

37 3.5 4.1 5 0LO 37 1 .30 1- 3.02 .1-v 644 U.71	 9 0.46 15

i
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TABLE A26 STAGE C VARIATION OF THE PRESSURE COEFFICIENT AND

THE HUB RATIO

FORCE MEASUREMENT IN DEFLECTION DIRECTION

STATOR ADJUSTMENT UCA 4 .9 M h ON /0v n .53 AB •4.21

MR P SI SAX	 I- TE	 RE	 M	 OPT	 US	 FK1	 LI FL?

	

UPM C	 849 KG/S BAR	 N	 0/0	 0/0

338 2,1 3.0 5 000 28 1,1354 2,17 ,1843	 269 0,99	 15	 2,02	 4
561 3.5 3.0 3000 35 1.28 7 8 3.01 .3346 637 0.51	 '	 1.64	 3
564 5.0 2.9 3000 4,2 1.46 4 1 3,78 .310 . 114 9 0.35	 1.55	 2

ROTOR ADJUSTMENT UEA n .9 Mt! ON/0 1 6.53 AI.4c11

559 2.1 3.0 5000 29 1.13 3 9 2.16 .039 267 -0.93 34 -1.1 0	13
562 3.5 3.0 5000 36 1.2179 3.00 .3349 637 -0.77 16 -0,02	 9
565 5.0 2. 9 5000 43 1.4634 3.78 .510L 1141 -0.88 	 9 •-0.68	 B

STAGE ADJUSTMENT UEA -.9 Mn 3N/DM-.59 AR66421

	560 2.1 3.0 5000 30 1,1334 2.15 .1811 267 0,39 39 0.92	 13

	

363 3.5 3.0 5000 36 1,2881 3.00 .33.6 638 -1.34 3 7 0.73	 8

	

5',6 7.1 2.9 3000 43 1.4629 3.77 .5097 1141 -0,64 21 0.79 	 5

STATOR ADJUSTMENT UE1 1 .9 MM DN /DM-.7o AB n o

2 2.0 3.1 3000 31 1.146 2.09 .1755 248	 2.95	 5	 1.55	 10
5 3.6 3.1 5000 45 1.3029 2.98 .3399 o53	 1.87	 8	 1.32	 9
1 5.2 :4.2 5000 60 1.4677 3.65 .5059 1155 	 1.48	 9 1,52	 8

ROTOR ADJUSrfFNT VIA • .c MM ON/DM n .7r A8.0

3 2.0 3.1 5000 33 1.13 4 1 2,08 .1 7 30 248 -0.50 49 -0.73 29
6 3.7 3.1 3000 47 1.1016 2.97 .3385 633 -n,67 11 -o.e3	 1'
9 5.3 3.1 3000 63 1,4644 3.63 .5C31 1152 -0.83 	 7 -0.58	 B

STAGE ADJUSTMENT UEA-,9 MM DWO V• .70 AB-0

4 2.G 3.4 5000 34 1.1339 2.07 .1747 248	 2.51	 11	 0,70 31
7 3.7 3.1 3000 48 1.JOC9 2.45 ,338r 653	 1.31	 13 0,75 fb
10 5.3 3.1 SOCO 66 1.4613 3.60 .4993 1146 0.74 	 11 0.83 13

k
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TABLE A27 PROTOCOL FOR THE DETERMINATION OF THE DAMPING

CONSTANTS

R:• EVALUATION STAGE C	 ?IEASURELIENT SERIES 23	 DETERMINATION OF DAMPING CONSTANTS

I SAS S =	 1 1 1 .0	 KG

v v Sr1	 S v 7 	 5 9 3 	 S -1 1	 S+2	 S v 3	 ux	 J,	 Dx	 if
1.5 t	 t	 /	 .)	 _	 ''	 1/S	 115	 NS/IM	 JS/14

12.0 5.13 47.5 41.,	 47 .7 16 7 .) 45.5	 45.5	 -2.760 -2.l?)	 4,300	 7.)17 FRONT.1
5.45 40.1	 4J,1	 45,5	 46.3	 5).3	 S3,`	 -2.700	 -2.452	 0,311	 3.331	 BACK

4.308 3 .32) MEAN VALUE

> 12)1 5.13 43.5	 ♦ o., 47,5	 45,3 45.3	 .2. 7 50 -2. 1 47	 1.107	 3.1J4	 FRONT
5,15 55.1	 S).)	 51,	 51.)	 54.3	 -i.cJ3	 -3.234,	 0.355	 7.357	 BACK

X1.330 1.1)1	 MEAN VALUE

1214 5.53 48.3	 46. E 	168.;	 4 11,1	 -2.830	 -z,43S	 .1.314	 3.32z	 FRONT
5.[3 S).1	 168.1 45.3	 -3.131	 -2.53)	 1 ,347 0011	 BACK

0.331 3.317 MEAN VALISE

DAMPING CONSTANTS: 0K w x,323 45/ ,4,4	 .- 4.2z
a

Or	 n 	 0.322	 4S /h ,4	 1/3
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TABLE A28 PROTOCOL FOR `1'11E EVALUATION OF A MEASUREMENT SERIES

(KUNETIC TESTS)

EVALUATION; MEASUREMENT SERIES 30	 DETERMINATION OF EXCITATION C014STANTS

(BLADE LENGTH = 41.5 DOI)• 1".3 <r. :4 7,0 1 4 4/+ 11 oyK	 46.113 t/S f	 .	 177.b
C'1 4	 n 1 41 . 1 1 /14 :Yf n 201,9 WAM A • 1. )W.
C <Y	 n -lv.a 11Y 1 :Y<	 • .10, 9 •:/ 44 K	 • .0055 C	 •	 1.350

i ,Jo7 IS /41 )Y	 • n .450 NS/4-4 0	 • 4.011) 4	 •	 :.41%

' P f S<1 SXl SX3 SQ S Q	 Sf3 Q PSI	 1S K JS S
'4 US 013

4331 5,10 19.1 13.5 31.) 31.2	 31.)
S.lb ,Q.) 40.) 32.) 31.7	 31.5 -1.574 10.5) II 9 7 1.10	 417 2.15 .3341 .3577

4 1 32 5,16 15.5 15.5 15,5 22.3 21.7
5.1b 15.5 15.5 1!,) 21.) Z1.) -1060 11.33 26.5 117	 S63 2.71 ,3230 .0124

1* 1 33 5 9 16 12.) 12.3 12.) 14.3 15.7 "
5,4.6 12.7 11.5 12,) 13.5 15.J .0.766 7,4) 32,) 2, OS	 13♦ 1.11 ,3156 .3111

'61 74 5,15 12.5 12.5 12.5 15,3 14,3
5.1b 13.1 12.5 13.1 1 4 .) 13.5 •0.74) 4.53 11.7 2,2a	 10) 1.51 ,3170 .J105

.455 S.lb 9.) 9.1 9,) 0.7 1763
5.1b y .3 F.5 9.) 6.5 10,0 n 3.52b 1.31 1 5 ,3 2,55	 1517 1 n 43 ,3114 .3169

+)55 5.16 2.) 2,) 2,7 2,1
S, lb 2.) 1.3 2,2 2.3 2.3	 2.7 -0.119 3 .54 40.5 2,81	 1165 1. 4 5 0026 .1030 w

1

MEAN VALUES .0.10b 1.43 2,15 1.73

A



1	 c cxx Cvr cxr crx ox or u I
MG	 I,/1'1; N/ MM '1/M'A 11/ 1 1!1 N/VV V$ /MM tjS/MM 1/S 4/'^"

w STAGE A	 '^	 1

INITIAL VALUES 67 70019 196 . 1 1 9 6.1 - 2 . c -2-0 0,0755 J.0 7 55 -7.44 7.8/.
MEAS.UNCERT. o/ n 1.G	 1.0 1.3 2-^ 2n.o zc. m 5.0 5.0 2f'.7

L EFFECT ON Q 0/0 -C-9	 0-f' 11.7 11. E 7. 6 -2.4 3.1 3.1 - 1 1 .4 21." 0/0

TOTAL ERROR

STAGE C	 21

,. INIT.VALUES 111	 -o(j19 196. 5 194 .0 -7.7 -9,5 0.3203 1.3224 -).7 7 10.52
MEPS.UNCERT. o/o 1.0	 1.0 Z-o 2.1 20.0 2c. n 4,2 3-4- 10.1
EFFECT ON Q i/n -m.7	 0.0 2.2 0-n 7.0 -2,8 2.1 1.7 -2.5 9.6 0/0

TOiF1L ERROR

`TAG£ C	 42 21

INIT.VALUES 11;	 • QC, 17 1c3.9 1 94 .1 -7 .7 -12. 01 0.3313 J.3011 -1.11 37.35
MEAS.UNCERT, oio 1.0	 1.0 L.c 2.1 20.0 20.0 2. 4 2.5 17.2
EFFECT ON Q n/I -c.3	 ',G i.0 7.7 6.2 -3.1 0.5 0.7 - 3.2 12.4 0/0

TOTAL ERROR

3-STAGE GROUP MR 30

INTT.VAI.UF. S 1R5 7 CG1 9 197.1 205. 1 - 10.5 -10.2 0,3072 1.4596 -3.7 9 31.51
MEAS.UNCERT. 0/0 1.r	 1.0 2.0 2.^ 2n . 0 20.n 1.0 .,• 5.4
EFFECT ON Q 0/0 -C .5	 0 .0 -3.2 5.1 11.7 -2.^ 0.5 1.2 -2.6 11.6 0/0

TOTAL FRROR

3-STAGE GROUP MR 31

INIT.VALUES ley 70019 205 . 9 210.4 -11.5 -11 . 4 0.2592 j-4114 -0.47 32.20
MEAS.UNCERT. 0/0 I.n	 1.0 2.n 2.- 2040 20.^ 3.1 1.5 13.2
EFFECT L N Q 010 -%4	 0-n -0.5 2.4 12.7 -1.9 1.1 0 . 4 -2.4 17 .4 0/^

TOTAL ERROR

V.1

1

i

:a

V

r
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TABLE A29 ERROR COMPUTATION FOR KINETIC TESTS

Lt	 - -

	 J
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