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ABSTRACT

The asymmetric flow aroumd an impeller in a volute exerts a force
upon the impeller. To study the rotordynamic force on an impeller which
is vibrating around its machine axis of rotatiom, the impeller, mounted on
8 dynamometer, is made to whirl in a circular orbit within the volute,.
The measured force is expressed as the sum of & stesdy radial force and an
unstondy force due to the eccentric motion of the impeller. These forces
were moasaxed in separate tests on s centrifugal pump with =radically
increased shroud clearance, a two-dimensional impeller, and am impeller
with an inducer, the impeller of the HPOTP (High Pressure Oxyzea Tur-
bopump) of the SSME (Space Shuttle Main Engine). In sach case, a dosta-
biliziag force was observed over a region of positive whirl.

NOMENCLATURE 22

[A} hydrodynamic force matrix, nom-dimonsionalized by pxe b,

A2 impeller outlet area (2ﬂ:zb2)

bz impeller discharge width

Fl,Fz components of the instantaneons lateral foroce om the
impellexr in the rotating dynamometer reference frame

Fx.F components of the instantaneons lateral force om the

y impellgr, in the fixed laboratory framo, non—dimensionalized

by pne r,b

Fox'Foy values oi 3 and F_ if the impeller was at

the origin 3 the Inbontoiyafn-o (volute ceater),
non—dimensionalized by pne b

Fn‘Ft components of the lateral force om the impeller normal
to and tangential to the 'Pfl orbit, averaged over the orbit,
non—dimensionalized by pne r bzg

/3 ratio of whirl/impeller uh:f% speeds

Q fiow rate

r, impeller discharge radius

t time

X,y instantaneous coordinates of the impeller cemter im the fixed
laboratory frame, non—-dimensionalized by «x

e radius of the circular whirl orbit (1.3 n}

] angular position of the impeller on the whirl orbit, measured

from the volute tomgue in the direction of impéller rotatiom
P density of water

é fl& coefficient based on the impeller discharge area and tip speed,
wr

® ta%ian frequency of the impeller (shafi) rotation

13 radian frequency of the whirl motion = Iw/J

HPOTP High Pressure Oxygen Turbopump
SSME Space Shuttle Main Emgine
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Figure 1. Schematic
feprassntation of
the lateral forces
in the rotating
dynamometer frame
(as F 'FZ)' in the
statiohazry volnte
frame (as F_,F)
and in the foch
polar coordinate
frame (as Fn’Ft) .

Figurs 2, Asasmbly
drawing of impaller
X in the =modifisd
test ssctiom, with
the imlet flange
shortened.

Figure 3, Assembly
drawing of impellsr
Z inatalled in the
teost ascties,
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INTRODU CTION

The force experienced by & rotating turbomachine has an unsteady com—
ponent related to the lateral vibration of the rotor. Knowledge of the
unsteady force is crucial to understanding the rotordynamics of the tur—
bomachine. This force has been measured on pump impellers by various
authors: Jery [1-2], Ohashi [3-4] and Bolleter [5]. Presented in this
paper are results for a centrifugal pump with an enlarged annular region
surrounding the shroud, a two dimensional impeller and also of ome half of
the double-suction impeller of the HPOTP (High Pressure Oxygen Turbopump)
of the SSME (Space Shuttle Main Engine).

EXPERIMENTAL FACILITY

The references [1-2] provide a description of the facility prior to
the current modifications. Briefly, the dynamometer, composed of two
parallel plates comnected by four strain-gaged posts, is mounted between
the impeller and the drive shaft. The impeller is made to whirl in an
orbit about the volute center, in addition to the normal shaft rotation.

Refering to Fig., 1 the lateral force on the impeller, in the station—
ary volute frame of reference, can be represented by

Fx Fox e/r2 cosfit
= +  [A (@/w)]

F F
y oy

s/r2 sinfit W

This force can be considered as the sum of two forces: a fixed force,
represented by F_ and F__, which the impeller would experience if located
at the volute cegfex, an@ an unsteady force due to the eccentric motion of
the impeller, represented by a force matrix [A]l. The gravitational and
bouyancy forces on the rotor are subtracted out. Dimensionless quantities
are used throughout {see Nomenclature for definitionms).

EXPERIMENTS AND RESULTS

The forces on a five bladed Byron-Jackson centrifugal impeller,
designated impeller X, in various vaneless and vaned diffusers, among them
a spiral volute {volute A), were measured using the dynamometer [1-2].

Subsequently with the impeller at fixed positions on its whirl orbit,
pressurs measurements were taken at the volute entrance and in the annular
region around the front shroud. Based on these measurements, the computa—
tion of the hydrodynamic force matrix [A] corresponding to a whirl ratio
of zero had a significant contribution from the front shroud, Adkins [6-
71. During this program, the inlet flange of the test section was shor-
tened, exposing the amnular region to the housing reservoir, as shown in
Fig. 2. The forces on impeller X were measured and partially reported
{6-71. During these tests, rings were installed within the volute with an
axial clearance of .13 mm from the impeller to reduce leakage flow from
the volute to the impeller inlst.

Impeller Z, 2 two—dimensional model of impeller X with logarithmic
blades and 2 blade angle of 250. was tested in volute A with the test sec—
tion modified to eliminate the annular region, Fig. 3. Throughout these
tests, the face seal clearances at the front and back of the impeller were
13 mm,

The steady force {FO] as a function of flow coefficient is plotted in
Fig. 4. Included are previous results of impeller X in volute A without
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Figure 4. The mag-
nituvde and direc—
tion of the steady
force (F } as a

function of flow
coefficient at 1000
RPM of impeller X
in volute A, with
and without the

front flange shor—
tened, of impeller
Z inm volute A and

of impeller R in
volute E,

Figure 5. Average
nermal force at
1000 RPM with a

flow coefficient of
0.06 of impeller x
in volute A with
and without the
front flange shor-
tened and of
impeller Z in
volute A.

Figure 6. Average
tangential force at
1000 RPM with a
flow coefficient of
0.06 of impeller X
in volute A with
and without the

front flange shor-
tened and of
impeller Z in
volute A,
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RFigure 8. kvernge
noreel force et
1060 EP¥ of

impeller E in
volute B for veri-
ous floe cosffi-
ciente,

Figure 9. Average
tafigentisl force &t
1000 BPE of
impelier R in
volite B for veri~
ous flow coeffi-
cients,
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the front flange shortemed. Meossurements of impeller R in volute E will
be discussed later, The impeller dimensions used to mon—dimensionalize
the forces are listed in table 1. For impellexr X the force magnitude is
smaller whean the front flange is shortenmed, Impeller Z has a smaller mag—
nitude. {F ]} has a minimum for doth impellers in the vanmeless volute A,
The dgqoml elements of the hydrodynsmic force matrix [A(R/w)] are
nearly equal and the off-diagonal elements are nearly equal but of oppo—
site sign., The matrix will be presented in terms of the average mnormal
and tangontial‘forcec. Fn and Ft‘ given by

F o=@+ Ayy) /2 and F, = (-Axy + Ayx) /2 (2)

Fn and Ft for the two impellers are presented in Fig. 3-6 for a flow
coefficient of 0.06§, Under reverse whiri both F and F, for impelier X
are snaller with the front flange shortened. Under Yo-ward®whir1 Ft is im
the same direction as the whirl motion, thus destabilizing, over a smaller
‘range of whirl ratio. Tha forces on impeller Z are smaller. Observe that
the projected area of impeller Z in the radial direction, upon which &
pressure unbalance gives a lateral force, is smaller.

One half of the double-suction impellier of the HPOTP of the SSKE,
designated as impeller R, was installed in volute E. The impeller has
oight blsdes and an inducer with four blades. It was modified prior to
installation, gprimcipally the outlet diameter was reduced slightly.
Volute E has seventeen, circular arc vames and an elliptical cross sec—
tion. Fig. 7 shows impelicr R installed im volute E.

The steady force fexr impeller R was included in Fig, 4. Theze is a
small variation withk flow coefficient. F_ and F, are presented in Fig.
8~9, For ¢é=0.14 the curve of Fn has a pua%olic siape and F can be
approximsted by a straight line, with the region of destabilfzing whirl
0{0/w < 0.2. For é=0.09 F_ is approximately constant over & whirl ratio
of -031<¢0/w € 0.4, while for é=0.07 F, resembles a cubic function. Since
Ft crosses the axis three times, there exit regions of ostabilizing and
destabilizing whirl for 0.0< n/u 0.6, At these lower flow coeffi-
cients, F_ has departed from a samooth parabola over this whirl ratio
range. R%potts [8-9) presont the above data for more fliow coefficients.

Tufts were placed upstream of the inducer, inm order to make observa—
tions on flow reversal. At a position of § nm upstream of the inducer
leading odge, flow rxeversal vas observed for ¢ < 0,095, For &< 0.075
flow reversal was observed in a region extending to ome inducer diemeter
upstream of the imducer leading edge.

CONCLUSION

Exposing the snnular region surrounding the shroud to the housing
reservoir reduced the forces upon impeller X and reduced the destabiliziag
whirl ratio range of the average tamgentiszl forxrce. These results indicate
the importance of the extormal shroud region uwpon the impeller forces.

Impeller Z, a two-dimemsional model of impeller X, had a smaller
steady force and a hydrodynamic force matrix with smaller elements. The
average tangential force was destabilizing over a whirl ratio range com-
parable to impeller X in the uamodified test sectiom,

Impeller R, one half of the double—suction impeller of the HPOTP of
the SSME, had the largest magnitude of the average tangential force in the
region of destabilizing whirl, With decreasing flow coefficient, the
curve of Ft changed from an approximately straight line to a cubic, with a
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corresponding increase in the region of destablizing whirl from ﬂ/m 0.2
to #/0w < 0.6. This transition in the curve of F. appears to coincide with
the occurrence of flow reversal upstream of the inducer.
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LIST OF TABLES Impeller z, (mm) b, (mm)
Table 1. Impeller Dimensions X 81.0 13.7
Z 81.0 15.7
R 83.8 14.5
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