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Introduction 
For rotordynamic problems, forces on seals and bearings play 

important roles. For these problems, see Childs' textbook 
( 1993). For turbomachinery operating at supercritical shaft 
speed it is also important to understand the characters of un
steady fluid forces on the impeller which occur in response to 
shaft vibration. They are called "rotordynarnic forces (Brennen, 
1994)" and considerable know ledge has been obtained for 
whirling closed type centrifugal irnpellers. Although the impel
ler whirling forces are basically stabilizing the rotor vibration 
(Ohashi and Shoji 1987, Shoji and Ohashi 1987), they become 
destabilizing under the following conditions: ( i) at reduced flow 
rate ( Ohashi and Shoji, 1987, Tsujimoto and Acosta, 1987), 
(ii) when there is interaction with volute or vaned diffuser (Jery 
et al., 1985; Adkins and Brennen, 1988; Tsujimoto et al., 1988A, 
1988B) or ( iii) when the clearance between front shroud and 
casing of 3-D impeller is small (Jery, 1986; Ohashi et al., 1988; 
Bolleter et al., 1987; Guinzburg et al., 1994; Childs, 1989). 
The importance of the shroud/ casing clearance flow was shown 
recently by Smith et al. ( 1996) from their field experiences. 

For precessing motion, Ohashi et al. ( 1991 ) have shown that, 
from direct force measurements, the fluid force moment may 
become destabilizing for the precessing velocity ratio 0 ::s fl/ 
w ::s 0.5. This destabilizing velocity ratio range is quite similar 
that of whirling cases mentioned in the last paragraph. The 
present paper focuses on the backshroud/ casing clearance flow 
and attempts have been made to explain the flow mechanism 
based on the bulk flow model, originally applied by Childs 
( 1989) to estimate the whirling shroud forces. In the present 
study, the precessing shroud force moments are evaluated from 
unsteady pressure measurements, which includes the effects of 
the leakage flow rate and the flow resistance at the entrance of 
the leakage flow path. In addition, unsteady pressure and veloc
ity field measurements are conducted and the results are corn-
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pared with those of the bulk flow model. The experimental 
results are partly reported elsewhere (Yoshida et al., 1996) but 
the discussions on the flow mechanisms are made in the present 
paper based on the bulk flow model. 

Outline of Experiments 
Figure 1 (a) shows the experimental apparatus. The impeller 

is a model of a boiler feed pump with outer radius R, = 165 
mm, width b2 = 28 mm, and vane angle from tangent = 24.5 
deg and design flow coefficient cf>d = 0.106. Details of the 
apparatus have been reported by Ohashi et al. (1991 ) . The 
center of the precessing motion is set at 0, the intersection of 
the centerline of the untilted impeller with the central plane of 
the impeller discharge. The axis of the impeller executes a 
precessing motion with a constant precessing angular frequency 
n keeping the apex angle to be a = 0.9 deg. The rotational 
speed of the main shaft is kept to be 677 rpm ( =60w l21r) and 
the precessing velocity ratio rl!w is changed between -1.4 and 
1.4. Air is used as the working fluid. The flow from the impeller 
is discharged to a vaneless diffuser of radius ratio 1.45 and then 
to a circular collector, as shown in Fig. 1 (b). 

Although the leakage in the backshroud clearance in boiler 
feed pump is radially outward, inward leakage flow is assumed 
in this study since it is more common in other types <if the 
pumps. The unsteady pressure is measured using the pressure 
taps C-F. The unsteady velocity measurements are made at the 
same radial locations as the pressure taps, by using a hot wire 
anemometer. The clearance S at the leakage flow entrance is 
changed to be S = 1, 2 and 5 mm. The backshroud/casing 
clearance at normal position is set to be H0 = 7.5 mm. The 
circumferential Reynolds number at the leakage flow entry (at 
impeller outer radius R,) based on the clearance H0 was R,wH0 / 

v = 5850, and the radial Reynolds number range URH0 /v = 0 
- 193, where UR is mean radial velocity at the leakage flow 
entrance due to leakage flow. The leakage flow exit G is con
nected to a blower to produce the leakage flow through a flow 
meter and a flow control valve. 

Figure 2 shows the coordinate system. The r-axis is set in 
the direction of maximum clearance and the t-axis perpendicular 
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to it, proceeding by 90 degs from r-axis in the direction of 
impeller rotation. The precessing angular velocity 0 is positive 
when it is in the same direction as the impeller rotation w. The 
fluid moment M is represented with its radial (M,) and tangen
tial (M,) components. For the cases when M, has the same sign 
as 0/w, it has the effects to promote the precessing motion in 
the direction of 0, (with the opposite sign, to damp). On the 
other hand, M, > 0 shows the moment which has the same 
effect as the increase of shaft stiffness for bending, for overhung 
rotor. The moments M, and M, are normalized with M 0 = Iaw 2 , 

where I= p1rRfb~i2 with i = ~Rf/4 + b~/12 is the moment 
of inertia of hypothetical fluid disk of thickness b2 and radius 
R; , around the diameter. 

Bulk Flow Model 
The bulk flow model was first applied by Childs (1989) to 

estimate the forces on the front shroud of a whirling centrifugal 
impeller and later by Guinzburg ( 1994) on a model rotor. The 
details are not reproduced here. This model assumes a two
dimensional inviscid flow with variable flow thickness H, in 
which the (empirical) wall shear stress is taken into account as 
an external body force. The momentum and continuity equations 
are linearized assuming that the unsteady components of flow 
thickness, pressure and velocity are sufficiently small. In the 
present study, the fundamental equations are integrated numeri
cally so as to satisfy the following boundary conditions. 

At the leakage flow inlet (R = R; = 165 mm, see Figs. l 
and 5) 

(For steady component, represented with suffix 0) 

(a) Radial velocity URo is given from assumed leakage 
flow rate 

(b) Tangential velocity U80 = 0.5 R;w, caused by equal 
steady wall friction on both sides of the inlet clearance. 

(c) Pressure P0 can be given arbitrarily as a reference pres
sure. 

(For unsteady component, represented with suffix 1) 

(d) Unsteady tangential velocity U91 = 0, resulting from 
uniform circumferential distribution of wall friction at 
the inlet. 

(e) Resistance at the inlet is represented by P 1 I p = F ( U R 1 ) , 

the functional form of F is discussed later. 

At the leakage flow outlet (R = Ro = 32.5 mm, see Fig. 1) 

(For unsteady component) 

Nomenclature 

t =time 

(f) Constant pressure P1 = 0 is assumed since the leakage 
flow exits to a relatively large space without flow re
striction. 

The shear stress representation as proposed by Hirs (1973 ) is 
used with Yamada's empirical factors (1962) in the following 
calculations. 

Results and Discussions 
The results are shown only for design pump flow coefficient 

cf>d = 0.106, since it was found that the effects of pump flow 
rate was quite small. This suggests the validity of the boundary 
condition (b). 

Velocity Distribution Across the Clearance. Figure 3 
shows the mean velocity distribution and the amplitude of ve
locity fluctuation caused by the precessing motion with 0/w = 
0.2 and 1, with the leakage flow coefficient c/>1 = 0 and the 
clearance S = 2 mm. The measurements are made at location E 
(R = 100 mm, RIR; = 0.606) in Fig. 1. The range ofbackshroud 
movement is shown in the figure. The average of the mean 
tangential velocity is Uol Rw "" 0.5. Small inward velocity (i.e., 
UR < 0) due to secondary flow is observed near the casing wall 
but UR/Rw "" 0 at the center of the clearance. The amplitude 
of the velocity fluctuation is relatively uniform over the clear
ance and it was confirmed that the phase was nearly constant. 
From this measurement it is expected that the bulk flow model 
is a good approximation of the clearance flow. 

Effects of Loss at the Inlet of Leakage Flow Path. It is 
generally assumed that the pressure loss t:.P at the inlet is 
proportional to u~: 

(1) 

The perturbation of this relation gives 

P,lp = F(URI) = -(1 + EJURoURI (2) 

which gives zero pressure fluctuation (P1 = 0) for the case 
without leakage ( c/>1 = 0, U RO = 0) irrespective of the value of 
loss coefficient{. Figure 4 shows the comparison of the results 
of experiment and calculations with the assumption of Eq. ( 1). 
The calculation underpredicts the moments significantly. 

Under this situation the loss is experimentally examined. Fig
ure 5 shows the dependence of loss on the leakage flow coeffi
cient c/>1• (The circumferential Reynolds number R;wSIY (S = 
2 mm) is 1560 and the Reynolds number in the flow direction 
VmSIY is from 0 to 193 in the experiment.) The pressure loss 
is estimated from the pressure measurements at pressure taps 

b2 = impeller outlet width (see Fig. 5) 
H = flow thickness 

H 0 = casing/backshroud clearance 
j = imaginary unit 
K =proportionality constant, Eq. (3) 

M, = radial component of fluid force 
moment 

UR, Uo =radial (positive outward) and 
circumferential (positive in the 
direction of impeller rotation) 
velocity 

c/>1 = leakage flow coefficient, = leakage 
flow rate/(27rRTb2w) 

w = angular velocity of impeller rotation 
n = angular velocity of precessing mo

tion 

M, = tangential component of fluid 
force moment 

P =pressure 
t:.P = pressure loss at the leakage flow 

entry 
R = radial coordinate 
S = clearance at the leakage flow entry 

Journal of Fluids Engineering 

V m = mean velocity at the inlet clear
ance 

a = apex angle of precessing mo-
tion 

{ = loss coefficient 
8 = circumferential coordinate 
J.L = viscosity 
l/ = kinematic viscosity 
p =density 

cf> = pump flow coefficient, = pump 
flow rate/(27rRTb2w) 

Suffix 

0 = steady component 
1 = unsteady component 
i = inlet to the leakage flow path, at the 

outer radius of the impeller (see Fig. 
1) 

o = exit from the leakage flow path, at 
the inner radius of the impeller (see 
Fig. 1) 

r = radial component (see Fig. 2) 
t = tangential component (see Fig. 2) 

JUNE 1997, Vol. 119 I 367 



S=l, 2, 5(mm) 

A-F: pressure and velocity 
mesurement locations 

G: leakage flow exit 
0: center of precession 

inlet ofleakage flow 

Fig. 1 (a) Details around the impeller 

collector 

Fig. 1 {b) Cross section of the pump (impeller, vaneless diffuser, and 
collector) 

Fig. 1 Experimental apparatus 

A (RIR1 = 1.09) and B (RIR1 = 0.989), taking into account 
the effect of centrifugal force due to swirl. The loss is rather 
linear with cp1 than parabolic as expected from Eq. ( 1). For the 
case with S = 1 mm, the loss can be estimated as the sum of 
pressure loss of Poiseuille flow and the dynamic pressure of 
the mean leakage flow. However, this gives smaller loss for 
larger clearance. Even at cp1 = 0, the linear curves have finite 
slope and thus the inlet pressure P1 has nonzero value unlike 
the relation of Eq. ( 2) . 

Based on this result the relation 

(3) 

has been used for the boundary condition (e) with K estimated 
from the slope of the ~p - cp1 curve. The full line in Fig. 6 
shows the result under this boundary condition. We observe 
reasonable agreement. We should note that the destabilizing 
moment M, > 0 in 0 < 0./ w < 0.5 is nicely simulated. 

The velocity and pressure fluctuation fields as viewed from 
casing are shown in Fig. 7. The velocity fluctuation is measured 
at 3 mm from casing in the 7.5 mm casing/backshroud clear
ance. The direction r is defined as the direction with maximum 
clearance. These patterns rotate with the angular velocity 0 of 
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the precessing motion. The pressure distribution on the back
shroud was integrated to estimate the fluid force moments M, 
and M1 • The experiment and the calculation agree fairly well 
including their phase relationships. 

The above discussions show that the bulk flow model can 
estimate both the flow field and the resulting force moment 
once the correct behavior of the inlet loss is used, for the cases 
with the size of the clearance of the present study. 

Effects of Wall Shear Stress. In the perturbation analysis 
using the bulk flow model, the wall shear stress can be separated 
into steady (time mean) and unsteady (perturbation) compo
nents. Figure 6 compares the results of calculations under the 
following three conditions, without leakage flow: ( 1) with 
steady and unsteady shear stress, (2) with steady but without 
unsteady stress, and (3) without steady and unsteady shear 
stress. The steady shear stress . controls the steady tangential 
velocity distribution. Without leakage flow, the tangential veloc
ity becomes U90 = 0.5 Rw so long as the shear stresses on the 
casing wall and the backshroud have the same value, irrespec
tive of their magnitude. This tangential velocity distribution is 
used for the cases of (1) and (2). Without steady shear stress 
and leakage, U90 can be assumed arbitrarily. However, if we 
consider an infinitesimal leakage, the steady velocity is deter-

I 

I I I 

IQ I I 

precession ~~~ w 
orbit 1 ' 

Fig. 2 Coordinate system 

0.2 0.4 

steady unsteady 
Q/ w velocity velocity 

0.2 0 

0 0.2 0.4 0.6 0.8 1 

U/Rw 

Fig. 3 Velocity distribution over the clearance (normalized by local cir
cumferential velocity Rw at location E, RIR1 = 0.606, tf>r = 0, S = 2 mm, 
uncertainty in velocity measurement is UR, U,)R1w = :!:0.01) 
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mined from the conservation of angular momentum and can be 
written as U60 = 0.5(RTIR)w if we assume that UBO = 0.5 R;w 
at the inlet. This distribution has been used for the calculation 
of the case (3). 

The comparison of the cases (I) and (2) shows that the 
unsteady shear stress has little effect on the moment compo
nents. However, the result of ( 3) shows that the steady shear 
stress, i.e., the steady tangential velocity distribution has a large 
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Fig. 5 Pressure loss at the leakage flow inlet (uncertainty in tiP/ 
p(R,t.J) 2 = :t0.005, in q,, = :tO.S x 10-3 ) 
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effect on the moment. These results suggest that the unsteady 
component is basically a two-dimensional i~viscid fl?w a:re~ted 
by fluid viscosity through the steady tangential velocity distribu
tion and through the pressure loss at the leakage flow entry. 
The viscosity of the fluid affects the fluid moment through the 
steady tangential velocity distribution as shown here and 
through the pressure loss at the leakage flow. 

Under the simplifying assumptions of: (a) unsteady wall 
shear stress can be neglected, (b) flat clearance flow surface 
with constant flow thickness, (c) no leakage flow-forced vor-

-Q 

(b) Calculation 

Fig. 7 Velocity and pressure fluctuation fields (.p, = 0, S = 2 mm, fl./t.J 
= 0.2, uncertainty in U,/(RibJ) = :t0.01, in P,/ p(R,tAJ) 2 = :t0.001) 
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tex distribution of steady tangential velocity U80 = Rw*. (The 
number of w* would depend on the shear stresses on the shroud 
and casing. For the case with equal stresses w* = 0.5w.) The 
following semi-analytical representation of the flow disturbance 
can be obtained for the precessing motion with H = Raei(O.r-e>: 

URI = [C1R 2 + CzR-2 + C3 ]ei<!lr-B> (4) 

Uel =en- w*)(R2a1Ho)ej(!lt-B)- j(RauRI + URI) (5) 
8R 

P1 = -pj{j(f2- w*)Uel + 2w*URI )R (6) 

where 

C1 = - j(3f2- 5w*)(a/H0 )/8 

and c2 and c3 are determined from the boundary conditions 
(PI/ p = K;URI at R = R; and PI/ p = KoURI at R = Ro) which 
can be rewritten as 

[
-j(-f! + 3w*)R;;'- KoR;;2 -j(r! + w*)R.- K•](C2 ) 

- j( -n + 3w*)Ri' - K1Ri2 - j(rl + w*)R, - K, C3 

= [j{j(f!- w*) 2R~(a/H0 ) + (3f!- w*)C1R!J + K.C,R~] (?) 
j(j(f!- w*) 2 R!(a1Ho) + (3f!- w*)C,R!J + K,C,Rr 

The fluid force moment can be given by (in dimensional form) 

-M,+ jMr = -p1rj{j(f2 + w*)(3w*- f2) 

X (R~- R~)(a/H0 )/48 + C3(f2 + w*)(R1- R~)/4 

+ C2(3w* - f2)(RT- R~)/2} (8) 

We should note that the amplitudes of unsteady flow compo
nents and the fluid force moment are inversely proportional to 
the steady clearance H0 • With w* 0.5w, the above results 
agree with the case (2) in Fig. 6. 
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Fig. 9 Effects of leakage flow rate q,, on the steady tangential velocity 
distribution U80 (R) 

Effects of Leakage Flow Rate and the Resistance at the 
Leakage Flow Inlet. Figure 8 shows the effects of leakage 
flow rate cP1· The value of c/>1 = 2.95 X 10-3 corresponds to 2.8 
percent of design flow rate cPd = 0.106. In both calculations 
and experiments, M, increases as the increase in <f>~o which 
results in the increase of the range of destabilization (Mr > 0 
for n I w > 0) . Figure 9 shows the calculated steady tangential 
velocity distribution U80 (R) for various leakage flow rate. As 
the increase in the leakage flow rate, the velocity distribution 
shifts from forced vortex type ( 0.5 Rw) to free vortex type 
(0.5Rrw!R) due to the angular momentum carried by the in
ward leakage flow. This result, as well as the result in Fig. 6, 
suggests that the increase in the steady tangential velocity is 
responsible for the destabilization. 
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Figure 10 shows the effects of the resistance at the leakage 
flow inlet. The measured pressure drop shown in Fig. 5 is used 
for the calculations. Both Mr and M, generally increase as the 
decrease in the clearance S. This is caused by the larger value 
of Kin Eq. (3) or the larger slope of the curves in Fig. 5 for 
smaller clearance S, which results in larger pressure fluctuation 
at the inlet of leakage flow and the larger force moment. The 
destabilizing fluid moment Mr > 0 in 0 < 0J w < 0.5 is not 
so largely affected by the size of clearance. 

Conclusions 
The results of the present study can be summarized as fol

lows. 

( 1) The unsteady flow in the backshroud/ casing clearance 
caused by the precessing motion is basically a 2-D 
in viscid flow with minor effects of unsteady wall shear 
stress. 

( 2) The viscosity of the fluid affects the result through the 
steady tangential velocity distribution and the pressure 
loss at the leakage flow inlet. 

(3) The bulk flow model can simulate the clearance flow 
fairly well if we incorporate the correct behavior of 
the loss at the leakage flow inlet. 

( 4) The inlet pressure drop was linear with the leakage 
flow rate rather than parabolic as usually expected. 

( 5) Destabilizing fluid force moment for precessing motion 
is observed for small positive precessing velocity ratio. 

( 6) The frequency range of destabilizing moment increases 
as the increase .in the leakage flow rate, caused by 
the increase in the steady tangential velocity in the 
clearance. 
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