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Figure 5.18: Comparison of rotordynamic coefficients versus flow coefficient ¢ between
experiment (o) and calculations (x) for the contoured impeller using an inlet swirl
coefficient of 0.26 for positive whirl only

in figure 5.21 at high inlet swirl velocity remains unclear.

A comparison of the coefficients for the flows with no inlet swirl is shown in
figure 5.19. The model shows good results for the tangential force coefficients. The
coefficients for the normal forces, however, were all underpredicted, though they do

show the right trends.

5.5 Short Contoured Impeller

The final impeller that was tested is referred to as the short contoured impeller. It

has a much larger eye-to-tip diameter ratio and much smaller axial length compared
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Figure 5.19: Rotordynamic coefficients for experiment (o) and calculation (x) on the
contoured impeller with no inlet swirl



-0.5

0 0.5
®/Q

66

15 x .
x  $=0.043
By O ¢=0.054
o O ¢=0.065
a
X
a x
1t ox
o@ ; é
o g
B
05}
)
8g
8
X
0 1 1 1
1 05 0 05
o/Q

Figure 5.20: Experimental results for the contoured impeller with inlet swirl
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Figure 5.22: Rotordynamic forces versus whirl frequency ratio for experiment and
calculation on the contoured impeller at a flow coefficient of 0.054 using various inlet
swirl coefficients.
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Figure 5.23: Rotordynamic forces versus whirl frequency ratio for experiment and
calculation on the contoured impeller at a flow coefficient of 0.043
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Figure 5.24: Comparison of rotordynamic coefficients on the short contoured impeller
between experiments (o) and calculations (x)

to the conical and the contoured impellers discussed in the previous sections (see
figure 2.4). The experimental measurements were conducted without the presence
of any inlet guide structure. Pitot tube measurements indicated that the inlet swirl
coefficient under such conditions is slightly smaller than that tested with an inlet
swirl passage, namely an inlet swirl coefficient of 0.2 rather than 0.26.

The calculations show similar results to those for the contoured impeller. Figure
5.24 shows that the added mass and the cross-coupled damping coefficients for the
impeller are significantly smaller than the experimental data, as was the case for the
other two impellers. The direct stiffness matches up well. The trend seem to be off for
some of the rotordynamic coefficients. However an examination of figure 5.25 reveals

that these trends are merely a result of the curve fitting of noisy data and should
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Figure 5.25: Comparison of rotordynamic forces on the short contoured impeller
between experiments, ¢ = 0.01(x),¢ = 0.02(o),¢ = 0.03(0), and calculations for
¢ = 0.03 (solid line)

not be considered to be important. As for the tangential forces, the direct damping
and cross coupled stiffness agree reasonably with the measured values. Figure 5.25
shows that the measured values for the tangential forces are highly nonlinear, but
the calculations match the data very well. When experiments were conducted on the
short contoured impeller, the eccentric drive could not lock in at a whirl frequency
ratio of 0.4, perhaps due to effects of its natural frequency. This may account for the
fact that the tangential forces for a whirl frequency ratio of -0.4 are much lower than

those at neighboring whirl frequencies.

5.6 Effects of Input Parameters

The bulk flow model has several tunable parameters that affect the normal and tan-
gential rotordynamic forces. This section explores their effects on the calculated forces
for the conical impeller.

Changes in the turbulent shear stress coefficient ng cause a linear change in the
overall pressure drop (figure 5.27). Increasing ng, however, lowers the pressure drop
and the normal forces. The normal force decreases by a fixed constant across the
negative whirl ratios when n; is increased. Lowering the value of n, also reduces the

resonance in the tangential forces. With ny = 0.05 and n, = 0.079, the resonance is
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almost completely eliminated for an inlet swirl of 0.5.

Figure 5.26 shows increasing n, increases the pressure drop and the normal forces,
unlike the effect of increasing ns. The pressure drop change is smaller than that from
changing ns. The normal forces increase by a small constant amount for all whirl
ratios; the constant is also smaller than that for n,. Increasing the value of n, seems
to reduce the resonance behavior. Judging by the negative whirl ratio range of -0.7
to -0.2, the tangential forces also increase with n,. It appears that an increase in
pressure drop reduces the resonance in the calculations.

Increasing the two shear stress coefficients together lowers the pressure drop and
the normal forces. This result could have been anticipated since the effects of the
n, on these are smaller than the effects of n,. The same logic would lead to the
conclusion that the tangential forces would increase, as is indeed the case (see figure
5.28). Larger values of n, and smaller values of n, seem to dampen the resonance in
the tangential forces.

The exit loss coefficient does not have an effect on the rotordynamic normal forces.
Judging by figure 5.30, it has some slight effect on the tangential forces in the negative
whirl region. An increase in inlet swirl velocity, ug(0), increases the tangential forces,
and also enhances the resonance. The effect of inlet swirl on the calculated normal
forces is unclear from figure 5.29, although it does appear to change the added mass.

Using a low value for n, does seem to remove the resonance-like behavior. In-
creasing n, then lowers the normal forces and increases the direct damping in the
tangential forces.

The above calculations were all perturbations upon an inlet swirl coefficient of
0.5 for the conical impeller. The contoured impeller exhibits some different trends
perturbed about an inlet swirl coeflicient of 0.26 and a flow coefficient of 0.53. Figure
5.31 shows the effect of increasing the two shear coefficients together on the calcula-
tions for the contoured impeller. The normal rotordynamic force is unchanged, while
there is a slight increase in the tangential force when the coefficients are increased.

As show in figure 5.32, when only n, is increased, both the normal and tangential

forces increase slightly. The resonance seems to be reduced with a lower value of
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n,. The normal forces decrease when only n; is increased, while the tangential forces
remain largely unchanged (figure 5.33). None of the changes in the rotordynamic
forces caused by adjusting the shear stress coefficients appear to be significant.
For both the conical and contoured impeller, tuning of parameters fail to increase
the curvature of the normal forces versus the whirl frequency ratio. This leaves a
somewhat unsatisfactory prediction for the rotordynamic coefficients arising from the

normal forces.

5.7 Limitations of the Numerical Algorithm

The implementation of the numerical algorithm described in the previous chapter can
not be applied as universally as one would wish. Currently the inputs to the program
are the tunable parameters mentioned in the preceding section, the shear stress coef-
ficients, the inlet and exit loss coefficients, and the inlet swirl coefficient. Additional
inputs are the flow coefficient and the rotational speed of the impeller plus the leakage
path geometry, which include the average clearance and eccentricity. Currently the
computational grid of the leakage path is equally spaced, though modifications can
be easily made to accommodate variable spacing.

Because one component of the algorithm is a forward integration procedure, the
program will not work for flows when backflow occurs. As mentioned in the introduc-
tion, backflow in leakage path typically occurs near inlet close to the impeller. Since
the bulk flow equations only calculate the velocity averaged across the clearance, we
do not need to worry about backflow unless at some location the mean flow, gap
averaged, is going backwards. As seen from figure 5.34, this type of backflow does
not occur until the eccentricity becomes large relative to the leakage path clearance.
For smaller flow coefficients, this can occur more readily. The easy remedy for these
situations is to reduce the eccentricity, as the rotordynamic forces varies linearly with
respect to eccentricity for almost all calculations that were performed. There are
instances, however, where reducing the eccentricity will not help. Those situations

are believed to be cases where resonance occurs from the bulk flow equations. This
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Figure 5.26: Calculated rotordynamic forces on the conical impeller with flow coeffi-
cient of 0.06, ng = 0.079, no inlet loss, exit jet loses all dynamic head, and an inlet
swirl of 0.5. Pressure drops are 0.77, 0.79, 0.81
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Figure 5.27: Calculated rotordynamic forces on the conical impeller with flow coeffi-
cient of 0.053, n, = 0.079, no inlet loss, exit jet loses all dynamic head, and an inlet
swirl of 0.5. Pressure drops are 0.85, 0.79, 0.75



73

5 1.4 -
— n=n=0.05 \
X n =n =0.079 Y
.— n=n=011 121
4t X expr
1t
3r 0.8f
0.6F
w-2r -
04r
1r 0.2+
ot X
ol X
-0.2 BE
-1 : ' : -0.4 : .
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5
®/Q ®/Q

Figure 5.28: Calculated rotordynamic forces on the conical impeller with flow coeffi-
cient of 0.053, no inlet loss, exit jet loses all dynamic head, and an inlet swirl of 0.5.
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Figure 5.29: Calculated rotordynamic forces on the conical impeller with flow coeffi-
cient of 0.053, no inlet loss, exit jet loses all dynamic head. Pressure drops are 0.70,
0.79, 0.89
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Figure 5.30: Calculated rotordynamic forces on the conical impeller with flow coeffi-
cient of 0.053 for different exit loss coeflicients
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Figure 5.31: Calculated rotordynamic forces on the contoured impeller with flow
coefficient of 0.053 for different shear stresses coefficients
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Figure 5.32: Calculated rotordynamic forces on the contoured impeller with flow
coefficient of 0.053 for different shear stress coefficients
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Figure 5.33: Calculated rotordynamic forces on the contoured impeller with flow
coefficient of 0.053 for different shear stress coefficients
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Figure 5.34: Plot of the smallest meridional velocity relative to average velocity
against eccentricity for ¢ = 0.065 at three different whirl frequency ratios

will be described in detail in the subsection that follows.

5.7.1 Prediction of Resonance in Rotordynamic Forces

The existence of resonance in the rotordynamic forces generated by the discharge
to inlet leakage flow of a centrifugal pump has been a point of contention. The
fact that the Childs’ bulk flow equations predict these resonances for an inlet swirl
of greater than 0.5 times the tip velocity has been widely reported (Childs, 1987).
That, however, was only based upon calculating the rotordynamic forces at whirl
frequency ratios in multiples of 0.1. From figure 5.35 it is obvious that the resonance
shows up for the calculated leakage flow with an inlet swirl of 0.27 between a whirl

frequency ratio of 0.3 and 0.5. The current method, which uses the same bulk flow
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Figure 5.35: Rotordynamic forces for ¢ = 0.18 and an inlet swirl of 0.27

equations, also behaves strangely in the same range of whirl frequencies: it did not
converge. The calculations produce backflow at inlet to the leakage path, and the
solutions do not then converge. Outside the troublesome range of whirl frequencies

the two methods predict similar forces.

5.7.2 Courant Condition

As mentioned in the previous section, equations 4.17 and 4.35 was solved using for-
ward integration in the meridional direction. An inspection of the two equations yields
a characteristic velocity of ug/(Rus). Convergence for forward integration schemes

depend on satisfying the Courant condition. In this case the Courant constant need
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to be less than 1.
As Ug

AO Ru,

<1 (5.1)

The constant is generally largest at inlet to the leakage path, and is larger for more
negative whirl frequencies. In most of the calculations, a ten to one ratio of the
number of grids in the meridional direction to that in the circumferential direction
provided an adequate stability margin, with the exception of those cases mentioned

in the preceding subsection.

5.8 Discussion

The current stream function vorticity method shows promise in predicting rotordy-
namic forces in both leakage paths and seals. In particular, the tangential forces are
accurately predicted using the measured inlet swirl rate. The direct stiffness also
matches the experimental results, while the direct added mass is significantly under-
predicted. However, it might be expected that the curvature of the normal force curve
would be difficult to predict accurately.

The calculations for the seal show similar trends to those for the conical impeller,
with good matches for the tangential forces and the direct stiffness and poor predic-
tions for the added mass. Calculations for the contoured impeller still require more
study as the agreement between numerical and experimental results are not as good.

We should summarize the errors of predictions of rotordynamic force coefficients
induced by fluid flows in the leakage path. The added mass term is always underpre-
dicted and calculation results are not reliable; the experimental values are generally
two to three times the numerical ones. The predictions of direct stiffness and the
direct damping coefficients are fair, usually within twenty percent of the experimen-
tal results, sometimes even better. The cross-coupled stiffness and the cross-coupled
damping coefficients are generally not as good; they usually experience about fifty

percent deviation from the experimental results.
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Chapter 6 Conclusion

For a rotating system such as the turbopump, rotordynamic forces will be generated
by the movements of the impeller in its fluid environment. These fluid-induced forces
generated in the annular flows surrounding the rotor are important because they can
affect the dynamics of the entire rotating system, such as reducing the critical speed
or the stability margins of the system. With some simplifications, the rotordynamic
forces can be decomposed into the direct stiffness, cross-coupled stiffness, and the
direct damping components. A negative direct stiffness is destabilizing and decreases
the critical speed of the impeller. For low Reynolds flows, the rotordynamic force
resulting from a positive direct stiffness has a centering effect, while for high Reynolds
flows, the Bernoulli effect results in a negative direct stiffness and a destabilizing
radial force. The cross-coupled stiffness and the direct damping coefficients are almost
always destabilizing for rotordynamic forces and reduce the region of stability for the
operating speed of the system.

Rotordynamic forces from the tip-to-eye leakage flow along the front shroud of
the impeller have not been examined extensively. This thesis has studied these forces
both experimentally and computationally. The experimental investigation consisted
of measuring the effects of anti-swirl devices such as grooves and brakes in the leakage
path of a centrifugal impeller on reducing the destabilizing fluid induced forces. Pres-
sure profiles within the leakage flows were also measured as a diagnostic to indicate
the nature of this flow. These experimental pressure profiles raised questions as to
the validity of some assumptions concerning the inlet swirl velocities to the leakage
path in earlier tests conducted at Caltech.

Inlet swirl is known to affect the tangential rotordynamic forces significantly in the
case of annular seals. Various tests were conducted by previous students (Guinzburg,
1992; Uy et al. , 1997) to study the effects of inlet swirl on forces from leakage flows

using inlet swirl vanes to prescribe pre-rotation for fluid entering the leakage path.
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Several inlet swirl vanes were designed with varying turning angles as well as a set of
radial anti-swirl vanes intended to prevent any inlet swirl by the fluid. Experiments
described in this thesis showed that the inlet swirl vanes did not work as originally
intended. Present tests showed that at lower flow rates the tangential velocity at inlet
to the leakage path is nearly constant for all inlet swirl vanes. This explains why earlier
measured rotordynamic forces did not show any effect for different nonzero inlet swirls.
The anti-swirl vanes, however, worked as designed for higher flow rates, producing
zero inlet swirl for larger flow coefficients. An examination of the experimental data
of the effects of these two inlet swirl velocities on the rotordynamic forces show good
qualitative match with those predicted by the bulk flow computations. They both
agree that an increase in inlet swirl is destabilizing for both the normal and the
tangential forces.

Since the effect of inlet swirl is destabilizing, reducing the swirl inside the leakage
path also seems advisable. Tests conducted with swirl reduction devices inside the
leakage path showed that their presence indeed offered some benefits at low flow coeffi-
cients. The results were mixed, however, at higher flow rates. The devices contributed
to reduce unstable normal forces but greater destabilizing tangential forces. More ex-
periments on different types of swirl reduction devices may be done. Examinations of
the effects of circumferentially directed or helically shaped brakes and grooves could
be done. Since the inlet swirl vanes did not work, a more thorough examination of
the effects of inlet swirl ratio on rotordynamic forces for much higher inlet swirl ratios
seems difficult to achieve. However, for experiments with swirl reduction devices, an
impeller with blades can be tested to examine the effects of swirl reduction devices
on an impeller with more typical inlet swirl velocities into the leakage path.

Because of the variety of different geometries for the leakage path, pump design-
ers can not simply look up the values of the fluid induced forces. Experimental
measurements can be time-consuming and expensive; therefore, numerical predic-
tions for rotordynamic forces are useful. Computationally, the basic equations for the
bulk flow model, which has traditionally been used in rotordynamic analysis, were

recast into evolutionary equations for vorticity and total pressure. The bulk flow
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characterizes the flow inside an annular region by velocities averaged over the gap.
Therefore it will have only two velocity components, one in the meridional direction;
the other tangential. The only shear stress contributions in the model will be from
the solid-fluid interfaces. The shear stresses are modelled empirically using correla-
tions from steady turbulent pipe flows. By restricting the analysis to axisymmetric
rotors and stators, a coordinate transformation eliminated the time dependence and
a solution method was developed without the assumption of harmonic forms of the
flow variables. The numerical solutions are compared to experimental results for a
seal geometry in addition to discharge-to-inlet leakage geometries. Results for the
seal show very good agreement for the tangential forces. Predictions for the normal
forces, however, exhibited a large offset to the experimental results, which can be
reduced by changing the exit loss coefficient. Questions remain as to the reason for
this discrepancy.

For leakage path geometries, good agreement with experimental results for the
conical impeller was found with the exception of the added mass term. Predictions
for the two contoured impeller geometries were not quite as good but are qualitatively
similar. Compared to the Childs’ perturbation solution method, the current method
is more computationally intensive, though still relatively fast, and has more con-
vergence problems. It also provided better predictions for most of the rotordynamic
coefficients with the exception of cross-coupled damping term. At present, it does not
treat backflow, a consideration for future work. Designers of turbomachinery may use
the algorithm to find the magnitude of the expected fluid forces and incorporate them
into the design process. Though many questions may persist regarding scaling effects
on the shear stress coefficients, there are no currently better choices for those coeffi-
cients than those developed during the present investigation. Thus only the Reynolds
number effects on the shear stress stress terms need to be adjusted in applying the
present methodology. Larger scale problems would have increased Reynolds numbers,
which would affect the shear stresses in the bulk flow model. Possible future work on
computations include extending the work to compressible flow to model forces acting

on compressors. Better understanding of the resonance behavior in the calculations
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for certain flow parameter would also be beneficial.

This thesis has shown that the bulk flow model can predict many of the behaviors
of rotordynamic forces induced by annular flows. The dependence of these forces on
the inlet swirl velocities to leakage path was confirmed. Good predictions for most
rotordynamic coefficients are obtainable from the current solution method. The pre-
dicted resonances in rotordynamic forces under certain conditions were non-existent
experimentally, showing that greater understanding of whirling annular flows is still

needed.
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