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Parameters that characterize the perturbational pressure and flow at the inlet and outlet of a pump are established
through pogo stability analyses for a launch vehicle. Ground tests of the launch vehicle’s engine indicate the
presence of unsteady pump cavitation, and some flights of the launch vehicle exhibit frequency, amplitude, and
phase locking between axial structural acceleration and engine chamber pressure—a condition emblematic of
propulsion–structure interaction, or pogo. Models developed for several missions of the subject launch vehicle are
used to establish the ranges of the pump parameters that yield instability during the flight pogo occurrences and
stability at other times. The resulting nominal values of normalized pump cavitation stiffness and mass flow gain
for the launch vehicle’s engine fall into the ranges 0.62–0.86 and 0.31–0.59, respectively. These ranges account for
sensitivity with respect to dynamic pump gain and to structural damping for the axial modes of the coupled launch
vehicle–payload system. It is shown that cavitation stiffness is generally the predominate pump parameter when
the feedline hydraulic and axial structural modes are separated in frequency. However, if the frequencies of these
modes are in close proximity, mass flow gain has a strong destablizing effect.

Nomenclature
A = area, in.2

[B] = system damping matrix
Cb = pump cavitation compliance (1/K ), in.2

d = pump inducer tip diameter, in.
f ∗ = closed-loop frequency divided by pump rotation speed

N , dimensionless
g = standard gravitational acceleration, in./s2

H̄ = head vector from pump inlet to outlet, in.
I = pump inertance, s2/in.2

K = pump cavitation stiffness, in.−2

[K ] = system stiffness matrix
K ∗ = normalized cavitation stiffness, dimensionless
[M] = system mass matrix
m + 1 = dynamic pump gain, dimensionless
N = pump rotational speed, cps
n = number of inducer blades
Ps = steady pressure, psi
p = static pressure perturbation, psi
R = linearized pump resistance for flow perturbation, s/in.2

r̄ = structural displacement vector at pump, in.
s = Laplace variable or complex frequency, s−1

ut = pump inducer tip velocity, in./s
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{v} = eigenvector of system eigenmode
Ws = steady weight displacement, lb
w = weight displacement perturbation, lb
α = pump mass flow gain factor, s
α∗ = normalized mass flow gain factor, dimensionless
ζ = coupled system (closed-loop) damping, percentage

of critical
ζs = structural damping, percentage of critical
ρ = propellant mass density, lb-s2/in.4

σ = cavitation number, dimensionless
φ = flow coefficient, dimensionless

Subscripts

i = pump inlet
in = inducer inlet
j = pump outlet
sat = saturation

I. Introduction
A. Pogo Stability Background

P OTENTIAL for coupling between a launch vehicle–payload
structure and propulsion system is a prime consideration in the

design of feed systems for liquid rocket engines. When such cou-
pling occurs, the vehicle generally responds longitudinally in slowly
varying “blossoms,” as shown schematically in Fig. 1. Hundreds of
oscillations may exist within a single blossom; for clarity, only a
small number of oscillations are depicted in Fig. 1.

This fluid–structure interaction is called pogo (after the children’s
toy) and was an area of intense research beginning in 1962 (see
Ref. 1). The phenomenon is typically avoided through the use of a
pogo accumulator, which acts to move the frequency of the funda-
mental feedline hydraulic mode to below the frequency of the lowest
significant coupled-system structural mode.2

Pogo stability analyses provide the basis for feed system design
decisions.3 The analyses are generally conducted in the frequency
domain, as recommended by NASA guidelines,2 and stability mar-
gins are assessed for the coupled propulsion–structure modes. The
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Fig. 1 Schematic of pogo response blossom in longitudinal vehicle
acceleration.

Fig. 2 Propulsion system elements for launch vehicle addressed herein
(not to scale).

state variables are pressures, flows, and structural displacements at
discrete points in the propulsion system.3

The nonlinearities that limit the pressure, flow, and structural
oscillation amplitudes induced by pogo interactions are currently
not well understood, and time-domain analyses that predict pogo
and its amplitudes have historically been unreliable. Consequently,
launch vehicle systems have traditionally been designed to preclude
pogo instability, rather than to permit such interactions to occur.
Moreover, the feed system is designed so that the stability of the
propulsion–structure system is robust with respect to variations in
the trajectory parameters, in the propellant characteristics, and in
the launch vehicle and payload dynamic properties.

In pogo stability analyses, the structural dynamic model of the
launch vehicle is coupled with a model of the propulsion system.
The propulsion system is typically treated as an assemblage of com-
ponent elements, each with one or more equations relating pressure,
flow, and structural motion.3 Figure 2 is a schematic of the elements
of the propulsion system that are required for a pogo stability anal-
ysis of the launch vehicle addressed herein. Pumps, which are used
to feed propellant into the thrust chamber, are generally a critical
part of the propulsion system characterization.

B. Pump Cavitation
A quasi-steady bubble cloud can be produced by pump

cavitation,4 a condition typically assumed in pogo stability analysis.
Additional bubbles can form intermittently. This unsteady cavita-
tion can create local pump flow oscillations that disturb engine thrust
and thus excite the vehicle structure. This excitation can affect both
local pump hardware4 and the overall launch vehicle system.2 For
example, the failure of flight No. 8 of the H-II launch vehicle is
attributed to fatigue of inducer blades of the first-stage liquid hy-
drogen turbopump, which had a natural frequency near that of the
pressure oscillations induced by unsteady cavitation.5

Shimura6 reported results of tests to determine the effects of un-
steady cavitation on the dynamic characteristics of the LE-7 liquid
oxidizer (LOX) pump used for the H-II launch vehicle. The H-II has
an accumulator in the LOX feed system, and response blossoms are

not evident during H-II flight.7 However, pogo analyses predict that
the H-II first stage would be unstable without its LOX accumulator.7

C. Present Study
Many missions of the subject launch vehicle have exhibited low-

amplitude, uncoupled oscillations during burning of the liquid rock-
ets. However, some missions experienced self-induced oscillations,
shown schematically in Fig. 1. Stability analyses conducted without
unsteady pump cavitation do not account for the observed periods of
pogo. That is, pogo analyses conducted with parameters for steady
pump cavitation do not predict instability for the launch vehicle.

The conclusions from testing of the LE-7 LOX pump and associ-
ated analysis were of interest in the formative stage of the study re-
ported here. The LE-7 pump exhibited rotating cavitation, attributed
to periodic growth and decay of bubble pockets appearing on inducer
blades supersynchronously.6 Tests of the LE-7 pump both with and
without rotating cavitation revealed that this phenomenon causes a
significant difference in the dynamic pump parameters that describe
the volume of cavitation bubbles during flow oscillations.

Ground tests of the subject launch vehicle’s liquid rocket engine
indicate the presence of unsteady cavitation at the pump inlet. The
test observations led to the use of parameters in the pogo stability
model that are consistent with unsteady, rather than steady, pump
cavitation. However, the pump cavitation parameters could not be
directly extracted from the ground test data.

The historical missions were then used to investigate if the ob-
served unsteady cavitation explains the pogo oscillations. A pogo
model was developed, and ranges of the pump parameters were
established empirically, such that the periods of pogo occurrence
agreed with flight experience. That is, these flight reconstructions
yielded results consistent with pogo instability (and stability) ob-
served during the launch vehicle missions.

Empirical values from the flight reconstructions are consistent
with those for the reported unsteady cavitation phenomena on the
LE-7 pump.6 Hence, it was confirmed that the unsteady pump cav-
itation observed in the engine ground tests is responsible for the
launch vehicle’s observed pogo oscillations. It was not possible,
however, to explicitly define the type of unsteady pump cavitation
from the flight reconstructions.

II. Pump Modeling
A. Mathematical Development

Pumps have been modeled by using the following two equations3:

wi − w j = pi/K + αẇi (1)

and

p j = (m + 1)pi − Rẇ j − I ẅ j − ρ H̄ · ¨̄r (2)

The pump cavitation stiffness (K ), mass flow gain factor (α), and
dynamic gain (m + 1) are assumed constant within a response cycle.
They are also not motion-dependent, so that the reconstructed values
presented herein are consistent with those that could be established
from engine ground tests with a stationary pump.

If structural acceleration is neglected and the Laplace transform
is applied, Eqs. (1) and (2) can be expressed in the form{

p j

w j

}
= [T ]

{
pi

wi

}
(3)

where the transfer matrix [T ] is defined by

[T ] =
[

(m + 1) + s Z/K −s Z(1 − αs)

−1/K 1 − αs

]
(4)

and the pump impedance Z is given by

Z = R + s I (5)

Equations (1) and (2) are combined with those from other propul-
sion elements (such as feedlines, valves, tank outlets, and the thrust
chamber) to form the system of coupled equations3

(s2[M] + s[B] + [K ]){v(s)} = 0 (6)
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where the Laplace variables s yield the frequency and damping
of the coupled propulsion–structure modes.3 Negative values of
closed-loop damping indicate pogo instability or, in other words,
that the coupled system response in flight will grow initially at an
exponential rate.3 Positive values of closed-loop damping indicate
stability or, in other words, that the response decays from the initial
conditions.

B. Dynamic Pump Gain
The pump parameters of primary interest are the dynamic pump

gain, cavitation stiffness, and mass flow gain factor. Quasi-steady
pump gain is defined by3

m + 1 = 1 + ∂(Psj − Psi )/∂ Psi (7)

where Psi and Psj are the steady inlet and outlet (suction and dis-
charge) pressures.

The dynamic pump gain required in Eq. (2) generally differs
from the quasi-steady value defined by Eq. (7). For example, in
the test program for the first stage of the Titan II launch vehicle,
dynamic pump gain based on oscillatory behavior was deduced to
be significantly higher than the quasi-steady value.2 Dynamic pump
gain, consequently, is treated as a variable for pogo stability analysis.

C. Cavitation Stiffness
The stiffness K is the inverse of cavitation compliance Cb, which

is defined as the sensitivity of bubble volume perturbation to pressure
perturbation. A low value of K indicates a large volume change due
to pressure oscillation. As shown in Eq. (1), this behavior has a
strong effect on the perturbation of the propellant weight between
the pump suction and discharge points.

It is known that pump cavitation stiffness is an important param-
eter in pogo stability analyses. Because of uncertainties in defining
this variable, and because of the desire to achieve a robust and uncon-
ditionally stable propulsion system design, the cavitation stiffness
is sometimes taken as the value that optimally tunes the hydraulic
and structural modes to minimize system damping. This approach
is not employed herein.

Pump cavitation stiffness is conventionally normalized as
follows6

K ∗ = K
(
2πgd Ain

/
nu2

t

)
(8)

This use of the symbol K is different from that in Ref. 6, in which
it denotes cavitation compliance.

D. Mass Flow Gain Factor
The pump mass flow gain factor α is the proportionality between

bubble volume perturbation and incoming flow perturbation. It re-
flects the sensitivity of bubble volume to the angle of attack rela-
tive to the inducer blades. A positive α results when perturbational
flow rate increases, so that the angle of attack at the inducer blade
decreases, which in turn decreases the bubble cavity volume and,
hence, increases the perturbation of propellant weight between the
pump suction and discharge points.8 (See Eq. (1).)

The experimentally determined mass flow gain factor is positive
and is conventionally normalized as follows6:

α∗ = α/(πd/nut ) (9)

System analyses have shown that increasing the mass flow gain
factor tends to destabilize the coupled propulsion–structure system.

III. Flight Reconstructions
The subject launch vehicle’s flight experience and the pogo sta-

bility model were used to reconstruct the values of dynamic pump
gain, cavitation stiffness, and mass flow gain factor for the liquid
rocket. That is, the pump parameters were allowed to vary in the
pogo analysis so that the stability results agreed with instances of
pogo instability (and stability) during past missions of the launch
vehicle. Curves of cavitation stiffness and mass flow gain factor
versus cavitation number for the LE-7 were starting points for the
stability analyses.

Although there are several forms of unsteady pump cavitation,
each can be modeled by choosing appropriate values of cavitation
stiffness and mass flow gain factor.4 That is, the pump model ex-
pressed by Eq. (3) is generally valid, and the empirical flight recon-
struction did not require knowledge of the type of unsteady pump
cavitation.

A. Procedure
Four missions of the subject launch vehicle were investigated, re-

ferred to as Missions A–D herein. Mission A exhibited three pogo
response blossoms, as depicted in Fig. 3. Structural dynamic models
that included a hydroelastic representation of the propellants were
available for times at the beginning of each response blossom. Dur-
ing all three pogo occurrences, the frequency and phase of the flight
acceleration and engine chamber pressure measurements “locked.”
That is, a sustained correlation existed between structural accelera-
tion and engine chamber pressure. Locking of frequency and phase
is common in feedback phenomena and is generally inconsistent
with forced linear oscillation. A schematic depicting the locking is
provided in Fig. 4.

Mission B exhibited propulsion–structure interaction for a brief
time, but the frequency and phase of the flight acceleration and en-
gine chamber pressure measurements never locked. For the purpose
of the reconstruction, Mission B was assumed to be at least neutrally
stable. A single structural dynamic model that included hydroelastic
representation of the propellants was available for this time period.
Missions C and D were used to validate the pogo stability model
and did not exhibit propulsion–structure interaction.

Fig. 3 Schematic of pogo response blossoms for Mission A.

Fig. 4 Schematic of locking between oscillatory vehicle acceleration
and engine chamber pressure. Pogo corresponds to the locked state.
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Fig. 5 Major steps in reconstruction of pump parameters and devel-
opment of pogo stability model.

A flow chart indicating the major steps of the reconstruction ef-
fort is shown in Fig. 5. Values of cavitation stiffness, mass flow
gain factor, and dynamic pump gain were reconstructed for engine
operating conditions corresponding to Mission B and the first two
blossoms of Mission A. (See Sec. III.C.) The third blossom for Mis-
sion A occurred at a different engine operating condition and was
used to evaluate the effects of structural damping. (See Sec. V.B.)
The resulting predictive model was validated using Missions C and
D. (See Sec. VI.)

B. Unsteady Cavitation Parameters
The unsteady pump cavitation of interest here occurs in a finite

region of flow coefficient (φ) vs cavitation number (σ ) space. These
two variables are defined by

φ = Ẇs/ρ Ai gut (10)

and

σ = (pi − psat)
/(

ρu2
t

/
2
)

(11)

where the pump inducer tip speed is given by

ut = π Nd (12)

For the engine of the subject launch vehicle, the φ–σ space for
unsteady pump cavitation was implicitly defined from ground test
and flight data.

The cavitation numbers for the first two reconstruction times for
Mission A and for the single reconstruction time for Mission B
were roughly equal, and, for the purpose of this study, σ was taken
to be constant. The pogo stability model was, therefore, anchored
based on three constraints at the average σ value, 0.042. Section V
discusses verification of the model for a lower σ value.

C. Admissible K∗–α∗ Regions
Figure 6 shows pump parameter values reconstructed by using the

pogo stability models. For the specified dynamic pump gain values,
the shaded blocks define the regions of mass flow gain factor and
cavitation stiffness that yield negative and positive stability margins
for Missions A and B, respectively.

The annotation on the boundaries of the region for m + 1 = 2.7
also applies for the corresponding boundaries of the other regions.
The annotation denotes the following:

• The pogo model for the first blossom of Mission A is unstable
only for mass flow gain factor values to the right of the left boundary.

Fig. 6 Reconstruction of normalized cavitation stiffness and mass flow
gain factor as a function of dynamic pump gain (σ = 0.042, ζs = 1%).

Fig. 7 K∗ root loci of closed-loop frequency and damping for
three flight constraints. Admissible values indicated by black lines
(σ = 0.042, m + 1 = 2.7, α∗ = 0.635, ζs = 1%).

• The pogo model for the second blossom of Mission A is only
unstable if the cavitation stiffness is above the bottom boundary.

• The pogo model for Mission B is only stable if the cavitation
stiffness is below the top boundary.

• The feedline hydraulic mode is stable for mass flow gain factor
values to the left of the right boundary.

The last point requires some elaboration. The engine was tested in
isolation from the launch vehicle structure. Several configurations
of the feedline were used in these ground tests, but the frequency of
the engine oscillations did not vary significantly between tests. Be-
cause one-dimensional instability of the feedline would have yielded
different engine oscillation frequencies for the various test config-
urations, it can be concluded that the pogo phenomenon of interest
here is not consistent with instability of the feedline hydraulic mode.
Therefore, the analytical open-loop modes involving the feedline
must maintain positive damping.

Closed-loop frequency and damping values are shown in Fig. 7
for m + 1 = 2.7 and α∗ = 0.64, which is indicated by the dashed
line in Fig. 6. The plotted frequency values were normalized with
respect to the pump rotational speed, N . (This normalization for
frequency is not the same as that used in Ref. 6.) The black lines in
Fig. 7 correspond to the admissible range of K ∗ shown in Fig. 6.

Note that closed-loop damping for the first blossom of Mission A
is relatively insensitive to K ∗ over the admissible range, but that the
results for Mission B and the second blossom of Mission A do vary
significantly. The centers of the regions in Fig. 6 are more realistic
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Fig. 8 Effects of structural damping on admissible values of normal-
ized cavitation stiffness and mass flow gain factor. Open circles represent
nominal K∗–α∗ conditions (σ = 0.042; regions bounded by solid lines:
ζs = 1%; regions bounded by dashed lines: ζs = 0.5%).

than the boundaries because the stability results that they yield are
more consistent with flight observations. That is, as shown in Fig. 7,
the center values simultaneously predict stability for Mission B and
instability for the first and second blossoms of Mission A.

D. Effects of Structural Damping on K∗–α∗ Regions
The damping values for the normal modes of the coupled launch

vehicle–payload structure are approximate. Because structural
damping represents the nominal condition, and because adverse
propulsion–structure interaction reduces the net system damping
from the nominal state, vehicle modes with low structural damping
are generally more susceptible to pogo instability.

For the system addressed in the reconstructions, ζs = 1% is as-
sumed for axial modes used in the prediction of flight loads. How-
ever, mode survey tests and flight reconstructions for this system
indicate that the structural damping value of the fundamental ax-
ial mode is in the range of 0.5% during periods of low-amplitude
random excitation.

Figure 8 shows the effect of structural damping on the admissible
K ∗–α∗ regions, in which ζs = 0.5% and 1% have been taken as lower
and upper bounds, respectively. For a given value of dynamic pump
gain, a reduction in structural damping lowers the normalized cavita-
tion stiffness and increases the size of the admissible K ∗–α∗ region.

The random decrement technique9 was applied to the launch ve-
hicle flight data to estimate system damping including propulsion–
structure interaction. At the reconstruction times for the first and
second blossoms of Mission A, the effective damping was approx-
imately −0.28% and −0.08%, respectively. (Recall that negative
system damping corresponds to pogo instability.)

The random decrement damping estimates are in good agreement
with the exponential growth rate of the flight data amplitude at the
beginning of the response blossoms. Moreover, the accuracy of the
flight data does not introduce uncertainty; errors in the calibration of
the flight instrumentation are negligible, and the damping estimates
are not affected by time biases in the data acquisition system.

The coordinates of the open circles in Fig. 8 are provided in
Table 1 and represent the unique combinations of normalized cav-
itation stiffness and mass flow gain factor that yield ζ = −0.28%
and −0.08% for the two Mission A reconstruction times. The open
circles, therefore, may be considered the nominal K ∗–α∗ condi-
tions for a given dynamic pump gain value. The positions within
the region of admissible values may be considered perturbations of
normalized cavitation stiffness and mass flow gain factor about the
nominal conditions.

Note that when ζs = 1% and m + 1 = 1.2, the nominal K ∗–α∗

condition falls on the upper boundary of the admissible region. For

dynamic pump gains less than 1.2, no admissible K ∗–α∗ combi-
nation yields ζ = − 0.28% and − 0.08% for the first and second
blossoms of Mission A.

E. Admissible Dynamic Pump Gain Values
The effects of dynamic pump gain on closed-loop frequency and

damping in the pogo stability analysis results are plotted in Figs. 9
and 10. The nominal K ∗–α∗ conditions (Table 1) were used to con-
struct these curves.

Table 1 Nominal values of normalized cavitation stiffness and mass
flow gain factor (σ = 0.042)

K ∗ α∗

ζs = Diff. ζs = Diff.

m + 1 0.5% 1% (%) 0.5% 1% (%)

1.0 0.82 —— —— 0.31 —— ——
1.2 0.80 0.86 8 0.33 0.37 12
1.5 0.76 0.83 9 0.37 0.42 14
2.0 0.70 0.79 13 0.43 0.48 12
2.7 0.62 0.73 18 0.57 0.59 4

Fig. 9 Effect of dynamic pump gain on closed-loop frequency, based
on nominal values in admissible K∗–α∗ regions (σ = 0.042, black curves:
ζs = 1%, dashed curves: ζs = 0.5%).

Fig. 10 Effect of dynamic pump gain on closed-loop damping, based
on nominal values in admissible K∗–α∗ regions (σ = 0.042, solid curves:
ζs = 1%, dashed curves: ζs = 0.5%).
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Fig. 11 Comparisons of reconstructed values with those for
LE-7 pump and theory for unsteady cavitation (σ = 0.042, φ= 0.078,
1 <– m + 1 <– 2, region bounded by solid lines: ζs = 1%, region bounded
by dashed lines: ζs = 0.5%).

Figure 9 shows that when ζs = 1% the closed-loop frequency for
the first blossom of Mission A is consistent with the frequency
derived from flight data for dynamic pump gain values above 2.4.
Figure 10 also shows that when ζs = 1% Mission B is neutrally
stable for low values of dynamic pump gain. Hence, only dynamic
pump gain values greater than (at least) 2 are considered admissible
if the structural damping value is close to 1%.

Similarly, Figs. 9 and 10 show that when ζs = 0.5% closed-loop
frequency and damping for the three reconstruction times are rela-
tively insensitive to dynamic pump gain. Hence, a broad range of
dynamic pump gain values is admissible if the structural damping
is close to 0.5%.

IV. Comparisons with Theory
Figure 11 compares the envelope of the admissible K ∗–α∗ values

(Fig. 8) with the data point presented by Shimura6 for the LE-7
pump and the test condition σ = 0.041. Also shown in Fig. 11 is the
stability threshold

α∗ = 2(1 + σ)φ/K ∗ (13)

derived by Tsujimoto et al.8 by using a linear cascade model of the
inducer and the assumption that flow perturbations downstream of
the pump are negligible.

Mass flow gain factor values greater than the result of
Eq. (13) yield pump instability, but not necessarily pogo instabil-
ity. This theoretical stability threshold is applicable to cavitation
surge and both forms of rotating cavitation (subsynchronous and
supersynchronous).8 Recall that the LE-7 pump instability is be-
lieved to be caused by supersynchronous rotating cavitation.6

Equation (13) is plotted in Fig. 11 using the values σ = 0.042 and
φ = 0.078. The flow coefficients for the three reconstruction times
were roughly equal, and φ = 0.078 represents the average value.
The envelope of the admissible K ∗–α∗ values lies entirely within
the region of instability for cavitation surge and rotating cavitation,
which suggests that either may be the root cause of the flight pogo
occurrences.

Spectra computed by using the engine ground test and flight pres-
sure measurements exhibit numerous peaks corresponding to har-
monics and amplitude modulation. It cannot be inferred that the dis-
turbance source has a primary frequency close to that of the flight
pogo occurrences. The expected frequencies for cavitation surge
and rotating cavitation, therefore, cannot be used to eliminate either
as the root cause of the flight pogo occurrences.

V. Cavitation Numbers < 0.042
The flight reconstructions discussed above correspond to

σ = 0.042. This section addresses the values of dynamic pump gain,

cavitation stiffness, and mass flow gain factor for lower cavitation
numbers.

Flights of the launch vehicle addressed herein have occurred at σ
values considerably lower than 0.042, without evidence of response
blossoms. The lowest cavitation number at which a locking between
engine chamber pressure and structural acceleration occurred (see
Fig. 4) equals 0.036 and corresponds to the end of the third blossom
of Mission A.

A. Cavitation Stiffness vs Cavitation Number
A relationship of pump cavitation compliance versus cavitation

number was developed by using test-derived data from LOX pumps.
Two sources of data were employed. One source was an average of
the cavitation compliances of LOX pumps extracted from pulsing of
the Saturn F-1, J-2, and H-1 engines.6 The second source was a Shut-
tle 1/3-scale low-pressure oxidizer pump tested in room-temperature
water at Caltech (Fig. 9.10 of Ref. 4 with a straight-line fit of points
B to H). The cavitation compliances were in nondimensional form.

A relationship of cavitation compliance Cb to cavitation number
σ of the following form was adopted:

Cb = a/(σ − σ ∗)p (14)

This equation forces the cavitation compliance to approach infinity
asymptotically as the cavitation number tends to the breakdown
value σ ∗. The parameters σ ∗, the power p, and the factor a were
determined to yield a good fit to the data. The desired outcome was
a common power p and factor a for fits to the two data sources, in
combination with a higher breakdown cavitation number for water
than for LOX. (This upward shift in breakdown number is expected,
due to the different thermodynamic effects of room-temperature
water and LOX on bubble dynamics.4)

The parameters identified were p = 0.909, a = 0.074, and
σ ∗ = 0.01 and 0.025 for LOX and water, respectively. For the engine
addressed herein, σ ∗ = 0.01 and p = 0.909; the value a was selected
to pass through the anchor point defined by the pogo stability anal-
ysis for Missions A and B.

The results are shown in Fig. 12, where

K ∗ = (σ − σ ∗)p/a (15)

The open squares in Fig. 12 are the anchor values, defined by the
nominal K ∗ values in Table 1.

B. Third Response Blossom for Mission A
The effects of the reduction in cavitation stiffness indicated by

the open circles in Fig. 12 are discussed in this section. Figure 13
shows closed-loop damping values as a function of cavitation stiff-
ness computed by using the structural dynamic model for the third

Fig. 12 Effect of cavitation number on cavitation stiffness, based on
nominal K∗ values for σ = 0.042 (open squares). Open circles represent
K∗ values at end of Mission A third blossom (solid curves: ζs = 1%,
dashed curves: ζs = 0.5%).
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Fig. 13 Effect of cavitation stiffness on closed-loop damping for Mis-
sion A third blossom model (solid curves: ζs = 1%, dashed curves:
ζs = 0.5%).

Fig. 14 Effect of mass flow gain factor on closed-loop damping for
Mission A third blossom with cavitation stiffness for σ = 0.036 (solid
lines: ζs = 1%, dashed lines: ζs = 0.5%).

response blossom of Mission A. The cavitation stiffness values at
the end of this blossom (Fig. 12) are indicated by the open circles.

It should be noted that the hydroelastic representation of the pro-
pellants in the structural dynamic model corresponds to fill levels at
the beginning of the third response blossom. The use of the struc-
tural dynamic model over the duration of the blossom consequently
introduces some uncertainty into the results plotted in Fig. 13.

The random decrement technique9 was used to extract the system
damping value (∼0.4%) at the end of the third blossom of Mis-
sion A. Figure 13 shows that, when ζs = 0.5%, this value is in good
agreement with the closed-loop damping from the pogo stability
analysis for all dynamic pump gain values in the range 1.0–2.7.
Note that this agreement does not exist for ζs = 1%. Therefore, it
appears that the structural damping values of the axial structural
modes for Mission A are closer to 0.5% than to 1%.

The nominal mass flow gain factor values for σ = 0.042 (Table 1)
were used to construct Fig. 13. Figure 14 shows the effect of mass
flow gain factor over a range extending from zero to the value that
destabilizes the feedline hydraulic mode. Note that the pogo stability
model with ζs = 0.5% yields good agreement with flight data over
the entire range of mass flow gain factor.

Fig. 15 Ratio of frequencies of feedline hydraulic mode and dominant
structural mode for Mission A under nominal conditions (ζs = 0.5%).

Fig. 16 K∗ root loci of closed-loop frequency and damping for
Mission C. Conservative predictions are indicated by open circles
(m + 1 = 2.0; solid curves: ζs = 1%, α∗ = 0.45; dashed curves: ζs = 0.5%,
α∗ = 0.36).

The reduction in cavitation number tends to stabilize the launch
vehicle system because it decreases the cavitation stiffness. In phys-
ical terms, the reduced cavitation stiffness acts like a pogo accumu-
lator and separates the natural frequencies of Mission A’s struc-
tural and feedline hydraulic modes. The ratio of these frequencies is
plotted in Fig. 15 as a function of dynamic pump gain under nominal
conditions with ζs = 0.5%. Note that the frequency ratio for the end
of the third response blossom is significantly lower than for the first
and second blossoms.

It is evident from Figs. 14 and 15 that, when the frequencies of
the structural and hydraulic modes are adequately separated, mass
flow gain factor has a negligible effect on closed-loop damping. It is
consequently not possible to use the structural dynamic model for
the Mission A third response blossom to reconstruct mass flow gain
factor for cavitation numbers less than 0.042.

VI. Further Investigations
A. Stable Missions Despite Unsteady Cavitation

As mentioned in the Introduction, many missions of the launch
vehicle have flown without evidence of pogo response blossoms.
Figure 16 shows root loci for Mission C, which was stable and
experienced cavitation numbers 0.042 and 0.028.

Pogo stability analyses for Mission C indicate that closed-loop
damping is lowest for the highest admissible K ∗ values. The open
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circles for σ = 0.042 correspond to the peak K ∗ values from the
boxes in Fig. 8 for m + 1 = 2. To define the maximum cavitation
stiffness for σ = 0.028, these peak K ∗ values were reduced accord-
ing to Eq. 15. The closed-loop damping values for the open circles
in Fig. 16, therefore, represent conservative predictions for Mis-
sion C. As was the case for the Mission A third blossom mass flow
gain factor had a negligible effect on the Mission C predictions, and
the α∗ values were taken as those commensurate with the peak K ∗

values in Fig. 8.
The conservative predictions (open circles) in Fig. 16 illustrate

that some missions of the launch vehicle can be quite stable, even if
the engine operates at conditions that produce response blossoms for
other missions. The pogo phenomenon described herein, therefore,
is mission-specific and depends not only on the properties of the
unsteady pump cavitation but also on the modes of the coupled
launch vehicle–payload structure.

B. Nominal and Conservative Conditions
The operating conditions for Mission D did not lie within the

previously observed φ–σ space for unsteady pump cavitation, and
this mission did not exhibit pogo response blossoms. In this section,
a pogo model for Mission D is used to further investigate the effect

Fig. 17 K∗ root loci of closed-loop frequency and damping for
Mission D. Admissible values indicated by black lines. Pre-
dictions under nominal conditions indicated by open circles.
σ = 0.042, m + 1 = 2.0, ζs = 0.5%, α∗ = 0.43.

Fig. 18 Effects of dynamic pump gain on minimum closed-loop damp-
ing for Mission D. σ = 0.042; solid curves: ζs = 1%; dashed curves:
ζs = 0.5%.

of variations in cavitation stiffness and dynamic pump gain. The
hypothetical engine operating point σ = 0.042 is studied to illustrate
differences in the stability results under nominal and conservative
conditions.

Root loci are shown in Fig. 17 for two coupled propulsion–
structure modes of Mission D with m + 1 = 2. The predictions based
on the nominal K ∗–α∗ combination (Table 1) are indicated by the
open circles. The two modes shown are, therefore, marginally stable
under nominal conditions.

Pogo stability analyses for Mission D indicate that the minimum
value of closed-loop damping in the admissible K ∗–α∗ region cor-
responds to the upper-right corners of the boxes in Fig. 8. These
minimum damping values are plotted in Fig. 18 as a function of
dynamic pump gain. Note that, for all reasonable m + 1 values, the
coupled propulsion–structure mode with f ∗ ∼ 0.099 is unstable,
even when structural damping is as high as 1%. Therefore, under
conservative conditions, Mission D would have been unstable at the
hypothetical engine operating point σ = 0.042.

VII. Conclusions
Pogo occurrences can be mission specific. That is, the dynamic

properties of the spacecraft flown and the engine operating condi-
tions of the mission design can significantly affect pogo stability
margins.

A launch vehicle pogo model can be developed by reconstructing
pump parameters so that the results agree with flight observations
of stability and instability. The pogo model thus validated is a useful
tool for stability prediction and for the selection of engine operating
conditions.

Unsteady pump cavitation does not necessarily lead to significant
coupling between the launch vehicle structure and propulsion sys-
tem. For a pogo instability to occur, one or more of the structural
modes of the coupled launch vehicle–payload system must be in
close proximity to the feedline hydraulic mode.

Pump cavitation stiffness has a strong effect on the frequency
of the feedline hydraulic mode and, hence, is the most significant
pump parameter for inducing propulsion–structure coupling. How-
ever, once such coupling exists, the mass flow gain factor associated
with unsteady pump cavitation dominates and can significantly re-
duce the effective system damping.

The flight reconstructions confirm that unsteady pump cavitation
is responsible for the historical pogo occurrences of the launch vehi-
cle. The resulting empirical values of cavitation stiffness and mass
flow gain factor are consistent with theoretical values for rotating
cavitation and cavitation surge.
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