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Abstract
The present article demonstrates the resent research activities conducted in JAXA for turbopump inducers,
focusing on flow characterizations by PIV measurements and establishment of cavitation surge prediction
model. The PIV measurements successfully characterize the backflow structures in inducers. Especially,
backflow vortices are captured by PIV from upstream views with a borescope. Furthermore, the study
establishes a new prediction model for cavitation surge based on cavitation characteristic parameters. By
integrating their dynamic properties, the model successfully predicts both frequency and onset of cavitation
surge. The investigations will be further deepened to expand the insight of flow dynamics in induers.

1. Introduction

For a mission of reusable rockets, modern rocket engines are demanded to achieve a flexible control of output power
in the course of complex operational sequences, such as controlled reentry and landing. This in turn requires versatile
abilities of turbopumps with an adjustable range of operations. However, the extension of turbopumps’ operating range
may increase a risk of cavitation development in an inducer situated upstream of a main pump, and cavitation can be a
source of large pressure fluctuations and structural vibrations. In particular, flow instabilities caused by the cavitation
development (so-called cavitation instabilities) are ones of the most damaging phenomena in turbopumps, often leading
to a mission failure. For example, an accident of the Japanese launch vehicle (H-II rocket No.8) in 1999 is assumed
to be attributed to one of the cavitation instabilities, rotating cavitation (see Fig.11). Since then, characteristics of
cavitation instabilities were extensively studied in experiments2–4 and simulations.5–7

Inducers are generally operated with a negative flow incidence at the blade inlet, which leads to a formation
of backflow at the inlet. The backflow structure generally causes a development of blade tip cavitation and backflow
vortex cavitation,8 of which the dynamic features are considered to closely link with the cavitation instabilities ob-
served in inducers. To obtain a better understanding of these backflow structures, the flow characteristics in inducers

Figure 1: Recovered turbopump of LE-7 engine in H-II No.8 and damaged inducer1
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were experimentally investigated by measurements,9, 10 visualizations,11 and numerical simulations.12 In the aspect
of cavitation instabilities’ evaluations, cavitation characteristic parameters in inducers (called cavitation compliance
and mass flow gain factor) were introduced,13 and often combined with one-dimensional model applications to predict
features of cavitation instabilities.14–16 The characteristics of these cavitation parameters were also investigated by
experiments17–19 and numerical simulations.20

Despite a number of studies about cavitation instabilities in inducers, an accurate prediction of cavitation instabil-
ities still remains a challenge due to the missing link between flow dynamics and cavitation characteristics arising from
the complex nature of cavitating flow. To fill this gap, the authors have performed researches to comprehend dynamics
of flow and cavitation in inducers from both aspects of experiments and numerical simulations. The present article
introduces research activities recently conducted in JAXA, focusing on the flow characterization by PIV measurements
and the establishment of the prediction model for cavitation surge by characteristic parameters.

2. Cavitation instabilities in inducers

The cavitation development in inducers often causes flow instabilities in turbopumps and feedline systems. In particu-
lar, the following two phenomena are ones of the most harmful instabilities to be avoided for rocket engine operations.

- Rotating cavitation

- Cavitation surge

Rotating cavitation is a phenomenon in which an unequivalent length of the cavitation on each inducer blade
periodically fluctuates (see Fig.2(a)), which appears that the unequivalent cavitation on the blade propagates in the
rotating/counter-rotating direction from the view of the inducer (so-called rotating fluctuation mode). The propagation
of the cavitation induces high frequency oscillations of pressure and stress on the blade. The stress oscillation gives a
fatigue damage to the inducer blades, and leads to fatigue failure in the worst case as seen in Fig.1.

Cavitation surge is a phenomena where an entire cavitation volume on all the inducer blades is synchronously
fluctuated (so-called axial fluctuation mode, see Fig.2(b). The image duration approximately corresponds to one cycle
of cavitation surge). Cavitation surge induces flow rate fluctuations in feedline systems, which is especially amplified in
case that the oscillational frequency coincides with one of the structural eigenfrequencies of the rocket systems (called
POGO instability21).

To accurately evaluate the features of these critical cavitation phenomena in turbopumps, better comprehensions
of fundamental physics behind flow features and cavitation dynamics in inducers are of key importance. In the fol-
lowing sections, two research activities recently conducted to expand our insight of flow instabilities in inducers are
presented.

Figure 2: High-speed visualizations of rotating cavitation and cavitation surge taken at JAXA Kakuda space center
(images every one inducer rotation, looking at the same blade)
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3. Flow characterization of inducer by PIV measurement

As mentioned earlier, backflow structures and associated vortices developed in inducers appear to have an essential
link with a flow instabilities. In the past, one of the authors performed the velocity measurement by PIV (Particle
Image Velocimetry) to obtain a fundamental characteristics of flow field in an inducer.10, 22 In recent years, the authors
extended the measurement to a high-frequency PIV, as well as the one using a borescope that allows an optical view
from the upstream side of the inducer. These PIV measurements are conducted in the closed-loop water tunnel installed
in JAXA Kakuda space center (see Fig.3(a) for test facility’s schematics). In Fig.3(b), an example of the PIV measure-
ment setup in the experiment is presented. The detailed systems for the performed PIV measurements are summarized
in Tab.1.

Figure 3: Schematics of the experimental facility at JAXA Kakuda Space Center (a) and the example of PIV measure-
ment setup (b)

Table 1: Details of setup for PIV measurements

PIV on axial plane PIV on tangential plane
Laser CW Laser (Continuous emission laser) Double-pulsed Nd:YAG laser

Camera Phantom T1340 Phantom T1340
Optics Nikkor 85mm f1.8 Nikkor 135mm f2.0 + borescope

Acquisition frequency 6,000 Hz 10 Hz

In Fig4, the distributions of the averaged axial velocity and the RMS of the velocity obtained from the PIV
measurements on the axial plane for Q/Qd = 1.0, 0.9, and 0.8 are presented. It can be seen that the backflow region
is clearly enlarged with respect to the decrease of flow rate. Furthermore, the RMS of the velocity magnitude is
remarkably increased at the interface between the backflow and forward flow regions, and the high RMS region is
enlarged as a decrease of the flow rate. It is assumed that the high value of RMS in this region is attributed to backflow
vortices formed by the shear layer, which is induced by the backflow having the circumferential velocity component
and the main flow without the circumferential velocity component.

In Fig.5, the averaged velocity field on the tangential plane upstream of the inducer obtained by the PIV mea-
surements with a borescope for Q/Qd = 1.0, 0.9, and 0.8 are presented. The location of the measurement plane is
illustrated as a dashed line in Fig.4. It is clarified that the strong circumferential velocity field is observed in the back-
flow region near the casing wall at Q/Qd = 0.9 and 0.8, whereas no circumferential velocity component nearly exists at
Q/Qd = 1.0 since the backflow region does not reach the measurement section (see Fig.4). Furthermore, the magnitude
of the tangential flow velocity in the backflow region is increased when the flow rate is decreased, suggesting that the
development of backflow vortices may be also intensified.

In Fig.6, the comparison of the instantaneous vorticity distributions on the tangential plane for Q/Qd = 1.0, 0.9,
and 0.8 together with the instantaneous velocity vector is presented. Particularly for Q/Qd = 0.9 and 0.8, the high
vorticity regions caused by backflow vortices appear in the interface between the backflow region with high circumfer-
ential velocity and the main flow. Since the PIV measurement on the tangential plane with borescope was performed
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Figure 4: Comparisons of averaged axial velocity and RMS obtained from PIV measurements on axial plane for
different flow rate conditions

Figure 5: Comparisons of the averaged velocity obtained from PIV measurements on tangential plane with borescope
for different flow rate conditions

Figure 6: Instantaneous vorticity distributions on tangential plane for different flow rate conditions

on the half of the section with the time resolution 10 Hz, the number of backflow vortices as well as their progressing
frequency cannot be characterized. Nonetheless, it is worth mentioning that the vortical structures in this measurement
section consistently appear at almost every timestep especially for Q/Qd = 0.9, which suggests that the intensities of
the circumferential velocity component in the backflow region may be a key factor to develop backflow vortices.

In Fig.7, the time history of the axial and radial (x and y) velocity components and its frequency analysis result
(PSD, power spectrum density) at three locations acquired by the PIV measurement on the axial plane for Q/Qd = 0.9
with the time resolution 6000 Hz is presented. At Position A located near the boundary of the backflow region, the
velocity components are clearly oscillated periodically. In the frequency analysis result, the peaks appear at f / fn = 0.47
and 0.66 ( fn: inducer rotational frequency). Based on the observation of vorticities at the tangential plane, the number
of backflow vortices is assumed to be 3 or 4. If assuming that the number of vortices is 3, the precession frequency
of the backflow vortices is roughly estimated as 0.15 × fn, which is consistent with the past experimental results.9, 12

These frequency peaks are, in contrast, reduced at Position B and C (the dominant peak appears at the blade passing
frequency f / fn = 3 at Position B, and almost no dominant peaks are found at Position C). The dynamic characteristics
of backflow vortices, especially the number of vortices and their precession frequency, will be furthermore investigated
in the future by applying high-speed PIV to the tangential plane.
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Figure 7: Time history and frequency analysis result of axial and radial velocity components obtained by high-speed
PIV measurements on axial plane at Q/Qd = 0.9

4. Establishment of cavitation surge prediction model

In order to evaluate risks of the cavitation instabilities’ occurrence at an early phase of designing turbomachinery, it
is required to predict cavitation instabilities by a plane model. In the past years, a number of researchers discussed
prediction models based on one-dimensional approach by introducing cavitation characteristic parameters, called cav-
itation compliance and mass flow gain factor.8, 14, 16 However, none has achieved quantitative and practical predictions
of cavitation instabilities by a parametric model thus far. The authors recently suggested a new parametric model to
enable predictions of cavitation surge onset and frequency more accurately based on the characteristic parameters of
cavitation by integrating their dynamic properties.23

The characteristic parameters of cavitation, cavitation compliance K and mass flow gain factor M, are respec-
tively defined by the derivatives of cavitation volume in the inducer V by pressure p and flow rate Q (K = ∂V/∂p and
M = ∂V/∂Q). These parameters are first evaluated by a series of steady RANS calculations conducted with periodic
single-passage domain. (see Fig.8, the details of the simulation are also summarized) In Fig.9(a), the comparison of
simulated cavitation region (highlighted by iso-surface of void fraction 0.1) with the visualized cavitation in the exper-
iment for different cavitation number σ(= 2(pin − pv)/ρU2

t , pin: inducer inlet pressure, pv: vapor pressure, Ut: inducer
tip velocity) are presented. It is confirmed that the cavitation region in the inducer is appropriately captured by the
performed simulation. In Fig.9(b), the values of cavitation compliance K and mass flow gain factor M computed from
the conducted simulations are presented together with the past measurement results in different inducers. It can be
observed that the evaluated parameters have the same tendency as the past experimental results, suggesting that the
characteristic parameters are well evaluated by the conducted simulations.

The parametric model to estimate the cavitation surge features is developed by the one-dimensional approach.

Figure 8: Adopted computational domain and simulation setup
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Figure 9: Comparisons of simulated cavitation region (a), evaluated cavitation compliance and mass flow gain factor
(b)

By applying the one-dimensional unsteady Bernoulli equation and continuity equation to the inducer test facility in
Kakuda space center, the following differential equation regarding the flow rate can be obtained.

∂2Q̃
∂t2 +

(
−
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ρL
M
K

+
Q̄

AiL
D +

Q̄
AiL

R
)∂Q̃
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+
( Ai

ρLK
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ρLCa

)
Q̃ = 0 (1)

where Ai is the inlet area of the inducer, L is the length between inducer and accumulator, D is the diffusion factor, R is
the resistance coefficient, Ca is the compliance in the accumulator, and ∼ and − indicate fluctuating and mean values,
respectively. The further improvement of the model is proposed by integrating dynamic characteristics of cavitation
compliance and mass flow gain factor expressed by complex quantities such as K′ = Ke jβK and M′ = Me jβM where βK

and βM are the phase properties varied depending on the frequency. By assuming the same phase delay of K and M,
the onset condition and the frequency of cavitation surge obtained from eq.1 are then written as the following equation
(eq.2 for the onset condition and eq.3 for the frequency of cavitation surge, see more details in23).

ζ = 2φK∗(D + R) −
N

2πω∗
sinβK − M∗cos(βM − βK) < 0

M∗cos(βM − βK) > 2φK∗(D + R) −
N

2πω∗
sinβK

(2)

Figure 10: Prediction results of cavitation surge onset (a) and frequency (b) by proposed one-dimensional model
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fcs ≈
1

2π

√
AicosβK

ρLK
(3)

Note that K∗ and M∗ are the non-dimensional values of K and M. These equations clearly indicate that the phase prop-
erties of cavitation compliance are of key importance, especially for prediction of cavitation surge onset. Although the
phase properties cannot be evaluated by the present method, it was shown that the value of β is approximately varied
between 0 and -20 degree based on the past literature.18, 19, 24 In Fig.10, the comparisons of cavitation surge onset and
frequency with the experimental results are presented presuming the phase value of βK = −10 degree and βK = 0
degree (without phase delay). It can be observed that both frequency and onset conditions are well evaluated by the
proposed model. Especially, the onset condition is adequately estimated by considering phase characteristics, whereas
the prediction without phase (βK = 0) obviously fails to predict the onset. It should be mentioned that the accuracy
of predicting the cavitation surge onset is improved by considering phase properties, while the frequency of cavitation
surge is not largely affected by the phase. The authors continuously attempt to reveal the dynamic characteristics under-
lying cavitation in inducers to further improve the accuracy of the prediction for cavitation instabilities by parametric
model to enable its application to design reliable turbopumps.

5. Conclusion

In the present study, the resent research activities for a turbopump inducer, focusing on PIV measurements and model
estimation, are introduced, and the following remarks are obtained.

- PIV measuremenst with a borescope are successfully applied to capture the backflow vortices formed
upstream of the inducer particularly at the low flow rate conditions. It is observed by the high-frequency
PIV on the axial plane that the velocity at the interface between the backflow and forward flow regions
have several fluctuation frequencies, which may relate to features of backflow vortices.

- Prediction models of cavitation surge are established based on the one-dimensional approach includ-
ing dynamic characteristics of cavitation compliance K and mass flow gain factor M, and cavitation
surge onset and frequency were evaluated by K and M obtained from the numerical simulations. As
a result of comparisons with experimental results, both onset and frequency are adequately estimated,
and especially the prediction accuracy of cavitation surge onset is improved by introduction of dynamic
characteristics.

The researches presented above are on-going activities, and more investigations will be performed to achieve
further comprehensions of flow dynamics in inducers.
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