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ABSTRACT
One of the main challenges in characterising the dynamics of a rocket engine turbopump inducer is the measurement of mass flow fluctuations during forced response
testing. Historically, such measurements have been taken
through a spatially averaged mass flow measurement far
upstream of the inducer with an electromagnetic flow
meter or laser Doppler velocimetry. Fiber-film probes
are proposed to take local, unsteady velocity measurements in a rocket engine turbopump inducer test setup.
This work shows that a fiber-film probe is capable of taking local, unsteady velocity measurements in an inducer
inlet flow during cavitation and has sufficient signal-tonoise ratio to measure velocity profiles in the presence
of back flow. Experiments were run the Aerospace Corporation’s inducer test facility with the MIT inducer in
order to assess a fiber-film probe’s performance. This
work takes the first steps towards performing forced response inducer experiments with local, unsteady velocity
measurements.
1 INTRODUCTION
Cavitation is the formation of vapour bubbles when the
static pressure of a liquid drops below its vapour pressure. This corresponds to regions of the flow of high
velocity, such as over the suction surface of a turbopump
blade. As the flow progresses along the blade chord the
pressure will increase. This causes the vapour bubble to
collapse and can fatigue the blades.
To avoid cavitation in the main turbopump, an inducer
is introduced upstream in order to provide an initial pressure rise. The inducer is subjected to cavitation under
nominal operating conditions but is designed to withstand the fatigue. However, cavitation in the inducer still
has detrimental effects on the performance and life of
a rocket engine and can potentially lead to vibration

instabilities [1]. One instability of interest results when
the formation and collapse of vapour bubbles results in
unattenuated fluctuations in the fuel mass flow and pressure. These fluctuations can cause further fluctuations
in the thrust that is produced by the rocket engine. The
variance in produced thrust can excite the longitudinal
vibrations of the vehicle structure [2]. This type of instability is nicknamed POGO as the rocket mimics the
jumping toy [3] and can lead to mechanical failure of
the entire rocket vehicle [4].
To assess POGO instability, the dynamics of the rocket
engine turbopump inducer need to be characterised. This
is done through forced response experiments where the
pressure and mass flow fluctuations are measured upstream and downstream of the inducer [1]. From these
measurements a transfer matrix for the inducer can be
created [2] and the effect of the inducer on the fuel flow
can be assessed.
One of the open challenges in determining the transfer
matrix elements is measuring fluctuations in the mass
flow due to the violent nature of the inlet flow. Some
of the most recently published efforts [5, 6] used electromagnetic flow meters and laser Doppler velocimetry
(LDV) to take a bulk mass flow measurement externally.
These methods are limited in that they can only measure
bulk flow properties such as cavitation surge. Effects of
other, two-dimensional, forms of cavitation in an inducer
such as rotating cavitation, alternate blade cavitation,
and higher order cavitation cannot be captured.
Further limitations on these methods are caused by
the location of the measurement plane in the inducer
inlet duct. The nature of these measurement techniques
forces them to take measurements far upstream (greater
than two inducer radii) of the inducer leading edge. The
upstream influence of the inducer and any cavitation is

greatly attenuated far upstream. As a result the fluctuations that these methods are trying to measure will be
masked by noise.
LDV has another limitation that is unique to its methodology. In order to measure the flow velocity the test liquid is seeded with small particles. While typically not
a problem the seeding can act as nucleation sites. This
can cause "fake" cavitation in the inducer and alter any
tests done under cavitation conditions.
Outside of attempting to measure fluctuations in the
inducer inlet flow, the combination of a wedge probe
and total head probe has been used to for steady velocity
measurements in an inducer test setup such as axial
and swirl velocity profiles [7]. The static pressure and
flow direction are acquired through a radial traverse
with the wedge probe. A second radial traverse with
the total head probe is required in order to measure
the total pressure and therefore allow the flow velocity
to be calculated. Since two separate measurements are
required to measure a single value, any inconsistencies
in the inducer test setup, such as hystersis, will skew the
test data. The two measurement requirement also means
that this method cannot be extended to take unsteady
flow properties and is limited to steady flow properties
such as velocity profiles.
A new method for taking velocity measurements with
high response capability and minimal intrusion is required. This work investigates using a fiber-film probe
to take local, steady and unsteady, velocity measurements and assesses its ruggedness and signal-to-noise
ratio. A fiber-film probe will allow for local velocity
measurements close to the inducer face and therefore
does not share the limitations seen in [5] and [6]. This
will allow for characterisation of a rocket engine turbopump inducer’s dynamics in a forced response experiment
under all forms of cavitation as well as observations in
to various phenomena in the inlet flow. In turn, this will
lead to a characterisation of the effects of cavitation on
the upstream and downstream mass flow fluctuations
and result in the ability to assess POGO instability.

1.1 Scope of Paper
A pilot study is conducted to demonstrate that a fiberfilm probe is capable of providing such measurements as
well as being able to measure steady properties of the inlet flow. Specifically, the work performed demonstrates
the following capabilities:

(1) In situ calibration using pre-existing test facility
hardware
(2) Local, unsteady velocity measurements in a cavitating inducer
(3) Sufficient signal-to-noise ratio to measure velocity profiles in the presence of backflow
(4) Characterisation of inlet flow uniformity
2 TECHNICAL APPROACH
Fiber-film, or hot-film, anemometry takes advantage of
the convective cooling over a thin (2 µm), heated film
to measure the local flow velocity. Assuming the fluid
medium and temperature are constant, the heat flow
flux of the film via convective cooling is controlled by
the local flow velocity and film temperature. Therefore,
by measuring the power input required to maintain the
probe at a certain temperature the flow velocity can be
calculated. Since for a metal the resistance is proportional to the temperature, this amounts measuring the
power required to maintain the resistance of the probe.
The resistance of the probe is measured through a
Wheatstone bridge. The probe and a known resistor form
one leg of the bridge and two other known resistors form
the other leg. By measuring the voltage difference between the two legs the resistance of the probe, and therefore the temperature, can be determined. The voltage
difference between the two legs is then passed through
a servo amplifier which then feeds back into the bridge
in order to balance it. By measuring the power the servo
amplifier delivers to rebalance the bridge the convective
cooling on the film and therefore the local flow velocity can be determined. Since the film length is small (3
mm) relative to the inducer radius (76 mm) this measurement can be approximated as a point measurement
in the inducer inlet duct.
For all of the experiments a DANTEC DISA Type
56C17 CTA Bridge and DISA Type 56C01 CTA Unit
were used in combination with a DANTEC 55R11 straight,
heavy coating, fiber-film probe and a DANTEC 55H21
straight, 235 mm long probe support to take velocity
measurements. A picture of the fiber-film probe can be
seen in Figure 1.
In order to characterise the fiber-film probe in an inducer inlet flow, the probe was placed in the Aerospace
Corporation’s inducer test facility with the MIT inducer.
The flow coefficient and cavitation number of the inlet
flow were varied in order to impose different conditions
in the inlet flow and on the fiber-film probe. The flow

Figure 2: Schematic of The Aerospace Corporation’s inducer test facility [8].

Figure 1: DANTEC 55R11 straight, heavy coating,
fiber-film probe.
coefficient (Φ) is a non-dimensional representation of
the flow velocity and the cavitation number (σ ) is a nondimensional representation of the difference between
the flow’s static pressure and vapour pressure. Both are
defined as follows:
u
(1)
Φ=
(r O D − r I D )Ω
σ=

p − pvapour
1
2
2 ρ (r t ip Ω)

(2)

where u is the axial velocity of the inducer inlet flow, p
is the static pressure of the fluid, pvapour is the vapour
pressure of the test fluid, ρ is the density of the test fluid,
r O D is the outer radius of the analysis area, r I D is the
inner radius of the analysis area, and Ω is the rotational
velocity of the inducer. Unless otherwise specified the
outer diameter is the inducer tip radius (r O D = r t ip ) and
the inner diameter is zero (r I D = 0). A full analysis of
the flow coefficient and cavitation number combination
and corresponding inlet conditions for the same test
setup used in this work can be found in [8].
The test facility used was the Aerospace Corporation’s Inducer Test Facility in El Segundo, California.
A schematic of the test facility can be seen in Figure 2.

This test facility uses water for the test fluid and allows
for the flow coefficient and cavitation number of the inlet
flow to be individually set. The inducer itself is housed
in the instrumentation section of the test facility. For
the experiments the MIT inducer, representative of the
Space Shuttle main engine low-pressure oxidiser pump
inducer, was used. The fiber-film probe was inserted
into the inlet flow through a flange just upstream of the
instrumentation section.
Figure 3 shows a numerical calculation of the inlet
flow conditions in the test facility for the same test setup
used in this work [8]. A pictorial representation of the
fiber-film probe is shown in the approximate location of
the measurement plane used for this work. A Swagelok
fitting and Teflon ferrule provided a seal between the
probe support and instrumentation section flange. The fitting can be loosened without fully breaking the seal and
allows for the probe to be manually traversed through
the inlet duct. This allows measurements to be taken at
varying radial positions so as to determine the velocity
profiles and the radial distribution of unsteady effects.
The location of the measurement plane was set by
the location of pre-existing ports in the instrumentation
section upstream flange. Due to the time required to
manufacture a new instrumentation section it was not
possible to add new ports and change the location of
the measurement plane. The measurement plane was
2.28 inducer tip radii away from the inducer leading
edge. As the pressure fluctuations decay exponentially
the strength of the velocity fluctuations caused by blade

After generating the profiles the following equation
was solved for each flow coefficient:
Z R
V =
2πrv (E)dr
(3)
0

Figure 3: MIT inducer with numerical calculations
for the inducer inlet flow [8] and approximate location of the fiber-film probe.

where V is the measured volume flow, R is the inducer
inlet duct radius, and v is the local flow velocity as a
function of the measured voltage E.
In order to solve Equation 3 an equation for the flow
velocity as a function of the measured voltage had to
be manually selected. For simplicity a basic two term
power relation was chosen:
v = A + BE n

passing, rotating cavitation, alternate blade cavitation,
and higher order cavitation were attenuated to the point
that they could not be measured. However, the measurement location allows for measurement of the effects of
cavitation surge as well as measurement of velocity profiles which is sufficient to demonstrate the capabilities
of a fiber-film probe. This also eliminates the risks associated with placing the probe in the most violent region
of the inlet flow.
3 FIBER-FILM PROBE CALIBRATION
In order to take velocity measurements in the inducer
inlet duct the fiber-film probe and anemometer had to be
calibrated. Due to the lack of an available water tunnel,
the fiber-film probe calibration had to be done in situ.
The strategy was to calibrate the probe by equating the
volume flow measured by a flow meter in the inducer
test facility to a time integrated voltage profile measured
through a radial traverse with the fiber-film probe.
To produce the voltage profiles five voltage measurements were taken from the centreline of the inlet duct
to the wall at a spacing of 0.25 radii. Due to physical
restrictions, the measurement near the wall was taken at
0.95 radii from the centreline. A fifth degree polynomial
fit was created using the five measurements to generate
an approximate continuous representation of the voltage profile. Four such voltage profiles were created at
flow coefficients 0, 0.07, 0.085, and 0.10 referenced to
the inlet area (r O D = r t ip , r I D = r hub ) in order to provide a wide spread of data as well as focused data near
the nominal operating flow coefficient (0.083) of the
inducer.

(4)

where A, B, and n are the calibration coefficients for the
probe and need to be solved for. Since there are three
unknown coefficients but four profile measurements a
pseudo least-squares fit was performed. An initial value
of n was selected and Equation 3 was solved exactly for
flow coefficients of 0 and 0.10. This allowed for A and B
to be solved for and an estimate of the volume flow for
the flow coefficients of 0.07 and 0.085 to be calculated.
The error of this estimated volume flow compared to
the volume flow measured by the flow meter allowed
for the chosen value of n to be adjusted until the sum of
square errors was minimised. When solved the resulting
calibration coefficients are A = −0.0022, B = 9.26 ∗ 10−4
and n = 6.98.
To validate the resulting calibration it was compared
to typical calibration curves for fiber-film probes as described in [9]. The methods used in [9] to produce the
calibration curves us a different calibration function than
the one used in this work. The calibration function is
based on King’s law:
E 2 = C + Dv n

0

(5)

where E is the measured voltage, v is the flow velocity,
and C, D, and n 0 are calibration coefficients. When fitting
our calibration equation to the King’s law equation we
obtain n 0 0.3. Typical values of n 0 as reported by [9] are
0.25-0.3 for water velocities of less than 0.2 m/s and
0.4-0.45 for velocities in the range 0.5-4 m/s. Therefore
the calibration for the fiber-film probe is consistent with
the data in the literature.
3.1 Problems with Calibration
Drifts over time in the velocity measurement were observed. This resulted in a few minor, but noticeable, discrepancies in the velocity measurements depending on at

what time during the testing they were taken. The most
significant changes in voltage measurement occurred after the anemometer was power cycled. Despite attempts
to mitigate this effect by leaving the anemometer on at
all times after calibration, a drift of approximately 0.2 V
in the voltage measurement was still present.
For future testing an accurate measurement of the velocity is required. There are two likely causes of the
drift in calibration. One would be the temperature of
the water in the test facility. Since the measurement of
the fiber-film probe is based on cooling, fluctuations
in the water temperature can have significant impacts
on the cooling and therefore on the measurements. Another possible explanation is the anemometer as the most
significant changes occurred after the anemometer was
power cycled. The anemometer used in this work is old
and damage seen by the anemometer over the years or
during shipment could cause it to be unreliable.
4

LOCAL, UNSTEADY VELOCITY
MEASUREMENTS
The calibration of the fiber-film probe allows for local,
unsteady velocity measurements to be taken. Initial analysis was conducted using the velocity measurements
taken for the calibration of the probe. A segment of
one of the measurements can be seen in Figure 4. This
measurement was taken at the centreline of the initial
flow for a flow coefficient of 0.10 referenced to the inlet
area. The data shows noise in the local flow coefficient
measurement with an amplitude of approximately 0.004
for a mean local flow coefficient of 0.0942. The spikes
in the power spectral density for this measurement are
at intervals of 120Hz. This would indicate that a significant portion of the noise in the velocity measurement is
due to the electrical connection. Like the issues seen in
Section 3.1 this may be due to the anemometer unit.
The far upstream location of the fiber-film probe means
that it is unable to measure the effects of inducer blade
passing, rotating cavitation, alternate blade cavitation,
or higher order cavitation. However, since cavitation
surge causes a one dimensional, planar oscillation the
fiber-film probe was capable of measuring the velocity
fluctuations. Figure 5 shows the local velocity measurement taken at the centreline of the inducer inlet flow for
a flow coefficient of 0.06 and a cavitation number of
0.0292.
An analysis of the power spectral density reveals that
these fluctuations occur at a frequency of approximately

Figure 4: Local flow coefficient measurement and
power spectral density for a flow coefficient of 0.10.
0.1 of the rotor frequency, consistent with the data in
[8]. This matches a visual inspection of the local flow
coefficient measurement. These fluctuations caused by
cavitation surge also far overpower the electrical noise
demonstrating the high signal-to-noise ratio of the fiberfilm probe. Figure 6 shows an optical and velocity measurement taken during cavitation surge demonstrating
the ability to take simultaneous optical and velocity measurements.
These measurements demonstrate the capability of the
fiber-film probe to take local, unsteady velocity measurements, a capability required to be able to dynamically
characterise an inducer. The major contributor to noise
in the measurement is electrical noise. This problem
may be easily fixed by simply using a more modern
anemometer or improving the electrical isolation of the
measurement system. Since the aim of this project was to

Figure 6: Simultaneous optical and velocity measurement of cavitation surge.
Figure 5: Local flow coefficient measurement and
power spectral density of cavitation surge.
assess the feasibility of how the fiber-film probe would
perform neither of these proposals were explored.
5 AXIAL AND SWIRL VELOCITY PROFILES
By manually traversing the fiber-film probe and time
averaging the unsteady velocity measurement, flow profiles can be constructed. Figure 7 shows flow coefficient
profiles taken during the calibration of the fiber-film
probe along with error bars representing one standard
deviation of error due to noise. We can see that the noise
increases closer to the inlet duct wall. This is most likely
due to an introduction of a swirl component to the inlet
flow that becomes more significant closer to the wall.
For each of the points taken in Figure 7 the probe was
placed perpendicular to the axial direction as the flow is
assumed to be approximately axial. However, the probe
is sensitive to flow parallel to the film and therefore any

component in the swirl direction will also be picked up,
albeit at a lower sensitivity, and influence the velocity
measurement.
This can be seen more clearly at lower flow coefficients where a backflow region is introduced to the
inlet flow. The backflow region is flow that is flowing
upstream and opposite to the bulk mass flow. This is
caused by tip leakage flow where the pressure difference
between the suction surface and pressure surface of the
blades pushes fluid around the inducer blade tip and
back into the inlet duct. Since this flow was previously
attached to the inducer blade it has picked up a swirl
component to its velocity. At lower flow coefficient this
effect becomes more noticeable.
Figure 8 shows the raw local flow coefficient measured for an overall flow coefficient of 0.04, a highly
loaded condition. Two profiles are show: one where the
probe is placed perpendicular to the axial direction and
another where the probe is placed perpendicular to the

Figure 7: Flow coefficient profiles taken for calibration of the fiber-film probe.
swirl direction. The local flow coefficient corresponding
to the swirl flow coefficient increases towards the inlet
duct wall, as expected. However, the swirl flow coefficient at the centreline is not zero. This is due to the fact
that the probe is still sensitive parallel to the film and
therefore is still picking up the purely axial flow.
This indicates that the measurements taken are not
actually the true axial or swirl local flow coefficients and
a correction needs to be implemented. The correction
implemented here is the one suggested in [9] and is
often reffered to as Jørgensen’s equation. It defines the
following relationship between the perpendicular and
parallel flow coefficients:
Φe2 = Φ2N + k 2 ΦT2

(6)

Where Φe is the effective flow coefficient, the one measured by the fiber-film probe, ΦN is the true flow coefficient perpendicular to the probe, and ΦT is the true
flow coefficient parallel to the probe. k is a sensitivity
coefficient that is unique to each probe and needs to be
determined experimentally.
Due to the lack of an available water tunnel the calculation for k, like the probe calibration, had to be done
in situ. It is assumed that the velocity measured at the
centreline in Figure 8 is truly axial. This means that
ΦT = 0 and a value for k can be determined based on
the measurements taken with the probe perpendicular
to the axial and swirl directions. For the probe used in
this work k = 0.303. This is consistent with the values
presented in [9].

Figure 8: Raw local flow coefficient measurements
taken at a flow coefficient of 0.040 with the fiber-film
probe perpendicular to the axial direction (blue) and
swirl direction (red).
When this correction is applied to the data in Figure
8 the resulting corrected local flow coefficient can be
seen in Figure 9. A second manual correction was also
applied to define the two axial local flow coefficient
measurements nearest to the duct wall to be negative.
This is impossible to measure with the fiber-film probe
as the probe itself has no knowledge of the flow direction.
This correction was determined based on the results of
Figure 8 as the local flow coefficient starts to increase
near the duct wall opposite the effect expected from the
presence of a boundary layer.
These measurements demonstrate that a fiber-film
probe has sufficient signal-to-noise ratio such that a
velocity profile can be measured even in the presence of
back flow. They also demonstrate techniques for measuring the individual components of the inlet flow velocity.
Such capability is valuable as it allows insight into the
inducer inlet flow. It also means that a single probe can
be used for both unsteady velocity measurements as well
as steady measurements such as flow profiles.
6 ANALYSIS OF FLOW UNIFORMITY
Further analysis of the flow profiles shown in Figure
7 show increased non-uniformity in the flow profile as
flow coefficient is increased. Table 1 shows the flow
non-uniformity for each flow coefficient where flow nonuniformity is defined as the percent increase in local flow
coefficient from the centreline to the 0.75 radial position.

The fluid in the wake has a lower velocity but experiences the same pressure gradient. Therefore, the fractional change in velocity is larger for fluid in the wake.
As a result, any variance in the flow profile will be attenuated causing the flow profile to become more uniform
as the flow passes through a favourable pressure gradient.
As the flow coefficient is decreased and the back flow
region is increased the pressure gradient will become
more favourable. This results in greater attenuation of
any non-uniformity in the flow profile and greater uniformity in the inlet flow following the trend observed in
the experimental data.

Figure 9: Corrected flow profiles in the axial (blue)
and swirl (red) directions taken at a flow coefficient
of 0.040.

Table 1: Flow Profile Non-Uniformity Analysis
Flow Coefficient
0.070
0.085
0.100

Flow Non-Uniformity (%)
11.3
17.7
22.4

A steady increase in non-uniformity is observed as flow
coefficient is increased.
This trend is opposite what would be expected. As
flow coefficient is decreased tip leakage flow is increased.
This creates a region of back flow in the inlet duct and
the expectation is that this region of back flow would increase the non-uniformity seen in the flow profile. However, it may be the case that this region of back flow is
actually causing the flow profile to be more uniform.
A potential explanation for this phenomena is that
the back flow region creates bloackage and therefore a
favourable pressure gradient in the inlet duct. The decrease in area for the forward flowing axial flow means
that the static pressure of the flow will decrease. To see
the effect of the favourable pressure gradient on flow
non-uniformity examine the one dimensional, incompressible, and inviscid momentum equation:
dp
du
=− 2
u
ρu

(7)

7 CONCLUSION
This work constitutes the first steps towards performing forced response experiments with local unsteady
velocity measurements in a rocket engine turbopump
inducer. A fiber-film probe is demonstrated to be capable of taking local unsteady velocity measurements in a
cavitating inducer, a necessary requirement for dynamic
characterisation of the inducer. It is also shown that a
fiber-film probe has sufficient signal-to-noise ratio to
measure velocity profiles in the presence of back flow.
This provides a proper foundation for future work to
evaluate a fiber-film probe’s capability to measure the
effects of rotating cavitation, alternate blade cavitation,
and higher order cavitation.
REFERENCES
[1] Spakovszky, Z. S., Personal Communication, 2016.
[2] Brennen, C. E., Hydrodynamics of Pumps, Oxford University
Press, 1994.
[3] NASA, Prevention of coupled structure-propulsion instability,
NASA SP-8055, 1970.
[4] Sekita, R., Watanabe, A., Hirata, K., and Imoto, T., Lessons
learned from H-2 failure and enhancement of H-2A project,
Acta Astronautica, 2001.
[5] Brennen, C. E., Meissner, C., Lo, E. Y., and Hoffman, G. S.,
Scale effects in the dynamic transfer functions for cavitating
inducers, ASME J. Fluids Eng., 1982.
[6] Ng, S. L. and Brennen, C. E., Experiments on the dynamic
behavior of cavitating pumps, ASME J. Fluids Eng., 1978.
[7] Braisted, D. M., Cavitation Induced Instabilities Associated
with Turbomachines, California Institute of Technology, 1980.
[8] Wang, V., Characterization of Cavitation Instabilities in Rocket
Engine Turbopump Inducers, Massachusetts Institute of Technology.
[9] Bruun, H. H., Hot-Wire Anemometry, Oxford University Press,
1995.

