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ABSTRACT

This paper presents an experimental facility model-
ing a spacecraft propulsion system, where the phys-
ical phenomena taking place during priming are re-
produced. This is achieved by discharging a test
liquid into a propellant line kept under vacuum con-
ditions. This configuration induces a high acceler-
ation of the flow before going to rest at the closed
end, inducing the subsequent water hammer pres-
sure raise. Furthermore, the saturation level of the
test liquid with the pressurant gas can be controlled,
in order to characterize the influence of gas des-
orption during priming. Together with the unsteady
pressure measurements, the facility mounts a trans-
parent module, where the last segment of the pro-
pellant line is replaced by a quartz cylinder drilled
with the same tube diameter. In this way, the flow
can be recorded with high speed imaging at the im-
pact location allowing characterizing the multiphase
nature of the flow.

1. INTRODUCTION

When a satellite is launched to space, for security
reasons its propulsion system is initially inactive. At
this stage, the propellant lines are vacuum pumped
and the liquid propellant is confined in the tanks, and
isolated from the nozzles and catalyst beds by three
valves, as sketched in figure 1. Once the space-
craft has been ejected from the launch vehicle, the
first isolation valve opens and the evacuated propel-
lant lines are filled with pressurized liquid propellant.
This maneuver is called “priming” and is carried out
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by the fast opening of a pyrotechnic valve. The pres-
ence of a closed end in a piping system generally
generates a water hammer when the flow is brought
to rest. This scenario is particularly hazardous when
a liquid flows into an evacuated pipe segment, that
induces a high acceleration of the flow before going
to rest, ant the subsequent water hammer pressure
raise. Due to this physical configuration, the wa-
ter hammer taking place involves several multiphase
phenomena. In particular, the propellant is pressur-
ized in the tank with a non-condensable gas (NCG)
that dissolves in the liquid during storage. When the
valve opens, the new pressure conditions are be-
low the saturation pressure, inducing the desorption
of the NCG, and if the pressure in the line are also
below the vapor pressure, the liquid undergoes cav-
itation.

Figure 1. Monopropellant propulsion system config-
uration

Due to the complexity of these multiphase phe-
nomena occurring in spacecraft hardware, there
are very few literature references describing exper-
iments with all the specifications of the above con-
figuration, which are necessary for a proper valida-
tion of the physical models implemented in the CFD
codes. Nowadays, various numerical codes are able
to accurately predict the liquid compressibility ef-
fects when computing a single-phase fluid hammer
but they still need to be extended and calibrated



for cases with cavitation and two-phase flows. Fur-
thermore, the numerical treatment of a dissolved
NCG in the liquid phase needs to be improved. In
both cases, the existence of a well documented ex-
perimental database is mandatory for the improve-
ment and validation of these physical models. Even
though it is possible to find numerous studies ded-
icated to the fluid hammer, the references dealing
with the priming process are not so numerous and
the data available is not sufficient for validation pur-
poses.

The studies available in the literature dealing with
the priming process use both experimental and the-
oretical/numerical approaches, applied to simplified
test configurations or to the whole propulsion sys-
tem. In most of the cases, the authors tried to
evaluate the adiabatic compression of the liquid,
which may cause the explosive decompositon of
the propellant, or the integrity of the piping sys-
tem facing water hammer pressure surges. We
can highlight the studies from Yaggy [1], Prickett
et al.[2], Molinsky[3], Martin et al.[4], Joh et al.[5]
and Morgan[6]. The main conclusions given by
these studies are: unsteady friction plays an im-
portant role, the two-phase phenomena are directly
linked to the pressure surge amplitude and water
can replace MMH (monomethylhydrazine) as test
fluid, producing pressure surges slightly higher than
MMH, therefore making the studies conservative.
Several authors attempted to model the priming pro-
cess using dedicated numerical tools, such as Lin
and Baker[7], Navickas et al.[8], Ounougha and
Colozzi[9], Leca et al.[10] and Hern[11]. In most
cases, the simulations have been carried out doing
1D computation where two-phase phenomena were
not taken into account.

Two references are closely related to the present
study, Gibek and Maisonnneuve[12] and Lecourt
and Steelant[13], where the main objectives were
to model experimentally the priming process tak-
ing place in satellites and to create an experimen-
tal database for validation purposes. In both studies
both inert fluids and real propellants (MMH and ni-
trogen tetroxide) were used. The authors concluded
the existence of a boiling front from the start, result-
ing in a local two-phase mixture of vapour and liq-
uid. Furthermore, the NCG initially present in the
test pipe gets compressed when the valve opens
and the liquid front travels downstream. Since this
compression occurs very fast, it is mainly adiabatic
at the boundaries, producing an intense mixing and
heat transfer at the multiphase liquid-vapour/NCG
front. Lecourt and Steelant[13] also studied in de-
tail the evolution for the first pressure peak, where
a multiple step evolution before reaching the max-
imum pressure value was observed, and provided
some hypothesis to explain this behaviour.

2. EXPERIMENTAL FACILITY

A new experimental facility has been built at the von
Karman Institute (Belgium) and includes all the el-
ements of a satellite propulsion system directly in-
volved in the fluid hammer occurrence: a pressur-
ized liquid tank, a fast opening valve (FOV) and a
given length of pipe line. The main objective during
the design phase was to conceive a facility without
singular elements such as elbows and T-junctions
upstream of the FOV, and with the same inner diam-
eter in every component. It is well known that these
geometrical singularities create secondary pressure
waves, which complicate the interpretation of the
general pressure measurements. Furthermore, the
absence of these elements considerably simplify nu-
merical modeling and result validation when apply-
ing CFD codes.

The facility layout is shown in figure 2, which is in-
tended to be clamped to a vertical wall. The main
components are a test vessel of 4 l, a fast open-
ing valve (FOV), and a given length of the propel-
lant line, referred to as “test element”. The fast
opening valve used in this study consists of a ball
valve with an orifice of 6mm, equipped with a pneu-
matic actuator that allows to open the valve in the
range of 45 − 50ms. The line is made with the
same titanium tube (alloy T3AL2.5V, specification
AMS4943H) with 0.25 in (6.35mm) of inner diam-
eter and 0.016 in (0.4mm) thickness, and following
the same construction rules used for aerospace ap-
plications. Three test element configurations are
proposed: straight, 90◦ elbow and T-bifurcation, but
only results with the straight line are considered in
this paper. The facility also includes a vacuum sys-
tem to set the test conditions: test element initially
vacuum pumped or filled with a NCG gas at different
pressure levels. The vacuum system is connected
to the line, upstream the FOV, with a T-junction and,
like in any vacuum system, a buffer tank is installed
at the pump inlet to avoid any liquid flow from being
aspirated by the pump. A more detailed description
of the facility and the test procedure can be found
elsewhere by the same authors [14].

The test vessel is a spherical accumulator that
mounts an elastic membrane. The purpose of the
membrane is to avoid the absorption of the NCG
during the liquid pressurization, allowing to run ex-
periments with deaerated liquid or, when the driving
pressure gas is mixed with the liquid, with fully sat-
urated liquid. These test results provide very useful
information to understand how the dissolved gas af-
fects the fluid hammer mechanism. Furthermore,
since the working liquid is saturated with air at stan-
dard conditions during storage, the fluid needs to
be deaerated to run experiments without any dis-
solved gas. This is achieved by means of a depres-
surization process using a second 10 l spherical ac-
cumulator, called deareation vessel, connected to
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the vacuum pump. The dissolved gas is removed
by keeping the liquid in a low-pressure atmosphere.
This facility allows working with inert fluids and ni-
trogen as driving pressure gas.

Figure 2. Experimental facility layout

The characterization of the pressure front induced
by the fluid hammer is achieved through inter-
changeable measurement modules attached to the
bottom end of the test element. Results with the
instrumented module mounting unsteady pressure
transducers can be found elsewhere by the same
authors [14].

Figure 3. Transparent module

The results presented in this paper were obtained
with the second module used in this study (figure
3), which is made out of quartz for flow visualization

with high speed imaging. The module consists of a
50mm length cylinder, with a diameter of 100mm,
and with a drilled hole on the axis having the same
internal diameter as the titanium tube. This solu-
tion was adopted due to the difficulties in drilling and
polishing a 1/4′′ hole. The mounting of the module
is achieved by two steel discs, enclosing the cylin-
der with six bolts. The top disc is also drilled with
a thread that is screwed to the test element end, as
figure 3 shows. In order to avoid the light distortion
produced by the cylinder curved surface, the whole
module is immersed in a water container, whose
walls are made out of Plexiglas. In this way, the light
distortion is avoided because the camera focuses
on a flat wall of the container, whereas quartz, water
and Plexiglas have nearly the same light refraction
index.

3. WORKING FLUIDS AND TEST CONDITIONS

Results obtained with three inert fluids are pre-
sented: water, ethanol and acetaldehyde, and us-
ing the 2m straight configuration of the test ele-
ment. These liquids are used instead of real pro-
pellants, such as monomethylhydrazine (MMH) and
Nitrogen tetroxide (NTO), both commonly used as
hypergolic propellant combination in rocket engines.
These propellants are corrosive, toxic and carcino-
genic, and their manipulation involves expensive
safety precautions. For these reasons, they have
never been considered as test fluids in the present
study.

Table 1 summarizes the physical properties involved
in water hammer occurrence (density, ρ, and wave
velocity, c), multiphase behavior of the flow (liquid
saturation pressure, Pv, and surface tension, σ),
and friction (viscosity, µ). Water has similar val-
ues of density, viscosity and wave velocity to MMH,
but with half the vapor pressure and a surface ten-
sion value twice as large. Ethanol has a similar va-
por pressure and viscosity values to those of MMH,
and similar speed of sound and surface tension to
NTO. Acetaldehyde has the closest viscosity to that
of NTO, with similar vapor pressure, speed of sound
and surface tension. It is worth mentioning that NTO
density is higher than in any test liquid used in this
study.

The three liquids are pressurized at 2MPa in the
test vessel, using nitrogen as driving pressure gas.
Thanks to the deaeration process and the mem-
brane inside the test vessel, the test liquid can be
either fully saturated with the driving pressure gas
or deaerated. Prior to the filling of the test vessel,
the air dissolved in the liquid at standard conditions
(1 atm and 293K) is removed. This is achieved by
half filling the deaeration vessel with the test liquid
and applying a low pressure to the internal volume.
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Table 1. Physical properties of inert test fluids
and propellants in liquid phase at 293K (∗value at
298.15K)

In order to avoid the boiling of the test liquids at
ambient temperature, the pressure applied is kept
above their vapor pressure.

When we want to run experiments with deaerated
liquid, before injecting the liquid into the test vessel,
the line between the deaeration vessel and the test
vessel is vacuum pumped, moving down the mem-
brane and leaving a negligible amount of gas in the
line. In case we want to saturate the liquid with the
driving pressure gas, nitrogen is blown in the line
and in the test vessel. In this way, the membrane
moves upwards and fills the tank with gas. When
the liquid is injected into the test vessel, it will be in
contact with a bubble of nitrogen, allowing the sat-
uration of the liquid with this gas during pressuriza-
tion.

4. FLOW VISUALIZATION

Due to the flow configuration in satellite propellant
lines, it is assumed that a two-phase flow evolves

during priming. This can be concluded from the
pressure evolution in the pipe. Nevertheless, a di-
rect observation of the phenomenon is still miss-
ing. This is not evident due to the high pressure
transients we are dealing with and a short charac-
teristic time in the order of milliseconds. The solu-
tion proposed in this study allows the visualization
of the flow at the bottom end, where the liquid front
is brought to rest and the fluid hammer is induced.
The image recording is achieved by means of a high
speed camera. The image window resolution is set
to 64× 456 pixels, which allows capturing images at
a maximum frame rate of 7005 pps.

The results of flow visualization will be now pre-
sented based on the most representative snapshots
recorded at the impact location. The snapshots pre-
sented hereafter are extracted from the time lapse
between the FOV opening and the second pressure
peak, which show the most interesting features tak-
ing place during fluid hammer occurrence. The im-
ages are presented chronologically from left to right
and top to bottom, and they are accompanied by the
pressure evolution obtained with the instrumented
measurement module to help on the understanding
of the whole fluid hammer process.

4.1. Results with deaerated liquids

In figure 4, the results obtained with deaerated water
are presented when the vacuum level in the pipe line
is Pp = 1 kPa. In the first snapshot, the FOV is still
closed and the test element is vacuum pumped. A
few instants after the valve starts to open, dispersed
droplets arrive to the bottom, followed by visible liq-
uid pockets in snapshot 2. The foamy mixture of
liquid, vapor and NCG preceding the liquid front ar-
rival appears dark colored in the images, as it can
be clearly observed in snapshot 3. Here, the gas
in the mixture comes from the residual NCG initially
left in the line. Finally, the liquid front arrives and the
induced pressure rise starts to condense the vapor
phase and compresses the NCG dissolved in the
liquid, as can be observed in snapshot 4.

When the pressure reaches its maximum, and for
the duration of the pressure peak, the module ap-
pears full of liquid, as in snapshot 5. In this case,
the images appear completely white. When the re-
flected expansion wave from the tank approaches
the bottom end, the pressure decreases almost in-
stantaneously at this location and the NCG starts
to expand, inducing a bubbly flow. This can be ob-
served in snapshot 6, where tiny gas bubbles grow
within the liquid. The pressure drop is accompanied
by the liquid column acceleration towards the tank,
inducing the liquid column separation at the bottom
end. The column separation leaves behind a foamy
mixture of liquid, vapor and NCG (referred to as mul-
tiphase bubble), identified in snapshot 7. As the col-
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Figure 4. Liquid front visualization obtained with
deaerated water in the straight configuration. Test
conditions: PT = 2MPa and Pp = 1 kPa

umn continues moving towards the tank, the volume
occupied by the multiphase mixture grows, induc-
ing the coalescence of the gaseous bubbles, as can
be already distinguished in snapshot 8. Snapshot
9 shows the instant where the liquid column has
reached its maximum displacement upwards, and
all the gas bubbles have nearly merged in a single
bubble with a liquid film wetting the inner pipe wall.
This regime can be defined by [15] and [16] as an-
nular flow.

From now on, the liquid column starts to move back
towards the bottom end and the front can be seen
again coming from the top of snapshot 10. As the
front moves downwards, the multiphase bubble is
compressed with a minor presence of foam pock-
ets as observed in snapshot 11. Finally, in snap-
shot 12 the liquid front reaches again the bottom
end and a new pressure rise takes place, which con-
denses once more the liquid vapor and compresses
the NCG. This situation is analogous to the one rep-
resented in snapshot 5. The column separation and
the later impact at the bottom end defines the time
delay between peaks.

The same snapshot representation is also used for
the other test liquids used in this study. The flow
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Figure 5. Liquid front visualization obtained with
deaerated ethanol in the straight configuration. Test
conditions: PT = 2MPa and Pp = 1 kPa

visualization with deaerated ethanol is presented in
figure 5 and with deaerated acetaldehyde in figure 6,
where one can distinguish the same flow sequence
described previously with water. The main differ-
ence observed comes from the nature of the mul-
tiphase bubble during column separation, mainly in
snapshots 8 and 9. Now, the initial foamy mixture
does not become the unique bubble found with wa-
ter. Instead, the whole volume left during column
separation is filled with a bubbly flow. The same
behavior is observed in the flow visualization made
with acetaldehyde in figure 6. Once more, snap-
shots 8 and 9 show the volume filled with a bub-
bly flow. Acetaldehyde and ethanol share nearly
the same surface tension (σ = 21.2mN/m and
σ = 22.27mN/m for acetaldehyde and ethanol, re-
spectively, and σ = 72.85mN/m for water) that may
explain the similar behavior observed during column
separation. Indeed, the Hinze’s scale proposed by
[17] shows the lower the surface tension of the liq-
uid, the easier the transition to dispersed bubble
regime. This would explain the behavior observed
in the multiphase bubble with deaerated ethanol and
deaerated acetaldehyde, which is not found with wa-
ter.
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Figure 6. Liquid front visualization obtained with
deaerated acetaldehyde in the straight configura-
tion. Test conditions: PT = 2MPa and Pp = 1 kPa

4.2. Results with saturated liquids

Liquids under saturation conditions are drastically
affected by the dissolved gas phase during fluid
hammer occurrence, mainly when the liquid expe-
riences a high desorption rate. The authors con-
cluded in [14] that in liquids with a low gas desorp-
tion rate, as water, the dissolved gas phase hardly
affects the fluid hammer phenomenon. For this rea-
son, water visualizations shown in figure 7 offers
nearly the same flow sequence as represented in
figure 4.

On the other hand, saturated ethanol and acetalde-
hyde experience an intense gas desorption rate dur-
ing fluid hammer occurrence, damping the pressure
level and shortening the attenuation process. As a
consequence of this behavior, the flow patterns ob-
served in figures 8 and 9 change completely, mainly
because column separation does not take place.
The massive arrival of evolved NCG not only de-
creases the initial pressure rise, but also adds com-
pressibility to the fluid, allowing the movement of
the liquid column towards the tank by expanding the
volume of gas bubble mixed within the liquid. Fur-
thermore, the foamy mixture that now precedes the
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Figure 7. Liquid front visualization obtained with sat-
urated water in the straight configuration. Test con-
ditions: PT = 2MPa and Pp = 1 kPa

acetaldehyde front arrival, which was not observed
when Pp = 1 kPa, indicates that gas desorption al-
ready starts during FOV opening.

Figures 8 and 9 illustrate this description, where the
NCG volumes compress and expand according to
the traveling pressure waves, but the liquid column
is never detached from the bottom end.

5. CONCLUSIONS

This work describes an experimental approach to
study the priming process taking place in satel-
lites. The experimental facility proposed in this
study reproduces the fluid hammer produced during
priming, with inert fluids replacing the highly toxic
MMH and NTO. The facility allows flow visualiza-
tions recorded during fluid hammer occurrence by
means of high speed imaging. The aim is to ana-
lyze the multiphase nature of the flow during fluid
hammer occurrence.

The presentation of the results with a sequence of
snapshots allows distinguishing the foamy mixture
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Figure 8. Liquid front visualization obtained with
saturated ethanol in the straight configuration. Test
conditions: PT = 2MPa and Pp = 1 kPa

preceding the liquid front and the NCG compres-
sion when the front impacts at the bottom end, the
subsequent column separation with the creation of
a multiphase bubble, ending with a new impact of
the separated liquid column against the bottom end.
The nature of the multiphase bubble is different for
the three liquids : water leaves an annular flow be-
hind the column, while ethanol and acetaldehyde in-
duce a bubbly flow. The lower surface tension of
these two liquids would explain this behavior. Fi-
nally, liquid column separation does not take place
when ethanol and acetaldehyde are tested under
saturated conditions, since gas desorption is very
effective in these liquids and the growing amount
of evolved NCG in the line drastically increases the
fluid compressibility.
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Figure 9. Liquid front visualization obtained with
saturated acetaldehyde in the straight configuration.
Test conditions: PT = 2MPa and Pp = 1 kPa
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