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Abstract
Technology development for propulsion systems of upper stages and reaction control thrusters
is driven by green propellants to substitute hydrazine. At high-altitude conditions prior to igni-
tion the liquid propellants are injected into the combustor at near-vacuum. Due to the sudden
pressure drop the liquid is in a superheated thermodynamic state resulting in an eruptive evap-
oration and fast expansion, a process called flash boiling. To know the composition related to
phase and atomization is important for both to determine the probability of a successful igni-
tion and to avoid destructive pressure peaks. Hence, we visualized flash boiling liquid nitrogen
(LN2) sprays by means of shadowgraphy at the cryogenic test bench M3.3 at DLR. The data
analysis of these sprays revealed that the commonly used degree of superheat Rp on its own
is not sufficient to describe the flash boiling process. This paper focuses on the description of
this issue by comparing shadowgraph images of different LN2 sprays to each other and by the
discussion of the kinetics of the sprays in terms of velocity and pressure distributions obtained
by numerical simulation. Despite similar degrees of superheat Rp, the spray morphology as
well as the spray kinetics show serious deviations from each other.
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Introduction
Technology development for propulsion systems of upper stages like the cryogenic Ariane 6
upper stage engine Vinci or for future cryogenic thrusters in reaction control or orbital and ma-
noeuvring systems is driven by the invention of new, green propellants to substitute hydrazine,
and by new ignition technologies like laser ignition [1]. At high-altitude conditions prior to ignition
the liquid propellants are injected into the combustor at near-vacuum conditions. This means
that the ambient pressure pa is lower than the liquid’s saturation pressure psat(Tinj) at the injec-
tion temperature Tinj . The sudden pressure drop at injection leads to a superheated liquid in a
metastable thermodynamic state. The injection of a liquid like that results in a fast expansion
and eruptive evaporation, a process called flash boiling or flash evaporation. The evaporating
gases raise the pressure inside the combustion chamber until the equilibrium pressure shortly
before ignition is reached. To know the composition of the propellants in the combustion cham-
ber related to phase, species and temperature distribution is important for determining the
parameters for a successful ignition and for avoiding destructive pressure peaks.

Flash Boiling
The dominating parameters for the flash boiling phenomenon in a given liquid are the injection
temperature Tinj and the back pressure pch which can be a near-vacuum chamber pressure or
atmospheric conditions. According to Figure 1, they both define the dimensionless degree of
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superheat Rp of the injected liquid in terms of the pressure ratio

Rp =
psat(Tinj)

pch
, (1)

with the saturation pressure psat(Tinj) at the injection temperature Tinj and the back pressure
pch. A superheated liquid jet with a high degree of superheat is atomized close to or already in
the injector nozzle due to vaporization and produces a fine spray with a big opening angle and
small droplets. The influence of aerodynamical processes on the primary atomization can be
neglected in this kind of jets [2]. The vaporization and expansion of a flash boiling spray leads
to a cool-down to reach a new equilibrium state at the saturation temperature Tsat(pch).

Figure 1. Phase diagram of a superheated liquid for adiabatic depressurization

State of Research
In the last three decades there have been increased efforts of the automotive industry to inves-
tigate flash boiling processes of storable liquids typical for the injection into gasoline or diesel
engines [3, 4]. Pre-heating the fuel to reach the superheated condition causes flash boiling dur-
ing the injection which leads to a finer and wider atomization in the combustion chamber. This
increases the efficiency and reduces exhaust emissions [4]. Analytical models were developed
for flash boiling hydrocarbon sprays to predict the nucleation rates and resulting droplet sizes
[3] and for water sprays to predict the liquid superheat with the help of the depressurization
transient [5]. Further studies about flash boiling processes can be found concerning the safety
field in process technology or chemical and nuclear industry, where storable fluids like hydro-
carbons, water, ethanol or refrigerants like R-134A were used [5, 6, 7]. It was found that not only
the degree of superheat determines the intensity of flash boiling but also injection conditions
like the injection pressure or the injector diameter [7]. Transition correlations depending on the
dimensionless Weber and Jakob numbers were empirically developed for superheated water
leaking into the atmosphere to subdivide the resulting sprays into an aerodynamical break-up
region, a transition region and a fully flashing region [6]. The validity range of these correlations
was successfully expanded for the fluids iso-octane, acetone and ethanol [8]. In the same study
an onset criterion, which links flash boiling with the classical nucleation theory, for the flashing
regimes was developed, and a model for predicting the spray angle in the near-nozzle region
by the degree of superheat and the dimensionless surface tension was generated. In contrast
to storable fluids, flash boiling of cryogenic liquids is much less investigated due to significantly
harder experimental conditions. Within an experimental study at DLR Lampoldshausen about
laser ignition in a model rocket combustion chamber at high-altitude conditions, flash boiling
was observed for a liquid oxygen (LOX) jet [9]. At the same test bench flash boiling of LOX
jets with two injection configurations was investigated and the results were compared to flash
boiling sprays of storable fluids [10]. Despite the huge differences in their physical properties
the LOX sprays and the sprays with storable liquids showed a similar spray morphology. In
another experimental study about cryogenic flash boiling, sprays of liquid nitrogen (LN2) for in-
jection times of about 10 s were observed with high-speed shadowgraphy for different injection
conditions and injector geometries [11]. The resulting sprays showed maximum spray angles
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of about 140° and the injector geometry and injection pressure did not have big influences on
the spray angles. In the former work [12] the validity range of the transition correlations from
[6] was successfully expanded for the cryogenic fluid LN2 and an asymptotical evolution of the
spray angle with increasing superheat was shown. In a consecutive study, the droplet velocity
and diameter distributions of highly superheated flash boiling LN2 sprays with constant injection
conditions were measured by means of PDA and preliminary results like possible recirculation
zones or the existence of a second droplet population were shown [13]. A subsequent in-depth
data analysis of this measurement campaign showed, that the droplet velocity and diameter dis-
tributions of flash boiling LN2 sprays have a sufficient degree of similarity with data of storable
fluids from literature [14]. In a former study [15], the characteristic morphology like break-up
patterns and spray angles of flash boiling LN2 sprays was determined by means of high-speed
shadowgraphy in dependence on the injection parameters and derived dimensionless quanti-
ties. Similar to storable fluids, increasing degrees of superheat lead to a growing dominance of
flash boiling on the break-up of the liquid nitrogen jet. Hence, correlations about jet break-up
regimes derived for storable fluids showed their suitability for cryogenic nitrogen as well. In
reference [16] it was shown, that existing models to predict the dimensions of the liquid cores
in flash boiling LN2 sprays are only applicable for low degrees of superheat.

Experimental Set-Up
Since the dominating parameters for flash boiling are the injection temperature Tinj and the
back pressure pch, it is important for an experimental investigation to make them adjustable,
to keep them constant during the injection period and to make them reproducible. This is
why the new test bench M3.3 with a temperature-controlled injection system was built at DLR
Lampoldshausen for a detailed experimental investigation of cryogenic flash boiling processes
[12, 13, 14, 15, 16].

Cryogenic Test Bench M3.3
The test bench M3.3 consists of three main systems, as depicted in Figure 2: the media supply
and pressurization system, the cryogenic temperature adjustment and injection system (CTAIS)
and the vacuum system. With the first system all gases (nitrogen, helium) for the operation of
the test bench are provided and are pressurized with various pressure reducers to the desired
pressures. The second of the three main systems consists of a double-walled and vacuum-
insulated pressure tank filled with liquid and gaseous nitrogen (GN2), see Figure 2 on the left
and right. By an evacuation or pressurization of the GN2 phase in the pressure tank the fluid
is cooled down or heated up, respectively. Inside the pressure tank is the complete LN2 feed
and injection system, which consists of a 0.5 liter LN2 run-tank, a coriolis mass flowmeter, the
injector unit with a pneumatic run valve and the injector nozzle, and piping in-between, see
Figure 2 in the middle. That means that all these sub-systems are completely surrounded by
the cooling medium nitrogen to provide a homogeneous temperature distribution from the run-
tank to the injector nozzle. Several dynamic pressure and temperature sensors are installed at
the nitrogen pressure tank as well as at the feed and injection system, in order to both control
and adjust the temperature of the cooling medium and to measure the injection parameters of
the jets. The CTAIS is mounted on top of the vacuum system, which consists of a cylindrical
chamber with an inner diameter of 300 mm, a height of 225 mm from the injector nozzle exit to
the bottom of the chamber and four optical accesses with a diameter of 100 mm each. The four
windows are positioned with an angle of 90° to each other. An attached vacuum pump produces
the near-vacuum atmosphere to simulate high-altitude conditions. The test fluid nitrogen gets
liquefied during the chill-down process of the test bench. Further details about the test bench
M3.3 and its possible range of injection conditions can be found in references [12, 13, 14, 15].
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Figure 2. Test bench M3.3 with supply and pressurization system, open CTAIS and vacuum system (left); open
CTAIS with run tank, pneumatic run valve, injector unit and sensors in-between (middle); chilled-down test bench in

operation mode (right) [14]

Injection Conditions
In this study, we are using the four LN2 sprays #1, #6, #9 and #14 which were generated by
a single sharp-edged injector with a diameter of Dinj = 1 mm and a length-to-diameter ratio
of L/D = 2.9. For further injector details we refer to former works [12, 13, 14, 15, 16]. The
injection conditions in terms of the injection temperature Tinj , the injection pressure pinj , the
chamber pressure pch, the mass flow ṁ, the degrees of superheat Rp and ∆T ∗ as well as the
dimensionless numbers like the gaseous and liquid Weber numbersWeg andWel, respectively,
the Jacob number Ja, the Reynolds number Re and the Ohnesorge number Oh of the sprays
#1, #6, #9 and #14 are summarized in Table 1. Detailed definitions of these numbers as well
as their confidence intervals can be found in reference [15].

#1 #6 #9 #14

Tinj [K] 82.9 82.9 82.6 82.7
pinj [kPa] 820 800 400 410
pch [kPa] 61 26 60 26
ṁ [g/s] 17.2 17.2 9.8 9.8
Rp [-] 3.0 7.0 3.0 7.0

∆T ∗ [-] 0.350 0.466 0.520 0.636
Weg [-] 298.9 136.9 95 43.8
Ja [-] 27.9 69.9 27.7 97.2
Wel [-] 8.06× 104 8.02× 104 2.59× 104 2.59× 104

Re [-] 1.66× 105 1.66× 105 9.45× 104 9.45× 104

Oh [-] 1.71× 10−3 1.71× 10−3 1.70× 10−3 1.70× 10−3

Table 1. Injection conditions of the analysed LN2 sprays #1, #6, #9 and #14

Optical Diagnostics
High-speed backlight shadowgraphy was used to visualize the flash boiling LN2 sprays. With
a xenon light source, the sprays were illuminated from the backside through one of the four
optical accesses of the vacuum chamber. A translucent frosted glass was placed between
the light source and the chamber window to provide a homogeneous background. The high-
speed camera was positioned on the opposite optical access of the chamber and the camera
lens was focussed onto the injector plane prior to each test run. The optical set-up is shown
schematically in Figure 3. Its main components as well as the settings of the used high-speed
camera are listed in Table 2. The evolution of the injection pressure showed that after a period
of about tinj = 100–120 ms after the trigger signal for the injection start steady state injection
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conditions are reached [15]. Hence, we chose tinj = 120 ms as evaluation time, where all of
the shown shadow-graph images in this study were analysed.

Figure 3. Scheme of the optical set-up for high-speed backlight shadowgraphy at test bench M3.3 [15]

component/parameter manufacturer and type/setting

xenon light source Müller Elektrik & Optik, SVX 1450 & LAX 1450
camera lense Tamron, A061 AF28-300mm

camera Photron Fastcam SA-X
framerate 10 000 fps

exposure time 97 µs
frame size 1024× 1024 pixels

Table 2. Components of optical shadowgraphy set-up at test bench M3.3

Numerical Set-Up
To investigate the spray kinematics and the flow in the injector nozzle, 2D simulations of the
four cases, with a grid size of 10µm, are set up, see also Figure 5. The flashing nitrogen flow
is solved with a compressible two-phase, one component solver developed in OpenFOAM [17].
The solver has already been applied to flashing flows and has proven its suitability to predict
flashing sprays.

Governing Equations
The selected solver uses an Euler-Euler approach with a transport of a volume fraction to
distinguish between the two phases. Thus, additional to the momentum, mass and energy
conservation, a transport of the liquid volume fraction is included,

∂ρlα̃

∂t
+∇ · (ρlα̃ũ) +∇ · (ρlα

′′
l u
′′) = ˜̇ml, (2)

∂ρũ

∂t
+∇ · (ρũũ) = −∇p+ ρg +∇ · τ̃t, (3)

ρ
Dh̃l

Dt
+ ρ

DK̃

Dt
=

(
∂p

∂t
+∇ · (kl,Eff∇T̃l)

)
+

ρ

ρlαl
ṁl(hsat,g(p)− h̃l), (4)

ρ
Dh̃g

Dt
+ ρ

DK̃

Dt
=

(
∂p

∂t
+∇ · (kg,Eff∇T̃g)

)
+

ρ

ρgαg
ṁl(h̃g − hsat,g(p)), (5)

Hereby, the subscripts ’l’ and ’g’ denote the liquid and vapor phase, whereas variables with-
out a subscript refer to the mixture properties. Variables with an overbar, φ, denote Reynolds
averaged quantities, whereas the tilde denotes Fave averaging and the double prime their fluc-
tuations. The turbulence is modeled with the k-ω SST model and the turbulent contributions
for the enthalpy transport equations are included in the effective thermal conductivity using
the turbulent Prandtl number. To get the superheated as well as the saturation properties the
CoolProp library is used as the equation of state [18].
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Phase Change Model
In comparison to cavitation, flashing cannot be assumed to be in thermal equilibrium and there-
fore the homogeneous relaxation model (HRM), which uses an empirical relaxation time

Θ = Θ0

(
ρl − ρ
ρl − ρg

)β (psat(T )− p
psat(T )

)λ
, (6)

is used to describe the evaporation rate [19, 20]. The final expression for the phase change
with χ as the liquid mass fraction is then,

Dχ

Dt
= −χ

hl(p, T )− hsat,l(p)

hsat,g(p)− hsat,l(p)

1

Θ
=
ṁl

ρ
. (7)

While the original model parameters show a wide application range [20], they might require
case specific adaptions, especially for only slightly superheated or cavitating flows [20, 21]. As
the investigated cases have a low superheat, which can lead to a delayed vapor formation, the
constant Θ0 is set after a short study to Θ0 = 1× 10−6 s.

Results and discussion
Analysis of the Experimental Visualisation
The high-speed shadowgraph images of the lowly superheated LN2 sprays #1, #6, #9 and #14
are depicted in Figure 4. As summarized in Table 1, the sprays #1 and #9 only differ in their
injection pressures pinj while the other injection parameters Tinj and pch remained constant.
Hence, the degree of superheat Rp according to its definition in Equation 1 stays constant as
well. However, a comparison of the shadowgraph images of the two sprays obviously reveals
two different spray patterns despite their identical degrees of superheat: While spray #1 has
a slim shape with distinct filaments and droplets, the spray pattern of spray #9 is wider and
the spray appears to be more finely atomized. This can be quantified by comparing the spray
angles θs of the sprays with each other which were extracted from the shadowgraph images in
our former publication [15]: While spray #1 has a spray angle of θs = 106.0° after a distance of
L/D = 1 from the injector, the one of spray #9 is θs = 117.5° which is about 11 % higher.

Figure 4. Shadowgraph images of stationary LN2 sprays #1, #6, #9 and #14 at tinj = 120 ms after valve opening

The halving of the injection pressure from pinj ≈ 800 kPa in spray #1 to pinj ≈ 400 kPa in spray
#9 leads to a reduction of the mass flow. Hence, the residence time of the fluid in the injector is
increased for the spray #9 which enhances nucleation already within the injector and explains
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Figure 5. Sketch of the computational domain for the
2D wedge simulations.

Table 3. Residual times of the fluid inside the
injector.

Case Residual Time in Injector

#1 0.073ms
#6 0.073ms
#9 0.120ms
#14 0.118ms
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Figure 6. Velocity, liquid volume fraction and pressure sampled at the exit of the nozzle.

the wider and better atomized spray compared to spray #1.

For higher degrees of superheat like Rp = 7.0 in the sprays #6 and #14, the same effects
are still present but less pronounced. This is due to the higher amount of superheat which
generates already high nucleation rates for both sprays. For those two sprays, the spray angle
of spray #14 with θs = 153.7° is about 7 % higher than the one of spray #6 with θs = 144.1°.

Numerical Analysis of the Spray Kinematics
An analysis of the nozzle exit velocity, liquid volume fraction and pressure is depicted in Figure
6. The velocity development is for the cases #9 and #14 about 40% less than for the cases
with the higher injection pressure, which is in agreement with the experimental mass flow rates.
Figure 6b shows, that the liquid volume fraction is reduced for the cases #9 and #14 which is
due to the longer residual time in the injector, see Table 3. The lower volume fraction of cases
#1 and #6 at the wall is a consequence of the increased flow separation at the inlet of the noz-
zle. This causes a more pronounced vena contracta and with it a larger low pressure region for
cavitation. Finally, the pressure is for all cases slightly below the saturation pressure and thus
not affected by the injection pressure or the downstream conditions. For the lower injection
pressure cases the exit pressure is slightly lower because of the enhanced evaporation and
with it cooling of the liquid. In conclusion this supports the claim, that the upstream conditions
of injection pressure and liquid temperature determine the velocity and evaporation within the
injector. Hence, the value Rp which does not include the injection pressure, cannot fully de-
scribe the behavior within the injector and with it the initial kinetic as well as thermodynamic
state.

Conclusions
The degree of superheat in flash boiling sprays has a significant influence on the spray mor-
phology, especially in terms of the spray widening and its atomization. However, the commonly
used definition of the degree of superheat Rp has proved to be insufficient to predict the spray
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patterns of lowly superheated LN2 sprays since it does not include the injection pressure and
therefore neglects the initial kinetic states of the liquid within the injector. Hence, modified or
different definitions of the degree of superheat have to be found or developed for a sufficient
description of the flash boiling process.
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Nomenclature

α liquid volume fraction [-]
β exponent of HRM model [-]
∆T ∗ degree of superheat [-]
λ exponent in HRM model [-]
ρ mixture density [kgm−3]

τt
turbulent viscous stress
tensor [kg s−2m−1]

θ relaxation time for HRM model [s]
θs spray angle [°]
Dinj injector diameter [10−3 m]
g gravitational constant ms−2

h enthalpy [J kg−1]
hsat saturation enthalpy [J kg−1]
Ja Jacob number [-]
K kinetic energy [J kg−1]

kl,Eff
effective thermal
conductivity [kgm s−3 K−1]

L/D length-to-diameter ratio [-]
ṁ mass flow [g/s]
Oh Ohnesorge number [-]
pa ambient pressure [kPa]
pch chamber pressure [kPa]
pinj injection pressure [kPa]
psat saturation pressure [kPa]
Rp degree of superheat [-]
Re Reynolds number [-]
Tinj injection temperature [K]
tinj time after start signal for injection [s]
Tsat saturation temperature [K]
u velocity vector [ms−1]
Weg gaseous Weber number [-]
Wel liquid Weber number [-]
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