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Abstract. As part of an effort to understand the conditions for the ignition of cryogenic propellants in the
low pressure environment, we conducted a research of internal flow of cryogenic jet. In this paper, the
experimental investigation was exerted focusing on the qualitative morphology study of the cryogenic
flow inside the jet injectors. The test facilities were carefully designed and allow for visualization and
characterization of the flow. The results show a strong dependence of mass flow rate on the fluid tempe-
rature. The two-phase flow was observed even for a long time chilling down of the injector. The Jacob
number is proved to be a good indicator for the flow regimes, and the bubbles are present in the flow every
time. The injector geometry has an influence on the flow rate, with the tapered injector demonstrating a
higher flow rate than the sharp one.
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Nomenclature

A = area of injector orifice
Cpl = liquid heat capacity

d = injector diameter
Ṁ = mass flow rate
pinj = injection pressure
pamb = ambient pressure

∆p = drop pressure
Ts = saturation temperature
ρ = density
µ = viscosity

1 Introduction

In the last decade, plenty of research have been con-
ducted about the cryogenic injection with the operation
conditions from near vacuum to higher than the critical
pressure. Atomization of a cryogenic liquid is domina-
ted not only by aerodynamic forces outside and turbu-
lence inside the liquid jet, but also by thermodynamic

effects of the fluid. This creates a multiphase flow or
even an undistinguished fluid (not gas, not liquid) beha-
vior and may dominate the atomization process. Effects
of pressure and aerodynamic forces on the cryogenic
injection have been studied intensively, while less work
was contributed to exploring the impact of thermodyna-
mic effect on the injection, i.e. flashing phenomena, the
conditions of the internal flow (mainly for cryogenics
fluids) are rarely covered, although their importance is
well-known.

The research in atomization, mainly in liquid pro-
pellant rocket engines, has dealt with the problems of
behavior of cryogenic fluids at critical pressures condi-
tions (BRANAM; TELAAR; MAYER, 2001; MAYER,
1994; OSCHWALD et al., 2006; MAYER; TAMURA,
1996; CHEHROUDI; COHN; TALLEY, 2002). Under
such pressure conditions, classical models of atomiza-
tion are not applicable anymore.

Another subject of studies are the fluid behavior be-
fore the ignition (GAUTAM, 2007). At the upper-stage
rocket engine, due to the low pressure environment,
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the cryogenic liquid jet atomization is not driven by
forces of aerodynamic nature (SHER; BAR-KOHANY;
RASHKOVAN, 2008). Instead, the atomization is now
controlled by thermal phenomenon inside the fluid. The
release of a pressurized, superheated liquid into such
environment results in violent nucleation, expansion
and breakup of the liquid phase (CLEARY; BOWEN;
WITLOX, 2007; VU; AGUILAR, 2009; YILDIZ et al.,
2002), as so called flashing. Nevertheless, bubble for-
mation and expansion as well as flashing even may hap-
pen inside the injector tube.

The characteristic of fluid itself that goes through
injectors need to be better understood. Lin and Reitz
(1998) draw attention to the need for considering the
internal flow behavior. Other authors studied the ef-
fect of flow regime and injector geometry and were
able to classify different types of cavitation (PAYRI et
al., 2011; SOU et al., 2008; SOU; HOSOKAWA; TO-
MIYAMA, 2009; De Giorgi; FICARELLA; TARAN-
TINO, 2013; BADOCK et al., 1999). The change of
phase in a pipe due to heat transfer (named: chill-down)
again is initiated prior to the injector (SHAEFFER; HU;
CHUNG, 2013; RAMÉ; HARTWIG; MCQUILLEN,
2014), Generally, in particular for cryogenic fluids, the
flow across the injector, in some extent may be two-
phasic and thus it interfere with a classical atomization
process.

Through careful design of the experimental setup,
including the optical accessible injector with diffe-
rent geometrical design, optical chamber, cryogenic
fuel feed system and measurement systems, the study
aims at identification and characterization of domina-
ting fluid-dynamic conditions, which evolve inside of
injector. Particularly, the effect of different internal in-
jector geometries on the flow and flashing phenomenon
is studied. The work focus on the internal geometry and
the formation of two-phase flow inside injectors.

2 Theory

The main variables related to that the inner injection
study are the dimensionless flow rate and its dependen-
cies with the pressure coefficient and temperature.

M̄ =
Ṁ

1
4πd

2(2ρ∆p)( 1
2 )

(1)

where: M̄ the dimensionless flow rate, Ṁ mass flow
rate, d injector diameter, ρ density and ∆p drop pres-
sure.

Temperature is also dimensionless

θ =
Tinj
Ts

(2)

where: θ dimensionless temperature, Tinj injection
temperature and Ts saturation temperature.

and the pressure coefficient

Cp =
Pinj − Pamb

1/2ρliqv2
(3)

where: Cp pressure coefficient, Pinj injection pressure,
Pamb ambient pressure and ρliq liquid density.

and the velocity is calculated by

v =
Ṁ

ρliqA
(4)

where: v velocity, Ṁ mass flow rate, ρliq liquid density
and A area of injector orifice.

Considering that we are dealing with a probable
two-phase flow, the Jacob number is also calculated.

Ja =
Cpl × ∆T × ρl

hlg × ρg
(5)

where: Ja Jacob number, Cpl liquid heat capacity, ∆T
drop temperature, ρl liquid densty, hlg latent heat of
vaporization and ρg gases density.

Where ∆T is the difference between actual tempe-
rature and the saturation temperature (∆T = T − Ts),
and hlg is the latent heat of vaporization. From these
data, we expect to learn about the effect of superheating
and depressurization on this internal flow.

3 Experimental set up

3.1 Test facilities

The experimental setup (Fig. 1) consists of Liquid
Nitrogen tank pressurized by a gas bottle, connected to
an injector case and this one to a vacuum tank. There
are three temperature measurement points. One in top
of LN2 tank, the second in the pre-chamber of injec-
tor and the last one in the vacuum chamber. Tempe-
ratures in the injector were obtained by thermocouples
(copper-constantan, Φ0.5mm). Pressure measurements
was took in the same positions. The pressure is recor-
ded with two pressure sensors (PMT-DS19, 0 16bar) in
the tank and in the injector pre-chamber and one pres-
sure sensor (Wika A-10, 0 1bar)in the vacuum tank, to
get the pressure difference between the injection pres-
sure and the chamber pressure.
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Table 1: Uncertainty

Diameter ±0.1mm
Temperature ±0.5K

Pressure ±0.5%
Flow meter ±0.5%

Figure 1: Injector set up.

With this measurement, it is possible to calculate the
mass flow rate considering the flow as continuous liquid
and then compared with the mass flow rate measured.
The mass flow rate was recorded with a turbine flow
meter NT/FT4-8(0.38∼11L/min) Series.

3.2 Injectors

We tested 3 injectors (Fig. 2) with different geome-
tries (injector 1: sharp entrance, injector 2: tapered en-
trance, injector 3: complete conical). Each injector has
an orifice diameter of 1 mm and with the length to di-
ameter ratio L/D of 6. The material (Acrilic) is very
soft, and enables a tolerance of ±0.1mm for each di-
mension. they are encapsulated in an aluminum case
(Fig. 1). The pressure and temperature before the injec-
tion and in the spray just half centimeter after injector
mouth are shown in the sketch in the Fig. 1.

3.3 Optical measurement

The flow phenomena inside these injectors were cap-
tured with a high speed camera (Photron Fastcam SA-
X2) using shadowgraphs technique. With the images of
the high speed camera the average size of bubbles can

Figure 2: Different geometry injectors.

be calculated and the position where they are created
can be identified.

The visualization of the flow used the back light illu-
mination (Fig. 3). The front illumination shown really
poor resolution. The fog created by low temperature
make a great challenge for the optical diagnose and the
gas nitrogen is employed for the windows purge thus to
avoid the moisture solidification on the windows.

Figure 3: Optical set up.

3.4 Test operation condition and process

Each test campaign began with the evacuation of the
pipe and tank by use of the vacuum pump. This pro-
cedure was taken because of the moisture in the air,
that usually freeze inside the pipe and could damage
the flowmeter and block the solenoid valve. Once all
air was removed from system, it is filled with nitro-
gen and flushed to clean every residual condensation
inside. This part must be done carefully to not damage
the flowmeter bearings. Then proceed the cool down of
the system. For that purpose the tank is filled with li-
quid nitrogen, pressurized with 5 to 8 bar and the valve
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for the injector is opened until the tank is empty again.
This process takes about 10 min. After that, the tank
is filled again and the pressure is set up for the desired
pressure. The acquisition data is turned on, and valve
is opened, depending on the set mass flow rate, for the
maximal of 150 seconds (until the tank is empty). A
sample of the record of a test could be seen in Fig. 4.

4 Results and Discussion

With the high speed camera two different flow regi-
mes could be identified. The first one is the two phase
flow regime (Fig. 5) which appears dark because the
presence of a large number of bubbles and droplets and
gaseous phases obscures the back light due to multi-
ple scattering. The other one is the liquid phase re-
gime (Fig. 6) which can be clearly characterized by
its bright occurrence caused by the concentration of the
light in the center due to refraction. These phenomena
have been observed during the tests in injectors 1 and 2.
These phenomena occur after a long period of fluid flow
and at high-pressure conditions (higher than 10 bars).

It is important to point out that even in this second
flow regime (liquid flow), it is possible to see some bub-
bles in the pre-chamber of injectors. Bubbles were ob-
served in all cases. These residual bubbles are gene-
rated in the pipe and are entrained into the flow going
through the injector.

In Fig. 7 a group of bubbles undergoes an expansion
inside the injector. Their characteristic length increases
by almost a factor of two in the middle of injector due
to the diminishing pressure along the injector. The re-
sident time of this bubble in the tube of injector it is
around 10-5 seconds and our pressure transducer is not
able to measure the variation. But the presence of this
bubble is a discontinuity in the flow and could generate
instability.

Prior to the establishment of fully liquid flow re-
gime, inside the injector a two-phase flow will be pre-
sent (Fig. 8). For injector pressures higher than 15
bar the two-phase flow appear in the channel of injector
and looks like the hydraulic flip described by Sou et al.
(2008). Banuti e Hannemann (2010) suggest that this
phenomenon could originate from heat transferred into
the fluid from tube wall instead of cavitation. Accord
to then, The heat transfer from wall, originate a density
gradient that grows along of the channel length. So,
instead a cavitation phenomenon (caused by pressure
drop), and also due to the high sensitive of the cryogenic
fluid with temperature or heat transfer, here we suppose

the presence of the thermodynamic effect. Moreover,
this is undistinguishable for the technic (shadowgraph)
used in this research.

The presence of this two-phase flow could incre-
ase phenomenon like flashing in the jet or because of
the presence of gas at high velocity, create chock wa-
ves around the jet (SIMOES-MOREIRA; BULLARD,
2003).

During the test, it was observed that the Jacob num-
ber is a good indication of the physical state of flow.
Fig. 9 shows the evolution of Jacob number over time
for the specific test in which a two-phase flow was ob-
served almost during the entire test. Only at the end
of the test, around 68 sec, the flow changes to a liquid
phase flow and the Ja number approaches zero(Ja = 0).

Considering the influence of temperature in the
mass flow rate, it is possible to observe that the injec-
tors 3 and 2 present (injector with conical and with ta-
pered entrance) higher flow rate comparing to injector 1
(sharp entrance) as expected, because of the inflow con-
ditions for different geometries. However, it is possible
to see the flow rate increasing inversely proportional to
the temperature. The saturation temperature are TS, and
T/TS higher than 1 indicates a superheated liquid.

Table 2: Shows two results of the same injector for same temperature
and different drop of pressure.

Mass flow
(g/s)

Drop pressure
(bar)

Temperature
(K)

13.5 2.75 91
21.7 4.9 92

Table 3: Shows the variation of the flow rate with the temperature.

Mass flow
(g/s)

Drop pressure
(bar)

Temperature
(K)

20.7 8.1 104
31.1 8.2 98

From the table, it can be seen that with the tempe-
rature decreasing from 104K to 98K , almost of 5.7%
change, the mass flow rate increasing from 20.7 to 31.1
g/s, approximately 35% difference. To have the same
variation, it is necessary for a variation of 40% of the
pressure (see tables 2 and 3). The liquid temperature
are around the saturation temperature ( T/TS between
0.95 and 1). This means that as for the mass flow rate,
the temperature conditions play a much more vital role
than the pressure conditions, which require us the good
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(a) (b)

Figure 4: (a)Variation of injection temperature during the test (b) Variation of injection pressure during the test.

(a) (b) (c)

Figure 5: Two-phase flow inside the injectors, (a) injector 1, (b) Bubble and two phase flow inside the injector 2, (c) Bubble and two phase
flow inside the injector 3.

Figure 6: Bubble and liquid phase flow inside the injector 2.

insulation of the cryogenic injection for the successive
flashing study. The mass flow rate present an inversely
proportional behavior to Jacob number (Fig. 10(a)) ex-
plained by the fact that low Ja indicates less amount
of gas dissolved in the flow, which leads to the higher
density of the fluid.

The results indicate that the internal flow of cryoge-
nic injectors has a great potential to influence the ato-
mization process by presence of two-phase flow. The
existence of a two-phase flow prior to the exit into the
combustion chamber affects the mass flow rate and in
addition may favor the onset of the flashing phenome-
non which has a strong impact on the efficiency of an in-
jector. The thermodynamic dependencies of flow prior
injection must be considered in the project for initial
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Figure 7: Expansion of the bubble through the injector.

Figure 8: Cavitation or density gradient caused by wall heat transfer
inside the injector 2.

Figure 9: Test with change of phase. Variation of Jacob number. The
red arrow indicates the phase change of the fluid.

(a)

(b)

Figure 10: a) Variation of Mass flow rate with Ja b) Variation of mass
flow rate with temperature.
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conditions of a rocket engine.

5 Conclusion

In this research of internal flow of cryogenic jet , the
flow inside jet injectors with cryogenic fluid is inves-
tigate with experimental methods. And the test facili-
ties are carefully designed which allow the visualiza-
tion and characterization of the flow. The mass flow
rate presents a strong dependence with temperature (a
6% of variation on temperature create a 35% of varia-
tion in the flow rate). It was observed that the two-phase
flow persists even with a long period of cooling down,
but two regime of flow was observed. In the first re-
gime, the two-phase flow are originated from pipelines
because of chill-down phenomenon. The second one
are originated in the injector’s channel. The presence
of two-phase flow could increase the phenomenon of
flashing in the jet and the gas could originate shock wa-
ves around the jet. Two phenomenon could be responsi-
ble for the second regime, the cavitation and heat trans-
fer from injector wall. The Jacob number shows good
as an indicator of regime of flow. Residual bubble ge-
nerated inside of the pipes go through the injector and
expands. The bubbles’s size grows up to almost double
times and their presence could induce instabilities. The
geometry of injector entrance affects the flow rate too,
and the tapered injector presents higher flow rate than
the sharp entrance injector. The results indicate that the
internal flow of cryogenic injectors has a potential to in-
terfere in the atomization and must be considered in the
project for the engine design. The phenomenon obser-
ved in the work, as bubbles, and two-phase flow coming
from pipes or generated in the injector channel it self,
must be considered
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