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The global flow characteristics of the cryogenic flow injected from a single-element coaxial injector have been

examined experimentally to simulate the flow andmixing behavior before ignition and combustion in characteristic

rocket engines. The injector simulated one element of the cryogenic rocket engine injectors under realistic operating

conditions. This work focuses specifically on the evolution of liquid nitrogen jet instability, spreading, and its

atomization and mixing with the surrounding coaxial gaseous jet under steady-state atmospheric conditions. The

effect of some important flow parameters, such as velocity ratio and momentum ratio between jets, on the potential

core length of the liquid nitrogen jet and shear angle of the flow have been analyzed. The results showed a significant

role of these parameters on the instability and breakup of the liquid nitrogen jet, along with the strong heat transfer

effect of the surrounding atmosphere on the cryogenic liquid nitrogen jet. The shear angle of the flow remained

constant along the longitudinal axis of the injector, thus confirming fully developed steady-state jet under

atmospheric conditions. The mean value of the shear angle showed the transcritical nature of the liquid nitrogen jet

under atmospheric conditions. The shear angle of the flow also reduced with introduction of the helium jet and

decreased uniformly with increase in helium jet velocity, which supports the effect of surrounding gas density on the

jet spreading as predicted by previous researchers. The potential core length of the cryogenic liquid nitrogen showed

a local peak as a function of velocity of the gaseous jet and decreased exponentially with momentum ratio for values

close to and higher than one.

I. Introduction

A NALYZING the cryogenic flow from a coaxial injector is one
of themost crucial areas of interest associated with state-of-the-

art rocket engine technology. Significant research has been
conducted in this area to study the behavior of coaxial jets using
single-phase gaseous jets and two-phase jets using water or some
other subcritical fluid [1–4]. Single-phase coaxial jets are, in general,
very well understood because of their extensive investigation by
various researchers, for not only rocket engine applications but also
in other combustion systems. However, the destabilization,
disintegration, and mixing of cryogenic jets in the presence of a
high-speed coaxial surrounding gaseous jet are still relatively less
understood phenomena, in spite of numerous past attempts to study
them. Thus, the objective of this research is to analyze some of the
keyflowparameters, such as liquid core length andflowshear angles,
for coaxial jets using cryogenic fluid.

In case of cryogenic fluids, analyzing the flow behavior of the jet,
its destabilization, disintegration, and evaporation becomes
complicated, because of huge variations in physical properties and
nonisothermal flow conditions. The destabilization of a liquid jet in a
two-phase coaxial flow takes place due to several complex physical
processes, such as the development of a shear layer due to velocity
gradients, the turbulent interactions and vorticity produced by the
boundary layer, and the interaction between inertial, surface tension
and viscous forces. A combination of all of these destabilization
processes, along with the complex thermophysical processes related
to phase change,makes it very challenging to understand and analyze
the flow and atomization behaviors of two-phase cryogenic flows
[5–7].

Previous research has also identified some important parameters
that affect the physical processes, such as physical and chemical

properties of the fluids, velocity and density ratios between the jets,
inlet temperature of the fluids, shape and geometry of the injector
exit, recess length of the injector, presence of swirl to the flow, and
temperature and pressure of the mixing chamber. Reitz and Bracco
[8] performed extensive experiments with water jets and showed that
the growth rate or spray angle of an isothermal jet depends strongly
on the densities of the liquid jet and surrounding gas, that is,
�� 0:27��g=�l�0:5. Chehroudi et al. [9,10] investigated cryogenic
jets (LOX andLN2) initially at a subcritical temperature injected into
supercritical temperature environment and at various pressures
ranging from subcritical to supercritical values. They finally
improvedReitz andBracco’smodel [8] to predict the growth rate of a
shear layer by using their experiments, given as ��
0:27fF�x��g=�l�� � ��g=�l�0:5g.

Gautam and Gupta [11], Strakey et al. [12], and Villermaux [13]
have shown that themomentum flux ratio �M� �gv2g=�lv2l � is one of
the key parameters for single-phase or two-phase coaxial jet mixing.
They demonstrated that the lengths of the potential cores, and the
liquid-jet breakup and mixing with the surrounding gases, are
significantly affected by themomentumflux ratio between the jets. In
their earlier works, Villermaux and Rehab [14], Farago and Chigier
[15], Rehab et al. [16], and Lasheras et al. [17] provided some
characterization of coaxial jets using noncryogenic fluids. Lasheras
and Hopfinger [4] also provided an improved correlation for
prediction of potential core lengths, as shown by Eq. (1):

Lb=Dl � 6M�0:5�1 � 0:001�=�gVg��0:5 (1)

Although some of the aforementioned investigators did not
examine the relevant rocket injector conditions, the results obtained
from these investigations provided important insightful information
and means for extrapolating the results to the characteristic rocket
injector operational conditions. Some other more relevant work has
been reported on the behavior of cryogenic fluids under high-
pressure subcritical and supercritical conditions. Pal et al. [18],
Vingert et al. [19] andMayer et al. [20–23] studied the high-pressure
injection and mixing processes of cryogenic propellants under
nonreacting conditions using LN2 as a simulant for LOX. Porcheron
et al. [24] investigated the core length of an LOX jet in a coaxial
gaseous stream (He, N2, and Ar). They performed experiments for a
large range of momentum ratios (M 	 2–21:6) by varying the
velocities and densities of the jets and proposed a correlation [Eq. (2)]
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to predict the potential core length of the LOX jet based on
momentum ratio, Ohnesorge numberOh, and density ratio between
the jets:

Lb=Dl � 2:85��g=�l��0:38Oh0:34M�0:13 (2)

In another, more recent, study, Oschwald et al. [25] investigated
the effect of chamber pressure, initial jet temperature, and acoustic
waves on the atomization, mixing, and combustion phenomena of
LOX=H2 coaxial rocket injectors. Gautam and Gupta [26–28]
studied the flow and evaporation characteristics of cryogenic fluids
under normal atmospheric conditions to gain insight on the initial
mixing that affects the ignition. Davis andChehroudi [29] developed
an automated method for measurement of the dark-core lengths
(potential core lengths) from a large number of flow images and
showed that the dark-core length decreases at higher chamber
pressures, due to the combined effects of inner tube heat transfer and
better interjet mixing. The length of the dark core shortened with
increase in velocity ratio at constant chamber pressure, and
asymptotically approached a constant value. Their results also
showed the dependence of the gas/liquid momentum ratio to an
exponent, with the exponent having a different value for subcritical
pressures as opposed to near- and supercritical pressures. However,
in spite of all these research efforts, attaining comprehensive
understanding of the liquid breakup, dispersion, evaporation, and
mixing of cryogenic fluids under all relevant and realistic operating
conditions is still a major challenge involving highly complicated
phenomena.

This study analyzes the physical characteristics of a cryogenic
LN2 jet surrounded by a coaxial gaseous stream at normal
atmospheric pressure conditions, using a high-speed schlieren
diagnostic technique. Specifically, the characteristic inner potential
core lengths and shear angles have been examined for different
velocities of the surrounding gaseous jet. The experimental matrix
allowed for detailed examination of some of the important flow
parameters, such as the velocity and momentum ratios between
the jets.

II. Experimental Setup and Condition

The experimental facility consisted of a supply system for
cryogenic liquid nitrogen and gaseous helium, a single-element
coaxial injector, and an exhaust system. A schematic diagram of the
injector tubes, along with the injector face plate, with dimensions
throughwhich the flows emerge is shown in Fig. 1. The inner injector
tube has inner diameter of Dl � 0:33 in: (8.4 mm) with a wall
thickness of 0.02 in. (0.5 mm). The dimensions of the injector have
been chosen after consultation with industrial manufacturers, and the
injection areas of the two flows have been kept constant, which is
generally the case for shear coaxial rocket injectors. The flows of the
gaseous and cryogenic fluids into the experimental facility were
controlled using fast response (<50 ms) solenoid valves to obtain
temporal resolution on the evolutionary behavior of the flow upon
exit from the injector.

The flow rate of the gaseous jet was measured using precision
orifices preceded with a digital pressure sensor. The average
temperature of the gaseous flow at the injector exit was measured
using a thermocouple and was found to be 263 K, and the velocity
was calculated under the assumption of ideal gas density. The flow
rate of LN2 was measured using a liquid turbine flowmeter.
However, to assure that the measurement values were accurate, the
flowmeter had to be cooled toLN2 temperature before getting steady-
state accurate readings. This procedure ensured liquid flow through
the flowmeter with minimum vapor formation. Note that any vapor
formation will result in erroneous readings from the turbine
flowmeter. Therefore, the procedure of acquiring LN2 flow rate
measurements starts by bleedingLN2 at very low flow rates, until the
temperature of flowmeter reaches the LN2 cryogenic temperature. A
thermocouple was used to monitor online the temperature
immediately upstream of the turbine flowmeter. Once this was
achieved, the LN2 valve was opened completely to allow the flow to
stabilize for few seconds before starting the measurements. This

approach assured that the variations in flow rate were reduced to less
than 5%. The flow rate through the injector was also calculated using
Bernoulli’s equation by measuring pressures upstream and
downstream of the coaxial injector. The difference in measured
flow velocity from the pressures across the injector and turbine flow
meter readings was less than 
5% for several different test runs,
which is actually quite reasonable for a cryogenic fluid that posseses
complex flow and heat transfer characteristics. The volumetric flow
rate ofLN2 was fixed at 4:5 gal=min (0:23 kg=s) for all experiments
conducted in this study, with an average temperature and density of
the LN2 jet at the injector exit taken as 77 K and 808 kg=m3,
respectively.

The experimental test matrix of the flow conditions examined in
this paper is given in Table 1. Experiments were performed to
analyze the effect of gas velocity and momentum ratio on the flow
characteristics of the cryogenic jet. For the experiments, the velocity
of the liquid nitrogen jet was kept constant at 5 m=s, whereas the
velocity of the helium jet was varied from no flow to 630 m=s. The
typical velocity and momentum ratios for practical rocket injectors
are approximately in the range of 20–30 and 5–10, respectively. The
Reynolds and Weber numbers of the LN2 jet calculated at 77 K and
1 atm were found to be 2:21E� 05 and 1:93E� 04, respectively.

III. Data Acquisitions and Analysis

Schlieren clips of the full flowfield have been obtained using a
high-speed camera framing rate of 512 frames=s at a resolution of
1024 � 512 pixels. The camera responds to visible wavelengths of
the spectrum. Data analysis for the present set of experiments
included obtaining time-resolved images from the high-speed
movies and applying image processing techniques on those images
to calculate the averaged potential core lengths and shear angles for
the various test cases. The MATLAB image processing toolbox is
used for all the data analysis.

Figure 2a shows an instantaneous high-speed schlieren image of a
steady-state LN2 jet in a coaxial He flow. This image shows the
development of the shear layer between the two flows. Initially, a
stable liquid jet (dark region) can be seen emerging from the injector
exit along with the coaxial He stream (light region) until around
2 diameters downstream. This is an indication of initial mixing zone
where the two jets have little or no interaction with each other. As the
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flow progresses further downstream, the formation of vortical
structures, as a result of shear-layer development, destabilized the
inner liquid core to break up andmixwith the surrounding gases. The
cryogenic jet expansion � and potential core length Lb associated
with the unstable LN2 jet can also be observed from Fig. 2a.
Figure 2b shows an average of 150 high-speed schlieren images for
the same case. This image was obtained to enable the calculation of
the average shear angles and potential core lengths. It can be seen that
the vortical structures are not visible for the averaged case anymore,
because of the cancellation and smoothening of the flow structures
during the averaging process. In both parts of Fig. 2, however, the
LN2 jet is opaque to the light and thus appears dark (because of the
very low light intensity, close to zero, in this region), whereas the
surrounding gases are brighter and have a higher light intensity (close
to 240).

Figure 3 shows the variation of light intensity with radial distance
at various axial locations, obtained from the averaged schlieren
image. This plot was obtained to show the liquid-jet expansion and
calculation of shear angle between the jets. One can see the presence
of a symmetric, highly dense, dark liquid core (intensity close to
zero) alongwith its expansion over the axial distance, as it progresses
further downstream from the injector exit. The jet widthw of the flow
is defined as the distance between the two points where the radial

intensity reached half of the maximum intensity, that is, 120. These
two points, and consequently the width of the flow, were determined
after processing the image using image processing techniques. The
shear angle (Fig. 4) of the flow was calculated at different axial
distances y based on the jet width according to Eqs. (3) and (4):

tan��=2� � 0:5 jet width=equivalent axial distance (3)

∴ tan��=2� � 0:5�w �Dl�=y (4)

Figure 5a shows axial distribution of the averaged centerline
intensity obtained from the averaged image. The centerline intensity
was plotted to show the behavior of the LN2 jet quantitatively, as it
progresses downstreamof the injector exit. The increase in centerline
intensity indicates the decrease in density of the fluid at the centerline
to reveal the process of LN2 jet breakup and mixing with the
surrounding gases. The increase in centerline intensity (decrease in
fluid density) remains low and insignificant, until the breakup length
of the liquid potential core is reached. Beyond this point, the liquid jet
breaks into droplets and ligaments and starts rapid vaporization. This
rapid evaporation of liquid droplets and ligaments, and its mixing
with the surrounding gases, further reduces the density of centerline
fluid to cause an exponential increase in the centerline intensity. For
the present experiments, the potential core length is defined as the
point at which the centerline intensity has the largest axial gradient.
The axial gradients were analyzed using the image processing
techniques. This pointwas found to be close to an intensity of 1.0–2.0
for all the cases. A comparison of the centerline intensities for some
of the selected cases are shown in Fig. 5b. This figure suggests that

Table 1 Test matrix for the flow inlet conditions examined

Case no. Inner fluid Outer fluid Velocity, m=s, liquid/gas Density ratio, gas/liquid Momentum ratio, gas/liquid Mass ratio, gas/liquid

1 LN2 He 5/0 —— 0 ——

2 LN2 He 5=5 2:3E � 04 2:3E � 04 2:4E � 04
3 LN2 He 5/10 2:3E � 04 9:2E � 04 4:8E � 04
4 LN2 He 5/20 2:3E � 04 3:7E � 03 9:7E � 04
5 LN2 He 5/30 2:3E � 04 8:3E � 03 1:5E � 03
6 LN2 He 5/40 2:3E � 04 14:7E � 03 1:9E � 03
7 LN2 He 5/50 2:3E � 04 23:0E � 03 2:4E � 03
8 LN2 He 5/100 2:3E � 04 91:9E � 03 4:9E � 03
9 LN2 He 5/150 2:3E � 04 0.21 7:2E � 03
10 LN2 He 5/200 2:3E � 04 0.37 9:7E � 03
11 LN2 He 5/250 2:3E � 04 0.57 1:2E � 02
12 LN2 He 5/300 2:3E � 04 0.83 1:4E � 02
13 LN2 He 5/325 2:3E � 04 0.98 1:6E � 02
14 LN2 He 5/350 2:3E � 04 1.13 1:7E � 02
15 LN2 He 5/390 2:3E � 04 1.4 1:9E � 02
16 LN2 He 5/460 2:3E � 04 1.95 2:2E � 02
17 LN2 He 5/500 2:3E � 04 2.3 2:4E � 02
18 LN2 He 5/565 2:3E � 04 2.92 2:7E � 02
19 LN2 He 5/630 2:3E � 04 3.68 3:0E � 02

Fig. 2 High-speed schlieren image of LN2=He flow: a) instantaneous

image, b) average of 150 images.
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gas velocity significantly affects the centerline intensity distribution
and, subsequently, the potential core length of the cryogenic fluid jet.

The biggest challenge associated with any quantitative measure-
ment performed at cryogenic flows is uncertainties in the flow
behavior. Cryogenic flow itself is a highly unsteady phenomenon
due to turbulent behavior and strong heat transfer from the
surroundings. These unsteady behaviors are further aggravated by
feed pressure fluctuations in line, along with chugging instabilities.
Therefore, some kind of error analysis is very crucial for performing
any type of quantitativemeasurementswith cryogenicfluids.Most of
the previous works lack error analysis of their measurements. We
have performed a simple error analysis of potential core length and
shear angle measurements to give readers confidence in our data.

Figure 6a shows averaged centerline intensity distribution of
LN2=He flow at 5 m=s and 300 m=s, respectively, repeated over five
different times. As one can see, the centerline intensity distributions
look completely different for all the cases even though the
experimental conditions were kept constant. Table 2 shows the
variation in potential core length measurements for the five cases.
The percentage variation �0:5�max�min�=mean� in the potential
core lengthmeasurement came out to be approximately
4:6%. This
process was repeated for all experimental cases and the maximum
variation was found to be approximately 
5:0%. The actual
potential core length was assumed to be the largest value among the
five different cases to get the most conservative estimate, and the
values were plotted with error bars showing
5:0% errors.

Similarly, Fig. 6b shows the variation of light intensity with radial
distance for LN2=He flow at 5 m=s and 300 m=s, respectively, at an
axial location of 7D, repeated over five different times. One can see
that all of the five plots almost fell on each other, suggesting very
little variation in shear angles. Indeed, the shear angle measurements
(Table 2) show no significant variation. The mean for the five cases
came out be approximately 5.44, whereas the percentage variation in
shear anglewas approximately
5:0% for all the cases. This is due to
the fact that shear angles are extremely small, so that even a very
minute change in flow width can cause significant variation in the
shear angle.

IV. Results and Discussion

In the results, we examine and analyze the effects of changing the
velocity of the gaseous stream on the evolutionary behavior of the
LN2 jet upon its exit from the coaxial injector. One important
parameter that is used to describe the macrostructure of a jet is shear

or spreading angle. The shear or spreading angle is a direct
quantification of the growth rate of shear layer between the fluids,
which is directly responsible for the destabilization of the jets. Shear
angles for the present set of experiments were measured as discussed
in the data analysis section. Figure 7 shows the shear angle of the
steadyLN2 jet in quiescent air at different axial locations. The plotted
values are the mean for five different experiments at the same
location,with the same inlet conditions,with amaximumvariation of

5:0%. The definition of the flow width for the present set of
experiments was assumed at light intensity of 120 (I � 120) as
discussed previously. The results for some other values of intensities
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Table 2 Variation of LN2 jet for the same experimental conditions

Case 1 Case 2 Case 3 Case 4 Case 5

Potential core length 19.0 17.7 19.5 17.5 18.7
Shear angle 5.12 5.66 5.48 5.3 5.66
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(I � 60 and 30) were also presented for comparison purposes. As
expected, the shear angle of the flow reduced with a decrease in the
assumed value of jet width, and it remained relatively constant over
the axial distance, thus confirming that the jet is steady and fully
developed. The mean shear angle averaged over the axial distance
was found to be 6.4, 4.2, and 2.7 deg
5:0% for I � 120, 60, and 30,
respectively. The predicted spreading angle for a water jet in
quiescent air was approximately 0.6 deg using Reitz and Bracco’s
correlation [8] [�� 0:27��g=�l�0:5], whereas it was approximately
1.2 and 8.4 deg for subcritical and supercritical LN2 jets,
respectively, using Chehroudi et al.’s correlation [9,10]
�� 0:27fF�x��g=�l�� � ��g=�l�0:5g. The measured value for our
experiment was in between the predicted values for subcritical and
supercritical cases. Thiswas due to the fact that theLN2 jet in our case
is injected into the atmosphere at subcritical pressure (1 atm) and
supercritical temperature (295K). Also, the cooling effect of theLN2

jet on surrounding air increased the density of the surrounding air,
and thus increased the shear or spreading angle.

To further investigate these effects, the shear angles were
measured for the LN2 jet in a coaxial helium stream at 300 m=s
(LN2=He) (see Fig. 8). As one can see, the shear angles for both of the
flows are constant over the axial distance, however, the shear angle of
the LN2=He flow is smaller than the shear angles of the LN2 jet in
quiescent air. This further confirmed the effect of surrounding gas
density on liquid-jet spreading. The flow of helium reduced the
effective density of the surrounding air, thus reducing the jet spread.
However, even for the helium case, the shear angle was higher than
the predicted value, which shows the effect of heat transfer and
transcritical behavior, along with the entrainment of surrounding air
into the coaxial gaseous flow.

Figure 9 shows the shear angles of all the cases averaged over axial
distance and plotted against the coaxial helium velocity. The
predicted spreading angles for the LN2 jet in quiescent helium were
approximately 0.7 and 8.0 deg for subcritical and supercritical
pressures using Chehroudi et al.’s correlation [9,10]. It can be seen
that the shear angle decreased uniformly with increase in coaxial
helium velocity and moved toward the predicted value. This further
proved our assertion that injection of helium reduced the density of
the surroundingmedium, thus reducing the jet spread.As the velocity

of the helium jet increased, the mass flow rate of helium gas injected
into the surrounding air increased, thus reducing the effective density
of the surrounding medium.

Another important parameter that is used to describe the
macrostructure of a jet is the potential core length. The potential core
lengths for the various cases calculated, as discussed in the data
analysis section, are shown in Table 2 (note that LN2 Reynolds and
Weber numbers were kept constant at 2:21E� 05 and 1:93E� 04,
respectively). Figure 10 shows the potential core length of LN2 with
coaxial helium velocity. The predicted potential core lengths, as
proposed by previous researchers [4,24], have also been plotted for
the purposes of comparison. As one can see, present results do not
match at all with the predicted potential core length of the
noncryogenic jet (water), however, they match really well with the
predicted core length of the cryogenic jet at higher gas velocities or
momentum ratio between the jets. This is due to the fact that the
correlation used for the cryogenic jet was experimentally validated
for only higher values of momentum ratios (M � 2). This further
supports the uniqueness of our results because it matched extremely
wellwith the results obtained by a different laboratory under a similar
set of conditions.

A close examination of Fig. 10 reveals some interesting features.
The potential core length of the LN2 jet increases with the increase in
velocity of the gaseous jet, until this velocity reaches a value of about
100 m=s, beyond which the potential core length of the liquid jet
drops. In contrast to these results, previous research had suggested
that the potential core length of the liquid jet should decrease
absolutely with the increase in velocity of the gaseous jet, because
this increases the momentum ratio between the jets. These
suggestions are undoubtedly accurate, if the liquid jet is a subcritical
isothermal fluid (water, for example). The unique behavior of the
LN2 jet is, however, due to the heat transfer effects of the
surroundings on the supercritical LN2 jet. Most of the previous
research, conducted on the characterization of the potential core
length of a liquid jet inside a coaxial gaseous one, has either been on
noncryogenic fluids, where the heat transfer effects were negligible,
or on cryogenic fluids but at very high gas velocities compared to the
liquid velocity. However, the case is substantially different for a
cryogenic LN2 jet that is being injected in warm surroundings with a
gas velocity comparable to the LN2 velocity.
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The vaporization of LN2 due to the heat transfer from the
surroundings has an effect as significant as that of the shearing of
the surrounding gaseous jet on the breakup of the LN2 jet. In light of
this vitally important fact, the discrepancy observed in Fig. 10
between the results of this work and those of previous research can
be explained as follows. Initially, when LN2 is injected solely, with
no coaxial gaseous jet, the LN2 jet is in direct contact with the
atmosphere (295 K), which acts as a heat source for the cold jet
(77 K). The heat transfer from the surrounding atmosphere makes
the central core vaporize faster and break sooner, resulting in a
shorter potential core length than the noncryogenic jet. Another
important feature of Fig. 10 is a longer potential core length of the
cryogenic LN2 jet than noncryogenic ones at higher gas velocities.
This is due to another effect of heat transfer from the coaxial
gaseous jet to the cold LN2 jet. The moment the coaxial gaseous jet
comes in contact with the cold LN2 jet, an infinitesimally small
layer of gaseous nitrogen forms at the interface of the two fluids.
This gaseous nitrogen layer expands radially outward and pushes
the coaxial gas away from the LN2 jet, which in turn reduces the
shearing effect of the coaxial gaseous jet on the central cryogenic
jet. This reduction in the shearing effect causes the larger liquid core
lengths at higher helium jet velocities.

The introduction of coaxial gas has two major effects on the
cryogenic jet, that is, shear-layer destabilization and heat transfer.
The effect of heat transfer is controlled by the gaseous jet Reynolds
numberReg and the Prandtl number (Prg � �Cp=k). For a constant
Prandtl number Prg, when the gaseous jet is at lower velocity, it acts
like a heat shield for the cold cryogenic jet, whereas this effect does
not remain prominent at higher velocities of the coaxial gas. This
phenomenon can be explained by taking a look at the gas Reynolds
number on potential core length of the cryogenic jet (Fig. 11). At
lower velocities, the gaseous jet is laminar, and so convective heat
transfer is minimal, but heat conduction from the surroundings is
reduced because the gaseous jet creates a thermal insulation around
the cold LN2 jet, due to its really low thermal conductivity.
Convective heat transfer increases with an increase in Reynolds
number, but conduction decreases as a thicker layer of gas now
surrounds the liquid jet and shields it from the surrounding warm
atmosphere which acts as a heat source, and so those effects start
balancing each other out. As the Reynolds number further increases,
the flow reaches a fully developed turbulent condition so that heat
transfer is completely controlled by convection and the effect of heat
shielding becomes negligible.

The effect of shear-layer destabilization,which has been explained
in previous works [4,24,29], is controlled by momentum ratio
between the jets (Fig. 12) and is generally negligible for momentum
ratios less than one (M
 1). Shear-layer destabilization starts
increasing at momentum ratios close to one (M 	 1) and become
significant for momentum ratios greater than one (M> 1). Figure 12
also confirms the exponential decay of potential core length with
momentum ratio for values close to and higher than one, as predicted
by Davis and Chehroudi [29].

At low helium velocities (up to about 100 m=s), the
destabilization of LN2 due to the shearing effects of helium is still
minor and not quite effective. However, the destabilization due to
heat transfer, which is the dominant mode of destabilization at these
conditions, gets affected by the introduction of helium, which results
in longer potential cores, as the helium velocity is slightly increased.
Close to a helium velocity of 100 m=s, the heat-shielding effect of
the helium jet reaches its maximum, whereas the shear-layer effect is
still negligible, whichmakes the potential core length achieve a local
maximum. When the helium velocity reaches approximately
300 m=s, the heat-shielding effect of the helium jet starts
diminishing due to an increase in convective heat transfer, whereas
the shear-layer destabilization effect starts increasing exponentially
to cause a steep reduction in potential core length. At a helium
velocity of about 325 m=s (M� 1), the potential core length of the
LN2 jet becomes even shorter than the corresponding case without
the helium jet, which suggests that, at 325 m=s and beyond, the effect
of shear-layer destabilization of helium on the LN2 jet has finally
prevailed over the helium heat-shielding effect completely.

V. Conclusions

The effects of some of themost important flowparameters, such as
the velocity, density, and momentum ratios of a flow emerging from
a single-element coaxial rocket engine injector, have been examined
experimentally over a range of experimental conditions that
encompass many of the practical injector operating conditions in
rocket engines. The flow conditions examined are characteristic of
the rocket engine conditions at liftoff before ignition to provide a
simple analogy and simulation of the flow and mixing behaviors
from single-element injectors under relevant rocket engine operating
conditions. The potential core length of the cryogenic liquid jet as
well as the shear angle of the flow have been examined
experimentally, using surrounding gases of different densities and
emerging at different velocities.

The shear angle of the flow remained constant along the axial
distance, thus confirming fully developed steady-state jet. The mean
value showed the transcritical nature of the liquid nitrogen jet under
atmospheric conditions. The shear angle of the flow also reduced
with introduction of a helium jet and decreased uniformly with an
increase in helium jet velocity, which proved the effect of
surrounding gas density on the jet spreading as predicted by previous
researchers.

The results revealed a key effect of heat transfer from the
surroundings on the flow behavior of such an injector flow, which
involves a central cryogenic fluid jet surrounded by an outer gaseous
one. The effect of momentum ratio was found to be pronounced as
well, but only for values close to and greater than one. The potential
core length of the cryogenic LN2 showed a local peak when plotted
versus the velocity of the gaseous jet. In contrast to the present
results, previous research has suggested that the potential core length
of the liquid jet should decrease absolutely with the increase in
velocity of the gaseous jet, because this increases the momentum
ratio between the jets. These suggestions are undoubtedly accurate, if
the liquid jet is a subcritical isothermal fluid (e.g., water). The unique
behavior of the LN2 jet is, however, due to the heat transfer effects of
the surroundings on the LN2 jet. The results provide strong evidence
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of the heat-shielding effect of the coaxial gaseous jet. The heat
transfer from the surroundings to the cold LN2 jet is reduced
significantly by the presence of the gaseous jet, which strongly
affects the potential core length of the LN2 jet.

A combination of the nonintrusive schlieren diagnostic technique
and digital image processing has allowed us to examine the detailed
features of the cryogenic injector jet under simulated rocket engine
operating conditions. The results of this work provide insightful
information on the flow and mixing behaviors of a cryogenic jet
inside a coaxial gaseous stream. Moreover, these results can also be
used to validate computational models under nonreacting flow
conditions.
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