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ABSTRACT

The effects of LOX post recess length and exit taper on the mixing characteristics of coaxial
jets, such as the inner-jet-core length and jet spread angle, were investigated under supercritical
pressures. In experiments, cryogenic nitrogen/gaseous helium coaxial jets were visualized using
the shadowgraph technique. The LOX post recess enhanced the mixing of the inner nitrogen jet
when its length was longer than one LOX post exit diameter. The outer helium jet was expanded
as the recess length increased. The LOX post exit taper also had significant effects on the mix-
ing of the nitrogen jet and the spread angle of the helium jet. In addition to these injector geome-
try effects, it is also noted that the inner nitrogen jet had sinusoidal structures. Numerical simula-
tions revealed that large-scale instabilities of nitrogen jets correspond to shear layer instabilities.
The large-scale instabilities had the effect of spreading the mixing layer of No/He.

1. INTRODUCTION

Most high-thrust liquid oxygen (LOX)/gaseous hydro-
gen (GHy) rocket engines operate at combustor pres- H, zzzz7z>
sure above the critical pressure of oxygen (5.04 MPa). LOx pos .. Taper angle| 520
Under such supercritical pressures, the oxygen in a !
combustor no longer experiences atomization but, ra- 0,
ther, diffuses directly through turbulent mixing owing to
the diminishment of surface tension and liquid/gas

phase changes. [1-4] > 2
Therefore, when designing coaxial injectors for su- F_ig. 1. Design parameters of coaxial injector
percritical pressures, injectors should be evaluated by

hot-fire and cold-flow tests or numerical simulations under supercritical pressure conditions, rather than by
those under subcritical pressures. However, the current standard design procedure for coaxial injectors under
supercritical pressures is often strongly dependent on liquid atomization tests at subcritical pressures, such
as water/air injection tests. This dependence persists because our knowledge about O2/H coaxial injection
under supercritical pressures is still very limited. It is, therefore, necessary to investigate detailed flow fields
of O2/H. coaxial jets at supercritical pressures.

For a more reasonable design procedure for supercritical pressure, it is important to understand the influ-
ence of injector geometry upon combustor performance under supercritical conditions. A LOX post recess
length is one of the most important parameters of injector geometry. The LOX post is the inner tube of a
coaxial injector. Fig. 1 defines LOX post recess length as the axial distance between the exit plane of the
LOX post and the injector. Many LOX/GH> rocket engines employ coaxial injectors with a recess length equal
to the inner diameter of the LOX post. This design has been found to improve atomization and mixing of lig-
uid jets in cold-flow tests under subcritical conditions [5-7]. In hot-fire tests under subcritical pressures [8-10],
it has been reported that the LOX post recess has a significant effect on flame spread of O2/H, coaxial jets,
thereby yielding improvements in combustion efficiency and stability. The recess effect is, therefore, advan-
tageous for combustor performance under subcritical pressures; however, the recess effect still needs to be
carefully checked in the case of supercritical pressures. For instance, Candel et al. [2] and Lux et al. [11] re-
ported that the recess enlarged the flame width, and Woodward et al. [12] observed no improvement in com-
bustion efficiency. It is, thus, important to take into account the difference in the diffusion characteristics of
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the oxygen jets between sub- and supercritical pressures in order to understand recess effects under super-
critical pressures.

In recent years, there have been extensive efforts to investigate the influence of the recess on Oa/H;
coaxial jets under supercritical pressures. Candel et al. [2] showed that the LOX post recess induces wake-
like instabilities of the dense oxygen jet. Kim et al. [14, 15] conducted numerical simulations and suggested
that the recess length influences hydrodynamic instabilities in the recess region.

Effects of other parameters of injector geometry, such as taper angle and wall thickness at the LOX post
exit, are also important. The exit taper angle of the LOX post is the inclination of the LOX post inner wall at
the exit. Nunome et al. [13] reported that a LOX post exit taper influenced characteristics of combustion in-
stability in an Oo/H, combustor.

In order to develop a better understanding of injector geometry effects, the influence on the mixing and
unsteady behavior of coaxial jets should be noted, because it is well-known that injector geometry significant-
ly influences combustion efficiency and stability.

The purpose of this study is to investigate injector geometry effects on mixing and unsteady behavior of
coaxial jets at supercritical pressures by means of experiments and numerical simulations. In the present
work, coaxial jets composed of cryogenic nitrogen (N2) and gaseous Helium (He) are employed, replacing
Oo/H; coaxial jets. Mayer et al. [1] have already shown that cryogenic No/He coaxial jets at supercritical pres-
sures of nitrogen have mixing characteristics similar to Oo/H, coaxial jets at supercritical pressures of oxygen
[16, 17]. Moreover, under subcritical pressure conditions, recess effects have been observed in cold-flow
tests [5-7]. Therefore, it seems reasonable to begin with non-reacting coaxial jets at supercritical pressures
to understand injector geometry effects. This paper first presents results of injection tests. Through experi-
ments, we describe the flow-field features of cryogenic coaxial jets under supercritical pressures. Then, the
effects of the LOX post recess length and exit taper angle upon the mixing of coaxial jets are examined. Fi-
nally, the results of numerical simulations are shown to investigate in detail the unsteady flow field of cryo-
genic coaxial jets under supercritical pressures.

2. EXPERIMENTAL ANALYSIS
2.1 Experimental setup and conditions

A schematic diagram of the experimental setup is shown in Fig. 2. The test stand consists of a LN2 pressu-
rized reservoir, a coaxial injector, a high-pressure chamber, and a supply system for high-pressure Nz and
He gases. Liquid nitrogen is first pressurized to a required level by high-pressure nitrogen gas, then it is in-
jected at a supercritical pressure and a cryogenic temperature into the high-pressure chamber filled with ni-
trogen gas. Helium gas is supplied to the coaxial injector via a needle valve that controls the flow rate of he-
lium gas. The high-pressure chamber has four windows for optical access, and it is designed to tolerate a
maximum pressure of 5 MPa.

The coaxial injector is placed in the upper part of the high-pressure chamber. Injector details are shown in
Fig. 3. The injector is about half the size of practical rocket engine injectors. Recess length and exit taper
angle of the coaxial injector can be varied in the range 0-6 mm and 0-10° by replacing parts of the injector.
In the present study, three different recess lengths (Lrecess) 0f 0, 2, 4 mm and two LOX post-exit taper angles
(Braper) Of 0° @and 9.7° are used. The recess length of 2 mm is equal to the inner diameter of the LOX post with
an exit taper angle of 0°. Wall thickness of the LOX post exit decreases as the exit taper angle increases.

Table 1 illustrates typical test conditions. The ratio of the chamber pressure to the critical pressure of ni-
trogen (3.40 MPa) is about 1.18. The injection temperature of nitrogen is below the critical temperature of
nitrogen (126.2 K), as is typical for oxygen in liquid rocket engines. The mass flow rates of cryogenic nitrogen
are set to be the same in all injector geometry cases in order to investigate the effects of injector geometry on
the mixing of No/He.



2.2 Image acquisition and analysis

In order to examine the flow-field features and the mixing of No/He coaxial jets at supercritical pressures,
instantaneous and time-averaged shadowgraph images are obtained. The shadowgraph technique is com-
monly used both in hot-fire tests [1, 2, 12] and in cold-flow tests [16, 17] under sub- and supercritical pres-
sures. Instantaneous images are taken using a high-speed shutter camera at a shutter speed of 3 psec.
Time-averaged shadowgraph images are taken at a shutter speed of 0.25 sec.

Mixing degrees of Nao/He coaxial jets are evaluated using normalized luminosity distributions of the time-
averaged images. Fig. 4 is an example of the normalized luminosity contours of the time-averaged shadow-
graph images. Normalized luminosity in the region just behind the LOX post exit is set to be 1, and that of the
background of a coaxial jet is set to be 0.
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3. EXPERIMENTAL RESULTS
3.1 Flow-field features of cryogenic coaxial jets at supercritical pressures

Firstly, we examined flow-field features of No/He coaxial jets at supercritical pressures. Figs. 5a-5¢ illus-
trate instantaneous shadowgraph images of No/He coaxial jets for three different injector geometry cases.
Fig. 5a is the image without the LOX post recess and exit taper. Fig. 5b is the image with a 2-mm-length
recess. Fig. 5¢ is the image with a 9.7° exit taper. For comparison, the image of a N2 single-hole jet is
shown in Fig. 5d. Test conditions for Figs. 5a-5d are given in Table 2.

(a) Lrocess=tmm, taper=Odeg. (h) Lrocess=2mm, fapar=ldeg.

L A
(¢) Lrecess=0mm, Otper=9.Tdeg. (d) Single N2 jet

Fig. 5. Instantaneous shadowgraph images of No/He coaxial jets (a)-(c) and N2 single jet (d).

Table 2. Test conditions of coaxial jets in Figs. 5 and 6.

Vg, m/s  Vue,mls  Tho, K The, K

Fig. 5a 8.1 75.0 105.7 293.9
Fig. 5b 7.6 73.1 100.1 292.2
Fig. 5¢ 44 71.1 97.9 292.6
Fig. 5d 8.8 - 103.1 -

Fig. 6a 7.7 72.6 106.5 293.6
Fig. 6b 74 71.0 95.0 290.9
Fig. 6¢c 7.8 7.3 93.3 294.7
Fig. 6d 4.1 716 100.5 294 1
Fig. 6e 4.1 70.3 88.0 292.1
Fig. of 4.2 72.3 93.8 294.0

As shown in Figs. 5a-5c, a dark region exists near the central axis of the injector. In hot-fire tests of
O2/H2 coaxial injection [12, 18-20], this dark region has been also observed; it is referred to as the “LOX
core” or “dark core” that is due to the presence of dense oxygen. Correspondingly, the dark region seen in



Fig. 5 is considered as the dense nitrogen. Therefore, in the present study, this dark region is called “nitro-
gen core”. The gray region around the dark core in Fig. 5 is regarded as the helium jet.

Focusing on the behavior of the nitrogen core in Figs. 5a—5c, it appears that the dense nitrogen does
not experience an atomization process but, rather, diffuses directly through turbulent process, as reported
in past studies on coaxial jets under supercritical pressures [16, 17, 20]. In the mixing layer between the
nitrogen core and its ambient fluids, the dense nitrogen has a cloud-like appearance.

Moreover, we note that the nitrogen core of coaxial jets has sinusoidal (possibly helical in three dimen-
sion) structures, as shown in Figs. 5a-5c. These structures are observed in all geometrical cases of coax-
ial jets, but they do not appear in any case of N, single-hole jets, as shown in Fig. 5d. Thus, the sinusoidal
structures of the nitrogen core are induced by the presence of the outer helium jets. Frequencies of the
sinusoidal oscillations are estimated to be about 1-10 kHz from the injection velocities (about 7-70 m/s)
and the visible wavelength (about 5 mm). Habiballah et al. [3] and Woodward et al. [12] reported that the
LOX core shows the similar sinusoidal oscillations in hot-fire tests at supercritical pressures. Because the
behavior of the LOX core is considered to be related to combustion instability in rocket engine combustors
[14, 15], it is important to analyze the sinusoidal structures of the dark core. In Section 4, we numerically in-
vestigate the unsteady behavior of No/He coaxial jets.

3.2 Geometry effects on dark-core length

Dark-core length is one of the indicators of the mixing of coaxial jets at supercritical pressures [18, 20].
Therefore, we compared nitrogen core lengths in order to examine the effects of injector geometry on mix-
ing of N2/He coaxial jets. Fig. 6 shows normalized luminosity contours of the time-averaged shadowgraph
images in six different geometry cases. Test conditions of Fig. 6 are illustrated in Table 2.

In those cases without the exit taper (see Figs. 6a-6¢), nitrogen-core (dark-core) length decreases as
recess length increases. The same tendency is apparent in the cases of 9.7° exit taper (see Figs. 6d-6f).
For proper comparison, the normalized luminosity profiles along the jet center line are illustrated in Fig. 7.
(Note that the abscissa is the axial distance from the LOX post-exit plane.) Figs. 7a and 7b are the profiles
in the cases without the exit taper and with a 9.7° exit taper, respectively.

In Fig. 7a, the nitrogen-core lengths with 2-mm and 4-mm recess lengths are shorter than those in the
absence of the recess. These decreases in nitrogen-core length imply that the recess has the effect of en-
hancing the mixing of No/He coaxial jets. In the cases with a 9.7° exit taper, the 4-mm length recess also
improves the mixing but the 2-mm length recess has no effect on the mixing, as shown in Fig. 7b. These
results suggest that a certain length of the recess is required to improve the mixing of coaxial jets at super-
critical pressures, and that the minimum length to obtain the recess effect is dependent on the injection
conditions and the other parameters of the injector geometry, such as LOX post-exit taper.

The effects of the LOX post-exit taper on the mixing of No/He coaxial jets are very significant. As shown
in Fig. 6, the nitrogen cores with the LOX post-exit taper are shorter and wider than those without the exit
taper. In the present study, the injection velocity of nitrogen in the cases of 9.7° exit taper is smaller than
that in the absence of the exit taper, because the mass flow rates of nitrogen are set to be the same in all
geometry cases. Hence, it is suggested that the increase in the injection velocity ratio of helium and nitro-
gen (Vhe/Vn2) is one of the major factors likely to improve the mixing of No/He coaxial jets.

3.3 Geometry effects on jet spread angle

The spread angle of the helium jet is also strongly influenced by the LOX post recess and exit taper. Fig.
8 shows the changes in the spread angle of the helium jet with the recess length. The spread angles in Fig.
8 are measured using the images in Fig. 6 by setting the threshold luminosity to 0.05. Fig. 8 shows that,
upon increasing the recess length or the exit taper angle, the spread angle of the helium jet increases. This
effect of the injector geometry on the jet spread angle can be one of the factors that account for the in-
crease in the flame expansion of O2/H, coaxial jets reported in hot-fire tests [1, 2]. Hence, it is noteworthy
that the spread angle of the helium jet is determined not only by the injection velocity of helium, but also by
the recess length and the taper exit angle.
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4. NUMERICAL ANALYSIS

The flow-field features of cryogenic No/He coaxial jets under supercritical pressures were further investi-
gated in detail through numerical simulations, focusing mainly on the unsteady behavior of the nitrogen jet.

4.1 Governing equations and thermodynamic properties

The governing equations are the three dimensional compressible Reynolds-averaged Navier-Stokes
(RANS) equations. Turbulent viscosity was modelled by the Menter Shear Stress Transport model [21]. The
turbulent Prandtl number and the turbulent Schmidt number are both assumed to be constant and equal to
0.8.

The governing equations are solved using the preconditioning scheme [22] to accelerate the convergence
in the simulations of low-mach number flows. Numerical fluxes for the convective terms are evaluated by the
preconditioned Roe's scheme with the MUSCL interpolation. In the steady-state simulation, the precondi-
tioned LU-SGS scheme is employed for time integration. In the unsteady simulation, a dual time-stepping
integration algorithm [23] is incorporated into the preconditioning scheme by adding a pseudotime term to the
governing equations. The inner-loop pseudo-time term is integrated with the LU-SGS scheme. The physical-
time term is discretized using a second-order backward difference.

The equation of state employed here is the Soave-Redlich-Kwong equation of state [24], which can be ap-
plied over broad temperature and pressure ranges. The van der Waals mixing rules are used to calculate the
properties of nitrogen/helium mixtures [24]. The thermodynamic properties such as speed of sound and spe-
cific enthalpy are derived from the equation of state using thermodynamic relational expressions. Transport
properties, including viscosity and thermal conductivity, are obtained using the methodology of Chung et al.
[24]. Mass diffusivity at high pressures is calculated by the method of Riazi et al. [25].

4.2 Validation of numerical model

Numerical schemes in the present model are validated =
for a cryogenic nitrogen jet at a supercritical pressure. Cmg[:,\:::ii:m |
The reference test case is an experiment (RCM1A test -
case) conducted by Mayer et al. [16]. Density profiles ' i
were measured using Raman diagnostics. Cryogenic \
nitrogen at a temperature of 126.9 K was injected into \
gaseous nitrogen at a supercritical pressure (4 MPa) and ) LY )
ambient temperature (298 K). The injector configuration  Fig. 9. Configuration of RCM1A test case; D =
is illustrated in Fig. 9. The computational domain is a cy- 2.2 mm is diameter of injector hole.
lindrical sector for an axisymmetric calculation, and it en-
compasses a chamber region with a total of 421x166 grid points on an x-z plane.
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Direct comparisons between measured and calculated results are shown in Fig. 10. The k-¢ computational
results by Cheng et al. [26] are also plotted in Fig. 10. Results calculated using our current numerical model
agree well with the experimental data. Thus, it can be confirmed that our proposed model properly simulates
cryogenic jets under supercritical pressures.
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Fig. 10. Calculated density profiles compared with experimental data.

4.3 Unsteady RANS simulation of cryogenic Ny/He coaxial jet

A schematic of the computational domain is shown in Fig. 11. The computational domain is a cylindrical
sector for a quasi-2D calculation, and it consists of an axisymmetric coaxial injector region and a downstream
chamber region with a total of 85,139 grid points on an x-z plane. The geometry of the coaxial injector
matches that of the test injector without the LOX post recess and exit taper in experiments.

The boundary conditions are as follows: At the inlet boundaries of the inner and outer tube of the injector,
the pressure, temperature, and velocity are specified in Table 3. On the injector face plate, nonslip adiabatic
conditions are imposed. At the downstream boundary of the cylindrical chamber, nonreflecting boundary

conditions, based on the method of characteristics, are applied [27]. A periodic condition is applied in the
azimuthal direction.
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Fig. 11. Schematic diagram of computational domain.

Fig. 12 shows instantaneous profiles of density and temperature for the case of unsteady RANS (URANS).
The nitrogen jet appears to have a large-scale instability, with wavelengths comparable to the sinusoidal in-
stabilities observed in experiments. The large-scale instability of the nitrogen jet can be regarded as Kelvin-
Helmholtz instability induced by the No/He shear layers. Fig. 13 presents frequency spectra of density oscilla-
tion at the location indicated by the “Probe” in Fig. 12a. The dominant frequency of the large-scale instability
of the nitrogen jet is about 3.65 kHz.

In order to investigate the influence of the large-scale instability of the nitrogen jet on the mixing of No/He
coaxial jets, a comparison of time-averaged density profiles between the URANS and steady RANS results is
shown in Fig. 15. Comparing the thickness of the mixing layers, we find that the large-scale instability of the
nitrogen jet has the effect of enhancing the mixing of coaxial jets, especially in the vicinity of the injector.

Finally, Fig. 14 gives the density profiles along the center line of the coaxial injector. The potential cores of
the nitrogen jet in the case of both URANS and steady RANS are quite a bit shorter than the experimentally
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measured nitrogen cores (shown in Fig. 7a). Considering that the current numerical code predicted the core-
length quite well, the difference in the core lengths suggests that the dark core visualized in shadowgraph
images does not exactly correspond to the potential core of the inner jet of the coaxial jet.
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5. SUMMARY

Cold-flow tests for cryogenic No/He coaxial jets were conducted under supercritical pressure conditions in
order to investigate the effects of the LOX post recess and exit taper upon the mixing of coaxial jets. Flow-
field features of the cryogenic No/He coaxial jets under supercritical pressures were also examined experi-
mentally and numerically.

In experiments, the mixing of coaxial jets was evaluated with respect to the dark core lengths obtained
from shadowgraph images. As a result, we found that the LOX post recess can enhance the mixing of cryo-



genic coaxial jets at supercritical pressures, when the recess length is sufficiently large. The LOX post exit
taper also had significant effects on the mixing of the nitrogen jet. Moreover, both the LOX post recess and
exit taper have the effect of enlarging the spread angle of the helium jet.

With regard to flow-field features of cryogenic coaxial jets under supercritical pressures, instantaneous
shadowgraph images showed that the inner nitrogen jet had the sinusoidal (possibly helical in three dimen-
sion) structures. In unsteady numerical simulations of No/He coaxial jets, large-scale instabilities were like-
wise observed to correspond to shear layer instabilities, which lead to the effect of spreading the mixing layer
of No/He. Numerical results also suggested that the dark core observed in shadowgraph images does not
exactly correspond to the potential core of the inner jet.
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