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Characterization of Cryogenic Injection
at Supercritical Pressure
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German Aerospace Center Lampoldshausen, D-74239 Hardthausen a.K, Germany

This project looks at injection processes of a dense jet simulating oxygen core � ow with nitrogen of a coaxial
injector used in cryogenic rocket engines. The rocket engine performance is highly dependent on the injection pro-
cesses such as mixing and jet dissipation of propellants in the supercritical régime. Experimental data at various
temperatures and injection velocities taken by Raman imaging and Shadowgraphy were compared to computa-
tional models allowing comparisons of density, length scales and jet spreading angles providing insight into mass
mixing and jet dissipation. The Raman results are a direct result of the high density gradients and agree well with
the expected trend of the computationalmodels but absolute values were 10–25% below expected maximumvalues
in the highest density regions. The jet spreading angle investigationuses several different measuring methods show-
ing agreement with earlier empirical models as well as the computational results. The length scale measurements
resulting from the two-point correlation method correspond to calculated Taylor microscales in the developed
� ow� eld. Of the various testing conditions investigated, temperature change proves to affect the jet behavior the
most, and in some instances completely changes the character of the jet dissipation and break up.

Nomenclature
C; C¹ = constants
cp; cv = coef� cient of speci� c heat constant

pressure, constant volume
d = injector diameter (2.2 mm)
d¾=dÄ = differential scattering cross section
Fr = Froude number
f = focal length
Gr = Grashof number
g = universal gas constant
I = image intensity, turbulence intensity
IRaman = detected intensity
Ilaser = laser intensity
K ; Keff = thermal conductivity coef� cient,

effective conductivity coef� cient
K12 = correlation coef� cient for image processing
k; kT = turbulent kinetic energy, eddy conductivity
L ; l = length, length of probe volume
L int = integral length scale
Lkol = Kolmogorov length scale
L tay = Taylor microscale
P = pressure
PrT = turbulent Prandlt number
q = quantum ef� ciency of detector (Raman)
Red = Reynolds number based on jet

diameter and jet density
Re1 = Reynolds number based on jet

diameter and ambient density
r = radial location
r1=2 = radial location of half maximum

value of a parameter
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T = temperature
u = axial velocity
u 0; v 0; w0 = turbulence intensity values
Qu = average turbulence intensity
x = axial location
® = jet divergence angle
° = ratio of speci� c heats, cp=cv

± 0
vis = visible shear layer, rad

± 0
! = vorticity growth rate, rad

" = turbulent energy rate of dissipation,
optical ef� ciency

¹ = viscosity
º = kinematic viscosity
ºT = turbulent eddy viscosity
½ = density, number density
Ä = solid angle of detection

Subscripts and Superscripts
ax = axial direction
c = centerline value at speci� ed axial location
cr = critical values
d = using the diameter to calculate
rad = radial direction
T = turbulent parameter
0 = centerline value at the injector
1 = chamber property away from the jet
¤; C = dimensionless values
0 = � uctuation from the mean value
- = average values

Introduction

T HERE is much interest in high-pressure combustion for the
production of high-power energy conversionand thrust as can

be found in diesel engines, gas turbines, and, in particular, rocket
engines. These high pressures often exceed the critical pressures of
the injected fuel and/or oxidizer. Understanding the complex envi-
ronment of the rocket chamber to extract the most power requires
a good understandingof the mixing and dissipation of the jet. This
understanding allows the designer to employ time and cost-saving
modeling tools to better design a higher performing engine. Much
work has been accomplished in this area as can be seen in Refs. 1–
5, but a more complete understanding of the injection process and
the developmentof reliablemodeling tools still requiresmuch work.
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This work takes a step in thisdirectionby lookingat cryogenicinjec-
tion at pressuresabove the criticalpressureand modeling this � ow.6

By the comparison of measured and calculatedvalues, some insight
is provided into the behavior of the jet above critical pressures and
the modeling effort is validated.

Problem
The experiment injects liquid nitrogen above the critical point

(3.39 MPa) through a single, axisymmetric injector into a chamber
� lled with ambient temperaturegaseousnitrogen.The experimental
conditions permit examination of the effects of pressure, tempera-
ture, and injection speed of the liquid nitrogen into the chamber.
Table 1 provides the targeted testing conditions, measured pres-
sures, and temperatures, as well as the average calculated injec-
tion velocity for each of the 18 cases investigated.Two-dimensional
Raman images were take for the test conditions targeting 120- and
130-K injection temperatures.Because of the high expected density
at 100 K, Raman imaging could not produce reliable results for the
colder testing conditions.

Shadowgraph images were taken for all conditions and encom-
passed the area from the injector to 60 mm downstream (approx-
imately 30 injector diameters). The pictures were used to deter-
mine density distributions (Raman), jet spreading angles (Raman
and shadowgraph), and length scales (shadowgraph). These � ow
characteristicswere compared to computationalmodels for each of
the cases. The parameters provide insight into the expected � ow
dissipation and energy transport of a highly dense oxygen jet in an
actual rocket engine.

Cryogenic Jet
A jet � ow has threedistinctzones, a potentialcore, a development

or transition region, and a self-similar region, as seen in Fig. 1. The
potential core contains some portion consisting of only injected
� uid and reduces in thickness in the axial direction as the jet mixes
with entrained � uid from the surrounding environment. The length
of the potential core (xc=d) is the distance at which the centerline
properties remain relativelyconstant (speci� cally, density).Schetz7

suggested there is little or no potential core for fully developed jets.
However, he provided an empirical approximation for the length
from Harsha8:

xc=d D 2:13Re0;097
d (1)

These � ow conditions are fully developed, turbulent pipe � ow
(3:3 £ 104 < Red < 1:79 £ 105) injectedinto a pressurizedchamber
at ambient temperature, but a distinct potential core due to the high
densities at the injector is still expected. Chehroudi et al.9 offered
an empirical representation based on the density ratio predicting

Table 1 Experimental conditions

Pressure, Target Target Measured Injector Average
Case MPa temperature, K velocity, m/s pressure, MPa temperature, K velocity, m/s

1 4 100 2 3.9 104 2.0
2 4 120 2 3.9 122 1.8
3 4 130 2 4.0 132 2.7
4 4 100 5 3.9 103 5.0
5 4 120 5 4.0 123 4.9
6 4 130 5 3.9 133 5.4
7 5 100 2 4.9 104 1.8
8 5 120 2 5.0 123 2.0
9 5 130 2 4.9 132 1.9
10 5 100 5 5.0 102 5.0
11 5 120 5 5.0 123 4.5
12 5 130 5 5.0 132 4.9
13 6 100 2 5.9 105 1.9
14 6 120 2 5.9 123 2.0
15 6 130 2 5.9 132 1.9
16 6 100 5 6.0 104 5.0
17 6 120 5 6.0 123 4.9
18 6 130 5 6.0 132 4.9

signi� cantly larger values than the values predicted by Harsha8 for
potential core � ow as

xc=d D C.½0=½1/
1
2 ; 3:3 < C < 11 (2)

The model offered by Chehroudi et al.9 is derived from the in-
tact core of liquid sprays but was used for comparison with these
supercritical test conditions. After the potential core region, the
jet is in a transitional state, which is considered the region of
turbulent mixing for a jet. In this region, the energy dissipation
and the jet behavior tend to be of the highest interest for mixing
purposes. Researchers have indicated the most signi� cant in� u-
ences on jet development include the velocity ratio between ini-
tial jet velocity and the surrounding environment (u0=u1/, as well
as the density ratio (½0=½1/. These parameters show how the mo-
mentum dissipates from the jet into the � ow� eld. For cryogenic
jets, thermal differences also have a signi� cant effect. Looking
at temperature and density pro� les at various axial locations pro-
vides insight into the heat transfer phenomena and its in� uence on
these jets.

At some distance from the injection plane, the jet becomes self-
similar. This means a function of only one variable can express the
� ow� eld pro� les as no longer varying in the axial direction.Schetz7

stated that this occurs at approximately x=d ¸ 40, whereas others
have indicated that, for similar jets, velocity pro� les exhibit self-
similar behavior as close as x=d ¸ 20 (Ref. 10). Other parameters
such as turbulenceintensities(u 0; v 0; w0) may not show thisbehavior
until well after x=d ¸ 200.

Property Value Comparisons
Nondimensionalizing the � ow properties for the radial pro� les

makes it possible to compare the data for the different testing con-
ditions as follows:

½¤ D .½ ¡ ½1/=.½c ¡ ½1/

T ¤ D .T1 ¡ T /=.T1 ¡ Tc/; u¤ D u=uc (3)

Fig. 1 Jet mixing � ow� eld.
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The c subscript refers to the centerline or maximum value for the
pro� le and the in� nity symbol designates the environmentalvalues.
By use of this method, the pro� les are 1.0 at the centerline and zero
outside the jet itself. Nondimensionalizing length measurements
uses the jet diameter d , full width half maximum (FWHM) values
r1=2 , and axial location as indicated.

Comparing the � ow properties in the axial direction requires a
slightly differentnondimensionalizingapproach.Density, tempera-
ture, and velocity are of particular interest inasmuch as they employ
the injectionconditions½0, T0 , and u0 rather than the localcenterline
values as shown in the following equations:

½C D .½ ¡ ½1/=.½0 ¡ ½1/

T C D .T1 ¡ T /=.T1 ¡ T0/; uC D u=u0 (4)

Jet Divergence Angle
The jet divergence angle seems to be one of the most highly

considered parameters for jet � ows. It is easily measured and com-
pared with other results. Chehroudi et al.11 provided a compari-
son of many different empirical models with available test data
under various conditions. Of particular interest to this experiment
were the models put forth by Dimotakis12 and Papamoschou and
Roshko.13 Dimotakis12 investigated the entrainment of mass � ow
into the growing shear layer of a freejet. He proposed a vortic-
ity growth rate equation (to follow), which depends on veloc-
ity and density ratio between the � uid � ows. For these condi-
tions, the velocity ratio is zero, simplifying the following equation
considerably:

± 0
! D 0:17

(
.1 ¡ u1=u0/£

1 C .½1=½0/
1
2 .u1=u0/

¤

)

£

Á
1 C

³
½1

½0

´ 1
2

¡

£
1 ¡ .½1=½0/

1
2

¤

f1 C 2:9[.1 C u1=u0/=.1 ¡ u1=u0/]g

!

(5)

Papamoschou and Roshko13 proposed a visual thickness equation
for incompressible, variable-density mixing layers while study-
ing the turbulence and compressibility effects in plane shear lay-
ers. This relationship uses a convective velocity de� nition to re-
late the difference in the � ows. The experimentally determined
constant (0.17) allows results to be compared with axisymmet-
ric jet � ows. Again, with velocity ratio zero, the relationship
simpli� es to

± 0
vis D 0:17

³
1 ¡

u1

u0

´ £
1 C .½1=½0/

1
2

¤
£
1 C .u1=u0/.½1=½0/

1
2

¤ (6)

Variousmethodscoulddeterminethe spreadingangle from the com-
putational models. Direct evaluation of the edge of the shear layer
using a 0.99 rolloff point for temperature, density, and velocitypro-
vides a simple method to accomplish this task. This method can be
compared with values determined using an FWHM approach. The
edge of the shear layer is dif� cult to determine from Raman im-
ages, and so the procedure is used to determine the location of half
of the maximum value and then the value is multiplied by two, as
suggested by Chehroudi et al.11 A similar approach for the compu-
tationalmodels also calculateFWHM values to use as a comparison
for the Raman results. The shadowgraph images allow direct deter-
mination of the angle. These pictures clearly show the edge of the
shear layer.

Experimental Setup
Figure 2 shows the pressurized chamber with the injector used

in the experiments along with the boundary conditions assumed
for the model. The diameter of the injector is 2.2 mm, and the
length-to-diameterratio is greater than 40 which is expectedto yield
fully developed pipe � ow at the injector exit plane. The chamber

is equipped with an electronic heater to keep the wall temperature
constant.Opticalaccessto thechamberis providedby fourwindows.
The temperature of the injected � uid is targeted at values between
100 and 130 K, the injection velocity can range from 1 to 10 m/s,
and the chamber pressure can be as high as 6 MPa. Table 1 shows
the data for our test cases.

The temperature of the injected � uid is generally measured
at position 1 (T1 in Fig. 3). Because the test setup includes no
temperature regulation system, the injection temperature is varied
by starting the injection at the ambient temperature of the injec-
tor and the piping. During injection, the piping and the injector
cool down while the injected � uid heats up. When the temper-
ature of the injected � uid reaches its targeted value at T1, the
experiment records the shadowgraph or Raman images. Because
the time required to take the images is short compared to the
time the injector needs to cool down, the project assumes quasi-
steady-state conditions. Nevertheless, there is a certain heat trans-
fer from the injector to the � uid during the measurement resulting
in a temperature difference between T1 and T2 (Fig. 3) depend-
ing on the injection conditions. To determine the exact injection
conditions at T2, calibration measurements at this position were
necessary.

A � rst approach (T2a) used a thermocoupleas shown on the left
in Fig. 4. The jet is heavily disturbed by the thermocouple, and it
is possible the tip of the thermocouple is not completely wetted
by the injected nitrogen. Therefore, these measurements were ex-
pected to give higher than actual values, providing an upper bound
for the expected temperature. A second series of temperature mea-
surements was performed using the setup shown on the right in

Fig. 2 Test chamber.

Fig. 3 Injector.
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Table 2 Measured temperatures at positions 1 and 2

Pressure, Target Target Measured Temperature Temperature
Case MPa velocity, m/s temperature, K temperature, T1, K T2a, K T2b, K

2 4 2 120 120.4 130.0 122.2
3 4 2 130 129.4 140.0 131.9
5 4 5 120 120.9 126.9 122.9
6 4 5 130 130.7 137.0 133.3
8 5 2 120 120.7 131.0 122.6
9 5 2 130 129.8 140.0 131.5
11 5 5 120 120.7 126.2 122.5
12 5 5 130 130.2 135.7 131.7
14 6 2 120 120.7 135.0 122.8
15 6 2 130 129.9 140.5 131.9
17 6 5 120 121.7 128.7 123.3
18 6 5 130 130.8 135.4 132.3

Fig. 4 Temperature measurement at injector exit.

Fig. 4 (T2b), inserting the thermocouple about 1 mm into the in-
jector. These measured temperatures represent the temperature on
the jet axis. Because heat transferred from the injector wall to the
� uid, a temperature gradient is expected having a maximum tem-
perature at the injectorwall and a minimum on the axis. This means
the measured temperature is lower than the averaged temperatureof
the � uid, providing a lower bound. With these measurements made
directly in the � ow, they are considered more representative. The
results of the measurements are shown in Table 2 for several test
cases.

Test Data Procedures
Shadowgraphy

The size of the images is approximately 30 £ 20 mm. The pro-
cedure digitizes the images with 256 gray levels and a resolution
of 2000£ 1300 pixels corresponding to 15 ¹m per pixel. Fig-
ure 5 shows representative images for two cases. Figure 5a is for
case 1, and Fig. 5b is for case 18. Because the test conditions ex-
ceed the critical pressure of nitrogen (3.39 MPa), no droplets are
seen on any of the images. At low temperatures, the jet is very
dense, and not much light can pass through the core of the jet.
At raised temperatures, the jet shows a more gaslike behavior. Be-
cause the manual evaluation of several hundred images would be
very time consuming and exhausting, we developed a computa-
tional tool to determine jet spreading angles and visible length
scales.

Image Processing
The � rst step was to determine which pixels belong to the jet or

the shear layerand which to the background.Therefore, the program
divides an image into small squares of 5 £ 5 pixels. The intensity
of each pixel within this square consists of a mean value NI and a
� uctuation I 0 by I D NI C I 0. For each square, the programcalculates
the standarddeviationof the intensity.Finally, the processcalculates
the mean value of the standard deviationsof the intensities for each

Fig. 5 Shadowgraph images, d = 2:2 mm: a) 3.9 MPa, 104 K, and
2.0 m/s and b) 6.0 MPa, 132 K, and 4.9 m/s.

a) 3.9 MPa, 104 K, and 2.0 m/s

b) 6.0 MPa, 132 K, and 4.9 m/s

Fig. 6 Shadowgraph images after background detection.

square across all images. For each image, a pixel belongs to the
backgroundif the standarddeviationof the intensityin the square for
that speci� c pixel is below the mean value of the standarddeviation.
If so, the intensity is set to zero, which means this pixel is set to
black. The frame is set to black as well to avoid the injector being
regarded as a part of the jet. The results of this procedure for the
images in Fig. 5 are shown in Fig. 6. One can see the program
determines regions as background where no jet or spray is visible.
Furthermore, parts of the jet where the intensity is almost constant
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are set as background, isolating only the turbulent shear � ow for
further analysis. This is a nice feature of the procedure because
length scales of the size of the whole image would be calculated
in the dark core of the jet otherwise. The spreading angle, then, is
fairly easy to determine.With at least 30 shadowgraph images used,
the program averages the background images and approximates the
upper and lower contours of the jet using the least-squaresmethod.
Determining the spreading angle for each image and then averaging
the angles was also investigated,but no signi� cant differenceswere
observed.

Evaluation of Visible Length Scales
The two-point correlation method determines the visible length

scales for the images. Because the time between taking each im-
age at a given test condition was much larger than the expected
timescales for this � ow� eld, each image is a statistically indepen-
dent measurement, and each pixel is considered as a single mea-
surement position. All images provide a certain intensity level for
each pixel, giving a means to determine length scales using a two-
point correlation method. As an example, Fig. 7a, shows a speci� c
pixel location, P1, as well as the intensity for this pixel for each
of the images. Figure 7b shows the intensity distribution for pixel
P2, which has an axial distance of 5 pixels to P1. The correlation
coef� cient K12 de� nes the degree of correlation between any two
points.

K12 D I 0
1 ¢ I 0

2

.q
I

02
1 ¢

q
I

02
2 (7)

The result is the correlation factor K12 as a function of the distance
between two pixels for the entire averageimage that results from the
30–60 images used for each test case. If the distance between the
two pixels is zero, the correlationcoef� cient is 1. When the distance
increases, the correlation coef� cient decreases until the signals are
not correlated. If pixel P2 belongs to the background, K12 is set to
zero. Figure 8 shows a plot of K12 for pixel P1 (pixel 800) as a
function of the pixel number in the x direction. At pixel 800, K12

is equal to one and decreases with increasing distance away from
this pixel. The average length can be determined by integrating the
correlation coef� cient as a function of the length over the entire
range for these conditions,

l D
Z 1

0

K12.l/ dl

The correlation coef� cient as a function of the length results in
a somewhat linear relationship for these shadowgraphs. With the
K12 value having a maximum value of 1.0 and being nearly linear
with length, the average length scale then equals the length when

a)

b)

Fig. 7 Intensity pro� les, a) P1 and b) P2.

Fig. 8 Correlation coef� cient K12 for P1.

K12 D 0:5. The visible length scales are calculated using K12 D 0:5
in the axial and radial directionsfor each pixel instead of integrating
for each point, which reduces the amount of computer calculation
time required to determine the length considerably. For pixel 800
in Fig. 8, the length scale is being calculated in the axial direction,
which results in approximately 20 pixels.

Furthermore, the program calculates the ratio of the axial to the
radial length scales. This gives an indication of whether the visible
structuresare more circular or elliptical.The numerical calculations
use a standardk–" turbulencemodel, which assumesisotropicstruc-
tures. To compare to the model results, a geometric mean value is
calculated by L D

p
[.L2

ax C L2
rad/=2], where L ax and L rad are the

length scales in the axial and radial directions, respectively. The
numerical models use the k–" turbulence model parameters to cal-
culated three speci� c length scales. The Kolmogorov, Taylor, and
integral length scales are14

Lkol D [º3="]
1
4 (8)

L int D k
3
2
¯

" (9)

L tay D .15º Qu2="/
1
2 ; Qu D [.u

02 C v
02 C w

02=3/]
1
2 (10)

With averaged measured length scales and a dependence on the
variations in the intensity levels from the digitized pictures, some
uncertaintyis expected.The pixel intensityvariationsfrom image to
image could potentially be a large source of error due to the digital
resolution of the length scales. With length scales on the order of
10 pixels, a slight variation in the intensity could cause the length to
be miscalculated by one pixel, a 10% error. In actuality, the calcu-
lated length scales depend on four different correlation coef� cients
(two in the axial direction and two in the radial direction).When the
actual resolution is calculated taking into account the impact from
intensityvariationsfor each of these coef� cients, the average length
scale deviation ranges only from 2 to 4%.

Another signi� cant source of error is the choice of K12 D 0:5,
assuming the correlation coef� cient relationship with length is lin-
ear. Variances in the length scale with respect to changes in the
correlation coef� cient proved to be the major contributor to uncer-
tainty in determining these characteristics.These uncertaintyvalues
can be calculated by comparing average length scale values based
on K12 D 0:5 and those calculated by integrating the relationship
of K12 with respect to the measured length. The contribution to
the uncertainty of the average length scales ranges from 3 to 8%.
Together with uncertainty from intensity � uctuations, the total ex-
pectedstatisticaluncertaintyfor the lengthscalesfallsbetween5 and
12%. Figure 9 shows the small differences in the length scales be-
tween K12 D 0:5 (experiment) and integrating (average) for case 5
at x=d D 20. The difference is almost indiscernible.

Experimental Approach for Raman Measurements
An abbreviated description of the experimental setup is given

here. The setup was described in more detail in the previous cam-
paigns and may be found in Ref. 15. A XeF excimer laser (351 nm)
with two independent laser tubes operates in a double oscillator
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Fig. 9 Comparison between calculated and experimental length scales
Lint , Ltay , and Lkol at x/d = 20, 4 MPa, 123 K, and 4.9 m/s.

Fig. 10 Raman equipment setup.

con� guration. The two laser tubes � re with a short delay to reduce
the peak intensity of the laser and to increase the total pulse length
to 40 ns. The reduction of the peak power avoids optical damage
of the quartz optics and reduces optical breakdown, while the gen-
erated Raman signal strength remains constant because the total
energy remains unchanged.Both pulses where aligned parallel and
focusedby a cylindricalquartz lens . f D 300 mm) into the chamber
(Fig. 10).

To ensure the laser light sheet cuts the cryogenic nitrogen jet
directly in the center, it is necessary to precisely align the laser.
Therefore, the laser beams are directed by a mirror mounted on a
translation stage close to the entrance window. This arrangement
allows easy positioningof the light sheet. To form a light sheet with
sharp edges, an aperture clips the upper and lower sides of the laser
beam. The dimensions of the laser light sheet are 22 mm £ 600 ¹m
with total sheet energy of 150 mJ.

Although the upper edge of the sheet is sharply clipped, it is not
possible to place the light sheet closer than 2.65 mm to the injector.
In spite of the very low diffracted laserpower above the sheet, strong
scatteredlight from the metallic injector inhibitsa closerpositioning
of the sheet to the nozzle tip. Two intensi� ed charge-coupleddevice
cameras detect the Raman signal perpendicular to the light sheet.
Equippedwith identicalUV achromaticlenses (Halle, f D 100 mm,
=2), the cameras are able to yield a spatial resolution per pixel of

approximately 71 ¹m horizontally£ 50 ¹m vertically. The total
image area of the cameras is 37£ 26 mm.

For the correction of the Raman images, it is necessary to sep-
arate the Raman signal from any background. Therefore, a polar-
izing beam splitter separates the detected light into two channels
(Fig. 10). The cameras record the re� ected beam (polarized per-
pendicular beam component) and the transmitted beam (parallel
polarized light component) separately. The depolarization ratio of
nitrogen is only 0.022; therefore, the resonant Raman signal results
in a very high polarization.Camera 2 detects this signal. Both cam-
eras 1 and 2 detect the depolarized part of the Raman signal with
othernonpolarizedbackgroundin equalfractions.To obtainthepure
resonant Raman signal, the image of camera 1 has to be subtracted
pixel by pixel from the image of camera 2 after propernormalization
of their respective relative sensitivities.

Fig. 11 Laser sheet position in � ow� eld.

Both cameras are equipped with interference � lters with band-
widths (FWHM) of 4 nm. They are only transparent for the reso-
nant wavelength of nitrogen (382 nm) and suppress all other wave-
lengths by as high as � ve orders of magnitude reduction. These
� lters have a peak transmission of only 28%. For this reason, we
� rst tried dielectric � lters. They have a peak transmission of more
than 70% and a suf� cient suppression of the excitation wavelength
(transmission< 5 £ 10¡4/. The big disadvantagewas they are trans-
parent for wavelengths above approximately 450 nm (visible in-
frared). There are effects of focusing within the cryogenic jet (like
a rod lens) leading to optical breakdown (Fig. 11), as well as re-
� ected and broadband stray light in the chamber exceeding the sig-
nal strength of the Raman signal. Even in the part of the image area
where no laser sheet is present, we detect signals as high as in the
light sheet using dielectric � lters (Fig. 11). With combinations of
further � lters to increasethe blockingratio between450and800nm,
suf� cient suppression of the broadband, nonresonant stray light on
the camera was still not possible, and therefore, isolation of the
Raman signal was not possible with dielectric � lters.

The Raman signal is proportionalto the numberdensityand to the
cross section. When a constant cross section is assumed, the signal
intensityis a linearfunctionof thenumberdensity.The cameraswere
easilycalibratedwhen the image areas showeda wide regionof bulk
gas with temperatureand pressureknown.Thus, the number density
in the jet could easily be extracted from the signal ratio of jet to bulk
gas by multiplying by the number density of the surroundinggas.15

This technique could not be applied on liquid jets for two reasons.
First, the Raman cross section of liquid nitrogen is different than
gaseousnitrogen.15;16 Under partially supercriticalconditions, there
is no reliable way to distinguish in a Raman camera image where
the transition lies between liquid and gas and where to apply the
cross section of liquid or gaseous nitrogen. Second, the laser power
has to be reduced to avoid optical breakdown, and, therefore, the
bulk signal is low. For these reasons, we restrict our measurements
to supercritical conditions.

In experiments close to critical conditions, it was not possible
to avoid optical breakdown completely. In some instances, optical
breakdown in small, restricted areas occurs. These small regions,
where the light obviously saturates the camera, are taken into ac-
countduringevaluationby masking thesepixels.The number of im-
ages recorded for a given experimentalcondition was small (56 im-
ages for each series).Therefore, this procedure is appliedonly when
the number of images discarded due to camera saturation does not
exceed 10.

To determine the density from the intensity, a calibration of the
images is necessary using the measured temperature and pressure
in the ambient gas to determine the ambient gas density. Because
the density is a linear function of the intensity (when assuming a
constant cross section) the density in the entire image is calculated
by ½ D .I=I1/½1 .

Sources of Experimental Error, Raman Images
The Raman signal measuring and data reduction technique are

open to signi� cant introduced errors in several ways. One uncer-
tainty is introduced due to optical effects occurring principally in
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Fig. 12 Measured density, cases 5, 6, and 17.

Fig. 13 Measured density, cases 5, 6, and 17.

regions of high refraction index gradients. These refraction index
gradients cause disturbancesof the light sheet. A round jet focuses
the light sheet, causing higher energy intensities in the probe vol-
ume, causing plasma formations. The result is the peak seen in the
density pro� les for 120 K and x=d D 1:2 in Fig. 12. Because these
peaks are not physically possible, the values past the centerline are
considered suspect, and only the entrance side of the light sheet is
evaluated.

Another error source from the testing procedure itself, and the
ability to determine accurately the injection temperature, can be
seen in the maximum density results.Maximum densitydetermined
from the Raman images is often lower than the density correspond-
ing to the chamber temperatureand pressure.For experimentalcon-
ditions at 4 MPa, 120 K, and 5 m/s, for example, the maximum
measured density is approximately 400 kg/m3. The expected den-
sity is 465 kg/m3 at 4 MPa and 126.7 K (T2a, Fig. 3). This is an
error of 14%. The measured density corresponds to a temperature
of 128.5 K at 4 MPa, a difference of only 1.4%, emphasizing the
importance of accurately determined temperature values but also
suggesting the Raman results are somewhat biased. Farther down-
stream where the density gradient is not as high, optical effects
diminish. The testing procedure also introduces some error due to
the quasi-steady-stateassumption for the testing. Figure 13 shows a
nondimensionalplot of the densities from Fig. 12 mirrored at the jet
axis. The pro� les at x=d D 1:2 for the lower temperature are quite
similar and show more of a top hat pro� le as expected, whereas
the pro� le for the higher temperature, case 6, shows a clear den-
sity maximum at the jet axis. At the positions farther downstream,
x=d D 5 and 25, the dimensionless pro� les of cases 6 and 17 are
quite similar. This indicates an increased heat transfer into the jet at
the larger ambient density in case 17. The lack of the top hat pro� le
for case 6 results from the heat transfer from the injector into the
injected � uid. The only temperature regulation used here was the
heat transfer from the piping and the injector tube into the � uid. The
temperature in the liquid nitrogen storage is constant. Therefore,
the temperature differences between � uid and injector (heat trans-
fer) are larger at higher injection due to the testing procedure. This
causes stronger temperature and density gradients in the injector.
The numerical calculations assume a constant temperature of the
injected � uid in the injector. Therefore, the in� uence of the tem-
perature pro� le in the injector is not considered.This contributesto

discrepanciesbetween experimental data and numerical results, but
the accuracy of the models proves to be suf� cient to compare with
the measured values.

The assumption of density as a linear function of the measured
intensity introducessome uncertaintyin this procedureas well. The
image processing takes into account the laser intensity and the ef-
� ciency of the detector as seen in the following equation, but adds
some variability to our measured density values. A critical point
is the scattering cross section. It may change under trans- and su-
percritical conditions similar to the differences between gases and
liquids,

IRaman D Ilaser½
d¾

dÄ
Ä"q L (11)

Furthermore,we found a systematic error at the edges of the images
along the axis of the jet. The measured maximum density at both
edgesexhibitsa signi� cant increase.In the streamwisedirection,the
density cannotphysicallyshow an increase for these � ow conditions
at these locations. This effect is related to the calibration method
used to correct the Raman images as well as the optical setup for
these tests.As a consequence,thedata reductionclippedthesevalues
and could only evaluate the center of the images.

Modeling
The modeling for this problem is intended to be used as an engi-

neering tool to compare with experimental results. With use of the
CFD-ACE software package,modeling for this multiphysicalprob-
lem is basedona straightforwardcomputationalapproach.The � ow-
� eld calculations rely on a Favre averaged Navier–Stokes (FANS)
� ow solver scheme (see Ref. 17). Because the test conditions are
in the supercritical regime for nitrogen, real gas nitrogen proper-
ties are necessary.The Lee–Kessler,18 Chung et al.,19 and modi� ed
Benedic–Webb–Rubin model (see Ref. 20) are employed. With the
use of real gas properties and low velocity, it is possible to use the
incompressible solution scheme and still to take into account the
variable density. When a real gas relationship is used for density,
coef� cient of speci� c heat at constant pressure, viscosity, and ther-
mal conductivity, the computational model captures the effects of
being weakly compressiblewhen the incompressiblesolution tech-
nique, is employed.

The model focusesona steady-statesolutionto determineaverage
property distributionsfor this injection experiment. The orientation
of the injector also allows the assumption of negligiblebody forces.
A look at the calculated Grashof, Froude, and Reynolds numbers
for this experimental range shows the inertial forces to be the most
signi� cant with buoyancyand viscous forces somewhat less critical
(see Appendix) reinforcing this assumption.

FANS introduces the Reynolds stresses calculated turbulenceus-
ing the k–" model. The model calculations use this high Reynolds
approximationin the� owandsemi-empiricalcalculationtechniques
to determine � ow parameters next to the wall where viscous forces
are much greater than shear forces.21 The software package takes
into account the contributionof heat transfer from the turbulenceby
use of a turbulentPrandtl number to determine an effective conduc-
tivity coef� cient Keff. Mass transfer is handled in the same manner
using a turbulent Schmidt number.

Keff D K C .ºT ½cp=PrT / (12)

The computational grid used for this problem is a structured, two-
dimensional, axisymmetric grid with just over 100,000 cells. The
re� nement in the injector region is critical. To show grid indepen-
dence, the same conditions were calculated for one test case using
a corser grid and resulted in the same solution. The � ner grid was
used for all of the test conditions to ensure grid independenceat all
testing conditions.

The inlet and boundaryconditions for this model are very impor-
tant and extremely sensitive to temperature. Measured mass � ow,
temperature, and pressure determine the inlet conditions. From the
measured values, the initial inlet velocity, turbulent kinetic energy
k and rate of dissipation " are calculated and input to the model.
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The outerwall of thechamberis held isothermalbya heaterduring
testing. The injector tube is calculated as an adiabatic wall with the
inlet temperature set at expected chamber injection temperatures.
To take into account turbulence contributions to heat transfer, the
turbulent Prandtl number is set to 1.0 corresponding to Reynolds
contention of turbulent-momentum � ux and heat � ux being of the
same order of magnitude (see Ref. 22). The chamber is long enough
to consider the outlet to be completely decoupled from the jet � ow.
Exit velocity is set to agree with total mass in� ow of the injector.

Results
Radial Density Pro� les

When the progression of the calculated density pro� les from
x=d D 1:2 to 25 are examined, the graphs show the development
of the � ow as it moves toward a self-similar solution. Figure 14
(case 8) exhibits this trend seen at these testing conditions.The pro-
� les closer to the injector show a � at region (½¤ D 1:0/ near the cen-
terline .r=r1=2 D 0/, which eventually no longer exists at x=d ¸ 10.
This correspondsto the potential core.Even though some of the test
results show little potential core in the radial pro� les, the Raman
images do produce measurable core lengths when the axial density
pro� le of the jet is examined.The shadowgraph images show a def-
inite potential core in these regions and provide further validity to
the model results, but quantitative results are dif� cult to obtain.

The transitionfrom a liquidlikejet behaviorthroughthe transition
region to a fully gaslike jet behaviorcan be easily seen in the pro� le
after r=r1=2 D 1:0: When the progressionof the jet is followed, using
the density pro� les from x=d D 1:2 to 10, the slope progressively
increases. From the pro� le at x=d D 10; the slope then dramatically
decreased, and the pro� les after this axial location continue to de-
crease slightly and converge.The pro� les for x=d D 20 and 25 very
nearly share the same line. The experimental data has a consider-
able amount of variability (no error bars are shown for clarity) but
follows the trend of the computationalmodels.

Figure 15 shows another way to see easily the trend for the jet
as it moves through the transition region to the self-similar region
quickly.Figure15 shows the densitypro� les½* as a functionof r=x ,
case 14. The effect of using axial position to normalize the pro� le

Fig. 14 Density, 5.0 MPa, 123 K, and 2.0 m/s: ————, x/d = 1.2; ——,
x/d = 10; – – –, x/d = 25; ¥, x/d = 1.2,experiment; N, x/d = 10, experiment;
and ¨, x/d = 25, experiment.

Fig. 15 Density, 5.9 MPa, 123 K, and 2.0 m/s: ————, x/d = 1.2; ——,
x/d = 10; – – –, x/d = 25; ¥, x/d = 1.2,experiment; N, x/d = 10, experiment;
and ¨, x/d = 25, experiment.

Fig. 16 Density, 3.9 MPa, 122 K, and 1.8 m/s.

Fig. 17 Velocity, 4.9 MPa, 104 K, and 1.8 m/s.

radial position shifts the pro� les very near the injector to the right
and dramatically portrays the expected potential core .x=d D 1:2/:
As the pro� les are plotted at intervals away from the injector, the
density properties show similar behavior to that shown in Fig. 14.
The slope for the entire pro� le increases until x=d D 10 and then
begins to decrease again. This is opposite to the behavior in Fig. 14
because of the way the data are presented, but corresponds to the
same phenomena. The jet has a high-density core to an axial posi-
tion near x=d D 10, it then goes through a turbulent transition, and
then it begins to develop into a self-similar jet � ow. The pro� les at
x=d D 20 and 25 do not collapse to the same line; therefore, the re-
lationship suggests the � ow has not yet reached self-similarity.The
experimental data correspond with this trend again. At x=d D 1:2,
the very sensitivenatureof usingaxial positionto present radial pro-
� les at locationsvery near the injectorcauses the differencebetween
the model and experimental data. This representationalso suggests
the spreading angle of the jet [tan(®/ D r=x at ½¤ D 0:99] is initially
large and then moves toward a constant value.

Figure 16 shows a representativesample of a pro� le at x=d D 20
for case 2 that examines the agreement of the density determined
from the Raman images and the calculated model. The experimen-
tal deviation was calculated from the values used to get an average
density at each location. This difference is a product of the averag-
ing technique and the variability of the data. Figure 16 shows good
agreement with the experimental values. For the testing conditions
of this paper, the temperature pro� les are very similar to the den-
sity as mentioned earlier. Because the pressure is nearly constant
for each test, density varies only with temperature. Therefore, the
temperature shows the same trends seen in the density.

Velocity Pro� les
The velocity pro� les in the radial direction lend themselves to

portraying jet development from the injection point to a fully de-
veloped condition better than density or temperature. With inertia
dominated (Appendix), the expectation then would be to see these
velocity pro� les developing rather quickly into self-similar rela-
tionships. Figure 17 (case 7) shows the initial velocity to be a fully
developed, turbulent pipe � ow pro� le. It develops into a fairly self-
similar pro� le very quickly, and by x=d D 20 and 25, the velocity
pro� les appear to be the same. These later pro� les show the edge
of the jet to converge to r=r1=2 ¼ 2:5: When all of the pro� les in
Fig. 16 are considered, the results suggest this value is achieved
from an asymptotic relationshipfrom the closer pro� les to the more
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Fig. 18 Velocity, 5.0 MPa, 102 K, and 5.0 m/s.

Fig. 19 Centerline density, 3.9 MPa, 133 K, and 5.4 m/s.

distantpro� les. In experimentalwork, this boundaryis very dif� cult
to establish.

The velocitypro� les of the � ow developmuch faster than temper-
atureor densitydistributionsfor thesemodeledconditions.Figure18
(case 10) shows a typical representation of the velocity pro� les as
well.By x=d D 10, the jet appears to be nearly self-similarfor veloc-
ity, although the jet is not fully developed as seen from the density
pro� les.

Centerline Density
Primarily, this axial property relationship shows how the jet dis-

sipates with distance from the injector. Observations of the axial
densitypro� le provideinsight into the behaviorof the jet as it moves
through the various stages of a jet development. In Fig. 19 (case 6),
the computationalresultspresenta correlationwith theexperimental
data.

The test results from the Raman images show the centerlineden-
sity beginning to decrease for test cases at 130 K near the injector,
which suggests a very short potential core. An explanation for this
phenomenon could be the peak in speci� c heat. If the temperature
is below this peak, the jet is very dense, needing more energy to
increase the temperature.Beyond this peak, the density ratio of am-
bient gas to injected � uid is higher, and the jet dissipates rapidly in
the models. For these cases where the temperature is already above
the temperature for a maximum speci� c heat, the density dissipates
more smoothly without the � ow, needing to absorb a large amount
of energy to increase the temperature.

In Fig. 19, the expected characteristics of the potential core
are very obvious with the density ratio at approximately one un-
til x=d D 7:6 for the model. At this point, the density falls off fairly
quicklybut does not reach ambient values until much farther down-
stream .x=d > 100/. These pro� les provide insight into the devel-
opment of the jet through the various regions when viewed on a
logarithmic scale as seen shown in Fig. 20: the potential core, the
transition region, and fully developed region.

Figure 20 shows the behavior of a jet (case 5) with a very dense
coreand the transitionto a turbulentmixingzoneand then intoa fully
developed region. The steep slope at x=d D 10 to approximately
x=d D 30 shows the rapid transfer of both momentum and thermal
energy. At this point in the jet � ow, the density gradient reduces,
and the energy dissipation also reduces, which suggests a region of
fully developed� ow. At a point past x=d D 150, the density falls off
quickly toward the chambervalue,which suggests the jet has almost

Fig. 20 Centerline density, 4.0 MPa, 123 K, and 4.9 m/s.

Fig. 21 Centerline density.

Fig. 22 Centerline density, 5.0 MPa, 123 K, and 4.5 m/s.

completelydissipated.The model calculationsshow this location in
the chamber to be the far edge of a recirculation zone established
to transfer mass back toward the injector. This mass is the mass
entrained in the jet � ow from the chamber.

When the computational models are used, the different pressure
conditions in the � ow (4, 5, and 6 MPa) show little impact on the
behavior of the cryogenic jet because these pressure conditions are
constant for the chamber and are all above the critical pressure of
nitrogen (3.39 MPa). Figure 21 shows the axial density pro� les for
cases 3, 9, and 15 (target conditions of 130 K and 2 m/s). Even
though there is some variation in the Reynolds number, the density
pro� les follow one another until they are fairly distant from the
injector.

One problem in comparing the density measurements from the
Raman images with the computational models is to determine ac-
curately the injection temperature, as mentioned earlier but this has
proved to be very dif� cult. This problem is ampli� ed for the test
cases near the critical temperature where small changes in the tem-
perature correspond to large changes in the density. The results of
the two temperature measuring techniques from Fig. 4 provide a
means to bracket the expected Raman results.

Figure 22 shows the difference in the absolute values for density
calculated at T D 122:5 K and 126.2 K (case 11). When compared
to the experimental values, the results of the warmer model calcu-
lations show a better agreement. Added to the dif� culty of exactly
determining the injection temperature, optical effects are suspected
of further causing variations in the measured density values. This
effect is more pronounced near the injector in the higher density
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Fig. 23 Centerline density, 5.0 MPa, 132 K, and 4.9 m/s.

Fig. 24 Core length.

area (x=d from 0 to 10), causing the lower than expected density
values from Raman as seen in Fig. 22.

Figure 23 shows warmer injection temperatureand a correspond-
ing lower densitysituation(case12). Once again, the Raman density
values fall below both model results, and the pro� le has a character
similar to that seen in Fig. 19, which suggests little or no potential
core for the warmer testing conditions. Farther downstream from
the injector, the density values again agree with the model. These
results indicate, � rst, that the heat transfer in the injection tube is
signi� cant, particularly in the warmer cases, affecting the length of
the potential core and dissipation of the jet. Also, the differences
between the Raman density results and the models suggest the Ra-
man images are affected by other optical effects, which results in
lower than expected intensityand, therefore,calculateddensity val-
ues. These effects can include signal losses due to absorption and
refraction of the Raman signal within the highly dense jet and the
assumption of a constant differential scattering cross section of ni-
trogen for this � ow.

Liquid Core Length
The centerline density is a power function of the axial distance

from the injector.When plotted on a log–log scale, it is much easier
to determine liquid core length and to see the various regions of the
jet as in Figs. 20 and 21. The location where the density begins to
drop off rapidly determines the liquid core length (xc=d).

Figure 24 shows the comparison of the values obtained from the
calculated models the Reynolds number relationship from Harsha8

and the relationship offered by Chehroudi et al.,9 as well as values
determinedfrom the two-dimensionalRaman images.The two lines
identify the range Chehroudi et al. gave for the coef� cient in their
relationship. The calculated values agree better with the empirical
gas relationshipsuggestedby Harsha8 but tend to fall at or below the
lower limit suggested by Chehroudi et al.9 The core length deter-
mined from the Raman images shows a good bit of variability over
thisdensityrangeprimarilydueto thequalityof the two-dimensional
Raman images.The experimentalvalues show some deviationfrom
model results but follow the same trend.

The agreementof the core length calculationsto a gas jet suggests
the cryogenicjet under supercriticalpressurebehavesvery similar to
a gas jet, but Harsha’s8 relationship only takes the Reynolds num-
ber into account. To consider other factors contributing to these
� ow conditions, an analyticalanalysisusing the ratio of the speci� c

heats ° , density ratio (½1=½0/, temperature (T0=Tcr/, and pressure
(P0=Pcr/ proves very useful. To separate the interdependence be-
tween the Reynolds number and the density ratio, the ambient den-
sity is used for the calculation of the Reynolds numbers (Re1) in
this analysis. The results are exhibited in the following equation as
well as in Fig. 24 (correlation). This relationship has a correlation
coef� cient r of 0.976. The small scaling coef� cient (3:344 £ 10¡5/
suggests the relationship varies very little over these testing con-
ditions. The most signi� cant contributors in this equation are the
Reynolds number and density ratio. When the density ratio is very
low (very high inlet density), it has a more signi� cant contribu-
tion than the Reynolds number, which suggest the temperature ratio
would also play a major role. Even though the coef� cient for the
temperature ratio is large, the range of the temperature ratio (0.8–
1.1) limits the in� uence for these testing conditions. The ratio of
speci� c heats seems to contribute more to the relationship but in
an inverse method. At large values for this ratio (near the critical
temperature), this relationship reduces the result toward the second
constant, 7.363. This relationship can only be considered valid for
these testing conditions over the ranges for pressure, temperature,
and velocity as de� ned in Table 1. The equation is

xc=d D 3:344 £ 10¡5 Re0:5597
1 .½1=½0/¡3:179° ¡0:9934

£ .T0=Tcr/
5:987.P0=Pcr/

¡0:5043 C 7:363 (13)

Angle of Jet Divergence ®

The computationalmodels use two primarymethods to determine
the angle of jet divergenceand apply each to velocity, temperature,
and density.The � rst method uses the FWHM, 50% locationvalues.
As suggestedby Chehroudi et al,11 the valuesare then multipliedby
2 to determine the spreading angle from these radial locations.The
second method looks at the 99% rolloff point to determine the jet
width. The computationalmodels allow this point to be determined
quite easily interpolating the results to achieve precisions smaller
than the modelgrid size when necessary(»0.01 mm). Table 3 shows
a comparison of these values along with those determined from the
Raman (multiplied by 2) and shadowgraph images. Table 3 and
Fig. 25 show a considerable difference between the 50% method
and the 99% values. The measuring techniques using the 50% pa-
rameter locations result in lower values than those measured by
shadowgraph.The results from the 99% parameter locationspresent
fairly consistent results with the shadowgraphs. When considering
the possibility the FWHM location does not correspond to half of
the jet width, another value for the 2£ factor can be calculated.For
velocity and temperature, this factor is approximately 2.5, which
corresponds nicely with the radial pro� les when using r1=2 to nor-
malize the radial distance (Fig. 17). The relationship for the density
is similar (Fig. 14) but converges to an r=r1=2 ¼ 3.0.

The Raman images lend themselves to determining the FWHM
values easier than � nding the edge of the jet but unfortunately are
not available for the test cases at T D 100 K. From the Raman data,
the centerlinedensity is quite high, and the jet is quite compact close
to the injector exit. Added to this, the temperature difference across
the shear layer is small compared with the difference across the

Fig. 25 Divergence angle comparison of measuring techniques: ¨,
50% u; ¥, 50% T; N, 50% density; ¦, 99% u; ¤, 99% T; M, 99%
density; ££ , Raman; and ¢ , shadow.
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Table 3 Angle of divergence in degrees

Case ½1=½0 50% u 50%T 50% ½ 99% u 99% T 99% ½ Raman Shadow

1 0.0658 9.2 11.6 6.2 11.2 15.3 11.9 —— 8.4
2 0.0832 8.8 12.1 8.0 12.0 14.3 13.5 8.4 13.0
3 0.2046 9.4 9.6 7.4 12.6 13.1 12.8 10.8 10.9
4 0.0651 8.8 11.6 5.8 10.3 14.1 11.1 —— 10.0
5 0.0845 8.2 9.5 5.2 11.1 11.4 10.6 6.9 14.8
6 0.2233 9.5 9.4 7.5 12.7 13.1 12.9 17.0 13.3
7 0.0818 9.2 10.9 5.9 11.9 13.8 11.7 —— 11.8
8 0.1006 8.8 9.9 6.2 11.7 12.3 11.7 14.0 12.0
9 0.1364 9.0 9.6 7.0 12.1 12.7 12.3 12.5 11.6
10 0.0807 9.2 10.7 6.0 12.1 15.4 12.4 —— 9.9
11 0.1003 8.6 9.5 5.9 11.3 11.4 10.9 9.1 13.5
12 0.1383 8.8 9.5 6.7 11.9 12.4 11.8 9.6 13.8
13 0.0975 9.8 11.1 6.9 12.5 16.2 13.2 —— 11.9
14 0.1177 9.2 10.1 6.4 12.0 12.7 11.9 7.4 16.2
15 0.1467 9.2 9.7 6.8 12.3 12.8 12.2 6.2 12.7
16 0.0971 9.7 10.9 6.9 12.4 16.0 13.3 —— 5.3
17 0.1180 9.1 9.9 6.3 12.0 12.4 11.8 7.0 16.5
18 0.1475 9.0 9.6 6.6 12.1 12.5 11.9 2.7 14.3

Fig. 26 Density FWHM, 3.9 MPa, 122 K, and 1.8 m/s.

entire jet in this region. Therefore, the dense core of the jet de� nes
the FWHM location instead of the shear layer. The angle is very
small close to the injector as determined from x=d ¼ 0–10.

In the Raman images for x=d ¼ 10–20 and 20–30, the jet warms
up and dissipates more. The centerline density in these regions is
of the same order of magnitude as the density in the shear layer.
Therefore,the FWHM location falls within the shear layer.Compar-
ison with the computational results shows a fairly good agreement
Fig. 26. For the colder cases, the angles based on the FWHM are
very small or even negative near the injector. For case 2, the min-
imum value for r1=2=d corresponds with the potential core length
(xc=d D 8:83).

The warmer cases do not show this initial decrease in the radial
locationof the FWHM but similarly have a relativelyconstantvalue
from the injectoruntil x=d ¼ xc=d. When the model resultsare com-
paredwith those from the Raman images, the conclusionthen is that
the growth rate of the shear layer and the radial distance of the in-
jected � uid moving away from the jet does not correspond to the
anglemeasuredfrom Raman data when the centerlinedensity is sig-
ni� cantly higher than the density in the shear layer and ambient gas.
Looking at the computational model results and comparing them
with the shadowgraphvalues shows a slightlyunderpredictedtrend,
but the 99% rolloff point of the velocity and density shows fairly
good agreement. Overall, the values for the warmer cases are sig-
ni� cantly better predicted by model calculations than for the colder
cases.

Figure 27 shows how the models, Raman images, and shad-
owgraph images compare with the relationships put forth by
Dimotakis12 and Papamoschou and Roshko.13 The model calcu-
lations and shadowgraph results seem to agree fairly well with the
Dimotakis12 relationshipin this density ratio region. The variability
of the averaged Raman data is fairly apparent in Fig. 27. Added to
Reynolds number, this � ow is signi� cantly affected by the ratio of
the speci� c heats° , densityratio (½1=½0/, temperature(T0=Tcr/, and

Fig. 27 Jet divergence angle ®.

pressure (P0=Pcr/ taking into account the heat transfer, supercritical
pressure effects, and real gas effects. Performing a dimensionless
analysis as similar to the one for core length provides a correlated
function for the spread angle using these � ow parameters and can
only be consideredvalid for these ranges for pressure, temperature,
and velocity as de� ned in Table 1. The Reynolds number uses the
ambient density as before. The following relationship shows the
result of this analysis and gives a correlation coef� cient r of 0.889:

tan.®/ D 0:0498Re0:0859
1 .½1=½0/

¡0:519° ¡0:282.T0=Tcr/
8:05

£ .P0=Pcr/
¡1:66 ¡ 0:137 (14)

The relative magnitudes for the power coef� cients of the different
terms suggest the temperature ratio is the signi� cant factor in this
relationship. As stated before, the range of testing conditions for
this experiment limits the range of the temperature ratio near one,
de� ning a somewhat lesser role in this relationship.This power co-
ef� cient (8.05) does show the expected dissipation angle to be less
for conditions below the critical temperature. The most signi� cant
factor in this relationship is the density ratio. With the power of
¡0:519, the density ratio is the main contributor in this relation-
ship. Other models have shown the reliance of the angle on the
square root of the density ratio but are more often the inverse of
the relationshippresentedhere. The power and magnitude make the
Reynolds number a very signi� cant part of the relationship,as well
reemphasizing a conclusive in� uence from the inertial forces in di-
vergenceangle.When the absolutemagnitudesfor the pressureratio
and the ratio of speci� c heat coef� cients are considered, the result
suggests the contribution from these two parameters is signi� cant
but have somewhat less of an impact.

Length Scales
The Taylor microscale (L tay/ is considered the dissipation length

scale or averagelengthscalewhere the largestamountsof energyare
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Fig. 28 Calculated length scales Lint, Ltay , and Lkol for all test condi-
tions at x/d = 5.

Fig. 29 Comparison between calculated and experimental length
scales Lint, Ltay, and Lkol at x/d = 20, 3.9 MPa, 103 K, and 5.0 m/s.

Fig. 30 Comparison between calculated and experimental Lint , Ltay,
and Lkol at x/d = 10, 5.9 MPa, 132 K, and 1.9 m/s.

being dissipated. The Taylor microscale is bounded by the integral
and Kolmogorov length scales and tends to be an order of magni-
tudegreaterthan theKolmogorovlengthscalefor theseexperiments.
Although the values vary somewhat, the computationalmodels pro-
duce results within a fairly narrow range for each of the length
scales. Figure 28 shows averagevalues as well as the maximum and
minimum ranges over all test conditions at x=d D 5. A local min-
imum value for the integral length scale (L int/ occurs at the edge
of the potential core � ow and then again at the edge of the shear
layer. There are similar characteristics in the other length scales
but are not as distinctive as these boundaries. Comparing these re-
sults to the geometrically averaged results [L D

p
.L2

ax C L2
rad/=2]

from the experimental procedures indicates the visible structures
in the � ow correspond to the Taylor microscales (Fig. 29, case 4).
Near the centerline, the experimental procedure has dif� culty pro-
viding reliable values for the length scales from the shadowgraphs.
This is due to the increased density in this region reducing the light
passing through the jet and the optical integration of the jet in the
photographs. Figure 30 shows these results for a warmer testing
condition (case 15). A quick comparison between Figs. 29 and 30
suggestsvery little in� uenceon the lengthscalesdue to temperature,
pressure, or injection velocity under these testing conditions.

With the results of the average values presented in Fig. 28, the
conclusion of the measured length scales being relatively constant
for these testing conditions is supported and suggests they corre-
spond strongly with the Taylor microscale. The Taylor microscale

Fig. 31 Axial length scale, case 5, 4 MPa, 123 K, and 4.9 m/s.

Fig. 32 Radial length scale, case 5, 4 MPa, 123 K, and 4.9 m/s.

Fig. 33 Mean length scale ratio, 3.9 MPa, 122 K, and 1.8 m/s.

is an average scale of all of the vorticity lengths expected in the tur-
bulent � ow� eld. It is de� ned by average velocity � uctuations and
the turbulentenergydissipation.Calculatingan average length scale
using the two-pointcorrelationmethod, K12, providesthe same rep-
resentation of the � ow using the visible structures in the images for
average length scales.

Although the geometricallyaveraged length determined from the
shadowgraphs suggests little in� uence from temperature, there is
actually a distinct in� uence in the � ow near the injector. Figures 31
and 32 show this in� uence in the axial and radial length scales de-
termined for case 5. The axial length scales closest to the centerline,
near the injector, appear much greater than in the higher tempera-
ture testing conditions at the same pressure and injection velocity.
The radial length scales in Fig. 32 are fairly uniform throughout
the � ow� eld, increasing slightly near the jet centerline. The axial
length scales are larger than the radial lengths, which indicates el-
liptical vortices in the � ow. Using the ratio of the axial length to the
radial length provides an eccentricity parameter further describing
this � ow.

Figure 33 shows the pro� les for the length scale ratio for case 13
to provide a relative relationship for the measured values. Figure 33
shows for the high-density cases that the visible structures are very
elliptical close to the injector (x=d D 1:2/ and that they approach a
more circular form (L ax=L rad ¼ 1) a few jet diameters downstream.
For lower density cases (Fig. 34, case 9), the structures close to the
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Fig. 34 Mean length scale ratio, 4.9 MPa, 132 K, and 1.9 m/s.

injector are less elliptic than under high-density testing conditions
and remain fairly constantdownstream.These trendsdo not seem to
be affectedby injectionvelocityor chamber pressure.For these var-
ious testing conditions, the only signi� cant in� uence on the length
scales seems to be injection temperature and, therefore, density. At
locations near the injector, the turbulent eddies are highly elliptic
but become circular motion fairly quickly.

Conclusions
To understandthecomplexphenomenaof a supercriticalinjection

� ow� eld, a considerableamount of researchis still required,but this
work provides some insights into severalaspectsof a rocket injector
by examining a single injector using liquid nitrogen above the crit-
ical pressure. The various testing conditions considered pressures
from 4 to 6 MPa at two target velocities (2 and 5 m/s) and three tar-
get injection temperatures(100, 120, and 130 K). Agreement of the
numerical results with density, length scales, and jet spreading an-
gles obtained from Raman and shadowgraph images quantitatively
validates the computational models.

Underthese testingconditions,thevelocity,temperature,andden-
sity pro� les show a distinct trend toward a self-similar jet � ow as
early as x=d D 25. The centerline density pro� les in the axial di-
rection provide considerable insight into the jet development from
initial core length through to the dissipation of the jet. The core
lengthsdetermined from the computationalmodels agree fairlywell
with the Harsha8 gas jet empirical approximation and appear to be
fairly constant over this density ratio and Reynolds number range.
A better empirical model would include other in� uencing � ow pa-
rameters, °; ½1=½0, and T0=Tcr to provide a better correlation with
the results.

The � ow conditions and speci� cally density seem to be most
affected by temperature variations. The variations in velocity and
pressure provide very little if any in� uence on the � ow� eld in these
operating ranges. The temperature pro� les also offer evidence into
the expectedbehaviorof the jet spreadingangle.These pro� les sug-
gest the thermal spreadingangle of the jet [tan(®/ D r=x] is initially
very large near the injection point and then tends toward a constant
value.

The various methods for determining the spreading angle prove
useful for comparison, but values from the numerical models de-
termined from a 99% rolloff point for velocity agree best with the
measuredshadowgraphvaluesand theDimotakismodel.12 From the
spreading rate analysis, a further conclusion reached is the growth
rate of the shear layer measured from Raman data and the radial
distance injected � uid that moves away from the jet are less reliable
when the centerline density is signi� cantly higher than the density
in the shear layer and the ambient gas. This result is apparent from
the FWHM method of determining the spreading angle from the
Raman images. The resulting angles from the procedure of multi-
plying the FWHM values by a factor of two do not correspondwith
the shadowgraph or the numerical results very well. Length scales
measured in the shadowgraphsusinga two-pointcorrelationmethod
provide a reasonable method to determine an average length scale
for the turbulentstructuresin the � ow. The resultsof this study show
the length scales from the shadowgraphs correspond to the Taylor
microscale, an average length scale measure. The shape of the tur-

bulent eddies is also deduced from these calculations and shows
them to be more ellipticalnear the injector, especially for the higher
density jets. The turbulence structures, then, become fairly circular
a short distance away.

Appendix: Forces Comparison

Red D ½0u0d

¹
; 33,000<Red<179000

Fr D ½0u2
0

g.½0 ¡ ½1/d
; 2000<Fr<18,000

Gr D
g.½0 ¡ ½1/d3

½0º2
D

Re2
d

Fr
; 400,000<Gr<2; 100,000

The forces are compared in Table A1.

Table A1 Forces comparison

Pressure, Target Target
MPa velocity, m/s temperature, K Red Fr Gr

4 2 100 3.8 £ 104 2,000 800,000
4 2 120 5.9 £ 104 2,000 1,700,000
4 2 130 3.4 £ 104 3,000 400,000
4 5 100 9.6 £ 104 12,000 800,000
4 5 120 1.54£ 105 13,000 1,800,000
4 5 130 1.79£ 105 18,000 1,800,000
5 2 100 3.3 £ 104 2,000 700,000
5 2 120 5.9 £ 104 2,000 1,700,000
5 2 130 6.7 £ 104 2,000 2,000,000
5 5 100 9.5 £ 104 12,000 700,000
5 5 120 1.42£ 105 13,000 1,600,000
5 5 130 1.7 £ 105 14,000 2,100,000
6 2 100 3.6 £ 104 2,000 700,000
6 2 120 5.6 £ 104 2,000 1,500,000
6 2 130 6.3 £ 104 2,000 1,800,000
6 5 100 9.3 £ 104 13,000 700,000
6 5 120 1.35£ 105 13,000 1,400,000
6 5 130 1.61£ 105 13,000 2,000,000
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