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Abstract

Mixing and the geometry of jet-fluid-concentration level sets in turbulent trans-
verse jets were experimentally studied. Jet-fluid concentration fields were measured
with laser-induced fluorescence and digital imaging techniques for transverse jets
in the jet Reynolds number range 1.0 x 10®> < Rej < 20 x 10%. The scalar field
is assessed in terms of classical measures, such as two-dimensional power spec-
tra, as well as probability-density functions (PDFs). Enhanced scalar mixing with
increasing Reynolds number is found in the evolution of PDFs of jet-fluid con-
centration. In the far field of the transverse jet, the scalar PDF evolves from a
monotonically-decreasing function to a strongly-peaked distribution with increas-
ing Reynolds number. Turbulent mixing is found to be flow dependent, based on
differences between PDF's of scalar fields in transverse jets and axisymmetric, turbu-
lent jets. The distribution of scalar increments is studied for separations of varying
distance and direction using a novel technique for whole-field measurement of scalar
increments. Probability-density functions of scalar increments are found to trend
toward exponential-tailed distributions with decreasing separation distances. The
scalar field is anisotropic with decreasing scale, as seen in the two-dimensional power
spectra, directional scalar microscales, and in directional PDF's of scalar increments.

The geometric complexity of level-sets (iso-concentration contours) in turbulent
mixing is assessed within the framework of fractal geometry. Generalized coverage
statistics are introduced for anisotropic, non-self-similar geometries. This general-
ized coverage counting involves covering with parallelepipeds of varying size and
aspect ratio. A scale-dependent measure, 3, of the anisotropy of a set is also in-
troduced. It is shown that § transforms the coverage count, N (A1, \2), to isotropy
through a scale-dependent normalization of the coordinates. Level sets of jet-fluid
concentration in the transverse jet are found to be anisotropic at both large and
small scales. The small-scale anisotropy is attributed to vertically-oriented exten-
sional strain caused by a counter-rotating vortex pair, and the large-scale anisotropy
is associated with the horizontally-elongated shape of the cross-section of the trans-
verse jet. For the special case of isotropic box-counting, the scale-dependent cover-
age dimension is found to vary from unity, at the smallest length scales, to 2, at the
largest length scales, indicating that the isosurfaces produced by turbulent mixing
are more complex than can be described by power-law fractals.
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CHAPTER 1

Introduction

The turbulent jet discharging into a crossflow, or transverse jet, is a turbulent
free-shear flow of both fundamental significance as well as environmental and tech-
nological application. Thermal plumes generated near ground level by volcanoes,
thunderstorms, or forest fires can often rise to heights in the atmosphere where
significant crossflow exists. Plumes emitted from smokestacks into a crosswind are
perhaps the most familiar instances of transverse jets. However, transverse jets
also arise in situations as diverse as efluent discharge into rivers from sewage treat-
ment plants, VTOL/STOL aerodynamics, steering jets, blade-and-endwall cooling
in gas-turbines, and potentially, fuel injection in high-speed airbreathing propul-
sion devices, such as SCRAMJETS (Mathur et al. 1999). Buoyancy is important
to varying degree in many of the transverse jets discussed; however, buoyancy-driven
transverse jets are similar in structure, and appear to share many characteristics

with, momentum-driven transverse jets.

Early studies of transverse jets focused on jet trajectories, mean velocity fields,
and cross-sectional shapes (Keffer and Baines 1963, Kamotani and Greber 1972,
Chassaing et al. 1974). The existence of a persistent counter-rotating vortex pair
in the far field of the transverse jet was noted in numerous experiments (Keffer and
Baines 1963, Fearn and Weston 1974). Broadwell and Breidenthal (1984) modeled
the counter-rotating vortex pair as a global consequence of the normal momentum
imparted by the jet to the freestream. Karagozian (1986) studied the vorticity
associated with a transverse jet, and modeled jet trajectories, mean vortex-pair
strength, and reaction lengths. Periodic motion in the wake of the transverse jet
was noted by Gordier (1959), McAllister (1968), and Reilly (1968). Characteristic
Strouhal frequencies were measured by McMahon et al. (1971) and Moussa et al.

(1977). Vortices in the wake of a turbulent jet issuing transversely to a freestream
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were first visualized by Kuzo and Roshko (1984). Fric and Roshko (1994) studied
the origin and formation of wake vortices, and their work generated renewed interest
in the structure and dynamics of vorticity in transverse jets (Kelso and Smits 1995,
Morton and Ibbetson 1996, Kelso et al. 1996). Kuzo (1996) reported that, under
certain conditions, the mean flow state in the far field of the transverse jet is not a
symmetric vortex pair, but unsteady and asymmetric with possible tertiary vortices.

A comprehensive review of jet-in-crossflow research was presented by Margason
(1993).

Mean scalar fields in transverse jets have been experimentally measured by An-
dreopoulos and Rodi (1984) and Niederhaus et al. (1997). Large-eddy simulations
were conducted by Yuan et al. (1999), among others. Three-dimensional vortex
elements were used by Cortelezzi and Karagozian (2001) to compute the formation
of the counter-rotating vortex pair in the near field of transverse jets. The vortex
interaction region, mean trajectories and concentration decay, and overall structural
features of mixing were studied by Smith and Mungal (1998). Yet, as noted by
Niederhaus et al. (1997), “...the vast majority of the published work [on transverse
jets] has focused on issues concerning the velocity field. Remarkably, there is a
scarcity of research directed toward scalar transport or mixing, even though the

majority of applications require knowledge of the transport of either mass or heat.”

The geometry of the isosurfaces of the scalar fields in turbulence is important for
many applications. In the case of non-premixed combustion, for instance, the rate of
chemical reaction depends on the area of the instantaneous stoichiometric surface,
an isosurface of fuel-to-air ratio. The isosurfaces produced by turbulent mixing
have long been proposed to be candidates for description by a fractal geometry
(Mandelbrot 1975). A generalized fractal geometry that is allowed to depend on
the scale of observation was introduced by Takayasu (1982). Independently, Miller
and Dimotakis (1991), on the basis of their experiments, and Dimotakis (1991),
on the basis of scaling arguments, introduced a scale-dependent geometry in the
context of fluid turbulence. Dimotakis (1991) gave scaling arguments regarding
the dimensional inconsistency of constant (power-law) fractal dimensions in nature.
Catrakis and Dimotakis (1996) also found scale-dependent coverage dimensions,

D5())), i.e., the geometric complexity of the isosurfaces in turbulent axisymmetric
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jets is greater than can be described by a power-law fractal. They also established
a connection between the scale-dependent fractal geometry, and the distribution of

spatial (largest empty-box) scales in the flow.

Experiments are described here on the mixing and isosurface geometry of trans-
verse jets as a function of Reynolds number. Details of the experiment and imaging
procedure, and sample image data, are given in Ch. 2. A local, circulation-based
Reynolds number is introduced, and viscous-dissipation and scalar-diffusion scales
are estimated. In Ch. 3, classical measures of turbulent jets, such as trajectories,
concentration decay, and power spectra, are presented for the transverse jet. Chap-
ters 4 and 5 describe the scalar field, and scalar-difference field, respectively. The
scalar field of the transverse jet, and Reynolds-number effects on turbulent mixing,
is described in Ch. 4 in terms of probability-density functions (PDFs) of jet-fluid
concentration. Comparison is made between mixing in transverse jets, and turbu-
lent jets discharging into a quiescent reservoir. In Ch. 5, a technique for whole-field
measurements of scalar increments is introduced, and PDF's of scalar increments
are computed in the far field of the transverse jet. Whole-field measurements are

made of the PDF's of scalar concentration differences,
AC=Cx+r1,t) —C(x,t), (1.1)

as a function of the separation distance, r, and jet-exit Reynolds number. Direction-
dependent scalar microscales are considered, and the scalar-field anisotropy is quan-
tified as a function of Reynolds number. An explanation for the observed anisotropy

of the scalar field in transverse jets is proposed.

The geometry of level sets of jet-fluid concentration in the transverse jet is also
assessed. Chapter 6 reviews fractal geometry, and introduces a generalization of
fractal geometry that is applicable to anisotropic sets. The ideas involved in this
generalization are illustrated using two simple examples of a rectangular perimeter,
and a Sierpinski carpet. A scale-dependent measure of anisotropy is introduced as
the normalization required to transform the coverage count to isotropy. In Ch. 7,
the generalized coverage count, and scale-dependent anisotropy, of transverse-jet
isosurfaces, are computed for varying concentration thresholds and two different

Reynolds numbers. The special case of isotropic (box-counting) coverage statistics
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is considered for the transverse-jet data, and comparisons are made to previous

investigations of turbulent, axisymmetric jets.



CHAPTER 2

Experiments and imaging technique

This chapter details experiments on turbulent mixing and the isosurface geom-
etry of jets in crossflow (transverse jets). The transverse-jet facility in the GALCIT
Free-surface Water Tunnel (FSWT) is described, along with laser-induced fluores-
cence (LIF) and digital-imaging techniques that enabled quantitative measurements
of jet-fluid concentration fields for liquid-phase transverse jets. Concentration mea-
surements were made in planes perpendicular and parallel to the freestream, for jet
Reynolds numbers 1.0 x 10® < Re; = d;U; /v < 20 x 103, where d; is the jet-nozzle
diameter, Uj is the exit velocity of the jet, and v is the kinematic viscosity. The
calibration procedure used to normalize LIF images into scalar concentration data
is described. Examples of scalar concentration fields are given for two different jet-
to-freestream velocity ratios, and the differences are discussed. Three-dimensional
visualizations of the jet-fluid-concentration isosurface for low Reynolds numbers
are shown. An assessment is made of the local, circulation-based Reynolds number,
Rer = I'/v, as a function of the jet-exit Reynolds number Rej = d;Uj/v. The
Kolmogorov and scalar diffusion scales for the flow conditions are estimated and

compared to the imaging resolution.



2.1 Experimental facility

Experiments on turbulent mixing and isosurface geometry in liquid-phase trans-
verse jets were conducted in the GALCIT Free Surface Water Tunnel (FSWT) using
laser-induced fluorescence (LIF) and digital-imaging techniques. The FSWT is a
closed-circuit facility with a 20in (0.508 m) wide by 30in (0.762m) deep test sec-
tion. For these experiments, the FSWT was operated as a water channel with a
square cross-section by maintaining the water level at a depth of 20in (0.508 m)
and fitting a surface plate flush to the top of the water surface (Fig.2.1). Jet
flow transverse to the freestream was established by air-pressurizing an inverted,
liquid-filled plenum and injecting downward into the test section, through a noz-
zle in the surface plate. Water in the plenum was seeded with a fluorescent dye,
rhodamine-6G chloride, at molar concentrations between 1.4 x 107 and 1.4 x 107°.
Tunnel water, which was left unseeded, did not fluoresce under laser illumination.
The non-dimensional ratio of kinematic viscosity, v, to scalar diffusivity, D, is the
Schmidt number, Sc¢ = v/D. Rhodamine-6G, dissolved in water, is estimated to
have a Schmidt number Sc ~ 8.4 x 103 (Axelrod et al. 1976, Walker 1987). At this
high Schmidt number, the scalar diffuses much more slowly than the vorticity, and
the dye, once it enters a vortex, would continue to mark the core of the vortices.
The scalar field for Sc > 1 may have length scales smaller than the smallest length

scales of the vorticity field, as discussed in Sec. 2.5.

The laser-excitation and fluorescence-emission peaks of rhodamine-6G, when
dissolved in water, are at A = 526 nm and A = 555 nm, respectively (Pringsheim
1949). The output from a frequency-doubled, Q-switched Nd:Yag laser (Continuum
YG661) was passed through a series of cylindrical lenses, which expanded the beam
into a sheet, while focusing it to a waist at the center of the imaged field of view.
The thickness of the laser sheet was less than 1 mm throughout the field of view of
the camera. Figure 2.1 shows a schematic of the experimental facility and imaging
configuration for acquiring streamwise sections of the scalar-concentration field on
the centerline of the transverse jet. Transverse slices of the jet scalar field were
also measured at a downstream location x/d; = 50, where d; = 7.62mm is the jet
diameter, by inserting an elliptically-shaped, flat mirror in the water at 45° to the

freestream. The CCD camera was mounted on top of the water channel, and looked
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Fic. 2.1 Experimental facility and imaging configuration for acquiring streamwise
sections of transverse jet.

D camera

Jet oplenum Optical window .
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F1G.2.2 Experimental facility and imaging configuration for acquiring transverse
sections of transverse jet, measured at downstream location x/d = 50.

down on the mirror through an optical window at the water surface (Fig. 2.2).
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2.2 Jet-fluid concentration measurements

LIF images of the scalar (jet-fluid) concentration field were recorded at 10
frames/second with a custom, 12-bit/pixel, (1024 x 1024)-pixel digital-imaging sys-
tem, dubbed the “Cassini camera.” The camera, designed and built by D. Lang, in
collaboration with S. A. Collins and M. Wadsworth of the Jet Propulsion Labora-
tory, utilizes a low-noise, high dynamic-range CCD sensor developed for NASA’s
Cassini spacecraft. Contiguous time-sequences of 254 images were recorded for
streamwise sections of the jet, and 508 images for transverse sections. All data were
recorded in a darkened laboratory to minimize noise from ambient light. A Ko-
dak #21 optical low-pass filter was used to block residual (excitation) laser light.
The jet-fluid concentration field, referenced to a known concentration, was com-
puted by calibrating the raw fluorescence image data with 32 ensemble-averaged,
uniform-concentration images and 32 ensemble-averaged, background-illumination

images,
c(z1,x2,t) _ Liaw(x1,22,t) — (Inack (21, 22) )
Cref <Iref(x1>$2) > - <Iback(3717$2) >

(2.1a)

For streamwise (vertical, plane-of-symmetry) slices of the transverse jet, the
coordinates 1, xo denote the streamwise, x, and vertical, y, directions, respectively
(Figs. 2.3 - 2.6). For transverse slices of the transverse jet, x1,z2 denote the
horizontal (spanwise), z, and vertical, y, directions, respectively (Figs. 2.7 - 2.10).
The origin of the coordinate system is taken to be the jet-nozzle exit in all cases.
X —Y — Z form a right-handed coordinate system, with z pointing in the direction
of jet injection (downward), y aligned with the freestream flow, and z directed in

the spanwise direction.

The background images, Ipack(x1,22), were recorded shortly before each run,
with the laser firing and the optical low-pass filter on the camera lens, but with-
out the (fluorescent-dye seeded) jet running. The reference images, I ef(x1,x2),
were recorded after each run by immersing a transparent Lucite container filled
with well-mixed fluorescent dye of known concentration, c.f, in the test section.
This procedure provides a pixel-by-pixel calibration that normalizes the collective
effects of CCD-pixel sensitivity variation, laser-illumination nonuniformity, and the

imaging-system optical transfer function. The imaged jet-fluid concentration was
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then referenced to the jet-plenum dye concentration, cg, by scaling all values with

Cref /o tO yield the normalized jet-fluid-concentration scalar values, C, i.e.,

3 t) Cre
0.0 < C(ay,22,t) = clw,22,t) _ ol@1,22,1) Crot (2.1b)

Co Cref Co

The jet-plenum dye concentration, ¢y, and the reference concentration, c;ef,
are known when the dye solutions are mixed. For streamwise sections of the jet,
shot-to-shot variations in the output power of the pulsed laser were normalized by
measuring the fluorescence-intensity fluctuations at the jet-exit (co is constant dur-
ing the course of an experiment, and the jet exit is visible in the streamwise images).
For transverse sections, the jet exit is not visible in the images, so a fiber-optic probe
was used to collect a small fraction of the laser output and direct the illumination
to a test tube filled with a rhodamine-6G solution. The intensity fluctuations of
this fluorescent sample were imaged in an unused corner of the CCD array, and

shot-to-shot laser-power variations were normalized with this measurement.

2.3 Jet Reynolds numbers and velocity ratios

The experiments were conducted at jet Reynolds numbers of Rej = U; d;/v =
1.0, 2.0, 5.0, 10, and 20 x 103. U; is the mean jet-exit velocity, d; is the jet-nozzle
diameter, and v is the kinematic viscosity. The jet-to-freestream velocity ratio,
Vi = Uj /Uso, was 10.1. Examples of the calibrated and normalized scalar-field data
for streamwise sections of the transverse jet are shown in Fig. 2.3 for Re; = 1.0 x 103
and Fig. 2.4 for Re; = 10 x 103,

Examples of transverse sections of the jet at the downstream location x/d; = 50
are shown in Figs. 2.7 and 2.8. The images are of the V; ~ 10.1 jet for Re; = 1.0x103
and 10 x 103,

For comparison, examples of streamwise slices (plane of symmetry) of the trans-
verse jet for V; ~ 32.3 are depicted in Figs. 2.5 and 2.6. Thin vertical “fingers” of
dye are seen to extend from the body of the jet toward the wall through which the

jet was injected. Jet fluid, in the form of these “fingers”, is also seen in transverse
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F1G. 2.3 Jet-fluid concentration in a streamwise slice (plane of symmetry) of the

transverse jet for Re; = 1.0 x 10%. V; ~ 10.1. Image data scaled by z/?

to compensate for downstream decay (for display purposes only).

sections of the high-velocity-ratio jet (Figs. 2.9 and 2.10). This suggests that it
may be possible for jet shear-layer vorticity to be transported into the wake of the
transverse jet at high velocity ratios. Jet fluid is not seen in the wake region of the

transverse jet for V; < 10 (Fric and Roshko 1994).

The field of view spans 53 x 53 jet-exit diameters for the streamwise sections
displayed in Figs. 2.3 and 2.4. The pixel resolution is A\, = 392 ym, and the jet
diameter was d;j = 19),. The field of view for the transverse sections of the jet (Figs.
2.7 and 2.8) is 31 x 31 jet-exit diameters at a pixel resolution of A\, = 230 ym. In

the transverse views, d; = 33A,.

The high-velocity-ratio images (Figs. 2.5, 2.6, 2.9, 2.10) are provided for com-
parison with the low-velocity ratio cases. All subsequent analysis is performed on
Vi >~ 10.1 jets (Figs. 2.3, 2.4, 2.7, 2.8).
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F1G.2.4 Jet-fluid concentration in a streamwise slice (plane of symmetry) of the
transverse jet for Re; = 10 x 103. V; ~ 10.1. Image data scaled by z'/? to
compensate for downstream decay (for display purposes only).

2.4 Jet-fluid-concentration level set

From the measured scalar field, C(x,t), level sets of jet-fluid-concentration,
C(x,t) = Ciso, can be extracted. These isolines (in two-dimensions), or isosur-
faces (in three-dimensions), are geometrically complex, and important to chemical
reaction rates, and for fluid mixing on the molecular scale (Ch. 1). Experimentally-
measured data, consisting of time sequences of two-dimensional images, may be
assembled into three-dimensional space-time measurements of the scalar field. Un-
der certain conditions, this space-time measurement is an approximation of the
three-dimensional spatial structure of the scalar field. These assumptions, and the

details of the three-dimensional visualization, are discussed in Appendix B.

A space-time visualization of the jet-fluid concentration level set is shown in

Fig. 2.11 for the Re; ~ 1.0 x 103, V; = 10.1, transverse jet. The isosurface visualiza-
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FI1G. 2.5 Jet-fluid concentration in a streamwise slice of the jet for Re; = 1.0 x 103
and V; ~ 32.3 (¢f. Fig.2.3). Image data scaled by z'/2 to compensate for
downstream decay (for display purposes only).

tion were computed in collaboration with Santiago Lombeyda of Caltech’s CACR.
An isosurface of jet-fluid concentration is highlighted by choosing a small range of
jet-fluid concentrations to be reflecting in the volume visualization. The structure of
the transverse jet is seen to be dominated by kidney-shaped, counter-rotating vor-
tices in Fig. 2.11. At this low Reynolds number, we find two large, counter-rotating

vortices, and a smaller, tertiary vortex. The rotation of this tertiary vortex is ev-
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FIG. 2.6 Jet-fluid concentration in a streamwise slice of the jet for Re; = 10 x 103
and V; ~ 32.3 (¢f. Fig.2.4). Image data scaled by z'/2 to compensate for
downstream decay (for display purposes only).

ident in the filaments of jet-fluid that wrap around it. “Fingers” of dye are seen
to reach up from middle of the counter-rotating vortex pair, and wrap around the
tertiary vortex. The structure and topology of the jet appears to be fairly steady

during the course of one experiment.

A visualization of the three-dimensional level set of jet-fluid concentration is
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F1c. 2.7 Jet-fluid concentration in a transverse slice of the jet at downstream loca-
tion x/d; = 50. V; ~ 10.1 and Rej = 1.0 x 103.

also depicted in Fig. 2.12 at a higher Reynolds number. In comparison to the Rej ~
1.0 x 103 transverse jet, the isosurface at Rej ~ 2.0 x 10 is symmetric, or nearly so.
The structure of the transverse jet is again seen to be dominated by a kidney-shaped,
counter-rotating vortex pair. “Fingers”, or small-scale streaks extend vertically
from the main body of the jet. No evidence of a tertiary vortex is seen in the scalar
scalar. We note that temporal sampling rate of the Cassini camera does not enable

resolution down to the diffusion scales in the streamwise (freestream) direction at
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F1c. 2.8 Jet-fluid concentration in a transverse slice of the jet at downstream loca-
tion x/d; = 50. V; ~ 10.1 and Re; = 10 x 103.

Rej ~ 2.0 x 10%. The main features of the isosurface geometry are still visible,

however.

Kuzo (1996) performed experiments measuring the velocity and vorticity fields
of transverse jets at Reynolds numbers and velocity ratios similar to those inves-
tigated in this thesis. One component of vorticity was computed from digital-

particle-imaging velocimetry (DPIV) measurements of velocity in a transverse plane
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F1G.2.9 Jet-fluid concentration in a transverse slice of the jet for V, ~ 32.3 and
Re; = 1.0 x 103,

at x/d; = 115. The mean vorticity fields measured by Kuzo (1996) in cross-sections
of the transverse jet are shown in Fig. 2.13. At Re; = 2079, Kuzo found tertiary and
quaternary vortices in addition to the dominant vortex pair. Only a tertiary vortex
was seen at Rej = 4370, and, by Rej; = 7250, the jet consisted of a counter-rotating

vortex pair.

Kuzo (1996) defined a symmetry parameter as the (absolute value of the) ratio
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F1c.2.10 Jet-fluid concentration in a transverse slice of the jet for V; ~ 32.3 and
Rej =10 x 103.

of circulation of the strongest positive and negative vortices. He found that the
asymmetry in the strength of the vortices increased with Reynolds number, until
approximately Re; ~ 7 X 103, at which point the tertiary and quaternary vortices
disappeared, and the vortex pair become symmetric (for V; = 10). This transition
from asymmetric to symmetric flow states was found to be abrupt, and a discon-
tinuous function of Reynolds number (Fig.2.13). These existence domain of these

symmetric/asymmetric flow states is shown in Fig.2.14 as a function of Reynolds



18-

Fi1G. 2.11 Three-dimensional visualization of an isosurface of jet-fluid concentration
for Rej ~ 1.0 x 103, V; = 10.1 transverse jet. The visualization is com-
puted in collaboration with Santiago Lombeyda of Caltech’s CACR.

number and velocity ratio. The Reynolds number for the transition to symmetric

vortices was found to increase with velocity ratio.

Direct comparison is not possible between our LIF measurements of the scalar
field, and Kuzo’s DPIV measurements of the vorticity field in the transverse jet.

However, our isosurface visualizations of the transverse jet are qualitatively sim-
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FI1G. 2.12 Three-dimensional visualization of an isosurface for Rej ~ 2.0 x 103, V; =

10.1 transverse jet. The visualization is computed in collaboration with
Santiago Lombeyda of Caltech’s CACR.

ilar to the flow states found by Kuzo. Asymmetric mean flow is seen at low
Reynolds number (Fig.2.11), and a symmetric, or nearly symmetric vortex pair
is seen at higher Reynolds numbers (Fig.2.12). However, at similar Reynolds num-
bers (Rej ~ 2 x 10%), the isosurface visualization labels three vortices, while the

vorticity measurement shows four vortices. The difference may be real, or may sim-
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F1G. 2.14 Existence domain of symmetric/asymmetric flow states. From Kuzo (1996).

ply be a consequence of the entrainment (or lack thereof) of dye into the quaternary

vortex.

2.5 Local Reynolds number and dissipation scales

For an axisymmetric jet discharging into a quiescent reservoir, the local Reynolds
number, Re(z) = 0(z)Uy /v, is constant after several nozzle diameters, d;. Here,
d(z) is the local width of the jet, Uy, is the local mean centerline velocity, and v
is the kinematic viscosity. The local Reynolds number in the case of the turbulent
jet in a quiescent reservoir is approximately equal to the jet-exit Reynolds number,
Rej = d;U; /v, where Uj is the jet-exit velocity. However, as will be shown, the local
Reynolds number for the transverse jet is not constant in the far field, but decays

with increasing downstream distance.
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We follow Broadwell and Breidenthal (1984) in considering a jet of density p;
and velocity U; discharging perpendicularly into a freestream of density po, and
velocity Uso. In the limit in which the jet momentum flux, m;U; = pjw(dj/Q)QUf, is
held constant as jet diameter, dj, decreases, and the discharge velocity, Uj, increases
accordingly, the jet approaches a point source of normal momentum. This source
of normal momentum, a “lift” force of vanishing drag, generates a counter-rotating
vortex pair that is the analogue of tip-