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ABSTRACT

~ An experimental study that examines the mean flow properties of the turbulent transverse

jet using Digital Particle Image Velocimetry (DPIV) is reported.

This study examines various jet flows over a range of Reynolds numbers based upon jet
velocity and diameter. Within this range it is documented that mean flow fields, identified
as alternate mean flow states, other than the symmetric vortex pair exist. These alternate
flow states are characterized by unsteadiness, asymmetry, and multiple streamwise vor-
tices. Flow visualization shows that these alternate flow states are formed during initial
* jet roll-up, and persist far downstream without developing into the (expected) vortex pair.
A map of the domain of existence, in velocity ratio - Reynolds number space, of these

alternate states is provided, and a discussion of the underlying physics is included.

With this new understanding, selected symmetric jet flows at velocity ratios of 5, 10, and
20 are generated and studied using DPIV. The mean flow is quantified through measure-
ments of vortex circulation, size, and impulse, and the relationship of these properties to

the (initial) jet momentum flux is examined.
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List of Symbols

Jet
Momentum
Flux

Re

Area, with the following particular subscripts:

Aj, -~ area of jet orifice,

A computation == the area over which a DPIV displacement vector is resolved,
Aptenum = area of jet plenum, see figure 3.

Indicating evaluation of a line integral about a closed contour.
Global length scale, defined in equation (2), page 4.

Jet diameter. Also used to express differential in integral - differential
expressions.

Impulse, see page 45.

Defined in equation (1), page 3.

Jet tube length, see figure 3.

Vortex equivalent radius, with the following particular superscript:
R* -- a reference area. .

Radius.

Reynolds nurhber, with the following particular subscripts:
Re -- (unsubscripted) based upon momentum-averaged jet velocity and d,
Re, -- based upon freestream velocity and boundary layer length.



Symmetry
Parameter

S*

Velocity
Ratio

\%

xii

Ratio of circulation of positive and negative vortices.

. Vortex separation determined by peak vorticity, see page 35.

Vortex separation determined by vorticity centroids, see note page 35.

Velocity, with the following particular subscripts:
U, -- the momentum - averaged jet velocity, see page 3,
u, --the freestream velocity.

Ratio of momentum - averaged jet velocity to freestream velocity.

Maximum velocity in the cross section, see page 37.

Velocity components along Y - and Z - axes, respectively, with the
following particular super/subscripts:
v, , W, -- mean velocity,

,

v’, w’ -- perturbation velocity.

Coordinates for describing jet flow, defined in figure 1, with the
following particular subscripts:
Y, , Z, -- locations of vortex centers in the cross section.

A (flow) length, used on page 15.

Differential.

Elemental arc length in integral equation (3), page 29.

Kinematic viscosity.
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Vorticity, the cutl of the velocity field.

Density, with the following particular subscripts:
- Pjer -- density of jet fluid,
P -- density of freestream fluid.

Circulation, defined in equation (3) page 29, with the following
particular super/subscripts:
I', -- circulation at infinite value of equivalent radius, see page 31,

T, -- circulation average (of absolute value) of positive and negative
vortices.
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Chapter 1

Introduction

This thesis feports on an experimental program undertaken at GALCIT - the Gra-
duate Aeronautical Laboratories (at the) California Institute of Technology. This study
was directed at furthering the understanding of the basic flow field of the turbulent
transverse jet. It represents a small contribution to the focused effort at GALCIT
directed towards the physical understanding of basic fluid flows such as jets, wakes,
mixing layers, and boundary layers.

The transverse jet flow, the flow resulting from a momentum jet issuing perpen-
dicular to a uniformly flowing stream is shown in figure 1. A similar flow is that of
smoke issuing from a smokestack on a windy day, from which it is observed that the
smoke quickly bends over in the breeze and is carried along by it. Although this

example is not strictly a momentum-driven flow, the qualitative features are similar.

This flow has been studied scientifically throughout this century, and is presently
‘a focal point for aerodynamic studies of aircraft, cooling applications, and combustion
technology. Some of the earliest studies include those of Callagan & Ruggeri (1948),
Ruggeri et al. (1950) and Jordinson (1956). A recent AGARD Meeting and Proceed-

ings (1993) attest to the continuing interest in this flow field.

The coordinate system for describing the flow is shown in figure 1. Initially, the
jet issues into the flowing stream along the positive Y - axis. As the flow bends over

and begins convecting with the freestream, the jet traces out a path in the X - Y plane
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called the jet trajectory. At the same time the flow spreads laterally in the Z - and Y -

axis directions. The view in the Y - Z plane is referred to as the jet cross section.

From the _earliest-stﬁdies it was apparent that the striking feature of this flow was
its vortical nature. Like a .vortex ring created by a momentum puff, the transverse jet
generates a vortex pair whose axis, far downstream, is approximately parallel to the X
- axis. Many studies of the transverse jet focus on the behavior seen in the cross sec-
tion. This is so because the effect of the transverse jet, namely a force acting on the
flowing stream, produces a steady vortical motion in the cross section. Experimentally
this feature has been noted by Kamotani & Greber (1972), Durando (1971), and
Broadwell & Breidenthal (1984), while theoretically it has been described by Abrahmo-

vich (1963), LeGrives (1977), and Snel (1974) as well as a host of other works.

Since these first insights into the flow, the richness and subtlety of this
phenomenor/li' have been made evident. Judging from smoke or dye visualization the
transverse jet appears to be concentrated only in that region marked by the tracer,
called the jet body in figure 1. Starting with the work of McMahon er al. (1964) and
others, however, it became evident that there is a vortex shedding-like phenomenon
which develops at the origin of the transverse jet, resulting in a vortex array which
co-exists with the main body of the jet. Sometimes referred to as the vortex wake or
jet wake, see figure 1, it is now appreciated that this vortex array resides in a narrow
region centered about the plane Z = 0, and extends from the plane Y = 0, to the outer
boundary of the jet body (Kuzo & Roshko 1984), the implication being that the jet
flow is not simply that region traced-out by the jet body. Instead, the jet region spans
from the bounding wall to the outer boundary of the jet body. Flow visualization

reported by Kuzo & Roshko (1984), reproduced in figure 2, illustrates the extensive
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nature of this vortex array. The sources of vorticity for, and the frequency of forma-
tion of these vortices are issues which are currently the focus of research activity (e.g.,

see Fric & Roshko 1994),

The dynamic parameter characterizing this flow is the Jet Momentum Flux.
- Dimensionally equivalent to the transverse force, per unit time, acting on the flowing

stream, this quantity is defined as

Jet Momentum Flux = f Pjer wu dA 9]
Ajer
where u is the jet velocity, pj,, is the density of the jet, and A is an area with A, in

particular the area of the jet. From this definition, a momentum - averaged jet velocity,

uj, can be defined as,

Pjes ujet2 Ajet = J. Pjer wut dA

et

While the flow behavior near the origin may depend upon the boundary condi-
.tions, such as jet geometry and the state of the boundary layers, far from the origin the
flow can be described in terms of this transverse force (Broadwell & Breidenthal
1984). A global length scale (D) can be defined from the ratio of the Jet Momentum

Flux and the freestream momentum flux density as,

.f Pjer wu dA
’D2 = Ajer

2
pco U
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or, using the momentum-averaged jet velocity,

12

Uje Pj
D = = ) 4" (2)

where u.. and p,, are the velocity and density of the freestream. Expression (2) intro-

duces the Velocity Ratio as

Ujer
U

Velocity Ratio =

The flow will also depend upon the Reynolds number, the ratio of inertial to
viscous forces in the flow. For this study, the Reynolds number, Re, will be defined

as

Re Ljer € d

~where v is the kinematic viscosity of the freestream and d is the jet diameter of the
issuing jet, i.e., Ay, = w4 d? . This is the commonly defined Reynolds number for
the ordinary jet, an axisymmetric jet issuing into a quiet surroundings. The local Rey-
nolds number, based upon local velocity and length scales 01.E the transverse jet,
decreases as the flow evolves (Broadwell & Breidenthal 1984). As this local value of
Reynolds number is difficult to measure, and since Re is related to this local value, Re

will serve to characterize this flow.
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All phenomena discussed herein are concerned with the flow field occurring far
from the origin which, in practical terms, means after the jet flow has turned over and
is being convééted wi;h the freestream. Following examples in the literature, the far
-ﬁeld. is usually defined as that region where the jet trajectory follows power-law

behavior, see Pfatte & Baines (1967). This power-law behavior in the jet trajectory is
approximately re;ollized once the flow has turned about 45° along the flowing stream,

which occurs roughly at the streamwise location X ~ D

As mentioned, this flow has been the interest of many studies, both experimental
and analytical, over the course of this century. Yet, due to the inherent difficulties of
geometry, progress in the experimental understanding of this flow has been slow. As
in the ordinary jet, it is of interest to measure and understand the transfer of mass,

momentum, and energy, to or from the surroundings.

The geometric difficulties are several. For one, the jet flow initially issues into
the flowing stream transversely. Within a short distance, however, the body of the jet
traces a path that tends to coincide with the direction of the flowing stream. In a short
span of space the jet changes from issuing perpendicular to the flowing stream to being

convected by, and moving on a trajectory nearly parallel to, the freestream direction.

A second geometric difficulty is encountered when defining what measurements
are sufficient and adequate to characterize the flow. For the ordinary jet, from argu-
ments of symmetry, the mean properties can be adequately measured along a diametric
cut of the flow. This simplifies measurements of a three dimensional phenomenon to a
two dimensional domain. The reader is referred to Townsend (1956). The transverse
jet does not allow for such simplification. Although from arguments of symmetry the

left half of the jet should be the mirror image of the right half in the cross section,
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further simplification can become an unseen source of error, because the transverse jet

flow is a three-dimensional phenomenon.

Beyond this tﬁree-dimensionality, an additional factor is present. Analytic
descriptions of the transverse jet are typically given in terms of vorticity, the curl of
the velocity field. Direct measurement of vorticity, although an active line of research,
is not developed to the point that it is commonplace in the laboratory. To accurately
compute vorticity from the velocity requires an accurate measurement of the two com-
ponents of the velocity field, with the derived vorticity field results dependent upon the

accuracy of the velocity measurement.

Digital Particle Image Velocimetry (DPIV), see Willert & Gharib (1991), a tech-
nique only recently made available, provides a way to determine the vorticity field of
the transverse jet. Although a new laboratory technique, DPIV is now sufficiently
mature to aﬁow the experimentalist to overcome those difficulties described in the
preceding paragraph. The technique, based upon imaging the motion of particles
suspended in and following the flow, provides a measure of particle displacement dur-
ing the imaging time. From this displacement, the velocity and vorticity fields are cal-

culated by numerical techniques.

The present work is among the first to use DPIV to examine the transverse jet.
The study was limited by the current state of the art of DPIV technology, with finite
light-shuttering capabilities limiting temporal resolution and with the finite spatial
resolution of CCD cameras imposing spatial limitations. Unique techniques had to be
developed for a successful study of this flow, including imaging techniques for con-

vecting flows.
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This‘study measures several fundamental properties of the transverse jet, includ-
ing the strength of the vortices characterizing the flow (as measured by circulation),
and the size of these vortices. The impulse of these vortices is determined. All of
these quantities have, in the past, been inferred from theoretical arguments. This work

complements those studies with laboratory results.
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Chapter 2

Experimental Details

The experiments, designed to provide mean and dynamic characteristics of the
velocity and vorticity fields, were performed in water. Water as a fluid medium has a

distinct advantage for DPIV as it facilitates a uniform dispersion of particles.

For this study, optics were immersed in the flow. Again, the water medium
proved to be advantageous in that the water-proof optics successfully withstood pro-
longed immersion. A stmilar setup in air would probably be susceptible to optical con-

tamination, resulting in degradation of the DPIV image and loss of accuracy.

2.1 Physical setup

A free-surface water facility, available at GALCIT and originally designed by M.
Gharib (1983), was used for all DPIV measurements presented herein. This facility is
a recirculating type with a total capacity of 4000 liters, with a test section 18 inches by
18 inches in cross section and approximately 5 feet in length. Driven by an in-line
centrifugal pump, the speed of this facility was varied by adjustment of the DC current
provided to the pump motor. Typical useful speeds are in the range of 8 - 60 cm/sec.
Flow management devices located in the upstream contraction section helped break up
and minimize freestream turbulence (see Gharib 1983 for measurement of freestream

turbulence levels).
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A surface plate was installed in the test section of the facility for the purposes of
this study. rThi.s plate minimized difficulties with surface waves, and provided a known
boundary condition for the injection geometry of the jet flow. With this plate, a flush-
mounted jet injection geometry was used. Readers unfamiliar with the different wake
_ phenomena océuning with flush injection and protruding injection are referred to

McMahon et al. (1971).

The surface plate was made from a single piece of 0.5 inch plexiglas, see figure
1. The leading edge of this surface plate was machined with an elliptical shape of
aspect 3 - to - 1 . This elliptical leading edge allowed for the flow transition from a
free-surface flow to one bounded by a solid surface. Constructed to fit snug against
the facility sidewalls, it was supported from the top by fourteen hangers attached to
overhead hardware from the tunnel. The surface plate was securely fastened and

became an integral part of the flow facility.

The surface plate was positioned such that the bottom surface of the plate, i.e.,
that surface in contact with the water, closely followed the level traced out by the
free-surface without the plate present. No geometric allocation was made for blockage

effects created by the presence of the additional boundary layer on the surface plate.

Care was taken throughout the course of the measurements to insure that the
free-surface was clean. As such, the boundary layer on the surface plate commenced

at the elliptical leading edge of the plate.

The surface plate was provided with several access ports on the centerline, see
figure 3. The first of these access ports, located 8 inches from the elliptical leading

edge, was used for mounting of the jet tube.
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The jet flow was generated by a separate facility. A pressurized supply was con-
structed for the purposes of providing a range of jet flow rates. The supply utilized the
_safne fluid as the free-surface channel, i.e., p jer = Pe With both drawn from the same
supply. A stainless steel pressure vessel of 1 gallon capacity served as the reservoir
for the jet suppiy. A gas driver, either compressed air for moderate pressure levels or
compressed bottled nitrogen for high pressure levels, provided the flow rate and was
applied to the top of this steel pressure vessel. The pressure was set by a regulator,
and a constant bleed flow was maintained to insure efficient operation of the regulator,

see figure 3.

Mindful that a blow-down facility of gas and water can experience oscillations,
design efforts were expended to insure that these oscillations were minimized. The
total volume of compressed gas used as a driver was kept at a minimum by using
small, short/'tubing segments. The flow was controlled by a valve located in the liquid
side of the reservoir, not the gas driver side. The entire system was highly damped.
During system development a transducer was incorporated into the gas driver side and

measurements showed that the oscillations rapidly decayed within one second.

The jet flow was switched off - on by a pneumatically operated valve at the
discharge end of the pressure vessel. This pneumatic valve was operated by an electric
solenoid such that the jet operation could be controlled by a preset timer, or could be
operated manually using an electric switch. In operation the timer was used, allowing
researcher attention to other (optical) details just prior to data acquisition. The timer
could then be set to some limiting value such that the pressure vessel was never run to

complete emptiness, which would allow air to exit the jet nozzle.

Downstream of this pressure vessel and master valve, the flow was delivered to
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the test section using a flexible pressure hose. This hose had an internal diameter of 1
inch, a length of 10 feet, and was lined with teflon to facilitate chemical reaction
experiments which were ot part of the present investigation. This hose allowed the
. pressure vessel, related timing circuitry and controlling valves to be positioned at a

~ convenient location in the laboratory.

The jet nozzles, which were tube stubs of very small length to diameter ratio,
were attached to this delivery hose using a plenum. This plenum, also of 1 inch inter-
nal diameter, allowed for settling and transition of the flow to the nozzles via a 45°
geometric contraction. The internal geometry of the plenum and nozzle is illustrated in
figure 3. The nozzles used for this study are summarized in table 1. The jet nozzles
were of such small dimensions that no effort was made to measure boundary layer
profiles of the issuing flow. Instead the velocity profile was assumed to be a top hat

profile, with u o taken to be equal to the mass flux averaged velocity.

L Aplenum
d d f Ajet f
inch
0.093 104 116.
0.191 571 274
0.30 3.85 11.1

Table 1. Nozzles used for jet flow.

T See figure 3.
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Duriﬁg data acquisition, laboratory procedure followed the below order. The
required flow conditions of Re and velocity ratio were determined by data require-
‘ments. This determination allowed for selection of the freestream velocity u., and of
the jet Velocity.._ The jet velocity was set by adjusting the driver pressure. No flow
regulation was apne downstream of the pressure vessel. A calibration of total flow
volume measured over a metered time was used to measure the jet velocity, with the
freestream velocity measured using DPIV. With the jet and freestream velocities
selected .and set, attention turned to last minute details of flow conditions in the water
channel. The upstream flow management devices, namely screen, perforated plates,
and honeycombs, were thoroughly inspected for the presence of unwanted blockages
and obstructions. With this assured, attention turned to identification and removal of
any unwanted obstructions in the test section. These later obstructions were, for the
most part, air bubbles trapped beneath the surface plate, but there was always the pos-
sibility of optical contamination on the sidewall and bottom which would have dimin-
ished optical acuity. Next, particle concentration and suspension in the facility were
issues, with extensive effort given to assuring correct particle count levels. This level
was set mostly by hands-on experience: too-small a particle count made for poor
image correlation during processing, while too-high a count diminished image quality
due to (light) scattering. Following all of these inspections and corrections (if neces-
sary), sufficient time was allowed for the flow to become steady-state if a disturbance
was created during any modification or correction. Once optimum conditions had been
established, room lights and any other extraneous light sources were doused, and atten-

tion turned to the optical procedures for data acquisition.

As the above outlined procedure required several hours, it is clear that one data
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set per day was the rule, with the remainder of the time spent in preparation or data

processing. -

2.2 Optical setup

Details of Digital Particle Image Velocimetry (DPIV) are described by Willert &
Gharib (1991) and Willert (1992). Only details beyond those presented in these refer-
ences are described herein. The particles used throughout this study were 10 pm glass
spheres coated with silver ("Conduct-O-Fil" from Potters Industries Inc, Carlstadt,
NJ). Tumination was provided by a Spectra Physics Argon Ion laser (model 95-3),
with optics used to generate a thin sheet of light (sheet thickness estimated at 0.3 - 0.6

mm.).

Recorded images, from a NTSC camera, Texas Instruments multiCAM CCD
(model 1134 P/GN), were recorded directly onto optica]' laser disks (Sony LVM
3AA0/3) using Sony Recorder-Processor LVR-5000A & LVS-5000A. The framing
rate of the camera was the standard video rate 30 Hz., resulting in a temporal
bandwidth of 15 Hz. (two frames for one displacement field measurement). The
actual time separation between image pairs was specified by strobing the laser illumi-
nation source, which was accomplished using a blade-type beam chopper (NM Laser

Products, Sunnyvale, CA).

DPIV processing involves the computation of two-dimensional displacement
fields by cross-correlating spatial subsamples (windows) of adjacent images, resulting
in the mean displacement vector for that particular subsample. Incrementally moving
this subsample window throughout thé entire image results in a displacement field (to

the resolution of the sample window and increment) for the entire image. Division of
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_thé displacement field by the selected time separation gives the velocity field associ-

ated with the two images.

Cross-correlating ﬁsing Fast Fourier Transform (FFT) algorithms, displacement
computation, and the caléulation of the velocity and vorticity fields, were done using
available software from the Center for Quantitative Visualization (CQV). For
optimum performance, each region over which the FFT is performed requires a
minimum number of particles. Since each (imaged) particle (optically) occupies one
or more pixels of the digital image, it can be appreciated that the FFT computation
area must be of a finite size. Realizing that present CCD technology is limited to
approximately 10° pixels, and devoting 3 pixels per particle times 10 particles with a
fifty percent image occupation ratio, then the FFT computation area is approximately
10~ of the total imaged area. All results presented herein used a subwindow size of
32 by 32, with an increment of 8 by 8. The time separation between images was

selected to optimize the cross-correlation between images.

The primary view of interest for this study was the jet cross section. Imaging
this view for DPIV necessitated innovative techniques to insure good image correla-
tion. Since image correlation required correlating patterns of particles in adjacent
images, it was absolutely necessary that particles remain in the field of view for both
images of the image-pair. Further, since the mean flow is convecting through (and out
of) the image plane, the above requirement can be met, for a stationary illumination
source, only for temporal separations less than the illumination thickness divided by
the convection velocity. Such (short) temporal steps were inadequate for the present
study because in such short time steps the particle displacement is typically much less

than one pixel.
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A novel technique was devised and used, for the first time in the course of this
study, to succe;ssfully extend the time step to acceptable levels. By sweeping the light
“sheet source with thé _cohvecting flow during image pair acquisition, successful corre-
latign was attained. Between image pairs the sheet location was reset in preparation
for the next imége pair acquisition. This is illustrated in figure 5. With the time steps

involved, the total sweep stroke was less than 1 cm.

Imaging of the jet cross section was done by mounting a small (3 inch diameter)
front surface mirror onto a stiff, streamlined support that was inserted into one of the
instrumentation access ports of the surface plate (figure 3). With the plane of this
mirror at 45° to the Y - Z plane, the imaging camera was located along the side of the

facility, enabling a distortion-free image of the jet cross section.

Finite spatial resolution is expressed in practical terms in figure 6, which shows
the spatial ’rlesolution for the measurements presented in chapter 4 and 5. Although
DPIV provides information about particle displacements in the imaged plane, there are
still limitations on its capabilities. In particular, the spatial resolution was inadequate
to resolve the smallest turbulent scales in the flow -- the Kolmogorov scale. Follow-
ing Hinze (1975), the Reynolds number of the flow is related to the ratio of the largest

eddies of the flow and the Kolmogorov scale, i.e.,

A large

Re3/4 -
A Kolmogorov

or, rearranging,
A Kolmogorov = A large Re™ ¥*

and estimating that for the present measurements the largest scales, A large, range in
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value frofn tens to hundreds of jet diameters (increasing in value further downstream),
while the (local) Reynolds number rangés from ten thousand down to one thousand
(decreasing with downstream distance), it can be appreciated that the smallest scales

can range from 0.001 4 to 1 d -- a range several orders below that measured.

As already discussed, the primary emphasis of this study is the measurement of
the jet vorticity field. Figure 7 shows a normalized histogram distribution of the vorti-

city levels in the freestream typical for all measurements presented in this work.
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Chapter 3

Basic Flow Field Dynamics

An important aspect of the behavior of the transverse jet, illuminated during the
course of this study, is discussed in this chapter. This aspect is the existence of mean
flow fields which do not constitute a vortex pair -- an aspect that has not been previ-
ously reported in the research literature. A description of these alternate mean flow

states is given in this chapter as well as a discussion of some distinguishing features.

The existence of these alternate states can be verified visually either by Laser
Induced Fluorescence (LIF) or particle imaging, using a thin illumination sheet in the
cross section. For a range of Re and velocity ratio values -- the parameter space for
these alternate states -- the jet is not a vortex pair. Without a map of this parameter

space, however, generating or even finding these alternate states is a tedious process.

To quantify this parameter space, DPIV analysis is used. Due to the vastness of
this parameter space, it is not feasible to document all possible flow states. Rather,
extensive DPIV data records (several thousand consecutive images in length) were

-analyzed for selected flow conditions. This data will be used to illustrate three

features of these alternate flow states.

The first feature, unsteadiness, will be described using loci plots. A loci plot
shows points of vorticity maxima/minima in the cross section. Although not provid-
ing as much information as a vorticity plot, loci plots will illustrate the dynamic

nature, or unsteadiness, of these alternate flow states.!

! Unsteadiness, in the present context, is used to describe the varying spatial location of the vortices in
different realizations of the flow.
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Figufes 8a and 8b are loci plots for jet flows of velocity ratio 10, each plot hav-
ing a pair of points (different symbols are used to distinguish between positive vorti-
city maxima énd negétivé vorticity minima) for each image pair of the data record. In
figure 8b the characteristics of a vortex pair are seen. There is a segregation of posi-
‘ tive vorticity rﬂaxima in the negative half-plane and negative vorticity minima in the
positive half-plane with a symmetric distribution about Z/d = 0, and the points are

locally concentrated.

Figure 8a shows quite a different distribution. In the top plot of figure 8a there
is a migration of the maxima/minima points across the line Z/d = 0, resulting in an
intermingling of negative vorticity minima where only positive vorticity maxima are
expected, and vice versa. This migration results from a vorticity field that is unsteady.
The lower plot of figure 8a, on the other hand, shows a strong segregation of points,
but in an asymmetric distribution. Asymmetry is the second feature of these alternate

flow states.

Since the velocity ratio is a constant in figures 8a and 8b, this unsteadiness and
asymmetry is a function of Re only. A progression from unsteadiness to a steady vor-
ticity distribution occurs as Re increases. During this progression in the value of Re
the vorticity field can be asymmetrically distributed, and the vorticity distribution can

be concentrated or dispersed.

The vorticity fields for these loci plots help explain these observations. For
values of Re like those for figure 8b, the mean vorticity and velocity fields show a
symmetric vortex pair. Figure 9 shows the mean vorticity and velocity fields for a
flow corresponding to the top loci plot in figure 8b. The vortex pair is symmetric

about Z/d = 0 (which was evident in the loci plot) and the accompanying velocity field
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c_leélrly shows the vortex pair. Figures 10a, 10b, and 10c are 1-second, consecutive
realizations of the flow in figure 9. A turbulent character is evident in the fluctuating
gradients, and la slight asymmetry about Z/d = 0 is seen, but the mean flow in figure 9

is relatively symmetric and steady.

Contrast this with figure 11, showing the mean vorticity and velocity fields
corresponding to the top loci plot in figure 8a. The mean vorticity and velocity fields
are seen to be asymmetric about Z/d = 0, and the vortex orientation is tipped. In
addition, another vortex is seen in the cross section. This vortex has a lower trajec-
tory, as indicated by smaller Y/d location of the vortex center, than the anticipated
vortex pair. The presence of this additional vortex is a third feature of these alternate
flow states, namely, the existence of multiple vortices (number of vortices exceeding
the expected two) in the mean flow. Those vortices in excess of two will be called
tertiary vortices.

Sequential 1-second flow realizations, shown in figure 12 a-c, for this flow show
these multiple vortices in a striking manner, as numerous tertiary vortices are seen. In
addition to showing turbulent characteristics, there is a dynamic shifting in the flow
patterns between flow realizations. The flow field is essentially reorienting from side
to side, and the unsteady nature of this flow can be appreciated. Unlike the flow in

figures 9 and 10, the mean for this flow is not a symmetric vortex pair.

A small increase in Re generates a flow that is relatively steady yet highly asym-
metric, as seen in figures 13 and 14. The 1-second realizations of figures 14 a-c again
show the hallmarks of turbulence, but the unsteadiness characterizing the flow in
figures 11 and 12 is notably absent. Further increases in Re beyond the value in

figures 13 and 14 result in the highly symmetric and steady flow similar to those
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shown in figures 9 and 10.

The asymmetry of these flow states can be quantified by forming the ratio of the
circulation-of the two. vdrtices that would be (mistakenly) identified as the vortex pair
-- namely those furthest out in the flow. To compute the value of circulation, meas-
urement of which is discussed in detail in chapter 4, the 90% vorticity contour is used.
The circulations measured for the data in figures 9, 11, and 13 are compiled in figure

15, along with the replotted mean vorticity contours.

Defining the Symmetry Parameter as (absolute value of) the ratio of circulations,

and selecting the numerator/denominator to stay within the range

0 £ Symmetry Parameter < 1 ,

calculations of this value for the flows in figure 15 are compiled in table 2.

Symmetry
Parameter Re
. 423
. = )
Figure 9 s 0.97 7250
. 8.11
Figure 11 TAT 0.65 2079
. 1003
Figure 13 2533 = 0.40 4371

Table 2. Computed values of Symmetry Parameter for velocity ratio 10 .
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Sirin'larly, Symmetry Parameter can be computed for selected 1-second realizations of
these flows. When plotted, values of the Symmetry Parameter show a functional
behavior with’Re, as seen in figure 16, of a decreasing value of Symmetry Parameter
with increasing Re until, at a critical value of Re, a dramatic jump to Symmetry
Parameter ~ 1 | occurs. Unsteadiness also varies with Re: approaching the critical Re
the unsteadiness decreases while beyond critical Re the unsteadiness (relatively to

those flows below the critical Re) is negligible.

Re d LI ch

. cm
inch —
sec

7250 0.093 307. 6.2 x 10
2079 0.093 88. 1.8 x 10*

4371 0.093 185. 3.8x 10*

Table 3. Flow settings for demonstration of critical Re.

The tertiary vortices are also shown in figure 15, along with measurements of
circulation for these tertiary vortices. In all cases the sum of the circulations is zero,
suggesting that all of the identified vorticity comprises the jet flow and is not associ-

ated with boundary layer vorticity along the bounding surface at Y = 0 .

A different definition of Symmetry Parameter, for example the ratio of the two
strongest vortices in the cross section, would produce a different functional depen-

dence than that shown in figure 16. This is of little consequence for the present
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discussion.

Table 3 summarizes the flow settings for figures 9 - 14.

3.1 Extension to other velocity ratios

The aspects of these alternate mean flow fields, namely, unsteadiness, multiple
vortices, and asymmetry, have been described, and measurements similar to those dis-
cussed above were made for velocity ratios at 5, 15, 20 and 25. Additionally, flow

visualization studies were conducted for ratios as high as 55.

Because of the large parameter space involved, and the large effort required for
analysis, it is not feasible to present all measurements in detail here. In all manners,
the alternate flow states observed for these various velocity ratio values were similar
except that the critical value of Re varies with velocity ratio. The findings are sum-
marized in figure 17a illustrating the behavior of critical Re. Noteworthy is that the
critical Re, for the range of velocity ratio studied, spans from several thousand to well

above ten thousand.

The behavior illustrated in figure 17a is somewhat counter to intuitive reasoning.
~ Since the strength of the jet vorticity is related to the strength of the issning jet flow --
the force that generates these vortices -- the higher the velocity ratio, the stronger
these vortices. The need for an increasing value of Re with increasing velocity ratio
required to generate a symmetric flow therefore seems not to be a Reynolds number

issue, but rather one of vorticity dynamics.

It is noted that the variation with velocity ratio seen in figure 17a collapses to a

single curve when multiplying Re by the velocity ratio. This parameter, (Re)(velocity
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ratio) = uw d /v, the cross flow Reynolds number, has a critical value in the range
600 - 800 for the data compiled. This is illustrated in figure 17b. However, other
_observations niade in this laboratory for jet flows generated by fully-developed pipe
flow have a critical value of several thousand in this modified parameter, suggesting

further study is required before a definitive critical value is specified.

A different perspective on the existence of these alternate states, in velocity ratio

- Reynolds number parameter space in shown in figure 17b.

Very high values of velocity ratio are quite difficult to measure with accuracy in
the laboratory. This latter restriction is of little importance for practical applications
as there is no immediately obvious application for a jet flow of velocity ratio of
several hundred. However, the limit of very high velocity ratio values has a theoreti-

cal implication that will be addressed in chapter 6 .

3.2 Underlying physics

A complete understanding of the physical processes underlying this noted
behavior is beyond the scope of the present study. However, some observations are

- noteworthy.

Two related issues are considered: how does the jet, conceptually a symmetric

phenomenon, choose sides; and, why are some jet flows asymmetric.

As noted, asymmetry occurs with random orientation, with the asymmetric flow
patterns occurring with equal probability in either the plus or minus z-axis orientation.
The jet Reynolds numbers, Re, on the order of tens of thousands, are well beyond the

transitional Reynolds number for the ordinary jet (which is on the order of one
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thousand). The Reynolds number of the boundary layer along the bounding surface,
listed in table ,3’ is relatively constant and somewhat below the laminar-turbulent tran-
~sition value. That evidence seems to indicate that boundary layer transition is not

responsible for these observations.

Chapter 1 alluded to the many subtleties associated with the transverse jet, espe-
cially concerning the vorticity field near the point of injection, see Foss (1980) and
Fric & Roshko (1994). This region involves vorticity generation, stagnation points,
and poésibly separated flow. Among these features is the presence of a horseshoe-
vortex wrapping around the jet at the origin. It seems likely that asymmetries in this
vortex may be responsible for side-selection of the asymmetry. What creates asym-
metries in this horseshoe-vortex is not clear, nor is the sensitivity to freestream condi-
tions clear. These boundary conditions contribute to the orientation of asymmetry, but
probably not to the existence of asymmetry. The reason for the apparent splitting of
vorticity in the cross section may have more to do with vorticity dynamics and
impulse than boundary conditions, as evidenced by the behavior of critical Re with

velocity ratio.

One may speculate why the existence of these alternate flow states, given the
large number of studies of the transverse jet, has not been previously reported, even

with some asymmetric behavior being evident in previously published results.

One reason may be the difficulty in noting this asymmetry. It has been observed
during this study that only small concentrations of initial jet fluid are seen in these ter-
tiary vortices. Also the flipping from side-to-side of some of these flow states makes
flow-seeding for visualizing difficult. . Only with the selective viewing capabilities of

LIF or DPIV is it easy to note these alternate states. Because of the distant proximity
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of these téniary vortices from the expected vortex pair, studies using point measuring
techniques- tend to not cover the regions occupied by tertiary vortices. Indeed, even
. with a field measurement capability like DPIV, the critical necessity of measuring in

the entire cross section had to be realized (and it was).

The assumption that the flow field must be a vortex pair probably hindered many
studies. Most cases of jet visualizations using smoke or dye show such complexity
that the ability to see a vortex pair underlying this complexity is highly questionable.
Even more misleading, when observing highly dispersive flows, such as steam-laden
stacks in an atmospheric wind, much of the highly mixed stream evaporates, leaving
only a skeleton-like remnant of those parts of the jet that are not so energetic. It may

be for these reasons that the vortex array remained obscured for so long.

Reporting of flow field asymmetry might well have occurred earlier had previous
studies notéd irregularities seen in the cross section. Figure 18 shows flow visualiza-
tion in the cross section from early exploratory work showing an unsteady asymmetric
flow state illustrating that these alternate states are detectable in the cross section.
Comparison is invited between the images in figure 18 and the unsteady, asymmetric

flow state shown in figures 11 and 12 a-c.

It is also possible to detect these states from the side view. These alternate
states show an early roll-up of vorticity as the jet issues transversely to the flow, an
example is shown in figure 19. This early roll-up means that these tertiary vortices
are formed first, followed by roll-up of the vortex pair. Apart from this aspect, no
marked change in mean jet behavior was noted. No experimental evidence was
obtained that these tertiary vortices merge with the vortex pair at some later down-

stream location.?

2 The tertiary vortex in figure 19 has moved out of the plane of illumination further downstream.
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Chapter 4

Mean Vorticity Measurements

As discussed in chapter 1, the transverse jet is usually described in terms of the
vorticity field. This chapter will present measurements of the vorticity field for
transverse jet flows at various velocity ratios and streamwise locations. Efforts were

made to insure that these measured flows were steady, symmetric mean flow states.

Previous measurements of mean vorticity have been reported by Moussa e? al.
(1977). These measurements, however, were very near the origin, before the jet flow
had aligned with the freestream direction.

Three-velocity ratios are presently examined, those of 5, 10, and 20 (nominal

values). The flow settings are listed in table 4 .

Velocity Re Wjet d
Ratio
o inch
sec
5 6138 80.6 0.30
10 9993 206. 0.191
20 13,087 554. 0.093

Table 4. Flow settings for vorticity measurements.
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Fof each setting of the velocity ratio in table 4, several streamwise locations were

measured. - These streamwise stations are tabulated in table 5.

Velocity X X/d
Ratio inch

5 5.5 18.3

12.25 40.8

22.25 74.2

10 5.5 28.8

9.4 492

16.5 86.4

21.375 112.

20 6.85 73.7

10.7 115.

17.75 191.

22.625 243,

Table 5. Strcamwise locations of cross section measurements.

The mean vorticity fields for these measurements are shown in figure(s) 20 as
contour plots, with the spatial variables normalized by the jet diameter. The vorticity
in each plot is normalized by the maximum (absolute value) vorticity, with the con-
tours shown in 5% increments. Ideally, each vortex would show-the same number of
contours.3 However, a lack of symmetry was often seen between the positive and
negative vorticity distributions. This lack of symmetry is manifested in the peak vorti-

city level for the positive and negative vortex, shown in figure 21. Here it is seen, for

3 Each vortex would show 19 contour levels, the 20" level usually only shows as a point.
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example, that for a velocity ratio of 20 the maximum vorticity for the positive vortex
is always higher than the negative vortex, with the result that in figure 20c there are
~more contours for the_pdsitive vortex (shown as dashed curves) than for the negative

vortex (shown as solid-line curves).

This lack of symmetry is due to the fact that the values of Re for these flows is
only slightly higher than the critical Re, with the result that the flow retains a slight
propensity to generate tertiary vortices. The presence of these tertiary vortices, evi-
dent in the instantaneous vorticity fields, accounts, for example, for the notable elon-
gation of the negative vortex in figure 20c. As described previously, the side on
which these tertiary vortices occur is driven by the boundary conditions of the flow.
These boundary conditions varied from day to day and, as a result, on one day for
velocity ratio 20 the positive vortex has higher vorticity levels, while on another day

for velocity ratio 10 the negative vortex had higher (absolute) vorticity levels.

It would have been desirable to use flow settings that far exceeded the critical Re
for the given velocity ratio, thereby producing highly symmetric flow fields (and
presumably the asymptotic flow states for the transverse jet as Re tends towards
infinity). However, the upper limit of Re that could be resolved by DPIV was limited
by the available hardware. The present results were the maximum values of Re that

could be resoived with current DPIV technology.

In spite of this slight lack of symmetry, the results in figure(s) 20 show many of
the expected characteristics of a vortex pair. The vortices are well defined, with a
sharp separation along the midplane at Z/d = 0. As will be pointed out later, in
figures(s) 20 one can note the turbulent growth of these vortices, as well as the jet tra-

jectory. These features will clearly illustrate, in a qualitative manner, the flow evolv-
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ing as expected for a turbulent vortex pair.

In general, the contours in figure(s) 20 are quite smooth and regular. However,
_ a{ the furthest streamwise stations this smoothness somewhat degrades. At these sta-
tions the vorticity, especially at the lower contour levels, is comparable to freestream
levels of vorti(-:ilty (see figure 7), and it is presumed that this degradation is due to

freestream turbulence.

4.1 Measurement of circulation

A primary goal of this study is to measure vortex circulation -- the strength of
the vortices. This measure and information of its dependence on the jet parameters is

of value in understanding the overall behavior of the jet.

Circulation can be determined from either the vorticity or velocity field as

r = ja)dA = Ju.dl . 3)
A o

Using the area integral in (3), it is of paramount importance to select the proper and
adequate area over which the integration is performed. It has already been noted that
the vortex is diffuse, and that there is ambient vorticity in the freestream. These fac-
tors contribute to the difficulty in measuring circulation, since it is necessary, for a
correct measure, that the integration area contain all of the vortex while excluding any
freestream contributions. Additionally, the integration area should only include one

vortex of the pair, as integration over the whole cross section would be zero.

With these cautions, and mindful of the intricate contour patterns in figure(s) 20,
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it is natural to utilize an integration area that coincides with the lowest vorticity con-
tour of a vortex. Yet this is not a feasible approach, since the lower vorticity contours

are corrupted by freestream turbulence.

- To circumvent this difficulty, a construction is utilized in the following manner:
the integration is done over successively larger vorticity contours for each vortex.
Doing so, an interesting and useful feature is noted, see figure 22: the measured circu-

lation is proportional to vorticity?. That is,

or

dT

—_— < T

d A ’

indicating an exponential functional dependence of circulation on integration area.

Solving and applying boundary conditions, it is seen that this functional behavior is,

4 Caution is used in fitting a line to these points. At low levels of vorticity, (unwanted) contributions
from the freestream can be anticipated, and these points may not fall along the line.
5 This can be seen by taking the differential of the above integral expression: i.e.,

® A =< Ow

mindful of the mean value theorem of Calculus. Alternatively, it can be understood going in the reverse
direction:

I'(r) = nJ ® dr?
0

o
dr?
w) = | o — do
'! dw
2
T'w) = a)-dL = const.

_

()



It is evident from figure(s) 20 that these vortices are not circular. Rather, the
.shape of these vortices ié elongated in the Y/d direction. Tt has already been noted
that some of this elongation is due to the occasional presence of tertiary vortices.
- However, even .when no tertiary vortices are present some elongation is noted.
Measuring the eccentricity (height/width) of the contours in figure(s) 20, as a function
of contour level, it is seen that the elongation in the Y - axis direction is approxi-
mately 20 - 40% (20% being a better estimate since tertiary vortices probably pushed
this value towards 40%), see figure 25. Therefore, for analytical purposes it appears
necessary to describe the vortex area as something other than circular. As a first step,

a spatial variable is defined as

R = Am"”?
called the equivalent radius.

Using this, the exact functional dependence of circulation on the equivalent
radius is
r R’

= 1 — exp — .
T, - p (R‘)

where T, is the total circulation of the vortex, evaluated at an equivalent radius of
infinity. However, the value of T, can be directly evaluated as the y-intercept in the
linear analysis in figure 22. With I', known, R* can be fitted. Doing so, the fitted
values of T, and R are shown in figure 24. Using this analysis, values of I', can be

determined without the necessity of evaluating an integral as the area approaches
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infinity.6
Using this analysis procedure, all of the vorticity data collapses to the Gaussian
_ (Error)‘ function as seen in figure 23. The values of T,, as stated earlier, are of impor-

tance in understanding the basic physics of this flow, and will be considered further at

the end of this chapter.

The value R” is a fundamental measure of the jet flow, being proportional to the
vortex size (see figure 23). Figure 24 quantifies the size of these vortices, and pro-

vides an indication of the growth of the flow.

A lack of agreement in figure 23 is noted as R approaches the vortex edge. It
has been stated previously that near the edge of the vortex freestream vorticity effects
can be expected. It is interesting that, in figure 23, this effect appears to always con-
structively adds to the measured circulation. This is surprising in light of the fact that
both signs Sf freestream vorticity are equally probable. This finding, seemingly incon-
sequential as it only involves regions at the edges of the vortex, can have one of three
explanations: 1) that this additive effect is due to some physical effect of like vorticity
attracting; 2) that it could be due to the interaction with the other vortex; or 3) the

assumption of a linear relationship in figure 22 is inadequate’.

6 For verification of the fit, this expression can be rearranged to:

R —\j—ln(l——)
R* T,

The data from the top of figure 22 is plotted according to this rearrangement, and the results are shown in
figure 22 (bottom) where the rhs of this expression is the ordinate of this graph. The fit is excellent, ex-
cept for those regions at large R, where frecstream vorticity (presumably) affects the resullts.

7 This discrepancy is traceable to the selection of I', in figure 22. There is no physical reason why
the distribution must be Gaussian, and as a result the forcing of the endpoint of the distribution to this
profile could result in a value of circulation that is too low.
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The analytic description of the circulation, and the good fit seen in figure 23,
suggest that the vorticity distribution can be determined. From (3), the vorticity distri-

bution can be calculated as

dT

© = Ja

Substituting for I' , the vorticity distribution becomes,

:||;'J

d R?
W(I-CXP(—}T{))

Carrying out the differentiation gives,

(D—F'7 ! ex—(R2)=ILexp—(A
T R*2 p R*z A* A)k

)

with A* = mR"?, showing that the vorticity is a Gaussian distribution in the

equivalent radius.

The measured vorticity distributions along a line Z = constant and through the
vortex center are shown in figure 26 for data from all cross sections. Good agreement
between the vorticity distribution and the analytic expression is seen, but with a slight
overshoot (5 - 10%) at the peak, with some scatter at the edges. The latter is con-

sidered the result of freestream vorticity.

Likewise, a similar fit can be made along a line Y = constant and through the
vortex center. This distribution is shown in figure 27 , and shows a notable deviation

from the analytic expression.8

8 To clarify this deviation in figure 27, the Z - axis coordinate for the negative vortex is multiplied by

-D.
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This noted deviation can be understood by considering two Gaussian vortices of
equal but opposite strength with centers separated by a distance S. The resulting vor-
ticity field is the super,po'sition of these vortices, seen in figure 28, where a destructive

interaction occurs in the region between the vortices.

The degree of agreement between the analytic expression and the measured
profiles indicates that the non-circular geometry of the vortices is not crucial, although
a more in-depth analysis of the vorticity distribution would consider this. Further,

these results show the usefulness of the equivalent radius in describing these vortices.

4.2 Additional vortex measurements

To generate figures 26 and 27, a determination of the location of the vortex
center, ( Z,, Y, ), was made. These coordinates can be used to determine the jet tra-

jectory and vortex spacing.

The most common measure of this flow is the jet trajectory, the path followed by
the jet in the X - Y plane. Typically measured by seeding the jet flow with a visible
- marker, such as smoke or dye, the trajectory can provide useful dynamical informa-

tion, such as the transverse force and drag force of the jet (see Margason 1968).

For the present study the trajectory can be quantified by the points ( X , Y, ).
Noting that there are two values for each cross section (one for the negative and one

for the positive vortex) the presently measured trajectories are shown in figure 29.

As indicated earlier, another measure of the jet growth is the separation of the

vortex centers. Because of the difficulty of measuring vortex separation using flow
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visualization, there are fewer reports of this measure. Vortex separation S is,

S(X) = Z,7(X) = Z,7(X)

where the superscript ~ and * refer to the Z, locations of the negative and positive

vortex, respectively. Measured values of S are given in figure 30 .

Two local geometric measures have been made of the transverse jet: vortex size
R" and vortex spacing S. If the spatial distribution of flow properties are similar at
all cross sections, the ratio of these two, essentially the aspect ratio, should be con-
stant. As seen in figure 31, this ratio is not constant, given the few available data, for
either streamwise position or velocity ratio. In figure 31 it appears that the jet
broadens with increasing velocity ratio. Scaling X with the global length scale, D,

serves only to increase the disparity seen in figure 31.

The impulse of a (two-dimensional) vortex pair is related to the product of the
circulation and the separation of the vorticity centroids?, Saffman (1992). The
behavior of the product (T, S ) with streamwise location is shown in figure 32.
Since the present results show a slight departure from symmetry, figure 32 shows this

quantity for both the negative and positive vortex.

9 For the present results the vorticity centroid and the location of peak vorticity determined in figures
26 and 27 closely coincide.
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Chapter 5

Mean Velocity Measurements

Although considered predominantly a vortical phenomenon, the velocity charac-
teristics of the transverse jet cross section are also of interest. The velocity fields for

velocity ratio 10 are provided in this chapter, and the results discussed.

Past studies have reported mean velocity measurements, including those of Fearn
& Weston (1974) and Andreopoulos et al. (1984) (1985) for measurements in the
cross section (i.e., the Y - Z plane), and by those of Andreopoulos et al. (1984)
(1985), Crabb ez al. (1981), Chassaing et al. (1974), and Keffer & Baines (1963) in

the streamwise or axial direction.

The calculated velocity field is

v(x,y,z;t) and w(x,vy,z;t) |,

where v is the velocity component along the Y axis, and w is the velocity component

along the Z axis. The mean velocities, v, and w,, can be calculated as

—_ 1 X .
Vol(x,y,2) = v(x,y,z;t) = — Xv(x,y,2;0)
N i=1
and
— 1 X
wo (x,y,2) = wi(x,y,25t) = N w(x,y,2;i)

where the overbar denotes time-averaging, and has been replaced by discrete
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avefaging on the right hand side of these expressions. For the results in this chapter
N =750 (imag¢ pairs) .

The mean velocity ﬁelds, v, and w,, are shown in figure 33. These correspond
to the vorticity fields of ﬁgure 20b, and to the conditions in table 4 for velocity ratio
of 10 . Just as.in the vorticity fields, the evolution of the jet flow can be observed in
the velocity fields of figure 33. Tt is seen that with increasing downstream distance
the jet flow penetrates further into the freestream. Likewise, the jet spreads in spatial

extent as it evolves downstream.

The magnitude of the maximum velocity in the cross section is determined as

Vi) = MAX [ ((v, (x5, 2 + (W, (x,y,2)%) 7]

This maximum speed is shown in the top of figure 34, showing the functional depen-
dence of V(x) on streamwise location. As a result of the flow evolution, the velocity
decreases with downstream location. Likewise it decays in a nonlinear manner, as
expected from theoretical arguments, see Broadwell & Breidenthal (1984). The loca-
_tion of the point of maximum velocity in the cross section is shown in the bottom of
figure 34. As expected, the maximum velocity is located at the midpoint between the

two vortex centers where the induced velocity from each vortex reinforces each other.

A slight departure from symmetry is noted in the velocity fields of figure 33.
This departure was also noted in the associated vorticity fields and is most likely due
to the flow condition being only slightly above the critical value of Re, with a slight

propensity to form tertiary vortices.



38

The perturbation velocity, the instantaneous departure from the mean flow, is

calculated as:

vi(x,y,zit) = v(x,y,238) = v(x,y,z:t) = v(x,y,2:t) = v, (x,y,2)

and,

wilx,y,z50) = wx,y,z;t) = wx,y,z;1) = w(x,¥,2;8) — w, (x,y,2)
From these perturbation velocities estimates of turbulence quantities (mindful
that the smallest turbulence scales are not resolved) can be computed using the long

data records. The correlation,

N
DVi(x,y, i) w (x,y,2;0)

i=

vi(x,y,z;t) wi(x,y,z;t) =

<
=
I}

L
N

indicative of the degree of turbulence production, is shown in figure 35. It is seen
that these distributions are similar to the vorticity distributions in that there is sym-
metry about the Z/d = 0 midplane. However, there are indications that two correlation
maxima exist for each vortex. This is best seen in the cross section at X/d = 86.4 .
This particular cross section appears to be least affected by the occurrence of tertiary
vortices. In this particular cross section there are two maxima for each vortex, with
these peaks being positioned one on top of the other. This behavior is not understood

in terms of the vortex pair model of the flow field.
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The turbulent fluctuation terms

z. ‘ 7 - 2 1 N ’ . ’ .
vZ = V(%,y,2;0) V (%, y,2;1) = m DvI(x,y,z; )V (x,y,250)
i=l
and
— 1 N
2 _ 7 7 ’ . I .
w? = wi(x,y,2;t) W (x,y,2;¢) = N Ywi(x,y,z;i)wi(x,y,z;i)

i=1

can also be computed. These quantities are shown in figures 36 a & b for velocity
ratio 10 . Like the 7w~ distribution, v reflects the spatial distribution evident in the
mean vorticity field (figure 20b), namely two mirror-image lobes indicative of the vor-
tex pair. The turbulent fluctuation term w2 lacks this spatial distribution. It is sug-
gested that the difference between the quantities v and w”? is due to the effect of the
vortex array residing at the jet midplane. Owing to the location and spatial arrange-

ment of this vortex array it appears that it contributes to the level of w2 and thereby

blurs the distinction between the two streamwise vortices.

Figure 36c shows the peak value of the respective quantities, normalized by the
local velocity scale, as a function of streamwise position. In figure 36c, it is noted
that the turbulent quantities are approximately twice the magnitude of the v+, indi-
cating that the turbulent motion in the Y and Z directions are not fully correlated. It
is also noted that the level of w’* is about 50% larger than the level of v . As with

the distribution in figure 36b, it is suggested that this increase in level is due to the

contribution of the vortex array in the wake.
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Measurement of turbulent quantities are lesser in extent than measurements for
the mean ‘velqcities, and have been reported by Andreopoulos er al. (1984) (1985),
~ Moussa et al. (1977), Crabb et al. (1981), and Keffer & Baines (1963) -- although
these works are for measurements very near the jet origin and only on the center-plane

of the jet.

As there are few published results available for comparison of the present meas-
urements, the results of figures 33 - 36 are provided for future reference both for

experimental and numerical studies.
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Chapter 6

Concluding Discussion

This work has measured and presented the flow properties of the turbulent
transverse jet. These measurements concentrate on the mean jet properties observable
in the jet.cross section for the reason that, as discussed in chapter 1, the transverse jet
is analogous to a force applied transverse to a moving stream. In analogy to a lift
force, the resulting flow field is a vortex pair whose axis of vorticity is approximately

aligned with the freestream direction.

DPIV provides particle displacements over a two-dimensional image from which
the vorticity field is calculated. DPIV has an advantage over single point measure-
ment techniques such as laser doppler velocimetry or hot wire anemometry in provid-
ing a measure over a plane as opposed to a point in space. This advantage is even
greater in a flow field such as the transverse jet, where the flow geometry does not
allow simplification of measurement from a three-dimensional phenomenon to a two-

dimensional phenomenon.

DPIV also provides quantitative visualization of the flow field. Seemingly an
obvious result of imaging particles, it has provided in the present study the means to
recognize an(i characterize alternate flow regimes that have not been previously
reported. The recognition that the transverse jet does not always produce a symmetric
vortex pair in the mean flow is a challenge for theéretical understanding of this flow,

which to this point regards the vortex pair as the unigue solution.
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This study has defined to some extent the parameter space over which the mean
flow is-not a symmetric vortex pair. The existence domain of these alternate states,
defined in Re and velocity ratio parameter space, indicates that an increasing value of
Re is required with increasing velocity ratio in order to generate a symmetric vortex
pair. This behavior indicates that an infinite velocity ratio requires a very large Re to
create a typical transverse jet flow, suggesting an interesting boundary between the
ordinary jet and the transverse jet: a slight disturbance in the surroundings of an ordi-
nary jet does not immediately result in a transverse jet flow. This is of important
practical value since for ordinary jet flow studies much attention is given to the exper-
imental setup to insure that the surroundings are quiet and without any disturbance

that might substantially alter the flow.

6.1 Discussion of vorticity

With understanding of the possibility of asymmetric flow, it was critical for the
results presented in chapters 4 and 5 that the jet flows studied were at least in the
Reynolds number range at which symmetry occurs. This presented a technical chal-
lenge. Limited by finite spatial imaging resolution and the challenges of cross corre-
lating convecting flow fields, it was at the limit of current capabilities to insure, for all
values of velocity ratio studied and presented in chapters 4 and 5, that a sufficiently
high Re was provided. This requirement was easily achieved for the lowest velocity
ratio (5) because of the relatively low value of Reynolds number required, and most
difficult to achieve for the highest velocity ratio studied (20) due to the concomitantly
higher Reynolds number required. It is evident that the Reynolds number for these

results is just at or slightly above the critical value for steady symmetric flow. This
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resulted from experimental limitations of implementing DPIV, especially finite spatial

resolution as discussed above.

This difficulty is reflected in the results, and most easily observed in the mean
vorticity fields of figure 20. The mean vorticity field shown for velocity ratio 5 shows
the greatest degree of symmetry and regularity, while the mean vorticity field for 20 is
showing some evidence of asymmetry, although to a small degree compared to those
flows described in chapter 3. This asymmetry is appreciated by viewing figure 20c.
The negative vortex, that residing in + Z/d domain, shows a slight elongation most
notable at lower vorticity (contour) levels. This results from a slight propensity of the
flow, at this Re, to show intermittent tertiary-vortex behavior, i.e., at this Re the nega-
tive vortex showed an intermittent tendency to split into two vorticities, which was
readily noted in reviewing the complete data record. The resulting mean vorticity in
figure 20c is the average of a mostly symmetric vortex pair averaged with an occa-
sional splitting of the negative vortex. Such intermittence was not noted for the velo-
city ratio 5 case, and the data for velocity ratio 10 shows a behavior somewhat

between that for velocity ratio 5 and 20.

A similar asymmetry is noted in the peak vorticity values shown in figure 21.
For velocity ratio 5, the peak values for the positive and negative vorticity are close in

magnitude, while a large difference is seen for velocity ratio 20.

The measurements of circulation herein are the first using DPIV. Measurements
using hot-wire anemometry along the jet center-plane at Z = 0 were made by Fearn &
Weston (1974). From these measurements the authors inferred vortex circulation
based upon certain assumptions of vorticity distribution and vortex separation. The

present results do not rely upon any such assumptions.
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The ability to map the vorticity distribution to a Gaussian distribution, shown in
chapter 4,-aids in both the experimental interpretation of the data and in theoretical
understanding. As shown in figure 23, the distribution of circulation within each
mean vortex fits a Gaussian distribution in‘ square-root of the vortex area. This makes
possible the correct determination of total circulation as well as vortex size. The suc-
cess of thibs mapping aids the understanding of the interaction of the two vortices as

seen in figure 28.

In chapter 4 the data is presented with spatial variables normalized by d, the jet
diameter. Scaling spatial variables with the global length scale, D, the principal vorti-
city measures of the flow field, namely circulation, vortex size, and the product
(T, S* ) are shown in figures 37, 38, and 39a. The jet trajectory from figure 29, and
vortex spacing from figure 30 are also scaled with D and shown in figure 40. The tra-
jectory in figure 40 is the most frequently reported property of the transverse jet, and
for reference the trajectory measure made by Pratte & Baines (1967) is shown in
figure 40 as a lightly shaded curve. The discrepancy between the present results and
that of Pratte & Baines is most likely due to the difference between measuring jet tra-

jectory from flow visualization and from the present quantitative results.

It is noted that in figure 38 that the measurements of vortex size R* do not lie
on a single curve, while measurements of vortex separation in figure 40 do fall onto a
single -curve when normalized by the global length scale D. This discrepancy seems
related to the fact that cross sectional dimensions depend upon the velocity ratio as
shown in figure 31. Figure 40 suggests that the vortex separation is the more

appropriate measure of local jet size.

Figures 39a and 39b show the impulse normalized by the Jet Momentum Flux,



45

as length and time scales respectively.!0 Figure

using a unit length and L(unit length)
u

o0

39a pro.vidgs the impulse assuming the vortices to be symmetric, while figure 39b util-
izes a direct determination of impulse!l. Both figures show a value at or near unity
for all streamwise locations, indicating conservation of impulse. The discrepancies
from unity are attributed to several factors. Clearly for the mean vorticity fields of
figures 20a-c that are mot symmetric the measurement of impulse in figure 39a is
invalid. Further, the results of figure 39a depend upon the value T, (which may be
too low, see previous discussion). Likewise, for those measurement domains in
figures 20a-c that do not encompass the entire vortex results in an incomplete integral

evaluation in figure 39b.

Acknowledging some presence of flow field asymmetry, the results for normal-
ized circulation!? in figure 41 are given as the average of the measured values for the
positive and negative vortex. Since the mean flow does not show the presence of ter-

tiary vortices, this average is intended to be the truest measure of circulation.

6.2 Discussion of velocity

The velocity fields described in chapter 5 show many of the hallmarks of the
vortex pair behavior evident in the results of chapter 4. Provided the mean flow field

is a symmetric vortex pair, the peak mean velocity measured in the cross section is

10 This grouping of parameters does not rely explicitly upon a length scale.

11 Use is made of equation 3.10.15 from Saffman (1992). If the vortex pair is assumed symmetric, the
impulse is determined from the product of circulation and (centroid) separation. In figure 39b, a direct
computation of Saffman’s equation 3.10.15 is made over the entire measurement domain.

F 172 r_~'
. . . Pelo P "1,
12 The normalized circulation 1 reduces to T A
2 Pjer " Ujer Ajer
e Uit A Jel jet “Lje
p jet Yjet Jet u. D
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found on or near the jet center-plane at Z = O where the strongest induced velocity
results. This suggests that many of the vortex pair properties measured by DPIV can

be determined by pointwise measurement of the center-plane velocity.

It is now understood that the jet flow is not composed only of the region called
the jet body. In addition to the jet body, a vortex array resides in and is centered
about the plane Z = 0. These vortices are aligned approximately along the Y - axis,
and flow visualization shows that these vortices span from the wall or surface at Y =

0 to, through, and beyond the outer boundary of the jet body.

The similar appearance between the vortex array and the vortex wake behind a
two-dimensional cylinder has prompted the name vortex wake. However, significant
differences exist between a cylinder wake and the vortex array. The most striking
difference is the longevity of the vortices. Flow visualization shows that the vortex
array persists longer in the streamwise direction (when measured in distance normal-
ized with the diameter) than a cylinder wake. First suggested by Kuzo & Roshko
(1984), this longevity may be due to vortex stretching by the induced velocity of the
jet body, which results in an increased velocity associated with the vortex filament

(see Saffman 1992), enabling the observed longevity.

6.3 Concluding remarks

This study has provided insights into the transverse jet which are important both

for theoretical understanding and practical application.

Contributing to the fundamental understanding of this flow, this study has

verified that, provided the Reynolds number is sufficiently high, the transverse jet
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mean flow consists of a pair of symmetric diffuse vortices. These vortices have been
shown to have a Gaussian spatial distribution. The impulse of these vortices has been

measured for three velocity ratios.

The demonstrated existence of alternate mean flow states bridges the gap
between theoretical understanding and practical application. The very existence of
these alternate mean flows challenges the theoretical understanding of this flow -- as at
present analytical descriptions involve only a symmetric vortex pair. Additionally, the
existence of these alterﬁate states introduces another design parameter for practical

applications.

The existence and mapping in parameter space of the alternate mean flow states
for the transverse jet provides guidance for effective practical use of transverse jets.
As described in chapter 1, transverse jets are used for a multitude of applications
involving mixing, dispersion, and pressure control over adjacent surfaces. This work
has demonstrated that the jet can exist in several alternate flow states, depending upon
the value of Re. Therefore, in addition to the design parameters of Re, velocity ratio,

diameter, and trajectory, there is the additional parameter of mean flow state.

This is of importance for many applications. Although no measurement was
made of the different mixing characteristics of a symmetric vortex pair versus the
unsteady-asymmetric or steady-asymmetric flow state, the existence of tertiary vortices
suggests differences in mixing characteristics. If such differences are substantiated, it

should be possible to selectively use transverse jets for mixing.

Consider the example of film cooling, where transverse jets (typically an array of
jets in tandem) are used to cool a downstream surface. A typical application is in

combustion processes. This cooling of the downstream surface is a scouring of the
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boﬁndary layer by the induced flow of the transverse jet that augments the convective
heat transfer from the wall to the outer stream. The reader is referred to the extended
discussion in Goldstein (1971) for a review of this technology. The flow fields in
figure 15 indicate that at or near the critiéal value of Re a tertiary vortex appears in
the flow near the surface. It is anticipated that the closer proximity of the tertiary vor-
tices to the wall (as evident from the lower trajectory of these vortices) will have a
strongér "film cooling" effect than the highly symmetric vortex pair flow state. As
typical applications involvé high speed flows but minute jet orifices, it is feasible that
a design can be tuned to operate in a steady state by selecting a value of Re such that

a steady-asymmetric flow state with tertiary vortices exists.

Another éxample is the application of transverse jets for aerodynamic control
over surfaces. These jet flows are used for flow attachment and control over surfaces
when operating at high angles of attack. Flow unsteadiness is often reported in this
application. Considering the operating range -- typically at high Reynolds number,
but also at high values of velocity ratio (unlike film cooling) -- the value of the critical
Re for transverse jets can range possibly to tens of thousands. If a transverse jet is
inadvertently used in the unsteady - asymmetric flow state, which has been shown in
chapter 3 to be highly unsteady with dynamic shifting of the flow pattern from side to
side, then the resulting pressure on the control surface wiil also be unsteady. In addi-
tion, unsteadiness is always to be expected resulting from the fluctuations inherent in

the vortex array.

A final example, of more immediate application to GALCIT related research is
the findings of Fric & Roshko (1994). In studying the wake vortices, it was found

that certain flow conditions were difficult to visualize (Roshko 1995). With the jet
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operating in an unsteady-asymmetric flow state the location of the vortex array is also
unsteady, making Eulerian (smoke) seeding of the vortex array difficult. This obser-
vation may also account for the variations in shedding frequency measured by Moussa
et al. (1977), what the authors call the "tw6 regimes" because of the difficulty in mak-
ing measurements using a stationary probe in an unsteady flow. Further investigation
is requiredﬁto substantiate this, however, knowledge of the alternate mean flow states.

has a most practical application in this case.
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Velocity Re d Wit u..
Ratio . inch = = Figures
seC s€C
5 6138 0.30 80.6 16.0 6, 7, 20a, 21,
23, 24, 25, 26,
27, 29, 30, 31,
32, 37, 38, 39,
40, 41
10 2079 0.093 88.0 8.9 8a, 11, 12a-c,
15, 16, 17,
10 4371 0.093 185. 18.1 8a, 13, 14a-c,
15, 16, 17,
10 7250 0.093 307. 30.9 8b, 9, 10a-c,
15, 16, 17,
TABLE 6. Cross reference of experimental settings ( v, = V.. = 0015 ).

S€C
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Velocity

Ratio

Re d Wjet

. cm
inch —_—
sec

Figures

10

9993 0.191 206.

20.8

6,7, 8b, 17,
20b, 21, 23, 24,
25, 26, 27, 29,
30, 31, 32, 33,

34, 35, 36a, 36b,
36¢, 37, 38, 39,

40, 41

13,087 0.093 554.

27.7

6, 7, 20c, 21,
23, 24, 25, 26,
27, 29, 30, 31,
32, 37, 38, 39,

40, 41

TABLE 6 (continued). Cross reference of experimental settings.
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Figure 2. Visualization of the vortex array. Bottom image shows jet body flow
visualization: top image shows vortex array visualization. Flow

is from left to right.
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Figure 3. Jet supply and injection. A liquid reservoir and gas driver provide
flow to the jet plenum and nozzle via a flexible pressure hose. The jet

nozzle is flush mounted to the first port of the plexiglas surface plate.
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Figure 4. Photograph of laboratory.
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Figure 6. Spatial resolution of DPIV. The estimated Kolmogorov range is

shown in shaded region.
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Figure 7. Histogram distribution of measured freestream vorticity: 95% of the

freestream vorticity is less than 0.6 (sec-1) in magnitude.
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Figure 8a. Loci plot of peak vorticity: Re = 2079 at X/d = 124 (top), and
Re =4371 at X/d = 115 (bottom).
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Figure 8b. Loci plot of peak vorticity: Re = 7250 at X/d = 113 (top), and
Re = 9993 at X/d = 49 (bottom).
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Figure 11. Mean vorticity and velocity fields, velocity ratio 10, Re = 2079 at X/d =124 .
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Figure 12a. First sequential (1 sec) average of vorticity and velocity fields, velocity ratio 10, Re
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Figure 12¢. Third sequential (1 sec) average of vorticity and velocity fields, velocity ratio 10, Re = 2079 at X/d = 124
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Figure 14a. First sequential (1 sec) average of vorticity and velocity fields, velocity ratio 10, Re
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Figure 18. Flow visualization of the transverse jet in an unsteady asymmetric
flow state. These cross section views, using LIF and taken in quick succession,
show the unsteady behavior of the primary vortices. As little flow marker is

entrained by the tertiary vortices, evidence of their presence is not obvious.



"K10309fe1) Jomo] © Je Surpisar sueld 10jua9 39[ oY) UO MITA SIY) UT PAJOU 9 UBD pue

‘rred xa)10A 91} 210J0q dn [[0I SE01IOA ATRTIIO], *MOTA OPIS 9 Ul 19[ 9SIOASURT) B JO UOTRZI[enSIA [T 6] 2InSL]




52

10

I i) 2=]
T
7

RN

,,
B NN
SN
7, \N. \l/i-_f 4// \ 1
S
fl\\\\\\\\“\

4
i \ Nl
RN ),
i S~
LNNSE 22
RN TE et
IENNNS = i
N\ STt
\, - e
N -

20

82

-10

51

10
53

N R N
NN
A RN
AR

R R

ST \\\\\

.
4,
A
o

Sl
N )
Z

10

74.2 .

53X/

.
?

/4
40.8

5.2X/Md

.
?

= T

20
104

i
e
S E R
ey I

\
/
(A

20

10
0

Figure 20a. The mean vorticity field in the cross section for velocity ratio 5
5.1X/d=18.3
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Figure 35. Correlation v’w’ distribution for velocity ratio 10.
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Figure 36c: Peak values of turbulence quantities in the cross section.
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