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ABSTRACT

Results are reported of experiments on turbulent circular jets
issuing into a cross flow, both for unheated and heated jets.
Longitudinal and transverse distributions of velocity, pressure,
temperature, and turbulence intensity are presented.

The velocity distributions depend on the ratio of jet to
cross flow momentum flux. The temperature distributions depend
alsq on the density ratio. The jet structure is dominated by a
vortex wake which forms behind the jet, which is evident both from
the detail measurements and from smoke photographs of the flow.
The experiments also indicate that the components of cross flow
normal and parallel to the jet trajectory independently control

the entrainment rate.
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I. INTRODUCTION
In recent years considerable attention has been given to the
problem of jets issuing into a subsonic cross flow. This is mainly
because it is the basic configuration in many practical situations.
In general the point of main interest is different in each case.
Main fields of application and their associated problems can be
summarized in the following list.
1. V/STOL aircraft use air jets to obtain lift for take-off.
During transition flight these jets are bent rearward, which
changes the air flow around the aircraft body, causing a loss
in 1ift and instability due to pitching moment. Choosing the
number of jets and their locations are the most important
problems in order to get maximum performance of the aircraft.
2. A hot stream of gas in a pipe or in a duct can be cooled
simply and effectively by injecting jets of cool gas into it.
In order to get a desired temperature distribution at a given
section downstream of the jets, it is necessary to study the
mixing of two flows.
3. A plume leaving a chimney with substantial upward momentum
is often bent by a cross wind (bent-over plume). In this air
pollution problem it is important to calculate the ground
level concentration for a given situation. It is customary
to apply a suitable diffusion formula from a certain point at
which the upward momentum of the plume is negligible. The

analysis of a jet in a cross flow can be applied to find the



flow structure near this point as well as its location.

4. A river with some contaminant materials, flowing into  the

ocean or the lake with cross current, presents another problem

of diffusion. In this case the main interest is in finding
the polluted region and the degree of pollution (concentra-
tion distribution).

The present study was motivated by the cooling problem. The
temperature of hot combustor gas for a gas turbine is generally
too high for the material used, and it needs to be cooled. Gener-
ally, cooling is done by injecting cool air through holes in the
surrounding wall., Although multiple jets are used for effective
cooling, a single jet case is treated here as a first step. The
results obtained give basic information not only for the combustor
cooling problem but also for many other applications.

Quite a few papers have appeared in the last decade concerning
the experimental and the analytical studies of a jet in a cross
flow. They studied mainly the over-all behavior of the jet such as
the jet centerline location. In Chapter 2 these previous works are
summarized together with some basic discussions. Compared with
such general aspect of the jet, its detail structure has not been
thoroughly investigated. Therefore, it was felt that instead of
going into the cooling problem directly, it was necessary to
investigate first the detail aspect of the jet injected into a
cross flow of equal temperature, which is essential in order to

understand the mixing process.



To show the jet structure in detail, distributions of velocity,
pressure and turbulence intensity were measured at several sections
of the jet. The data revealed a complex structure of the jet. The
structure was found to be strongly influenced by a pair of counter-
rotating eddies which were formed behind the jet. Thus the rota-
tional velocity field was also investigated in detail.

After this unheated jet experiment, the mixing of two flows
with different temperature was studied. To do this, the jet was
heated above the free stream temperature instead of cooled as in
the cooling problem, because experimentally it was easier to get
large enough temperature difference by heating. Although buoyancy
force acts in the opposite directions in heated and cooled jets, it
does not change the general flow characteristics significantly. The
jet was heated up to 400°F. Lateral distributions of temperature
at several jet sections and the longitudinal distribution along the
centerline were measured in detail to study the mixing of two flows.
All of the experimental results are presented in Chapter 5. The
discussion based on these data is given in Chapter 6.

In addition to these experiments, a flow visualization experi-
ment using kerosene smoke was conducted. The pictures presented in
Chapter 7 show clearly the cross—sectional shape of the jet in a

cross flow.



II. GENERAL DISCUSSION

1. Brief Review of Previous Work

Since the present flow is the basic configuration in many prac-
tical situations, numerous papers have been published. The problems
they treated can be classified mainly into three groups. The first
group concerns the determination of the jet centerline location
either experimentally or analytically. The second group treats the
problems relating to V/STOL aircraft. The third group investigates
theoretically the rolling-up of a jet due to a cross flow.

Several forms of the jet centerline equation have been sug-
gested. Some of these are empirical, and others are obtained by
semi-empirical analyses. The latter usually contain several
numerical constants which have to be determined from the experi-
mental data. Some of the early works have been mentioned in Ref. 1.
The recent work has been reviewed in Ref. 2 and 3. Some of these
works will be mentioned elsewhere in this report. Several jet
centerline equations reviewed in Ref. 2 show quite a scatter (see
also Fig. 54 of this report). Carlson et al. (Ref. 3) tried to
correlate some of the previously published data taking into account
the different wind tunnel sizes relative to the jet sizes in the
different éxperiments.

To analyze thé jet deflection due to the cross flow, two
important factors have to be considered. One is the aero-dynamical
force acting on the jet, and the other is the entrainment of the non-

turbulent main stream into the jet. Most of the analytical models



consider only the former factor (Refs. 1, 4, 5). As the entrainment-
idea developed in recent years, it was realized that the effect of
the entrained momentum on the jet deflection is more important
except for the region close to the nozzle where the aerodynamical
force is just as significant (Ref. 6). A few investigators obtained
the jet centerline equation by considering the entrainment effect
only (Ref. 7).

In applications to V/STOL aircraft, the most important factor
is the pressure distribution on the plate surface. Experimental
data for the surface pressure distribution were given in several
papers (e.g. Refs. 8, 9, 10). Theoretical analysis of the problem
has also been presented by some investigators. The calculation
made by Wu et al. (Ref. 10) was based on the simple two-dimensional
potential flow model, and it gave reasonably satisfactory agreement
with the measured wall pressure distribution.

Recently theoretical analyses of the jet rolling-up process
have been presented by several authors (e.g. Ref. 11). Their
analysis is an extension of the early work by Chang (Ref. 12).

Chang considered the time-dependent deformation of the cross-section
of the hypothetical circular fluid column in a cross flow. In this
analysis the original jet is replaced by a number of vortex fila-
ments distributed along the jet surface; by following the loca-

tion of these filaments as time goes on, instantaneous cross-
sectional shape can be obtained. Since such analysis shows only

the potential flow aspect of the interaction of two flows, the



result cannot be compared with the data which are taken usually in
a turbulent flow.

Perhaps most directly related to the present work are the
experiments of Keffer and Baines (Ref. 6), Callaghan and Ruggeri
(Rep. 13, 14, 15), and Jordinson (Ref. 16). Keffer and Baines made
measurements in the plane of symmetry in the upstream region
( 572><10) for unheated jets. Their experiments tend to show
the importance of the momentum ratio in determining the jet trajéc-
tory. They also studied entrainment, making an analytical model
which is a simple extension of the free jet model. This is satis-
factory because they were only concerned with the small 3 region.
Callaghan and Ruggeri made measurements using a heated jet. Their
measurements also were only in the plane of symmetry, and their jet
was rather closely confined because of their small wind tunnel width
(3.1 to 7.8 nozzle diameters). Jordinson measured total pressure
distributions for the full lateral extent of the jet, not only in
the plane of symmetry. Recent developments in most of the problem
discussed aﬁove are reported in Ref. 17.

To provide an adéquate understanding of the behavior of a jet
in a cross flow, the present work examines the detailed lateral
distributions of velocity, temperature and turbulenée intensity,
both in the upstream and downstream regions of the jet. Longitudinal
distributions of the above quantities, ideas about,gntrainment, and
the role of the vortex motions are deduced from the extensiye€

lateral measurements.



2. Coordinate System

Figure 1 shows the coordinate system adopted in the present
work. The Cartesian coordinate system ( X , y , X ) with the origin-
at the center of the nozzle exit is convenient for practical appli-
cations. The X -axis is the direction of the cross flow, the

X -axis is the direction of jet injection, and the y -axis is
perpendicular to both. On the other hand for the purpose of analy-
tical study, it is more convenient to use the coordinate which fol-
lows the deflected path of the jet. For this, the natural
coordinate system based on the mean streamlines is most suitable.
However, it is very difficult to determine this system experi-
mentally. The coordinate system ( .? s ? . 5) adopted here is some-
what vsimilar to the natural one. } is measured along a jet.
velocity centerline, which is one of the mean streamlines in the jet.
The plane normal to this streamline at each point of ¥ is assumed
to represent the cross-section of the jet. Therefore the } -axis
(jet centerline) can be determined experimentally by connecting
points of maximum velocity at each section in the plane of
symmetry (XX -plane with # = 0). On each normal plane the" ? -axis
is taken to be in the direction of the j ~axis from the jet center

(thus ; = /Z ), and the g -axis is perpendicular to the Z -axis.



3. Dimensional Analysis

Because of the complicated cbnfiguration of the problem a
purely theoretical analysis is very difficult, and it is beyond
the scope of the present study. However, it is very useful for
the experiment to find important dimensionless numbers by simple
dimensional analysis.

Consider a heated (or cooled) jet issuing normally to a uni-
form flow. As the flow develops the jet becomes turbulent. Some

mean quantity Cl at some point downstream of the nozzle can be

considered to be a function of the following quantities:

éi = (/2;'3(125/ L, OQ/'Q&/ A% 63/ 'ZT—-7Z/ fi j32//4’ Za C}/)

where subscripts 0 and <j denote the properties of the cross flow
and the jet, respectively. The free stream and the jet are con-
sidered to be the same fluids (no subscript for M , 7é . C}> ).

In this analysis, only the case in which both the initial jet and
the cross flow are laminar as in the present experiment is discussed.
The effect of the surrounding wall is assumed to be negligible.

Then important dimensionless groups formed from quantities listed

above are expected to be as follows.
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The length scale for the cross flow has been chosen as [0 because
the cross flow produces wake behind the jet whose charactertic

length is /> near the nozzle, the region where the wake begins

to appear.
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The last two assumptions lead to the conclusion in a free turbulent
flow that the viscosity is not important, that is the Reynolds

stresses are much larger than the mean viscous stresses. Then we

obtain
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The quantity

number which expresses the ratio of the inertia to the buoyancy

force in the initial jet.

When 'ZZ = -7: ( )f = j? , since in this analysis
the two fluids are assumed to be the same kind), equation (1)

is simplified to

Q z Y Z |
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Usually /‘3 = /0, so that in this case the only important
g .

quantity is the ratio of two velocities.



III. EXPERIMENTAL EQUIPMENT

The main equipment consists of a wind tunnel, an air supply
system, a nozzle and measuring probes. An overall sketch of the
wind tunnel is shown in Fig. 2, and the details of the setup are
shown in Fig. 3. When designing the setup, care was taken to insure
the following: 1) uniform, low-turbulent free stream.
2) iow—turbulent jet with very uniform and constant exit velocity
distribution. 3) sensitive probes for velocity and temperature
measurements. 4) accurate probe positioning device.

1. Wind Tunnels

For preliminafy measurements a small wind tunnel with
4" x 4" test section was used. It is an open-circuit tunnel with
a centrifugal fan driven by a 1 HP DC motor. Using this wind tun-
nel, the effects of test section walls and the tunnel wall bound- -
ary layers on the structure of the jet were investigated. This
tuﬁnel was also used for flow visualization experiments.

The main experiment was conducted in a larger wind tunnel
which has a 28" x 28" test section and a length of 15'6" (Fig. 2).
This tunnel is an open-circuit, suction type tunnel with an axial
fan driven by a 53 HP DC motor. This wind tunnel had been used in
the Jet Propulsion Lab. at Case Institute of Technology, and was
reconstructed for the present experiment. It is a low-speed,

low-turbulence wind tunnel, and thus very suitable for this experi-

ment. Fine mesh screens are installed at the intake and serve to

make larger eddies into smaller ones which decay faster. Due to

11
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these screens and a high contraction ratio (10.4:1), the turbulence
level at the test section is very low (0.4% at 20 ~ 30 ft/sec, the
velocity range in which present data are taken), and the velocity
profile is very flat. The walls of the test section are made of
Plexiglas plates. One side wall has a small door for easy

access to the equipment inside the test section.

The jet was injected at a position three feet downstream from
the beginning of the test section. The boundary layer thickness
at this position was 1-1/2 in. In order to minimize the effect
of the tunnel wall boundary layer, the flat plate, made of Plexi-
glas 17 in. wide and 24 in. long, was placed at a position 2-1/2
inches above the bottom wall, and the nozzle is set flush with
this plate. The plate has a wedge-shape nose which is connected
smoothly to the flat part. At the injection point, which is 2
inches from the nose, the boundary layer thickness is small com-—
pared with the diameter of the nozzle (less than 10%) so that its
effect is expected to be negligible.

For the heated jet experiments it is desirable to have con-
stant free stream temperature. Since this is an open-circuit
wind tunnel, temperature cannot be controlled and is subject to
the outside temperature change. However, the tunnel was placed
in a well air-conditioned room, so that the temperature change
during any one run of the experiment was within + 0.2°F.

2. Nozzle
One of the important factors which control the structure of

jet is the velocity profile at the exit of the nozzle. Generally
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the velocity profile is not flat in practical cases:; however in
order to maintain well defined experimental conditions the initial
velocity profile was made as flat as possible. For this purpose a
specially designed nozzle was used in the present experiment. Its
structure is shown in Fig. 4., Six turbulence-reducing screens

of various mesh sizes are used, and the contraction part has

a carefully designed contour. The contraction ratio is 16:1,

and the exit diameter is 1/4". TFig. 5 shows velécity’profiles

at the exit for various jet speeds. Profiles are very flat over
the whole diameter except for the thin boundary layer near the
wall. Turbulence level at the exit is 0.37.

For the heated jet experiment the nozzle was wrapped with
asbestos for thermal insulation. The temperature profile at
the exit was also found to be very flat.

To see the general behavior of the free jet from this nozzle,
distributions of the mean velocity and the turbulence intensity
along the jet centerline were measured, and are shown in Fig. 6.
It can be seen that the length of the potential core (in which
the flow is laminar, and the velocity remains constant) is four
times the nozzle diameter. The location of the jet virtual origin
(the origin of the self-similar region) is found to be very close
to the nozzle exit (0.4 times the nozzle diameter upstream of
the nozzle). Beyond %Ab = & , the centerline velocity de-
creases hyperbolically with the distance from this virtual origin,

and the velocity profile is expected to be similar.
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3. Air Supply System

Air for the jet was supplied by a 100 HP, two-stage compressor
which can supply 402 CFM of air. Since air pressure of the com-
pressor varies in the range between 80 and 100 PSI, it was
necessary to design a suitable air control system in order to
get constant velocity at the exit of the nozzle. The schematic
of the system is shown in Fig. 7. Pressure fluctuation is
reduced first by the pressure regulator to the order of
+ 1/4 in. of water. This fluctuation is further reduced by the
flowrate regulator so that the fluctuation of the flow rate is
within + 0.57% of the set value. The flowrate was measured by a
Fisher and Porter rotameter.

For the hot jet experiment, air was heated by a heating
tape wrapped around a steel pipe of 1-1/2 in. diameter. Using
this heating tape it was possible to make jet temperature at the
nozzle exit up to 400°F at the maximum flowrate.

4. Probes

Hot Wire and Anemometer

The hot wire probe is made from brass tubing of 1/4 in. dia-
meter and 26 in. long with wire supporting tips made of bronze
needles (Fig. 8). The diameter of the hot wire is 0.00015 in.,
and it is made from 90% platinum-107 rhodium Wallaston wire. The
wire is etched in a thin column of nitric acid. The etched por-
tion is about 0.045 in. long. The end of the hot wire probe is

connected by a Cannon connector to the wire which leads to the
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input of the hot wire anemometer set. A constant-current hot wire
set, Shapiro and Edwards Model 50, was used in the experiment.

The set consists of an amplifier, resistance bridge, potentiometer,
mean square output meter and square wave generator, as shown in
Fig. 9, The potentiometer allows one to measure the wire current
up to one hundredth of a milliamp, which makes accurate velocity
measurement possible. The time constant of the hot wire was

about 450 microseconds, so that for the measurements of turbulence
intensity and energy spectrum, the compensation circuit was
applied to compensate forthe thermal inertia of the wire.

Pressure Probes

Total pressure was measured by a Kiel total head probe which
is insensitive to pitch and yaw angles up to about 40 degrees.
Where space is limited near the nozzle, a total head tube made
from a hypodermic needle of 0.028 in. diameter was used (Fig. 8).
Static pressure was measured by a Pitot static tube made from a
hypodermic needle. It has two static pressure holes of 1/64 in.
diameter at the positon 7 times tube diameter downstream from a
rounded nose.

In a turbulent flow both total and static pressure measure-
ments are subject to errors due to the lateral turbulent motion.
Errors are not small in the present experiment, and this problem
is discussed in the next chapter.

Temperature Probe

Temperature was measured by an Iron-Constantan thermo-couple
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supported by a brass tube of 1/4 in. dia. and 26 in. long (Fig. 8).
The diameter of the tip contact is 1/16 in.

Yaw Angle Meter

For the measurement of the mean flow direction, a small sensi-
tive yaw angle meter was used. This is made of two hypodermic
needles of 0.028 in. diameter with bevelled open ends. The flow
angle can be determined by rotating the meter until pressures
measured by the two tubes become equal. To measure three-
dimensional flow direction, usually four tubes are used. But this
increases the size of the probe and the rotating device becomes
more complicated. In the present experiment the flow angles
were measured in two planes to get three-dimensional flow direction.

In a turbulent flow the measurement is affected by the Reynolds
stress, which is discussed in the next chapter.

Probe Positioning Apparatus

In the experiment most data were obtained by point by point
measurements using various probes. Thus it was necessary to use
an accurate probe positioning apparatus. The one used was a
three-dimensional manipulator manufactured by Brinkmann Instrument.
It can traverse 4, 3, and 3 in. in each direction, and can rotate
the probe in the vertical plane. In order not to disturb the
flow, the positioning device was put outside of the test section

as shown in Fig. 2.
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5. Other Equipment

Micromanometer

Pressure was measured by a Meriam micrometer Model 34 FB2 T™
reading in thousandths of an inch of water pressure.

Microvolt-ammeter

The thermo-couple was connected to a microvolt-ammeter
(Keithley Instruments, Type 150A). Since this is a sensitive
instrument, it is very difficult to measure the mean temperature
in a highly turbulent flow, because the instrument follows the
fluctuations. To damp out large fluctuations R-C circuit was
connected to the meter.

Wave Analyzer

Energy spectrd of turbulence were measured by a General Radio
wave analyzer Model 1900A. This has a frequency range of
0 to 55,000 cps and three bandwidths of 3, 10 and 50 cps. The
input was taken from the amplifier of the hot wire set. Accuracy

of the measurement is + 3% of the indicated value up to 50 KC.



III. EXPERIMENTAL PROCEDURE
1. General

The present experiment consists of two parts. The first one
is the investigation of an unheated jet in a cross flow, in
which distributions of velocity, pressure and turbulence intensity
are measured. The next one is for a heated jet, in which the
temperature distribution is measured in detail.

In the unheated jet experiment, the most important variable
is the velocity ratio LQ,/Q/b . In the heated jet case we have
one more variable jj//je> . In many occasions these two s
variables are coupled and appear as a single parameter 434&/42?L4f
which is called the momentum ratio. Since most of the previous
works treated the unheated jet cases, the term
(effective velocity ratio l?' which is the square root of the
momentum ratio is used in this report for the purpose of making
it easy to compare the data in both experiments.

The value of K’ can be chosen arbitrarily, but to cover the
practically important range, three cases R4, 6, 8 were
investigated inboth heated and unheated jet experiments. These
nominal values of R correspond to using the free stream speed
upstream of the plate as the cross flow speed. Since the free
stream speed above the plate is a few percent higher than that
ahead of the plate, the actual values of ﬁ? appropriate to the
experiment are slightly lower than the nominal values. The nominal

and actual values of R , along with the corresponding free stream

18
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and jet speeds for the unheated jet experiment, are as follows.

R (nominal) 4 6 8

R (actual) 3.91 5.80 7.73
Uo (£t/sec) 30.7 25.8 20.7
Lé (ft/sec) 120 150 160

For implicity, the nominal values will be quoted hereafter. The
above combinations of speed were chosen so that differences in
both jet and cross flow speeds for three cases were small.

For the heated jet experiment, only jet speeds were varied
according to the jet temperature (density) keeping cross flow
speeds constant. Experimental conditions of this case are sum-
marized in Table I. Settings of both heating current and flow rate
meter were determined by trial and error at first to get desired

2
values of }3 (/o" . For high temperature jets it took about
two hours to achieve an equilibrium temperature. Care was taken
to have constant jet velocity temperature and cross flow speed
throughout any one run of the experiment. Detail procedures for
two cases (unheated and heated) are explained below.

2. Unheated Jet Experiments

Jet Centerline

First, the location of jet centerlines was measured for

/i =4, 6, 8. In addition, the experiment was done also for

R

reasons but also for defining the coordinate system. Experimentally

1]

10. These profiles are important not only for practical
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the centerline profile can be obtained by connecting points of
maximum velocity in the plane of symmetry at each section of the
jet. Asrshown in the next chapter the velocity is not necessarily
maximum at the jet center of each section. This method of deter-
mining the jet centerline is inevitably trial and error, because

the normal section of the jet cannot be specified until the center-
line profile is known. In the present experiment normal planes

to the centerline were determined by a step by step method in which,
starting from the horizontal plane near the nozzle (jet was injected
‘vertically upward), each normal plane was approximated by extra-
polating the previously determined centerline.

The point of maximum velocity at each section was found both
by the hot wire and by the total head tube (Kiel probe). Both
results agreed very well. Since the velocity along the centerline
decays much faster than the one in a free jet it is very difficult
to determine the jet centerline beyond §7Q)= 25.

Velocity Distribution

For each momentum ratio, the mean velocity distributions were
measured at several sections of the jet by the hot wire. Since
the mean velocity changes its direction mainly in the Ziég—plane
(the plane parallel to the cross flow), the hot wire was set
normal to this plane. It is known that a hot wire measures the
velocity component normal to‘it. The mean flow direction
measurement (which is explained later in the chapter) shows that

the change of the flow direction in the 2%;/ -plane is relatively
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small except in the small region where the rotational velocity

is large. Therefore the velocity measured in the manner described
above is expected to be close to the magnitude of the actual velo-
city (the difference is about 37 for 15 degrees change in the

ZOV -plane).

The velocity was measured point by point traversing the hot
wire according to the coordinate defined above. In order to see
the detail distribution, it was necessary to measure at 60 ~ 100
points for each section depending on the actual size of the jet.
This was a very cumbersome procedure, but since the actual size
of the jet was small, it was impossible to insert a rake without
disturbing the flow very much. An automatic traversing device
in an inclined plane was not easy to design, and was given up
for the present experiment.

In the present procedure it took about two hours to finishﬁ
one section. Therefore the important problem was the 'drifting'
of the hot wire calibration curve on which the velocity calcﬁlation
was based. This drifting was made small by warming the wire
for a rather long time (about 1.5 hours) just before the data were
taken. Also, in order to minimize the error during the experiment
the drifting of the wire was checked in a certain interval by
measuring the free stream velocity, and the calibration curve
was corrected accordingly. The overheat ratio of the wire was
set at 0.3. Care was taken to have a very straight calibration

curve in the operating range. Fig. 10 shows the examples of
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the hot wire calibration curve.

The velocity measured by the hot wire is not exactly equal
to the actual velocity in a highly turbulent flow. The relation
between the measured and the true values is given by the equation

(Ref. 18),

— — | Vl)
Umeas’—\"(/(/_z UZ+2— U*

where |{ is the longitudinal velocity fluctuation and )/ 1is the
late;ﬂhl fluctuation. This correction was not done in the ex-
periment, because the turbulence level is rather low in the jet/
as shown in the next chapter.

Mean, Flow Direction

Using a small yaw meter the mean flow directions were
measured at points where the mean velocities were known. As has
been explained in the previous chapter, this yaw meter was made
of two hypodermic needles so that it can determine the flow
direction only in one plane. Therefore in order to measure
the three-dimensional flow direction as in the present case, it
is necessary to measure in two planes which are perpendicular to
each other. In the present experiment flow directions were
measured in the X Z-plane and the zy -plane. To determine the
mean velocity vector at each point, calculations are necessary
using the magnitude of the velocity measured by the hot wire
and flow directions in two perpendicular planes. Referring to

Fig., 11, their relations are given by
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where notations should be clear from the figure. When ﬁ?,is
small, 27. = Z;; as explained in the previous section.

The purposes of the flow direction measurement are to cal-
culate the mass and the momentum fluxes across each section of
the jet, and also to obtain the distribution of the rotational
velocity (the velocity component parallel to the normal plane).

Thus it is necessary to know velocity components normal and

parallel to the jet cross section. They are given by (Fig. 12)

Z;; = Zz; oo (a( - é?/)
-4 = V2,7 zb(
__Um[ O(+Cwﬁ

| ool Tan 3°

~ C8d (o<~9)]

(4)

where 9 is the angle of inclination of the jet centerline
/ '3
(or the value of X at the center), and cf‘ is the angle between
(49 and the parallel component of the cross flow velocity.
Although the flow in the jet has been assumed to be parallel to
the jet centerline at each section, in the region away from the

center the flow becomes parallel to the free stream. Consequently,
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in order to see the rotational velocity field in the wvortex region
(which is of major interest here) one has to project the velocity
on the plane normal to the path of the vortex core. This can be
done simply by replacing 6 in Eq. (4) by the angle determined
from the path of the vortex core.

It can be shown (Ref. 19) that the behavior of the vaw meter

is expressed by the equation

NI

I
}9

\%\

(5)

)m@+

Q‘IS;\

2=C(i+ 5 &+t

Q\
|

N

where /3 and fz are pressures measured by two tubes of the
meter, @9 is the angle between the mean flow direction and the
vaw meter, and Zﬁ}' is the Reynolds stress. The above equation
shows that even if GQ = 0, ;? and 75' are not necessarily
equal in a turbulent flow with shear. Since the turbulent jet
is a typical shear flow, this yaw meter gives an error depending
on the value of the Reynolds stress at the measuring point. In
a free jet the maximum value of - agbsz is about 0.02, so that
the maximum error in () is about one degree. In the present
experiments the local mean velocity is much larger than the one
in the free jet because of the convective velocity (/J, . Thus
the error in é» is expected to be much smaller than the above
estimate.

Since this procedure of mean flow direction measurement is

more painstaking than the velocity measurement, in order to save
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labor it was decided to measure the flow direction only in the
half of the normal plane, assuming that the flow is symmetric with
respect to the center-plane. The equipment was carefully set up
so that the flow was almost symmetric, as shown in the next
chapter.

Since to calculate the mean velocity vector it is necessary
to measure three quantities (speed and two angles) at one point,
care was taken to place the probe at exactly the same point for
each measurement.

Pressure Distribution

At present there is no reliable way to measure static
pressure in a highly turbulent flow. An ordinary Pitot static
probe suffers appreciable error due to lateral velocity fluctua-
tions. The correction of the measured value to obtain the true
value of the static pressure is complicated in the sense that it
depends on the lateral turbulence intensity and also on the
ratio of the average eddy size of turbulence to the diameter of
the Pitot tube. In the present experiment another problem is
the alignment of the probe, since the mean flow direction changes
very much at different points. Therefore the static pressure
was not measured, but was calculated from the values of the total
pressure and the speed. A Kiel total head probe was used for the
total pressure measurement. This probe is particularly convenient
when the exact flow direction is unknown. Similar to the Pitot

static probe, the measured values should be corrected in a
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turbulent flow. The correction formula is given by

- — [Vl WPy
@,meas-’@""("*"ﬁi’*-ﬁf'* U* AZPU (6)

where both % and )}/ are laterial velocity fluctuations. Since
1;;- and Wl were not measured, the measured values of _f; were

not corrected. But the error is expected to be small

because the turbulence level is rather low in the flow due to

the convective velocity .

Turbulence Intensity Distribution

The distribution of the turbulence intensity in the normal
plane was measured by the hot wire. Since the wire was set normal
to the XX -plane as in the velocity measurement, the turbulence
intensity measured in this way gives the fluctuation level in the
direction of 5; . However it is expected to be very close to
the intensity in the direction of the mean velocity vector .

The constant-current hot wire system which was used in the
present experiment is not appropriate for measurement in a highly
turbulent flow, because of the non-linearity of the hot wire
response. It is supposed to be accurate in a flow with the
turbulence intensity less than 10%. As shown in the next chapter
the maximum intensity observed was 22% in the present case, but
in the most of the region the intensity was less than or slightly
larger than 10%. Error is 10 ~ 15% if the turbulence intensity

is about 207.
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The wire overheat ratio was 0.3 as in the velocity measure-
ment, and the wire response was compensated for thermal inertia
in order not to lose the energy of the high frequency fluctuation.

Energy Spectrum

The turbuience energy spectra were measured at a few points
in one section of the jet, and they were compared with the spectrum
at the corresponding position in a free jet.

The output of the hot wire was first amplified and compensated,
then sent to the wave analyzer. The mean square output voltage

of the wave analyzer at frequency ]% is given by

;Eii/t = 9£</f% ) AAJL

where Af is the filter bandwidth and ¢ (fc ) is the

energy/cps at f = ]LC . The actual spectrum E(fjof the

velocity fluctuation is calculated from the relation

P (#)
(Gs)*

E(4) =

where G} is the transfer function of the hot wire set, and S
is the sensitivity of the hot wire.

Since

/2‘(]1)0/]‘: e
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then

E)_ _Ph)  __ CurF)
[ [

This is a convenient form of preéenting the energy spectrum. The

filter bandwidth gﬁjﬁ of 3 cps was used in the experiment.

3. Heated Jet Experiments

Jet Velocity Centerline

As in the unheated jet measurements, the jet velocity center-
line location was measured by the hot wire and the total head probe.
When the jet temperature is very high, the effect of density changes
cannot be neglected. Since the hot wire responds to the 'mass

velocity' /°L/ , the mean electric current through the wire (for

a constant current set) corresponds to the value of /’L/. Separat-

ing velocity and density into mean and fluctuating parts, we have

. —

PU =FP U+ PuU
Therefore the point of maximum ,;i;r does not necessarily correspond
to the point of the maximum velocity. Neglecting the correlation
between density and velocity fluctuation which is very small usually,
it is still necessary to know the mean density (or temperature) distri-
bution in order to find the point of maximum C7 . It was found that
this correction was very small because the density change was smaller

than the velocity near the center. In this respect the measurement
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by the total head probe is better, because it can detect the variation
z : ] s ] '3

of LU/ (the static pressure is almost uniform in the jet). How-

ever, since the sensitivity of the manometer was limited, the total

head probe was used mainly in the upstream region.

Temperature Centerline

The point of the maximum temperature in one section does not
coincide with the maximum velocity point, so that one must define
sepérately the centerline for the temperature distribution in a
manner similar to the jet velocity centerline. Temperature was
measured by the IC thermo-couple. The temperature centerline
location was obtained by connecting points of maximum temperature
in the plane of symmetry at each jet cross sedion which is already
specified by the jet velocity centerline.

Temperature Distribution

The temperature distributions were measured at several
sections of the jet for ﬁ? = 4 and 8. The data were taken at
60 ~ 100 points in one section, and they were connected smoothly
to get uniform contours of constant temperature. The thermo-
couple was connected to the micro-volt meter to measure the small
temperature difference. The fluctuation of the reading was made
small by the use of the additional RC circuit. Temperature
distribution at each section was measured up to the point where
the temperature is equal to the mean of the maximum and the free
stream temperature. Beyond this point the measurement becomes

difficult due to the large fluctuation. The temperature at the
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nozzle exit was checked and kept constant throughout any one

run of the experiment.



V. RESULTS OF MEASUREMENTS

1. TUnheated Jet Experiments

Fig. 13 shows the jet velocity centerline location for the
effective velocity ratios /f = 4, 6, 8 and 10. These profiles

can be correlated by a single curve
0.94 0445~
Z (%) X
T(UJ) = 0623 (5) +0.290 (8)

as shown in Fig. 14. The constant in the right hand side represents
the effect of the potential core. The power for L/%/ZQ was
found by trial and error. The power for 3%; and other numerical
constants were determined by drawing smooth fitting curves.
The error of the measurement increases as we go downstream, because
the velocity distribution becomes very flat near the center. The
estimated error in the centerline location near the most downstream
section measured was + 3%.

Using the coordinate system determined from the jet velocity
centerline obtained above, the distributions of the velocity
at several jet sections for R = 4, 6, 8 were measured, and
results are shown in Figs. 15 through 18. Strictly speaking,
these are the distributions of ZZ” instead of z7- . Although
C7 can be calculated from Czn according to Eq. (3), the difference
is small, and it is not important in order to observe the jet

structure. The results are presented in the form of contours

of the non-dimensionalized velocity difference ([ which is defined as

31
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~ U'—' UD
T Una Us .

~
Although the use of ({ 1is just a matter of convenience, at far
downstream sections where the jet velocity is almost parallel to

Uo it is possible to classify the flow configuration as

o< l:\(ﬁ / jet region
u

< O wake region

At upstream sections the directions of two velocities z7 and Lé,
are different so that it is not simple to distinguish between jet
and wake.

Since the velocity Z7 is composed of the axial velocity ZZ;
(normal to the jet cross section) and the velocity Cap (parallel
to the jet section), it is important to separate these two compon-
ents. After the mean flow directions were measured in two planes
at each point, ZZ; and ¢  were calculated according to Eq. (4).
The distributions of Zzp are shown in Figs. 19, 20, 21. The data
were taken in one half of the plane, because the flow is almost
symmetric with respect to the centerplane. Fig. 22 shows the
rotational velocity field in the developing region (of the
rotational motion) for K = 8. Figs. 23, 24, 25 show the rota-
tional velocity field at downstream sections for R = 4, 6, 8.

In these figures the velocities D-F and (—/;_ are non—-dimensionalized
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by (/, , which appears to be the appropriate scale, because the
rotational motion is induced by the cross flow.

One of the important features in the study of a turbulent
jet is the analysis of the mass flux increase which is directly
related to the entrainment of the surrounding non-turbulent fluid
by the turbulent flow. In order to calculate the mass flux through
the normal plane at each section, it is necessary to know the dis-
tribution of the normal velocity (z, . (—/; can be calculated
from (7,;; according to Eq. (4). Then similar to ?{ , the dimen-
sionless quantity a:, for the normal velocity is defined as

— U;, "’Uoﬂ
Un =

O;zmax = Ubn

where Uoh = (/o cos f is the normal component oi; the cross flow
velocity. In Figs. 26, 27 and 28 the contours of constant a’.n
are shown. In these figures only the jet region is considered

for the purpose of the mass flux calculation. The use of the

quantity T(;’ is more convenient than the previously defined

?

because ’(Ih does not include the rotational velocity whereas )
is related to both a)ﬁal and rotational velocities. The calcula-
tion of Un requires the measurement of the flow direction only
in one plane, as can be seen from Eq. (4), which simplifies
measurements and calculations compared with those of (_/} . This
made it possible to measure the distributions of 17:1 at a
larger number of sections than were possible for (—/;, , and

—

measurements of Un at several sections are necessary to study
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the mass flux change with distance. In order to study the mass
flux increase in a turbulent region from the mean velocity dis-
tribution, it is necessary to define the 'edge' of the turbulent
region. Following Keffer and Baines (Ref. 6), the jet boundary

is defined as the surface where the normal velocity excess

( 27; - Lén ) is 107% of the maximum value at a given section;
that is, the turbulent region is where 0.1 < 'LT,, £1. Then the

mass flux can be calculated by integrating CZ; over this region.
The momentum flux can be calculated in a similar way. Fig. 29
shows the result of the mass flux calculation. For the entrainment
analysis in Chapt. 6, the momentum fluxes in the X and X
directions are calculated by decomposing ZZn into both directions.
Fig. 30 shows the X -momentum flux distribution.

The velocity distribution along the jet centerline is shown
in Fig. 31. The ordinate was chosen as the inverse of the non-
dimensionalized (by QQ ) velocity é%, in order to see clearly
the hyperbolical decrease of C&, near the nozzle. For comparison,
free jet data are shown in the same figure. The data were taken
in the free from the same 1/4 in. nozzle with the initial velocity

Qg = 120 ft/sec. 1In each case the virtual origin (of the flow
near the nozzle in cases of the jet in the cross flow) can be
found by extrapolation of the straight part as done in the figure.

The distributions of the total pressure were measured at a
few sections just to compare with Jordinson's data (Ref. 16).

One of the present results is shown in Fig. 32. Notice that the

data were taken not on the plane normal to the jet centerline,
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but on the plane normal to the cross flow ( é/Zi -plane), similar
to Jordinson. The static pressure distribution at the same posi-
tion is shown in Fig. 33. The values of the static pressure were
calculated form the values of the total pressure and the velocity
measured by the hot wire. At several points the static |
pressure was measured by the Pitot static probe with its axis
aligned in the mean flow direction at each point. Both results
‘for the static pressure agreed within the experimental error.

Figs. 34 and 35 show the distributions of the turbulence
intensity relative to the maximum velocity E;nx at the section
for R = 4 and 8. The hot wire gives the quantity ‘rai} ET
(intensity relative to the local velocity),ihowever the distribu-
tion of YZZ itself is more interesting because it shows the
distribution of the kinetic energy of turbulence.

To see the more detail structure of turbulence, the energy
spectra were measured both at the center of the jet and at the
point of maximum velocity (center of the vortex motion) at the
section ;f; = 23 for ﬁf = 8. The results are shown in Fig. 36.
The energy spectrum of turbulence in the free jet at the corres-
ponding position is also shown in the same figure for comparison.
The figure shows the slightly different structure of turbulence
in two jets.

2., Heated Jet Experiments

To see the similarity of the jet structure with respect to

the momentum ratio, the jet velocity centerline locations were



36

measured in the heated jets for R = 4 and 8. The result is
presented in Fig. 37. The figure shows that the velocity center-
line location of the heated jet coincides with that of the
unheated jet as long as the momentum ratio is kept constant. The
initial jet temperature above the free stream temperature was
75°F and 320°F. The velocity ratio and the density ratio for
each case are listed in Table 1.

Figs. 38 and 39 show the profiles of the temperature center-
line (locus of the maximum temperature in the plane of symmetry)
of heated jets in comparison with jet velocity centerline profiles
for ft = 4 and 8., From these figures it is clear that the tem-
perature centerline location cannot be correlated by the momentum
ratio alone.

Similarly to measurements of velocity distributions, tempera-
ture distributions were measured at several sections both in the
mildly heated jet and in the high temperature jet. The results
are presented in Figs. 40 through 47. They show the contours of

the dimensionless coefficient 9 which is defined as

7-7
7;&)(“72 .

5 =

The location of the maximum temperature at a given section is
not necessarily in the plane of symmetry as is also true for the
velocity distribution. Unlike velocity, temperature is a scalar

quantity so that only one dimensionless temperature has to be
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defined. The above choice of & is convenient, as is seen to
vary from O to 1 at any one section.

One important use of the measurements of temperature distri-
butions is that it is possible to investigate the jet structure at
the far downstream position where it is no longer possible to
measure the velocity distribution. In the present experiment the
data were taken at several positions up to % = 70 for the high
temperature jet (Z7—7; = 320°F). For this jet the effect of
buoyancy cannot be neglected. It is possible to see the effect
on the jet structure by comparing temperature distributions of
the highly heated jet with those of the mildly heated jet. This
is discussed in the next chapter. For the large value of.§ ,
which is measured along the jet velocity centerline, j? was
determined by extrapolating the centerline which was neasured
up to about % = 25. The normal plane for large } was
taken to be the vertical plane normal to the cross flow (é/j?—plane),
since the angle of inclination of the centerline was very small
in that region.

Fig. 48 shows the distfibution of the maximum and the center-
line temperature along _}' in jets with the initial temperature

7;——7: = 320°F for R =4 and 8. For R = 4, the maximum
and the centerline temperature are identical.

The figure also shows the temperature distribution in the
free jet with 75 - 75 = 330°F. It is known that in a free jet
the temperature excess ( 2;“-7: ) decreases inversely with

the distance from the virtual origin just as velocity. For the jet
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in the cross flow the same behavior as the free jet is expected
for sma11.§ where the jet still retains the characters of the
free jet. In Fig. 49 the inverse of the dimensionlesé temperature
excess is plotted as the ordinate so that the hyperbolic change
can be seen clearly. Also in this way it is easy to find the
virtual origin. The higher temperature curves in Fig. 49 are
simply rep}ots of the data of Fig. 48.

Fig. 50 is a plot siﬁilar to Fig. 49, but for the downstream
regionl. Here one finds that ( '7-;4,( - 7; )—1'30( ( }‘ - J}o
This means that the distribution of the temperature along 3‘ can

be expressed by the relation

—0.77

( )“(S "‘) (9)

where §5 represents the location of the virtual origin of the
temperature distribution for large ? , which is different from
the one found for the distribution for small §' .

From distributions of temperature at several sections of
the jet, one can see the lateral spread of temperature with dis-
tance.. To show this quantitatively, the half-value radius ﬁ%
was introduced. Z%_ is defined as the effective radius of
the area ( S}ﬁ ) occupied by the contour of 57 = 0.5 where the
temperature excess ( 7;—-7; ) is 50% of its maximum value

—

( 7;Qx - 7: ) at a given section, namely

= [ 3%
=%
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ﬁ%. is analogous to the half-value radius defined for the
circular jet. When the temperature distribution is similar at
each section as in a free jet, the use of XEL as a characteris-
tic length scale in the lateral direction is very convenient. 1In
the nresent case the tempnerature distribution is almost similar
so that the above defined Y;i is expected to represent the
lateral spread of temperature in the jet. Fig. 51 shows the
distributions of 722 with the distance %' in jets with

Z; - 7; = 320°F for R = 4 and 8. Free jet data are also
shown. In fig. 52 the distribution of Y;i in jets with dif-
ferent initial temperature are shown. The heat spreads linearly
near the nozzle as in the free jet. However, in the far downstream
region it seems that it spreads with a certain power of ; .
This power was found in the same way as the temperature distribu-
tion along ‘§' . Fig. 53 shows that in the far downstream

region the temperature spreads as

' }0 036
—;‘/“ o< (‘g‘ ""5‘) (10)

where the value of ;B is not exactly equal to but close to

the value given in Eq. (9).



VI. DISCUSSION OF RESULTS

1. Jet Centerline

According to the dimensional analysis in Chapter II, there
are two non~dimensional numbers, namely UJ /o and {j / fg .
which are important in the problem of a jet in a cross flow, when
the buoyancy force is negligible. From a physical consideration
it is known that the deflection of the jet is predominantly
determined by one dimensionless quantity, {3 ééﬁ-/je LA;L (the
momentum ratio).

In order to check the importance of the momentum ratio exneri-
mentally, it is necessary to conduct an experiment using a heated
(cooled) jet or using two different types of fluid. However, if
two densities differ very much, the buoyancy force becomes important
and complicates the analysis.

Eq. (8) in Chapter V which was obtained by correlating the
data taken inthe present unheated jet experiment shows the
importance of the velocity ratio. From the heated jet experiment,
however, it is clear that the momentum ratio is indeed the
significant factor to determine the jet deflection (Fig, 37).
Although the effect of buoyancy is not negligible for the high
temperature jet, the centerline location can be correlated By
the momentum ratio alone, at least in the range of temperature
used in the experiment. One then expects that the deflection
angle of the jet is determined mainly by the ratio of the jet

momentum flux in the 2 -direction to the momentum flux in the

40
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X -direction.

When the buoyancy force is not negligible, the jet centerline
tends to shift upward (if £?<fjg ). But this tendency is com-
pensated by the increase of the momentum flux in the A -direction
resulting from the increased rate of entrainment due to the
decrease of the‘jet density (this is discussed more in a later
section). Therefore, it is difficult to distinguish the effect
of buoyancy from the study of the jet centerline location.

Eq. (8) can be written in the form (even when {; q:}% )

0.445

.7
Z - R47# [0.423 (%) + 0290

' 0445~

=z Zo__ 0,94‘_/__2_
22 =0623R™ (3

8y

where z°/p = 427 ka?’/‘ represents the point from where the
deflection of the jet starts, and is ofgen called the effective
source of the jet (not to be confused with the virtual origin of
the jet). For R2 6, this point nearly coincides with the end
of the potential core. Since for R X 4, the potential core
itself deflects, the two points do not coincide. Thus, if ﬁE

is increased, ZX» should approach to a value equal to the length
of the free jet potential core, so that the above relation be-

tween X, and R 1is true only in a certain range of /? . The
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general case is discussed in the next section. For practical pur-
poses consideration of the effective source is not convenient.

For this reason most empirical formulas of the jet centerline

set the origin at X = 0. If the jet deflection is assumed to

start at X = 0, the present data give the following equation;

0.36
Z 097 R* (7

, (11)
Comparison of Eq. (8) (or Eq. (11)) with other published

data is presented in Fig. 54, These data were taken by Jordinson

(Ref., 16), Keffer and Baines (Ref. 6), Margason (Ref. 2), Storms

(Ref. 20) and Ivanov (Ref. 1). The empirical equatioh of the

centerline obtained from those data is given in the form
Z_Aa_(xb
p = AR (3

where A , a - Y, are numerical constants. The value of " g "
given by the above investigators ranges from 0.67 to 1.0, and

the value of " p " from 0.33 to 0.39. This wide scatter of

data is attributable to the differences in experimental conditions.
The major factors seem to be the initial conditions of jet and

the wind tunnel size. The jet initial conditions (velocity

profile, pressure, turbulence level) are not given in most of

the papers. The sizes of the wind tunnels used by the above

investigators are summarized Ref. 2. According to the investiga-
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tions by Carlson et al. (Ref. 3), the wind tunnel size in the pre-
sent experiment as well as in others is large enough so that its
effect on the jet path is negligible. From the analysis of the
free jet it is known that the jet structure becomes independent
of the initial condition after some distance downstream from the
nozzle. However, the centerline location of the jet in a cross
flow at a given section is affected by the upstream condition.
So far there is no systematic study about the effects of the jet
initial conditions on the iet path. Since these conditions in
the present experiment are close to the standard ones (flat
velocity profile, low turbulence level), the centerline location
is about the middle of other data as can be seen in Fig. 54.

Due to the complexity of the problem, there is no purely
theoretical calculation of the centerline location available.
Several semi-empirical formulas have ben derived. Vizel and
Mostinski (Ref. 4) calculated thé deflection of the centerline
from the ratio of the jet momentum flux in the X -direction
(assumed constant) to an estimate of the pressure force acting
in the X -direction. McAllister (Ref. 7) used a similar method,
but instead of the estimated pressure force he used an estimate
of the momentum flux in the X -direction which is brought into
the jet by the entrained fluid. In addition to special assumptions
contained inthe estimates, both analyses finally require that a
pair of numerical constants be determined from the experiments,

which of course makes it easier to fit the derived formulas to
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the data.

As for the temperature centerline, iﬁs location is different
from that of the jet velocity centerline. As can be seen in
Figs. 38 and 39, unlike the jet velocity centerline location the
momentum ratio alone cannot correlate the temperature centerline
location. For a given momentum ratio, increasing jet temperature
causes less penetration of the temperature centerline. In order
to find the important factors which control the temperature field,
it was tried to correlate the temperature centerline location
of heated jets with various combinations of velocity and density.
The results are presented in Fig. 55. The temperature centerline
location is found to be represented by a single curve

%4=Q73(évm7%v

104 0.29

(-g_) (12)

This combination of density and velocity ratios does not mean
much physically. It is necessary to find the dimensionless
quantities which are more important in the problem. Since the
temperature field is strongly related to the velocity field, the
momentum ratio is expected to be one important factor to determine
the temperature centerline location. As mentioned above the
momentum ratio alone cannot correlate the data. To find another
quantity, one has to understand why the temperature centerline
shifts with increasing jet temperature while the jet centerline

is fixed (for a given momentum ratio). As is explained in
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detail in the next section, when the jet temperature is increased,
the strength and the size of the vortex motion are increased.
Thus, more heat is transferred into the vortex region, and more
concentration of heat around the vortex center results. The
temperature centerline does not mean much physically but it

merely represents the over-all penetration of heat into the cross
flow. Therefore its location is strongly affected by the location
of the vortex center, especially when much heat is concentrated in
the vortex region. Thus, as the jet temperature is increased for
a given momentum ratio, the vortex center moves away from the jet
center (due to the increased‘size of the vortex motion), and con-
sequently the temperature centerline shifts downward. Such
increased activity of the vortex motion seems to be attributed

to the increased rate of entrainment. Ricou and Spalding (Ref. 21)
found that in a free jet the rate of entrainment is related to

the density ratio f? /)% . Thus it is expected that increasing
jet temperature (decreasing jet density) causes more entrainment,
which activates the vortex motion. Besides the jet density,

the velocity L{; and the kinematic viscosity Lﬁ. are changed
when the jet temperature is changed while keeping the same momentum
ratio. As has been discussed in the dimensional analysis

(Chapter II), the flow structure is assumed to be independent

of the viscosity since the Reynolds number is very large. As

for L/' ,‘it is increased when '77 is increased. But its

d d

change is rather small (inversely proportional to the square
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root of the density change), and its effect on the vortex motion
seems to be less important compared with the density effect.

The buoyancy force also increases the vortex motion. However,
this seems to be a secondary effect in the present experiments,
because the temperature difference is already small at the
position where the buoyancy force becomes important to the vortex

motion. Consequently Eq. (12) is better written in the form

o.//

72 082 o 29
z-003 (ff) () (37 o

Unlike the jet velocity centerline, the temperature centerline
starts deflecting from a point very close to the nozzle, so that

it was unnecessary to find an effective source of the X coordinate
corresponding to X, for the jet centerline.

2. Detail Structure of Jet

Velocity Field

Right at the exit of the nozzle the jet is considered to be
potential flow, because of the low turbulence intensity and very
thin boundary layer. Due to the very steep velocity gradient
at the edge of the jet, the flow is very unstable, which causes
the development of the free shear layer (called mixing layer).

The mixing layer thickness increases with distance, and the
potential flow region (called potential core) disappears after
some distance from the nozzle. In the potential core the velocity

remains essentially constant. Except for the small momentum ratio
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( R £ 4), the potential core is deflected very little by the
cross flow. For a free jet this core length depends on the jet
Reynolds number. boundary layer thickness at the exit, and
turbulence level. For a jet in a cross flow it has been found
from the experiments that the core length decreases with decreasing
momentum ratio. The reason for this is that the mixing layer
spreads faster when there is cross flow, because of the tangential
stress induced by the cross flow. The relation between the core
length and the velocity ratio (for simplicity, the case

{? = /i is considered) can be obtained as follows. First,
consider the free jet. The relation between the spreading angle
of the mixing layer é; and the core length 1?0 is given by

(see Fig. 56)

0/2_ p
4, 2z, %

[ ]

fan & =

A jet in a cross flow is subjected to the additional shear
stress which acts tangentially to the jet cross—section. The
increase of the spreading velocity of the mixing layer (entrainment
velocity) due to this tangential stress is assumed to be proportion-
al to the characteristic tangential velocity scale, which is
chosen to be the cross flow velocity. Then the increase of the
spreading angle is proportional to Lé /Lé: , since the boundary
between the mixing layer and the potential core is moving with

a velocity nearly equal to LQ . Denoting the additional
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spreading angle by é; ' which is assumed to be much smaller

than Eo , we obtain

Con€ = an (E #E) 2 lomE+Lom e’

]
‘r

where C 1is a constant. Therefore the core length is given by

l / /

— —_ (14)
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This relation is compared with the data taken by Pratte and Baines
(Ref. 22) in Fig. 57. In their experiment izyé) = 6.4 and (C = 0.36.
As can be seenin the figure Eq. (14) agrees very well with the
data. Kronauer (Ref. 23) obtained exactly the same relation by
correlating his experimental data. He gave é%/é; = 6.0 and
C = 0.67.

After this initial region, the jet becomes fully turbulent,
and the jet deflection commences. In this region of the flow
the important features are the distortion of the jet cross—section
and the formation of the vortex wake behind the jet. The distor-
tion is mainly due to the pressure distribution around the jet and
the entrainment. The jet spreads to the side of lower pressure.
Since this spread-out region has smaller axial momentum than the
region near the center, it is deflected more by the pressure drag
and the entrained momentum in the cross flow direction. Consequently

the jet cross-section has the shape of a crescent. This deforma-
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tion is also influenced by the vortex motion in the wake when
it becomes strong. It is well known that behind a cylinder placed
normally to a uniform stream a pair of counter-rotating 'standing
eddies' are formed in the Reynolds number range 6 < Pea' <{£0
If the Reynolds number is increased more, eddies shed from the
cylinder alternately, forming the familiar Karman vortex
street in the wake region. Very similar to this situation,
a pair of eddies are formed behind the jet soon after the jet
leaves the nozzle. These eddies do not shed, however, because
of their strong interaction with the jet; instead they acquire
axial momentum from the jet, and move along the jet path.
These eddies are somewhat similar to a 'vortex-pair'. After the
formation the development of the vortex motion is controlled by
such factors as the normal component of the cross flow-velocity,
the shape of the jet cross-section (which acts to block the cross
flow) and the jet initial velocity (not including the case

{3 ﬁF‘f% ). . For a given velocity ratio (for a given jet
path and a given jet cross-sectional shape), increasing the cross
flow velocity causes faster development of the vortex motion, but
this is compensated by the increased jet velocity‘(£o keep R
constant) which gives less time for the development. Therefore,
the development of the vortex motion is expected to be controlled
by the velocity ratio. As the velocity ratio is increased, the
jet experiences a larger normal component velocity of the cross

flow at a given distance from the nozzle, because the jet is
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deflected less. Consequently the strength of the vortex is
larger for larger R (Figs. 23, 24, 25). 1Initially the vortex
strength increases with distance. However, viscosity acts to
retard this motion so that the vortex strength reaches its maxi-
mum at a certain distance from the nozzle, and starts decaying
thereafter.

Fig. 15 shows that for R = 4 the jet cross-section is not
much altered by the vortex motion, and that this vortex wake
strongly interacts with the ordinary wake (which is formed by
the cross flow separation from the jet in the region near the
nozzle) since the height of the jet centerline is low. For larger

/E , the jet is swept around into the wake region due to the
strong vortex motion (Figs. 16, 17, 18).

After the initial region the jet still retains the general
characteristics of a free jet for some distance, as evidenced
by the hyperbolical decay of the velocity along the jet centerline
(Fig. 31). But, the vortex strength grows rapidly, and its in-
fluence on the jet structure increases. This region may be
called the transition region. The jet centerline has very large
curvature in this region.

In the far downstream region, the jet centerline becomes
nearly parallel to the cross flow, and the velocity excess in the
jet (the velocity defect in the wake) is very small. The small
velocity excess makes it difficult to study the jet structure

from velocity measurements. However, it is possible to investigate
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this region by measuring temperature distributions in the heated
jet, or by using flow visualization techniques.

Near the end of the transition region, the vortex motion
nearly ceases developing, but it decays much slower than the axial
velocity excess so that the vortex motion dominates the flow field
in the far downstream region.

Although the vortex motion is weak for fa = 4, it is strong
enough to retain the crescent-shaped jet cross-section for quite
a long distance, and then as the vortex motion decays, this
shape is destroyed gradually by diffusion. For larger momentum
ratios, more axial momentum is convected by the rotational velocity
toward the vortex region from the region around the jet center.
Consequently the point of maximum velocity shifts from the jet
center to the vortex center after some distance from the nozzle.

By the time the development of the vortex motion is almost finished,
most of the axial momentum is in the vortex region. As the vortex
activity decays, this concentrated momentum in the vortex region
diffuses in the turbulent region due to turbulent transport,

and the distribution becomes more uniform.

Temperature Field

In the initial region the temperature at the center remains
constant. The core length of the temperature is shorter than that
of the velocity because the thermal boundary layer is a little
thicker than the velocity boundary layer at the nozzle exit. At

the end of initial region, the temperature distribution has very
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flat contours.

In the transition region, at first the centerline temperature
decays inversely with the distance measured from the virtual
origin, and then decays more slowly (Fig. 49). Duevto the
diffusion of temperature into the wake region, the centerline
temperature decays faster than the temperature in a free jet. 1In
spite of the deformation of the jet cross-section, the temperature
spreads linearly at first as in the free jet, and then more
slowly. This situation is similar to the jet in a co-axial uniform
stream. When the jet temperature is increased (the jet density
is decreased), the centerline temperature decays faster because
of the increased entrainment of the outside cold fluid (Fig. 49).
The effect of the jet temperature on the jet spreading is not so
simple. Increasing the jet temperature means increasing the
jet velocity to keep the momentum flux ‘4?441 constant
( 12 C&f is kept constant in these experiments at any one
momentum ratio). Therefore although the lateral spreading rate
is increased, so is the axial velocity. This is the reason why
the effect of the jet temperature change on the jet spreading is
not so apparent in Fig. 52 as on the temperature decay, shown in
Fig. 49.

Contours of constant temperature have more rounded shape
than those of constant velocity, since temperature diffuses more
readily into the wake region than the momentum. This difference

between the turbulent transport of heat and momentum can be seen
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clearly for /2 = 4, As the momentum ratio increases, more heat
concentrates around the vortex center. The relation between the
degree of such concentration and the vortex activity is quite
apparent for ﬁf = 8 when temperature distributions at several
secticns are compared. Up to about j>é> = 25, the heat concentra-
tion in the vortex region continues to increase (Figs. 40, 41).
According to the rotational velocity measurement (Figs. 22, 25),
at §;é> = 23 the vortex activity has already passed its peak (the
rotational velocity is larger at % = 12.5 than at % = 23).
After the peak up to around .555 = 25, the rotational velocity

is still large enough to be able to resist the diffusive action

of turbulence and keeps convecting heat into the vortex region.
Then as the vortex motion decays, the heat is diffused, and the
temperature distribution becomes more uniform in the turbulent
region (Fig. 42).

For a given momentum ratio, as the jet temperature increases
more heat is convected into the vortex region (compare Figs. 41
and 44), which indicates the increased vortex activity. This
is because of the increased entrainment, as has been explained
in the section on the jet centerline.

In the far downstream region constant temperature contours
become circular for ﬁ: = 4, but later they become slightly
oval-shaped, which shows the existence of the vortex motion at
very far downstream positions (Figs. 46, 47). For }2 = 8 as
explained above the balance between the turbulent transport and

the convection by the vortex motion changes the temperature distri-
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bution.
It is interesting to note that in the far downstream region
the maximum temperature excess ( 7;;X - ;z ) changes with dis-

tance as(Eq. (9))

T — 7y 3 5, 77
mwx — /o < [=— 0)
L < (3-3),

Also, the temperature profile spreads as(Eq. (10))

0.36
1 ;o) |

b
The configuration of the flowin the far downstream region is

D

qualitatively similar to the free jet in a coaxial uniform stream.
For a jet in a parallel stream it can be shown from the similarity
analysis (Ref. 18) that the asymptotic variations of ( 7max —'7: )
and 72; are given by

= _ —7%

Tmax A % (? >§o)

77 >/

| (15)
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Compared with this, the temperature in the jet in a cross flow
decreases slightly faster, and also the jet spreads a little
faster. This slight increase of the spreading rate appears to be

due to the vortex motion which increases the entrainment rate.
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Despite the gradual change of temperature distribution around the
center of the turbulent region as explained above, the main jet
structure remains almost similar as evidenced by the close similarity
to the jet in a parallel stream.

In the far downstream region, the lateral spread of tempera-
ture in the plane of symmetry is predominantly determined by the
axial convection and the lateral diffusion. As the rotational
motion decays, the lateral convection by the rotational velocity
becomes negligible compared with the axial convection. In the
direction normal to the plane of symmetry ( I? —Airection) the
temperature is relatively uniform, so that diffusion in that
direction is assumed to be negligible. Therefore, in analogy to
the jet in a parallel stream, the temperature distribution in the
plane of symmetry is expected to remain similar in the far down-
stream region.

Mathematically, the balance between the axialrconvection and
the lateral diffusion is expressed as

U 35 (T-7) =35 | 0,32 (T-7)

(/6)

where L%— is the eddy diffusivity in the é: -direction, and 4:
is measured from the temperature center. Using the results
obtained above, one can assume

7—7 = -
o = TR
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Dr=9(t)37", T=23"

where 777 and ‘7 are constants. Substitution of these relations

into Iq. (16) gives
Un(-m 3‘-”;‘/"‘7’7}—”’%]‘/) 37 "(9%" +717)  an
Putting 7 =272 - 1, Eq. (17) becones
Vs (-mf —=mTF7) =?3(/*7JM‘ (18)

If one can assume a? = const , = C: as in cases of a free

jet and a jet in a parallel flow, Eq. (18) d>ecomes

Cf”+mUaZ‘f/—fmUaf=0 . (19)

Using boundary conditions,

f=/ ot T=o0

f >0 at T —>F00

the solution of Eq. (19) is

T 2
jL— 70‘ = '7 ——2_5- C). (20)

\\l \\\
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The values of #2 and (C are expected to be a function of the
momentum ratio and the density ratio. However, Eq. (20) shows
that by using a suitable lateral length scale, it is possible
to obtain a universal temperature profile, and that the profile
is very much like the Gaussian error curve.

The experimental data presented in Fig. 58 show that this
is indeed the case. The data were taken in the far downstream
region ( §/D >/45 ) for R = 4 and 8 with ( 7;' - 7: )
ranging from 50°F to 320°F. ZZ_ and Z;}_ are the values
of |é? (measured from the temperature center) at which i?’ is
equal to 1/2( '7: + 7; ). The figure shows that in the
positive ‘49 region temperature falls slightly faster than the
Gaussian curve near the outer edge. In the negative 4: region
the lateral temperature distribution is almost Gaussian. This
slower decrease in the negative ;f region is due to the limited
space between the jet and the bottom plate. In any case, the
temperature distribution seems to be represented by a single
curve. Practically this result is important because the tempera-
ture distribution in the plane of symmetry gives the common
basis for comparing the over-all mixing of a hot (cool) jet and
a cross flqw.
Turbulence

Measurements of velocity and temperature distributions give
very useful:information about the structure of the jet. However,

it is important to understand that both distributions are very



much influenced by the turbulence structure of the jet. It is
known that in a free turbulent flow the transport of quantities
such as momentum, temperature and turbulence energy are related
to the double structure of the turbulence (large eddies and small
energy-containing eddies). The large eddies whose scales are
comparable to the width of the flow, distort the bounding surface
between the turbulent and the non-turbulent flow, and thus control
the entrainment process. These large eddies contain smaller
scale eddies. Most of the turbulence energy is distributed among
these small eddies (energy-containing eddies). The turbulent
transport by the large eddy motion is considered to be convective,
whereas the transport by small eddies is the gradient-type diffu-
sion. The turbulent transport of a certain quantity can be
influenced predominantly by either one of those features of
turbulence, or by both. In the present experiments the vortex
motion in the jet appears to be large eddy motion. It can be
seen by comparing distributions of velocity and temperature
(especially for ﬁf = §L ) that the transport of temperature is
more strongly influenced by the vortex motion (or large scale
eddies) than the transport of velocity. The transport by large
eddies tends to make the distribution of any quantity uniform in
the turbulent region, as evidenced by the large uniform tempera-
ture region inthe middle for R = 4 (Fig. 47). For large
momentum ratios the velocity distribution is affected by the

vortex motion, but this must be considered differently from the
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large eddy activity. When the strength of the vortex is very large,
it is no longer large eddy motion; rather it is a part of the mean
flow field.

Figs 34 and 35 show that the distribution of turbulence energy
is very much like that of temperature, which means that the trans-
port of turbulence energy is also strongly influenced by the con-
vective motion of the vortex wake. It is known that the turbulence
energy is nearly constant inside the turbulent region except near
the bounding surface. Therefore the measured time-mean value of
the turbulence intensity at any point depends mainly on this con-
stant value and also on the intermittency factory ) ; namely we

have

—

g =7V &

where Ea-is the measured turbulence kinetic energy per unit
volume, and ZE} is its value in the turbulent region. The tur-
bulence is assumed to be almost isotropic in the present experiments
so that ?" = -g—- -[(-3- . Since —2—:- is known to be almost constant
in the turbulent.region, the distribution of Zfi (Figs. 34, 35)
nearly represents the distribution of ﬁhe intermittency factor.
Generally Y is unity well inside the turbulent region. In the
present case { 1is expected to be almost unity at the point when
Ez'is maximum, and this point is considered to be the center of
the turbulent region (which includes both jet and wake) as opposed

to the previously defined jet center which has not as much physical

meaning.
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It is important to measure the turbulence energy distribution
among eddies of different size for studying the structure of the
isotropic turbulence, because the theory can predict some form
of the energy spectrum in a certain range of the wave number which
can be tested by the experiment. The energy spectrum is not
measured very often in a turbulent shear flow, but it helps in
understanding the detail structure of turbulence. Fig. 36 shows
a compariosn of energy spectra measured in a free jet and in a
jet in a cross flow for /{ = 8. The spectrum of a free jet
decreases according to - 5/3 power of frequency (or wave number)
in a certain range of frequency. This region is called the inertial
sub-range which is usually observed in isotropic turbulence with
high turbulence Reynolds number, and this form of the spectrum
can be explained by dimensional analysis for isotropic turbulence.
Also, in a shear flow this - 5/3 power is observed in a rather
wide range of frequency. This is méinly because eddies are
usually isotropic in the higher range of frequency regardless of
the anisotropicity of the energy-containing eddies (so called
local-isotropy). The energy spectra of a jet in a cross flow
measured at the center of the jet at the center of the vortex motion
have slightly smaller power (- 1.75 power) than - 5/3 in the
inertial sub-range. The spectral form of the energy containing
eddies at the vortex center (which is very close to the center
of the turbulent region as explained above) is very similar to

the one at the center of the free jet, but the former decreases
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faster in a higher wave number range, which indicates less dis-
sipation of the turbulence energy. Compared to the spectrum at
the vortex center, the one at the jet center has less energy
in the energy-containing range, and more energy in the inertial
sub-range.

3. Entrainment Analysis

An important feature of a free turbulent flow is the existence
of a sharp boundary between turbulent and non-turbulent regions.
Across such a boundary the random vorticity jumps from zero value
in the non-turbulent region to non-zero value in the turbulent
region (actually this vorticity change takes place in a very thin
layer, the so-called viscous super-layer). Due to this sharp
vorticity gradient, the vorticity diffuses into the non-turbulent
region throughthe action of the viscosity. Once the vorticity
is diffused, the strength of the vorticity associated with the
velocity fluctuation is increased due to the stretching caused
by the local mean rate of strain, and thus the originally non-
turbulent region becomes fully turbulent. In this way the turbulent
front moves forward into the non-turbulent region, and consequently
the flow rate in the turbulent region increases with distance.

This process is called entrainment. Since this entrainment pro-
cess is very important in studying the structure of a free turbulent
flow, it has been given much attention in recent years. It is

known that the detail process of entrainment is influenced not

only by the local flow conditions but also by the whole flow
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structure. Thus its study involves all kinds of problems encoun-
tered in the general study of turbulence structure. For this
reason, the detailed entrainment process is not well understood.
The recent stage of its study can be seen in Ref. 24. According
to Townsend (Ref. 25) and others, it is possible to calculate
the entrainment rates for the flows with structural similarity
such as jets, wakes and turbulent boundary layers without re-
ferring to the detailed process. Thus, the object of the pfesent
analysis is to study the entrainment rate for the jet in a cross
flow assuming its similarity of the flow structure.

In an axisymmetric flow the rate of increase of the mass

flux in the turbulent region is given by

%T:m/‘? v Ué 21)

where Qze-is the mass flux in the turbulent region (assumed to
X%

be non-dimensionalized) at a given section, 17 is the radius

of the turbulent region, and (/@ is the axial velocity at

which the boundary is moving. Or using a simpler form

A *
",’{}t =27/ 17 Ve (22)

——
where Lé is the velocity at which the turbulent front is advanc-
ing into the non-turbulent region, and it is called the entrainment

velocity which represents the entrainment rate. The relation (22)
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can be applied to the present problem as long as Y}* is considered
A

to be the effective radius such that Y} = (5\'7/% )1/2 where ST
is the area occupied by the turbulent region. In the present

3 . *
experiment neither ZV}- nor K; was measured, so that the
velocity cannot be calculated directly from Eq. (22). The
exact value of L/g is not of interest, but its variation with
distance is of interest in this analysis. Therefore, if it is

. X
possible to measure 72 and 7.  which are nroportional to ﬂzr
and 7;? , respectively, at each section, the behavior of LAe can
be studied. To do this, the jet boundary has been defined in

*

Chapter 5 so as to measure ZL and |~ from the mean velocity
distribution.

In a circular jet the integration of the axial velocity over

I3 3 * 3 ) o . ° 2 3

a cross section gives 2”}- itself, and in a region of similarity
the lateral length scale such as the half-value radius for the
velocity distribution represents the behavior of Y}- . For a
circular jet in a coaxial uniform stream, the situation is not
simple. The integration of the velocity over a given section
is 'not convergent. The integration of the velocity excess con-
verges, but its value does not mean much physically. 1In ths
sense the situation is the same for wakes and turbulent boundary
layers. Therefore it is necessary to define the boundary to get

. ' % .
quantities related to 2”7' and r} , as has been done in the

present work. For the jet in a parallel stream the flow configura-

tion near the nozzle is very similar to a free jet as long as the



jet initial velocity is very much larger than the free stream velo-
city. Thus, the measured # and 7@& (by defining the jet
. *

boundary) are expected to be proportional to 71+ and 7;- as
in the free jet case. In the far downstream region where the velo-
city excess is very small compared with the free stream velocity,
the velocity excess distribution is expected to have similarity
structure. Since in this region the velocity is almost equal

L/ . *
to o (free stream velocity) everywhere, 72 and are

related by

/N ET*gUo rx<.\:
o _ (_F)

7”7_ —-_ VA rT*z. Uo (23)

T
L€ *

where the ratio r 7} is expected to be constant because

of similarity. 1In between the two regions there is no simple

relation between #/ and 5 , fjeand r;? .

In the present experiements, velocity data were taken in the
regions corresponding to the intermediate and downstream regions
of the jet in a parallel stream. Although the flow configuration
of the present experiment is much more complicated than the jet
in a parallel stream the velocity distributions show nearly
similar patterns at each section. Thus, in analogy to the jet in
a parallel stream the measured mass flux (shown in Fig. 29)
is assumed to represent 1%7 , and so is f;f . The entrainment
velocity LZ? calculated from measured 77 and /“* according to

Eq. (22) is presented in Fig. 59.
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In flows with similarity structure the entrainment velocity
is known to be a constant fraction of the mean velocity variation

at a given section, namely

—

Ve = £ ( Jmax"uo) (24)

where the constant of proportionality & is called the entraipment
constant. In these cases one can think of two fluids (turbulent
and non-turbulent) flowing in the same direction: However, in

the present case the two fluids are not para11e1: Thus, it seems
necessary to take into account the flow direction in the relation
like Eq. (24). 1In fact, the value of /& calculated from measured
Ue and U_/"A)( according to Eq. (24) is too large compared
with the value for the free jet, and in spite of the nearly similar
flow structure, £ changes very much with distance (it varies

from 0.15 to 0.39 between %&; = 7 and 23 for }Q = 8, whereas
in the free jet E; = 0.045). the important thing is that in

the present problem the rate of strain field (which controls the
entrainment process as explained above) is different from the

case of two parallel streams. The rate of strain field should

be decomposed into the parallel (to the jet path) component and

the normal component. Notice that the length of the potential

core of the jet in a cross flow can be obtained by the same

consideration as explained in the previous chapter. Also, the

normal component of the cross flow velocity is different from the
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parallel part in the sense that it strongly influences the vortex
motion. This vortex motion controls the bounding surface in a
similar way to large eddies, and thereby plays a role in the
entrainment process. Thus similar to Eq. (24) the entrainment
velocity in the present problem is expected to be related to

the velocity variations in two directions through the relation

Ve = E(Umax’UoCMWf‘E;%MQ. (25)

The second term of the right hand side of the above equation
represents the effect.of the normal component of the free stream.
Since it is known that the entrainment process is influenced by
the whole flow structure, the two right hand side terms of
Eq. (25) are not likely to be completely independent. This suggests
that for a given velocity ratio (in this analysis only the
case {? = /ﬁ is considered for simplicity) the values of fs;
and é;z are nearly constant, assuming similarity of the flow-
structure, but these values are different for the different velo-
city ratios.
Fig. 59 shows that Eq. (25) gives the variation of ZZg

with very good accuracy using the constant values of Z;, and

Ez . The angle @ has been determined from the jet center-
line profile. The wvalues of EI and El used in the figure

are
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R E, £

4 0.070 0.320
6 1 0.061 2 0.242
8 0.067 0.182

e

These precise values may not be important, since l/e was not
measured directly. nor calculated from IFq. (22) using ‘7”7. and

7?* . The important fact is that constants g;; and [;i
exist. As can be seen in the velocity distributions for R =4,
the wake region occupies the larger part of the turbulent region
so that measured 7 which is the mass flux in the jet (the
region where LG >'Léq) is considered to be a small fraction of
’2”7 . However, for /3 = 8 the jet region occupies nearly
the whole turbulent regioﬁ. Thus, the values of £5' and £,
given above for /? = 8 are probably close to the actual values.
Eq. (22) can be considered as an over-all continuity equation
across a jet cross—section. In addition to this we have momentum
equations in two directions, namely in the axial direction
( § —~direction) and in the normal direction‘( éf —direction).
Denoting the representative flow direction at a given cross-
section by 69 (which is assumed to be equal to the angle of
inclination of the jet centerline), and assuming that momentum

changes only because of entrainment, the rate of change of

momentum inthe axial direction is given by:
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A Adm
7/% = U cmeﬂ} (26)

where M is the momentum flux across the jet section. Similarly

the rate of change of momentum in the normal direction is given

by:

M;'Zf— U,,Mé’ ”/”7

27)

By solving the above equations, the following relations among

M , M , and @ can be obtained:

M/

Us (Mm—7y ) = — = (28)

__/j_———- ___.../..——-..— o
M. e 6 “

My ), Yo J
(Mr = |+ e (m— m,) (30)

where ﬂ?,. and /%, are the values of the mass and the momentum
flux at the effective source of the jet. Eq. (30) which shows
the relation between /7 and %7 , is compared with the data in
Fig. 60. As the momentum ratio increases, the curve approaches

that of the free jet, which appears in the figure as a straight

line M/M,. = 1.
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In Eq. (28) the term ( 72 - Zly ) represents the increase
of the mass flux due to the entrainment, so that assuming the
entrained fluid has the average velocity (/, . the term

b@ ( m - Wy ) represents the increase of the momentum flux

in the X -direction, namely

My = U, /7’7"777)’). (31)

In Fig. 61 this relation is checked using the experimental values

of My and 7¢ . The figure shows that for small | £, Mr

is substantially larger than the entrained momentum. The difference
is due to the pressure force. In the far downstream region the
effect of the pressure force seems to be negligible.

In formulating Eqns. (26) and (27) the effect of the pressure
field has been completely neglected. As a result of this assump-
tion the momentum flux in the X -direction is expected to remain
constant without any force acting in that direction. As explained
above, the momentum flux increase in the X -direction is due
to both the entrained momentum and the pressure force for small }
Therefore, it is expected that the X -momentum flux decreases
especially in the region near the nozzle. The data show the
gradual decrease of the X -momentum flux with distance from the
nozzle (Fig. 30). In that figure the absolute value of f7z is
not important, especially for ’2 = 4 and 6, because ﬁ73

is calculated only in the jet region neglecting the X -momentum
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in the wake region. Such decrease of Mgz is partly due to the
definition of the jet region, but mainly due to the effect of the
pressure. In the Appendix the pressure effect is estimated by
considering the pressure distribution on the jet surface.

Assuming that the X -momentum approaches a constant value
after some distance from the nozzle where the pressure force is no
longer important, the equation for the jet path is given from

Eq. (28) as

_Ax Mhr
lan € = 7 = Up (m=1y) o

Using the relation

/5-—/—7% LES R ¢

Eq. (32) becomes

A
dg 2. Vlg X _
My j/;i * U"% (ﬁ«?) (H—( ”I)J 0. (33)

The boundary conditions for the above differential equation are
X =0
d x=0
ax_ _ ,
where the effective source is assumed to be at the origin within

the accuracy of this analysis (so that also M,- ‘='--':‘ /‘40,'0 ). In
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In order to solve Eq. (33) it is necessary to know dm/p{?
which cannot be given at present by theory alone as may be clear
from the expression of 4’”/0/} given in Eq. (22). Therefore,
the analytical derivation of fhe centerline equation is alwayé
semi-empirical. Using experimental data for dm/;/}‘ , Eq. (33)
can be solved for small } and large } . Since there are several
analyses available concerning the jet centerline location near the
nozzle, Eq. (33) is not solved for small }' here. Instead, it is
tried to solve Eq. (33) in the far downstream region using the |
information obtained from the temperature measurements.

When } is very large, we have ¥ os X siand Eq. (33)

becomes

Az an s dZ
=t U R = 2

»

Mo

According to Eq. (10) the area of the turbulent region for large }‘
0.72 . . .

varies as X . Since the velocity is almost equal to (/p

everywhere in this region, the mass flux increases as Vo X 0'72,

that is

5 x .72
ko U, (5

/7'7 /< DU (Z) (35)
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where K’/ is a constant, but its value is different for the different
momentum ratios. Substituting Eq. (35) into Eq. (34), and using

the boundary conditions, the solution is given by

28
=200 (£)" 6

where f? = Qﬁ//Z/ . The power of 0.28 is exactly equal to the

o
value ohtained by Pratte and Baines (Ref. 22) from the study of a
flow-visualization experiment. In the present experiment, too, the
profile of the temperature cneterline for large _} has the power

very close to 0.28 (Figs. 62).



VII. FLOW VISUALIZATION EXPERIMENT

1. Introduction

In fluid mechanics as well as in other fields, visual observa—
tion is the most convincing way of understanding what is really
happening, especially when the situation is rather complicated.
However, we are very often plagued by problems involved in making
good flow visualization. The main problems are the selection of
a proper tracer, the method of its injection into the flow, and
obtaining good photographs.

In the present experiment kerosene smoke was used as tracing
gas, because it is easy to produce it continuously, and the smoke
is clear to see. Although the smoke is not so toxic, it is
necessary to have proper ventilation of the room. Another frouble
was that kerosene smoke condensed everywhere in the pipe line, and
this caused fluctuation of smoke pressure. This situation was
improved by putting drains at proper positions. The smoke was
injected into the same nozzle that was used in the main experiment.

Although both side views and cross-sectional views of jet are
interesting, cross-sectional views are particularly important to
help elucidate the jet structure, and therefore cross-sectional
views were taken at a number of downstream sections. Illuminating
the cross—section of the jet by light from a thin slit, pictures
of cross-sectional views were taken. The equipment used for this

experiment, procedures and results are explained below.

73
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2. Equipment

Smoke generator

The structure of the smoke generator is shown in Fig. 63. The
smoke obtained from this generator is premixed with air so that
the pressure and the flow rate of the smoke can be varied, which
is convenient for the present experiment. Kerosene is heated
above its boiling point in an evaporator which is made from a glass
tube with a coiled heater. The kerosene vapor is then mixed with
cool air, and becomes oversaturated. Thus small drops of kerosene
are formed which can be seen as smoke. The flow rate of air can
be adjusted and is measured by a flowmeter. Generally the
increase of the flow rate after the air is mixed with kerosene
vapor is negligible. The liquid kerosene level is kept constant
in an evaporator so that the amount of smoke generated is controlled
by the temperature of the heater. |
Wind Tunnel

For convenience of taking pictures a small wind tunnel with
4 x 4 in. test section was used. The test section is 22 in. long,
anl is made of Plexiglas plates. The turbulence level of the free
stream was 0.3%. The jet was injected at a position 2 in. down-
stream from the beginning of the test section. At this position
the boundary layer thickness was about half of the nozzle diameter.
Although this affects the detail structure of jet, it does not
change the overall structure significantly. Likewise the effect

of test section walls is not negligible, but it is not so important
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for this experiment as long as the momentum ratio is small.

Camera and Apparatus for Illumination

Pictures were taken with a Polaroid camera with close-up lens,
Its fastest shutter speed was 1/300 of a second which was a little
too slow for taking pictures of nearly instantaneous structure of
the jet from the side, but fast enough to see the cross-sectional
structure.

For illumination of the jet cross-section., an apparatus was
made by putting a 1000 W projection lamp in the box with a slit
in front. The slit gap was adjustable so that the gap can be made
wide enough to give sufficient illumination yet narrow enough to
be able to see the cross-—sectional view.

3. Experimental Procedure

Because of the limited space in the wind tunnel test section,
the experiment was conducted only for the case /{ =4 (£?=% /2 ).
When side views were taken, the free stream velocity (/o was kept
at 5 ft/sec. The jet was illuminated from the top, and the camera
was put about 3 feet from the side wall. The method of illumination.
and camera position for taking cross-sectional pictures are shown
in Fig. 64. The velocity (/p was 10 ft/sec in this case. The
slit gap and the shutter speed were determined by trial and error,
which was made easy by the use of the Polaroid camera. The amount
of smoke injected was about 5% of the total jet flow rate. This
is thick enough to see the smoke clearly, yet thin enough not to

cause change of the jet structure.
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4, Results

Fig. 65 shows the general structure seen from the side. A close
look at the region near the nozzle is shown in Fig. 66. Cross-
sectional pictures were taken at J@é; = 2, 5, 20, 70. They are
shown in Figs. 67 through 70. Two pictures at each position are
shown in order to see the difference in the jet structure at
different instant..

For the purpose of observing the vortex motion in the jet more
clearly, a picture was taken of a laminar jet which is shown in
Fig. 71. Since the jet velocity was too small, no data were
taken for this case.

5. Discussion of Results

In the previous chapters we have seen that the jet structure
determined from velocity, temperature or pressure distributions
are different from each other. Therefore pictures taken here
should be interpreted as showing the jet structure drawn from the
concentration distribution of kerosene particles. Compared with
the temperature distribution at the corresponding position, it can
be seen that the concentration distribution is very similar to
the temperature distribution.

Fig. 65 shows the convoluted boundary between turbulence and
non-turbulent region. In spite of the narrow space in the test
section, the jet still has upward motion at the end of the test
section.

Fig. 66 gives a close look at the potential core and the
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initial region of the jet. Before the end of the potential core,
the jet is already deflected. The length of the potential core was
found to be 1.7 O from the velocity measurement.

At .§>69 = 2 the jet cross-section is flattened and has a
crescent shape (Fig. 67). A small amount of smoke goes into the
separated wake. At 372) = 5 the size of the jet is increased
very much, and two distinct wakes are visiblé (Fig. 68). According
to the heated jet experiment, contours of constant temperature
at }349 = 20 (Fig. 46) are nearly circular; the smoke picture
(Fig. 69) shows a distinct hollow at the bottom. The reason for
this is that the instantaneous structure of the jet is not always
symmetric with respect to the center-plane, as can be seen by
comparing two pictures at each section. The symmetry plane inclines
in a random manner, so that low temperature (low concentration)
in the hollow region is averaged out and does not show up in the
mean distribution. The cause of this random inclination may be
the unbalance in the strength of two vortices. At 3}Q) = 70
(Fig. 70) two vortex regions are clear, and the shape is almost
similar to the one at }7Q> = 20.

Unlike other pictures the vortex motion shown in Fig. 71 is
laminar. The jet is bifurcated as it goes downstream. Such
bifurcation did not occur in the main experiment because of the
strong interaction between two vortex wakes.

In this flow visualization experiment, a question arises con-
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cerning the behavior of kerosene particles which have larger size
and weight than air. How much can they follow the streamlines of
air? Considering horizontal motion with gravity acting downward,
the kerosene particles have steady downward motion, the velocity
of which can be estimated from the balance between the gravity
force and the upward drag. Using the Stokes law of drag acting

on a sphere in a slow uniform stream, one obtains the relation
C4
LIR(P-R)g = T pkV

where K, 1is the average radius of kerosene particles, /3 and
j° are densities of air and kerosene, respectively, and b/ is
the steady downward velocity (the terminal velocity). Then L/ is

give by

2 Re(P-f)2 __ > RF7
2 R "

Y =

Substituting ko = 10 microns and suitable values for f’ s //{ (of
air) and a? , the downward velocity |/ turns out to be 3.3 x 1072
ft/sec, which is negligible compared with either C/; or the average
rotational velocity in the jet. Along the curved streamline the
effect of the centrifugal force is important. When a kerosene
particle moves along a curved streamline it suffers larger centrifugal

force than air with the same velocity, so that it does not follow

the streamline exactly. Assume that the kerosene particle deviates



79

from the streamline with the average velocity b/' normal to the

streamwise velocity L/ . Again using the Stokes dfag law, we have

% TRPY”
Zi 5\:0 =P —4THURV (37)

where jp is the total pressure force acting on the particle, and
/
7" is the radius of curvature of the kerosene particle path. Con-
sider a lump of air which occupies the same volume as a kerosene

particle, and has the same velocity b/ . Then we have

?3/ 7[/?:/; UL____ j_p ’ (38)
r

/
where J  is the radius of curvature of the streamline. Since l/
7/ /
is expected to be small, assume 7\ = 7\ and j? ==4P . Then

Eqs. (37) and (38) give

KZ b/ - 2 szo L/

(39)
In the present problem, 7\ is minimum at the nozzle exit (neglect-

ing the effective source). For simplicity assuming a parabolic

profile of the jet centerline expressed by
2
-2 2;
2= kR (5 (k=40)

the minimum value of 7~ is given by
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/
Therefore from Eq. (39) bQMX is given as

l//;m( _ 4K W U
v 7 MOR?

Substituting K, = 10 microns, R = 4, (/J
and appropriate values for jo (of kerosene),

’
Eq. (40), LQMX turns out to be

ok 507
U . °

Although this is a rough estimate, it can be

(40)

=5 ft/sec, /) = 1/4 in.,

/4 (of air) into

concluded that

the deviation of kerosene particles from curved streamlines of

air are negligible. Notice that the above analysis is applicable

to a laminar case. What this result means for a turbulent case

is that particles are convected by the mean flow field of air.

The fluctuating velocity causes the diffusion of particles.



VIII. SUMMARY AND CONCLUSIONS

Several aspects of jets in a cross flow were studied mainly
experimentally. The problems discussed herein are: the penetra-
tion of jets into the cross flow (jet centerline location), the
penetration of heat (temperature centerline location), the detail
measurement of velocity and temperature distributions at several
jet cross—sections, the measurement of rotational velocity distri-
butions, study of the turbulence structure of jets, the analysis
of the entrainment rate and finally the flow visualization
experiment.

The measurement of the jet centerline location in both heated
and unheated jets shows the importance of the momentum ratio in
the experiments. The detail measurement of velocity distributions
reveals the marked change of the jet structure with the momentum
ratio. Such factors as the deformation of the jet cross-section
and the development of a vortex wake behind the ‘jet (both are
interrelated) contribute to broduce complex patterns of the
velocity distribution. The vortex motion grows stronger with
increasing momentum ratié. In heated jets, this vortex motion
is also influenced by the density ratio of two fluids. As the
rotational velocity increases, more momentum, heat and turbulence
energy are transported into the vortex region. The vortex
activity attains its peak in the region where the jet centerline
has large curvature, and decays rather slowly thereafter. The

distributions of temperature and turbulence energy are more

81
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strongly influenced by this rotational velocity field than are
the distributions of velocity.
The structure of turbulence in the present experiments is-dif-
ferent from that in othér'flows in the sense that the activity
of large scale eddies are augmented by the vortex motion, and
thus their energy is no longer negligible compared to that of -
energy-containing eddies. To see how much this different turbulent
structure and also the rather complicated flow configuration
influence the entrainment process, the entrainment rate was cal-
culated from the data obtained here. It was found that the normal
component of the cross flow velocity affects the entrainment rate
in a manner nearly independent of the axial component of cross
flow.
Several conclusions are drawn from the present study of the
jet in a cross flow.
1. The jet centerline location is determined solely by the
momentum ratio. The penetration of heat is controlled
by both the momentum ratio and the density ratio. The
buoyancy effect does not appear to be important within
the density differences and in the flow region studied.
2. The velocity distributions show that the jet structure
is more complicated than was hitherto known. The best
pre#ious description of the structure was in the work

of Jordinson (Ref. 16), in which the structure was
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determined by total pressure‘distributions. The jet
structure is strongly influenced by the momentum ratio as
well as the density ratio for the heated jet, and this

is expected to be true also for the cooled jet.

Both temperature distributions and smoke pictures show
that the vortex motion dominates the flow field in the far
downstream region.

The jet deflection is determined mainly by the ratio of
the momentum flux in the direction of jet injection to
that in the cross flow direction. The momentum flux in
the direction of jet injection decreases slightly because
of thé pressure force on the jet but this decrease does
not appear to be very important to the jet deflection.
The increase of the entrainment rate as compared with a
free jet is largely due to the normal component of the

cross flow velocity.



10.

11.

12,

13.

LIST OF REFERENCES

Abramovich, G.N.: The Theory of Turbulent Jets, M.I.T. Press,
1963. '

Margason, R.J.: ''The Path of a Jet Directed at Large Angles to
a Subsonic Free Stream,' NASA TN D-4919, 1968.

Carlson, C.W., Hsu, J.J., and Meyers, C.A.: 'The Penetration
and Mixing of Air Jets Directed Perpendicular to a Stream,"
ASME Report, 1968.

Vizel, Ya.M. and Mostinskii, I.L.: ''Deflection of a Jet
Injected into a Stream," J. of Eng. Phys., Vol. 8, No. 2, 1965.

Shandorov, G.S.: '"Calculation of a Jet Axis in a Drifting Flow,"
NASA TT F-10, 638, 1966.

Keffer, J.F. and Baines, W.D.: '"The Round Turbulent Jet in a
Cross-Wind," J. of Fluid Mech.. Vol. 15, 1963.

McAllister, J.D.: '"A Momentum Theory for the Effects of Cross
Tlow on Tnecomnressible Tnrbulent Jets,' Ph.D. Nissertation.
University of Tennessee, 1968, also quoted in Ref., 17.

Vogler, R.D.: ''Interference Effects of Single and Multiple
Round or Slotted Jets on a VTOL Model in Transition,' NASA
TN D-2380, 1964.

Wooler, P.T., Burghart, G.H., and Gallagher, J.T.: ''Pressure
Distribution on a Rectangular Wing with a Jet Exhausting Nor-
mally into an Airstream," J. of Aircraft, Vol. 4, No. 6, 1967.

Wu, J.D., MecMahon, H.M., Mosher, D.K.. and Wright, M.A,:
"Experimental and Analytical Investigations of Jets Fxhausting
Into a Deflecting Stream,' AIAA Paper No. 69-223, 1969.

Soukup, S.M.: 'Potential Flow Aspects of the Cross-Sectional
Deformation of Jet Configurations in Cross-Flow,' MS Thesis,
University of Tennessee Space Institute, 1968, also quoted in
Ref. 17.

Chang, H.: ''Aufrollung eines Zylindrischen Strahles durch
Querwind,' Doctoral Dissertation, Univ. of G¥ttingen, 1942,

Callaghan, E.E. and Ruggeri, R.S.: 'Investigation of the

Penetration of an Air Jet Directed Perpendicularly to an Air
Stream,' NACA TN-1615, 1948.

84



14'

15.

16.

170

18.

19.

20.

21.

22.

23.

24,

25.

85

Callaghan, E.E. and Bowden, D.T.: ''Investigation of Flow Coef-
ficient of Circular, Square and Elliptical Orifices at High
Pressure Ratios,' NACA TN-1947, 1949.

Callaghan, E.E. and Ruggeri, R.S.: "A General Correlation of
Temperature Profiles Downstream of a Heated Jet Directed
Perpendicularly to an Air Stream,'' NACA TN-2466, 1951.

Jordinson, R.: '"Flow in a Jet Directed Normal to the Wind,"
R.& M. No. 3074, British A.R.C., 1958,

NASA Special Report: ‘'Analysis of a Jet in a Subsonic Cross-
wind," NASA SP-218.

Hinze, J.0.: "Turbulence, An Introduction to Its Mechanism and
Theory, McGraw-Hill, New York, 1959.

Kamotani, Y.: 'Measurement of Turbulence Quantities by Pressure
Probes,'" MS Thesis, Case Western Reserve Univ., 1968.

Storms, K.R.: '"Low-Speed Wind Tunnel Investigation of a Jet
Directed Normal to the Wind,'l Rep. 885, Univ. of Washington
Aeronaut. Lab., 1965.

Ricou, F.P. and Spalding, D.B.: 'Measurements of Entrainment
by Axisymmetrical Turbulent Jets,'" J. of Fluid Mech., Vol. 11,
Part 1, 1961.

Pratte, B.D. and Baines, W.D.: '"Profiles of the Round Turbulent
Jet in a Cross Flow," J. of Hydraulics Div, Amer. Soc. of Civil
Eng., Vol. 92, No. HY6, 1967.

Kronauer, R.: 'The Behavior of Jets in Cross Flow,'" Boeing
Scientific Res. Lab., TM No. 56, 1968.

Townsend, A.A.: "Entrainment and the Structure of Turbulent
Flow," J. of Fluid Mech., Vol. 41, part 1, 1970.

Townsend, A.A.: '"The Mechanism of Entrainment in Free Turbulent
Flows," J. of Fluid Mech., Vol. 26, part 4, 1966.



86

Figure 1. Coordinate System
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Figure 65. General View of Jet in Cross Flow

Figure 66. Close-up View
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APPENDIX A

Pressure Force Acting on Jet in Cross Flow

There are two important effects which the jet gives to the
cross flow. One is the entrainment effect, and the other is the
blockage effect. The former has been explained in detail in
Chapter VI. The latger situation is similar to the case in which
a solid object is put in a uniform flow. The flow is disturbed
by such an object, and the object itself experiences an aerodynamic
drag. In the present experiments, the drag in the cross direction
acts to deflect the jet, whereas the force in the X —direction
(the direction of jet injection) reduces the jet initial momentum.
As has been explained in Chapter VI, the jet is deflected mainly
by the entrainment effect in the far downstream region; however
in the region near the nozzle the pressure drag is also important.
The decrease of the jet initial momentum can be seen in Fig. 30.
In order to‘explain the effect of the pressure force analytically,
a simplified, two-dimensional potential flow model is considered
here. Since the cross-section is very much flattened, a two-
dimensional model seems to be not too Bad an approximation.

Consider the potential flow around a parabolic cylinder which
is set normal to the flow as shown in Fig. 72. Using the coordi-

nate system in the figure, the cylinder is expressed by the equation

/ /
%‘—‘: S‘ECzE'Q

or ' (A1)
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where 2a is equal to the radius of curvature at 9, = 0. The

velocity potential is given by

b = ~Uer 98 +2Us 85T 050" a2

The pressure distribution on the surface of the cylinder is then

L 2 2) 7
P—F==F U, 69 5
(A3)
= U 2 _ QA
=V 7%
where /70 is the pressure of the undisturbed flow. It is assumed
that the nearly same pressure is acting on a suitably defined
surface of the three-dimensional jet. To calculate the total
pressure force acting in the negative X -direction, it is neces-
sary to consider the projection of the jet on the Zy -plane.
According to the flow visualization experiment, the projected area
has neariy a rectangular shape. Thus assume that the area is

given by

where the constant ( represents the width of the rectangle,
and its value is slightly different for the different momentum
ratio. Therefore the total pressure force in the negative

X -direction is
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2= [lr- ) s
* 7
where f’ is the pressure in the wake region. Generally, /Z

Then the jet initial momentum decreases as

/'72(1)— N E

X
Y -

2
where ﬁ$77== ,2§ZC[>./°CQ
According to the profiles of the jet centerline
2
2= K2
/8

Consequently

N/ /6 X
Mo = —-'——‘Za(/ 22 /. (46)

Eq. (A6) is compared with the data in Fig. 73.

As can be seen in the figure the change of the vertical momen-
tum flux nearly follows Eq. (A6). Fo? R = 4, the agreement is.
not So good for small 3 but this is mainly due to the method of
'calculatihg /B% . The value of /V& .has been obtained by inte-
grating j’Z? 2 in the arbitrarily defined jet region which is a
rather small part of the whole turbulent region for /3 = 4 except

in the region near the nozzle.



APPENDIX B

List of Symbols

A ; a constant
C : a constant

nozzle exit diameter

y o

eddy diffusivity

m
J
‘,]W

entrainment coefficients

M
R
N~

spectrum function of turbulence kinetic energy

f:; ;. Froude number

D

transfer function of hot wire amplifier

K, K7 ; constants

A
Nd

total momentum flux of jet at 3

N

total momentum flux of jet at reference point

/ﬁgo H - total momentum flux of jet at nozzle exit
/3 f% 3 pressures
f% 3 total pressure
fﬁ/ P 3 pressures measured by yaw meter
/a : Prandtl number
2 2-l
R : effective velocity ratio = ( 4? 4§ //€>[7; )2
fﬂ? 3 Reynolds number
S(Z) : projected area of jet on Ij -plane

cross—-sectional area of turbulent region

ae

area occupied by the contour £ = 0.5

temperature

ve

maximum temperature in the plane of symmetry
at a given jet section

s

N \\.,{93’
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Thax

we

ae

-e

e

we

ze

we

ae

ve

maximum temperature at a given jet section
velocity

velocity at which turbulence-non-turbulence
interface is moving

maximum velocity in the plane of symmetry
at a given jet section

entrainment velocity

velocity component in X & - /?/Z\ﬂ e
maximum velocity at a given jet section
measured value of velocity by hot wire
velocity component —\;Brmal to jet section
normal component of cross flow velocity

parallel velocity componénts

normal velocity components of kerosene
particle

a constant

a constant

specific heat of air at constant pressure
mean square output voltage of wave analyzer
frequency

filter bandwidth of wave analyzer
gravitational acceleration

heat conductivity of air

total mass flux of jet

total mass flux of jet at reference point
average mass flux in turbulent region

a constant



A

n
+ —
Cy Ly

E/

ve

e

we

.e

we we

we

we -e we we

we

-e
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unit vector normal to jet section

values of

(measured from temperature
center in the plane of symmetry) at which

temperature is equal to 1/2 ( '7; + 7, )

twice kinetic energy of turbulence

|

half value radius = ( S4/7)°

effective radius of the region occupied by

the contour 'LT,, = 0.1

effective radius of turbulend region

sensitivity of hot wire

turbulence velocities

dimensionaless velocities

~e

U=

U —Uo

Unx = Yo/
Cartesian coordinate system

lad

Dn - Um)

h = =

b max

— Vs

effective source of jet deflection

flow direction in XX -plane

flow direction in Z y -plane

intermittency factor

mean flow direction with respect to
Z a‘/ -plane

angle between (_/;, and parallel component of
) v,

spreading angle of mixing layer of jet in

cross flow

difference between £ and &,

angle between yaw meter and mean flow direc-

tion
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6 : deflection angle of jet velocity centerline
6 H dimensionless temperature -
~_ T-7
75mx"7:

dynamic viscosity

ve

kinematic viscosity

ee

location of jet virtual origin

we

we

density
~ density fluctuation

similarity variable

ve

energy/cps of wave analyzer input voltage

we

GRS AR
-

(.f Q, :) ; jet defined coordinate system
( ) : time-mean value
subscript 3 quantity of undisturbed cross flow

subscript s quantity of initial jet
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