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I. INTRODUCTION

In previous papers 1'2 results of experiments on a single jet

issuing perpendicularly into an unbounded cross stream were reported.

The work was a first step in the study of the mixing of combustion

gases with cooling air in gas turbine combustors. It was found that

(i) the velocity distributions depend mainly on the ratio of jet to

cross flow momentum flux; (2) the temperature distributions and the

Jet structure also depend weakly on the jet to cross flow density ratio;

(3) a pair of vortices forms behind the Jet, and the vortex structure

becomes the dominant feature of the Jet in the far downstream region;

(4) the entrainment rates are nearly independently controlled by the

components of cross flow normal and parallel to the jet trajectory.

The work has been continued to examine basic Jet interaction

patterns similar to those which occur in combustor configurations. In

the present paper results are reported of experiments on (I) a single

round Jet, a single row of equally spaced round jets, or a two-dimensional

Jet injected perpendicularly into a confined air passage; (2) interaction

patterns of two or three round jets in an unbounded cross stream. Vel-

ocity distributions were measured with Jets and cross flow at the same

temperature. As in the previous experiments on a single Jet, cross flow

temperature dilution was studied by making the temperature of the Jets

higher than that of the cross flow because of experimental simplicity.

The results of the unheated and heated Jet experiments are expected to

be applied deductively to the cooling problem. The results also have
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application to other problems such as the structure of plumes from

chimneys, V/STOL aircraft using air Jets to obtain lift for takeoff,

etc.



If. EXPERIMENTAL TECHNIQUE

Experiments were conducted in a 71 cm. square cross section

subsonic wind tunnel. Air velocities at the test section ranged

from about 6 to 9 m/sec. Fig. 1 illustrates the basic experimental

setup, and defines most of the symbols used herein. The height of the

wall (H) was adjustable. In measurements of a single row of Jets or a

two-dimensional Jet the total width of the Jet configuration was much

less than the 71 cm. width of the tunnel, so side walls within the

tunnel were used. Bottom, top, and side walls were made of .635 cm.

thick plexiglas plate. In most of the experiments Jets were injected

from straight steel pipes of .635 cm. I.D. and about 18 cm. long. In

some of the single Jet experiments the Jet was injected from a carefully

shaped nozzle with .635 cm. dia. exit, which gave low turbulence (tur-

bulence level 0.3%) and nearly flat velocity and temperature distributions

at the exit. Velocity profiles at the pipe exits correspond to that of

fully developed turbulent flow, with a turbulence level at the center of

2.4%. l_epresentative velocity and temperature profile of a nozzle

and a pipe are shown in Fig. 2. It was found that the trajectory of a

Jet from a pipe can differ by about 10% from the trajectory from a

nozzle, but the structure of the two Jets was very similar. To minimize

the effect of the tunnel wall boundary layer the exit planes of both

the pipes and the nozzle were set flush with a flat plate placed 7.6 cm.

above the bottom wall of the wind tunnel.

Experiments were performed over a range of momentum ratios J of 8

to 72. Multiple Jet experiments were performed for spacing ratios S/D



ranging from 2 to 12, plus the single Jet experiments, which is essen-

tially the limit as the spacing ratio becomes very large. In the two-

dimensional Jet experiments the jet was injected from a sllt .635 cm.

wide and 15 cm. long, spanning the distance between side walls.

Velocity was measured in unheated Jets using a hot wire probe

operated by a Shapiro and Edwards Model 50 constant current hot wire

anemometer. For heated jet experiments air was heated up to 167 ° K

(300 OF) above cross flow temperature, using a Chromalox Circulation

Heater with a sensitive temperature control unit. Temperature was

measured using iron-constantan thermocouples.
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III. RESULTS OF MEASUREMENTS

A. Confined Jet Experiments

(i) Jet Trajectories. The same definitions of jet trajectories for

a single jet are used here as were used and whose rationale was discussed

in Refs. 1 and 2. The velocity trajectory is the locus of the maximum

velocity in the plane of symmetry, and the temperature trajectory is

the locus of the maximum temperature in the plane of symmetry. Jet

velocity trajectories with and without an opposite wall are shown in

Fig. 3 for several momentum ratios and wall spacings. It is seen that

the trajectory is not very sensitive to the opposite wall location un-

less the Jet approaches the wall quite closely. The cross flow passes

around the Jet, and does not exert much pressure force on it. Corres-

pondingly, the temperature trajectories are also insensitive to opposite

wall location, as is seen in Fig. 4.

If J is sufficiently large for a given H/D, the Jet directly

impinges on the wall and a region of upstream-moving flow occurs. Fig. 5

shows some smoke photographs of the single Jet with an opposite wall.

The impingement on the opposite wall at the higher momentum ratios is

quite evident. Even including these impingement cases, the Jet velocity

trajectory, as defined above, remains closely approximately by the equation

given by Kamotani and Greber I for an unbounded single Jet;

that is

= Bj0.47 (_)0.36 (i)D

where the constant B is 0.89 for a Jet from a nozzle (flat initial pro-

file) and 0.81 for a Jet from a pipe (fully developed initial profile).



Since the Jet keeps rising and spreading, it eventually approaches

the upper wall, and the trajectory starts deviating from the correlation

expressed in Eqn. (I).

A few experiments were conducted in which two Jets impinged on

each other, in order to compare the behavior with that of interaction

with an opposite wall. Fig. 6 shows velocity trajectories for several

momentum ratios and one wall spacing ratio for both opposite Jet impinge-

ment and an opposite wall. One sees that the trajectories are virtually

indistinguishable from each other. As far as the velocity trajectories

are concerned the plane of symmetry between two opposing Jets can be

considered equivalent to a wall. However, for this to be true it is

very important that the velocities of the two opposing Jets be matched

very closely.

The opposite extreme from the single Jet configuration is a two-

dimensional Jetj in these experiments generated by injecting a jet

through a slit spanning the air passage. In contrast to the single

round Jet case_ the trajectory of the two-dimensional Jet depends very

strongly on the upper wall location. Some representative trajectories

of the two-dimensional jet for several momentum ratios and wall locations

are shown in Figs. 7 and 8. One sees that with a distant opposing wall

the two dimensional Jet has a higher trajectory than a round Jet, but

is lowered sharply as the upper wall is lowered. It is rather easy to

see that, without lowering the trajectory, decreasing the gap between

the walls would be associated with large pressure differences across the

Jet, since the cross flow cannot pass around the two-dimensional Jet



as it does past the round jet.

trajectories is shown in Fig. 9.

pressed as:

A correlation of the two-dimensional jet

For Z < H/2 the trajectory can be ex-

Z 2.0j0.28 x )0.5(i_e-0.07 H__
_ ( _ D) (2)

The trajectory is a parabola for all wall spacings, and the factor

giving the height variation with wall spacing is independent of the

momentum ratio. Fig. i0 presents a comparison of the present trajectory

correlation for two-dimensional unbounded jets. Vizel and Mostinskii 3

calculate the trajectory by assuming that the jet experiences a cross

force which is proportional to the cross flow dynamic pressure. The

constant of proportionality is obtained by fitting the result to the

trajectory data of Ivanov 4. The assumption of a constant cross force

leads directly to a parabolic trajectory, in agreement with the present

data. The magnitudes and dependence on momentum ratio differ from the

present results. Abramovitch 5 estimates the trajectory by assuming that

the local velocity at the centerline is the sum of the cross flow

velocity and a component whose magnitude is the free Jet similarity value

and whose direction is the local direction of the curved jet. This is

seen to yield higher jet trajectories and different trajectory shapes

from the Vizel and Mostinskii or the present results.

With the results for the single round jet and the two-dimensional

jet, one can more readily examine the more practical configuration of

a row of equally spaced round jets. Figs. ii and 12 show representative



trajectories of the middle jet in a single row, for various momentum

ratios J, wall spacing ratios H/D, and jet spacing ratios S/D. Each

figure shows trajectories for three momentumratios: a low, a high, and

an intermediate value. The curves for intermediate momentumratio,

which fall between those for low and high momentumratio, are plotted

separately to keep the graphs readable. Samplesmokephotographs are

shownin Figs. 13, 14, 15. Examining the close spacing S/D = 2 (Figs.

ii and 13), the smokephotographs indicate a combinedjet looking very

much llke a two-dimensional Jet. The trajectory measurementsshow that

the trajectory is noticeably suppressed as R/D decreases, and that the

amount of suppression depends on J. Oneexpects this, since each jet

spreads faster as J increases, and the combinedjet behaves more llke

a two-dimensional jet. For a moderate spacing, S/D = 4 (Figs. 12 and

14), one sees from the measurementsthat the effect of the upper wall

on the trajectory becomessmall even for high values of J. The reason

for this appears in the photographs, which show that there is an up-

stream region in which the individual jets are distinct, and behave more

independently than at closer spacing. For still higher spacing ratio,

S/D = 6 (Fig. 15), the photographs show that the Jets remain separate

from each other for quite some distance downstream; correspondingly the

effect of the opposite wall on the trajectory becomes small.

Figures 16 and 17 present trajectories for two momentum ratios

and several jet spacings, for opposite walls sufficiently far from the

nozzles so that the suppression effect of the opposite wall is negligible.

Note that to achieve negligible suppression, the wall spacing must be
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larger for the two dimensional jet than is required for a row of spaced

jets. The figures serve to emphasize the role of jet interaction on

the trajectories. Starting with the single Jet trajectory, one sees

that as the jet spacing becomessmaller and the jets start interacting

the trajectory is lowered. However, for sufficiently close spacing the

trajectory rises eventually approaching the very high two-dlmensional

trajectory. For wide spacing the trajectory shapes are similar to those

of a single Jet_ for close spacing they approach the shape of a two-di-

mensional jet. Fig. 18 shows the variation of the trajectory height

with spacing ratio, at a given non-dimensional downstreamlocation, for

several momentumratios. It illustrates the manner in which the

trajectory is first suppressed from the single Jet value, then rises to

the two-dimension_l value, as spacing ratio decreases.

The above behavior can be accounted for by considering the vortex

structure of well separated Jets, and the effect of closeness on the

vortex interaction and the entrainment process. Representing the Jet

in cross-section as a pair of counter-rotatlng vortices, one sees that

two pairs of vortices will drive each other downward, and hence the tra-

jectories of a row of Jets will become lower as the spacing decreases.

This model alone would predict continually lowered trajectories with

decreasing spacing. For sufficiently close spacing, however, the

initial vortices are relatively weak (they vanish in the two-dimensional

Jet limit), and the jets interfere with each others entrainment of cross

flow. This latter effect results _n slower decay of the initial upward

momentum flux of the jet. Consequently for close enough spacing the



jets maintain upwardmomentumlonger, and experience only limited de-

flection due to mutual vortex interaction.

(ii) Velocity and Temperature Distributions. Velocity and temper-

ature distributions in planes perpendicular to the cross flow were

measured. In the downstream region these are almost planes perpendicular

to the trajectory directions. Some typical contours of constant speed

and constant temperature are shown in Figs. 19 and 20 for a close spacing,

S/D = 2, for two momentum ratios J = 8 and 72, and one wall spacing ratio,

H/D = 24. Sufficiently close to the nozzles the trace of each Jet is

clearly visible, in the temperature contours for J = 72 and in both the

velocity and temperature contours for J = 8. However, at this close

spacing ratio the jets mix quickly, and at relatively short distances

downstream evidence of the individual jets disappears. One sees in

Figs. 19 and 20 that at the short downstream locations only a weak

periodic structure is left of the original jets. One finds no trace

of vortex activity, even at the upstream locations, because only a small

amount of cross flow passes through the space between the Jets. Down-

stream of the jet openings a standing eddy is formed. This is seen in

Fig. 21, which presents a sample set of velocity vectors in the plane

of symmetry of the middle jet. The velocity in the eddy is very small,

but highly turbulent. The standing eddy was observed for all momentum

ratios investigated, but it disappears as the spacing increases. No

eddy was observed for S/D > 4.

Fig. 22, 23, 24 show velocity and temperature contours for larger

spacing, S/D = 4 and 6. Here at upstream locations the velocity contours

10



display the typical kidney shape of a single jet with vortex motion.

As S/D increases, the vortex motion becomesstronger and the structure

of each jet approaches that of a single jet in an unboundedstream.

WhenH/D is sufficiently small, a single Jet impinges on the

upper wall, the jet spreads sidewise along the wall, and momentumand

temperature are carried awaywith the fluid in vortex motion. The re-

sult is that the Jet is split into two parts, one on either side of the

midplane. Half of this structure, showing the bifurcation, is seen in

the speed and temperature contours of Figs. 25 and 26.

Fig. 27 showsvelocity distributions for two opposing jets and

for a jet with an opposite wall for the samemomentumratio and stream-

wise location. The plane of symmetry of the jet pair is in the same

location as the wall of the jet with an opposite wall. Onesees that

the distributions are almost identical, as was previously found for the

trajectory. Farther downstream, of course, the distributions must be

somewhatdifferent because the velocity must be zero at the wall whereas

it can becomenon-zero at the plane of symmetry.

Figures 28-32 show temperature contours in the plane of symmetry,

for several spacing ratios and momentumratios, At close spacing, S/D = 2

(Figs. 28 and 29), one sees evidence of the standing eddy previously evl-

dent in the velocity vectors shownin Fig. 21, and the strong suppression

effect of an upper wall. At larger spacing ratio, S/D = 4 and 6 (Figs.

30-32), the temperature profiles no longer give evidence of eddy formation.

Figs. 33 and 34 shows the corresponding temperature contours for a single

Jet. The single Jet contours showno eddy formation, and again emphasize

ii



that the suppression effect of an upper wall is small in this case.

Figs. 35-37 show the decay of maximum temperature in the plane

of symmetry. Figs. 35 and 36 display together curves for a single

momentum ratio and several spacing ratios. For S/D of 4 and larger,

in the upstream region the decay is similar to that of a single jet,

as is seen in the figures. In the downstream region the jets mix, and

the decay approaches that of the two dimensional jet. For S/D of 2,

mixing occurs very quickly, and there is no region in which the be-

havior is llke a single Jet. In addition, for S/D = 2 the jet attaches

to the wall and forms a standing eddy, as was previously discussed.

In the present insulated wall measurements, the maximum temperature is

then found to occur at the wall in the downstream region. Fig. 37 dis-

plays together curves for a single spacing ratio and several momentum

ratios. One sees that the variation with momentum ratio is relatively

weak, and becomes less important as spacing ratio decreases;for S/D = 2

the decay is virtually independent of momentum ratio.

B. Interaction of Multiple Jets

To investigate certain detail features of jet interaction

occurring in single and multiple row Jets, two or three Jets were

placed in a cross flow wall. When two closely spaced jets are arranged

parallel to the cross flow, the rear jet is in the wake of the front

one, where the cross flow speed is very small. Consequently the rear

Jet is almost undeflected until it meets the front Jet, and the two

Jets are quickly combined. This is seen in the smoke photographs in

Fig. 38. Sample trajectories are shown in Fig. 39, and compared with

12



the single Jet trajectory in Fig. 40. It is seen that the trajectory

of the combined Jet is slightly higher than that of a single Jet in-

Jected from a nozzle having the same cross-sectional area as the sum of

the two individual Jets. Figs. 41 and 42 show sample velocity and

temperature distributions, which are qualitatively similar to those of

a single Jet.

When two Jets are placed side by side normal to the cross flow,

the jet structure changes noticeably with the spacing ratio and the

momentum ratio, as previously seen in the results for a row of Jets.

Fig. 43 shows smoke photographs and Figs. 44-46 show velocity and

temperature contours for this configuration. The velocity contours

show that there is no vortex activity between the two jets. The

temperature contours display peaks at the "centers" of the two jets.

Both the contours and the dark llne in the photograph separating the

two jets give evidence of the incomplete mixing of the jets. For three

or more Jets arranged in this way, the jet structure is very much like

that for a long row except at the edges, where the structure is similar

to the two Jet structure. Velocity and temperature contours indicating

this behavior are shown in Figs. 47 and 48.

Sample contours and smoke photographs for three equal jets, whose

nozzle centers lie at the vertices of an equilateral triangle, are shown

in Figs. 49-53. One sees both from the contours and photographs that

the sidewise spreading and the degree of separation of the Jets is sig-

nificantly less if the single Jet is upstream (Figs. 49-51) than if the

single Jet is downstream (Figs. 52 and 53). The qualitative structure

13



of the triangular configuration is insensitive to spacing ratio for

S/D between 2 and 6, and to momentumratio for J between 8 and 72.

One expects that the qualitative structures of a double row of jets

can be closely inferred from the single row and equalateral triangle

results.
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IV. CONCLUSIONS

i. Trajectories and structure of a single Jet in a cross flow are only

mildly affected by an opposite wall, unless the momentum ratio is suffi-

ciently strong so that the jet directly impinges on the wall.

2. The trajectories and structure of a single row of Jets depends

strongly on the momentum ratio and the spacing ratio. For close spacing

the behavior approaches that of a two-dimensional Jet, and for wide

spacing approaches that of a single Jet. Trajectories are most suppressed

for some intermediate value of spacing ratio, depending upon momentum

ratio.

3. Temperature decay of a single row of jets, for moderate spacing,

is similar to that of a single jet in an upstream region, and approaches

that of a two-dimensional Jet in the well mixed downstream region.

4. For two opposing jets, the plane of symmetry can be regarded as

equivalent to an opposite wall in determinl o velocity trajectories and

distributions in regions away from impingement with the wall.
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