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VORTICITY ASSOCIATED WITH MULTIPLE JETS IN A CROSSFLOW

ABSTRACT

A preliminary investigation of vortex patterns from multiple
subsonic jets exiting perpendir:ilarly through a flat plate into a
subsonic crossflow has been conducted-at the Engineering Sciences

. Department, University of Florida. Two multiple jet configurations,
tandem and transverse, were examined. A paddle wheel sensor was
utilized to indicate the presence and relative magnitude of streamwise
vorticity in the flow. This method is shown to be an effective and
inexpensive way to obtain qualitative information about skreamwise
vorticity associated with a jet in a crossflow. Results are presented
in the form of contour plots of rotational speed of the paddle wheel as
measured in planes downstream from the jets and perpendicular to the
crossflow. These contour ploté indicate the presence of well developed
diffuse contrarotating vortices for the configurations studied. The
location and strength of these vortices depends on the multiple jet
configuration and the distance downstream from the jets. The results

for single jet cases are compared with those of previous experiments.




NOMENCLATURE

diameter of jet (0.404 inch)

Mach number of jet fluid at orifice
Mach number of cross flow fluid
effective velocity ratio

radius of vortex core

distance from center of vortex €o 0.5 contour
temperature of jet fluid

temperature of crossflow fluid

speed of jet fluid at orifice

speed of cross flow fluid

diffusion constant

mass density of jet fluid at orifice
mass density of cross flow fluid

maximum vorticity of each diffuse vortex

vorticity



INTRODUCTION

The flow field around VIOL aircraft in transition between hover and
wingborn flight is complicated by jets exiting almost perpendicularly
into the crossflow created by forward motion. The interference effect
created by the interaction of the jet in a crossflow and the aerodynamic
surface causes a loss of lift and nose~up pitching moment (ref, 1).

In an attempt to understand these Jjet induced effects, ivvestigators

have used a simplified model in which'a round jet exhausts perpendicularly
through a flat plate into a subsonic crossflow. An extensive biblio-~
graphy for work done prior to 1969 can be found in refercnce 1.

For a sirgle jet In a crossflow, the dominant and most persistent
feature of the flow field is a pair of diffuse contrarotating vortices.
The presence of this vortex pair for a round jet was first detected by
utilizing a paddle wheel vorticity meter in the jet plume (refs. 1l and 2).
Detailed velocity measurements in the jet plume verified the presence of
the vortex pair for a round jet exhausting perpendicularly through a flat
plate (ref. 3). A model was developed to infer a quantitative description
of the vortex pair based on selected velocity measurements (ref., 4) and
it has been verified that tl.se vortices play a prominent role in
determining the pressure distribution on the aerodynamic surface through
which the jet exhausts (ref. 5). A sketch of the contrarotating vortices
associated with a single jet in a crossflow is shown in figure 1.

The purpbse of this investigation is to utilize a paddle wheel
vorticity meter to investigate qualitatively the distribution of vorticity
for selected cbnfigurations of two round jets exhausting perpendicularly
through a flat plate into a crossflow. The two jet configurations studied
are tandem and transverse with respect to the crossflow with the

two jets spaced six jet diameters apart for both configurations.
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APPARATUS

The experimental investigation was conducted in the University of
Florida's closed-return atmospheric wind tunnel which has an 18 In. X
30 in. open test section.

A 0.404 inch diameter jet of air was formed using o plenum chamber
and a 30:1 converging nozzle. The plenum chambers were 7 in. long with
a diameter of 2.1 in. Layers of honeycomb inside the chambers were
used to straighten the flow. Figure‘Z shows a cross section of the
nozzle-plenum assembly and figures 3-5 are photographs of the tandem and
transverse jet configurations in the wind tunnel test section.

Alr supply for the jets was provided by clean, dry air stored

externally in a 200 psi tank. The alr pressure in the plenum chambers
»,

LY

was measured using mercury manometers.

The flat plate used for the tandem configuration was a 9.9 in. by
15.9 in, by 0.25 in. aluminum plate. The holes for the jets were centered
midway between the long sides of the plate. The jets were spaced 6D
apart with the forward jet being 8D aft of the plate's leading edge.

The flat plate used for the transverse jet configuration was a 12.5 in.
by 13.4 in. by 0.188 in. aluminum plate. The holes for the jets were
located 9D aft of the leading edge with each being 3D from the plate
centerline,

A paddle wheel vorticity probe was used to locate and measure the
relative strengths of the vortices. The probe consisted of four unpitched
blades (see fig. 6) comnected to a shaft which spins on jewelled bearings.
The probe was held by a traversing mechanism located above the tunnel
whiéh moved the probe in the y and z directions (sece figs. 7 and 8) with an
accur;cy of * 0.03 in. The probe produced an electronic signal which

was coupled to electronic equipment consisting of a counter, a digital
" 4
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readout, and a printer that recorded the data. The design of the probe
and clectronics limited accuracy in situations of weak vorticity. The
probe could be used to locate these arcas of low vorticity, but not to

accurately measure thelr strength.

TEST PROCEDURES AND CONDTTICNS
The basic parameter used in determining test conditions for jet in a
crossflow experiments has been the ratlo of momentum flux across the jet
exit plane to the momentum flux of the crossflow through an equal area.
The éfﬁective velocity ratio is defined as the square root of the momentum

ratio.
{ 0,0 |*
R = _A_.J.Yi.__
memAj
‘l‘
If T, =T _, and U, is constant over the entire jet orifice, then the effective

3 f
velocity ratio becomes R = Mj/Mw’ For incompressible {low, this reduces to
Uj/Uw (ref. 3). For the tandem configuration, effective velocity ratios
of 4 and 8 were utilized. Only R=8 was used for the transverse configuration,
Prior to the wind tunnel experiments, the characteristics of the jet
nozzles exhausting into still air were examined. The jet exit plane
velocity profile was found to be flat to within * 0.1% over 987 of the
jet opening.
The jet Mach number was determined by measuring the pressure in the
plenum and assuming isentropic flow. TFor a jet to crossflow velocity
ratio of 8, a crossflow Mach number of 0.09 and a jet Mach number of 0.72
were utilized. For a ratio of 4, a crossflow Mach number of 0.1l was
used with a jet Mach number of 0.44. These conditions were deCermined by
the upper crossflow limit for R=4 and by a reasonable duration of airflow a

from the jet nozzle for the R=8 condition. Normal variations in

temperature were not taken into consideration as they would not measurably
5
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alter the vortex pattern (ref. 4).

The y-z traversing mechanism was used to forim a grid of measurements
with 0.125 inch spacing in the y direction and 0.25 inch spacing in the
2 direction. The vorticity at each y-z location was mensured in counts
per second during ten intervals, each of one second duration, and recorded
by the printer,

Vorticity measurements were made with the vorticity probe in a plane
perpendicular to the crossflow locate& 13.00D behind the forward jet in
the tandem configuration. For the transverse configuration, measurements
were made in planes 13.00D and 8.66D behind both jets (sce figs., 7 & 8). At
each cross—-section the vorticity probe was aligned tangent to the vortex

curve (fig. 1) (ref. 4).

RESULTS AND DISCUSSION

Results are presented in the form of contour plots of rotational
sbeed of the paddle wheel which is a direct indication of vortex strength.
The actual values used in plotting the contours are normalized arithmetic
averages of the ten measurements taken at each y~-z location. For the
tandem configurations, the normalization value is the average of the maximum
values of both vortices in the forward jet only condition. In the case of
R=8, the normalization value 1s 174.8 counts per second and, for R=4, it
is 57.25 CPS. For the transverse configuration, the values are normalized
by the average of the maximum value§ of each vortex in both single jet
conditions. The normalization values are 230.7 and 152.1 counts per
second for X/D=8.66 and X/D=13.00, respectively.

The lines shown on the plots are percentages of these normalization
values. The plots are arranged in groups of three so that the vrelative
strengths and positioqs of the vortex pairs associated with single and

6



multiple jets may be compared for each of the configurations (figs.
9-12).

The geometry of the single jet cases compares favorably to the results
of previous experiments which involved more accurate and extensive
measurements than this study (fig. 13-14).

The radius of the vortex core, X has been defined as the distance
from the center of a single Gaussian distvibution of vorticity to the
radius at which the maximum tangeuciai speed occurs (ref., 4). The
Gaussian distribution of vorticity can be represented by

2.2
w(r) = moe—B r
where B is a diffusion constant and w, is the maximum vorticity of the
diffuse vortex. Using this relationship, the distance c? the 0.5 contour
of vorticity is found to be ‘

_ 0.693
fy, B

Knowing that

o 1.121
c B

r
(ref. 4) a relationship can be found between r& and r,

L 1.35 r%
The values for r% can be estimated for each vortex from the contour plots
of vorticity (figs. 9-12) and r, easily computed. The v lues for rc/D
for the single jet cases compare favorably to previous work (fig. 15).

The flux of vorticity of a single Gaussien distrvibution of vorticity

through a surface bounded by a curve of radius R can be expressed as

2r R
P(R) = g fo w e

pln? T —p2p
B dr do = Ezgﬂ(l - e B7R%)
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Note that when Rawy ' = *§§-; substituting this into the equation

“R2e2
for I'(R) and putting e B in terms of « and Wy
_ w(R)
I‘(R) = I, - "‘0’ )

From this,a relationship can be found between the strength inside the
0.5 contour and the total strength of the vortex,

nyp

ul(rk) =T,

*

Since low levels of vorticity could not be measured with the probe, the
above relationship could be used to calculate the strength of a single Gaussian
vortex from the ;orticity distribution for Rfrh' The values for P(rg)
were calculated by assuming

pg%ﬁéi\__%}q Klj “

i=1 i=1

where AA is an increment of grid area, K is the number of counts per
second, and C is a probe calibration constant. For a purfect probe,
C equals 1. The values for PR for the single Jet cases were non-
dimensionalized by 20 D and compared to values from previous tests.
From this comparison a probe calibration constant of 0.45 was
determined. The values plotted in figure 16 have been corrvected by
this constant. The dimensionless value for I' is “denoted by ¥.

The tandem jet plots with both jets on (figs. 9C and 10C) indicate
that the individual vortex pairs do not maintain their original
identities, but rather tend to coalesce into one large pair of vortices.
The new vortex pair formed is somewhat higher than for the forward jet
only, and, in the case of R=8, the pair is also clongated in the
vertical direction (fig. lOC).‘ One possible cxplanation is that the

after jet, being in the wake of the forward jet, is relatively untouched
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by the crosaflow and travels nearlystralght up until It Impinges on the
underside of the forward plume., A constructive ini-rfarence may be
visualized at this point, the result being the clongated i raised
vortex pattern, The R=4 pattern (fig. YC) displays a somewhat less
pronounced version of the R=8 plot due to the lower jJet velocities. The
geometry, vortex core size, and strength are compared with the single

.

Jet cases in figs. 13-16.

The plot of the transverse configuration at %'n 13.00 with both
jets on indicates only the outer vortex from cach jet was present
(fig. 11C). A large area of low vortex strength was scen to occur in
the arca where one might expect to find
the iuner vortices. Due to design limitations of the vortex probe and
asgociated electronics, the vortex sirength in this arca could not be
measured accurately and (s instead vepresented by a stippled region
existing in and around the vortex peaks. This might suggest that a
destructive interference between the two inner vortices has occurred,

Based on the results shown in fig. 11C, Lt was decdded to examine a

cross-gsection nearer to the jets.

The plot of the transverse jets with both jets on at % = 8,066 shows
that the inner vortices arc present, but they are sipgnificantly weaker
than the outer vortices and centered nearer to the plate (£ig. 12¢C).
Potential flow calculations of the velocity induced at each vortex
by che‘other three vortices indicate that the outer vortices should have
a greﬁter Z component of velocity than the imner vortices (fig. 17). The
magnitude of this difference is a function of the vortex spacing and

strength. In the cuse of a single pair of contrarotating vortices, both

have the same drift velocity.



CONCLUDING REMARKS

The paddle wheel vorticity probe has been found to be a simple
and inexpensive method to gualitatively examine the vorticity
assoclated with jets in a crossflow. The geometry can he determined
with a high degree of certainty, and the strength and vortex core
con be recasonably approximated.

The patterns of vortlcity assocdated with the multiple Jeb cases
secm to be simple enough to develop a Model similar to that for the
slngle jet cases to determine a quantitative description of the
vorticity. From this model, the pressure distribution on the

acrodynamic surface could be predicted.
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Figure 6,

Vorticity probe.
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@) Front jet only.
Figure 9, Tandem jets.
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1’ (In.)

R=4, X/D=7.00.

(b) Rear jet only.
Figure 9. Continued.
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Figure 9. Continued.
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(a) Front jet only.
Figure 10. Tandem jets.
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Figure10. Continued.
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Figure 11. Continued.
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~ (:0 Both jets,

Figure 1,

Continued.
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Y an)

R=8. X/D=8.66.

"(a) Left jet only.
Figure 12. Transverse jets.
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- Figure 12. Continued.
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Figure 13, Vortex geometry, R=4.
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Figure 15. Vortex core. R=4, upper. R=8, lower.
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system.,
For the above system, the velocity induced at 1 by 2, 3, 4:
V - r2 - r3 K J Pl‘ f(
1 2rdb  2u(b+h) ~ 2n(2b + h)

where k is the unit vector in the z direction.

The velocity induced at 2 by 1, 3, 4:

v = rl - P3 + Pl‘ l:
2 271b 2mhr - 2w (bt+h)

For the simple case of b = b, |I;|=|r,|=|T,|=|r|

s J3(. T )\ . e
Yy 6(hb)k and Vz'z(mm)k

V.

7 = 1.67
2
!
If b>h, v increases.,
2

Figure 17. Potential flow calculations.
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