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A jet in a crossflow is of interest in numerous practical situations including jet powered VIOL aircraft Two
aspects of the problem have received little prior study, first, the effect of jet angle to crossflow, and second, the
performance of dual-jet configurations both in line and side by side The test plan for this work was designed to
address these two aspects The experiments were conducted in the Ames 7x10 ft Wind Tunnel at velocities
ranging from 14 5 35 8 m/s (47.6 117 4 ft/s) Detailed pressure distributions are presented for single and dual
jets having velocity ratios ranging from 3 to 8, spacings ranging from 2 to 6 diameters, and injection angles of
90, 75, and 105 deg Shown here are the effects of the various parameters, as well as the contrasting effects of
axisymmetric and flat plate geometries on the nature, size, shape, and strength of the interaction regions on the

body surfaces

Nomenclature

=pressure coefficient

= pressure coefficient difference, (C,,j

=diameter

=mass flow rate

=pressure

= dynamic pressure

=nominal velocity ratio

= center to center jet spacing

=temperature

=velocity

= streamwise coordinate measured from center of the
front nozzle

=x/D

=transverse coordinate measured from nozzle center;
plus (+) is to the right, looking downstream

=y/D

=boundary layer displacement thickness

= injection angle measured upwards from the
horizontal, looking downstream

) = density

Subscripts

b =main body

J = jet conditions

) = freestream conditions

QO = gverage quantity over jet exit
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Introduction

HE flowfield of a jet in a crossflow is of interest in a
number of practical situations, including smokestacks,
sewage outfalls chemical mixing operations and jet powered
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VTOL aircraft The available information on this general
flow is discussed in Ref 1 Since, for the VTOL application,
the pressure field induced on adjacent surfaces is of particular
importance, there have been a number of detailed ex
perimental studies of that part of the flowfield covering many
of the important variables and parameters 22 Reviews of the
early work can be found in Refs 13 and 14 and a tabulation
of the available information is contained in Ref 15 The jet
generally induces negative (with respect to the freestream)
pressures on the nearby surfaces, and this results in a net loss
of lift on the body viewed as a whole The longitudinal
variation of the surface pressures is also important, since that
determines the resulting pitching moment

There are two aspects of the general problem that have
received little careful study The first is the effect of jet angle
with respect to crossflow This effect is important because the
transition to wingborne operation is usually accompanied by a
change in the angle of the jet thrust vector There are few
prior investigations in the literature 3!! 16 The second item is
the performance of dual jet configurations, either in line or
side by side The mutual interference as a function of center
to center spacing is the issue here Again, few references
exist 3817 Also, the interplay of these two items over a range
of the key parameter for all such flows (R=Viy/ Vitream) is
clearly of importance to the designer

There have also been analyses both conventional and
semiempirical, of the jet in a crossflow problem 151°28
However, at the moment none can treat in a fundamental way
a combination of the two items selected here for study The
experimental studies reported here should aid in the
generalization of the existing analyses

The test plan for the present work was designed to provide
new information on the influence of the two effects chosen for
investigation: 1) injection angle, and 2) in line and side by
side jets

Apparatus
Facility
The experiments were conducted in the 7x10 ft
(2 13 x3 05m) Subsonic Wind Tunnel at the NASA Ames
Research Center at velocities ranging from 14 5 to 35 8 m/s
476 to 1174 ft/s) depending upon the jet/freestream
velocity ratio desired This facility is described in Ref 29
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a) Photograph of the model in the wind tunnel
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¢) Pressure top layout in the instrumented section of the model
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b) Close up of the nozzle section
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d) Pressure top layout in the nozzle and space section

Fig 1 Flat plate model

Test Model

The model is shown in Fig 1 It has a streamlined leading
edge and the bottom is covered with a fairing There is a large
L shaped cutout section created to accommodate the injector
and spacer sections in various combinations These com
binations produce the required different center to center jet
spacings in either the aligned or side by side arrangements
Each nozzle is located in a 10 16 ¢cm (4 0 in) square section
There are a number of spacer sections either 5 08 cm 20 in)
or 1016 cm (4 0 in) long occupying the areas ahead of
between, and behind the nozzle sections in the arrangements
for the various jet spacings The jéts had a 4 92 cm (1 94 in)
exit diameter The front (or looking downstream the right)
injector section always remained in the same place The
pressure tap layouts for the injector and spacer sections are
shown using the 90 deg injector as an example Part of the
fixed portion of the plate is also instrumented with pressure
taps

A relatively uniform jet exit velocity profile for all injection
angles was desired since nonuniformities in jet exit profiles
have been shown to influence the surface pressure field 2 The
injector design finally chosen is shown for the 90 deg injector
in Fig 2 The air is supplied via four tubes that entered the
bottom The air leaves the vents through four holes around
the vent periphery This configuration was selected in an
attempt to distribute the entering flow over the cross section
of the short (in the flow direction) plenum Located above the
vent exits is a perforated plate with the hole pattern shown
which serves as the next step in the flow distribution process
This hole pattern was refined by trial and error and different
patterns were required for the other injection angles Above
the perforated plate is a smooth contraction which runs down
to the jet diameter This is followed by a flow straightener

10.10 in.} diam
{TYP) EXCEPT AT
QUTER EDGES OF
PLATE

018cm 317 em AR
(007 in.) diam  (1.25 in. >
(TYP) AT () smcss B
OUTER EDGES
OF PLATE o
SECTION A A SECTIONCC

Fig 2 Details of the injection design for the 90 deg case

insert which consists of a thin wall tube holding a honeycomb
with screening top and bottom The purpose of the large
length/diameter honeycomb is to force all of the flow in the
same direction The purpose of the screens is to lessen any
remaining nonuniformities by accelerated turbulent mixing

The primary instrumentation for all the tests was a group of
48 port Scanivalves The integrity of each Scanivalve lead line
from the pressure taps was carefully checked on a one by one
basis by applying a known pressure to the tap at the model
surface and reading the output from the Scanivalve The
Scanivalves were operated and the data was obtained in
teractively by the data acquisition system for the 40 x 80 and
7% 10 ft wind tunnels at Ames Research Center All the data
was recorded on tape for subsequent data reduction
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Fig 3 Surface pressure distribution (AC), flat plate model, 90 deg;
R=6,5/D=2

All the other necessary measurements were also run
through the data acquisition system These included pressure
measurements for tunnel speed, orifice readings for injector
mass flow, and temperature readings for the tunnel and in
jector air flows The barometer and room temperature were
read by eye and the information was entered manually into
the data acquisition system

Test Plan and Procedures

The desired range of jet to freestream velocity ratios can be
obtained by a variety of paths, including holding the
freestream velocity constant and varying the jet velocity or
vice versa Testing at a constant freestream velocity is at
tractive because that would keep the body Reynolds number
and hence, the boundary layer thickness constant However
the difficulties and effort required to achieve reasonably
uniform jet exit velocity profiles over a 3:1 (3 <R <8) range in
jet average velocity was judged to be so severe as to justify the
choice of holding the jet velocity fixed and varying the
freestream As a check on the influence of the body Reynolds
number variation thus introduced one case at the same R but
with different freestream velocity, was included for most
configurations tested Only small effects were found

There were three other constraints that influenced the test
plan First, it was considered important to keep the minimum
body Reynolds number, based on the surface distance to the
first nozzle above roughly 5x 10° in order to have a turbulent
boundary layer This meant a freestream velocity above a
value of about 13 m/s Second to avoid the added complexity
of strong compressibility effects, it was decided to keep the
maximum jet velocities roughly below 120 m/s (M; <0 35)

J AIRCRAFT
4
3 — o ——
e \_—\: _____ T~
// //;/ I~ -
/ e / 7 ~. \ ~ \
2y S 7 L4 \\_5 \\
(7 NS N
X/D i / \ |
{ TN
1~ \\ | //~\//’///_—:‘ o \ | l
\ \ s ! /
\ |/

- = p;

2

Fig 4 Isobar map of AC,, flat plate with both jets 90 deg; R=4,
S/D=2

x/D
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Fig 5 [Isobar map of AC,, flat plate with both jets 90 deg; R=6
S/D=2

Lastly the pressure drop through the most severely inclined
injectors was large enough to limit the mass flow (and thus
the jet velocity) that could be obtained for those con
figurations

Taking all of the items above into account, a test plan was
adopted which had a nominal jet volume flow rate of 0 214
m3/s corresponding to V;=1125 m/s and freestream
velocities corresponding to 1 28<g=<8 03 cm H,0 (14 5<V,,
=36 2m/s)

Each test series was run as follows First, the data
acquisition system was run to obtain ‘ null’’ readings and
calibration settings The air supply pressure settings
corresponding to the set of injectors in use were then brought
up and adjusted Next the tunnel was turned on to the lowest
speed in the series The data acquisition system was run The
tunnel speed was adjusted to the next setting and the process
was repeated over the range desired The last point in each
series was a single value of R achieved at a combination of
tunnel and jet speed different from the point at the same R in
the main series The tunnel and air supply were turned off and
“null’’ readings were again taken
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Fig 6 Isobar map of AC, flat plate with both jets, 90 deg; R=8,
S/D=2
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Fig 7 Isobar map of AC, flat plate with both jets, 90 deg; R=6
S/D=4

Results
The data were reduced and the results are presented here as

AC,=(C,,

Pieton ijet off)

which is a function of spatial location on the body surface for
each configuration In this way, the first order effects of any
asymmetries or surface irregularities on the models should be
normalized out Before being accepted, each set of data was
measured against certain criteria For example was the mass
flow (and thus V) set close enough to the desired nominal
conditions? For the two jet tests were the mass flows set close
enough to each other? (For these items a tolerance of roughly
+ 5% was adopted ) When combined with the actual tunnel
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Fig 8 Tsobar map of AC, flat plate with both jets, 75 deg; R=6,
S/D=4
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Fig 9 Isobar map of AC, flat plate with both jets 105 deg; R=6
S/D=4

speed for a given data point, was the desired value of R again
achieved roughly = 5%? These questions were important
since we wished to make such case to case comparisons as the
effect of jet spacing holding R nominally fixed, etc

Longitudinal pressure distributions at selected lateral
distances are plotted in Fig 3 for the 90 deg injectors at R=6
with a spacing of two diameters and the jets aligned one
behind the other The results for both jets are shown as cir
cles; those for the frorit jet are stars

Looking at the singlc jet results first, the expected pattern
of negative AC,’s is evident The dual jet results show that the
influence of the rear jet is less than that of the front jet at this
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Fig 11 Transverse surface pressure distribution (AC,) flat plate
model, 90 deg; R=6 §/D=2 side by side

close spacing On the other hand the presence of the rear jet
seems to strengthen the influence of the front jet slightly The
data in Fig 3 can be roughly compared to the data in Fig 6 of
Ref. 30 for 90 deg injection with S/D=2 0 from a body of
revolution at R=7 7 First one finds that there are no
positive AC,, values behind the second jet on the first plate
Second the peak values on the body of revolution are
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Y/p

Fig 12 Isobar map of AC,, flat plate with both jets, 90 deg; R=6,
S/D =2, side by side ’

somewhat higher very near the nozzles Third, by comparing
values at y/D =0 8, it can be seen that the peak values decay
faster with lateral distance on the body of revolution

The effects of the important parameter R can be seen in the
isobar plots in Figs 4, 5, and 6 for R=4, 6, and 8 As R in
creases the area of the surface influenced by the jets in
creases This increase is mostly in terms of the areas with
small to moderate negative values of AC, The area with
AC, =< —1 0 does not change significantly with R Since the
area of influence increases with R, the total normal force also
increases with R, but the increase is slow Thus, the value of
the total normal force normalized with the thrust of the jets
actually decreases with increasing R The effective center of
normal force moves forward with increasing R Estimates
indicate that this center coincides with the center of the front
jet at about R =10 Lastly, the shape of the interaction region
changes with increasing R At low R the isobars show
asymmetrical lobes displaced in the downstream direction At
higher R there is less downstream distortion Compare Fig 4
at R=4toFig 6atR=8

The present results in Fig 6 can be roughly compared with
those of Wooler et al in Ref 31 at R=8, but with S/D=25
as opposed to our S/D=2 0 The comparison is made dif
ficult since the tests in Ref 31 did not have as detailed a
coverage of the area near the jets Nonetheless comparison of
the AC,=—05 isobars, for example, shows rather good
agreement in terms of overall shape and axial and lateral
extent.

The effects of increasing the dimensionless spacing S/D
from 2 to 4 with 90 deg and R =6 are shown in Fig 7 Here as
for the body of revolution data in Ref 30, the rear jet is still
sheltered by the front jet, and the influence of the front jet on
the flow is reduced by the presence of the rear jet Looking at
the isobar patterns in Fig 7 and comparing them with those in
Fig 5 for the same case with S/D=2 it can be observed that
the overlap of the interaction regions of the two jets is now for
small AC, values only By comparing isobar plots Wlth the
front jet only (not presented here due to space 1im1tat101_15)
with those for both jets operating, it is shown that the in-
teraction of the two jets increases the surface area influenced
by the front jet It was also found that the merging of the
interaction regions was influenced by the velocity ratio R The
merging is most pronounced at low R values Also the
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sheltering of the rear jet reduces the downstream distortion of
its flow interaction area )

The influence of injection angle at R =6 is shown in the next
two figures. Fig 8 has results for a 75 deg angle (15 deg
downstream), and Fig 9 has results for injection at 105 deg
(15 deg upstream), all at S/D=4. The isobar plots in Figs 8
and 9 and the plot for 90 deg in Fig 7 show some interesting
effects The change from 75 to 90 deg produces only slight
changes in the total interaction area influenced by the jets
and, thus, in the normal force However, the change from 90
to 105 deg leads to an increase in the total interaction area
and hence the normal force Further as the angle goes from
75 to 90 to 105 deg, the effective center of the interaction
region moves forward The data indicate that the region
ahead of the front jet is influenced somewhat more strongly
by upstream angled injection In addition the sheltering of
the rear jet by the front jet is stronger for 105 deg than for the
90 or 75 deg injection

The result of reduced spacing to S/D=2at75 degand R=6
can be noted by comparing Fig 10 with Fig 8 for §/D=4
The effécts are generally the same as for the 90 deg injection

The next series of figures presents the results obtained with
two jets in a side by side arrangement Due to test time
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Fig 13 Isobar map of AC), flat plate with both jets, 90 deg; R=4,
S§/D =2, side by side

Fig 15 Isobar map of AC, flate plate with both
jets, 90 deg; R=6 S/D=4 side by side
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limitations fewer parameters were varied in this con
figuration All the data obtained are for the 90 deg injectors
only

Transvérse pressure distributions at five axial stations
including one ahead of the jets; are shown in Fig 11 for R=6
and S/D=2 Data for only the right jet operating dre shown
as solid circles The presence of the left jet has a slight effect
on the right jet at the station ahead of the jets (x/D= — 825),
but the interference effect is quite large at x/D=0 and the
downstream stations High (negative) AC, valueés are ob
tained between and just downstream of the jets Also the
right/left symmetry of the flow was found to be good for
single and dual jet runs An isobar map for the same case is
given in Fig 12 ,

Figures 13 and 14 show isobar maps for S/D=2 with R=4
and 8 By comparing these with the previous figure, the ef
fects of R can be seen As R is increased, there is a
pronounced increase in the size of the interaction region
around the jets The interaction normal force also increases,
both as a result of the increase in area affected and increases
(negative) in the AC, values near the orifices The effective
center of the interaction force shifts upstream as R is in
creased Collectively, these results indicate a strong increase in

x/D

Fig 14 Isobar map of ACI, flat plate with both jets, 90 deg; R=38,
S/D =2, side by side
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the interaction between the two jets as R is increased at this
close spacing The large (negative) AC, values in the region
immediately behind the jets along the line of symmetry
between them at high R values are noteworthy This is
probably a result of the interaction between the pairs of
counter rotating vortices formed in each jet

The influence of increasing S/D to 4 at R =6 can be seen by
comparing the results in Fig 15 to those given earlier for
S/D =2 at the same R in Fig' 12 The interaction of the jets is
diminished significantly Looking at the isobar maps one can
see that there is much less overlap of the interaction regions of
the two jets at S/D=4 The overlap or merging of the in
teraction regions is R dependent; it is strongest at the higher R
values The interaction region of each jet on the “‘free’” side
(the side away from the other jet) is still always larger than for
the single jet even at S/D=4 This is probably due to a
blocking effect The main flow approaching the side by side
jets is partially “‘blocked’’ in the center region and *‘spilled
over’’ around the sides resulting in more fluid flow and
higher velocities (and lower pressures) on the free side of the
jets

Conclusions
In Line Jets

The mutual interaction of the jets results in sheltering of the
rear jet by the front and in some cases ‘‘swelling’’ of the front
jet because of the presence of the rear jet Due to the latter
effect the surface area influenced by the front jet tends to be
greater than for the case of'a single jet

Increasing R increases the surface area influenced by the
jets and the effective center of the normal force moves
forward with increasing R from a location between the jets to
one near the center of the front jet at about R =10

Obviously, increasing S/D diminishes the interaction ef
fects of the jets '

Varying the injection angle from 75 to 90 to 105 deg moves
the effective center of the interaction region forward The
upstréeam angled injection appears to strongly affect the
overall pressure distributions

Side By Side Jets

For the side by side jets, gross interaction features are
characterized by two interrelated effects: 1) significantly
enhanced flow velocity (and thus reduced surface pressures)
between the jets due to the ‘‘channeling’’ of the flow between
the jets, and 2) increased (when compared with the single jet)
blocking of the crossflow and spill over to the sides which
results in increased flow velocities (lower pressures) on the
free sides of the jets: ) '

Increasing R magnifies the interaction effects and the
resulting forces The downstream region, in particular, is
strongly affected because of the strong interaction between
the near wake portions of the jets

Increasing S/D reduces the interaction effects
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