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Abstract

Despite many decades of jet-in-crossflow experimentation, a distinct lack of data
remains for a supersonic jet exhausting into a subsonic compressible crossflow.  The
present investigation seeks to address this deficiency by examining the flowfield structure
of a Mach 3.73 jet injected transversely from a flat plate into a subsonic compressible
freestream.  The experimental results described herein include the mean surface pressure
field as mapped using static pressure taps on the flat plate and an identification of flow
features by employing an oil-based surface flow tracer.  The possibility of flow
separation within the nozzle itself also is addressed using pressure taps along the nozzle
interior wall, as is the asymmetry of the separation line due to the variation of the local
backpressure around the perimeter of the nozzle orifice resulting from the jet-in-
crossflow interaction.  Pressure data both on the flat plate and within the nozzle are
presented at numerous angles with respect to the crossflow freestream direction to
provide a breadth of measurements throughout the interaction region.  Since the data are
intended for use in validating computational models, attention is paid to providing details
regarding the experimental geometry, boundary conditions, flowfield nonuniformities,
and uncertainty analyses.  Eight different sets of data are provided, covering a range of
values of the jet-to-freestream dynamic pressure ratio from 2.8 to 16.9 and a freestream
Mach number range of 0.5 to 0.8.
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Nomenclature

cp pressure coefficient
d jet exit diameter
J jet-to-freestream dynamic pressure ratio, J=(peMe

2) / (pwM8 )
l nozzle axial position measured from throat
l 0 nozzle expansion length
M Mach number
M8 freestream Mach number
Me jet exit Mach number
p pressure
P0 freestream stagnation pressure
P0j jet stagnation pressure
pe jet exit pressure
pw freestream static wall pressure, measured upstream of the jet interaction
T0 freestream stagnation temperature
T0j jet stagnation temperature
u velocity
x distance from center of nozzle exit
? specific heat ratio
? gas density
? nozzle installation orientation (?=0° is aligned with the wind tunnel

freestream)
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1  Introduction

Though a jet in crossflow is one of the classic problems in fluid dynamics,
surprisingly little research has been conducted on a supersonic jet in subsonic
compressible crossflow.  This lack of data has forced aerodynamicists to adapt results
from incompressible or entirely supersonic flowfields to the transonic regime and offers
computationalists little assistance with code validation.  As a result, the detailed physics
of this problem are incompletely understood, which impacts, for example, the design of
transonic flight vehicles that rely on supersonic jets for attitude or roll control.  The
difficulty is markedly worse for more complex geometries, such as those involving
asymmetric nozzles or a jet-fin interaction.

While past jet-in-crossflow research endeavors have largely focused on
incompressible flowfields or entirely supersonic flowfields, a few studies have examined
a supersonic jet in subsonic compressible crossflow.  One of the most useful was reported
by Chocinski et al.1 and Chocinski,2 who provided surface pressure measurements and
surface flow tracers of a Mach 2.5 jet issuing transversely from a flat plate into a Mach
0.75 crossflow.  Mean flowfield measurements of the velocity field and total pressure
field also were gathered at several crossplanes using five-hole pressure probes.  Other
researchers have obtained surface pressure measurements both for flat plate3 and
axisymmetric4,5 configurations of a supersonic jet exhausting into subsonic compressible
crossflow, and some analytical efforts also have been published.6-8  A few additional
efforts have involved sonic jets exhausting into a subsonic compressible freestream.9-13

The present research program aims to explore the flowfield behavior of a supersonic
jet in subsonic compressible crossflow and to compare the results with the analogous
incompressible and fully supersonic flowfields.  The research presented here is restricted
to the relatively simple flowfield produced by an axisymmetric jet transversely injected
from a flat plate and concerns the examination of surface flow features using a
fluorescent oil tracer to reveal the surface streamline patterns and extensive measurement
of surface pressures.  Measurements on the flat plate seek to reveal such physical
phenomena as separated flow regions, vortex locations, and the extent of the jet’s wake.
The possibility of flow separation within the nozzle itself is addressed by pressure
measurements along the inside wall of the nozzle, as it is believed to be a potential
occurrence under conditions likely to be experienced by transonic flight vehicles of
interest.  While supersonic nozzle flow separation has previously been investigated for
free jet configurations,14-29 no experiments known to the present authors have examined
this possibility for supersonic jet-in-crossflow interactions.  These data will help fill a
substantial gap in the jet-in-crossflow literature by identifying variations in the flowfield
structure for transonic crossflows.

An important component of the present research is to acquire data with sufficient
breadth and detail to meet the specific needs for the validation of computational models.
As development of Sandia’s ASCI codes proceeds, it is vital to provide data specifically
designed for an unambiguous comparison between experimental and numerical results, as
well as to aid in the evolution of the underlying physical models.  Past efforts have shown
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that most existing data sets do not meet the criteria necessary for such validation
activities and experiments must be conducted specifically for this purpose, providing not
just the main body of data but also the ancillary information (e.g., boundary conditions)
necessary for computational modeling.30-33  The present study of a jet-in-crossflow
interaction has been identified as one of the most critical cases for the validation of
Sandia’s compressible fluid mechanics codes.34  This is partly because of its direct
bearing on the performance of specific flight systems and partly because it encompasses a
significant range of complex physical phenomena, including wall-bounded flows, free
shear flows, turbulent separated flows, and unsteady flows.  These fluid mechanics
phenomena must be accurately simulated not just for those flight vehicles employing
attitude or roll-control jets, but also for a wide variety of flowfields important to other
flight vehicles, which makes jet-in-crossflow interactions especially attractive as a source
of validation data.

The present experiment was designed to meet these validation needs.  In the process
of investigating the surface flowfield properties of the transonic jet-in-crossflow
interaction, data were acquired specifically for code validation activities.  These include
not just careful measurements of the flowfield itself, but also a characterization of
boundary conditions and wind tunnel flow parameters that are a necessary constituent of
any validation activity.  Such a characterization of the wind tunnel flow is presented to
the extent possible using the measurement techniques of the present investigation.  The
intention of the current document is to provide the experimental details and the resulting
data in as complete a manner as possible.  Previous publications concerning the present
research have focused upon physical discovery of the transonic jet-in-crossflow
interaction;35,36 this document focuses upon providing the requisite data needed to
support code validation.
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2  Experimental Apparatus

2.1 Trisonic Wind Tunnel

All experiments were performed in Sandia’s Trisonic Wind Tunnel (TWT).  The
TWT is a blowdown-to-atmosphere facility with five interchangeable test sections, each
using air as the test gas.  One is a transonic nozzle permitting a continuously variable
Mach number from 0.5 to 1.3, the walls of which are perforated to prevent the reflection
of shock waves and also to ease tunnel blockage restrictions near sonic conditions.
During typical use, the 305 × 305 mm2 (12 × 12 inch2) rectangular test section
traditionally has been fitted with either four porous walls or two porous walls (top and
bottom) and two solid walls (the side walls) containing windows used primarily for
schlieren imaging.  Models mount at the tunnel centerline on a pitching strut and sting.
The test section is enclosed in a pressurized plenum to contain the flow that passes
through the porous walls.  Four other contoured nozzles provide supersonic Mach
numbers of 1.5, 2.0, 2.5, and 3.0.

Recent modifications to the TWT have been necessary to meet the needs of both jet-
in-crossflow experimentation and the validation of CFD models.  Because all
experiments were conducted in a transonic freestream, modifications were required only
for the transonic test section.   Its porous walls have been replaced with solid walls for the
present experiments, typically of surface roughness 1 micron rms (32 microinches rms)
but in some places 2 micron rms (63 microinches rms).  This was intended both to supply
a flat plate from which the jet will issue and to provide computationally tractable
boundary conditions for comparison of experimental data with numerical simulations.
Whereas porous walls introduce a numerically imprecise aspect into the model, the solid
walls remove this source of potential ambiguity and thus enhance the opportunity for a
meaningful quantitative assessment of CFD model performance.  Use of a wall-mounted
jet was deemed superior to a sting-mounted flat plate to avoid such uncertainties as plate
deflection and flow interference from the jet supply apparatus beneath the plate, both of
which would pose additional complications for comparison between experiments and
simulations.  While use of a solid-wall test section limits the Mach number range of the
flowfield, this does not pose a significant impediment because experiments are not
planned for near-sonic or supersonic conditions.  Further modifications have been made
to provide a high-pressure, high-flow-rate gas source for the jet.  The upgrades to the
TWT also have included improvements to the optical access (which are notably easier for
a solid-wall test section of this modest size as opposed to porous walls) and flow seeding
capabilities for future experiments utilizing laser-based instrumentation.

Although the present experiment mounts all apparatus from the wind tunnel walls
rather than utilizing the pitching strut, the strut itself cannot be removed from the wind
tunnel.  The sting was removed from the strut and replaced with a blank that maintained
the streamlined contour of the strut.  The entire strut remained downstream of the end of
the test section and thus its influence was minimized.  The leading edge of the strut was
139.7 mm (5.5 inch) from the end of the test section at its centerline and 102.9 mm (4.05
inch) away at its closest point at the top or bottom wall.
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2.2 Supersonic Jet Hardware

Multiple conical nozzles were fabricated for the transverse jet.  For the work reported
in this document, all nozzles are axisymmetric with a design Mach number of 3.73 and an
expansion half-angle of 15°; they differ only in their instrumentation and exit diameter.
The three nozzles used in the present study have an exit diameter of 12.7 mm (0.50 inch).
One nozzle is instrumented with pressure taps on the flat plate from which the jet
emanates to measure surface pressures beneath the jet-in-crossflow interaction, and a
second nozzle is instrumented within the nozzle itself to allow an examination of internal
flow separation.  The remaining nozzle is uninstrumented.  Further details are found
below in section 2.3.1.  The surface roughness of the nozzle contour is 1 micron rms (32
microinches rms).

Any of the interchangeable nozzles may be connected to a settling chamber located
behind either the top wall of the transonic test section or one of the side walls.  The
settling chamber is designed to pressurize to a maximum of 14 MPa (2000 psi) and is
instrumented with a transducer and a thermocouple to provide stagnation pressure and
temperature measurements.  A photograph of the settling chamber is shown in Figure 1a.

nozzle exit

instrumented
flat plate

settling
chamber

underside
of flat plate

gas supply

       (a)         (b)

Figure 1:  Supersonic jet nozzle hardware; (a) the settling chamber and nozzle
assembly; (b) one of the interchangeable nozzles.
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downstream 
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gas 
source side-wall 

jet location 

The gas source enters through the pipe fitting at the top of the settling chamber and one
of the nozzles attaches at the bottom.  Figure 1b shows the nozzle with the instrumented
flat plate.

A schematic of the nozzle installation into the TWT is drawn in Figure 2.  Three
different locations for the jet are shown, as are the optical access and laser sheet used for
measurements in aspects of this investigation that will be reported in future documents.
Potential mounting positions are limited by the wind tunnel support structure behind the
test section walls, so three different mounting locations have been chosen to provide
varied alignment with the tunnel’s windows and different instrumentation access.  Figure
3 shows the jet apparatus mounted in its side-wall position by securing it in a window
blank; it is visible from behind the test section in Figure 3a and inside the test section in
Figure 3b.  One advantage of this configuration is that it provides superior access to the
myriad of pressure tubing and allows for an easier rotation of the nozzle to place the
pressure taps into different angular positions with respect to the wind tunnel freestream.
It also is easily viewed from the opposite window for surface flow visualizations.  For
proper alignment with the side-wall windows, the jet may be mounted into one of the two
top-wall positions depending on whether the windows should be aligned with the near-
field or the far-field of the jet interaction.  Figure 4a shows a view that includes the jet
hardware mounted above the test section in the downstream top-wall position, and Figure
4b shows the interior of the test section with the jet in the same location.  The top-wall
positions primarily are intended for studies employing optical diagnostics.  The side-wall
arrangement has been the primary configuration for the experiments reported in this
document; a limited set of pressure measurements were acquired with the jet mounted in

Figure 2:  A sketch of the jet nozzle installation into the TWT, including three
different mounting locations (two on the top wall and one on a side wall) to place
the jet into different locations relative to the windows.
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(a)

(b)

Figure 3:  The jet nozzle hardware installed into the wind tunnel’s side-wall
mounting position; (a) seen from behind the tunnel wall; (b) seen from the front
of the wind tunnel with an open test section.  The coloration differences between
wall plates in (b) are because some have not yet been anodized.
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(a)

(b)

Figure 4:  The jet nozzle hardware installed into the wind tunnel’s top-wall
mounting position.  Both views are seen from the front of the wind tunnel with an
open test section; (a) shows the wind tunnel support structure and the jet above
the tunnel wall; (b) shows the interior top wall of the test section.
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the downstream location of the two top-wall mounting positions.  These latter data were
used to provide a comparison of the jet-in-crossflow emanating from the top wall as
compared to the side wall.

A dimensioned schematic detailing the two jet locations employed in the present
document is shown in Figure 5.  When installed into the top-wall location, the jet was
mounted, to within standard machining tolerances, on the wind tunnel centerline.
However, when mounted in the side-wall position, it was slightly off-center as shown in
Figure 5.  This resulted from a variety of shimming and other adjustments that were
required to fit the original test section into place when it was installed in 1983.  These
adjustments have become a permanent part of the TWT and positioning of the jet, though
off-center, was highly repeatable.  The test section maintains a constant cross-section for
466.8 mm upstream of the top-wall jet position, although the figure does not extend that
far.  At this point it interfaces with the curving walls of the sonic nozzle and the wind
tunnel’s contraction section.  Similarly, the test section’s cross-section is maintained for a
downstream distance of 720.7 mm until it expands into the diffuser section of the wind
tunnel.  The interface with the diffuser section at this point resembles a backwards-facing
step on each of the four walls.  Detailed mechanical drawings of the wind tunnel,
including the solid-wall test section and the contraction and diffuser sections, are
available from the authors.  Figure 5 also shows the location of two wall pressure
transducers that will be discussed below.

A manifold of six nitrogen bottles pressurized to 24 MPa (3500 psi) provides the gas
source for the nozzles, as seen in Figure 2.  A dome-loaded regulator (Tescom 44-1300
series with ER3000 controller), remotely controlled from the wind tunnel control room,
reduces the pressure to the desired stagnation condition.  The hardware downstream of
the regulator is designed to support a maximum pressure of 2000 psi with a flow rate of
at least 900 cfm.

2.3 Instrumentation

2.3.1 Surface Pressure Measurements

As described above, two of the interchangeable nozzles are instrumented with
pressure taps.  Photographs are shown in Figure 6 and schematics are drawn in Figure 7.
One nozzle is instrumented on the flat plate surface, as shown in Figures 6a and 7a.  A
ring of 24 taps surrounds the exit plane of the nozzle and two radial rows of taps 180°
apart extend outward for a distance of approximately four jet diameters from the nozzle
exit.  One row has 25 taps and the other 26, with one of the rows offset with respect to the
other by one-half a pressure tap spacing.  Thus if the nozzle is rotated 180° and
reinstalled, the pressure taps from one row will fill the gaps between tap locations in the
previous configuration, effectively doubling the spatial resolution of the mean
measurements.  The nozzle is designed such that it can be installed into the test section at
any chosen rotational angle.  Repositioning the taps between wind tunnel runs produces a
detailed mapping of the mean surface pressure field.  A dial on the nozzle and an
indicator mounted on the test section wall combine to permit accurate measurements of
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the radial position of the pressure taps.  The diameter of all pressure taps is 0.51 mm
(0.020 inch) and tap spacing is typically 1.57 mm (0.063 inch); different spacings are
indicated in the figure.

Figure 6:  Pressure tap arrangements for each of the two instrumented nozzles;
(a) instrumented flat plate; (b) instrumented within the nozzle.

(a)

(b)
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Figure 7:  Pressure tap locations for each of the two instrumented nozzles; (a)
instrumented flat plate; (b) instrumented within the nozzle.  All dimensions are in
millimeters and all taps are 0.51 mm in diameter.  Critical nozzle dimensions also
are given.

The second instrumented nozzle has pressure taps only within the nozzle itself, as
shown in Figures 6b and 7b.  The taps are positioned analogously to those in the nozzle
depicted in Figures 6a and 7a.  A circumferential ring of taps is placed near the exit plane
of the nozzle and two rows of taps begin near the exit and extend about two-thirds of the
way back towards the nozzle throat.  As in the previous nozzle, these two rows are offset
with respect to one another by one-half of a pressure tap spacing and a 180° rotation of
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the nozzle produces an effective doubling in the spatial resolution of the mean pressure
field.  The taps may be positioned at any chosen angle, which is again determined using a
dial and indicator. Again, the tap diameter is 0.51 mm (0.020 inch) and the tap spacing is
typically 1.57 mm (0.063 inch).  Key nozzle dimensions also are marked in Figure 7b.
Blend radii are used to maintain a smooth nozzle contour as the converging and diverging
sections meet at the short cylindrical throat.

In addition to the two instrumented nozzles, the wind tunnel side wall opposite the
jet’s side-wall mounting point contained a row of pressure taps as drawn in Figure 8.  The
measurements from this instrumented window blank were used to determine the effect of
the jet interaction on the wind tunnel’s axial pressure distribution, which is particularly
important for the solid-wall test section when operated near sonic conditions where
choking could present an issue.

Pressure measurements were made using a Pressure Systems Inc. Model 8400
electronically scanned pressure system.  The pressure taps from either of the two
instrumented nozzles and the instrumented wind tunnel side wall were connected by
tubing to pressure scanning modules (PSI ESP series) located behind the test section wall
but within the TWT plenum.  Electrical connections and control, calibration, and
reference pressure lines passed through the plenum bulkhead to connect with the pressure
control unit and the model 8400 system located in the wind tunnel control room.  Both
calibration and data acquisition were controlled using LabView on a Pentium-III-class
personal computer.  All measurements in the present study were made by a ±100 kPa
(±15 psi) ESP module for the flat-plate-instrumented nozzle and a ±700 kPa (±100 psi)
ESP module for the internally-instrumented nozzle, each with a manufacturer’s quoted
instrument uncertainty of 0.1% of full scale.  However, this does not include additional
noise sources from amplifiers and other electronics, so a more reasonable instrument
uncertainty is 0.25% of full scale, or about ±0.5 kPa (±0.08 psi).  These uncertainties are
discussed fully in section 4.3.2 and 4.4.2 below.  The ESP transducers were referenced to

31 pressure taps at 12.7 spacing

jet position on opposite side wall

pressure tap on opposite side wall

160.4

376.2

end of test section

149.5

pressure tap on this side wall

720.7

flow

Figure 8:  Location of the pressure taps in the instrumented window blank on the
side wall opposite the jet’s side-wall mounting position.  The two upstream
pressure taps shown in Figure 5 also are shown here.  All dimensions are in
millimeters and the sketch is not to scale.
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atmospheric pressure, which was measured with a digital barometer (Druck DPI 140)
with an accuracy of 0.01% of the reading.

Measurements from each pressure port were acquired simultaneous with
measurements of the stagnation pressure and temperature of the wind tunnel, P0 and T0,
as well as the jet settling chamber, P0j and T0j.  P0 was the average of values measured at
two locations in the wind tunnel stagnation chamber using 700 kPa (100 psi) Statham
pressure transducers and P0j was measured using a single 15 MPa (2000 psi) Statham
pressure transducer.  The two P0 measurements were not found to vary significantly from
one another.  The instrument uncertainty for each Statham transducer is quoted as 0.1%
of full scale, but probably is more conservatively estimated as 0.25% of full scale when
additional noise due to amplifiers and other electronics is considered.  This produces a ±2
kPa (±0.3 psi) uncertainty for P0 and a ±40 kPa (±5 psi) uncertainty for P0j.  T0 was the
average of two T-type thermocouples placed in the same location as the P0 measurements
and T0j was measured by a single T-type thermocouple.  Similarly to the P0
measurements, the two values of T0 were not found to possess significant discrepancies.
The instrumentation uncertainty of the T0 and T0j measurements is estimated to be 2° C
(4° F), including the thermocouple itself, its reference junction, and the amplifier.  The
static pressure in the test section pw was measured from two wall pressures located
upstream of the influence of the jet interaction as shown in Figures 5 and 8.  These two
pressures were measured by the ±100 kPa (±15 psi) PSI modules used for the interaction
pressure measurements and hence have an uncertainty of about ±0.5 kPa (±0.08 psi).  The
nominal wind tunnel Mach number M8  was determined assuming an isentropic expansion
from the ratio of pw and the tunnel stagnation pressure P0.  Since the test section
possesses a constant cross-section, boundary layer growth will produce a gradually
increasing M8  so strictly speaking the quoted values of pw and M8  are valid only at the
location of the pw pressure taps sketched in Figures 5 and 8.  For each wind tunnel run,
400 individual data points from each PSI pressure port were acquired simultaneous with
measurements of P0, T0, pw, P0j, and T0j at a rate of 100 Hz, then averaged to provide the
mean data presented here.

All data measured on the flat plate and the instrumented window blank are presented
as pressure coefficients, computed using the equation:
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Since pw and M8  are determined at the upstream pair of wall pressure transducers, all
values of cp are therefore normalized to a point about 27 jet exit diameters upstream of
the side-wall jet mounting location.  The same data acquisition approach was used for
data acquired within the nozzle, although the pressure ratio p/P0j was calculated rather
than cp.

Some concerns must be addressed about the accuracy of the pressure measurements.
Pressure lag in the tubing between the taps and the pressure scanners is not a concern for
the mean measurements that are presently the focus of this investigation, particularly
given the relatively large tap pressures.37  The small size of the nozzle itself with respect
to the pressure tap diameter may present a more subtle issue.  If the diameter of the
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pressure tap is a significant fraction of the boundary layer thickness of the flow passing
over it, some measurement bias may result.38-44  Adapting the analysis of Ducruet44 to the
present flowfield, it easily can be shown that no significant bias will occur for
measurements made on the flat plate where wind tunnel wall length scales prevail.  In
contrast, measurements made within the nozzle are much more subject to this difficulty.
The nozzle wall boundary layer thickness is substantially smaller with respect to the
pressure tap diameter than the test section boundary layer thickness, which may lead to
appreciable measurement biases.  Additional effects due to wall curvature and large
velocity gradients – both prominent features of nozzle flows – tend to aggravate the
potential for such a bias.  Estimating the magnitude of this bias is difficult because the
available analyses do not fully apply to the present flowfield conditions.  Nevertheless,
extrapolating Ducruet’s44 work to the present case, it appears that the wall curvature and
velocity gradient effects only contribute substantially to the bias for taps near the throat.
The remaining bias due to the tap diameter is present throughout and may be no worse
than +0.01 in terms of p/P0j, but this estimate does not account for supersonic Mach
number effects that could potentially alter the magnitude of the bias (although Flack’s43

work suggests that this is not the case).  However, since the primary motivation for
gathering measurements within the nozzle is to ascertain the presence of flow separation,
these biases may not create a difficulty since separation is characterized by a distinct
pressure rise regardless of whatever biases may be superimposed upon it.  Thus while the
pressure measurements themselves may experience a common bias, the determination of
the separation point should remain reliable.  Any comparison of the nozzle wall pressure
values to those predicted by computations must account for the possible pressure hole
biases.  While +0.01 p/P0j is a reasonable estimate of this error, it may in fact be larger,
and this unknown must be respected in any validation activity.  Because of the added
biases near the throat, pressure magnitudes probably should only be used for the
downstream half of the diverging section, that is, where l/l 0=0.5.

Just as the large size of the pressure taps with respect to the boundary layer thickness
inside the nozzle may create an effect upon the measurements, the presence of the
pressure taps themselves may create an effect upon the nozzle flowfield.  Moulden et
al.’s41 study suggests that in the present geometry, the nozzle flow may experience a
perturbation generated by the pressure taps.  For this reason, a nozzle was fabricated
without any pressure taps to generate an unperturbed flowfield, which was used for the
surface flow tracer experiments to avoid any potential perturbations in the jet induced by
the pressure taps.

2.3.2 Surface Flow Tracers

In addition to the surface pressure measurements that form a large component of the
present work, surface flow tracers have been used to provide insight into the nature of the
jet-in-crossflow flowfield.  Such images do not provide for a quantitative validation of
computational results, but do allow an approximate assessment of the model’s ability to
reproduce the gross flowfield features.
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This study has used Zyglo ZL-60D, an oil-based fluorescent dye manufactured by
Magnaflux.  Zyglo is typically used as a penetrant for inspecting surfaces for cracks or
flaws, but it also has proven effective for fluid mechanics experimentation.  When
illuminated using an ultraviolet light with a peak near 365 nm, the penetrant fluoresces in
the green and can be viewed using virtually any standard camera.  In the present case,
images were photographed using a digital color camera peering through a high-pass
cutoff filter to eliminate the illuminating light from the higher-wavelength fluorescing
light.  Images were acquired once the test section was opened following a tunnel run,
because insufficient ultraviolet light could be directed through both the plenum and test
section windows with the camera in place as well.  Images were acquired rapidly after the
conclusion of a tunnel run before the streamline features began to blur as the oil ran down
the side wall; this was found not to be a problem unless an inordinate amount of time was
consumed (approximately twenty minutes).  It also was found that the fluorescent dye
performed best during these experiments if it was allowed to dry for 20-30 minutes after
application (but prior to a wind tunnel run) to increase its viscosity.  The improved clarity
of the surface flow images and the easy aerosol application of Zyglo were found to be
preferential to the use of the more prevalent kerosene lampblack.
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3  Experimental Conditions

The experimental conditions, like the jet design Mach number, have been selected to
represent those found on transonic flight vehicles of interest that employ supersonic jets
for attitude or roll control.  The primary freestream Mach number was M8 =0.8 with a
wind tunnel stagnation pressure P0=154 kPa (22.4 psia), which at this Mach number
yields a test section static pressure pw=101 kPa (14.7 psia).  The wind tunnel Reynolds
number per unit length at these conditions is 20 × 106 m-1 (6 × 106 ft-1).  The nominal
stagnation pressure for the Mach 3.73 jet was P0j=4.96 MPa (720 psia).  These conditions
combine to produce a nominal jet-to-freestream dynamic pressure ratio of J=10.2.  A
primary group of seven additional sets of testing conditions also were employed to span a
range of J values while maintaining a constant M8 =0.8, or to span a range of subsonic
values of M8  while maintaining a constant J=10.2.  A few supplementary conditions were
tested as well, in less depth, to ascertain particular trends or verify scaling laws; those
data may be found in an earlier report concerning this investigation.35  The choice of J
and M8  must keep within the subsonic restrictions imposed by the tunnel blockage issues
inevitable with the solid-wall transonic test section.35

The eight primary experimental conditions, including the nominal case, are given in
Table 1 for those experiments using the flat-plate-instrumented nozzle.  Table 2 shows
the equivalent information for the internally-instrumented nozzle and Table 3 provides
the conditions for the surface oil flow tracers.  While nominally the same, small
differences in instrumentation and experimental technique, discussed more thoroughly
below, contribute to the variation in the actual mean conditions.  No precision
uncertainties are provided for the oil flow tracer data because only one wind tunnel run
was performed for each condition (except the nominal case, for which an uncertainty is
provided).  Case 4, which tested the lowest value of J, is not represented in the oil flow
tracer data because this condition was added to the experiment subsequent to conducting
the flow tracer measurements.  Case 5 is not shown in the internally-instrumented data
because no flow separation was observed for either case 1 or case 5, which makes case 5
identical to case 1 once the nozzle pressures are normalized.  Each table shows the
nominally selected value for each parameter, the mean value of the actual measured
parameter over all wind tunnel runs for that condition, and the run-to-run precision
uncertainty from those tunnel runs.  The precision uncertainty represents with 95%
confidence that the deviation of any one measurement from the given mean value will not
exceed the given precision uncertainty.  This is not the total measurement uncertainty
because it does not include the effects of various potential biases; these will be discussed
at length below.

In addition to those conditions detailed in Tables 1-3, experiments were also
conducted without the jet mounted in the wind tunnel.  These “tunnel empty”
measurements consisted of wall pressure measurements along the two test section side
walls and were used to get a baseline of the pressure distribution through the wind tunnel
without any jet interaction effects.  These data can be used to ensure that computational
models are capable of simulating the simple wind tunnel flow alone before investigating
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the complexity of the jet-in-crossflow interaction.  The tunnel empty conditions are
detailed in Table 4 and discussed in section 4.1 below.

In addition to the cases run with the jet exhausting from the wind tunnel side wall, a
limited number of experiments were conducted with the jet exhausting from the top wall.
The conditions for these measurements are given in Tables 5 and 6, where Table 5 shows
the values acquired when using the flat-plate-instrumented nozzle and Table 6 shows the
values using the internally-instrumented nozzle.  No precision uncertainties are provided
because fewer runs were conducted for these conditions.  Case 5 was omitted from the
internal measurements, as it was for the side-wall internal measurements listed in
Table 2, because no separation is observed for this case and the normalized results are
identical to case 1.

At the location on the wind tunnel side wall from which the jet exhausts, the 99%-
velocity boundary layer thickness has been measured as 12.7 ± 0.5 mm (0.50 ± 0.02 inch)
using a Pitot probe survey.  At the top-wall jet mounting location, a similar Pitot probe
survey showed the boundary layer thickness to be 11.5 ± 0.5 mm (0.45 ± 0.02 inch).  The
probes were inserted through the position of the jet exit centerline, but the probe tip was
77.5 mm (3.05 inch) long and hence the boundary layer thickness actually was measured
this distance upstream of the jet locations given in Figure 5.

The Reynolds number of the nozzle flow based on the nozzle exit conditions and
length of the nozzle diverging section is estimated as 7 × 106 for the nominal conditions.
This is expected to be turbulent,23 but may retain some degree of transitional character.

The presentation of the data in chapter 4 includes detailed discussions concerning the
uncertainties of all the measurements, which includes numerous potential bias errors in
addition to the repeatabilities given in Tables 1-3.  These more complete uncertainties are
summarized in Table 7 and are recommended for use in comparison with numerical
simulations.
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case   M8     J                P0 (kPa)               Pw (kPa)
nom act δ nom act δ nom act δ nom act δ

1 0.8 0.797 0.002 10.2 10.23 0.06 154 154.4 0.7 101 101.5 0.4
2 0.8 0.795 0.002 8.4 8.58 0.06 154 154.3 0.4 101 101.8 0.3
3 0.8 0.800 0.002 5.6 5.67 0.05 154 154.2 0.5 101 101.2 0.3
4 0.8 0.802 0.002 2.8 2.84 0.05 154 154.3 0.6 101 101.0 0.3
5 0.8 0.793 0.002 16.9 16.96 0.16 154 154.4 0.5 101 102.0 0.3
6 0.7 0.702 0.002 10.2 10.19 0.08 141 140.6 0.5 101 101.2 0.4
7 0.6 0.603 0.001 10.2 10.12 0.05 130 129.5 0.4 101 101.3 0.4
8 0.5 0.506 0.001 10.2 10.04 0.11 121 120.7 0.7 101 101.3 0.6

case               P0j (MPa)                 T0 (K)                 T0j (K)
nom act δ nom act δ nom act δ

1 5.00 4.99 0.02 320 319 6 295 291 4
2 4.14 4.17 0.02 320 320 8 295 291 6
3 2.76 2.78 0.02 320 319 8 295 294 6
4 1.38 1.39 0.02 320 319 8 295 295 5
5 8.27 8.22 0.06 320 319 6 295 288 4
6 3.83 3.84 0.02 320 319 10 295 290 5
7 2.83 2.82 0.01 320 318 9 295 292 5
8 1.93 1.97 0.02 320 317 8 295 294 6

Table 1:  Summary of the eight testing conditions used for the flat-plate-instrumented experiments.  Nominal (nom) and actual (act)
conditions are shown along with the run-to-run precision uncertainties (δ) of the actual measurements.  The first case is considered the
nominal condition.
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case   M8     J                P0 (kPa)               Pw (kPa)
nom act δ nom act δ nom act δ nom act δ

1 0.8 0.796 0.002 10.2 10.21 0.07 154 154.3 0.5 101 101.6 0.2
2 0.8 0.793 0.002 8.4 8.61 0.06 154 154.2 0.4 101 101.9 0.2
3 0.8 0.799 0.002 5.6 5.67 0.07 154 154.3 0.6 101 101.4 0.3
4 0.8 0.800 0.002 2.8 2.81 0.05 154 154.3 0.5 101 101.2 0.3
5 0.8 n/a n/a 16.9 n/a n/a 154 n/a n/a 101 n/a n/a
6 0.7 0.700 0.002 10.2 10.19 0.13 141 140.6 0.6 101 101.4 0.4
7 0.6 0.602 0.001 10.2 10.10 0.09 130 129.5 0.4 101 101.4 0.3
8 0.5 0.505 0.001 10.2 10.08 0.11 121 120.1 0.4 101 100.9 0.3

case               P0j (MPa)                 T0 (K)                 T0j (K)
nom act δ nom act δ nom act δ

1 5.00 4.98 0.02 320 316 8 295 293 5
2 4.14 4.17 0.02 320 314 8 295 293 3
3 2.76 2.77 0.03 320 315 7 295 294 4
4 1.38 1.38 0.02 320 315 5 295 295 4
5 8.27 n/a n/a 320 n/a n/a 295 n/a n/a
6 3.83 3.83 0.02 320 314 7 295 292 5
7 2.83 2.81 0.02 320 314 5 295 295 5
8 1.93 1.97 0.02 320 314 4 295 295 4

Table 2:  Summary of the eight testing conditions used for the internally-instrumented experiments.  Nominal (nom) and actual (act)
conditions are shown along with the run-to-run precision uncertainties (δ) of the actual measurements.  The first case is considered the
nominal condition.  Case 5 was not run because the pressures inside the nozzle are identical to case 1 when appropriately normalized.
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case   M8     J                P0 (kPa)               Pw (kPa)
nom act δ nom act δ nom act δ nom act δ

1 0.8 0.807 0.002 10.2 10.08 0.11 154 155.9 0.3 101 101.5 0.1
2 0.8 0.808 n/a 8.4 8.37 n/a 154 155.1 n/a 101 100.9 n/a
3 0.8 0.817 n/a 5.6 5.63 n/a 154 155.0 n/a 101 99.9 n/a
4 0.8 n/a n/a 2.8 n/a n/a 154 n/a n/a 101 n/a n/a
5 0.8 0.798 n/a 16.9 16.81 n/a 154 155.1 n/a 101 102.0 n/a
6 0.7 0.716 n/a 10.2 10.02 n/a 141 141.4 n/a 101 100.6 n/a
7 0.6 0.607 n/a 10.2 10.08 n/a 130 130.8 n/a 101 102.0 n/a
8 0.5 0.516 n/a 10.2 10.14 n/a 121 120.7 n/a 101 100.6 n/a

case               P0j (MPa)                 T0 (K)                 T0j (K)
nom act δ nom act δ nom act δ

1 5.00 5.04 0.03 320 329 4 295 288 2
2 4.14 4.17 n/a 320 322 n/a 295 288 n/a
3 2.76 2.84 n/a 320 325 n/a 295 294 n/a
4 1.38 n/a n/a 320 n/a n/a 295 n/a n/a
5 8.27 8.25 n/a 320 323 n/a 295 284 n/a
6 3.83 3.90 n/a 320 326 n/a 295 293 n/a
7 2.83 2.87 n/a 320 324 n/a 295 290 n/a
8 1.93 2.06 n/a 320 324 n/a 295 292 n/a

Table 3:  Summary of the eight testing conditions used for the surface oil flow tracer experiments.  Nominal (nom) and actual (act)
conditions are shown; run-to-run precision uncertainties (δ) are omitted except for case 1 because this was the only case that was
repeated.  Case 4 was not performed.  The first case is considered the nominal condition.
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case   M8                P0 (kPa)               Pw (kPa)               T0 (K)
nom act δ nom act δ nom act δ nom act δ

1 0.8 0.801 0.003 154 153.1 0.9 101 100.3 0.6 320 320 6
2 0.8 0.801 n/a 154 111.6 n/a 101 73.2 n/a 320 319 n/a
3 0.8 0.801 n/a 154 127.3 n/a 101 83.4 n/a 320 320 n/a
4 0.8 0.801 n/a 154 214.0 n/a 101 140.2 n/a 320 320 n/a
6 0.7 0.704 n/a 141 138.6 n/a 101 99.6 n/a 320 318 n/a
7 0.6 0.600 n/a 130 128.2 n/a 101 100.5 n/a 320 316 n/a
8 0.5 0.500 n/a 121 118.7 n/a 101 99.4 n/a 320 318 n/a

Table 4:  Summary of the testing conditions used for the “tunnel empty” pressure measurements.  Nominal (nom) and actual (act)
conditions are shown; run-to-run precision uncertainties (δ) are given only for case 1 because this was the only case that was repeated.
The first case is considered the nominal condition.
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case   M8     J                P0 (kPa)               Pw (kPa)
nom act δ nom act δ nom act δ nom act δ

1 0.8 0.795 n/a 10.2 10.34 n/a 154 154.5 n/a 101 101.9 n/a
2 0.8 0.792 n/a 8.4 8.76 n/a 154 153.9 n/a 101 101.8 n/a
3 0.8 0.799 n/a 5.6 5.75 n/a 154 154.6 n/a 101 101.6 n/a
4 0.8 0.801 n/a 2.8 2.88 n/a 154 154.5 n/a 101 101.2 n/a
5 0.8 0.790 n/a 16.9 17.07 n/a 154 154.6 n/a 101 102.5 n/a
6 0.7 0.701 n/a 10.2 10.29 n/a 141 140.8 n/a 101 101.4 n/a
7 0.6 0.602 n/a 10.2 10.20 n/a 130 129.4 n/a 101 101.3 n/a
8 0.5 0.506 n/a 10.2 10.20 n/a 121 120.1 n/a 101 100.9 n/a

case               P0j (MPa)                 T0 (K)                 T0j (K)
nom act δ nom act δ nom act δ

1 5.00 5.03 n/a 320 312 n/a 295 289 n/a
2 4.14 4.23 n/a 320 308 n/a 295 288 n/a
3 2.76 2.82 n/a 320 311 n/a 295 290 n/a
4 1.38 1.41 n/a 320 313 n/a 295 295 n/a
5 8.27 8.26 n/a 320 312 n/a 295 290 n/a
6 3.83 3.88 n/a 320 311 n/a 295 289 n/a
7 2.83 2.83 n/a 320 311 n/a 295 291 n/a
8 1.93 1.99 n/a 320 311 n/a 295 293 n/a

Table 5:  Summary of the eight testing conditions used for the experiments conducted on the wind tunnel top wall using the flat-plate-
instrumented nozzle.  Nominal (nom) and actual (act) conditions are shown.  Run-to-run precision uncertainties (δ) are omitted
because few tunnel runs were conducted.  The first case is considered the nominal condition.
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case   M8     J                P0 (kPa)               Pw (kPa)
nom act δ nom act δ nom act δ nom act δ

1 0.8 0.794 n/a 10.2 10.34 n/a 154 154.2 n/a 101 101.8 n/a
2 0.8 0.792 n/a 8.4 8.64 n/a 154 154.2 n/a 101 101.9 n/a
3 0.8 0.797 n/a 5.6 5.77 n/a 154 154.1 n/a 101 101.3 n/a
4 0.8 0.800 n/a 2.8 2.90 n/a 154 154.1 n/a 101 101.1 n/a
5 0.8 n/a n/a 16.9 n/a n/a 154 n/a n/a 101 n/a n/a
6 0.7 0.699 n/a 10.2 10.34 n/a 141 140.4 n/a 101 101.2 n/a
7 0.6 0.602 n/a 10.2 10.26 n/a 130 129.6 n/a 101 101.5 n/a
8 0.5 0.505 n/a 10.2 10.09 n/a 121 120.0 n/a 101 100.8 n/a

case               P0j (MPa)                 T0 (K)                 T0j (K)
nom act δ nom act δ nom act δ

1 5.00 5.02 n/a 320 306 n/a 295 296 n/a
2 4.14 4.18 n/a 320 308 n/a 295 295 n/a
3 2.76 2.81 n/a 320 307 n/a 295 294 n/a
4 1.38 1.42 n/a 320 307 n/a 295 296 n/a
5 8.27 n/a n/a 320 n/a n/a 295 n/a n/a
6 3.83 3.87 n/a 320 306 n/a 295 295 n/a
7 2.83 2.85 n/a 320 306 n/a 295 296 n/a
8 1.93 1.96 n/a 320 306 n/a 295 297 n/a

Table 6:  Summary of the eight testing conditions used for the experiments conducted on the wind tunnel top wall using the internally-
instrumented nozzle.  Nominal (nom) and actual (act) conditions are shown.  Run-to-run precision uncertainties (δ) are omitted
because few tunnel runs were conducted.  The first case is considered the nominal condition.  Case 5 was not run because the
pressures inside the nozzle are identical to case 1 when appropriately normalized.
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variable uncertainty

P0 ±2 kPa (±0.3 psi)
T0 2° C (4° F)
P0j ±40 kPa (±5 psi)
T0j 2° C (4° F)
pw ±0.5 kPa (±0.08 psi)
cp (tunnel empty) ±0.02
cp (flat plate) ±0.04
p/P0j (nozzle wall) ±0.014
l sep/l 0 varies based on l

Table 7:  Recommended uncertainties for use in comparison with numerical simulations.
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4  Results and Discussion

4.1 Tunnel Empty

Wall pressure measurements were conducted in an empty wind tunnel (that is, the jet
was removed and replaced with a wall blank) using the instrumented window blank and
the two independent wall pressure taps upstream of it (which provide pw).  This was
intended both to supply a baseline of the pressure distribution through the solid-wall test
section without any interference from the jet interaction and to provide a computationally
simple case from which modeling constants can be calibrated.

Measurements were conducted at wind tunnel conditions similar to those described in
section 3.0, except that, obviously, the jet was not present to allow any variation of P0j or
J.  The nominal flow conditions were M8 =0.8 with P0=154 kPa (22.4 psia), producing
pw=101 kPa (14.7 psia), and additional runs were conducted at lower Mach numbers for
the same pw, plus a few runs at M8 =0.8 but different values of pw to assess any possible
Reynolds number effects.  The experimental conditions for the tunnel empty cases are
given in Table 4; run-to-run variations were available only for the nominal case.

The resulting pressure coefficients along the instrumented window blank are shown
in Figure 9 for the nominal flow conditions (case 1 in Table 4); the given data is the mean
of several independent wind tunnel runs.  Also shown is a trace of the increasing wall
Mach number as inferred from these pressures, caused by the growth of the boundary
layer through the constant area test section.  The values of cp remain negative throughout
because they are referenced to pw, which is measured upstream of the instrumented
window blank where the static pressure is slightly larger than it is upon the instrumented
window blank; for the same reason, all values of M are larger than M8 .  The repeatability
of the cp trace is ±0.003, which is less than the thickness of the lines displayed in Figure
9.  This run-to-run precision uncertainty is the 95% confidence interval that any one
given measurement lies within this distance of the mean, which is found as approximately
twice the standard deviation of several independent wind tunnel runs, where the actual
multiplier is somewhat larger than 2, as determined by Student’s t-distribution.  Vertical
dashed lines represent the location of the nozzle exit if it had been present.  Small
undulations are visible in both traces, which are more likely to have resulted from some
sort of measurement bias between taps than from actual flowfield conditions; the
uncertainty created by these undulations is assessed by the flowfield nonuniformity
investigation described below.

Measurements of cp conducted for differing values of P0 (ranging from 112 kPa to
214 kPa, or 16.2 psia to 31.0 psia), and hence different wind tunnel Reynolds numbers,
while M8  remained constant at 0.8 did not produce results appreciably different from the
nominal conditions shown in Figure 9.  Two standard deviations of these variations in cp
due to P0 variations was no more than ±0.004, which is not meaningfully larger than the
repeatability of ±0.003.  The resulting pressure traces are not shown since they appear
identical to the one displayed in Figure 9.  Additional wind tunnel runs were conducted at
lower Mach numbers and the resulting cp curves are shown in Figure 10.  The pressure
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Figure 9:  Surface pressures measured by the instrumented window blank for
tunnel empty conditions at M8 =0.8 and pw=101 kPa.  The inferred wall Mach
number also is shown.  The jet, if present, would have been located at x=0.
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Figure 10:  Surface pressures measured by the instrumented window blank for
tunnel empty conditions at different freestream Mach numbers and pw=101 kPa.
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drops less through the test section for lower M8 , which is consistent with a thinner
boundary layer for smaller Mach numbers.  It also is evident in the figure that the small
undulations in the pressure traces are consistent between different Mach numbers, which
suggests that they are not related to pressure waves in the solid-wall test section but
rather are created by small imperfections in the wall plate, burrs in the pressure taps,
leaks in the pressure lines, or transducer biases.  Nevertheless, these ripples are small in
magnitude, representing only about ±0.002 cp.

In an effort to investigate concerns regarding any potential flowfield asymmetry, the
instrumented window blank was moved into different positions within the test section
that nominally are geometrically symmetric.  This should help reveal any nonuniformities
in the pressure field created either by the flow through the test section, the machining or
installation of the pressure taps in the window blank, or biases in the pressure
transducers.  The window blank was first rotated 180° and mounted back in position,
which places the pressure taps into the same locations as in the original configuration but
in reverse order.  The resulting pressure trace is shown in Figure 11.  It is evident that the
pressures measured in this position are not significantly different from those in the
unrotated position; all but two of the data points lie within the ±0.003 cp repeatability of
the measurements and those two outliers are no more than ±0.004 cp from the unrotated
case.  The window blank was then moved to the opposite side wall of the wind tunnel and
measurements were taken there with the plate in both the 0° and 180° positions.  Those
pressure traces also are displayed in Figure 11, and again, no discernable difference is
seen with respect to the nominal case.  The measurements on the opposite wall at 0° lie
within ±0.002 cp and those at 180° lie within ±0.005 cp, suggesting that the effects of
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rotating the plate are greater than those of moving it to the opposite side of the test
section.  However, in no case is the effect meaningfully large and this procedure has
detected no substantial nonuniformity in the test section when operated in “tunnel empty”
mode.

Since the tunnel nonuniformity as measured by the pressure taps has been found to be
small, and since the repeatability of the measurements is equally small, the primary
contributor to measurement uncertainty for the tunnel empty case is the instrumentation
error.  As discussed in section 2.3.1, this error source is 0.5 kPa (0.08 psi), which
translates to ±0.02 cp and is the total estimated uncertainty for tunnel empty wall pressure
measurements.

The absence of any detectable nonuniformity in the test section flow is consistent
with the wall pressure measurements made using the two upstream pressure taps shown
in Figure 5, which did not show any appreciable difference between them.  The
difference between these two pressure taps was typically 0.07-0.15 kPa (0.01-0.02 psi),
which is less than the approximately 0.5 kPa (0.08 psi) instrument uncertainty of the
pressure transducers.  These observations suggest that the axial location of the measured
value of pw is the only important parameter in locating the position of this measurement;
its lateral distance from the wind tunnel centerline is insignificant.  Strictly speaking,
however, the tunnel nonuniformity pressure measurements have shown only that the
tunnel is symmetric from one side wall to the other and even then only on the centerplane
of the test section.  The consistency of the two upstream pressure taps indicates no
vertical nonuniformity at this position in the test section, which is most relevant to
treatment of values of pw.  While these results are reassuring, it would be a premature
extrapolation to declare that no tunnel asymmetry exists in the pressure field.

4.2 Surface Flow Tracers

The Zyglo fluorescent oil flow tracer was used to provide flow visualization of the
gross surface flowfield features of the jet-in-crossflow interaction.  While the resulting
images are purely qualitative and subject to interpretation, they do highlight the primary
features found on the flat plate surface and can be compared with those generated by
computational efforts.  While such a comparison clearly is not a numerical validation of
the code’s results, it does provide a qualitative assessment for their veracity by
establishing that the simulation can accurately capture the gross flowfield features of the
interaction.  Figure 12 sketches the common features of jet-in-crossflow interactions,
some of which should be detectable by the surface flow tracers.  Both the horseshoe
vortices and the wake vortices are expected to be evident.  While the jet trajectory and
spreading will have an influence on the oil flow patterns, the jet’s counter-rotating vortex
pair will not be directly observable.

Oil flow tracers were employed only on the flat plate surface of the jet-in-crossflow
interaction.  Although the use of this technique within the nozzle would have been
interesting as a means of locating the separation line, this was found to be impractical for
the present experiment.  Useful images could not be photographed within the small
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confines of the nozzle, and furthermore, the oil seemed more prone to running along the
inside nozzle walls following a wind tunnel run than on the flat plate.  Thus no flow
visualization was accomplished inside the nozzle.

Figure 13 displays the surface flow features as highlighted by the Zyglo fluorescent
oil tracer.  Images are presented for seven of the eight sets of flowfield conditions as
detailed in Table 4.  Since the jet exit diameter is 12.7 mm (0.500 inch), this feature can
be used as a dimensional scale in each image.  The general appearance of Figure 13a, for
which the flow conditions most closely agree with those of Chocinski et al.,1 qualitatively
matches their oil flow tracers, lending confidence that the technique is highlighting
appropriate fluid mechanics features.  Repeat runs were conducted only for those
conditions displayed in Figure 13a; the flow structure revealed by the measurement
technique was nearly identical for the repeated images, with differences restricted to
artifacts resulting from a variance in the initial concentration of oil.

Although flowfield structures are distinctly visualized, these images must be
interpreted cautiously, as some effects are products of the diagnostic technique.  This
includes the large disk that dominates all seven images, which results from the use of
different materials for the nozzle hardware and the window blank into which it mounts.
Large build-ups of fluorescent oil prior to a wind tunnel run, such as within the crevice
between the nozzle insert and the tunnel wall, are prone to create conspicuous bright
streaks in regions of the images that have no connection to the fluid dynamics of the jet-
in-crossflow.  A prominent example is obvious in Figure 13c.  Some buildup of oil near
the downstream edge of the jet insert disk also is observed in the images, which is likely
to represent another artifact of the visualization technique.  Scratches seen in the wake of
the jet where it lies outside the nozzle insert disk are remnants of the machining process;
they do not represent anything of significance and in fact are well within the surface
smoothness tolerances of the part.

Some general features can be observed for all seven images spanning the range of M8
and J.  The dark region wrapping around the jet is a horseshoe vortex created by flow
separation and its reattachment line is visualized by the distinct line seen in the near-wake
of the jet.  The brighter region wrapping around this horseshoe vortex is believed to be a
second horseshoe vortex; these dual horseshoe vortices have been observed in
incompressible jets in crossflow.45-48  The horseshoe vortices are observed to increase in
size as either J rises or M8  is increased, although they are sufficiently small at M8 =0.5
that they are scarcely notable.  The dark wedge behind the jet indicates the extent of its
wake.  Visualization of the wake appears to be reliable on the nozzle disk, but may not be
upon the window blank into which it mounts.  As the wake extends over this junction, its
clarity is noticeably diminished due to oil becoming disturbed by the flowlines created at
this mechanical intersection.  The two parts were mated together to excellent tolerances,
producing a flush surface and a small crevice, but apparently the oil flow is sufficiently
sensitive to respond to these small features.  The problem is particularly evident at either
low M8  or J.  Nevertheless, the initial extent of the wake where it remains on the nozzle
disk (and where the pressure drop would be strongest) does not appear to suffer from
such an influence.
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(a)

(b)

Figure 13:  Images of the surface flow features as highlighted by a fluorescent oil tracer.
Data is presented at seven different flowfield conditions as indicated in (a) through (g).
(continued on the following pages)

jet

M8=0.8

J=10.2

jet

M8=0.8

J=8.4



42

(c)

(d)

Figure 13, continued
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Figure 13, continued
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Figure 13, concluded
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Also visible in some of the images are what appear to be the steady-state footprints of
two vertically-oriented wake vortices that are shed from the jet, analogous to vortex
shedding over a cylinder, which were identified by Fric and Roshko.45  Figure 13c
displays them most prominently.  These features quantitatively appear much like those
observed by Krothapalli46 using oil flow tracers on the incompressible flowfield induced
by a slit jet exhausting into a crossflow.  As J increases while M8  remains constant, the
wake vortices appear to move close to the jet exit and shrink in size, but the images do
not present incontestable evidence that these structures adjacent to the jet orifice in
Figures 13a, 13b, and 13d result from the same phenomena as the apparent vortex
footprints in Figure 13c.  However, Kelso et al.48 observed such structures in the
immediate wake of their incompressible flowfield and speculated that they originated
from a horseshoe vortex wrapped around the base of the jet before being turned and lifted
off the surface.  Computational studies have produced similar observations.49,50

Comparable but less distinct structures can be seen at lower Mach numbers in
Figures 13e and 13f.  It is difficult to speculate on the nature of these vortex footprints
using a qualitative measurement technique with essentially no frequency response to
study an inherently unsteady interaction, but it seems likely that they result from either
the wake vortices or liftoff of the horseshoe vortices.

4.3 Flat Plate Surface Pressure Measurements

4.3.1 Initial Measurements

Pressure measurements were first gathered on the flat plate using the flat-plate-
instrumented nozzle mounted in the side-wall position.  A sample of the mean pressure
data is shown in Figure 14.  The results shown are for the nominal condition of M8 =0.8
and J=10.2.  Figure 14a shows the pressure coefficients along a line aligned with the
freestream reaching approximately four jet diameters upstream and downstream.  Figure
14b shows the pressure coefficients along an annulus surrounding the exit orifice of the
nozzle; the 0° angle is referenced to the upstream edge of the jet.  The data shown in
Figure 14a are a combination of two wind tunnel runs, one made with the nozzle rotated
180° to interleave the pressure tap locations and effectively double the measurement
resolution, as described in section 2.3.1 above.  Occasional gaps in the data points are
partly the infrequent result of data discarded due to leaks in the pressure lines and partly
due to having slightly fewer pressure transducers than pressure taps.  These gaps occurred
a sufficient distance away from the jet exit such that the loss in spatial resolution did not
create a problem because the interaction features exhibited only gradual variations.

Figure 14 displays the common features of jet-in-crossflow interactions.  The surface
pressures steadily rise as the crossflow stagnates against the jet exhaust in Figure 14a,
terminating in a sharp pressure rise near the jet where the inner horseshoe vortex wraps
around the base of the plume.  The small drop in pressure just prior to this sharp increase
(located at about x/d=-1) has been documented in supersonic flowfields just upstream of
the bow shock location51,52 and, as in the present case, appears to correspond to the flow
separation that creates the inner horseshoe vortex.  The location of this presumed
separation point approximately coincides with the separation line visualized by the
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   (a)

(b)

Figure 14:  Mean surface pressure coefficients on the flat plate surface for the nominal
flow conditions of M8 =0.8 and J=10.2; (a) along a line aligned with the freestream; (b)
around an annulus surrounding the jet exit, where 0° is referenced to the upstream edge of
the jet.
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surface oil flow tracers in Figure 13a.  Figure 14a also shows a local minimum just
downstream of the jet, which plausibly is related to the near-wake structures (possibly the
steady-state footprint of the wake vortices) observed in Figure 13a.  Figure 14b shows
that the local pressures shift from an elevated stagnation pressure to a wake pressure not
at the side of the jet at 90° but rather, occurs further upstream near 60°.  This is not
obvious from the surface flow tracers in Figure 13a.  Figure 14b additionally shows that
the minimum wake pressure does not occur directly behind the jet at 180° as might be
expected, but actually is found slightly to the sides at 150° and 210°.  The wake structure
visualized in Figure 13a is consistent with this observation.

4.3.2 Uncertainty Analysis

The nominal flow conditions were dup licated in four additional wind tunnel runs
spread out over several days time to assess the repeatability of the measurements.  The
estimated mean variation between these runs for the flat plate surface pressures was
±0.007 cp for most pressure taps and always less than ±0.02 cp (as in the tunnel empty
pressure measurements, found as the 95% confidence interval using Student’s t-
distribution that any given measurement lies within this distance of the mean).  The larger
latter repeatability was found to occur on only two of the 63 pressure taps measured on
the flat plate, and even this value is within the thickness of the lines drawn in Figure 14.
It should be noted that these values are a little smaller than the variations seen within any
one wind tunnel run, indicating that this level of repeatability is consistent with the
known ability to control the experimental parameters.  It also is important to realize that
the precision uncertainties quoted in Table 1 for the measurements of the wind tunnel and
jet conditions are incorporated into the repeatability precision uncertainty of the
measured surface pressures because any fluctuations in these conditions would influence
the surface pressures.

Instrumentation uncertainty will be a factor in the measurement repeatability
determined above, but this is simply the precision error it creates.  The instrumentation
additionally will induce uncertainties from the bias error associated with such
phenomenon as calibration drift, electronic noise, temperature effects, and hysteresis.
For pressure transducers, a reasonable conservative estimate of these effects is 0.25% of
the full-scale measurement.  The PSI ESP transducer modules have a manufacturer’s
quoted uncertainty of 0.1%, but this does not include effects from amplifiers, filters,
cables, etc, so the 0.25% estimate is considered to be sufficiently conservative.  For the
±100 kPa (±15 psi) transducers used in the flat plate measurements, this translates to an
error of at most ±0.03 cp depending upon the chosen flow conditions.  Like the error
induced by experimental repeatability, this is approximately the thickness of the pressure
traces in Figure 14.

Past investigations have indicated that given a constant M8 , the dominant scaling
parameter is J.53-56  This has been confirmed for the present experiment by Figure 15,
which shows the pressure traces for M8 =0.8 with the values of P0j and pw varied over four
different cases to maintain J=10.2.  As can be seen, when normalized properly, the data
collapse.  This is observed for the pressure trace aligned with the freestream direction in
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   (a)

(b)

Figure 15:  Collapse of the mean surface pressure coefficients on the flat plate surface
for M8 =0.8 with P0j and Pw varied to maintain J=10.2; (a) along a line aligned with the
freestream; (b) along a line perpendicular to the freestream; (c) around an annulus
surrounding the jet exit (on following page).
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Figure 15a (i.e., the nozzle insert is oriented to ?=0° and ?=180° for the two interleaved
wind tunnel runs), for the pressure trace perpendicular to the freestream direction in
Figure 15b (i.e., the nozzle insert is oriented to ?=90° and ?=270°), and for the annulus of
pressure taps around the exit orifice in Figure 15c.  Similar results were found for
different values of M8  and J, but are omitted for brevity.  This knowledge can be invoked
to limit the number of different conditions that need to be studied since pressure-
matching similarity can be employed.

A noteworthy characteristic of the pressure trace in Figure 15b is that the undulations
seen in it are constant at the different values of P0j.  Their repeatability indicates that it is
not created by the precision of the instrumentation, which is consistent with the earlier
estimate of the precision uncertainty to be less than the amplitude of these wiggles.  Some
sort of bias error also could contribute to this phenomenon, possibly due to minor leaks in
the pressure tubing or burrs in the pressure taps, but the most likely explanation is that it
results from the interleaving of the taps.  Recall that each pressure trace is formed from
two wind tunnel runs, where for one run the nozzle insert is rotated 180° with respect to
its position in the previous run.  Therefore, once these two runs are assembled into one
pressure trace, any difference between them will create a variation in the pressure trace
with a period equal to the physical spacing of the pressure taps.  It already has been
established that repeatability considerations are not sufficient to induce the observed
amplitude of rippling, so these variations must result from some flowfield nonuniformity
around the axial centerline of the test section.  When the pressure taps are oriented in
their first position, they measure a slightly different flowfield than that seen when rotated
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into their second position.  Upon assembly into a single interleaved pressure trace, the
undulations of Figure 15b are created.  It is not immediately clear whether this
nonuniformity is found in the wind tunnel freestream, the jet insert itself, the
instrumentation, or some combination thereof.

To further investigate the nonuniformity, Figure 16 displays pressure traces acquired
with the nozzle oriented into two different symmetrical positions across the wind tunnel
centerline.  Figure 16a shows the surface pressures on the annulus of pressure taps and
Figure 16b shows the pressures perpendicular to the freestream direction; because the
pressure trace aligned with the freestream direction lies on the wind tunnel’s plane of
symmetry, it is not expected to display any variation with nozzle orientation and is
omitted from this figure.  For this figure, it is necessary to derive the pressure traces from
a single wind tunnel run rather than two interleaved runs to isolate the influence of
nonuniformities.  Each figure also shows a single pressure trace reflected across the line
of symmetry for comparison.  If the flow nonuniformity originates entirely with the wind
tunnel freestream, the pressure trace acquired with a nozzle orientation of ?=0° in Figure
16a should overlap the pressure trace at ?=180° since regardless of the nozzle orientation
the same nonuniform freestream would be measured.  On the other hand, if the
nonuniformity is produced solely by the nozzle insert (either due to a machining
asymmetry in the nozzle contour or the interface between the nozzle’s flat plate surface
and the test section’s window blank), it would rotate with the nozzle orientation;
therefore, mirroring the pressure trace from the nozzle orientation of ?=0° across the
wind tunnel centerline should match the pressures measured at a nozzle orientation of
?=180°.  In the former case, the pressure taps are moved to measure the nonuniformity,
but in the latter case the nonuniformity moves with the pressure taps.  The same argument
can be made with regards to the nozzle orientations of ?=90° and ?=270° in Figure 16b.

Unfortunately, the results of this exercise are not perfectly clear.  Figure 16a shows
only small differences between the three pressure traces, but where differences are
evident, the mirrored ?=0° case is sometimes closer to the ?=0° curve and sometimes
closer to the ?=180° curve.  Similar behavior is seen in Figure 16b.  This suggests that
nonuniformities arise both from the flow through the test section and from the nozzle
itself (or its mounting apparatus).  However, the differences between the curves are rarely
greater than the thickness of the lines.  Recalling that the instrumentation and
repeatability uncertainties are approximately the line thickness, this indicates that the
pressure differences observed in Figure 16 are not sufficiently large to draw any
substantial conclusions concerning the source of the nonuniformity.  The deviations in
the data incurred by this effect have an estimated mean of about ±0.03 cp and rise to a
maximum of ±0.1 cp in regions of greatest variation.  The former value represents the
observed deviation due to nonuniformity for about 95% of the data points, while the
larger latter value is representative of only a few locations.  This is a greater effect than
was observed for the nonuniformity investigation in the tunnel empty measurements.

The nonuniformity investigation captured by Figure 16 should also account for the
presence of leaks in the pressure tubing.  Significant leaks were easily detected during the
rigorous instrumentation checkout since they created spikes in the pressure traces, but
small leaks could plausibly have escaped this process.  However, upon rotating the nozzle
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    (a)

(b)

Figure 16:  Flowfield nonuniformity shown by pressure traces acquired with the nozzle
oriented into two different symmetrical positions across the wind tunnel centerline.  Each
plot also shows a single pressure trace reflected across the line of symmetry for
comparison.  Data is shown: (a) around an annulus surrounding the jet exit; (b) along a
line perpendicular to the freestream.
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insert to place the pressure taps into a different but symmetric position, any pressure tap
containing a leak would be relocated and its former position in the pressure trace then
would be measured by a different (presumably non-leaking) pressure tap.  The variation
between the leaking and non-leaking taps thus would be incorporated into Figure 16 and
the quoted uncertainty estimates include this effect.

As an additional exercise into possible nonuniformity effects, the jet stagnation
chamber was rotated into a different radial position while the nozzle remained oriented at
?=90° such that the two pressure tap rays were perpendicular to the freestream direction.
No discernable change in the flat plate pressures was observed.  The thermocouple within
the jet stagnation chamber is present on only one side of the chamber and thus plausibly
may induce a nonuniformity, but this cannot be the case since rotating the stagnation
chamber had no impact on the data.  A more direct test was conducted where the
thermocouple was removed for two wind tunnel runs, but again, no change in the data
was detected.  Therefore neither the jet settling chamber nor the incoming gas supply
contribute to the flow nonuniformity.

The uncertainty of the measurements presented below is attributable to all of the
above factors.  The repeatability of the measurements was found to have an estimated
mean of ±0.007 cp and no more than ±0.02 cp.  Instrumentation uncertainty from the
pressure transducers has been conservatively estimated as at most ±0.03 cp.  The largest
source of error was found to be nonuniformities in both the wind tunnel flowfield and in
the nozzle itself.  The estimated mean of these errors is ±0.03 cp and has a maximum of
±0.1 cp at a small number of data points.  The total effect of these error sources (root-
sum-square method) is ±0.04 cp with a maximum of ±0.1 cp.  This corresponds to 0.9% of
the full-scale measurement of ±100 kPa (±15 psi) for ±0.04 cp and 2% of full-scale for
±0.1 cp.  In the figures shown throughout this document,  ±0.04 cp is approximately three
times the thickness of the pressure traces and is the most reasonable uncertainty estimate
although a small number of data points may exceed this range and fall within an
uncertainty of ±0.1 cp (approximately 5% of the total data points would be subject to this
larger value).  It is recommended that the ±0.04 cp uncertainty be employed in validation
analysis since it is most generally applicable.  No pretense is made that these uncertainty
estimates are all inclusive; however, these estimates are the best that could be determined
during the present experiment.

4.3.3 Detailed Measurements

Mean surface pressures were measured on the flat plate at a variety of nozzle
orientations for each of the eight sets of flowfield conditions.  This volume of pressure
traces provides a quantitative means of examining the surface features in the near-field of
the jet-in-crossflow interaction and offers the possibility of comparison with numerical
results at many different locations.  Some of these traces were created by interleaving the
data from two separate runs at nozzle orientations 180° apart, while others used only a
single tunnel run.  Uncertainty bars are shown on only a few of the following figures, but
the analysis used above in section 4.3.2 applies to all.
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Figure 17 displays the pressure traces with the nozzle installed at an orientation of
?=0°, which aligns the two rays of pressure taps to the freestream direction of the wind
tunnel.  It actually is composed of two interleaved wind tunnel runs.  Figure 17a shows
the five cases where M8 =0.8 and J is varied and Figure 17b shows the four cases where
J=10.2 and M8  is varied.  The nominal case is shown in both figures, hence nine pressure
traces for only eight sets of flowfield conditions.  A single set of uncertainty bars is
shown in each figure to represent the estimated uncertainty for each data point; this is the
±0.04 cp value determined above in section 4.3.2.

Figures 17 through 27 display the surface pressures at values of ? from 0° to 90° in
increments of 7.5° or 15°.  Most of these figures are similar to Figure 17, in that they
show one plot for M8 =0.8 and a second for J=10.2.  Figures 22 and 24, at ?=37.5° and
?=52.5°, show a single plot containing traces only for three cases, intended to provide
some extra detail on the small decline in pressure seen in the jet’s wake.  No uncertainty
bars are shown for any figure except Figure 17, but they are the same ±0.04 cp value in all
cases.  Interleaved data is provided at ?=0° and ?=90° but only a single wind tunnel run
was conducted for each pressure trace at every other angle.  Although the figures are
labeled with nozzle orientation angles from 0° to 90°, these actually fully cover the entire
360° of the flat plate.  Since rays extend in both directions, 0° to 90° also covers 180° to
270°; employing symmetry arguments across the wind tunnel centerline allows the 0° to
90° wedge to also apply to the 270° to 360° wedge and the 180° to 270° wedge to
additionally apply to 90° to 180°.  Although section 4.3.2 above showed that symmetry
does not perfectly apply, such mild discrepancies have been incorporated into the quoted
uncertainty estimate.  A ray of pressure data extending in the –x direction is aligned in
the 0° to 90° direction since the nozzle installation is determined by this bearing  The
opposite ray of pressure data, in the +x direction, extends in the 180° to 270° direction
although the nozzle orientation remains within 0° to 90° since it has not been physically
reinstalled.  Since the pressure data at ?=0° and ?=90° actually is interleaved from two
different wind tunnel runs, the nozzle was physically installed into two different
orientations despite the manner in which ? is expressed.

Some observations may be made concerning the flowfield features as illuminated by
the surface pressure measurements.  Figure 17a displays the behavior of the mean
pressure coefficients aligned to the freestream direction, as in the initial measurements
shown in Figure 14a, but multiple traces are given here for varying values of J while M8

is held constant at 0.8.  As anticipated, it shows that for increasing J, the size and strength
of the stagnation region and inner horseshoe vortex increases upstream of the plume
while the pressure decrease in the wake grows more extreme.  This behavior is consistent
with the vast body of jet-in-crossflow literature, including both supersonic and
incompressible regimes.  The local drop in pressure in the stagnation region can be seen
to grow larger and move upstream as J is increased.  This is consistent with the surface
flow tracers of Figure 13, which show a larger horseshoe vortex for larger J.  As noted
previously, this pressure dip qualitatively appears to correspond to the separation point
where the inner horseshoe vortex forms.  It is not clear what induces the local minima in
the wake pressures, though it seems likely that it is tied to the presumed wake vortices
that were seen in the surface flow tracers (which alternatively may be explained as the
liftoff location of the horseshoe vortices once they wrap around the jet plume).
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(a)

(b)

Figure 17:  Mean surface pressure coefficients for a nozzle orientation of ?=0°; (a)
varying J while maintaining a constant M8 =0.8; (b) varying M8  while maintaining a
constant J=10.2.
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(a)

(b)

Figure 18:  Mean surface pressure coefficients for a nozzle orientation of ?=7.5°; (a)
varying J while maintaining a constant M8 =0.8; (b) varying M8  while maintaining a
constant J=10.2.
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(a)

(b)

Figure 19:  Mean surface pressure coefficients for a nozzle orientation of ?=15°; (a)
varying J while maintaining a constant M8 =0.8; (b) varying M8  while maintaining a
constant J=10.2.

-3

-2

-1

0

1

-4 -3 -2 -1 0 1 2 3 4
position (x/d)

C
p

M  =0.5
M  =0.6
M  =0.7
M  =0.8

?

?

?

?

J=10.2
?=15°

-3

-2

-1

0

1

-4 -3 -2 -1 0 1 2 3 4
position (x/d)

C
p

J=2.8
J=5.6
J=8.4
J=10.2
J=16.9

M8=0.8
?=15°



57

(a)

(b)

Figure 20:  Mean surface pressure coefficients for a nozzle orientation of ?=22.5°; (a)
varying J while maintaining a constant M8 =0.8; (b) varying M8  while maintaining a
constant J=10.2.
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(a)

(b)

Figure 21:  Mean surface pressure coefficients for a nozzle orientation of ?=30°; (a)
varying J while maintaining a constant M8 =0.8; (b) varying M8  while maintaining a
constant J=10.2.
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Figure 22:  Mean surface pressure coefficients for a nozzle orientation of ?=37.5°; fewer
cases were examined at this value of ?.
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(a)

(b)

Figure 23:  Mean surface pressure coefficients for a nozzle orientation of ?=45°; (a)
varying J while maintaining a constant M8 =0.8; (b) varying M8  while maintaining a
constant J=10.2.
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Figure 24:  Mean surface pressure coefficients for a nozzle orientation of ?=52.5°; fewer
cases were examined at this value of ?.
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(a)

(b)

Figure 25:  Mean surface pressure coefficients for a nozzle orientation of ?=60°; (a)
varying J while maintaining a constant M8 =0.8; (b) varying M8  while maintaining a
constant J=10.2.
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(a)

(b)

Figure 26:  Mean surface pressure coefficients for a nozzle orientation of ?=75°; (a)
varying J while maintaining a constant M8 =0.8; (b) varying M8  while maintaining a
constant J=10.2.
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(a)

(b)

Figure 27:  Mean surface pressure coefficients for a nozzle orientation of ?=90°; (a)
varying J while maintaining a constant M8 =0.8; (b) varying M8  while maintaining a
constant J=10.2.
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(a)

  (b)

Figure 28:  Mean surface pressure coefficients around an annulus surrounding the jet
exit; (a) varying J while maintaining a constant M8 =0.8; (b) varying M8  while
maintaining a constant J=10.2.
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Figure 17b shows the mean pressure coefficients for varying M8  while J is
maintained at 10.2, again with the nozzle aligned to the freestream.  Similar to the
behavior for increasing J, as M8  rises the pressure increase in the stagnation region and
the pressure decline in the wake both increase in magnitude.  For larger M8 , the pressure
dip in the stagnation region associated with the horseshoe vortex moves upstream,
corresponding to the larger horseshoe vortex seen in the matching surface flow tracers in
Figure 13.  This pressure dip cannot be seen for the lowest two Mach numbers, but the
surface flow tracers indicated that the horseshoe vortex is relatively small and weak at
these conditions.  Local minima can be seen in the wake pressures, similar to those seen
in Figure 17a; though such a minimum is not visible for M8 =0.5, the trend of the figure
suggests that it is simply too close to the jet to be measured by the pressure transducers
which are a finite distance away.

As the nozzle orientation is gradually altered from 0° to 90° in Figure 17-27, the
pressure rise along the –x axis as the crossflow approaches the jet is reduced since the
pressure taps are moved out of the stagnation region.  Eventually the measurements
transition to a drop in pressure starting at approximately ?=52.5° or ?=60°, depending
upon the value of J or M8 .  Thus a pressure drop can be seen from the interaction effects
while the pressure taps are still oriented to the upstream half of the jet exit plane, which is
prior to what would typically be considered the wake.  This also was evident in Figure
14b, where it could be observed that the pressure coefficients transitioned from positive
to negative at approximately ?=55°.  While the pressure remains elevated up through
?=52.5° or ?=60°, the small dip in pressure just upstream of the jet appears to remain at
about the same radial distance from the jet exit.  Again, this is consistent with the oil flow
tracers in Figure 13, which show that the horseshoe vortex maintains approximately the
same size until the wake of the jet is reached.  This is additional circumstantial evidence
that this mild drop in pressure just prior to the stagnation of the crossflow corresponds to
the separation point of the largest (darkest, in Figure 13) horseshoe vortex.

Similarly, as ? increases from 0° to 90° in Figures 17 through 27, the pressure drop in
the wake of the jet (which actually is in a direction of 180° to 270° since this is along the
ray of pressure taps in the +x direction) alters its appearance.  The strongest pressure drop
does not necessarily lie in the 180° direction (i.e., directly behind the jet plume), as was
apparent in Figure 14b (and is even clearer in Figure 28 below).  As the nozzle
orientation is rotated from 180°, the lowest observed pressure may actually decrease
further before beginning to rise as ? moves the pressure taps toward the sides of the jet.
The local minima in the wake pressures move to different radial distances from the jet
exit as ? is changed, unlike the minima seen in the stagnation region.  This is consistent
with the supposition that these wake minima are tied to the presence of wake vortices or
the liftoff of the horseshoe vortices, since the surface flow tracers in Figure 13 showed
that the structures in the wake varied significantly with ? whereas the horseshoe vortices
in the stagnation region maintained a relatively constant breadth prior to reattachment in
the wake.

The variation of the pressure coefficients measured by the annulus of pressure taps
surrounding the exit orifice of the nozzle is shown in Figure 28.  As in the previous
figures, Figure 28a shows the changes in the pressure trace as J is varied while M8 =0.8
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and Figure 28b shows pressure traces as M8  is varied while J=10.2.  Each pressure trace
was measured from a single wind tunnel run with the nozzle installed at an orientation of
0°.  Differences in the annular pressures for other nozzle orientations were within the
uncertainties stated in section 4.3.2, of course, since those uncertainties for the flowfield
nonuniformities were derived in part from these measurements at different nozzle
orientations.  As can be seen, the same basic appearance is visible for all cases, but as
either J or M8  is reduced the magnitude of the pressure difference between the stagnation
region and the wake also drops.  However, the undulations in the jet’s wake are different
for each case, which is consistent with the oil flow tracers in Figure 13 showing that the
structure immediately behind the jet exit varied with the flowfield conditions.  The same
phenomena that contributes to this wake structure probably explains the local minima in
the wake pressures in Figures 17 through 27.  In those figures, the local minima in the
wake were found to shift radially as the flowfield conditions were changed; here it is
observed that they similarly shift angularly.

The collection of pressure data in Figures 17 through 28 may be compared directly to
surface pressures predicted by numerical models.  Because the pressure traces shown
here, when used in conjunction with the surface flow tracers in Figure 13, were used to
identify the presence of distinct flowfield structures generated on the flat plate by the
interaction, the validation efforts need not be a simple rote comparison of pressure
coefficients.  A demanding test of any computational model would be to identify similar
structures in such numerical results and verify that they are present in the same locations
as measured here.  Since the current data include such measurements for a variety of
flowfield conditions, trends for alterations in J or M8  can be validated.

The final piece of available data for the flat-plate-instrumented nozzle is the surface
pressures measured by the instrumented window blank while the jet was operating.  This
is the same window blank used for the tunnel empty measurements detailed in section
4.1, which in this case was mounted in the side wall opposite the location of the jet.
Figure 29 displays the resulting surface pressures, where Figure 29a shows the pressure
traces as J is varied while M8 =0.8 and Figure 29b shows pressure traces as M8  is varied
while J=10.2.  Tunnel empty pressure traces are shown as well for reference; these data
are the same as found in Figure 10.  In Figure 29a, only one tunnel empty curve needs to
be shown since all data is with M8 =0.8; Figure 29b includes four tunnel empty curves,
one for each M8  shown.  From the tunnel empty measurements, the uncertainty bounds
for the present data can be estimated as ±0.005 cp including the flowfield nonuniformity
effects.  However, the nonuniformity estimated by the tunnel empty measurements does
not include additional nonuniformities created by the jet plume, so the actual uncertainty
may be higher.  It is unlikely to exceed the ±0.03 cp value found in the near-field of the
jet.  This is too small a value to be shown in the figures.  The effects of the greater tunnel
blockage due to a stronger jet are readily apparent in Figure 29a, where more pressure
drop across the test section occurs for larger values of J.  Note that flow visualization has
shown that the jet does not reach the wall opposite from the flat plate from which it
exhausts,36 so jet impingement cannot be a factor in the pressure distribution on the
window blank.  The larger pressure drop at higher Mach numbers shown in Figure 29b is
due to the additional blockage imposed by the presence of the jet.  Even though the jet
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(a)
(b)

Figure 29:  Mean surface pressure coefficients from the instrumented window blank
located on the side wall opposite the jet position; (a) varying J while maintaining a
constant M8 =0.8; (b) varying M8  while maintaining a constant J=10.2.
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penetration is relatively unvarying while J remains constant at 10.2,36 at higher M8

choking effects are more prevalent.

4.4 Nozzle Wall Surface Pressure Measurements

4.4.1 Initial Measurements

An interesting phenomenon to explore is the possibility of flow separation within the
nozzle itself.  This may occur because the exit pressure of the Mach 3.73 jet will be low
as a result of the large expansion ratio, while the static pressure of the crossflow will
remain relatively large because of the subsonic Mach number of the freestream.
Depending upon the selected nozzle stagnation pressure and freestream static pressure,
the jet may be either underexpanded or overexpanded.  If overexpanded, the backpressure
on the nozzle may be sufficient to create shock-induced separation within the nozzle
itself.  Furthermore, this separation may be highly asymmetric despite the axisymmetric
design of the nozzle, because the pressure will vary around the exit orifice of the nozzle
due to jet-in-crossflow effects.

Studies of nozzle flow separation in free jets are a useful investigative tool for the
behavior in a jet-in-crossflow scenario.  Although the work of both Romine19 and
Schilling10 indicates that a Mach 3.73 free jet is unlikely to experience internal separation
at the nominal operating conditions (case 1), neither analysis accounts for asymmetries in
the backpressure.  The backpressure around the exit plane of the jet will vary due to the
jet-in-crossflow interaction, and this may locally induce internal separation where the
backpressure is higher; i.e., in the stagnation region at the upstream edge of the jet
exhaust.  Furthermore, it is more likely that internal separation will occur as the nozzle
stagnation pressure is reduced from the nominal conditions of P0j=4.96 MPa, which is
analogous to increasing the backpressure, or lowering J, which would occur during the
initiation or termination of a rocket burn.

These possible flow separation effects can be investigated using the nozzle with
internal surface pressure instrumentation.  Although, as discussed previously, these
pressure measurements may experience biases due to the large size of the pressure taps
with respect to the nozzle flow length scales, they should still be useful in identifying the
presence of flow separation.  Flow separation can be identified by a sudden increase in
surface pressure along the nozzle wall, rather than the steady decline in pressure
associated with a nozzle expansion.  Thus, while these pressures are likely to experience
a bias owing to the tap size, it should be possible to identify separation regions based on
changes in the surface pressure even if their magnitude is in error.

The internal surface pressures along a line on the upstream edge of the nozzle are
shown in Figure 30 for seven sets of flowfield conditions.  The axial length l  is measured
from the throat of the nozzle.  This portion of the nozzle flow will exhaust onto the wind
tunnel centerline and will experience the maximum backpressure due to the stagnation of
the freestream against the jet plume (as shown at 0° in Figure 28).  As in previous figures,
two figures are shown, one to display the effects of varying P0j while M∞ remains
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    (a)

(b)

Figure 30:  Mean nozzle internal surface pressures along a line on the nozzle’s upstream
edge; (a) varying J while maintaining a constant M8 =0.8; (b) varying M8  while
maintaining a constant J=10.2.
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constant at 0.8 and the other to show the effects of varying M∞ while J is constant at 10.2.
Case 5, where J=16.9, is not shown because no separation occurs for either case and it is
therefore identical to the nominal conditions of case 1.  Pressure data were combined
from two different wind tunnel runs, one of which rotated the nozzle by 180° to
interleave the pressure taps for greater spatial resolution.  This accounts for the slight
waviness observed in some of the pressure traces, which resulted from a slightly non-
uniform expansion through the nozzle as opposed to run-to-run variations and will be
discussed at length in section 4.4.2 below.

Despite the small nonuniformity due to the pressure tap interleaving, Figure 30 shows
that flow separation is clearly indicated by a distinct rise in surface pressure as the nozzle
exit is approached.  The magnitude of the pressure rise and the length of the separation
zone both increase for decreasing J, which is analogous to raising the backpressure for a
fixed P0j.  Precisely locating the separation point is limited by the poor spatial resolution
offered by the pressure taps in such a small nozzle.  Figure 30 demonstrates that despite
this difficulty and any bias in the pressure measurements due to the relatively large
diameter of the taps, it is possible to identify flow separation within the nozzle.

It is evident in Figure 30 that no separation occurs at the nominal flow conditions of
J=10.2 and M∞=0.8, despite the increase in backpressure above the freestream static
pressure resulting from the jet-in-crossflow interaction.  However, as either J or M∞ is
reduced, separation is observed, where smaller values of J or M∞ produce a larger
separation region and a higher separation pressure.  Reducing M∞ from its nominal value
of 0.8 induces separation despite the constant J=10.2 because the smaller value of M∞

demands a proportionally larger value of pw/pe to maintain the value of J.   Hence, the
backpressure increases sufficiently to induce separation.  The parameter most strongly
controlling the location of the separation point is the pressure ratio P0j/pb, where pb is the
local backpressure, but this value varies around the nozzle perimeter due to the jet-in-
crossflow interaction.  The use of J and M∞ to describe the flowfield is convenient
because it determines the pb distribution.

4.4.2 Uncertainty Analysis

To examine the repeatability of the measurements, the nominal flow conditions were
duplicated in four additional wind tunnel runs with the internally-instrumented nozzle
aligned to the 0° orientation.  The data examined for this analysis were not interleaved
with additional runs in which the nozzle was oriented to 180°; this eliminated the
possibility that nozzle nonuniformity issues would contribute to the repeatability.  The
pressure measurements were found to have an estimated mean repeatability of 2 × 10-5

p/P0j and never more than 4 × 10-5 p/P0j (as before, determined as the 95% confidence
interval using Student’s t-distribution).  The extreme repeatability of these measurements
is because they are given normalized to P0j, which is the only significant parameter in
producing the wall pressure distribution in an unseparated supersonic nozzle when the
nozzle geometry and gas composition remain fixed.  Therefore the variations in P0j that
naturally result from experimental control of the pressure regulator are removed from the
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data.  However, a separated nozzle flow additionally will be dependent on the parameters
governing the crossflowing freestream, since these will determine the backpressure
experienced by the nozzle.  Pressures in the attached region of the nozzle are highly
repeatable as indicated, but the separated pressures will be subject to greater variability.

As is always the case, instrumentation uncertainties will be present in the pressure
transducer measurements.  Because the nozzle wall pressures can rise to as large as 600
kPa (85 psia) at the pressure tap closest to the nozzle throat for the highest pressure
conditions, a ±700 kPa (±100 psi) PSI ESP module was used for the two rays of pressure
taps.  The remaining taps on the annulus near the jet exit (see Figure 7b for a sketch of
the pressure tap locations) were placed on a ±100 kPa (±15 psi) transducer module since
the pressures near the jet exit will be much lower.  Assuming that the total
instrumentation uncertainty resulting from the transducers, amplifiers, filters, cables, etc,
totals 0.25%, the pressure uncertainty for those taps using the ±700 kPa module is at most
±0.005 p/P0j and will be reduced from this value as P0j increases.  Pressure taps
connected to the ±100 kPa module will have an instrumentation uncertainty of at most
±0.001 p/P0j.  These worst-case values occur for the lowest value of P0j tested.

Analogously to the flat plate measurements, it is expected that the separated nozzle
wall pressure distributions will collapse if values of J and M∞ are identical regardless of
alterations in pw or P0j.  To confirm this, pressure data on the nozzle wall were acquired
along the upstream edge of the nozzle wall for three different values of P0j at J=5.6 and
M∞=0.8 and are presented in Figure 31.  At these flowfield conditions, the nozzle flow is
separated and thus P0j alone is insufficient to collapse the nozzle wall pressures; J and M∞

are additionally required to ascertain the backpressure.  As did the earlier flat plate
pressure measurements, the nozzle wall pressures collapse for identical values of J and
M∞.

Flowfield nonuniformities may be present in the nozzle flow in similar fashion to the
nonuniformity discovered on the flat plate.  The waviness in the nozzle expansion
pressure traces evident in Figure 30 suggests that this is indeed the case, where the
interleaving of data from two nozzle orientations 180° opposed creates a similar effect to
the undulations seen on the flat plate in Figure 16b.  To investigate further, Figure 32
shows pressure traces at four different nozzle installation angles, denoted by ?, each
acquired with the nominal flowfield conditions for which no nozzle flow separation
occurs.  Data from the two different rays of pressure taps are shown independently rather
than interleaving them as in Figure 30.  One ray is termed the uniform ray and the other is
the staggered ray.  The uniform ray, as its name indicates, is the ray of eight equally
spaced pressure taps, shown on the right in Figure 7b.  The staggered ray, shown on the
left in Figure 7b, is offset from the uniform ray by one-half a tap spacing.  The figure
very clearly shows that all pressure measurements acquired with the uniform ray overlie
one another while all those measurements acquired with the staggered ray form their own
pressure trace.  This is true regardless of the selection of the nozzle installation angle.
From this information, it is straightforward to conclude that the nonuniformity is created
by the nozzle itself and does not result from the crossflow into which it exhausts.  Neither
is the nonuniformity produced by the jet stagnation chamber or its gas supply, since
neither the crossflow nor the stagnation chamber rotate with the nozzle.
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Figure 31:  Collapse of the mean surface pressure coefficients along the upstream edge
of the nozzle wall for a separated nozzle flow where M8 =0.8 with P0j and Pw varied to
maintain J=5.6.

Figure 32:  Nonuniformity of the nozzle flow as shown by mean wall surface pressures
along the two rays of pressure taps, one termed the uniform ray and one the staggered
ray.  Data are shown for four different nozzle installation angles.
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Figure 33 provides further evidence that this is the case by displaying the pressures
measured with the annulus of taps near the nozzle exit plane.  They are shown for four
different nozzle installation angles.  Regardless of nozzle orientation, the pressures are
not significantly different.  This is consistent with Figure 32, which showed appreciable
nonuniformities prior to the exit plane of the nozzle, but the uniform and staggered rays
of pressure taps converged to a single consistent pressure value near the nozzle exit.
However, Figure 33 does have one distinct data point that is larger than the rest, which
rotates with the nozzle and appears in the figure at every 90°.  This mild discrepancy is,
like the nonuniform expansion displayed in Figure 32, inherent to the nozzle and not the
crossflow or the jet stagnation chamber.  A burr in the pressure tap or a bias in the
transducer is the most likely explanation for this single outlier.

The jet also was run in free jet mode, in which the wind tunnel was not operating.
This provided a backpressure equivalent to approximately 83 kPa (12.1 psia), the
atmospheric pressure in the laboratory, which was not sufficient to induce separation.
The recorded pressures were found to be, as should certainly be the case, identical to the
unseparated data shown in Figures 32 and 33 and thus are not shown in any additional
figure.

The preceding data demonstrate that the nozzle expansion is somewhat nonuniform
and that this nonuniformity is caused by the nozzle itself and not the crossflow or the jet
stagnation chamber.  When the nozzle was rotated 180°, this nonuniformity rotated 180°
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as well, so each of the two lines of taps measured slightly different pressure distributions
regardless of rotational position.  This created the waviness to the interleaved data shown
in Figure 30.  Unfortunately it is not possible to provide data on the nature of the
nonuniform expansion at angles other than 0° and 180° since pressure taps are found only
at these positions.  Furthermore, this nonuniformity strictly applies only to the internally-
instrumented nozzle; any nonuniformity in the expansion may be different for the flat-
plate-instrumented and the uninstrumented nozzles, depending upon the source of the
nonuniformity and its consistency from one nozzle to another.  The magnitude of the
nonuniformity shown in Figures 32 and 33 will be assumed to be characteristic of any
nozzle since no other means of assessing this uncertainty is available.

The simplest explanation for the nonuniformity found in the expansion of the nozzle
flow is to ascribe it to machining tolerances in the nozzle; it cannot result from the
mounting plate into which it is secured because the pressure traces for an unseparated
flow in a supersonic nozzle would not be influenced by a non-normal installation into the
flat plate.  Neither does the jet stagnation chamber or the incident piping contribute since
these items do not rotate with the nozzle and its nonuniform flow.  However, fabrication
of the nozzle contour is an unlikely culprit because the nozzles were inspected following
machining and were found to be within tolerances, which were not sufficiently large to
induce the observed nonuniformity.  It is conceivable that once bolted into position and
placed under pressure, the nozzle may deform to create the nonuniform expansion, but
this seems implausible since the nonuniformity was identical after the nozzle was
removed and reinstalled.  Furthermore, since the nozzle is fabricated from the
exceptionally strong 15-5PH stainless steel, significant deformation is improbable.  It
also is unlikely that biases in the transducers or the pressure taps create this problem
since the pressure traces are quite uniform rather than exhibiting any tap-to-tap
variability.  Both rays of pressure taps were measured by the same ESP transducer
module and hence referenced to the same pressure.  One remaining possibility is that one
of the pressure taps nearer the throat, or perhaps some other imperfection in the nozzle
surface, induces a perturbation into the nozzle expansion.  A small difference between the
two rays of pressure taps could create the nonuniformity; in fact, the staggering of one
row with respect to the other might be sufficient difference to perturb the nozzle flow
differently and hence account for the nonuniformity seen in Figure 32.  Moulden et al.’s
study41 provides some precedent for this.  (Note that a similar argument cannot be used to
explain the nonuniformity found on the flat plate, because in Figure 16b each flow
streamline passes over only one pressure tap whereas in the nozzle a streamline passes
over an entire row of pressure taps and hence can carry a perturbation caused by one tap
to the measurement made by another tap.)

For the purposes of understanding the uncertainty created by the nonuniform
expansion through the nozzle, a quantitative value must be derived from the data found in
Figures 32 and 33.  The best estimate possible, given the limited quantity of data around
the nozzle perimeter, is to calculate the difference between the uniform ray and the
staggered ray and to use this as the expected nonuniformity error.  The largest error
occurs closest to the nozzle throat, where the discrepancy between the two pressure traces
is ±0.008 p/P0j.  Near the exit plane, this value drops to below ±0.001 p/P0j.  From Figure
30, it is apparent that flow separation occurs solely downstream of l /l 0=0.5 for all tested
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conditions; in this region the nonuniformity error is never larger than ±0.002 p/P0j.
Which of these values is to be used for an uncertainty estimate should depend upon
which pressure tap is considered.

Finally, in addition to the uncertainties discussed thus far in this section, a significant
bias may be superimposed due to the large size of the pressure taps with respect to the
scale of the nozzle boundary layer passing over it.  This was discussed at some length in
section 2.3.1, where it was determined that biases induced by the nozzle wall curvature
and the velocity gradient are likely to present a significant difficulty only near the nozzle
throat.  The bias due to the pressure tap size remains, however, and was estimated to be
no larger than ±0.01 p/P0j.  This estimate was extrapolated from limited information and,
although it is the best possible value that can be offered, the actual pressure uncertainty
may be substantially larger or smaller than this.  As was stressed in the discussion of this
error source in section 2.3.1, this bias error applies to measurement of the pressure
magnitude but should not influence the determination of the separation point.  Figure 30
clearly shows that a large rise in the wall pressure is observed where separation occurs.
Any bias due to the pressure tap size would be superimposed upon this pressure rise, but
the separation point is still easily determined.  A much greater limitation results from the
spatial resolution of the pressure measurements, since only a few pressure taps could be
fit into such a small nozzle.  This concern is discussed in section 4.4.3 below.

The total uncertainty estimate for the pressure measurements gathered within the
nozzle results from the flow nonuniformity, the pressure tap size, and the instrumentation
uncertainty.  The repeatability of the measurements is three orders of magnitude smaller
and can be safely ignored.  The combination of errors yields a total worst-case estimate of
the uncertainty in the pressure measurements as ±0.014 p/P0j.  This value is dominated by
the estimate for the bias error induced by the pressure tap size, which is an admittedly
imprecise prediction.  However, even if this error were actually an order of magnitude
less, the remaining uncertainty would total ±0.009 p/P0j, still a substantial value.  The
uncertainty in the determination of the separation point is governed by the spatial
resolution of the pressure taps and is discussed at length in section 4.4.3 below.

4.4.3 Detailed Measurements

Figure 30 established the maximum level of nozzle flow separation for each set of
flowfield conditions, because the data shown were acquired with the nozzle oriented to
?=0° where the backpressure is highest due to stagnation of the crossflow against the jet
plume.  Separation was observed for every case except the nominal conditions of J=10.2
and M8 =0.8; therefore the nominal case need not be tested further since its pressure
distribution is simply that of the nozzle expansion.  For the remaining conditions, the
asymmetry of the nozzle flow separation needs to be explored.

To determine the variation of the separation point around the perimeter of the nozzle
as the backpressure changes due to the jet-in-crossflow interaction, the azimuthal angle of
the pressure taps was adjusted from one wind tunnel run to the next.  Pressure traces at
different angles within the nozzle are shown in Figure 34 for the six sets of flowfield



77

conditions for which separation occurs.  Data are given for only one half of the nozzle
since symmetry arguments apply (the nonuniformity on the flat plate is too minor to
measureably influence the nozzle separation).  For each of the six plots, all but one of the
curves corresponding to angles for which no separation is visible are removed to avoid
redundancy.  Figure 34a displays a sample set of uncertainty bars corresponding to the
±0.014 p/P0j value estimated above.  Since this uncertainty is dominated by biases
superimposed on the entire pressure curve, it does not invalidate the separation seen near
the exit, but instead simply questions the given magnitude of these separation pressures.

The backpressure experienced by the nozzle is given most closely by the pressure
measurements in Figure 28, which were made on the flat plate by the annulus of pressure
taps surrounding the nozzle exit.  As would be expected based upon these backpressures,
the largest amount of separation is found at the upstream edge of the nozzle with the
separation point moving closer to the nozzle exit as the measurements are moved towards
the sides of the nozzle.  The J=5.6 case in Figure 34b exhibits a larger separation region
at the leading edge of the nozzle than does J=8.3 in Figure 34a because it has a smaller
nozzle pressure ratio.  The nozzle pressure ratio is even smaller for the J=2.8 case shown
in the rather crowded Figure 34c, which exhibits separation around its entire perimeter
and reaches almost halfway back to the throat at its maximum.  Similarly, the degree of
separation at J=10.2 increases as M∞ is lowered, attaining separation around the entire
nozzle for the lowest value of M∞.

Figure 34 exhibits the limitations in the spatial resolution of determining the
separation point due to the small size of the nozzle, and hence the minimum distance at
which pressure taps could be spaced.  This is particularly clear in Figure 34e, where the
flow is observed to be separated from ?=0° to ?=75° but no distinction can be made in the
separation point because separation at each of those angles occurs between the same pair
of pressure taps.  Unless a substantial variation occurs in the separation point, such as in
Figure 34c, the instrumentation is unable to provide much spatial detail.

The exit pressures shown in the highly separated case of Figure 34c exhibit a
somewhat different trend at the downstream edge of the jet than around the rest of the jet
perimeter.  As the measurements move from the upstream edge of the jet at ?=0° towards
the rear, the separation point consistently moves towards the jet exit and the pressure at
the exit (the value at l/l 0=0.936) falls as well.  This is consistent with the backpressures
displayed in Figure 28a.  However, the pressure trace at the downstream edge, ?=180°,
shows a larger pressure than those shown at ?=165° through ?=120°; similarly, the exit
pressure at ?=165° is slightly higher than that at ?=150°.  Analogous behavior is shown
by the ?=180° and ?=165° pressure traces in Figure 34f.  For the other four cases, the exit
pressures monotonically fall from the upstream edge of the jet to the end of the separation
region; it is only for the completely separated cases that a disruption to this trend is
observed.

The explanation lies in the backpressure traces of Figure 28.  For the case J=2.8 and
M∞=0.8 and the case J=10.2 and M∞=0.5, both of which create the completely separated
cases respectively shown in Figures 34c and 34f, strong undulations in the backpressure
are seen in the wake of the jet.  This local increase in backpressure presumably induces
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    (a)

(b)

Figure 34:  Mean nozzle internal surface pressures at different angles about the nozzle’s
perimeter.  All but one of the curves corresponding to angles for which no separation is
visible are removed to avoid redundancy.  Plots are shown for each of six sets of
flowfield conditions in (a) through (f).  The upstream edge of the jet is located at 0°.
(continued on the following pages)
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(c)

(d)

Figure 34, continued
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(e)

(f)

Figure 34, concluded
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(a)

(b)

Figure 35:  Flow separation lines within the jet nozzle determined from the mean surface
pressure data shown in Figure 34.  The horizontal dashed lines represent the limits of the
spatial resolution created by the pressure tap spacing.  (a) varying J while maintaining a
constant M8 =0.8; (b) varying M8  while maintaining a constant J=10.2.  The upstream
edge of the jet is located at 0°.

0.5

0.6

0.7

0.8

0.9

1

-180 -135 -90 -45 0 45 90 135 180
angle (deg)

l s
ep

/l
0

J=8.3

J=5.6

J=2.8

M? =0.8

0.5

0.6

0.7

0.8

0.9

1

-180 -135 -90 -45 0 45 90 135 180
angle (deg)

l s
ep

/l
0

M  =0.7

M  =0.6

M  =0.5

J=10.2

8

8

8



82

the higher exit pressures observed in Figures 34c and 34f.  A corresponding movement of
the separation point closer to the nozzle throat is anticipated, but probably cannot be
detected by the limited spatial resolution of the pressure taps.  This wake structure in the
backpressure seen in Figure 28 also is visible at J=10.2 and M∞=0.6, but the spatial
resolution limits in Figure 34e probably prevent its influence from becoming evident.

A simpler method is needed to envision the shape of the separation line along the
nozzle wall.  One way to accomplish this is to determine the separation point from each
of the pressure curves seen in Figure 34 and then to assemble them into a trace of the
separation line as though the nozzle wall had been laid out flat.  This is done in Figure 35
for all six cases shown in Figure 34, where Figure 35a displays the inferred separation
line for cases where M∞=0.8 and J is varied, and Figure 35b shows the separation line for
J=10.2 and M∞ varied.  The separation point was defined as the location midway between
those pressure taps where the pressure was observed to rise above the value associated
with the nominal unseparated expansion.  For virtually all data points, the separation
pressure was found to be strongly in excess of the precision uncertainty of the pressure
measurement, which made determining the separation point quite dependable.  The
horizontal dashed lines in Figure 35 represent the limits of the spatial resolution due to
the distance between pressure taps.  The actual separation point could occur anywhere
between the two dashed lines bracketing each plotted separation point.  Flowfield
symmetry was invoked to reflect the data about the wind tunnel centerline and thus trace
the separation line around the entire nozzle perimeter.  The analysis gleaned from Figures
16, 32, and 33 provides an experimental verification of flowfield symmetry.

Displaying the nozzle flow separation data in the manner of Figure 35 provides a
much clearer picture of the shape of the separation line since the clutter of Figure 34 is
removed.  The limitations of the spatial resolution of the pressure taps are dramatically
highlighted by the coarseness of Figure 35.  However, a reasonable representation of the
shape of the separation line is displayed.  These data probably should be considered more
reliable than the pressure data that spawned them, since the pressure data is subject to
vague uncertainties such as the pressure tap size bias discussed in section 4.4.2 whereas
the separation data shown in Figure 35 is subject simply to the clear uncertainty range of
the spatial resolution.  Therefore, a more confident validation of numerical simulations
may be made by comparing the shape of the separation line rather than the actual
pressures.

4.5 Pressure Measurements on the Top Wall of the Test Section

To this point, all pressure measurements have been gathered with the nozzle mounted
on one side wall of the wind tunnel.  This is because ease of access to the pressure
instrumentation is much greater on the side wall and it was found to be prohibitively
difficult to conduct a large volume of pressure measurements with the nozzle mounted on
the top wall.  However, it is useful to make a small set of pressure measurements in the
top-wall configuration to compare with those from the side wall.  This activity cannot be
said to be a true investigation of the tunnel nonuniformity since the boundary layer is
known to be approximately 10% thinner on the top wall as compared with the side wall,
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as noted in section 3.0.  Thus measurements are conducted in a slightly different
flowfield.  Nevertheless, a comparison of one set of pressures to the other allows for a
sensitivity study of the effects of small changes in the boundary layer.  These
measurements are additionally useful because optical flow measurements, such as the
schlieren photographs reported in Reference 36 or forthcoming laser-based diagnostics,
must be acquired with the nozzle installed into the top wall such that it is properly aligned
with the windows.  Thus a direct comparison between such optical data and the pressure
data presented thus far in this document is not possible; the acquisition of a limited set of
pressure measurements on the top wall will help to bridge this gap.

The primary experimental conditions for the top-wall measurements are given in
Tables 5 and 6, where Table 5 shows the values acquired when using the flat-plate-
instrumented nozzle and Table 6 shows the values using the internally-instrumented
nozzle.  No precision uncertainties are provided because at most three wind tunnel runs
were conducted for any one case.  Note that case 2, J=8.4 and M∞=0.8, had runs
conducted for ?=0° but not ?=90° or ?=270° with the flat-plate-instrumented nozzle.
Case 5 was omitted from the internal measurements, as it was for the side-wall internal
measurements in section 4.4, because no separation is observed for this case and the
normalized results are identical to case 1.

The top-wall runs were conducted with the same fundamental values as in previous
runs without accounting for the slight alteration in flowfield; that is, parameters such as
P0 and P0j were constant rather than J and M∞.  Since the jet penetration was slightly
different, J was altered, which, for some flowfield conditions, changed the choking of the
wind tunnel and thus shifted M∞.  For the thinner boundary layer on the top wall, it is
anticipated that the jet penetration would be greater and hence J would be higher and M∞

lower.  This is in fact what Tables 5 and 6 show, although the decrease in M∞ scarcely
exceeds the precision uncertainties found in Table 1.

4.5.1 Flat Plate Measurements

Figure 36 shows pressure measurements gathered with the flat-plate-instrumented
nozzle aligned at a nozzle orientation of ?=0°.  These data consist of a single wind tunnel
run per condition rather than interleaving data from two runs with the nozzle 180°
opposed.  As previously, the runs for varying J and constant M∞ are shown in Figure 36a
and the runs for varying M∞ and constant J are shown in Figure 36b.  The figures
additionally show the analogous data from the side-wall measurements of Figure 17,
which are displayed as dashed black lines alongside the colored lines representing the
current top-wall data.  It is readily apparent that no significant difference exists between
the top-wall and the side-wall pressure traces, since the black dashed lines for the side-
wall measurements typically overlie their colored top-wall counterparts.  Certainly
whatever small differences are present remain within the uncertainty bounds displayed in
Figure 36a (which are derived from the analysis in section 4.3.2 above).

Data acquired at ?=90° are shown in Figure 37.  These data are interleaved from wind
tunnel runs at ?=90° and ?=270°, which returns the waviness to the pressure traces first
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    (a)

(b)

Figure 36:  Mean surface pressure coefficients with the nozzle mounted on the wind
tunnel top wall at an orientation of ?=0°.  The black dashed lines represent the previous
side-wall pressure measurements.  (a) varying J while maintaining a constant M8 =0.8; (b)
varying M8  while maintaining a constant J=10.2.
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(a)

(b)

Figure 37:  Mean surface pressure coefficients with the nozzle mounted on the wind
tunnel top wall at an orientation of ?=90°.  The black dashed lines represent the previous
side-wall pressure measurements.  (a) varying J while maintaining a constant M8 =0.8; (b)
varying M8  while maintaining a constant J=10.2.
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(a)

(b)

Figure 38:  Mean surface pressure coefficients around an annulus surrounding the jet exit
with the nozzle mounted on the wind tunnel top wall.  The black dashed lines represent
the previous side-wall pressure measurements.  (a) varying J while maintaining a
constant M8 =0.8; (b) varying M8  while maintaining a constant J=10.2.
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(a)

(b)

Figure 39:  Mean surface pressure coefficients from the side-wall instrumented window
blank with the jet mounted on the top wall.  The thinner dashed lines show the data where
the jet was mounted on the side wall, first shown in Figure 29.  (a) varying J while
maintaining a constant M8 =0.8; (b) varying M8  while maintaining a constant J=10.2.
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seen in Figure 15.  As in Figure 36, the matching side-wall pressure measurements are
shown as black dashed lines, and again these are not appreciably different from the top-
wall pressures.  Since the undulations in the new traces are similar in magnitude to those
shown in Figure 15, and analyzed more closely in Figure 16b, this indicates that any
contribution by a freestream nonuniformity is no stronger on the top wall than on the side
wall.  The contribution due to the flat plate nozzle insert is, of course, identical since the
same nozzle is used.

Figure 38 shows the pressures on an annulus surrounding the jet exit, again with the
side-wall measurements displayed alongside.  This figure contains the only pressure
difference between the top wall and the side wall that exceeds the measurement
uncertainty.  At flowfield conditions of J=10.2 and M∞=0.5, the top-wall measurements
are about 0.15 cp lower than for the side wall in the vicinity of ?=225°.  Insufficient data
has been taken to substantiate that this is a result of a difference in the crossflow, but it
has been shown to be repeatable rather than a single anomalous occurrence.

The wind tunnel side-wall pressures acquired using the instrumented window blank
are shown in Figure 39 for the top-wall mounted jet.  This is actually a different
configuration than for the side-wall mounted jet, since the jet has now been moved to the
top wall while the window blank remains in the same location.  When the jet was
mounted in the side wall, the window blank was positioned opposite it; now, it is
positioned to one side of the jet (see Figure 5) because the jet is now located on the top
wall and the window blank has not moved.  The difference that this produces in the
pressure distribution is evident in comparing the solid lines representing the top-wall
mounted jet with the thinner dashed lines that reproduce the side-wall jet data first shown
in Figure 29.  Since Figures 36-38 indicate that the pressure field near the jet is
essentially the same on the top wall as on the side wall, it is probably acceptable to regard
the measurements in Figure 39 as accurate for the jet’s relative side wall regardless of
which wall into which the jet actually is mounted.  That is, when the jet is mounted in the
side wall, the data on Figure 39 would represent the pressure distribution found on the top
wall or bottom wall of the wind tunnel.

With the exception of the region near ?=225° for the J=10.2 and M∞=0.5 flow
conditions in Figure 38b (and the instrumented window blank measurements, which were
expected to differ), the pressure measurements with the jet mounted on the wind tunnel
top wall are not significantly different that those with the jet mounted on the wind tunnel
side wall.  It is not definitive what is the source of this one exception, though a wind
tunnel flow nonuniformity seems most plausible.  Despite this lone discrepancy, the data
indicate that the small alteration in the flowfield due to relocating the jet from the side
wall to the top wall does not appreciably influence the measurements.  This suggests that
the data detailed in this report, the vast majority of which was acquired with the jet
mounted in the side-wall position, is compatible with data acquired where the jet was
mounted on the top wall, such as the schlieren measurements of Reference 36 or
forthcoming laser diagnostics.  However, while the present data supports such a concept,
it is somewhat of an extrapolation because only pressure data have been examined and
because the available data is only within the near-field of the jet.  Other measurements
could exhibit appreciable differences between the top-wall and side-wall jet interactions,
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such as jet penetration into the freestream or far-field effects such as the location of the
induced vortex pair.

4.5.2 Nozzle Wall Measurements

To provide additional evidence that the jet-in-crossflow interaction on the wind
tunnel top wall is substantially the same as that on the side wall, the internally-
instrumented nozzle was used to provide top-wall data.  For unseparated cases, the data
should be precisely identical since the pressure distribution inside the nozzle is not
influenced by the crossflow, but instead results only from the nozzle nonuniformities
found in section 4.4.2.  This was confirmed experimentally for the top-wall mounting
location, which provides further evidence that the piping to the settling chamber does not
create the nonuniformities seen in Figure 32.

Figure 40 shows the nozzle wall surface pressures along a line on the upstream edge
of the nozzle, analogous to the side-wall data shown in Figure 30.  The black dashed lines
included in Figure 40 represent the side-wall data from Figure 30 and thus provide a
comparison between the top-wall and side-wall pressure traces.  As in previous figures,
two figures are shown, one to display the effects of varying P0j while M∞ remains
constant at 0.8 and the other to show the effects of varying M∞ while J is constant at 10.2.
The figures show clearly that only for the two highly separated cases (J=2.8 and M∞=0.8
in Figure 40a and J=10.2 and M∞=0.5 in Figure 40b) can an appreciable difference be
seen between the top-wall and side-wall pressures, and even here the variation is small.
The differences are no larger than those seen in Figure 31 where the collapse with J was
identified, which are well within the uncertainties established in section 4.4.2 above.
Therefore, Figure 40 supports the conclusions of section 4.5.1 that the interaction
produced by the top-wall mounted jet is not appreciably different from the interaction on
the side wall.
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(a)

(b)

Figure 40:  Mean nozzle internal surface pressures along a line on the nozzle’s upstream
edge with the nozzle mounted on the wind tunnel top wall.  The black dashed lines
represent the previous side-wall pressure measurements.  (a) varying J while maintaining
a constant M8 =0.8; (b) varying M8  while maintaining a constant J=10.2.

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.2 0.4 0.6 0.8 1
l /l 0

p
/P

0j

J=10.2
J=8.4

J=5.6

J=2.8

M8 =0.8

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.2 0.4 0.6 0.8 1

l /l 0

p
/P

0j

M  =0.8

M  =0.7

M  =0.6
M  =0.5

J=10.2

?

?

?

?



91

5  Summary and Conclusions

The present investigation has examined the flowfield structure of an axisymmetric
Mach 3.73 jet exhausting transversely from a flat plate into a subsonic compressible
freestream.  Experiments were conducted in a solid-wall, near-sonic test section using
one wind tunnel wall as the flat plate from which the jet issued, which was determined to
be a favorable configuration for quantitative comparison to computational simulations.
Since the data are intended for use in validating computational models, attention is paid
to providing details regarding the experimental geometry, boundary conditions, flowfield
nonuniformities, and uncertainty analyses.  Eight different sets of data are provided,
covering a range of values of the jet-to-freestream dynamic pressure ratio and the
freestream Mach number.  Data include images of the mean surface flow features as
identified by employing an oil-based flow tracer and a large volume of surface pressure
coefficients measured on the both on the flat plate and on the nozzle internal wall.

The following conclusions can be drawn from the data:

• Wall surface pressure measurements were conducted in an empty wind tunnel (i.e., no
jet exhausting into it) to provide baseline data with which a computation’s ability to
simulate the wind tunnel itself may be validated.  The repeatability of these
measurements was excellent and no substantial wind tunnel nonuniformity was
identified through these data.

• Surface oil flow tracers provided qualitative images that show the locations of
horseshoe vortices, reattachment lines, wake extent, and wake vortices.  These
observations provide a means by which to seek an approximate match with coherent
structures predicted by computations.

• Mean surface pressure measurements on the flat plate from which the jet exhausts
were gathered around the entire periphery of the jet to a radial extent of about four jet
diameters.  These data allow a quantitative comparison to computational results, and
additionally identify features that are consistent with those visualized by the oil flow
tracers.

• A mild flow nonuniformity was located using the flat plate pressure measurements,
which appeared to result from both the flow through the test section and the jet plume
itself.  The latter source alternatively may be due to machining tolerances in the flat
plate surface near the jet rather than the jet nozzle itself.  Neither the jet settling
chamber nor the incoming gas supply contribute to the flow nonuniformity.  Although
the nonuniformity was found to be the greatest source of uncertainty, the total
uncertainty of the flat plate measurements remained small.

• A distinct flowfield nonuniformity was found in the surface pressures along the jet
nozzle internal wall.  This nonuniformity is created by the nozzle itself and not the
crossflow into which it exhausts or the jet stagnation chamber or gas supply.
Therefore the supersonic expansion through the nozzle is somewhat nonuniform.
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• A substantial bias in the nozzle wall pressure measurements may be created by the
large size of the pressure taps with respect to the small nozzle dimensions.  Although
estimating the magnitude of this bias is difficult, it appears to be strongest near the
nozzle throat and may remain a significant contributor to the pressure uncertainties
nearer the nozzle exit.  However, this bias does not inhibit the ability to detect nozzle
flow separation since separation is characterized by a distinct pressure rise regardless
of the bias superimposed upon it.

• Although the wind tunnel boundary layer thickness is about 10% smaller on the top
wall than on a side wall, no appreciable difference has been found in the jet-in-
crossflow interaction produced on the top wall as compared to that produced on a side
wall.  This suggests that optically-based data acquired using the top-wall
configuration in other studies are fully compatible with the predominant side-wall
pressure data provided in the present study.

• The present study has confirmed that for a given value of the freestream Mach
number M8 , the data collapse with the jet-to-freestream dynamic pressure ratio J.
This knowledge can be used to limit the number of computational cases that need to
be validated.

• Both the pressure measurements and the surface flow tracers show that as either J or
M8  is increased, the size of the horseshoe vortex system increases, as does the extent
of the jet’s wake.  The pressure increase in the stagnation region at the leading edge
of the jet and the pressure drop in the wake become stronger as J or M8  increase.  The
structure of the wake vortices is complex and shifts greatly with the flow conditions.

• Surface pressure data acquired on the nozzle wall have shown that nozzle flow
separation does occur under flowfield conditions that may be found on flight vehicles.
Furthermore, the axially asymmetric nature of the separation has been identified,
which results from the angular variation in the backpressure on the nozzle generated
by the jet’s interaction with the freestream.  As either J or M∞ is reduced, the size of
the separated flow region becomes larger because the backpressure on the nozzle is
increased.

• Surface pressures also were recorded along the centerline of the wall opposite the jet
and on one wall adjacent to the jet to provide data on the pressure drop induced in the
solid-wall test section by the presence of the jet.
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