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Flow Separation Inside a Supersonic Nozzle Exhausting
into a Subsonic Compressible Crossflow

S.J. Beresh,*J. F. Henﬂing,T and R. J. Erven®
Sandia National Laboratories, Albuquerque, New Mexico 87185

Surface pressure data have been acquired along the nozzle wall and surrounding the exit plane for an ax-
isymmetric supersonic jet exhausting transversely from a flat plate into a subsonic compressible crossflow. These
measurements have shown that the backpressure is sufficient to instigate nozzle flow separation under flowfield
conditions that may be found in flight. The separation line has been found to be axially asymmetric, which results
from the angular variation in the backpressure on the nozzle generated by the jet’s interaction with the freestream.
As either the jet-to-freestream momentum ratio or the crossflow freestream Mach number is independently re-
duced, the size of the separated flow region becomes larger because the backpressure on the nozzle is increased
relative to the jet stagnation pressure. Schlieren imaging is consistent with these observations and provides further
elucidation of the resulting jet shock wave structure. Comparison of the data to correlations derived from freejet
separation data is possible by employment of these predictions in a piecewise fashion around the perimeter of the

nozzle.
Nomenclature
J = jet-to-freestreamdynamic pressure ratio,
(ypM2)/(ypu M)
L = nozzle axial position measured from throat
lep = nozzle flow separation point
£ = nozzle expansionlength
M, = nominal jet exit Mach number
M, = freestream Mach number
Py, = freestreamstagnation pressure
Py; = jetstagnation pressure
P = pressure
p» = backpressureon the jet
p. = nominal perfectly expanded jet exit pressure
P, = nozzle wall pressure
ps = separation pressure inside the jet nozzle
pw = freestream static wall pressure, measured upstream
of the jet interaction
Ty, = {freestream stagnationtemperature
To; = jetstagnationtemperature
y = specific heat ratio

Introduction

F the backpressure placed on a supersonic nozzle is sufficiently

large compared to the jet exit pressure,shock-inducedseparation
will occur within the nozzle itself. When a jet is exhausted into a
crossflow, the backpressure will vary around the exit orifice of the
jetdue to the pressurerise induced by stagnationat the leading edge
of the jet and the decrease in pressure in its wake. If nozzle flow
separationis present, this varying backpressure could create a simi-
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lar azimuthal variationin the separationline; hence, the exiting flow
may be strongly nonuniform despite the axisymmetric geometry of
the nozzle.

Such axially asymmetric nozzle flow separation may have sig-
nificant performance implications for vehicles employing jets for
roll or attitude control at altitudes where the backpressure is suf-
ficiently large. Although symmetric separation often increases the
thrust of a nozzle by essentially redefining its geometry to reduce
the overexpansionand improve the thrust efficiency,! it is conceiv-
able that nonuniformseparation will redirect the mean thrust vector
produced by the nozzle. This would be consistent with the side
loads that have been observed when separation is nonuniformin an
axisymmetric nozzle during startup or shutdown transients.! Fur-
thermore, the counter-rotating vortex pair that dominates the far
field of the jet interaction may be altered. Given that the devel-
opment of this vortex pair has been shown to originate from the
nozzle itself,>~* a separated nozzle flow may influence the global
behavior of the jet-in-crossflow flowfield and any interactions with
downstream control surfaces. In fact, Kelso et al.> have shown
in an incompressible flowfield that the development of the vortex
pair was influenced by separation in the pipe from which their jet
emanated.

Although studies of supersonic nozzle flow separation in jet-
in-crossflow interactions appear absent from the open literature
(although some researchers have examined the similar issue for
incompressible flows*¢), numerous studies have examined nozzle
separation in freejet configurations”~2* Such investigationsare not
directly applicable to a jet in crossflow because they do not pro-
vide for asymmetriesin the backpressure. However, they potentially
could be related to a nozzle exhausting into a crossflow if they are
strictly applied only to a radial slice of the nozzle and repeatedly
employed to build a representation of the separated flowfield in a
piecewise fashion. On the other hand, three-dimensionalinfluences
may alter the flowfield sufficiently that the axisymmetric freejet
studies are no longer applicable.

The present study aims to explore the flow separation inside
a supersonic nozzle when it exhausts into a subsonic compress-
ible crossflow. The primary measurements are mean surface pres-
sures along the nozzle wall to locate the presence of separation
and on the flat plate to ascertain the backpressure. These data
are supported by schlieren images to reveal the resulting shock
structure at the exit of the jet. Comparisons are made with cor-
relations to freejet data that can be found in the open litera-
ture to determine the utility of such predictions in the analy-
sis of nozzle performance when an interaction with a crossflow
occurs.
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Experimental Apparatus

Trisonic Wind Tunnel

All experiments were performed in Sandia National Laborato-
ries’ Trisonic Wind Tunnel (TWT). The TWT is a blowdown-to-
atmosphere facility with interchangeable test sections, each using
air as the test gas. One is a transonic nozzle permitting a continu-
ously variable Mach number from 0.5 to 1.3. The 305 x 305 mm?
(12 x 12 in.?) rectangular test section traditionally has been fitted
with porous walls and is enclosedin a pressurized plenum to contain
the flow that passes through them.

A solid-wall transonic test section was constructed to meet the
needs of jet-in-crossflow experimentation. The porous walls have
been replaced with solid walls both to supply a flat plate from which
the jet will issue and to provide computationally tractable boundary
conditions for comparison of experimental data and numerical sim-
ulations. Use of a wall-mounted jet was deemed superior to a sting-
mounted flat plate to avoid such uncertaintiesas plate deflection and
flow interference from the jet supply apparatus beneath the plate.
The use of a solid-wall test section limits the Mach number range
of the flowfield, but this was considered an acceptable compromise.

Supersonic Jet Hardware

Multiple conical nozzles have been fabricated. The three nozzles
used herein have a design Mach number of 3.73 with an expansion
half-angle of 15-deg and an exit diameter of 12.7 mm (0.500 in.),
differing only in their instrumentation. 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. Any of the interchangeablenozzles may be con-
nected to a settling chamber located behind either the top wall of
the test section or one of the side walls. The settling chamber is sup-
plied by a manifold of six nitrogenbottles to a maximum of 14 MPa
(2000 psi) and is instrumented with a transducerand a thermocouple
to provide stagnation pressure and temperature measurements.

Potential mounting positions for the jet are limited by the wind-
tunnel support structure behind the test-section walls, so that two
different locations have been employed to provide either alignment
with the tunnel’s windows or easy instrumentation access (Fig. 1).
For the schlierenimages, the jet was mounted on the top wall, where
it is properly aligned with the windows. Constricted access pre-
cluded the utilizationof this configuration for routine use of pressure
instrumentation; therefore, for these measurements, the jet appara-
tus was mounted in a side-wall position by securing it in a window
blank. The primary difference between these two arrangements is
that the wind-tunnel wall boundary-layer thickness is about 10%
less for the top wall as compared to the side wall, but the result-
ing impact on the jet-in-crossflow interaction has been shown to be
insignificant.?®

jet exit
(top wall location)

window
(used when jetis in

top wall location) jet exit
(side wall location)

Fig. 1 Two jet nozzle mounting locations in the wind tunnel; flow is
from left to right (not to scale).
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Fig. 2 Pressure tap locations for each of the two instrumented nozzles:

a) instrumented flat plate and b) instrumented within the nozzle; all
dimensions are in millimeters and all taps are 0.51 mm in diameter.

The nozzle pressure instrumentationis shown in Fig. 2. Figure 2a
shows the nozzle that is instrumented on the flat plate from which
it exhausts. A ring of 24 taps surrounds the exit plane of the nozzle
and two radial rows of taps 180 deg apart extend outward for a
distance of approximately four jet diameters from the nozzle exit.
The diameter of all pressure taps is 0.51 mm (0.020 in.) and tap
spacing is typically 1.57 mm (0.062 in.).

The second instrumentednozzle has pressure taps only within the
nozzle itself (Fig. 2b). 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 toward the nozzle throat.
These two rows are offset with respect to one another by one-half
of a pressure tap spacing. Thus, if the nozzle is rotated 180 deg and
reinstalled, the pressure taps from one row fill the gaps between
tap locations in the preceding orientation, effectively doubling the
spatialresolutionof the mean measurements. The nozzleis designed
such thatit can be installed into the test section at any chosen angle.
Repositioningthe tapsbetween wind-tunnelruns producesa detailed
mapping of the mean surface pressure field inside the nozzle. A dial
on the nozzle and an indicator mounted on the test-section wall
combine to permit accurate measurements of the radial position of
the pressuretaps. As in the first nozzle, the tap diameteris 0.51 mm
and the tap spacing is typically 1.57 mm.

Instrumentation
Pressure measurements were made using a Pressure Sys-
tems, Inc., Model 8400 electronically scanned pressure system.
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Measurements from each pressure port were acquired simultane-
ous with measurements of the stagnation pressure and temperature
of both the wind tunneland the jet settlingchamber. The wind-tunnel
static pressure p,, is found from wall measurements located 27 jet
diameters upstream of the center of the jet exit, and the freestream
Mach number M, is determined assuming an isentropic expansion
by the use of the ratio of p,, and F,. For each wind-tunnel run, 400
individual data points from each pressure port were acquired at a
rate of 100 Hz, then averaged to provide the mean data presented
here.

The accuracy of the pressure measurements may be affected by
the small size of the nozzle itself with respect to the pressure tap
diameter. If the diameter of the pressure tap is a significant fraction
of the boundary-layer thickness of the flow passing over it, some
measurementbias may result>*~3° When the analysisof Ducruet®® is
adaptedto the present flowfield, itis clear that no significantbias will
occur for measurementsmade on the flat plate where the wind-tunnel
wall boundary layeris much larger than the pressure tap diameter. In
contrast, the boundary-layerthickness within the nozzle is substan-
tially smaller with respect to the pressure tap diameter, which may
lead to appreciable measurement biases. Additional effects due to
large velocity gradients and wall curvature tend to aggravate the po-
tential for error. Ducruet’s*® work can be extrapolated to the present
case by computing the largest velocity gradients found in the noz-
zle expansion (excluding those due to proximity to a shock) and
the largest nozzle wall curvature, then extracting the correspond-
ing worst-case bias found over the range of subsonic compressible
Mach numbers examined by Ducruet. Although this estimate does
not account for supersonic Mach number effects, Flack’s?® study
suggests that they will not alter the magnitude of the bias. From
this analysis, it appears that the wall curvature and velocity gradient
effects only contribute substantially near the nozzle throat. The re-
maining bias due to the tap diameteris present throughoutand may
be no worse than +0.01 in terms of p,/F,;. However, because the
primary purpose of the present study is to ascertain the presence of
flow separation, these biases should not create a difficulty because
separation is characterized by a distinct pressure rise, regardless of
whatever biases may be superimposed on it.

Justas the large size of the pressure taps with respectto the nozzle
boundary-layerthickness may create an effect on the measurements,
the presence of the pressure taps themselves may create an effect
on the nozzle flowfield. The Moulden et al.?” study suggests that, in
the present geometry, the nozzle flow may experiencea perturbation
generated by the pressure taps. For this reason, a nozzle was fabri-
cated withoutany pressure taps to generate an unperturbedflowfield,
which was used for schlieren imaging.

For the schlierenimaging, the flow was illuminated with a 1.4-us
duration (full-width half-maximum) xenon flashlamp and imaged
with a 10-bit 1024 x 1024 pixel charge-coupleddevice camera (Pul-
nix TM-1010) captured by a digital frame grabber (National Instru-
ments IMAQ 1424). The knife edge was oriented parallel to the
nozzle exit plane.

Results and Discussion

Experimental Conditions

The testing conditions have been selected to approximate those
found on transonic flight vehicles that employ supersonic jets for
attitude or roll control. The primary freestream Mach number was
M., =0.8, with a wind-tunnel stagnation pressure P, =154 kPa
(22.4 psia), which yields a test-section static pressure p,, = 101 kPa
(14.7 psia). The wind-tunnel Reynolds number at these conditions
is20 x 10 m~! (6 x 10° ft~!). The nominal stagnation pressure for
the Mach 3.73 jet was Py; =4.96 MPa (720 psia), which provided
a perfectly expanded jet exit pressure of p, =47.1 kPa (6.84 psia).
These conditions combine to produce a nominal J = 10.2. Six addi-
tional cases also were employed to span a range of J values while a
constant M, = 0.8 was maintained, or to span a range of subsonic
values of M, while a constant J = 10.2 was maintained. The choice
of M, and J must keep within the subsonicrestrictionsimposed by
the tunnel blockage issues inevitable with the solid-wall transonic
test section.?!

Table1 Experimental conditions for the jet and wind tunnel

P, Py, Poj, P,,

Case My kPa kPa MPa kPa J

1 0.8 154 101 4.96 47.1 10.2
2 0.8 154 101 4.14 39.3 8.4
3 0.8 154 101 2.76 26.2 5.6
4 0.8 154 101 1.38 13.1 2.8
5 0.7 141 101 3.79 36.0 10.2
6 0.6 130 101 2.83 26.9 10.2
7 0.5 121 101 1.93 18.3 10.2

The nominal conditions for the seven test cases are shown in
Table 1. The gas supply for the jet was unheated, and so the jet
stagnation temperature 7y; was found to vary from 288 to 300
K (518-540°R) depending on the laboratory ambient conditions.
The wind-tunnel air supply is heated in the storage tanks, but not
temperature-controllal subsequentto this; therefore, the freestream
stagnation temperature Tj is also subject to variation and fluctuated
from 308 to 325 K (554-585°R). These variations were incorporated
into the calculation of the precision uncertainty, which was found
to be small (discussed hereafter).

At the location on the wind-tunnel side wall from which the jet
exhausts, the 99% velocity boundary-layerthickness has been mea-
sured as 12.7 £ 0.5 mm (0.50 £ 0.02 in.) with a pitot probe survey.

The Reynolds number of the nozzle flow based on the nozzle exit
conditionsand nozzle length is estimated as 7 x 10° for the nominal
conditions. This is expected to be turbulent,'® but may retain some
degree of transitional character.

Surface Pressure Measurements

Surface pressure measurements have been conducted on both the
flat plate (that is, the wind-tunnel side wall) and on the nozzle’s
interior wall. Extensive results for the flat-plate were reported in
Refs. 23 and 31. The primary utility of the flat-plate measurements
in the present study is to provide data concerning the variation of
the backpressurearound the nozzle’s exit orifice (Fig. 3). Figure 3a
shows the data from experimental conditions where M, remained
constant and Py; (and, hence, J) was varied. Figure 3b presents
data where J remained constantand M, varied. As anticipated, the
pressure rises substantially at the upstream edge of the jet (0 deg)
where the crossflow stagnates against it; it is at this location that
the axisymmetric nozzle will be most prone to internal separation.
Analogously, the lowest backpressures are found in the jet’s wake
(near =180 deg), and separation will be least likely there. Although
scaling the pressure to p,, shows a decrease in the backpressure
at the upstream edge with diminishing J or M, the backpressure
actually increasesrelative to Py;, which is decreased to achieve the
desired value of J, as shown in Table 1.

The internalnozzle wall pressures p,, along a line on the upstream
edge of the nozzle are shown in Fig. 4. This portion of the nozzle
flow will exhaust onto the wind-tunnel centerline and will experi-
ence the maximum backpressure as shown at O deg in Fig. 3. As in
Fig. 3, Figs. 4a and 4b independentlydisplay the effects of varying
Py; and M, . Pressure data were combined from two differentwind-
tunnel runs, one of which rotated the nozzle by 180 deg to interleave
the pressure taps for greater spatial resolution. This accounts for the
waviness observed in some of the pressure traces, which resulted
from a slightly nonuniformexpansionthroughthe nozzleas opposed
to run-to-run variations or the influence of the crossflow (possibly
due to machining tolerances or other imperfections). When the noz-
zle was rotated 180 deg, this nonuniformity rotated 180 deg as well,
so that each of the two lines of taps measured slightly different pres-
sure distributions, regardless of rotational position. Further details
are discussedin Ref. 23. Additional wind-tunnelruns demonstrated
thatthe repeatability of the data, including the nonuniforminterleav-
ing, is excellent. The run-to-run precision uncertainty was found to
be approximately the thickness of the curves in Fig. 4.

Despite the small nonuniformity due to the pressure tap inter-
leaving, Fig. 4 shows that flow separation is clearly indicated by
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Fig. 3 Mean surface pressures on the flat plate around an annulus sur-
rounding the jet exit, displaying the variation in the backpressure in-
duced by the jet-in-crossflow interaction: a) J is varied and M., remains
constantand b) M, is varied and J remains constant; the upstream edge
of the jet is located at 0 deg.

a distinct rise in surface pressure as the nozzle exit is approached.
The precision of determining the separation point is limited by the
spatialresolutionoffered by the pressure tapsin such a small nozzle.
Figure 4 demonstratesthat, 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 Fig. 4 that no separation occurs at the nominal
flow conditions of J =10.2 and M., = 0.8, despite the increase in
backpressureabove the freestreamstatic 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 separationregion and a greater pressure rise. Decreasing J
while M, remains constantis analogousto raising the backpressure
for a fixed Py;. 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 p,/p, to main-
tain 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 Py;/p,, where
P» 1s 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 p, distribution.

To determine the variation of the separation point around the
perimeter of the nozzle, the azimuthal angle of the pressure taps
was adjusted from one wind-tunnel run to the next. This procedure
produced pressure traces comparable to those seen in Fig. 4, but
because of their similarity to those already shown, they are omitted
here,butmay be foundin Ref.23. Ateach of these angularpositions,
the separation point was determined by the assumption that separa-
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Fig. 4 Mean nozzle internal wall pressures along a line on the nozzle’s

upstream edge: a) J is varied and M, remains constant and b) M, is
varied and J remains constant.

tion occurs at the point midway between those pressure taps where
the pressure was observedto rise above its unseparated value. These
individually determined points were then assembled into a trace of
the separation line as though the nozzle wall had been laid out flat.
This is done in Fig. 5 for the six test cases at which separation was
observed. The error bounds shown represent the limits of the spatial
resolutiondue to the distance between adjacent pressure taps, which
dominate other error sources such as the uncertainties in the mea-
sured pressure or the azimuthal nozzle orientation. The bias due to
the pressure tap size is relatively constant near a particular tap and,
thus, does not contribute appreciably to error in locating the separa-
tion point. 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 the determination of the sepa-
ration point quite dependable. Flowfield symmetry was invoked to
reflect the data about the wind-tunnel centerline and, thus, trace the
separation line around the entire nozzle perimeter. Symmetry was
verified by experimentation??

Also shown in Fig. 5 are the locations of the separation points as
determined by four different predictive methods. Although these
data correlations were developed from freejet experiments, they
have been applied in the present case by examining the flowfield
one radial slice at a time. At each angle about the nozzle perimeter,
the backpressure was determined from the data shown in Fig. 3 and
used in conjunction with Py; to predict the separation point for that
angle, as if the entire jet exhausted into an ambient at the equivalent
pressure. (For engineering design applications where the backpres-
sure distributionis not known, reasonable estimates may be derived
from one or more of the studies referenced in Margason’s survey
paper’? that correlate such pressure distributions to common simi-
larity parameters, or from an empirical or numerical model such as
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Fig. 5 Flow separation lines within the jet nozzle determined from mean surface pressure data and compared with separation lines from four
predictive methods; flowfield conditions are given for figs. Sa—5f, each of which shows sample error bounds representing the spatial resolution of the

experimental data.

those discussed by Cassel et al.**) Repeated calculations for each
angleand unique backpressurebuiltup a predictionof the separation
line. If no predictivelocation is shown in Fig. 5, then the correlation
indicates no separation.

The first prediction examined was the well-known the
Summerfield criterion®

ps = 0.4p, (D

which, althoughsimplisticand limitedinits accuracy,'*!¢ is still suf-

ficiently reliable to find general utility.!>! Another useful predictor
is Schilling’s correlation'® to a large quantity of freejet separation
data, given by

(pp — ps)/Poj = 0.494(P0j/pb)—0.906 @)

Schilling also offersa correlationspecifically to separationdata from
15-deg half-angleconical nozzles, as in the present experiment, but
the results are not appreciably different from those of the broadly
applicableEq. (2). Alsoexaminedin the presentanalysisis the semi-
empirical approach of Arens and Spiegler'! using the equations

Py _ [2.16f (p)]*S Ga)
s [140.641(P1[1.993f (p) —0.167 25
P\ 1739
fp)= (%) -1 (3b)

which were derived from Eqs. (3) and (4) of Ref. 11 by setting
y=1.4 and u}/u; =0.6. The final correlation was that of Kalt
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and Badal,'*

ps/pPo = 3(Poj/ps) "2 4)

whichis fit to a smaller quantity of data than Schilling’s correlation.

All four correlations produce fairly similar predictions, none of
which is obviously superior to the others. This is partly because
the limited spatial resolution of the experimental data makes it dif-
ficult to evaluate small differences between the predictions, but it
is also because different correlations appear to yield better results
when the flowfield conditions are altered. The only case in which
all four predictions misrepresent the data is Fig. 5S¢, where both the
leading-edgeseparationof the nozzleis overpredictedand the lesser
separationat the nozzle’s trailing edge is underpredicted. The trends
of the other five cases are reasonably predicted by all four correla-
tions, with some differences between them. The Summerfield® cri-
terion produces a reasonably good match for the limited separation
regions of Figs. 5a and 5d, but overpredicts the degree of separa-
tion for the other cases. Schilling’s correlation'® produces precisely
opposite behavior, where it underpredicts the separation zone for
Figs. 5a and 5d, but does a respectable job in the other cases. Both
the Arens and Spiegler'! prediction and the Kalt and Badal'* cor-
relation consistently lie between the Summerfield and the Schilling
correlations.

It is not clear why the correlations perform poorly for the com-
pletely (though non-uniformly) separated case of Fig. Sc, but pro-
duce better results for the similar case of Fig. 5f. A possible answer
is that three-dimensional flow in the separated region induced by
the variation in backpressure about the nozzle exit is responsible
for altering the pressure downstream of the shock, which in turn
adjusts its position within the nozzle to accommodate the new pres-
sureratio. Figure 3a shows that the backpressuredifference from the
leading edge of the nozzle to the minimum in the jet’s wake for the
case where J =2.8 and M, = 0.8 (Fig. 5c)is about Ap, /p,, = 0.63,
whereas Fig. 3b shows that, for / =10.2 and M, =0.5 (Fig. 5f),
Ap,/py, =0.42. The larger pressure gradient for the former case
may induce stronger circumferential flow than the latter case, which
accounts for the greater deviation from the correlations seen in Fig.
5c. Similar three-dimensional flow would be expected for the four
partially separated cases, but the smaller Ap, /p,, within their sep-
arated regions may not be sufficient to induce as distinct a result as
in Fig. 5c. Furthermore, the shock position may be influenced by
the inflow into the nozzle separation region of the separated flow
on the flat plate (i.e., the horseshoe vortices wrapped around the jet
immediately following its exit from the nozzle), whose nature may
contribute to the greater deviation from the correlationsobservedin
Fig. 5c as compared to Fig. 5f.

To assess the predictive capabilities of the correlationsin a more
quantitativemanner, their deviation from the experimental data was
determined. This was accomplished for each correlation and each
experimental case by summing over all data points the distance
between the predicted and measured separation location. If the pre-
diction lay within the spatial resolution of the measurement, thatis,
the error bounds shown in Fig. 5, the deviation was considered to
be zero. The results are presented in Table 2, where the values are
given in terms of £,/ {,.

These results confirm the qualitative assessment of the correla-
tions’ performance. The Summerfield criterion has less error than

Table 2 Total deviation of the nozzle separation predictions from the
experimental data, given in terms of £s,/£y, for each correlation and
experimental case®

Case 2, Case 3, Case 4, Case 5, Case 6, Case 7,
Fig. 5a Fig.5b Fig.5c Fig.5d Fig.5e Fig.5f

Summerfield et al.® 0.12 0.69 1.75 0.14 0.85 1.25

Researchers

Schilling'® 052 051 240 050 047 078
Arens and Spiegler!!  0.14 0.50 2.28 0.12 0.66 0.48
Kalt and Badal'* 044 051 239 038 055 064

“These deviations were found by summing the distance between the predicted and
measured separation location over all data points.

the other three predictions for cases 2 and 5, where the separation
zone is smallest, but the most error in the other cases (excepting
case 4, where all correlations perform poorly and it probably is
not meaningful to decide which is best). Schilling’s correlation per-
forms the best when the size of the separation zone is significant,
but is more prone to inaccuracy when separation occurs nearer the
nozzle exit. Such inaccuracy has been observed in other investiga-
tions as well,!! ~13:16 possibly because the stagnated freestream flow
that is circulated into the lip of the nozzle plays a greater role when
the separation shock is nearby. Kalt and Badal’s correlation tracks
the performance of Schilling’s correlation fairly closely. Arens and
Spiegler’s predictionis the most successful of the four correlations,
behaving similarly to the Summerfield criterion when it performs
bestand similarly to Schilling’s correlation whenitis superior. How-
ever, the equations of Arens and Spiegler must be solved through an
iterative process, whereas either Schilling’s or Kalt and Badal’s cor-
relations may be more attractive due to their ease of use. Schilling’s
correlation has the added attraction of having been validated by
comparison with a detailed analytical method.!

As noted earlier, the discrepancies between the predictions and
the experimental data may be influenced by a degree of three di-
mensionality not present in the data to which the correlations were
fit. Also note that the precise backpressure is not well known; the
backpressuremeasurements on the flat plate were made a finite dis-
tance from the edge of the jet orifice and the actual backpressure
at the jet may be somewhat different. In addition, Morrisette and
Goldberg noted that laminar flow in a separated nozzle may deviate
from typical data correlations.!®* Whereas the present nozzle flow
is expected to have transitioned to turbulence, the nozzle Reynolds
number is not strongly in excess of its critical value, especially at
low Py; conditions, and this may be a contributor to deviation from
the correlations.

Schlieren Images

Although the utility of schlieren imaging is limited by its inte-
grating nature and its inability to look inside the nozzle itself, it still
provides insight into the behavior of the jet under separated condi-
tions. Figures 6 and 7 show the schlieren images for all seven ex-
perimental cases. Figure 6 displays the effects of lowering J while
maintaining M, = 0.8, and Fig. 7 shows those for lowering M,
while J =10.2. The case of M, =0.8 and J = 10.2 is common to
both Figs. 6 and 7, but is given only in Fig. 6a. The images shown
are averages of 20 instantaneousimages.

The positionof the oblique shock at the nozzle’s leading edge (the
leftside of theimages) canbe seentochangeinFig. 6 as J isreduced
and nozzle flow separation becomes more prominent. At J =8.4,
it has moved slightly toward the nozzle centerline, and at J =5.6
its inward position is more discernable. By J =2.8, this oblique
shock exits the nozzle nearly at its centerline, and the trailing-edge
oblique shock also has moved inward. These observations are con-
sistent with the increase in the size of the separationregion with di-
minishing J that was determined from the pressure measurements.
The off-center position of the oblique shocks seen for J =2.8 cor-
responds to the greater degree of separation at the leading edge of
the nozzle as compared to its trailing edge, as was shown in Fig. 5c.
A further observation reveals that as the oblique shocks move to-
ward the nozzle centerline, the leading edge of the jet interface also
moves inward. This presumably corresponds to the position of the
shear layer generated at the point of separation inside the nozzle.

Similar trends are observed in Fig. 7 as M, decreases while J
remains constant. The leading-edge oblique shock moves toward
the nozzle centerline for lower M, and the associated shear layer
also can be observed to move inward slightly at M, =0.5, as does
the trailing-edge oblique shock. The position of the oblique shocks
is not as close to the centerline in Fig. 7d as in Fig. 6d, which is
consistent with the smaller, though fully separated, region seen in
the pressure measurementsin Fig. 5f as opposedto Fig. 5¢. Figure 7
also indicates that, in contrast to Fig. 6, the jet penetration into
the crossflow is roughly identical for all four cases. This supports
the conventional notion that J is the most influential parameter

governing jet penetration 323436
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Fig. 6 Schlieren images of the jet in crossflow, including the shock
structure generated by nozzle flow separation, for a constant M, = 0.8,
while J is reduced; flowfield conditions are given in each case, and the
freestream flow is from left to right.

Fig. 7 Schlieren images of the jet in crossflow, including the shock
structure generated by nozzle flow separation, for a constant J = 10.2
while M, is reduced; flowfield conditions are given in each case, and
the freestream flow is from left to right.

Summary

Surface pressure data have been acquired on the nozzle wall and
an annulus surrounding the exit plane for an axisymmetric super-
sonic jet exhausting transversely from a flat plate into a subsonic
compressible crossflow. These measurements have shown that noz-
zle 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 variationin the backpressureon the nozzle generated by the
jet’s interaction with the freestream. As either the jet-to-freestream
momentum ratio J or the freestream Mach number M, is reduced
while the other is held constant, the size of the separated flow re-
gion becomes larger because the backpressure on the nozzle is in-
creased relative to the jet stagnation pressure. Schlieren imaging is
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consistent with these observations and provides further elucidation
of the resulting jet shock wave structure.

The shape of the nozzle flow separation line has been determined
for a variety of flow conditions and compared with the predictions
from four different correlationsto freejet separationdata. Although
these correlations were derived assuming a uniform backpressure,
they have been used in the present study by their sequential appli-
cation to radial slices of the nozzle and to building a trace of the
separation line in a piecewise fashion. It has been shown that, in
most cases, the correlations are in reasonable agreement with the
data. Only when the nozzle is separated about its entire perimeter
(but still possesses a nonuniform separation line) might the correla-
tions yield unsatisfactoryresults. This may be a result of circumfer-
ential flow in the separated region induced by the angular variation
in backpressure.
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