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The results of an experimental and computational study of a moderately underexpanded axisymmetric super-
sonic jet issuing from a convergingnozzle and impingingon a groundplaneare presented. The goalof this work is to
develop a better understanding of the impingingjet � ow� eld, which is of signi� cant practical interest because of its
presence in short takeoff and vertical landing (STOVL) aircraft during hover as well as in other aerospace-related
and industrial applications.The experimental measurements include � ow visualization, surface-pressure distribu-
tions, and velocity � eld data obtained using particle image velocimetry (PIV). The experimental data, especially the
velocity � eld measurements, were used to verify the accuracy of computationalpredictions. Computationalresults
obtained using two different turbulence models produced almost identical results. Comparisons with experimental
results reveal that both models capture the signi� cant features of this complex � ow and were in remarkably good
agreement with the experimental data for the primary test case. The experiments and computationsboth revealed
the presence of the impingement zone stagnation bubble, which contains low velocity recirculating � ow. Other
features, including the complex shock structure and the high-speed radial wall jet, were also found to be very
similar. The ability to measure and predict accurately the impingingjet behavior, especially near the ground plane,
is critical because these are regions with very high mean shear, thermal loads, and unsteady pressure forces, which
contribute directly to the problem of ground erosion in STOVL applications.

Introduction

H IGH-SPEED impinging jets can occur in a variety of
aerospace-relatedapplications.These jet � ows areparticularly

troublesome to short takeoff and vertical landing (STOVL) aircraft,
such the Harrier/AV-8 family, during hover mode. In these instances
the � ow� eld producedby the impingementof thehigh-speedlift jets
produces adverse local � ow conditions, which can potentially lead
to the degradationof aircraft performance in a number of areas dur-
ing hover. These adverse effects, collectively referred to as ground
effects, are the result of the highly unsteady nature of the � ow gen-
erated by the impingement of the high-speed jet(s) on the ground
plane and the pressure � eld caused by the natural entrainment by
these jets. They include lift loss caused by � ow entrainment asso-
ciated with the lifting jets, which induces low surface pressures on
the airframeresultingin a “suckdown”forceopposite to lift. The lift
loss typically increases in magnitude as the aircraft approaches the
ground and can be greater than 60% of the total lift jet thrust when
the jets are very close to the ground plane.1 Increased noise or over-
all sound-pressurelevels associatedwith high-speed impinging jets
and the sonic fatigue of structural elements in the vicinity of the
nozzle exhaust caused by unsteady loading is also an area of con-
cern. In additionto higher levels, the noise spectrumis dominatedby
discrete tones, which, if close to the aircraft panel frequencies, can
further aggravate the sonic fatigue problem. Furthermore, the im-
pingementof hot, high-speedlift jets on the landingsurface can lead
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to signi� cant erosion caused by the extremely high shear stresses
and wall heat-transferrates created in this � ow. Finally, the outwash
from the hot impinging jets can be drawn into the engine inlets,
a phenomenon known as hot gas ingestion, thus degrading engine
performance and potentially risking engine failure.

Some of the problems just outlined are known to occur for the
subsonic Harrier family of aircraft. They are expected to become
more acute for the future generation of the supersonic STOVL air-
craft, where the environment is expected to be more severe because
of the impingement of supersonic jets operating at higher temper-
atures. Consequently, the study of supersonic impinging jet � ows
is of great interest from a practical perspective. Furthermore, the
complex nature of the impinging jet � ow� eld, which often includes
multiple shock and shock/shear layer interactions, subsonic, su-
personic and separated � ows, makes this � ow interesting from a
fundamental � uid dynamics standpoint.

Impinging jet � ows have been the focus of research for over
three decades, where their � uid dynamic and acoustic properties
have been carefully examined by a number of capable investiga-
tors. Notable among the acoustic studies are those by Neuwerth,2

Powell,3 Tam and Ahuja,4 Henderson and Powell,5 and most re-
cently Krothapalli et al.1 One of the primary outcomes of these
aeroacoustic studies is that the highly unsteady, oscillatory nature
of impinging jet, which is accompaniedby discrete, high-amplitude
acoustic tones, referred to as impingement tones, is caused by a
feedback loop. The globally oscillatory behavior of the jet and the
resulting impingement tones have been explained well by a feed-
back mechanism derived from earlier work by Powell.6 Recently,
Krothapalli et al.1 demonstrated that the feedback phenomenon
might also be responsiblefor the lift loss, described earlier, through
the generation of large-scale structures in the jet shear layer. Be-
cause the focus of the present work is the mean behavior of the
impinging jet, a more detailed discussionof the unsteadyproperties
is outside the scope of this article. The interested reader is directed
to the references just cited. Suf� ce it to say that the � uid dynamic
and acoustic properties of this � ow appear to be intimately related.

The structure and � uid dynamic properties of this � ow have
also been investigated in a number of studies. In a classic study
Donaldson and Snedeker7;8 examined the � ow� eld using schlieren
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a) Shadowgraph

b) Flow� eld schematic

c) Pressure distribution

Fig. 1 Stagnation bubble � ow� eld.

photography, surface � ow visualization, mean surface-pressure
measurements, and, to a limited extent, surface heat-transfer rates.
Carling and Hunt9 and Lamont and Hunt10 have further studied this
� ow, concentratingon the impingement zone, which lies at the cen-
ter of the � ow� eld, and the wall jet region (see Fig. 1). In addition,
Gubanova et al.,11 Ginzberg et al.,12 and Gummer and Hunt13 have
also examined the � ow structure in detail, particularly in the im-
pingement zone. The impingement zone is perhaps the most impor-
tant and certainly the most complex part of this � ow, and although
previous studies have provided some insight into this � ow region
some issues such as the conditions for the formation of a stagnation
bubble in the impingement zone11;13 are still not well understood.
Further discussion of this issue is delayed until the beginning of
the Results and Discussion section; a more detailed review of this
issue can be found in Alvi and Iyer.14 In summary, although ear-
lier studies provided valuable insight into the � ow� eld behavior,
they mainly relied on measurements of mean surface-pressuredis-
tributions and surface � ow visualization. Until recently, very little
quantitativedata have been available in the � ow� eld above the sur-
face, especially in the critical near-surface� ow in the impingement
and wall-jet regions.

To address some of these issues and to gain a better understand-
ing of supersonic impinging jet � ows, especially their behavior in
the context of STOVL aircraft, a comprehensive experimental in-
vestigation of the impinging jet � ow� eld was initiated at the Fluid
MechanicsResearch Laboratory (FMRL), Florida A&M University
and Florida State University, Tallahassee, Florida, a few years ago.
One of the most notable contributions of this ongoing experimen-
tal effort has been the velocity � eld data obtained using the parti-
cle image velocimetry (PIV) technique. To the authors’ knowledge

these data are the � rst of their kind to provide detailed velocity and
vorticity � eld information over the entire � ow. The PIV measure-
ments combined with acoustic data, � ow visualization, and mean
and unsteady pressure � elds have provided signi� cant insight into
the overall behavior of this � ow. In addition to the experimental
study, a collaborative computational effort was also initiated with
The Boeing Company. Boeing is performing computational � uid
dynamics (CFD) for selected test cases where the experimentaldata
have been used to benchmark the computational code in order to
establish its accuracy. Previous studies of free and impinging com-
pressible jets have been made at Boeing by Wlezien et al.,15 who
computed acoustic � elds from a direct Navier–Stokes simulation
and the acoustic analogy equation. An assessment of several one-
and two-equation turbulence models for twin impinging jets was
made by Ladd and Korakianitis,16 who obtained good predictions
of impingement region velocity data and fair predictionsof upwash
fountain properties when compared to water-tunnel laser doppler
velocimetry data. Detailed results of some of these experimental
studies addressing the aeroacousticproperties of the single imping-
ing jet � ows have been published by Krothapalli et al.1 and Alvi
and Iyer.14 In the present paper we present a review and comparison
of signi� cant experimental and computational results for selected
relevant cases. By combining experimental and computational re-
sults, one might gain further insight into physics governing this
complex � ow, thus revealing the value of such collaborative com-
putational and experimental studies. A discussion of the strengths
and weaknesses of the computational code and suggestions for fu-
ture improvement is also presented.

Experimental Methods
Test Models and Facilities

The relativelysimple con� gurationused for the experimentaland
computational study is shown in Fig. 2. It consists of an axisym-
metric nozzle, which produces the high-speed jet impinging on a
ground plane. For some cases a circular disk, referred to as a “lift”
plate, is placed at the nozzle exit plane. The disk has an annular
hole from which the jet issues and is meant to represent a generic
outer moldline from which the jet exhausts. The relevant geomet-
ric parameters, also indicated in Fig. 2, include d , the nozzle exit
diameter; D, the lift plate diameter; and h, the distance between
the ground plane and the nozzle exit. Two axisymmetric nozzles, a
Mach 1.5 C-D and a converging or sonic nozzle both with identi-
cal throat diameters of 25.4 mm, are used to generate the primary
� ow. The diameter of the lift plate is approximately10d or 25.4 cm.
The experimental studies were conducted using both nozzles over
a wide range of nozzle pressures and ground plane distances, with
and without the lift plate1;14; however, in the present paper discus-
sion will be limited to the sonic nozzle operating at a � xed pressure
ratio without the lift plate. The test conditions for the primary case
used for comparison in this study are as follows: nozzle pressure
ratio (NPR)D 5, where NPR is de� ned as the ratio of the jet stag-
nation pressure P0 to ambient pressure P1 at the nozzle exit. The
ambient pressurewas assumed to be constant at 14.7 psia, hence the
jet was operatedat P0 D 73:5 § 0:5 psia. The nominal jet stagnation
temperature for the experimentalstudy was 20±C. The ground plane
was a distance of three diameters from the nozzle exit (h=d D 3) for
the primary test case; results for other ground plane heights are also
brie� y discussed to examine the in� uence of nozzle height on the
� ow behavior.

Fig. 2 Supersonic impinging jet test con� guration.
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The experimentswere conductedin the STOVL facilityofFMRL.
A high-pressureblowdown compressed air facility was used to sup-
ply air to the nozzles. The air is stored in a bank of large-capacity
storage tanks, which are supplied by a high-displacement recipro-
cating air compressor. To simulate different aircraft heights above
the ground, the ground plane is mounted on a hydraulic lift and can
be moved relative to the model. In the experiments described here,
the ground plane consisted of an instrumented 1 £ 1 m aluminum
plate, which was centered underneath the model. More details of
the STOVL hover rig can be found in Wardwell et al.17

Measurement Techniques
To obtain whole-� eld velocity data in this � ow using PIV, the

primary jet was seeded with small (»1 ¹m) oil droplets generated
usinga modi� ed Laskin nozzle,and the ambient air was seededwith
smoke particles approximately5 ¹m in diameter using a Rosco fog
generator.The � ow was illuminatedwith a thin light sheet generated
by a dual-head Spectra Physics Nd-Yag laser with a repetition rate
of 15 Hz. Each PIV image pair was acquired using a Kodak ES1.0
digital video camera capable of recording 8-bit digital image pairs
in separate frames at a rate of 15 image pairs/s. Further details of
this PIV technique can be found in Refs. 1 and 14. One of the main
advantagesof this PIV technique is a novel processingscheme with
high spatial resolutionthat uses image matching to extract the parti-
cle displacements,hence the velocities, from particle image pairs.18

This image-processing technique allows for measurements to be
made in regions of high velocity gradients.

Despite the use of the advancedprocessingscheme,particle lag is
inherent in any particle-trackingscheme, and some lag will always
occur. This is especially true in regions with very high velocity
gradients, such as in the vicinity of shock waves. Consequently,
it is expected that the location of strong shocks will be partially
“smeared” because of particle lag. Similarly, although to a lesser
extent,particle lag will also occur in other regionswith high velocity
gradients such as the wall jet or in the large-scalevortical structures
with highly rotational � ow. In addition, in areas very close to the
surface, such as the impingement zone and the wall jet, re� ections
of the laser sheet by the surface can also lead to larger errors in
the velocity � eld and/or yield regions where velocity data cannot
be obtained. Ross et al.19 conducted a detailed investigation of the
effect of particle size and shock strength on the accuracy of PIV
measurementsusing an earlier and less accurateprocessingscheme.
Their measurements show that for »1 ¹m seed particles, particle
deceleration caused by a strong oblique shock begins within 1 mm
of the actual shock location, where the deceleration rate increases
with increasing shock strength. Hence, we expect that the initial
location of the normal shock, the strongest possible shock, should
be accurately represented within 1–2 mm in the PIV data. A more
detailed investigationof the particle lag is outside the scope of this
paper, and the reader is referred to Ross et al.19 and Alvi and Iyer14

for a more comprehensive discussion. The conclusions regarding
the � ow� eld behavior that are reached in light of the PIV velocity
� eld data will not be materially affected. This is particularly true
for the present paper where the PIV data are used only to examine
the mean � ow features and behavior. It is impossible to determine
the absolute uncertaintyof the PIV measurements because detailed
velocity � eld data are not available in literature for this � ow� eld—a
motivation for the present study. However, in the absence of shock
waves the mean velocity � eld data obtained using PIV show that
the velocity data are in very good agreement, in general within 3%,
with theexitvelocitycalculatedusing isentropicrelations.The mean
PIV results presented in this paper were obtained by averaging 80
image pairs. Although a larger number of images were recorded for
most cases, using more than 80 image pairs did not change the mean
velocity � eld.

The mean surface-pressure distributions were obtained by se-
quentially scanning a series of surface-pressure taps along a ra-
dial line on the ground plane. The pressures were scanned using a
ScanivalveTM unit connected to a Validyne strain-gaugetransducer.
Several seconds of data were digitized and recorded at each port to
obtain an accuratemeasurement of the mean surface pressures.The
surface pressures were measured with an accuracy of §0.3 psia,

which translates to an uncertainty in the pressure coef� cient Cp
(de� ned later) of §0.005. In addition to the mean pressure ports,
the ground plane was also equipped with high-frequency pressure
transducers to allow for unsteady surface pressures to be measured;
however, the unsteady propertieswill not be discussed in this paper,
and the reader is referred to Refs. 1 and 14. Mean and instantaneous
� ow visualization images were obtained using a shadowgraph sys-
tem with a � eld of view of approximately 30 cm in diameter. The
shadowgraphsystem employed a conventionalsingle pass arrange-
ment with a collimated beam; a variable frequency,white light stro-
boscopic � ash unit was used as the light source.

Computational Methods
The computations were conducted using the WIND computer

program. This � ow solver is based on a time-marching solution to
the Reynolds-averaged Navier–Stokes equations. The code is ap-
plicable for � ow speeds ranging from approximately Mach 0.05 to
hypersonicand supports a variety of � ow types including� nite rate,
chemically frozen,and perfect gas. The full form of the stress tensor
is used (no thin-layerapproximations). The equationsare solved via
an approximatelyfactoredupwind schemethathasbeen shown to be
second-order accurate in physical space. A more detailed descrip-
tion of the numerical procedurecan be found in Bush20 or Cain and
Bush.21 Ideal gas is assumed in the present work, and Sutherland’s
lawis used to vary the laminar viscosityas a functionof temperature.
The molecular and turbulentPrandtl numbers are assumed constant
at values of 0.72 and 0.9, respectively. To minimize computation
times, all solutions presented in this paper were obtained assuming
axisymmetric � ow.

In the WIND program � ow turbulence can be represented using
algebraic, one-equation,or two-equationmodeling. For the present
study three different types of turbulence models were employed.
These included the one-equation Spalart–Allmaras model,22 the
two-equation shear stress transport (SST) model,23 and the Spalart–
Allmaras model with a correction for streamline curvature and sys-
tem rotation (SARC).24 As the results will show, both the two-
equation SST model and the one-equation SARC model provide
very similar results, which are both in very good agreement with
the experimental data.

Spalart One-Equation Model with Rotation and Curvature Correction
Various corrections have been introduced in the past by other

researchers, such as Launder et al.25 and Park and Chung,26 to ac-
count for streamlinecurvatureand rotation.These corrections,how-
ever, are applicable only to the speci� c � ows for which they were
designed. To account for these phenomena for general � ow appli-
cations, more complex turbulence models such as Reynolds-stress
formulation have been employed. These sophisticated models re-
quire fewer assumptions than one- or two-equation models but are
too computationally intensive to be practical for routine engineer-
ing applications.Recently, the curvature correction modi� cation of
Spalart and Shur24 has been added to the baselineSpalart model and
applied to several three-dimensionalcon� gurations.27 The baseline
Spalart model has been shown to produce results similar to the two-
equation SST model for many � ows but does not perform as well
for problems such as the supersonic impinging jet where the shear-
layer growth rates and strong rotation effects are signi� cant. Dif-
ferences between predictions from the baseline Spalart and SARC
one-equationmodels are presented for some cases in this paper and
are studied more in depth in Mani et al.27

Shear-Stress Transport Two-Equation Model
The SST two-equation turbulence model from Menter23 is now

used routinely in many aerospace CFD applications at The Boeing
Company, St. Louis, Missouri. It is a blended model that exploits
the advantagesof both the k–" model and the k–! of Wilcox.28 The
k–" models, such as those from Jones and Launder,29 have numer-
ical dif� culties when attempting to integrate to the wall. There are
assumptions about the boundary values of ", which give rise to a
high degree of numerical stiffness in this region. Conversely, the
k–" model does quite well for free shear-layer problems, particu-
larly in two dimensions. The main advantage of the k–! model is
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that it behaveswell for wall-boundedproblems becauseof the phys-
ically sound boundaryconditionson both k and !. The Menter SST
model employs the Wilcox k–! model near the wall but transitions
to the k–" model via a switching function.This model is sometimes
referred to as the SST model because it has the ability to account
for the transport of the principal turbulent shear stress in adverse
pressure gradient boundary layers. This modeling feature is based
on Bradshaw’s30 assumption that the principal shear stress is pro-
portional to the turbulent kinetic energy and is expressed through a
modi� cation of the eddy viscosity. The interested reader is referred
to the original paper by Menter23 for details of this two-equation
turbulence model formulation.

Results and Discussion
Before a detailed discussionand comparison of the experimental

and computationalresults,we providean overviewof the global im-
pinging jet � ow� eld noting some of its principal features.Figure 1a
shows an instantaneous shadowgraph of the principal test case,
NPR D 5, h=d D 3; shown directly below the shadowgraph image
is a schematic of the impinging jet � ow� eld model (Fig. 1b) and a
corresponding pressure distribution sketch (Fig. 1c). The imping-
ing jet � ow� eld can be divided into three main regions.7 The � rst
region is the main jet column, where the � ow is primarily inviscid
and contains expansion and compression/shock waves for nonide-
ally expanded jets. The impingement zone is the second region and
is an area in the vicinity of the jet impingement point character-
ized by strong gradients leading to signi� cant changes in local � ow
properties. This area is also referred to as the shock layer. Finally,
the radial wall jet, the third distinct region, is the area outside the
impingement zone, which contains the jet � ow redirected radially
outward after impingement. All three zones have been indicated in
Fig. 1b. The � ow schematic depicts the impingement region with a
stagnation bubble, and the sketch of the surface-pressure distribu-
tion beneath shows the distinctivepressure pro� le correspondingto
the presence of a stagnation bubble. Surface-pressuredistributions
with such annularpeaks are commonly used as distinct indicatorsof
the presence of a stagnation or separation bubble; for cases where
a stagnation bubble is not formed, the surface-pressuredistribution
shows a central peak. The details of the impinging jet � ow features
(e.g., shape of the plate and tail shocks) are strongly dependent on
the jet Mach number and the ground plane distance and will vary
from the sketch in Fig. 1b.

The presence, and the reasons for the formation, of a stagna-
tion bubble have been and remain the subject of some debate.
Gubanova et al.,11 Gummer and Hunt,13 and Kalghatgi and Hunt31

have conducted detailed investigations of the impinging jet � ow
structure, particularly in the impingement zone, for a range of con-
ditions. These investigators discuss reasons for the formation (or

Fig. 3 Experimental vorticity contour plot with velocity vectors and streamlines: sonic nozzle, NPR = 5, h/d = 3.

lack thereof) of a stagnation bubble. The interested reader is re-
ferred to these references, especially the study by Kalghatgi and
Hunt,31 which speci� cally addresses this issue. Very brie� y, as the
supersonic � ow in the primary jet approaches the ground plane,
it decelerates through the formation of a plate shock. If the jet is
not ideally expanded, oblique shocks in the jet plume (indicated
as “jet shocks” in Fig. 1b) interact with the plate shock resulting
in the well-known triple-shock structure, where the third shock is
generally referred to as the tail shock. It is the nature of this inter-
action that appears to determine the � ow� eld in the impingement
zone. When present, the stagnationbubble was hypothesizedto en-
close a region of recirculating � uid with relatively low velocities.
However, until the present study very little direct and detailed evi-
dence of the � ow in this stagnation bubble has been available, and
the nature of the � ow in the stagnation bubble had primarily been
understood through interpretationof surface-pressuredistributions,
surface streakline patterns,7;9 and schlieren or shadowgraph � ow
visualization.

Experimental Velocity Field
As already mentioned, detailed, whole � ow� eld velocity mea-

surementswere obtainedusing PIV for a range of NPRs and ground
plate distances using both sonic and converging– diverging nozzles,
with and without the lift plate. However, in this paper the discussion
will be limited to the sonic nozzle without the lift plate, operatingat
NPR D 5 with the ground plane at h=d D 3. This was selectedas our
feature case because, as the shadowgraph image and the � ow� eld
sketch in Fig. 1 reveal, the � ow is very complex with shock/shock
and shock/shear-layer interactions and areas of � ow acceleration
and deceleration into locally supersonic and subsonic regions. All
PIV measurements are obtained in the central plane of the jet. The
mean velocity� eld for the primarytest case is shownin Fig. 3, where
the vector plot has been overlaid on the out-of-planevorticity color
contour plot on the left half of the � gure. The right half displays
the streamline pattern superposed on the vorticity contours, where
the units of vorticity for this and other similar vorticity contours are
s¡1 . In the velocity vector plots shown in this paper, the length of
the vector is proportional to the velocitymagnitude. The streamline
patterns were created from the measured velocity vector � eld using
the software package TecPlotTM .

Several featuresare clearlyrevealedin Fig. 3. First, the shear layer
at the jet boundary is readily apparent as a region of high vorticity
in the vorticity contour plots. As the jet shear layer approaches the
surface, it turns outward aroundr=d ¼ 1 and forms the outer bound-
ary of the wall jet. Also clearly evident in this � gure is the presence
of the strong Mach disk shock revealed by the dramatic decrease in
the � ow velocity, apparent from the change in vector lengths. The
velocity� eld data show that the Mach diskoccursaround y=d ¼ 1:8,
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which roughly corresponds to the Mach disk location observed in
the instantaneousand mean shadowgraphsshown in Figs. 1a and 4,
respectively.One of the most striking features observed in Fig. 3 is
the region of recirculating � ow, the stagnation bubble, in the center
of the impingement zone. The presenceand extent of the recirculat-
ing � ow in the stagnation bubble is best revealed in the streamline
plot in the right half of Fig. 3. The streamline plot also shows that
the impinging � ow is divided into two streams, where the outer
one � ows into the wall jet while the inner stream is wrapped into
the stagnation bubble. In addition to the outer shear layer at the
jet periphery, the inner shear layer or slip line is also visible in
the vorticity plots as a region of high shear. Because the slip line
emanates from the triple-shock intersection, the beginning of the
inner shear layer should in principle correspond to the triple-point
location on the shadowgraphs.Although the precise location of the
triple point is dif� cult to determine from the shadowgraphs, its rel-
ative location on the PIV plots and shadowgraphs is approximately
the same. The region where the inner shear layer impinges on the
ground planeapproximatelycoincideswith the locationof the annu-
lar pressure peak on the measured surface pressure distribution for
this case (shown in Fig. 5). Although not shown here, the slip-line

Experiment: shadowgraph

CFD computed: density contours

Fig. 4 Comparison of mean shadowgraph image and density contours
from two turbulence models: sonic nozzle, NPR = 5, h/d = 3.

Fig. 5 Computed and measured ground plane pressures for sonic noz-
zle, NPR = 5, h/d = 3.

impingement locations in the PIV data and the annular peaks in the
mean surface-pressuredistributionswere found to be in agreement
for most of the cases examined.14 This lends some credence to the
hypothesis proposed by earlier investigators,11 who suggested that
the impingement of the slip-line � ow leads to the formation of the
separation bubble.

Comparison of ComputationalResults
from Different Turbulence Models

Initially we will compare computational results for the primary
test case using the SARC and SST turbulence models to determine
the relative accuracy of each model. This will be followed by a
comparison between the experimental and computational results
with each of the two models. As mentioned before, the NPR D 5,
h=d D 3 case was selected because of the complexity of the � ow
revealed by the measurements where a strong shock appears in the
jet plume followed by a recirculationbubble near the ground plane.
An axisymmetricgrid planecontaining� ve zonesand nearly30,000
points was employed for the simulation. Almost two-thirds of this
number were concentrated in the nozzle plume and wall-jet forma-
tion region.

Initialattemptsat usinglocal time steppingto obtaina steady-state
solutionfor this case yieldedlargeoscillationsin the shear-layerand
wall-jet formationregions.This unsteadybehavior,supportedbyex-
perimentaldata,14;32 then requiredthe computationto be madeusing
the time-accuratemode of the program.The solutionfrom the relax-
ationmethodwas then used only to providean initial solutionfor the
unsteady computation. In the time-accurate calculation integration
of the dependent variables is obtainedusing a constant time interval
at all spacings. This time interval must be chosen to be suf� ciently
small so that the numerical scheme remains stable at the smallest
grid pointshaving the largest � ow gradients.This same time interval
must then be used at all grid points to preserve the time accuracy.
This approach, although requiring many more iterations, allows an
estimateof the time-averaged� ow� eld to be obtained.The temporal
scheme used for the current simulations is � rst order, but, as shown
in the following sections, it still yields fairly accurate estimates of
the mean � ow� eld. The mean � ow data are obtained by averaging
the data over several hundred time intervals, each interval being
around 1.5 ¹s. These intervals are approximately � ve times larger
than the required0.3-¹s time interval used as the integrationstep in
the numerical scheme. Several time averages of different numbers
of samples were found to produce the same mean � ow� eld as long
as at least 50 1.5-¹s intervals were averaged. This number of sam-
ples represents a good compromise between resolving the higher-
frequency content of the � ow and keeping the required amount of
data storage to a manageable level. The computation time for a
typical two-dimensional unsteady problem is then roughly 20 CPU
hours on a single-processorSG-O2 workstation.

A comparison of the computed Mach-number contours from the
SARC and the two-equation SST model is shown in Fig. 6. There
is a strong shock present for this con� guration, which occurs after
the � ow expands to nearly M D 2:8: The shock location is seen to
be approximately the same for both models. It has been determined
that an accuratepredictionof the location and strength of this shock
is vital in obtaining a good prediction of the recirculation bubble
shown in Fig. 6 and the streamline patterns in Fig. 7.

The Mach contours in Fig. 6 indicate that the computed growth
of the radial wall-jet thickness is slightly higher from the SARC
model. The mean streamline traces are seen to be nearly identical
from both methods and are consistent with the experimental obser-
vations. The excellentagreement in the computational results using
the two models is clearly evident in these and subsequent plots.
Both models appear to capture the essential features of this � ow;
a more detailed comparison between experimental and computa-
tional results is presented in the following section. In a numeri-
cal study for a limited number of cases, Kitamura and Iwamoto33

computed the presence of such a stagnation bubble. However, their
published results were of limited resolution, and the comparison to
experimental results was nominal. To the authors’ knowledge, the
presentwork provides the � rst detailedcomparisonof experimental
and computational results for this � ow� eld, especially in the
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Fig. 6 Comparison of computed Mach-number contours using two turbulence models: sonic nozzle, NPR = 5, h/d = 3.

Fig. 7 Computed streamline paths using two turbulence models: sonic
nozzle, NPR = 5, h/d = 3.

impingement and wall-jet regions, at a level of resolution not ob-
tained before.

Although the computed data presented in the current work were
obtainedusing the full 30,000-pointcomputationalgrid, simulations
using half the number of points in the vertical and lateral direction
yielded nearly identical results. This is a good indication of grid
independence and that adding additional points in the domain will
not improve the accuracy. The mesh was constructed so that the
height of the � rst point above the wall is near yC D 3 at the location
of maximum wall-jet velocity near r=d D 1:25. Unfortunately, the
tight clustering at this location limits the maximum stable time-step
size that can be used for the entire simulation.

Comparison of Experimental and Computational
Results: Primary Test Case

An example of a time-averaged shadowgraph revealing the � ow
structure can be seen in Fig. 4. This � gure also shows mean den-
sity contours from the CFD simulation using both models. A direct
comparison among the details observed in the shadowgraphs and
density contours is not strictly valid because a shadowgraph is an
integrated image, sensitive to the second spatial derivative of den-
sity in the � ow� eld. However, a comparison in the overall � ow
structure and primary � ow features can still be made. Computed

density contours from both turbulence models are almost identical,
and there is a striking similarity between the computed � ow struc-
tures with features observed in the shadowgraph. The triple-shock
structure, which includes the jet shock, tail shock, and the Mach
disk, is captured by the computations, and their locations approxi-
mately coincide with the experimental observations.The computed
density contours also reveal the presence of the inner shear layer
and the outer boundaries of the stagnation bubble.

To further assess the accuracy of the CFD predictions, compar-
isons are presented in Fig. 8 of the line contours plots of the mean
velocity � eld obtained from the PIV data and the computationusing
the SST turbulence model. The computed data have been interpo-
lated to the same locations represented by the PIV data for a direct
comparison. Only the velocity contours from the SST model are
presented in this � gure, although results from the SARC model
(not shown) are nearly identical. Once again, the computationspre-
dict the measured velocity � eld very well with some discrepan-
cies. Both computational models predict the location of the Mach
disk slightly closer to the ground plane than does the measurement.
Consequently, the vertical extent of the separation bubble is also
marginally underpredicted. The magnitude and extent of the high
velocity region in the jet core, upstream of the Mach disk, is some-
what higher in the PIV measurements than in the CFD predictions,
and there is a discrepancy in the velocity magnitudes in the wall
jet, very close to the wall. However, it is clearly evident that overall
the computations yield very good predictions for the entire � ow-
� eld, including the jet core velocities, the recirculation region, and
in the wall jet. These characteristicsare of critical importance from
a practicalperspectivebecauseof their in� uenceon ground erosion.

The comparisonbetweenCFD andPIV resultscontinuesin Fig. 9,
which shows the mean vorticity contours and the velocity vectors
from experimental and computationaldata. (The numbers in paren-
theses above the contours indicate the grid size used for the in-
terpolated data.) The similarity of the CFD and PIV data in the
recirculation region and the overall � ow structure can be easily
seen. There appears to be a greater expansion angle at the nozzle
exit in the experiment than what is predicted in the CFD results.
Also, as in Fig. 8, the Mach disk appears closer to the ground in
the computations than the PIV data, resulting in a smaller sepa-
ration bubble above the surface. However, the radial extent of the
stagnation bubble, de� ned by the impingement location of the in-
ner shear layer/slip line on the surface, is in very close agreement
with the experimental results within r=d » 0:1. This agreement in
the radial extent of the stagnation bubble is also supported by the
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Fig. 8 Comparison of velocity contours from CFD and experimental PIV data: sonic nozzle, NPR = 5, h/d = 3.

Fig. 9 Measured (PIV) and computed velocity vectors and vorticity contours: sonic nozzle, NPR = 5, h/d = 3.

comparison of the surface pressure distributions, presented earlier
in Fig. 5. A comparisonof the vorticitycontours reveals the remark-
able similarity in the shape and magnitude of the diffusing vorticity
values between the computational and experimental results. It is
clear that the vorticity � eld is well predicted by the computations
indicating an accurate simulation of the strength and location of the
primary jet shear layer, which is redirected into the wall-jet shear
layer. As noted earlier, the inner shear layer that emanates from the
triple point (Fig. 1b) is also extremely well predicted in terms of
shape and vorticity levels.

A comparison of the predicted and measured ground plane
surface-pressuredistributions is shown in Fig. 5. Results from nu-
merical solutionsemployingseveral turbulencemodels are included
and compared to the experimental data. The dependent variable in
this � gure C p represents the nondimensional surface-pressure co-
ef� cient, where C p D .Ps ¡ P1/=.P0 ¡ P1/ and Ps is the surface
pressure. The x axis represents the radial location, nondimension-
alized by the nozzle throat diameter, in this case same as the exit
diameter d .

The overall pressuredistributionwith a low-pressureplateau and
an annular peak is typical of an impingement � ow with a recircu-
lation bubble (Fig. 1) as discussed earlier. The pressure near the

impingement point is well below the jet total pressure that is nor-
mally recoveredfor an ideallyexpandednozzlewithout a separation
bubble. The recirculatingbubble divides the jet core and de� ects it
radially outward so that the peak pressure is lower than the stag-
nation pressure and occurs away from center of the interaction. In
principle, the pressure peak should correspond to the location of
the stagnation streamline in the inner shear layer, which divides the
jet � ow that is redirected into the wall jet from the � uid that is en-
trained into the recirculation bubble. This is the behavior observed
in the present case where the pressure peak occurs roughly around
r=d D 1, a location that correspondsto the impingementof the inner
shear layer as seen in Fig. 9. The baseline Spalart model is seen to
signi� cantly overpredict the pressure throughout the impingement
region, whereas the inclusion of the curvature formulation (SARC)
producesa distribution in agreementwith the SST model prediction
and in muchbetteragreementwith the experimentalresults.A closer
comparison of the SST or SARC results with the experimental data
reveals that the greatest discrepancybetween computationaland the
experimental data occurs in the central portion of the impingement
zone. In this region (r=d roughly less than 0.4) both models overpre-
dict the plateau pressure by as much as 30%. The overpredictionof
the pressure in this region is expected if one realizes that r=d · 0:4
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roughlyde� nes the radial extent of the Mach disk formed above the
impingement zone (see Fig. 3). As noted earlier, the computations
underpredictthe strengthof the Mach disk (see Fig. 8), which in turn
would overpredict the pressures recovereddownstreamof the Mach
disk on the impingementsurface.Notwithstandingsome differences
in pressures in certain regions, the overall agreement between the
predicted and measured distributions is very good.

In addition to the primary experimental data, surface pressures
obtained for a similar con� guration at British Aerospace34 are also
shown in Fig. 5. The BAe axisymmetricnozzle had an exit diameter
of 120 mm and a jet total temperature of Tt D 1800±F and operated
at the same NPR as the cold jet in the present study. The plot shows
that the normalized pressure distributions from this experiment are
in good agreement with the present (FAMU-FSU) cold jet data and
the computations. The agreement of these three data sets provides
further con� dence in the ability of the CFD code to capture the
features of interest in this complex � ow� eld.

The grounderosionproblemis a resultof the unusuallyhigh mean
and unsteady loads imparted on the impingementsurfaceby the hot,
high-speedimpingingjet(s). An examinationof the velocitycontour
plot shown in Fig. 8 illustratesthat the radialwall-jet regioncontains
� uid with very high velocities, in close proximity to the wall. As
an example, Fig. 8 shows that wall-jet velocities in the range of
250– 350 m/s are found within a few millimeters from the surface,
resulting in very high velocitygradientsand wall shear stresses.The
radial distribution of the computed nondimensionalizedwall shear
stress, shown in Fig. 10, provides the magnitudes of the computed
shear stresses for the primary test case. In this plot the ordinate
depicts the skin friction C f , de� ned as C f D ¿w=.P0 ¡ P1/, where

Fig. 10 Computed skin-friction distribution: sonic nozzle, NPR = 5,
h/d = 3.

Fig. 11 Comparison of velocity vectors and vorticity contours from CFD and PIV: sonic nozzle, NPR = 5, h/d = 2.

¿w is the wall shear stress and .P0 ¡ P1/ is the difference between
the jet stagnation and the freestream ambient pressure.

Several points are of interest in this distribution.First, we see that
the skin friction is very low, almost zero, in the central portion of
the � ow� eld. A look at the velocity contour plot (Fig. 8) and the
vorticity contour plots (Fig. 9) con� rms that this area of the surface
lies under the separation bubble and is a region of very low veloci-
ties and negligiblevorticities,henceminimal shear stresses.Moving
radially outward, there is a rapid increase in the skin friction start-
ing at r=d ¼ 0:3 and ending at r=d ¼ 0:7, where a (negative) peak
in the wall shear stress is present. The negative values of the shear
stress are caused by the fact that � uid in the stagnation bubble is
moving radially inward in this region, as illustrated in the vortic-
ity/vector plots in Fig. 3 and Fig. 9. Figure 3 also shows that the
negative peak at r=d ¼ 0:7 roughly corresponds to the inner extent
of the slip line impingement on the surface, an area where high
shear stresses are expected.A more dramatic rise in the skin friction
occurs between r=d ¼ 0:7 and 1.2 with a skin friction peak at the
latter location. Figure 3 clearly shows that this region corresponds
to the slip-line impingement and the inception of a new boundary
layer in the wall jet, which is bounded by a high-speed outer � ow,
hence the signi� cantly higher shear stresses. The skin friction goes
througha sign change in this area with a zero occurringat r=d ¼ 0:9,
which by de� nition is the locationof the attachment line in the com-
puted � ow. The agreement between the zero skin-friction location
and slip-line impingement point in the experimental results indi-
cates that r=d ¼ 0:9 is close to the actual location of the attachment
line. This attachment line divides the stagnation bubble � ow from
the wall-jet � ow, an observation supported by the surface-pressure
distribution of Fig. 9, where the pressure peak occurs at the same
radial location. In summary, it is clear that the jet impingement and
wall-jet regions are areas of not only very high shear stresses but
also large gradients in shear stresses where the � ow goes through
rapid changes in direction.Given the analogy between skin-friction
and heat-transfercoef� cients, it is reasonableto expect that this high
skin friction be accompaniedby high wall heating.35 This behavior,
combined with the fact that this region is dominated by very high
� uctuating pressure loads,14 can result in severe ground erosion.34

Comparison of Secondary Cases
Finally, we brie� y compare experimental and computational re-

sults for two other cases at the same pressure, NPR D 5, and two
heights, h=d D 2 and 1.6. Similar to Fig. 9, experimental and com-
putationalvelocityvector/velocity contourplots for these two cases
are shown in Figs. 11 and 12. This is followed by a comparison of
the experimental and computational surface-pressure distributions
for both heights shown in Fig. 13.

The comparison between CFD and PIV results for h=d D 2 in
Fig. 11 shows an overall agreement in the computed and measured
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Fig. 12 Comparison of velocity vectors and vorticity contours from CFD and PIV: sonic nozzle, NPR = 5, h/d = 1.6.

Fig. 13 Comparison of measured and computed surface-pressure distributions: sonic nozzle, NPR = 5, h/d = 1.6 and 2.

� ow structure and the velocity � eld. As in the primary test case
(h=d D 3), the Mach disk, triple point, and the inner shear layer are
all captured by the computations. However, a closer look reveals
that there is less diffusion of vorticity in the primary jet and wall-jet
shear layer in the computed � ow, where these shear layers appear
more compact with higher vorticity values relative to the measured
� ow� eld. Additionally, the triple point and the origin of the slip line
(marked for clarity in Fig. 13) in the computed � ow� eld appears
diffused, almost bifurcated, and the impingement location of the
slip line is closer to the centerline than indicated by the PIV data.

As expected, these differences in the computed and measured
velocity � eld translate into a discrepancy in the pressure distribu-
tion in Fig. 13. Although the computations reveal the presence of
the stagnation bubble, indicated by the annular pressure peaks, the
magnitude of the pressure in the impingement region downstream
of the Mach disk is signi� cantly overpredicted.This is presumably
caused by an underprediction of the strength of the Mach disk for

reasons similar to those outlined in our discussionof Figs. 5, 8, and
9 for the primary test case.

The comparison between CFD and PIV results for h=d D 1:6
shown in Fig. 12 follows the same trend as Fig. 11. Although overall
there is good agreement between the computed and measured re-
sults, there are differences especially in the impingement region in
the vicinityof the Mach disk.The triple point is much more diffused
relative to the measured � ow, even more so than that observed in
Fig. 11. Similarly, there is a more signi� cant differencebetween the
experimental and computed pressure distributions (Fig. 13) in the
impingementregion.The computed� ow for this case fails to capture
the annular peak clearly present in the measured distribution.

In general, there is very good agreement between the compu-
tational results and the measured data, where the computations
captured the essential features of the � ow. However, it appears
that, as the interaction strength increases, that is, as the nozzle to
ground plane distance decreases, the differences between the two
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data increase systematically.This discrepancyis generally con� ned
to the impingement zone, a region close to the interaction center-
line. It appears that the disparity might be caused by the inability
of the computational scheme to accurately predict the behavior of
the � ow in the vicinity of the Mach disk. Differences between the
experimental and computational data become more pronounced as
the strengthof the Mach disk increases.One reasonfor this behavior
could be attributed to lack of adequate axial grid resolution in the
region of the Mach disk. Adapting the grid distribution to the � ow
gradients, either manually or with true grid adaptation,would most
likely increase the accuracy of the resulting numerical data. An-
other important considerationis the time accuracy of the numerical
scheme. It is possible that the � rst-order scheme used in the current
work suppresses some of the unsteadinessof the jet and wall shear
layers, which in general become more unsteady for lower heights.
This behavior would then lead to the apparent “underdiffusion”of
the time-averaged vorticity contours already discussed.

Conclusions
In this paper experimental and computational results for a mod-

erately underexpanded supersonic jet impinging on a surface were
examined and compared. The ultimate goal of this work was to de-
velop a better understandingof the impinging jet � ow� eld, which is
of signi� cant practicalinterestbecauseof its presencein STOVL air-
craft during hover. The detailed experimental results, especially the
velocity � eld data, were used to verify the accuracy of, and served
as benchmark for, the computational methods, which can be used
to predict the behavior of these � ows. Computational results from
the SARC one-equation and SST two-equation turbulence models
were nearly identical. Both models were able to capture the signif-
icant features of this complex � ow and were in remarkably good
agreement with the experimental data obtained for the present test
case. The SST turbulence model has proven to be robust, ef� cient,
and produce good results for a wide variety of CFD applications
in the aerospace industry. The experiments and computations both
revealed the presence of the stagnation bubble, at a level of resolu-
tion not seen before,which containslow-velocityrecirculating� ow.
The complexshock structureand the high-speedradial wall jet were
found to be similar in the experimental and computational data.

Although there are some discrepanciesbetween the experimental
and computational results for some cases, which become more sig-
ni� cant with increasing interaction strength, the overall agreement
is very good. It is expected that more accurate numerical simu-
lations could be obtained through the use of a dynamic adaptive
grid technique. This technique clusters the computational grid to
where � ow gradients are the strongest, such as shear layers and
shock and expansion waves. Better resolution of these waves and
other � ow gradients should lead to more accurate estimations of
the mean � ow� eld when compared to data. Also, the computed re-
sults presented here were obtained using only a � rst-order temporal
scheme. It is believed that higher-ordermethods would better cap-
ture unsteady � ow features and yield a more accurate prediction
of the mean � ow� eld for a given con� guration. Finally, the turbu-
lence model plays a signi� cant role in the accurate prediction of
the impinging jet � ow� eld. A large source of error, in both one-
and two-equation models, is the Boussinesq approximation,which
must be made to obtain closure for the system of equations. This
assumption allows the Reynolds-stress tensor, which arises during
the averaging of the momentum equations, to be computed as the
product of an eddy viscosity and the mean strain-rate tensor. Al-
though this approximation provides accurate predictions for many
� ows of interest, there are some applications in which it produces
large errors in � ow properties when compared with measured data.
The impingement of the jet � ow on the ground plane gives rise to
unequal normal Reynolds stresses,which will cause the Boussinesq
approximation to fail. Corrections for streamline curvature, such as
that of Spalart and Shur,24 have been shown to enhance the one-
equationSpalart turbulencemodel to yield results equal in accuracy
to the more sophisticated two-equation SST model. Without the
corrections the baseline Spalart model results signi� cantly differed
from the PIV velocity data including the strength and location of
the Mach disk. The two-equation SST model, however, still suf-

fers from de� ciencies, which cannot be addressed until computer
speeds enable large scale, cost-effective solutions to the Reynolds-
stress equations or direct-numerical-simulation methods to be
utilized.

The ability to measure and predict accurately the impinging jet
behavior, especially near the ground plane, is critical because these
are regions with very high mean shear, thermal loads, and unsteady
pressure forces. An understanding of these � ow characteristics is
essential because they contribute directly to the study of ground
erosion. We believe that this collaborative experimental and com-
putationaleffort has been very fruitfuland has providedunique data
and insight into this complex � ow behavior.
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