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Particle Image Velocimetry for Intake Ingestion
in Short Takeoff and Landing Aircraft
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Loughborough University, Loughborough, England LE11 3TU, United Kingdom

Exhaust gas ingestion can cause many major problems for a short takeoff and vertical landing (STOVL) aircraft
operating in ground effect, for example, engine surge. As part of a program of experimental and computational
work on intake ingestionproblems, a generic twin jet discharge/intake model was designed, constructed, and tested
in a water tunnel especially designed for STOVL � ow applications. Tunnel operating conditions were chosen to
focus speci� cally on the intake ingestion process. Particle image velocimetry (PIV) has now been developed into a
well-established technique that can provide two-dimensional spatially resolved velocity measurements in complex
� uid � ows. This technique is used to measure the instantaneous velocity � eld in a vertical plane close to the intake.
The � ow processes important to ingestion (fountain � ow, ground vortex, intake suction) are all captured. The
large-scale unsteadiness of the ingestion events are studied and quanti� ed. For the present jet-discharge/intake
con� guration, PIV is demonstrated as capable of producing quantitative informationon instantaneouseddy struc-
ture and its temporal development, which is essential to improving our understanding of the exhaust gas ingestion
phenomenon.

Introduction

A SHORT takeoff and vertical landing (STOVL) aircraft in its
hovering phase of � ight creates a complex three-dimensional

� ow� eld between lift jet streams, the airframe surface, and the
ground. This � ow� eld consists of interacting impinging jet � ows,
ground sheet (or wall-jet) � ows, fountain upwash � ows, and the
ambient air motion induced by the entrainment of all associated
turbulent shear layers. These � ows, and their interaction,dominate
the resulting aerodynamic forces on the aircraft, as well as creating
unique and serious design and operational problems such as jet ex-
haust gas reingestion, jet-induced suck down and fountain-induced
lift.The reingestionof exhaustgases, eithervia near-� eld or far-� eld
routes, as shown in Fig. 1, leads to a time-dependent rise in intake
temperature and spatial variations in � ow conditions of the intake
� ow. Both � ow unsteadinessand temperature rise can cause serious
problems for engine performance, including thrust reduction and
compressor surge or even stall. The intake ingestion phenomenon
is exceedingly complex and depends on many design and opera-
tional parameters such as jet con� guration, intake con� guration,
head-wind velocity, and jet impingement height.

In general, three mechanisms are involved in the exhaust-gas in-
gestion problem. These are far-� eld ingestion, near-� eld ingestion
(via direct or short-circuit capture of the fountain � ow), or ground-
vortex ingestion. The far-� eld ingestion mechanism results from
the ground sheet wall jet � ow that initially moves forward away
from the aircraft.After some distance the hot gases lose momentum
and may separate or rise from the ground plane, for example, due to
buoyancyeffects.A portionof the gas then mixes with the surround-
ing air and drifts back to the intake. The rise in intake temperature
due to far-� eld ingestion is small. Fountain � ow ingestion (being a
near-� eld effect) is a much more serious hot-gas ingestion mecha-
nism because it provides a direct path from the lift nozzle exits into
the vicinity of the intake. The impingement of multiple jets on the
ground plane creates a fan-shapedupwash fountain beneath the air-
craft. The fountain � ow impinges on the aircraft undersurface and
� ows along the fuselage to the intake, where engine suction may
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lead to ingestion. These gases are much hotter than those from the
far � eld and create severe temperature distortion of the intake. If
the aircraft has some � nite forward speed (or there is a signi� cant
ambient headwind) the presence of a ground vortex creates another
important mid� eld mechanism for exhaust gas ingestion.When the
forward-� owing groundsheet � ow is opposedby a headwind, it will
eventually roll back and create a horseshoe-shapedground vortex.
This � ow� eld transports exhaust gases away from the ground and
up toward the intake region. The level and intensity of the ingestion
resulting from this mechanism depends critically on the forward
velocity (head wind) and operating height.

During the past three decades, the � ow� eld characteristics as-
sociated with exhaust gas ingestion have been studied extensively.
Most of these ingestion studies have been made on speci� c con� g-
urations. There are no totally reliable preliminary design methods
for predicting the intake ingestion process and its consequences,1

although attempts to develop these have been made (see subsequent
text). Information available from the literature indicates that the de-
tails of hot-gas ingestion are highly con� guration dependent.Much
work has been reported of attempts to analyze or predict the over-
all � ow� eld.1 ¡ 10 Early ground-effect studies are summarized by
Stewart et al.,6 who pay particular attention to the mechanisms of
ingestion just described at low forward speeds. Kuhn8 provides a
basis for estimating the speed required to avoid ingestion. The ef-
fect of intake heightabove the ground plane on ingestionfor several
con� gurations was investigated in a study reported by McLemore
and Smith11 and by McLemore.12 This study was conducted in a
large wind tunnel and used a J-85 engine mounted in the fuselageof
an aircraft model with ducting to provide a variety of inlet and exit
arrangements. The effect of intake � ow variations on the reinges-
tion induced temperature rise for two isolated lift-enginesimulators
has been investigatedby Hall and Rogers.4 In most cases, near-� eld
ingestion problems can be controlled to some extent by the place-
ment of the inlet; by the arrangement of the jets, for example, using
jet splay angles; and by use of � ow de� ectors either in the form of
solid surfaces(dams or strakes) or additionaljet de� ectors. Hall and
Rogers4 have shown that these shielding devices need to be located
to redirect the fountain � ow away from the intake until it has mixed
suf� ciently to decrease its temperature; the intake-temperaturerise
can then be drastically reduced.

For future design of any new STOVL aircraft variants, it is essen-
tial to minimize the losses caused by ground effects. Hence, those
factors that substantially affect intake gas ingestion must be identi-
� ed and understood. Performing this type of research at full scale
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Fig. 1 Major aerodynamic features of exhaust-gas ingestion for a STOVL aircraft in ground effect.

is dif� cult and expensive. A wind/water-tunnel capability is, there-
fore, both desirable and necessary. Hot-gas testing at model scale
has been attemptedpreviouslyin a wind tunnel by Strock et al.13 As
reported by Johns et al.,14 a large database has been established by
NASA for supersonic and subsonic jets exhausting into a subsonic
� ow� eld. Bray15 has recently reviewed such experimental studies,
particularly from the viewpoint of jet impingement. Saripalli16 has
reported early investigations on impinging jets and fountain for-
mation, but the data were restricted to twin jets of wide spacing
(S / d j =9 and 14) with no cross� ow. The measurements indicated
extremely high-turbulence levels and fountain spreading rates that
have proven dif� cult to reproduce in computational � uid dynamics
(CFD) modeling studies. Speculation that large-scale unsteadiness
was signi� cant in these � ows has been made, but no direct evidence
has been provided. Barata et al.17 have included a cross� ow, but
consider only the case of twin and three-poster parallel jets; again
only time-averaged data were obtained.

Several experimental techniques for studying impinging jets and
associated phenomena are available. Measurements of turbulence
quantities have usually been carried out in low-speed air� ow, for
example, the work of Cimbala et al.,18 or more commonly in wa-
ter � ow experiments, for example, the studies of Barata et al.,17

Sarapalli,16 and Behrouziand McGuirk.19 The neglect of compress-
ibilityeffectsin low-speedair� ows and in studiesusingwater � ow is
not likely to be seriousfor groundvortex and fountain � ows because
both measurements20 and CFD predictions21 indicate that the foun-
tain and ground vortex interactions lie in essentially low subsonic
Mach number zones. Flow visualizationtesting in water � ows is an
effective means for studying complex, unsteady � ow� elds at costs
far below high Mach number, hot-gas testing.However, testing with
hot nozzle � ow is certainly ultimately necessary to determine the
� nal magnitude of temperature rise effects due to gas ingestion.22

A series of water � ow visualization tests simulating STOVL oper-
ation have been conducted by Kaemming and Smith22 on a scale
model of the McDonnell Douglas Model 279-3. This study covered
both exhaust � ow ingestion mechanisms and techniques to mini-
mize exhaust gas ingestion.A laser-illuminated,dye-ingestion� ow
visualization system was used to evaluate the � ow� eld. Finally, a
9.2%scaleSTOVL hot-gas ingestionmodelwas designed,built, and
tested by McDonnell Douglas Corporation.23 Laser sheet illumina-
tion and water vapor were employed to study the hot-gas ingestion
phenomena.The laser sheet illumination system provideddetails of
fountainbehavioragainst splayangleof the forward nozzles and the
height of the aircraft above the ground plane.

Although the basic � ow mechanisms that produce ground-effect
phenomena in STOVL aircraft are known, details of these mecha-
nisms are still by no means suf� cientlyunderstoodto allowpractical
and reliable engineering design methods to be developed.24 Care-
ful and systematic investigations to isolate the effects of important
parameters on the � ow� eld around the test model are required.The
effects of ground proximity and quantitative/qualitativeunderstand-
ing of themechanismof exhaustgas recirculationand ingestionneed
to be documented. As part of a program of experimental work on
exhaustgas ingestion,nonintrusivetechniquessuch as laserDoppler
velocimetry (LDV),25 laser-induced � uorescence (LIF),26 and par-
ticle image velocimetry (PIV) have been employed by the present
authors.A generic jet discharge/intake unit has been constructedfor
this purpose. The results of the LDV and LIF studies have already
been reported,25,26 and the purpose of this paper is to present and
analyze the results of initial PIV studies.

Fig. 2 Schematic of the jet/intake unit.

Experimental Facility
Measurementswere conductedin a specially designedwater tun-

nel for STOVL � ow applications;this has previouslybeendescribed
in detail by Behrouzi and McGuirk.19 The main advantage of a
water-� ow tunnel over conventional wind tunnels is that an easier
route is provided for performing � ow visualization.Because of the
lower kinematic viscosity of water compared to air, it is possible to
reproduce aerodynamic phenomena at a given model size in water
with a lower freestream velocity (for the same Reynolds number)
compared to the equivalent air� ow. The � ow timescales, hence, be-
come larger, leading to easier and clearer observationsof dynamic
phenomena.

The rig used for the present study is of recirculatingdesign. The
test section is made entirelyof Perspex to allowample opticalaccess
forbothPIV andconventional� owvisualizationmeasurements.The
water circuit consists of cross� ow and jet-� ow pumps. These ex-
tract water from a main supply tank and pump it to a large upstream
settlingchamber (for cross� ow) or to overheadjet tanks,which feed
two separate jet units each provided with a jet nozzle of 12.4-mm
exit diameter d j . The mass � ow rates of the jets were monitored via
rotameters,whereasthe cross� ow rate was measuredvia a calibrated
ori� ce plate. Turbulence management units were provided in both
cross� ow and jet circuits to provide controlled and well-de� ned in-
let � ow conditions to the test section. The turbulence management
system representsa standardcombinationof perforatedplates, hon-
eycomb, and coarse and � ne mesh screens as employed success-
fully in other tests conducted in the present tunnel by Behrouzi and
McGuirk.19 Figure 2 presents the design of the jet/intake unit; this
is positioned centrally in the test section and supported by the top
wall. A single intake with a rounded lip (2:1 ellipse) was positioned
between twin jets. The jet nozzle exit height, the intake diameter,
and its height above the ground plane were chosen to be 87.5 mm
(7d j ), 37.5 mm (3d j ), and 118.75 mm (9.5d j ), respectively.The jet
lateral spacing and the intake position forward of the jets were both
� xed at 75 mm (6d j ). The presence of a (rudimentary) fuselage via
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a � at plate underneath the intake was included to allow for possible
forward de� ection of the fountain. These dimensions and position-
ing correspond approximately to a typical wheels-on scenario for
a vertical landing aircraft. The intake pipe was connected to the
pumps feeding the jet nozzles and isolated from other circuits to
ensure continuity and equalityof mass � ow between jets and the in-
take. Where it was necessary to record mean velocities to set the
experiment at a design condition, these were measured using the
single-channel, forward-scatter, fringe-mode LDV system as used
in the LDV measurements reported in Behrouzi and McGuirk.19 In
the coordinate system used to report measurements (see Fig. 2), the
origin of the longitudinal x coordinate (negative in the headwind
or cross� ow direction) is at the jet entry plane, and the vertical y
coordinatehas its origin on the tunnel � oor and is measured positive
upwards. Finally, the transverse z coordinatehas its origin at the jet
intake symmetry plane.

PIV
LDV is an attractive and well-established method that can pro-

vide the necessary data, for example, for the evaluationof the time-
averaged turbulence models used in most current CFD methods
for complex � ows. However, contemporaneousinformationat other
points in the � eld is lost in point-basedmeasurement.Such spatially
resolved information could, in certain circumstances, be extremely
useful, particularly where the dynamic behavior of large-scale ed-
dies is thought to be important. PIV is a multipoint, nonintrusive
technique that combines the accuracy of single-pointmethods such
as LDV with the multipoint nature of � ow visualizationtechniques.
Brie� y, the beam from a pulsed-laser [or a continuous wave (cw)
laser and pulse generator] is converted to a sheet of light by a cylin-
drical lens. This sheet is arranged to pass through the � ow region of
interest. Video or photographyis used to record images of particles
movingwithin the lasersheet, and becausethe laser beam is pulsing,
each particle will yield multiple images. Analysis of these multi-
ple images via software-based image processing systems produces
an instantaneous two-dimensional velocity vector map throughout
the illuminated� ow plane.The PIV technique is capableof creating
instantaneous pictures of the � ow� eld that are not available from
single-pointmeasurements.Such information is much needed in the
study of turbulent � ow, where it is now widely recognized that the
instantaneous realisationof the � ow may, in certain circumstances,
have more use than the time-averaged structure. Turbulent � ows at
high Reynolds numbers typically contain a wide range of scales of
motion. This places great demands on the experimental technique
because it must be capable of measuring the velocity � eld over
regions large enough to contain the large-scalestructureswhose dy-
namics are of interest, but at the same time be capable of spatial
resolution small enough to resolve velocity vectors essentially at
a point in the � ow. This implies that the number of measurement
points must be very large, and the PIV technique is well suited to
addressing this demand economically.

The developmentof PIV over the past decade, and its application
as an effectivemeasuringtechniqueformappingcomplex� ow� elds,
has been described by many researchers, for example, Adrian,27

Grant and Smith,28 and Lourenco and Whiffen.29 The � rst practical
description of the technique was in 1977.30,31 Experimental dif� -
culties limited the studies to low � ow speeds and a small size of
measuring region. In the majority of early investigations,water was
employed as the working � uid due to the associated simplicity of
the experimental rig and also to highlight the scattering ef� ciency
of seeding particles. Further experiments to develop the technique
were carried out, and Meynart32 completed one of the � rst reported
tests in air, where a pulsed ruby laser was used to investigate an
unexcited jet. Lourenco and Whiffen29 presentedan early use of the
technique using a cw, argon– ion laser and a beam-chopping unit.
Grant and Smith33 have described some of the practical problems
of applying the PIV method to real engineering � ows.

RecentlyPIV hasbeenusedas a quantitativemeasuringtechnique
in several � ows related to aerospace applications. The technique
was employed by Lourenco and Krothapalli34 to measure instan-
taneous two-dimensional velocity � elds in the transition region of

a three-dimensional jet issuing from a rectangular nozzle with an
aspect ratio of 4. The rollup of the laminar shear layer into vortices
and their subsequentinteractionswere examined.The velocity � eld
of a circularwater jet impingingon a � at plate has beenmeasuredby
Landreth and Adrian.35 The structure of the boundary layer formed
by the impinging jet was studied and the data were claimed to have
relevance to jet resonance in operationof STOVL aircraft (although
the very low Reynolds number makes extrapolationof the measured
data to fullscale rather dif� cult). Finally, the unsteady � ow past a
NACA 0012 airfoil in pitching motion was investigatedexperimen-
tally in a water tunnel using PIV by Shin et al.36 The dynamical
behavior of the wing vortices and their interactions with the lifting
surface were captured in great detail.

A major problem associatedwith the PIV technique in measuring
complex � ows is related to the measurement of very low velocity
and reverse � ows. When a PIV photograph is viewed, the � rst and
secondparticleimagesare indistinguishablein general.Because it is
not known which came � rst, a 180-degdirectionalambiguity exists.
In unsteadyrecirculating� ows, the correctdirectionis impossibleto
identify uniquely in all areas. To resolve this directional ambiguity,
image shifting may be used. Image shifting can be implemented
using, for example, a rotating mirror between the light sheet and
the camera. The position of each particle on the � lm will depend
on the mirror angle. By recording the � rst image with the mirror
in one position, and the second image with the mirror rotated, an
image shift is introduced. The particle images are displaced by an
amount equal to the vector sum of the image shift distance (which
is normally greater than the largest reversevelocity) and the particle
travel distance. In the later postprocessing phase, the image shift
vector may be subtracted from the measured image displacement,
which results in the particle image displacement only due to the
motion.

Figure 3 shows schematically the PIV system used in the present
experiments. The illumination source used for these measurements
was a 5-W Spectra Physics argon– ion (514-nm) laser (Model 164).
The pulse separationand pulse durationwere controlledby a beam-
chopping unit. The laser beam was turned and then expanded by a
cylindrical lens into a thin light sheet to illuminate a selected two-
dimensional plane of the � ow in the tunnel test section [usually a
verticalplaneorientedparallelto thecross� owdirectionand through
the intake symmetry plane (see Fig. 2)]. A specially designed top
hat sheet unit (Dantec 80X20) gives a uniform light intensityacross
the central 80% of the light sheet. The implementation of the PIV
techniqueused in the current work is based on capturing the particle
images on a photographic negative to allow maximum spatial res-
olution of the images. Particles speci� cation is, therefore, a major
factor that can affect the accuracyof the system. The optimum parti-
cle diameter may be taken to be the largest particle size that follows
the � ow faithfully (aerodynamically acceptable). Small (30-l m)
neutrallybuoyantOptimage-I powder was found acceptablefor wa-
ter � ow applicationsby Behrouziand McGuirk.37 An OptimagePIV
rotating mirror (model PIVRMS-1) was used as an image shifter.

Fig. 3 Experimental setup of the PIV system.
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The PIVRMS-1 system consists of a specially designed rotating
mirror unit that is software controlled through an enhanced PCL-
812 computer interface board. The principle of operation of this
system has been presented by Grant and Wang.38 The camera shut-
ter, rotating mirror, and chopper unit are all synchronized to cap-
ture multiple images of the particles introduced into the � ow on
the � lm negative at appropriatepulse duration and separations (dis-
cussed subsequently). The instantaneouslocation of the particles in
the light sheet is photographed through the rotating mirror using a
Nikon F801 camera with a Nikkor 55-mm macrolens. The particle
images are recorded on TMAX-400 photographic � lm. The photo-
graphic � lm is subsequently mounted on a two-axis traverse unit
and a 512 £ 512 pixel charge-coupleddevice (CCD) camera views
the negative. The CCD camera output is digitized to 8-bit accuracy
and then passed over a video bus to an array processor that com-
prises a mathematicsacceleratorboard that is ef� cient at calculating
Fourier transforms. VISIFLOW software and personal computer-
based postprocessingsoftware are used to extract the instantaneous
velocity informationfrom each picture.Although this procedurefor
digitizationand processingis time consuming, it has proven cost ef-
fective and practicablefor the present purpose of demonstrating the
value of the PIV technique for resolving the dynamics of intake
ingestion � ows. The amount of information that can be extracted
from the captured images is considerable, including instantaneous
velocity and vorticity � elds. The system parameters are such that
one velocity vector is evaluated for each 1.5 £ 1.5 mm area of the
region captured on the camera (typically around 4500 vectors per
negative are obtained, although adjustment of resolution parame-
ters can increase this to over 6000). With the optical magni� cation
factors currently used, the viewing window in the � ow is an area of
approximately 124 mm wide by 105 mm high, that is, about 10 jet
diameters by 9 jet diameters.

Experimental Procedure
Preliminary experiments were performed using an LDV system

to establish the mean velocity and turbulence intensity of the jets
and cross� ow at all stations where these entered the test section.
The meanvelocitymeasurementsshowedthis to be uniformover the
central85% of the jet diameter, as well as over 95% of the cross� ow.
The turbulence intensity at the jet exit was approximately 2%, and
in the cross� ow it was about 1%.

Performanceand calibrationtests of the rotating mirror were car-
ried out. The image shift value was calculated from the following
relation:

velocity shift = 2 ¢ x ¢ R

where R was the perpendiculardistance between the mirror and the
light sheet (0.24 m) and x was the rotational speed of the mirror.
PIV measurements of stationary and moving particles for different
mirror speedswereperformed.The resultsarepresentedin Fig. 4 and
were subsequentlyused as a calibrationcurve for the postprocessing
phase of the data reported later. The main PIV system settings were
set by experimentation to satisfy the following criteria39:

Fig. 4 Rotating mirror calibration curves.

1) The interrogation region size was chosen to be small enough
(1.5 £ 1.5 mm) to represent a single vector for that area.

2) For high validated data consistency, the seeding density was
such that around 10 pairs of particles were observable inside each
interrogation region.

3) The maximum particle displacement was around 25% of the
interrogation region size, which gave a selected pulse separationof
around 2 ms.

4) The maximum out-of-planemotion was limited to 25% of the
light sheet thickness.

5) The minimum in-plane particle image displacement was
greater than two particle image diameters.

The � ow test conditionswere de� ned to be close to those for the
twin parallel nozzle � ow� elds studied by Bray.15 Bray’s tests were
performed at low speed in air with a nozzle pressure ratio of 1.05
and cross� ow velocities of 2.6, 3.9, and 5.1 m/s and were scaled to
be relevant to aircraft ground effect � ow� elds. The corresponding
velocity ratios R (= jet velocity/cross� ow velocity) were 35, 23.5,
and 18, respectively.[Note that the velocity ratio is to be used only
when both jet and cross� ow streams are at the same temperature;
in other circumstances the (square root) ratio of jet to freestream
dynamic pressure is to be preferred.] The Reynolds number associ-
ated with these tests was around 4 £ 104. It is clear that in subsonic
� ow the structure of the � ow� eld associated with a twin-jet system
dependson both velocity ratio and Reynolds number. Hence, the jet
and cross� ow velocities in the current water � ow tests were calcu-
lated to be 2.66 m/s for the jet and 0.076, 0.113, and 0.15 m/s for
the cross� ows to realize velocity ratios R of 35, 24, and 18. Veloc-
ity ratios of 18 and 35 were examined in preliminary studies, but
yielded either insigni�cant ingestion events (R =18) or practically
continuous ingestion (R = 35). Hence, the R =24 case seemed to
be most suitable for PIV study as corresponding to a case of highly
intermittentingestion,thus providingthe most dif� cult test for time-
resolved measurements. Measurements were also carried out with
zero cross� ow (no head wind) corresponding to a velocity ratio of
in� nity.

Although the image processing analysis of the negatives is con-
ceptually simple, a number of parameters need to be adjusted cor-
rectly to obtain the best results. The VISIFLOW system (from AEA
Technology) was employed for this purpose.The autocorrelationof
the particle image is computedusing a two-dimensionalfast Fourier
transform.This may be analyzedto give the particle image displace-
ment � eld. The displacement � eld has a strong peak in the center.
This peak is the correlation of each particle with itself, represent-
ing of course zero displacement. Pairs of images from different
particles add additional peaks to the displacement � eld. The dis-
placement � eld is symmetrical about its central point. Each peak
has an identical peak on either side of the central point. One is the
correlation of the � rst image with the second, the forward velocity
vector. The other is the correlation of the second image with the
� rst, and implies a reverse velocity (this is the 180-deg directional
ambiguity mentioned earlier). The particle image displacement is
found by measuring the position of the peaks in the displacement
� eld relative to the central point. The three highest displacement
peaks are measured. The second and third peaks are used during
data validation if the highest peak gives an erroneous velocity. The
image shift displacement is subtracted from the measured particle
image displacement, resulting in the particle displacement due to
the motion only. The deduced displacement is divided by the time
between laser pulses to give velocity. Data smoothing is used to
� lter some of the high-frequency � uctuations in the velocity � eld.
In the present work, this smoothing is carried out using a Gaussian
� lter.

Results
The � ow� eld in the vicinity of the intake has a number of in-

teresting features, which were extracted from live observation or
videotape records taken during the preliminary measurements. It is
important to emphasise that the videotape illustrates clearly both
the signi� cant large-scale unsteadiness of the present � ow� eld as
well as the constant shifting in the formation and propagation of
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vortical structures (also observed by Cimbala et al.18). Many small-
and medium-sized regions of the fountain and ground vortex � ow-
� elds were observed to be ingested at different times because of
the highly complex turbulent nature of the � ow. The frequency of
major � uctuation events (such as � uctuations in ground vortex for-
ward penetrationor direct fountain � ow ingestion) and other minor
� uctuation events (such as ingestion of � uid from the ground vor-
tex) were estimated from the videotape to be around 0.5 and 0.1 Hz,
respectively(at R =24). The maximum observedamplitudeof � uc-
tuation of the farthest forwardpenetrationpointof the groundvortex
was observed to be about 4 jet diameters around its time-averaged
location.

A typical PIV multipulsed photograph for a region in the imme-
diate vicinity of the intake is shown in Fig. 5 (the bottom lip of
the intake can just be seen in the top left corner, see Fig. 2 for ex-
act location). Figure 5 shows clearly the existence of high levels of
unsteadiness, local regions of high spatial velocity gradients, and
multiple vortical structures inside the fountain and ground vortex
regions. This essentially highlights the limitations of pure � ow vi-
sualization techniques. PIV allows the information in Fig. 5 to be
converted into a velocity vector map. Figure 6 shows the � nished
product, the velocity vector map deduced from the image shown in
Fig. 5. Note the ability of this technique to capture the vortex that
is located close to the bottom lip of the intake. This is precisely
the kind of information that is lost in time-averaged LDV measure-
ments. However, this is also the instantaneous information that is
of prime signi� cance for intake ingestion considerations because
this eddy was swallowed by the intake shortly after the time instant

Fig. 5 Multipulsed PIV photograph in the vicinity of the intake for
velocity ratio of 24 (location shown in Fig. 2).

Fig. 6 Measured instantaneousvelocityvectors insidethe fountainand
ground vortex region on the central plane of the intake (location shown
in Fig. 2).

Fig. 7 Measured instantaneous velocity vectors in front of the intake
on the central plane (location shown in Fig. 2).

of the photograph. Four distinct regions are visible in the pictures,
these are the fountain region, a mixing region (edge of the fountain
region), a ground vortex region, and a cross� ow region (visualized
better in later � gures). Scales of eddy motion as small as a few mil-
limetres are visible inside the mixing and ground vortex regions.
The central part of the fountain � ow region as well as the cross� ow
region are identi� ed as zones of relatively uniform velocity vectors,
but are surrounded by many small vortices generated in the strong
shear layers. The penetration of the forward-� owing portion of the
ground sheet (wall jet) � ow measured from this image (see veloc-
ity vectors close to the ground plane) is around 13 jet diameters
measured from the jet impingement location (or 7d j in front of the
intake).

Figure 7 shows a similar instantaneous picture to Fig. 6, but the
viewing window has been shifted upward so that the measured re-
gion of velocityvectors now capturesmost of the intake diameter in
front of the intake on the centralplane (see Fig. 2 for exact location).
The mixing region between fountain � ow and intake � ow extended
occasionally as high as the intake top-lip (11d j from the ground
� oor), but in this frame has risen just above the intake bottom lip.
The details of the small vortices have been clearly quanti� ed. The
ingestion phenomenon can be easily observed and quanti� ed. For
example, the near-� eld ingestion (direct ingestion of fountain � ow)
is captured very well, and a vortex is now seen entering the intake
in Fig. 7.

The precedingdiscussionhas concentratedon selected single im-
ages. For time-resolved information on, for example, the trajectory
of the vortex mentioned earlier as it passes through the � ow, a time
history is required. One of the limitations of the current system is
the use of a 35-mm camera to capture the PIV information on � lm
negative. This gives the best spatial resolution, but the time resolu-
tion is limited by the automatic wind-on mechanism of the camera.
The fastest frame rate, that can be obtained, is 3 frames per sec-
ond and for each negative the shutter is open for 33 ms. The use of
a CCD camera for capturing the images would give worse spatial
resolution but obviously improve the temporal resolution to video
frame rates. However, it is still possible to demonstrate the ability
of the PIV technique to track instantaneous� ow events in time even
with the current equipment limitations. A series of 6 PIV frames
captured over a 1.66-s interval were analyzed (at a camera shutter
time of 33 ms). After processing as described earlier, a velocity
vector map was obtained for each picture. For better illustration of
the data, an alternative technique was developed that is analogous
to methods often used to view CFD data. It was assumed that the
instantaneousvelocity vector maps (as shown in Figs. 6 and 7) rep-
resented characteristic data for the 33-ms time interval over which
the camera shutter was open. Hence, for a time span smaller than
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a) b) c)

d) e) f )

Fig. 8 Measured time series of the instantaneous velocity � eld in the vicinity of the intake over 1.66 s (particle tracking time 15 ms, central plane,
location shown in Fig. 2).

this (15 ms was chosen), the instantaneous velocity vector maps
could be frozen, and massless particles could be tracked through
the two-dimensionalvector � elds to produce particle tracks that are
visually very similar to � ow visualization pictures but are quanti-
tatively as accurate as the vector maps from which they have been
devised. Figure 8 presents the six PIV frames viewed in this way.
These data are a clear indication of the successful achievement of
the main objective of the current work, that is, to demonstrate the
viability and usefulness of PIV in intake ingestion � ows. Careful
examination of these pictures allows large-scale vortical structures
captured in earlier frames to be traced through the � ow. Several
important features may be observed in these measurements.

1) There is evidence of occasional direct fountain reingestion
around the lower lip (Fig. 8c), that is, fountain � ow � uid impinging
on the intake lower surfacehas � owed forwardand then been sucked
directly into the intake.

2) There is evidenceof large-scaleintrusionof the cross� ow � uid
deep into the ground vortex region beneath the intake (Fig. 8d).

3) There is good resolution of the large-scale axial movement
of the forward edge of the ground vortex (Figs. 8a and 8b and 8d
and 8e).

4) Small-scale vortices are captured in the interface between the
ground vortex and the cross� ow (Figs. 8a–8f).

Only the limited time resolution of the equipment (necessitating
the 15-ms approximationdescribedearlier) prevents a detailed time
history of an individual feature being tracked through all frames (as
long as it survivesand also remains in the planeof illumination). The
evidence from Fig. 8 is clearly that PIV can deliver quantitatively
accurate velocity � eld information on the unsteady dynamics of
intake ingestion.

Summary
As part of a program of experimental work aimed at identify-

ing ways of improving our understandingof intake ingestion prob-

lems, a generic jet discharge/intake model has been designed, con-
structed, and tested in a specially designedwater tunnel for STOVL
� ow applications.An applicationof the PIV techniquefor measure-
ment of two-dimensional planar instantaneous velocity � elds has
been described. The method has been generally successful in pro-
viding quantitative measurements of velocity � elds in a complex
jet-discharge/intake � ow� eld. The images captured using this tech-
nique have been used to illustrate the analysis of the instantaneous
dynamics of vortical structures. Such information is clearly invalu-
able if intake ingestion and associated temperature distortion is to
be understood and minimized.
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