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(57) Abstract: A flow field seeded with elements is illuminated by a shaped light beam (5) introduced into the optical axis (20) of
a video detector (21) by a polarising beam-splitter (10). The laser is pulsed and (21) records multiple element scattering images,
after going through a lens (8). Images are then processed to extract the velocity field and/or aerosol characteristics. To measure of
viscosity, pressure, density, and velocity, three seeding populations of varying size are used to derive a set of simultaneous equations,
together with the perfect-gas law. Furthermore, the remaining portion of the light beam not striking any seeding can be used, in
conjunction with parameter-sensing paints, to record back-surface temperature/pressure, or PSP/TSP data can be recorded of lumi-
nescence created by an external excitation source. This apparatus is capable of providing real-time, 3D aerodynamic together with
back-surface heat transfer/pressure information, simultaneously through a single integrated modular measurement means.
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Title: METHOD AND APPARATUS FOR INVESTIGATING FLUID FLOW VARIABLES,
ELEMENT CHARACTERISTICS AND NEAR SURFACE TEMPERATURE AND FORCES

Description of Invention

This invention relates to an apparatus and method of investigating fluid flow containing elements
from which energy directed onto the elements may be reflected or from which energy is emitted
as a result of energy being directed onto the elements. The elements may be elements of the
fluid, or elements seeded into the flowing fluid to aid investigation and may be simple reflecting
elements or elements emitting energy, and may also be the object of investigation where their
characteristics are unknown. The invention aiso relates to the apparatus herein described also
being capable of separating the information from each population of elements, where more than
a single population of elements having a common set of characteristics are used, and the method
to derive fluid velocity, density, viscosity, temperature and pressure in three dimensions. The
invention also relates to the apparatus herein described also being capable of separating energy
coming from a surface, coated with a parameter-sensitive coating, as a result of energy being
directed onto the surface, either by the said apparatus or an external source, and the method to
combine fluid flow information with surface parameter data.

An explanation in fluid mechanics to describe the realities of unsteady flow implies the capacity
to make non-intrusive, instantaneous and simultaneous flow measurements of the four fluid
variables: velocity, temperature, density and pressure, in all three dimensions, along with body
surface pressure/temperature distributions, in some cases.

Methods are known for investigating surface parameters, such as pressure/temperature. In
particular, Pressure/Temperature Sensitive Paints (PSP/TSP) offer a unique and inexpensive
means of determining body surface pressure and temperature distributions. These distributions
are impossible to obtain using conventional measurement techniques at a comparable
measurement density, are critical for understanding complex flow mechanisms, and allow direct
comparisons with results from computational fluid dynamic (CFD) calculations. The cost of the
PSP/TSP technique is competitive in comparison to the cost of pressure/temperature transducers.
Not only is the cost of installing these conventional probes an issue as well as their size, but the
aerodynamics and structural dynamics of the component can be seriously altered by
modifications to accommodate such transducers. Data rates for PSP/TSP are also faster than for

conventional techniques.
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In turbomachinery for instance, prediction of the heat transfer to blade and endwalls is
particularly important for an accurate assessment of turbine component life. On the endwalls,
there are complex 3D flows present, which make predictions of heat transfer difficult. In order
to increase thrust-to-weight ratios and achieve maximum cycle efficiencies with gas turbine
engines it is necessary to raise the cycle temperatures to the maximum, within constraints of
structural integrity. Thus, the need to understand in detail and predict accurately the heat transfer
distributions for high-pressure turbines becomes an important factor. The presence of complex
highly three-dimensional secondary flows within the turbine passage makes the turbine
designer's task very difficult and requires accompanying detailed aerodynamic information.
Moreover, in turbulent flow conditions, where free-stream turbulence is high, heat flux on the
blades is largely controlled by free stream eddies of large size and energy reaching deep into the
blade's boundary layer. Furthermore, flutter is an aeroelastic interaction between a fluid and
objects, which induces vibrations. These vibrations can cause blade failure, and hence endanger
turbomachines and aircraft.

Aerodynamic structures such as aircraft and aircraft components are commonly tested in a wind
tunnel to gather data for use in verification of characteristics and in design improvements.
Various quantities are measured in wind tunnel testing including, for example, the pressure
distribution at the surface of the structure. The pressure information is used to calculate air flows
and force/pressure distributions over the structure. Thus, the aerodynamic structure is effectively
“instrumented” for wind tunnel testing by painting it with a PSP, illuminating the structure with
the required wavelength of radiation, and measuring the lJuminescence and light output intensities
over the surface of the model using an optical imaging system. However, these measurements
are often made over the entire structure and, if corresponding fluid flow information is required,
it can be difficult to achieve registration between PSP data and aerodynamic information. Dual-
purpose coatings for simultaneous TSP/PSP measurements are possible, and currently under
development and refinement by a number of research groups. A variation of this is used to
produce surface-shear-stress-sensitive coatings. Liquid crystal coatings contain molecules that
scatter incident white light as a spectrum of colours. For a fixed/oblique-view observer, the
colour-change response is dependent on both the magnitude of the shear force and the relative in-
plane view angle between the shear-vector and the observer. These methods, however, generally
use multiple light-sources and multiple-camera detection assemblies, and therefore require ample
optical access to the region under test, whereas a small region (such as transition, stagnation,
wakes, etc.) are often of interest. They are also not used in an integrated apparatus to measure

surface parameters together with fluid parameters.
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A variety of techniques have evolved through time to attempt to achieve the goal of fluid
variable measurement. The most relevant published material is included at the end of this
description in a bibliography. Some are able to measure intrusively by point measurements like
pressure probes. Others are non-intrusive but integrate in one of the three dimensions, like
interferometry, which can be used to measure density, temperature and pressure. In the last few
years, a lot of successful development effort has been oriented towards measuring the fourth
variable: velocity.

Existing methods of measuring flow velocity in wind tunnels, for instance, are mainly based on
single-point Laser Doppler Velocimetry (LDV) and Laser-2-Focus (L2F) velocimeters, in their
various versions. These techniques, including those which measure particle size and velocity,
require scanning over the region of interest to obtain a whole-field velocity measurement and are
therefore time-consuming and primarily effective for steady flows.

For unsteady turbulent flows several methods of whole-field measurement have been proposed,
such as Doppler Global velocimetry and variants thereof, Laser Induced Fluorescence, and
Particle Image Velocimetry. The last technique normally referred to by its acronym: PIV has
been shown to work in hostile industrial environments.

The technique of PIV is a whole-field method of measuring fluid velocity almost
instantaneously. This approach combines the accuracy of single-point methods such as LDV
with the multi-point nature of flow visualisation techniques. Typically (see Figure 1), a double
exposure of the light scattered by elements 24 introduced into the flow 2 as seeding, when lit by
a pulsed light source forming a thin light-sheet 27, is recorded by a detector 21 such as a film
camera with a lens 8 during a sampling period. The viewing position lies orthogonal to the light-
sheet plane, and so the scattered energy received is due to side-scatter from the seeding elements.
So, the recording contains pairs of element images, where the displacement between the element
images encodes the velocity field. Methods making use of element displacement between light
pulses for the measurement of velocity are also known as Particle Tracking Velocimetry (PTV),
where multiple particle tracks are used to reconstruct the velocity field. A variation of these
methods is known as laser-speckle velocimetry (LSV). In LSV, the concentration is so large that
element images overlap in the image plane, and it is to be understood as a special case, though it
is not normally found in experimental fluid mechanics due to the high seeding concentrations
required.

An analysis system is then employed which measures velocity from the motion information,
given knowledge of the pulse separation between the first and second light pulse.

PIV and related variations thereof suffers from several major disadvantages as a technique.
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Firstly, the need for orthogonal viewing of the light sheet places severe restrictions on the
applicability of the technique, as many flow fields of interest do not allow the required optical
access. Secondly, the technique is intrinsically a 2D technique since a thin light sheet in
normally used. Thirdly, the separation between the light-sheet generation optics and the viewing
optics means that the viewing optics need to focus and align on to the light-sheet plane and this
process is therefore a source of experimental constraint and errors. Fourthly, seeding side-
scattering efficiency is very low compared to back scatter and forward scatter. Finally, it cannot
cope with arbitrary magnitudes for the velocity components in all three dimensions, for a given
viewing position, the largest velocity component needs to lie in-plane as otherwise the element
transit time through the light sheet severely limits the technique’s accuracy.

Alternative techniques for the three-dimensional investigation of fluid flow have been proposed,
at the cost of increased complexity. These techniques involve scanning light sheets, multiple
light-sheets, graded intensity light-sheets, multi-focus arrangements on light sheets, stereoscopic
views, holographic recording, or mixtures thereof.

However, these methods mostly still look at a light sheet orthogonally, and consist of
essentially two modules: one the light delivery module and a stereo camera arrangement, which
have to be correctly placed in relation to each other and calibrated. Moreover, for practical
applications, restricted optical access eliminates stereoscopic approaches. Robustness, the need
for measurement of the absolute energy level emitted by the elements, speckle noise limitations,
and the need for real-time results make holography an unattractive option. Finally,
scanning/multiple light sheets are difficult to operate with restricted optical access and high-
speeds. Therefore, in industrial applications, film and Charge-Coupled-Devices (CCD) single-
camera arrangements have predominated, with stereoscopic arrangements being used where
optical access allows. In general, errors reported in practical experiments for all these methods
are unacceptably high. .

Another recent development in this area, Forward Scattering PIV, is a microscopic technique,
which uses forward-scattering information to yield 3D element position information, though only
within the instrument itself. However, it has a very limited field-of-view, alignment and optical
access problems.

An even more recent development is that of Three-State Anemometry (3SA), a derivative of
PIV, which uses a combination of three monodisperse sizes of seeding to yield velocity,
viscosity and density, by the differential paths of each seeding population. From the viscosity
information, temperature can be derived in air and water, and by using the perfect-gas law
thermodynamic pressure too can be inferred. Here, for the first time, a technique was proposed
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which aims to make non-intrusive, instantaneous and simultaneous measurement of all four
variables in a fluid flow. However, this technique also suffers from the same experimental
deficiencies as PIV.

There is a need therefore, to provide an apparatus for investigating an arbitrary velocity field
which minimises alignment/experimental errors, can be operated in real-time mode, is
intrinsically 3D, and with single optical-access requirements. Also desirable is the capacity to
measure temperature/forces of near-surfaces, using a single apparatus able to derive fluid flow
and surface data. The present invention is based on the task of providing a method to solve the
disadvantages of conventional PIV, 3SA, and parameter-sensitive coatings. The method and
apparatus herein described is capable of making 3D fluid variables and near-surface parameter
measurements simultaneously in a non-intrusive optical method. It is also desirable to provide a
method by which light, when hitting a surface near and/or beyond an investigation volume can
be blocked from coming back along the direction of the optical axis and mix with the elements’
scattered light, thereby reducing the visibility of such elements.

According to a first aspect of the invention I provide a method of investigating fluid flow
containing elements which reflect or emit energy in response to energy being directed onto the
elements, the method including directing a first pulse and subsequently a second or more pulses
of radiant energy along a path, each to intersect a volume of the fluid flow, means being
provided to regulate said radiant energy intersecting said volume, from almost all of the energy
emitted by the energy source down to a negligible amount, positioning energy detecting means in
a region outside of the fluid flow, detecting with the detecting means energy scattered or emitted
from the elements for each pulse whereby an image of the elements of the intersected volume is
detected for each pulse, including providing means to maximise the amount of energy reflected
or emitted from the elements falling on the detecting means, and investigating the images to
determine displacements of the elements occurring between energy pulses, and wherein the
method includes positioning the detecting means to detect energy scattered or emitted from the
elements in a direction coincident with the path along which the radiant energy is directed to
intersect with the volume of the fluid flow.

Thus, using a method in accordance with the invention a single access point for both the directed
and detected energy only is required, and intrinsically, the detecting means can receive energy
scattered or emitted from elements moving within the volume rather than only from a plane, as is
the case with a conventional PIV apparatus, and by the nature of the arrangement alignment
problems are also resolved. By maximising the radiant energy intersecting a volume of the fluid
flow and also maximising the energy falling on the detecting means, the method can be applied
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to unsteady high-speed flows that require small element diameters. The method of the invention
may be made relatively simple compared with existing proposals which require apparatus with
multiple detecting means and/or multiple energy directing means, or compiex multiple optical
access holographic capability.

By determining motion of the energy emitting or reflecting elements from analysis of the images,
and by knowing the duration between pulses, a measure of the velocity of the elements in the
volume of the fluid flow into which the radiant energy is directed may be determined.

Preferably the radiant energy is coherent polarised light, such as laser light which is reflected
from the elements in the volume of the fluid flow under investigation.

Preferably the method used to regulate the radiant energy intersecting a volume of fluid flow and
to maximise the amount of energy falling on the detecting means uses manipulating polarisation
through the use of retarding plates and a beam deflecting means sensitive to energy polarisation.
Preferably prior to the energy impinging upon the deflecting means, the polarised energy is
passed through a half-wave plate, the method including adjusting the half wave plate to vary the
magnitude of the energy directed to the investigated volume of the fluid flow e.g. to a level such
that the level of energy reflected or emitted from the elements in the fluid flow, is appropriate for
the detecting means or provide a reference beam for holographic recording. Preferably the
method further includes circularising the polarised radiant energy which is directed to the
investigated volume e.g. using a quarter wave plate located to receive the polarised energy from
the deflecting means. By positioning the quarter wave plate in such a position, the quarter wave
plate will also effect a further phase rotation on the energy reflected from the reflecting or
emitting elements, thereby maximising energy transmission through the deflection means to the
detection means, where said beam deflecting means transmits or reflects light according to
polarisation, thus allowing for light to be directed towards said volume or to the detecting means
depending on beam direction and polarisation.

Preferably the method uses a collimated beam of radiant energy to intersect the volume of the
fluid flow under investigation. However, other beam shapes might be more desirable where high
sensitivity is required such as a spherical beam.

The method may include shifting the phase of the radiant energy so that energy transmission
through the deflecting means to the detecting means beyond is enhanced. This can be
accomplished for instance by the use of a tilted full-wave retarder plate. This may be specially
important to compensate for the slight tilting of wave plates and other components required to
ensure that secondary reflections are not directed to the detecting means.

Whether the energy received by the detecting means is reflected or emitted from the elements in
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or of the fluid flow, the detecting means may also include an imaging means to enable multiple
images of the elements in the investigated volume to be recorded for investigation, one image for
each pulse and/or one image for selected frequencies ranges of energy. Most conveniently, the
detecting means includes a charge-coupled device, such as a video camera, but could comprise a
film/hologram or other chemical based means, and the detecting means may include a filter
means so that primarily energy in a selected frequency range is received. Thus, for example the
detecting means may discriminate between energy reflected from the elements in the fluid flow,
and energy emitted from near surfaces.

Preferably the radiant energy is generated by a source located away from the path along which
the energy is directed to the investigated volume of the fluid flow, and the radiant energy thus
produced is deflected along the path e.g. by a deflecting means being a polarising beam splitter
for example only, to the volume of the fluid flow to be investigated.

In a preferred arrangement, in order to produce the at least two pulses, a shutter in the path of the
directed energy is opened and closed twice, although in another arrangement, a source of the
radiant energy may be of the kind able to produce the pulses.

Where a shutter is provided, the method may include positioning and operating the shutter in a
position prior to the energy being deflected along the path to intersect the volume of the fluid
flow, and preferably before any shaping or other beam manipulation.

It will be appreciated that upon analysing an image for each of two pulses of energy directed to
the investigated volume, whereas spatial movement may be determined, it may not readily be
apparent which way the element moved, i.e. there is an 180° degree ambiguity in velocity.
Accordingly, to determine unambiguously element and hence fluid velocity, a means of
resolving such directional ambiguity is required.

Thus, the method may include artificially displacing the image for the first or second puise, a
predetermined amount, and subsequently during image analysis accounting for the artificial
displacement thereby enabling directional ambiguity to be resolved.

Such artificial displacement of the image may be achieved by inserting between the deflecting
means and the detecting means, a switchable image shifting device, such as a Ferro-electric
liquid crystal cell or Pockels cell, and a calcite plate, and switching the device between the first
and second pulse to displace the second image relative to the first image by an amount
depending on the thickness of the calcite plate.

Depending on the position of the fluid flow relative to a wall of a fluid flow containment vessel,
during the method, directed energy which passes the elements in the fluid flow without
impinging upon the elements, may be reflected back from the wall of the containment vessel or
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other near surface.

Thus the method may include treating and/or configuring near-surfaces to prevent or at least
reduce energy reflections or emissions from said surfaces to the detecting means. For example,
surfaces may be coated with an energy absorbing coating, a fluorescent coating which re-emits
energy whose frequency can be separated from that reflected or emitted from the elements, or
have energy absorbing cavities therein.

The method also may include, where energy is required to be absorbed by a near-surface,
providing an energy absorbing cavity consisting of a filtering angle-dependent means to allow
into the cavity the frequency to be absorbed, energy deflecting and reflecting means, positioned
so the reflected energy impinges on the filtering means at an angle which no longer allows for its
transmission and is therefore repeatedly reflected within this cavity.

In another arrangement the method may include providing beyond the fluid flow, a surface
which is treated to reflect or emit energy as a result of the directed radiant energy impinging
thereon, in a known frequency range, and providing a filter to filter out such energy in the known
frequency range, to negate any deleterious effect such energy may have on the investigation of
the fluid flow.

However if desired the detection means may be tuned to receive reflected or emitted energy from
the surface, so that images of the elements in the fluid flow may be recorded for analysis using
such so-called forward scattered energy. If the back surface is a specular surface, for example
only, energy can be reflected by the surface and strike the elements on their path back along the
optical axis, yielding a forward-scatter image of each element as well as a back-scatter image.
However, since forward scattering is normally much larger than back scattering, the detector
sensitivity can be adjusted so that only forward scattering is recorded.

The method may include investigating the element images recorded by the detecting means to
derive any unknown element characteristics, such as element size element refractive index or
fluid refractive index, by using a model such as Lorenz-Mie theory, for example only, to solve
by comparison to said element image for position as well as said unknown element
characteristics. In the case of fluid refractive index, where the fluid is air for instance, and by
knowing the element refractive index, it is possible to calculate from the element image the fluid
refractive index as said image is dependent on the ratio of the fluid to element refractive indexes.
For air, the refractive index is related to temperature. Therefore, it is possible to derive air
temperature from element images if the element refractive index is known.

In another arrangement the method may include means for stereo viewing, which may be
required in cases where two regions of fluid flow need to be recorded simultaneously or where
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element density is such that high energy illumination of a volume of interest only within the fluid
flow is required. Such viewing arrangement may be accomplished by providing means to direct
energy being redirected away from a primary path along which radiant energy is directed to
intersect with the volume of the fluid flow by a first beam deflecting means as an input to a
second beam deflecting means coupled to a second detecting means, capable of being oriented in
any desired direction, such that a secondary path is created, along which the secondary detecting
means can record element reflected or emitted energy.

The method may include providing a means to separate part of the radiant energy with a
regulating means into an object beams to intersect volume of the fluid flow and a reference
beam, recombining said beams to travel along a common path, replacing the detecting means
with a holographic recording means, and thus obtaining a holographic recording by the
interference of the object and reference beams.

Thus, where holographic recording is used, the method may also include providing a means to
direct the reference beam to impinge on the holographic recording means at an angle relative to
the object beam, thus obtaining an off-axis holographic recording.

According to a second aspect of the invention the method may be adapted to investigate surface
parameters such as temperature and/or pressure either alone or in combination with fluid
velocity. This may be achieved by providing surfaces in or beyond the fluid flow, with a coating,
such as a suitable temperature and/or pressure sensitive paint, whose energy reflecting or
emission characteristic changes with temperature and/or pressure, the detecting means being
adapted to recognise the energy reflecting or emission characteristic thus to determine surface
parameters such as temperature or pressure. Energy from an external source to the apparatus or
energy directed onto the volume of fluid flow not scattered by the seeding can be used to
illuminate said surface. This can be achieved by placing a colour-sensitive deflecting means,
such a dichroic beam deflecting means, along the optical path so that the apparatus is able to
direct PSP/TSP energy to one detector and element energy to a separate detector(s). If an
alternative source of energy is used to excite the PSP/TSP coating, the apparatus can still be used
to detect the energy emitted by the said surface. The advantage of such an arrangement is that
conventional whole-body, multiple-camera PSP/TSP data, obtained over the entire body of an
aircraft model for instance, can be matched to the information this apparatus yields. By
obtaining real-world co-ordinates of the near-surface being investigated together with apparatus
position, the PSP/TSP data obtained from using the apparatus herein described can be related to
those obtained from whole-body PSP/TSP data as well as to the fluid flow variables also
obtained from using the apparatus herein described. Thus, in cases where transition, boundary-
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layer/shock or vortex/surface interactions, stagnation points, etc. are being investigated, whole-
body pressure/temperature data can be matched and complemented by aerodynamic data
obtained by this apparatus, through the common surface region PSP/TSP measurement which
would appear in both data sets.

In another arrangement the method may include the use of conventional thermal imaging
techniques applied to near surfaces to complement the fluid velocity information using an
infrared camera, instead of the PSP/TSP coating on a near surface.
I%mmmgmaMﬂawmumemMMWﬂwmmmdmwaMﬂmN@me&ghﬂMﬂMd
flow first reflecting/emitting elements which reflect/emit energy at a given frequency range, and
further sets of elements which reflect/emit energy of other frequencies. The method may include
detecting each set of elements’ energy in a detection means separate from detection means for
detecting other elements’ energy.

Alternatively, each set of elements may be separated according to their image as recorded onto
the detector means, i.e. the scattering field. Moreover, since detectors such as CCDs, have a
frequency dependent sensitivity, each element population will have image characteristics on the
detector’s plane depending on emitting/reflecting element energies at different frequencies.

The method may be used to investigate the density and/or viscosity and/or pressure of the fluid
of the fluid flow by seeding the fluid flow with at least first energy reflecting or energy emitting
element population, second energy reflecting or energy emitting element population, and third
energy reflecting or energy emitting element population, the first elements having a lower Stokes
number than the second and third elements, the first element population being adapted to follow
the fluid flow whilst movements of the second and third element populations between energy
pulses will vary relative to the fluid flow depending on fluid density and viscosity, and providing
means to discriminate between energy reflected from or emitted from the first, second and the
third element populations. The elements’ differing velocity fields can be used to derive fluid
density, temperature and pressure, by solving a particle motion simultaneous equation over the
whole field to provide both density and viscosity data. Viscosity can be used to derive fluid
temperature by an approximation such as Sutherland’s law. The perfect gas law can be used to
derive fluid pressure from the temperature and density data or a fourth set of elements can be
MmeMMmmmmkamwm&mmumam&mMammmmemmm
be used to derive temperature and pressure directly rather than using the perfect gas law and
Sutherland’s law.

According to a fourth aspect of the invention I provide an apparatus for use in investigating fluid
flow and near surfaces according to the method of the first, second or third aspect of the
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invention.

The apparatus of the fifth aspect of the invention may have any of the features of the apparatus
mentioned in relation to performance of the method of the first, second or third aspect of the
invention.

The essential features of the invention can be considered to include an intrinsically volumetric
method of investigating fluid flow variables, single optical access position requirements,
maximising the energy falling on the detecting means to allow low element diameters, capability
to make real-time measurements, the technique further allows the simultaneous measurement of
back surface temperature/forces using TSP/PSP, full fluid variable measurement, and finally it is
a versatile and modular technique; as it includes variations such as off-axis and in-line
holography, stereo-viewing, image-shifting, all using a single apparatus and complementary
modules, as described hereinafter.

For a better understanding of the invention, as well as further features and objects thereof,
reference is made to the following description, which is to be read in conjunction with the
accompanying drawings wherein:

Brief Description of the Drawings

For a further appreciation of the above and other features and advantages, reference is made to
the following detailed description and to the drawings, in which:

FIG. 1 schematically shows a typical PIV measurement set-up.

FIG. 2 Schematically shows an overall experimental set-up for flow measurement using the
method described in this patent.

FIG. 3 Schematically shows a preferred embodiment of an apparatus performing the method for
determining the whole-field velocity of a flow.

FIG. 4 shows a preferred embodiment of an apparatus further incorporating the facility of
element image-shifting in order to resolve directional ambiguity.

FIG. 5 Shows a preferred embodiment of an apparatus further incorporating the facility of
placing a second beam splitter to be able to record two light frequencies one on each detector so
that a two-colour system may be implemented. Alternatively, this arrangement can be used to
record the first and second pulse images on two separate CCDs.

FIG. 6 Shows a preferred embodiment of an apparatus further incorporating the facility of
viewing a volume(s) of interest with the aid of two cameras mounted on the same instrument so
that either two views of the same region may be obtained or two different regions may be
investigated simultaneously.

FIG. 7 shows a preferred embodiment of an apparatus further incorporating the facility of
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recording an in-line holographic recording using the apparatus.

FIG. 8 shows a preferred embodiment of an apparatus further incorporating the facility of
recording an off-axis holographic recording using the apparatus.

FIG. 9 shows a preferred embodiment of an accessory to the apparatus, used to absorb and trap
incoming light so it does not return along the optical path.

Detailed Description of the Invention

Depending on the characteristics of the flow field under investigation, the speed with which
results are desired (i.e. whether the system needs to be real-time or not), laser available, size of
the region of interest, etc., different configurations of the apparatus are possible. Some of these
can be used in conjunction with each other or separately. These will now be described in detail.
Turning now to the basic configuration of the apparatus, as shown in an overall diagram in FIG.
2. it describes a three-dimensional flow field velocimeter system in accordance with the
teachings of the present invention (now to be known as a Tunnelling Velocimeter: TV). A flow
(gas or liquid) streams along a profile 1, in the direction of arrow 2. The flow is seeded with
elements 24, such as polystyrene spheres. Instrument 3 determines the velocity of the flow
within a light cylinder 4 in the investigation volume 14 (the size of which is determined by the
characteristics of the viewing lens 8 as well as those of the detector) centred on the focal plane of
the viewing lens 8. The light cylinder 4 is a three-dimensional section of the shaped collimated
light beam generated by 6, and it can also have an expanding or contracting shape. For a
spherical beam shape, the sensitivity to movement is enhanced. The intensity profile of the light
cylinder 4 is normally Gaussian but this can be changed to any desired profile by using the well-
known methods of beam shaping filtering or using a liquid crystal active lens without altering the
basic teaching of the method described in this patent. In the light cylinder 4 the elements 24 are
illuminated with radiant energy 5 such as light. 5 comes from a source 6, such as an Argon'Ion
(in single-line or multi-line mode) or frequency-doubled Nd:YAG laser lasing at 532nm, whose
laser beam 7 is reflected on mirrors 9(a,b,c) to input into instrument 3 where it is shaped, and
output along the primary optical axis 20.

For determining the velocity of the flow in a part 14 of the light cylinder 4, there is provided a
return path substantially along the direction of the primary optical axis 20, to the video detector
21. With regard to the invention, the particular method of determining image recording is not
important. It is sufficient to record images of the elements in the light cylinder. This can be
accomplished using for instance a K2 Infinity long distance microscope lens 8 and record it in a
video detector 21 such as a CCD camera. The physical mechanism is that light impinges on the
moving element two or more times, at least some of the light being scattered/emitted by the
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element in the direction of the detector 21, thereby creating multiple images of itself. Knowing
the pulse separation, element image profile recorded on the detector, and displacement encodes
each element’s velocity, and the combination of all the element pairs found yield the desired
almost instantaneous whole-field velocity information. The element image profile is needed
because although the X-Y component of displacement (this plane being orthogonal to the optical
axis) between the first and second pulse can be derived from the centre of the element images,
the out-of-plane displacement (along the optical axis) requires investigation of the shape of the
element image using, for example, a Lorenz-Mie scattering calculation (including lens
characteristics, aberrations and the effect of digitalisation) or a simplified treatment such as a
Fresnel or Fraunhofer diffraction model. The more accurate the model, the more accurate the 3D
displacement estimate. A particle will exhibit scattering/diffraction images varying with position
along the direction of the optical axis. If other information, such as element size is unknown,
this can also be derived from the element image recorded by the detector, along with the element
position. An accurate model of the particle image at the image plane will enable calculation of
3D position. Such a model is also dependent on the ratio of refraction index of the fluid divided
by the refraction index of the element. Therefore, if there is a varying temperature field in air for
instance only, then this can also be deduced from each element image and therefore for the
whole investigation volume. At least some of the light also falls on a photodiode sensor 13 to
provide diagnostics/triggering information for the controlling computer 22 which also contains
the frame grabbing card to digitise the element image field. Similar parts to those appearing in
subsequent figures are indicated with the same reference numerals and letters in all figures.

Referring now to FIG. 3, instrument 3 contains a deflecting means (such as a polarising beam
splitter 10) at its heart. This must be made bearing in mind the need to minimise secondary
reflections along the optical axis. This can be achieved for instance by using a polarizer plate
together with two rotating wedge prisms to fine tune the optimum beam angles. The laser beam
7 enters instrument 3 and to create pulses it is modulated by a shutter 25 (if a continuos laser is
used rather than a pulsed laser) which can be placed at a number of locations in this system (the
most obvious alternative location being in front of the detector 21), it then passes through a
spatial filter 15 and collimating lens 16 followed by a beam expander 11 to obtain the desired
beam diameter, a half-wave plate 12 can be optionally included (which controls the proportion of
light to be reflected/transmitted by 10 thus controlling beam strength along the primary axis 20
by varying the proportion of the energy which is horizontally and vertically polarised) and the
output is then shaped by a beam shaping filter 26 before going into the polarising beam splitter
10. The half-wave plate 12 serves to vary the intensity of light going out along the primary
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optical axis 20, the surplus energy going into the photodiode 13, for power level estimation
purposes and regulation of power desired at the measurement volume and/or it can be used to
trigger image capture. If a half-wave plate is not included, then an energy level broadly equal to
the energy delivered by the radiant energy source will be delivered into the measurement
volume. Once the laser beam is propagating along the optical axis 20, it can be made to pass
through a quarter-wave plate 17 to circularise the polarisation. This is ideally slightly tilted off-
axis so that secondary reflections are not returned along the optical axis, though this distorts the
beam, which can be corrected by a full-wave plate as described subsequently. Optical
systems/mirrors can be placed between the apparatus and the measurement volume, though the
effect of the beam on its way out and return path need to be considered. This is particularly
important where it is required to launch the beam and collect the reflected or emitted light from
each element into a remote imaging means (such as an endoscope, periscope, optical fiber or
gradient varying index lens system) with the purpose of achieving remote viewing in constrained
geometries. In these cases, optics can be placed between the beam deflecting means and the
measurement volume and these must be matched to a further set of optics placed between the
beam deflecting means and the detector 21 such that the net effect for the detector is that of an
optical relay while achieving the objective, for instance, of expanding the beam into a spherical
shape on its way towards the measurement volume.

Once the light is emitted or reflected from the elements, it can pass again through the quarter-
wave plate 17 making it horizontally polarised, the beam splitter 10 therefore transmits the light,
and then through a polarizer to filter the horizontal component only and/or an interferometric
filter 18, before being focussed onto the detector 21 by an imaging lens 8, which has a focussing
ring 19 which determines its focus plane 23. Hence the name of the technique, it is as if the
camera was viewing the particles, from whose displacement velocity is derived, inside a lit
tunnel. In fact, a refinement of this approach involves using a full-wave plate, tilted about its
fast/slow axis as required, to transmit light on its outward and return paths in such a way as to
compensate for any elliptical distortion of the scattered field produced by the seeding. The
seeding elements are assumed to be of a suitable material and spherical and therefore to maintain
the polarisation they are illuminated with. However, if they differ from a spherical shape it will
have an elliptical polarisation, rather than linear, upon passing 17, and so some of the scattered
light will be reflected back towards the light source. Furthermore, in some cases, elements may
not maintain polarisation. Typically, a polarising beam-splitter acts a 50/50 beam-splitting prism
for un-polarised incoming light. So, in this case, half the energy will not be received by the
detecting means. Therefore, there will be an element image recorded on the image plane even if
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the quarter-wave plate is not included. Moreover, in high concentrations, a full colloidal
suspension calculation needs to be performed according to the teachings of Mie theory.

The observed image can be translated into a quantitative velocity component image by a
programmable processing device, or computer, 22 for processing the image information received
from device 21. This information processing involves assignment of a velocity value in each of
three directions, as a function of element displacement, position, laser intensity (which is
measured by 13), and a prior calibration procedure. The calibration procedure involves
determining parameters such as beam intensity profile in the region of interest, focus distance,
lens 8 (focal length, F/#, magnification, etc.) characteristics, ratio of the refractive index of
element and medium, element diameter(s), focus distance, image distance, detector’s frequency
sensitivity and in the case of a CCD for instance, pixel calibration and transfer function. This
assignment is executed for each element image pair recorded. The filter 18 can have a pass
frequency the same as the laser so that all other frequencies including background frequencies
are excluded from the video detector, thereby increasing the signal-to-noise ratio.

Surfaces behind the measurement volume, cause a danger that the element reflected or emitted
light will be overcome by the light reflected back from such a surface. To avoid this effect, five
options are envisaged in this first implementation: firstly the surface is covered with a
fluorescent paint which will emit light of a lower frequency and thus will be blocked by the filter
18 if it only passes the laser frequency, and so only the scattered light from the elements will be
seen. Secondly, fluorescent elements can be used and the filter set to pass only the frequencies at
which these elements will fluoresce, thereby also blocking harmful background glare. Thirdly,
the light beam can be directed towards a light dump, i.e. a receptacle where it can undergo
multiple internal reflections and the light be absorbed (see subsequent description of such a light
absorbing disk which is also included as a claim under this patent application). Fourthly, if the
surface is a specular surface, then, since this apparatus has no preferred orientation of the
measurement volume relative to the flow direction, the apparatus can be aimed at a slight angle
relative to the surface so the reflecting light does not enter the primary optical axis but is
reflected away from it, for instance towards the plenum of a wind tunnel. Finally, if the back
surface can be made specular, the beam can be aimed so that it reflects back along the optical
axis, hitting the elements on its return path, thereby generating a forward scattering field. Since
this is very much larger than back scatter, the detector can be tuned to record forward element
scattering, for cases where the elements are too small and require the higher scattering efficiency
of forward scattering to be recorded. The imaging lens 8 also serves to define the volume of
interest. Its characteristics, such as focal length and f/#, will define the in-focus region, defocus
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region, and the areas which are filtered out. Initially, it is envisaged that a long-distance
microscope such as the Infinity K2, is adequate by being able to provide suitable magnification,
depth-of-field and spatial filtering characteristics.

The first option mentioned in the preceding paragraph for suppressing light reflected by a surface
behind the flow measurement volume, i.e. that of using a fluorescent coating, provides two
benefits: it allows element reflected or emitted energy discrimination, and aiso provides a means
by which surface temperature/pressure measurement can be accomplished.  If the
fluorescent/phosphorescent ~ coating used is parameter-sensitive, then near-surface
temperature/pressure, for instance, can be calculated. See the description of FIG. 5 where details
of the apparatus used to make these investigations is described.

An additional practice of this invention uses a pulsed visible laser such as a Nd:YAG. These
lasers emit pulses of approximately 15 ns duration at high intensity and with variable pulse
separation and a coherence length of the order of 5 cm. Therefore, near instantaneous
measurements of unsteady fields can be made of high speed flows by using sub-micron-sized
elements, which can only be imaged, by using high powers. This is an improvement over the
shuttered continuously illuminating laser sources, such as Argon lon lasers. It is readily apparent
that a video signal can be used, with an appropriate delay to trigger the pulsed laser to capture
element images in each frame of a real-time system. Recently, more advanced versions of the
conventional frame-transfer CCD technology has appeared with built-in functions so the frame
containing the first pulse element images and the second pulse element images can be separately
recorded (e.g. TSI PIVCAM cameras or PCO cameras).

FIG. 4 shows an alternative realisation of the apparatus for complex flows where the directional
ambiguity of conventional two-image particle velocimetry needs to be overcome. This method
displaces the element image field by an appropriate uniform, known distance between the first
and second pulses. As a result, the second image of each element image pairs shifted by a
displacement such that the most negative fluid velocity still produces a positive displacement of
the second element image with respect to the first. After analysis, the artificial shift is subtracted
mathematically to obtain the actual fluid velocity. In this case, two items a Ferro-electric liquid
crystal cell 28 (which can be replaced by a Pockels cell for fast switching or other Electro-optical
device) and calcite plate 29 are placed between the beam splitter 10 and the lens 8. Between the
first and second pulse, the polarisation of the FLC is rotated so the element images are shifted by
mmmM@mMmmMMMMme%mwmm(Mmm%WRMMMwmeMMm
use having thicknesses of 2mm, 6mm and 10mm, which may be mounted separately or
combined to provide image shifts magnitudes of 0.2-1.8mm. In this way, the directional
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ambiguity is resolved.

FIG. 5 shows an implementation of the apparatus where a second dichroic (i.e. it transmits or
reflects light depending on its frequency) beam splitter is placed behind/ahead of the primary
beam deflecting means to direct the energy coming from the elements or a near surface into one
of two detectors 21a and 21b, with a band-pass filter 18 between the two beam-splitters, to allow
only the range of frequencies of interest onto the detectors. This configuration can be used in a
number of different ways.

Firstly, where a two-colour laser system is used, such as Nd:YAG and a YAG-pumped dye laser,
this dichroic beam splitter 10b serves to direct the scattered light due to the first pulse into one
detector and the second pulse which is a different colour, into the other detector. To separate
first and second pulse images has two advantages. Firstly, it eases the analysis procedure, and
secondly denser seeding, leading to a higher measurement rate, can be used as the probability of
overlapping images is reduced.

Secondly, if two populations of fluorescent elements with different diameters are inserted into
the flow, then the cut-off frequency of this beam splitter 10b can be set mid-way between the
two fluorescing frequencies so as to capture the element images of each population in each
‘camera. Clearly, this can be extended to three or more frequencies/cameras.

Thirdly, as previously mentioned, if a pressure/temperature sensitive paint is applied to the
surface behind the flow measurement volume, this surface’s temperature/pressure can be
measured by a detector and element velocities in the measurement volume by the other detector.
For instance, a blue Argon Ion laser line at 488nm could be used (alone or in conjunction with a
532nm Nd/YAG) as the light source. A dichroic beam splitter 10b centred at 550nm would
redirect the scattered light to one detector (light at 488nm or 532nm) and the PSP/TSP intensity
mm@mm%mmmmmmwwmWMmmmmwmmwmmMmmr
receiving the high frequency (i.e. low wavelength) illumination can be used as a reference frame,
and the detector receiving the PSP/TSP illumination can be used as the signal frame, to ratio the
two frames and enable an accurate derivation of the surface temperature/pressure. Once the
reference frame has been saved, the higher light frequency detector can be used to record
element scattering information, thereby providing the capacity to make simultaneous velocity
and PSP/TSP measurements. An alternative embodiment of this apparatus consists of placing
beam splitter 10b in front of the polarising beam splitter 10a to maximise the fluorescent signal
intensity.

Fourthly, it is also possible to synchronise the laser with the detectors by using asynchronous
trigger CCD cameras for instance, so that one camera captures the first pulse and the other cne
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the second pulse, by placing a conventional 50/50 beam-splitter in the place of 10b. However, in
this case half the light is lost. So, a more effective technique which redirects the light in the
direction of the desired detector is to place an FLC cell between the two beam splitters 10a and
10b and make 10b also a polarising beam splitter. This method works by letting the element
image field through 10b at the first pulse and on to 21a, since it comes horizontally polarised
after going through 10a, and then alter the polarisation of the FLC 28 so the element images due
to the second light pulse are now vertically polarised, reflected by 10b and so fall on to 21b.
Fifth, in yet another arrangement the method may include the use of conventional thermal
imaging techniques applied to near surfaces to complement the fluid velocity information using
an infrared camera as a detector for the infrared range of energy, instead of the PSP/TSP coating
on a near surface.

Finally, polychromatic light can be used (such as that emitted by a shuttered multi-line Argon
Ton lasing in the 457, 465, 476, 488 & 514nm wavelengths) to generate both pulses and record
the reflected or emitted energy fields at a number of frequencies. The element images at each
wavelength can be recorded on separate detectors (or a single colour detector) and then
combined in a colour frame and from this information the diameter and displacement of each
element can be derived, for instance, to determine element diameter and position with even
higher accuracy.

FIG. 6 shows a stereoscopic implementation for applications where two regions of flow need to
be simultaneously investigated or if seeding is too dense in the flow field for instance. By
splitting the beam strength into two and projecting these along two optical axes, only elements in
the overlapping volume are made visible as those along the optical axes but outside this region
can be made to receive too little light to be visible by the detectors 21a & 21b. In this
implementation, half-wave plate 12a controls the amount of light that is transmitted and so it is
rotated until the desired proportion of light is transmitted though 10a. The secondary beam is
then made vertically polarised again by half-wave plate 12b (this plate again controls which
proportion will travel along 20b and how much light will fall on 13), before proceeding by way
of mirrors 9a & 9b, onto an identical set-up to that implemented along the principal optical axis
20a, creating a secondary optical axis 20b, which can be oriented in any direction desired, for
instance by a goniometer/rotary stage arrangement 33. The photodiode 13 on the transmission
path of 10b is used for power level monitoring and dumping any excess light power if required.
FIG. 7 shows a modified in-line holography implementation of the apparatus, for cases requiring
high resolution recording, large recording area, and large depth of field where the transmitted
portion of the beam 7 in 10 is used as the reference beam and the scattered light from the
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elements is used as the object beam. After passing beam-splitter 10, the beam is made circularly
polarised by 17c, goes through a compensating plate 31 if required (normally now used in
conjunction with a piezoelectric linear stage mount for the mirror 9d to achieve the exact path
length desired, and combined with the length between the beam-splitter and the mirror 9d),
attenuated as required by a variable attenuator 32, unlike the case for conventional in-line
holography where there is no control of the reference beam strength, before being reflected by a
mirror 9d . On its return path, its polarisation is changed to vertical polarisation by the quarter
wwqhmﬂaﬂmﬁmmmmmmemdmymemWWMWMM%wmwmme
object beam (which is horizontally polarised) towards the filter 18 and quarter wave plate 17b.
This plate 17b serves to enable the useful interference of the two beams, which now have a
component in phase and one cancelling out at the holographic plate (e.g. AGFA-GAVAERT
8E56 HD) plane 30. Of course, polarizational holographic recording on photoanisotropic
materials, taking advantage of the Weigert effect, can also be used to record the two orthogonal
beams directly, though efficiency is typically low. The viewing and digitising stage can be
accomplished by in-line viewing though this is quite noisy, or by off-axis viewing as described
for the case of conventional in-line recording of HPIV data (see for instance Meng & Hussain,
1995).

FIG. 8 shows an off-axis implementation of the apparatus which is a revised version of that
appearing in FIG. 7 In this case, once the two orthogonally polarised object and reference beams
are travelling along 20 towards the holographic plate 30 (e.g. a AGFA-GAVAERT 10E75) a
Wollaston prism is inserted so that the orthogonally polarised reference and object beam diverge
by 20°. A wedge 34 is inserted directly behind this prism 10b to direct the object beam along the
optical axis 20 and the reference beam in the direction of the mirror 9e. Between 34 and 9e lies
a half wave plate 12b to make the polarisation of both beams equal and an FLC cell 28a to rotate
the polarisation of the reference beam by 90° when activated. The reference beam then proceeds
to the holographic plate 30 where both beams interfere. The object beam also traverses an FLC
cell 28b, which can rotate its polarisation 90° when activated. This configuration has basically
two modes of operation: if the FLC cells are omitted, then the element images due to the first and
second light pulse are recorded together on the holographic plate; on the other hand, if the FLC
cells are activated between the first and second pulse to rotate the polarisation of both the
reference and object beams, then the second pulse images will be recorded with an orthogonal
polarisation to the first and they can be reconstructed separately thereby resolving the directional
ambiguity inherent in recording them together. Typically, Nd:YAG lasers used for high speed
flows have a coherence length of about 5 cm, and if the light cylinder was of the order of 17 in
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diameter which is a common optics size, then the resulting hologram would have a size of 1 In?
which is a good size for investigating compiex flows of interest such as those found in
turbomachinery and aircraft design/testing.

An example of a light absorbing disk designed specially for this application is shown in FIG. 9.
This accessory is made up of an interference filter layer, a prism, and a mirror, all mounted on a
single disk frame 35. This accessory works on the principle that interference filters are highly
angle sensitive. Transmission efficiency is 90%< orthogonally but drops to 10% only 5° away
from this angle. Therefore, if a filter(s) 18 is matched to the light source emission frequency,
then the light will pass through it freely if the beam hits the filter surface orthogonally. The
beam is then redirected by the prism 34 and reflected by the mirror 9, but on its return path, due
to the angle subtended between the beam and the filter, the light is reflected back into the cavity
and is unable to return along the optical path.

Finally, the configurations described in FIG.5, FIG 3 and FIG. 6 can be combined to investigate
fluid density, viscosity and pressure as well as velocity. Thus, there is a stereo arrangement (as
in FIG. 6), in order to minimise stray scattering from elements outside the measurement volume,
with one detector on the secondary optical axis (as in FIG. 3) and two detectors on the primary
axis (as in FIG. 5). The method involves using the 3 detectors (ideally TSI PIVCAM cameras so
as to be able to separate the first from the second pulse element images) to look at 3 element
populations of varying element diameters, simultaneously injected/present into the flow. Each
element population possesses differing scattering characteristics and generates a different
velocity field due to their differing aerodynamic characteristics. For instance, an Argon Ion laser
lasing at 488 to generate the laser beam 7 can be used. The smallest polystyrene element
population can be recorded using the 488nm line on the secondary optical axis with a 488nm
filter, and the two other element image fields can be recorded by using fluorescent polystyrene
elements dyed with Fluorescein (peak fluorescence: 514.5nm) and Rhodamin-B (peak
fluorescence: 575nm), and recorded along the primary optical axis using a dichroic beam splitter
set at 550nm, with a band-pass filter 18 ahead going from 500-600nm, to increase the signal-to-
noise ratio. By combining the velocity fields due to each element population, it is possible to
derive a set of simultaneous equations which yield fluid density, viscosity (from which
temperature can be derived) and pressure by applying the perfect-gas law, thereby describing a
fluid flow completely and almost instantaneously in a non-intrusive manner. The perfect gas law
is in fact an approximation. Clearly, four or more element populations could be used to solve the
set of simultaneous equations and derive thermodynamic pressure directly.

Thus, the use of the invention, either in conjunction to its various modular forms or as a basic
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system with associated data processing and recording instrumentation extends to various velocity
measurements: air flow around objects in a wind tunnel, such as aircraft wings and body; jet
engine intake and exhaust flow patterns, turbine and compressor flow studies, stator/rotor
interactions, engine combustion diagnostics; propeller and rotor flow fields on helicopters; pipe
flow analysis; and wind flow studies near man-made and natliral structures.

While the invention has been described with reference to its preferred embodiment, it would be
understood by those skilled in the art that various changes and permutations may be made, and
equivalents may be substituted for elements thereof without departing from the true spirit and
scope of the invention. In addition, many modifications may be made to adapt a particular
situation or material to the teaching of the invention without departing from its essential
teachings.

The features disclosed in the foregoing description, or the claims, or the accompanying
drawings, expressed in their specific forms or in terms of a means for performing the disclosed
function, or a method or process for attaining the disclosed result, as appropriate, may,
separately, or in any combination of such features, be utilised for realising the invention in

diverse forms thereof.
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List of Reference Signs

1 - Profile 33 — Goniometer/Rotary stage arrangement
2 - Artrow 34 — Wedge prism
3 - Instrument ' 35 - Disk frame

4 - Light cylinder

5 - Shaped light beam

6 - Laser

7 - Laser beam

8 - Lens

9 - Mirror

10 - Polarising beam Splitter

11 - Beam expander

12 - Half-wave plate

13 - Light power sensor/photodiode
14 - Part

15 - Spatial filter

16 - Collimating lens

17 - Quarter-wave plate

18 - Filter

19 - Focus ring

20 - Optical Axis

21 - Video Detector

22 - Computer

23 - Focus plane

24 - Particle

25 — Shutter/Acousto-Optic modulator
26 — Beam Shaping Filter

27 - Light Sheet

28 — Electro-optical device (e.g.: Ferro-
electric Liquid Crystal Cell - FLC)
29 — Calcite Plate

30 — Holographic recording plate
31 — Compensating Plate

32 — Variable attenuator 24
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Claims
L. A method of investigating fluid flow containing elements which reflect or emit energy in
response to energy being directed onto the elements, where the level of the energy directed onto
the elements is broadly equal to that delivered by the radiant energy source, the method
including directing a first pulse and subsequently further pulses of radiant energy along a path,
each to intersect a volume of the fluid flow, positioning energy detecting means in a region
outside of the fluid flow, detecting with the detecting means energy scattered or emitted from the
elements for each pulse whereby an image of the elements of the intersected volume is detected
for each pulse, and investigating the images to determine displacements of the elements
occurring between energy pulses, and wherein the method includes positioning the detecting
means to detect energy scattered or emitted from the elements in a direction substantially
coincident with the path along which the radiant energy is directed to intersect with the volume
of the fluid flow.
2. A method according to claim 1 wherein the energy level can be adjusted from broadly
equal to that delivered by the radiant energy source down to a negligible level.
3. A method according to claim 2 wherein energy level adjustment is achieved by
manipulating polarisation states of the radiant energy.
4. A method according to claim 1 wherein a measure of the velocity of the elements in the
volume of the fluid flow into which the radiant energy is directed, is determined by determining
displacements of the energy emitting or reflecting elements from analysing the images , and by
knowing the duration between pulses.
5. A method according to any one of the preceding claims wherein the radiant energy is
coherent light which is detected from the elements in the volume of the fluid flow under
investigation.
6. A method according to claim 5 wherein the directed energy is polarised and the
magnitude of the directed energy and/or of the energy received in the detecting means, is
controlled using a polarising filter, to a level appropriate to the detecting means.
7. A method according to claim 5 or claim 6 wherein the detecting means is focused on a
plane in the investigated volume of the fluid flow, and energy from a reflecting element moving
other than in the plane of the fluid flow is received by the detecting means, the detecting means
being adapted to determine, using such received energy, a measure of the displacement of the
reflecting elements in the investigated volume, out of a plane of focus of the detecting means

between puises.
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8. A method according to claim 7 wherein the detecting means includes optics to focus the

detecting means primarily on the centre plane of the investigated volume of the fluid flow.

9. A method according to claim 1 wherein the energy received by the detecting means is

primarily energy emitted from the elements in or of the fluid flow.

10. A method according to any one of the preceding claims wherein the detecting means

includes an imaging means to enable multiple images of the elements in the investigated volume

to be recorded for investigation.

11. A method according to claim 10 wherein the imaging means includes an electro-optical

device such as a charge coupled device.

12. A method according to any one of the preceding claims wherein the detecting means

includes a filter means so that primarily energy in a selected frequency range is received by the

detecting means.

13. A method according to any one of the preceding claims wherein the radiant energy is
generated by a source located away from the path along which the energy is directed to the
investigated volume of the fluid flow, and the radiant energy thus produced is deflected along the
path to the volume of the fluid flow to be investigated.

14. A method according to claim 13 wherein the radiant energy is deflected by a deflection
means being a polarising beam splitter arrangement.

15. A method according to claim 14 wherein prior to the energy impinging upon the
deflecting means, the energy is passed through a half wave plate, the method including adjusting
the half wave plate to vary the magnitude of the energy directed to the investigated volume of the
fluid flow to a level such that the level of energy reflected or emitted from the elements in the
fluid flow, is appropriate for the detecting means.

16. A method according to claim 15 wherein the phase of the polarised energy reflected from
the reflecting elements is shifted so that the transmission of the reflected or emitted energy
through the deflecting means to the detecting means beyond, is enhanced.

17. A method according to claim 16 wherein the method further includes circularising the
polarised radiant energy which is directed to the investigated volume.

18. A method according to claim 17 wherein the polarised radiant light is circularised using a
quarter wave plate located to receive the polarised directed energy from the deflecting means,
and the method includes causing the energy reflected or emitted from the reflecting elements to
pass back through the quarter wave plate and through the deflecting means to the detecting
means to effect a further phase rotation on the energy reflected from the reflecting elements.

19. A method according to any one of the preceding claims wherein in order to produce the at
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least two pulses, a shutter in the path of the directed energy is opened and closed twice.

20. A method according to claim 19 wherein the method includes positioning and operating
the shutter in a position prior to the energy being deflected along the path to intersect the volume
of the fluid flow.

21. A method according to any one of the preceding claims wherein the method includes
artificially displacing the image for the first or second pulse, a predetermined amount, and
subsequently during image analysis accounting for the artificial displacement thereby enabling
directional ambiguity to be resolved.

22. A method according to claim 21 wherein such artificial displacement of the image is
achieved by inserting between the deflecting means and the detecting means, a switchable
imaging shifting device, and switching the device between the first and second pulse to displace
the second image relative to the first image

23. A method according to any one of the preceding claims wherein the method includes
treating and/or configuring a wall of a body containing and/or within the fluid flow to prevent or
at least reduce energy reflections or emissions from the body wall to the detecting means.

24. A method according to claim 23 wherein the body wall is coated with an energy
absorbing coating.

25. A method according to any one of claims 1 to 22 which includes providing beyond the
fluid flow, a surface which is treated to reflect or emit energy as a result of the directed radiant
energy impinging thereon, in a known frequency range, and providing a filter to filter out such
energy in the known frequency range, to negate any deleterious effect such energy may have on
the investigation of the fluid flow.

26. A method according to any one of the preceding claims wherein the method of the
invention is adapted to investigate near surface temperature and forces such as pressure either
alone or in combination with fluid velocity.

27 A method according to claim 26 wherein elements in the fluid flow, or on a surface in or
beyond the fluid flow, are provided with a coating whose energy reflecting or emission
characteristic changes with temperature and/or pressure, the detecting means being adapted to
recognise the energy reflecting or emission characteristic thus to determine fluid temperature
and/or pressure.

28. A method according to any one of the preceding claims wherein the method includes
seeding the fluid flow with at least first energy reflecting or energy emitting element population
and second or more energy reflecting or energy emitting element populations, the first element
population having a a lower Stokes number than other element populations, the first element

27

SUBSTITUTE SHEET (RULE 26)



WO 01/06216 PCT/GB00/02742

population being adapted to follow the fluid flow whilst movements of the second or more
element populations between energy pulses are adapted to vary relative to the fluid flow
depending on fluid density, pressure, temperature and viscosity, and providing means to
discriminate between energy reflected from or emitted from each element population.

29. A method according to claim 28 wherein the method includes means to derive fluid
variables using the velocity fields produced by each element population.

30. A method of investigating fluid flow containing elements, the method including directing
a first pulse and subsequently a second pulse of radiant energy along a path, each to intersect a
volume of the fluid flow, positioning energy detecting means in a region outside of the fluid
flow, detecting with the detecting means energy returning from the fluid flow for each pulse
whereby an image of the elements of the intersected volume is detected for each pulse, and
analysing the images to determine displacements of the elements occurring between energy
pulses, and wherein the method includes positioning the detecting means to detect energy
scattered or emitted from a surface near and/or beyond the fluid flow in a direction substantiaily
coincident with the path along which the radiant energy is directed to intersect with the volume
of the fluid flow.

31. A method according to claim 30 wherein the method also includes means to detect
surface temperature using thermal imaging techniques.

32. A method according to any one of the preceding claims wherein the method also includes
means to estimate fluid temperature from the ratio of the fluid and element refractive indexes,
where the fluid refractive index is a function of temperature.

33. A method according to any one of the preceding claims wherein the method also includes
means to launch and detect radiant energy into a remote imaging means to achieve remote
viewing in constrained geometries.

34. A method according to any one of the preceding claims wherein the method also includes
means for absorbing and trapping radiant energy, consisting of a filter with an angle dependent
transmissivity, followed by a beam redirecting means, and a radiant energy reflecting means.

35. A method according to any one of the preceding claims wherein the method further
includes means to add a reference beam in-line to the detecting means so as to be able to record
holographically the energy reflected or emitted by the elements in the measurement volume.

36. A method according to claim 35 wherein the method also includes means to separate two
orthogonally polarised beams, redirect and rotate the polarisation of one of them to produce an
off-axis holographic recording.

37. A method according to any one of the preceding claims wherein the method includes
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means to redirect part of the radiant energy to a secondary optical axis, thereby achieving
stereoscopic recording of one or more measurement volumes.

38. A method of investigating fluid flow substantially as herein before described with

reference to the accompanying drawings.

39.  An apparatus for use in investigating fluid flow according to the method of any one of the

preceding claims.

40. An apparatus according to claim 39 having any of the features of the apparatus specified

in any one of claims 1 to 38.

41.  An apparatus for investigating fluid flow substantially as herein before described with

reference to and as shown in the accompanying drawings.

42.  Any novel feature or novel combination of features described herein and/or in the

accompanying drawings.
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