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A.  AN OVERVIEW OF MODERN MEASUREMENT TECHNIQUES (ONERA)
1. INTRODUCTION
The purpose of this section is to present measurement techniques used (or which could be used) to investigate complex flows. Attention is focused on modern techniques, the classical and well proven methods being only mentioned, even if they are still routinely used!

2. MODERN MEASUREMENT TECHNIQUES

2.1 Flow visualisations

Fortunately, most flow phenomena can be visualised, which is of great help for their physical understanding and modelling1. Flow visualisations must be attempted in all circumstances where they are possible, especially on three-dimensional configurations for which they are nearly mandatory. The first step consists in making a visualisation of the surface flow pattern in order to localise the critical points that it contains and the accompanying separation/attachment lines2. To realise a surface flow visualisation, the model - or part of it - is coated by a viscous product before the establishment of the flow. The postulate of such visualisation techniques is that the traces or streak lines resulting from the shearing action of the flow on the product can be identified with skin friction lines. Visualisation products are frequently made of an oil intimately mixed with a dying agent. The photograph in Fig. 1a shows the complex surface flow pattern produced by the impingement on the central body of the 24 primary jets of a plug nozzle. Flow field visualisation can be achieved by several techniques, including the laser sheet method (both in low and high speed streams, see Fig. 1b), schlieren pictures, shadowgraphy of interferometry in compressible flows (see Fig. 1c), electron beam fluorescence (EBF, see below) in low pressure high Mach number flows (see Fig 1d). Particle Image velocimetry (PIV, see below) can also be considered as a sophisticated visualisation method for separated flows. Test in water tunnels are extremely instructive for the description of separated flows giving rise to the formation of strong vortices, such as the flow over delta wings and elongated bodies3. Such structures weakly depend of the Reynolds number so that low velocity tests are representative of reality.
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	a – surface flow on the central body of an aerospike nozzle
	b – laser sheet visualisation of the flow

past an elongated body in a Mach 2 flow
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	c – interferogram of a transonic shock wave
	d - EBF visualisation of the flow past a double cone model at Mach 10

	Fig. 1: Different techniques of flow visualisation


2.2 Wall measurements

Surface pressure measurements. The measurement of the pressure at the surface of a model is classically made through orifices of small size connected to a transducer via a tubing system. This technique is well known and there exists a great variety of transducers whose choice is dictated by the level of pressure to be measured, the response time (case of steady and unsteady measurements), the size and the cost. Due to the large number of orifices equipping a model, several orifices are most often connected to a common transducer via a scanning device. In the classical method, the pressure transducer is installed in a mechanically driven scanner but the advent of electronic pressure scanners has permitted a considerable increase in scanning rate (up to 20,000 ports per second). The electronic pressure scanner consists of an array of transducers, each in contact with its own pressure port.

The relatively new méthode making use of Pressure Sensitive Paint (or PSP) allows to determine the complete pressure distribution over a model. It is based on the fact that some chemical compounds emit light (luminescence) when excited by a suitable source, the emitted light having a longer wave-length than the excitation light 4,5. The quantity of light emitted depends on the oxygen diffused into the paint because oxygen quenches and deactivates the excited molecules. The internal concentration of oxygen being a linear function of the external pressure of the same gas, one can measure the pressure acting on the paint by detecting some of its luminescent parameters. A difficulty with PSP’s is their simultaneous response to change in temperature, which could prevent their use in supersonic/hypersonic flows. The difficulty can be circumvented either by using a paint nearly insensitive to temperature or by making a correction from measurement of the wall temperature. Convincing PSP measurements at high Mach number have been performed on a plug nozzle with a PSP component having a low sensitivity to temperature6. Figure 2 is a false color representation of the pressure distribution over the central plug showing the impact of the jets issuing from the 24 primary nozzles. One also sees on the plug upper part the pressure imprint of a jet used for lateral thrust control.

Skin-friction measurements. Accurate measurement of skin-friction remains a delicate task in regions of pressure gradient. The most direct method is to use a floating element made of a small independent insert, mounted flush with the model surface and isolated from it7. In practice the floating element technique is difficult to implement on real models because of the curvature of their surface. A more convenient technique is to use surface gages made of thin heated film, or wire, installed on the model surface, the film being mounted to an insulating part8. Another popular method is the so-called Preston tube which consists of measuring the pressure given by a Pitot type tube, flattened at its extremity, placed in contact with the surface. The skin-friction is deduced from the measured pressure by relying on semi-empirical laws and a calibration. The skin-friction can also be determined from a boundary layer survey by fitting the velocity profile with the logarithmic law.

In a recent technique, the skin-friction is determined by measuring the rate of deformation of a thin oil film deposited on the model surface9-11, the method being inspired from the lubrication theory. If the film of oil is thin compared to its length, its surface takes the shape of a small wedge whose thickness y at any time t can be accurately measured by an interferometric technique (see Fig. 3). Knowing the location x of the measurement point and the time t, the determination of the wall shear stress is in principle straightforward. Liquid crystals can also be used to determine the skin friction distribution on a model12. There exist liquid crystals which only respond to shear stress under certain circumstances. The model is covered by a thin film of such a substance and illuminated by an appropriate source of white light. The liquid crystal film produces a picture in the visible wave-length range which is recorded either on a photographic plate or by a video camera.
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	Fig. 2: PSP measurements on a plug nozzle central body
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	Fig. 3: Skin friction measurement by the thin oil film technique


Heat flux measurements. The local convective heat transfer between the flow and the model is frequently determined by using calorimetric techniques which consist of measuring the time variation (T(t) of the local temperature of the surface or of a sensing element (transducer) inserted into the surface. An inverse solution of the equation governing heat conduction through the model wall or transducers gives the heat supplied by the flow to the surface. There exist a variety of methods to measure the wall temperature, the most commonly used in wind tunnel applications being thermocouples inserted in the model wall, and in contact with the surface, and surface films (frequently platinum films).

The use of sensors tends to be superseded by quantitative infrared thermography which has experienced a strong development in a large number of laboratories over the past 20 years13-15. As it is well known, a body emits a radiative signal whose intensity is a strong function of its temperature. In infrared thermography, the model is observed by an infrared camera containing a detector element sensitive to infrared radiations at a certain wave-length. By processing a series of pictures taken at known time intervals, it is possible to construct the time history of the model temperature and to deduce the surface heat flux distribution from the heat equation. The example of infrared image (in false colour) in Fig. 4 shows the heat flux distribution on a hemisphere in a Mach 5 flow. Infrared pictures also provide a convenient way to detect laminar-turbulent transition.
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	Fig. 4: Infrared measurements of the heat flux distribution over an hemisphere

in a Mach 5 flow.


2.3 Field measurements

Measurement of field quantities such as velocity, temperature, density, gas species concentration, etc. is a difficult task. The advent of laser sources in the early 60s has given a dramatic impetus to the development of non intrusive methods allowing an in-situ determination of the properties of a gas, including its velocity. However, to a large extent, flow fields are still explored by means of physical probes, like Pitot tubes, static pressure probes, thermocouples and hot wires/hot fims which give instructive information about the flow structure and are easy to handle. The main disadvantage of intrusive probes is their perturbing effect rendering their use impracticable in separated flows and delicate at transonic speed.

Pressure probes are also routinely used to determine the mean velocity vector in three-dimensional flows provided that the velocity angle with respect to the probe axis be not too large. For this purpose, multi-hole probes are built, the simplest arrangement being the three-hole pressure probe used for boundary layer surveys. In this case the velocity vector is assumed to be contained in a plane tangent to the model surface so that one only has to know its direction in the plane and its modulus. In three dimensions two angles must be known to have the velocity vector direction so that extra information is required which is obtained by the use of five-hole pressure probes16. The sensing extremity is most often made of a cone on which four independent orifices are machined, a fifth hole being placed at the cone apex. The conical part is mounted on a cylindrical tube through which pass the five pressure tubes connected to the transducers. The diameter of this probe can be as small as 1.5mm. Probes having more than 5 holes have been developed to introduce redundancy in the measurements and to extend their domain of application to higher changes of the velocity angle. 

Laser Doppler Velocimetry. The basic idea underlying LDV is to measure the velocity of tiny particles transported by the flow17-19. If these particles are small enough, their velocity is assumed to be that of the stream and LDV provides a measure of the local instantaneous velocity. A statistical treatment of a sample acquired at one point permits to determine the mean velocity as well as the turbulent quantities (Reynolds tensor components and spectra if the data rate is high enough). The postulate of LDV (and any other method using seeding particles) is not always true in highly decelerating or accelerating flows in which the particles do not instantly adjust their velocity to that of the fluid. The problem of particle lag is at the heart of LDV and one should be cautious in the use of results obtained in regions where the velocity undergoes a large variation over a short distance. In order to measure the velocity of a moving particle, two beams from the same laser source are made to cross and to interfere to produce a pattern of real fringes in the so-called probe volume. When a particle crosses this fringe pattern, it is more or less illuminated, depending if it crosses a bright or a dark fringe. Hence the intensity of the light scattered by the particle is modulated at a frequency fm inversely proportional to the fringe spacing i and proportional to the component U of the particle velocity normal to the fringes so that:
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The photograph in Fig. 5 shows the pairs of laser beams whose crossing in the probe volume forms 3 fringe patterns allowing 3D measurements. The scattered light is recorded via photo-multipliers, the velocity component U being computed from a proper processing of the signal - or burst - which provides the frequency 
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	Fig. 5: Laser beams focusing to constitute the fringe patterns 

of a three-component LDV system


Reliable LDV measurements have been obtained in shock-separated flows up to Mach 5; above measurements become hazardous (see in Fig. 6 an average LDV velocity field in the vicinity of the bleed system of a supersonic air-intake).
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	Fig. 6. LDV measurement in the bleed region of a supersonic air intake

(average Mach number and streamlines)


Doppler Global Velocimetry (DGV) - also called Planar Doppler Velocimetry (PDV) - is a particle based velocity measurement system giving the velocity of particles injected in the flow, as LDV. The difference is that LDV determines the velocity at one point in space, while DGV has the capacity to give the velocity at a multitude of points in a given region of space20-22. The basic principle consists in determining directly the Doppler shift of the light scattered by a moving particle. In this technique a laser sheet is used to illuminate the flow, the illuminated region being imaged onto a video camera through a specially made absorption cell containing iodine. As the scattered laser light is shifted in frequency due to the Doppler effect, the transmission through the absorption cell will also change. This converts the frequency change into an intensity change which can be more readily detected.

Particle Image Velocimetry. The principle of PIV is to illuminate tracer particles injected in the flow by a light sheet and to record the scattered light23-26. In order to perform velocity measurements, the particles are illuminated twice by a pulsed laser, the two illuminations being separated by a short and known time interval (t. The light scattered by the tracers is recorded on a single frame or two distinct frames by CCD cameras. During the interval (t, each particle has moved over a distance proportional to its velocity (assumed to be that of the flow), the velocity components in the image plane being deduced from the displacement of the particles. For this purpose, the PIV recording is divided into small sub-areas, called interrogation window, the mean displacement of particles in each interrogation areas being determined by FFT correlation methods. The two flow velocity components are calculated taking into account the time interval between the two illuminations and the magnification of the recording system. This process is repeated for all the interrogation windows of the recording. Two PIV applications are shown in Fig. 7; the first one is a free subsonic jet, the second a rotating jet undergoing breakdown. With a usual PIV camera, the total number of instantaneous velocity vectors per PIV recording is about 5,000 and the processing time of the order of a few seconds. Access to the averaged field quantities (for example, the mean velocity) is obtained by an averaging procedure over a large number of instantaneous velocity maps. With the recent progress in computers, it is now possible to determine the Reynolds tensor components from the averaging of several thousands of instantaneous values. By using a stereoscopic recording set-up (with two CCD cameras), a specific processing procedure allows to measure the three components of the instantaneous velocity vectors. Due to the constant progress in optics, opto-electronics, laser and computers, PIV is undergoing a rapid development and can be used on industrial application in large wind tunnels.

Particle Image Velocimetry provides a complete velocity field in a large number of points for a whole planar region of space, whereas LDV is restricted to measurements at one point. PIV is precious for the study of unsteady phenomena since it allows to capture the velocity field at a given instant, within a fraction of a millisecond. In some conditions, PIV can be coupled with other methods (such as LIF, see below) to simultaneously measure the instantaneous velocity fields and the instantaneous spatial distribution of a scalar quantity (for example: temperature, concentration) allowing to determine velocity-scalar correlations.
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	a – subsonic free jet
	b – rotating jet undergoing breakdown

	Fig. 7: Instantaneous velocity fields measured by PIV


2.4 Laser spectroscopic flow diagnostic

These methods are based on fundamental physical processes related to the interaction between light and matter and do not need seeding by particles of relatively big size. Laser spectroscopic measurements are based on the radiative interaction of a laser beam with spectroscopic properties of the investigated flow. Depending on the interaction process, the laser light is either absorbed or scattered by those species which are radiatively active at wave-length used.

The measurements are made on selected populations from which it is possible to deduce the local gas properties. The intensity of the radiative signal gives a measure of the species concentration (or atom/molecule number density). The temperature is most often deduced from the broadening of a spectral line due to the Doppler effect induced by the motion of the atoms or molecules (the energy contained in this motion being proportional to the square root of the translational temperature). The flow velocity is deduced from the shift of the central frequency of the signal coming from the Doppler effect produced by the bulk motion of the gas. Rotational and vibrational temperatures can also be deduced from an analysis of the reactive signal.

Laser absorption. In this technique, the laser beam is tuned to a wave-length resonant with an absorbing transition of a selected species. The attenuation of the beam passing through the test region is measured, the absorption of two or more wave-lengths being used to determine both the gas temperature and the density of the absorbing species. This technique is simple to implement since it requires an optical access just sufficient to allow the laser beam to pass through the test region. Production of a detectable and usable signal does not depend on the laser power, so that small power lasers can be used. However, the method lacks spatial resolution since measurement represents an integrated average along the path of the beam through the test region. This restricts its use to two-dimensional or axisymmetric flows (the local properties are then extracted from Abel inversion).

Among these methods, the diode laser absorption technique consists of illuminating a transverse section of the gas to be studied by an infrared light beam27,28. Doppler broadening and shift in wave-length of the species absorption lines is used to obtain a measure of translational temperature and flow velocity.

Rayleigh scattering. In Rayleigh scattering the light from a laser beam is scattered at nearly the same frequency as that of the incident light. By measuring the intensity of the scattered light and its spectral properties, it is possible to determine the density, pressure and velocity of the gas. Rayleigh scattering is probably the simplest method giving a local measurement of flow properties, since it does not rely on any spectral resonance of a seed material (see LIF below). On the debit side, the method lacks spectral difference between the light scattered by the gas and the background light so that it is difficult to distinguish the useful signal from parasitic light.

Raman scattering. When a photon strikes a molecule, it leaves a fraction of its energy to the molecule which is then raised to a higher energy state. When de-excitation occurs, a photon is released which has a longer wave-length, or lower energy, than the incident photon. This process is called Raman Stokes scattering, the scattered light having a spectrum whose frequencies are characteristic of the molecule. Thus, analysis of the emitted spectrum constitutes a way to measure the vibrational and rotational temperatures in this particular state. Species concentration is determined from the amount of light contained in a certain narrow spectral band.

If the photon emerges from the interaction at a shorter wave-length, hence higher energy, the process is called Raman Anti-Stokes scattering. This scattering process takes place with molecules of a higher energy level whose relative number is small; thus the Raman Anti-Stokes signal is naturally fainter than the Stokes signal. Raman signals are at a wave-length different from that of the laser and consequently are affected very little by background scattering. In addition, the Raman effect is an interaction driven by the radiation field and, for this reason, is not affected by collisional quenching (see below). The disadvantage of the technique is that the signal is very weak and that the laser beam is scattered in all directions of space. Stimulated Raman spectroscopy has been developed to eliminate this disadvantage.

Stimulated Raman scattering. This technique is analogous to spontaneous Raman scattering, the scattering being produced by a first laser called the pump laser. The system now includes a second laser, the probe laser, whose frequency is shifted so that the difference in wave-length with the pump laser matches a resonant frequency of the molecule. This arrangement is used in Coherent Anti-Stokes Raman Scattering (CARS) in which measurements are made with the Anti-Stokes radiation29 (see Fig. 8). The main advantage of CARS is that the scattering cross section is much higher than that of the spontaneous Raman effect by several orders of magnitude. In addition, the emitted light leaves in a preferred direction defined by the directions of the incident beams
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	Fig. 8: CARS measurements in the Onera-R5Ch hypersonic wind tunnel


Thus, the useful light is collected more efficiently than in ordinary Raman scattering. Analysis of the CARS signal allows the determination of the nature of the species, of their concentration, temperature, etc. Also, the gas velocity can be determined from Doppler shift. There are several variants of CARS, for example in Dual Line CARS (DLCARS) four beams are used to excite two energy levels of the studied molecule which allows a more direct determination of the density and temperature of the gas30. Density and temperature measurements by DLCARS in front of a cylinder placed in a Mach 10 flow are shown in Fig. 9, along with a comparison with a Navier-Stokes calculation which was used here to validate the measurements.

Laser Induced Fluorescence. In Laser Induced Fluorescence (LIF) the measured signal is obtained from the subsequent spontaneous emission of absorbed energy or fluorescence31. In this process, the emission takes place after a relatively long time, several seconds in some cases, whereas in other types of interaction emission occurs after 10-8s for most molecules. Due to this long relaxation time, the signal analysis must consider the effect on some species of non-radiative energy transfers taking place through collisions between molecules (quenching) depending on temperature and species concentration. For aerodynamic research in non reacting fluids, proper operation of LIF necessitates the seeding  of the flow with a small concentration of sodium, iodine, nitric oxide, acetone, etc. Fluorescence properties are also used to obtain a picture of an entire flow region by using Planar Laser Induced Fluorescence (PLIF)32. In this technique, the zone of interest is illuminated by a laser sheet and the fluorescence picture recorded by a camera containing a two-dimensional array of photo-detectors.
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	a – EBF visualisation of the flow
	b – density and temperature distributions

	Fig. 9: DLCARS measurements in front of a cylinder at Mach 10


Electron Beam Fluorescence. Electron Beam Fluorescence (EBF) is a well-established technique to perform local and non intrusive measurements of density, vibrational and rotational temperatures in a low density flow of nitrogen or air33. The technique is based on the formation of N2+ excited ions by an energetic electron beam (typically 25keV energy) traversing the flow. The almost immediate drop to a lower energy state gives rise to fluorescence whose intensity is proportional to the density. At high densities, quenching destroys the linearity of the response. Tomographic imaging with a sweeping electron beam creating a visualisation plane is a classical application of EBF (several examples are shown in this Chapter). The photograph in Fig. 1d is an EBF visualisation of the flow past a double-cone model. In this case, the electron beam is fixed, the visualisation being obtained by post-luminescence.

Density measurements using electron-beam-excited X-ray detection. In order to obtain quantitative density results, even when quenching occurs, a variant based on the detection of brehmstrahlung and characteristic X-rays can be employed34-36. These X-rays are emitted by electrons which are decelerated when passing close to an atom. The method has the advantage that the signal is emitted instantly and shows no collisional quenching. The X-ray radiation at the point of measurement is collimated and detected with X-ray counters equipped with preamplifiers. The photograph in Fig. 10a shows the electron beam used to perform X-rays measurements on a cylinder-flare configuration. The beam traverses the model (though a small tube) to avoid the intense X-rays production which would result from the impact of the beam on the surface. Density profiles obtained in the interaction region are compared to Navier-Stokes (codes FLOW and NASCA) and DSMC calculations in Fig. 10b.
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	a – EBF visualisation of the flow and electron beam
	b – comparison between computed and measured density profiles

	Fig. 10: Measurements by X-rays detection in a laminar shock-separated boudary layer


Velocity measurements using an electron-beam-assisted glow discharge. This technique uses a miniature pseudo-spark type electron gun to perform velocity measurements through a time of flight principle. The miniature pseudo-spark developed at Onera generates an intense pulsed electron beam, emitted by an electron gun37 which penetrates within the flow from a hole across the surface of the model and traces the path of a high voltage glow discharge in some 10ns. At a precise delay time (5µs) after the electron gun actuation, a CCD camera is opened briefly (250ns) to image the position of the luminous column convected by the flow. The local velocity of the stream is deduced from the horizontal displacement of a given point during the selected delay time.

2.5 Unsteady field and turbulence measurements

Because of the considerable importance of time-varying phenomena in aerodynamics (buffeting, air-intake buzz, helicopter rotor, unsteady separation in nozzles, aeroelastic coupling, etc) attention is now focused on the unsteady aspects of fluid flow. The discovery of flow fluctuations and the perception of their importance are not new, but now there is a rise in our capabilities to predict unsteady flows with increasing accuracy. One can cite the URANS (Unsteady Reynolds Averaged Navier-Stokes), LES (Large Eddy Simulation), DES (Detached Eddy Simulation), DNS (Direct Numerical Simulation) approaches. In parallel, there is a need for more complete and accurate descriptions of typical unsteady flows to validate codes.

Instant visualisations (schlieren, shadowgraphy) coupled with high speed cinematography are precious to track the fluctuating phenomenon. The drum camera using classical argentic film still gives high speed movies (up to 20,000 frames per seconds) with the best quality. However, this camera tends to be replaced by easier to use electronic systems whose performance is steadily increasing both in terms of speed and picture quality.

The local velocity fluctuations (in particular turbulence) are classically measured with hot-wire/hot-film anemometry in conjunction with unsteady pressure measurement at the wall with appropriate transducers. PIV is a precious tool to obtain an instant picture of the flow field showing the large structures generated by separation (see Fig. 10b). A sequence of such pictures allows to follow the structures in space and time (in fact, the time interval between two consecutive pictures is still too long for rapid phenomena but rapid progress is made in the field). As we know, LDV gives the instant velocity at one point which provides the Reynolds tensor components by suitable averaging. If the unsteadiness is driven by a periodic mechanism (like in transonic shock oscillation, cavity flow or air-intake buzz), conditional sampling and appropriate processing permits to establish the organised motion from local instant measurements (hot-wire, LDV).
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3. CONCLUDING REMARKS

A consequence of the intense development of CFD activities has been to urge experimentalists to execute more complete experiments, including the determination of all the flow properties. This demand has motivated an important effort to develop advanced and non intrusive methods for detailed flow investigation, such as PSP for wall pressure, oil film and liquid crystal for skin-friction, infrared thermography for heat transfer, LDV, DGV and PIV for velocity field, laser spectroscopic diagnostic techniques for species concentration, Electron Beam Fluorescence for density and temperature in low density flows, etc.

Thus, during the past years a strategy has emerged to organize more efficiently the dialectics between computation and experiment. To validate their codes, numericians need an as complete as possible documentation on representative test cases. This information constitutes what is called a database which must respect certain rules to be useful. Thus, the database must contain a precise description of the configuration, along with all the necessary flow and boundary conditions. The measurements must be considered as safe, e.i., free of influences coming from non identified perturbations, and if possible accurate, these objectives being difficult to reach in high Mach number flows. Uncertainty margins must be provided in order to allow meaningful conclusion on the accuracy of physical models.
The development of multi-physics codes has amplified the need of good test cases with the added difficulty to have to acquire a large quantity of data to obtain an accurate and realistic description of the flow. In aero-elastic coupling, an accurate time-description of the flow field is mandatory which could necessitate the development of new measurement and processing techniques. In situations such as electro-fluid dynamics (or plasma flows), classical flow measurements should be supplemented by the characterisation of the fluid electrical properties. Other situations could be cited.
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B. Overview on Additional Modern Experimental Methods (DLR)

Background Oriented Schlieren Method (BOS)

Principle

The BOS (Background Oriented Schlieren method) called optical measurement technique has the ability to visualize density gradients. The underlying physical effect of this technique is the deflection of light rays if they pass through density gradients. This effect is well known and already utilized for the Schlieren method as well as for shadow photography. At BOS a pattern with tiny dots is imaged through the density object and recorded. Comparing two images, one without the density gradients (reference picture) and another with the density gradients to be investigated (measurement picture) by help of standard cross correlation evaluation software, the result will show a displacement of the background pattern due to the density gradients.

The promising results obtained by the first BOS experiments (visualization of blade tip vortices and heated flows) plus the very simple and effective setup induced a rapid development of this new measurement technique. Knowing the position of the light ray deflection, it is possible to perform quantitative local density measurements of a 2D-flow field by means of BOS.

Evaluation of the results 

The cross-correlation of the images leads to a vector map giving the local displacements of the background pattern. Taking into account the information about the distances between the camera and the background, the camera and the density gradients, the shape of the density distribution, the ambient temperature and pressure, the local density can be determined.

Stereo BOS measurements can be performed to determine the position of a compressible vortex
If the shape of the density distribution is known e.g. a compressible vortex with an axis symmetric density field, the position and the local density of the vortex can be determined by means of BOS using algorithms especially developed for the investigation of vortices.

Advantages of the BOS method
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	Local Density Gradients Induced by Compressible Blade Tip Vortices of a Helicopter Blade. [Courtesy of Raffel et al 2000] 


The setup only consists of a camera and a background with a pattern of tiny dots. It is understood, that different types of backgrounds are usable. Under certain circumstances grass is as useful as concrete (for outdoor applications) or a printed slide with a randomly distributed dot pattern. Because of easy setup and the possibility to simply adapt the sensitivity and resolution of the technique, it is especially suited for full scale outdoor tests. Like the Schlieren method, this technique is very sensitive, small density gradients can be visualized with high accuracy. The main difference between BOS and the Schlieren technique is the easy setup. With the BOS technique the direction of the light ray deflection can be determined simultaneously and quantitatively in two directions, which enables the measurement of local density information.
Edge Detection Technique – (EDT)
The Edge Detection Technique utilizes the principles of photogrammetry but with limited objectives. Targets attached on the wing of an aircraft are imaged by a camera. From the displacements of the target position in the field of view of the camera it is possible to reconstruct the displacement of the targets. EDT was developed for the investigation of the gap between the wing trailing edge and the flap of an aircraft. Targets were attached on the trailing edge and at different chord length on the flap parallel to the wing trailing edge. After geometrical calibration of the system all displacements were calculated relative to a reference image made on ground.

The first figure shows a calibration image of a grid.
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	Calibration Image with Reference (blue) and Measurement (red) Target Positions
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	Section through a flap


The reference target positions are marked blue. Additionally, the target positions required for certain flight configurations are marked red. The pixel displacement can be translated in a spatial vertical displacement assuming that no target displacement out of the calibration plane (in the roll axis of the airplane) occurs.

In the second figure a section through the flap is sketched. With the known target position on the flap and the vertical spatial displacements the gap width variation, bend and twist have been calculated.
Further development:

Automatic 3D-Position Tracking by means of a stereo system

Image Pattern Correlation Technique – (IPCT)
The Image Pattern Correlation Technique  is a deformation measurement method based on the evaluation algorithms developed for PIV (Particle Image Velocimetry) such as the cross-correlation and an additional scaling algorithm. Depending on the setup the results are the relative (mono camera system) or the absolute (stereo or multi camera system) surface deformation. A random dot pattern is applied on the surface of the measured object. Depending on the properties of the surface and its curvature a printable adhesive sheet or paint can be used for this. This pattern is imaged by the camera(s) using a Scheimpflugadapter for quite large angles between the surface normal and the camera’s view.
Mono Camera Systemfor 2D-deformation

For the measurement of 2D-deformations a mono camera system is sufficient. A reference image (= no deformation) and the measurement image of the dot patterned surface are cross-correlated, which yields a displacement vector field in pixel coordinates. The recording of a grid or a set of grids placed in the plane of interest is used for calibration. The displacement vector field is converted in a spatial 2D-displacement field by the application adapted calibration and an additional scaling algorithm.
Stereo- or Multi Camera-Systemfor 3D-deformation
A Stereo IPCT setup allows the reconstruction of a surface which moves in all directions. This method was already successfully applied to wind tunnel tests.
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	IPCT in flight test


Figure: Application of IPCT in flight test with a mono camera system, vertical displacement of the wing against the reference is coloured coded.

Advantages of IPCT compared to Photogrammetry:

· higher resolution à planar information instead of single marker points
·  high accuracy (0.1 pixel)
Application:

· model deformation in wind tunnels

· wing deformation in flight tests
Application of Thermography in Aerodynamic Investigations
The laminar-turbulent transition of the boundary layer has a significant influence on the aerodynamic forces of wings, rudders and the fuselage of an aircraft. Therefore the determination of the laminar-turbulent transition and its chordwise position is of high importance for the evaluation of the aerodynamic data. Also the occurrence of laminar separations on wings, flaps and slats especially in high lift configurations as well as shocks is of interest for the design. The infrared thermography (IR) is based

on the measurement of the infrared radiation from surfaces and allows a global determination and visualisation of the surface temperature distribution with high accuracy. In aerodynamic research

(in wind tunnel and flight tests) the thermography is used for the investigations of the boundary layer. Due to the change in the wall stress coefficient and therefore in the heat transfer coefficient at the laminar-turbulent transition the infrared thermography allows the detection and visualization of the transition from laminar to turbulent flow as well as laminar separations and in some cases also vortices. 
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	Infrared Image of the Laminar Glove Mounted on the Upper Wing of the DLR Test Vehicle DO228 with a Laminar-turbulent Transition at about 55 % Chord and a Turbulent Wedge.



 The measurements of the pressure distribution combined with the visualization of the laminar-turbulent transition by infrared thermography can be used for a good interpretation of the boundary layer. Therefore the measurement of the pressure distribution and the thermography can be considered as complementary test methods. Compared to other methods for investigation boundary layers (hot film arrays, thermocouples) the main advantage of infrared thermography is the global (2-dimensional) information delivered by the system. 

 Features:

· Contact-less test method

· Global (2-dimensional) system

· QWIP Sensor matrix GaAs (Quantum Wall infrared photodetector)

· With spatial resolution of 320 x 240 pixels

· Temperature resolution: 20 mK

· Scanning rate of 50 frames/s (up to 750 frames/s)
Holographic Interferometry at the High Enthalpy Shock Tunnel Göttingen
The High Enthalpy Shock Tunnel Göttingen (HEG) is worldwide one of the largest free piston driven shock tunnels with a broad operating range from high density Mach 6 flows up to high enthalpy re-entry type conditions. One goal of the investigations performed in this ground based facility is to provide high quality data for the validation of computational fluid dynamics (CFD) codes.
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	Comparison between an Experimentally obtained Phase Shift Distribution (left) and a Numerical Result (right) for a Threedimensional

Flow Computation


In HEG the density distribution around wind tunnel models is determined by applying the phase step holographic interferometry. The light source used for this measurement technique is a ruby laser, which emits at 694.3 nm. The typical pulse length is 10 ns and the coherence length of the laser is approximately 1 m. The optical setup uses a Z-path configuration for the object path with two parabolic mirrors having a focal length of 1,500 mm. The object beam and the reference beam interfere and create an optical grating on the holographic plate. Two gratings, one before, and one during the experiment, are recorded.
After the experiment the two gratings are used to reconstruct two holograms. Both holograms are brought to interference in a separate reconstruction unit. 
The main advantage by using the phase step technique is the ability to reduce variations in background intensity and noise from the interference patterns, leading to a high signal to noise ratio. Furthermore the knowledge of the direction of the phase change necessary to differentiate between an increase or decrease in density can be obtained. The high signal to noise ratio of phase step holographic interferometry and the short laser beam path length of almost 12 m. One application of this test technique is the quantification of high temperature effects occurring in the flow field past reentry space vehicles. Within the design process of 
space vehicles, the knowledge of the interaction between high temperature effects and the aerodynamics of the vehicle needs to be known in detail.

In addition to wind tunnel testing CFD tools are used for predicting the vehicle aerodynamics. For this purpose a CFD validation experiment using a cylinder placed with its axis transverse to the flow was performed in HEG. The phase shift behind the strong bow shock in front of the cylinder is a measure for the chemical relaxation process in the flow field. Comparing these measured values with numerically reconstructed phase shifts allow the validation of the chemical reacting scheme used in the CFD code (see figure).

Pressure Sensitive Paint (PSP)
The determination of instantaneous two dimensional pressure distributions on the surface of a model in test facilities like wind tunnels or turbo machines by the application of a pressure sensitive paint can be construed as a major advancement in the field of non-intrusive measurement techniques in aerodynamics. This so-called ”Pressure Sensitive Paint (PSP)” method yields not only qualitative pressure images but also quantitative absolute pressure values at the desired positions of the model, without introducing flow-disturbing probes or affecting the surface on the model. The pressure measurement technique is based on oxygenquenching process concerning the deactivation of photo-chemically excited molecules with oxygen, which makes different degrees of luminosity detectable on the surface of the model. 
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	Pressure Distribution of a Completely Coated PSP Model to Calculate Forces and Moments 


The final pressure map is obtained using complex image processing techniques. Impurities, such as oil solvents or large dirt particles in the test facility may adversely affect the achievable accuracy and also can damage the optical pressure sensor. The conventional ressure measurement methods based on pressure sensors installed at discrete points on the model surface may show a higher accuracy of measurement, but the two-dimensional PSP-method has definite advantages. Firstly, in case of these conventional techniques there are restrictions to drill holes in a thin wind tunnel model; secondly the 
determination of the hole locations at the points of measurement must be done prior to the preparation of the model, that is to say, without exact knowledge of the flow pattern which will be actually occurring later. ”Footprints” of the vortex field near the model surface are made visible, so that the detection of vortex development and its interactions, shock locations, leakage effects on turbine blades on the surface of the model are made possible. Besides, a detection of fine vortex structures or separation effects as a function of the angle of attack, Mach number or Reynolds number are also made possible. The sensitivity of the employed optical pressure sensor, in our case DLR’s own ”binary paint”, is optimised in the pressure range of 0.1 – 1.5 bar. These are typical pressures that exist on models in the transonic flow range.

For increasing the accuracy a different calibration procedure was developed with which the individual calibration constants were computed for every pixel of the image recorded by the high resolution 16-bit CCD camera. Under static conditions, a resolution of around ± 1.5 mbar with a response time of the order of 0.5 s could be achieved. For unsteady investigations, several ”fast” paints are also under development for applications such as turbo-machinery but with a lower accuracy in absolute pressure. 

Particle Image Velocimetry (PIV) – an Optical Method to Measure Velocity Fields in Flows
The main interest of today’s research in fluid mechanics is more and more directed to problems where unsteady and separated flows are predominant. For investigations of flow fields with pronounced spatial structures and/or rapid  temporal or spatial changes (transition from laminar to turbulent flow, coherent structures, pitching airfoils in transonic flows with shocks, rotors, test facilities with short run time, etc.) new experimental techniques, such as Particle Image Velocimetry (PIV) are required which allow to capture the flow velocity of large flow fields instantaneously. An important feature of PIV is that for the first time, a reliable basis of experimental flow field data is provided for direct comparison with numerical calculations and hence, for validation of computer codes. 
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	PIV Allows Capturing the Flow Velocity of Large Flow Fields Instantaneously
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During the last years an increasing number of scientists have started to utilize the PIV technique to investigate the instantaneous structure of velocity fields in various areas of fluid mechanics. The principle of the PIV measurement technique relies on the physical definition of velocity as a differential quotient. The trajectory of many tracer particles which follow the flow faithfully can be captured with a camera by illuminating a plane in the flow with two very short light pulses (~nanoseconds) within a time difference of a few microseconds. The two particle images captured at time t and t’ are stored on two frames of a CCD- or CMOS-sensor.
This allows to cross-correlate the two particle image distributions in small interrogation areas in order to determine their displacement on many positions of the observation field locally. Using the image magnification factor this method enables the measurement of typically more than 10,000 instantaneous velocity vectors for each double-image of the tracer particles inside the light sheet plane. 
Extending the PIV system to a stereoscopic camera setup it is possible to determine all three components of the velocity vectors in the plane of the flow field instantaneously. The example image on the left hand side shows the velocity vector field of the ‘frozen’ flow structures inside a turbulent spot in a boundary layer flow. Nowadays PIV is used in microscale and in planes of more than 3 m2 and in flows with velocities between a few mm/s and up to a km/sec in many different fluidmechanical applications. DLR has applied the PIV technique in industrial wind tunnels for high lift applications, wake vortex studies, rotor and propeller blades and in transonic flows on rolling delta wings.
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