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Abstract 

 

Airflow field measurement plays a significant role in creating a thermally comfortable 

indoor environment, by providing adequate quantitative information of indoor air 

distribution and local air velocity. In recent years, the Particle Tracking Velocimetry 

(PTV) technique has gradually become a promising and powerful tool for indoor 

airflow field measurement. This paper firstly gives an overview of the equipments and 

methods involved in typical PTV applications to indoor environments, and then 

introduces related applications of PTV for measuring indoor airflow fields. The Particle 

Streak Velocimetry (PSV) technique for indoor airflow measurement is also introduced. 

This paper shows how the quantitative and detailed turbulent flow information obtained 

by PTV measurement is critical for analyzing turbulent properties and developing 

numerical simulations. The limitations and future developments of PTV and PSV 

techniques are also discussed. 

 

Key words: Particle Tracking Velocimetry (PTV), indoor airflow, measurement, 

Particle Streak Velocimetry (PSV) 

 

1. Introduction 

 

Ventilation and air distribution systems, as a main part of Heating, Ventilation and  
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Air Conditioning (HVAC) systems in modern buildings, have received increased 

attention in recent years [1-10]. The performance of ventilation and air distribution 

systems not only influences the indoor air quality directly [11, 12], but also strongly 

affects the total energy consumptions in buildings [13]. Among the evaluations indices 

referring to ventilation and air distribution systems, there are airflow patterns (such as 

trajectory, impingement, separation, circulation, reattachment, buoyancy, vortices etc) 

and airflow field (temperature, velocity and pressure).  Numerical simulation using 

Computational Fluid Dynamics (CFD) models is the most prevalent research method 

now, and it accounts for about 70% of studies dealing with the performance of 

ventilation and air distribution system in buildings [14]. Yet, it is still not possible to 

predict the structure of indoor airflows with the distinct characteristics of low speed 

turbulence and three-dimensionality accurately using current computer technology [15]. 

Therefore, experimental measurements are still a fundamental and important step in the 

indoor airflow studies, and high quality experimental data plays a key role in the 

validation and development of numerical models. Besides, the local airflow fields 

around devices in ventilated rooms, such as heat sources, are still poorly known [16] 

and experimental data is one of the best ways to understand them.   

Because the indoor airflow is usually large-scale, three dimensional, turbulent and 

unsteady, it is not an easy task to measure it accurately. The most common modern 

measurement methods for indoor airflow have been summarized by Sun and Zhang 

[17]. Generally, the measurement methods are categorized into “point-wise” and 

“globe-wise”. The point-wise techniques usually refer to measurement methods that 

gather only one-point velocity information, such as hot-wire/hot-film/hot-sphere 

anemometry, which also intrusively disturbs the local airflow, ultrasonic anemometry 

(UA), and laser Doppler anemometry (LDA). Therefore, they are not the best choice 

for indoor airflow measurement. Globe-wise techniques usually refer to optical 

velocimetry and are regarded as an effective alternative tool for measuring indoor 

airflow distributions. Optical velocimetry can obtain the velocities and related 

statistical information in a globe domain without disturbing the airflows. Particle Image 

Velocimetry (PIV), Particle Streak Velocimetry (PSV) and Particle Tracking 
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Velocimetry (PTV) are the most prevalent methods among the globe-wise techniques. 

They have been applied for indoor airflow measurement more and more in recent years. 

The PIV is regarded as the most widely used optical velocimetry method for indoor 

airflow measurement with well-developed technologies, rich experimental literature 

and available commercial systems. Cao et al. summarized and discussed the PIV 

technologies and applications for indoor airflow measurement during the past decade 

[18]. However, typical PIV can only yield two-dimensional vector fields instead of 

three-dimensional, despite its high spatial and temporal resolution. PSV and PTV are 

both capable of obtaining velocity vector and air trajectories from one dimension to 

three dimensions and allow a direct observation of the airflow.  

  The PTV is a powerful tool to study both indoor air quality and thermal comfort, 

since the neutrally buoyant tracers used show the displacement of airborne pollutants, 

and air velocity vectors are measured. This study aims to provide a review of the PTV 

for indoor airflow measurement, its key components and related research applications. 

This paper only reviews published PTV methods used by researchers for indoor air 

applications. The information on hardware, algorithms and results for PTV in liquids, 

though instructive and sometimes similar, is not considered by this paper. The use of the 

PSV technique for indoor airflow study is also reviewed. Last, the advantages, 

limitations and future application of PTV and PSV techniques for indoor airflow 

measurement are discussed. 

 

2. PTV equipments and methods for indoor applications 

 

The term “Particle Tracking Velocimetry” (PTV) was first introduced in the 

literature in 1980[19]. During the past 30 years, the PTV technique has been widely 

applied to investigate small-scale flows [20-25], but now it is also gradually being used 

for the measurement of large-scale flows, especially in indoor airflow studies. The 

measurement principle and major developments of PTV have been reviewed in 

previous excellent scientific literatures [26-28], thus we will only present the PTV 

technologies focusing on the application in large-scale indoor airflows.  
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Regarded as a Lagrangian measurement method, PTV determines particle 

trajectories and velocities through capturing and analyzing each particle image to locate 

the particles’ centers and connecting image tracks. Similar to a PIV system, a PTV 

system generally consists of four main parts: illumination system, image recording 

devices, tracer particles and image evaluation methods (algorithms). Fig.1 illustrates a 

basic 3D-PTV system for large-scale measurement. There is still no available 

commercial PTV system for indoor airflow measurement. Several representative PTV 

systems for indoor airflow measurements as well as their applications will be 

summarized in the following sections. 

 

 

Fig.1. Basic layout of 3D PTV for large-scale measurement 

 

2.1 Illumination system 

 

    In indoor airflow measurements using the PIV technique, a double-pulsed Nd:Yag 

laser system with an articulated delivery arm to generate a green light sheet of 532 nm 

wavelength is the most widely used illumination system. The laser is also the most 

universal light source in traditional small-scale PTV measurements [20, 29-32]. 

However, this light source is unpractical in large-scale measurement volumes with PTV 

technique, because the low energy of the laser hardly satisfies the illumination needs. 

Jones et al. estimated that a 10W laser could only illuminate an area of the order of 1 m
2 

[33]. Thus if the laser is used as the light source in a large-scale measurement volume, 
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the power of the laser needs to be huge. It is almost impossible to handle such a laser in 

ordinary laboratories. Besides, when the thickness of the laser beam expands, the 

energy density of the laser will also decrease rapidly.  

For these reasons, it is more practical to adopt conventional light sources when using 

the PTV technique for measurements in large volumes. The most generally adopted 

conventional light sources can be divided into two categories, one that generates light 

pulses, such as photographic flash lamps, and the other that uses steady state 

illuminations, such as halogen lamps and arc lamps. For example, a Balcar Quadlite 

halogen is shown in Fig.2. These light sources have been applied in the PTV systems 

for indoor airflow measurement to ensure taking a good quality of image [34-38]. The 

main drawback in using photographic lamps or strobe light is the rapid decrease in light 

intensity as the frequency increases. Thus, the frequency of the flash is generally 

limited to 2 or 3 Hz [38]. This limitation implies that only slow moving flows can be 

measured. Another limitation is the difficulty to synchronize the flash with the cameras. 

 It should also be noticed that both pulsed and continuous light sources usually 

generate a lot of heat so that the indoor airflows may be disturbed. Thus in practice, 

they are only turned on for a few seconds when the cameras are recording, or they are 

staged outside the test area behind a glazed panel. In this regard, the use of last 

generation high power light emitting diodes (LED) could be a promising way to 

provide light for PTV due to their higher luminous efficacy and their lower heat 

dissipation compared to traditional illumination devices. LED has been successfully 

used recently for 3D PTV [39, 40]. 

 

 

Fig.2. Front view of a Balcar Quadlite halogen lamp used for 3D PTV. [36] 
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2.2 Tracer particles 

 

Tracer particles affect the quality of indoor PTV measurements directly, since PTV 

actually measures the velocity and trajectory of flow driven tracer particles instead of 

the airflow itself. The choice of the tracers is crucial for the reliability of the 

measurement. That choice is usually a compromise among the considerations of 

neutral density with respect to the fluid, size and lifetime that suits the phenomenon to 

be measured, light scattering capability which should be sufficient for image taking. 

In this regard, the scattering cross section Cs is used to evaluate the scattering 

behavior of the particles. Cs is a function of the ratio of the particle diameter dλ to the 

light wavelength λ for spherical particles. Melling compared the approximate Cs for 

particles with different diameters, and found that the larger the particles the stronger 

the scattering behavior [41]. 

Tracers of diameter less than 1μm used in small-scale PIV and PTV cannot be used 

in large-scale PTV since they are too tiny to scatter enough light and to be singled out 

and tracked individually. Helium-Filled Soap Bubbles (HFSBs) are the most widely 

used tracer particles in large-scale airflow measurement. The underlying principle is 

to inflate a liquid film with a lighter-than-air gas to compensate for the weight of the 

membrane. HFSBs have good characteristics of neutral density, short relaxation time, 

high light scattering efficiency, relative suitable size ranging from 1 to 4mm, as well 

as relative suitable lifetime [42-47]. A picture of a HFSB can be seen on Fig. 3.  

 

 

Fig. 3. Single helium filled soap bubble. Light scattered on the shell can be seen. [45] 
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A bubble generator nozzle with three concentric tubes is usually used to generate 

HFSBs, one tube for helium, one for air and the last one for the bubble fluid. The flow 

rate in each tube is usually controlled separately and determines the bubble’s diameter. 

There are two different types of nozzle used for the generation of bubble fluid [48], 

one is the Pitot tube type which is the more ancient and still the most used one, and 

the other is the Orifice type nozzle, which can generate more bubbles per second. A 

sketch of the orifice type nozzle and a three-channel generator is illustrated in Fig.4. 

More details regarding the bubble generation can found in Bosbach et al. [47]. 

 

 

Fig.4. Sketch used for generation of neutrally buoyant helium filled soap bubbles: (a) the orifice 

type nozzle; (b) the three-channel generator. [47] 

 

From a theoretical view point, a general equation of motion for a single rigid sphere 

in the non-uniform flow was given by Maxey and Riley [49]. Based on Maxey and 

Riley’s equation, Kehro and Bragg [50] conducted a complete study of the HFSB 

physics and showed that a neutral particle reliably follows the flow, provided the 

changes of properties of the flow are negligible with respect to its diameter. Some 

experimental and numerical studies were done to compare the effects of different 

bubble diameters and shell thicknesses on the ratio of fluid density to bubble density. 

[20, 50] (see Fig. 5).   
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Fig. 5. Influence of bubble diameter and film thickness τ on density ratio of HFSBs. 

[50] 

 

In addition, if the external forces (gravitational, centrifugal and electrostatic) can be 

considered negligible and the particles have approximately spherical shape, an 

equation satisfying most flows can be found in Melling [41]. 

 When the Reynolds number (Re) is low, Stokes’ drag law (Exp.1) is considered to 

apply to evaluate the tracking behavior of particles [41]. In the equation, where g is 

the gravitational acceleration, ρp and ρf are the density of the particles and the fluid 

respectively, μ is the dynamic viscosity of the fluid, and dp is the diameter of the 

particles. However, it is noticeable that the Stokes’ drag law may underestimate the 

actual velocity lag when the airflow has a high turbulence level. 

2
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The Stokes number (St) is also used to evaluate the tracking behavior of particles. 

St is the ratio of the particle response time p  to the time scale f  of the airflow. 

The Stokes number can be estimated as follows [51]: 
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where a is the particle radius, L is the characteristic flow length scale and Re the 
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Reynolds number of the flow. The recommended St of tracer particles for airflow is 

less than 0.1[18], which is the case for HFSBs used in slow motion room airflow. 

Recently, helium-filled latex balloons (HFLBs) with a diameter of about 150mm 

were used as tracer particles in a large measurement volume to investigate natural 

convection [15, 38]. The tracking behavior of the particles was evaluated using Stokes 

number, and the St was between 0.02 and 0.2. More detailed analyses of HFLBs can 

be found in [15, 38].  

 

2.3 Image recording devices 

 

The maximum frame rate and the camera resolution are the two main factors when 

choosing image recording devices. The frame rate is chosen based on the maximum 

airflow velocity so that the particle displacement is less than a quarter of the size of 

research windows; the rule is as the following equation:  

2 2max
max max

max

/ ,
4

x y

d L
t V d d d

V


                          (3) 

where dx and dy are the pixel coordinates of the displacement on the image plane, and L 

is the pixel size of the research window. Besides, it is helpful to minimize tracking 

ambiguities by increasing the frame rate as the particle seeding density increases. 

Therefore, the frame rate should usually be decided so that the maximum 

displacement of a particle is smaller than the minimum distance between two particles. 

In practice, frame rates up to 100 fps are usually sufficient to study the indoor airflows 

away from walls and ventilation inlets. 

The size of the particles used, the size of the field visualized, the illumination 

employed and the background determine the choice of the camera resolution. The 

general rule is that the particles must be seen clearly. Agui and Jimenez gave the field of 

observation of a sensor as following [52]: 

       /Field of observation Surface of the detector M           (4) 

where M is the enlargement of the optical system. Exp. (5) gives the diameter of a 
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particle on the digital image. 

2 2 2 2 1/2( )p d rd M d d d                          (5) 

where dp is the real diameter of the particle, dr is the size of pixel or grain in the case of 

a photographic film, and dd is the minimal diameter due to the refraction. dd is given by 

Adrian as follows [30]: 

2.44 (1 )dd NO M                           (6) 

where NO is the aperture of the lens and λ is the wavelength of the light used. The 

observable depth of field δz where particles are seen accurately is also given by Adrian 

as follows: 

2 21
4 (1 )z NO

M
                            (7) 

  Besides, it is preferable to choose the sensors featuring a high number of gray levels 

under the condition of poor contrast with the background or very large light sheet.  It is 

noticeable that a large size pixel could offer a better sensitivity but a poorer resolution 

than a smaller size pixel. 

Coupled charged devices (CCD) cameras are the most common image recording 

devices used in PTV systems for indoor airflow measurement. CCD cameras usually 

have increased spatial resolution, convenient data transmission and image processing, 

minimum exposure time, high light sensitivity as well as low background noise. 

Normally, CCD camera with 8 to 10 bits sensor rate is sufficient for most PTV 

measurements. More and more complementary metal oxide semiconductor (CMOS) 

cameras have been employed in PTV systems recently [16, 39]. Compared to CCD 

cameras, they allow recording speeds in the range of a few kHz with acceptable noise 

levels. A detailed comparison between CCD cameras and CMOS cameras can be found 

in Hain et al. [53]. Given the small size of the tracers relative to the size of the 

measuring volumes, most research teams use cameras with pixel resolution equal to or 

higher than 4 megapixels. 

Due to the size of the measuring volumes and the relatively short distance from 

cameras to the latter, wide-angle lenses from 22mm down to 15mm are usually used for 

indoor PTV. Lenses with focal length from 24mm to 15mm [16] or even less can be 
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used. The resulting image distortion is usually compensated for after the camera 

calibration procedure. 

 

2.4 Tracking algorithms 

 

The procedure to obtain particle trajectories from raw particle images can be 

divided into five main steps: namely multi-camera calibration, image processing, 

particle center detection, 2D or 3D tracking and 3D reconstruction. A detailed review 

of usual tracking algorithms can be found in Ouellette et al. [54]. Here, we will focus 

on the distinct features of PTV algorithms used in large airflow as reported by 

researchers of this topic. 

 

2.4.1 Multi-camera calibration 

 

In a multi-camera system, multi-camera calibration is the way of establishing the 

mathematical relationship between each camera 2D pixel (image) coordinates and a 

physical 3D reference frame. The calibration step gives access to the cameras’ intrinsic 

and extrinsic parameters including focal length, principal point, skew angle, distortion 

coefficients and rotation and translation matrices from each camera reference frame to 

the physical 3D reference frame. Those parameters are yielded by the minimization of 

the reprojection error between the known 3D coordinates of the calibration target, and 

the same coordinates calculated via a mathematical camera model. The calibration 

algorithms employed do not differ from those used in small scale and liquid PTV. In 

large scale airflows, Biwole et al. [16] and Barker [55] used the calibration method 

proposed by Zhang [56] while Li [57] used the procedure presented by Svoboda et al. 

[58]. 

The calibration target must be big enough to allow the detection of its specific 

points by the cameras. The target may be a full three-dimensional object such as a 

cube, or a two-dimensional (planar) object such as described in Zhang [82]. In the 

letter case, the target must be moved so that it is viewed from different angles by each 
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camera and the in-depth coordinate is derived from the in-place coordinates by 

trihedral projection as shown on Fig.6 (a). Biwole and Yan et al. [16, 37] used a planar 

checkerboard with black and white 3 cm large squares for calibration in a 3.1 m x 3.1 

m x2.5m test-room. The checkerboard had 14 horizontal squares and 10 vertical 

squares, as shown on Fig.6 (a). A planar checkerboard composed of a 12 x 12 array of 

6 cm black and white squares was also used by Biwole et al. in a mock-up aircraft 

cabin [36]. Resagk et al. [59] used a large number of coded targets on the walls of a test 

facility with 4.2 m length, 3.0 m width and 3.6 m height, as shown on Fig. 6(b). Barker 

[40] used a planar calibration board containing 44 black circles as shown on Fig.6(c). 

This pattern board seemed to give better calibration results with lower re-projection 

errors than the checkerboard pattern. Multi-camera calibration may be done before or 

after particle image acquisition. 

 

 

(a) Calibration target used by Biwole et al.[16] 

 

(b) Calibration targets used by Resagk et al.[59] 
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(c) Calibration target used by Barker[40] 

Fig.6. Several calibration targets for large scale airflow measurement 

 

2.4.2 Image processing 

 

As in other traditional imaging techniques, the background is first averaged then 

removed from the seeded flow images. The image processing procedure highly 

depends on contrast between the illuminated particles and the background.  In case of 

poor contrast of the background to the particle images, a high pass filter may be applied 

by the use of a threshold value setting to zero all pixel values lower than the threshold. 

Erosion by structuring elements of the form [1, 1] and [1, 1]
 T

 can also be used to get rid 

of single-pixel noise. 

A particularity of 3D PTV in large scale flows arises when helium filled bubbles get 

close to the recording cameras. Those bubbles can create many fake particle centers, 

which are out of the common view field and therefore must be removed. To do so, 

Biwole et al. [16] proposed an image processing procedure consisting of filling the 

particle by the use of structuring element before subtracting them from the original 

particle images. 

 

2.4.3. Particle center detection 

 

For particle center detection, the weighted averaging method [27, 60], is the most 

used with gas filled bubbles [16, 40, 42] because of its easy implementation and 

effectiveness. In spite of higher capabilities when handling overlapping particles, 
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Gaussian fitting methods [61, 62] perform poorly on gas filled soap bubbles because 

their light intensity profile cannot always be approximated by a Gaussian function. One 

particle can feature two distinct peaks of intensity as shown on Fig. 3. Besides, 

Gaussian fitting methods are computationally expensive. 

 

2.4.4. Particle tracking 

 

There is no difference tracking schemes used for PTV in liquids and PTV in the air. 

The tracking strategies may be divided into two types: The first type (Fig.7 (a)) consists 

in first tracking each particle in the image domain of each camera separately though 

time based on the successive frames (2D tracking), and then reconstructing the 3D 

trajectories by spatial matching of the 2D trajectories obtained. The second type (Fig.7 

(b)) is the inverse: Here, the particles 3D coordinates are calculated at each time step 

and the tracking is done directly in the object domain.  

 

 

Fig.7. Flow chart of particle tracking strategies 

 

The main advantage of the first type of tracking is its easy implementation since the 

actual tracking is done separately on each camera. However, this method is less 

accurate than the second for complex flow trajectories. For example, spiral trajectories 

may be judged unphysical in the 2D image domain while they are realistic in the 3D 

domain. The main drawback of the second type of algorithms is the accumulation of 

Particle center detection

2D tracking 

Spatial matching 

3D reconstruction 

Particle center detection

Spatial matching 

3D reconstruction 

3D tracking 

(a) (b)
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computational errors with time since the 3D reconstruction must be done at each time 

step. 

Some hybrid tracking scheme using features from each type can be found in the 

literature [31]. For the study of indoor air, Zhao et al. [63], Sun et al. [34,35], Yan et al. 

[37,64] and Biwole et al. [16,36] used the first type of scheme while Lobutova et al. [15, 

38] and recently Barker et al. [40, 65] and Klimentew et al. [66, 67] used the second 

type of scheme with good results. To track particle from one time step to the next, all 

teams have used multi-frame tracking algorithms [28, 31] due to their capacity of 

tracking trajectories for a long period and their robustness against noise. Those 

algorithms consist in extrapolating the 2D or 3D position of the particle on the next 

frame based on three to five previous positions. The extrapolated position is used as a 

cost function that has to be minimized among different candidate particles inside a 

search region. Depending on the heuristic, the cost function accounts for constraints 

on the amplitude and direction of velocity or acceleration of the particle. 

In addition, many other algorithms have been developed in the past, such as 

PIV-PTV tracking, probability-match tracking as well as velocity gradient-tensor 

tracking [68-70]. Most of these algorithms use extrapolation methods to predict the 

future particle centers. Although they perform well in the condition when the particle 

positions are detected precisely, their performance drops significantly with the increase 

of input noise [54]. Li et al. developed a novel multi-frame tracking algorithm by 

employing a regression method instead of the extrapolation method to process the 

noisy data. Their regression method used up to five previous particle positions to create 

trajectories [71]. Biwole et al. proposed a method combining traditional PIV 

fast-normalized cross-correlation to account for particle shape and light intensity, and 

Lagrangian extrapolation based on up to three previous positions to account for particle 

history [36]. 

For 3D reconstruction, the epipolar constraint has become a standard and well known 

method [27]. Biwole [36] proposed another method based on the comparison of 

particles 3D coordinates calculated by two cameras at a time in a three-camera system. 

His method allowed avoiding the explicit calculation of the fundamental matrix used in 
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the epipolar constraint method and permitted spatial correspondence of particle from 

the first frame. Yan developed a hybrid spatial matching strategy which improved the 

detecting rate and increased detectable volumes [37]. 

 

2.4.5. Tracking accuracy assessment methods 

 

Apart from errors due to particle weight neutrality, errors in 3D PTV mainly come 

from the error in the determination of calibration parameters and errors in the tracking 

algorithms internal design. The following methods have been used to evaluate the 

tracking accuracy of PTV methods for indoor air: 

- The distance between a known trajectory and the reconstructed trajectory: Lobutova 

[38] gave a precise trajectory to a single glass sphere by the use of a stepper motor 

with a preset angular velocity. Biwole [36] used a single table tennis ball which he 

manually displaced on eleven precisely known locations. Barker [40] used a static 

object with fixed particles 3.0 mm in diameter. 

- The use of direct comparison between raw and calculated trajectories by back 

projection: this method consists of projecting the calculated 3D trajectories onto the 

cameras image planes according to their calibration. The resulting 2D trajectories are 

then compared to the actual raw particle 2D trajectories obtained by simply adding up 

all particle image frames. This method allows avoiding the use of a specially designed 

validation apparatus. The result of such a comparison can be found in Biwole et al. 

[16]. 

- The use of synthetic particles: instead of real particles, images of synthetic particles 

with known 3D displacements are created based on the forward projection of their 

successive 3D coordinates onto each camera image plane using real camera 

calibration data. The calculated and synthetic trajectories are then compared. 

- The use of PIV 3D standard image data sets: Particle images and their true trajectory 

are given in standard image data files, such as those released by the Visualization 

Society of Japan [55]. Since the calibration details are also given, users can test the 

effectiveness of their PTV algorithms. 
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The assessment parameters used are the distance between actual and calculated 

trajectory [38], the ratio of the number of correct 3D trajectory tracking by the total 

number of input 3D trajectories [28, 54], the number of 3D tracked positions which 

are identical to input 3D particle positions [71], and the relative difference between 

the known magnitude of acceleration and the measured value [40]. The value of those 

parameters greatly depends on the seeding density and the complexity of the 

measured flow but for correctly tracked particles, the error between the reconstructed 

and real path is generally less than the particle diameter i.e. a few millimeters [16, 

38].This is consistent with the fact that the method is based on tracking each 

individual particle image. A methodology to specifically assess the accuracy of PTV 

for near wall measurements based on synthetic particles can be found in Kähler et al. 

[72]. 

 

3. Applications of PTV in indoor airflow field measurements 

 

The applications of PTV technique for indoor airflow measurements are summarized 

in this section. Tab. 1 lists the representative systems as well as their related 

applications reviewed mainly from the available international publications. This 

review may not be complete due to the continuous developments of PTV technique, but 

represent the status and trend of indoor PTV applications now. 

The measurement of airflow patterns and velocities in ventilated rooms is the main 

application. Three research groups are well known in the field. The bio-environmental 

engineering (BEE) research group of the University of Illinois at Urbana-Champaign 

developed both a large-scale Volumetric PTV (VPTV) system [34, 35] and a 

large-scale Hybrid PTV (HPTV) system [37] and employed them to investigate global 

and local airflow issues. They obtained abundant experimental data for validating and 

developing CFD models [35, 37, 63, 64, 73-75]. Fig.8 shows an example of their 

measurement results using the HPTV system. Their studies suggested the PTV 

technique could be a practical method to help predicting indoor air distribution in 

large-scale spaces. 
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Fig.8. Measurement of global airflow field at a spliced plane with 100% ventilation rate by Yan, 

BEE group [37] 

 

Research groups at Germany’s Universities of Technology of Ilmenau, Dresden, 

Berlin and Aachen developed and applied a 3D PTV system to investigate convection. 

Lobutova et al. [15, 38] studied large-scale flow patterns in Rayleigh-Bénard 

convection. Their results confirmed that four different flow patterns existed in the bulk 

region. Probability density functions of the velocity and acceleration fluctuations were 

calculated from the measured data. The sketch of the experimental facility used and the 

3D trajectories obtained are illustrated in Fig.9. Steinhoff et al. employed their 

redesigned 3D-PTV system to measure the structure of natural convection airflow and 

mixed natural and forced convection airflow [76]. Their studies also suggested 

3D-PTV technique could be a powerful measurement tool for 3D and time-dependent 

analysis of indoor airflows. 

The Research group at the Thermal Sciences Research Center of the University of 

Lyon built a PTV system to help validation and improvement of CFD models of air 

distribution in rooms. They mainly studied forced convection and natural convection 

over heat sources. Fig. 10 shows the path of helium filled soap bubbles over a heater 

in a room [16]. 
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Fig.9. PTV measurement for natural convection using HFLBs: (a) Experimental facility; (b) 3D 

balloon trajectories. [38] 

 

 

Fig.10. PTV measurement over a heater in a room [16] 
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Tab.1 Summary of PTV applications for indoor airflows 

Researchers Affiliation Illumination system 
Image recording 

device 
Tracer particles 

Measurement scale 

(L x W x H) 
Application 

Resagk et al. 

[59,77] 

TU Ilmenau & 

TU Berlin & 

TU Dresdan 

Halogen lamps 

Four Canon EOS 

20D CMOS cameras

（resolution:3504 x 

2336 pixels,5 fps 

set） 

HFSBs, 3mm 4.2m x 3.0m x 3.6m 

Visualization of 

large-scale forced 

airflow structure 

Biwole et al. 

[16,36] 

Univ. of Lyon & 

Univ. of Illinois at 

Urbana-Champaign 

Six Balcar Quadlite 

halogen lamps (power: 

1000W each) 

Three Dalsa 4M60 

CMOS cameras (4 

Megapixels, 

resolution:2352 x 

1728 pixels, 15mm 

Canon lens for each 

camera, 100 fps set) 

HFSBs, 1.2-3mm 

3.1m x 3.1m x 2.5m 

Measurement of air 

velocity 

distributions under 

different  measured 

conditions 

Six spotlights (power: 

500W each) 

Three TMC-1402 

CL CCD cameras 
5.5m x 3.7m x 2.4m 
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(resolution: 1392 x 

1040 pixels, 12mm 

Edmund lens for 

each camera, 30 fps 

set) 

Eight incandescent 

spotlights 

(power:120W each), 

and two copper lights 

(power: 500W each) 

Three TMC-1402 

CL CCD cameras 

(resolution: 1392 x 

1040 pixels, 12mm 

Edmund lens for 

each camera, 30/15 

fps set) 

4m x 3m x 2m 

Sun et al. 

[34,35, 64,73-75] 

Univ. of Illinois at 

Urbana-Champaign & 

NIOSH 

Sixteen projector 

lamps (power: 300W 

each) 

Two digital cameras 

(resolution: 3072 x 

2048 pixels) 

HFSBs, 1.2-3 mm 

5.5m x 3.7m x 2.4m 

Measurement of 

airflow patterns and 

distributions in 

ventilated rooms as 

well as validation of 

Thirty-six incandescent 

spotlights 
4.7m x 4.3m x 2.1m 
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(power:120W each) CFD models 

Yan [37] 
Univ. of Illinois at 

Urbana-Champaign 

Thirty-six incandescent 

spotlights(power:120W 

each), and two copper 

lightings (power:500W 

each) 

Three TMC-1402 

CL CCD cameras 

(resolution: 1392 x 

1040 pixels, 12mm 

Edmund lens for 

each camera, 30fps 

set) 

HFSBs, 1.2-3mm 4.4m x 4.2m x 2m 

Measurement of 

global and local 

flow filed in a 

full-scale aircraft 

cabin mock-up 

Barker [40, 65] 
Univ. of Illinois at 

Urbana-Champaign 

Light panels 

(FancierStudio) 

containing 500 LED 

each. Power: 50W 

each. 

Six motion capture 

cameras (Optitrack 

Model V120: SLIM, 

resolution: 640 x 

480 pixels, 120 fps, 

embedded with 

FPGA, 2.8-8 mm 

focal length, Tamron 

lens each) 

HFSBs, 1.2-3mm 3m x 3m x 6m 

Measurement of 

velocity, Reynolds 

stress, and turbulent 

kinetic energy in an 

unconfined round 

turbulent air jet and 

an unconfined 

forced vortex 

Lobutova et al. TU Ilmenau & Two Elinchrom 
Four CANON EOS 

20D SLR CMOS 
HFLBs, 150 mm 7.16m x 3.58m  Investigation of 
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[15,38] RWTH Aachen Univ. 

& Audi Co. 

high-power flash 

lamps, 3Hz 

cameras (8 

megapixels, 

CANON 

EFS 10–22 

mmf/3.5–4.5 USM 

lenses, 3 fps) 

(D x H, cylinder) large-scale natural 

convection airflow 

Steinhoff et al. 

[39,76] 

RWTH Aachen Univ. 

& TU Ilmenau 

Twelve LED-light 

source (power: 1500 

lpm each) 

Four Neo sCMOS 

cameras (Zeiss 

Distagon 

25MM/F2,8 ZF2 

f-mount lens, 25 

fps) 

HFSBs, 2mm 

7.16m x 3.58m  

(D x H, cylinder) 
Investigation of 

natural convection 

and mixed(natural 

and forced) 

convection airflow 

5m x 4m x 3m 

 

Tab.2 Brief summary of PSV systems for indoor airflows 

Researchers Affiliation Illumination system Image recording device Tracer particles Measurement scale 

Scholzen and Moser [78] ETH-Zürich 

120mm white light sheet 

(several air-cooled 

400W arc lamps) 

Three synchronous 

photographic cameras 
HFSBs 2.4m x 1.7m x 1.2m 
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Machacek [45] ETH-Zürich 

Halogene spot lamps 

(power: 2000W, 1000W, 

120W) 

Two Pulnix TM6710 

CCD cameras 

(resolution: 640 x 480 

pixels, 8mm Schneider 

Kreuznach lens,120fps) 

HFSBs 
4m x 3m x 2m 

 

Sun and Zhang [79] 
Univ. of Illinois at 

Urbana-Champaign 
Details not given 

Two digital cameras 

(resolution: 3072 x 2048 

pixels) 

HFSBs 5.5m x 2.4m x 3.7m 

Rosenstiel and Grigat 

[81] 
TU Hamburg-Harburg A gas-discharge lamp Pulnix TM-1010 camera HFSBs Covering 4 m

2
 

Voelker et al [82] 
Univ. of Kaiserslautern & 

Ed. Züblin AG 

Light-emitting diodes 

(LED) 

A high-resolution 

camera (21.1 

megapixels, 3.9fps, 

24mm focal length) 

HFSBs 0.7m x 1 m 
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4. PSV technologies and applications for indoor airflow  

 

The principle of the PSV technique is the capture of particle streak images by using 

a longer camera exposure time than for the PTV method. The set-up of a 2D PSV 

system is the same as a typical PIV system. The performance of PSV measurements for 

two-dimensional flow fields is excellent, but they perform poorly in three-dimensional 

fields when a narrow laser sheet is used in the systems because the streaks may be 

truncated [30]. Therefore, thick light sheet have been tested for three-dimensional 

airflow measurements in large volumes.    

A brief summary of 3D-PSV measurement for indoor airflow is listed in Tab.2. 

Scholzen and Moser developed a 3D PSV system with a 120mm thick white light sheet, 

and tracked particles in a 2.4m x 1.7m x 1.2m ventilated space. Although good results 

were obtained, the depth of the tracked field was limited to 12 cm [78]. Machacek 

reported a 3D large-scale PSV system for wind tunnels. Halogen spot lamps were 

applied in the system, and three velocity components could be measured in a volume of 

about 1.5 m
3
 large. However, the spatial resolution was insufficient due to the low 

particle seeding density affected by the crossing of particle path segments [42]. Sun and 

Zhang employed a PSV system with a special designed algorithm to measure the 

airflow field in a 5.5m x 2.4m x 3.7m test room. Although their method gave acceptable 

results, the depth of the tracked area was only 6.5cm and many particle streaks were 

bowed [79]. Rosenstiel and Grigat developed a new segmentation method for 

large-scale PSV systems. Local image statics combined with classic edge detection and 

removal of the scene background was considered, thus allowing a good noise removal 

system. An algorithm for solving the classification problem of binarized stark segments 

was also proposed, and a comparison to previous existing PSV systems [80] showed 

better results [81]. The extracted vector fields from recorded streak images in a 

full-scale aircraft cabin mock-up are illustrated in Fig.11. Recently, some researchers 

have used the PSV technique to study the air motion around the human body and its 

interactions with the room ventilation [82]. They found that convective heat transfer 

coefficients around the body strongly increase with falling room temperature, while 
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radiative heat transfer coefficients decrease. 

 

 

Fig.11. Velocity field extracted recorded in a full-scale aircraft cabin mock-up: (a) from 2525 

streaks; (b) from 4476 streaks. [81] 

 

5. Limitations and future developments 

 

The limitations and needed future developments of PTV and PSV techniques for 

indoor airflow applications are concerned both with the equipment and the methods. 

 

5.1 Equipment 

 

The powerful light sources employed in large scale PTV and PSV applications 

interact with the flow through convection and radiation heat transfers. As mentioned in 

section 2.1, the design and generalization of high light power, low heat generation light 

sources such as LED should help decrease this unwanted effect.  

Regarding the tracer particles, the main limitation of HFLBs and HFLBs arises from 

the fact that the size of tracers should be smaller than the smallest characteristic length 

of the studied phenomena. Therefore, those tracers cannot be used to study boundary 

layer flows. It is also difficult to use them in strongly turbulent flows since their size 

is usually bigger than the Kolmogorov length scales (the smallest scales in the 

spectrum that form the viscous sub-layer range). Another limitation arises from the 
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lifetime and generation rate of tracer particles produced by current commercial 

generators, which are respectively limited to about two minutes and 300 particles per 

second [83]. The design of longer lasting particles and higher generation rate 

generators is critical to track longer air trajectories and to increase the spatial 

resolution of the measurement. Such a task has already been successfully tackled by 

some research teams [47]. 

Regarding recording devices, the development and use of cameras with ever higher 

pixel resolution along with faster data processing systems to avoid bottlenecks should 

help detect more particles in the measured flow and increase the seeding densities. 

 

5.2. Methods 

 

 The PTV technique usually results in complex and time consuming tracking 

algorithms. The computation of a few tens of images with a few thousand of particles 

requires several hours on a desktop computer. To solve this problem, real-time 3D 

PTV is being researched. Among the most promising solutions to reduce the 

processing time is the parallel-processing framework. Employing these methods, a 

100 to 200-fold speedup has already been reported by various researchers [65, 84, 85]. 

The authors believe that this excessive data processing time along with the 

experimental expertise needed for multi-camera calibration are the main causes 

limiting the development of commercial PTV systems. 

The future development of PTV algorithms should also be aimed at increasing the 

number of particle that can be tracked. Mainly because of overlapping particle image 

issues, the seeding density is currently limited to around two thousand particles in 

most indoor air applications. This limitation seriously reduces the spatial resolution of 

the method. 

In order to cope with the large dynamical range in room airflow i.e. when the 

velocity difference between inlets and the central space is important, hybrid PSV-PTV 

algorithms have to be developed, with PSV working on high velocity areas and PTV 

working on low velocity areas. Such hybrid algorithms have already started being 
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investigated [37]. 

Another foreseeable application is the development of multi-PTV systems for larger 

rooms such as atriums or conference rooms. More than the challenges in terms of 

multi-camera calibration and time synchronization, the major issue is to individually 

track thousands of tiny particles from one 3D PTV field to the next one. In this regard, 

the most obvious tag would be each particle’s 3D coordinates. 

Last, it is also noticeable that the PTV technique is not always the optimum option 

for indoor airflow studies.  Near the inlets and outlets where the inlet air velocity is 

high or close to the walls, laser Doppler velocimetry or hot wire velocimetry, are 

usually better choices to yield turbulence statistics. 

 

6. Conclusion 

 

The key technologies composing a typical PTV system for indoor airflow 

applications were introduced and discussed. It was noted that no universally applicable 

PTV system has been found, as many assumptions and compromises had to be made in 

practical applications in order to satisfy the particular research needs. PSV systems for 

indoor airflow measurement were also briefly reviewed. 

The reviewed publications show that the PTV technique has gradually become a 

powerful tool for indoor airflow measurement, but the range of applications is still very 

limited, mainly concentrating on full-scale model measurements. Very few studies on 

sub-scale residence environment were found, showing that there is still a lot to be 

gained from the use of the technique for indoor airflow study.  

The validation and development of CFD numerical models for indoor environment 

prediction need to be supported by high quality experimental data. Although the PIV 

technique has been widely adopted to obtain experimental data for validating 

numerical models [86-89], it usually only measures the airflow velocity fields inside 

the laser sheet, and therefore, the numerical models cannot be validated for a fully 

three-dimensional flow. The PTV technique, as a powerful 3D measurement tool, 

obtains more complete experimental data to validate and develop numerical models 
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from a holistic point of view. Further, information on the flow structures and airborne 

pollutant dispersion characteristics can be extracted directly from the data. The 

development of user friendly 3D PTV procedures with faster tracking algorithms is a 

key step toward the emergence of commercial systems. 
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