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Abstract: This paper is focused on the problem of the ability of seeding particles to follow the flow field. 

One of the most important factors influencing the resultant accuracy of the measurement is using the 

proper seeding particles for feeding the flow when measuring by Particle Image Velocimetry method – 

PIV. The aim of the paper is to provide comprehensible instruction for choosing the proper type of 

seeding particles with regard to the flow characteristics and required measurement accuracy. The paper 

presents two methods with the help of which it is possible to determine the seeding particles’ ability to 

follow the flow field. The first method is based on the direct calculation of the phase lag and amplitude 

ratio between the particle and the fluid. The calculation is based on solution of the BBO equation for 

spherical particle. The other method results from the calculation of the particle time response, which 

defines the maximum frequency of disturbances, which are to be followed by the particle. In the 

conclusion, the method of choosing the seeding particles is proposed, depending on the required 

measurement accuracy. 
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1. Introduction 

 
When measuring with the help of Particle Image Velocimetry the particle image shift in time ∆ t is 

measured. Instead of measuring the liquid velocity, the distance of the particles covered in ∆t is 

measured. The resultant measurement accuracy is i.a. influenced by the seeding particles’ ability to 

follow the flow field, by the method of calculating the resultant shift and by other parameters by the 

help of which it is possible to identify the quality of obtained signal. Quite a few of authors dealt with 

the signal quality influence on the resultant accuracy of the measurement by the PIV method in the 

past decade. The authors most often deal with the influence of particular parameters (particle density, 

particle size, gradient, measured shift) on the resultant PIV measurement accuracy. Much attention is 

given to the influence of particular algorithms by the help of which the correlation plane is calculated. 

This paper is focuses only on the influence of seeding particles’ ability to follow the flow field. 

Different authors, concerned themselves on the problem in the past. Their articles solve the movement 

of the spherical particle in the flow field in dependence on the amplitude ratio (phase lag) and Stokes 

number. The authors’ use of the diagrams and conclusions is limited to the sizes of the particles, no 

longer commonly used. The resolution of the diagrams presented by the authors mentioned above 

doesn’t allow precise reading of the required values. This paper aims to remedy the shortcomings. The 

particle’s ability to follow the fluid movement is influenced by the density ratio of the particle and the 

liquid, by the shape and size of the particle and fluid viscosity. If we want to deal with the description 

of particle displacement in the flow field it is necessary to describe the displacement by means of the 

motion equation. The spherical or eventually at least oval-shaped seeding particles are ideal for the 

PIV measurement. The seeding particle displacement will be further solved on condition that the 

particle is spherical. This assumption is not always fulfilled; especially the solid particles made from 

SiO2 or AL2O3 do not fulfill the assumption, but this simplification is necessary and does not lower 

the quality of obtained data.  
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2. Solutions of the BBO equation 
 

The movement of the spherical particle carried by the viscosity liquid was already described by 

Basset. The equation derived by Basset is commonly classified as BBO equation. The other authors 

also concerned with the spherical particle displacement in both steady and unsteady flow are Basset, 

Boussinesq and Oseen. BBO equation can be written down in the form: 

Where: 

 

 

 

(1)  

 

up is velocity of the particle 

uF is fluid velocity 

mP is particle mass 

mF is mass of the fluid at particle-volume 

dP is particle diameter 

µF is fluid viscosity 

ρp is particle density 

 

The given equation is valid for these cases: 

 The size of the smallest vortices is several times bigger than the particle diameter; 

 The Reynold’s number calculated from the particle diameter and from the difference between  

  liquid and particle velocity is lower than 1. 

 The particles density in the liquid has to be low enough in order to prevent from interaction among 

  the individual particles as well as to prevent the particles features from changing during the  

  process of adding the particles to the fluid; 

 The turbulence is homogeneous. 

Quite a few of authors have made a detailed analysis of the influence of the particular equation terms 

(1) and thus we will not deal with it. Hjemfeld solved the equation (1) for the course of liquid velocity 

uF and particle velocity uP expressed with the help of Fourier’s integral: 
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The expression for the velocity of the particle is the solution of the equation (1). In the equation (4), 

the velocity of the particle is expressed with the help of the liquid movement whose phase is shifted 

within an angle β and the amplitude is increased or decreased η-times: 
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Fig. 1: Dependence of amplitudes ratio η and phase lag β on Stokes number Ns for particles 

flowing in water and for several values of density ratios 

Ns 

βη 

Ns 

Where:  

 2

2

2

1 )1( ff ++=η
 

(5)  

 

 








+
= −

1

21

1
tan

f

f
β

 

(6)  

When introducing the particle and liquid density as FPs σσ=
 and the non-dimensional Stokes 

number Ns defined according to: 
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Where: 

ω  is angular velocity corresponding to the maximum frequency of disturbances in flow, 

ν  is kinematic viscosity of flowing fluid, 

D is size of the seeding particle. 

 

it is possible to express the coefficients f1 and f2 as functions Ns, s and D, for more detail see. The 

dependence of the amplitude η and displacement angle β ratio on the Stokes number is mentioned by 

Hjelmfelt as well as Sommerfeld for several particle and liquid density ratios. The results of the 

equations solution, indicated by the authors, are unsatisfactory for most of the PIV measurements for 

two reasons. Either the authors mention fluid and particle density ratio within the range that is not used 

any longer at measuring by the PIV method [19], or they present the dependence of the phase lag (or 

actual and measured amplitude ratio) for the range of Stokes number obtained by PIV measurements 

very sporadically [40]. The resulting dependencies presented in those articles do not also meet the 

requirement for quick and precise determination of the range of application of different particle types, 

which are at the experimenter’s disposal. 
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Fig. 2: Dependence of amplitudes ratio η and phase lag β on Stokes number Ns for particles 

flowing in air and for several values of density ratios. 

Ns Ns 

β η 

In order to generate the particular diagrams that enable to deduct the required data easily and quickly it 

is necessary to display the dependence of amplitudes ratio on Stokes number in the range of 0.95< η 

<1. At this range it is possible to read easily the Stokes number by which the given particle moves 

with an amplitude deviation lower than one percent of the total velocity in the given place. It is 

necessary to consider different specific gravities of fluid and particle to make the presented 

dependencies complex. At measuring in liquids, the particle and liquid density ratios occur in the 

range of c. 1.03-1.5 (the difference between the particle and liquid density). Based on the solution 

presented by, it appears that if the particle density is identical to the liquid density then the difference 

in the phase lag and in the measured amplitude from the real liquid movement is zero. Such particles 

closely follow the liquid flow in case the characteristic disturbance size in the liquid is minimally 

several times bigger than the particle diameter. At measuring in the gases the density ratios s occur in 

the range from 20 for the expanded polystyrene micro balls up to the 2250 for Aluminum powder 

particles. For the measurement by the PIV method at low velocities, it is also possible to use helium 

bubbles that reach the density ratio s dependent on their size in the range of 0.9-1.1. The size of the 

particles generated in this manner is c. 1 mm and their application is limited to the very slow flow of 

the order of ones of meters per second. The Stokes number is used for transparent plotting of the phase 

lag against the amplitude ratio dependent on the fluctuation frequency in the flow. It is evident from 

the definition of the Stokes number that with increasing frequency the Stokes number decreases 

whereas with decreasing particle diameter the Stokes number increases. The dependencies of η and β 

on the Stokes number for the particular values of density ratio most frequent in the liquids and gases 

are displayed in the diagrams in Fig. 1 and 2. 

3. Accuracy determination 
 

The particle’s ability to follow the flow field is shown in the diagrams in Fig. 1 to 4. It is possible to 

deduct the phase lag and particle and liquid amplitude ratio for the given frequency, and to read the 

particle and fluid density ratio. If we want to determine which particles are convenient for the existent 

experiment and which are not, it is necessary to determine the maximum frequency of disturbances 

which can be followed by the particles with given accuracy. For determination of the frequency that 

can be followed by the particles with the amplitude deviation lower than one percent (η=0.99) it is 

necessary to know: 

 

- Mean value of particle diameter 

- Specific density of particle and fluid 

- Kinematic viscosity of fluid 

 

It is possible to resume the determination of maximum frequency that can be followed by the particles 

in following points: 

to determine the value of the Stokes number, for particular value of density ratio s, from diagram in 

Fig. 1 for η=0.99 
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for particles with diameter D and for the fluid with viscosity ν, to calculate the maximum frequency of 

disturbances that can be followed by the particles. For water and air, it is possible to deduct from the 

diagram Fig. 4. 

to check if the calculated frequency is higher than the maximum frequency that we want to measure 

If the calculated frequency is lower it is possible to use the given type of the particle in case that the 

phase lag deducted from the diagram in Fig. 2 or 4 is of the order of ones of degrees or smaller. 

If the calculated frequency is lower than the maximum frequency that we want to measure it is 

recommended to use particles with smaller diameter or possibly the particles with lower value of 

specific density s. 

 

In order to achieve the speed and integrity of the work it is necessary to introduce a diagram of 

dependence of the Stokes number on the frequency of disturbances for readily available seeding 

particles. This characteristic is plotted in diagrams in Fig. 4 which enable us to find quickly the 

searched frequency of disturbances in the flow for particular size of Stokes number and for the given 

particle. The usage of the suggested procedure at measuring in water and air is exemplified in the 

following paragraph.  

In case that we measure in water at temperature of 20°C with particles with a mean diameter of 5 µm 

and specific density s=1.1 we can read from the diagram in Fig. 1 for η=0.99 the value of the Stokes 

number c. NS=0.35. The maximum frequency of disturbances which is measurable with given 

accuracy in water with such particle can be read from the diagram in Fig. 4 (eventually we can 

calculate it from the equation 4). The frequency that is followed by the particles with accuracy better 

than one percent and which was deducted from the diagram in Fig. 4 is 50 kHz. It is possible to 

consider this frequency as satisfactory for most cases of flow in water. For completeness’ sake it is 

necessary to check the size of the phase lag. For value NS=0.35, the maximum phase lag with 

frequency of disturbances 40 kHz, β=0.7° can be read from the diagram in Fig. 2. It is possible to use 

the given particles in case that we assume the frequencies of disturbances in water lower than 50 kHz. 

Let’s introduce the similar case for standard particles used at measuring in the air. Such particles are 

most frequently generated by fog generators and mean particle diameter value is c. 1 µm, specific 

density of particle/air is s=670. In this case, for η=0.99, s a d we can read the Stokes number NS=17 

from the diagram in Fig. 3. The diagram in Fig. 5 allows us to determine, for the value NS and for the 

mean particle diameter 1 µm, the maximum frequency that can be followed by the particles i.e. 7 kHz. 

What remains to be checked is the size of the phase lag β=10°, deducted from the diagram in Fig. 2. 

The determined maximum value of disturbance frequency that can be followed by the particles, i.e. 7 

kHz, and the phase lag 10° are not the optimum values for measurement in the air during which the 

frequencies of the order of tens of kHz are to be expected. Consequently, if we want to observe the 

processes in the air whose frequency is higher than 7 kHz it is necessary to choose more suitable 

seeding particles. When choosing the more suitable seeding particles we can make use of a table 1 that 

contains the most frequent types of seeding particles and their features, and the relevant values of 

frequencies which can be followed by them. The table clearly shows us that when choosing the more 

suitable seeding particles the mean value of particles diameter and their specific density s are very 

important parameters. In general, the smaller the particles diameter and the more the specific density 

approaches one, the bigger the ability of particles to follow the flow field. If we accordingly use the 

same particles with diameter d=0.3 µm then the maximum frequency for NS=17 read for such particles 

from diagram in Fig. 4 is 90 kHz. 

4. The time response of the particle 

 

If we neglect, in equation (1), all terms on the right side except the term expressing the drag force 

affecting the particle that moves in the flow field with velocity different from that of a liquid, then the 

equation (1) will change into the form of: 
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Where:  CD    drag coefficient of particle 

    D      seeding particle diameter 

    ρF     fluid density 

    uF      velocity of the fluid 

    uP      velocity of the particle 

    m     particle mass 

    dtdu p   velocity gradient 

 

It is a case of balance between an inertial force proportional to the mass of a particle and a drag force 

given by particle shape and size. By means of the equation (8) we can describe the situation when 

seeding particles are introduced into the flowing liquid whereas these particles have a different 

velocity than the fluid. Another example is the steady flow in a curved channel when due to the 

centrifugal acceleration the heavier particles can be moved from the original radius r at the entrance to 

the bigger radius r + ∆r. The centrifugal acceleration can reach even the order of thousands of g by 

high velocities of the flow in the curved channel. In such a case it is necessary to verify the fault of the 

PIV measurement. If we introduce the Reynolds number of particle respecting the relative velocity of 

the particle in flowing fluid (u-v), and if the resulting Reynolds number calculated from the particle 

and fluid relative velocity is markedly smaller than one, it is possible to consider the flow around the 

particle to be creeping. The solution of equation (7) based on previous assumptions with constant flow 

velocity u= const., and with zero initial velocity of the particle v0=0 can be written down in following 

form: 
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where Vτ  is classified as time response of the particle: 
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The time response of the particle expresses the particles’ ability to follow the liquid flow. It is the time 

interval during which the particle accelerates from zero velocity up to the value of c. 63.2 % of liquid  

 

 

 

flow velocity. The response time of particle depends both on the particle size and material, and on 

viscosity of fluid that the particles move in. The response time of the same particles is different in 

environments with different viscosity. The time interval ∆t during which the particle reaches 

Fig. 3: The course of equalization of particle and liquid velocity in non-dimensional 

coordinates. 
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uP=0.99uF at constant liquid velocity uF is equal to c. 4.5 multiple of the particle response time Vτ . 

For time interval equal to 10 multiple of Vτ , the difference between the liquid and particle velocity is 

only 4.5 thousandth of the percent. In the diagram in Fig. 3 we can follow the difference between the 

particle and liquid velocity depending on the multiples of the particle response time. The advantage of 

such projection is the fact that it enables us to follow the particle and liquid speed equalization 

independently of the size of the response time of particle which is to be used in the experiment. The 

concrete time interval during which the speed equalization of both velocities takes place with required 

accuracy is possible to obtain easily by multiplying of the deducted value by the response time of 

particle we want to use in the measurement. 

It is evident from above mentioned that the smaller the particle time response the bigger the particle’s 

ability to follow the sudden changes in the flow. Let’s assume again a harmonic motion of the particle 

when calculating the maximum frequency which can be followed by the particle with the help of the 

time response. The frequency of such motion is equal to: 
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At calculating the maximum frequency it is necessary to determine the angular velocity ω. In diagram 

3, as mentioned earlier, it occurs that for 4.5 multiple of the particle response time the difference 

between the particle and fluid velocity is smaller than one percent. If the angular velocity is equal to 

the reciprocal value of 4.5 multiple of the time response we can calculate the maximum frequency of 

disturbances that can be followed by the particles according to equation: 
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Fig.4: Dependence of Ns on dimensionless frequency for particles moving in water (A) 

and in air (B) 

 

(

 

(

f 

Ns Ns 

f 
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Tab 1: Parametres of particles used for measuring by the PIV method 

Particles used for measuring in liquids 
Dynamic viscosity of water at 20 °C 1.002 10-3 [kgm-1s-1] 
Material 
of particle 
Density[kgm-3] 

Polyamide 
 
1030  

Glass particles 
 
1100 [kgm-3] 

Silvered 
glass particles 
1400 [kgm-3] 

Fluorescent 

particles 
1500 [kgm-3]   

Diameter [µm] 
 

5 
10 
20 

5 
10 
20 

5 
10 
20 

10 
30 
75 

Response time 

of particle τv 

[µs] 

1.42 
5.71 
22.84 

1.5 
6.10 
24.4 

1.9  
7.76 
31 

8.32 
74.850 
467.81 

fMAX - BBO >100  kHz 
   79   kHz 
   18    Hz 

50 kHz 
11 kHz 
2.6kHz 

12 kHz 
2.8    kHz 
850 Hz 

2.3   kHz 
250  Hz 
45    Hz 

fMAX – τv 25    kHz 
  6.2 kHz 
  1.5  kHz 

23 kHz 
5.8    kHz 
1.4 kHz 

18 kHz 
4.6    kHz 
1.1 kHz 

4.3    kHz 
470     Hz 
  75     Hz 

Particles used for measuring in liquids 
Dynamic viscosity of water at 20 °C 1.71 10-5 [kgm-1s-1] 

Material  
of particle 
Density [kgm-3] 

Oil 
 
800 

Water 
 
1000 

Aluminium 

powder 
 
2700  

Polystyrene 
microballs 
30 

Diameter [µm] 
 

1 
1.5 
3 

1 
1.5 
3 

0.3 40 
100 

Response time 

of particle τ [µs] 
2.60 
5.85 
23.40 

3.25 
7.31 
29.24 

0.79 155.95 
714.75 

fMAX - BBO 7      kHz 
3.2   kHz 
810    Hz 

6 kHz 
2.7 kHz 
700  Hz 

25  kHz 
 

85 Hz 
15 Hz 

fMAX – τv 13.6  kHz 
  6     kHz 
  1.5  kHz 

10.8 kHz 
4.8 kHz 
1.2 kHz 

44.8  kHz 226  Hz 
50   Hz 

5. Conclusion 
 

 

Based on the presented approaches it is possible to determine the maximum frequency of disturbances 

that can be followed by the concrete particles. The comparison of both methods is summarized in table 

1 which contains the response times of individual particles as well as maximum frequencies based on 

BBO equation solution and based on the time response calculation. The comparison of both methods 

shows full correspondence between both approaches. From the results it is evident that if specific 

gravity of the particle and fluid approaches one, the maximum frequencies calculated by means of 

BBO equation are higher than the values determined by means of time response. On the contrary, at 

higher specific gravity the maximum frequency calculated by means of BBO equation is lower than 

value determined from time response. This behavior is given by the fact that the influence of particular 

BBO equation terms changes with changing particle and fluid density ratio. The measurement by the 

PIV method makes also use of different particles than those presented in table 1 with their maximum 

frequencies which is the reason why the paper proposes the method, for given particle type and given 
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fluid, with the help of which it is possible to easily and quickly determine the frequency to be followed 

by the particles with chosen accuracy. 
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