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Abstract  The POD has been applied to the ensembles of 2-D velocity fields obtained by means of Particle Image 
Velocimetry technique (PIV) for the case of turbulent axisymmetric impinging jets. The increase of spatial 
resolution of PIV measuring system was attained due to separation of investigated area into several zones. POD 
method allows to perform the statistical analysis of turbulent fields without attraction of additional assumptions 
usually used for decomposition of the flow characteristics into mean, pulsation and other (for instance, coherent) 
components. By analysis of POD eigenvalues that are proportional to the average kinetic energy of turbulent 
pulsations, the energy-favorable configurations were found and used in the reconstruction of velocity field on the 
basis of several first eigenmodes. The POD spectra have been compared for different Reynolds numbers of 
impinging jet flow and for two distinguished cases – with and without presence of external flow forcing.  
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1  
Introduction 

The most widespread approach to analyze the turbulent flow characteristics is the decomposition of a signal into 
mean and fluctuation parts (Reynolds decomposition). Also the different kinds of triple decomposition are often 
used to distinguish the coherent part of the signal (e.g. conditional averaging decomposes fluctuations into regular 
and stochastic parts). Both approaches have certain restrictions: the Reynolds decomposition does not allow to 
identify turbulent scales while conditional averaging demands some a priori knowledge of the flow structure. One of 
alternative approaches to analyze turbulent flow structure is the Proper Orthogonal Decomposition (POD). POD 
allows to study turbulent flows without using any additional assumptions. 

POD technique was introduced by Lumley (1967) in order to recognize the coherent structures in turbulent flows. 
By using POD, one can provide the modal decomposition of an ensemble of functions – fields of experimental 
database. Such a decomposition has one of the most important features: it is optimal from the energetic point of 
view, i.e. the finite series of the modes and coefficients can describe the energetic contents of the flow including the 
most powerful coherent structures. 

In the near field of axisymmetric shear layers and jets the coherent structures play dominant role in the transition 
to the developed turbulence and mixing processes. In the early work by Leib et al. (1984) the application of POD to 
the analysis of undisturbed axisymmetric shear layer has demonstrated the possibility to describe evolution of the 
flow in terms of POD analysis. Glauser & George (1987) studied near field of the jet shear layer. They have shown 
that the first POD mode contains about 40 % of total flow energy and only a few modes are needed to describe the 
flow from energy point of view. Latter publications by Ukeiley & Seiner (1998), Ukeiley et al. (1999) were related 
to the study of supersonic jets by using contact techniques (rake of probes). Considerable changes of the eigenmodes 
were observed downstream of the jet flow. The POD was utilized for investigation of the turbulent plane jet flow 
and mixing layer in the study of Gordeyev & Thomas (2000), where main emphasis was focused on the similarity 
region of a turbulent planar jet, while Delville et al. (1999) reported a thorough examination of the POD modes in a 
plane mixing layer. The most comprehensive study of the axisymmetric jet flow with the use of POD applied to the 
HWA (hot wire anemometer) velocity fields of the near and far jet regions was performed by Jung et al. (2004). 
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Application of POD allowed to observe ‘volcano-type’ eruptions at 2 to 3 diameters downstream as well as 
‘propeller-like’ pattern where the number of blades diminishes downstreams. For the far field of a jet the evolution 
of the most energetic features was investigated, high degree of similarity for POD eigenspectra was found. The 
modal content of the eigenspectra was also analyzed there.  

Graftieaux et al. (2001) while studying turbulent swirling flows in a steady geometry applied the POD to the 
ensemble of instantaneous velocity fields measured by Particle Image Velocimetry. Velocity field was presented as 
a superposition of small- and large-scale turbulent pulsations. It was shown that the first eigenmode of 
decomposition contains up to 60 % of the total turbulent kinetic energy of the flow. Kim et al. (2003) investigated 
the global structure of the flow around a three-dimensional rectangular prism on the basis of PIV measurements. 
Bernero & Fiedler (2000) applied POD to the PIV measurements of the jet in counterflow with the same velocity to 
obtain the characteristic jet column frequency. The array of impinging circular jets was investigated using PIV and 
POD analysis of obtained velocity fields (Geers et al., 2005). The clear identification of the near-wall dominating 
vortical structure is found to be possible by POD. 

PIV measurements of the impinging jet flow together with conditional sampling approach made it possible to get 
instantaneous flow pattern at a fixed phase of coherent structure and to analyze phase-by-phase dynamics of the 
coherent structures and other scales (Alekseenko et al., 2004). Main disadvantage of the conditional sampling 
approach is that one needs to impose periodical external disturbances in order to force the coherent structures to be 
strictly periodical. These disturbances affect the flow in a way that has to be analyzed further. Applying POD to the 
statistical ensemble of velocity fields allows to evaluate the effect of external forcing on energy structure of a jet and 
to find the energy-optimal configurations of the flow. Inverse POD with numerable number of eigenvectors gives 
accurate or approximate reconstructions of initial flow pattern.  

The present work is devoted to the POD analysis of the ensemble of PIV-measured velocity fields of impinging 
jets under both unforced and low-amplitude forced conditions. Two essentially different Reynolds numbers of the 
flow are considered – Re = 7600 (transitional jet flow) and Re = 34100 (developed turbulent jet flow). 

 
2  
Decomposition method 

The POD basic idea consists in representation of a turbulent field of velocity as a finite series of products of 
spatial orthonormal functions (the basis) with temporal coefficients: 
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Mathematical interpretation of this decomposition consists in representation of each term of statistical ensemble 
u(x,ti) as a point in N-dimensional space (generally infinite-dimensional) with the certain procedure of scalar 
product, and functions ϕn(x) being the orthonormal basis in this space. Thus coefficients an(ti) are the projections of 
a velocity vector onto basis POD vectors. 

To determine the optimal orthonormal basis (1) it is necessary to find a set of vectors ϕn(x) providing a maximum 
for the functional (Sirovich, 1987): 
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Solution of the variational problem (2) results in the homogeneous Fredholm integral equation of the second kind: 

          ,      (3) ( , ') ( ') ' ( )K x x x dx xϕ λ=∫ ϕ

where either a cross-correlation function (at N = ∞) or a symmetric tensor of two points x and x' (at N → ∞) is used 
as a kernel of the integral operator: 
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It is possible to represent the eigenvectors ϕn(x) of correlation matrix as the following sum (the snapshot method, 
Sirovich (1987)): 
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The snapshot method is widely used to obtain the coefficients in decomposition (1) when the statistical ensembles 
of velocity fields measured by PIV are analyzed.  

Substitution of (5) into equation (3) leads to the following equation: 
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The solution of eigenvectors/eigenvalues problem (6) allows to determine N eigenvectors Аi and corresponding 
eigenvalues λi for calculation of the basis vectors ϕn(x). By virtue of the matrix symmetry the eigenvalues have a 
property: λi > 0 (for any i). Additionally it is possible to demand: λi-1 ≥ λi> 0 (i = 2, …, N). In the present work the 
solution of problem (6) was done, accounting for the matrix symmetry, by QR-algorithm of reducing the matrix to a 
three-diagonal form. 

The analysis of coefficients and basis vectors of POD allows to define the following properties: 
1) temporal coefficients of POD are not statistically correlated quantities: 

( ) ( )n m m mt
a t a t nλ δ=        (7) 

2) the eigenvalues λi of correlation matrix K(x,x') are proportional to average kinetic energy of turbulent pulsations 
for corresponding POD basis. The sum of all eigenvalues specifies the full average kinetic energy of turbulence. 
These properties follow from the equation: 
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The description of ensemble of velocity fields in terms of POD leads to determination of the finite set of 
configurations (velocity fields) characterizing the investigated hydrodynamic object. The eigenvalue number λ 
proportional to the average kinetic energy of turbulence, is associated with each configuration. The first 
configuration (POD mode) corresponding to the largest λ contains the most part of mean kinetic energy. The 
decomposition performed in the present work for instantaneous velocity fields of impinging jets has shown that the 
first POD mode corresponds to the mean flow (to an accuracy of a constant). For the fluctuation velocity fields 
analysis (with subtraction of the mean flow) the shift of eigenvectors and eigenvalues has been observed (the second 
POD mode for ensemble of instantaneous velocity fields corresponds to the first POD mode of ensemble of 
pulsations of velocity fields). 

 
3  
Experimental setup 

In the present work the submerged axisymmetric impinging water jet oriented normally to the impingement plate 
has been studied (Figure 1). Nozzle-to-plate distance was equal to H = 45 mm and the nozzle diameter was d = 15 
mm. The coordinate system origin was located at the jet stagnation point. Reynolds numbers based on the nozzle 
exit maximum velocity and the nozzle diameter were Re=7600 and Re=34100. During measurements the water 
temperature and the flow rate were kept stabilized.  
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Figure 1 Axisymmetric impinging jet. Whole velocity field is divided into five equal elementary zones.  
               D = 15 mm, H/d = 3.  

 
 

To measure velocity fields the 2-D PIV system was used. The PIV system consisted of double cavity Nd:YAG 
laser and Dantec HiSense cross-correlation camera which registered the light scattered by particles. To obtain the 
instantaneous velocity fields from images the “Actual Flow” software which is part of “PIVIT” measurement system 
has been used. Iterative cross-correlation approach with window deformation and 50% overlapping was chosen to 
calculate velocity fields with reduced bias error (see Scarano (2002) for details). Initial and final interrogation 
window sizes were 64x64 and 32x32 pixels, correspondingly. In order to reduce the number of spurious vectors 
(outliers) in the near-nozzle and near-plate regions the No-DC filter was applied. The statistical filtering procedure 
(Heinz et al., 2004) was also employed during processing. 

To implement the conditional sampling approach the external forcing with frequency f corresponding to the 
frequency of the jet most sensitivity (and the amplitude significantly smaller than the jet turbulent intensity level) 
was applied. Strouhal number based on the nozzle diameter and the jet maximum velocity was equal to Sh=f∗d/U= 
0.5. The ensembles of velocity fields were measured for unforced and forced jet conditions and also for some chosen 
phase of flow assuming the coherent structures to be “frozen”.  

In order to increase the spatial resolution of the measurements the whole jet region has been divided into five sub-
areas (15x15mm) as shown in Figure 1. This allowed us to increase the spatial resolution up to 0.26 mm per vector. 
For each of the five areas 1500 instantaneous velocity fields were measured for both cases – forced (Sh =0.5) and 
unforced (Sh = 0). To perform triple decomposition (conditional sampling) in the case of external forcing 1000 
instantaneous velocity fields were measured for each phase of the coherent structure’s propagation period. Overall 
number of phases was equal to 20.  

 
4  
Results 

Let’s first consider the conditional sampling approach for impinging jet flow analysis. Such a flow under the 
conditions of periodic forcing with the frequencies within the range of the jet most sensitivity (Sh = 0.4 ÷ 0.7) is 
periodic in the near field of the jet with well pronounced large-scale vortex structures (Alekseenko et al., 1997). This 
fact allowed us to perform the triple decomposition of measured velocity in order to separate the coherent and 
broad-band components of physical quantities. According to the common approach the triple decomposition for 
instantaneous value of generalized variable a  is (Hussain and Reynolds, 1972): 

( ) ( ) ( ) (, ,a x t a x a x t a x t′= + + ), ,     (9) 

where first, second and third terms in the R.H.S. of equation (9) are correspondingly the average, coherent (periodic) 
and stochastic components of pulsations. In the present work the velocity vector has been considered as a partial 
case of a. Conditional sampling was provided by synchronisation of excitant signal with laser pulses and setting the 
corresponding phase delay. Both centralized and non-centralized (relative to time-averaged values) characteristics 
were calculated. 

4 



 PIV’05

0 5 10 15 20 25 30 35 40 45
(b)                           X

0

5

10

15

20

25

30

35

40

45

Y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

m/s

0 5 10 15 20 25 30 35 40 45
(c)                           X

0

5

10

15

20

25

30

35

40

45

Y

-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8

-2.8
-2.6
-2.4
-2.2
-2
-1.8
-1.6
-1.4
-1.2
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4

0 5 10 15 20 25 30 35 40 45
(d)                           X

0

5

10

15

20

25

30

35

40

45

Y

0 5 10 15 20 25 30 35 40 45
(a)                           X

0

5

10

15

20

25

30

35

40

45

Y

0 2 4 6 8 10 12 14

0

2

4

6

8

10

12

14

0 2 4 6 8 10 12 14

0

2

4

6

8

10

12

14

0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
2.2
2.4
2.6
2.8
3

m/s

m/s m/s

16 18 20 22 24 26 28 30

0

2

4

6

8

10

12

14

0 2 4 6 8 10 12 14

0

2

4

6

8

10

12

14

 
 
Figure 2 Hydrodynamic characteristics of the impinging jets at Re = 34100: (a) instantaneous velocity field 
                (unforced case, Sh=0), (b) averaged velocity field (unforced case, Sh=0), (c,d) U and V component of 
                velocity in fixed phase of coherent structures (forced case, Sh=0.5). 

 
 
Velocity fields shown in Figure 2 were measured for impinging jet under unforced (a,b) and forced (c,d) 

conditions for each of the five selected zones. Instantaneous, whole-averaged and conditionally averaged velocity 
distributions are presented. By means of conditional sampling technique the coherent component of turbulent 
pulsations is extracted. Figure 2 (c, d) presents the phase-averaged distributions of velocity components. The “frozen 
structure” of the flow averaged only over the stochastic part of turbulent pulsations can be seen. One can clearly 
observe the periodic spatial flow structure caused by large vortices. The examples of detailed distributions for 3rd 
and 4th sub-areas are presented in the squares (for better view every third vector is shown). One can observe 
localized vortex, averaged in the chosen phase, which propagates downstream in the jet mixing layer. 

For the unforced flow conditions it is impossible to perform similar analysis, however the developed large-scale 
structures exist in such a flow also, but their propagation is quasi-periodical at the best. Besides, even for forced 
flow conditions, the conditional sampling technique have to enforce some restrictions because in this case too the 
condition of ideal periodicity is not exactly valid and some information about smaller structures is often lost.  

POD is one of alternative methods allowing to perform the flow analysis without any additional conditions. In 
this work POD has been applied to ensembles of instantaneous velocity fields and fields of velocity pulsations to 
each of the five elementary zones shown in Figure 1. Figure 3 demonstrates dependencies of POD eigenvalues at 
Re = 34100 versus relative eigenmode numbers (POD spectra). In order for better comparison of spectra for 
different zones and experimental conditions the results are presented in the form of normalized cumulative sum 
which represents the ratio between the energy contained in the i-th  mode and the global energy contained within the 
flow (the value of  j/N  is put at abscissa axis): 

        1
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Figure 3 The evolution of normalized cumulated eigenvalues versus normalized modes for fluctuation velocity 
                fields. Results for forced and unforced impinging jets and for all measurement areas are presented. (a) –  
                area 1, (b) – 2, (c) – 3, (d) – 4, (e) – 5. (f) – comparison of spectra for all areas (unforced impinging jet). 

 
 
Figure 3 (a-e) presents the comparison of POD spectra for the forced and unforced cases for different areas of the 

impinging jet flow. It is clearly seen from the Figure that in the 1st and 5th zones where the coherent structures are 
non-pronounced “yet” and “already” correspondingly, the flow structure from the “POD point of view” is very 
similar for forced and unforced cases. At the same time for zones 2-4, where coherent structures are more powerful 
at forced conditions, the difference between POD spectra is more pronounced: for the forced case they change more 
abruptly at smaller j/N . It means that larger part of turbulent energy is contained in smaller number of POD modes 
and manifests the role of energy redistribution in the flow with developed large-scale structures.  

The eigenvalues are calculated for instantaneous velocity field (Fig. 3, f) and fluctuation fields (Figs. 3, a-e). First 
eigenvalue of POD of ensemble of instantaneous velocity fields is proportional to kinetic energy of the mean flow 
and contains up to 80 % of the total amount of kinetic energy. In Figure 3, f, the comparison of the POD spectra is 
shown for different measurement zones for unforced case. The spectra of instantaneous velocity fields are presented. 
The role of mean flow is demonstrated here: if for the 1st zone almost all the kinetic energy is contained in the 1st 
POD mode, on the contrary, for the far field of flow (developed wall jet – 5th zone) the behavior of the spectrum is 
much more gradual and energetic structure of the flow can be described by larger number of POD modes. 
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Figure 4 POD eigenvalue spectra for the 1st , 3rd and 5th measurement zones. Comparative representation for 
               Re = 7600 and 34100 and forced/unforced conditions. 

 
 
The spectra presented in Figure 4 show the eigenvalues of the POD for two different Reynolds numbers Re = 

7400 and 34100 both for forced (Sh = 0.5) and unforced jet (Sh = 0). The ensembles of fluctuation fields are 
processed in this case and three elementary flow zones are compared (1st, 3rd and 5th, see Figure 1). The eigenvalues 
are plotted against the mode number in logarithmic coordinates. The behavior of spectra is very similar for both 
Reynolds number as well as for forced and unforced flow conditions – monotonic decrease of energy towards the 
large values of mode number takes place. Obviously the overall level of turbulent kinetic energy is essentially larger 
for large Reynolds number, Re = 34100, so the corresponding curves lie somewhat higher. More clear pattern can be 
seen from Figure 5 where normalized cumulated eigenvalues are plotted versus normalized modes for 1st, 3rd and 5th 
measurement zones. Such representation, as it was noted above, allows to estimate the necessary minimum of 
eigenmodes sufficient for complete enough energetic description of the flow. Analysis has shown that for the far 
field of a jet, starting from the 3rd zone, the normalized spectra for both Reynolds numbers are very close to each 
other both for forced and unforced cases. Moreover, low-Re curves are situated somewhat upper in the far field of 
the jet (5th zone) than for higher Reynolds number. Such a difference is also observed during comparison of forced 
and unforced cases for Re=34100 (see Figure 3). The forced jet flow as well as low-Re jet flow, due to energy 
concentration in the large-scale range, has obviously some narrower turbulent spectrum in comparison with high-Re 
unforced flow where energy spectrum should be wider. As for the jet near-field (zone 1), turbulence is not 
developed at low Re, so correct comparison of spectra is rather difficult. 
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Figure 5 Evolution of normalized cumulated eigenvalues versus normalized modes for the 1st , 3rd  and 5th  
                measurement zones. Comparative representation for Re = 7600 and 34100 and forced/unforced conditions. 

 
 
Obtained results are in some contradiction with the conclusion of the paper of Patte-Rouland et al. (2001), where 

the evolution of POD eigenvalues for an annular jet with two different Reynolds numbers is analyzed. Authors 
stated that ' jλ  increases with increasing exit nozzle velocity, so the number of modes with low energy ratio rises. 
The conclusion was done that this is in agreement with turbulence theory: the number of small structures increases 
with the Reynolds number. Probably this statement is valid for Reynolds numbers considered by Patte-Rouland et al. 
– 7680 and 2048, because latter one is rather low and obviously turbulence is not developed.  

Following the approach of Geers et al. (2005) let’s analyze the energy distribution over the first few modes. The 
summarizing Table 1 presents the summed values for the energy contained in the groups of ten modes. For first ten 
modes the more detailed layout is also presented. The mode 0 corresponding to average velocity field is not taken 
into account, thus only the energy of fluctuations is analyzed. It can be seen from the Table that first 10 modes 
contain from 33 % to 62 % of total fluctuation energy depending on the flow regime, Reynolds number and zone of 
testing. At the same time Geers et al. (2005) stated for multiple impinging jet experiments (H/d = 4, unforced 
conditions, Re = 18000÷20000) that approximately one-third of the total energy is contained in the first 20 modes. If 
we consider mostly close conditions from present experiments, for example, the unforced case and Re = 34100, it 
can be concluded that the energy content value averaged over 5 different zones for the first 20 modes is not smaller 
than 50%. At the same time for zones containing the developed large-scale vortex structures (zones 2-4) up to 50% 
of energy can be contained in the first 3 modes in some cases (see Table 1). 
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Table 1. Energy contents for POD eigenmodes. 
 

Regime Zone/Mode 1-3 4-6 7-10 1-10 11-20 21-30 31-40 41-50 

Zone 1 21,1 8,6 3,5 33,2 5,0 2,9 2,1 1,8 

Zone 2 25,5 10,2 7,3 43,0 9,7 4,9 3,4 2,5 

Zone 3 20,3 8,3 7,5 36,1 10,0 5,8 4,1 3,2 

Zone 4 35,9 9,3 6,2 51,4 7,6 4,5 3,2 2,5 un
fo

rc
ed

 

Zone 5 29,0 12,0 8,2 49,2 10,3 5,5 3,7 2,7 

Zone 1 16,9 16,0 9,2 42,1 7,6 3,6 2,6 2,1 

Zone 2 32,6 6,0 5,4 44,0 8,3 4,8 3,4 2,6 

Zone 3 44,1 6,5 4,5 55,1 6,6 3,8 2,7 2,1 

Zone 4 43,0 10,0 7,5 60,5 7,9 4,0 2,7 2,0 

Re = 7600 

fo
rc

ed
 

Zone 5 27,3 14,4 8,6 50,3 10,6 5,6 3,7 2,8 

Zone 1 22,9 7,1 6,2 36,2 8,7 5,2 3,7 3,0 

Zone 2 26,2 10,1 7,1 43,4 9,1 5,0 3,5 2,7 

Zone 3 25,0 7,8 7,0 39,8 9,6 5,3 3,7 2,9 

Zone 4 30,3 10,9 7,4 48,6 9,3 5,0 3,4 2,5 un
fo

rc
ed

 

Zone 5 26,6 11,9 8,3 46,8 9,3 5,0 3,3 2,5 

Zone 1 22,2 8,8 6,6 37,6 9,2 5,1 3,7 2,9 

Zone 2 40,5 9,2 6,8 56,5 8,0 4,2 2,8 2,1 

Zone 3 50,5 6,9 5,2 62,6 6,6 3,7 2,5 1,9 

Zone 4 42,7 12,2 6,7 61,6 7,1 3,8 2,4 1,8 

Re = 34100 

fo
rc

ed
 

Zone 5 31,2 13,9 8,6 53,7 9,1 4,5 3,0 2,2 

 
 
In Figure 6 the first two basis vectors (modes) of POD are presented for each of the five measurement zones. The 

analysis of vector patterns shows that, to a factor of normalization, the first POD mode corresponds to ensemble 
averaged velocity field. External periodic forcing of the impinging jet flow essentially affects all basis vectors of 
POD decomposition. Each mode contains the vortex formations alternating in consecutive POD modes. The 
structure and configuration of POD basis essentially differs from the coherent component of turbulent pulsations 
obtained by means of conditional averaging technique (see Figure 2, c, d). 

Each instantaneous velocity field u(x,ti) from the ensemble of N measured snapshots can be expanded into series 
of N members. Taking into account all POD basis functions (modes) and temporal coefficients an(ti), it is possible to 
perform an inverse reconstruction of any snapshot from the ensemble. During this operation one can use a finite 
number of first POD modes (K < N) containing the most part of turbulent kinetic energy (POD filtering):    

∑
=

⋅=
K

n
nini

K xtatxu
1

)()(),( ϕ       (11) 

Figure 7 (a) shows one snapshot from the ensemble of original instantaneous fields of velocity pulsations for the 
2nd measurement area of impinging jet. POD filtering has been also performed with different number of modes taken 
as a basis. In Figures 7, b-f, the reconstructed snapshots are shown versus parameter K. The relative error of 
restoration of an initial velocity field at K=N=1500 does not exceed 3 %, at K = 1000 - 10 %. For small values of K 
(from 1 to 10) configurations of the restored snapshots do not differ substantially. In specified zones (2nd 
measurement area), where large-scale structures are rather developed, the low-K restored snapshot also contains 
vortex structures, which however do not completely reflect the physical nature of the flow. 

 

9 



 PIV’05

Forced

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14

0 2 4 6 8 10 12 14
0

2

4

6

8

10

12

14

16 18 20 22 24 26 28 30
0

2

4

6

8

10

12

14

16 18 20 22 24 26 28 30
0

2

4

6

8

10

12

14

16 18 20 22 24 26 28 30
0

2

4

6

8

10

12

14

16 18 20 22 24 26 28 30
0

2

4

6

8

10

12

14

32 34 36 38 40 42 44 46
0

2

4

6

8

10

12

14

32 34 36 38 40 42 44 46
0

2

4

6

8

10

12

14

32 34 36 38 40 42 44 46
0

2

4

6

8

10

12

14

32 34 36 38 40 42 44 46
0

2

4

6

8

10

12

14

ar
ea

3
ar

ea
4

ar
ea

5

Unforced

0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045

0 2 4 6 8 10 12 14

16

18

20

22

24

26

28

30

0 2 4 6 8 10 12 14

16

18

20

22

24

26

28

30

0 2 4 6 8 10 12 14

16

18

20

22

24

26

28

30

0 2 4 6 8 10 12 14

16

18

20

22

24

26

28

30

ar
ea

2

0 2 4 6 8 10 12 14
30

32

34

36

38

40

42

44

0 2 4 6 8 10 12 14
30

32

34

36

38

40

42

44

0 2 4 6 8 10 12 14
30

32

34

36

38

40

42

44

ar
ea

1

0 2 4 6 8 10 12 14
30

32

34

36

38

40

42

44

mode 1 mode 2mode 2mode 1  
 
Figure 6 POD basis for velocity fluctuation of impinging jet.  
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Figure 7. Reconstructed snapshots uK of the impinging jet velocity field. 2nd measurement area. (a) original 
                snapshot, (b) reconstructed snapshot for K = 1 (first POD mode), (c) K = 10, (d) K = 100, (e) K = 1000,  
                (f) K = 1500 (full reconstruction). 
 
5  
Conclusions 

In this paper the turbulent structure of the impinging jet was studied using PIV measuring system. The whole 
measurement area was divided into small sub-areas which allowed to increase the spatial resolution up to 0.26 mm 
per vector. Proper Orthogonal Decomposition allowed us to perform analysis of the turbulent velocity pulsations 
without any special assumptions. By means of POD of velocity fields the most energy-optimal modes were found. It 
was shown that for impinging jet the most part of energy is contained in a few first eigenmodes. First eigenmode, 
which corresponds to an ensemble averaged flow contains up to 80% of the total energy. The number of eigenmodes 
that contain the essential part of kinetic energy decreases with increasing the distance from the jet origin. External 
periodic forcing of the flow which is needed to perform the conditional sampling affects eigenvectors and 
eigenvalues of POD strongly. Reconstruction of the initial velocity fields was performed using inverse 
decomposition. Reconstruction based on the complete set of eigenvectors gives the accuracy of about 3% compared 
to initial velocity field. 
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