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Abstract: Proper Orthogonal Decomposition (POD) is based on 

a space and time decomposition and on the finding of 
eigenfunctions. It is a technique for recognizing or identifying key 
dominant features in data sets. The release of high sand 
concentrated in water induces a flow with particular structures as 
showed experimentally by Villaret et al. [1]. Two-phase flow 
simulations with no current were presented by Guillou et al. [2]. 
The present paper shows the POD-analyses of results of such a 
simulation with and without current. Two spatio-temporal fields, 
the solid volume fraction and the solid phase velocity within the 
sediment release coherent structures are successfully captured by 
applying Proper Orthogonal Decomposition on numerical 
simulation results..  

 
Keywords:  Dredged sediment release, sediment transport, 

two-phase flow modelling, fine sand, snapshot proper orthogonal 
decomposition (POD)..  

I. INTRODUCTION 

The port structures are often established in areas where 
water levels are fairly low, especially in estuaries. It is then 
necessary to perform dredging to allow ships accessing to the 
docks. The dredged sediment is released over a predefined 
deposit zone. Because of the concentration of the sediment 
cloud appearing during the release, more than 350 g/l at the 
beginning, there is an impact on the environment. After the 
release, the sediments settle under a cloud of very high 
concentration. This settling step is followed after impact on 
the bed by the formation of turbidity current. Due to the high 
concentrated fluid-solid mixture the use of a two-phase flow 
model to simulate the three different steps of the phenomenon 
is recommended.  

Guillou et al. [2] applied the two-phase flows model 
(NSMP-code) developed by Barbry et al. [3, 4] to the sand 
release in a channel corresponding to the experiments of 
Villaret et al. [1] in the no-current case.  The different steps of 
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the flow observed by Villaret et al.[1] are simulated. More 
simulations were performed by Nguyen et al.[5], especially, 
in the case of release with a lateral current in the channel. The 
motions of very high concentrated releases are studied by 
considering with different values of the current.  

Proper Orthogonal Decomposition (POD), known as 
Principal Component Analysis and Karhunen-Loeve 
Decomposition, is a technique which allows the identification 
of the coherent structures in turbulent fluid flows that 
contribute most to the energy. It is based on a space and time 
decomposition on the finding of eigenvalues and extracts a 
spatial dependent orthonormal basis functions and time 
dependent orthogonal time functions from a dynamic system. 
These basis are optimal for the reconstruction of a set of flow 
samples and are characteristic of the most probable flow 
realizations (cf. Holmes et al. [6]).  

The snapshot POD method [7] is particularly well adapted 
to the analysis of simulation’s results. It was used by Cizmas 

et al.[8] to analyse the spatio-temporal pattern in fluidized 
beds. They analyzed the numerical simulations results of the 
hydrodynamics of a fluidized bed to obtain a reduced order 
model of the interaction between the gas and the solid 
particles. Yuan et al. [9] used it for bubbling fluidized bed, 
and Brenner et al. [10] used it for unsteady gas flows or 
bubbles in multiphase flow. POD technique can lead to the 
information extraction from experimental and numerical data 
and thus to a quantitative comparison between results for 
validation purposes. Moreover, variables as solid volume 
fraction can not be easily obtained by the experimental way. 
However, in this paper, the purpose is to study the merits of 
snapshot POD technique on the mud release phenomenon. 
Results obtained with the NSMP-code [4, 5] for different 
current velocities and particle sizes are considered. Spatial 
dominant features are identified and separated from the 
spatio-temporal dynamics of the simulations.  

In the following section release phenomenon and the 
numerical set up are introduced. In section 3 this paper recalls 
the well-known Proper Orthogonal Decomposition and more 
particularly the Snapshot POD. Results obtained for a mud 
release without ambient current for two different kind of sand 
are provided in section 4. The impact of the ambient current is 
explained on section 5 and finally discussions and 
conclusions are given in section 6.  
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II. EXPERIMENTAL AND MODELLING 

CONFIGURATION 

A. The release phenomenon 

Laboratory experiments of sand release have been 
developed and described by Villaret et al. [1]. These 
experiments were performed in a straight channel of 72 m 
long, of 1.5 m wide and of 1.5 m height. A specifically 
designed recipient (maximum capacity of 60 litters) is placed 
at 15 cm below the free-water  

 
 
surface. The ambient current is imposed by a hydraulic 

pump. Then the sand-water mixture is filled-up in the 
recipient at a given concentration. Finally, the bottom of 
recipient is suddenly opened (Figure 1b) and the measurement 
(photo-camera and concentration) starts simultaneously. 
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Fig. 1. Definition sketch of the release phenomenon: a) location 

of optical sensors (OP) for turbidity measurements; b) mud 
dumping [3] 

B. Governing equations and configurations studied  

The two-phase flow model (NSMP-code) is based on the 
Eulerian-Eulerian (or two-fluid) description. The model is 
fully described in [4, 5]. Herein we briefly recall the basic 
equations with special closures for the sediment dumping 
case. The governing equations (1) are written for each phase. 
The subscript k could be “f” for fluid and “s” for solid phase: 
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where k , ku


 and k  stand for the volume fraction, 

velocity and density of phase k respectively, g


 is the 

acceleration of gravity, Mk the inter-phase momentum 

transfer, kp  the pressure of phase k , 
k  (or Re

k ) the 

viscous (or Reynolds, respectively) stress tensor. The sum of 

volume fractions, k , is obviously equal to 1. In this model, 

the viscous stress tensor is considered as a function of 
shear-stress tensors. It is worth noting that viscosity 
coefficients used for the solid stress are weighted by an 
amplification factor  , which accounts for the 

non-Newtonian behaviour of sediment flows. This is 
depending on the inter-particle distance, which depends itself 

on the maximum volume fraction ,maxs  (close to the 

packing concentration, whose value is equal to 0.625 for 
non-cohesive spherical and mono-dispersed solid particles). 
Different turbulent closures are available in the present 
version of the code. For more information about the 
presentation of the equations of the numerical technique 
refers to Nguyen et al. [4].  

C. Studied Configurations   

The 2-D X/Z computation domain extends over 14 m in the 
horizontal direction (positive upstream, centred to the 
dumping location) and over 1m on the vertical one. A regular 
mesh of 1401 nodes on the horizontal and 61 vertical nodes is 
used (14 m width x 1m height), the time step were fixed to 
0.001s and the GMRES were selected. The lateral boundaries 
are considered as open and the bottom is impermeable. At the 
injection location (inlet diameter = 10 cm), the concentration 
and a Poiseuille parabolic profile of maximum velocity (Winj) 
are imposed. 

The testing conditions of the cases simulated and 
decomposed are described in the table 1. Two different kind 
of sand called sand 1 and 2 with a sediment particle diameter 
of 90 µm and 160 µm were tested.  It can be noted that in the 
present work, the reference cases are cases e 11 and 12, 
without ambient velocity (Guillou et al. [2]). 

III.  PROPER ORTHOGONAL DECOMPOSITION 

A. Theoretical aspects 

Let us consider a set of deterministic uncorrelated flow 

realizations represented by ),( itxu , Mi ,...,1 .  
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Note that in this work we will consider ),( itxu  as scalar 

functions. The observations ),( itxu  are parameterized by 

it , which represents times. From this ensemble of 

observations POD extracts the time independent orthonormal 

basis of eigenfunctions   xk  which maximises the 

projection of the scalar functions ),( itxu in a mean square 

sense; in other words POD is optimal in the description of the 
energy flow sense.  

 
Solving the POD problem can be reduced to 

obtaining the solutions of an integral eigenvalue problem: 

)()(),( xdyyyxR
D

   

Where R is the averaged correlation function 

),(),(),( *

ii tyutxuyxR  . 

This problem is mathematically equivalent to the 
following optimisation problem: 
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Where (.,.) is the scalar product and <.>  the ensemble 
average.  

The fluctuating field can be projected onto the  xk  

POD basis and can be reconstituted as following:  
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m
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The temporal coefficients are obtained from the projection 

of u onto the  xk  POD basis: 

     Mitxuta kiik ,....,1,,,  . 

It is well-known that according to the definition used to 
calculate the ensemble average, different approaches of the 
POD can be obtained (classical or direct method, snapshot, 
extended,…). More informations about the proper orthogonal 

decomposition properties are available in Holmes et al. [6]. 

B. Snapshot POD 

In this study, the numerical data set, consist of a short time 
sequence of M instantaneous scalar fields with a high 
temporal resolution, uniformly sampled for discrete times. 
The spatial domain consists on a discrete spatial grid points. 
Thus the snapshot P.O.D. seems to be the best approach in our 
case. In this approach the ensemble average introduced is a 
spatial average. The correlation function is then a two points 

time correlation tensor  ',ttC . As explained by Holmes [6] 

the snapshot method is based on the fact that the data 

),( itxu  and the eigenfunctions  xk , span the same 

linear space. Thus the eigenfunctions can be formulated as 
following  

    .,.....,1,,
1

Mktxux
M

i
i

k

ik  


  

and the eigenvalues k  and eigenvectors k

i of the 

eigenvalue problem previously presented can be obtained 
from the solution of : 

,vCv  where v are the eigenvectors and C is defined 

as following: 

   ),(),,(/1 jiij txutxuMC  . 

The computational implementation of the snapshot POD is 
clearly described by Cizmas et al. [8]. 

C.  Energy definitions 

Because the P.O.D. is a decomposition of the dynamic 
model in a basis where the projection of the energy is optimal, 
a little number of modes (m) is required to reconstitute the 

scalar field in an accurate way.  Each eigenvalue k is the 

energy contained by each spatio-temporal mode. The total 
POD energy (E) is equal to the sum of all the eigenvalues 
obtained by the decomposition. The relative energy of each 

mode is the ratio of k  and E. The cumulated energy for the k 

first modes is equal to the sum of the k first relative energy 
modes.  

IV.   POD RESULTS FOR A MUD RELEASE 

WITHOUT AMBIENT CURRENT  

In this section, POD will be applied to the fluctuating fields 
of solid volume fraction and solid phase velocities, noted 
respectively s, us and ws. Reference cases e11 and e12 
present mud release without ambient current configurations 
for sand 1 and sand 2. 

For each case a hundred time instantaneous snapshots have 
been decomposed and the time between two consecutive 
snapshots is equal to 0.1 s. 

Guillou et al. [2] studied the evolution of the sediment 
cloud as well as solid velocity fields in still water for both 
cases. It was observed that, the two-phase model reproduces 
two counter-rotating vortices, observed by experimental way 
by Villaret et al. [1], which allow a full development of the 
sediment cloud. As the cloud growths, the surrounding water 
is entering inside the cloud while the iso-value contour is 
expanding.  

A. POD applied to the solid volume fraction 

Figures 2 and 3 show the most energetic spatial 
eigenfunctions and temporal amplitude coefficients extracted 
by POD from 100 snapshots of solid volume fraction for the 
reference case e11. Results obtained from the decomposition 
of case e12 are not presented here. These 100 snapshots 
shows 10 s and concerns the three steps of the release 
phenomenon, the convective descent during which the 
sediment falls under the influence of gravity, the collapse 
occurring when the descending cloud or jet impacts the 
bottom dispersion, and the passive transport commencing 
when the sediment transport and spreading. 
 

 
Fig. 2. POD spatial eigenfunctions   xk  obtained from the 

case e11 for the solid volume fraction ( s ). Positive values are  

colored in red, negative values are colored in blue. 
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As shown in Figure 2, the spatial eigenfunctions have a 
channel structure where the main flow motion is confined. 
The contribution of the eigenfunctions combined to the time 
amplitude coefficients introduces the fluctuating part of the 
phenomena. 

As it can be observed in Figure 2, the first 

eigenfunction 1  roughly represents a temporal average of 

the solid volume fraction fields during the mud release. It 
shows the occupying zone of the coherent structures during 
the interval of release decomposed. 

So, this first eigenfunction present a symmetrical couple of 
coherent structures marked by the convective descent and the 
collapse of the descending cloud. 

 

 
Fig. 3. Time evolution of POD amplitude coefficients obtained 

from the case e11. 
 

As it can be observed in Figure 3, amplitude coefficients 

 ta1  present oscillations during the first seconds and after 2 

s these are smoothed to lead to a constant value. The second 

eigenfunction 2  shows two couples of coherent structures 

which seem to be linked to the convective descent and the 
collapse of the cloud.  

Moreover the second amplitude coefficient  ta2  presents 

an important peak. Its maximum is close to 1 s. It can be 
reasonably supposed that this peak has a link to a 
characteristic time of physical phenomenon for example the 
convective descent time. 

For increasing index of the eigenfunctions going from 3 to 
8, coherent structures have also a symmetrical distribution 
and their size decreases. They present coherent structures 
with alternative positive and negative values. These structures 
present compact and regular form. The other amplitude 
coefficients have a more marked fluctuating behaviour, 
implying their contribution on the progressive passive 
transport of the sediment during the mud release.  

About results obtained for case e12 (not presented here), 

1  and 2  present only some differences compared to case 

e11. However the convective descent and the collapse of the 
cloud are also present in both eigenfunctions. The temporal 
evolution of the amplitude coefficients presents marked 
similarities between the cases e11 and e12. 

For both reference cases eigenfunctions and amplitude 
coefficients reveal some well-defined coherent structures, 
which also support the existence of low-dimensional 
deterministic dynamics. Thus, these results reveal that the 
particle diameter has not a relevant impact on the spatial 

organization and temporal evolution of the solid volume 
fraction for release without ambient current. 

B. POD applied to the solid phase velocities distributions 

Figures 4 and 5 show the eigenfuctions and the amplitude 
coefficients obtained from the decomposition of the solid 
phase velocities fields (us and ws) for case e11.  

As observed for the solid phase fraction the eigenfunctions 
show compact coherent structures with a symmetrical 
distribution and decreasing size with increasing index. All 
spatial eigenfunctions present couples of counter rotating 
coherent structures. Strong similarities are also observed 
between both cases e 11 and 12 (not presented here).  

 
Fig. 4. POD spatial eigenfunctions   k x  obtained from the 

case e11 for the solid volume velocities: a) us and  b) ws. 
 

Because of the snapshots decomposed concern the mud 

release the first eigenfunctions 1  obtained for us and ws are 

strongly linked to the mean velocities fields obtained during 
this instationary phenomenon. The convective descent seems 

to be also present for ws in this eigenfunction ( 1 ). 

Eigenfunctions and amplitude coefficients, with an 
index number superior to 1, are representative of the 
dynamics of the velocities fluctuations. 

In one hand, for us, 2  seem to be linked to the 

dynamic collapse. In the other hand, for ws, coherent 
structures of 2  seem to be linked to the convective 

descent. 
For increasing index of the eigenfunctions going from 3 to 

8, coherent structures have compact and regular form and 
seem to be linked to the progressive passive transport of the 
sediment during the mud release.  

 
Fig. 5. Time evolution of POD amplitude coefficients obtained 

from the case e11. 
Note that, these spatio-temporal modes present a marked 

spatial and temporal organization. 
It can be also deduced that, in the same way that for solid 
volume fraction, particle diameter has not a relevant impact 
on the spatial organization and temporal evolution of the solid 
phase velocities, without ambient current. 
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V. IMPACT OF THE AMBIENT CURRENT  

Spatial eigenfunctions and temporal amplitude coefficients 
will be shown in figures 6, 7 and 8 for POD applied to s , us 

and ws for case e13, whose corresponds to the onset of the 
impact of the current ambient. 

 

 
Fig.6. POD spatial eigenfunctions    k x  obtained from the 

case e13 for the solid volume fraction ( s ). Positive values are 

colored in red, negative values are colored in blue. 

 

 
Fig. 7. POD spatial eigenfunctions    k x  obtained from the 

case e13 for the solid volume velocity : a) us and  b) ws. 
 

 
Fig. 8. Time evolution of POD amplitude coefficients obtained 
from the case e13 for the solid volume fraction ( s ) and the 

solid volume velocities (us and ws.). 
Figure 6 shows that for solid volume fraction s  (case 

e13), ambient current (Uc=10 cm/s) presence break the 
symmetry of the coherent structures observed in the reference 
case e11. Moreover, this value of Uc has not a significant 
impact on the evolution of the amplitude coefficients (cf. 
figures 3 and 8). 

Figure 9 illustrate 1  for cases e 11, 13, 18, 15 and 20. It 

can be shown that the increasing value of Uc seem to imply 
that structures are less compact and their contour are less 
regular. Thus, it can be deduced that the increasing of Uc 
leads to a loss of the spatial organization of the solid volume 
fraction distribution. 

 
Fig. 9. POD spatial eigenfunction 1  obtained from cases e11 

to e20 for the solid volume fraction ( s ) and us-Uc. Positive 

values are colored in red, negative values are colored in blue. 
 

In an opposite way, POD application on solid phase 
velocities distributions highlights that Uc has a marked 

impact on spatio-temporal modes. Uc has a notorious impact 
on the evolution of the most energetic temporal amplitude 
coefficients obtained from the decomposition of us snapshots. 

 ta1  is a constant value, close to 30, greater than the other 

amplitude coefficients. From eigenfunctions obtained from us 
and ws decomposition, for index i>1, it can be concluded that 
spatial organization of structures is less coherent than in the 
reference cases. Indeed, near to the collapse zone, structures 
are not compact and have irregular contours. It can be 
supposed that heavy coherence losses can be observed for 
greater ambient velocities. 

For case e13, with a little value of ambient current (Uc), a 
complementary POD decomposition was applied on 
pretraited snapshots us-Uc. Eigenfunction extracted (only 

1  is illustrated in figure 9) i is exactly the same, with 

possibly the opposite sign, than 1 i  obtained from the 

decomposition of us snapshots. About amplitude coefficients 

extracted from us-Uc,  ta1  has identical evolution than 

 ta2  obtained from us. For the other index we can observe, 

light differences. 
The same equivalence is observed for cases e 18, 15 and 20 

(cf. figure 9). 
From the observation made for case e13 (with a little value 

of Uc=10 cm/s) different observations, it can be inferred that 
the ambient current has different impact on the 
spatio-temporal organization of the solid volume fraction and 
the solid phase velocities. In the first case, the impact is really 
light, in the second one the impact is clearly marked, and more 
particularly in eigenfunctions linked to the velocities 
fluctuations (index superior to 1).  

As observed for s  the enhancement of Uc, leads to a 

progressive loss of spatio-temporal organization of its 
dynamics for us-Uc. 

VI. ENERGETICAL ASPECT 

Energetic data is listed in Table 2 and can be shown in 
figure 10.  

 
Fig. 10. Energy spectrums for the solid volume fraction and the 

solid phase velocity (us) for sand 1 cases. 

A. POD applied to the solid volume fraction 

For both references cases e11 and e12, it can be observed 
that 90% and 95% of E are respectively reached with the e9 
and e13 most greater eigenvalues. Moreover the first 

eigenvalue 1 represents around 20% of the total energy E. 

Thus, for the solid volume fraction, it can be inferred that the 
first spatio-temporal mode has moderate impact on the 
dynamics (~20% of E). 
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 However this is a complex dynamics, because the 
contribution of an important number of spatio-temporal 
modes is necessary to reach 95% of E and to obtain a good 
reconstitution of the solid volume fraction fields. 

It can be inferred from figure 10, that the impact of the 
ambient current (varying from 0 up to 25 cm/s, cf. Table 1) on 
the POD energy spectrum obtained for s  is not really 

significant. Indeed, it can be observed that for all cases 
studied for sand 1 the number of modes containing 90% or 
95% does not change.  

Thus, it can be concluded that, as observed for the 
spatio-temporal organization aspect, the ambient current has 
not an impact in the energetical aspect.  

However, some modifications can be observed in the 
energy distributions (cf. Figure 10). Indeed, for the two first 
modes: the percentage of POD energy reaches a maximum of 
33% for the case e18  

 

compared to 19% obtained for e11 (Uc=0 cm/s). In other 
words, the distribution of the energy moves to the 
predominant modes. 
As observed by Cizmas et al. [8] for fluidized beds it can be 
observed, for all Uc values, that solid volume fraction 
dynamics can be captures by a few POD eigenvalues.  

B. POD applied to the solid phase velocities distributions 

Note that, compared to the decomposition made for s less 
number of eigenvalues is necessary to reach the same 
percentage of E. For example, in the case of us, 90% and 95% 
of E are respectively reached with the 4 and 6 eigenvalues. 
However, it can be also observed in table 2 that, for the 
reference cases (11 and 12) and both solid phase velocities (us 

and ws) 1  contains nearly 40% of E.  

So, a strong coherent dynamics can not be rigorously 
concluded for the solid phase velocities. 
  

 
About ambient current, results reported in table 2 show that 

this parameter has an impact on the dynamics of the flow. For 
us, the increase of Uc leads to a rapid concentration of the 
total energy E towards the first mode, to reach more than 90% 
of E. This results support observations made about the impact 
of Uc on the spatio-temporal organization of the flow in 
section 5: this impact is clearly marked on us, and more 
particularly on the first eigenfunction and amplitude 
coefficient. In an opposite way, for ws, it can be observed an 
increasing of the number of modes needed to reach the same 
threshold. 

As explained in section 5, a complementary POD 
decomposition was applied on us-Uc snapshots, it can be 

observed that the eigenvalues obtained i  (not presented 

here) are exactly the same that 1i obtained from the 

decomposition of us (cf. Figure 10). For us-Uc, 90% and 95% 
of E are respectively reached with the 4 and 6 eigenvalues for 
Uc=0 cm/s. The increasing of Uc implies a progressive 
increase of the number of modes necessary to reach the same 
percentage of E : 6 and 8 for 
90% and 95% (cf. Table 2).  
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These results support the conclusion announced in section 
5 about the impact of Uc on the spatio-temporal organization 
loss.  

VII. CONCLUSION AND PERSPECTIVES 

Numerical simulation and POD of mud release were 
carried out to explore the temporal and spatial pattern and its 
energetical weight. In this work, cases treated correspond to 
some of the test conditions studied by Villaret et al. [1] by an 
experimental way. 

The results show that a low number of eigenvalues 
associated to spatio-temporal modes can capture the most 
important characteristics of the dynamic for all the cases 
decomposed by POD and for solid volume fraction and solid 
phase velocities distributions. So, it can be inferred that POD 
decomposition can lead to a reduced order model via Galerkin 
method. 

One of the parameter varying in the experiments of Villaret 
et al. [1] is the particle diameter. From spatio-temporal modes 
and energetical results extracted from cases e 11 and 12 it can 
be concluded that the particle diameter has not a relevant 
impact on the coherence of the dynamics for release without 
ambient current.  

To estimate if the impact of Uc observed for Dp=90 µm is 
also shown for Dp=160 µm.and thus improve the 
comprehension of the influence of the particle diameter, it can 
be interesting to make complementary decompositions for 
sand 2 with different ambient current values.  

About the impact of ambient current on solid volume phase 
it seem reasonably to say that the spatio-temporal 
organization has the same pattern in spite of the increase of 
Uc. Moreover this organization becomes less coherent when 
Uc increases.  

Comparison of results extracted from POD applied on us 
and us-Uc snapshots illustrate that the dynamic of the flow is 
mainly concentrated in us -Uc. The main modification carried 
out by Uc increasing is the loss of coherence of structures. 

It can be interesting to apply a POD on vorticity snapshots 
which includes the contribution of the two velocity 
components. Indeed, this new data can let us to clarify the link 
between the particle dispersion and the flow dynamics. The 
development of this last task can be a part of a future work. 
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