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Description	
  

The	
   fate	
   of	
   constituents	
   dissolved	
   in	
   a	
   fluid	
  mixture	
   is	
   commonly	
  modelled	
   by	
  means	
   of	
   reactive-­‐
transport	
  equations.	
  The	
  latter	
  are	
  (coupled)	
  partial	
  differential	
  equations	
  governing	
  the	
  evolution	
  of	
  
the	
  concentration	
  of	
  the	
  substances	
  under	
  consideration	
  under	
  the	
  influence	
  of	
  (nuclear,	
  chemical	
  or	
  
biological)	
  “reactions”	
  (i.e.	
  local	
  processes	
  which	
  do	
  not	
  explicitly	
  depend	
  on	
  the	
  motion	
  of	
  the	
  fluid	
  
mixture)	
  and	
  (advective	
  and	
  diffusive)	
  transport	
  processes.	
  

Reactive	
   transport	
   equations	
   are	
   often	
   discretised	
   by	
   means	
   of	
   the	
   finite	
   difference,	
   volume	
   or	
  
element	
  method.	
  However,	
  the	
  related	
  CPU	
  time	
  can	
  be	
  prohibitive	
  when	
  long-­‐term	
  model	
  runs	
  are	
  
needed.	
  This	
  is	
  why	
  simple	
  approaches	
  have	
  been	
  and	
  still	
  are	
  sometimes	
  preferred,	
  which	
  rely	
  on	
  a	
  
relatively	
   coarse	
   representation	
  of	
   the	
   space	
   variations	
  of	
   the	
   solution.	
  Accordingly,	
   the	
  domain	
  of	
  
interest	
  is	
  split	
  into	
  a	
  relatively	
  small	
  number	
  of	
  compartments	
  (also	
  called	
  boxes),	
  whose	
  shapes	
  and	
  
volumes	
  are	
  often	
  irregular.	
  The	
  boundaries	
  of	
  the	
  compartments	
  and	
  the	
  fluxes	
  exchanged	
  through	
  
them	
   are	
   specified	
   by	
   means	
   of	
   ad	
   hoc	
   methods,	
   relying	
   of	
   the	
   available	
   knowledge	
   of	
   the	
  
hydrodynamics	
  of	
  the	
  domain	
  of	
  interest.	
  

	
  
Box	
   models	
   are	
   widely	
   used	
   in	
   pollution,	
   ecological	
   or	
   biogeochemical	
   modelling	
   studies	
   of	
   the	
  
marine	
  environment	
  from	
  local	
  scales	
  to	
  global	
  ones	
  (e.g.	
  Soetaert	
  and	
  Herman	
  1995,	
  Munhoven	
  and	
  
François	
  1996,	
  Maderich	
  et	
  al.	
  2014,	
  Downey	
  and	
  Delandmeter	
  2015)	
  as	
  well	
  as	
  the	
  design	
  of	
  marine	
  
protected	
   areas.	
   Most	
   of	
   these	
   models	
   share	
   the	
   same	
   structure,	
   leading	
   to	
   solutions	
   whose	
  
mathematical	
  properties	
  are	
  analysed	
  in	
  Deleersnijder	
  et	
  al.	
  (2014).	
  

In	
  the	
  present	
  project,	
  the	
  student	
  will	
  use	
  results	
  of	
  a	
  high	
  resolution	
  passive	
  tracer	
  transport	
  model	
  
in	
   a	
   suitably-­‐selected	
   flow/domain,	
   which	
   could	
   be,	
   for	
   instance,	
   an	
   idealised,	
   two-­‐dimensional,	
  
overturning	
  flow	
  (Deleersnijder	
  et	
  al.	
  2006),	
  the	
  Great	
  Barrier	
  Reef,	
  Australia	
  (Thomas	
  et	
  al.	
  2014)	
  or	
  
the	
  Pacific	
  Ocean	
  (Shah	
  et	
  al.	
  2017).	
  Then,	
  by	
  having	
  recourse	
  to	
  network	
  science	
  tools,	
  an	
  attempt	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  The	
  title	
  is	
  borrowed	
  from	
  Downey	
  and	
  Delandmeter	
  (2015).	
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will	
   be	
   made	
   to	
   delineate	
   subdomains,	
   i.e.	
   compartment	
   or	
   boxes,	
   by	
   having	
   recourse	
   to	
   an	
  
appropriate	
   algorithm	
   (e.g.	
   Rossi	
   et	
   al.	
   2014,	
   Thomas	
   et	
   al.	
   2014,	
   Sonnewald	
   et	
   al.	
   2019).	
   Finally,	
  
building	
   on	
   these	
   results,	
   a	
   box	
   model	
   will	
   be	
   constructed	
   and	
   assessed.	
   This	
   approach	
   may	
   be	
  
viewed	
  as	
  a	
  special	
  application	
  of	
  the	
  theory	
  of	
  model	
  order	
  reduction	
  and	
  community	
  detection	
  in	
  
complex	
  networks.	
  

	
  
By	
  the	
  end	
  of	
  this	
  project,	
  the	
  student	
  will	
  have	
  gained	
  some	
  insight	
  into	
  transport	
  processes	
  in	
  the	
  
marine	
   environment,	
   compartmental	
  modelling,	
   network	
   science	
   tools	
   and	
  model	
   order	
   reduction	
  
theory.	
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Schematic representation of the geometry of a compartmental model of the World 
Ocean, with water volumetric fluxes expressed in 106 m3 s−1 . This is Figure 3 of 
Munhoven and François (1996). 
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Figure 3. Model circulation (water fluxes in sverdrups, 1 Sv = 106 mS/s). 
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bathymetric data of the Scripps Institution of Oceanog- 
raphy sampled at 100-m depth intervals are used for this 
purpose. Each one of these profiles comes with a series 
of 80 stacks of sedimentary layers. These stacks repre- 
sent the sediments for the corresponding 100-m depth 
intervals. Each stack is composed of a bioturbated layer 
atop of a sequence of "memory" layers. The bioturbated 
layer has a typical thickness decreasing from 8 cm in 
shallow waters to 2 cm at a water depth of 6000 m 
and below. The thickness of the memory layers is 10% 
of their top bioturbated layer. Because of exchange of 
matter with the overlying seawater, the thickness of the 
bioturbated layer varies in time. Once its actual thick- 
ness differs from its typical one by more than 10%, a 
new memory layer is filled up, or the most recent of 
these gets unburied and remixed into the bioturbated 
one. A set of ordinary differential equations is then used 
to trace the evolution of total dissolved inorganic car- 
bon DIC, total alkalinity TA, phosphate and dissolved 
oxygen for the oceanic reservoirs, the partial pressure of 
CO 2 in the atmosphere, the 5 lSC and A14C for all of the 
carbon species listed before, and finally the carbonate 
content of the sedimentary layers. The water exchange 
(see Figure 3) between the reservoirs has been deter- 
mined from the annual mean velocity distribution of 
the Large Scale Geostrophic Oceanic General Circula- 
tion Model of the Max-Planck-Institut ffir M•teorologie 
(Hamburg, Germany) [Maier-Reimer et al., 1991, 1993]. 
The temperature evolution of the different water masses 
is taken from the reconstruction of Labeyrie et al. [1987]. 
We have only removed the warm peak at 5 kyr B.P. in 
the deep Atlantic (2øC warmer than today) to avoid a 
spurious 10 ppm CO 2 peak at that period [Munhoven 
and Fran•;ois, 1994]. For simplicity, we assume that the 
surface water has temperature variations of the same 
amplitude as the underlying deep water masses (3 ø in 
the Atlantic and 2 ø in the Pacific) with present-day val- 
ues of 2øC in polar and 19øC in temperate regions. 

Biological production- Organic and inorganic 
carbon fluxes. The model includes different kinds of 
biological production. In the "open ocean," organic and 
inorganic matter is transferred from the surface to the 
thermocline and the deep water. A fixed fraction of the 
phosphate entering each surface reservoir is used for or- 
ganic matter production. Inorganic production (plank- 
tonic calcium carbonate) is supposed to be proportional 
to the organic production. Forty percent of the inor- 
ganic production are assumed to be aragonite; the rest 
is assumed to be calcite. The CaCOs/Corg ratio varies 
from 0.05 in the northern Pacific reservoir to 0.30 in the 
equatorial Atlantic. These values have been adjusted to 
get for total alkalinity the best possible agreement with 
Geochemical Ocean Sections Study (GEOSECS) data. 
The organic matter is entirely recycled in the thermo- 
cline and the deep ocean; none is buried in the sedi- 
ments. Both production and recycling of organic mat- 
ter follow the Redfield ratio C:P:N:O - 106:1'16'-138. 
Part of the calcium carbonate is transferred to the sedi- 
ments, and the rest is dissolved in the deep ocean reser- 
voirs, depending on the depth of the calcite and arag- 
onite lysoclines. We use the thermodynamic lysoclines 
defined as the saturation depths with respect to cal- 
cite and aragonite here. Planktonic carbonates that 
are deposited on the ocean bottom above the lysocline 
depth are kept in the sedimentary reservoirs until a rise 
of the lysocline exposes them to su•ciently corrosive 
waters so that they can be redissolved. No dissolu- 
tion occurs above the lysocline; below, it is propor- 
tional to ([COs],oc-[COs].•at) 2'75. This is the diffusive 
flux out of the bioturbated layer that is obtained by 
using the dissolution law of order 4.5 [Keir, 1980] in- 
stead of the linear one in the model of Broecker and 
Peng [1982]. The value [COs]loc is the local carbonate 
ion concentration derived from the TA and DIG con- 
centrations in the deep reservoirs, and [COs]sat is the 
depth-dependent carbonate ion concentration at satu- 
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Description	
  

Nowadays	
   geophysical	
   and	
   environmental	
   fluid	
   flow	
   models	
   routinely	
   produce	
   huge	
   output	
   files.	
  
Making	
   sense	
   of	
   all	
   these	
   real	
   numbers	
   (i.e.	
   identifying	
   key	
   processes	
   and	
   establishing	
   causal	
  
relationships	
   between	
   them)	
   is	
   no	
   trivial	
   task.	
   Analysing	
   primitive	
   variables	
   (velocity,	
   pressure,	
  
temperature,	
   concentrations,	
   etc.)	
   is	
   not	
   always	
   conducive	
   to	
   the	
   most	
   fruitful	
   interpretations.	
  
Examining	
   auxiliary	
   variables	
   introduced	
   for	
   diagnostic	
   purposes	
   is	
   an	
   option	
   worth	
   considering.	
  
Diagnostic	
  timescales	
  (e.g.	
  age,	
  residence/exposure	
  time,	
  etc.)	
  may	
  help	
  understand	
  complex	
  reactive	
  
transport	
  processes	
  simulated	
  by	
  numerical	
  simulation	
  tools.	
  They	
  are	
  holistic	
  in	
  that	
  most,	
  if	
  not	
  all	
  
of	
  the	
  numerical	
  results	
  are	
  taken	
  into	
  account.	
  	
  

	
  	
  
In	
   their	
   seminal	
   article	
  on	
  diagnostic	
   timescales,	
   Bolin	
   and	
  Rodhe	
   (1973)	
   stated	
   (what	
   should	
  have	
  
been)	
   the	
   obvious:	
   To	
   avoid	
   misunderstandings	
   and	
   even	
   erroneous	
   conclusions	
   it	
   is	
   important	
   to	
  
introduce	
  precise	
  definitions	
  and	
  to	
  use	
  them	
  with	
  care.	
  Surprisingly,	
  or	
  not,	
  this	
  wise	
  piece	
  of	
  advice	
  
was	
  ignored	
  by	
  many.	
  This	
  led	
  to	
  a	
  situation	
  half-­‐jokingly	
  referred	
  to	
  as	
  the	
  Tower	
  of	
  Babel	
  by	
  Viero	
  
and	
   Defina	
   (2016),	
   i.e.	
   a	
   wealth	
   of	
   poorly	
   defined	
   diagnostic	
   timescales	
   (see	
   figure	
   above	
   or	
  
Deleersnijder	
   et	
   al.	
   2018)	
   used	
   rather	
   carelessly,	
   eventually	
   causing	
  misleading	
   interpretations	
   and	
  
conclusions	
  to	
  be	
  produced	
  (e.g.	
  Delhez	
  et	
  al.	
  2014).	
  
Over	
  the	
  past	
  two	
  decades	
  a	
  body	
  of	
  theory	
  has	
  been	
  developed	
  with	
  the	
  aim	
  of	
  evaluating	
  at	
  every	
  
time	
  and	
  location	
  diagnostic	
  timescales	
  from	
  the	
  solutions	
  of	
  (forward	
  or	
  adjoint)	
  partial	
  differential	
  

 

transit 
time 

exposure 
time 

age 

residence 
time 

renewal 
time 

flushing 
time 

influence 
time 

partial 
age 

ideal age 

The (great) Tower of Babel 
by Pieter Bruegel the Elder 

(c. 1563) revisited... 
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problems	
   (e.g.	
   Delhez	
   et	
   al.	
   1999,	
   Holzer	
   and	
  
Hall	
   2000,	
   Deleersnijder	
   et	
   al.	
   2001,	
   Delhez	
   et	
  
al.	
   2004a,	
   2004b,	
   Shah	
   et	
   al.	
   2017).	
   Some	
   of	
  
these	
   timescales	
   are	
   concerned	
   with	
   the	
   past	
  
(e.g.	
   the	
   age),	
   whilst	
   others	
   look	
   into	
   the	
  
present	
   (e.g.	
   the	
   inverse	
   of	
   a	
   reaction	
   rate)	
   or	
  
the	
   future	
   (e.g.	
   the	
   residence/exposure	
   time)	
  
(see	
   figure	
   opposite,	
   which	
   summarises	
   the	
  
basic	
  concepts	
  of	
  CART,	
  www.climate.be/cart).	
  
Very	
   often,	
   timescales	
   related	
   to	
   water	
   or	
  
suitably-­‐defined	
   water	
   types	
   are	
   introduced	
  
and	
   subsequently	
   computed	
   as	
   surrogates	
   for	
   many	
   types	
   of	
   (passive	
   of	
   active)	
   tracers,	
  
contaminants,	
  phytoplankton	
  species,	
  etc.	
  (e.g.	
  de	
  Gourgue	
  et	
  al.	
  2007,	
  de	
  Brye	
  et	
  al.	
  2012,	
  Gao	
  et	
  al.	
  
2018,	
  Cheng	
  et	
  al.	
  2019,	
  Li	
  et	
  al.	
  2019,	
  Lucas	
  and	
  Deleersnijder	
  2020).	
  Despite	
  the	
  weak	
  or	
  inexistent	
  
theoretical	
  underpinning,	
  this	
  has	
  become	
  standard	
  practice.	
  Clearly,	
  novel	
  theoretical	
  developments	
  
are	
  needed	
  to	
  support	
  such	
  diagnostic	
  strategies,	
  the	
  results	
  of	
  which	
  should	
  be	
  tested	
  with	
  the	
  help	
  
of	
  idealised	
  and	
  realistic	
  models.	
  
Performing	
  the	
  abovementioned	
  theoretical	
  and	
  numerical	
  developments	
  is	
  the	
  key	
  objective	
  of	
  this	
  
project.	
  Domains	
  of	
  interest	
  could	
  include	
  but	
  should	
  not	
  be	
  limited	
  to	
  the	
  Mahakam	
  lake-­‐river-­‐delta	
  
continuum,	
  Borneo	
  Island,	
  Indonesia	
  (Pham	
  Van	
  et	
  al.	
  2016,	
  2020),	
  or	
  the	
  Congo	
  region	
  of	
  freshwater	
  
influence	
   (Deleersnijder	
   2019,	
   Vallaeys	
   et	
   al.	
   2020).	
   Realistic	
   simulations	
   will	
   be	
   expected	
   to	
   be	
  
performed	
  by	
  means	
  of	
   the	
  unstructured	
  mesh,	
  discontinuous	
  Galerkin,	
   finite	
  element	
  model	
  SLIM	
  
(www.slim-­‐ocean.be)	
  (e.g.	
  Delandmeter	
  at	
  al.	
  2018,	
  Vallaeys	
  et	
  al.	
  2018).	
  
By	
   the	
   end	
   of	
   the	
   project,	
   the	
   student(s)	
   will	
   have	
   gained	
   insight	
   into	
   some	
   aspects	
   of	
   aquatic	
  
environment	
  sciences	
  and	
  become	
  familiar	
  with	
  a	
  complex	
  C++/python	
  model.	
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As	
   was	
   pointed	
   out	
   by	
   Cammasio	
   (2014),	
   “shallow	
  
rectangular	
   reservoirs	
   are	
   common	
   structures	
   in	
   urban	
  
hydraulics	
   and	
   river	
   engineering	
   (see	
   figure	
   below).	
  
Despite	
  their	
  simple	
  geometries,	
  complex	
  symmetric	
  and	
  
asymmetric	
   flow	
   fields	
   develop	
   in	
   such	
   reservoirs,	
  
depending	
  on	
   their	
   expansion	
   ratio	
   and	
   length	
   to	
  width	
  
ratio.”	
   Such	
   (stable)	
   flow	
   patterns	
   are	
   depicted	
   in	
   the	
  
figure	
  opposite	
  (Dufresne	
  et	
  al.	
  2010).	
  	
  

Due	
   to	
   their	
   pervasiveness,	
   the	
   above-­‐mentioned	
  
phenomena	
  have	
  been	
  studied	
  extensively	
  in	
  the	
  field,	
  in	
  
the	
   laboratory	
   and	
   by	
   means	
   of	
   numerical	
   simulations.	
  
However,	
   thus	
   far,	
   simple	
   and	
   quantitative	
   diagnostic	
  
quantities	
   of	
   them	
   have	
   remained	
   rather	
   elusive.	
   For	
  
instance,	
   in	
  his	
  MSc	
   thesis,	
  Adam	
   (2017)	
   suggested	
   that	
  
the	
   water's	
   transit	
   time	
   (i.e.	
   the	
   time	
   needed	
   to	
   travel	
  
from	
   the	
   inlet	
   to	
   the	
  outlet)	
  may	
  be	
  much	
  greater	
   than	
  
that	
  derived	
  from	
  the	
  widely-­‐used	
  rule	
  of	
  thumb,	
  i.e.	
  the	
  
ratio	
  of	
  the	
  water	
  volume	
  to	
  the	
  volumetric	
  flow	
  rate.	
  

	
  
There	
  are	
  ongoing	
  theoretical	
  and	
  numerical	
   investigations	
  aimed	
  at	
  gaining	
  further	
   insight	
   into	
  the	
  
surprisingly	
  complex	
  transport	
  processes	
  taking	
  place	
  in	
  the	
  aforementioned	
  reservoirs	
  (Deleersnijder	
  
2017,	
   Dewals	
   et	
   al.	
   2020).	
   They	
   rely	
   on	
   the	
   Constituent-­‐oriented	
   Age	
   and	
   Residence	
   time	
   Theory	
  
(CART,	
   www.climate.be/cart).	
   CART's	
   diagnostic	
   equations	
   are	
   solved	
   using	
   the	
   two-­‐dimensional,	
  
depth-­‐integrated	
   flow	
   and	
   diffusivity	
   fields	
   provided	
   by	
   the	
   Hydraulics	
   in	
   environmental	
   and	
   civil	
  
engineering	
  (HECE)	
  group	
  of	
  the	
  University	
  of	
  Liège	
  for	
  a	
  range	
  of	
  shallow,	
  rectangular	
  reservoirs.	
  

We	
  now	
  need	
  to	
   increase	
  the	
  range	
  of	
  available	
  diagnostic	
  tools	
  suitable	
  for	
  numerical	
  simulations,	
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1. Introduction   
 

 Dans le cadre de ce travail de fin d’études, la problématique consiste à caractériser 
les différents types d’écoulements observés dans des bassins de formes rectangulaires. Ce 
type de formes constitue une configuration idéale pour visualiser individuellement les 
processus qui s’y présentent. Par ailleurs, il s’agit de structures communes à de nombreux 
ouvrages hydrauliques et à des environnements naturels. 

 La majeure partie d’entre eux appartient à l’une des deux catégories présentées ci-
dessous : 

- Des bassins de rétention 

Ils sont destinés à contenir le surplus d’eaux de pluie et de ruissellement généré par 
l’urbanisation ou l’aménagement d’un site en fonction d’un débit d’évacuation régulé vers 
un exutoire. Leurs utilisations sont diverses. Ils jouent un rôle de tampon afin d’éviter la 
saturation des réseaux d’assainissement et le débordement des déversoirs en cas d’orage. 
Un tel stock d’eau peut s’avérer utile pour la défense contre des incendies. Ces bassins 
réservoirs peuvent être à ciel ouvert ou enterrés (voir respectivement figure 1 et figure 2). 

 
 
 
 
 
 

 

 

 

 

 

- Des bassins de sédimentation   

Ils désignent un dispositif de traitement des eaux qui a pour but de diminuer la 
charge de particules en suspension dans les cours d’eau récepteurs. Un exemple est 
présenté ci-dessous (figure 3) : 

 

Figure 4 : Bassins de décantation utilisés dans une carrière de granulat 

  

 

 

 

 
Figure 1 : Bassin de rétention près du village d'Heuringhem en France 

 

 
Figure 2 : Bassin de rétention enterré 

 

 
Figure 3 : Bassins de décantation utilisés dans une carrière de granulat 

 

 

between the symmetric (S0) and asymmetric (A1) flow patterns.
These fluctuations were not periodical and appeared to be com-
pletely random. This flow pattern is denoted by A1/S0. Even if
the flow was unsteady in this situation, it differed from the mean-
dering jet with a periodic behaviour, as observed by Kantoush
(2008), by decreasing the flow depth near the transition
between symmetric and asymmetric flows.

Increasing again the dimensionless reservoir length, the flow
still remains asymmetric with pattern A2 (Fig. 2b). As for the
pattern A1, the flow reattaches on one reservoir side at distance
R1 but further on the opposite wall at distance R2. The flow was
then fully reattached in the reservoir downstream zone.

For long reservoirs, decreasing the dimensionless flow depth
eventually led to the formation of a third recirculation zone. The
flow then detaches from the wall of the first reattachment at dis-
tance D1 from the reservoir entrance. This third asymmetric
pattern is denoted by A3 (Fig. 2a).

3.2 Unsteadiness of reattachment

Figure 3 shows the negative velocity distribution near the first
reattachment for Test F4-a (DB/b ¼ 1.23, L/DB ¼ 20.0, h/DB
¼ 0.57, F ¼ 0.20; R ¼ 210,000, cfDB/2h ¼ 0.003), involving
the flow pattern A2. The abscissa is the ratio of distance from
the upstream face to the lateral expansion. Using Fig. 3, the
median reattachment length and the fluctuations range of the
reattachment length may be determined. For example, the
median value of the dimensionless reattachment length R1 is
between 3.31 and 3.46 at a confidence level of 95%. Using the
normal distribution, one can also extract that the dimensionless
reattachment length was between about 3.01 and 3.74 during
80% of the time; it was smaller than 3.01 during 10%, and
larger than 3.74 during 10% of the time.

Table 1 Range of test conditions.

Parameter Values Typical transition values

DB
b 0.52, 0.89, 1.23 and 4.38 0.52, 0.89, 1.23 and 4.38
L
DB From 3.4 to 28.0 None
h
DB From 0.14 to 1.60 ≈0.57 and 0.80

U!!
gh

√ From 0.05 to 0.42 ≈0.20

4rUh
m From 26,000 to 649,000 ≈220,000

cf DB
2h From 0.001 to 0.021 ≈0.002 and 0.003

Figure 2 Schemes of four stable flow patterns: (a) A3, (b) A2, (c) A1
and (d) S0

Figure 3 Proportion of negative velocities near first reattachment point
of Test F4-a

200 M. Dufresne et al. Journal of Hydraulic Research Vol. 48, No. 2 (2010)
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possibly	
   by	
   having	
   recourse	
   to	
   an	
   adjoint	
   model	
   technique	
   or	
   particle	
   tracking	
   in	
   the	
   Lagrangian	
  
framework.	
  

Another	
   line	
   of	
   research	
   would	
   consist	
   on	
   focusing	
   on	
   the	
   transport	
   of	
   particulate	
   matter	
   (e.g.	
  
sediment)	
  and	
  the	
  related	
  process	
  (i.e.	
  deposition	
  and	
  erosion)	
  as	
  well	
  as	
  the	
  subsequent	
  changes	
  of	
  
geometry	
   of	
   the	
   bottom.	
   This	
   could	
   be	
   done	
   by	
   having	
   recourse	
   to	
   SLIM's	
   (www.slim-­‐ocean.be)	
  
depth-­‐integrated	
  hydrodynamic	
  and	
  sediment	
  transport	
  modules.	
  

The	
  ultimate	
  goal	
  is	
  to	
  develop	
  a	
  comprehensive	
  understanding	
  of	
  the	
  transport	
  processes	
  of	
  water,	
  
dissolved	
   constituents	
   (e.g.	
   pollutants)	
   and	
   particulate	
   matter	
   that	
   could	
   be	
   used	
   for	
   the	
   optimal	
  
design,	
  sizing	
  and	
  management	
  of	
  shallow,	
  man-­‐made	
  reservoirs.	
  

By	
  the	
  end	
  of	
  this	
  MSc	
  thesis,	
  the	
  student(s)	
  will	
  have	
  gained	
  insight	
  into	
  transport	
  processes	
  in	
  fluid	
  
flows	
  occurring	
  in	
  man-­‐made	
  reservoirs	
  as	
  well	
  as	
  methods	
  to	
  simulate	
  them	
  numerically.	
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Université	
  catholique	
  de	
  Louvain	
  	
  –	
  	
  MSc	
  thesis	
  subject	
  2020-­‐2021	
  
Number	
  of	
  students:	
  up	
  to	
  2	
  	
  -­‐	
  	
  	
  LSE/EPL	
  code:	
  epl21-­‐070	
  

Title	
  
Should	
  an	
  accident	
  occur	
  at	
  the	
  Doel	
  nuclear	
  power	
  station,	
  how	
  bad	
  
would	
  it	
  be	
  for	
  the	
  Scheldt?	
  

UCL	
  Promoter(s)	
   Eric	
  Deleersnijder,	
  Sandra	
  Soares-­‐Frazao	
  

External	
  promoter(s)	
   Fabricio	
  Fiengo	
  Perez	
  (SCK·∙CEN,	
  www.sckcen.be)	
  

Collaborator(s)	
   Jonathan	
  Lambrechts	
  (UCL)	
  

Description	
  
	
  

The	
   Scheldt	
   estuary	
   (see	
   figure	
   opposite)	
   is	
   a	
  
complex	
  aquatic	
  system	
  with	
  high	
  economical	
  value	
  
for	
   the	
  harbour	
  of	
  Antwerp	
  and	
  also	
  with	
  a	
  unique	
  
natural	
   environment.	
   In	
   the	
   hypothetical	
   case	
   of	
   a	
  
significant	
   radioactive	
   release	
  at	
   the	
  nuclear	
  power	
  
station	
   of	
   Doel,	
   the	
   influence	
   of	
   the	
   tides	
   would	
  
spread	
  the	
  radioactivity	
  continuously	
  landwards	
  and	
  
seawards	
   until	
   the	
   plume	
   would	
   finally	
   reach	
   the	
  
North	
   Sea.	
   For	
   emergency	
   situations,	
   to	
   take	
  
appropriate	
  preventative	
  actions	
  to	
  protect	
  humans	
  
and	
  environment	
  from	
  aquatic	
  accidental	
  releases,	
  it	
  
is	
  necessary	
   to	
  have	
  models	
   that	
   can	
  predict	
   the	
   temporal	
  and	
   spatial	
  distribution	
  of	
   radionuclides	
  
within	
  a	
  certain	
  degree	
  of	
  accuracy.	
  The	
  unstructured-­‐mesh,	
  finite	
  element	
  model	
  SLIM	
  (www.slim-­‐
ocean/slim),	
   developed	
   at	
   UCLouvain,	
   has	
   the	
   potential	
   to	
  meet	
   this	
   objective	
   (e.g.	
   de	
   Brye	
   et	
   al.	
  
2010,	
  Kärnä	
  et	
  al.	
  2011,	
  Gourgue	
  et	
  al.	
  2013,	
  Elskens	
  et	
  al.	
  2014,	
  Fiengo	
  Perez	
  2017).	
  

	
  
The	
  simulation	
  of	
  the	
  fate	
  and	
  transport	
  of	
  radionuclides	
  by	
  means	
  of	
  SLIM	
  requires	
  prior	
  definition	
  
of	
   the	
   source	
   term	
   and	
   the	
   parameters	
   related	
   to	
   the	
   representation	
   of	
   the	
   interaction	
   between	
  
radionuclides,	
  river	
  water	
  and	
  sediments.	
  These	
  parameters	
  vary	
  not	
  only	
  in	
  space	
  but	
  also	
  with	
  time.	
  
During	
   a	
   nuclear	
   incident,	
   the	
   source	
   term	
   is	
   difficult	
   to	
   define	
   and	
   the	
   duration	
   of	
   the	
   discharge	
  
largely	
  depends	
  on	
  the	
  actions	
  taken	
  in	
  order	
  to	
  stop	
  it.	
  These	
  three	
  factors,	
  the	
  natural	
  variability	
  of	
  
the	
  parameters,	
   source	
  term	
  composition	
  and	
  the	
  duration	
  of	
   the	
  release	
  are	
   the	
  major	
  sources	
  of	
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uncertainty	
  in	
  the	
  prediction	
  of	
  the	
  radioactive	
  levels	
  in	
  the	
  water	
  column	
  during	
  nuclear	
  accidents.	
  

It	
  must	
  be	
  stressed	
  that	
  most	
  radionuclides	
  of	
  interest	
  tend	
  to	
  be	
  adsorbed	
  on	
  sediment	
  particles,	
  be	
  
they	
   suspended	
   in	
   the	
   water	
   column	
   or	
   deposited	
   on	
   its	
   bottom.	
   This	
   is	
   why	
   it	
   is	
   desirable	
   that	
  
sediment	
  transport,	
  deposition	
  and	
  erosion	
  be	
  taken	
   into,	
  which	
  all	
  are	
  processes	
  of	
   interest	
   in	
  the	
  
wider	
  topic	
  of	
  particulate	
  pollution	
  (see	
  figure	
  above).	
  

The	
   main	
   objective	
   of	
   this	
   MSc	
   thesis	
   is	
   to	
   define	
   the	
   magnitude	
   of	
   the	
   uncertainties	
   in	
   the	
  
predictions	
  of	
  radioactive	
  levels	
  in	
  the	
  water	
  column,	
  which	
  are	
  caused	
  by	
  the	
  aforesaid	
  three	
  main	
  
source	
   of	
   uncertainty,	
   during	
   the	
   definition	
   of	
   a	
   hypothetical	
   nuclear	
   accident	
   at	
   Doel.	
   Pieces	
   of	
  
information	
   from	
   the	
   Fukushima	
   and	
   Chernobyl	
   accidents	
   will	
   be	
   taken	
   advantage	
   of.	
   The	
   source	
  
term	
  composition	
  will	
   be	
  defined	
  based	
  on	
   scenarios	
  proposed	
  by	
   the	
  Belgian	
  emergency-­‐planning	
  
centre	
   (centredecrise.be),	
   aiming	
   at	
   limiting	
   the	
   number	
   of	
   necessary	
   simulations.	
   Confidence	
  
intervals	
  will	
   be	
   determined	
   statistically	
   at	
   various	
   locations	
   along	
   the	
   sides	
   of	
   the	
   Scheldt	
   estuary	
  
and	
  at	
  the	
  Belgian	
  coast.	
  

The	
  MSc	
  student(s)	
  will	
  be	
  expected	
  to	
  liaise	
  with	
  an	
  UCLouvain	
  PhD	
  student	
  based	
  at	
  SCK·∙CEN,	
  who	
  
will	
  conduct	
  research	
  work	
  on	
  similar	
  topics.	
  

By	
   the	
   end	
   of	
   this	
   MSc	
   thesis,	
   the	
   student(s)	
   will	
   have	
   gained	
   insight	
   into	
   contaminant	
   transport	
  
processes	
   in	
   the	
   aquatic	
   environment	
   and	
   will	
   have	
   become	
   familiar	
   with	
   a	
   complex	
   C++/Python	
  
model.	
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Title	
   Gaining	
  insight	
  into	
  the	
  pathology	
  of	
  turbulence	
  closure	
  schemes	
  

UCL	
  Promoter(s)	
   Eric	
  Deleersnijder	
  

External	
  promoter(s)	
   -­‐	
  

Collaborator(s)	
   -­‐	
  

Description	
  
	
  

A number of present-day models of stratified fluid flows (e.g. geophysical and environmental flows) 
have recourse to Fourier-Fick parameterisa-
tions of sub-grid scale fluxes of momentum, 
heat and dissolved constituents: the flux of 
the relevant quantity is expressed as the 
product of its gradient and a suitably-defined 
eddy coefficient. It is widely acknowledged 
that the closure model, from which the eddy 
coefficient is derived, should encompass 
(partial differential) reactive-transport equa-
tions for variables such as the turbulence 
kinetic energy, its viscous dissipation rate or 
other variables.  
The most popular closure schemes involve 
two reactive-transport equations (e.g. Bur-
chard 2002, Umlauf and Burchard 2005) and 
are nicknamed k-ε, q2-q2l, k-ω, etc. Most of 
these models were originally designed for 
unstratified flows and were deemed to be 
satisfactory in this context. Unfortunately, 
when it was attempted to modify them so as to deal with stratified flows (buoyancy-extended closure 
schemes), some of them appeared to be prone to instability: numerical simulations based on such tur-
bulence models exhibited spurious oscillations such as those displayed in the figure above, which is the 
left panel of Figure 1 of Deleersnijder and Burchard (2003). 
The cause of the aforementioned instabilities has been the subject of much debate. However, it is now 
considered very likely that some buoyancy-extended closures are mathematically unstable (Deleer-
snijder et al. 2008). Unfortunately, this is not sufficient, since turbulence closure schemes are to be 
discretised (using the finite element or finite volume technique) and subsequently implemented in CFD 
codes. Hardly anything is known about the properties of the discrete versions of the closure schemes 
and their interactions with the other equations of the model, i.e. the equations governing the evolution 
of velocity components, temperature, etc.  
Gaining insight into the properties of the discrete turbulence closure schemes and the numerical model 
in which they are imbedded is the objective of this project. Tackling these issues is a daunting task, 
which is why a first step might consist in analysing semi-discrete equations, i.e. equations discretised 
in space but not in time. Accordingly, having recourse to a numerical bifurcation analysis tool might 
turn out to be necessary. 
By the end of this MSc project, the student will have become acquainted with some aspects of nonline-
ar dynamics (and relevant numerical tools) and will have gained insight into the dynamics of stratified 
flows. 

-40

-35

-30

-25

-20

-15

-10

-5

 0

 0  0.01  0.02  0.03  0.04  0.05

Mellor and Yamada [1982], no filter
Mellor and Yamada [1982], with filter

Galperin et al. [1988]
Canuto et al. [2001]

-40

-35

-30

-25

-20

-15

-10

-5

 0

 0  0.01  0.02

Mellor and Yamada [1982], no filter
Mellor and Yamada [1982], with filter

Galperin et al. [1988]
Canuto et al. [2001]

12



	
  

	
  

References 
Burchard H., 2002, Applied Turbulence Modelling in Marine Waters, Springer-Verlag, Berlin, 215 

pages 
Deleersnijder E. and H. Burchard, 2003, Reply to Mellor's comments on “Stability of algebraic non-

equilibrium second-order closure models” (Ocean Modelling 3 (2001) 33-50), Ocean Modelling, 5, 
291-293 

Deleersnijder E., E. Hanert, H. Burchard and H.A. Dijkstra, 2008, On the mathematical stability of 
stratified flow models with local turbulence closure schemes, Ocean Dynamics, 58, 237-246 

Umlauf L. and H. Burchard, 2005, Second-order turbulence closure models for geophysical boundary 
layers - A review of recent work, Continental Shelf Research, 25, 795-827 

 
All of the MSc thesis subjects (co-)suggested by Eric Deleersnijder will be available in due time 

at http://perso.uclouvain.be/eric.deleersnijder/TFEs.pdf	
  

	
  

13


	TFEs
	Binder1
	CompartmentalModels
	Babel
	Reservoirs
	Doel
	TurbulenceClosure




