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Abstract

Study of a river's disturbance by a storm overflow involves the simulation of water movement, heat and solute transport in porous medium.

A two-dimensional water and solute transport model Hydrus-2D was selected for the simulation.

I first conducted a bibliographic research on the hyporheic zone and did an analysis of its functioning which can be judged as disturbed.

Then I went on site to achieve a topographic, depth measurement and hydraulic conductivity campaigns which allowed me to acquire the necessary data to replicate the geometry of the structure on Hydrus 2D/3D. Afterwards, I did an analysis of the field data that were already done since the start of the EPEC PROJECT.

The simulation of water flow and the trajectories of the flowing particles confirmed an important result which is the influence of the hydraulic gradient on the particles trajectories.

The simulation of solute transport confirmed the dilution and the convective phenomenon and an initial view on biodegradation using the constructed wetland technology.

Finally, the heat transport module allowed me to bring out the convective transport of heat in the hyporheic zone and ultimately using temperature as a tracer.

Key words: simulation, water transport, heat transport, solute transport, Hydrus 2D/3D, hyporheic zone, hydraulic conductivity, hydraulic gradient, dilution, biodegradation.

Résumé

Étude de la perturbation d'une rivière par un déversoir d'orage implique la simulation du mouvement de l'eau, la chaleur et le transport de soluté dans un milieu poreux.

Un modèle de transport d'eau et de soluté bidimensionnel Hydrus-2D/3D a été sélectionné pour la simulation. J'ai d'abord effectué une recherche bibliographique sur la zone hyporhéique et fait une analyse de son fonctionnement qui peut être jugé comme perturbé.

Puis je suis allé sur terrain pour effectuer des campagnes de mesures topographiques, de profondeurs et de conductivité hydraulique qui m'a permis d'acquérir les données nécessaires pour reproduire la géométrie de la structure sur Hydrus 2D / 3D. Ensuite, j'ai fait une analyse approfondie des données de terrain, qui ont déjà fait depuis le début du projet EPEC.

La simulation de l'écoulement d'eau et les particules ont confirmé un résultat important qui est de l'influence du gradient hydraulique sur les trajectoires des particules.

La simulation du transport de soluté a confirmé la dilution et le phénomène de convection et une première vision sur la biodégradation en utilisant la technologie du constructed wetland (marais artificielle).

Enfin, le module de transport de chaleur m'a permis de mettre en évidence le transport convectif de chaleur dans la zone hyporhéique et finalement d'utiliser la température comme traceur.

Mots clés: simulation, le transport de l'eau, le transport de la chaleur, le transport de soluté, Hydrus 2D / 3D, zone hyporhéique, conductivité hydraulique, gradient hydraulique, la dilution, la biodégradation

General introduction

Water is an essential element on Earth; it is the subject of daily quests for entire populations in poor countries. Also potable water represents only a small fraction of the vast amount of water on Earth and mankind contaminates it with multiple pollutions. Fortunately for us, aquatic environments have the ability in some cases to self-purify. Self-purification refers to the ability of a stream to remove harmful substances to aquatic life. The phenomenon is mainly about the nutrients, including molecules derived from nitrogen that are primarily responsible for eutrophication. For us, the self-purification can take a more specific definition because we are interested in the nitrogen cycle. Among these environments, I will be interested in the study of the "CHAUDANNE" river in Lyon France.

In this project, I will mainly simulate the hyporheic zone and flow of the "CHAUDANNE" River using the software HYDRUS 2D/3D. This report contains 7 chapters.

In the first chapter, I presented the IRSTEA laboratory where I conducted my internship and also the projects context and objectives.

In the second chapter, I defined, described the hyporheic zone, analysed its functioning and explained some of the existing processes in the river.

In the third chapter, I put the results of my topographic, depth and conductivity measurements complain done on site.

In the fourth chapter, I conducted a field data analysis.

In the fifth chapter, I presented the software HYDRUS 2D/3D and its theoretical aspect.

In the sixth chapter, I conducted a water flow, solute and heat transport simulation of the hyporheic zone using Hydrus 2D/3D. And the last chapter contains the conclusion of the project.

Chapter I: General context I-1-Presentation of the host company

Irstea (formally known as Cemagref) « Institut national de recherche en sciences et technologies pour l'environnement et l'agriculture » is a research organization who has worked for more than 30 years on major issues of responsible agriculture and on sustainable land management, water management and associated risks, drought, floods, inundations, the study of complex ecosystems and biodiversity in their relationships with human activities. (1) -The strategic plan of "Irstea" aims to respond to major socio-economic issues relating to:

• The sustainability management territories, including agricultural and suburban, their resources (especially water), their production (food and energy), but also the human, economic and financial flows;

• The prediction and prevention of natural hazards (flush, floods, avalanches) and environmental (chemical, biological ...);

• The preservation of biodiversity and its involvement in the production of resources (forest biomass). 

I-2-Context of the internship and problematic

I-2-1-The EPEC Project I-2-1-1-Context of the project
The purification of waste water that has urban origins is still a problem in France and in other countries, especially for small communities. Indeed, the cost of community facilities often exceeds the available financial capacity. Accordingly, several small streams are affected by this type of pollution and will remain long after despite government efforts.

The natural purification processes in our rivers and in inexpensive accommodations as vegetated swales help improve water quality. This self-purification phenomenon is now well known and accepted. Indeed, streams assimilate more or less rapidly residual pollution based on their local characteristics. As a result, certain geomorphological facies are preferred to promote biodegradation. Now, many municipalities incorporate vegetated swales output of their conventional treatment in order to improve water quality before discharge into the river. ( 7)

I-2-1-2-Problematic

Urban untreated sewage discharged into aquatic environments cause their asphyxiation (input of biodegradable organic matter that exceeds the metabolic capacity of the environment), their acute toxicity in case of ammonia rejection, and their eutrophication by nitrogen and phosphorus discharges and chronic poisoning micropollutants. These impacts impoverish ecosystems and disfigure the places concerned. (8) Such situations are still found frequently at the top of the watershed, in suburbain habitat area.

In 2006 another 40% of the National Network of the Lyon Basin points had an average to bad quality for organic materials. (8)

The EPEC project is about pollution caused by organic material, ammonia and secondarily by organic micropollutants.

The modification of the stream bed can degrade its habitats. According to the inventory made by the French Water Agencies in 2005, there is a strong generalized alteration of the hydromorphological features of rivers on all river basin districts. Between half and two-thirds of rivers are affected by physical alterations. The dominant alteration is the straightening of presents in urban and rural. (8)

I-2-1-3-Objectifs

The scientific objective -Evaluation of the self-purification capacity of the organic matter and nitrogen particularly in a running water medium. This assessment is based on the in situ measurement. Also, to ensure the quality of outputs, it was decided to adopt a common experimental approach (written and reproducible) satisfying both the experience and constraints of each stakeholder in the supply chain results.

The operational objective -Suggest the first dimensioning rules for rivers at the purification station output and for porous structures streams as well as for the development of meanders combining habitat functions and self-purification. [START_REF] Langergraber | Manual: "The multi component reactive transport module CW2D for contstructed wetlands[END_REF] I-2-2-Internship context: My internship constitute the last part of the EPEC project financed by ANR which is about "running water self-purification" which is mainly the simulation of the under flow (called hyporheic) in a small stream water in west of Lyon west named «La Chaudanne" using Hydrus 2D/3D modeling software.

I-2-2-1-Problematic

This is about the simulation of the hyporheic flow with Hydrus 2D/3D software, associated substances (dissolved oxygen, NH3, NH4 ...) and heat transport.

I-2-2-2-Objectives

The ultimate goal of the internship is to provide an interpretation of the effects of varying flow discharge of the river on the fate of nitrogen components and their persistence

I-2-2-3-Site Description Figure I-1: location of the « CHAUDANNE » (10)

The site Grezieu-la-Varenne (Rhône, 15 km from Lyon) selected as an experimental site by the EPEC project is located on the Chaudanne creek (Figure I-1)) just downstream from a storm overflow. From its source to the device, this creek trails 2.5 km and drains 2.8 km2.

Its width and average depth are respectively 0.5m and 1m upstream of the weir to double in its downstream as a result of stream overflows. The substrate is composed of a significant sand fraction, resulting from the granitic bedrock arenization and heterometric blocks presenting a diameter range between 1 and 10 cm.

The average slope of 0.05 m / m (see longitudinal profile figure I-3) of the Watercourse explains the presence of many natural structures alternated with sandy dishes, pools and rapids.

The average flow is 29 l / s and covers the range 1 l / s (from July to September in dry years) to 1000 l/s during heavy floods.

During the summer of 2009, a stabilization of bank erosion was carried out in the form of three structures built immediately downstream of the spillway. These structures cover a distance of 66 m and are made from piles of dark wood in the banks.

Because of the high potential solids inputs (sand and gravel), in the upstream the structures created are naturally filled by these materials in transit during flood basin. ( 10)

The free surface of the water will vary greatly between periods of high and low waters from the complete saturation of the substrate to its partial drying. In summer, a basic flow of the order of a liter rise sharply to hundred liters in the overflows from combined sewer.

Chaudanne is arranged by three structures in permeable wood to strengthen the stabilization of erosion. As part of the course, I will be interested in structure 1 which is located directly downstream of the storm overflow.(figure I-2) The "Chaudanne" Creek can be sequenced into three types of separate watercourses:

-From the source to the confluence with a tributary of the right bank from the locality Verville, more than a mile downstream, the creek has a steep slope (variable slope between 6 and 16%). The flow on this portion is torrential."Chaudanne" is then classified as "Torrents of Monts du lyonnais".

-Beyond 2800m of its course,"Chaudanne" flows over an alluvial film. The valley floor is rather large (tens of meters), less steep slopes than upstream. The constituent materials of alluvial valley bottom are sandy to sandy-gritty kind. Because of these intrinsic characteristics, the river would naturally develop mobile convolutions at a short time scale (erosion / transport / storage cycle). The stream is highly artificialised in crossing Grézieu-la-Varenne. This artificialisation pushes it away from his natural style and degrades the potential home for wildlife / aquatic flora. The stream is then defined as "watercourse under moderate energy and steep-sided valley bottom" Because of a moderate slope on the sector (2-4%) ,according to its characteristics of slope, stream is in the class of torrential rivers (rivers by definition Bernard, 1925in Degoutte, 2006). Although I can observe falls by few centimeters locally (eg due to rock outcrop), the facies "succession of falls",as the development of porous structures of the "Chaudanne", is not well represented on this type of watercourse.

-Downstream of "Cornures", the Chaudanne is collected. The slopes increase substantially (up to 7%). The watercourse changes to fluvial style. It is classified as "high energy watercourse from the upstream end of the valley bottom areas." It converges with "YZERON" 450 m further downstream. ( 10) In general, the hyporheic zone is defined as the set of water saturated sediments located below and adjacent to a river, containing a certain proportion of water surface. The search for a more specific definition of the hyporheic zone has led to many debates which only reflect the diversity of existing configurations in a river (Figure II-1). For example, if the stream flows over impermeable bedrock, it will not develop a hyporheic zone. Hyporheic zone may also consist exclusively of surface water when it results in advection of river water within the sediment or when the river is "perched" above the water table. Finally, when the River develops large vertical hydraulic exchange with the underlying groundwater, or if it is in dynamic equilibrium with it, hyporheic zone is characterized by a combination of surface water and groundwater. If these configurations have been observed in different rivers, it is likely that they will also line up along the same river at the crossings of geological formations .Thus, typically, at the head of the basin, the river has a reduced or absent hyporheic zone and further downstream in areas geologically constrained, hyporheic a type A or B. Upstream floodplain, due to the accumulation of alluvium, types C or D should predominate, while downstream lowland type E should be as common as water tables are generally closer to the surface.( 5)

Figure II-1: the different types of hyporheic zone (5)

II-2-Description of the Hyporheic zone of a river

The hyporheic zone is an important hydrological, chemical, biological interface and between the watercourse and groundwater. It was shown that the most important changes are within a few centimeters below the sediment / water interface. Using a device capable of sampling at the centimeter scale, it has been observed profound changes in pH and concentrations of COD (Chemical Oxygen Demand) and CH4 (methane) water that flows at the hyporheic zone.

There has also been an increase in COD in its superficial part accompanied by a decrease of the average molecular weight, which led to speculation that this part is an area of intense biochemical change (oxidation by benthic organisms) for water in transit.

This transformation process thus makes available many chemical forms which provide a fundamental bioenergy source for watercourse plants. However, the "Chaudanne" remains a relatively oligotrophic medium in so far as it is a sandy substrate.

In addition, there is a link between the distribution of interstitial fauna and hydrogeological structure of a given sector. Marmonier & Dole (1986) and then Marmonier (1988) have clearly shown the differences of population that exist upstream, at the apex and downstream of the gravel banks of the canal Miribel (Rhône) depending on whether these zones are fed by the water surface or, conversely, by gushing of groundwater. In all cases, the water that passes through the hyporheic zone can undergo significant chemical changes over small distances.

It seems therefore that the hydrological exchanges between surface water and hyporheic water influence the distribution and composition of benthic species. Since they are responsible for the degradation of organic matter, we see the advantage of knowing the direction and intensity of these exchanges in the context of the assessment of the assimilative capacity of the Chaudanne. ( 5)

II-3-Under flow at the hyporheic zone

The need to better understand the nature of the flows within the sediments of rivers, and also, to better define the hydrodynamic characteristics, is one of the consistent findings during the last decade to the ecology of the environment.

Through the literature, one can find a certain amount of information on the study of the hyporheic flow in a river. However, they are mainly about the continuous exchange between the river and the sub-surface.

It is also known that, depending on the exchange surface, the hydraulic gradient, the longitudinal profile and the permeability of the bed of the river, the phenomenon of penetration into the hyporheic zone varies widely throughout its course. Not only have variations on the horizontal can be observed but also on the vertical scale. For example, hyporheic fluxes which are due to sand bumps penetrate sediments of a depth approximately equal to the distance between the ridges when they reach a much greater depth in the presence of a coarser substrate.

It can be observed two phenomena upwelling and downwelling at this preferential exchange area. The water plunges (downwelling) provides the hyporheic zone with substances like oxygen while water that rises (upwelling) can be rich in nutrients needed to biotic surface system.

Moreover, at the downwelling area, it was shown that the benthic fauna penetration was deeper.

We can observe at the study area the "Grézieu la Varenne" site a series of riffles comparable to a series of steps with a sequential arrangement of sandy zone which ends in a gravel riffles lens.

Presumably the type of continuous exchanges described above is largely disrupted at a high rainfall event. Indeed, the sudden increase in the flow rate has consequently the extraction of 2 to 3 cm of sand in the upper portion of the substrate that includes, according to the biologists, much of the biological activity in undisturbed period.

Stony areas of the raft remain in some measures relatively more stable, they provide sustainability and they retain the role of hyporheic filter.

Thus we see that the underflow at the raft has some importance in the performance of sewer overflows to the extent that it appears to facilitate the penetration of water and nutrients in the substrate. It remains to be seen in what hydraulic context these zones promote this type of exchange.

II-4-Analysis of disturbed functioning of the hyporheic zone

In the context of our metrological site, the receiving environment is a small river in which flows rejected by the storm overflow can reach frequently the average flow of high water which is about 30 liters / second .This causes a rapid rise in water level over periods ranging from minutes to hours.

The watershed upstream at discharge point has a response time to rain of about 30 min while the network produce spills after 10 minutes for fairly average rainfall (monthly frequency)

In the case of substantial rainfall, subsurface runoff and Intumescence of the water originating from the natural watershed can produce an increase in the river flow with a certain lag compared to the effect of rejection.

These features of the site may be favorable to the intensification of hyporheic flows, as shown in the figure below.

We will assume a two times operation with inversion of flow direction in the hyporeheic zone. This inversion is due to the gradient of hydraulic head between the water and the river.

(5)

Figure II-2: representation of the hyporheic zone (12)

River-groundwater exchanges respond to a simple concept which implies that obstacles (natural or not) to surface water flow causes, if the permeability of the bed sediments permits exchanges across the hyporheic area. Upstream of the obstacle, surface water infiltrates into the sediment ,mixes with the groundwater, before returning to the river after a more or less long course into the hyporheic zone. The amplitude of the water movement in the hyporheic zone depends largely on the size of the obstacle (irregular bed, block, natural strike, tuft of vegetation, ice jams, beaver dams, artificial dam, sinuous, narrowing valley ...). Exchanges can therefore take place at multiple spatial scales and correspond to distances, transit times and thus a very different quality of water. This explains why the heterogeneity of the hyporheic zone is greater. The groundwater-river exchanges promoted by these obstacles are mainly controlled by two physical magnitudes: the permeability of the sediment and that the hydraulic gradient is established on both sides of the barrier. Since they depend on the hydraulic gradient, groundwater-river exchanges also vary over time. Indeed, the amount of water exchanged, but also the direction of these changes, can be modified between periods of low and high water (Figure . A river can recharge the water table in times of high water, due to the prolonged and successive rainfall in different parts of the watershed. The opposite occurs during periods of low water where the river drains the water table (Figures II-3 A and II-3 B). To these seasonal movements, are added flow modifications of shorter duration. For example, an area that is characterized usually by inputs of groundwater during times of low water may temporarily become an area in infiltration during flood periods (Figures II-3 C and II-3 D). It should be noted that the reverse situation could be observed in granitic bassins in times of high water, groundwater recharged by rainfall feeds the river, while at low water, the water table is very low, it is the river that loses water to it.( 5) 

II-5-The existing processes in the river

Rivers are not static systems; in fact they are systems in constant destruction/regeneration regulated by an ensemble of physical, chemical and biological processes in a way that they remain globally stable on a human scale. These permanent changes constitute one of the most stimulated aspects of the water course study. (2) Unidirectional and bidirectional conceptions of the flow have in common to stress on the role played by organic contribution to the structuring and the functioning of the river (2)

In a watercourse under low human influence, the organic matter is from vegetal origins. The good oxygenation of water, favourable to rapid degradation of the organic matter major part conducts to a simplified assembly in comparison to lake systems where chemical stratification may result to anoxia harmful to organic matter degradation.

Under these circumstances, residual organic matter input disrupts the river's metabolic organisation. The instability provoked will be transient and the river will tend to a new balance that tends to optimize the use of new output.

II-5-1-The detailed processes of nitrogen degradation

A large part of the nitrogen cycle occurring in aquatic environments, the study of selfpurification of nitrogen requires first of all a good knowledge of the water paths in the investigated middle because the physicochemical environments crossed may be more or less oxygenated. Oxygen is carried by the water in dissolved form. It is incorporated in the water under the combined effect of the partial pressure of dissolved gases and agitation or aeration that occurs in falls, waterfalls, water projections, vortex, etc. 

N N

Gas emission

The Coupling between nitrification and denitrification appears to be the major process in sediments II-5-2-Effect of Natural structure taking into account the effect of hydrological regime

The permeable structures actually strengthen self-treatment by the river from discharges of combined sewer system that occur during strong rainfall events.

Figure II-5: Effect of a natural structure on the nitrogen compounds cycling (11)

Under low flow conditions, we can see that at the water surface(blue line ) there is a short residence time, the water is concentrated with oxygen which provoke nitrification but at the substrate (red line) we can observe long residence time, progressive oxygen depletion which means a nitrification denitrification sequence is occurring. 

Chapter III: On site measurement and procedures

As part of my internship, I conducted a topographic measurement, depth and a measure of hydraulic conductivity campaigns.

III-1-topographic campaign:

-Using a decametre I measured the distance between wood massif and different wells installed on the structure (Table III-1)

The placement of the wells if figured below (figure III-1) -we measure also the height of water (the measurements can be found in the annex number2)

-we then draws H = f (X) curves (cross section) for each profile and WL = f (X) 

H (cm) X(m)

The rest of the cross sections will be found in the annex number 1 -we now calculate the average H for each profile (we do not take into account the profile P 5.9) ( -we measure the length of the exposed part with a meter and we subtract it from the original length of the auger and the depth was obtained (Table III-5) -we will now proceed to the linear interpolation of points (Table III 

III-3-Measurement of hydraulic conductivity in the substrate in situ

The conductivity measurement is realized at different points of the studied area thanks to the method of "slug test"

This method consists of a hydraulic shock or injection-relaxation test. It is based on the instantaneous injection of water in a measuring well and measuring the lowering of the free water level as a function of time by a pressure sensor probe. This probe is inserted at the bottom of each well.

It is necessary to repeat the test several times (at least three times) because of the depression of the well usually produce a sediment compaction and partial clogging of the strainer. 

Y(m) H (cm)

Hydraulic conductivity (Kh) was evaluated first at 0.3 m depth next to each of the 6 wells and second from 3 wells (P2, P4 and P6) as to get mean Kh values from 0.3m to the bedrock. This was possible because wells are screened from 0.3m depth to their bottom which is in contact with the bed rock.

The hydraulic conductivity was calculated using the Hvorslev [1951] equation

2 ln 2 i L r R K LT     , ( 1 
)
where K is the estimated hydraulic conductivity [m/s], r is the internal radius of the tube [0.018 m], L is the perforated length [0.15 m], R is the internal radius of the well (here taken as equal to the external radius of the tube) [0.02 m], T i corresponds to the time when h t / h 0 = 0.37 with h 0 [m] the initial water level in the tube at time 0 when it is full and h t [m] the water level at time t [s].

Water level variation is recorded during experiment using a Schlumberger Micro-Diver sensor which can operate at 0.5 second time step with an accuracy of 1 mm. The following figure illustrates resulting curves from 5 repeated tests at a same point. First curve is often apart from the others due to substrates compression resulting from the fact the screened tube is forced with a hammer. Following curves are closed together indicating the calculated Kh values are converging. However too much repetitions of the test would create preferential flow paths and lead to an overestimation of Kh value. This is the reason why we consider the median value of at least after 4 to 6 tests.

Figure III-10: the water level recordings with the slug test

Calculated Kh are presented here under (Table III-7)

Table III-7: calculated values of Kh

We can observe overall that subsurface mean Kh (0.3 m depth) is of 6.9E-4 m/s and varies from up-to -down stream of the structure. The deep layer zone shows a mean value of 8.2E-4 m/s which is not different from the upper layer. There are however local variations and P6 exhibits a significantly less Kh in the upper layer than in its deeper zone. For the purpose of this study we will consider a mean value of 7.6E-4 m/s for zone (1) and a value of 4.4E-5 m/s for zone (4). 

Figure III-11: filling the well during the slug test

III-4-Temperature measurements

To obtain the temperature measurements, we used a temperature sensor probe (figure III-12) that we insert at each well

The measurement protocol:

-the wells are closed by a sealing plug head which prevents the entry of water from the surface.

-The wells tubes are screened from 30 cm below the surface of the substrate to the rock (about 1 m) -The probes are placed in wells in a specific way to measure the water located at -30 cm in the substrate.

-The step of measuring time is 10 minutes and worked over a period of 1 year. 

III-5-Conclusion:

Thanks to these on site campaigns, we will know be able to replicate the geometry of the substrate and assign to each medium their hydraulic conductivity

Chapter IV: Field investigations and data analysis

This part is dedicated to the analysis of existing data that have been collected for years in the frame of research project around the structure of interest. I put these data in an adequate form to serve this specific objective during my internship. The world 'structure' is used to refer the whole step structure including the sand-body and the porous wood made dam. Three structures were built in 2009 to counterbalance the incision and erosion effect of the combined sewer overflows impacting the Chaudanne creek. These solutions help to refill with natural material the bottom of the stream, blocking and trapping transported sand which represents the major fraction of fine sediment. The bottom profile is then stabilized. These structures has been revealed to also trap polluted waters and naturally process organic pollution as it is observed from water quality data. It is then important to understand under which hydraulic conditions polluted waters can enter the sand-body and how they migrate through. It requires building of a hydraulic modeling of the structure which would then be used after validation to combined solute and fine particles transport simulation with biotransformation processes.

Here are some photos to illustrate the situation. 

IV-1-Water flow time series

The Chaudanne creek is an experimental site which belongs to the long term field observatory for urban storm waters management (see http://www.graie.org/othu/). In this frame water flows are recorded at several points including sewer system, overflow outlet and stream system for more than 10 years. The percentage of water from combined sewer

The stream flow structure can influence the hydraulic of the sand-body and in particular on how pollution can enter into it and be processed by microbial activity before releasing at its downstream part.

IV-2-Water quality data

Water sampling and laboratory analysis was conducted from august 2011 to November 2012 For collecting water from the substrate in structure 1, 6 wells (H1 to H6) were installed. They are perforated down to 0.3m from the top river bottom till the bedrock. Surface water (S0, S1,..) sampling points are also indicated.

The following figures (S0…H7) show how the selected water quality indicators vary with time. Same scale in concentration is adopted for NO3 and DOC when it can varies in range exhibits a quite similar temporal pattern than in surface (S0) in all wells excepted at H1 which is the entrance of the sand-body.

All over the DOC concentration is quite stable in the sand-body (H1 to H6) and confirmed to be not a limiting condition for denitrification.

NO2 remains all over very low in concentration (0.1 to 0.2 mg/L) which is not surprising because this is a transient unstable chemical form. But its presence is confirmed anyway and indicates the process is effective. It is also confirmed by N2 gas production measurements which are not presented in this project. The observed high peak of 20 mg/l in NH4 at H7 is also interesting because this measure is located out of the structure but at the foot of the wood-made step. The NH4 peak occurs during a very low Also flow rate ranged during this period from some liters to a maximum of 200 l/sec during floods and with an average of 30 l/sec. Floods seems to precede the two large NO3 increases which is in agreement with the manure source contribution to NO3 concentration by overland runoff process.

From April to May we can observe a flooding period during which it is also noticeable that NO3 concentration at EH5 and EH6 are more related to surface water NO3 variations than at EH1 and EH3. It indicates that during medium to high flow period hydraulic connection remains good at the head (downstream part) of the sand-body which make sense considering the hydraulic gradient should increase with flow rate on this part. At EH1 and EH3 variations in NO3 seems not relatable to S0. Then nitrification (ammonium oxidation) may have occurred to explain the observed concentration NO3 increasing at EH1.

From these observations we can presume that the flow regime and hydraulic connectivity between surface water and hyporheic water flowing through the sand-body plays a regulation role in the transfer of NO3 and NH4 and their bio-degradation inside the sand-body. Low connectivity limits dissolved oxygen import from surface water into the sand-body and then favor anoxic conditions and then denitrification process. On reverse, good connectivity can bring oxygen and then favor nitrification. Alternation of these processes in time and space is necessary to convert organic NH4 which is a poisoning form for many aquatic living species into mineralized NO3 or N2 (gaz). To make use of this natural possibility it is necessary to better know how water circulates into the sandbody under varying flow conditions. A detailed hydraulic modeling is then required with a first objective to well represent the hydrodynamics of the structure.

As stream flow variations are shown to influence nitrogen related processes, we decided to take a reference flow situation with a peak flow followed by a no flow perturbation period (figure IV-13). Its resolution requires knowledge of two functions describing the hydrodynamic properties of the soil (water retention curve h (θ), and the hydraulic conductivity curve, K (h)).

The Richards equation is a nonlinear equation whose solution usually requires digital means.

It determines the potential fields (total hydraulic head) and the distribution of the water content in the soil, the position of the water table is determined as the area where the water pressure is above atmospheric pressure.

The resolution of the equation is still very sensitive to determining relations describing the hydrodynamic parameters, particularly adjacent to the saturation. ( 12)

V-2-Modeling

V-2-1-Modeling principles:

To study the motion of a particle in a fluid, two approaches are possible:

 The Eulerian method  The Lagrangian method.

If we study the evolution of different parameters (speed, pressure, water content, temperature ...) at a specific point in space, then we choose the Eulerian coordinates. Every moment of the different particles pass through the considered point, and temporal variations of the desired parameters are studied at this point.

In this specification the magnitude of change is studied at a fixed point in space, r = (x, y, z). All parameters relating to the particle (speed, pressure, temperature ...) are given as a function of the

(3)
Variable conditions (water flux or pressure) are interred in a table called "atmospheric conditions ".

For the solute, we have three types of conditions:

-1 st type, concentration condition or Dirichlet: This condition expresses that upon injection of solutes at the soil surface that is submissive immediately and consistently to a concentration C0.

However, this condition is not generally mass conservative -2 nd type or Neumann condition: it requires a concentration gradient at the nodes of the predefined border.

-3 rd type Cauchy condition or flux: at the entrance of the studied system, expresses the continuity of the solution's flow and concentration on either side of the upper limit, the solution immediately undergoes a mixing with the initially present solution in the soil, which is inconsistent with C = C0 (concentration condition). ( 12)

One can then write that during the slot, the incoming flow of solutes is equal to the outgoing flow of the water supply system. When the water flux is zero or directed outside the region, this condition automatically becomes a Neumann condition. ( 12)

V-2-3-Constructed Wetland Module

Constructed wetlands (CWs) are engineered water treatment systems that optimize the treatment processes found in natural environments. CWs are popular systems which efficiently treat various types of polluted water and are therefore sustainable, environmentally friendly solutions. A large number of physical, chemical and biological processes are simultaneously active and mutually influence each other (10). HYDRUS 2D/3D offers a multicomponent reactive transport module CW2D is able to model the biochemical transformation and degradation processes for organic matter, nitrogen and phosphorus. The CW2D module considers 12 components and 9 processes.

The components include dissolved oxygen, organic matter, ammonium, nitrite, nitrate, and dinitrogen nitrogen, inorganic phosphorus, and heterotrophic and autotrophic micro-organisms. The processes considered are hydrolysis, mineralization of organic matter, nitrification (which is modelled as a two-step process), denitrification, and a lysis process for the microorganisms. (4)

Figure VI-2: the geometry installed by Hydrus

First of all, we start by choosing the domain type, the units and the initial workplace.

I chose a general two dimensional geometry and the vertical plane XZ.

Now we have to select the surfaces on which we will accomplish the project; each surface symbolizes a porous medium. I specified that the initial condition will be determined in pressure heads meaning that I will later specify the initial pressure head and not the water content.

Figure VI-7: the water flow parameters window

For this project we selected 2 materials: the first one is sand, and the second one is a material that symbolizes the wood massive with the hydraulic conductivity measured on site with the slug test.

(figure VI-7).

Figure VI-8: the FE-Mesh parameters window

We proceed next with the FE-mesh parameters, in the FE-mesh parameters dialog window (VI-8),

we chose a targeted FE-size TS= 10cm which is an automatic mesh size proposed by hydrus itself.

We proceed after by setting the material distribution (figure VI-9), we click on the edit material distribution in the tool bar then we select the material in the edit bar and we assign it to the surface. 

VI-5-1-low hydraulic gradient

In this part, we will test the effect of low hydraulic gradient on the particles trajectories, for this purpose we chose a gradient equal to -0.5%.

In order to see the trajectories of the particles, we click on results in the tool bar, then flowing particles trajectories. We obtain the trajectories below. For the wells number 1 and 3 both the observed and simulated values present the same allure but this cannot be said about the wells number 5 and 6. This can be explained by the fact that the convective phenomenon and the dilution are the dominant processes simulated by Hydrus 2D/3D.

VI-6-5-Conclusion:

This simulation proves the convection and dilution of pollutant phenomenon in the substrate but not the biodegradation as well as the curves above that shows a difference between measured values on site and the values simulated by Hydrus 2D/3D especially at the wells number 5 and 6. Taking into account these results, I will put a higher concentration of NH4+ initially at the well number 1 equal to 20mg/l (0.02mg/cm3) and insert a concentration of readily biodegradable organic matter equal to 3mg/l(0.003mg/cm3)and a concentration of slowly biodegradable organic matter equal to 7mg/l(0.007mg/cm3). A statistical approach is used to compute a mean time delay in the case of natural water temperature fluctuations which are not regular as it is when using the heat transport model in steady condition.

The proposed method is to look at the lag time between surface and hyporheic water temperature EH1 is closed to surface water but EH3, EH5 and EH6 seems to reveal that colder water from deeper layer in the sand-body contributes more going downstream the structure A same approach is done with the Heat flow modelling facility linked to the hydraulic modelling developed under Hydrus. Hypothesis retained is to simulate a daily water temperature at the upper boundary limit of the model. The following formula is proposed by Hydrus :

Water temperature (T) = A * Cos (t* Pi/12) + B (7)

For our application A is chosen to be 3°C and B to be 17°C with an initial water temperature of 14 °C in the sand-body. Water at a same temperature of 14 °C is freely flowing in the an-body at its upstream underground boundary. A capture of this simulation is given in figure VI-29. cannot be measured on the fielddid not reduce significantly the difference between observation and simulation. As hydraulic conductivity and water surface gradient are estimated from field data, it does not seem possible to modify then a lot.

The bottom boundary limit is considered as a no flow condition but would be reconsidered with a positive pressure head. This hypothesis is realistic as a concrete bottom covers the stream bed over 6 meters where a bridge is crossing it just before water flows on the sand-body. The effect would be to induce an over hydraulic pressure head in the upstream and bottom boundary limits with transport of colder water coming from deep layers. Particle trajectories simulated with Hydrus are

shown to be complex due to surface and bottom irregularities.

The location of sampling points is then sensitive on given results and a more detailed analysis of flow trajectories at several flow stages (pressure head gradient) would help to better understand reasons for observed overestimation of lag-times.

These are the main tracks I should consider in further investigations to fix the hydraulic modelling more close to reality. This is a necessity prior to simulate biodegradation processes.

VI-7-5-Conclusion

As a conclusion of the simulation with hydrus we can say that first of all , using Hydrus I was able to confirm that flow rate over the structure can influence the hydraulic of the sand-body and in particular on how pollution can enter into it and be processed by microbial activity before releasing at its downstream part.

Second of all, using the wetland constructed model I was able to confirm the convection, dilution of the solute transport in the hyporheic zone, and approach as much as possible the simulation of biodegradation.

Finally, I can say that the convective transport of the heat flow is confirmed and that water temperature daily cycle can be used as a tracer.

Chapter VII: conclusion

The final project study is a milestone in the course of an engineering student, and I had the opportunity to complete it in a well renowned laboratory IRSTEA within an amazing team of researches and engineers.

I had the chance not only to use the knowledge that i gained during my years in ENIT but also to acquire new ones. In fact, I managed to develop group work spirit, and a passion for scientific research.

Technically speaking, I managed to work on a very challenging software HYDRUS 2D/3D for the simulation of the hyporheic zone of the CHAUDANNE river located in Lyon France.

First, From the field data that I analyzed, I can confirm that there is a clear time when the sandbody can trap part of the pollution delivered by the combined sewer during storm events possibly process part of the pollution during low flow periods and time with no or diluted pollution by the natural flowing water.

Second, thanks to the campaigns conducted on site, I was able to replicate the geometry of the structure 1 in HYDRUS 2D/3D Third, using Hydrus I was able to confirm that flow rate over the structure can influence the hydraulic of the sand-body and in particular on how pollution can enter into it and be processed by microbial activity before releasing at its downstream part.

Fourth, using the wetland constructed model I was able to confirm the convection, dilution of the solute transport in the hyporheic zone, and approach as much as possible the simulation of biodegradation.

Finally, I can say that the convective transport of the heat flow is confirmed and that water temperature daily cycle can be used as a tracer.
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 2 Figure I-2: The longitudinal profile of structure number 1 (8) Hydro geomorphological characterization of the 'Chaudanne'
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  Figure I-3: Hydro-geomorphological typology of the « Chaudanne » (10)
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  Figure II-3: Temporal variability of groundwater exchange with river flow[START_REF] Gervaix | Le fonctionnement de l'auto-épuration de l'azote dans une rivière « La Chaudanne » : Entre terrain et Laboratoire, un stage pluridisciplinaire » rapport de stage en génie biologique option agronomie[END_REF] 

Figure

  Figure The possible paths of nitrogen compounds in the aquatic environment(11) 

3

  Under high flow conditions, we can see that due to an oxygen surplus at the surface, there is a re-oxygenation of deep substrate layer. This could lead to a possible reversion of denitrification.II-5-3-Effect of a natural meanderDuring low flows the nitrification would be located just near the riffle. Longer water trajectories are presumed to take place from the run to the pool with the nitrificationdenitrification sequence.During flood events, stream water invades mainly the external bank of meanders/sinuosities what supplies ground water with oxygen and would reverse local denitrification process.However, the general biochemical scheme of internal bank of meanders/sinuosities is not expected to change a lot considering the low hydraulic conductivity of these banks in comparison to substrates hydraulic conductivity. Internal meanders/sinuosities water pathways would hence have a more stable biochemical process with flow stage variations than accompanying stream substrates. (11) Main degradation process should take place at internal bank of meanders or sinuosities.
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  Figure III-1: the layout of structure 1 and the positioning of the wells

Figure

  Figure III-4: cross section for P15.14 profile
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 5 Figure III-5: Natural structure (upstream of the weir)

Figure III- 6 :

 6 Figure III-6: longitudinal profile of the natural structure
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  Figure III-9: the shape of structure 1

Figure

  Figure IV-1: combined sewer overflow and runoff water

Figure

  Figure IV-2 : two consecutive wood-made steps

Figure IV- 5 :

 5 Figure IV-5 : Slug tests exepriment in Inserted tubes (left picture) or wells (right picture)

  These data are used to figure the hydraulic functioning of the structure which is the core of my project. The sand-body is located right downstream a combined sewer overflow outlet which deliver a mixture of sewage and rainfall waters during storm events. In reason of the naturally intermittent flow regime of the creek, the percentage of water loaded with pollution can represent at least 100% of the water flowing through the Chaudanne creek during low flows periods. This is well illustrated in figure IV-7 which represents the creek flow rate variations along one year from August 2011 to November 2012 at the entrance of the structure.

Figure IV- 7 :

 7 Figure IV-7: Polluted water contribution to global water flowing in the Chaudanne creek.

  at several points from upstream to downstream from the combined sewer overflow outlet to assess the effect of a sequence of three structures on improving water quality of the Chaudanne creek. The general monitoring scheme is presented in figure30. This work was done during a four years research project (ending this year 2014) called 'Running Waters Self Purification' which includes also other experimental sites across France. I shall focus on the temporal evolution of data located around the first structure .which is directly exposed to storm water pollution. In particular my data analysis is concerned by the nitrogen compounds which are used in sewage treatment plant to judge of their purification efficiency by nitrification and denitrification processes.

Figure

  Figure IV-8: measuring and sampling sites on the Chaudanne creek

  period is indicated in Figure IV-9. A weekly frequency sampling protocol was adapted. Protocol was interrupted two consecutive weeks on January 2012 because stream was totally frozen. The following water quality indicators: ammonium (NH4+), nitrate (NO3-) and nitrite (NO2-) ions are used to get a first understanding of the sand-body effect on nitrogen compounds over timeincluding seasons and hydrological variations. To link these indicators of pollution, it must be known that nitrification occurs in oxygenated water conditions and corresponds to the transformation of organic NH4+ to mineralized forms of NO2-and then NO3-. Denitrification, which is the reduction of NO3-to NO2-(and finally to N2) takes place in depleted water oxygen conditions. Dissolved organic carbon (DOC) is also considered as denitrification is used by autotrophic bacteria for their own (carbon based) body growth. The absence of an easy available carbon source precludes the denitrification activity. All figured data (Figures S0, H0, H1, H3, H5, H6 and H7) are over the laboratory detection limits and methods for analysis are normalized and submitted to recurrent cross validations with other laboratories in the frame of a quality data regulatory program. Nitrogen compounds concentrations are expressed in N atom equivalent concentration. Direct comparison of values of NH4, NO3 and NO2 are then possible including N budget approach.

Figure IV- 9 :

 9 Figure IV-9: Stream and combined sewer overflows (CSO) contributions with indication of water sampling dates

  for NH4 and NO2 depending on sampling location. It must be considered for the following comparison. ES0 is the surface water upstream with the CSO input of pollution. It indicates what concentrations and components in nitrogen compounds are coming from surface water delivered by the upstream watershed. NO3 concentration clearly decreases in surface water along seasons. This behavior is well known and attributed to the stream corridor vegetation uptake of nitrate during spring to summer seasons. Winter high concentration is related to the delivering of nitrates which are transported in solution by runoff straight to the stream due to the absence of active vegetation during this season. Presence of nitrates results of manure spreading in the upstream basin of the Chaudanne creek at end of the winter season. NO3
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  Figure IV-10:ES0, EH0, EH1 -DOC and NO3 (right side graphs), NO2 and DOC (left side graphs) concentrations (mg/l) with time

Figure

  Figure IV-12:NO3 concentration with time at ES0, EH1, EH3, EH5 and EH6

Figure

  Figure IV-13: Selected period for testing hydraulic simulations with observations
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  Figure IV-14: longitudinal profile of the studied structure
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  Figure VI-3: the two surfaces created by hydrusSurface 1 : Sand Surface 2 : wood massive

Figure VI- 5 :

 5 Figure VI-5: the time information window

Figure VI- 6 :

 6 Figure VI-6: the output information window

Figure

  Figure VI-9: the distribution of materials

FigureFigure

  Figure VI-17: the particles trajectories during the simulation under low hydraulic gradient

Figure

  Figure VI-25: comparison between the observed values on site and the simulated values with hydrus 2D/3D

Figure

  Figure VI-26: the heat transport parameters window

  which gives the highest determination coefficient (R2) of a linear regression between the two time series. From figure VI-28,I can observe the time lag is of some hours. Another point of interest is the magnitude of water temperature variations at each well in comparison to surface water.

Figure VI- 28 :

 28 Figure VI-28: Measured surface water (SW) temperature diurnal cycle and delayed water temperature response at each well (EH1, 3, 5 and 6)

Figure

  Figure VI-29: Heat flow simulation with Hydrus at medium flow condition
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Table III -

 III 1: wells distance to the wood massif measured by the decametre

	Wells distance (m)					
	P6	P5	P4	P3	P2	P1
	16,1	14,12	13,34	11,96	10,12	9,02

Table III -

 III 2: distance measurement of the sections with the decametre Table III-3 below shows the measurements for sections 18.74 and 17.61 the rest of the sections in the annex number 1

	Table III-3: Summary of topographic measurements for sections (P18.74 and P17.6)
	P 18,74	X(m)	H(level	H(calculated)(cm) H(retained)(cm)
			staff)(cm)	
		0	324,4	175,6	-175,6
		0	233,8	266,2	-266,2
		2,3	233	267	-267
		4,15	274,5	225,5	-225,5
	P 17,61	X	H	
		0	312,5	187,5	-187,5
		0	238,3	261,7	-261,7
		1,95	234	266	-266
		2,1	248	252	-252
		3,74	273,4	226,6	-226,6
		4,5	303,2	196,8	-196,8

With H (level staff) = value read on the level staff H (calculated) = Adjusted value = 500-H (level staff)

Table III

 III 

	-4)	
	Y	H average
	18,74	-246,05
	17,61	-246,58
	16,5	-263,14
	15,14	-260,3
	14,56	-264
	13,83	-260,49
	13,6	-262
	13,28	-258,3
	11,8	-258,16
	10,42	-260,77
	9,87	-262,47
	9,2	-264,92
	8,78	-262,93
	7,48	-272,02
	6,84	-254,44
	-the same procedure is repeated for the natural structure upstream (figure III-5) (annex 3)

Table III

 III 

	-4: the average height for each
	profile

Table III

 III 

	-5: the depth measurements
	With
	Values in green are the result of linear interpolation (eg -262.3 = (263.14-(-260.3)) / (16.5-
	15.14) * (16.1-15.14) + (-260.3))
	And eg -322.3 + (-60) = -262.3
	Table III-6: Summary measures of depth and height

The water level WL for each profile on the left bank and right bank RG RD

  

	ANNEX 3:					
	P 15,14	X(m)		WL(level	WL(calculated)	WL(retained)
				staff)	(cm)	(cm)
				(cm)		
		0	LB	235,1	264,9	-264,9
		1,85	RB	235,5	264,5	-264,5
	P 14,56	0,3	LB	234,4	265,6	-265,6
		1,9	RB	235,7	264,3	-264,3
	P 13,83	0	LB	235	265	-265
		1,6	RB	235,5	264,5	-264,5
	P 13,6	0	LB	235,8	264,2	-264,2
		1,45	RB	235,2	264,8	-264,8
	P 13,28	0	LB	235,5	264,5	-264,5
		1,48	RB	235,5	264,5	-264,5
	P 11,8	0	LB	235,7	264,3	-264,3
		1,53	RB	235,4	264,6	-264,6
	P 10,42	0	LB	235,6	264,4	-264,4
		1,23	RB	235,5	264,5	-264,5
	P 9,87	0	LB	235,4	264,6	-264,6
		1,4	RB	236	264	-264
	P 9,2	0	LB	236	264	-264
		2,45	RB	235,2	264,8	-264,8
	P 8,78	0	LB	236,2	263,8	-263,8
		2,6	RB	235	265	-265
	P 7,48	0,45	LB	236	264	-264
		3,6	RB	230,6	269,4	-269,4
	P 6,84	1,15	LB	234,2	265,8	-265,8
		4,4	RB	236,3	263,7	-263,7
	P 5,9	3,28	LB	262	238	-238
		4,95	RB	252	248	-248
	With					
	WL (level staff) = value read on the level staff			
	WL (calculated) = Adjusted value = 500-WL (level staff)		

measurement of the height H and water level for natural structure (upstream of the weir)

  

	18,5 171,3	191,6	240,7	220,4	-240,7	-220,4
	19	171,1	192,2	240,9	219,8	-240,9	-219,8
	19,5 167,5	192,5	244,5	219,5	-244,5	-219,5
	20	169	192	243	220	-243	-220
	20,5 174,7	192,5	237,3	219,5	-237,3	-219,5
	Y 21	H(level 182	Water height 192,4	H(calculated) 230	WL(calculated) 219,6	H(retained) WL(retained) -230 -219,6
	staff) (cm) 21,5 185,1 0 154 22 194	(level staff) 192,3 (cm) 172,5 196,6	(cm) 226,9 258 218	(cm) 219,7 239,5 215,4	-226,9 -258 -218	-219,7 -239,5 -215,4
	0,5 172	172,5	240	239,5	-240	-239,5
	1 1,5 161,4 165,6 With	173 172,6	246,4 250,6	239 239,4	-246,4 -250,6	-239 -239,4
	2 2,5 169,4 165,3 H (calculated) = 412-H (level staff) 172,7 173,4	246,7 242,6	239,3 238,6	-246,7 -242,6	-239,3 -238,6
	3	169,5	175,2	242,5	236,8	-242,5	-236,8
	3,5 162	175,6	250	236,4	-250	-236,4
	4	167,8	175,6	244,2	236,4	-244,2	-236,4
	4,5 172,5	177	239,5	235	-239,5	-235
	5	176,3	180	235,7	232	-235,7	-232
	5,5 178,3	181,6	233,7	230,4	-233,7	-230,4
	6	177,4	182	234,6	230	-234,6	-230
	6,5 174	182,5	238	229,5	-238	-229,5
	7	175,8	182,6	236,2	229,4	-236,2	-229,4
	7,5 169,5	182,6	242,5	229,4	-242,5	-229,4
	8	170,2	182,6	241,8	229,4	-241,8	-229,4
	8,5 172,5	182,6	239,5	229,4	-239,5	-229,4
	9	173,6	182,5	238,4	229,5	-238,4	-229,5
	9,5 171	182,7	241	229,3	-241	-229,3
	10	167,3	182,2	244,7	229,8	-244,7	-229,8
	10,5 166,4	182,2	245,6	229,8	-245,6	-229,8
	11	173,6	182,2	238,4	229,8	-238,4	-229,8
	11,5 178	184,9	234	227,1	-234	-227,1
	12	178,1	185	233,9	227	-233,9	-227
	12,5 178,5	186,1	233,5	225,9	-233,5	-225,9
	13	170,4	185,7	241,6	226,3	-241,6	-226,3
	13,5 174,4	185,4	237,6	226,6	-237,6	-226,6
	14	180,4	186,3	231,6	225,7	-231,6	-225,7
	14,5 168	188,2	244	223,8	-244	-223,8
	15	185	192,3	227	219,7	-227	-219,7
	15,5 182,4	192	229,6	220	-229,6	-220
	16	181,3	192,3	230,7	219,7	-230,7	-219,7
	16,5 180	192,3	232	219,7	-232	-219,7
	17	187	192,3	225	219,7	-225	-219,7
	17,5 182,4	192,7	229,6	219,3	-229,6	-219,3
	18	173,1	192,3	238,9	219,7	-238,9	-219,7
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flow period and no such variations are observed at the same time in the sand-body. Water flowing at H7 is then coming from the bottom drainage of the sand-body where anoxic conditions dominate. Nitrate (NO3) coming from surface during previous time and which accumulated in the surface layer can infiltrate in depth and be transformed into ammonium (NH4) -called anammox process. Underground flux is entering the sand body from zone (3) and mixed waters from surface flow and zone (3) percolate through a seepage surface located behind the main fall. Proposed limit conditions for hydraulic simulation with Hydrus are then no flow from zone (2), free flowing from part (3), hydraulic pressure from surface flow and seepage flow out of zone (4).

IV-4-Conclusion:

Thanks to the data analyzed, we can confirm that there is a clear time when the sand-body can trap part of the pollution delivered by the combined sewer during storm events possibly process part of the pollution during low flow periods and time with no or diluted pollution by the natural flowing water.

Chapter V: Introduction to Hydrus 2D/3D

In this research work, a water and solute transport model Hydrus 2D/3D was used to simulate the water distribution.

V-1-Description

Hydrus 2D/3D is a finite element model, which solves the Richard's equation for variably saturated water flow and convection-dispersion type equations for heat transport .The model uses convective dispersive equation in the liquid phase and diffusion equation in the gaseous phase to solve the solute transport problems. It can also handle nonlinear non equilibrium reactions between the solid and liquid phases, linear equilibrium reactions between the liquid and gaseous phases, zero-order production, and two first-order degradation reactions: one which is independent of other solutes, and one which provides the coupling between solutes involved in sequential first-order decay reactions.

The program may be used to simulate water and solute movement in unsaturated, partially saturated, or fully saturated porous media. The model can deal with prescribed head and flux boundaries, controlled by atmospheric conditions, as well as free drainage boundary conditions. The (2)

current location vector (r) and time t (for example for speed: v = v (r, t)). The transport equation is discretized by finite difference or finite element using a fixed mesh If we follow the particle along its trajectory, then we use the Lagrangian coordinates. In this description, we follow the particle in a fluid. Its movement is detected in relation to its initial position r0 = (x0, y0, z0) and time. The image of this flow is complete when we know the location vector (or vector position) of the particle, r = r (r0, t). In general, the integration is difficult to perform. However, in more cases, it is not necessary to obtain the relative positions and trajectories of the particles along paths with respect to time. For this reason, the Euler method is often more appropriate.( 12)

V-2-2-General characteristics of the HYDRUS-2D code:

The numerical resolution method chosen is the one with the finite elements by the Galerkin approximation. Space is discretized into finite elements, by a triangular mesh. The numerical resolution is performed at the nodes of the mesh (not the center of the cells as for finite difference.

The mesh is generated by a mesh generator program. For all the regions defined by the user, to all time steps previously selected by the user, HYDRUS-2D/3D calculates a mass balance to estimate losses due to approximations of the different variables in the calculation. It thus evaluates the accuracy of the calculation.

Initial and boundary conditions:

The input data provided to the model is: simulation duration, the length and time units chosen.

Initial conditions must be specified on all points of the field. These conditions may be expressed in pressure head, in water content or concentration.

The code also allows taking into account a possible anisotropy and heterogeneity of the medium.

For hydraulic resolution, the boundary conditions are different. We can choose between zero flux, non-zero constant flow, variable flow, constant water pressure, variable pressure and water seepage surface.

Seepage is managed as follows: for each node of the boundary defined as seepage surface, the code assigns a zero pressure if it is in the saturated zone, a condition of zero flux if located in the unsaturated zone.

V-2-4-Heat transport

V-2-4-1-Governing Heat Transport Equations

Neglecting the effects of water vapor diffusion, two-and three-dimensional heat transport can be described as [Sophocleous, 1979]:

Where λij(θ) is the apparent thermal conductivity of the soil [MLT-3K-1] and C(θ) and Cw are the volumetric heat capacities [ML-1T-2K-1] of the porous medium and the liquid phase, respectively.

Volumetric heat capacity is defined as the product of the bulk density and gravimetric heat capacity.

The first term on the right-hand side of the equation represents heat flow due to conduction and the second term accounts for heat being transported by flowing water. We do not consider the transfer of latent heat by vapor movement. ( 9)

V-2-4-2-Initial and Boundary Conditions

Equation (4) will be solved subject to the general initial condition

Where Ti is a prescribed as a function of x and z.

The boundary condition at the soil surface may be approximated using a sinus wave with the maximum one hour after noon and the minimum one hour after midnight as follows:

Where T 0 is the average temperature at the soil surface [K], A is the Temperature Amplitude at the soil surface [K], and p is the Time Interval for completion of one sine wave temperature (usually 1 day, the default value). Chapter VI: Simulation using Hydrus 2D/3D

In this part, I will describe the steps that I took and the choices that I made to replicate the geometry of the medium and simulate the hyporheic zone under medium and low flow conditions using Hydrus 2D/3D. 

VI-1-Hydrus 2D/3D interface

VI-2-Geometry

After realizing the topographic measurement campaign and depth measurement on site, it was possible to replicate the geometry of the substrate. There are several steps to perform and choices to make before launching the simulation.

Navigator bar

Tabs

View window

Edit bar VI-3-1-Initial and boundary conditions

VI-3-1-1-Initial conditions

In the view window, we select the whole domain and then we click on "set pressure head" in the edit bar

Figure VI-10: the initial condition

The "water flow initial condition" dialogue window appears (figure VI-11)

We will choose a linear distribution with depth as the initial spatial distribution of the pressure head which best describes the pressure distribution within the substrate.

We will choose a slope in X direction estimated at 1% to symbolize the medium hydraulic gradient.

Top pressure head estimated at approximately 20 cm (reflects the water level at the surface) and the bottom pressure head at 121 cm For this project 1-we want to put a pressure head that ranges from 20cm to 10cm at the surface for that purpose, we select the upper boundary line and we insert manually on each node a pressure head from 20 to 10 cm.

VI-3-2-Results of the simulation

Multiple variables can be displayed in the View window. To observe the results, we can click on "results-graphic display" in the navigator bar, and then select which output we want to see.

VI-3-2-1-pressure head Initially, we can see the palette of color associated with each pressure head, at the bottom h=121cm and the top h=10cm. This corresponds to the option chosen in the initial condition

Through the simulation, we can see the evolution of the pressure head into a steady state after 8 days. At the seepage face, there is a high hydraulic gradient taking place as a result of the fall created by the artificial porous step. 

VI-4-Observation points

In order to find out information at a specific point, we can insert several observation nodes. In the navigator bar, we click on domain properties then on observation nodes.

The inserted observation nodes are shown in( the figure VI-15) (in red)

For this project, we inserted 4 observation nodes corresponding to the number of measurement wells used in situ and each node represent a measurement well. .

ANNEX 1: Summary of topographic measurements for sections with their cross sections