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Abstract 

The efficient mixing and spreading of the contaminants are desirable for the health of the shallow-

water lake ecosystem. The tracer spreading implies how long the Lagrangian parcel takes to exit 

the water body, whereas mixing encodes how quickly the flow dilutes the tracer concentration 

gradient. In shallow water lakes, the hydrodynamic transport of nutrients is often hindered by 

various random arrangements of dense packing bluff bodies, such as vegetative patches, garbage 

clusters, and circular cage farm rings. These configurations can profoundly affect the spatial 

velocity distribution by creating stagnation and dead zone regions, which can consequently 

negatively impact the health of the shallow water body by influencing the mixing and spreading 

of nutrients. Therefore, an objective understanding of hydrodynamic transport through the 

crowded media in shallow water lakes is crucial to developing potentially sound conservation, 

preservation, and restoration-related management paradigms for shallow water lakes. 

Traditionally, almost all the research in flow through a crowded media has been focused on 

computing Eulerian quantities such as drag coefficient and turbulent fluctuations. These measures 

provide poor insight into the transport of fluid parcels because scalar mixing and transport is 

entirely a Lagrangian concept. In addition, transport through crowded media is often modeled 

using the classical advection-dispersion equation (ADE) model, and while incredibly powerful, a 

key limitation of such approaches is that they are, strictly speaking, only valid at late or asymptotic 

times, meaning after times when the solute has had enough time to sample the full distribution of 

velocities. This is quantified by the timescale 𝜏𝜅 =l2/𝜅, where l is the domain characteristic length 

and 𝜅 is the diffusion coefficient of the solute. At pre-asymptotic times, i.e. less than τ𝜅 it is 

typically observed that the second centered moment grows superdiffusively in time (faster than 

linear growth in time), an observation that classical ADE with constant dispersion coefficient 

cannot reproduce. 

To investigate mixing and anomalous transport, two distinct numerical scenarios of an array of 

circular cylinders viz without and with channels are designed. The finite-time Lyapunov exponent 

(FTLE) diagnostic approach is used to understand the mixing in the crowded domain. In the first 

scenario, an array of cylinders gradually increases, and FTLE is investigated with particle tracking 

simulation. As the solid volume fraction (SVF) increases with decreasing cylinder spacing, the 
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mixing worsens due to the poor stirring strength of the cylinder elements in the array. In contrast, 

mixing gets enhanced by introducing channels in the crowded media (second case) due to the 

formation of coherent structures at the channel-cylinder array interface. 

To test anomalous (non-Fickian) transport in crowded media, two metrics, mean square 

displacement (MSD) and travel time distribution (TTD), are studied. As the Reynold number 

increases, the Fickian regime emerges very late, passing through a super-diffusive regime. In 

addition, TTD also exhibits a power law tail, suggesting that tracer traps in the recirculation region 

for an extremely long time before exiting the domain. This implies that MSD evolves non-linearly 

with time in the pre-asymptotic regime and ADE with a constant effective dispersion coefficient 

cannot be applied to model anomalous transport in crowded media. 

Finally, a fractional advection-diffusion, a.k.a continuous time random walk (CTRW), is studied 

to model anomalous transport. The simulated TTD obtained in the scenario ‘with channel’ is used 

to validate the efficacy of the CTRW and ADE model at the Reynolds number spanning from 

steady to unsteady regime. It is observed that the CTRW model effectively predicts the effects of 

cylinder-scale flows on tracer transport, whereas the ADE model fails to capture the tailing effect. 

We conclude that the CTRW model should be preferred when modeling transport through dense, 

crowded media. 

Keywords: Lagrangian particle tracking, Finite-time Lyapunov exponent, Travel time 

distribution, Anomalous transport, Continuous time random walk model 
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अमूर्त 
 

उथले पानी वाली झील पारिस्थथस्िकी िंत्र के थवाथ्य के स्लए दसू्िि पदाथों का कुशल स्िश्रण औि प्रसाि वांछनीय ह।ै टे्रसि प्रसाि 

से पिा चलिा ह ैस्क लैग्रेंस्ियन पाससल को िल स्नकाय से बाहि स्नकलने िें स्किना सिय लगिा ह,ै िबस्क स्िश्रण एनकोड कििा 

ह ैस्क प्रवाह स्किनी िेिी से टे्रसि एकाग्रिा ढाल को पिला कििा ह।ै उथले पानी की झीलों िें, पोिक ित्वों का हाइड्रोडायनास्िक 

परिवहन अक्सि घन ेपसै्कंग ब्लफ़ स्नकायों की स्वस्िन्न यादृस्छछक व्यवथथाओ,ं िैसे वनथपस्ि पचै, कचिा क्लथटि औि गोलाकाि 

स्पंििे फािस रिंगों से बास्िि होिा ह।ै ये स्वन्यास ठहिाव औि ििृ क्षेत्र क्षते्रों का स्निासण किके थथास्नक वेग स्वििण को गहिाई से 

प्रिास्वि कि सकिे हैं, स्िसके परिणािथवरूप पोिक ित्वों के स्िश्रण औि प्रसाि को प्रिास्वि किके उथले िल स्नकाय के थवाथ्य 

पि नकािात्िक प्रिाव पड़ सकिा ह।ै इसस्लए, उथले पानी की झीलों िें िीड़ ििे िीस्डया के िाध्यि से हाइड्रोडायनास्िक परिवहन 

की एक उद्देश्यपणूस सिझ उथले पानी की झीलों के स्लए संिास्वि रूप से ध्वस्न संिक्षण, संिक्षण औि बहाली-संबंिी प्रबंिन प्रस्ििानों 

को स्वकस्सि किने के स्लए िहत्वपणूस ह।ै 

पिंपिागि रूप से, िीड़ ििे िीस्डया के िाध्यि से प्रवाह िें लगिग सिी शोि यलूेरियन िात्राओ ंिैसे डै्रग गणुांक औि अशांि उिाि-

चढाव की गणना पि कें स्िि िह ेहैं। ये उपाय िव पाससल के परिवहन िें खिाब अंिदृसस्ि प्रदान कििे हैं क्योंस्क थकेलि स्िश्रण औि 

परिवहन पिूी ििह से एक लैग्रेंस्ियन अविािणा ह।ै इसके अलावा, िीड़ ििे िीस्डया के िाध्यि से परिवहन को अक्सि शास्त्रीय 

संवहन-फैलाव सिीकिण (एडीई) िॉडल का उपयोग किके िैयाि स्कया िािा ह,ै औि अस्वश्वसनीय रूप से शस्िशाली होिे हुए 

िी, ऐसे दृस्िकोणों की एक प्रिखु सीिा यह ह ैस्क वे, सख्िी से बोलिे हुए, केवल दिे से या थपशोन्िखु सिय पि िान्य होिे हैं, 

स्िसका अथस ह ैऐसे सिय के बाद िब स्वलेय के पास वेगों के पणूस स्वििण का निनूा लेने के स्लए पयासप्त सिय हो। इसे टाइिथकेल 

τ_κ=l2/κ द्वािा स्निासरिि स्कया िािा ह,ै िहां l डोिेन स्वशेििा लंबाई ह ैऔि κ स्वलेय का प्रसाि गणुांक ह।ै प्री-एस्सम्प्टोस्टक 

सिय पि, यानी τ_κ से कि, यह आि िौि पि दखेा िािा ह ैस्क दसूिा कें स्िि क्षण सिय िें अस्िस्वथिारिि रूप से बढिा ह ै(सिय 

िें िैस्खक वसृ्ि की िलुना िें िेज़), एक अवलोकन स्िसे स्निंिि फैलाव गणुांक के साथ एक प्रिावी एडीई द्वािा पनु: उत्पन्न नहीं 

स्कया िा सकिा ह।ै 

स्िश्रण औि असािान्य परिवहन की िांच किने के स्लए, गोलाकाि स्सलेंडिों की एक श्रृंखला के दो अलग-अलग संख्यात्िक परिदृश्य 

िैयाि स्कए गए हैं, िैसे स्क चैनल के स्बना औि चैनल के साथ। िीड़-िाड़ वाले क्षते्र िें स्िश्रण को सिझने के स्लए परिस्िि-सिय 

ल्यपनुोव प्रस्िपादक (एफटीएलई) स्नदान दृस्िकोण का उपयोग स्कया िािा ह।ै पहले परिदृश्य िें, स्सलेंडिों की एक श्रृंखला िीिे-िीिे 
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बढाई िािी ह,ै औि कण टै्रस्कंग स्सिलुेशन के साथ एफटीएलई की िांच की िािी ह।ै िैसे ही स्सलेंडि की दिूी कि होने के साथ 

ठोस आयिन अंश (एसवीएफ) बढिा ह,ै सिणी िें स्सलेंडि ित्वों की खिाब सिगिी शस्ि के कािण स्िश्रण खिाब हो िािा ह।ै 

इसके स्वपिीि, चैनल-स्सलेंडि सिणी इटंिफे़स पि ससंुगि संिचनाओ ंके गठन के कािण िीड़ ििे िीस्डया (दसूिे िािले) िें चनैल 

पेश किने से स्िश्रण बढ िािा ह।ै 

िीड़-िाड़ वाले िीस्डया िें स्विि (गैि-स्फ़स्कयन) परिवहन का पिीक्षण किने के स्लए, दो िसै्ट्रक्स, िाध्य वगस स्वथथापन (एिएसडी) 

औि यात्रा सिय स्वििण (टीटीडी) का अध्ययन स्कया िािा ह।ै यह दखेा गया ह ैस्क िैसे-िैसे िेनॉल्ड संख्या बढिी ह,ै स्फस्कयन 

शासन बहिु दिे से उिििा ह,ै एक सपुि-स्डफ्यसू्सव शासन से गिुििा ह।ै इसके अलावा, टीटीडी एक पावि लॉ टेल िी प्रदस्शसि 

कििा ह,ै िो सझुाव दिेा ह ैस्क टे्रसि डोिने से बाहि स्नकलने से पहले बहुि लंबे सिय िक िीसक्युसलेशन क्षते्र िें फंसा िहिा ह।ै 

इसका िात्पयस यह ह ैस्क एिएसडी प्री-एस्सम्प्टोस्टक शासन िें सिय के साथ गैि-िैस्खक रूप से स्वकस्सि होिा ह,ै औि स्निंिि प्रिावी 

फैलाव गणुांक वाले एडीई को िीड़ ििे िीस्डया िें स्विि परिवहन के िॉडल पि लाग ूनहीं स्कया िा सकिा ह।ै 

अंि िें, एक स्िन्नात्िक संवहन-प्रसाि, अथासि स्निंिि सिय यादृस्छछक चलना (CTRW), का अध्ययन स्वसंगस्िपणूस परिवहन 

को िॉडल किने के स्लए स्कया िािा ह।ै 'चनैल के साथ' परिदृश्य िें प्राप्त स्सम्पयलुेटेड टीटीडी का उपयोग स्थथि से अस्थथि शासन 

िक फैले िेनॉल्ड्स नंबि पि सीटीआिडब्ल्य ूऔि एडीई िॉडल की प्रिावकारििा को सत्यास्पि किने के स्लए स्कया िािा ह।ै यह 

दखेा गया ह ैस्क सीटीआिडब्ल्य ूिॉडल टे्रसि ट्रांसपोटस पि स्सलेंडि-थकेल प्रवाह के प्रिावों की प्रिावी ढंग से िस्वष्यवाणी कििा ह,ै 

िबस्क एडीई िॉडल टेस्लंग प्रिाव को पकड़ने िें स्वफल िहिा ह।ै हि यह स्नष्किस स्नकालिे हैं स्क घन,े िीड़ ििे िीस्डया के िाध्यि 

से परिवहन िॉडस्लगं िें सीटीआिडब्ल्य ूिॉडल को प्राथस्िकिा दी िानी चास्हए। 

कीवर्त: लैग्रेंस्ियन कण टै्रस्कंग, परिस्िि सिय ल्यपनुोव प्रस्िपादक, यात्रा सिय स्वििण, स्विि परिवहन, स्निंिि सिय यादृस्छछक 

वॉक िॉडल 
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Figure 1.2 a) Left most satellite image (1999) shows the dots spread over the 

whole lake. b) A model scenario of transport through crowded media 

is shown using Lagrangian simulation. It is evident from the simulation 

that as the flow develop, tracer forms complex fractal pattern. 
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Figure 2.1 Feedbacks illustrating the exchange of alternative stable state between 

clear and turbid state. Multiplying the sign along the feedback route 

tells whether the loop is positive or negative. This diagram shows that 

both the vegetated and turbid state is self-reinforcing. Reproduced 
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Figure 2.2 Two distinct states of the shallow lake. Red curve shows turbid state 
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Adapted and modified from Scheffer et al, 1993. 
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Figure 2.3 A schematic showing the impact of submerged vegetation density on 
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Figure 2.4 Red and blue curve shows turbid state (without vegetation) and clear 

state (with vegetation). The short (black) arrows indicate the direction 

of change when the system is not in one of the two alternative stable 

states. A horizontal dotted black line indicates critical value of the 

turbidity. Open circle indicates the tipping point and the resilience is 
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shown by double opposite arrow whose magnitude tends to reduce as 

the system reaches to the tipping point. A downward dotted red arrow 

indicates bio-manipulation restoration approach in the shallow lake 

(‘shock therapy’). Adapted and modified from Scheffer et al, 1993. 

Figure 2.5 Deformation of a streak of dye at velocity a) u = 7 mm s-1 (poor 

mixing) and b) u = 11 mm s-1. (Good mixing). The zoom-in picture 

indicates an isolated stretched tracer filament being compressed in its 

transverse direction where the width of the filament is locked by the 

smallest diffusive length scales. Reproduced from (Sonnenwald et al., 

2019). 

13 

Figure 2.6 Single interface vegetation canopy illustrating momentum transport 

induced by vortices, an ejection event. The grey area is the vegetative 

region. This figure is adapted from Zong and Nepf (2010). 

15 

Figure 2.7 Stretching of the arcing filament of dyed fluid at different instants of 

time at the interface of vegetation region and main channel. 

Reproduced from White (2006). 

15 

Figure 2.8 Particle exchange (black) between vegetative and main channel with 

coherent vortices. Contour is streamlined. It is adapted from White 

(2006). 

16 

Figure 2.9 A schematic of the emergent vegetation with two distinct leading edges 

in the x-y plane. The flow is unidirectional with velocity U0, and the 

width of the patch (grey rectangular section) is 2b. Coherent structures 

along the flow parallel edges are shown in the circle. The figure is 

adapted from Rominger and Nepf (2011). 

17 

Figure 2.10 Comparison between dimensionless residence time distributions for 

Tests 1-3, where t is time, Q is discharge, and v is pond volume. The 

bottom figure shows the impact of channels, coherent structure, and 

exchange lobe region on the tracer transport. Reproduced from Hart et 

al., (2014). 
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Figure 2.11 A photograph depicting the vortex trapping (red arrow) in the 

vegetative cage with the jet flow (blue) passing adjacent to it in the 

vegetative garden. Flow is from left to right. Courtesy Self, 17 dec, 

2023 

19 

Figure 2.12 Evolution of LCS (red curve) and a grid of fluid tracers (black dots) in 

the Monterey Bay. Reproduced from Shadden et al. (2009). 

21 

Figure 2.13 A vortex-looking structure will form hyperbolic structures in the 

rotating frame. Reproduced from Haller, (2005). 

21 

Figure 3.1 A schematic of hyperbolic flow showing blob (blue) deformation. In 

the absence of molecular diffusivity, major axis grows like 𝑒𝛼tand 

minor axis reduced by  𝑒−𝛼𝑡. 

26 

Figure 3.2 Illustration of mixing: Stirring cream in a coffee cup results in the 

tracer filamentary structures (zoom picture) by enhancing 

concentration gradients. Adapted from Villermaux, (2019). 

27 

Figure 3.3 A schematic of anomalous (blue solid line) vs. Fickian transport (red 

dashed line) at five distinct period. (Top): Tracer Deformation; 

(Bottom): Deviation of concentration from normal (Fickian) behaviour 

with early travel time and late tailing. Reproduced from the 

Puyguiraud, (2019). 

28 

Figure 3.4 Experiments of azimuthally flow showing four vortices revealed by 

particles. Right plot showing angular MSD where distinction between 

flight and sticking events (small oscillation correspond to particle 

motion in a vortex) are evident. (Reproduced from Solomon et al, 

1994) 

29 

Figure 3.5 Taylor dispersion in unbounded domain of a cloud of particles under a 

shear flow, u = s∙y. The longitudinal (Δx) and transverse (Δy) length 

goes like  𝑡3/2 and 𝑡1/2. 
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Figure 3.6  Subtract image source (red) which is anti-Gaussian from the real 

Gaussian source (red). Mirror is placed at the boundary condition at 

x=0.  

32 

Figure 3.7 A comparison of Gaussian (left) and anomalous (right) diffusion. The 

simple random walk trajectory shows finite jumps in finite time, 

whereas anomalous random walk indicates finite jumps with infinite 

waiting time.  Reproduced from Sokolov et al., (2004). 
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Figure 4.1 Flow chart diagramme of the numerical simulation and Lagrangian 

particle tracking (LPT) analysis. 
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Figure 4.2 A schematic of the rectangular domain in the x–y plane packed with 

an array of the 36 cylinders (black circle). The longitudinal and lateral 

spacing is 4d and 7.9d. Flow direction is from left to right. 
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Figure 4.3 A schematic of the rectangular domain in the x–y plane packed with 

an array of the 126 cylinders (black circle). Particle injection location 

is shown in blue. Control plane location is depicted with downward 

arrow (red). Flow direction is from left to right. 

39 

Figure 4.4 Grid independency test for three distinct mesh resolution viz coarse 

(blue), medium (red) and fine (yellow). The plot shows travel time 

distribution measured at the downstream control plane. 

40 

Figure 4.5 The mean stream-wise velocity profile obtained from the numerical 

simulation is shown at a) Re = 500 (red), b) Re = 300 (green), c) 

Re = 220 (blue), and d) Re = 150 (black) 

40 

Figure 4.6 Deformation of the scalar blob into an ellipse under a flow φ. Here 𝐿0 

is the initial blob size and L. 

40 

Figure 4.7 Physical interpretation of flow map 𝜙𝑡
𝑇+𝑡 showing how particle deform 

by cylinder wake. 
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Figure 4.8 Flow map: Integration of points from its initial position (grey) to a later 

position (black) at time T. 
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Figure 4.9 Black circles represent cylinders of diameter d. Behind each cylinder 

is a recirculation zone (black) and wakes overlap (dark gray). 

Lagrangian tagged particles 1, 2, 3 released together at x = 0 and t = 0 

pass through downstream regions where some tracers trap for a long 

time and some escape the domain quickly.   

46 

Figure 4.10 Algorithm of continuous time random walk. 47 

Figure 4.11 Comparison of CTRW (blue) and ADE with D = 0.5. Here exponential 

trapping time distribution is used in CTRW. 

48 

Figure 4.12 Comparison of CTRW (blue) and ADE with D = 0.5. Here β = 1.1 set 

in CTRW. Top plot shows the symmetric case whereas bottom plot 

indicates preferential drift. Notice the skewed tail in CTRW 

49 

Figure 5.1 Different stages of growth of rings in Sierpinski fractal Lake. Green 

region depicts the crowding and whereas blue shows the lake water. A 

tracer trajectory (red) is also shown following a tortuous path through 

the fractal lake at D stage. Circle and triangle indicate the starting and 

the exit location. 

50 

Figure 5.2 Double gyre simulation showing stretching of tracers (blue and red 

parcels) in the flow at different periods: a) T = 1, b) T = 15, c) T = 25, 

and d) T = 40. 
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Figure 5.3 FTLE field shows on the whole domain for double gyre flow. Light 

and dark blue colour indicates high and poorly stretched region. 

54 

Figure 5.4 Simulation of tracer through cylinder (black) 36 array. As the tracer 

advects from left to right, it deforms and stretches. Red and blue 

patches form stretched filaments, bend, and overlap. A part of medium 

is shown for clarity. 
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Figure 5.5 Simulation of tracer through cylinder (black) 126 array. As the tracer 

advects from left to right, it deforms and stretches. A part of medium 

is shown for clarity. 
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Figure 5.6 TTD measured at the downstream control plane for the three-cylinder 

array densities a) 36 arrays, b) 80 arrays, and c) 126 arrays. 

Concentration is normalized by total number of particle injected in the 

domain (C/C0). Note that as the crowding increases, the tracer takes 

longer to exit the domain which also reflect in the heavy tail 

distribution. 
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Figure 5.7 The finite time Lyapunov exponent field (FTLE) for 36 (top) and 126 

array (bottom) configurations is shown at Re = 300. For 126 arrays, a 

part of medium is shown for clarity. 
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Figure 5.8 A part of medium showing comparison of non-dimensional vortices 

contours at time t = 26 s in the instantaneous fields for a Re = 150, b 

Re = 220, c Re = 300, and d Re = 500. The cylinders are in white. Only 

a part of medium is shown. 

60 

Figure 5.9 Visualization of the instantaneous iso-surface of Q criterion for 

Re = 300 at times a t = 26 s, b t = 26.1 s, c t = 26.2 s, and d t = 26.4 s. 

The red arrow shows the vortex pairing. The black arrow indicates 

sweep. The cylinders are in white. Only a part of medium is shown. 

Flow direction is from left to right. 
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Figure 5.10 Successive stages of the tracer dispersion at Re = 300. Note the 

filamentary structures behind the cylinder array. The cylinders are in 

red. Flow is from left to right. 
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Figure 5.11 Lagrangian fluid stretching measured from flow fields for Re = 300. a) 

Cylinder array, and b) Channel. 
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Figure 5.12 Travel time distribution (TTD) for 126 arrays with channels. Note that 

distribution decay very quickly as opposed to the previous 

configuration without channel. 
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Figure 5.13 Longitudinal Time evolution of mean square displacement for Re = 

500, 300, 220 and 150. Langevin simulations evolve linearly in time 
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for asymptotic times and exhibit slope unity in log-log scale indicating 

a Fickian dispersive behavior. 

Figure 5.14 Transverse time evolution of mean square displacement for Re = 500, 

300, 220 and 150. 
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Figure 5.15 Particle velocity correlation plot. a Re = 150, b Re = 500 66 

Figure 5.16 Tracer released at the leading edge of the middle array showing shear 

layer vortices (shown with dotted arrow) and vortex merging (solid 

arrow) for Re = 500 at time t = 3.5 s. The cylinders are in black. Flow 

is from left to right. 

66 

Figure 5.17 Comparison of tracer filamentation the inner layer at Re = 150 (left 

column) and Re = 500 (right column). 

67 

Figure 5.18 Comparison of tracer filamentation in the channel at Re = 150 (left 

column) and Re = 500 (right column). 

68 

Figure 5.19 Percentage concentration difference between the middle and the 

bottom injection location at x/d = 30 for Re = 150, 220, 300, and 500. 
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Figure 5.20 Breakthrough curve at x/d = 30 for Re = 300. The middle (two-sided 

interface) and bottom (one side interface) indicate two different 

particle injection locations at the upstream leading edge. Inset shows 

the difference between two concentrations 
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Figure 5.21 CTRW fits to the observed TTD of parabolic flow at distance Δx=20 

(black circle), 40 (cross) and 100 (open circle) for diffusion coefficient, 

Dx=0.1. 
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Figure 5.22 Comparison of CTRW (black) and ADE (red) with observed simulated 

middle BTC at Re = 150. 

72 

Figure 5.23 Comparison of CTRW (black) and ADE (red) with observed simulated 

middle BTC at Re = 220. 
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Figure 5.24 Comparison of CTRW (black) and ADE (red) with observed simulated 

middle BTC at Re = 300. 
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Figure 5.25 Comparison of CTRW (black) and ADE (red) with observed simulated 

middle BTC at Re = 500. 

73 

Figure 5.26 Comparison of CTRW (black) and ADE (red) with observed simulated 

outlet BTC at Re = 150. 
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Figure 5.27 Comparison of CTRW (black) and ADE (red) with observed simulated 

outlet BTC at Re = 220. 
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Figure 5.28 Comparison of CTRW (black) and ADE (red) with observed simulated 

outlet BTC at Re = 300. 
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Figure 5.29 Comparison of CTRW (black) and ADE (red) with observed simulated 

outlet BTC at Re = 500. 
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Figure 6.1 A schematic depicting Loktak Lake shows the velocity vector (red 

arrow) and tracer trajectory (black) meandering through the circular 

rings (green). Thick red arrow denotes inflow to the system. Black 

circle denotes the Lagrangian particle meandering through the 

crowded environment. The Von Karman vortex is also visible. Flow 

direction is from inflow to outlet. 

80 

Figure 6.2 A schematic depicting feedback control in the Loktak shallow lake. 

Tracer concentration signal measured at the outlet is showing power 

law distribution with tail decay very slowly whereas desired output is 

the exponential distribution with very fast tail decay. Control decision 

is to minimized the error between the measured and the desired output 

signal at the outlet. 
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Figure 6.3 A schematic of the modified proposed design of the circular rings in 

the lake showing the bifurcation of the main flow (red arrow). The 

initial release location of the Lagrangian tracer trajectory (black) at 

three different locations is shown. It is evident from the figure that the 

tracer released upstream of the channel has a shorter travel time. A 
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tracer released at the middle of the obstacle has a large travel time 

because of vortex trapping behind the rings, and the tracer released 

slightly at different initial locations will, for some time, trap in the 

rings and then eventually flushed out. Here, inflow is forced to pass 

through the channel rather than distribute laterally. 
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Acronyms and Abbreviations 

1D      One Dimensional 

2D       Two Dimensional 

ADE      Advection diffusion equation 

BTC      Breakthrough curve 

CTRW      Continuous time random walk 

CLT       Central limit theorem 

DNS      Direct numerical simulation 

FPT      First passage time 

FTLE      Finite time Lyapunov exponent 

LCSs      Lagrangian coherent structures 

LPT       Lagrangian particle tracking 

L.H.S      Left-hand side 

MSD      Mean square displacement 

MFPT      Mean first passage time 

Q-criterion      Q-criterion 

R.H.S       Right-hand side 

TPL      Truncated power law 

TTD      Travel time distribution 

 

 


